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, [Reprinted from the Journal of The American Chemical Society, 
Vol, XXXIII. No.4. April, rg11.j 

THE EFFICIENCY OF COLLEGE TRAINING OF MEN FOR THE 

CHEMICAL INDUSTRIES. 
By CHARLES F. BURGESS. 

An estimate of the efficiency of college training of men for the chemical 

industries must necessarily be based upon the qualifications which the 

men possess during the first years immediately following their college 

course, and not upon the work done either by undergraduate or graduate 

students. — 
According to. observations of the writer, fully 90 per cent. of college 

graduates who enter the industrial chemical field make their beginning 

in analytical chemistry, and of these men an even greater percentage are 

ambitious to get beyond this stage into the works where they may have 

charge of productive operations. , 

As a typical example of the graduate who achieves success, let us follow 

one for a few years after graduation. His career began with an ap- 

pointment as chemist in the analytical laboratory of one of the branches 

of a large chemical industry operating a number of plants throughout the 

country. 

On a salary of $12 per week, and his bare living expenses being thereby 

assured, he gave his undivided attention to the chemical work constituting 

his assignment. This consisted of sulfur determinations in each of a 

large number of samples of ore supplied daily to the laboratory. No 

freedom was allowed in the choice of methods, but he was given careful 

instruction in a method, new to him, which had been adopted as the 

standard of this department. As he grew proficient, he became weary 

of this task, but through constant repetition he found opportunity for 

reflection and observation. It was a revelation to contrast the number
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of analyses which could be made in a given time with the determinations 
obtained in like time in the college laboratory. | | 

“Phe head of the laboratory, who held the title chief chemist, was his 

instructor, and was far more insistent upon accuracy and despatch than 

had been any of his college instructors. He was evidently a man of 

long years of experience in analytical chemistry, who had acquired the 
knack of handling a laboratory force so that it could turn out analyses 

at a remarkably low cost per determination. Although college bred 

himself, he did not hold this to be an essential requirement for analysts, 

since he had taken young apprentices from the shop and offices and 

successfully trained them to perform their daily duties of analytical de- 

terminations with accuracy and speed. 

As diversion from the daily routine grind, new materials were occa- 

sionally submitted for analysis, and these required the use of new methods 

and an examination of the very limited literature available in the labora- 

tories. This new work was turned over to those of the laboratory force 
who had received college training, their results being checked carefully 

by the head chemist. Presently it was rumored that the accuracy of — 

some of the analytical results turned out in the laboratory was being 

questioned at the head office, where a lack of agreement between figures 

obtained in the company’s different laboratories had been detected. 

This resulted in an uneasy feeling until the arrival of a representative 

from headquarters known as the chemical auditor. He was a man of 

national reputation as an analytical chemist, the owner of a Ph.D. degree, 

and his duty consisted in gleaning the results of research work appearing 

in the chemical journals, in working out and standardizing methods best 

adapted to use in the branch laboratories, and in a general supervision 

of these analytical laboratories to insure that they were all working in 

harmony and codperation. He began a careful inspection of the details 

of the methods employed in this laboratory, and soon found some causes 

for discrepancies. 

His acquaintance with this noted authority gave our young student 

his first contact with a chemist whose position he envied, but his envy 

was tempered by the reflection that there were few positions of this rank 

and responsibility in the country, while a large army of analytical chemists 
were competing for them. This did not discourage him, however, but he 

had his moments of discontent. One of these came one day when he was 

seated at a balance, making a moisture determination. On one side of 

him sat a former office boy making an ash determination, and on the 

: other a man recently taken from a labor gang was weighing an ore sample. 
An official of the company looked in upon them, commenting jocularly 

on the “three little chemists sitting in a row.”” Our young man saw the
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joke, but that night he wrote to his former friend and adviser, the Professor 

of chemistry of his Alma Mater, as follows: | 

I have been in this laboratory to which you recommended me for 
nearly a year, and have now come to the conclusion that it will be ad- 
visable to make a change. Can you advise me of an opening? All of 
the employees of this department are ranked on the pay-roll as chemists, 
though less than half of them have had any chemical training whatever 
before coming here. There seems to be no opportunity for advance- 
ment. The four other college graduates with whom I am working are 
likewise discouraged. Delay in promotion does not come from mediocre 
ability; the head of the laboratory is one of the ablest chemists I have 
known. He has been here for eleven years, and is now getting but $125 
per month. I have had a good training in general and analytical chem- 
istry, but even if I had spent my entire college course in the study of this 
branch, my opportunities would be no better than they are at present. 
All of the real thinking is done for us by a few men whom we seldom see. 

‘In contemplating the numerous uneducated men in the laboratory 
who are called chemists, I do not take as much pride in holding that same 
title as I had expected to while in college. It seems to me that if it were 
only possible to get into the works as assistant to a department super- 
intendent, the chances for advancement would be greatly improved, but 
such opportunities are seldom presented. 

All his old professor could say in encouragement was to assert that the 

majority of.college graduates in chemistry get into analytical work as a 

stepping stone to something better; that in the analytical laboratory the 
employers practice a weeding-out operation, separating the men of ordinary 

ability from those possessing enterprise, persistence, resourcefulness, and 
other qualities contributary to success; that although this process is 
frequently a slow one to a man really deserving, promotion is bound to 
come; and that, therefore, he should not resign, but try to make himself 

so proficient that when an opportunity presented itself, he would be 
ready to make the most of it. 

Not entirely convinced that his professor really understood the situa- 
tion, the young man determined to prepare himself for opening the door 
for opportunity when it should knock. First he took up a general study 
of the manufacturing business in which the company was engaged—the 
economic factors which had determined the location of his branch at that 

particular point, such as labor conditions, transportation facilities, source 
of raw material supply; the costs of generating steam and power. He 
further studied the details of the manufacturing operations as far as he 
could get to them; the relation of the analytical laboratory to the works 

at large, etc. 
He found that the library facilities were decidedly inadequate for this 

‘study, consisting of a few books and several scientific publications, and 
that none of his associates, not even the head chemist, was familiar with 

the works operations. They had no interest in their work after the re-
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sults had been recorded and sent to the office, and the significance of 
analyses upon the larger problems of the company did not concern them. 

Thrown, therefore, upon his own resources, he made a survey of his 

. college training, hoping to determin what portion of it might now be of 

assistance. Because of his meager salary, he could not afford to subscribe 

for the best scientific and technical publications, but he had learned 

that a large amount of useful literature was available for the asking, and | 
so appealed to such agencies as the census bureau, various other govern- 

ment departments and laboratories, the state geological surveys, the 
bureau of labor and industrial statistics. Using what they sent him he 
resumed the course in economics which he had taken at college. He 
reviewed his work in steam engineering and power generation in the 

light of application to the conditions of his plant. His old work in me- 
chanical drawing and machine design enabled him to produce working 
drawings of a labor- and time-saving laboratory device. Metallography 

_ had taught him the value of the microscope in the study of materials, 

and getting out the dust-covered microscopic equipment, he found he 
could determin quickly some of the properties of the materials which the 
slower chemical analyses were revealing. This study of costs of chemicals 

and other materials received and manufactured, not from ‘laboratory 
supply lists but from wholesale quotations of trade publications, gave 

him an idea of opportunities for manufacturing profits. Out of such 
diversified lines of studies as these came a gently increasing interest in 
his routine work. 

Finally opportunity knocked at his door, and he was placed in charge 
of the filter-press room, where a comparatively simple operation was 

kept going night and day. ‘This consisted in treating a ground ore with a 
chemical solution yielding an insoluble, valueless filter cake and the 
valuable filtrate. This new foreman found that the principal item of 
cost was the renewal of filter cloths, amounting to a total of $1.50 per 
ton of ore treated, and he began a study of the possibilities of decreasing 
this item. The rapid wear on the cloths was due to the action of the 
solution on the fibers, and more especially to the wear on the upper edges 
of the plates where they were pulled apart for dumping. He satisfied 
himself by a study of the action of this chemical solution on various 
kinds of fibers that they were employing the best material. By sub- 
jecting the cloth in different directions to a strength-testing machine, 
he found that a stress elongation diagram was obtained which taken in 
one direction of the cloth was similar in shape to that for mild steel, and 
in the other direction to cast iron, as he had obtained these curves in his 
college testing laboratory. This yielded a method of drawing specifica- 
tions for cloth best suited to the requirements, and resulted in some small 
reductions in cost, but not enough to be satisfactory. Since the wear
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was directly proportional to the time, and to the frequency of dumping 
the presses, it was evident that this could be reduced per ton of ore only 
by more rapid working, and by making a thicker filter cake. To this end 
the pressure of the feed was increased by changes in the pumping ma- 
chinery. The principal hindrance to more rapid working was found 
to be the hard, flinty precipitate which formed on the plates and filled 
up the grooves. It was the custom to remove this coating by a pneumatic 
chipping hammer, requiring several hours of labor per plate. An at- 
tempt was then made to find a labor-saving solvent, but solubility tables 
gave our young man no assistance. Solvents which would dissolve this 
precipitate were either too costly, or would attack the iron as well as the 

scale. He discovered, however, that a caustic soda solution of certain 
strength, while not dissolving the scale, would in four days’ time soften 

it so that it could be brushed off readily. A calculation of the interest 
and depreciation on investment in plates tied up while under this treat- 
ment showed the sum to be far less than the labor involved in the older 
method, which method was then discarded. The cleaner plates, higher 

pressures, and better cloths enabled the filter cake to be doubled in thick- 
ness in equal time, and the cost of cloths per ton of ore treated was reduced 
one-half, resulting in a daily saving of $50.00 in this one item alone. 

With such a record of reducing cost, it naturally followed that our young 

man was given other opportunities to exercise his abilities. He was 
transferred to a branch ‘plant, where sulfuric acid was being made by a 

newly developed contact or catalytic process. His problem now was to 
assist in the determination, if possible, of some way to prolong the life 
of the contact mass, upon the solving of which was dependent the com- 

mercial success and, therefore, the continuance of the use of the process. 

In undertaking this problem, our protegé recalled his college thesis 
work, in which he had been trained in systematic procedure beginning 

with a statement of the problem, a summary of the state of knowledge 

based upon the literature and other sources of information, an outline of 
proposed experimentation, the execution of the work, the significance of 
the results in application to the problem in hand, and conclusions or 
recommendations based upon the investigation. 

In applying this method to the new problem in hand, he found him- 
self involved in work of a highly scientific order, comparable with the 
best of that done in university laboratories. He became as deeply inter- 
ested in it, through an appreciation of its practical importance, as any 
pure scientist can become in his labors, even though appreciating that his 

results would not, on account of the company’s policy of secrecy, be 
given out for publication. 

Such is a narrative typical of the progress of a successful industrial 

chemist who benefits by his college training. The industrial people



616 EDUCATIONAL SUPPLEMENT. 

claim that the colleges are not doing all that is possible to fit men for 
industrial work. ‘The educational chemists are divided in opinion as to 
what methods they should pursue in meeting these demands. The 
majority of them believe that more of a student’s time should be devoted 

to chemistry; that they should turn out men more skilled in analyses, 
while others hold that it is no more the function of a university course 

. to turn out skilled analysts than it is that of a mechanical engineering 
course to turn out skilled machinists or draughtsmen, or of an electrical 

engineering course to graduate proficient electricians. The recent in- 

troduction and present multiplication of courses in chemical engineering 
is in line with the views of the latter class of educators who are designing 
a course of study which will give to its graduates numerous viewpoints 
,from which to regard chemical work; to acquaint them with the most 
‘useful tools for attacking industrial problems; and to qualify them not 

as skilled engineers or chemists upon graduation, but as men capable of 
learning and progressing after getting into industrial work, so that they 
may earn the title which is too frequently bestowed upon the graduate 
at commencement time. 

Shall college training for chemists be intensified or diversified? Shall 

the training in chemistry be such as to entitle its possessor to call himself 
an analytical or organic, or metallurgical chemist upon graduation and 

limit him to pursuit in his already chosen field; or shall the training in 
chemistry be reduced in quantity and supplemented by study in allied 
subjects, so as to give a broader training, a greater versatility, and a 

wider range of opportunities for employment? 

There are few teachers of chemistry who will deny that a broader 

scope of study is desirable, but there are equally few who will agree to 
any reduction in the amount of attention to their particular subjects. 
This is the basis of the growing sentiment favoring a five-year college 

course for industrial chemists. The writer is unable to see a solution of 

the problem through a lengthening of the course of study, and believes 
that if the fields of the technical applications of steam, electricity, hy- 
draulics, mechanics, and the like, can be occupied successfully by men 

having four years of college work, there is no fundamental reason for 
requiring a longer course for men for industrial chemistry. ‘The remedy 
for apparent crowding should come, therefore, through redesign or im- 

provement of the four-year courses. One way of accomplishing this is 
through less intensification in purely chemical studies, and the time- 
consuming laboratory practice accompanying them. While proficiency 
in some particular lines might thus be sacrificed, the student could be 
given an interest in and knowledge of the basic principles of those lines 
which will enable him to continue his studies after graduation; and in
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the additional studies thus made room for, his total efficiency may be 
materially increased. 

It is a fundamental error to introduce courses in industrial chemistry, 

or chemical manufacture, in the belief that they will give a man a working 
knowledge of the technical details of some particular manufacturing 
business which he may enter. Should a student know that he is going 
into the cement business, it would be time poorly spent in his college 
course to devote part of it to a study of technical details of cement manu- 

facture. The manager of a large telephone company employing many 

college graduates each year specifies that he wishes men broadly trained 
rather than those who have spent time in studying the details of telephone 
practice, since instruction of the required kind can be given most efficiently 

while in the pay of the employer. 

There are, however, other-and good reasons for giving courses in in- 
dustrial chemistry, and especially if they can be given in such manner 
as to increase a student’s interest. The work should give him a general 
view of the field of technical chemistry, and of the interrelationship 
between the important chemical industries. It should give him the 
beginning of an appreciation of the commercial factors which are inevit- 
ably linked with the production of chemical materials. Such a course 
should teach how and where to find information as to chemical processes 
rather than aim to impart information about such processes. The books 

used should be reference rather than text-books. The student of chem- 
istry usually finishes his course with but little appreciation of costs and 
values. The price lists with which he may have become familiar are 
those of the dealers in supplies for chemical laboratories. ‘The intro- 
duction of the dollar sign into the chemical equation,” and the necessity 
of keeping the balance upon the right side of the equation, opens to the 
student an entirely new and a most interesting view of the field of chem- 
istry. Frequent reference to lists of wholesale prices of chemicals such 
as are given in the Oil, Paint, and Drug Reporter, and other similar trade 
publications, with explanation of trade usages in making trade quota- 
tions, the influence of freight rates, the method of packing as influencing 

rates, import duties, insurance risks, and the like, may well constitute 

an important part of the teaching of technical chemistry. 

The differences of opinion of the chemistry teachers and the industrial 
men on educational methods are due in large part to the attitude of the 

former toward industrial work. There is undoubtedly a tendency for 
the college chemist to regard his technical brother as one immersed in 
routine work and to whom chemistry has become a trade rather than a 

profession. A statement of significance in showing the attitude of the 

one class of chemists toward the other is taken from a presidential ad- _
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dress which concerned the welfare of the American Chemical Society and 
the publication of its Journal: 

Those engaged in industrial pursuits must always remember that 
although they equal in number the educators and other students, or may 
even form a majority of the society, it is none the less true that the former 
are, and no doubt will cbntinue to be, the greater producers of new and 
original matters, and hence deserving of greater consideration in pro- 
portion to their numbers than those who are less productive. 

Any one who has had an opportunity to review the new and original 

work being done in industrial fields cannot help but feel a profound 

admiration and respect for the high-grade research work which forms the 
basis and the immediate means of realization of much of the industrial 
progress on which the present age prides itself. While the writer does 

not assume authority to reply for all industrial chemists, he believes that 
if they were not restricted by commercial policies of secrecy, their pub- 
lications of new and original scientific work would be just as numerous, 
and quite as valuable, as those of their unrestricted brothers in the educa- 
tional laboratories. Investigation work carried out to meet industrial 
needs may be, and frequently is, as distinctly scientific as that which is 

done to fulfil the requirements of a doctor’s thesis. 

This attitude of chemistry teachers toward the industrial field is shown 
by the fact that a large majority of students taking advanced graduate 

‘work have done so in preparation for teaching positions. But that grad- 
uate work is not merely a means of getting into educational work is demon- 
strated by the large and increasing numbers in the graduate departments 
of our engineering schools, who are looking forward to industrial pur- 

" Suits. . 

In conclusion, the writer asserts his belief that there is in general an 
inefficiency in the college training of men for industrial chemistry; that 

this training is largely in the hands of men who have an insufficient ac- 

quaintance with and appreciation of the requirements of the industrial 
workers; and that when educational chemists and industrial chemists 

finally come together on common ground, some of the present difficult 
_ educational problems will disappear. 

DEPARTMENT OF CHEMICAL ENGINEERING, 
UNIVERSITY OF WISCONSIN.



A paper read at the meeting of the Chicago 

Section of the American Electrochemt- 

cal Society, January 20, 1911. Called 
up for further Discussion at the Nine- 

teenth General Meeting of the Society, 

_in New York City, April 7, 1911, Presi- 

dent Wm. H. Walker in the Chair. 

ELECTROLYTIC REFINING AS A STEP IN THE PRODUCTION 

OF STEEL, 

By Cua: res F. Burcess. 

During the past five years a lengthy investigation has been 

carried on in the Chemical Engineering Laboratories of the 
University of Wisconsin dealing with electrolytic refining of iron 
and its use in the production of alloys. About three tons of iron 
has been refined and over one thousand alloys produced and tested. 

While this experimental work has been on the “test tube” or 

laboratory scale, it is believed that some of the results indicate 
the feasibility of enlargement to a commercial scale, and a short 

discussion is submitted here bearing on the question, “can electro- 
lytic iron be made an industrial product ?” 

Many old text-books on electrochemistry give descriptions of 

- methods of depositing iron electrolytically, implying therefore 
that electrolytic iron is not a new product. The only use sug- 

gested, however, is for facing engraved plates used for printing. 

By following any of these earlier processes it is seen that only 

very thin layers of iron can be deposited, the coating tending to 
become dark, rough, and powdery. It is to overcome this limita- 

tion that the work at the University of Wisconsin was undertaken, 

and that this has been successful in a measure is indicated by 

the production of an iron cathode nearly two inches in thickness. 
The manner in which electrolytic refining has revolutionized 

the copper industry is now an old story, and electrolysis has like- 

wise become an industrial agent in the metallurgy of silver, gold 

and lead. Now that it has been found that iron can be refined 

electrolytically almost as easily as can copper, it is pertinent to 

inquire whether there is a field of usefulness for such iron. This- 

depends upon whether electrolytic iron has superior qualities due 
to purity or physical condition,.and whether it can be procured 
at low cost. : 

181



182 CHARLES F. BURGESS. 

From the standpoint of purity it must compete with some 

notable metallurgical developments which have resulted in the 
product stich as is being made by the American Rolling Mill 
Company in a basic open-hearth process. For this material a 

purity of 99.94 percent is claimed, and justifiably so,-as some of 
our analyses show. The electric furnace is another factor which 
is contributing largely to the control of the composition and 
purity of iron alloys, and the striking possibilities which are 
offered in this developing field cannot be overlooked in advoca- 
ting the development of an electrolytic iron process. 

The chief source of commercially pure iron has been, and 

perhaps now is, the high grade Swedish and Norway iron, used 

largely as a base material for high-grade crucible steel. The 

analyses of this material usually indicate a high purity, though 

frequently and erroneously calculated by difference after deter- 

mining carbon, sulphur, silicon, phosphorus and manganese. It 

is not uncommon to find oxides and slag to the extent of two 
percent in this material, and this impurity undoubtedly may have 

an influence on the resulting alloys made from it. . 

We have found that electrolytic iron can be produced with 
a purity as high as 99.97 percent and perhaps even better, using 

extraordinary precautions. This record has been made by using 

the best commercial grades of pure iron as anodes. A few hun- 
dredths of a percent of purity must be sacrificed in using anodes 

of mild steel or other less pure materials. Electrolytic refining 
offers a means of reducing or screening out most of the impuri- 

ties commonly found in iron, and of producing a material not 
only of high purity but of great uniformity. Even though it 
may be shown eventually that electrolytic iron may not have 
a higher purity than that attainable by other methods, the uni- 

formity of its composition should make it a valuable material 

| as a means of eliminating many of the variables with which the 
crucible steel maker has to contend. 

Using an electrolyte containing 40 grams of iron per liter in 
the form of ferrous sulphate together with 40 grams of am- 

monium chloride, it has been found possible to conduct a con- 
tinuous refining operation for many months at a current density 

of 6 to 10 amperes per square foot of cathode surface, and at
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a potential difference of about one volt. The current efficiency 
is very close to 100 percent, as it is in copper refining. 

This leads to the calculation that one kilowatt hour will refine 
two pounds of iron; or a cost for power of 14 cent per pound is 
attainable. The cost for labor, solution maintenance, and fixed 

charges are estimated to be not greater than the power costs, 

making a cost of refining of about $20 per ton. Assuming the 

anode material to be mild steel costing $35 per ton, the cost 
of electrolytic iron would be in the neighborhood of $55. These 
approximate calculations indicate that this material might well 

compete on price with high-grade Swedish iron. 

Among the properties of electrolytic iron which may give it 

some added usefulness is its content of hydrogen and the brittle- 
ness which results from this occluded gas. This hydrogen may _ 
be of some service in reducing oxides in a melt. The brittleness 
of the electrolytic iron before the hydrogen is driven off makes 

it easy to break it up into pieces suitable for introduction into 
the steel crucibles. 

DISCUSSION. 

(At Chicago, January 20, 1911.) 

Mr. F. T. Snyper: I would like to ask Professor Burgess 
whether he ever used the molten condition in producing iron 
electrolytically. 

Pror. C. F. Burcess: Only to a very slight extent. We got 

no encouraging results. 

~ Mr. G. H. Jonzs: One point I consider very important is the 

cost of the current. Using it during the off months or at the 

off times of the day, the rate of the ordinary charge for the 
refinery will be almost one-half of the ordinary price, and that 
will make it very low indeed and ought to help out a great deal 

in this business. oo 

Pror. H. N. McCoy: At what times in the day, Mr. Jones? 

Mr. Jones: From four o’clock to eight o’clock in the after- 

noon during the months of December, January and February.
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All the other months you can use it all the time, but not during 

those four months,—those are the off months. 

Me. C. E. Baxer: I would like to ask Professor Burgess if 
he ever tried electrolyzing iron from chloride solutions. 

Pror. Burcrss: You cannot get deposits of iron from chloride 
solutions as satisfactorily as from sulphate solutions. However, 
it is simply a question of adjusting your electrolyte so you can 
build up a big deposit, and which will be cheaper. Other experi- 
menters have reported satisfactory results from chloride solu- 
tions, but we have not succeeded in getting satisfactory results. 

Mr. W. Bentiy: I would like to ask Professor Burgess if 
he has the electrodes in motion in depositing the iron; whether 
they are moving while the iron is being deposited or whether 

they are stationary in the solution. 

Pror. Burcess: Everything is perfectly quiet in the tank. 
We have tried the effect of rapid circulation and slow, and find 
little if any change in it and, in fact, the tanks are left for several 

months without cleaning out, that is, without cleaning out the 

deposits at the bottom; but once a week the solution is circulated 

through a series of tanks, just circulating two or three times. 

Mr. BENTLEY: The reason I asked that question is because 
I believe in certain plating work, by rotating the electrodes quite 
rapidly a deposit which is more uniform and which is smoother 
and freer from crystals or crystalline structure is obtained, and 
I was wondering whether it might not have some effect with 
iron. 

Pror. Burcess: Of course, what we tried to do was to work 

out a process for doing this as economically as possible and if 
you figure the cathode investment in moving the electrode 
throughout your entire plant, it would be a very expensive propo- 
sition. We have tried to deposit iron tubes by rotating the cath-, 
ode, but never got any better deposits than when having them 
quiet.
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POLARIZATION IN ITS RELATION TO THE DECOMPOSITION 
PRESSURE OF ELECTROLYTES. 

By Ottver P. War's. 

One of the properties which distinguishes electrolytic from 

metallic conductors is the relation between the impressed electro- 

motive force and the current which is produced thereby. In a 

metallic wire, the resistance of which is known, the current may be 

calculated by an application of Ohm’s law. This is not so for 
electrolytes when “direct current’ is used, except for a few com- 
binations of special electrodes and a particular electrolyte. 

If a gradually increasing E. M. F. is applied to the ends of 
a wire and simultaneous readings of the current and pressure,are 

made, the current increases in the same ratio as the E. M. F. 

When an electrolytic conductor with electrodes of platinum, 
carbon, or some other material, insoluble in the particular electro- 

lyte chosen, is substituted for the wire, it is found that for small 
values of pressure no permanent current flows. The FE. M. F. 
must exceed a certain minimum value before a permanent cur- 

rent is obtained. This minimum value is the so-called decomposi- 
tion pressure. 

In Table I are given the values of current corresponding to the 
indicated E. M. F. applied to two feet of No. 26 “ni-chrome” 

wire, 

TABLE I. 

Impressed Current Impressed Current 
E. M. F. Volts Milli-amperes E. M. F. Volts Milli-amperes 

0.25 48 1.75 344 
.50 95 2. 390 
75 143 2.50 490 

1.00 190 3. 586 
1.25 242 3.50 680 
1.50 292 4. 775 

gr
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Figure I shows graphically the relation between current and 
E. M. F. for the wire, and for a 10 percent solution of zinc 
bromide with carbon electrodes. The numerical data for the latter 
are given in Table VI.
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It is of interest to review the explanations which have been 
offered for this peculiar behavior of electrolytes. First in point 
of time was Grotthus’ hypothesis, which was proposed in 1820. 

According to this, the reason why any pressure, however small, \ 

does not send a current through an electrolyte as it does through 
a metal is because a definite E. M. F. is required to break up the 
molecules of each particular compound, and therefore no current 
can pass below that E. M. F. These “decomposition pressures” 
have been determined experimentally for many different solutions, 
and it has been found that the more stable a chemical compound is, 
the greater its decomposition pressure. From the values of the 

heats of formation and of solution of compounds, it has been 

found possible to compute values for the decomposition pressures, 
which agree closely with those obtained experimentally. 

Into this seemingly satisfactory agreement of theory with 

experimental observation, there was projected a disturbing fact. 

It is possible for an E. M. F. far below the decomposition pressure 
to produce a considerable momentary current, or a very minute 
steady current in an electrolyte. To harmonize theory and fact, 

Clausius, in 1856, suggested that the molecules of a dissolved com- 

pound which is capable of conducting an electric current are not 

firmly locked together, but that the atoms are continually chang- 
ing partners with their neighbors, and that the E. M. F. is not 

called upon to disrupt molecules, but only to give direction to the 

movements of the atoms or radicals during their moments of 

freedom. It should thus be possible for any E. M. F., however 
small, to. produce a flow of current in an electrolyte. 

In the more recent theory of “electrolytic dissociation,” 

advanced by Arrhenius in 1887, it is assumed that by the mere 

act of dissolving, a large proportion of the molecules of all dis- 
solved substances which vield conducting solutions are broken up 

into two or more parts. . 

Thus each of the later theories of the mechanism of the process 

of electrolysis has been formulated in such a way as to eliminate 

any “decomposition pressure,” yet in every case of electrolysis 
with insoluble electrodes no permanent current of any magnitude 

is obtained until a certain voltage has been exceeded. Theoreti- 
cally the phenomenon of the decomposition pressure has been 

eliminated ; practically, it is still with us.
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Although the cause of this phenomenon has been clearly set 
forth in some of the texts on electrochemistry, there still seems 

to be considerable misapprehension upon this point. 
One view of the cause of the different behavior of metallic and 

of electrolytic conductors is indicated in the two following quo- 
tations: ; 

1“The advantages of soluble anodes over insoluble anodes is 

that a very much smaller E.. M. F. is required to praduce the same 
result, * * * This is due in the two cases to a difference in 
the contact resistance to the current, as it leaves the electrode 

and enters the solution, which is sometimes called ‘transfer resist- 

ance.” This is undoubtedly a physical effect, which must not be 
confounded with the phenomena of polarization. With insoluble 
anodes, this resistance is said to be largely due to a condensed 

film of gas, which is only slightly removed by agitation of the 
liquid, but it is also accounted for by other actions of a more 

complex nature.” 

In a very valuable and suggestive paper? upon the corrosion of 
metals, it is pointed out that the rusting and corrosion of iron is 

an electrolytic process and that the speed of rusting depends upon 
the rate of removal of a protective film of hydrogen which forms 
upon the metal. Thus we find: , 

“One fact regarding the corrosion of iron appears to be undis- 

puted, viz., that oxygen is necessary for a continued action. This 
corrosive action can cease from two causes, viz. * * * or the 
action may be stopped by a film of molecular or gaseous hydro- 

gen upon the metal, which, owing to its resistance, prevents the 

flow of an appreciable current.” 

It is the purposes of this paper to show clearly that the prin- 
cipal factor in causing the phenomenon of the decomposition 
voltage as observed in electrolysis is not the resistance of a gas or 

other film upon either or both electrodes, but that it is due to a 

counter-electromotive force which is produced at the electrodes as 
a result of the action of the impressed E. M. F. This counter- 

_ E. M. F. will hereafter be referred to as polarization. 
Let a voltmeter and a milli-ammeter be suitably connected to 

two platinum electrodes immersed in dilute sulphuric acid or 

1Cyaniding of Gold and Silver Ores. Julian and Smart, p. 137. 

2Tr. Amer. Electrochem. Soc., 14, 179 (1908).
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sodium chloride, and readings of current made. as the impressed 

E. M. F. is increased. If the circuit is opened from time to time 
for the purpose of reading the polarization, great difficulty will be 
experienced, if it be not found utterly impossible, to get satis- 
factory readings when the electrodes are the small ones of one or 
two square centimeters area, such as are commonly used for these 

experiments in the laboratory. ‘The polarization is there, but the 

voltmeter requires a greater current for its action than this tiny 
‘storage cell can furnish. 

Tase IT. 

Electrolyte, Normal NaCl. Electrodes, carbon. 

Impressed Current Polarization 
E.M F.Volts Milti-amperes Volts 

0.1 0 0.075 
0.2 Oo 16 

45 0. .40 
.62 oO 58 
84 oO 80 
.96 0.25 &8 

1.09 0.25 1.03 
1.26 0.4 1.18 
1.51 1.0 1.38 
1.96 5. 1.57 
2.21 10.5 1.80 
2.51 22, 1.84 
2.80 6o. 1.84 
3.00 105. 1.83 

In Table II and Fig. 2 are given the results obtained when the 

potentiometer is substituted for the voltmeter. The electrolyte 
was normal sodium chloride and the electrodes were of carbon, 

6 x 9 mm., immersed about 37 mm. ‘The curves indicate the 
reason for no permanent current up to 1.5 volts. With each 

increase of applied pressure there is developed a counter-electro- 
motive force equal to it, so that no current can flow, and the only 

reason there is ever any permanent current through an electrolyte 
when using insoluble electrodes is because there is a limit beyond 
which the polarization no longer increases in the same ratio as the 

impressed E. M. F. At about 1.5 volts the polarization lags 
behind the impressed E. M. F., and at this point the flow of 
current begins. At about 2.5 volts the polarization has reached 
its maximum value, so beyond this pressure the current varies 

directly as the impressed E. M. F.
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Fic. 2. Electrolysis of n.NaCl.—Carbon Electrodes. 

The only possible part that the resistance of a gas film can 
play is to that small extent by which the polarization falls short 
of equaling the impressed E. M. F. The method of reading the 
polarization consisted in opening the line switch with one hand
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and afterward closing the key of the galvanometer with the other, 
so that an appreciable interval elapsed between the breaking of 
the circuit and the reading of the galvanometer. It is therefore 
probable that the actual values of the polarization are slightly 
higher than the values recorded. 

TaBLe III. 

Electrolyte, Normal CuSO,. Electrodes, platinum. , 

Impressed Current Polarization 

E. M. F. Voits Milli-amperes Volts 

0.25 oO 0.25 
.50 oO 43 
75 oO -7I 

1.00 oO .g0 
1.25 oO , 1.13 
1.50 I. 1.30 
1.75 7. 1.36 
2.0 II. 1.40 
2.25 37. 1.40 
2.50 53-5 1.40 
2.75 70. 1.39 

3.00 85. 1.41 
3.25 102. 1.41 
3.50 119. 1.43 

375 130. 1.43 

Table III and Fig. 3 show similar observations for normal 
copper sulphate with electrodes of sheet platinum one centimeter 

square. The general character of the curves is the same as for 

sodium chloride. It is to be noted that in this case gas is 

liberated only at the anode, and if it were the resistance of a gas 
film which prevents the passage of the current below 1.25 volts, 

this action would be confined to the anode, and the single gas film 
there would have to be quite as effective as the two films, one 

at each electrode, in the case of common salt. 
The cause of the polarization is indicated by the behavior 

of the ammeter needle. When the E. M. F. is 0.5 volts, or any 
other value below the decomposition point, if the circuit be opened 
for a minute, and then closed again, at the instant of closing there 
is a considerable rush of current, which in a second or two dies 

away to zero, the value of the permanent current for the E. M. F. 
applied. When the circuit was open there was little or no polar- 
ization at the electrodes, and on closing the circuit a flow of 

7
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Fic. 3. Electrolysis of n.CuSOQ,—Platinum Electrodes, 

current began according to Ohm’s law, just as it would flow 

through a wire, but, as a result of the deposition of the products 
of electrolysis at the electrodes, an increasing counter-electro- 
motive force was produced, which finally attained the value of the 
impressed E. M. F. and stopped the flow of current.
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The “residual current,” that permanent current, normally so 
small as to escape notice, which flows through electrolytes at any 
constant E, M. F. below the decomposition pressure, is only the 
current required to deposit products of electrolysis equal in amount 
to those dissolved by the electrolyte or otherwise removed. —_ 

By the introduction of a third electrode and the measurement 
of the differences of potential between this and the anode and 
cathode, it is possible to ascertain what proportion of the total 
polarization is contributed by the anode and what by the cathode. 
T he most satisfactory reference electrode to use for this purpose 
is the “normal calomel electrode,” so well known that a description 
of it is unnecessary. | 

TaBLe IV. 

Electrolyte, normal CuSO,. Electrodes, platinum. 

Impressed Current Polarization 
E.M.F.Volts Milli-amperes Anode volts Cathode volts Total volts 

0.05 oO —o,882 —0.830 0.031 
125 Oo —.903 —.689 .236 
48 oO —1.118 —.646 .460 
72 O —1.355 —.646 -709 
.96 oO —I1.591 —.642 .Q62 

1.20 oO —1.763 —.581 1.185 
1.44 0.5 —1.883 —.560 1.344 
1.68 5. —2.020 —.560 1.460 
1.92 18. —2.012 —.560 1.452 
2.17 33. —2.020 —.560 1.460 
2.42 49.5 —2.020 —.560 1.460 

Table IV and Fig. 4 show the results of repeating the elec- 

trolysis of normal copper sulphate and determining the polariza- 
tion at each electrode. The current curve, M., and the curve of the 

total polarization, T, are as in the previous experiment. The 
curves of polarization of the anode, A, and of the cathode, C, are 

especially interesting. The initial readings of polarization at 

anode and cathode, before any external E. M. F. was applied to 
them, was omitted by the student who performed this experiment, 

but if curves A and C were extended backward to obtain the value 
of the polarization at zero E. M. F., both electrodes would show 
about 0.77 volts, the single potential of platinum in this electrolyte. 

As the E. M. F. impressed upon the electrodes is increased, the 

curves A and C separate, the potential of the cathode increasing to
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Fic. 4. Electrolysis of n.CuSO,—Platinum Electrodes. 

that of copper as its limit, and the potential of the anode diminish- 
ing to that of platinum saturated or coated with oxygen. It is seen 
that the polarization of the cathode quickly reaches a maximum, 

while that of the anode continues to increase until the impressed
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E. M. F. reaches 1.75 volts. The cathode contributes only 22 per- 
cent to the total maximum polarization, the remainder being due 
to the anode. A comparison of the distances between curves A 
and C at various points, with values shown on curve T for the 
same E. M. F., shows how closely the separate potentials of anode 
and cathode agree with measurements of the total polarization. 

TABLE V. 

Electrolyte, zinc bromide. Electrodes, carbon. 
Impressed Current Polarization . 
E. M. F. Milli- Anode Cathode Total 
Volts amperes Volts Volts Volts 

oO o —0.995 —0.992 0.009 
0.05 0 —I.004 —.960 037 
15 0 —1I.050 —.951 102 
25 0 —1.137 —.919 215 
.48 0.5 —1.245 —.809 429 
72 0.7 —1.251 —.575 667 
96 0.7 —1.253 —.342 893 

1.20 08 —1.271 —.148 1.122 
1.44 2.5. —I.285 +.026 1.311 
1.68 18. —I1.315 +.165 1.479 
1.92 43.5 —1.323 +.368 1.654 - 
2.17 LIQ. —1.362 +.456 1.816 
2.42 209. —1.372 +.461 1.833 
2.65 310. —1.372 +.472 1.845 
2.88 405. —1.372 +.484 1.856 
3.13 500. —I1.372 +.484 1.856 
3.38 — 600. —1.372 +.484 1.856 
3.62 695. —1I.401 +.461 1.862 
3.86 795. —tI.401 +.461 1.862 
4.11 925. —I.401 +.461 1.862 

Table V and Fig. 5 are the results of the electrolysis of a 
solution of zinc bromide with carbon electrodes. The cathode 

contributes 78 percent of the 1.86 volts total polarization, while 
the anode supplies the remaining 22 percent. The electrolysis 
of zinc bromide effectually disposes of any claim that the failure 
to obtain a visible current with the first application of E. M. F, 

to electrolytes is due to the resistance of a gas film at either 
electrode. No gas is evolved in this case, except that at a very 
high current density a little hydrogen may be deposited along with 

the zinc at the cathode. 
The curves for the cathode in figures 5 and 6 show a gradual 

change from electrodes of platinum to copper and zinc, respec- 
tively. Similarly, the anode curves represent the change from a
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Fic. 5. Electrolysis of ZnBre—Carbon Electrodes. 

platinum electrode making contact with the original solution, to 
platinum saturated or alloyed with oxygen and with bromine, 
respectively, making contact with an electrolyte saturated with 
these products of electrolysis. The source of the counter-electro- 

motive force, then is of the same nature as the E. M. F. of any
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primary, or storage cell, viz., it is the result of an unsymmetrical . 

electrochemical system, consisting of two electrodes in one or 
more electrolytes. Before electrolysis the electrolytic cell was 
symmetrical consisting of like electrodes in an electrolyte of uni- _ 
form composition, concentration and temperature, and therefore 

the E. M. F. of the cell was zero. With copper sulphate the appli- 
cation of an E. M. F. causes the system to become unsymmetrical, 
by the deposition of copper at the cathode and oxygen at the 
anode. The E. M. F. of this little copper-oxygen storage cell, 
which, as in all storage cells, is opposite in direction to the charg- 

ing EF. M. F., continues to increase in magnitude, as more and more 

copper and oxygen are deposited, until its KE. M. F. equals the 
impressed E. M. F., when the flow of current ceases. All this 
may occupy one or two seconds. With each increase of impressed 

I... M. F. this process is repeated, until the value of the impressed 
E. M. F. exceeds that attainable by the little storage cell; then a 
permanent current flows. 

Having considered several cases of electrolysis with insoluble 
electrodes, it will now be of interest to use a soluble anode. 

TABLE VI. | 

Electrolyte, acid CuSO,. Electrodes, copper. 
Impressed Current Polarization 
E.M.F. Milli- Anode Cathode Total 
Volts amperes Volts Volts Volts 

0 0 —0.553 —0.563 0.001 
0.15 2.9 —.556 —.538 O17 
25 10.7 —.556 —.545 O15 
50 31. —.560 545 .020 
.70 50. —.560 —.545 O17 

1.00 82. —.563 —.543 .022 
1.25 105. —.567 —.538 025. 
1.50 130. —.560 —.531 .030 
1.75 152. —.567 —.531 032 
2.25 1&2. —.567 —.519 045 
2.75 232. —.571 —.512 .060 
3.25 295. —.574 —.502 076 

3.75 350. —.579 —.499 087 
4.75 325. (a) —574 —.487 .087 
5,00 380. —.574 —.487 089 

(a) The current varies between 250 and 400. 

Table VI and Fig. 6 show the action of copper electrodes, 1 x 2 

cm., with only one side exposed, in the acid copper sulphate solu-
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Fic. 6. Electrolysis of Acidified CuSQ,, Electrodes Copper, 1 x 2 cm., one side only 
exposed, Current Density: A. per Sq. foot = milliamperes used + 2. 

tion as used for electro-plating. The current-E. M. F. curve is 
almost like that for a metallic conductor. The reason for this is 
seen on examining the polarization curves. The greatest value for 
the total polarization was 0.06 volts instead of 1.46 obtained for
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copper sulphate when platinum electrodes were used. It is this 
failure of the polarization to rise to any considerable value, which 
makes the current-E. M. F. curve so different from those of the 
other electrolytes. At the lowest E. M. F., 0.15 volt, the total 
polarization had already attained to 20 per cent. of its highest 
value. Eighty-five percent of the greatest total polarization is 
found at the cathode. It is to be noted that the polarization shows 
no evidence of having reached a maximum, as it did with the 
insoluble electrodes. It is evident that had a greater E. M. F. 

been applied,.a still larger polarization would have resulted. It 
might well be asked how there can be any polarization when at the 
outset, and also at the end, the system consists of two copper 

electrodes in a solution of copper sulphate. If such an electrolytic 
cell as this is projected on a screen by means of a stereopticon, the 

reason for polarization appears. At the cathode there is formed, 
as a result of the deposition of copper, a layer of dilute solution in 
contact with the cathode. It is well known that the value of the 

potential set up by a metal making contact with a solution is 
affected by the concentration of the solution. Copper in copper 

sulphate is no exception-to this rule. Diffusion and the circulation 
caused by differences in density tend to destroy this film of dilute 

electrolyte bathing the cathode, so that the degree of dilution 
attained may be expressed as a state of dynamic equilibrium 
here between the electric current which produces it and the 
above forces which would destroy it. It is evident that the 

higher the current density at the cathode, the more dilute will be 

the electrolyte which is in immediate contact with it. The anode, 
on the other hand, is surrounded by a layer of electrolyte which 
is more concentrated than the original solution ; but as this dense 

electrolyte rapidly streams down and collects as a layer across 

the bottom of the cell, it might be expected that increase of 
current would have less effect upon anode polarization than upon 

that at the cathode, and this is shown to be the case. 

The examples of electrolysis so far considered show that: 

4. Polarization is responsible for the phenomenon of decom- 
position pressure in electrolytes. 

2. The total polarization may be resolved into two com- 
ponents, the one at the anode, the other at the cathode.
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3. Since it is polarization which prevents the flow of current 
in accordance with Ohm’s law, the residual current is the equiv- 
alent in current of the rate of depolarization of the electrodes by 
the electrolyte. 

Moreover, if electrolysis causes a change in the material of 

an electrode, or of the electrolyte in immediate contact with it, 
the polarization at the electrode is large. This is the case with 
an insoluble anode, and usually so for a cathode whose position 
in the electrochemical series is far from that of the element 

which is deposited upon it by the current. 
If the chemical composition of the electrode and of the elec- 

trolyte in contact with it are not changed, the polarization will be 
small. This occurs with a soluble anode and with a cathode of 
the same material as that deposited by the current. 

The data in the tables was, in the main, secured by students 
in the regular laboratory experiments in electrochemistry, and 
this paper is presented with the hope that it.may prove useful 

to students who are engaged in similar work. For the plotting 
of the curves, the author is indebted to Mr. W. B. Schulte. 

Laboratory of Applied Electrochemistry, 
University of Wisconsin. 

DISCUSSION. 

Pror, J. W. Ricuarps: I think this is largely a very careful 

repetition of work which has already been done, and does not 

carry with it any disclosures or any new principles. I think, 

however, that the data and the curves given will furnish a good 

basis for careful discussions of the phenomena of back-electro- 

motive force. 

Mr. Cart, Hertnc: It seems to me that Dr. Watts merely 

gives this phenomenon a name; giving a thing a name is not 

giving an explanation. It is a fundamental principle that a 

current multiplied by an electromotive force represents energy. 

If a current is passed against a counter-electromotive force, it 

must represent energy, and energy which is not in the form of
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heat; in an electric motor it is in the form of motion; in a cell 

it is in the form of chemical energy. It seems to me the expla- 
nation of this counter-electromotive force, which the author calls 

polarization, is simply that some chemical energy is being stored 
up somewhere; electrical energy is being changed into chemical 

energy of some kind. 
In connection with the latter part of the paper, where Dr. 

Watts compares the two electrodes with the calomel cell, I 
recall a method I used a good many years ago in testing accumu- 

lators. It consists in having in the cell two other plates, which 
are exactly like those that you are testing except that they are 

not in circuit and may be quite small. For instance, I used 
two small, fully charged accumulator plates, one positive and 

one negative, which I inserted in the accumulator and then 

measured the voltage between each of the test plates and the 
corresponding accumulator plate. In that way I obtained an 

indication of the condition of the large plates with reference _ 

to the normal test plates, which were not in circuit. The results 
were quite instructive. 

In connection with this subject, although not bearing on it 
directly, I would like again to bring up the question of the 

origin of the energy of the expansion of the gases set free. When 

gas is liberated in electrolysis there is an expansion of, I think, 

about 1,600 times the volume; that is, the gases, oxygen and 

hydrogen, after they are set free, have a volume about 1,600 

times that of the water from which they are formed. Hence 

there has been a very great expansion against atmospheric 
pressure, and that requires energy. The question is, where 

does that energy come from; does it come from the current or _ 

from the heat of the liquid? I think an investigation of this 

question might lead to some interesting results. 

Pror. Ricuarps: In most of these tables there is given a 

statement of the first-applied electromotive force, showing no 

current in milli-amperes. My experience has been that with 

almost any applied electromotive force, under similar conditions, 

you can find a current if you have the ammeter delicate enough 

to measure it. The fact of “no current” means that the milli- 

ammeter was not delicate enough to measure the current. With 

a micro-ammeter Dr. Watts would have gotten readings all
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the way down to the first-applied electromotive force which could 

have been put on the cell. 

Dr. Warts (Communicated): This paper is an attempt to set 
forth the facts in regard to the relation between current and 
impressed electromotive force in several different electrolytic 
cells and to point out that, in those cases in which the flow of 
current is not in accordance with Ohm’s law, there exists a 

counter-electromotive force which partially or completely, as the 
case {may be, nullifies the impressed e.m.f. and so causes the 
phenomenon of the decomposition voltage. | 

While agreeing with Mr. Hering when he says that “giving a 

thing a name is not giving an explanation,” the writer was under 
the impression that he had included the explanation as well as 
the name. On pages 94-98, 101, 103, 105 and 106 the cause of 

the counter-electromotive force is traced to the changes produced 
in the materials of the electrodes by the passage of current, and 
it is there stated that “the source of the counter-electromotive 

force is of the same nature as the e.m.f. of any primary or 
secondary cell.” Since an explanation of any new or imper- 

fectly understood phenomenon in nature consists in showing that 
it has a definite relation to other and well-known phenomena, it 
is hoped that the above may be accepted as an explanation of 
decomposition voltage.
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8. Uber das Schmelzen von Kohie; 
von O. P. Watts und C, E. Mendenhall. 

In einem der neueren Hefte der Annalen') hat Herr 
La Rosa einige Versuche iiber die Kriimmung von Kobhle- 

stiben bei hohen Temperaturen beschrieben und hat diese 
Kriimmung zusammen mit gewissen von ihm beobachteten be- 

sonderen Erscheinungen an der Oberflache als Beweis fir das 
‘Vorhandensein eines wahren Schmelzpunktes fiir Kohle bei 
gewohnlichen Drucken herangezogen. Wir waren der Meinung, 

ehe man die Erklarung annehme, die La Rosa fiir seine 
Kriimmungseffekte gibt, diirfte es sich empfehlen, weitere Ver- 
suche zu machen und dabei besonders zwei Punkte ins Auge 

zu fassen, nimlich: 

1. die Eigenschaften des Graphits und der Kohle bei 
hohen Temperaturen zu vergleichen, festzustellen, ob die 

Kriimmung von den Spuren des Bindemateriales (irgendeines 
Kohlenwasserstoffes) herrihrt, die in der Kohle zuriickgeblieben 
sind, oder ob sie ebensogut am Graphit auftritt, wo man 
naturgemaB annehmen darf, daB das Bindematerial durch die 
ausgedehnte und intensive Erhitzung, der das Material bei der 
Herstellung unterworfen wird, gréBtenteils entfernt sein wird; 

2. wenigstens anndherungsweise die Temperaturen zu be- 
stimmen, bei denen die Kriimmung auftritt, um zu entscheiden, 
ob sie wirklich ein Zeichen des Schmelzbeginns ist, oder nur 
ein Zeichen zunehmender Plastizitat bei hohen Temperaturen. 

Uns stand glticklicherweise eine Dynamo zur Verfigung, 
die imstande war, bestindig Gleichstrom von 600 Amp. bei 
110 Volt zu liefern. Wir konnten daher stirkere Stabe be- 
nutzen als La Rosa und uns dem Kriimmungsstadium ll. 

1) M. La Rosa, Ann. d. Phys. 34 p. 95. 1911.



184 O. P. Watts u. C. £. Mendenhall. 

mihlich néhern, wobei wir uns reichlich Zeit lassen konnten, 

um an dem Stabe mittels eines optischen Pyrometers nach 
Holborn-Kurlbaum ‘Temperaturmessungen vorzunehmen. 
Diese Beobachtungen ergeben natirlich unmittelbar nur die 

»schwarze* Temperatur der Stabe. Um diese auf die wahre 
Temperatur umzurechnen, haben wir von den demnichst zu 
verdffentlichenden Ergebnissen des einen von uns tiber den 
Zusammenhang zwischen der ,,schwarzen“ und der ,,wahren“ 

Temperatur der Kohle Gebrauch gemacht.') Wir haben zahl- 
reiche Versuche an Stében von 6mm Durchmesser und 15cm 

bzw. 30 cm Lange ausgefiihrt. Das Material war dabei: 
a) gewdhnliche kaufliche Kohle von der National Carbon Co, 
Cleveland; Ohio, U.S.A.; b) eine auBerst feinkérnige hoch- 
gradige deutsche Kohle (Conradty), die vermutlich dem von 
La Rosa benutzten Material sehr Shnlich war; und c) der 
reinste von der Atcheson Graphite Co., Niagara Falls, N. Y., 

hergestellte Graphit. Wir brachten die Krimmung entweder 

dadurch zuwege, daB wir die eine Elektrode gegen die andere 
schoben, oder dadurch, daB wir die eine Elektrode um einen 
Zapfen nahe an der Mitte des Stabes drehtcn, oder dadurch, 
daB wir ein Gewicht an zwei gleiche Stabe hingen, die nahe 

beieinander und parallel zueinander eingeklemmt und an ihren 
freien Enden verbunden waren. 

Unsere Ergebnisse lassen sich kurz zusammenfassen wie 
folgt: | 

1, Amerikanische Kohle nimmt am _ leichtesten eine 
dauernde Kriimmung an, demnichst deutsche Koble, und am_ | 
schwersten Graphit. Das ist die Reihenfolge zunehmender 
Reinheit und abnehmenden Gehaltes an Bindungsmaterial. 

Trotzdem erreichten wir selbst beim Graphit leicht ausgepragter:: 
Kriimmungen als irgendeine der von La Rosa angegebenen, 

beispielsweise eine scharfe Kriimmung von 50° in. der Mitte 
eines 30 cm langen Graphitstabes (vgl. Fig. 1, 7) innerhalb 

vier Minuten bei einer Temperatur zwischen 2700° C. und 
2800° C. | 

1) Oberhalb 2000° C. erfordert die Bestimmung dieser Korrektion 
eine Extrapolation einer empirischen Kurve; die héchsten Temperaturen 
kénnen daher um 50 bis 75° falsch sein.
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%. Die tiefsten Temperaturen, bei denen wir eine Kriimmung 

beobachtet haben, sind . 

bei einem Stabe aus amerikanischer Kohle . . 1800°C., 

OY » 9 deutscher ” » . 1900°C,, 

ny » 9 Graphit . . . . . . . 2150°C. 

3. Ein Stab, der sich in heiBem Zustande gekriimmt hat, 
‘wird dauernd eine viel gréBere Kriimmung behalten, wenn man 
ihn unter Spannung abkiihlen l48t. Dies gilt besonders fiir 
Graphit und unterhalb 2700° C. Beispielsweise erteilten wir 

einem Stabe innerhalb zwei Minuten bei 2630° C. eine Kriim- 
mung von 55°; er zerbrach, als er noch heiB war, und die 
Stiicke waren fast gerade (vgl. Fig. 1, 2). Zweifellos beeinfluBt 

die Zeit, wahrend welcher der Stab unter Spannung ist, auch 
die GréBe der bleibenden Anderung. Bis zu 2500°C. auf 
warts ist Graphit zwar gegeniiber langsamen Anderungen 
viskos, gegentiber schnellen Anderungen dagegen elastisch, 
und ein belasteter Stab wird frei schwingen. 

4, Bei den Versuchen, einige der tibrigen Erscheinungen 
zu reproduzieren, die La Rosa dem Schmelzen zugeschrieben 
hat, namlich Bruchstiicke von Kohle mit abgerundeten Umrissen 

und Oberfiachen mit ganz feiner kugeliger Struktur zu erhalten, 
verfuhren wir auf zweierlei Weise: (4) durch ganz regelmaBiges 
und recht langsames Erhitzen, das wir dadurch bewerkstelligten, 
daB wir die Stromstirke konstant (auf ungefahr 400 Amp.) hielten, 
wahrend der Querschnitt des Stabes oder der Réhre durch 

Verbrennung und Sublimation allmahlich abnahm; und (B) durch 

schnelles Erhitzen, das wir erhielten, indem wir plétzlich 300 
bis 600 Amp., je nach der Starke des Stabes, anlegten. In 
allen Fallen versuchten wir die eingeschlossenen Gase durch 

voraufgehendes Erhitzen auf 2000°C. oder dartiber zu entfernen. 

Fall A. Kin 1/,26lliger Kohlestab brannte 3—5 Minuten 
in freier Luft, wahrend die Temperatur allmahlich von 

T., = 2500° C. an zunahm. Die Verhaltnisse wurden ziemlich 

regelmaBig bei ,,schwarzen‘* Temperaturen von 3080°C. bis 

3250° C. (,,wahre“ Temperaturen schitzungsweise 3300°C. bis 

3500° C.) instabil, und es bildete sich ein Bogen. Die Enden 

solcher Stabe (oder Réhren) zeigten nach dem Bruch niemals 

irgendwelche Zeichen eines Schmelzens, abgesehen davon, daB
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sie zuweilen teilweise mit einer Haut oder einem Uberzug von 
mikroskopischer tropfenartiger Struktur, wie ihn La Rosa be-
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schrieben hat, bedeckt waren. Solche Oberflachen fanden sich 
beispielsweise: 

1. an den hélteren Stellen auf der Innenseite einer auf 
etwa 7',=3100° an der heifesten Stelle (in einem Vakuum) 

rete tse Serre 

ae Tae oe 

: 2 

jos : zy oe S 

Fig. 2. 

erhitzten Graphitréhre. In diesem Falle war zur Innenseite 
der Rohre eine 0,1 mm bis 0,3 mm dicke Schicht hinzugekommen, 

wodurch der innere Durchmesser kleiner geworden war. Diese 
Schicht war betrachtlich hdrfer und feinkérniger als der ur- 

spriingliche Graphit;
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2. an der Mitte des Endes eines als negative Elektrode 
eines Lichtbogens benutzten Kohlestabes, bei dem der Licht- 
bogen. den Rand des Endes umspielt hatte; 

8. zu verschiedenen Zeiten als Flecken am Ende der 

Stabe oder Réhren, die Lichtbogen geliefert hatten, aber nicht 
dort, wo der Bogen gewesen war. 

Fall B. Selbst bei sorgfaltiger vorheriger Erhitzung er- 
hielten wir haufig heftige Explosionen, die zweifellos von 
schneller Erzeugung von Kohledampf im Innern des Stabes 
herrihrten. Hin weiteres interessantes Ergebnis dieser schnellen 

Kohledampferzeugung ist das sehr ausgeprigte Anschwellen von 
Kohlestiben (das beim Graphit weniger hervortritt), das bei 
schnellem Erhitzen auftrat (vgl. Fig. 1, 4). Obwohl die Ober- 

flachentemperatur nicht tiber 3000° C. bis 3200°C. (,,wahre“ 
Temperatur) stieg, war das Innere zweifellos viel heiBer. EKinen 
Schnitt durch einen solchen gedehnten Stab zeigt Fig. 2, 7. 
Die Mitte ist voller Hohlriume und zerbréckelt bei der Be- 
riihrung, weist aber keine Anzeichen eines Schmelzens auf. 
Kinen sehr eigentiimlichen Effekt, der auf der Strémung von 
Kohledampf aus dem Innern des Stabes beruht, zeigt Fig. 2, 2. 
Diese knétchenartige Oberflache weist alle Anzeichen erfolgten 

Schmelzens auf. Trotzdem ist zu beachten, daB diese Zeichen 
nur an den duBeren (mithin kalteren) Stellen des Stabes auf- 
treten; sie sind bei stérkeren Staben ausgepriagter als bei 
dtinneren (gréBere Temperaturunterschiede zwischen auBen und 

innen); sie treten bei Temperaturen auf, die mehrere Hundert 
Grad unter denen liegen, bei denen ein fester Kohle- oder 
Graphitstab bei langsamer Erhitzung, wie wir gefunden haben, 
zu bestehen vermag (vgl. oben). 

Wahrend daher das beschriebene Aussehen der Oberflache 
auf den ersten Blick ein Schmelzen vermuten la8t, sind wir 

doch iiberzeugt, daB es in allen von uns untersuchten Fallen 
auf Kondensation von Kohle an den verhaltnismaBig kalteren 

Stellen beruht. Die héchste Temperatur, die durch elektrische 
Heizung von Kohle erreicht werden kann, ist durch den Sublima- 
tionspunkt bei dem angewandten Drucke festgelegt. Weitere 
Steigerung der Energiezufuhr iiber diesen Punkt hinaus geht 
einfach in die Sublimationsenergie der Kohle tiber. In einem — 
Vakuumofen aus Graphitrohr haben wir im hiesigen Institut bei
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einigen Millimetern Druck eine héchste (wahre) Temperatur von 
etwa 3100°C. erhalten, wahrend wir mit einem Kohlestabe in Luft 
bei 1 Atm. Druck bis zu 8500° C. erhielten. Mit demselben 
Pyrometer ergab ein Bogen von 250 Amp. 7’, = 3500° C. oder 
I, = 3800° C. Der Unterschied zwischen der Temperatur des 
Bogens und der héchsten mit einem Stabe beobachteten Tem- 
peratur ist unzweifelhaft der Unterschied zwischen’ der Ober- 
flachentemperatur des Stabes und seiner Innentemperatur, und 
der Stab zerfallt eben, wenn die Jnnentemperatur die Tempe- 
ratur des Bogens erreicht. 

SchluGBfolgerung. 

Angesichts der vorstehenden Versuche erscheint der Schlu8 

berechtigt, da® die Kriimmung von Kohle und Graphit bei 
hohen Temperaturen an sich nicht als Zeichen beginnenden 
Schmelzens angesehen werden kann, sondern vielmehr als 
Zeichen einer allmahlich zunehmenden Plastizitat, und wenn 
wir auch nicht bestimmt sagen kénnen, daB die von uns 
beobachteten eigentiimlichen Oberflicheneffekte, die wir der 
Kondensation von Kohledampf zugeschrieben haben, dieselben 
sind wie die von La Rosa beobachteten, so dirfte uns 
doch ihre groBe Ahnlichkeit zu der Annahme fahren, daB die 
von La Rosa beschriebenen Erscheinungen wahrscheinlich auf 
Kondensation beruhen und nicht auf Schmelzen. 

Universitat Wisconsin, Madison, April 1911. 

(Eingegangen 15. Mai 1911.) 

(Nach dem Manuskript aus dem Englischen iibersetzt von Max Iklé.)
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ELECTROLYTIC CORROSION OF IRON 

IN CONCRETE. 

Charles F. Burgess*, M. w. s. E. 

Presented February 22, Igri. 

This paper has for its purpose the presentation of results 
of experimental work dealing with a study of the extent to which 
concrete may act as a protective agent against the electrolytic 
corrosion of iron imbedded in it. 

_ Mr. A. A. Knudson, Transactions American Institute of Elec- 
trical Engineers, March, 1907, appears to be among the first to 
have conducted investigations of the electrolytic corrosion of 
iron in concrete. His conclusions were somewhat sweeping in 
that they contained a statement that where but a small current 
passes from iron to concrete or masonry there will be a cor- 
rosion of the metal and disintegration of the concrete or 
masonry. He called attention to the calamities which may result 
from this fact; but the justice of his conclusions were ques- 
tioned by those who took part in the discussion of his paper. 
Other contributions on this same subject have been offered by 
Professor A. S. Langsdorf, Journal of the Association of En- 
gineering Societies, Vol. 42, 1909, and by Mr. W. J. Nicholas, En- 
gineering News. Vol. 60, 1908. These papers were in a measure 
confirmatory of the views offered by Mr. Knudson. 

The principal basis of objection to the conclusions of this 
first paper appear to be that the experiments were not illustra- 
tive of what may occur in practice, in that a constant current 
of 0.1 ampere was passed through a concrete block from an im- 
bedded iron pipe, the voltage being raised continually to main- 
tain the current at a constant value. This required in some cases 
a high voltage and liberation of heat, which resulted in a crack- 
ing and softening of the concrete within a 30-day period of ex- 
posure to the action of the current. , 

In view of the fact that reinforced concrete has become one 
of the most important structural materials, it is reasonable that 
the charge made against this material, that a very small electric 
current will result in its destruction, should be accepted with 

caution. The importance of the question merits far more atten- 
tion than has been given to it, and in offering the results of 
further study it is appreciated that there is still much analytical 
work to be done before an exact quantitative idea may be had 
of the depreciation caused by electrolytic corrosion. 

In a publication of the Carnegie Library of Pittsburg, en- 

titled “Metal Corrosion and Protection” there is an extensive 

*Professor of Chemical Engineering, University of Wisconsin.
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bibliography, a portion of which deals with literature on cement 
and concrete as a protection against corrosion, there being forty- 
eight articles and papers included under this division. Com- 
paratively few of these, however, relate to the electrolysis factor. 

During the past three years there have been carried on at 
the Chemical Engineering Laboratories of the University of 
Wisconsin, two series of tests on the quantitative effect of elec- 
trolysis on iron in concrete, and some of the results of this work 
have been drawn upon in presenting this report. More detailed 
descriptions are given in theses prepared by F. F. Farnham, in 
1909, and A. B. Chadwick, Jr., in 1910. 

‘It has become a generally appreciated fact that concrete 

Wi s 

Ya 

iN | | N 
Ng . 7 7} NY Ni: a/ » 14 ys, 44S 
NB oe TON y 7 004 4, N 
NSS 0, 207 0 SS 
NN 47, 204 YOU 1 WN 
NE au 4 1\be 44 1,17¢ 4 KS 
\ 14,0004) OUI, S 
NA Gt thr Apt lly st NY 
ie A Wi / N NIB / ~~ a iy / 4¢ 4 NY 

Ni OA 14 N 
Nj L044 NON LOAL N 
A Ve, /yrt Ly 44,4 Q 

Ni 7S VON C1 1G SN 
Ni 2400, YO Ys “4, SS 
NN 1117 4, Q4,t M7446 N 
Nh 44,4 a Gj Sy lth N 
Ne LOY UITIAGS alii” N 
Ni LOOT Gt 4, erty? N 

wh PIOUY I Wer, 08 4/4 NY 

WN AAG TNANT Gf , NS 
~ ISR PATI IW HATA AG N WLS 4a oN NY y y NY 

a ee eS 
Fig. 1—Dimensions of Specimens Used in First Set of Tests. 

absorbs -water and aqueous solutions and thereby becomes elec- 
trolytically conductive. The conductivity varies through a widé 
range, depending upon the nature of the concrete itself as to 
physical and chemical composition, and to the composition of 
the impregnating solutions. From various sources of informa- 
tion it appears that the resistance of cement and concrete may he 
anywhere from 30 ohms to several thousand ohms per foot 
cube, values which are comparable to the specific resistance of 
earth materials. 

In carrying out the experiments to be described the pur-
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pose was to employ conditions typical of those which may be met peat in actual practice. A constantly applied pressure of 
volts was employed as being a value which, although some- what high, is occasionally encountered and even exceeded in existing structures. Although this value is higher than the average, it was necessary to choose such pressure as would 
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Fig. 2—Dimensions of Specimens Used in Second Set of Tests. 

give distinct results in reasonable time. Two sets of tests were 
made, the first covering a period of 180 days and employing con- 
crete moistened with water, and the second covering a period 
of 64 days, using salt solutions. The dimensions of specimens 
used in the first set of tests are illustrated in Fig. 1, and in the 
second set of tests by Fig. 2.
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The first ten test specimens were made of various brands 
of cement and in various mixtures. In some cases the cement 
was poured into the mold moist and in others wet. The im- 
bedded iron consisted of a 2 in. wrought iron pipe which had 
been previously washed carefully, the lower end being closed 
by a paraffined wooden block to exclude moisture. Specimens 
were set in a mold for 48 hours, at the end of which time they 
were put into earthen jars containing lake water, where they 
remained for 12 days before electrical pressure was applied. The 
cathode consisted of an iron plate hung from the side of the jar. 
The cells were electrically connected in parallel, Fig. 3, current 
being supplied by storage cells through a rheostat by which a 
fairly constant pressure value was maintained throughout the 
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Fig. 3—Cells Electrically Connected in Parallel. 

test. By taking frequent measurements of current, applied 
pressure, and polarization pressures, the principal records of the 
tests were obtained. The summary for this series is given in 
Table 1. The loss in weight was determined by preliminary 
weighing, and another weighing at the end of the test after the 
samples had been scratch-brushed to free them from adhering 
rust. By integration of the current values the number of am- 
pere hours which flowed from each of the specimens was ob- 
tained. Assuming 1.05 grams per ampere hour as the electra- 
chemical equivalent of iron, the theoretical corrosive action of 
the current was obtained and by comparison of this value with 
that actually obtained by loss of weight, the figures in the 
column headed “current efficiency” were calculated. 

In view of some of the previous publications it was a matter
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of some surprise that current efficiencies were found to be of low 
value. These indicate that concrete may have some protective 
action other than that offered by its .questionable insulating 
property. 
_ In this first series of tests there was little evidence of crack- 
ing or softening of the cement. Samples employing neat cement 
showed some slight cracking at the beginning of the test, but 
this was evidently apart from the influence of the electric cur- 
rent. 

The examination of the pipes after cleaning at the end of 
the test showed that corrosion had taken place in the form of 
pitting, Fig. 4, the pitting being the more marked at the top. 
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Fig. 4—Corrosion in Form of Pitting. : 

That the observed rusting and pitting was due to electrolytic 
action was evident by comparison with a check sample, from 
which no current was passed and which at the end of the test 

was found to.be in a bright uncorroded condition. The low cur- 

rent efficiency of corrosion indicates that the current under these 
conditions expends itself in the liberation of anode products 

other than the formation of iron compounds. This is evidenced 
further by the frothing and the liberation of gas which appeared 

at the top of the concrete block near the iron anode. 

The second series of tests was undertaken to determine in- 

what measure the addition of salt to the water would influence 
the current efficiency of corrosion. For this purpose 3% salt 

solution was chosen as being typical of the conductivity of sea 

water and possibly of solutions which may be found under soil 

conditions. 
The specimens were similar to those of the first series with 

the exception that the cement blocks were 6 in. instead of 8 in. 

in diameter, thus leaving a wall of cement about 2 in. instead
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of 3 in. for the current to pass through. This offered a lower 
electrolytic resistance, and therefore a means of decreasing the 
duration of the tests. . * 

Concrete was taken from a concrete mixer handling material 
in proportion of 2 parts of cement, 4 of sand, and 6 of crushed 
stone. Two mixes were employed, one using Marquette cement 
and one the Medusa brand. This concrete was tamped around 
the iron pipes as in the previous tests, and the resultant blocks 
allowed to set for 28 days before being placed in the electrolyte 
in stoneware jars. 

The 3% sodium chloride solution was used for seven of the 
specimens, ordinary lake water being employed for the other 
three, as a means of comparing this series with the former one. 

The measurements of current, pressure, and polarization 
were taken almost daily for 64 days, the duration of the run. 
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Fig. 5—Appearance of Blocks from Use of Salt Solution. 

The pressure applied to each of the specimens was kept close 
to eight volts. The electrolyte was kept at constant level by 
occasional addition of water. 

A ferric hydrate precipitate formed in all of the salt solu- 
tions ; this crept up the surface of the exposed concrete and gave 
a rusty appearance to it. At the termination of the test the 
concrete blocks were removed from the solutions. Those from 
the salt solution had large and irregular adhering deposits of 
iron hydrate; these deposits apparently started at the surface 
of the solution and grew downward in large stalactitic forma- 
tions. 

Fig. 5 shows the appearance of the blocks from the use of 
salt solution, and Fig. 6 from the use of lake water. The blocks
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were broken by a hammer. In no case was the concrete soft- 
ened, the only defects being the cracking noticed in blocks 11, 
12, 13 and 14. The concrete had little rust or iron deposit in 
it except along the cracked surfaces. It is not certain that the: 
cracking was caused by the electric current. 

An examination of the pipes showed those exposed to salt 
water to have been corroded far more than were those of tlie 
previous test, or of those in lake water. The corrosion of the 
pipes started not at this surface level of the electrolyte but at 
the upper surface level of the concrete block. This is naturally 
the case on the basis that the solution works up into the con- 
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Fig. 6—Appearance of Blocks from Use of Lake Water. , 

crete and renders it electrolytically conductive. The corrosion 
was found to be most marked at the locations of the cracks, the 
pipes having been entirely perforated at these places, but even 
in those specimens which had not developed defects in the 
concrete the corrosive pitting was very marked. 

Fig. 7 shows the appearance of the corroded pipes. 
After brushing and cleaning the pipes they were weighed 

and the losses determined. By comparing these losses with the 
loss determined by averaging the current readings the percentage 
corrosion efficiency was determined. 

Data concerning this test are given in Table 2. The de- 
ductions from this table are that the corrosion efficiency where 
salt is used in most cases is about 60%. 

It appears from this table that there may be some relation- 
ship of polarization pressure to corrosive action, as those speci- 
mens showing greatest corrodibility by the current have the 
higher polarization pressures. This is contrary to what migh
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be expected, on the supposition that low current efficiency means 
the setting free of products of decomposition of the electrolyte 
and the setting up thereby of higher polarization pressures. 

These tests show in a decisive manner the fact that salt in 
solution greatly increases the conductive power of concrete 
above that produced by ordinary water. They also show that 
the electrolytic corrosion of iron is thereby greatly enhanced 
by the presence of salt. There was no evidence, however, that 

the concrete itself undergoes any chemical deterioration by 
electrolysis. While some of the test samples cracked during the test, 
it is not believed that we have shown. conclusively that this 
cracking is connected either directly or indirectly with the flow 
of current. 

Table 3 is a compilation of data and deductions intended 
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Fig. 7—Appearance of Corroded Pipe. 

to get a quantitative idea of the corrosive action of the current. 
In the third column are given the average values of current flow- 
ing throughout the test on each of the specimens. The current 
is at a maximum at the beginning of the test and decreases to a 
more or less constant minimum value after a certain lapse of 
time. It was found that the minimum values had been reached 
during both of these two series of tests, and it is probable that 
these minimum values should be used rather than the average 
values where calculating what may happen under field condi- 
tions. These values of minimum current are therefore given in 
the fourth column. The average current of the tests is reduced 
to current per square foot of iron surface in column five, and the 
experimentally determined corrosion efficiencies in column six. 

Using 20 lb. of iron per ampere year as the electrochemical 
equivalent of iron, the amount of iron to be corroded per year 
under the experimental conditions from each square foot of sur-
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face is given in column seven. Taking into account the mini- 
mum currents rather than the averages of the tests, gives column 
eight, which may be the really useful one for conveying a quanti- 
tative idea of the corrosion which may be encountered in prac- 
tice. 

_ A corrosion of 0.02 to 0.08 Ib. of iron per square foot of 
iron per year is shown to be possible where concrete is suh- 
ject to the action of ordinary water. This may or may not be 
a negligible depreciation factor, depending upon the massiveness 
and proportions of the encased iron. It must be borne in mind 
that the corrosion is not uniform, that pitting is the charac- 
teristic, and that should any cracks develop, the corrosion is con- 
centrated at such places. _ 

It is also seen in this column that the presence of a salt in 
the water increases the rate of corrosion one hundred times; 
due in part to the greater electrolytic conductivity but in much 
greater part to the increased corrosive efficiency of the current. 
While a 3% salt solution may give results typical of what may 
be expected from sea water, the seepage water of city streets 
is undoubtedly less harmful than the 3% salt solution. A quan- 
titative investigation of the action of these and other solutions 
would be of importance as bearing on this question. 

_In interpreting the data above set forth, it must be borne in mind 
that an electrical pressure of eight volts has been assumed. This 
is higher than is generally found under actual conditions. Cor- _ 
rection for lower pressures can be approximated by the applica- 
tion of Ohm’s Law, taking into account a maximum polariza- 
tion of from one to two volts. 

Polarization pressure measurements were made throughout 
_the conduct of these tests to determine, if possible, any relation- 
ship which might exist between corrosive efficiency and polar- 
ization pressures. No such relationship was established and it 
is not deemed essential to burden this paper with such data. ~- 

If, as shown in this paper, the possibility exists of removing 
5 Ib., 1 lb., or even 0.1 Ib. of iron per year from a square foot at 
iron surface imbedded as reinforcement in concrete, it becomes 
a matter worthy of more attention than has been given to it in 
the past. It is true that comparatively few failures of struc- 
tures have been attributed to electrolysis in the past, but we may 
not conclude from this that the time of reckoning with this 
factor will be indefinitely postponed. 

Cement and concrete have been tried repeatedly as a pro- 
tection to underground gas and water mains and services, but 
naturally with little beneficial results. There has been called 
to the attention of the writer the failure of concrete arches which 
is apparently attributed to electrolytic action, and we may 

naturally wonder how far this phenomenon may be responsible 

_ for some of the mysterious failures of concrete work which are 
recorded with some frequency and regularity.
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The question is certainly entitled to further investigative 
study. This should include determinations of conductivity of 
concrete as influenced by composition, by different electrolytes, 
by methods of mixing; also the determination of the corrosive 
efficiency of the current as influenced by the variety of condi- 
tions met with in practice. In addition to laboratory work of 
this sort there should be made field observations as to leakage 
currents and their influence on structures. 
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6 Atlas 1-1 Moist 9.8 458 2.06% 
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8 Atlas 1-3-6 Wet 6.3 131 4.61% 
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16 Marquette “ 113 174 62% 180 “ 
17 Marquette a 192 268 69% 1.75“ 
18 Medusa Lake Water 0 29 0 1.20 “ 
19 Marquette “ 0 30 0 125 “ 
20 Marquette “ 1 313 3% 1.30 “
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TABLE 3. 
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3 “ 025 .007 .060 1.05% 013 Ib. 0036 Ib. 
4 ‘s 033 010 .079 436% .068 Ib. 0200 Ib. 
5 . 031 .012 074 5.38% 079 lb. 030 Ib. 
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7 “ 037 025 089 6.88% 122 1b.  .082 Ib. 
8 ‘ 030 010 072 461% 066 lb. 022 Ib. 
9 “ 066 .030. .158 2.84% 090 Ib. 041 Ib. 

10 ‘“é 096 010 .230 1.23% . 0571b. .006 Mb. 
11 3% NaCl 231 .190 554 55. % 6.09 Ib. 50 Ib. 
12 “ 192 151  .461 80. % 7.42 Ib. 5.85 Ib. 
13 ‘ 163 141 391 40. % 3.13 Ib. 2.70 Ib. 
14 “6 191 181 458 66. % 6.07 Ib. 5.75 Ib. 
15 “ 160 135 384 69. % 5.35 Ib. 4.50 Ib. 
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DISCUSSION. 
J.G. Wray, M. w. s. £., (Chairman): We have all been much 

interested and instructed by Professor Burgess’ paper. The results 
presented indicate that while electrolysis of iron imbedded in con- 
crete does take place, the concrete itself appears not to be 
disintegrated by the electrolytic action nor destroyed by the 
corrosion of the metal. I read a paper not long since (I do not 
remember the name of the author) in which it was stated that 
electrolysis destroyed the concrete immediately surrounding 
the metal. This would obviously greatly reduce the strength of 
the reinforced concrete. Professor Burgess has already shown 
that electrolysis does not have this effect. . 

I realize my inability to discuss this paper intelligently but 
know that there are others here who can do so, much better than 
I can. Before calling for a general discussion, however, I would
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like to make a few suggestions, which I believe have a bearing 
on the subject and may perhaps explain the apparent discrep- 
ancy between the results obtained by Professor Burgess and 
those of other investigators. I would suggest the possibility 
that the porosity of the concrete or the composition of aggregate, 
whether of limestone, granite, gravel, etc., may have something™ 
to do with the amount of electrolytic action which takes place. 
It. is also possible that the richness of the mixture or the age of 
the concrete may affect the results of the experiment. 

- William B. Jackson, mM. Ww. Ss. £.: We are indebted to Pro- 
fessor Burgess for this valuable and interesting contribution 
to our knowledge of electrolysis of iron when imbedded in con- 
crete. What I have to say is hardly in the line of discussion but 
more in the line of query. | 

The tests described in the paper show, other things being 
equal, a greater electrolytic action upon iron imbedded in con- 
crete which is immersed in salt water than when immersed in 
fresh water. This suggests the thought, whether putting salt 
in the water used in making concrete—which is so frequently 
done when laying concrete in cold weather—may not have the 
effect of producing concrete wherein imbedded iron is ab- 
normally affected by electrolysis. I shall be glad to have the 
author’s opinion as to this. 

The table covering the results of the tests of electrolysis 
upon iron in concrete immersed in lake water showed a decidedly 
less percentage of corrosion in the cases of concrete made with 
one brand of cement from that made with the other brands. This 
naturally raises the query as to whether there is some particular 
ingredient either lacking or present in this one cement which 
produces concrete which tends to protect the iron from electro- 
lysis better than concrete made with the other cements. 

J. N. Pierce: I am in the electric line, and as I was 
listening to the paper it occurred to me that there are various 
other things that caused this corrosion and that it was a matter 
of keeping the moisture out of the cement; then it occurred to 
me that some of the waterproofings are an iron compound mixed 
with the cement,—and I would ask if that would not be really 
very detrimental to use? I have heard a great many salesmen 
in connection with reinforced concrete talking about mixing this 
moisture-proof substance with the concrete before putting it 
around the iron. It seems to me that this would be more harm- 
ful than beneficial, on account of increasing the conductivity of 
the cement. 

Professor Burgess: Do I understand that those moisture- 
proof materials have iron in them? 

Mr. Pierce: Yes. Ironite is one of the cheap materials. I 
think the general idea is that these moisture-proof materials 
work ‘into the pores of the concrete and expand with corrosion. 

W. H. Finley, M. w. Ss. £.: Wouldn’t it be a good idea to
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put current through all reinforced concrete and thereby increase 
the adhesion? 

_ Wm. Seafert, arr. w. s. 2.: About 10 % more bond is ob- 
tained with rusty material than where there is no scale. 

Carl A. Keller: It sometimes becomes necessary to use cinder 
toncrete in proportions of one of cement to seven of cinders. 
I have seen cases where this cinder concrete had to be placed 
in thicknesses of 18 in., and there has been some question as to 
the desirability of putting the cinder concrete next to the iron - 
beams or iron posts that may be imbedded, and in order to avoid 
any corrosion a cement coating had been applied to the beam be- 
fore laying the cinder concrete. I wish to inquire of Professor 
Burgess if he can explain to us the action of the cinder concrete 
and the iron. I would also ask if some tests could not be made 
similar to those explained to us this evening, using cinder con- 
crete around the pipe and in various electrolytes that were men- 
tioned in the paper? . 

A. O. Anderson, M. W. Ss. E.: I was wondering how these 
tests were made, and whether it would not be advisable to make 
a similar set of specimens, put them under similar conditions, 
and not send any current through them. I rather think the 
specimens that were left in that salt solution for 108 days would 
show some rust without the cement, and we need not charge up 
all of that rust to the electric current. 

Mr. Fowler: I would ask Professor Burgess about the corro- 
sion near the surface. The electrolyte, as I understand it, was 
below the level of the top of the concrete. Did you take any 
precaution, with oil, for instance, covering the electrolyte or the 
concrete so that there would be no access of air? Where was 
the most corrosion? Then, in removing these specimens from 
the concrete, what, precaution was taken to prevent actual scal- 
ing of the iron,—by a hammer blow, for instance? 

G.-T. Seely, M. w. s. E.: It seems to me that this paper is 
a very timely one, and one that is of considerable value for local 
application. It has been proposed here in Chicago that the sub- 
way be constructed of reinforced concrete. In this subway there 
would be railway lines carrying either single units or trains 
which would require heavy electrical currents. These currents, 
if there is much reinforcement, would tend to be carried in the 
structure itself, it seems to me, which would not only present the 
danger of electrolysis where the current would leave the rein- 
forced structure, but also perhaps in the length of the structure. 
I do not think the danger is as apparent as it may seem, for the 

reason that the difference in the voltage between the ends of the 

reinforcement, if the reinforcement were not continuous, ‘would 

be very small, and, as Professor Burgess pointed out, if the 

difference were less than the polarization voltage it would prob- 

ably have no effect. It seems to me that this might be something 

which would be well to determine by experiment. If there 1s



16 Discussion—Electrolytic Corrosion of Iron in Concrete. 

such an effect, it would have an important bearing upon determin- 
ing the degree of insulation of the track rails in the subway. 

~ Oscar E. Strehlow, M. w. 8. £.: I do not know that I can say 
anything definite on this subject, because methods have to be 
tried to determine the effect. But in retaining-walls a condition 
sometimes exists in which the prices of the reinforcing materiat 
and cement, and the crushed stone and sand, and of back filling 
behind the retaining-walls, are such that a reinforced concrete 
wall and a gravity masonry wall are about equal. In view of this 
uncertain and untried question of electrolysis, it seems to me it 
would be a safer proposition to stick to the gravity wall. 

Mr. Finley: I-think that one of the valuable lessons we can 
learn from the experiments-of Professor Burgess and those who 
have preceded him is that it is necessary to use great care in the 
construction of our concrete, particularly in the reinforced con- 
crete; that is, to get a mixture as nearly impervious as possible, 
and also to see that it is thoroughly waterproof. 

In 1904 I prepared an article on the necessity for water- 
proofing engineering structures in concrete, and called attention 
then to the possibility of the destruction of the reinforcing ma- 
terial in concrete by electrolysis. At that time I knew of no 
experiments having been made to determine that fact, nor could 
‘I find that the matter had really been given any attention. I am 
glad to see that since that time there have been experiments 
made in that line, and that while the question is not determined 
positively one way or the other, the results shown by Professor 
Burgess’ experiments and others do indicate very clearly that 
we should exercise great care in building reinforced concrete. 

R. H. Rice, mM. w.s.£.: There are a couple of questions that 
I would like to ask. I understand from the paper that the re- 
sults show nothing as regards the actual condyictivity of the con- 
crete itself, and the current that passes through I presume is 

- conducted entirely by the moisture in the pores of the concrete. 
I would like to ask when the observations were made, whether 
the concrete had been immersed for a length of time sufficient to 
allow it to become entirely saturated with the water? |= 

' The other question was in regard to the time of the polariza- 
tion. I presume that as soon as the concrete was placed in the 
water and became moist the polarization E. M. F. rose to its 
maximum value almost immediately, so that if a potential dif- 
ference of 8 volts was applied, and there was a polarization E. 
M. F. of say 11% volts, the actual potential difference which was 
causing this current flow would be then 614 volts, and that would 
be the potential difference to which the concrete was subjected 
continuously throughout the experiment. 

- .  F.F. Fowle: This paper, it seems to me, is one of very great 
interest to us all. Of course it is one which is rather difficult 
to discuss becatise of the meagreness of the subject, but its pres-. 
ent importance can hardly be overstated.



Discussion—Electrolytic Corrosion of Iron in Concrete. 17 

One of the interesting features in regard to electrolys; 
only in this case but in others, is the question of polactine 
and I would like to ask the author what his experience has beeri 
in regard to the characteristic current flow when the voltage is 
diminished. It is very clear that after there had been a flow of 
current sufficient to establish a polarization of, say, 1% volts 
a reduction of the impressed E. M. F. would result in a 
diminished flow of current. It would be interesting to know 
whether he started out with any E. M. F. values of about 2 volts 
or less, and what characteristic flow was observed under those 
conditions. In a great many cases of electrolysis the potential 
difference does not exceed perhaps 2 volts, except for a very 
short period of the day, possibly during the peak of the load. 
In that case it would be very instructive to know how the current 
characteristic is affected. This has been a matter of some con- 
troversy in various cases of ordinary electrolysis of underground 
pipes, where some have contended, on the one hand, that any 
applied E. M. F., however small, would result in damage; while 
it has been contended, on the other hand, that the polarization 
would quickly shut off any current flow of dangerous magnitude. 

Another point occurs to me, in regard to which there appears 
to be an entire lack of data up to this time. This concerns the 
question of whether or not the concrete is affected in any 
way by the flow of current through it or by any electrolytic 
corrosion that may be taking place. In Prof. Burgess’ suggestions 
of new fields for investigation it seems that we might add several 
things, one of which would be tests for tensile, and compressive 
strength, of samples in which the current had been allowed to 
pass between two electrodes at opposite ends of the test piece. 
Such tests would embrace variation in the current density and 
the duration of flow; and comparisons would be made with: 
similar test pieces not exposed to possible corrosion or disin- 
tegration. 

In reinforced structures we depend, of course, on the steel 
for tension, and the stresses are communicated from the con- 
crete to the steel by the resistance to shear along the junction 
of the two materials. This seems to be still another profitable 
field for investigation, which is perhaps more important than the 
one first suggested. Obviously many chemical changes are tak- 
ing place along the plane of shear, at the junction, and any weak- 
ening of the structure at this point might be attended by disas- 
trous results in practice. 

D. A. Abrams, JUN. W. S.E.: I did not wish to speak of elec- 
trolysis, but I heard a question some time ago regarding the effect 
of the rust on the bond strength between the concrete and steel. 
I know it is well recognized that rusted steel will give a higher 
bond strength, but I do not believe it will necessarily follow that 
the rust generated after the concrete was placed around the steel 
would give the same result.
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W. O. Hotchkiss, M. w. s. £.: It occurs to me that many of 
our reinforced concrete structures are not in a similar situation 
with the test pieces. Those with which we ordinarily deal are 
alternately wet and dry, or very considerably in the degree of 
moisture. It occurs to me, in this connection, that possibly with 
the sediment drying off from the entrance of air, the concrete 
might become filled with the oxidized iron within the concrete, 
and in that way become far less porous, so that the electrolytic 
destruction of the iron would be greatly retarded. I should like 
to ask the author his opinion in regard to that,—what would be 
the effect of the alternate dryness and wetness of the structure? 

CLOSURE. 

The Author: Referring to the chairman’s inquiry as to the 
possibility of the porosity of the concrete or the composition of 
the aggregate having something to do with the amount of elec- 
trolytic action which takes place, there is no doubt that there is 
a marked influence produced by the physical character of the 
concrete such as porosity and perhaps its chemical condition. 
The free lime, for example, ought to have a retarding influence. 
It would appear that if a concrete could be made non-porous, it 
would then offer a protection against electrolytic action. 

Mr. Keller brought up the question as to the use of cinder 
concrete. As I understand it, the objection to cinder in concrete 
is that the particle of carbon coming in contact with the iron 
forms a local couple; there is no doubt that the possibility of 
electrolytic action exists where such a couple is formed. This 
would be entirely prevented by the use of a thin layer of uncon- 
taminated cement, as mentioned by Mr. Keller. I doubt, how- 
ever, even if the cinder does come in contact with the iron, that 
the couple would be active on account of the polarization which 
is set up. The maximum voltage of that couple would be not 
much more than one volt. The polarization would probably be 
equal to that, and the current would be stopped unless the air 
or oxygen could get at that cinder and depolarize it, which prob- 
ably would not be the case. It is my opinion that there will not 
be much damage to the reinforcement due to local action by the 
imbedded: cinders. 

Our chairman presented the query as to whether the forma- 
tion of iron rust in the concrete did not block up the holes and 
therefore stop the flow of current. That would be the case if 
the rust formed within the concrete or at the surface of the 
iron, but our experiments showed that it does not so form unless 
air gets in, and this action of the air must be very slow, while 
the concrete is all wet. Rust forms on the outside surface of 
the concrete, the iron existing in the concrete in the form of a 
soluble salt as a ferrous or ferric chloride. It is only when that 
is oxidized that the“rust forms. The presence of salt in the 
concrete would undoubtedly make that concrete more conductive.
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Our experiments would show that salt, in addition, makes the corrosive action of the current much more marked, and it ap- pears, therefore, that the use of salt in mixing concrete might constitute a disadvantageous factor. 
The presence of iron compounds in the concrete, put there to render it waterproof, ought not to have any disadvantageous effect unless such compounds be soluble electrolytic conductors. The chemical composition of the materials referred to is not given, and opinion as to their influence cannot well be formed. As pointed out before, the matter of making concrete moisture- proof seems to be a highly important one from the standpoint of electrolytic corrosion. 
Referring to Mr. Jackson’s inquiry, it does not appear that our tests have been sufficiently accurate, nor the results guffi- ciently conclusive, to warrant the deduction that there is a material difference in the electrolysis resisting property of con- crete as influenced by the particular brand of cement employed. It is probably true that there may be such difference, and espe- cially would this be true if the deficiencies in cement make de- cided differences in the density and permeability of the concrete. It should be a matter of further investigation to determine if there are any constituents in cement and concrete which have a notable influence on electrolysis. 
The question has been asked, whether the kind of iron itself may have a marked influence on the electrolytic corrosion. While 

the tests referred to were limited to but one kind of iron,—a 
mild steel,—I am of the opinion that the kind of iron makes very 
little difference, as far as the current efficiency in the corrosion is concerned. 

Again, it has been asked whether there might not have 
been a similar amount of. corrosion if the pipes had been ex- 
posed to the salt water without the flow of current. While I 
have not referred to the existence of check samples in this work, 
such samples were prepared and it was found that the salt water 
produced very little natural oxidation during the period of the 
test where current was not flowing. 

In answer to another question: The corrosion takes place 
in the most marked degtee at the surface of the concrete block. 
This level was several inches above the surface of the solution 
in the tank, but it was really at the level of the solution since 
the solution worked its way up into the concrete block to the 
surface of it by capillarity, so that the corrosion really takes 
place at the surface of the electrolyte. 

The tubes were removed and brushed; there was no scale 
on them, and they were just as a piece of iron would look after 
taking it out of an acid solution. They were simply washed 
off and brushed, and the rust which is apparent on these samples 
—the brown rust—is the result of subsequent exposure to the 
air. If the air could get at the concrete around the iron rein-
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forcement occasionally, as one of the speakers suggested, it 
would result in the formation of this brown rust throughout the 
concrete and ought to act as a retarder. It ought to fill up the 
pores with a non-conducting material,—the brown rust is prac- 
tically non-conductive,—and make the resistance high. 

‘The question of polarization is a really important one in the 
study of electrolytic corrosion, and it is one which has been given 
too little attention. We have under way at the present time an- 
other series of tests in which the applied pressures are 0.5 of a 
volt from the beginning of the test, and it is found that the 
‘polarization is somewhat less than 0.5 of a volt. There is a 
slight amount of current flowing, and whether that amount of 
current is going to produce 90% electrolytic corrosion, or 80%, 
or only 1 or 2%, is something that we have not as yet found out. 
We have found no reference in literature to other work which 
has been done on this polarization subject, and it is worthy of 
attention. 

The average pressure throughout the day may be in some 
localities 8 volts, setting up a polarization pressure of 2 volts. 
When this applied pressure drops down below 2 volts, there 
ought not to be any electrolytic action until that polarization is 
diminished by the action of the oxygen of the air. 

The current is carried through the cement electrolytically 
by the electrolyte in the voids in the concrete. The United States 
Government chemists have conducted a rather exhaustive inves- 
tigation of the conductivity of soils,—sand and clay and other 
materials,—and the results are of a good deal of interest to any 
one studying the practical electro-corrosion phenomena. They 
find that the conductivity is purely a question of the electrolyte 
between the particles of sand or clay. 

The suggested importance of studying the electrolytic 
corrosion, in view of the possibility of a subway in Chicago, is 
very interesting, but from what I have recently read in the papers 
that is a purely theoretical speculation. |
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This article will be confined entirely to the metaHo- 
graphic microscope, without touching upon its use 
in the immense fields of geology and botany, where 

the examination of rock sections and vegetable prod- 
ucts has a direct utility in engineering. Here, how- 
ever, the methods are somewhat different than in 
metallography, since transparent sections and trans- 

mitted light (often polarized light) are used. Also, 
it is not purposed to dwell especially upon the technique 
of microscopic metallography. The methods em- 
ployed are presented in good form in several books 
and numerous articles devoted to the subject. Again 
no detailed or elaborated discussion of any complex 

phase of the subject will be taken up. Rather, con- 
crete examples will be brought forward illustrating 

what metallography has done for us, with the hope 
that the discussion will open suggestions of its possi- 
bilities in individual fields of endeavor. 

Metallography is but a step towards the rationaliz- 
ing of our study of metals and alloys. The earlier 
work in the study of these materials was naturally 
along the lines of their possible uses; it consisted of 
tests of these various properties and a classification 
according to their several fields of service. A vast 

accumulation of data of this kind led to the adoption 
of a rather empirical correlation of composition and 
quality. Chemical analysis later came in to give us a 
more exact correlation by the elimination of one big 
uncertainty, the composition. But chemical analysis 
fallé short of giving us sufficient information regarding 

. Ow oidtérial. Substances owe their properties solely 
to their make-up, or structure. Composition is but 
one of the determining factors; chemical analysis 
therefore fixes but one of the variables. The relation 
of these chemical elements or the make-up of the 
material is most vitally dependent on its history. 
Temperature and pressure conditions, or the proximity 
of disturbing influences, are of importance. In steels, 
for example, we consider the effects of heat and me- 
chanical treatment; that is, for identical analyses, a 
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steel annealed at 1200° C. would be weaker than one 
annealed at 800° C.; one quenched at 800° C. would 
be harder than the same material slowly cooled from 
that temperature, while cast material is weaker than 
that which has had subsequent rolling or forging. 

Structure or make-up is therefore the first step in 
the interpretation of the properties of materials. 
An essential in this determination is the composition; 
chemical analysis is therefore a necessity, and it must 
be understood clearly that metallographic study is 
only an auxiliary to the other methods of test. Two 
lines of attack are open: by the use of the pyrometer 
and by the use of the microscope. The latter was 
developed much the earlier, having its beginning in 
the work of Dr. Sorbly in England in 1864 and 
the later independent investigations of Martens in 
Germany in 1875. However, the real development 
has come about within the last ten years; this is due 
to the rapid progress in physical chemistry, particu- 

larly in a better understanding of the theory of solu- 
tions. In the earlier work it was possible to develop 
the structure of the material under examination, but 

the full measure of the value of the work was missed — 
through the inability to interpret the developments; 

again systematic research was handicapped by this 
lack of knowledge. To-day we have a rational inter- 
pretation of the results of solidification of molten 

mixtures and a consequent explanation, more or less 
developed, of the variations in the structure of alloys 
occasioned by changes of composition or treatment. 

It will be impossible in this paper to dwell upon the 
use of the pyrometer in the study of the structure of 

alloys. Cooling curves obtained by its use undoubtedly 
furnish the most rational basis for the theoretical 
deductions of the results to be expected on solidifica- 
tion of the melt. But outside of its very direct prac- 

tical bearing in certain instances, notably in the 
determination of the critical points of tool stcls, the 

pyrometer may be said in general to be of more 
scientific interest. The microscope, on the other 
hand, has a more direct application in the industrial 
laboratory since with it one is able to make an ex- 

amination of any desired material as it is used or as 
it exists, and to interpret from the structure, backed 

by experience, the condition of the material and its 

suitability for the purpose in view. 

Microscopic examination of metals and alloys is 

(2)



passing through the same cycle that the chemical 
analysis of iron and steel did some vears ago. We 
have the enthusiast, who would claim for the micro- 
scope the power to usurp the functions of other testing 
methods; and the skeptic, who treats it as a toy and 

_ scoffs at any suggestion of utility outside of the labora- 
tory of the scientific investigator. The chief argu- 
ment of the latter is that the field of view of the 
microscope is only an extremely small part of a very 
small sample cut from a large mass of material and it 
can disclose, therefore, only local conditions. Such 
argument is hardly tenable; it would apply with equal 
force to the one-gram sample, the chemical analysis 
of which controls the 60-ton heat of a steel furnace; 
or to the purchase of a car-load of coal or a boat-load 
of ore on determinations of heating value, composi- 
tion, etc., made on equally small units; or to our 

methods of design of structures from material whose 

strength is taken as that of a small test sample. In . 

fact, all testing methods are based on the principle 
of a fair average sample of the material under test. 

Osmond, the noted French worker, has aptly classed 
the divisions in the microscopic examination of metals 
and alloys as anatomical, biological, and pathological. 
Taking up the last division first, it is needless to point 
out that the microscope is useful in the detection of 
incipient cracks and flaws, slag or foreign inclusions, 
porosities, and the numerous other ills that metals 

are heir to. Fig. 1 illustrates this point; it is a section 
of a piece of wrought iron taken perpendicular to the 

direction of rolling, and shows a slag inclusion. It 
needs no comment, .as it must be very evident that 

slag particles so breaking the continuity of the metal 
will have a material effect on the physical properties. 

In Fig. 2 is shown a section of a brass casting made 
in the course of an investigation for a manufacturer 
who was having trouble with his product. The 

- brasses used were of a composition of about 80 per 

cent. copper, 10-15 per cent. zinc and 5-10 per cent. 
lead, the last named being the very common addi- 
tion agent to brasses to facilitate machining. But 

brass will hold in solution after solidification only a 
very small percentage of lead, and any excess will 
therefore separate out in the free state. This is 
clearly indicated in the photomicrograph where the 
free lead is shown in its typical form of black globules. 
Its effect in machining becomes apparent, since it 
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will break into short chips the otherwise long curling 
ones of the high copper brasses. On the other hand, 
it must have equal influence in lowering the strength 
and ductility of the product; and it is surely not a 
desirable addition in brasses to be subjected to high 
temperatures, since the lead will soften or melt at 
temperatures much below the fusion point of the body 
material. 

Figs. 3 and 4 illustrate a case where the utility of 
the microscope was rather indirect. Two brass 
manufacturing concerns A and B were putting on the 
market a standard article for which there was a large 
demand. But B’s proved stronger than A’s and 
analysis of B’s goods indicated the presence of 1 per 

sO cent. of iron in the brass. However, when A tried 
out the new composition it failed to give the strength 
of B’s. Although the compositions are identical the 

' structure differences are pronounced, as indicated in 
Fig. 3 (of A’s) and Fig. 4 (of B’s). The coarse structure 

of A’s, together with its marked dirtiness and porosity 
as compared with the other, led to further investiga- 

tion, with the final development that the 1 per cent. 

of iron in B’s product had little direct bearing on the 
strength, and was only that something which was 

inevitably left behind on the addition of ferroman- 

ganese to deoxidize the bath, the manganese being 
slagged off, and the brass casting left with a clear, 

fine-grained structure of great strength. 
‘The most work with the microscope has been done 

in the anatomical division, in the determination of the 

inner make-up of metals and alloys. Use is made of . 
three facts so fundamental and so vital that they may 

be presented as axioms. 

(1) Metals and alloys are crystalline. 
(2) The structure is homogeneous or heterogeneous. 

Solubility relations govern. It is homogeneous in 
pure substances, in solid solutions, or in the metallic 

compounds, and heterogeneous if there is no solu- 

bility, or only partial solubility of the constituents 

after solidification. 

(3) The individual melting points of the constituents 
have no bearing on the order of their crystallization 
from the melt. The solubility relation of the con- 
stituents is again the governing factor. 

Fig. 5 is a photomicrograph of Swedish iron and 
shows the typical homdgeneous structure and crystal- 
line habit of a pure metal. The irregular boundaries 
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of the grains are not due to the crystal ‘faces, but 
indicate rather that crystallization has proceeded ‘from 
nuclei, or centers, with varying rates of speed, and 
that the limit. of growth has been that due to inter- 
ference by an adjoining grain. Each grain is a crystal- 
line. aggregate of definite crystal system-and uniform 
orientation. - 

The heterogeneous structure of certain alloys is 
illustrated in Figs. 6, 7 and 8, the sections being a 
series of lead-antimony alloys of compositions respect- 
ively of 50 Sb, 50 Pb; 13 Sb, 87 Pb; and’s5 Sb, 95 Pb. 
This series is of the type of alloys where the solubility 
is mtl after solidification, with consequent complete 
separation of the constituents as shown, the white 
being the antimony and the black the lead. In this 
series, the antimony freezes at 632°C. and the lead 
at 326°C. and we might expect, therefore, that the 
antimony would always crystallize out first in a 
matrix of still fluid lead. This is far from the facts, 
however, and we see in Fig. 6 the excess antimony 
crystallizing in a matrix of the eutectic of antimony 
and lead; in Fig. 8 the lead has solidified first in its 

typical form in the same matrix as before; while in 
Fig. 7 we have the eutectic, with its finely divided, 
intimate mixtures of lead and antimony, due to 
solidification together at a constant temperature of 
228°C. or about 100° C. below the freezing point of 
the more fusible constituent. 

' Advantage is taken of this selective crystallization 
in bearing metals. While suitable bearing metals 
had been made long before metallography came to our 
aid, it has pointed out the reasons for success in the 

use of certain mixtures, and the line of attack neces- 

sary in looking for new ones. There are two chief 
desiderata for a bearing material: First, a low coeffi- 
cient of friction; this is lowest with the hard metals. 

Secend, plasticity, in order that as unequal wear 
occurs the pressure. of ‘the shaft will squeeze the 
bearing into conformity and thus avoid local heating 
by distributing the load equally over the entire. sur- 
face;. this plasticity is obtained with ‘soft materials. 
Two-such opposite properties, hardness arid softness, 
are manifestly not. to be obtained by the use of any 
single homogéneous substance. But by taking ad- 
vantage of the selectiveness of freezing, we can obtain 
alloys in which we have.a hard coristituent bedded in a 
plastic matrix; the exact nature of the alloy will, of 
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course, depend upon the character of service and the 
amount Oo: unit stress on the bearing material. One 
of our common ativys, Magnolia metal, is of the lead- | 
antimony series, carrying about 20 per cent. of anti- 
mony, and consisting therefore of antimony crystals 

bedded in a plastic eutectic of lead and antimony. 
Its microstructure would be intermediate between 
those shown in Figs. 6 and 7. 

In Fig. 9 is shown the structure of a Babbitt metal 
of the copper-tin-antimony scenes. with two hard 
constituents, the cubes of SbSa and ‘she needles of 
SnCu, bedded in the backing of copper. 

All of our bearing materials, including Babbitt 
metals, machinery brasses and bronzes, and cast iron, 

may be shown to fulfil the conditions laid down above. 

_ In no field is greater use made of the properties re- 

sulting from selective freezing than in the ordinary 
carbon steels. Figs. 10-15 give the structures of 
several steels with carbon percentages of 0.10, 0.30, 
0.60, 0.93, 3.46, and 1.80. We note, as the per- 

centage of carbon increases, that the relative area of 

the black constituent, as compared to the white, be- 
comes greater, until in Fig. 13, with 0.93 per cent’ 
C., the entire field is occupied by the black constituent. 
Above this holding of carbon, the white areas increase 
in magnitude. Structurally, these photomicrographs 
mean that our slowly cooled carbon steels are hetero- 
geneous, and composed of two constituents, iron 

(ferrite) and combined carbon (cementite). They 

are, therefore, made up of an excess substance, either 
ferrite or cementite, depending upon whether the total 
carbon is below or above 0.90 per cent., together with 
the eutectoid of the two constituents, and technically 

called the pearlite. 

In the greatest proportion of commerical steels, 
with a carbon content below o.90 per cent., the 
structure is a heterogeneous mixture of ferrite and 
pearlite, with the pearlite containing all of the carbon 
in the form of Fe,C, the amount of the pearlite in- 
creasing as we approach the eutectoid proportion at 

0.90 per cent. C. Three facts form the basis of selec- 
tion of steels of varying carbon percentages for different 
classes of service; namely, cementite or combined 
carbon (Fe,C) is hard, brittle, and of high strength; 
ferrite, or iron, is soft, ductile and relatively weak; 

and by shift of carbon composition we can manipulate 

the relative proportions of these constituents. 
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In structural steels, with comparatively steady load, 
“Wwe require reasonable strength and elastic limit and 
high ductility and softness; micrographically, there- 
fore, we need much iron plus some combined carbon, 
or much ferrite plus some pearlite, which is obtained 
with a steel of about 0.20 per cent. carbon. 

In rails, on the other hand, the load is in the form of 
a shock, with heavy stresses for short intervals; the 
requirements are high strength and high elastic limit 
with reasonable ductility and hardness to resist 

abrasion. Micrographically this means much com- 

bined carbon + some iron, or much pearlite + some 
ferrite. In open-hearth rails, therefore, we can use 
steels with carbon from 0.60-0.70 per cent.; but if, 

because of the irregularities occasioned in manu- 

facture, as in the Bessemer process, we cannot utilize 
to the full the properties of the pearlite, we cut the 
carbon to 0.50 or 0.60 per cent., and reduce the risk 
of breakage by obtaining higher ductility at the 

sacrifice of hardness and elasticity. 

In line with the above discussion, the microscope 
shows (Fig. 16) that white cast iron is in reality a 

very high-carbon steel, with an excess cementite 
occupying about half of the total field, because of the 
total carbon content of from 3'/,;-4 per cent. And 
we must expect this material to be very hard and 
brittle and exhibit the silvery fracture from which it 
derives its name, since the fracture is necessarily 

along the line of least resistance, or through the brittle 
"cementite areas. 

Chemical analysis indicates that gray cast iron 
differs from the white cast iron not in the quantity 
of total carbon carried, but because in the gray iron 
this carbon is largely in the form of free graphite. 
A. simple fracture test shows this, in that a break 
along the line of least resistance exposes the dark 

graphite cleavage; hence, the name gray iron. Micro- 
scopic examination confirms this, and the distribution 
of this graphite is shown in Fig. 17 in its typical form 
as flakes or sheets disseminated throughout the mass 

_ of metal. Is it any wonder that cast iron is brittle 
and weak in tension, when the effective area of the — 

metal is so reduced by the weak plates of graphite? 
On the other hand, the very thinness of the flakes, 
while having a maximum effect in lowering the re- 
sistance to tensile stress, accounts for the high re- 

sistance of cast irons to direct compression. The 
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plates are already.so thin that their interposition in. 
the body metal does not result in any further yielding 

to a direct compressive load. 
Except for its free graphite, gray cast iron is seen to 

be (Fig. 18) nothing more than a steel matrix of high, 

medium or low carbon, depending upon what pro- 
portion of the total carbon has been converted into 
free graphite because of slow cooling or the presence 
of silicon or analogous elements. . 

The microscope is of service in indicating the physical 
changes taking place in the conversion of hard,. brittle 

| white cast iron into the relatively soft and ductile 

product which we know as malleable cast iron. Due 
to heat alone (the annealing) the combined carbon is 

. decomposed to iron (ferrite) plus graphite. But since 
the temperature of annealing is well below that of 
fusion, the graphite is not free to assume its normal 
crystalline form (the flake or sheet) and is forced by 

the comparative rigidity of the metal to assume that 
shape which will enclose the greatest volume with the 
minimum of surface. We find the body of the malle- 

_ able casting to be composed of globules of amorphous 
carbon bedded in a matrix of iron (Fig. 19). Also, 
in the usual practice of annealing in mill scale, or its 

equivalent, the surface layer is decarbonized, to an 
amount and to a depth depending upon the time, 
temperature and oxidizing conditions, and appears 
in the photomicrograph in the typical structure of a 

- ecarbon-steel. Thus the malleable casting consists of 
a steel shell of great strength, together with a center 
of iron in which is embedded graphite in such form as 

to minimize the detrimental effect such as accom- 
panies its crystallization in the normal form appearing 
in gray cast iron. 

_In Fig. 20 is shown a photograph to illustrate the 
utility of the microscope in studying the make-up af 
materials outside the field of the metals and alloys 

proper. It is a microsection of a non-metallic base 
impregnated with a molten metallic compound. 
The value of the material and its future development 

depended largely on the nature of the interaction 

during impregnation. The result might be a single 
. new compound, or two new compounds, or simple 

solution, or mere mechanical mixture. Chemical 
analysis proved of little service in this differentiation. 

But the structure is heterogeneous—this eliminates. 
the single compound or the solid solution. Further. 
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microscopic study with selective methods of attack 
served to identify the constituents and class the 
product as one of mere mechanical impregnation. | 

In no field does the microscope become such a useful 
auxiliary as in the examination of the special or alloy 
steels; here its usefulness is rather of the future than 

of the past. It is impossible to dwell upon this phase 
which is beyond the scope of a paper of this char- 
acter. It is of interest to note, however, the most 
important revelation that, in spite of the multiplicity 

of alloying elements and their various combinations, 
their influence is largely one of degree and that, after 
all, the underlying structural considerations are com- 
mon to all. 

While the greatest amount of work of a more 

scientific nature has been done in the anatomical 
or structure-composition division perhaps the greatest 
utility of the microscope in the works laboratory is 

in the biological division, or that branch correlating 
the structure changes with the treatment received, 
for the properties of metals are most vitally de- 
pendent upon their mechanical working (whether 

cast, forged, or rolled) and the heat treatment. Micro- 
scopic study, together with determinations with the 

pyrometer, have given us: a rational understanding 
of the annealing and the tempering of steels. We 
recognize that the hardening of steels by quenching 
is due to structural influences occasioned by changes 

of the relations of carbon and iron; and we can apply 
this knowledge to advantage in the heat treatment, 

whereby we can manipulate the properties as desired 

by taking advantage of the ability to check the struc- 
ture at any stage between the abnormal one of the 
quenched state and the normal one of the annealed 

steel. 

One point is vital in this connection and may al- 

most be taken as an axiom. The strength of a steel is 
_ inversely proportional to the grain size, and the 

growth of grain is a result of temperature and time. 
Figs. 21-26 are microsections of a steel casting of 

0.50 per cent. carbon, and serve to illustrate the 
marked variations of structure, with consequent 
changes of physical properties, resulting from heat 
treatment or mechanical working: Fig. 21 is the steel 
as cast, with its rather coarse grain due to normal 
cooling from the high casting temperature. Fig. 22 
is the same material after forging, and shows the 
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mechanical breaking down of the grain with a resultant 
increase of strength. But an annealing of the forged 
piece at the high temperature of 1100° C. has again 
(Fig.. 23) coarsened the grain, nullifying the effects 
of forging and leaving the material in no better physical 
condition than the original casting. A moderate 
temperature of 800°C., however, restores the fine- 

grained structure (Fig. 24). Fig. 25 shows the steel 
heated to 1000° C. and quenched in water, and gives 

the typical martensitic structure of a hardened steel. 
Finally, reheating the material of Fig. 25 to 650° C., 

and again quenching, results in the sorbitic texture 
(Fig. 26), where the transition from the martensitic 
structure of the hardened steel to the pearlitic struc- 
ture of the slowly cooled state has been practically 
completed, but without chance for segregation of the 
constituents as would be the case if slow annealing 
had been resorted to. This last figure shows the 
finest texture it is possible to obtain in steels, and it , 

results, consequently, in the highest combined strength 

and ductility. 

The considerations treated above are of great im- 
portance in the control of the annealing and tempering 
of steels, and have a bearing on the proper finishing 
temperatures in rolling and forging operations. 

In Fig. 27 we have the well-known Roberts-Austen 
circle, illustrating the marked variations of structure 
resulting from different heat treatments of a piece of 
blister steel of 1.50 per cent. carbon, the original 
structure of which is given in the center. 

Fig. 28 is a section of a steel axle broken by fatigue, 
or continued repetition of stress. The larger grained 

structure is of the material at fracture, and the fine 

grain is the result of judicious annealing of the same 
material. Whether or not the coarse crystallization 

is the result of. the repetition of stress is problematical. 
It is likely that the original structure in the area of 
fracture was coarse, favoring therefore the early | 

failure by fatigue because of the more uniform orienta- 

tion of the crystal cleavages, whereas a fining of the 
grain by judicious treatment would have resulted . 

in longer life because of a breaking up of the regularity 

of cleavage directions. 

Figs. 29 and 30 are photomicrographs of a steel 
tail, the former of the original material, with very 

good grain, and the latter after heating to high tem- 

perature. Remembering our axiom regarding the 

(10)



correlation of grain size and strength, it is evident 
that the heating has resulted in a marked deteriora- 
tion in quality. These illustrations point out the 
reasons for the wearing down at the joints of cast — 
welded track, or the weakness of electric welded rail 
or any welds made without subsequent treatment. 
The material shown is not burnt, and the structure of 

Fig. 30 can be changed to one of good quality by 
proper treatment, either by judicious annealing or, 
as is the common practice in welding, by hammering 

or mechanical working of the material. 
Fig. 31 illustrates the effect of punching a piece of 

structural steel. The distortion produced can be 
traced back from the edge of the hole by the curvature 
of the black pearlitic areas in the direction in which 

the punch was driven through the plate. The depth 
of distortion depends upon the thickness of the plate 

and the size (also the sharpness) of the punch; it can 
easily be measured, and it has been found that for a 
three-fourth inch hole in a three-quarter inch plate, 
about one-tenth inch increase of diameter of hole by 
reaming is necessary to remove all affected material. 

Fig. 32 is a section of a steel casting cut by the 

‘oxyhydrogen blowpipe. Passing inward from the 
cut edge, we note the burnt or oxidized portion in the 

blurred part immediately adjacent; next the enlarged 
grain of the overheated but not burnt area; then 

through a graduation of grain size to the normal 
structure of the interior. This method seems at first 
sight to have a very detrimental effect, but is in 

reality slight, since measurement shows a depth of 

affected material of only four- or five-hundredths of 
an inch. 

Numerous other instances might be cited of the 

usefulness of the microscope. It has materially 
assisted in the determination of the nature of the 

“various zinc coatings for the protection of iron sur- 

faces, and we are trying it out in the study of the 
progression of rusting on metal specimens. 

But it will be necessary to conclude with a comment 
on the probabilities of the future. While the great 

field of application of metallographic study has 
naturally been to the metals and alloys, there is every 
reason to expect extension of its scope to allied lines, 
such as the examination of complex ores and slags, 
to ceramic materials and perhaps to coal and coke. 
In all of these instances we find good and poor ma- 
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terials of identical analysis; the probability is that the 
interrelations of the constituents are different. An 
interesting application along this line has just been 
pointed out in the use of microscopic examination to 
detect iron blast-furnace slags which are suitable, or 
otherwise, as a raw material for Portland cement. 
That vitrification which is essential in the proper slags 
is brought out very neatly. 

Finally we may look to improvement in the micro- 
scope itself. We are at present restricted to the 
study of the heterogeneous structure revealed by 
ordinary reflected light. The petrographer has the 
advantage of being able to use transparent sections 
and polarized light, and in consequence can determine 

the crystal systems of the constituents of the rock 
under examination. When suitable apparatus is 

perfected (it is now being developed) to enable us to 
determine the crystal forms of the constituents of an 
opaque specimen by reflected light, then the metallo- 

graphic microscope will have a materially enlarged 

scope of application and utility. 
NORTHERN CHEMICAL ENGINEERING LABORATORIES, 

MADISON, WISCONSIN. 
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SOME ALLOYS OF CALCIUM 

. INTRODUCTION 

Until recently calcium has been a metal of high cost and great 
rarity on account of the difficulty of separating it from its 
compounds. Through improvements in electrolytic reduction 
methods it has become of moderate price and may now be class- 
ed amoung the technically available metals. It is as yet a mat- 
ter of speculation as to what uses it may serve, and it is natural, 
therefore, that there should be some general interest in a study | 
of alloys containing calcium as an ingredient. 

A review of the literature shows that some alloys of calcium 
have been made. Three general methods have been employed. 
First lime was heated with metal to be alloyed in the pres- 

ence of metallic sodium. Second, calcium carbide and an oxide 
of the metal were heated together, and third, fused calcium: 

choloride was electrolyzed, using the metal to be alloyed as 
cathode. . 

METHODS USED 

In this investigation which was carried out in the chemical 
engineering laboratories of the University of Wisconsin, the 
alloys were made by adding metallic calcium to the molten 

metal, the calcium being added in small pieces. This slow addi- 
tion tends to moderate the violence of the reaction which occurs 

where the two metals have reached the necessary temperature. 

In some cases, even when a small quantity of calcium (one or 

two grams) was added, the violence of the reaction forced some 

of the molten metal from the crucible. 
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Crucibles made from Acheson graphite were employed in the 
preparation of these alloys, .an electric furnace of granular re- 

sistor type being used to furnish the necessary heat. 

Preliminary experiments were made to determine some of the 

characteristic changes produced by the addition of calcium to 

pure metals. In each case there was found to be a decrease in 
the tensile strength accompanied by an increase in the brittle- 

ness of the alloys produced. A further increase in the calcium 

content in some cases produced an alloy which could be pulver- 

ized easily. 

_ ALLOYS OF CALCIUM WITH ALUMINUM, MAGNESIUM 
| AND SILICON 

Since calcium is a strong reducing agent is was thought that 

a.considerable number of binary and ternary alloys could be 

made which would be of value as reducing agents. This sug- 
gested a study of the alloys of calcium with aluminum, magne- 
sium and silicon. 

Several alloys of calcium-aluminum and calcium-aluminum- 

silicon were made. The metals were melted in a graphite cru- 

eible containing sufficient calcium chloride to cover the molten 
alloy. The metals were added in this order; aluminum, magne- 

sium, calcium. In the case of alloys containing silicon it was 

found advantageous to add the silicon to the binary alloys of 

aluminum-caleium or of aluminum-magnesium as the solubility 
of this element was greater in these combinations than in the 

aluminum alone. In each ease there was an evolution of heat 

when the alloy was formed, and in some eases the reaction was 

sufficiently violent to force a portion of the molten metal from 
the crucible. | — 

The violence of the reaction was diminished to a considerable 
degree by inoculating the molten metal with a small quantity of 
metallic calicum after which larger quantities of calcium could 
be added without losing any portion of the charge. The result- 

ing alloy was stirred thoroughly by means of a graphite rod and 
when sufficiently fluid was poured into an iron mould. This 

method of operation tended to keep the alloy uniform in com- 
position. 
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A series of calcium-aluminum alloys was made to ascertain 
how much calcium at one end of the series would make alumin- 
wm brittle and how much aluminum at the other end of the 
series would make calcium brittle. It was noticed that the 
poit of brittleness sufficient to enable the alloys to be pulver- 

_ ised in a dise grinder lay between 20 and 25 per cent cal- 
cium. The alloy containing 20 per cent calcium was somewhat 
malleable and could not be pulverized in a dise grinder. An 
alloy containing 80 per cent calcium could be pulverised with- 
out difficulty. | 

Several alloys of calcium-aluminum-silicon and calcium-mag- 
nesium-silicon were made. All of these alloys containing 25 per 

cent calcium, or its equivalent of caleium and magnesium, or of 

magnesium alone could be pulverized in a dise grinder. 
_ The binary alloys of calcium and aluminum containing the 

lower percentages of calcium were made without any special pre- 

caution being taken to prevent oxidation. As the percentage of 

calcium increased the tendency to oxidize increased to such an 

extent, that even with a protective layer of calcium chloride, it 

‘seemed impossible to prepare in an open crucible an alloy con- 

taining more than 85 per cent calcium. The alloys containing 

the higher percentages of calcium and magnesium were difficult 
to prepare on account of the low specific gravity of the result- 

ing product. This rendered calcium-chloride too heavy to be 

used as a protective covering. No suitable protective material 

was secured for these lighter alloys. 

CHEMICAL PROPERTIES | 

All of these alloys containing more than 5 per cent calcium 

decomposed water. The quantity of hydrogen increased with 

the increase in the calcium content of the alloy. In dilute hy- 

drochloric acid. the evolution of hydrogen was more rapid, and 

with alloys containing silicon, a spontaneously inflammable 
silicon hydride, gas was liberated. | 

The stability of some of these alloys in air was noteworthy. 

Pieces of various alloys weighing about 5 grams were placed on 

an exposure board and subjected to the atmosphere of the lab- 
oratory. At the end of four weeks it was observed that the 
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alloys which contained the highest percentages of calcium and 
silicon, were disintegrating, while those alloys of the lower per- 

centages of calcium had become coated with a layer of oxide 

which prevented further oxidation. 
The time required to melt and pour a charge of about one 

pound of the alloys varied from five to twenty minutes, depend- 

ing upon whether the furnace was hot or cold when the charge 

was put in, and also upon the calcium added as the heat gener- 

ated was such as to assist materially in securing the necessary 

temperature. From two to five kilowatt hours were used for 

heating purposes. 

UssE IN GOLDSCHMIDT PROCESS 

Since so many of the alloys of calcium, aluminum, magnesium 
and silicon could be pulverized to any degree of fineness, and 

since several of these alloys could be stored for considerable 

time without serious deterioration, it was thought that these 

might be used asa substitute for the aluminum used in the 

Goldschmidt process. This consists in the reduction of a metal- 
lic oxide by pulverized aluminum. An excess of this oxide to 

be- redueed:is.mixed. with powdered aluminum to prevent the for- 

mation of an alloy composed of the reduced metal and the re- 

ducing agent. The charge is placed in a suitable container and 

ignited by a magnesium ribbon fuse. 

The success of the Goldschmidt reaction depends upon the 

heat liberated during the formation of alumina. The total heat 

liberated depends upon the differences of the heats of formation 

of the metallic oxides which are to be reduced and of the 

alumina formed in the reaction. From this it is evident that it 
is impossible to reduce by the Goldschmidt process those oxides 
which have a heat of formation greater than alumina, unless 

heat is supplied from an exterior source. 
| The values given by the various experimenters for the heat of 

formation of alumina, lime and magnesia differ considerably, 

as shown by the date gathered from various sources. 

I. 2A1+30 = Al1,0, + 386988 calories. Strauss: Minet, Production 
. of Aluminum, page 209. 

2 Ali+30 = A1,0, + 380200 calories. Thomsen (lL. & B.). 

2A41+30= A1,0, + 392610 calories. Richards (K. & M. I. 6-8). 
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if. Mg +O = MgO + 148000 calories. Strauss; Minet, Production of 
Aluminum, page 209. 

Mg + O = MgO + 143300 calories. Beketoff. 

Mg + O = MgO + 143400 calories. E. & M. I. 6-8, 

i1L. Ca + O = CaO + 151900 calories. Guntz and Besset. C. R. 1905, 
Vol. 140, pages 563, 864. 

Ca +O= CaO + 131500 calories. Thomsen (Iu. & B.). 

Ca + O = CaO + 145000 calories. Moissan. 
Ca + O = CaO + 181648 calories. Strauss; Production: of Alumi- 

num, page 209. 

Ca+O0O= CaO + 130900 calories. Thomsen (L. & B.). 

Guntz used pure calcium and formed pure compounds from 

which he determined the heats of solution. This necessitated 

‘several corrections. Forcrand made pure CaO from Ca (OH), 

and used this product in his determination. His value agrees 

with that of Guntz. (C. R. 1908, Vol. 146, pages 217 and 220). 

Moissan’s value was determined from the heat of combustion of 

metallic calcium and is therefore less liable to error than the 

values determined by indirect methods. 

From the above table it will be seen that the average value for 

the heat of combustion of magnesium is 145000 calories, of cal- 

cium 137000 calories and of aluminum 129000 calories; hence 
from the theory of the greatest heat evolution, magnesium should 

reduce.lime and alumina, and calcium should reduce alumina, but 
not magnesia. Aluminum should reduce neither lime nor mag- 

nesia. However, Goldschmidt has succeeded in reducing lime by 

aluminum (Minet, Production of Aluminum, page 209), and Per- 

kin has reduced alumina by calcium. Weston and Ellis (Trans. 

Faraday Society, 1908) have shown that aluminum powder will 

reduce lime at high temperatures and that the reaction 

2A1+3 CaO 20, 3Ca + Al,0,! 

‘is reversible. This leaves the question of the relative reducing 

powers of calcium and aluminum in doubt. It has been shown 

-conclusively, however, that magnesium? will reduce alumina and 

lime vigorously at ordinary temperatures. 

In view of the relative reducing powers of these three metals 

the preparation of binary and ternary allo,s of calcium, magne- 

1Trans. Faraday Society, 1908. 

2Trans. Faraday Society, 1908. 
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sium and aluminum was undertaken with the hope of obtaining: 
reducing agents which would have a-higher heat of oxidation per 

unit of oxygen than has aluminum, and whose mixed oxides would 

form a s.ag more fusible than alumina. It was also thought that: 

there would be a decided advantage, so far as the fluidity of the 
slag was concerned, in having the particles of the different oxides 

produced in intimate contact. This would be the case to a much 

greater degree when the metals are alloyed, than when the oxides. 

are formed from isolated particles of each metal in a mechanical 

mixture. 

- Twenty-three alloys of calcium with one, two or all three ele- 

ments, aluminum, magnesium and silicon, were prepared. Their 

composition is shown in the following table. 

Allon Formula. ‘hum. | Calcium. nee | Silicon. 

Beececcee lice sesecnccecreces| 45. BB. | eee ce sseleece eee eee 

Go eeceee [este eeeeeeeeereeeee] GO. Lee} 40. 
Tenses eeee | CaMgg oo. eee ce becc cece need 45.5 54.5 [occ cece ee 

9........ | AlCaSi............ 28.4 42. cece eaeee 29.5 
Wee...) AICaMg eee 29.7 43.9 26.3 |ovcceceeee 
12........| AlCaMg,.........| 28.5 34.8 2 yn 
14,.......; Al,CaMgSi,......| 41.4 15.8 9.4 33.8 
IB AlCa,Mg,........| 17.4 51.6 nn re 
WG. c ee ieee eee e cece tence 93.8 6.4 Dee ce cele eee eccces. 

1B coc cece fee e eee cee ccc eecene 84, 10. 6. eee eeeee 
190002000) EEE 67.1 12.9 |.....eceeele ewww eee 

2 eeceee lecceeeseeereceveees| 27.2 12.8  |occccecccsleceeseeeee 

5 a [rr 45. cocsceeceet 20. 35. 
BB ee 60. 40. )ececelesasfeseeeseeee 
34........ | 40% Al + 60 CaSi, 40. 25. eee eee aee 35. 
35........| AlpCagMge........| 24.8 54.1 21.6 |e 

The percentage composition given in the above table was eal- 
culated from the amounts of the constituents originally weighed 
out, and is subject to errors of from 2 to 3 per cent, as the balance 
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used was for rough weighing only, and as there was a variable 
amount of calcium chloride adhering to the sticks of calcium. 
Determinations of calcium in two alloys containing a high percen- 
tage of this metal showed the errors to be within the limits men- 
tioned. | 

Attempts were made to reduce the compounds MoO,, MoS., 
WO,, Si0,, Fe,O,, Mn,O,, TiO, and mixtures of SiO, with MnO,, 
of TiO, with MnO, and of TiO, with Fe,0,. The alloys em- 
ployed in these reductions were Nos. 8, 11, 14 and 15. 

The first experiment was an attempt to reduce MoO, by alloy 
No. 8. The oxide was the usual fine powder of commerce and the 
alloy a mixture of all sizes that would pass a twenty-mesh sieve. 
The reaction was very rapid, and was accompanied by the pro- 
jection of melted material, flame and much smoke. At the end 
of the reaction the crucible was nearly empty, and contained no 
metal. Thinking that the sudden expansion of air contained be- 
tween the particles of the charge might be responsible for much 
of the loss cf material, the experiment was repeated in a vacuum 
cylinder ccnstructed from a piece of eight-inch steam pipe. Less 
material was projected than before, but the loss was still great. 

Forty grams of well-fused molybdenum were obtained. 

Several other experiments were tried in vacuo. SiO, was only 

partially reduced, yielding a brown product resembling silicon 

monoxide in appearance. A mixture of MnO, and SiO,, reduced 

by alloy No. 11.(AlCaMg) gave an excellent ingot of silicon-man- 

vanese, well separated from the slag. The yield was only 22 per 

cent. of the theoretical, probably due to the large amount of ma- 

terial projected from the crucible. In order to reduce the ve- 

locity of reaction, pulverized fluor spar and lime were added to 
several charges, with a slight improvement in the yield of metal. 

After eight trials in the vacuum cylinder, experiments under at- 

mospheric pressure were resumed. 

~ Reduction of a mixture of MnO, and TiO, by No. 15 

(AlGa,Mg,), in pieces one-fourth to one-eighth of an inch in 
length, was violent, with much flame and smoke, and the projec- 

tion of some slag. Only a few globules of metal were obtained. 
Other reactions were tried with quite similar results. The only 
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alloy that gave quiet reactions was No. 14 (Al,CaMgSi,). This 

acted much like aluminum itself. | 
To control the violence of the reaction the charges were fired 

in a closed steel cylinder designed to withstand a pressure of 
10,000 pounds per square inch. A lining of magnesia was placed 
within the cylinder and the remaining space was completely filled 
with the charge which was ignited by means of an aluminum fuse 
wire. With this apparatus several difficult reductions were car- 
ried out. Mixtures of the alloys with molybdenite in theoretical 

proportions failed to react, but on adding a large excess of the al- 

loy and enough calcium peroxide to oxidize it, an ingot of well 

fused metal was obtained. 
The most difficult reduction carried out in the closed steel 

cylinder was that of rutile. By means of the calcium peroxide 
methcd? mentioned above, a single button weighing fifteen grams 

and several smaller globules of: metal were secured. The metal 

obtained was hard but not sufficiently so to scratch glass. It was 

not in the least malleable and was broken by severe pounding 

with a hammer. In appearance it resembled freshly broken 
Goldschmidt manganese. 

Several attempts to produce fused tungsten by the reduction 
of WO, with different alloys failed. Since the heat of reaction 
was not sufficient to produce this result, an attempt was made to 
preheat the charge in order tc secure the desired temperature. 
For this purpose the charge containing WO, and the alloy in the 
necessary proportions was placed in a magnesia crucible four 
inches in diameter and six inches in depth. This crucible 
containing the charge was imbedded in a layer of thermit 
(2 Al-+ Fe,0,) three inches in thickness which in turn was sur- 
rounded by a layer of magnesia one inch in thickness. The mag- 
nesia and the Fe,O, were dried at 400°C in order to remove mois- 
ture. The thermit was ignited by a magnesium ribbon, and when _ 
the heat produced by this reaction was sufficiently great it ignited | 
the charge in the magnesia erucible. The resulting temperature 
within the magnesia crucible was much higher, but was not suf- 
ficiently high to produce fused metal. An attempt to increase 

* Bull. of Univ. of Wisconsin, No. 145, page 313. 
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the temperature produced in this reaction by pre-heating the 
thermit failed to produce the desired temperature. 

The following table gives a list of the more difficult reductions 
carried out by means of these alloys: 
6VCoCCCC 

> 

. Reducer. Result. Yield. 

MnO,...... 15 58 grams fused metal............ 46.7 
MnO, ...... 15 58 grams fused metal............ 47.2 
MoS, ...... 15 31 grams fused metal............ 32.0 
WO3....... 11 Finely divided metal ........ 0.0.0)... cece eaee 
SiO, ....... lh | Amorphous silicon oo... epee cee 
Mn,O,..... 14 59 grams fused metal............ 47.2 
Mn,O,..... 36 31 grams fused metal............ 21. 
Fe,O,...... 36 143 grams fused metal........... 78.1 
Fe;0,...... 36 143 grams fused metal.......6+..| 77. 
2 32 as Metal. .... 2... se sjeeeeeeeeeeee 

The cause of the violent nature of the reactions with these al- 
loys, whether carried out in vacuo or in air, whether the reducing 
agents were coarsely or finely pulverized, was puzzling. The fol- 
lowing explanation is offered: When all the products of a reaction 

are non-volatile, and when no gases are present, it would seem 

that mere rapidity of reaction would not account for the ejection 

of one-half the charge from the crucible. If the cause does not 

he in the volatile nature of the products formed it must be sought 

im the original charge. This cxee3sive violence is due to the pres- 

ence of metallic calcium. This metal boils between 1290°—1300° * 

and the expulsion of the material is no doubt due to this particu- 
lar physical characteristic of the metal in question. 

An attempt was made to avoid the vaporization of calcium. 

Since. zaleium silicide is a product formed at high temperatures 
it should be stable at the temperatures reached in these reduc- 

tions. Therefore, it should follow that if the calcium and silicon 

are added in the proportion to form calcium silicide, none of the 

calcium should be volatilized until the silicide is decomposed 
through the agency of oxidation. When the silicide is thus de- 

composed it is evident that the calcium would be oxidized to lime 

without vaporization. 

4Trans. A. E. S., Vol. XTII, p. 149, 
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Two alloys containing caleium and silicon in the proportions 

to forma calcium silicide were made to test this theory. When 

Te,O, is reduced with either of these alloys the reaction is gentle. 

No material is projected from the crucible. The presence of the 

silicon in these alloys, whether combined or free, would greatly 

reduce the temperature obtained. It is possible, however, that 

the decrease in violence is due to a reduction of temperature, yet 

the fact that the temperature is high enough to make the iron 

sufficiently fluid shows that there is little, if any, reduction of 

temperature. 

Conclusions. 

(1) The alloys of this series containing up to seventy-five per 

cent calcium can be prepared without much difficulty. 

(2) Alloys containing twenty-five per cent or more of calcium 
or magnesium ean be pulverized. 

(3) Violence of reaction is due to the calcium content of these 

alloys. 

CALCIUM-ZINC ALLOYS 

A study of the alloys of calcium and zine was next undertaken. 

A review of the literature shows that several members of this 

series have been made. The general method employed was that 

used by Caron ® and Tarugi.® This consisted in heating calcium 

chloride with metallic sodium in the presence of metallic zine. 

Donski? has succeeded in making several of the alloys of this 

series by heating the two metals together in evacuated tubes or in 

neutral gases. 

The alloys of this investigation were made by adding the metal- 

he calcium to a bath of molten zinc, which has been heated in a 

graphite crucible. Several attempts to add metallic calcium to 

the molten zine resulted in the loss of a considerable portion of | 

the charge, owing to the violence of the resulting reaction. This 

loss of material was avoided by adding the calcium to the zine 
- as soon as the latter was melted. With this method of work the 

’Liebig’s Ann. Vol. 115, 355. 
§ Bull. Soc. Chimie. Vol. 24, 250. 

™Zeit. f. Anorg. Chem. Vol. 57, 186. 
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two. metals were heated in contact so that the alloy could be 
formed at a lower temperature and thus the violence of the re- 
action could be greatly reduced. 

PROPERTIES 

The hardness of this series of alloys increased up to 6 per cent 
‘ealcium. Beyond this percentage the alloys increased in brittle- 
ness to such an extent that several fell to pieces before they were 

removed from the mould. Several attempts to form solid bars 

of alloys containing 12 per cent to 14 per cent failed. Beyond 

this point, although the alloys were brittle, they. could be formed 
into bars without much trouble. 

Several of this series of alloys were stable in air. Those al- 

_loys which contained less than 10 per cent calcium did not oxidize 

to any appreciable extent upon being exposed to the atmosphere 
of the laboratory for two weeks. Beyond this point the rate of . 

exidation increased to such an extent that the alloy containing 
22 per cent calcium disintegrated in a few days. Between 22 

and 35 per cent calcium the stability of the alloys increased so 
that those containing from 28 to 35 per cent were equally stable 

with those containing from 12 to 14. Beyond 40 per cent the dis- 

integration was quite rapid. 

The color and fracture of the alloys belonging to this series 

changed gradually from those characteristic of zinc to those char- 

acteristic of calcium. The combinations containing the smaller 

percentages of calcium lost the characteristic crystalline structure 

of zinc and assumed a very smooth even structure instead. No 

trace of the typical zine crystallization was in evidence. A 

change of color accompanied this change in crystalline formation. 

The alloys containing from 3 to 8 per cent calcium were silver- 

white metals which did not tarnish even after six months’ ex- 

posure to the atmosphere of the laboratory. Beyond 8 per cent 

the alloys slowly assumed a yellowish tinge which changed into 

black as the higher percentages of calcium were reached. 

User In GALVANIZING PROCESS 

Since the alloys. containing the lower percentages of calcium 

possessed a silver-white color which is not modified on exposure 
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to air it was thought that these might be used in the galvanizing 

process. 

A series of tests was made using alloys containing 0.5, 1.0, 1.25, 

1.5, 2.0, 3.4, 5.0 percentages of calcium. The method employed 

was as follows: Pieces of sheet iron were cleaned and dipped in 

a bath of molten zinc, protected from the air by a mixture of zinc 
chloride and ammonium chloride. These pieces-were immersed 
for different periods and the physical characteristic of the coat- 

ing noted. These were used as standards. 

Each of the above series of alloys was used in place of the zine. 

A difficulty arose from the fact that the caleium of the alloy 
gradually replaced the zine of the zine chloride forming calcium 

chloride which was pasty at the temperature of the bath. This 

interfered with the mechanical part of the process to such an ex- 

tent that the covering had to be dispensed with. No suitable 

eovering was found. 

RESULTS 

The coatings made by the alloys may be characterized as fol- 
lows :— 

(1) No traces of zine crystallization appeared. 
(2) The alloys produced a white silvery surface which re- 

mained unchanged upon exposure to air for several 

months. 

(3) The coatings produced by the alloys were not so smooth 
and uniform as those produced by zine alone. 

(4) The coatings were equally adhesive with those of zine 

when the deposit is in a very thin layer. When the 

coating is heavy the alloy becomes brittle and is easily 

removed by bending the plate. 

(5) The brittleness of the coating is dependent upon the ecal- 

cium content of the alloy. 

| CoNSTITUTION OF ALLOYS 

Since both the calcium-aluminum and the calcium-zine series 
of alloys presented marked variations in the physical and chem- 

jeal behavior of its individual members, it was deemed advisable 

to investigate the constitution of the alloys composing these series. 
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Modern research has shown that combinations of metals may 
take the form of simple mixtures, solid solutions or chemical com- 
pounds. In case of the two former it must he expected that the 
physical properties of the alloy in question must result from a 
blending of the properties of the original metals. "With the com- 

pounds, on the other hand, the union of these metals in atomic 

proportions may result in a substance with properties entirely 
at variance with those of the original constituents. 

The marked variations, above mentioned, in the calcium-alumi- 

num and the calcium-zine series must be due, therefore, to the 

formation of combinations of definite proportions. 
Several methods are adapted to the study of the nature ana 

constitution of alloys. Roberts-Austen ® has classified them un- 

der the two following heads :— 
(1) The chemical grouping of the metals in a solid alloy. 

(2 The separation of the constituents during solidification. 

The first group meludes the following special methods :-— 

(a) The specific gravity of alloys. 

(b) The electrical resistance of alloys. . 

(ec) The diffusion of metals in alloys. 

(d) Electrolytic conduction. 

(e) The heat of combination of metals to form alloys. 

(f) The electromotive force of alloys. 

(g) Microscopic examination of alloys. 

The second group deals with those methods involving a study 

of the separation of the constituents of an alloy on solidification 

and includes :— 
(a) Measurement of the fall of temperature during solidifica- 

tion by means of a pyrometer. 

(b) Mechanical separation of constituents of an alloy by heat- 

ing to definite temperatures and pressing out liquid por- 

tion. . 

8 Alloys. Law. Page 39. 
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MetHops oF INVESTIGATION 

In this particular investigation an attempt was made to locate 
the compounds formed by the following methods :— | 

(1) Measurements of single potentials in non-aqueous solu- 

tions. 
(2) Measurement of electrical conductivity. 

(3) Microscopie examination. 

The measurement of single potential was introduced by Lau- 
rie® and has given valuable results. Puschin has employed 
this method with a number of alloys and finds that the compounds 

located in this way agree exactly with the compounds located by 

means of cooling curves. Laurie and Puschin have found that 

a sharp depression in a single potential curve indicates the pres- 

ence of a compound at that point. 

These conclusions are in agreement with Toutourine *! whose 

work goes to prove that :— 

(a) The single potential is a function of the composition of an 
alloy. 

(b) Depressions in curve indicate compounds. 

(ce) The initial and terminal point of each line is determined 
by the single potential of the phases forming the series. 

(d) Solid solutions do not affect the series. 
The study of the electrical conductivity of alloys began with 

the work of Matthiessen in 1860. He showed that the conduc- 
tivity curve was similar to the cooling curve of the same alloy. 
Le Chatelier *? and Rayleigh * have shown independently that 
the temperature factor for the conductivity of alloys is entirely 
independent of the temperature factor of pure metals. Kurna- 
kow and Zemezuznyj ‘* have shown that solid solutions lower the 
conductivity and that the curve formed by such solutions is con- 
tinuous and has a minimum value. Guertler ?® has shown that. 

®Chem. Soc. Journal. Vol. 53 (1888) 105. 
1° Zeit. f. Anorg. Chem. Vol. 56, 1. 

Soc. Chimique France. 1908. 
Compt. Rendu. Vol. III, 454. Vol. 119-126, 1709. 
Nature, Vol. 54-154, 

“Ber. St. Petersb. Polyt. Inst. Vol. 6-559. 

Zeit. f. Anorg. Chem: Vol. 52-418. 
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it is possible to establish the exact relationship between the con- 
ductivity curve and the compounds formed in a series of alloys. 
He shows that Liebenow’s ?* conclusion concerning the locations 
of compounds by means of sharp upward projections in the con- 
ductivity curve is not entirely true, for in many cases a com- 
pound occurs when there is but a slight-elevation or perhaps a 
slight depression. Guertler concludes that the absence of an ele- 
vation does not necessarily indicate the absence of a compound 
but the presence of such an elevation is absolute evidence of the 
presence of a compound. 

The evidence afforded by the microscope in the study of the 
composition of metals and alloys has been of much value. The 
systematic study of metals as revealed by the microscope was first 
undertaken by Dr. Sorby? of Sheffield, who was studying the 
structure of meteoric irons. In 1865 his paper entitled On the 
Microscopic Structure of Meteorites and Meteoric Iron was pub- 
lished by the Royal Society. Nothing further appears to have 
been done until Professor Martens '* published in 1878 the re- 
sults of the researches which he carried on independently. The 
importance of the study of the micro-structure of metals and al- 

loys was soon recognized, and the work of Dr. Sorby and Pro- 
fessor Martens has been taken up and greatly extended in recent 
years. 

The preparation of the alloys for single potential and conduc- 
tivity measurement in this investigation was as follows: The 
calcium was added to the fused metal with which it was to be al- 
loved as soon as the latter was liquid. This allowed the two 
metals to be heated in contact so that the resulting alloy formed 
at the lowest possible temperature. After the required amount 
of calcium had been added the molten metal was stirred vigor- 
ously so as to render the product as uniform as possible. The 
molten metal was poured as quickly as possible into an iron mould. 
which had been heated to a temperature just below the freezing 
point of the alloy. This produced a chilling effect sufficiently 
great to prevent the segregation of the metals furming the alloy. 

6 Zeit. f. Anorg. Chemie. Vol. 60-209. 
Br. Assoc. Reports. Part II, 1864-189. 

18 Engineering, Vol. 28-88. 
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The amount of metal poured in each case was sufficient to fill the 

entire mould as well as the entrance chamber above the mould. 

This enabled the alloy to pass from the temperature of the molten 

metal to a point considerably below its solidification temperature 

in the absence of air. 

During the progress of these experiments it was found advan- 

tageous to hold the temperature of the alloy constant for some 

time after pouring. The mould was then cooled slowly. | 

Fused calcium chloride was used as a covering for these alloys 

during the process of melting. 

SINGLE POTENTIAL MEASUREMENT 

Several difficulties were encountered in the attempt to measure 
the single potential of these combinations. It was necessary to 

use a non-aqueous electrolyte on account of the calcium content 

of these alloys. After considerable experimental work with va- 

rious. non-aqueous electrolytes a solution of calcium chloride in 

ethyl aleohol was selected for this work. 

The ethyl aleohol was allowed to stand over freshly ignited 

lime for five days. This mixture was shaken from time to time. 

The alcohol was distilled from the lime in a moisture free ap- 

paratus, after which it was treated with a fresh supply of lime 

and allowed to stand for some time. This process was repeated 

twice. The alechol was then treated with anhydrous copper sul- 

phate and allowed to stand for five days, during which time the 

mixture was shaken from time to time. The alcohol was distilled 

off, using the same precautions as before. After two treatments 

with anhydrous copper sulphate the material showed no evidence 

of the presence of water when placed upon the anhydrous sul- 

phate, even after an interval of ten days. 

In each distillation the first twenty-five cubic centimeters of the 

distillate were rejected. 

A twelfth-normal solution of calcium chloride was prepared. 

Kahlbaum’s anhydrous calcium chloride was used. This had 

been heated for eighteen hours at 120°C. <A fine white precipi- 

tate remained in suspension in this solution. This stock solution 

‘was kept in a glass-stoppered bottle. 

Considerable difficulty was encountered in an attempt to pre- 
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vent the diffusion of the aqueous solution of the normal calomel 
electrode and the non-aqueous solution in which the single poten- 
tial of the alloy was to be measured. The ordinary connection 
of the normal calomel electrode was worthless. A modification 
of this worked very well. 

Pieces of glass tubing were heated and pulled so as to form a 

narrow constriction in the tube. These were packed on either 

side with finely macerated filter paper moistened with water. 
The constriction served to hold the plugs in place. These tubes 

were dried in an oven and the macerated filter paper was pressed 

firmly together. The filter paper plugs were three-quarters of 

an inch in length. These glass tubes containing the plugs were 

sealed to the tubes leading to the normal calomel electrode and 

to the half cells in which the single potentials of the alloys were 

to be measured. These tubes served as the connections with the 

intermediate vessel. That the diffusion was reduced to a mini- 

mum is shown by the fact that when the electrolyte was placed 

in the half cell and the alloy placed in contact with the solution, 

it was necessary to add more electrolyte in order to make a read- 

ing only after the lapse of several hours. 

The half cells were dried for several hours at 115°C and al- 

lowed to cocl in a desiccator containing sticks of sodium hydrox- 

ide. The electrolyte was poured in and the alloy placed in con- 

tact with the solution. The half cell was stoppered with a rub- 

ber stopper. Rubber stoppers were used in all cases. The half 

cells were kept in desiccators when not being actually measured. 

The allcy whose single potential was to be measured, was thor- 

oughly cleaned and its surface polished so as to remove the 
seratches visible to the naked eye. Electrical contact with the 

alloy was made by means of a fine copper wire. The junction of 

the wire and the alloy and that portion of the wire within the 

half cell was covered with a heavy layer of wax to prevent the 

formation of a couple in case the electrolyte should come in con- 

tact with the wire and the alloy. 

The intermediate vessel was closed with a two-hole rubber 

stopper so that the arms from the normal calomel electrode and 

the half cell could be inserted without loss of time when a single 

potential measurement was to be made. When not in use, this 
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vessel was kept closely stoppered so as to prevent the entrance 

of moisture. An alcoholic solution of calcium chloride was used 

as the intermediate solution between the calomel electrode and 

the half cell. After each measurement the contents of the in- © 

termediate vessel were thrown away and a new supply used for 

the next measurement. This arrangement reduced the amount 

of moisture present to a minimum. 

The single potentials were measured by means of a direct 

reading Leeds and Northrup potentiometer. This enabled in- 
dividual readings to be made in less than one minute. A D’Ar- 

sonval galvanometer was used as a zero instrument. 

The electromotive force varied considerably at first. Meas- 

urements were repeated every thirty minutes at the beginning 

of the work. As the amount of variation decreased the interval 

between the readings was increased. In some eases forty-eight 

hours were required to obtain constant readings. 

Measurements were made at room temperatures. 

A series of zine-caleium and aluminum-caleium alloys were 

made. These were analyzed and the single potential curve 

plotted on the basis of analyzed percentages. Table J contains 

data for the calcium-zine series and Table JZ for the caleium- 

aluminum series. 
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TABLE I. 
e=E=S=EeaEaoaoaoeEeaSqqqqqq eee SSO 

E. M. F. Time in Hours. % Calcium. Single Potential. 

9502 10 7 .3972 
9421 10 1.3 .o82k 
. 8930 10 1.7 . 3830 

9000 9 2.0 3400 

. 9060 9 2.8 , 3460 
8580 8 5.6 . 2980 
.9650 6 6.0 -4050 
9730 3 8.2 .4150 

9675 9 9.6 .4075 
9641 q 11.9 4041 

1.0350 4 14.1 .4750 
1.0480 9 15.3 .4830 
1.0530 8 16.1 .4930 
1.0580 10 18.2 4980 
1.0640 10 24.2 .5040 

1.0510 10 26 .2 .4910 
1.0580 10 27.3 | 4980 
1.1608 19 28.9 .6008 
1.1840 4 31.5 6240 
1.0580 14 32.0 .4980 

1.2820 40 32.3 .4220 

1.2720 29 33.2 . 7120 
1.2940 24 40.3 .7340 
1.3480 14 56.3 .7880 
1.3700 24 66.5 .8100 

1.3790 12 70.6 .8190 
1.5050 15 73.2 9450 
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TABLE IL 
Sr 

E. M. F. Time in Hours. % Calcium Single Potential. | 

.6550 24 ‘Al. .0950 
. 7203 36 ' 8.07 . 1603 
. 7300 48 6.0 .1700 
.9108 24 11.5 | .3508 
. 9300 28 12.7 .3700 
.9480 22 19.4 . 3880 
.0) 4 23.9 .4690 

a. 59 8 25.0 .4650 
a 320 4 26.9 .4720 
10450 9 27.0 4850 
"0270 8 28.5 .4670 
0400 7 31.2 .4800 

10410 4 32.8 .4810 
1°4720 10 34.3 .9120 
174700 12 37.7 .9100 
, 4810 16 50.3 .9210 
0280 20 60.0 .9280 

1, 5220 21 70.5 . 9620 
* +5410 12 75.0 9810 

5400 21 78.8 . 9800 
-6240 15 80.2 1.0640 

ConpbucTiIviry MEASUREMENTS 

The method employed in making the conductivity measure- 

ments was as follows: Each bar of the individual members of 

the series was supported upon two knife edges which were con- 

nected to a direct reading Leeds and Northrup potentiometer. 

In this way the same length of bar was measured in each ease. 

Several measurements of the diameter of each bar were made 

and the average was used in the computations. As there was 

some variation in the final conductivity values of the bars of . 

each of the different percentages the average value was taken. 

A direct current of from ten to fifty amperes was passed through 

the bars. The ammeter and potentiometer readings were taken 

simultaneously. Contact.with the bars was made by means of 

two heavy brass springs which held the bars firmly upon the 
knife edges. 

. Measurements were made at room temperatures. 

Table III gives the data obtained in the measurement of the 

conductivity of the alloys of the calcium-aluminum series. 
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— TABLE III. 

‘ Diameter yas Milli. | Microhms | Specific 
% cut in Om. Amperes.. volts. per Cm}, conduc- 

tivity. 

3.07 | .819 37.50 8 15.8 63291 
6.00 ~ .822: 33,75 2d 20.2 49505 

eee eee enes 812 34.75 1.25 27.1 36900 
12.5 822 28.75 1.50 38.4 26042 
19.4 829 | 29,25 2.0 49.5 20202 
319 | 833 82.25 | 4.5 99.5 10050 
25.0 8385 | 23.25 4.5 113.4 8848 
28.5 S42 10.75 1.8 | 117.0 8547 
31.3 .855 11.50 2.0 : 118.0 8474 
32.8 887 26.00 4.6 | 112.0 8928 
37.7 “$60 19,00 3.1 | 110.0 9091 
50.0 862 20.0 | 4.2 | 141.0 7093 
60.0 S47 23.00 , 7.0 171.0 5848 
715.0 850 6.25 | 1.7 | 189.0 5298 
78.8 837 95 15 | 112.0 8928 

The length cf bar measured in each ease was 2.56 centimeters. 

Five breaks ceeur in the single potential curve for the cal- 

cium-zine series. These appear at the following percentages of 

' calcium: 5.6 per cent, between 11.9 and 14 per cent, 29 per cent, 

between 32.5 and 33.5 per eent, and at 71 per cent. These 

breaks would correspcnd to combinations of the following form- 

ulae: CaZn,,, CaZn,, Ca,Zn,, Ca,Znx and Ca,Zn. 

A peculiarity of this series was cbserved during the measure- 

ments of single potentials of the alloys containing between 29 

and 34 per cent caleium. Several combinations corresponding 

in composition to these alloys were m2de. Their single potentials 

varied, some having a value of 0.49 volts, while otkers had a 

value of 0.61 volts. The calicum content of these alloys differed 

in some eases by less than 0.5 per cent. This would tend to 

show that there were two combinations present. Tamman and 

Donski*® have loeated two polymorphic forms between these two 

limits. 

In the single potential curve for the calecium-aluminum series 

a marked increas2 in value occurs between 33 and 34 per cent 

19 Zeit. f. Anorg. Chem . Vol. 57-191. 
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calcium. Several unsuccessful attempts were made to get am 

alloy whose calcium content would lie between these limits. 

This would define the composition of the alloy more exactly. 

This particular percentage of calcium corresponds to the com- 

- peund Al,Ca, which is in agreement with the work of Don-. 
ski.*° | 

The conductivity curve for this series shows a maximum value 

between 32.8 and 37.7 per cent calcium, which indicates the- 

ptesence of the compound Al,Ca. 

Microscopic STUDY 

The preparation of these alloys for micrographie study gave. 

some trouble. In the calcium-zinc series the alloys over a con- 

siderable range are soft and brittle. After some experimental 
work it was cbserved that if a small quantity of rouge moistened 

with paraffin was rubbed on the surface of canvas, this would 

serve very well for the rougher polishing. For the final prepa- 

raticn cf the specimen, a piece of very soft cloth was used. In 

many cases this produced a surface which revealed the structure. 
without etching. Whenever an etching agent was necessary 

very dilute hydrochloric or nitric acid was used. In some cases 

cexidaticn tinting served very well. 

The microscopic study of the structure of the caleium-alumi- 

num series furnished evidence in agreement with the facts ob- 

served in the study of the conductivity and the single potentials. 

Alloys containing 28.5 and 22.8 per cent calcium presented a 

mass of polygonal erystals interspersed with a decreasing mass 

cf eutectic. Beyond 34.7 per cent calcium the microscope re- 

vealea the same ground mass in which a new form of eutectic 

appeared. All these alloys were brittle and as a result it was 

impossible to secure suitable micrographs. 

In the study of the zinc-caleium series the microscope re- 

vealed the presence of definite compounds. Figure 4 shows. 

the homogeneous structure of the compound CaZn,,. Figure 5. 

shows the ground mass of Figure 4 in which an increased 

amount of eutectic has erystallized. Figure 6 shows a new 

20 Zeit. f. Anorg. Chem. Vol. 57-201. 
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erystalline structure which is distinctly different from Figure 

7. Figure 8 and Figure 9 present the homogeneous struc- 

ture of the alloys represented by the formulae CaZn, and 

Ca,Znx. 

Micrographs were made at a uniform magnification. 

CONCLUSIONS 

(1) The breaks in the single potential and conductivity curves. 

for the calcium-aluminum series correspond to the composition 

of the compound AI1,Ca. 

(2) The breaks in single potential curve for the calcium-zine 

series correspond to the compounds CaZn,,, CaZn,, Ca,Zn,,. 
Ca,Zn. 

(3) The study of the single potentials, conductivity and mi- 

. eresecopic structure of alloys are valuable aids in determining 

the nature and constitution of the series. 

In conclusion, the author wishes to express his gratitude for 
the timely suggestions and advice received from Professor C. F. 

Burgess and Professor O. P. Watts during the progress of this 

investigation. 
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MALLEABLE CAST IRON. 

JAMES ASTON, 

Iron owes much of its supremacy as a metallurgical product 
to its relatively low cost, due largely to the abundance and 
richness of its ores, to the low cost of mining, and to the readi- 
ness with which these ores are reduced to the metallic state. 
Aside from this consideration, however, it is undoubtedly true 
that the great commercial utility of iron is due to the activity 

_ with which it alloys with other elements, to its adaptability to 
various methods of working and to the susceptibility of the 
alloys to heat influences. . 

Out of an approximate annual production for the United 

States of thirty millions tons, of finished iron and steel prod- 

ucts the greatest part, say sixty per cent, is formed by rolling 

or forging. Rolling is particularly suited to the production of 

large outputs of simple standard shapes, such as rails, struc- 

tural seetions, bars, rods, ete. Many shapes are, however, too 

intricate to be produced by rolling or forging, and are east to 

form by pouring molten metal into a mold formed by a suitable 

pattern. The foundry industry is an important division of 

iron and steel metallurgy, producing roughly forty per cent of 

the iron and steel products. Castings may be of three kinds— 
- east iron, steel, and malleable cast iron. Each has its particu- 

lar sphere of usefulness, dependent upon the nature of the 
service and the fitness of the material for this service, and also 

upon the cost of the product. | 
Leaving out of consideration any special alloy additions, 

commercial iron and steel consists of iron in association with 

earbon, silicon, sulphur, phosphorus and manganese. The prop- 

erties of the material are dependent not alone upon the quan- 

tities of these elements present, but also upon the manner in 

which they are associated; an association which is manifested



in the structure. Ordinary cast iron is the most impure of the 

three forms. The general composition is as follows: 

Carton—3%% to 4%4 per cent. 

Silicon—1 to 3 per cent. 

Sulphur—0.05 to 0.20 per cent. 

Phosphorus—0.20 to i per cent. 

Manganese—0.50 to 1 per cent. 

By suitable regulating of chemical composition and rate of 

cooling, it may range in fracture from gray to white, and in 

hardness from a material which can be readily machined or 

| filed, to a product which is glass hard. Being a result of sim- 
ple melting of pig iron and cast scrap, without material chem- 

ical conversion, it is of comparatively low cost. Add to this 

the fact that its high fluidity and ‘‘life’’ enable it to run into 

thin sections or intricate forms, and we have the principal rea- 

sons for its favor. The usual requirement is for a material soft 
enough to be machined; strength is a secondary consideration. 

Cast iron has, however, an extreme resistance to compression, 

and is thus well adapted to machine frames, and the like; if 
strength in tension or resistance to shock are wanted, they are 

obtained by massiveness of structure. 
Where high strength and ductility are required, the steel 

casting is most suited. The general chemical composition will 

be about as follows: 

Carbon—0.20 to 0.80 per cent. 

Silicon—about 0.20 per cent. 

Sulphur—0.02 to 0.08 per cent. 

Phosphorus—0.03 to 0.10 per cent. 

Manganese—0.50 to 0.75 per cent. 

The requisite strength is obtained by suitable chemical con- 

trol, together with judicious heat treatment. Increase of car- 

bon results in inerease of strength at a sacrifice of ductility. 

The other elements, also, phosphorus in particular, have their 

influence. Steel castings may be the result of various methods 

of working; crucible, Bessemer or open hearth, either acid or 

basic. Because of high cost of raw materials, or the necessity 
of skillful and costly manipulation in the conversion of the im- 

pure iron into the finished steel, the product is necessarily of 
considerably higher cost than cast iron. Again, its low fluidity 
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and ‘‘life,’’ its high temperature, and high shrinkage, are in 

many cases serious disadvantages. Steel castings, therefore, 

are generally comparatively bulky in section, and find their 

greatest application where the added strength is enough to off- 

set the increased cost and other disadvantages. 

Malleable cast iron occupies a position..between ordinary 

east iron and east steel. It has higher tensile strength than 

east iron, but is not so strong as steel. Again, it is fairly duc- 

tile and malleable, and may be bent or twisted or hammered to 

a certain extent without danger of breaking. The great ad- 

vantage, however, is that it is originally cast of white cast 

iron, with all of the advantages of fluidity and life to enable 

it to run into small thin sections and intricate shapes, and low 

cost of initial production. The ductility and malleability are 

the result of subsequent treatment. 

— Although it was predicted that the development in the manu- 

facture of steel castings and the possibility of making small 

castings of this material, would make serious inroads upon the 

malleable casting industry, this prediction has been fulfilled 

only in special cases. The industry has experienced a growth 

entirely comparable with the other divisions of foundry prac- 

tice, and today, perhaps a million tons annually represents the 

output of this country. MalHeable castings are largely used in 

railroad equipment, agricultural implements, pipe fittings, 

stoves, etce.; in fact, the great outlet is in lines requiring large 

numbers of pieces of comparatively small size from the same 

pattern, and where low cost and a fair ductility are factors. 

It is not the purpose of this article to go into details of 

the manufacture of malleable castings; its object is rather to 

point out the underlying reasons for the properties which this 

product possesses; but a few words regarding the process will 

not be amiss. Those who are interested in the details of prac- 

tice are referred to the new books of Dr. Moldenke, perhaps — - 
the foremost authority in this country. 

The pig iron used as a raw material is usually classed as mal- 

leable Bessemer; that is, it conforms to the usual requirements 

of a Bessemer pig, except that the phosphorus exceeds the steel 

making limit of 0.10 per cent. Ordinarily it is the product of 

a coke blast furnace, but for the highest grades of product, 
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chareoal pig iron is used. The general analysis will be as fol- 

lows: 
Carbon—about 4 per cent. 

Silicon—0.75 to 2.0 per cent. 

Sulphur—about 0.05 per cent. 

Phosphorus—not over 0.225 per cent. 

Manganese—0.50 to 0.75 per cent. 

With this is mixed the proper amount of steel or malleable 
scrap to bring the castings of an appropriate analysis of 

Carbon—about 3 per cent. 

Silicon—0.50 to 1.0 per cent. 

Sulphur—below 0.08 per cent. 

Phosphorus—below 0.225 per cent. . 

Manganese—0.25 to 0.50 per cent. 

The amount of silicon allowable will depend upon the size of 

the casting, and to a certain extent uon the amounts of sulphur 

and manganese present; these last named elements are, how- 

ever, preferably kept to a minimum. Phosphorus is held to as 

low an amount as possible (because of its tendency to promote 

brittleness), and yet have sufficient fluidity in the molten 

metal. 

In this country the melting is usually done in a cupola fur- 
nace for the lower grades of work, or in an air furnace (rever- 

beratory) for the greater part of the output. Recently, the 

open hearth furnace, similar to that used in steel making, has 

eome into a little favor. The air furnace owes its advantages 

to the isolation of the solid fuel from the charge, the possibil- 

ity of regulation of the chemical action of the flame, and to a 

consequent better control and higher quality of material pro- 

duced. The furnace action should ideally be one of melting 

only ; actually there is some chemical change, principally in an 

oxidation of silicon and manganese, and a slight gain in sul- 

phur. 

The castings as taken from the sand are hard, white and 

brittle, and entirely unsuited for their intended service. They 

are inspected and cleaned of all adhering sand, mainly by 

means of a tumbling barre]; then trimmed of sprues by chip- 

ping, and sorted, after which they are ready for annealing, the 

distinguishing feature in the malleable casting process. For 

this operation the castings are packed in annealing boxes, or 
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pots, which are open frames, usually rectangular in shape, and 
of somewhat varying sizes in different plants. An average size 
is 30 inches by 16 inches and about 16 inches deep with an 
initial thickness of three-fourths to one inch. They are usually 
east largely of malleable scrap. The pots are stacked three or’ 
four high ow a bottom plate or stool. 

Into these boxes, the castings are carefully packed in mill 
scale, iron ore, sand or a mixture of these substances. The two 
first named are oxidizing agents for the carbon, while sand, or 
the like, is inert. The object is usually to get an oxidizing me- 
dium not too active; a refreshing of the spent or used packing 
with new scale usually suffices. The essential principle in the 
packing is to see that all castings are well surrounded with 
packing material in order to prevent passage of air and have 
uniform action, and also to prevent settling and consequent 
warping of the castings when heated. The stack of pots is 

finally covered and luted with clay and makes, therefore, a 

fairly airtight container for the castings. oo 

A number of these stacks of pots (20 to 40) are run into a 

large brick annealing oven, and the brick doors of the oven are 

closed. The ovens may be gas, oil or coal fired; usually the 

first or last named, simee the oil flame is too localized in its 

action, and results in uneven heating throughout the oven. The 

annealing operation requires about one to two days to bring 

the temperature up to that required, two to three days at this 

temperature and a day or two for cooling down, making a 

total of five to six days for the complete cycle. The tempera- 

ture varies somewhat with the character of the casting and the 

melting stock used, as well as with the kind of melting fur- 

nace, but is generally between 1300 and 1650° F. (700 to 900° 

C.). The pots are withdrawn from the oven and the castings 

are dumped after having cooled sufficiently. After a final 

cleaning, grinding, and sorting, the product is ready for ship- 

ment as the finished malleable casting. 

The result of the annealing operation is to convert the hard, 

brittle casting with white fracture, to one soft, relatively duc- 

tile and malleable, and having a black fracture (black heart) 

except for a steely shell (case) of varying thickness, usually 
1/32 to 1/16 inch. The tensile strength according to the stand- 
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ard specifications of the American Society for Testing Ma- 

terials must be not less than 40,000 pounds per square inch, 
with an elongation of not less than 214 per cent in 2 inches. 

The great advantage, however, is a product resilient enough to 

withstand the shocks and repeated stresses of severe service. 

The popular idea among the uninformed is that the packing 

of the castings n an oxidizing substance has resulted in an ab- 

straction of carbon from the body of the casting, producing a 

material which is a mean-between ordinary steel and the origi- 

nal white cast iron, depending upon the activity of the oxidiz- 

ing substance. It must be said, however, that a product essen- 

tially the same as the every day malleable would result, even 

though the packing material were inert or nonoxidizing in 

character. A thorough understanding of the mechanism of the 

-annealing operation has come only with a knowledge of the 

influence of the several elements present. Chemical analysis 

has been a big stepping stone; the microscope, also, while not 

as yet having much application in the industry, has been of 

invaluable assistance. 

Cast iron, as pointed out previously, is a complex alloy of 

iron and several other elements. Carbon is of primary impor- , 

tance, and the material owes its properties mainly to the state 

of the carbon. The other elements are largely secondary, hav- 

ing their effect on the properties mainly by influencing the 

state of the carbon. All cast iron may be considered as an 

alloy of iron with approximately four per cent of carbon. The 

white castings forming the initial stage of the malleable cast- 

ing may be considered in. this class, although there is usually 

a lower amount of carbon present, due to additions of steel or 

malleable scrap; this fact, however, is not material to the dis- 

cussion of the mechanism of the annealing process. 

Carbon is associated with iron in three different states; in. 

the free or elemental state, as graphite; as a definite carbide, 

combined carbon or cementite, with a formula Fe,C; and as a. 

solid solution of earbon or combined carbon in iron. The last. 

named is of particular importance in the consideration of the 
hardening and tempering of steels, and needs not be considered 
in connection with the problem under discussion. During the 

solidification and cooling to normal temperatures of a moltem 
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bath of cast iron, the carbon may finally exist entirely com- 
bined with the iron as Fe,C, in which case the produet is 
known as white cast iron, and is hard, brittle, and of silvery 
fracture because of the influence of the properties of this iron 
carbide; or the carbon may become Separated in the free or 
elemental state as graphite, forming gray cast iron, with gray 

| fracture and soft, due to the influence of the free carbon; or 
there may be any degree of mixture of the combined carbon 
and free graphite, resulting in the commercial mottled irons. 
Should all of the carbon exist in the combined State, as Fe,C, 
carrying 6.67 per cent carbon, an ordinary iron with three and 
one-half per cent of carbon would consist roughly of one-half 
cementite and one-half free iron. On the other hand, if all of 
the carbon exists as free graphite, the material structurally, 
on the basis of specific gravities of 3 to 1 for iron and carbon, 
will be made up or iron plus ten per cent by volume of free 
graphite. . 

The fundamental influences affecting the state of the carbon 
are the rate of cooling and the effect of the secondary elements, 
especially silicon, and to a lesser degree sulphur and man- 
ganese. Silicon promotes the formation of graphitic carbon; 
sulphur and manganese tend to form combined carbon. For 

simplicity, we may consider the function of silicon as first, to 

counteract the adverse chemical influence of the sulphur and 

manganese, and second, to overcome any effects of cooling, and 

throw out carbon in the free state. As for the influence of 

cooling, a slow rate promotes the separation of free graphite, 

while rapid cooling tends to form combined carbon. Mani- 
festly by judicious control of chemical composition and rate of 

cooling, it is possible to vary the character of cast iron within 

wide limits. 
Ordinarily, in gray iron castings, softness:is the desired 

feature. This means much free graphite in the product, and 

little combined carbon; or a moderate silicon contents of 1.5 

to 2.0 per cent with low sulphur for bulky castings which cool. 

slowly, and 2 to 3 per cent in lighter and thinner products 

which necessarily cool more quickly. In this kind of castings 
the graphite separates out during normal solidification, and in 

a still molten matrix of iron; obviously conditions are entirely 

(



favorable to crystallization of the carbon, and we find it ex- 

isting in the well known form of flake graphite. Figures 1 and 

2 are typical of this distribution, at a magnification of 70 diam- 

eters. In Fig. 1 the graphite is very coarse in texture, due to 
the slow cooling of a piece of pig iron; while Fig. 2 illustrates 

the finer texture in a casting of average section. With such 

distribution of the carbon, we can expect nothing else than a 

weakness in tension, and an entire absence of ductility; on the 

other hand, because of the very thinness of the graphite flakes, 

there is little weakening of the material under compressive 
stress. 

The malleable casting is initially made of white cast iron. 

The silicon content is so controlled that under the existing rate 

of cooling, its influence is not sufficient to throw out the graph- 

ite in the free form, and it is therefore all combined as Fe,C 

in the castings. These are hard, brittle, and practically worth- 

less for service. Typical micro-sections of white cast iron are 

shown in Figures 3 and 4, both at a magnification of 70 diam- 

eters. The former is of white pig iron, and is coarser in its 

erystallization than the latter, a section of.a thin casting. To 
the uninitiated it may be well to mention that the black areas 

in these photographs should not be compared with the graphite 

of the previous figures. These black areas show the distribu- 

tion of the iron bearing constituent, which is differentiated by 

acid corrosion ; the white areas, in contrast, show the free com- 

bined carbon. The brittleness and whiteness of fracture are 

due to a cleavage through these areas of combined carbon. 

Although the silicon content is not sufficient to cause a sep- 

aration of free carbon during the normal cooling of the ecast- 

ing, the combination of this silicon content, with the proper 

application of temperature effect and time of reheating, will 

effect the change, according to the reaction: 

Fe, C+ heat=3 Fe+C 
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This is the essential feature of the annealing operation, and it 

is obvious that, with chemical composition, temperature, and 

time correctly regulated, the nature of the packing material is 

of little importance. The vital feature of the malleable casting 

process lies in the use of annealing temperatures of 1300° to 
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Fig. 5.— Miero-Section Showing Effect of Oxidizing Packing. 

1650° F. (700 to 900° C), or well below the point of fusion of 

the metal. Consequently, while the combined carbon is decom- 

posed and the carbon precipitated, the latter is not free to as- 

sume its normal crystal form as thin flakes, but must collect in 

the most compact state, and is thus found in the form of glob- 

ules in the amorphous condition, the so called ‘‘temper’’ car- 

bon. Such a distribution, as will be noted in Figures 5 and 6, 

is without the disastrous effect on the tensile strength and due- 

tility characteristic of the flake distribution in gray cast iron; 

and the resultant product is one of fair strength and ductility. 

Figures 5 and 6 show the effect of the oxidizing packing. In 
Fig. 5, of a section not etched with acid, it will be noted that 

adjoining the edge of the annealed casting there is a zone free 

from graphite areas. This is the result of the decarbonization 
of the surface layer by the iron oxide, according to the reac- 
tion 

Fe, C+ FeO =3 Fe+Co-+ Fe 

After etching, as shown in Fig. 6, this surface zone is seen to 
be a shell of steel which may be of mild, medium, or high ear- 
bon, and of a depth depending upon the time and temperature 
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of heating and the avidity of the decarbonization. This sur- 

face decarbonization, together with the use of steel or mal- 

leable scrap to lower the total carbon in the castings, are de- 

tails of practice making for greater success of the process, but 
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are not the fundamental principles involved. The entire. 

process is built upon the ability to control the state of the car- 

bon by proper regulation of three factors: chemical composi~ 

tion, temperature and time. 
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A paper presented at the -Twentieth Gen- 

eral Meeting of the American Electro- 

chemical Society, in Toronto, Canada, 

September 21, s911, President W. R. 
Whitney in the Chair. 

THE ELECTRICAL RESISTANCE OF IRON ALLOYS.* 

By Cuarites F, Burcrss and Jamzs Aston. 

In the design of electrical machinery, the electrical resistance 
of the iron used for electromagnets is of an importance second 
only to the magnetic permeability, particularly for alternating 

current working. A high resistance is desired, since it will reduce 
to a minimum the eddy currents set up by the reversals of the 

magnetic flux. It is also of interest to know the conductivity of 

the various iron alloys, regardless of their magnetic properties, 
because of their possible utility in rheostats, resistance heating 
wires and the like. 

We therefore, in connection with a series of tests on the various 

properties of electrolytic iron and its alloys, determined the elec- 

trical resistance of the numerous bars used in the magnetic tests. 
Starting with electrolytic iron as a base material, and making up 
the alloys with every precaution to avoid contamination, the results 

given represent the influence of the addition elements. 
It is to be regretted that many of the compositions given are 

based upon the added amounts of the several elements, and have 
not been checked by analysis. However, the compositions noted 
for upwards of eighty of the binary alloys are those determined 

by analysis; and the elements used in the more complex series 
are largely those which readily alloy with iron in the added 
proportions. ‘The analyzed bars can be readily recognized in the 

tables, since the compositions are given to the third decimal place. 
Again, the curves of Figs. 1 and 2 are plotted from these accu- 
rately determined compositions. . 

Since all of the bars were of a uniform diameter of one centi- 

meter, a measurement of the drop of potential over a length of 

7.854 cm. is equivalent to that taken over 10 cm. length of a bar 

ene Tis, investigation, is being, conducted tna s grant of dhe Camege Institution Of 
Washington. 
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I cm. square. ‘he apparatus used consisted of two knife edges, 
7.854 cm. apart, upon which the test bar was laid, and pressed 
into firm contact by means of spring clips; the latter were outside 
the knife edges, and served also as conductors to lead the current 
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into the bar. The current was measured by an ammeter, and the 
fall of potential by a millivoltmeter. Such values of current were 

used, up to a maximum of 50 amperes, as would give a large 
deflection on the millivoltmeter scale, a 0-20 instrument. From 
these two readings a simple slide-rule calculation gave the specific
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resistance in terms of Bar 117 A, of forged electrolytic iron. 
This bar has a resistance of 12.1 microhms per cubic centimeter 
in the quenched condition, a value which is not the minimum 
observed for electrolytic iron. But it was thought best to adhere 
to the same standard used for the magnetic tests data. . 

The results. of these measurements are noted in Table I, Figs. 
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a and 2. The arrangement is in groupings in alphabetical order 
under the headings of the alloying element, in the binary series ; 
ternary or higher alloys appear in the group of the principal 
alloying element. In the final miscellaneous group appear those 
materials in which are more than one of the five elements— 
chromium, manganese, molybdenum, nickel and tungsten, which 
tend to produce self-hardening in steels.



208 C. F. BURGESS AND JAS. ASTON, 

TABLE I, 

Electrical Resistance. 

AS FoRGED AFTER TREATMENT 

No. BAR CoM POSITION 

Meer | Rela. | Moe | Rela. | Condition dms | Res. | GS", | Res. 

| IRON 
I NSW Swedish Anode 11.6 0.96 Quench 900 

2 1A Electro Forged 12.1 1.00 “ “ 

3 AB “ “ In 0.92 “« ** 

4 ELI “ « 11.1 0.92 “ “ 

5 172A ““ “ 14.0 1.16 

6 117B , * “ 13.1 1.08 10.6 0.88 Anneal roco 

7 | 117C. “ “ 13.4 111 13.4 1.1 “s “ 
8 AC “s “s 10.7 0.88 10.9 0.90 “ “ 

9 85 “ “ 14.4 1.19 13.0 1.07 “ “s 

| ALUMINUM 

10 ssD 0.067 Al . 23.9 1.98 Quench 900 
Iz 76C 0.8 Al 20.6 1.70 16.1 1.33 Anneal 1000 

12 109C 1.333 Al 17.4 1.44 Quench 900 

ANTIMONY , . 

13 172E, t.0 Sb 20.2 1.67 Anneal 1000 

ARSENIC 

14 121] 0.292 As 14.7 1.22 Quench 900 

15 121H 0.430 As 16.8 1.39 “ “ 

16 | 113A 0.915 As 19.5.} 1.62 “ “ 
17 | 92A r As | 18.1 1.50 14.3 1.18 | Anneal 1000 
18 113B 1.810 As 25.5 2.11 Quench 900 

19 113C 3 As 25.3 2.09 26.1 2.15 Anneal 1000 

20 113D 3-862 As 37.1 3.07 Quench 900 
| 21 113H 3-563 As 34.0 3-82 “s “ 

22 | 113 5 As 26.7 2.21 20.8 7.72 | Anneal 1000 
23 172C Transformer 18.9 1.55 “ “ 
24 172D Transformer ++ 5 As 30.2 2.51 “ “ 

BISMUTH 
25 172G 1.0 Bi 13.4 I.1t Anneal 1000 

26 172H 2.0 Bi 14.5 1.20 “ “ 

27 172] 4.0 Bi 15.3 1.27 as “ 

28 172K | 6.0 Bi 13.0 1.08 * . 

29 1721, | 10.0 Bi 16.6 1.38 “ “ 

CHROMIUM 

30 | 137C 3.27 Cr 26.7 | 2.21 | Quench goo 
31 133E 4Cr 0.84 Si 41.6 3.44 46.9 3.88 Quench 1000 

32 133D s Cr 0.84 Si 39.6 3-27 39.6 3-27 “ “s 

33 | 133B 5 Cr 1.4 Si 47-7 3-94 57.0 4.72 “ “ 
34 | 160) 5 Cr 0.3V 35.0 2.89 35-4 2.93 “ “ 
35 160H 5 Cr o.5V 34.4 2.84 34-4 2.84 “ “ 
36 160K sCr1V 36.1 2.98 26.8 2.22 “ “ 

37 133L, | 6Cr 0.4 Si 35.0 2.89 42.4 3.50 “ “
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| TABLE I—Continued. 

Electrical Resistance. 
eee ———;—;—e_————eeee a a a 

| AS ForGED AFTER TREATMENT 

No. BAR CoMPosITION Mohs. | pea Mots. | pee |. 
| ec. Res. et, Res. Condition 

tt I 

CHROMIUM—Cont. | 

38 133K 6 Cr 0.84 Si 42.4 3:42 49.1 4.06 Quench 1000 

39 | 1472 6 Cr 1.3 Si 47-4 | 3.92 | 59.5 | 4.92 “8 
4e 133F 6.00 Cr 52.5 4:34 64.4 §.32 “ “ 
41 | 137E 6.68 Cr 39-7 | 3.28 | Quench 900 
42 | 133M 8Cr 1 Si i $3.2 4.29 61.2 5.06 | Quench 1000 
43 78C 8.7 Cr 1Cu 1 Al 35.6 2.94 
44 121G 8.83 Cr | 46.8 3.87 Quench 900 
45 1x8 10 Cr 2 Si | 75.0 6.20 59.8 4.94 | Quench 1000 
46 155K 10 Cr 2Si 0.3V 06C : 59.2 4.89 77:4 6.40 “ “ 
47 | 1371, 10 Cr 2Si 2 Ti i 795 6.57 86.0 7.13 “ “ 
48 1225 ro Cr 3 Si | 87.5 7-23 84.0 6.95 “ “ 
49 112A 10 Cr 5 Si | 103.0 8.50 

50 1601 10Cr 03V | 49.2 4.07 45-7 3-78 “ “ 
st | rgssl, 10 Cr 0.3 V 0.65 C 49.9 4.13 55.0 4-58 “ “ 
52 160G 10 Cr 0.5 V 51.3 4.24 

53 1630 1oCr 1V 45.9 3-79 74.8 6.18 ss “ 
S4 r41C 103 Cr 1V 2S8i03C 83.4 6.89 84.9 7.01% “ “ 
55 136G 13.01 Cr 46.0 3.80 Quench 900 
56 133N 13. Cr 1.8 Si 75.8 6.26 | 85.6 7.08 Quench 1000 
87 141E 1sCr 2 Si 92.6 7-55 
58 137H 16.57 Cr, 50.0 4.13 Quench goo 

$9 | 136H wCr 1% Si 72.8 6,02 76.0 6.28 | Quench 1000 

COBALT 

60 123A 0.32 Co 14.4 1.19 Quench goo 
61 123B 0.580 Co 15.5 1.28 “ “ 
62 | 1r23C 1.035 Co 12.5 1.03 “ “. 
63 123D 2.000 Co 13.6 | - 1.12 “ “ 

64 123E 3.0 Co 14.7 1.21 17 0.97 Quench 1000 
65 123F 4.055 Co 15.4 1.27 Quench g00 
66 123G 6.020 Co 18.3 1.53 “ “ 

‘COPPER 

67 147B 0.089 Cu 12.2 1.01 Quench 900 
68 158A 0.202 Cu 12.0 0.99 “ “ 
69 158B 0.422 Cu 13.6 1.12 “ “¢ 

70 86A %Cu 14.0 1.16 12.2 1.01 | Anneal 1000 
71 92F %Cu % Si 17.0 1.40 13.1 1.08 “ “ 

72 1 goF w~Cu % Si 22.0 1.82 21.8 1.80 ad “ 

73 | 158D - | 0.804 Cu 13.6 1.12 | Quench 900 
74 113T 1Cu 11.4 0.93 11.8 0.96 Anneal 1000 
75 | soA 1Cu 16.4 1.36 13.2 1.09 “ “ 
76 | 92C 1Cu % Si 217 1.79 18.3 1.51 J“ “ 
77_) 908 1Cu 1 Si 22.9 1.89 19.2 1.59 “ “ 
78 103G 1Cu Sn 16.7 1.40 “ “ 
79 1110 1Cu % Al 18.8 1.55 14.5 1.20 “  “ 

80 | 147H 1,006 Cu 14.7 1.22 | Quench 900 

14
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TaBLeE I—Continued. 

Electrical Resistance. 

Le : __Arres Parana AS FoRGED AFTER TREATMENT 

No.| Bar | COMPOSITION Mohs | Mohs | 
“| Rela. ‘| Rela. eas | | ec, | Res. | ber, | Res. | Condition 

| COPPER—Continued — 
81 147] 1.310 Cu | 17.0 1.41 Quench 900 
82 84B 2Cu | 15.6 1.29 11.2 0.93 Anneal 1000 

83 | 88B 2Cu 1 $i 24.6 2.03 22.2 1.83 “ “ 
84 144AB 2Cu &%Al 22.1 1.63 19.7 1.64 “ “ 
85 r11V 2Cu % Al 18.5 1.53 

86 15s8G 2.005 Cu 13.4 Lr Quench 900 
87 ri, 2%Cu 9.5 0.79 Anneal 1000 

88 111M 3 Cu 15.5 1.28 12.4 1.03 “ “ 
89 t1rR 3 Cu.1 As 22.1 1.83 15.1 1.25 “ “ 

90 | 94F 3Cu % Si 20.2 1.67 8.1 0.67 “ “ 
gt 88C 3Cu 1Si 25.3 2.09 17.8 1.47 “ “ 
92 wiX 3Cu rAl 21.8 1.80 8.0 0.66 “ “ 
93 113W 3% Cu 14.7 1.22 8.6 0.71 “s “s 

94 1581 3-990 Cu 12.7 1.05 Quench 900 

95 1211, 4Cu 13.6 1.12 12.5 1.03 Anneal 1000 

96 86C 5 Cu 15.7 1.30 12.8 1.06 “ “ 
97 121K s5 Cu 1As 20.5 1.69 19.6 1.62 “ “ 

98 | 83C 5 Cu 1 $i 25.3 2.09 22.6 1.87 “ “ 
99 | 88D 5 Cu 2 Si 26.5 2.19 “ *s 

100 144AD 5Cu 1 Al 20.0 1.65 18.1 1.50 “ “* 

101 mr1Y 5Cu 1Al 19.9 1.64 17.6 1.29 “ “ 

102 158) 5.070 Cu 12.5 1.03 Quench 900 
103 113U 6Cu 1 Si 22.8 1.88 Anneal 1000 
104 1138 6Cu 1rAl 19.8 1.64 17.6 1.45 “ “ 

10s 158K 6.160 Cu 12.7 1.05 Quench 900 

106 88A 6.67 Cu 6.67 Si 23-4 1.93 15.7 1.30 Anneal 1000 
107 147U 7.050 Cu 15.8 1.31 Quench 900 

108 86E go Cu 5.53 0.46 

109 4a9A 90 Cu 5.09 0.42 

110 86F 94.340 Cu 3.92 0.24 Quench 900 
mr 50C 98 Cu 4.46 0.37 . 

LEAD | 

i12 122B 0.061 Pb 13.9 1.15 Quench 900 

MANGANESE j 

113 | 123H 0.505 Mn 16.1 1.33 | Quench 900 
114 170A 1 Mn | 18.4 1.52 Anneal 1000 
11g 170B 2Mn 24.8 2.05 “s “ 
116 170C 3 Mn 28.4 2.35 “ “ 

117_ | 144V 3% Mn | 30.2 2.58 30.6 2.53 “ “ 
118 1231 4.514 Mn | 30.1 2.49 Quench 900 
119 170D 6 Mn | 40.8 3-37 40.0 3-32 Quench 1rooo 

120 1705 8 Mn 49.1 4.06 53-0 4.38 Anneal rococo 

121 170F 10 Mn | 54.8 4.53 55.8 4-61 “ “ 

122 123) 10.419 Mn | 55.3 4.57 Quench 900
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TaBLe I—Continued. 

Electrical Resistance. 

| | AS FoRGED AFTER TREATMENT 

. BaR CoMPOSITION Mohe |. larane lo DD *e " Mer | Rela. | MORS- | Reta, | oases | | ests | Res. & 's | Res. ondition 

a LL NEG 

MOLYBDENUM 

123 160F 4 Mo 06 V 17.8 1.47 22.6 1.87 Quench roo0o 
124 163M 53 Mo 1V 22.9 2.47 25.0 2.06 “ “ 
125 IssN 5.12 Mo 27.8 2.30 Quench 900 
126 | 160D 8 Mo o.5 V 25.1 2.09 25.4 2.10 Quench 1000 
127 | 1565 8 Mo 0.3 V 0.6C 22.6 1.87 27.8 2.30 “ “ 
128 155M 9.84 Mo 29.9 2.47 Quench 900 
129 160A 10 Mo 0.3 V 27.3 2.28 27.2 2.28 Quench 1000 
130 160C 10 Mo 0.3 V 04C 17.4 1.43 26.6 2.20 “ “ 
131 160B ‘10 Mo 0.5 V 30.7 2.54 30.3 2.51 “ « 
132 1631 1o Mo 1 V 30.1 2.49 29.4 2.47 “ “ 
133 163N 1o Mo 1 V 30.1 2.65 32.1 2.68 “ “ 
134 163H 10 Mo 1V 04C 24.2 2.00 19.9 1.65 “ “ 
135 141F ro Mo 1.2€ 25.2 2.08 29.5 2.44 “ “ 
136 146Y¥ 12 Mo 36.6 3.02 32.6 2.70 “ “ 
137 1550 13.69 Mo 35-1 2.90 Quench 900 

NICKEL 

138 144C 0.270 Ni 13-5 1.08 Quench 900 

139 144D 0.560 Ni 15.4 1.27 “ ‘ 

140 144E t.070 Ni 16.9 1.40 “ “ 
, 14] 144F 1.93 Ni 16.4 1.36 “ “ 

142 160N 5 Ni 0.3 V 22.3 1.84 24.6 2.08 Quench 1000 

143 1600 5 Ni 0.6 V 24.8 2.02 25.0 2.06 “os 
144 | ra44J 7.05 Ni 26.9 2.22 | Quench goo 
145 | 157A 8.17 Ni 26.7 2.20 “ ‘ 
146 1601, Io Ni 0.3 V 30.1 2.49 29.4 2.47 Quench 1000 
147 160M 10 Ni 0.6 V 31.2 2.58 32.4 2.66 ‘ 
148 146P IoNi 2Si 1C 54.5 4.50 79.3 6.03 “ ‘ 
149 157D 10.20 Ni 28.6 2.36 Quench 900 
150 1s7E 11.29 Ni 29.4 24.3 “ “ 
151 157H 12.07 Ni 39.3 2.50 ‘ 
152 144M 13.11 Ni : 34.8 2.62 ; . 
153 | 144P 19.21 Ni 36.4 2.99 “ : 
154 166G . 22.11 Ni 38.7 3.20 “. ‘ 
1s | 1548 25.20 Ni 63.2 | 5.22 . 
136 | 1661 26.40 Ni 65.5 | 5.41 “8 
187 166C 28.42 Ni 82.0 6.77 “ . 

158 | 166L, 35-09 Ni 81.1 6.70 “ ‘ 
159 1660 47.08 Ni 44.7 3.69 : 
160 | 166Q 75.06 Ni 22.1 1.83 “ ‘ 

' SELENIUM 

161 121D 0.017 Se 16.2 1.34 Quench 900 

162 121E 0.019 Se 14.6 1.21 “
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TABLE I—Continued. 

Electrical Resistance. 

| | | AS FoRGED AFTER TREATMENT 

No.; BaR | CoM POSITION | Mohs — Mohs 
| *| Rela. * | Rela, sg: 

| ec". Res. esr 3 Res. Condition 

t 

| SILICON 
163 96F 0.233 Si 14.7 1.22 Quench 900 

164 83A | %Si 19.5 1.61 19.8 1.64 Anneal 1000 

165 96A 0.603 Si 18.7 1.55 Quench goo 
166 44A 1 Si 18.6 1.54 15.9 1.31 Anneal 1000 

167 96B 1.033 Si 24-3 2.01 Quench g00 

168 96C 1.897 Si 34.4 2.84 “ . 

169 126D 2Si 10 V 78.9 6.51 75.5 6.24 Anneal 1000 

170 | 109B 2% Si 45-7 | 3.78 | 44.2 | 3.65 . “ 
I97I 109A 2.826 Si 44.6 3.68 Quench 900 

172 113V 3-334 Si 48.6 4.02 “ “ 
173 111N 4 Si 54.8 4.53 
174 44D 4 Si 48.6 4.02 

17S 96H 4.655 Si 62.2 5.13 Quench goo 
176 83B 5 Si 40.3 3-33 36.9 3.05 Anneal 1000 

177 | 1r09D 6.2 Si 77.2 6.37 74.9 6.18 “ “ 

SILVER 

178 118A | 9,281 Ag 12.5 1.03 Quench 900 

179 118B 0.492 Ag 13.3 1.10 “ “ 
180 113K | 0.533 Ag 13.1 1.08 “ “ 

181 | -xr1gL | 0.691 Ag 13.8 1.14 “ “ 
182 | 113M 0.506 Ag | 13.6 1.12 “s “ 
183 | 122A 0.677 Ag 13.5 1.12 “ “ 
184 118C 0.581 Ag 14.7 1.21 “s “ 
185 113N 4 Ag 12.2 |. 1.01% 7.7 0.64 | Anneal 1000 

TIN 

186 111B 0.288 Sn 13.0 1.07 Quench go00 

187 | 103C 0.342 Sn - 13.3 1.10 . « 
188 | 103D 0.686 Sn | 15.4 1.27 “ “ 
189 | rir& 0.717 Sn | 21.1 1.74 “ “ 
190 103H 1§n 2Al | 18.9 1.56 1.82 1.50 Anneal 1000 

191 | 103E rSn 1 Si | 28.1 2.32 19.6 1.62 “ “ 
192 | 111A 1.568 Sn | 22.4 1.85 | Quench 900 

193 | 121jJ 2.059 Sn | 29.8 2.46 “ “ 
194 1119 ; 3 $n 0.23P | 25.6 2.12 25.6 2.12 Anneal 1000 
198 113R 3% Sn 24.1 1.99 25.0 2.06 “ “ 
196 11zD | 5 Sn 47-4 3.92 “ “ 

| TUNGSTEN 
197 154V ! 0.406 W 13.4 1.11 Quench’ goo 
198 154W 0.93 W 13.6 1.12 “ “ 
199 154X 2W 19.8 1.63 17.6 1.45 Anneal 1000 

200 | 154Y 2.33 W 15.1 1.25 Quench 900 
zor | 154AB 3-35 W 16.1 1.33 “ “ 
202 154Z 4w 19.5 1.62 15.4 1.27 Anneal 1000
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TaBLE Il—Continued. 

, Electrical Resistance. 
[EE cn re Se ee 

| , As ForGED AFTER TREATMENT 

No. BAR CoM POSITION Mohs Mohs. 
“| Rela. Rela, ngs | ens | Res. es, | Res. | Condition 

| TUNGSTEN—Continued 
203 160P | 4W o4V 18.1 1.50 20.0 1.65 Quench 1000 
204 163) 4aW 04V o5C 23.2 1.92 38.9 3-22 “ “ 
205 163D 4W o4V 06C 23.0 1.90 35.0 2.89 “ ss 
206 163K 4W 04V 08C 24.1 1.99 43.1 3-56 “6 “ 
207 1s5X sW o5C 18.5 1.53 24.5 2.02 “ “ 
208 issA 5.98 W 16.2 1.34 Quench 900 
209 rs4L, 6W 24.2 2.00 16.1 1.33 Anneal rooo 
210 WIC 6W + C? 22.6 1.87 
2¥1 160Q 7W 03V 20.3 1.68 22.4 1.84 Quench 1000 
212 1635 7W 0.3V 0.6C 24.1 1.99 33-3 2.75 | se “ 
213 155B 8Ww 19.9 1.6§ 18.2 1.50 Anneal 1000 
214 155C o W 23.0 1.90 | . 16.5 1.36 “ “6 
215 15sD 9.85 W 17.1 1.41 Quench 900 
216 | x55sK 12 W 20.7 1.9% 17.8 1.47 | Anneal rooo 
239 I5sF 13.64 W 20.2 1.67 Quench 900 
218 155G 16 W 24.2 2.00 19.3 1.59 Anneal 1000 
219 155H 18 W 23.4 1.93 18.7 1.54 “ “ 
220 1551 23.87 W 18.5 1.53 Quench 900 

MISCELLANEOUS 

221 1361, zo Cr 3 Mn x Si 65.3 5.39 67.1 5.55 Quench roo0 
222 141G 21.4Cr 3Mn 1Si 1V 1 76.8 6.34 82.0 6.78 “ “ 
223 150C 2Cr 10 MO o.5C 0.3 V! 37.0 3.06 38.9 3.22 “ “ 
224 1558 10 Cr 5 Mo 47.9 3.96 50.0 4.13 “ “ 
225 155K 10 Cr 10 Mo 48.1 | 3.98 49-4 4.08 “ “ 
226 15sU 2Cr 10W 28.0 2.31 28.3 2.34 “ “ 
227 156F 3Cr 8W 30.0 2.48 30.5 2.52 “ “ 
228 163A sCr 2W 06C 47.4 3.92 57.8 4.78 “ “* 
229 163G 5s Cr sW 0.6C 56.8 4.70 57.8 4.78 “ “ 
230 148A 6Cr 18 W 0.3 V 0.69C! 50.3 4.15 | 48.0 3-97 “ “ 
231 126B 7.23 Cr oW 3 Si 89.5 7.39 87.9 7.26 “ “ 
232 | 163C 10 Cr 2W 51.4 4.25 51.5 4.26 . “ ss 
233 156K. roCr 2W 2Si 72.8 6.02 
234 186) 10 Cr 2W 0.6C 53.6 4-43 53.7 4.60 * ad 
235 | 156H 1oCr 2W 03V 53.3 4.40 49.8 4.12 ss “ 
236 | rs6I 10 Cr 2W 0.3 V 0.6C | 60.0 4.95 60.4 5.00 “ “ 
237 126A roCr s W 3 Si 92.2 7.6% 87.9 7.26 “ “ 
238 {| x55V 1oCr 10 W 60.7 | 5.02 57.8 4.78 “s “ 
239 150B 

240 rs0D =| 2Cr 10W 10M 0.3V 0.4C) 45.8 3.78 38.3 3.16 Quench 1000 

241 163B 2Cr 16W 5Mo 0.3V 0.sC| 44.5 3-68 38.8 3-21 * “ 

242 | 156G 7Cr 3W 2Mo 43-9 3.63 40.9 3.38 “ “ 
243 156M. ro Cr 2Mo 2W 50.9 4.20 49-7 4.1% “ “ 
244 | 156P 10Cr 2W 2ifo 06C | 61.6 5.09 bd “ 
245 | 136M roCr 2W 2Mo aSi 0.3V| 77.4 6.39 83.8 6.93 ad ” 
246 | 140Q sCr 3Mn 4Mo 1Si | 486 | 4.02 | 54.0 | 4.46 c 8 
wee
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TaBLE I—Continued. 

Electrical Resistance. 
nn ae anne nEETN OT eS ee a 

| AS FoRGED | AFTER TREATMENT 

No. BAR COMPOSITION Mohs. Mohs. | 

ect, Rela. ess | Rela. Condition 

MISCELLANEOUS—Con. 

247 144Z sCr 6Mo 1oMn roNi 1C| 63.8 5.27 78.0 6.45 Quench 1000 
248 154E 2Cr ro Ni 44.9 3.71 45.8 3.78 “ “ 
249 154F sCr 10 Ni 55-7 4.60 59.4 4-91 “ “ 

250 154A 7Cr ionI | 64.4 5.32 67.3 5.65 “ “« 
as1 154G 10 Cr 8 Ni 68.4 5.65 67.3 5.56 “ “ 

252 154K 10 Cr roNI 66.9 5-44 33-2 2.74 “ “ 

253 154H 10Cr 10 Ni 1C 73.8 6.10 69.7 5.76 “ “ 
254 1s4I 10Cr 10 Ni x Si 74.2 6.13 70.9 5.86 “s ss 

255 154B 1oCr 10 Ni 2 Si 78.8 6.51 76.2 6.30 “ol 

256 146L r0Cr 12 Ni 99.6 8.23 62.5 5.17 “ “oo 
257 1378S 10 Cr 20 Ni 2 Si 93.0 7.68 91.8 7.59 “ ss 

258 136V 20Cr 10 Ni 1Si 0.3 Vi} 76.0 6.28 75.7 6.26 “ “s 

259 126F 10 Ni 5 Mo 44.6 3-68 47.5 3-92 “e “ 

260 146Q 3.3 Ni 7.7 Mo 2 Si 53.6 4.35 52.4 4.33 “ “ 
261 146S 10 Ni 10 Mo 1C 52.7 4-35 49-7 4.11 “ “ 

262 154) 10 Ni 10 Mo o.5C 55.6 4.60 50.5 4.17 “ “ 

263 146R 20 Ni 10 Mo | 95.8 6.26 76.9 6.36 “ “ 

264 1gsZ 20 Ni roMo 1C | 99.6 6.57 78.7 6.5 “ “ 
265 rssY 10 Ni 5 W | 40.6 3.36 40.7 3.36 “ “ 
266 155AB 10 Ni 5 W | 25.4 2.10 22.4 1.85 “ * 

267 156A 15 Ni 5 W 45.8 3.78 44.9 3.7% “ “ 

268 1ssP 1Mn 2Mo | 22.3 1.84 20.6 1.70 “ “ 
269 156C 1Mn 10Mo o.5C 32.4 2.68 30.4 2.52 “ “e 

270 156N 2Mn 5 Mo 06C 35.6 2.94 44.0 3.64 “1 

271 136X 10 Ni 2Mn 2Mo o.5C) 64.2 5.30 63.5 5.25 “ “ 
2Ni 12 Mn 6 Mo 0.8Si| 68.5 5.66 67.1 5-55 “ ‘« 

Iron. 

There is considerable variation in the relative conductivities of 

the nine iron bars tested, varying from 0.88 to 1.19, as compared 
with the standard 117A, which is taken as 1.0. Even the Swedish 
anode bar (NSW) has a higher conductivity than the standard, 
while some of the electrolytic forged bars are of somewhat higher 
relative resistance. The standard is, therefore, a good average 
bar. 

Annealing in general causes a decrease of resistance, but the 

decrease is slight. Likewise, because of the fact that the average 
resistance of the quenched bar is no higher than the annealed, 

quenching appears to have little effect.
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Aluminum. 

But three bars containing this element were available for test- 
ing. In all cases, although the percentage of aluminum is small, 
there is a considerable increase of resistance. It is not possible 
from this small amount of data to draw any deductions in regard 
to the effect of varying percentages of aluminum. In the case 
of the one bar tested under two conditions of heat treatment, 

there is a decrease of resistance after annealing. 

- Antimony. 

Because of difficulty in forging, it was possible to secure but 
one bar of the antimony series, with an added content of 1 percent 

of this element. Analysis has not been made to confirm this 
percentage, but it is evident that some antimony is present in the 

bar, because of the increase of its resistance over that of the 

standard, amounting to 67 percent. 

Arsenic. . 

Referring to the six bars in this series for which analyses have 

given the arsenic content (1211, 121H, 113A, 113B, 113D and 
113H), it will be seen that there is an increase of resistance due 
to the presence of arsenic. The resistance is a function of the 

arsenic content, and for the larger percentages of 3.86 and 3.56 

in Bars 113D and 113H, it has become respectively 3.07 and 3.82 

times the resistance of the electrolytic iron standard. 

For Bars 92A, 113C and 113E no analyses have been made 
to determine the arsenic content; the increase of resistance, how- 

ever, enables one to predict that there is some arsenic present, 

but probably not in the quantities added, particularly in Bar 113, 

since its relative resistance has only increased to 1.72. 

Likewise it is evident that some (but not all) of the 5 percent 
of arsenic remained in the transformer iron to which it was added, 

since comparison of Bars 172C and 172D shows an increase of 
electrical resistance from 18.7 to 30.2 microhms per cubic centi- 

meter, a rise of 62 percent. 
This high electrical resistance in those materials of high arsenic 

content is a most desirable accompaniment of the high perme- 

abilities noted in the discussion of the magnetic tests.
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. Bismuth. 

There is but little increase of resistance in the five bars of 

this group, and an irregularity of this resistance according to the 
added bismuth content. Since analyses have not been made, it 
is not possible'to draw any conclusions regarding the effect of 

bismuth. The high conductivities of all of the samples, differing 
but little from the standard, points to the fact that but very little 
bismuth has remained in the bars tested. 

Chromium. | 

In this group of alloys the resistance of all bars is fairly high, 

and in many instances it is very high, with the relative resistance 

exceeding five times that of electrolytic iron. Among those bars 
with chromium alone alloyed with iron, the relative resistance in- 
creases from 2.21 for Bar 137C (3.27 percent CR) to 4.13 for 

Bar 137H (16.57 percent Cr). 

The highest resistances are reached in those bars having silicon 
present in addition to chromium; also the resistance is highest 

in those bars with highest silicon content. The maximum rela- 
tive value of 8.50 is reached in Bar 112A, with Io percent Cr, 
5 percent Si. 

The effect of vanadium is not very pronounced; there is a. 
slight tendency towards increase of resistance with increase of 

vanadium. Also there is but little change in the chrome-vanadium 
alloys after quenching; to the contrary, the magnetic coercive 

force was greatly increased, as was noted in a preceding discus- 
sion of permanent magnets. This lack of alteration of the resist- 

ance is at variance with the general effect, which may be verified 
by comparison of the tables for electrical resistance (Table I) 
and for permanent magnets,’ that the resistance changes follow 
the changes in coercive force and physical hardness due to an- © 
nealing or quenching. 

Cobalt. 

In the seven bars of this group, varying in cobalt content from 
0.32 percent to 6.02 percent, there is but little increase of resist- 

ance over that of the standard, and no regularity of increase or 
decrease due to variations of the cobalt present. 

1These Transactions 18, 264 (1910). |
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Copper. 

Among the binary alloys of copper and iron there is but little 
change in the conductivity up to a content of copper of 7 percent, 

the limit of forgeability ; and in general the resistance is slightly 

higher than for iron alone. At the other end of the series, those 

alloys having 90 percent or upwards of copper have resistance 
somewhat less than half that of iron; thus the presence of small 

amounts of iron to the copper decreases the conductivity very 
markedly. 

_ The further addition of silicon, aluminum, tin or arsenic to the 

copper-iron alloys increases the resistance, and, particularly in 

the case of silicon, the increase varies with the increase of added 

element. 
Annealing has resulted in a considerable betterment of the 

' conductivity. | 

Lead. 

But one alloy of lead and iron was tested, and analysis indi- 

cated only a small content of lead (0.061 percent). The resist- 

ance of this bar is slightly higher than the standard by 15 percent. 

Manganese. 

In this group are listed only binary alloys of manganese and 

iron, with a content of added element varying from 0.50 to 10.42 
percent. It will be noted that there is a successive increase of 
resistance with increase of manganese, from the relatively low 
value of 1.33 for Bar 123H to the relatively high value of 4.57 

‘for Bar 123J. Plotting the relative resistance as a function of 

the manganese percentage gives a resultant curve which is prac- 
tically a straight line. 

In the few cases for which tests have been made under vary- 
ing heat treatment, but little change has resulted from annealing 

or quenching. _ 

Molybdenum. | 

The alloys of this group have a higher resistance than pure 

iron, but the increase is not very great. Also, the conductivity 

is but little lowered by the greater quantities of molybdenum, as
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is evidenced by the relative values of 2.30, 2.47 and 2.90 for 
Bars 155N (5.12 percent Mo), 155M (9.84 percent Mo) and 
155 O (13.69 percent Mo). 

Additions of vanadium and carbon have but little influence on 

the conductivity, and there is no change upon quenching, except 
for those bars containing carbon, where the electrical resistance 
increases in conformity with the increase of physical hardness. 

Nickel. 

A most interesting study is that of the electrical resistance of 
the binary series of nickel-iron alloys. The data from Table I 
are plotted in Fig. 1. There is a gradual increase of resistance 
with increase of nickel, from a relative value of 1.08 in Bar 144C 

(0.27 percent Ni) to 3.20 in Bar 166G (22.11 percent Ni). Here 
there is a sudden rise in the curve at compositions correspond- 
ing to those of the non-magnetic alloys. The maximum values 

are reached at 28.42 percent Ni (Bar 166C) and 35.09 percent Ni 
(Bar 166L). . At these two points the resistances are respectively 
82.0 and 81.1 microhms per cu. cm., or 6.77 and 6.70 times the 
tesistance of the standard. ‘The three non-magnetic bars, 1548, 
166I and 166C, have the high relative resistance of 5.22, 5.41 and 

6.77. 
Above 35 percent of nickel the two determinations made indi- 

cate a fall of resistance with increase of nickel in a curve very 

similar to that on the other side of the maximum range. The 

relative resistances are 3.69 for 47.08 percent Ni (Bar 1660) 
_and 1.83 for 75.06 percent Ni (Bar 166Q). The final point of 
the curve at a nickel content of 100 percent is taken from a 
standard hand book. 

Might not the maximum point in the curve of resistance be at 
34 percent nickel, corresponding to the compound Fe,Ni? Meas- 

urements of other kinds, such as dilatation, indicate a change of 
properties at this composition and tend to support the above view. 

Vanadium appears to have but little influence on the conduc- 

tivity, and there is no change due to quenching. However, in 
the one bar (144P) containing silicon, the resistance has reached 

the fairly high value of 4.50 in the forged condition, and has 
increased to the very high figure of 6.03 after quenching, due, no 
doubt, to the hardening effect of the 1 percent of carbon present.



ELECTRICAL RESISTANCE OF IRON ALLOYS. 219 

| Selenium. 

The selenium content of the two bars tested is very small 

(0.017 percent and 0.019 percent), and no conclusions can be 

drawn from the data at hand. The resistance is higher, how- 
ever, than the standard, the inctease being 34 percent and 21 
percent for the two samples, 

Silicon. 

The effect of additions of silicon to iron is a most marked 
increase of electrical resistance, an increase which is a function 

of the silicon content. Bars 96H (4.65 percent Si) and 109D 

(6.2 percent Si) have the high relative values of 5.13 and 6.18 
after annealing. Since these silicon percentages are about those 

desired in the high permeability steels so much used in electrical 

machinery, we have in this alloy the additional valuable property 
of high electrical resistance. 

Annealing of the several samples has resulted in a decrease of 
the resistance. 

Silver. 

Of the eight iron-silver alloys listed in this group, analyses 
of seven show so little silver present, and this amount so nearly 

constant in all bars, that no conclusions can be drawn from the 
data. The relative resistances differ but slightly from those of 

the standard electrolytic sample. 

Tin. 

In the five analyzed iron-tin alloys listed in this group, we note 

the increase of resistance with increase of tin. Bar 121J, with 
2.06 percent Sn, has the relative value of 2.46. The highest. 
value reached is 3.92, in Bar 110D, with an added tin content of 
s percent. Although this sample has not been analyzed, the high 
relative resistance indicates a high tin content; and the magnetic 
tests data previously discussed confirm this deduction. . 

In this series, therefore, we again have the desirable accom- 
paniment of a high electrical resistance with high magnetic per- 

meability.
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| Tungsten. 

There is a slight increase of electrical resistance due to the 
addition of tungsten to iron; however, the effect is not very 

marked, and the relative resistance has been increased to only 

about 13% times that of iron with an addition of about 24 percent 

of tungsten. 

| Also, the further addition of vanadium and carbon has but 

little effect. Annealing results in a slight increase of conduc- 
tivity, but quenching causes very little change, except in those 

bars containing carbon, in which case there is a marked increase 
of resistance as the accompaniment of physical hardening, 

| Miscellaneous. | 

In this group appear a large number of alloys containing 
various combinations of chromium, manganese, molybdenum, 
nickel and tungsten, which promote self-hardening in steels. In 
a previous discussion of materials for permanent magnets, this 
group furnished a large part of the suitable materials. 

Examination of the table shows that almost all the materials 
are of comparatively high resistance; and a comparison of this 
table of electrical resistance with Table III? of data for permanent 
magnets indicates an intimate correlation between these proper- 
ties. In general those samples having physical hardness and high 
coercive force have high electrical resistance. Likewise, quench- 
ing has again had a varied effect, causing a decrease of resistance, 
or little change, or an increase; if the change has been marked, 
it is in general an increase of resistance. This is in confirmation 
of the results of the tests for permanent magnets. 

As to the effect of the various combinations, the highest general 
resistance is attained with the nickel-chrome alloys, either alone, 
or with silicon, carbon or vanadium present. Nickel-molybdenum 
and nickel-tungsten alloys do not reach such high resistances ex- 
cept where the nickel content becomes so high that its presence 
alone results in high resistance. Also, chromium together with 
tungsten or molybdenum has not a very high resistance except 
where silicon is present; and the chrome-silicon alloys have high 
resistances without the added tungsten or molybdenum. 

*These Transactions 18, 264 (1910).
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Conclusions. 
Summarizing, it appears as a result of these tests that all three 

of the elements of arsenic, silicon and tin, which are beneficial to 

Taste IT. 

High Electrical Resistance. | 
Relative Above 5. 

ren 

No, | Bar | Composition | rem | Res nire | Condition 
a ce ena enn Sa minnSinOUNR OS OS 

1 112A roCr 5s Si 103.0 8.50 ‘| Forged 
2 154B 1oCr 1:2 Ni 99.6 8.23 “ 
3 146L, 10 Cr 20 Ni 2 Si 93-0 7.68 “ 
4 126A 1oCr 5s W 2Si 92.2 7.61 “ 
5 141E Cr 2 Si 92.6 7.58 “ 
6 126B 7.23 Cr o W 3Si 89.5 7.39 “ 
7 122 10 Cr 3 Si 87.5 7.23 “« 
8 137L, 10 Cr 2Si 2 Ti 86.0 7.01 Quenched 
9 133N 13Cr 1.8 Si°* | 85.6 7.08 “ 

10 r41C 10.3 Cr 1V 2Si03C | 84.9 7.01 “ 
rt 156P toCr 2W 2Mo 2Si °3Y) 83.8 6.93 “ 

12 141G 21.4Cr 3Mn 1Si1V 82.0 6.77 “ 
13 166G 28.42 Ni | 82.0 6.97 “ 
14 166L,- 35-09 Ni | 81.1 6.70 “ 
15 146R 20 Ni.10o Mo 1C i 79.6 6.87 Forked 
16 1541 10 Cr ro Ni 2 Si 78.8 6.51 “ 
17 126D 2Si 10 V 78.9 6.51 - “ 
18 1400 sCr 6Mo 1roMn 1oNi 1C 78.0 6.45 Quenched 
19 | 15sK 10Cr ‘eSi 03V 06C 97.4 6.40 “ 
20 1090 6.2 Si 77.2 6.37 Forged 
21 | 154J 20 Ni ro Mo 76.9 6.36 Quenched 
22 136H 17Cr ry Si 76.0 6.28 “ 
23 1397S zo0Cr ro Ni 1 Si 0.3 V 76.0 6.28 Forged 
24 | 1S toCr 2Si. 75.0 6.20 “s 
25 | 1630 wCr 1V 74.8 6.18 Quenched 
26 134H 10 Cr 10 Ni 1 Si . 74.2 6.13 Forged 
27 154K roCr roNi 1C 73.8 6.10 “ 
28 156K 1oCr 2W 2Si 72.8 6.02 Quenched 
29 146P to Ni 2Si 1C 70.3 5.81 Forged 
30 136X 2 Ni.12 Mn 6 Mo 0.8 Si 68.5 5.66 “ 
31 154k 7 Cr 10 Ni 67.3 5.65 Quenched 
32 154A 10 Cr 8 Ni 68.4 5.65 Forged 
33 1361, 20Cr 3Mn 1 Si 67.1 5.55 Quenched 
34 154G ro Cr 10 Ni 66.9 5.44 Forged 
35 1661 26.40 Ni 65.5 5.42 Quenched 
36 | 133F 6Cr 1.68 Si 64.4 5.32 “ 

37 1548S 25.20 Ni 64.2 5.30 Forged 
38 1584S 25.20 Ni 63.2 5.22 Quenched 

39 | 96H 4.65 Si | 62.2 5.13 “ 
46 156M 10oCr 2W 2Mo 0.6C 61.6 5.09 Forged 

41 | 133M 8Cr 1Si 61.2 5.06 Quenched 
42 | ssV 10 Cr 10 W 60.7 5.02 Forged 
43 | 1561 10 Cr 2W 0.3 V 06C 60.4 5.00 Quenched
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the magnetic properties of iron, have the desirable accompaniment 

of high electrical resistance. 
Among the materials adapted for high resistances, various 

combinations of iron with nickel, chromium and silicon are most 

suitable. 
The change of resistance due to heat treatment in general fol- 

lows the changes of physical hardness due to the treatment. An- 
nealing usually results in a decrease of resistance. Quenching is 
uncertain in its effect; usually there is an increase of resistance 
with physical hardening of the bar. 

High Resistance Materials. 

There are grouped in Table II, in the order of their relative 
resistances, all those iron alloys tested which showed a rela- 

. tive value as compared with the electrolytic iron of five or up- 
wards. ‘The highest resistance recorded is 8.50, reached by Bar 

112A, with Io percent Cr, 5 percent Si. Examination of the 
table shows 43 bars listed, all of which contain chromium, nickel 
or silicon, either alone or in various combinations. 

| Chemical Engineering Laboratories, 
University of Wisconsin. 

DISCUSSION. 

Mr. C. A. Hansen: The following specific resistance on the ~ 
high nickel end of the nickel-iron series may be of interest as 
supplementing the results given in this paper. These measure- 

ments were made on drawn wire by the Standardizing Laboratory 
of the General Electric Company : 

Percent Percent Percent creme 
Fe Cc Si at 20°C (20°-g0° C) 

Nickel. ...........0000.. .O71 .170 16.3 .00259 
feet t eee eg nes .110 .640 19.7 .00222 
“fron. ....... 3.70 .120 350 20.0 00265 
BS eves eee 7.14 .1IO .260 19.6 .00242 

Leveeeee 10.34 TIO ,094 21.4 .00273 
“ Cl eceeeee 18,75 .190 O14 24.1 00325 

Dr. E. F. NortHrup: Were these resistance measurements 
made at room temperatures ?
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Dr. O. P. Warts: All were made at room temperatures of 
the laboratory, which would be about 23° to 24° C. | 

Mr. Cart, Hertnc: Do you know how he made the arsenic 
alloys, as arsenic volatilizes so readily? 

Dr. Watts: The material was weighed out into these cru- 
cibles, put inside the graphite crucible, then a graphite cover 
placed over it, and the crucible placed in a granular resistor 

furnace, in which it was allowed to cool, after the metal was 

melted. 

Mr. Hansen: I think I have seen that arsenic series before, 

where he has put 10 percent arsenic in the alloy and given an 
analysis of 314 percent. In this series he seems not to have 

given any analysis, but gave the added percentage. Another 
thing we are particularly interested in is that all those bars 

were forged. 

Dr. Watts: All bars were forged. 

PRESIDENT WHITNEY: That means you can forge a bar of 
IO percent chromium and 5 percent silicon? 

Dr. Warts: Yes, all these bars were forged. I have seen 

a hundred other bars smashed before my own eyes. 

Mr. Hansen: I think the list of the hundred alloys that were 
smashed, if we could have a little amplifying detail, might be 
as valuable as the list of materials forged would be to the people 

who are interested in making electrical resistance alloys. 

Dr. Watts: Those must be placed in the series of which the 

President spoke this morning, of unsuccessful experiments. We 

have not published them as yet. , 

Mr. JamMEs Aston (Communicated): Referring to the dis- 
cussion of the results given in the paper, it must be confessed 
that they are open to criticism from the standpoint of exact 
physical measurement, in that no endeavor was made to correct 
for slight temperature changes; also that the method does not 
approach the accuracy of Wheatstone bridge or potentiometer 
measurements. No apology is necessary, however, since the data 

was obtained and put forth not as being the last word on the 
subject, but to give the general effect of the various alloying 

elements on the conductivity of the pure iron base.
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We regret that two errors crept into the paper as presented, 

one of which has been corrected in this final publication. In 

the description of the method employed, there was the following 

paragraph: “The apparatus used consisted of two knife edges, 
7.854 cm. apart, upon which the test bar was laid, and pressed 

into firm contact by means of spring clips; these also served as 

conductors to lead the current into the bar.” Interpreting this 
to mean that the knife edges served as the current conductors, 
and in view of the fact that large currents (50 amperes) were 
often used, it is evident that there would be marked errors when 

these same knife edges were also the contacts for the millivolt- 
meter connections. However, this was not the case, since the 

spring clips which pressed the bar firmly into contact with the 

knife edges were the current conductors, and the knife edges 

which were between or inside the spring clips carried only the 
small current taken by the millivoltmeter. This ambiguity has 

| been eliminated by making the paragraph read as follows: “and 

pressed into firm contact by means of spring clips; the latter 

were outside of the knife edges, and served also as conductors 

to lead the current into the bar.” | 
The uncorrected error is in plotting the curve for the nickel 

series, in that the point at 81 microhms per cubic centimeter, 

applying in the tables to the alloy with 35 percent Ni, was plotted 

as 30.5 Ni. 

In regard to the iron-arsenic alloys, they were made by a 

simple melting of the two materials in a magnesia crucible, as — 

explained by Dr. Watts. Although arsenic volatilizes long be- 
fore the melting point of iron is reached, the analyses of the 
alloys agreed very closely with the added proportions up to 
4 percent As. This seems to be the saturation point under the 
conditions of melting, and although added amounts up to 10 
‘percent were tried, the highest percentage on analysis was 4.14 

percent. 

All bars for which results are given were forged and turned 
into shape. In many cases added percentages only are given as 
the composition of the bars; but, as mentioned in the paper, the 

plotted data is all from analyzed bars, and most of the others — 
are alloys of iron with such elements as are taken up in practi- 
cally the added proportions,
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THE PREPARATION AND PROPERTIES OF METALLIC CERIUM.* 

By Aucan Hrrseu. 

INTRODUCTION. 

In view of the amount of research’ on the rare-earths, it is 
remarkable that little has been done on the metals themselves. 
This is easily understood, however, when one considers the 
scarcity of pure material to work with and the difficulty of 
reducing these very electropositive elements from their com- 
pounds. What metal has been obtained has been, in most cases 
at least, small in amount and very impure, usually contaminated 
with the other members of the group. On account of the rarity 
of the materials to work with, little has been done in a study of 

the physical and chemical properties of these rare-earth metals, 

and the field of alloys has been almost untouched. 

In the present research, cerium, the leading member of the 
cerium group, was chosen as the rare-earth element to be studied. 
The investigation was undertaken with a two-fold purpose. First, 
starting from as pure cerium salts as it was possible to obtain, 

it was desired to prepare the metal in quantities sufficiently large 

that its physical and chemical properties could be studied and a 

large number of alloys could be made. Second, by preparing 
metal from the unpurified rare-earth residues from monazite 
sand, obtained as a by-product in the incandescent gas-mantle 
industry, it was hoped that alloys of commercial value could be 

obtained. In other words, whereas the application of these 

| residues as oxalates or oxides is very limited to-day, their value 
might possibly be increased materially if a useful metallic or 
alloyed product be prepared from them. 

The writer gratefully acknowledges his indebtedness to Pro- 
* Presented as a thesis for the doctor’s degree at the University of Wisconsin, 

June, 1911, 
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fessors Burgess and Lenher, of the University of Wisconsin, for | 

the facilities of their laboratories and their helpful advice and 

encouragement during the progress of this research. The elec- 

trolytic work was done in the laboratories of Applied Electro- 
chemistry, while the analyses and the chemical preparations were 

made in the Department of Inorganic Chemistry. 

This research was begun in December, 1907, and concluded 

June, 1911. The actual time devoted to this study covered a 

period of over three years. 

HISTORICAL. 

In 1751 Cronstedt? discovered the mineral cerite in a mine 

of Bastnaés. In 1784 Bergmann and d’Elhyar® confused the 
rare-earths with lime, and published an incorrect analysis of this 
mineral cerite. In 1794 Gadolin* discovered the rare-earths in a 
heavy black mineral, afterwards called gadolinite. 

In 1804 cerium was discovered simultaneously by Klaproth® 

in Germany and by Berzelius and Hisinger* in Sweden. The 
first investigator named the oxide ochre earth because of its 

color, but Berzelius and Hisinger called the new element cerium, 

after the planet Ceres. About the same time Vauquelin’ con- 
firmed the discovery of a new earth by analysing cerite, and then 

undertook the study of the salts of cerium. In 1814 Berzelius 
and Galin® separated the oxides of cerium and yttrium. Between 

this period and that of the famous researches of Mosander, 
_ numerous articles were published on cerium and the minerals in 
- which it was found, but the material used was necessarily very 

impure, and what was called at that time cerium oxide was in 
reality the mixed oxides of the cerium group. 

In 1839 Mosander 10**?* announced that cerium oxide was a 
mixture of two oxides, those of cerium and lanthanum. In 1841 

_ he stated that cerium oxide contained still another oxide, that of 

didymium. In 1868 Wolf!? determined the equivalence of 
cerium and announced that the so-called.cerium compounds were 

mixtures of two or more rare-earth elements. In 1879 Lecoq de 

Boisbandran,"* while examining the didymia obtained from the 
mineral samarskite, isolated a new element which he called 

samarium. In 1885 Auer von Welsbach** showed that didymia
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was a mixture of the oxides of two new rare-earth elements, neo- 
dymium and praseodymium. . 

At the present time there are about 15 well identified ele- 

ments which, for chemical reasons, among other properties that 

of the insolubility of their oxalates in slightly acid solution, are 
classified as rare-earths. These rare-earths are usually subdivided 
into three groups in the order of their basicity—the cerium group, 
the gadolinium goup and the yttrium group. There is no abso- 

lute differentiation of one group from another, but rather a 
gradual transition. Usually only the five elements,—cerium, 

lanthanum, neodymium, praseodyium and samarium,—are in- 
cluded in the cerium group. 

The present research is concerned with the cerium group, and 

principally with cerium itself. But in the rare-earths’ relations 

between members of the same group are much closer than among 

other kindred elements, as the platinum metals. For example, 
the atomic weights of lanthanum, cerium and praseodymium are, 

‘respectively, 139, 140.25 and 140.6; therefore the chemistry of 
one element concerns that of the other members of the group,— 

to a certain degree at least. 

Previous Work on the Rare-earth Metals. 

Two general methods of preparation have been used for the 

production of the rare-earth metals: 

(1) Reduction of the oxide or chloride by one of the very 

electropositive metals. 
(2) Electrolysis of a fused salt. : 
Mosander and Marignac’® appear to have been the first to 

produce metallic cerium by a thermal reduction using the alkali 
metals. Wohler?® describes the difficulty of the reduction using 

sodium metal and cerium chloride, and states that 12 grams of 

sodium yielded only 50-60 milligrams of cerium metal. Winckler™” 
used metallic magnesium and cerium dioxide and obtained a 

pyrophoric mixture. Recently some attempts have been made 
to produce the metals by improved methods of thermal reduction. 

Matignon'® used metallic aluminum and magnesium, and 
Schiffer2® in Muthmann’s laboratory, experimented with the 
reduction of the oxides by: aluminum. From the writer’s own 

experiences in the attempted thermal reduction of these oxides,
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which is described further on in this article, it appears that the 
reduction yields either a lower oxide, an impure mixture of 

partially reduced metal and oxide, or an alloy of the reduced 
metal and rare metal, such as an aluminum-cerium alloy. 

In 1874 Frey®° published a notice of the preparation of the 
rare-earth metals in the laboratory of Dr. Schuchardt, in Gorlitz, 
using the electrolytic method of Bunsen. The following year 
Hillebrand and Norton”? published an account of their work 
on the electrolytic preparation of cerium. They succeeded in pro- 
ducing about six grams of cerium at a single operation, and 
obtained in all thirty grams of the metal. In 1895 Pettersson” | 
attempted to electrolyze the oxides, but produced only the 

carbides. In 1902 Muthmann® and his associates published 

the first of a very comprehensive series of articles** on the 
metals of the cerium group. Besides preparing the metals 

of the cerium group, they devised a new type of electrolytic 

vessel which they found useful in their method of electrolysis. 
They have also prepared an alloy which they call “mischmetall,” 
which is an alloy of the cerium-yttrium group metals. Borchers 
and Stockem”® have devised a method in which they use the 
double cerium-calcium chlorides, and have patented this process 

(German Patent 172,529). The above-mentioned electrolytic 
methods will be referred to again further on in this article. 

PREPARATION OF MATERIAL, 

The general scheme followed in this research was to use the 
mixed rare-earth oxides for experimenting on the exact con- 

ditions required for the preparation of the desired salt, and after 

the proper conditions of the process had been determined, to 

prepare the pure cerium salt. Oxalates of the rare-earths, 

a by-product of the commercial extraction of thorium and cerium 

from monazite sand, were employed for these experiments. The 

oxides, prepared by calcining the oxalates at a temperature of 

750-800° C. in a gas muffle furnace, analyzed 97.8 percent rare- 
earth oxides, of which approximately 49 percent was cerium 

dioxide. ‘They dissolved completely in nitric acid, and also in 

hot concentrated hydrochloric acid on digestion, which is usually 

taken as a check that the cerium content is less than 50 percent.”®
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Preparation of Anhydrous Chlorides. 

| The first salts required were the anhydrous chlorides (composi- 
tion RCI,). There are several hydrated chlorides of cerium 

_ known, of the compositions: 2CeCl,.15H,O; CeCl,.7H.O; 
CeCl,.6H,O; CeCl,.H,O. Cerium chloride is similar to mag- 
nesium chloride in that when its solution is evaporated to dryness 
and calcined, HCI is evolved with partial decomposition of the 
chloride to oxychloride and oxide. 

A good many methods have been proposed for the preparation 
of anhydrous or dehydrated chlorides of cerium, among which 

may be mentioned the following: Heat the hydrated chlorides 
with NH,Cl until the latter salt is completely volatilized.?7 

. Behringer** heated the hydrated chlorides with NH,Cl in a glass 

tube in a current of chlorine. Robinson®® heated the oxalates to 

a temperature of about 130° in dry HCl gas until all of the oxalic 

acid had sublimed, then gradually raised the temperature to a 
red heat. Didier®® heated CeO, in a current of CO, and chlorine. 

Muthmann and Stutzel*! passed H,S over anhydrous sulphate 
heated to a high temperature, and then a mixture of CO, and dry 
hydrochloric acid gas. Mosander®? burned cerium in chlorine. 

Moissan** attacked the carbide by hydrochloric acid gas at 650° 

or chlorine at 250°. Meyer** converted the oxides to chlorides 

by vapors of CCl,. 

A number of methods for the preparation of the anhydrous 

chlorides were tried before a suitable one was found. The large 

quantity of chloride which was required (several kilograms) 

necessitated that the preparation should be done in as simple and 
rapid a manner as was possible. Both aqueous and non-aqueous 

methods were tried, and below are given the different processes 
experimented with and their relative advantages and disad- 
vantages. 

One of the best methods for the preparation of this type of 

chlorides (those that decompose on evaporation and calcination 

from aqueous solution) is to heat the hydrated chloride with 
NH,Cl. In the case of cerium chloride, Muthmann® describes 

in some detail this method, and mentions the tediousness and 

care required. To prepare a kilogram or so may require several 

days’ work to effect the dehydration. The use of a platinum 

finger crucible is recommended, and not more than 50 grams of
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the hydrated cerium-ammonium chloride should be heated at a 
time. The heating must be done very cautionsly or the product 
will be qontaminated with oxychloride or oxide. The writer has 
tested thoroughly this method, and finds it very poor in this case 
for large scale operations. One set of experiments which was 
tried will illustrate the difficulties encountered. Two kilograms 

of the mixed oxides were dissolved in 4 liters HCl (22° Bé.) 
and about 414 kilograms NH,Cl were added. Evaporation was 

carried to dryness in large (35 cm.) porcelain evaporating dishes. 
About a kilogram of the chlorides was introduced into a large 

Dixon crucible, which was heated in a gas crucible furnace at a 

low temperature until the white fumes of NH,Cl came off 

copiously. The fumes were conducted out of the window by a 

suitable flue, and the atmosphere within the furnace was at all — 

times a reducing one. The heating was continued until the con- 
tents of the crucible were molten and white fumes ceased to 

come off. A strong odor of HCl gas and chlorine was noticed 
toward the end of the operation. The product did not melt to a 

clear liquid as the properly prepared anhydrous chloride does, 

but fused to a slimy mass. Analysis showed that the chloride 
was highly contaminated with oxide, and although I,100 grams 

were obtained, the product was unsuitable for electrolysis. 

Borchers and Stockem**® state that many of the difficulties 

encountered in the dehydration of hydrated cerium chloride can 
be avoided by the preparation of the double calcium-cerium 

chloride, and that this salt can be prepared in the anhydrous 
state without decomposition by simple calcination. These results 

could not be duplicated by the writer. Forty-seven grams of 

the hydrated chloride of cerium were dissolved to a clear solution 
in water slightly acidified with HCl, and 15 grams of CaCl, were 
added. The solution was evaporated to dryness and calcined. 

~ The salt which was obtained did not melt to a clear solution, and 

was tnsuited for electrolysis. 
Dennis and Magee*’ have prepared the hydrated chloride 

CeCl,.7H,O, which loses water in a vacuum or over dehydrating 

agents, whereas the hydrate 2CeCl,.15H,O does not effloresce 

when placed over sulphuric acid.2® It was thought that perhaps 

the anhydrous chloride could be prepared from the hydrated salt 
CeCl,.7H,O. The concentrated solution of the chlorides, pre-
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pared by the action of concentrated HCl on the mixed oxides, 
was cooled to 0° C. by ice, and dry HCl gas was passed into the 
solution. After a time crystals began to separate out. They were 
filtered, dried in the air, and the chlorine content determined by 
titration with standard AgNO,. The percent of chlorine was 
found to be 26.6 percent, whereas that in CeCl,.7H,O is 28.6 
percent. The presence of rare-earths other thar cerium probably 
caused the difference in composition. When this salt was heated 
in a partial vacuum (water-pump) at 100° for two hours, the 
loss in weight was 4.4 percent. When dried over P,O, in a 

vacuum desiccator for several days, the loss in weight was about 
8 percent. The salt CeCl,.7H,O was then dehydrated in dry 

HCl gas. Small quantities of the salt were placed in several 
porcelain boats in a porcelain tube furnace through which dry 
HCl gas was passed. The maximum temperature in the tube 

was 210°, and the average temperature was 195°. The product 

in the boat placed in the center of the tube lost 35 percent in 

weight, and analysis showed a chlorine content of 39.3 percent. 

The chlorine content of the anhydrous chloride CeCl, is 43.2 

percent. The chloride so prepared melts to a clear liquid. At- 

tempts were then made to prepare the anhydrous chloride on a 

larger scale by this method; 1,500 grams of the mixed oxides 

were converted into chlorides, and then the hydrate CeCl,.7H,O 
was prepared by the method of Dennis and Magee, described 
above. The yield of salt was very small, and the operation 

is a difficult one to perform on a large scale, due to the fact that 
a low temperature is necessary and the absorption of HCl gas 

in water is accompanied by a considerable evolution of heat. 
Moreover, a simple method was found for preparing the mono- 

hydrate, and as the dehydration of the septa-hydrate passes 

through the stage of the monohydrate, this method was 
abandoned. 

As the’ dehydration of the chlorides appeared to be the prin- 
cipal difficulty in the preparation of the anhydrous chlorides, it 

was thought that a suitable process might be developed by the 

use of non-aqueous solvents. As the action of non-aqueous 

solvents was found to be somewhat slower than the action of 
aqueous ones on cerium compounds, it was desirable that a
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readily decomposable substance be used as the starting material, 
and the rare-earth carbides were chosen for this reason. 

The carbide* RC, was prepared by heating the mixed oxides 
with powdered graphite in an arc furnace. Several kilograms 
of this material were prepared according to the method of 
Moissan.*® The proper mixture to be heated was found to be 

500 parts mixed oxides and 132 parts finest graphite powder. 

When a graphite crucible was used as one terminal and a graphite 

rod (about 1 inch diameter) as the other, the carbide was easily 
prepared on a large scale by using a 25 kw. arc (AC or DC). 
Care should be taken to protect the eyes properly, as the rays 

emitted from the hot mass are especially harmful as they contain 

a certain amount of ultra-violet rays. 

Alcoholic HCl, made by passing dry HCl gas into cooled 

absolute alcohol, acts readily on the carbides. The solution of 
the chlorides prepared by this method always contains more or 

less graphite, and is very difficult to filter because of its viscosity. 
By evaporation to dryness, the anhydrous chlorides are obtained, 

but care must be taken to prevent absorption of moisture, as the 

syrupy liquid is extremely hygroscopic. Several minor difficulties 

are encountered in this method, the principal ones being the 

solubility of acetylene in absolute alcohol (6 times as soluble as 
in water) and the lesser solubility of the chlorides in absolute 

alcohol (one-third as soluble as in water). Because of the above 
disadvantages, and the expense involved in the use of absolute 

alcohol and its subsequent loss on evaporation, this method was 
not suitable to large scale operations. The action of HCl gas and 
chlorine on the carbides gives chlorides which are highly con- 

taminated with carbon and are therefore useless for electrolytic 
purposes, as carbon in a finely divided state with the chlorides 
will form carbides on electrolysis. 

*Moissan (C. R, 124, 1233) states that pure CeOz (free from iron and other 
earths) may be prepared from cerium carbide by fractional treatment of the carbides 
with dilute HNO; <A modification of this method for the preparation of cerium 
dioxide free from the other rare-earths was made as follows. roo grams of the 
mixed rare-earth carbides were ground to a fine powder and were treated with a 
small amount of dilute HNO: After the second treatment iron could not be 
detected in the residue by the sulphocyanide test. A larger amount of dilute HNOs 
was added and the solution after filtration was treated by Mosander’s method.  (Chlo- 
rine passed into the solution which had been made alkaline with KOH.) The pre- 
cipitate after washing showed only a2 very faint absorption spectrum. For rapid 
preparation of cerium dioxide this method appears to be very good, The oxide 
prepared by this means is yellow when calcined at 100°, but turns darker when 
eated to 1000°. ; 

+ Meyer and Kess (Ber. 35, 2622) have used alcoholic HCI for the preparation of 
cerium salts. They found that this solvent has no action on the oxides but reacts 
readily with the carbonates, They did not use the carbide.
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In view of the fact that the non-aqueous methods were not 
suitable for the problem at hand, resort was again made to 
dehydration methods. It was found that, by treating the mixed . 
oxides with concentrated HCl, evaporating to dryness, adding 
more HCl and repeating the process a number of times, a 
product was obtained corresponding to one of the lower hydrates 
of the chlorides. This white solid was very hygroscopic, and 
dissolved in water with avidity and evolution of considerable 

heat ; when broken into lumps and calcined at a low temperature 

(not exceeding 125°) on an asbestos-covered hot plate further 

dehydration occurs without decomposition. The heating should 

be continued for a long time (about 12 hours), and the tem- 

perature must be kept low. If these directions are followed, 
a product corresponding approximately to the monohydrate is 

obtained. The great difficulty is to get rid of the last molecule 
of water, which is the most tightly bound of all, without decom- 

posing the chlorides. 

Matignon*® and Bourion*? have done a great deal of work on 
the preparation of anhydrous chlorides. They have found that 

certain chlorides of the metalloids, especially those of phosphorus 

and sulphur, act as catalysers in the dehydration of hydrated 

chlorides, and that in the presence of dry HCI gas, chlorine and 

sulphur monochlorides (S,Cl,) the chlorides of silicon, alumi- 
num, thorium, neodymium, praseodymium, samarium and vana- 

dium can be prepared in the anhydrous condition. 

For the problem at hand this method had apparently many 
advantages and few disadvantages, chief of which was the very 

disagreeable nature of sulphur monochloride. It was resolved, 
therefore, to try out this method on the preparation of the anhy- 

drous mixed chlorides. About 400 grams of the hydrated chlo- 
rides were placed in a porcelain tube furnace through which was 
passed a mixture of chlorine, S,Cl,, and HCl gases. The maxi- 
muim temperature was about 300°, and the heating was continued 

for two and one-half hours. The product in the center of the 

tube was fritted together, and a sample for analysis was taken 

from this portion; 1.4 percent was insoluble, and the chlorine 

content of the soluble part was 42.4 percent—the percent of 

chlorine in CeCl, is 43.2 percent. The product melted satisfac- 

5
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torily, and the method seemed suitable, so that a plan was devised 
for its application on a larger scale. 

A terra-cotta drain pipe, four inches (10 cm.) in diameter and 
four feet (1.2 m.) in length, was fitted at both ends with graphite 
caps, thru which passed short pieces of glass tubing, two at one 
end and one at the other. The furnace used was a circular-flame 
tube furnace in which the pipe could be heated gradually and 
uniformly, and the temperature was under positive control. The 
monohydrated chlorides, prepared by the method previously 
described, were dehydrated, about a kilogram at a time. The 
salt was spread evenly in the pipe, in a layer about 34 inch (2 
cm.) thick. The caps were then inserted and the ends heavily 
luted with a mixture of magnesia, asbestos fiber, cement, fire-clay 
and water, and allowed to dry, when a joint practically gas-tight 
was obtained. Dry HCl gas was passed over the chlorides, and 

as soon as the air was displaced the heating was commenced with 

a small smoky flame. After the tube was warm, chlorine and 
S,Cl, vapors, as well as dry HCl, were passed thru the tube 
and the temperature was gradually raised to just below 400°. 
The dehydration is completed in about three hours if the tem- 
perature is correctly adjusted, but may take longer. The an- 

hydrous chlorides are placed, while still warm, in dry bottles, 
and the corks paraffined in. Care must be taken to prevent 

the sewer-pipe from cracking when being heated, and this ten- 
dency forms one of the principal weaknesses of the process. A 

metallic container can not be used in the dehydration on account 
of the highly corrosive action of the vapors. 

The sulphur monochloride seems to catalyse the dehydration 
process, and has the further function, together with the chlorine 
gas, of reconverting to chloride any oxide or oxychloride which 
may form. If the temperature is too high, oxide or oxychloride 

| may form even in the presence of chlorine and sulphur mono- 
chloride. The dehydration may be carried out by HCI gas alone, 
and a scheme was devised for preparing pure anhydrous cerium 
chloride using this method. Since the process was the outcome 

of much work and of experience in the handling of the chlorides, 

it is described here in some detail. 

The double cerium ammonium nitrate from the fractionating 
vats, where it has been purified and separated from the other
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rare-earths by fractional crystallization, was used. ‘The absorp- 
tion spectrum of a concentrated solution of the nitrates showed 
only the faintest traces of the neodymium and praseodymium 
bands. The contents of a large bottle containing five kilograms 
of the double nitrates was divided into four portions and placed 
in fourteen-inch (35 cm.) porcelain evaporating dishes. The 
dishes were filled with concentrated HCl and placed on steam- 
heated sand-baths. Each dish was suitably protected from drip- 
pings from the hood by wooden covers raised a few inches above 
the tops of the dishes and supported on silica bricks. Fresh 
acid was added daily as required and the evaporation continued 
for about three weeks, at the end of which time the nitrates had 
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been completely converted to chlorides and all the ammonium 

salts had been expelled. The white solid was broken into lumps 
and heated on an asbestos-covered hot plate to convert it to the 

monohydrated chloride. The final dehydration was carried out 
as follows (see Fig. 1): About 400-500 grams were placed in 
a ten-inch porcelain evaporating dish. A short-stem funnel about 
nine inches in diameter was inverted and placed over the salt. 

A layer of asbestos fiber was packed tightly around the outside 

edge of the funnel and plaster of paris set over this. A glass 
tube passing thru the stem of the funnel and reaching to just 
above the layer of chloride conducted in the dry HCI gas, which 

was passed at a rapid rate over the heated chloride. The salt
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was stirred around from time to time by means of a long, thick 
glass rod. The heating was done gradually, and the progress 

of the dehydration could be watched thru the glass funnel and 
its completion checked nicely. The anhydrous chloride was 
placed, while still warm, in dry glass vessels, and the corks 
paraffined in to exclude moisture from the extremely hygroscopic 
product. | 

The chloride prepared by this method melts to a clear, limpid 
liquid, and is suitable for electrolysis. The process meets prac- 
tically all the requirements,—it gives a suitable product, it is 
rapid, inexpensive and simple, the progress and completion of 
the dehydration can be watched, overheating may be avoided, 
and large amounts of chloride prepared in the minimum amount 
of time. Chlorine and sulphur monochloride may be used in 
addition to the dry HCl gas, but this was not found necessary, 
as the water was driven off rapidly and completely without their 

presence. 
It was observed that the anhydrous rare-earth chlorides may 

be partially converted into oxides or oxychlorides if they were 
carelessly heated in the presence of air. For this reason experi- 
ments were conducted on melting the chlorides in a non-oxidizing 

atmosphere in a Rose crucible. In the presence of carbon dioxide 
some oxychloride was formed, and in an atmosphere of carbon 

monoxide a crust of brownish oxide appeared. 

The best method of melting the anhydrous chlorides without 
decomposition was found to be by heating a small portion in a 
covered crucible until a clear melt was obtained, and then intro- 

“ducing successive small portions of the chlorides to the melted 
portion. In this manner circulation of ‘air is avoided, as the 
crucible is kept covered. A good way is to first melt sodium or 
potassium chlorides, or a mixture of these, and then to add small 

. amounts of the rare-earth chlorides, keeping the crucible covered 

. as much as possible. A small amount of oxide or oxychloride 
will “gum up” the entire melt, and for electrolysis this condition 
must be carefully guarded against. 

Preparation of Anhydrous Fluorides. 

Another salt required in large amounts was the anhydrous 
mixed fluorides, RF,. This preparation involves some of the



THE PREPARATION OF METALLIC CERIUM, 69 - 

difficulties encountered in the preparation of the anhydrous chlo- 
rides. The fluorides are more stable and less hygroscopic than 
the chlorides, but they are more corrosive in their action on 
apparatus. Porcelain vessels can not be used, and one is almost 
entirely limited to lead vessels in the preparation of these fluo- 
rides. However, lead linings are easily placed in evaporating 
dishes, especially in the large enameled iron ones, and five-gallon 
jars made of lead containing 10 percent antimony were found 

very convenient in this work. 

A few methods are found in the literature for the preparation 

of anhydrous cerium fluoride, CeF;, but not many. The fluo- 
rides of cerium, especially the hydrated ones, are insoluble in 
water and are gelatinous precipitates usually obtained by double 

decomposition. | 
The tetrafluoride CeF,.H,O is found in nature as fluocerite, 

and when this mineral is heated it decomposes, forming the im- 
pure anhydrous fluoride CeF;.*? By precipitating cerous nitrate 

with hydrofluoric acid Jolin** obtained a gelatinous precipitate, 
which after drying over sulphuric acid corresponded to the 

formula 2CeF,.H,O. When this substance was heated it decom- 
posed, leaving a residue of oxide. 

In the preparation of the anhydrous rare-earth fluorides both 

dry and wet methods were tried. Hydrofluoric acid gas was 

passed over a small amount of the pulverized carbides placed 

in an iron tube and heated to a temperature of about 200°. The 
hydrofluoric acid gas was prepared by heating CaF, with con- 

centrated H,SO, in a copper retort. Some fluoride was formed, 
but was contaminated with carbon and undecomposed carbide, 

and the method was regarded as unsuccessful. 
The action of concentrated HF on the oxides was tried. A 

small amount of the mixed oxides was heated in a platinum dish 

with successive portions of concentrated HF. The action was 
vigorous at first, but soon stopped, and the residue was a mixture 

of oxide and fluoride. 

As the anhydrous fluorides were required, a process in which 

no water was used obviated the subsequent removal of that 

water, and seemed to be at least worthy of trial, The chlorides 

were boiled with absolute alcohol until a concentrated solution 

was obtained, which was transferred to a lead tub placed in
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hot brine, so that the precipitation might be done from a hot 
solution, and HF gas passed into the hot chlorides. The objec- 
tions to this: method are that the fluorides so prepared are con- 
taminated with some chloride. Furthermore, the saturation of 
the hot alcohol with HF gas is a very slow process, and the 
fluorides are extremely difficult to filter on account of their 

gelatinous nature. If the precipitation is done in the cold, the 
fluorides come down in a slimy condition almost impossible to 
handle, hence the reason for precipitating from hot solution, 
While the precipitation may be done by the action of a concen- 
trated solution of hydrofluoric acid on the aqueous solution of 
the chlorides, the fluorides settle far less readily in water than in 
alcohol. Consequently, on account of the above reasons, the next 

modification in the process was to dissolve the mixed oxides in 

concentrated HCl, concentrate the solution and add the requisite 
amount of concentrated HF to the hot solution. After allowing 

the precipitate to settle, the supernatant liquid was syphoned off, 
alcohol. was added, the whole was stirred thoroughly, the pre- 
cipitate allowed to settle, the liquid syphoned off and the treat- 
ment with successive portions of alcohol repeated several times. 
The fluorides were dried at a low temperature, and were pink 

in color. They melted at a fairly high temperature (about 
g00-1000°) to a clear liquid, and the process was satisfactory 

except for the time required for the precipitates to settle. 

In order to flocculate the fluorides so that they could be more 
easily filtered, the precipitate of the fluorides was placed in a 
round-bottom Jena flask about half full of absolute alcohol, and 
heated in an autoclave at a temperature of 130° and a pressure 
of go pounds per square inch. The product so treated seemed 
to settle somewhat more rapidly, but filtered very slowly indeed. 

After many trials, the most satisfactory preparation of the 
anhydrous fluorides was found to be best effected by the following 
method: About a kilogram of the mixed oxides was placed in 
a large porcelain evaporating dish and digested in a steam closet 
with concentrated HCl until a clear concentrated solution of 
the chlorides was obtained. The hot solution, containing only a 
slight excess of hydrochloric acid, was transferred to a five-gallon 
lead jar and concentrated HF added to complete precipitation. 
The fluorides were allowed to settle somewhat, as much of liquid
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syphoned off as was possible, and washed twice with hot water 

and several times with 95 percent alcohol. Only a few minutes’ 
time was allowed after each washing for the precipitate to settle. 

The fluorides were then placed in a lead-lined cage-centrifuge, 

and most of the remaining alcohol removed in this manner. 

Absolute alcohol was added and the solution evaporated to dry- 
ness without decanting. The absolute alcohol dehydrates the 
centrifuged fluorides very well. They were then dried at 100°, 

and the temperature raised to 200° at the end. About six kilo- 

grams of the fluorides were prepared in this manner. The proc- 

ess is a fairly satisfactory one, and as no filtering is done, the 
method is fairly rapid. . 

PREPARATION OF METALLIC CERIUM AND MISCHMETALL,. » 

Thermal Reductions. | 

Thermal reductions were tried in the hope of producing rare- 
earth metal by this simple means. Previous work of this nature 
has already been referred to.** Magnesium and calcium shav- 
ings and aluminum powder were used as reducing agents on the 
mixed oxides. ‘These experiments were conducted in electrically- 

baked magnesia linings placed in graphite containers. Carbon 
and silicon were also used to reduce the oxides, but external heat 

was applied to give the high temperature required. No metal 

was formed in these last instances but the carbides and silicides 

respectively. The carbide RC, is pyrophoric, but the silicide 
RSi, is not. Reductions using magnesium and calcium in excess 
gave alloys, many of which were pyrophoric. _ 

Several trials to reduce the oxides with aluminum are here 

recorded : 

3R,O, -+ 10Al = 5AI,O, -+ 9R | 
150 grams mixed oxides require 27 grams aluminum, 

3BaO, + 2Al = Al,O; + 3BaO 

507 grams barium peroxide require 54 grams aluminum. 

The following charge was weighed out, intimately mixed and 

fired by means of magnesium wire and thermit igniter. 

“Mixed oxides ..........++-++-+---150 grams 

Aluminum powder .............. 40 “ 

- Barium peroxide ............-...120 “
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The reaction was vigorous, but not yiolent. A five-gram lump 
of metal and many small globules were obtained. The specific 
gravity of the metal was greater than that of aluminum. 

In another experiment the following charge was used: 

Mixed oxides ...................200 grams 
Aluminum powder .............. 61 =“ 
Barium peroxide ................200 “ 
Black thermit mixture ........... 50 “ 

The black thermit was used to produce a higher temperature 
and also for the reason that the affinity of cerium for iron was 
thought to be greater than that of cerium for aluminum; 35 

grams of hard-brittle alloy were obtained, but the content of rare- 

earth metals was low. 
In the case of these thermal reductions, either an alloy, a 

compound or a lower oxide of the rare-earths was obtained. 

Owing to the high heat of formation of these oxides, the failure 
of alumino-thermics in the production of metal was only to be 
expected. The writer believes that a study of the equilibrium 
conditions of these reactions would form an interesting and 

valuable research and might result in the discovery of lower 
rare-earth oxides. 

Earlier Work on the Electrolysis of the Anhydrous Chlorides. 

The previous work on the electrolytic preparation of cerium 
has already been referred to. The method of Bunsen,** which 
the earlier investigators used, was first tried by the writer as 

follows: Ina porcelain crucible, in which the mixed chlorides of 
sodium and potassium has been melted, small amounts of anhy- 
drous cerium chloride were introduced by means of a small 

porcelain spatula. An annular piece of iron was used as anode, 

and the cathode consisted of a platinum wire, protected by a short 
piece of clay pipe stem. The temperature of the fused bath was 

lowered until a thin crust formed on the surface of the bath, when 
the electrolysis was commenced. Globules of cerium rose to the 

surface and burned with explosive force. The platinum cathode 
was badly attacked ; in fact, part of it melted off, due to formation 

of an alloy with cerium. No metal was collected.
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For a survey of Muthmann’s work on the rare-earth metals 
the reader is referred to the original references.2*** The type 
of vessel used in the electrolysis of the chloride is shown in 
Fig. 2, and is now gnerally known as the Muthmann cell. It is 
a semi-water-jacketed vessel, constructed of copper, and may be 
used with or without the heating circuit. The principal objec- 
tion which the writer has to the cell is its complicated nature. 
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‘The cathode should be insulated carefully, and this is difficult, 

as the asbestos packing is attacked by cerium metal, and during 

‘the course of the electrolysis the insulation is apt to be destroyed 

and the walls of the vessel may act as cathode, with the subse- 

quent contamination of cerium with copper. This is especially 

liable to occur if the temperature of the bath is too high. The 
heating circuit must also be insulated from the walls, and the 

‘carbon heating rods are liable to crack and break. Unless the
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contents of the cell are poured or tapped at the completion of 

the electrolysis, the entire cell has to be dismantled after each 
run. When worked on a small scale, the manipulation of this 

electrolytic dell is a troublesome and difficult operation. 
In the present research, numerous runs were made before more 

than traces of metal were obtained. It is believed by the writer 

that an account of failures is often fully as important as that of 

successes, as it is only by correction of faults that successful 

results are obtained. Therefore a brief account of the earlier 
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unsuccessful attempts to produce rare-earth metal are here given. 

It was only by a complete understanding of the reasons for 
failure that a successful solution of the problem was accomplished. 

The different types of cells used where anhydrous mixed 

chlorides were employed as the electrolyte are shown in Figs. 3 

to 5.* They were all constructed of the same material, graphite. 
The anodes were of graphite, but in the case of the insulated 
cathodes these were sometimes of graphite and sometimes of 

. che crucible shown in Figd was split longitudinally into two sections, which 
wer emente ogetner Dy 1fé-moiasses paste and cClampe rm ogether. i 
makes éy very iy ccnseem ek of electrolytic cell, as it can ie easily” disssantied, and
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iron. In many cases where a graphite crucible was used as both 
containing vessel and cathode, the melting was done in a resistor 
furnace, and then the electrolysis was begun. In some instances 

the heating was done by alternating current, and could be main-. 

tained and regulated during the course of the electrolysis. The 
melting of the electrolyte was sometimes done by a small, thin 
carbon heating rod placed between electrodes, as shown in 
Fig. 2. An arc could not be used to melt the chlorides, as 

they are decomposed at that temperature. 

The principal difficulties encountered in these experiments 
were the following: 

1. The salt would not melt to a clear liquid. 

2. The electrolyte would remain liquid for a time, but would 
eventually solidify. 

3. The IR drop across the cell and the amperage would vary. 

4. The anode would not functionate properly. 

5. On completion of the electrolysis, no regulus of metal was 
obtained. 

6. Minor difficulties, such as short-circuiting of insulated 

cathodes, leakages, fracture of electrodes, etc., liable to 

happen in any fused electrolysis, were encountered. 

The reasons for the above difficulties were found by experience 
to be explained as follows: 

1. If the chlorides did not melt to a clear liquid, then either 
the chlorides were not anhydrous or they were decomposed in 
the process of fusion. The proper manner of melting the 

chlorides has already been discussed in sufficient detail, = 

2. The “gumming-up” was caused either by the formation of 
a higher melting salt, as the oxide or carbide, or the temperature 

of the bath was too low. (See 4, below.) 

3. As the generator voltage and the external resistance were 
constant, changes in the voltage across the cell and the amperage 
were caused by a variation of the internal resistance of the cell. 

This variation was caused by the following factors: Change in 

temperature of the bath; depletion in the electrolyte, or segrega- 

tion, such as double layers, etc.; formation of intermediate prod- 

ucts of varying resistance, such as sub-chlorides; differences in
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thermal conductivity of the electrolyte at different stages of the 
electrolysis; etc. It was found that the potential difference and 

the amperage of any one cell can vary only between certain limits 

for successful electrolysis. The heating value of the current 
(C,R) in cases where no external heat is applied must be such 
as to keep the temperature of the bath at a certain value. If 

the temperature of the electrolyte is too high, it is impossible 
to successfully electrolyse in the case of cerium chloride. 

4. The function of the anode was (1) to cause the separation 
of chlorine and (2) to supply most of the heat necessary to keep 
the bath fused. | 

(1) In all these experiments the amperage was such that, if 

the cell was working properly, there was a copious evolution of 

chlorine gas. In many cases the voltage across the bath and the 
amperage would be approximately the proper values, and yet very 

little chlorine would be evolved. This may occur under several 

very different conditions. If the temperature of the bath is low, 
the semi-fused chloride is a very good conductor, and the entire 

bath may behave as a conductor of the first class. In this case 

practically no chlorine will be evolved. Again, if the temperature 
of the bath is too high, little chlorine is given off. This is due 
to the fact that at the cathode the chloride is partially reduced to 
subchloride, which diffuses’ to the anode and is there oxidized by 

the chlorine to chloride. There is a narrow limit of temperature 
where true electrolysis occurs, that is, where anhydrous CeCl, is 

decomposed by the current to metal and chlorine. 

(2) In cases where the containing vessel acted as the cathode, 

anodic current density was much greater than the cathodic, 
consequently most of the heat was supplied to the cell by the 
anode. In the preliminary experiments the anodes were of 
graphite, but with the same diameter anode and the same current 
the heating is greater with a carbon than with a graphite anode. 

In some of the later runs carbon was used as the anode material | 
for the reasons mentioned above. If the diameter of the anode 

is too great, a larger current is required to keep the bath molten. 
Besides, the anode is brought nearer the walls and most of the 

current may pass thru the upper part of the cell. This should 

' be avoided, as the path of least resistance for the current should 
be from the anode to the bottom of the cell, as this insures good
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circulation of the electrolyte and the deposition of the metal in 

a united form. If metal is deposited on the upper walls, some 
is apt to become oxidized by contact with the air, and this may 

result in the bath becoming viscous. 

5. Many of the reasons for failure to obtain a regulus of 

metal have been given above. The metal may be deposited in 
a finely-divided, unfused condition, and may be disseminated 
throughout the body of the electrolyte. It may be totally or par- 

tially soluble in the electrolyte (for instance, Li in LiCl.), or the 
metal may react with the products at the anode (as chlorine) or 

the material of the cell (with copper forming an alloy, or with 
graphite forming a carbide). 

Electrolysis of the Anhydrous Fluorides. 
When it was found that the electrolysis of the chlorides was 

such a difficult process, it was thought that the electrolysis of 
some other salt might be more easily effected. Muthmann**© 

has used the solution of the oxides in the fused fluorides, similar 

to the process for the production of aluminum. 
The anhydrous mixed fluorides melt at a temperature of a 

little over goo°, and dissolve the mixed oxides with avidity. The 
electrical conductivity of the molten fluorides is low, but increases 
rapidly with addition of oxides. The solution containing about 
20 percent of oxides conducts very well. 

The first cell tried with the fluorides contained a graphite 

cathode insulated from the graphite vessel by a porcelain ring. 
During .the electrolysis the porcelain was badly attacked by the 

fused fluorides. Even a Dixon crucible was badly eroded, as 

the fluorides attacked the silicate binder. It was found that 
graphite was one of the few substances that would withstand the 

high temperature and the action of the fused fluorides. A vessel 

made of graphite plates, luted on the edges with graphite-molasses 
paste, clamped together with iron bands and previously baked, 

leaked during the electrolysis. Altho the vessel was imbedded 

in magnesia flour to prevent oxidation, the high temperature of 

the bath (well over 1000°) caused the luting to break down. 

A summary of the results of the runs using fluoride-oxide elec- 

trolyte are here given. 

I. 2,500 grams anhydrous mixed fluorides were melted in a
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resistor furnace. The fused fluorides readily dissolved.450 grams 
of mixed oxides. The molten bath was electrolysed, using 450 

amperes at a pressure of 14 volts. 10-15 grams of impure metal 
were obtained. The electrolysis was unsatisfactory, as the anode 

was not properly “wet” by the electrolyte. The active surface of 
the anode should have been much greater. A layer of carbide 
was found on the bottom and sides of the crucible. 

2. A graphite box, inside dimensions 414 x 5 x 6 inches (11 
x 12 x 15 cm.), which was chiseled from a solid graphite block, 
was used as the electrolytic vessel. The anode was made as fol- 
lows: A graphite block about 16 in. (40 cm.) long, 3 in. (8 cm.) 
wide and 2 in. (5 cm.) thick was cut at one end so as to present 

three blades, each 4 in. (1 cm.) thick and 3 in. (8 cm.) wide. 
This increased the active surface of the anode and resulted in its 
functioning properly. The fluorides were melted by a carbon 

heater placed between the electrodes. As soon as a small amount 

of the fluorides was melted, the heater was removed, the anode 

lowered and alternating current turned on. 1,000 amperes at 
24 volts for about 25 minutes were required to melt 4,300 grams 
mixed fluorides. Mixed oxides were added gradually, and then 

direct current switched on. 650-750 amperes at a pressure of 

1o volts were used. Oxide was added gradually during the 
course of the run, which was continued for about an hour, at 

the end of which time the solution solidified. 4,300 grams fluo- 
ride and 1,600 grams oxide were used in all. Small amounts of 

. metal were scattered throughout the mass, but no regulus was 
obtained. At the bottom of the vessel was found a black layer 
of carbide. The melting point of the fluoride-oxide mixture was __ 
about 1400°. — 

The principal difficulties encountered in the electrolysis of the 
oxides dissolved in the fused fluorides were: 

1. Oxides must be added to the fluoride to make a sufficiently 
conductive solution, and the melting-point of the bath is very 
high. 

2. At the high temperature of the bath, rare-earth metal and 
_ graphite combine to form carbide. 

Attempts were made to electrolyse a solution of the oxides 

dissolved in a mixture of fused potassium fluoride and rare-earth 
fluorides. Violent explosions ejected a large portion of the elec-
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trolyte during the run, due perhaps to the deposition of alkali 
metal, which was immediately vaporized at the temperature of 
the bath. | 

One of the principal difficulties in all the previous electrolyses 
had been the formation of carbides, which made the bath viscous 
and unfit for electrolysis. It was thought that if a non-carbon 
cell was used, the formation of carbide would be less likely to 
occur, as the only carbon in the cell would be the anode. On 

account of their corrosive action and high melting point the 
fluorides could not well be used in other than carbon vessels. 
It was therefore decided to try the electrolysis of the mixed 
chlorides in a wrought-iron vessel. 

_ Later Work on the Electrolysis of the Anhydrous Chlorides. 

1. The electrolytic vessel was a thin-walled wrought-iron 
crucible about 3 in. (8 cm.) high and 2 in. (5 cm.) average 
diameter. The anhydrous mixed chlorides were fused by means 
of a thin carbon rod, heated electrically to incandescence, and 

electrolysed with a current of about 50 amperes for several hours. 
The electrolyte remained fluid during the entire course of the 

electrolysis. About 30 grams of semi-fused metal was obtained. 

The iron crucible was not attacked. The success of this run 

led to experiments on the best conditions for electrolysis on a 

larger scale. 

2. The electrolytic vessel was a large iron crucible 5% in. 
(14 cm.) maximum inside diameter and 7 in. (18 cm.) high 
The anode was a carbon rod 1% in. (4 cm.) in diameter. A 
small amount of sodium chloride was fused, and the mixed chlo- 

rides were added in small amounts until a fused bath was obtained. 
The electrolysis was maintained with a current of 130 amperes 
for four hours at a pressure of 12-18 volts. Small amounts of 
anhydrous potassium fluoride (about 10 grams at a time) were 

added occasionally to dissolve what little oxide was formed and 
so keep the bath perfectly fluid. The amount of additional salts 
used (KF plus NaCl) in all was about 10 percent by weight 

of the rare-earth chlorides. A lump of partially fused metal 

was obtained, which when re-melted under NaCl weighed 120 

grams, The number of ampere hours used was 520, and the
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ampere efficiency was 131% percent. The crucible was not 
attacked. 

3. The object of this run was to try the value of an insulated 
cathode. Previous experience had taught that if the insulated 
cathode was iron and a fairly large current used (about 200 
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amperes) the iron cathode would become so hot that an alloy 
would be produced. Consequently iron was not used as the 
cathode in this electrolysis. The electrolytic vessel consisted of 

a 6-in. (15 cm.) length of a 3-in (8 cm.) iron pipe screwed into 
a reducing-cap carrying a short piece of 2-in. (5 cm.) pipe. The 
cathode consisted of a long rod of 1%4-in. (4 cm.) graphite
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insulated from the sides of the 2-in. (5 cm.) pipe by asbestos 
fibre and encased at the bottom in plaster of paris. A sketch 
of this cell is shown in Fig. 6. The anode was a graphite rod 
1% in. (4 cm.) in diameter. A current varying from 180 to 200 
amperes at a pressure of 20 volts was used for nearly four hours. 
A regulus of metal weighing 135 grams was found at the bottom 
of the vessel. Below the metal was a black layer of carbide. 
The number of ampere hours was 712, and the ampere efficiency 
was II percent. The electrolyte consisted of the mixed chlo- 
rides, to which were added, during the course of the run, small 
amounts of anhydrous potassium fluoride, sodium chloride and 
barium chloride. The object of the last-named salt was to 
increase the resistance of the bath so that the electrolyte was 

kept well fused and metallic conduction of the bath prevented. 
It must be remembered that where a graphite anode was used, a 

higher voltage was required to keep the bath fused. 

The results of the above three experiments showed: (1) That 
rare-earth metal could be produced by electrolysis of the chlorides 
in iron vessels; (2) that the use of an insulated cathode of 

graphite gave a lower current efficiency and resulted in some of 
the metal being converted to carbide; (3) that it was necessary 

to regulate the temperature of the bath so as to have the electro- 
lyte well fused and yet well below the alloying temperature of 

iron and rare-earth metal; and (4) that control of the electrolysis 
‘could be maintained by judicious addition of small amounts of. 

potassium fluoride, sodium chloride and barium chloride. 

The above experiments in which the anhydrous mixed chlo- 
rides were used were so successful that the method of electrolysis 
was applied to pure anhydrous cerous chloride, and the runs are 
here described. 

1. The electrolytic vessel was a thin-walled wrought-iron 

crucible, maximum diameter about 4 inches. The anode was a 

round graphite electrode 1 inch in diameter, and the iron cru- 

cible was made the cathode. A small amount of sodium-potas- 
sium chloride was first melted, and then cerous chloride added. 
During the course of the electrolysis, rather large amounts of . 
the alkali chlorides were used. A current of 110 amperes was 
employed for two hours, at the end of which time the electrolyte 
solidified. Forty grams of fairly-well-fused metal was obtained. 

6
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The number of ampere hours was 220, and the ampere efficiency 
was II percent. Too much alkali chlorides was added during the 

electrolysis, and this fact, together with the high temperature of 

the bath,* accounts for the low efficiency. 

2. Acrucible similar to the one described in the above experi- 
ment was used both as the containing vessel and cathode. A 
corrugated graphite anode 5% in. (1.6 cm.) in diameter was used. 
250-300 grams of anhydrous cerium chloride and about Io per- 
cent sodium chloride were used. The electrolysis was continued 
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for 114 hours, using 75 amperes at 15 volts. The bath was kept 
near its melting-point, so that there was no danger of a cerium- 
iron alloy forming. 65 grams of cerium metal was obtained. 
The number of ampere-hours was 112, and the ampere efficiency 
was 33 percent. 

. 3. It was decided to try the electrolysis on a larger scale. 

When the mixed rare-earth chlorides were electrolysed in a large 
iron crucible, it was difficult to remove the solidified salt after 

“In many. electrolyses a high ampere efficiency is obtained only if the bath is 
kept near its melting point. As the temperature is raised the efficiency decreases. 
This is especially true in the case of fused lead chloride and fused caustic soda, where, 
if the temperature of the bath is high, no metal at all is obtained. ; 

See these transactions, 19, 167-168, 1911 (Discussion).
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the run was completed. The chlorides, after cooling, form a 
hard, vitreous mass, upon which even a cold-chisel has little 

effect. ‘The removal of slag and metal was always accomplished 

with difficulty and loss of some material. ‘To obviate this diffi- 
culty a 7-in. (18 cm.) length of a 3-in. (8 cm.) iron pipe, screwed 

into a cap for a bottom, was used as the electrolysing vessel. (See 
Fig. 7.) Sodium chloride was melted first, and cerous chloride 
added until the fused mixture conducted well, when the carbon 

electrode, 114 in. (3 cm.) in diameter, was lowered until it was 
within an inch or so of the bottom; the voltage then sank to the 
proper value, 12 volts, and electrolysis began. The volume of 
the bath, of course, constantly decreases during the electrolysis, 

and fresh cerous chloride must be added from time to time, 

About every forty minutes the anode was raised until it just 
dipped below the surface of the bath. This increased the voltage 

across the bath and caused a rapid heating of the electrolyte. 
After a few minutes the anode was lowered until the voltage 

was properly adjusted, when electrolysis recommenced. The 

voltage varied from 12 to 14 volts, and the average current used 

was 200 amperes, for four hours. The electrolyte became slightly 

viscous toward the end of the run, but the electrolysis proceeded 

satisfactorily, as was indicated by the appearance of the bath, the 
voltage across the cell and the evolution of chlorine. Over a 

kilogram of cerous chloride was used. A well fused ingot of 

metal weighing 580 grams was obtained. The number of ampere 

hours was 800, and the ampere efficiency was 4134 percent. The 

cap could not be removed at the completion of the electrolysis, 

but the crucible was unattacked by the cerium. The small 

amount of iron introduced was caused by oxidation of the heated 

vessel near the top, the solution of this iron oxide in the elec- 

trolyte and its immediate reduction to metal when in contact with 

cerium. 

4. Inorder to facilitate the removal of electrolyte and metal at 

the end of a run, the following vessel was devised: It consisted 

of a 3-in. (8 cm.) iron pipe screwed tightly into a 5-in. (13 cm.) 

iron flange, to which a bottom plate was attached by means of 

four large bolts and nuts. (See Fig. 8.) The electrolyte was 

cerous chloride containing a small percentage of sodium chloride, 

to which very small amounts of potassium fluoride and potassium
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fluoride-barium chloride mixture were added when required 
(about every half hour or so). The function of these additional 

salts has already been explained in detail. The voltage was kept 

at its proper value, which should not be greater than 15 volts. 
The average current used was 200 amperes, for three hours. 
The electrolysis required attention about every twenty minutes ; 

that is, the anode needed slight adjusting or the temperature had 
to be corrected. An ingot weighing 380 grams was obtained. 
The number of ampere hours was 600, and the ampere efficiency 
36.5 percent. 

The electrolyte remained liquid during the entire course of the 
electrolysis. About 1144 kilograms of cerous chloride was used. 
The cell held perfectly, and at the end of the run the electrolyte 

and metal were easily removed. ‘This type of electrolytic vessel 

is highly recommended for similar work. Care should be taken 
that the flange and bottom plate are well faced and that the lap 

is wide enough (at least 114 in. (4 cm.)). 

ANALYSIS OF CERIUM AND “MISCHMETALL,.” 

Two methods of analysis were used in this research for the 

determination of cerium. 

1. Gravimetric. The cerium group was separated from all 
the other metals by precipitation of the oxalates in faintly acid 

chloride or nitrate solution, by means of boiling oxalic acid. Cal- 
cination of the oxalates at blast lamp temperature gave the oxides 

(in the case of cerium the dioxide CeO,) which were weighed. 

2. Volumetric. A modification of Browning’s*® method was 
used. It depended upon the oxidation of.cerous salt to ceric, 

in alkaline solution, by means of potassium ferricyanide. Brown- 

ing determined the excess of ferricyanide. 
The modification was as follows. A slight excess of a dilute 

solution of potassium ferricyanide was added to the solution of 
cerous salt, and KOH added. This precipitation was usually 
done in a bottle, which was afterwards centrifuged. The super- 
natant liquid was decanted thru a small Gooch filter to guard 
against any loss of precipitate. The ceric hydroxide was washed 

two or three times with hot concentrated KOH to remove the 
ferro- and ferricyanides centrifuging after each washing, The 

ceric hydroxide was then treated with potassium iodide solution,
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whereby the cerium is reduced to the cerous state and free iodine 
liberated, which latter is determined by titration with thiosulphate. 
By this method cerium may be determined in the presence of 
thorium and the other members of the cerium group. This 
method is accurate to one-half percent. 

Grams cerium Grams cerium Error Error 
present found Grams percent 

0.22648 0.22697 0.00049 +0.2 
0.22648 0.22657 0.00009 +0.04 
0.22648 0.22697 0.00049 +0.2 
0.22648 0.22752 0.00104 +0.5 
0.22648 Ce 4 
0.4 Th(NOs), 0.22737 0.00089 0.4 

0.11328 Ce 
0.10 Las(SOx)s 0.11388 0.00060 +0.5 

Analysis of a sample of “mischmetall” by the volumetric 
method showed a cerium content of 70.5 percent. 

Analysis of metallic cerium prepared in Run 1, above, showed 
the following composition : 

, Percent Cerium Percent Iron 

97.5 1.2 
978 
97.8 

The determination of cerium by the gravimetric method in the 

cerium metal prepared in Run 4, above, showed 97.8 percent 
cerium. 

Analysis of cerium cast into rods in an iron mold was as 
follows: 

Percent cerium ......... 0... cee eee cee cee e cece tees ens © 936 
“ 0) 6 
“ insol residue (Oxide) ..... 0.2.60. ee eee eee ee ees 0.53 
“« magnesia (from MgO lining)................... 04 
sa =: 008): a oF 
“chlorine «2.2... 0... eee cece cece rece erence ee ees 0.07 

99.98 

PURIFICATION OF METALLIC CERIUM. © 

The chief impurities of cerium (amounting in the aggregate 
to about two percent) obtained by the method previously de- 

scribed consisted of iron, cerium oxide and cerium carbide, of 

which over one percent was iron. 
Owing to the fact that metallic cerium is but slowly attacked 

by concentrated sulphuric acid, filings of the metal were boiled
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with this acid. All of the iron was not dissolved, and the method 

is worthless for purification purposes. 

The magnesium alloys .of cerium, containing from 50 to 8s 

percent cerium, are brittle and may easily be pulverized to a fine 
powder. When digested with strong sulphuric acid for a few 

hours, the residue contains cerium, magnesium and iron. This 
method is also worthless. 

The best method of purification consists in preparing the cerium 
amalgams. The amalgams are prepared by boiling mercury 
with cerium in a long iron pipe arranged with a condensing 

tube at the top. Solid amalgams are easily obtained by this 
method. The iron and impurities float to the top and may be 

skimmed off.. The amalgams carefully prepared give only a very 

slight test for iron. The cerium and mercury may be separated 
by distilling the latter, but this must be done in a high vacuum 

to prevent oxidation of the cerium. A high temperature is re- 
quired to drive off all the mercury. The amalgam should be 
placed in a magnesia vessel, and this in turn heated in an 

evacuated quartz vessel. The high temperature required would 
cause the collapse of an evacuated glass vessel. 

PHYSICAL, PROPERTIES OF METALLIC CERIUM.* 

In the determinations of the physical properties, metal of 
approximately 98 percent of cerium was used, unless otherwise 
specified. | 

1. Atomic Weight. The atomic weight of cerium, determined 
from pure salts, is 140.25. 

2. Specific Gravity. ‘The specific gravity determinations were 
made in a 50 c.c. pyknometer of cylindrical form, with ther- 
mometer ground in central neck and with fused-in capillary tube 
at side. The liquids used were pure benzene and toluene, which 
have no chemical action on cerium. Several different specimens 
of metal were used for these determinations. The weight. of 
metal taken varied from 3.4 to 11.2 grams. The ‘average of 
determinations gave 6.92, at 25° C. Muthmann*’® found the . 
specific gravity at 20° equal to 7.0424, and Hillebrand*’ gives a 
value of 6.728.for his-remelted cerium. 

pcbrand anand and Wy ‘Meanads Sed tasseatg ebee termined Yo
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3. Molecular State of Aggregation. No reference was found 
in the literature as to the crystallographic properties of cerium. 
Attempts were made by the writer to obtain crystals, but without 

success. The interior of many ingots of cerium were highly 

crystalline, especially in the center of blow holes. The best 

condition for crystal growth is slow cooling from the molten con- 
dition. In order to aid the formation of crystals, a small quan- 

tity of cerium was melted under lithium chloride. The crucible 

was kept just hot enough to prevent the lithium chloride from 
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solidifying, and was maintained at this temperature for several 
hours. The melting point of lithium chloride (about 550°) is 

somewhat below the melting point of cerium, and under these 

conditions the formation and growth of crystals would be ex- 

pected. However, no definite crystals of cerium were obtained. 

In order to examine the inner structure of cerium, photo- 

micrographs of different specimens were made. The specimens 

were prepared by dry-polishing, and were etched with alcoholic 

HCl. An examination of these photomicrographs (see Fig. 9) 

shows homogeneity of structure.
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4. Hardness. For the determination of hardness the sclero- 
scope was used. The hardness of cerium varies, depending upon 

whether the surface of the metal is rolled, freshly cut, or old. 

The average value of the hardness for rolled surface was 25.9. 
The average for freshly cut surface was 9.5. (The reading 100 
is the hardness of the standard steel test plate.) 

5. Tenacity. Cerium is malleable and highly ductile. A 
strip of cerium was rolled to a thin sheet of a thickness 6f 0.015 
mm, Cerium metal can easily be cut with a knife or scissors, 
and can be machined fairly well, although there is some tendency 
for the metal to buckle, as does lead. 

6. Electrical Conductivity. In order to make these measure- 

ments, a test bar was necessary. A good method of obtaining 

a known length and cross-section of metal is to take a short 
piece of capillary tubing, apply suction at one end, insert the 

other in the molten metal and so fill the tube. On account of 

the corrosive action of cerium on glass and silica, it was impos- 
sible to use this method. | 

It was difficult to cast cerium into solid rods, owing to its 
rapid oxidation in air. The following mold was prepared, which 

was so designed that molten cerium could be quickly poured into 
it from the melting crucible and oxidation prevented: A wrought- 
iron pipe, 1% in. (0.65 cm.) inside diameter and about 5 in. (13 
cm.) long, was screwed into an iron base. A piece of cast iron 
was turned on the lathe to the shape of a small funnel, and was 

screwed into the wrought-iron pipe. The cerium was melted 
in a magnesia-lined graphite crucible under a covering of fused 

- galt. The mold was heated to a dull redness, and the entire 

contents of the crucible poured suddenly into the mold. Very 
little oxidation or burning of the metal occurred. A rod of 
cerium 3 in. (7.5 cm.) long was obtained. This metal con- 
tained 93.6 percent cerium and 4.5 percent iron. Altho the 
inside of the pipe had been carefully cleaned, it was impossible 

to. prevent contamination of the cast cerium with iron. As it 
was necessary to pre-heat the mold, a small amount of iron oxide 

necessarily formed, and, on contact with cerium, was reduced to 
metal and entered the rod as an impurity. The rod was turned 
down to size on the grinder. 

The electrical conductivity measurements were made by the
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voltmeter-ammeter method. The potential drop was taken over 
one inch of test bar, and all measurements were made at room 
temperature. The current was varied from 6 to 18 amperes. 
The specific resistance of the sample was found to be 71.6 
microhms per centimeter cube. 

7. Magnetic Properties. Stefan Meyer** has measured the 
magnetic susceptibility of many metals, among them that of 

cerium. He gives the atomic magnetic susceptibility of cerium 

(K X .10°*) equal to 34. He does not state the purity of the 

cerium used. The writer made no attempt to measure the mag- 

netic susceptibility of cerium, but simply to determine if cerium | 
is dia- or para-magnetic. 

A small piece of cerium was suspended by a silk thread in a 
magnetic field of intensity about 5,000 lines per cubic centimeter. 
The metal so tested was paramagnetic, but not strongly so. 

Cerium amalgam practically free from iron was sealed in a 
small glass tube and was tested in a magnetic field. It was 

weakly but definitely paramagnetic. From these determinations 
it was concluded that pure cerium is paramagnetic. 

& Melting Point. It was impossible to use the ordinary 

thermocouple method to determine the melting point, as no 

suitable protecting mantle could be found. Silica and porcelain 
are both attacked by cerium at its melting point. Magnesia, 

which is unattacked, is too porous a material for this purpose. 

An attempt was made to obtain a cooling curve of cerium. 

About 60 grams of the metal were melted in a magnesia crucible 
in an electric resistor furnace and readings were taken with 

a small copper-constantan couple placed in a porcelain mantle. 

It was thought that altho the porcelain would be attacked some- 
what, an approximate value for the melting point might be 
obtained. However, the cooling curve showed no constant tem- 
perature period and was worthless. 

A small piece of cerium was attached to two long copper wires 

by means of small copper bolts and nuts, such as are used by 

watchmakers. Good electrical connection was obtained in this 

manner. The ‘cerium was placed in a long Jena glass tube, 

sealed at one end and closed at the other by means of a rubber 

stopper, and so arranged that the tube could be evacuated. This 

was then placed in a tube furnace containing a calibrated thermo-



go ALCAN HIRSCH. 

couple. A small amount of current was passed through the 
cerium, and when connection was severed, an electric gong 

sounded. This scheme of obtaining the melting point did not 

work, as the rubber stopper connection did not give a perfectly 
air-tight joint. The small amount of air in the tube combined 

with the cerium as the temperature increased. This caused a 
higher vacuum -to be produced, with the result that more air 

entered the tube, and, upon subsequent repetition of this process, 

all the cerium was oxidized before the melting point was reached. 

The approximate melting point was determined by heating a 
small quantity of cerium in a magnesia-lined graphite crucible 

and reading the temperature at which the metal softened by means 

of a thermocouple placed just above the metal. This crude 

method gave the approximate melting point as about 700°. 
The real melting point of cerium was determined as follows: 

A small piece of cerium foil was fastened to two bent platinum 

wires by means of small copper bolts and nuts, and placed in 

a small glass bulb and the platinum wires sealed through the 

glass. ‘The bulb was then evacuated by means of a mercury 
rotary pump, and sealed. A small incandescent lamp was con- 

nected in series with the cerium, which was heated in an electric 

muffle furnace. The temperature was read by a calibrated 
thermocouple. The melting point of the cerium was very defi- 

nite, and occurred at a temperature of 635° C. The tube col- 
lapsed somewhat, but the method gave satisfactory results.. The 

melting point obtained by the writer corresponds fairly closely 
with the value 623° C. given by Muthmann."* Hillebrand*’ says 
the melting point lies between those of antimony and silver. 

_ 9. Ultimate Strength. ‘The same test bar was used for these 
determinations as in the electrical conductivity measurements. 
The ultimate strength was determined in an Olsen testing ma- 
chine. The average diameter of the test bars was 0.212 in. (0.55 

cm.). There was no elongation with constant load at 350 pounds 

(159 kg.). The test bar broke with a snap (like cast iron) at 
495 pounds (225 kg.). The ultimate strength was equal to 12,900 
pounds per square in. (9 kg. per sq. mm.). 

10. Specific Heat. The specific heat was determined in a 
Joly differential’ steam calorimeter. The principal difficulty en- 

countered was to get a suitable method of protecting the cerium
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from attack by the steam. The cerium was sealed in a glass 
tube, but this method was unsatisfactory, owing to the time neces- 
sary for exchange of heat due to the small conductivity of the 

glass. Another method employed for protecting the cerium was 

to coat it with a mixture of amyl acetate in collodion. However, 

this coating was attacked by the steam and was liable to peel. 
The metal was also placed in a small nickel box, but was attacked 

by the steam. The best method of protecting cerium, at the 

same time allowing for rapid heat interchange, was to wrap the 
cerium tightly in several thicknesses of tin foil, Blanks were 

run on copper and tin foil to check the accuracy of this calori- 
metric method. The values for the specific heat of copper ob- 

tained with this steam calorimeter was equal to 0.0925. The 
specific heat of cerium (20-100°) was measured and found equal 
to 0.0524. Mendeleef*’ gives the specific-heat of cerium equal 

to 0.05. Dr. W. F. Hillebrand® determined the specific heat of 
cerium by means of Bunsen’s ice calorimeter. He gives corrected _ 
value of 0.04479 for pure cerium, and used only about 2 grams 
of metal in a determination. The writer used more than 70 grams 

of cerium in a determination, and obtained a corrected value of 

the specific heat of pure cerium equal to 0.05112. 

11.. Heat Conductivity. No measurements were made on the 
heat conductivity, and no references were found in the literature 

relative to this property. The heat conductivity seems to be 
fairly high, and, if so, cerium is probably one of the exceptional — 

metals which has a low electrical conductivity and high thermal 
conductivity. . 

12. Latent Heat of Fusion. From observations on melting 
cerium, the latent heat of fusion seems to be fairly high. It has 
not been determined to my knowledge. 

13. Heat of Oxidation. The heat of oxidation was deter- 
mined in a Mahler bomb calorimeter. Cerium must not be 
burned in contact with platinum, as it will alloy with the latter. 

The cerium filings were placed in a small magnesia crucible in 

the calorimeter. From one to two grams of cerium filings were 

used for each determination, under an oxygen pressure of about 

fourteen atmospheres. The average value of the heat of oxida- 
tion was 1,740 calories per gram, or 60,900 calories per gram 

equivalent (CeO, = 243,600). These values are probably
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correct within 4 or 5 percent. It is difficult to obtain an accurate 
value for the heat of oxidation where the products of com- 

bustion are non-volatile. The determinations in the case of 
ferium were unusually difficult to make, for the following rea- 
sons: The metal should be in a finely-divided form, but prefer- 

ably in the shape of filings. When cerium is filed, care must 
be taken to prevent oxidation, owing to the low kindling point. 

A small amount of oxide forms in any case, and therefore makes 
the sample of metal taken non-uniform. If the filings are too 
coarse, oxide will fuse on the surface, and the metal in the 

interior will be unoxidized. Many of the difficulties encountered 

in the determination of the heat of oxidation of silicon*® were 
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met with here. Muthmann®® gives the heat of oxidation of 
cerium equal to 1603 cal. per gram. 

| 14. Single Potential. Attempts were made to measure the 
single potential of cerium in the alcoholic solution of cerium 
chloride. No reliable measurement could be obtained, owing to 
the rapid formation of a film on the polished surface of the metal 
as soon as current flowed. The potential rapidly decreased as 

soon as the film appeared, which is almost instantaneous with the 
passage of current. 

Measurements on the decomposition potential of the anhydrous 

mixed chlorides in absolute alcohol were made, using platinum 
electrodes. Gas was evolved at an applied electromotive force 
of 3.5 volts.
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As the single potential of cerium could not be measured suc- 
cessfully, its value was calculated from the thermal data taken 
from Matignon’s article on the anhydrous mixed chlorides: 

Heat of formation of CeCl, (per 3Cl1) = 270 calories 
Heat of solution of CeCl, = 33 calories 

The calculated decomposition potential of normal cerium chlo- 
ride in aqueous solution is equal to 4.3 volts. Therefore the 

single potential of cerium in normal solution of its chloride 

measured against the normal calomel electrode is equal to —3.16 
volts. 

15. Thermo-electromotive Force. Two small glass cells, pro- 
tected by asbestos and fitted with wooden covers, were used. 

Standard thermometers with small stirrers attached were inserted 
through the cover. Cottonseed oil was used for the bath, and one 

of the cells was heated internally by means of several coils of 

resistance wire. The electromotive force was determined by the 

potentiometer method with a special piece of apparatus specially 

prepared for this kind of work. The thermo-electromotive force 

of cerium against copper is given in the table below and in the 

curve shown in Fig. 10. The current flowed at the hot junction 

from copper to cerium. The measurements are given in the 

following table: 

Hot Junction Cold Junction Electromotive Force 

49.2 C 29.2 C 0.000075 Volt 
100. 25. 0.000770 “ 
100. Red. to 30. 0.000250 “ 
1st. 26.9 0.000399 “ 
ISI. Red. to 30. 0.000387. “ 
200.5 29.7. 0.000504 “ 
200.5 Red. to 30. 0.000502 “ 

16. Optical Properties. Cerium alone could not be used, 
owing to the fact that a thin film of oxide forms on the polished 

surface. Different alloys of cerium were tried, and the best ones 

for this purpose were found to be the magnesium-cerium alloys. 

The preparation of samples had to be done very carefully, as 

fine emery and rouge entered the soft surface of the cerium. 

Dry polishing with a very fine file (the finest obtainable) was 

the most satisfactory way of preparing the sample. For the
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methods of measurement of the optical properties the reader 
is referred to the article on the subject by Ingersoll and Littleton*® 

on “A New Method of Determining the Optical Constants of 
Metals.” The constants determined on the magnesium-cerium 
alloys are given in the table below: 

Per cent Cerium n .«: . 

83 1.60 1.74 

61 1.43 2.30 

26 0.73 4.79 

Pure Mg 0.32 12.0 

. CHEMICAL PROPERTIES OF METALLIC CERIUM. 

Metal of approximately 98 percent cerium content was used in 
these determinations. 
‘Cerium is very slightly attacked by cold water, but in boiling 

water a slow evolution of hydrogen gas occurs and the metal is 

tarnished black. At room temperature the following solvents 
have no action on cerium: Ethyl alcohol, amyl alcohol, chloro- 

form, carbon tetrachloride, concentrated sulphuric acid, concen- 

trated ammonium hydroxide, concentrated sodium hydroxide. 

Ethyl ether has a very slight action on the metal, as have also 3 
percent and 30 percent hydrogen peroxide at room temperature. 

- The action of dilute sulphuric acid, concentrated and dilute hydro- 

chloric acid, concentrated and dilute nitric acid, in the cold, is 

moderately vigorous. Ammonium chloride and potassium chlo- 

ride, at room temperature, have moderate action on the metal. 

This may be explained by the fact that in water a small amount 
of cerium hydroxide forms which is soluble in potassium chloride 

and ammonium chloride, thus causing fresh surface of the metal 

to be exposed and resulting in moderate attack of the metal by 
the solvent. At boiling temperature the following solvents did 

not attack the metal. Chloroform, carbon tetrachloride, concen- 

trated sulphuric acid, concentrated ammonium hydroxide. The 
metal was only slightly attacked by the following solvents at 
boiling temperature: Ethyl alcohol, amyl alcohol, ethyl ether and 

concentrated sodium hydroxide. Dilute nitric acid, ammonium 

chloride, potassium chloride and 3 percent hydrogen peroxide 
at boiling temperatures gave moderate action. Dilute sulphuric 

| acid, concentrated and dilute hydrochloric acid, concentrated nitric
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acid and 30 percent hydrogen peroxide gave vigorous evolution 

of gas at boiling temperature. 

The action of various gases on cerium was studied. A small 
amount of cerium filings was placed in a porcelain boat in a hard 

glass tube. The air was displaced by the gas under test, and the 
tube heated gently by means of gas burners. The cerium filings 
heated in chlorine emitted a very bright light at a temperature 
of 210° to 215° C. The salt formed was tested and found to be 

anhydrous cerous chloride. | 

In bromine, cerium burned at a temperature of 215° to 220° 
C. with emission of less light than in the case of chlorine. The 
salt formed in solution in water, and was identified as the 

bromide. 

In iodine vapors no light was emitted, altho the tube was 
heated to a temperature of 300° C. On examination of the 

contents of the tube it was found that some iodide had formed. 

Cerium burned with luminescence when heated in air to a 

temperature of 160° C. Ifa lump of cerium is sealed in a glass 
bottle and kept warm for some time, a black powder is seen to 
form upon the surface of the cerium, and when the bottle is 

opened this powder ignites at room temperature. This is prob- 

ably due to the formation of a highly pyrophoric suboxide of 
cerium. 

When cerium filings are heated to 345° in hydrogen gas, the 

hydride forms without emission of light. The hydride has been _ 

described and studied by Muthmann."° 

Cerium filings were heated in nitrogen to a temperature of 
1000° C. No luminescence was observed, but some nitride was 

formed. This nitride is a black powder, and has been studied 
and described by Matignon.® 

When the nitride is heated in potassium hydroxide solution, 

evolution of ammonia gas occurs. When exposed to air the 

nitride gradually changes over to a brown oxide. 

Cerium filings were heated in the vapors of sulphur. When 

the black substance which is formed is treated with dilute sul- 

phuric acid, sulphuretted hydrogen is evolved. Cerium sulphide 

has been studied by various investigators.” 

Cerium filings were heated to a temperature of 500° C. in an
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atinosphere of carbon monoxide. There was no visible reaction, 
but part of the filings appeared oxidized. 

ALLOYS. 

; A number of different alloys of cerium were studied, and are _ 
described below. In most cases the alloys were high in cerium, 
usually containing about 70 percent cerium. The metals were 

weighed out in the proper proportions, using from five to ten 
grams of cerium. ‘The cerium was first melted in a small porce- 
lain crucible under a layer of sodium chloride, and the other — 
metal added in small pieces. The porcelain crucible was, of 

course, attacked by the cerium, but it was found that a thin 

layer of silicide of cerium forms, and this protects the crucible 
_ from further attack. The metal can ini most cases be removed 
without breaking the crucible if care is exercised, and therefore 

one crucible serves for several melts. The silicide does not ap- 

‘pear as a contaminant in the alloy. Porcelain crucibles were 
used except in cases where especially pure metal was desired, 

when magnesia crucibles were employed. 
The work on the alloys of cerium is presented below in an 

epitomized form. The time at the writer’s disposal was such 
that a complete study of each alloy could not be made. However, 

specimens of all the alloys described have been preserved and 

will be used for future references. 
Muthmann and Beck**® have described some of the alloys of 

cerium with zinc, aluminum, magnesium and mercury. 

Silver. Silver alloys with cerium quietly, and the thermal 
change appears to be small. The alloy has a silvery-white luster, 

and is hard and brittle. From all appearances, a compound is 

probably formed between cerium and silver. 

Gold. When gold was added to molten cerium there was a 
slight flash from the crucible, but the reaction was not violent. 
The alloy was fairly soft, and had a reddish appearance. It 
disintegrated somewhat on ageing, forming a purplish-black 
powder. 

Platinum. The reaction between cerium and platinum ap- 
peared to be endothermic. The alloy was fairly hard and was 
pyrophoric. It disintegrated to a slight extent when aged.
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Copper. The cerium-copper alloy was hard and brittle, altho 
the two component metals were soft and malleable. A compound 
is probably formed. The alloy disintegrated to a powder. 

Tin. This alloy was formed with the evolution of much heat. 
When first made, the alloy was pyrophoric, but on standing for 

a few months a powder formed, showing that the alloy disinte-. 
grated slowly when exposed to the air. 

Antimony. ‘There was considerable evolution of heat on the 

formation of this alloy. The alloy was very soft and was non-. . 

pyrophoric. It did not oxidize or disintegrate on ageing. 

Arsenic. The reaction appeared to be exothermic. The alloy 
was fairly soft and somewhat pyrophoric. It did not decompose 

on being kept. 

Carbon. Carbon and cerium combine directly when heated 

together. ‘The carbide has been referred to and described earlier 
in this article. 

Silicon, Cerium and silicon form the silicide CeSi,. This 
compound may be formed by the reduction of the oxide of cerium. 

Large amounts of the mixed silicides have been prepared by the 
writer. The following mixture is recommended for their 
preparation: . 

M,O, ........+---+-- 1,000 grams . 

Powdered graphite .... 200 “ 

Powdered silicon ..... 450 “ 

The silicide of cerium is somewhat brittle, and may easily be 
pulverized to a fine powder. It is a splendid reducing agent. 

When the silicide is added to cerium so that the silicon content 
is about 15 percent, a good pyrophoric alloy is obtained. 

Sulphur. The preparation of the sulphide has been referred 

to earlier in this article. 7 

Selenium. Some reference is found in the literature to the 
selenide of cerium. Mosander reduced the selenite in a stream 

of hydrogen and obtained a brown substance of a disagreeable 
odor. Moissan has shown that the selenides may be obtained 
by the action of selenium fumes on cerium carbide. 

Selenium was added to molten cerium. The reaction was very 
7 |
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vigorous, and was accompanied with the evolution of reddish 
fumes. The melt consisted of two portions, a powder and a 
metallic alloy. The powder was impure cerium selenide, and 

the alloy, which was pyrophoric, apparently consisted of the 
Selenide dissolved in excess cerium. 

Tellurium. -No reference was found in the literature to the 
telluride of cerium. Tellurium combined vigorously with molten 
cerium, giving a brownish pulverent mass, which was probably 
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the impure telluride. When treated with dilute acids, the well- 

known odor of hydrogen telluride was detected. 

' Lead. When lead was added to molten cerium, a violent 

reaction occurred, causing a portion of the contents to be ejected 

from the crucible. The alloy was very soft, and emitted sparks 

of a reddish color when scratched with a file., The alloy disinte- 
grated slightly on ageing. 

Calcium. Calcium alloyed with cerium quietly, without evo- 
lution of much heat. The alloy was white and was harder 

than either constituent. When scratched with a file it emitted a
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cluster of bright sparks. It is stable in air, oxidizing very slowly. 
The alloy did not disintegrate. 

Sodium. Sodium alloyed with cerium quietly. The alloy was 
hard and slightly pyrophoric. It oxidized somewhat when ex- 
posed to air. . 

Aluminum. Alaminum alloyed with cerium fairly quietly. 
The alloy was very hard and brittle. It disintegrated without: 
oxidation. A compound of aluminum and cerium was probably 
formed. This alloy was not pyrophoric. Muthmann® describes 
a compound CeAl,. 

Zinc. ‘The combination of cerium and zinc was accompanied 
by a vigorous, in fact, almost explosive, reaction. There was a 

large amount of heat evolved. The alloy was hard, brittle and 
pytophoric, and remained unoxidized when exposed to atmos- 
pheric conditions. . 

Cadmium. Cadmium and cerium combined vigorously with 
considerable heat evolution. The alloy was hard, brittle and 

pyrophoric. On exposure to air a film of oxide formed slowly, 
but the alloy did not disintegrate. 

Chromium. ‘The alloy was white in color, hard and brittle. 
It was somewhat pyrophoric. It remained unchanged in the air. 

Manganese. Manganese combined quietly with cerium, form- 

ing a fairly hard, pyrophoric alloy, stable in air. 
Iron. The iron-cerium alloys are very interesting, as they 

were the first pyrophoric alloys known, and were discovered by 
Dr. Auer von Welsbach. ‘The alloys of about 70 percent cerium 
content are fairly hard and somewhat brittle. The microstructure 

of one of these alloys is shown in Fig. 11. It is seen that the 

structure is heterogenous, probably consisting in part of a cerium- 

iron compound. ‘These alloys have been the subject of some 

discussion in the literature,** as have the reasons for the pyro- 

phoric properties.** The writer believes that the question of the 

pyrophority depends upon the following factors: Cerium alone 

‘is soft and malleable, and when scratched with a file, small 

particles are not broken off. However, when the alloy is hard 

and brittle, small particles are easily detached from the mass, and 

the friction is sufficient to raise the temperature of these small 

particles to the incandescent point of cerium (160°). As
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metallic compounds (such as Cu,Sn) are as a rule hard and 
brittle, the addition of such compounds to cerium usually assures 
a pyr@phoric alloy. The alloy should be high in cerium, so that 

ignition occurs at a low temperature, and should contain excess 
of cerium above that required for the formation of a compound 

(such as CeSi,) to act as a binder and so prevent the disinte- 
gration of the alloy, as in the case of the cerium-aluminum alloy 

containing about 60 percent cerium. The kindling point of the 
alloy may be lower than that of cerium. 

Nickel. The nickel-cerium alloys made were similar to the 
iron alloys, but were somewhat softer. The ones high in cerium 

were very pyrophoric. | 

Tungsten. Powdered tungsten equivalent in weight to 15 per- 
cent was added to molten cerium. The tungsten dissolved fairly 
quickly and the reaction was quiet. The alloy was hard, brittle 

and pyrophoric. 

Mercury. Cerium forms amalgams fairly easily. Their pre- 

paration has already been described under the methods of puri- 
fication. The amalgams containing only 1 or 2 percent of cerium 
are liquid, but the ones of higher percentage are solid. These 
amalgams oxidize easily in the air, and those containing 8 or 10 
percent cerium take fire in the air. Cerium will dissolve in mer- 
cury to the extent of about 15 percent. 

Magnesium. The whole series of these alloys were prepared, 

and have been discussed under optical properties. The alloy 
contdining about 83 percent cerium is highly pyrophoric. Most 

of these alloys are brittle and can be easily pulverized. Excellent 
flashlight powders can be prepared from the ones of higher 
cerium content. These alloys also form splendid reducing agents, 
as the combination of cerium and. magnesium is an endothermic 
reaction, and when the alloy is oxidized, more heat is emitted — 

than from an equivalent mechanical mixture of the two constitu- 

ents. The fact that the alloys of from 60 to 75 percent cerium 
content may be easily pulverized in a mortar to a fineness of 200 
mesh should render these alloys valuable for thermal reductions. 

A small amount of metallic vanadium was prepared by reducing 
VO, by this method. The alloys of from 75 to 85 percent 
cerium content can be pulverized, but they are so highly pyro- 
phoric that it is difficult to prevent igniting them.
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DISCUSSION. 

Pror. C. L. Parsons: I cannot help rising to say a few words 
in praise of the work Dr. Hirsch has accomplished. Anyone 

who has attempted to do anything with the old Muthmann method 

for the obtaining of cerium knows something of the difficulties 
which have to be overcome to get even a very small yield of the 
metal; and it is certainly a very decided increase in our knowl- 
edge to understand that, with a common piece of apparatus which 

anyone can make readily in his own laboratory from wrought 

iron pipe, we can get ceriumi in some quantity. Also, I want 
to say that I hope from this paper interest will be engendered 

so that we may find some uses for this metal, because cerium is 

not anywhere near so rare a metal as many people are inclined 

to believe. Certainly, cerium salts can be obtained in very large 
quantities, and there will be no difficulty whatever in making a 

great many compounds of cerium, especially as cerium is now _ 

probably the most easily separated of any of the rare earths. 
Taking the crude material as it comes from the Welsbach Com- 
pany, cerium can be separated practically in a single operation 
over QQ percent pure, and accordingly we may hope to see cerium 

metal, if uses can be found, presented at a very low price. If 
you take a 30 percent solution of ceric bromate, the rest being 
water, and simply roll up a piece of filter paper so that it looks 
like a firecracker, and dip that into the ceric bromate, and hold 

it out, it goes off like a firecracker in about half a minute. I was 
in my laboratory one day when Professor James was working 
with some of that ceric bromate which he had been making an
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effort to crystallize. He had it in his hand after partial evapora- _ 

tion in a vacuum, and while stirring it the rod went through 
the bottom of the beaker, and the contents went down on his 

shirt sleeve. There was a series of pyrotechnics that I can assure 
Dr. Hirsch beat that which they had with the specimen of which 

he spoke. | 

Pror. J. W. RicHARrps: Mr. Hirsch’s paper on cerium is, to 
me, an extremely interesting one, because recently I have had 
occasion to look up this matter of the sparking of cerium alloys. 

The question has come up as to what causes the sparking of 

these alloys, and I have put a great deal of attention on it to 
find out the reason why. The very pure cerium is quite soft, like 

lead, and when you cut it with a knife, you get a shaving. The 
cutting off of the shaving does not bring it up to the ignition 
point. After examining a number of alloys and comparing them 

with the pure metal, I came to the conclusion that the spark- 
giving property (which is utilized so largely now in automatic 

sparking devices) is due to the brittleness of the material, that 
is, its brittleness in the sense that when it is scraped or scratched 

by a knife it gives off fine particles. This is not brittleness in 
the sense that it easily breaks, like chalk, but such that on scratch- 

ing it with a knife it gives off a spray of fine particles. The 

energy absorbed in detaching those particles raises them to the 

ignition point, and then you have the ignition or sparking phe- 

nomena. I have experimented with a number of these alloys 

myself, and I have come to the conclusion that in every case the 

brittleness as thus defined is the inherent cause of the usefulness 

of the alloy as a spark-giving metal. 

Dr. J. W. Brown: I notice that the alloy of aluminum is 

stated to be very hard and very brittle, and yet it does not possess 

this property of giving sparks, according to the theory advanced 

in your paper. Is this alloy an exception? 

Me. A. Hirscu: In the case of aluminum, I believe that a 

compound is formed containing about 55 percent of cerium, and 

this compound does not give the sparks, because in most cases 

you must have a percentage of about 70 of cerium in order to 

get this pyrophoric phenomenon. The silicide itself does not 

give sparks, but if you take that silicide and add to it enough
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cerium metal to bring the percentage up to about 70 or 75, you 

get a very good spark. If you have cerium present to act as a 

‘binder, and the percentage of cerium is about 70, you usually 

get the pyrophoric alloy. 

Mr. C. A. Hansen: Can pyrophoric alloys be made by dis- 
solving misch-metal carbide in various metals? 

Mr. Hirscn: Cerium carbide is pyrophoric, but it decomposes. 

Mr. Hansen: How about iron-cerium carbide? 

Mr. Hirscu: In the presence of moisture, this also decomposes. 

Mr. Hansen: The alloy, then, would not be permanent? 

Mr. Hirscu: It would not. 

Pror, RicHarps: As a matter of scientific accuracy, I would 

like to call attention to the fact that what we are discussing as a 
“pyrophoric alloy” is not pyrophoric at all in the true dictionary 

sense of that term. A pyrophoric material is something which 

‘takes fire spontaneously in the air. The use of the term “pyro- 

phoric alloy” originated with Dr. Welsbach when he discovered 
| these sparking alloys, and he used the term “pyroptioric alloys” 

‘for the cerium alloys which when scratched gave off sparks. The 

term “pyrophoric alloy” was thus invented, or used, by Dr. Wels- 
‘bach in describing these strongly sparking alloys. 

I may say that when you start with pure cerium and increase 
‘the amount of alloying metal, you eventually get a maximum of 
‘brittleness. As you increase the amount of alloying metal, you 
get a greater and greater pyrophoric quality and effect, until at 
a certain point it reaches a maximum, after which it decreases. 

That is clearly described in the fundamental Auer von Welsbach 
| ‘patent for pyrophoric cerium alloys. 

Dr. E. F. Norturup: Did you make observations to find 
out whether there is any chemical action whatever of the molten 
cerium on quartz or silica? | 

Mr. Hirscu: Cerium melts at a temperature of 635°, and when 

heated 50° to 100° above its melting point, I believe it acts upon 
quartz. 

Dr. NortHrur: Have you made wire of it? - 

Mr. Hirscu: No, I have not made wire. That is, I have cut 
wire, but I have ‘not drawn it with a die. _
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STANDARD METHODS RECOMMENDED FOR TESTING — 

OF DRY CELLS. | 

A Report oF Procress By THE CoMMITTEE ON Dry CELL Tests. 

This report is presented as a tentative one, subject to such 
revision as may be indicated as desirable by the American Electro- 

chemical Society and by the members of this Committee. The 
Committee urgently requests that a full discussion be given, as 

_ the Committee feels the necessity of securing all the assistance 
possible in getting this report into a final and acceptable form. 

When the American Electrochemical Society voted that a 
Committee be appointed to formulate standard methods of test- 

ing dry cells there were, apparently, among the voters those 
who held an impression that the task was not a difficult one and 

that tests could be devised which for simplicity and convenience 
would be comparable to the simplicity, modest proportions and 

values of the dry cell itself. The difficulties, however, will be 

as apparent to others as they have been to the Committee, when 
considering the various factors which must necessarily be taken 

into account. 

The methods of testing must in the first place be of benefit 

to those interested in dry cells, and the users may be divided 
into three classes: The average ultimate consumer, the large 
user, and the manufacturer. 

No standard methods of testing have been devised, or, we 

believe, can be devised, which will be suitable at once for all 

of these classes, and the most serious obstacles are encountered 

in formulating methods suitable to the first class. This is unfor- 

tunate, since by far the larger proportion of the dry cell output 

is so distributed that the user is interested in one, two, six, 

or perhaps twelve cells as supplying his yearly requirements. 

This very large number of users should have a test the cost and 
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labor of conducting which should not be out of proportion to the 
low values of the articles tested. There appears to be no ade- 

quate means of meeting this urgent demand for simplicity of 
equipment and method.? 

The fact that there is no “X-ray” method of examining a cell 
to see how much energy it contains, involves the alternative 
method of destroying the cell to determine its energy content, 
and this becomes of serious moment to the ultimate consumer 

class. In fact, insofar as the user is concerned, your Committee 

must agree with Dr. Baekeland, who says that “the test for the 
dry cell is to use it for a particular purpose.” 

The large users of dry cells, such as telephone exchanges, 

engine manufacturers, installers of alarm and signal devices, 

railroads, etc., who purchase cells in large quantities, are espe- 
cially interested in testing methods. Various methods of testing 
have been evolved by these users as a basis for purchase specifica- 

tions and as a means of judging the relative merits of the 
various makes of cells on the market. To them the matter of 

elaborateness of tests is of Jess importance than to the small user. 

Of even greater importance is the testing of dry cells by the 
manufacturer, who must necessarily adopt methods which will 

give him the necessary information concerning his product, no 
matter how elaborate. 

The methods of testing which the Committee is recommending . 
are those which are particularly suited to the second class—the 
large users. These tests, if extensively adopted, will be of indi- 
rect benefit to the small consumer, and will be of mutual advan- 

tage to the large users and manufacturers. 

The construction of dry cells, methods of manufacture, char- 
acteristics, properties, various uses, and methods of testing are 

discussed in various papers presented during the past four years 
before the American Electrochemical Society, and these papers 
constitute the most important literature, at least in this country, 

dealing with the dry cell. 
Uses of Dry Cells for Ignition Service. J. W. Brown, Trans- | 

actions, 13, 173 (1908). 

Certain Characteristics of Dry Cells. C. F. Burgess and C.. 
Hambuechen, 16, 97 (1909). | 

1Trans, Amer. Electrochem, Soc., 17, 365; 19; 32.
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Dry Cell Tests. F. H. Loveridge. 16, 109 (1909). _ 

Some Characteristics of the Modern Dry Cell. D. L. Ordway, 
17, 341 (1910). 

Dry Cell Testing. W. B. Pritz, 19, 31 (1911). | 

It has been suggested to this Committee that the methods for 
testing should include, aside from electrical measurement, 
methods of physical and chemical analysis, such that judgment 

may be made thereby of the merits of a cell, and that what 
constitutes a satisfactory product should be described in these 

terms so that they might form a basis of specification. There 
is a striking similarity between the various cells on the market 

as far as materials used and general structure are concerned. 
Exceedingly slight variations, however, which introduce large 
variations in the quality of the product, are not capable of 

detection by physical and chemical examination, and what is of 
even greater importance in determining the quality are the 

methods of assembling, such as methods of mixing, grading as 

to size of the particles which constitute the cell mixture, and 

methods of tamping, factors which cannot be easily determined 

by physical or chemical inspection of the resultant product. 

The art of dry cell manufacture cannot be considered as 
having been worked out to a finality; improvements are being 

made and will continue to be made. One maker may discover 
a simple method of neutralizing the effects of an impurity on 

his product which may have a detrimental influence in another 
product, and a judgment based upon the detection of such 
impurity would thereby work an injustice. The tests, therefore, 
should be such as determine the ability of the cell to produce 
results, and these can be determined only by tests involving 

electrical measurement. The dry cell, in all of its multitudinous 
‘uses, is merely a source of electrical energy, and its ability to 
deliver this energy, in the quantity and at the times desired, 

constitutes the principal measure of value. . 

Dry cell tests may be conveniently divided. into three main 

groups, viz.: | 

I. Tests to determine whether or not a cell is in good condi- 

tion before being placed in service.
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II. Tests to determine the actual or comparative service 

capacity of cells. | 

III. Tests to determine the rate of deterioration of cells on 

open circuit. 

This classification is followed in this report. Long discussions 

of the points brought out have been avoided as much as possible, 
references to the literature where such discussions may be found 
being given instead. 

TESTS TO DETERMINE THE CONDITION OF A CELL BEFORE USE. 

I. Electromotive Force:?—The electromotive force of a cell 
may be read by connecting a voltmeter directly across the 

terminals. . 

Notes:—In new cells of various types the electromotive force 
may vary from 1.5 to 1.6 volts. If a cell of the type now in 

general use gives an E.M.F. five or more hundredths less than 

1.5 volts it is an almost certain indication either of serious 
deterioration due to age, or of the external short-circuiting of the 
cell, or of some defect stich as an internal short-circuit, which 
will soon render the cell unfit for service. 

It is seldom necessary to measure the open circuit voltage of 
cells, since they are seldom deficient in this respect. It is a 

test which may be considered as secondary in nature, and should 

be applied when it is suspected that the cells are below standard, 
for example, when cells are received with wet jackets, when the 

terminals are corroded, when the electrolyte leaks from under the 

seal, or when the cells are abnormally low in short-circuit current. 
An accurate or carefully calibrated voltmeter should be used, 

the resistance of which is sufficiently high to render the current 
flow through it inappreciable. A two-scale Weston instrument 

| of 300 ohms resistance with 3-volt maximum deflection and 

1,500 ohms with 15 volts maximum deflection has been found 
very satisfactory for both cells and batteries. Cheap pocket 
instruments are often so inaccurate as to make their indications 
of open circuit voltage worse than useless. 

The effect of temperature on electromotive force is very slight, 
amounting to only a few hundredths of a volt between all ordinary 

"Trans. Amer, Electrochem. Soc., 16, 103 (1909); 17, 345 (1910).
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temperature ranges. The voltage returns to normal with the 
temperature. 

II. Short-circuit Current:—The short-circuit current of a cell 
may be obtained by connecting an ammeter directly across the 
terminals of the cell. 

Notes:—The short-circuit current of a cell is of value only when 
coupled with a familiarity with the brand of cell in question. 
If the reading is normal for that brand of cell, it is reasonably 
certain that the particular cell is in good condition, and that it 

will probably give as good service as others of the same make. 
This applies only to cells of the same brand and make. That 
the short-circuit current of a cell of a new and unfamiliar brand | 

is as high as that of another brand is no indication whatever of 
the equality of the service capacities of the two cells.2 The 
short-circuit current bears no relationship to service, and when 

measured without reference to temperature or other conditions 
may be entirely meaningless and misleading. 

The ammeter for reading short-circuit current should be dead- 
beat, and with its leads should have a resistance of 0.01 ohm, to 

within 0.002 ohm. Two 30-inch lengths of No. 12 lamp-cord 

make very convenient leads. The maximum swing of the needle 
should be taken as the short-circuit current of the cell. | 

The ammeter should be connected across the brass terminals 

of the electrodes. Low readings are apt to be obtained if the 

ammeter is applied to the carbon electrode directly. 

In order to avoid high contact resistance, the terminals of the 

cells and of the ammeter leads should be brightened. It has 
been found very convenient to fit the ammeter leads with small 

terminals of lead. The contact on the cell terminals is greatly 
improved, and with such leads it is unnecessary to brighten the 

contacts. 

For accurate measurement of the short-circuit current of a new 
cell, cheap instruments of the pocket type should be avoided.‘ 

The effect of temperature on the short-circuit current® is quite 

pronounced. Between 10 and 80 degrees centigrade, the amper- 

$Trans, Amer. Electrochem. Soc., 13, 178 (1908); 16, 110 (1909); 17, 346 
(1910); 19, 33 (r9tt). 

4Trans. Amer, Electrochem. Soc., 16, 117 (1909). 

8 Trans, Amer. Electrochem, Soc., 17, 356 (1910); 19, 37 (rgrr).
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age of cells is raised on an average of about I ampere for each 
10 degrees centigrade rise in temperature. This value varies 

considerably with different cells, and is somewhat greater at the 
lower (colder) end of the scale and less at the higher. At very 

low temperatures the effect is very pronounced, and it is often 
noted that cells received in extremely cold weather read but one 

or two amperes. On bringing them to room temperatures, how- 
ever, the short-circuit current becomes normal and the cell is not 
impaired by the freezing. 

III, Internal Resistance :*—This value is usually determined 
by applying the formula— 

V—V' 
Int. Res. = ——— 

C 

where V is the open circuit voltage of the cell, V’ the closed 
circuit voltage, and C the current drain to which the cell is sub- 

jected in order to make the determination. 

Notes.—The above formula gives a compound value, composed 
partly of the sum of the resistances of the various parts of the 

cell, and partly of the resultant of the various electromotive forces 
in operation during the action of the cell. The value obtained 

varies with the current flowing, the age of the cell, and the 
temperature. 

For these reasons we advise against the use of this test. It 
indicates nothing in regard to the service capacity, nor does it 

give an exact value of the actual internal resistance of the cell. 

SERVICE CAPACITY TESTS—CGENERAL DISCUSSION. 

: Requirements for a satisfactory test:—In general there are but 

two reasons for desiring a service test upon dry cells: 

1. To ascertain what life may be obtained from a brand of 

cells in a certain service. 

2. ‘To ascertain which one of several brands will give the 
longest life in that particular service. 

With the former object in view the knowledge is best obtained 

by actual use of the cells in connection with the appliance. In some 

€ Trans. Amer. Electrochem, Soc., 17, 348 (1910).
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cases this is the only feasible way in which the definite informa- 
tion sought can be obtained. The great majority of tests are 
carried on, however, with the second object in view, viz., the 
comparison of two or more brands of cells for use in a particular 

service. Where the amount of testing is large, it is impossible, 

even were it expedient, to use the actual appliances for testing 

cells, and it becomes necessary to devise special testing methods 
and apparatus such that results obtained therefrom shall be com- 

parable to the results obtained from the cells when placed in 
actual service. This is, we take it, the one necessary condition 
which dry cell tests must fulfil. 

There have been tests devised which seek to go further and 
make the operating conditions not only comparable, but as similar 

as may be to the operating conditions of the service for which the 
test is intended. Upon this point there is some diversity of 
opinion. Some authorities claim that a test is of greater value 

and is more reliable the more nearly the conditions of test 
approach those of service, and, following out these claims, have 

devised certain tests which are rendered quite complicated, 
requiring much attention and apparatus for their continuance, 

by the introduction into the method of some of the irregularities 

to be expected in service. It is questionable, however, if results 

of greater meaning are obtained from such strict adherence to 
service conditions. At best, such a test is but an approach to 

actual service, which must be continually varying from time to 
time and from locality to locality. Again, the apparatus neces- 

sary to carry on an irregular, intermittent test is very compli- 
cated and requires much careful attention. This feature limits 
its use to the large consumers and manufacturers. 

Testing cells in series:—It has been suggested that cells of 
various makes be tested by connecting them in series and dis- 
charging them simultaneously through any suitable resistance, 
thereby assuring that the cells are discharged at the same rate 
and under identical conditions. There are several objections to 
this method’ and we therefore advise against the testing of cells 

in this manner, 

Judging Results:—In interpreting the results obtained from 

a test of various grades of cells, we wish to caution against — 

7 Trans. Amer. Electrochem. Soc., 19, 36 (1911).
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drawing definite conclusions from the outcome of a single test 
or of a small number of tests. When the matter of choosing a 
brand is of much importance, it is necessary to run a series of 

tests over a period of six months or a year. In this way a very 

good idea may be obtained of the average service results which 
may be expected. . 

In the following table are given the results of ten monthly 
tests completed during 1910 on two brands of dry cells. The 

| values represent the length of service given: 

Tests I 2 3 4 5 6 7 8 9 lo Average 

Brand A....42 35 38 33 60 45 48 35 66 48 45.0 

Brand B....30 37 24 25. 27 40 48 42 40 40 35.3 

It is very evident from a comparison of the averages of these 

tests that Brand A is much superior to Brand B, yet had the 
consumer only the results from tests 2 or 8, he would have 
undoubtedly arrived at a very erroneous conclusion regarding 

the real merits of the two brands. 

SERVICE TESTS RECOMMENDED. 

I. Telephone Service:2—Discharge three cells, connected in 
series, through 20 ohms resistance for a period of two minutes, 

each hour, during 24 hours per day and seven days per week, 
until the closed circuit voltage of the battery at the end of a 

period of contact falls to 2.8 volts. | 
The following readings are taken: 

1. Initial open circuit voltage of the battery. | 

2. Initial closed circuit voltage of the battery. 

3. Closed circuit voltage at the end of the first discharged 

period. 

4. Closed circuit voltage at the end of a discharged period 
after three days, and weekly thereafter. 

Report the results as the number of days during which the 
closed circuit voitage remains above the limiting value of 28 
Voit. | 

Notes:—Fig. 1 shows in diagrammatic form a very convenient | 

and inexpensive method of carrying on this test. 

8 Trans. Amer. Electrochem. Soc:, 17, 358 (1910); 19, 41 (torr).
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The left hand portion indicates the apparatus necessary and 
its arrangement. The hand of the clock A revolves once per 
hour, closing, by means of a suitable contact H, the circuit of the 
battery J in turn through the contacts B,, B,, B, and B,, on the 
face of the clock. This current magnetizes in turn the cores of 
the relays C,, C,, C, and C,, causing the extended armature 
arms D to fall, bringing the inverted U shaped fingers F into 

_ mercury cups, to which the terminals of the individual test cir- 
cuits are connected. Each contact plate B is of such length that 
two minutes are required for the passage of the contact H. 

At the right of the figure is shown one testing unit, consisting 
of the relay C, the mercury cups into which dip the contact 

Telephone Fest For Dry Celts. 
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fingers F, and the arrangement of the 20-ohm resistance coils G. 

The batteries E, are stored under the table on which the 

various parts are fixed. One complete test battery circuit is 
indicated by the dotted lines. 

Fig. 2 shows a representative discharge curve obtained from 

a battery of three 2% x 6 inch (6 x 15 cm.) cells of a well known 
brand. The curve passes through the values of the closed cir- 
cuit voltage at the ends of the contact periods. 

The test should be conducted in a dry place, and normal room 

temperature should be maintained as closely as possible. | 

II. Ignition Service:—Discharge six cells connected in series 
through 16 ohms resistance for two periods of one hour each
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per day, seven days per week. The periods should be eleven 
hours apart, but in cases where the circuits are not automatically 

controlled, the first and the last hour in the working day may 
be chosen for the discharge periods and the discharge omitted 
on Sunday, without materially affecting the results. 

The following readings are taken: 

1. The initial open circuit voltage and short-circuit current 
of the battery. | 

2. The initial closed circuit or working voltage, and the initial 
impulse of current which the battery is capable of forcing through 
a 0.5-ohm coil connected in series with an ammeter, and in 

parallel with the 16-ohm coil. 

FrepresenJotive Telephone Curre. 
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| 3. Closed circuit voltage and impulse current through the 

0.5-ohm coil at the end of the first period of closure, at the end 

of the sixth period, at the end of the twelfth period, and after 

every twelfth period thereafter. 
The test is considered completed when the impulse current 

at the end of a period falls below four amperes. Report the 

results as the number of hours of actual discharge to the limit- 

ing value of impulse current. 

Notes:—Fig. 3 shows diagrammatically the arrangement for a 
single test. 

When the number of tests is not large the circuits may easily 
_ be closed by hand. When a great many tests are to be made,
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it is convenient to arrange a clock-operated automatic circuit 
closing device. | 

By varying the length or number of discharge periods, the 
test may. be made representative of any special cases of ignition. 
For a good comparison of the fitness of various cells for general 

ignition service however, the test as given above is to be recom- 
mended. 

Particular care should be taken to keep the temperature of 

ignition test batteries as nearly constant as possible, as the service 
obtainable is greatly influenced by this factor, as shown by the 

following table in which are given the averages of five separate 

) IGNITION TEST. 
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tests conducted at 5, 25, 35, 45, 55, 65, and 75 degrees centigrade. 

Temperature ........ 5° 25° 35° 45° 55° 65° 75° 
Hours service .......31.9 46.3 50.4 46.2 35.6 29.3 26.6 

The reasons for the adoption of the various constants of this 

test, viz., number of cells, resistance in main circuit, end point, 

and resistance in ammeter circuit, is fully described in the Trans. 

Amer. Electrochem. Soc. 18, 178 (1908); 17, 361 (1910), 19, 

43 (1911). 
III. Flash-light Batteries:—Discharge the battery to be tested 

through a resistance of four ohms for every cell in series, viz.,
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eight ohms for a two-cell battery and 12 ohms for a three-cell 
battery, for a period of five minutes once each day until the 
closed circuit voltage at the end of a discharge period falls to — 
0.75 volt per cell, viz., 1.5 volts for a two-cell and 2.25 volts for 
a three-cell battery. | 

The following readings are taken: 

1. Initial open-circuit voltage and short-circuit current. 

2. Initial closed-circuit, or working voltage. 7 

3. Closed-circuit voltage at the end of the first, third and 
seventh periods of closure, and after each seventh period there- 
after. 

Report the results as the number of minutes during which the 
battery was discharged through the resistance to the given end 
point. 

Notes:—In case the circuits are not operated mechanically, the 

results are not materially changed if the batteries are discharged 

only on working days. : 

Four ohms per cell is chosen for the resistance in circuit, since 
the tungsten bulbs generally used with a three-cell battery have 

a resistance of approximately 12 ohms. 

Miscellaneous Services:—In addition to the telephone and 

ignition services, which are by far the most important services 

in which dry cells are used, there are numerous other services, 
among which may be mentioned the operation of automobile 
horns, sewing machine motors, small fans, toys, massage vibra~ 
tors, cigar lighters, bells, buzzers, etc. In the aggregate these 
miscellaneous services consume enormous numbers of cells, but 

they are so numerous, and there are such variable conditions 
prevailing in each kind of service, that it would be useless to 
attempt to develop standard tests covering them. 

It is not difficult for anyone particularly interested in any 
special service to arrange a suitable test for himself. Care should 

be taken to make the conditions of test, viz., number of cells, 

resistance in circuit, period of drain, etc. approximate those of 

the service in question. .
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RATE OF DETERIORATION ON OPEN CIRCUIT. 

The voltage and short circuit current of the cells for test are 
read initially in order to insure that the cells are in good con- 
dition. The cells are then stored in a dry place of normal room 
temperature. 

The following readings are taken: 

1. Initial voltage and short-circuit current. 

2. Short-circuit current at the end of four weeks, eight weeks 

and each eight weeks thereafter. _ 

3. Voltage at the end of six months. 

The cells are kept on the shelf until the short-circuit current 

has fallen below 10 amperes. This point is arbitrarily chosen, 
as it represents a point below which it would be difficult to market 

the cell. For practical purposes, the results are expressed as the 

number of months during which the short-circuit current remains 
above this cut-off point. Much more meaning, however, is 

attached to the rate at which the current falls, generally reported 
as the drop in amperage for a given period expressed as a 

percentage of the initial amperage. This is especially true when 
investigation of the quality of cells is the object. For practical 

purposes, however, the first rating given, i. e., months to Io 

amperes, is perhaps preferable. 

Notes: The results from this test are largely indicative of 
increase in internal resistance, and bear no definite relation to 

the service which the cells may give. However, this information, 
coupled with familiarity with a brand of cells, becomes a very 

good indication of its quality. It also serves to indicate any 

serious defects of manufacture. 
The ammeter for reading short-circuit current should be dead- 

beat, and with its leads should have a resistance of 0.01 ohm. 

Two 30-inch lengths of No. 12 lamp cord make very convenient 
leads. } 

Particular attention should be given to the temperature at 
which cells are stored, as the rate of deterioration is influenced 

to a marked degree by the temperature of the cells.° 
The ideal method for an open-circuit deterioration test would 

be the determination of the decrease of service capacity due to 

® Trans. Amer. Electrochem. Soc., 17, 357 (1910); 19, 39 (1911).
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storage over definite periods. This practice, however, would 
entail much labor and expense where the amount of testing to 

be done is large. 

THE ADAPTABILITY OF TESTS TO THE NEEDS OF THE VARIOUS 
CLASSES OF CONSUMERS. 

The question may arise in the mind of the consumer as to what 
extent the cells he purchases should be tested. It obviously - 
would not be practical for the small consumer to conduct tests 
on the same scale as those carried on by a consumer using many 
barrels of cells per year. It is impossible to formulate any set 
rules for sampling and testing for any consumer or group of 
consumers, as the amount of testing done must be regulated by 

the relation of the cost of testing to the value of the cells put- 
chased. However, we present here suggestions as to the adapta- 

bility of these methods to several roughly classified groups of 

consumers. 

The Small User:—In this class may be included the great 
' percentage of consumers. The man who buys a few cells at a 

time for purposes of ignition, bell ringing, etc. Obviously it is 

out of the question for this class of consumers to conduct any 
sort of service test. The only safe course is the purchase of a 
reputable brand of cell, We would advise that, perhaps, every 

cell purchased thereafter be read for short circuit current, 
although as stated previously, this reading gives no direct indi- 
cation of the service capacity of the cell, yet, if the reading is 

normal for that brand, it may be reasonably certain that the 
cell is in good condition and that it will probably give as much 
service as those of the same brand formerly purchased. 

It would be impractical for the small user to provide himself 
with an expensive ammeter, as, for his purpose, a good make 

of pocket instrument will give readings sufficiently accurate. 
Such instruments, however, should be checked up occasionally 

with a standard meter. 

The Small Dealer:—This class comprises those dealers who 

may dispose of from a few hundred to a thousand or more cells 
| per year. The dealer is particularly interested in keeping the 

quality of his stock up to the standard. As cells are received
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a representative sample, e. g., 10 percent chosen at random 
throughout the lot, should be read with a reliable make of 
ammeter. If the readings are normal it would scarcely profit 
to make any further tests. For his protection all cells should 
be read with the ammeter before being delivered to customers. 

The Jobber:—The jobber buys and sells dry cells largely by 
barrel lots, and in many cases conducts no tests whatever. If 
he is desirous of keeping his quality strictly up to standard it 
would be well to open several barrels in each shipment and test 
with an ammeter a dozen cells chosen at random throughout 
the barrel.. 

If the large jobber wishes to carry the best grade of cell for 
any service, it would probably pay him to conduct the recom- 
mended telephone and ignition tests on a small scale. The con- 
sumer however has more interest in the service to be obtained 
from cells than has the jobber, but as noted above the small 
average number purchased by the consumer prohibits tests of _ 
any magnitude. Therefore if the jobber takes up dry cell testing 

seriously it would be with the ultimate aim of protecting, and 

building up the reputation of the small consumer. 

Telephone Companies :-— 

I. The small telephone company consuming say less than 

ten barrels of cells per year could install a standard telephone 
test of small capacity by fitting suitable electrical contacts on a 
clock and connecting these with a telegraph relay in such a way as 
to cause the latter to open and close the dry cell circuits. We 
would advise that such a test be maintained by each company and 

that periodical tests (at least four per year) be made on the 
shipments of cells received and also on small lots of other brands 

purchased from time to time for the purpose of test. The small 
company should also test a representative sample (say Io percent) 
of all consignments received, with a good ammeter. 

2. The large telephone company using many barrels of cells 

per year can well afford to install an apparatus for carying on 

the test suggested in this report. We would advise that a battery. 

of three cells from each consignment received be placed upon 

the telephone test. We would however, consider two such tests 

19
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per month as a safe maximum number of tests. In addition the 
short-circuit current and open-circuit voltage should be read upon 

a representative sample of all cells received. 
It would be profitable for the large telephone company to con- 

- - duct regular telephone tests, not only upon the batteries used 

with their equipment, but also batteries composed of the differ- 

ent makes of cells, in order to compare their relative merits on 

telephone service. | 

Gas Engine Manufacturer:—To the gas engine manufacturer 
it is important that the batteries furnished with his engine be 

the best cells obtainable from an ignition standpoint. As the 

apparatus necessary for carrying on the ignition test is quite 

inexpensive and as the test requires very little attention, the 

manufacturer of such engines purchasing a considerable number 

of cells should conduct the ignition test not only as a check upon 
the cells he is receiving, but as a basis for judging the merits of 

the different grades of ignition cells on the market. 
An ignition test upon six cells from every fifth barrel received 

with a maximum of two tests for a single consignment of cells, 
would probably be sufficient. Beforé being sent out with an 
engine the short-circuit current on all cells should be read and 

those reading abnormally low (e. g., 5 amperes or more below 
the average for the brand and grade) should be rejected. 

C. F. Burcess, Chairman, 
J. W. Brown, 

| F, H. Loverince, 
C. H. SHarp, 

Committee on Dry Cell Tests. 

DISCUSSION. 

Pror. C. F. Burcrss presented the paper, and in doing so said: 

This report is devoted to a consideration of methods of testing a 
piece of electrical apparatus to which very little attention has 

been paid, although a type of apparatus of great importance. 
The members of the Society and the members of the committee 

have been familiar with the dry battery test largely from the
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standpoint of the manufacturer, but in formulating this report 
we have attempted to look at the matter from the standpoint 
first, of the small user, and then, from the standpoint of the 
larger user, and finally, from the standpoint of the manufacturer. 
We hope the report will bring out a free discussion, not only 

orally, but communicated, and we will not feel at all displeased 
if this discussion is of an adverse nature. Any one who looks 
at this matter of dry battery testing will see that it is a compli- 
cated problem, there are so many different factors entering into 
it that it is difficult to devise perfectly satisfactory methods of 

testing, and we will welcome criticism of our report. 
This report is presented, not with the idea that it will be 

accepted as a final report on the question at this time, but with 

the hope that it will, at least, be put into print under the auspices 
of this Society, and that it will go into the hands, in some way or 

other, of the battery users, that there will be attention paid to 
the matter of testing dry batteries during the coming year, and 

that we will have a record of tests presented giving the results of 
dry battery performance. This is, then, a tentative report, with 
the hope that at some future day this committee, or some other 
committee, will present a final report, which will be accepted by 

the Society. . 

Mr. F. H. Loveriwce (Communicated): With reference to 

the E. M. F. test to “determine the condition of cell before use,” 
the writer is of the opinion that no reliance can be placed upon 

such test made with a high resistance voltmeter. The resistance 
of the instrument is so high compared to the cell itself that a 
cell which has seen considerable service might not give any 

indication of its condition. 
Furthermore, cells that have shown excellent results in service 

and on shelf have shown voltage readings that varied in amount 

from less than 1.45 to over 1.60, thus indicating that the E. M. F. 

of cells is no safe criterion of what may be expected in service. 

It should be added that these observed voltages were readings 

- from cells that had not been sent out from the factory, and also 

that readings were taken after the regular time for the cells to 

settle down to normal had elapsed. 

It is generally recognized that the effect of service on a dry
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cell is an increase in its apparent internal resistance rather than 
the loss of E. M. F.; it is not at all uncommon to find cells that _- 
will give a high voltage reading on a high-resistance voltmeter, 
but which are capable of giving only a very feeble short-circuit 
current. It then seems logical to assume that E. M. F. readings 

are @f no particular value taken by themselves, but must be 
accompanied by some data as to current flowing. This naturally 
leads to the idea of ignoring E. M. F. and depending on current 
readings with a suitable resistance in circuit to represent the class 
of service for which the cell is to be used. The factor of length 

of time on closed circuit would also be dependent on the class of 
service. This plan is applicable to life-tests, and would have 
the advantage of somewhat simplifying them. It would have its 
best application, however, in the testing of cells in service, to 
ascertain their condition at any particular time. 

For such a test an ammeter, having, in series, a resistance 

equaling that of the circuit in which the cell is used, would be the 
best arrangement. The ordinary pocket instrument would not 
be found satisfactory for this test, for the reason that the deflec- 
tion of the ordinary instrument will remain at a fixed point and 
not show a change as the current diminishes. The only satis- 

factory instrument would be one in which changes of current 
would produce corresponding changes in deflections. A test of 

this nature would also be much more consistent for cells that 
had deteriorated to a certain extent in storage, than the test 
made with a low-resistance ammeter for instantaneous short- 
circuit current. 

The internal condition of a dry cell in service is known to be 
dependent on a number of influences, but I believe it will be con- 

ceded that the factors of greatest importance are amount 
of current flow, ratio between open- and closed-circuit periods, 
and the arrangement or distribution of these periods over the day. 

It being granted that this is the case, it follows that the more 
nearly we can approach actual service conditions the more nearly 

we will have accurate information as to results that may be 
expected, although it does not necessarily follow that accuracy 

of results is strictly proportional to the approach to actual con- 
ditions of service.. This is true whether tests are made for pur- 

_ poses of ascertaining what mav be expected from a particular
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make, or for comparison between various makes (each possessing | 
_ more or less individuality), to determine which is best adapted 

for a particular purpose. 

For the above reason, I would be strongly in favor of recom- 
mending that wherever practical, all battery life tests either 
duplicate the conditions of average service or else that readings 
from cells in actual service be taken, if conditions are such that 

| there is a uniformity of service requirements for all cells. 

This last condition is seldom met with except where cells are 

employed with some uniformly operating mechanism, but, even 

in this case of uniform conditions of circuit closure, other factors, 
such as temperature, are liable to enter. 

_ Following the above recommendation, it would be desirable 
to describe specific tests to meet the requirements of the different 
general classes of service. 

Mr. W. B. Pritz: It is true that the internal resistance of - 

cells increases during service, and that the voltage, decreased 

by polarization, will recuperate greatly when the circuit is broken. 
End points in service tests cannot therefore be determined by 
open-circuit voltage readings. 

The voltage measurements referred to in the report, however, 

_ are those taken while the circuit is closed, 7. e., while the cell is 

discharging. As these readings measure that part of the total 

E. M. F. of the cell used in forcing the current through the 
external circuit, such readings give precisely the same informa- 
tion as would be obtained from the readings suggested by Mr. 
Loveridge, viz., readings of the current flow in the circuit. How- 
ever, in the ignition test recommended in the report, the end 
point is determined by. a current impulse value, for reasons fully 

stated in papers which have been presented before this Society 

and referred to in the report. 
Relative to Mr. Loveridge’s suggestion that the conditions of 

test be made to conform as closely as possible to the conditions 

of service, it may be said that this is in some cases most desirable. 

However, as brought out in the report, when simply a comparison 

between cells is wanted, a close approach to service conditions 

is fully satisfactory. Tests which will conform strictly to actual 

service conditions, could they be devised, would, in most cases,
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be very complicated and would require a great deal of expensive 
apparatus and for most purposes would be unnecessary, since 

simpler tests will serve to classify the different brands of cells 

according to their service capacities. 

Conditions surrounding service in which dry cells are used, 
in the main, vary from time to time and also between different 

installations, so that in the majority of cases it is impossible as 

well as unnecessary to duplicate such conditions in a test. As 
close an approach as possible to operating conditions, at the 

. same time retaining simplicity, is to be desired. 

Mr. J. FRANKLIN STEVENS (Communicated): In the “Report 

of Progress by the Committee on Dry Cell Tests,’ Section 2, 
page 270, after reciting several excellent reasons why the short- 

circuit current test is meaningless, without mentioning, however, 
the damage done the cell by short-circuiting it, full directions 
for making such tests are given. The directions state: “The 

ammeter for reading short-circuit current should be dead-beat 

* * *, The maximum swing of the needle should be taken 

as the short-circuit current of the cell.” Further on it is stated: 
“For accurate measurement of the short-circuit current of a new 

cell, cheap instruments of the pocket type should be avoided.” 

Without attempting to discuss the advisability of the short- 
circuit current test, which is both harmful to the cell and mean- 
ingless as to results, I would call attention to the fact that, if the 

Committee decides to retain this test, the reading obained by 
noting the maximum swing of the needle gives no quantitative 

measurement of the current and a qualitative measurement only 

when the same ammeter is used on cells of the same capacity, 
that is cells giving approximately the same short-circuit current. 

Indicating or direct-reading ammeters are not designed for use 
as ballistic galvanometers, in fact they are designed to be as 
aperiodic or dead-beat as possible, but in this respect no two are 

alike. Even ammeters of the same make and of the same range 

will differ sufficiently in their aperiodic qualities to prevent the 
overthrow of the needle giving an accurate relative measure 

of the current. This difference will be far greater when results _ 
are compared between ammeters of different makes and different 
ranges, at various parts of the scales.
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The Bureau of Standards recently completed a series of tests 
on eight makes of American direct-current voltmeters and 
ammeters (see Bulletin of the Bureau of Standards, 7, No. 3), 
in which they determined, among other things, the damping or 
dead-beat qualities. Testing voltmeters of 150 volts maximum 
range on a circuit of 120 volts, the time required for the pointer 
or needle to come to rest after closing circuit varied from 0.8 

to 4.8 seconds. In the ammeter tests, employing a current of 

160 amperes on instruments of 200 amperes maximum range, 

the time required for the pointer or needle to come to rest after 

closing circuit varied from 1.1 to 5.8 seconds. 
The damping or dead-beat qualities of any direct-reading 

instrument depends upon a number of factors entering into the 
design and construction, such as torque, weight of moving 

_ element, friction, strength of field, and moment of inertia of the 

moving element, while the overthrow or maximum swing of 

the needle depends not only on these factors but also upon the 

momentum given the needle when the circuit is closed. This | 

momentum is also directly proportional to the ratio of the cur- 
rent through the instrument to the total maximum current 

capacity of the instrument, that is, for example, the actual 
amount of overthrow of the needle will be greater at 2/3 of 

full scale than at 1/3. 

Since the overthrow reading is in no sense quantitative, it is 

a matter of indifference whether the ammeter employed for such 

a test is a high-grade accurate and aperiodic instrument or a 
cheap type of pocket ammeter. 

A consideration of the facts above makes it apparent that a 

measurement of short-circuit, or any other, current based upon 

the “maximum swing of the needle” is entirely valueless as a 

measure of the current or even as a basis of comparison between 

cells of different capacities. 

Dr. JoHN W. Brown: ‘The discussion, as I take it, deals 

with fractions of a second, that is the taking of readings in a 

small limit of time. The present way of measuring the short- 

circuit current of a dry cell usually requires a contact of one or 

two, or perhaps three seconds, and in that time it gets down
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to a perfectly definite reading. We are not interested in general 
in readings taken as indicated in that discussion. : 

PRESIDENT WHITNEY: It seems to me that the Society should 

only support a report which is practical. If we get out a report 
whjch covers a method of testing dry cells which the users will 
not recognize, then there is little use in our getting it out. The 
object of our Committee has been to study the different uses of 
the dry-cell battery in the various fields, to secure the best 
method whereby the test can be made, and to recommend a form 
of test which will be practicable and will be used. 

It was my hope that the discussion this morning, by men who 
know more about it than I do, would lead to suggestions of 

methods for making the test in a practical manner. 

Pror. Jos. W. Ricuarps: I move that this report be received 
and the Committee continued, to report at a subsequent meeting. 

Dr. Cart Hertnc: I second the motion. _ 

(The motion was put to vote and carried.) a 

PRESIDENT Wuitney: I think that this is a good move. 
‘Many people who are using dry batteries may be led to test 

them under the conditions presented in the report of the Com- 
mittee, and report their conclusions to the Society.
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PERFORMANCE OF DRY CELLS. 

By Cary HaMBvuECHEN, 

Since 1908 the writer has made examination and tests on 

several thousand dry cells for the purpose of determining their 
characteristics and performance as judged by methods of testing 
in common use. The cells examined included the products of 
various leading manufacturers supplying the American market. 
This work. has done for the French Battery & Carbon Company, 

of Madison, Wisconsin, and it was through the courtesy of this 
company that permission was secured to draw upon the records 
for information which may be of some general interest to dry- 

cell users. 
There are three important characteristics of dry cells by which 

merit is judged, these being commonly designated as the “flash” 
or “short-circuit current,’ the ‘shelf life” and the watt-hour 

output or “service capacity.” | 
The first is of the least importance and the last is the most 

important, as determining the actual merits of the product, but 
as to the frequency of use this order is reversed, and it is by 

the flash test that the largest proportion of dry cells sold are 
judged. The dealer tests the barrel of dry cells when received by 
means of the ammeter, the customer in turn goes over the dealer’s 
stock and picks out cells which show the “most amperes.” To 
those who have given the matter some thought it is evident that 
the merits of the cell cannot be determined solely by the initial 
amperage, but the test is nevertheless in general use and is an 
important factor. The principal reason for this test is apparently 

its simplicity and rapidity, coupled with the fact that it does tell 

whether the cell has a high or low internal resistance and whether 

it is alive or dead. This test being used as an indication, it is 

natural that the purchaser would choose cells which show the 

highest test, that the dealer therefore finds it easier to sell a 

207



298 CARL HAMBUECHEN,. 

higher testing product, and that this influence extends to the 
maker in prompting him to turn out a high-testing product. 

That there has been a tendency in this direction during the 
past few years, of increasing the flash test, is indicated by the 
curves in Fig. 1. These were compiled from many observations 
of the standard size 6 inches (15 cm.) high by 2% inches 

(6 cm.) diameter dry cells of the most prominent makes. 
Thirteen years ago comparative tests were made on twelve 

different brands of dry cells on the American market ; these tests 
being carried out in the Applied Electrochemistry Laboratory, of 
the University of Wisconsin. They indicated that the flash test 
or initial amperage of cells at that time varied between two and 
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ten amperes. There has been a gradual upward tendency since 

that time, and that this upper tendency is still continuing is 
shown by the curves above referred to. An attempt has been 

made to separate the 6 in. (15 cm.) dry cells into two classes, 

namely, those intended for telephpone service, door bell and 

signal work and the like, and those intended for gas-engine 
ignition. It will be seen that since 1908 the initial amperage 

of the ignition type has been raised from 20 to over 30 amperes, 
while with the telephone type the amperage has been raised from 
15 to nearly 30 amperes, In considering this decided upward 
tendency it is interesting to speculate how much further it will 

be carried, and as to whether the other and more important 

characteristics of dry cells are being likewise improved. 
There are various methods by which the initial amperage may
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be increased, including the use of graphite and higher conduc- 
tive carbon, the increase in the percentage of this material with 

a corresponding decrease in the manganese and other constitu- 

ents, by the use of various chemicals which increase the activity, 

by the use of thinner and more porous lining for the cells and 
by the density and hardness of tamp, etc. | 

The question naturally presents itself as to whether in the 
attainment of a high flash some of the other desirable character- 

istics may not be sacrificed, and from the writer’s observation it 

appears that during the past three years there has been little if 

any improvement in the cell durability or shelf-wear or in the 
watt-hour capacity; in fact there is some evidence that these 
important qualities have been sacrificed in the attainment of 

high amperage. — 

There is an impression which is becoming more generally 

recognized that high amperage alone is a false criterion, and that 

a cell possessing it is likely to suffer more rapid deterioration 
either in storage or for long time service. In all probability the 

adoption of certain simple and standard methods of testing will 
result in more attention being given to the more important 

characteristics of long life and energy output. 
While there are certain classes of service in which the dry 

cell is naturally expected to run down within a few weeks, there 

are larger fields for usefulness where the service must be 

extended over many months and even a year, and in which 

deterioration when the cell is not in use naturally plays a promi- 

nent part. These classes of service include telephone, signai and 
alarm service, and where the dry cells are used as an emergency 
reserve in the failure of other sources of electrical energy 

supplied. | 
A question of great importance and upon which there is little 

published information is this, “What is the rate of normal shelf- 

deterioration for a standard well made cell under normal tem- 

perature conditions?” From statement by Mr. D. L. Ordway, 

Transactions of the American Electrochemical Society, 17, page 

349 (1910), the shelf life of a cell may be taken as the number 

of months before the short-circuit current reaches Io amperes. 

This 10 amperes is taken not because it indicates a corresponding 

decrease in the output capacity of the cell, but because it repre-



300 CARL HAMBUECHEN. 

sents a value such that the dealer could not dispose of the cell to 

the average consumer. The best cells in the market have a 
shelf life on this basis of 12 to 15 months, while 10 to 12 months 

is given as more nearly the shelf life obtained with the high- 
grade cells now on the market. Mr. W. B. Pritz, Transactions of 
American Electrochemical Society, 19, 39 (1911), gives data 

showing the variation of shelf deterioration at various tempera- 
tures. At 25° C. at 22-ampere cell will drop to percent in 
amperage in ten weeks on open circuit. 

From a large amount of data the writer has endeavored to 
compile a curve which will show a normal deterioration of the 

more prominent types of cells on the market during the past 
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year. This is difficult on account of the wide variation in per- 

formance, not only as among cells of different makes, but even 
as among cells of any one make, Basing judgment upon the 
results obtained from over a thousand cells made in the latter 
part of 1910 and during 1911, the curves in Fig. 2 may be taken 
as representative of the better grades of 6 in. (15 cm.) dry 
cells. These curves express the percentage of the original flash 
which cells should show after various intervals of storage up to 
one year. It has been observed that cells made with higher initial 
amperage show a more rapid deterioration than those made 
initially of the lower flash test as indicated by the three curves for 
cells having initially 20, 25 and 30 amperes respectively. It has 
been pointed out by Messrs. Pritz and Ordway that the falling off 
in flash tests does not by any means indicate a corresponding
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reduction in useful service capacity, and the writer wishes to 

confirm these observations. Nevertheless, it is desirable that 

cells be improved for shelf wear and the above curves indicate 
that marked opportunity for improvement exists. 

It is hoped that more attention may be given during the com- 
ing year to dry-cell testing, especially along such standard lines 
as may be recommended by the American Electrochemical Society, 
and that later results may be presented by various observers 

through which more accurate knowledge concerning dry cells 
may be derived. 

Northern Chemical Engineering Laboratories, 

Madison, Wis. 

DISCUSSION. 

PRESIDENT WHITNEY: It seems to me that we might get a 

flash test which would partly ruin the cell, and our Committee 

should do what it can to get a proper kind of test. The “flash 
test” is such an easy thing that there is a possibility of its being _ 

abused. 

Pror. C. F. Burcess: The flash test is used on millions of 

cells and by many users throughout the country. It shows them 

something about the apparatus, at least whether the battery is 

alive or dead. ‘The battery manufacturers use a flash test on the 

cell to show something as to its characteristics. Most people who 

buy a 15-cent or 25-cent dry-cell cannot afford to have a $10 

instrument to test it with, so that we are forced to face the neces- 

sity of $1.50 pocket instruments, and it is in some respects 

rather out of the question to say they cannot be used, because 

they are used and will be used. The best thing we can do is to 

find out what such readings mean, and thus help the situation 

to a certain extent. . 

Dr. J. W. Brown: Some companies, the National Carbon 

Co. included, have tried for a long time by means of an edu- 

cational campaign to convince the people of the limited amount of



302 DISCUSSION. 

information which is derived from the “flash test,” but, never- 

theless, the flash test is made and we are obliged to accept that 
fact. Accepting that fact, we want to point out the dangers of 
too broad a conclusion from a test of that sort. In talking with a 
great many persons personally, I have found some difficulty in 

persuading them that if a cell shows at the outset 25 amperes, 

and on a later test shows 12.5 amperes, or thereabouts, that less 
than half the energy has disappeared from the cell. It seems self- 
evident to most people that a 50 percent loss of energy has 
occurred. This point was brought out and emphasized at con- 
siderable length in the report of the Committee, and, confirmed 
by the Society, should have considerable influence with the users 

of dry cells. | 

PRESIDENT WHITNEY: In practice, any test short of a life 

test is not a good test. It is not true that a man must make 
the test on every new battery. It seems to me that the test 

should be made by an organization like the Bureau of Standards, 
and random samples taken from large consignments for test. 

Dr. Carn Herinc: Exactly; and a parallel case is the testing 
of incandescent lamps.
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THE MAKING OF MAGNESIA CRUCIBLES. 

OLIVER P. Watts, 

Assistant Professor of Applied Electrochemistry, 

In the preparation of the thousand alloys of electrolytic iron, 

which have been made and tested in the Department of Chemi- 

cal Engineering during the last few years, it was necessary to 

melt the material without contamination by carbon. Since — 

suitable crucibles could not be purchased it was necessary to 
make them, and at the end of four months of constant experi- 

ment, the first successful crucible was turned out. 

In view of the difficulties to be overcome, and the inquiries 
received from time to time in regard to the method of making 

these crucibles, it has seemed advisable to publish the results 

of our experiments along this line. 

At the outset Dixon graphite crucibles, as well as crucibles 
turned from bars of Acheson graphite, were lined with cal- 

cined magnesia to which some binder, such as a solution of 

sodium silicate, magnesium chloride or tragacanth was added. 

The lined crucibles were allowed to dry, and were then heated 

in a gas oven to drive off all moisture before use. They were 

then charged with the desired metals, and the melt made in an 

electric arc furnace. After months of experimenting with 

these materials, fifty per cent or more of the linings failed in 
the electric furnace. Success was finally achieved through 
modifying our process in three particulars, viz.: the elimination 

of all binding materials, except water, the baking of the mag- 

nesia lining in situ to a temperature as high as that at which 

it was to be used, and finally the substitution of an electric 

furnace of the resistance type for the are furnace. 

The process as finally worked out is very simple. The cal- 

cined magnesia is moistened with water, and tamped around a 

core of wood set in a crucible turned from a bar of Acheson 

graphite. The core is withdrawn and the erucible set in an oven 

heated by gas, until thoroughly dry. It is then covered by a 

thin graphite cap, buried in a granular carbon resistor, and 

heated to a tempeature a little above that required to form
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any of the alloys: After so baking, the magnesia linings are 
_ readily removed from the crucibles. They are hard and stone- 

like, and show a crystalline fracture. For use, they are re- 
placed in the graphite crucibles, charged with the desired 
metals, covered with a thin disc of magnesia, and the graphite 
cap placed on top, when they are ready for the electric furnace. 
A description of the furnace used has already been published. 

Commercial calcined magnesite was found to vary greatly in 
the amount of iron oxide, and carbon dioxide contained, no 
two lots proving alike in these respects. The iron oxide is det- 
rimental, because in baking the linings, it distils out, is reduced 
to iron in contact with the inner wall of the crucibles, and this 

iron is then likely to corrode both the crucible and the lining 
by carrying carbon from one to the other.2. Any considerable 
amount of carbon dioxide indicates insufficient calcining, and 

such material will show excessive shrinkage in baking, and in 
extreme cases the lining may crack. Average linings, 6 inches 

high and 314 inches in diameter, showed a shrinkage of 12 per 
cent in both outside and inside diameter, and 17 per cent in 

length. One lot of magnesia contained so much carbonate that 

it was impossible to use it without calcining it. This was done 

in the electric are, and the fused magnesia produced was then 

pulverized for use. Linings made from it shrink so little that 

it was sometimes difficult to remove them from the crucibles 

after baking. This may be remedied by the addition of 2 to 

10 per cent of magnesia which has not been fused. 
The extreme temperature at which such magnesia linings 

may be used in graphite crucibles is fixed, not by the melting of 

the magnesia, but by its reduction by the graphite. On ac- 

eount of this action, the granular resistor should never be 

allowed to come in contact with the magnesia linings. 

In view of the hardness, mechanical strength, and high melt- 

ing point of such magnesia linings, it would seem that they 

needed only to be given the form of commercial crucibles, to 

replace completely the latter for very high temperature use. 

Unfortunately magnesia loses its strength at a white heat to 

such a degree that the crucibles will not bear handling; hence 

1 Blectrochemical and Metallurgical Industry, 4, 273. 

2 Trans. Amer. Electrochem. Soc. 11, 279.
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they can be used only as linings when the crucibles must be 
handled at, or near, a white heat. The writer has tried addi- 

tions of various other refractory materials to magnesia in hope 

of increasing its strength at high temperatures, so that eru- 

cibles full of melted metal may be handled directly, without 

the use of a graphite casing, but so far these experiments have 

not been successful. 

A similar method of manufacture is outlined in U. S. patent 

1022011, recently issued to G. Weintraub, and assigned by him 

to the General Electric Co. Carbon or graphite cores are, 

however, used instead of wooden ones, and these are left in 

place during the baking, which is carried only to a temperature 

of 1500° C. To prevent the breaking of the crucibles by the 

contraction which occurs during cooling, several layers of paper 
are wound over the cores before these are put in place. The 
process is applied to crucibles of magnesia, alumina, and thoria. 

For magnesia at least, the patented process appears to 

| have no advantage over the earlier method evolved at Wiscon- 

sin, while it involves the additional expense of a considerable 

number of carbon cores, and the likelihood of the cracking of 

many crucibles during cooling, in spite of the cushion of paper 

put. around the unyielding cores. 

A good market awaits the manufacturer of a crucible free 

from carbon, which shall be as cheap and refractory as mag- 

nesia, and strong enough to be handled when full of molten 

metal.
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THE VOLATILITY OF ZINC OXIDE, 

By O. L. Kowarxg, 

Several years ago, in connection with some experiments on 
the electric smelting of zinc ores, the’ question arose whether 

zinc oxide was volatile or not. In the literature there seemed 

to be only general statements as to the temperatures at which 
zinc oxide was volatile, but no record of definite tests was found. 

Stahlschmidt? says: “Zine oxide is infusible and is notably 
volatile at 970° C., and about 15 percent more at 1054° C., and 

is rapidly volatile at a high heat.” 
After the present investigation had been completed, it was 

found that this question had been studied by Messrs. Doeltz and 
Grauman.2 Their methods are about the same as in this work, 

but the results are somewhat different, as will be explained later. 

APPARATUS. 

Pyrometer: A carefully standardized and properly protected 

thermocouple of platinum and platinum-10-percent-rhodium and 

a galvanometer of Keiser & Schmidt served as the means of 

determining the temperatures attained. . 

Zinc Oxide: The zinc oxide employed was “Zinc Oxide, C. P.,” 

obtained from E. H. Sargent & Co., and was not tested for its 

purity. 

Furnaces: The first furnace used was of the granular carbon 
resistor type. The treating chamber was a magnesia crucible 

4% inches (12 cm.) long, 134 inches (4.3 cm.) in diameter, walls 

4 inch (0.6 cm.) thick, closed at one end, and surrounded by a 

shell of Acheson graphite. All of it was imbedded in the resistor 

in a horizontal position, with the opening of the crucible through 

the wall of the furnace. This arrangement allowed the ihtro- 

duction and removal of the zinc oxide from the furnace in a 

* Ingall’s “Metallurgy of Zinc and Calcium.” p. 5. 

*“Metallurgie,’’ 1906, 212, 233. 
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~ convenient manner. The mouth of the crucible was closed with 
a magnesia disk through which the pyrometer and sight tube 

were inserted, and the whole was cemented up with asbestos 

fibre. 

This type of furnace was very convenient, but trouble lay in 
the fact that there was danger of reducing gases coming through 

the wall of the magnesia crucible. This did happen, and the 

results were of no value. 

The only type of furnace that did not introduce any reducing 
material was a tube furnace of the Heraeus form, wound with 

some high melting-point metal, such as “nichrome” or platinum. 

Such a furnace consisted of a tube of porcelain or ‘“Marquardtsche 
Masse,” about 1 inch (2.5 cm. )in diameter and 10 inches (25 
cm.) long. A spiral of resistance wire was on the tube and con- 

nected to the terminals at the ends of the furnace. The annular 
space of about 3 inches (7.5 cm.) between the tube and the casing 

of the furnace was filled with fossil flour to serve as heat 
insulator. , | 

The electric current from a 110-volt circuit used for heating 

the spiral of resistance wire’was regulated by means of a bank 
of incandescent lamps, which proved to be a convenient method 

for control of the current and hence of the temperature. 

The “nichrome” ribbon does very well for temperatures below 

1100° C., but temperatures above this can not be maintained very 

long, as the metal oxidizes rather rapidly. The platinum foil 

can, of course, be heated to a higher temperature, but in this 

case the foil was so thin that it was not safe to go above 1400° C. 
In this connection it might be of interest to state that a thin 
platinum foil does not work well with alternating current, as the 

vibrations resulting from this power break the foil. Direct 
current is entirely satisfactory. 

PROCEDURE. 

The zinc oxide was placed in a boat about 3 inch (0.9 cm.) 

wide, 36 inch (0.9 cm.) deep and 3% inches (9 cm.) long. 
Before using a new boat or fresh zinc oxide for any test they 

were both first ignited in a Bunsen flame to a constant weight. 
The boat with the weighed amount of zinc oxide was then put 

in the furnace, and the pyrometer so placed that the junction
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of the couple was at the middle of the boat. The end through 

which the pyrometer was inserted was cemented up with loose 
asbestos, and the other end was provided with a tube about 

3g inch (0.9 cm.) diameter, open at both ends, which served 
as a sight tube. 

The furnace with its contents was now slowly heated to the 
temperature desired, kept there, and then finally allowed to cool 
slowly to the original temperature. The period of cooling was 

usually over night, after which the boat with its charge of zinc 
oxide was removed and weighed. The loss of weight was con- 

sidered due to the voltilization of the zinc oxide. The weight of 
the porcelain boat was very constant, and any variations in its 
weight were applied to the apparent loss of zinc oxide. 

RECORD OF TESTS, 

With Resistor Furnace: Several runs were made with this 

furnace, but in all of them the zinc oxide apparently volatilized 
at temperatures below 1300° C. White fumes of zinc oxide were 

observed at the exit at temperatures varying from 1150° C. to 
1240° C. in the several runs, and it will be noted that these are 

about the temperatures at which zinc oxide is reduced. There 

seemed to be no question that the carbon monoxide from the 
furnace came through the walls of the magnesia crucible and 
reduced the zinc oxide. These tests are thus of no value so far 

as this problem is concerned. 

- With Tube Furnace Heated by Metallic Ribbon: It was clear 
from the above tests that even a small amount of reducing agent 
must be kept out of the furnace. The tube furnace satisfies these 

conditions, and the results obtained are much more satisfactory. 

Below are given in tabulated form the results of the successful 

tests: en 

No. 1 No. 2 | No. 3 

Temperature Temperature . Temperature 
Time Degrees Time Degrees Time Degrees 

Centigrade Centigrade Centigrade 

9.00 635 3-30 gto | 11.00 1075 

10,00 1165 3-44 1190 12.00 1260 

11.30 1210 3.48 1260 2.00 1325 
12.00 1240 3-50 12990 2.30 1360
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No. 1 No. 2 No. 3 

Weight ZnO taken . 1.0030 grams 0.7560 grams 0.9042 grams 
Loss of ZnO... .o.0102 “‘ 0.0305 ‘ 0.9040. SS 
Percent loss . . . . 1.01 “ 4-3 ‘é 100.0 “s 

DISCUSSION OF RESULTS. 

It appears from these tests that zinc oxide can be completely 

volatilized at temperatures from 1370° C. to 1400° C. In all of 
these tests the zinc oxide was exposed to the high temperatures 
for a considerable period of time, a condition not exactly com- 
parable to smelting conditions. | 

The loss of zinc oxide increases rapidly with temperature: 
rising above 1300° C., as shown in these tests. The loss seems, 

however, to be of a nature similar to the slow evaporation of 

water below the boiling point, but at temperatures above 1400° C. 
it appears reasonable to say that the volatilization proceeds 

rapidly. 

This view is supported by the work of Doeltz and Grauman, 

who find that at.1400° C. a series of nine treatments, for periods 
of to’minutes each, produced a loss of 13 percent of zinc oxide. 

However, when zinc oxide was dropped on a platinum wire 
heated by a current of electricity to a bright red heat, the zinc 

oxide adhered tenaciously, and upon heating the wire to a white 
heat, above 1400° C., and near its melting point, a rapid volatiliza- 
tion of zinc oxide took place. 

The painstaking assistance of Mr. Albert R. White in obtain- 
ing these data is hereby acknowledged. 

Laboratory of Chemical Engineering, 
University of Wisconsin. 

DISCUSSION. 

Dr. JosepH W. Ricuarps: There has been a good deal of 

uncertainty as to whether zinc oxide itself was volatile at a 
moderate temperature or not, and this paper finally settles the 

question. If we had the complete vapor tension curve we could 

draw some further conclusions.
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THE EFFECT OF VARIOUS SUBSTANCES ON THE RATE OF 

CORROSION OF IRON BY SULPHURIC ACID 

By Oniver P. War's. 

In Vol. 8 of the transactions of this society, C. F. Burgess 
called attention to the remarkable reduction in the corrosion of 
iron by sulphuric acid, brought about by the addition of a small 
amount of arsenious oxide to the acid. Later! he explained the 
protective action as follows: “The explanation which has been 

offered for this phenomenon is that the iron receives, by contact 

with the solution, an extremely thin coat of arsenic which resists 

the action of the acid and protects the underlying metals.” He 
also gave experimental proof that the iron was coated with 

arsenic. 

It has long been known that by dipping clean iron into solutions 
of suitable composition and concentration thin coatings of gold, 
silver, platinum, copper, and several other metals may be deposited 

on the iron. It is generally conceded that such coatings are not 

sufhiciently continuous and impervious to protect the underlying 
metal from corrosion, even though the metal forming the coating 
may itself be thoroughly resistant to the corrosive agent. In- 

stead of being a protection, such coatings are usually considered 

to be stimulators of corrosion. 

Since all metals which thus deposit upon iron when it is 

immersed in a solution of the metallic salt are electro-negative 
to iron, a short-circuited voltaic cell is formed, of which the iron 
is anode and the metal deposit is the cathode. So long as any 
iron remains in contact with the electrolyte, it would seem, except 

for certain considerations which will be presented later, that the 

corrosion of the iron ought to be stimulated by this condition, 
and that the only way in which such a coating could afford good 

2 For references see list at end of paper. 
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protection would be by covering the iron completely, so that no 
electrolyte could come in contact with it. 

Speaking of the effect of other metals in contact with iron, 
W. H. Walker says,? “Tin is a metal which, like copper, acceler- _ 
ates the corrosion of iron by aiding in the oxidation of the : 
hydrogen set free by the reaction.” M. P. Wood? calls attention 

to the injurious action of metals, “The use of anti-corrosive, or 
anti-fouling paints, containing salts of any metal, is attended with 
the greatest danger to the coated (iron or steel) structure. These , 
pigments are extremely sensitive to the presence of saline ele- 
ments in moisture, their action being to rapidly dissolve portions 
of the iron, and to deposit the metal which they contain upon the 
surface of the plates, and these deposits, exciting energetic gal- 
vanic action, cause corrosion and pitting to go on with alarming 
rapidity. Both mercury and copper salts are offenders in this 

way.” 
: It appears then, that arsenic is unique among the metals which 

precipitate themselves upon iron from solution, for arsenic pro- 

tects iron almost completely from powerful corrosive agents, 

while the other metals are generally considered to aggravate 
corrosion and rusting. The protective action of arsenic cannot 
be due to any superior power of resisting attack by sulphuric 

acid, for silver, platinum and gold are even more resistant, and 

yet accelerate the corrosion of iron. It is evident that these 

other metals do not form continuous and impervious coatings 

over the iron, else they would protect it. It is difficult, perhaps © 

impossible, even with the aid of the electric current, to deposit 

from solution a thin coating of one metal upon another 

so perfectly as to protect the underlying metal from corrosion 

by an acid ordinarily capable of attacking it. It is almost incred- 

ible that a thin yet perfect and non-porous metallic coating should 

be deposited by a process which depends for its operation upon 

the dissolving of the underlying metal. The protective action 

of coatings of copper, silver, etc. thus deposited on iron is about 

as effective as would be expected from a knowledge of their 
method of formation. They are continually being undermined 

by the corroding of the iron anode at points not yet covered, until 

the copper or silver becomes detached, to have its place taken by
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a new coating, and so on, as long as any of the salt of the deposit- 
ing metal remains in the solution. If the coated metal be removed 
to an acid, the corrosive action is similar, except that the renewal 
of the coating can take place only at a rate not greater than that 
at which the detached metal redissolves in the acid. 

If the coating of arsenic is so porous and imperfect as the 
action of acids shows the coating of copper, for example, to be, 
how can the arsenic protect the iron any better than copper does? 

It occurred to the writer that the explanation lay in a high over- 
_ voltage or excess potential of hydrogen on arsenic, and the 

experiments which follow were undertaken to discover whether 

this is the explanation of the singular and mysterious protective 
action of arsenic. If the above explanation is correct, among 

the metals which deposit upon iron when it is immersed in a 
solution of their salts those having a’ high overvoltage for hydro- 
gen should protect iron, and those of very low overvoltage should 
aggravate corrosion. 

1f an electrode of platinum coated with platinum-black be 
immersed in normal sulphuric acid the electrode will be electro- 
negative to the solution by about 1.14 volts. If now a small but 
slowly increasing electromotive force be applied between this 

- electrode and an insoluble anode it will be found that the platin- 
ized cathode becomes progressively electronegative with regard 
to the solution. When a certain difference of potential between 

the cathode and the solution is reached, bubbles of hydrogen 

_ begin to appear on the cathode. If a cathode of smooth platinum 

is used, hydrogen will not appear on this until it has become 0.09 
volts more positive than the other cathode was when hydrogen 

first appeared on it. Similarly zinc must be 0.70 and mercury 

0.78 volts more positive than the platinum-black before hydrogen 

appears upon them. This excess of potential required to cause 

a visible liberation of hydrogen upon a cathode of any particular 

metal, over the potential required for the liberation of hydrogen 
upon platinum coated with platinum-black, is known as the over- 

voltage of hydrogen upon that metal. In Table I are given the 

| single potentials in normal solutions of the sulphates of the 

metals, and the overvoltage of hydrogen as stated by different 

_ observers. |
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TABLE I. 

Overvoltage in normal | In § per 
sulphuric acid cent. KOH. 

| penis | Caspari* | Foerstert | Harkins® es 

Mercury ..........| —0.98 0.78 0.43 0.74 
Zinc Loe cece eee e eee 0.524 0.70 0.71 0.70 
Lead ..........-2+. | 0.095 0.64 0.35 0.62 0.57 
Tjn wee ceeseeeceeee | 0,085 0.53 0.43 0.55 0.61 
Cadmium ..........] +0.162 0.48 0.48 0.52 
Arsenic .....6.....| 0.550 0.39 
Bismuth ..........]| —0.490 0.38 
Tron ..........--06] -+0.003 0.15 
Copper ............] —O.§15 0.23 0.10 0.25 0.41 
Cobalt ............] —O.0I9 0.22 
Nickel ............ —0.022 0.21 0.10 0.15 0.37 
Silver .............] 0.947 0.15 0.13 
Platinum .......... —I.140 0.09 0.07 0.07 
Gold .............. | —1.356 -| 0.02 0.055 

On the theory that the protection of iron by a deposit of arsenic 

is due to the high overvoltage of hydrogen on the latter the 

action would be as follows: Iron dissolves and by so doing , 
deposits arsenic upon the surface of the iron. Since the arsenic 
is deposited simultaneously with the dissolving of the iron, and 
only as a result of this dissolving, it is hardly possible that the 

iron should be perfectly covered by arsenic, but here and there 
holes will exist, allowing the iron to make contact with the 
electrolyte. Voltaic cells are thus formed. From the single 
potentials of iron and of arsenic, + 0.093 and — 0.550, these 

cells should have an electromotive force of 0.64 volts, and the 
corrosion of the iron ought to be very vigorous. It is here that 
the overvoltage of hydrogen comes in play. The iron is anode 

and the arsenic cathode, and, just as in any other primary cell 

with sulphuric acid as electrolyte, hydrogen is deposited on the 
cathode. But when hydrogen is liberated on arsenic the potential 
of the latter is raised 0.39 volts higher than — 0.277, the poten- 

tial at which hydrogen is liberated on platinum-black. This 
would raise the potential of the arsenic to + 0.113 volts, or higher 
than the potential of the iron anode. This means that in our 
iron-arsenic cell there can be no visible evolution of hydrogen 

on the arsenic, for before this can occur the potential of the 
cathode has become equal to that of the anode, and corrosion of —
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the iron ceases, in other words, this particular primary cell polar- 

izes so badly that after a few seconds of action its electromotive 
force has fallen to zero. 

If the above explanation is correct, protection should be 

afforded by those metals which plate out on iron by immersion, 
and whose overvoltage for hydrogen is great enough to raise 

their potentials to at least equal the single potential of iron. The 

potentials of the following metals are far enough below that of 
iron to expect that they will deposit on iron even in moderately 

strong sulphuric acid: antimony, arsenic, bismuth, gold, lead, 

mercury, platinum, silver and tin. Potential measurements made 
by students in the writer’s laboratory indicate that chromium 

should be included in the list. Omitting lead, on account’ of the 
insolubility of its sulphate, mercury, tin, and arsenic show the 

highest overvoltage; compounds of these metals were therefore 

used in a preliminary experiment, by A. C. Shape. 
Specimens of mild sheet steel of 22 gauge, 5 centimeters square, 

were pickled in sulphuric acid to remove the scale, dried, weighed, 
and corroded in sulphuric acid to which three volumes of water 

had been added. The amounts of the reagents added were 4 c.c. 
of twice normal stannous chloride, the same volume of twice 

normal sodium arsenate, and 16 cc. of half normal mercuric 

chloride. The results are shown under Test 1. | 

Test I. 

specimen “ASfca’ = aight. «= TazaHours In 48% Hours 
. A None 16.38 g. 6.64 g. 10.32 g. 

B SnCh. 16.53 0.09 O11 

Cc HegCl, 16.48 0.42 1.37 
D NasAsO, 16.93 0.07 0.10 

Tin and arsenic gave equal and excellent protection, but the 

action of mercury was not so satisfactory. The failure of the 

mercury may have been due to its gathering in drops and leaving 

exposed considerable areas of the iron. It has been pointed out 

by Cushman? that the protective action of a piece of zinc in con- 

tact with an iron surface extends but a very short distance from 

the zinc. The corrosion of specimen C was very peculiar, and 

was confined to deep pits about the diameter of a pin. The pitting 

was especially noticeable upon the edges of the sheet. In view
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of these facts, the writer did not consider the imperfect protection 
afforded by mercury to be fatal to his theory as to the nature 

of the protective action, and he decided to investigate the matter 

more fully. 

The specimens used were as previously described. Corrosion 
was catried out in covered glass tumblers containing 200 c.c. of 

solution. The acids used in the following tests were sulphuric 
acid of specific gravity 1.140 at 15°C. corresponding to 19.6 per- 
cent acid, and of specific gravity 1.072 or 10.48 percent acid, 
hydrochloric acid of specific gravity 1.095 or 18.8 percent and 

hydrobromic acid of specific gravity 1.145 or 18 percent acid. In 
future these acids will be referred to by their approximate per- 

centage composition. 

In Test 2 the reagents added were in such amount as to make 

the solutions one hundredth normal with regard to the reagents, 

Since antimony is closely related chemically to arsenic, it was 

hoped that this might give the same degree of protection, and, 
on account of its less poisonous nature, prove useful commercially 

for this purpose. : 

Test 2. 

For 21 h. 45 m. at room temperature (21°C.) 

Specimen cent 11,50, Reagent Weight Loss 

I “ None 16.08 11.50 
2 “ Ni(NH4)2(SOx)s 16.42 12.25 
3 “‘ CuSO, 16.12 11.36 
4 “ AgNO; 16.59 11.37 
5 “ Sbe(SO.)s 16.44 12.15 

On examining the specimens at the end of the time specified 
they were all found to be covered with crystals of ferrous sul- 
phate to such an extent that further corrosion was prevented. 
To avoid this difficulty weaker acids were used in all other tests. 

Test 3. 

In 19 percent sulphuric acid for 24 hours. 

Specimen Reagent Added Weight Loss 

6 None 16.13 g. 5.47 g. . 
7 0.75gNaz:AsO, —0.20g.As 16.52 0.08 
8 Ase(SO,)s =0.20g.As 16.61 0.02 
9 SnCl. =0.472.Sn 15.92 0.02 

10 0.678g.HgCl. =o.50g.Hg 16.14 1.40
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The results of this test in the more dilute acid confirmed those 
of the previous test, except that the mercuric chloride showed 
less protective action. | 

In Test 4 various additions were made to the acid, As in 
Test 3 the various solutions were one twenty-fifth normal as 
regards .the metallic salts added. 

Test 4. 

In 19 percent sulphuric acid for 20 hours 15 minutes. 
Specimen Reagent Added Weight Loss 

Il None, No. 11 was amalgamated........ 15.88 6.36 
12 Co(NOs)2 ......cccceceeccssecceceseee 1487 9.87 
13 Biz(SOu)s cece cce ces cccseeecsceeescecee 15.79 14.36 
14 Sb2(SOu)a oo .eseccceeeeeemevcceveseess 16.39 8.67 
15 KaCrOg oo. c cece ec cee cee ceecrecesececes 16.21 12.40 
16 HgNOs ...... cece cecsccececcccceccecss 16.20 13.61 
17 Cre(SOa)s oc cccceccsceeescescserecens 16.04 2.21 
18 CuSO.=0.47 g. Cu ..cccccecccccesccees 16.06 13.96 
19 AgNOs=1.617 g. Ag ..ccsccceccceseses 16.31 16.31-+ 

Specimen No. 11 was thoroughly amalgamated. At the end of 

15 hours it was found that No. 19 had completely dissolved. 

Only one reagent, chromium sulphate, showed any protective 
influence. Silver nitrate, bismuth and copper sulphates and 
potassium dichromate accelerated corrosion. The effect of anti- 

mony sulphate, cobalt nitrate and of amalgamation is in doubt. 
A few hours from the start much spongy silver had collected 

in the solution and on the iron of No. 19, metallic copper was 
evident as a powder in No, 18, and bismuth powder in No. 13. In 

No. 14 antimony was deposited on the iron in loosely adherent 

flakes, which peeled off from time to time. No silver nitrate 
remained in solution 19 at the end of the test. The insoluble resi- 

dues left after removing the specimens were washed, dried and 

weighed. In 13, 14, 18 and 19 the residue was equal, within a few 
milligrams, to the weight of bismuth, antimony, etc., originally 
‘contained in solution, plus the amount of insoluble matter calcu- 

lated for the iron dissolved in each case. Chromates and dichrom- 

ates have often been recommended? for the prevention of the 
rusting of iron and steels when exposed to the air, or in sea 

water. The great increase in corrosion caused by the addition
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of potassium chromate was therefore rather surprising. A com- 

parison of No. 15 and No. 17 suggests that the protective action 

heretofore ascribed to chromates may really be due solely to the 

chromium which they contain, and not to the chromate as such, 

The marked increase of corrosion by mercurous nitrate is note- 

worthy. 

It is stated by Burgess’® that the protective effect of arsenic 

in hydrochloric acid is much less than in sulphuric acid, and Test 
5 was arranged to learn the effect of several substances upon 
corrosion by hydrochloric acid. 

Test 5. 

| In 19 percent hydrochloric acid for 24 hours. 

Specimen Acid Reagent Weight Loss , 

20 19% H2SOQ, None ......-...ee000- 15.92 13.92 
21 19% HCl. None ......0...220++- 16.46 1.89 
22 6 “ CrCl, about 3 g...... 15.99 2.42 
23 ““ “ KiaCrO, 2... 0. cece ee ee 16.55 1.91 
24 co « NasAsO, = 0.25 g. As. 15.82 0.13 
25 oo" SnCk mos5yg. Sn. 16.15 2.14 

Hydrochloric acid dissolved about one-seventh as much iron 
as sulphuric acid. Potassium chromate has no effect on the rate 

of corrosion by hydrochloric acid, while stannous chloride and 
chromium chloride act as accelerators instead of retarders of 

corrosion. 

Test 6. 

For 24 hours. 

S pecimen Acid Reagent Weight Loss 

26 19% H2SQO, None ........-..eeseeeeees 16.03 7.84 
27 19% HCl None ....... cece cee eeeeees 16.43 1.83 
28 19% H:SQ,. N/25 Bie(SOu)s ............ 15.93 12.13 
29 “« N/25 NasSnO:= 0.51 g, Sn. 15.08 0.68 
30 “ «“ N/25 Ni(NHa)2(SQu)2 ..... 16.08 7.29 
31 “ou N/25 Sbe(SOu)s .........-. 15.07 4.86 
32 “ “ N/25 KMnQ, .............. 16.45 15.14 
33 «ou N/28_ NaCl = 0.286 g. Cl.... 16.45 4.01 
34 ““ 6 2g. CrOs ...... cece eeececee 16.25 15.15 
35 «oo 2g. chrome alum .......... 16.00 8.81 
36 os N/25 KNOs ......+s.e00-+- 1613 10.25 
37 “ul. 5 ge. CrOs .......cceec eee ee 15.47  I5.47-+ 

Specimen No, 37 was entirely dissolved at some unknown time 
during the test. Chromic acid, potassium permanganate, potas-
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sium nitrate and bismuth sulphate are accelerators, sodium 
stannate, antimony sulphate and sodium chloride are retarders 
of corrosion, while nickel ammonium sulphate and chrome alum 
have little effect. The oxidizing agents in 32, 34 and 37 were 
reduced before the end of the test. 

Since the previous tests had demonstrated that chromic acid 
and chromates do not render iron passive in sulphuric acid, the 
action of these and other oxidizing agents was tried in solutions 
of a neutral salt. 

Test 7. 

For 12 days, 16 hours. 
Specimen Reagent Weight Loss 

38 29 g. NaCl + 10 g. CrOs ............ 15.06 1.99 
30 26 g. NH.C1+ 10 g. CrOs ............ 15.54 1.99 
40 29 g. NaCl + 10 g. KCIOs .......... 15.68 5.22 
42 29 g. NaCl + 10g. KMnQ, .......... 16.21 3.71 
43 29 g. NaCl + 10 g. K2Cr.O7 ......... 15.07 0.065 
5I Water + 10 g. CrOs ....... eee e eee eee es ) 15,91 0.005 

52 29 g. NaCl ....... cc cece eceeeeeeenee es 15.77 0.043 

The addition of the oxidizing agents strongly stimulated cor- 
rosion, except in No. 43. This result needs confirmation by 
further experiments. 

| Test 8. 

For 29 hours. 

Specimen Acid Reagent Weight Loss 

44 19% H:SO. t0cce HCl = 1.09 ¢. Cl... 15.88 0.70 
45 19% HCl None ......c..ceeceeeees 15.86 1.65 
46 19% HCl About 10 g. CrCl ....... 16.01 1.92 

47 19% HCi tog. KxCrOQ, ............ 16.02 7.82 
48 19% H:SO. 10g. NaCl = 6.1 g.Cl.. 15.72 0.32 

Previous tests had shown that salt and other chlorides dimin- 

ished the corrosion by sulphuric acid, and the writer expected 

that the increased amount of salt in No. 48 would still further 

diminish corrosion, but was not prepared for the astonishing 

result obtained in No. 44. Previous tests had shown that in 24 

hours the sulphuric acid dissolved from five to seven times as 

much iron as the hydrochloric. Now the substitution of 10 c.c. 

of the hydrochloric acid for an equal volume of water in the
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sulphuric acid reduces the corrosion to less than half that of 
hydrochloric acid. 

Up to this time all experiments had been carried out upon 
the laboratory table, subject to whatever variations there might 

_ be in room temperature during the twenty-four hours. A study 
of the results showed that different tests were not comparable. 

All the tests which follow were carried out in a water bath 
thaintained at 30° C. 

Test 9. 

In a water-bath at 30° C. 
Time 

Specimen Acid Reagent Weight Loss Hours 

53 19% H:SO. None ..........se--02+ 15-35 15.35-+ 20 
54 19% H2SO. 22cc. HCl = 3.98 g.Cl 15.78 0.93 24 
55 19% HeaSQ,. 5g. NaCl = 3.06g.Cl 15.70 1.24 24 

56 19% HeSO, Nome................. 15.65 1492 22 
57 10% H2SO. None ...--..eeeeeeeeee 15.75 6.62 24 

58 19% HCl None ......-eceeeeeees 15.74 , 5.00 24 

59 19% H:SQ. None................. 15-14 14.84 22 
60 19% H:SO, 5g. KNOs ..........-. 15.63 15.63+ 20 

61 19% HsSO. 5. resorcin .......... 15.84 10.36 24 
62 19% H:SOQ., 5. hydrochinone ..... 15.74 7.48 24 

Specimens No. 53 and No. 60 were found to be entirely dis- 
solved at the end of 20 hours, but how much earlier complete _ 

solution occurred is not known. A comparison of No. 53 and 

No. 54 shows that the restraining effect of chlorine is about the 
same, whether it is added in an acid or in a chloride. The 

reducing agents in No. 61 and No. 62 retard corrosion somewhat, 
but since an alkaline solution is needed to make them energetic 

reducers, it is hardly to be expected that they would have much 
effect in a strongly acid solution. 

The lack of temperature control in previous tests tended to | 
exaggerate differences in the rate of action of the various solu- 

tions, for the more rapid action of any solution at the outset 
gave it a higher temperature, which still further increased its 

rate of action. This is plainly seen in comparing the rates of 

corrosion by sulphuric and hydrochloric acids. Without the 
water bath, sulphuric acid dissolved six to seven times as much 

iron as hydrochloric acid, but with temperature control it dis- 
solved only three times as much.
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| Test Io. 

In water-bath at 30° C. in 19 percent H,SO,. 
Specimen Reagent Weight Loss Time 

63 3g. KsSOu .... 2.0... eee eee ee) 15-78 15.78 24 hours 
64 5 g (NH.)2SO, ............. 15.81 15.81 24 “* 
65 5g. NHC] = 3.27 ¢.Cl..... 15.67 206 24 “* 
66 1g. NHC! = 067 2.Cl..... 15.77 10.28 24 “ 
67 §g.-KBr = 3.36g. Br..... 15.62 024 24 * 
69 Ig. PbCOs: ..............--. 15.54 1554+ 22 “ 
70 None .......ccceceeeseeceeee 15.22 . 18.22+ 22 “ 
71 2 g. HsBOs .........-... 20065 15.37 15.37 24 “* 
72 2 g. citric acid .............. 15.34 15.15 24 “ 

Before twenty-two hours had elapsed No. 69 and No. 70 were 

dissolved. Potassium and ammonium sulphates, boric and citric 
acids, and the small amount of lead sulphate contained in its 
saturated solution, were without marked effect. Potassium 

bromide is a strong restrainer of corrosion, and ammonium 

chloride acts similarly, but far less effectively. 

Test If. 

19 percent H,SO, in water-bath at 30° C. for 20 hours. 
Specimen " Reagent Weight Loss 

73 0.94 g. NasAsO.uw2H.O = 0.25 g. As.... 15.44 0.53 
74 0.47 g. NasAsOuw2H.O = 0.125 g. AS.... 15.32 0.77 
75 0.004 g. NasAsQ.12H.O = 0.025 g. As.... 1580 13.62 
76 0.016 g. NasAsQ.12H.O = 0.004 g. As.... 15.81 14.56 

77 1g. Na:SnO0:;3H:.0 = 044 g. Sn.... 15.80 1.29 
ys) 0.5 Na:Sn0;3H.0 = 0.22 g. Sn.... 15.74 2.44 
79 0.1 Na:Sn0;3H:0 = 0.044 g. Sn.... 15.63 4.43 

80 0.05 NaSnO.3H:0O = 0022 g. Sn.... 15.84 7.18 

80 2g. NaSnQO:3H:.O = 089 g. Sn.... 15.73 0.68 

82 None .ccc csc ccccccccccecscecesccececesss 15.74 15.13 

The amount of sodium arsenate required for effective restraint 

of corrosion by 19 percent sulphuric acid lies between 0.47 and 

0.09 g., or 0.125 and 0.025 g. arsenic, per 200 c.c. FE. Heyn and 

O. Baur" find that o.co69 g. As,O, in 250 c.c. of I percent 

sulphuric acid diminishes the corrosion by one-third. Two grams 

of sodium stannate are required to produce equal protection. 

In Test 12 the accelerating effects of copper, silver and 

. platinum were compared, and also the relative corrosion by 

hydrochloric and nitric acids of about equal molecular strengths.
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Test 12, : 

In water-bath at 30° C. for 24 hours. 
Specimen Acid Reagent Weight Loss 

83 10.5% HeSO,. AgssO, = 02 ¢. Ag ... 15.73 8.15 
84 10.5% H2SO, AgeSOQ, = 0.1 g. Ag ... 15.49 7.50 
85 10.5% H:SO,. AgeSO, = 002 g. Ag .. 15.61 5.06 
86 10.5% H2SO. CuSO, = 0.15 g. Cu... 15.40 7.23 
87 30% HNO; None .........eeeeeeeees 15.83 = 75.834 
88 19% HCl None ......ceeeeeeeseee. = 15.88 7.78 
89 10.5% H:SO,. PtCh = 0.025 g. Pt .... 15.81 12.52 
90 10.5% H:SO, PtCl = 0.075 g. Pt. .... 15.29 12.77 
oI 10.5% H2SO,. HgSQ, ............22--. 15.33 4.43 
92 10.5% H2SO,. None ...........ee0e2e- 15.80 5.89 

Specimen No. 87 was attacked violently, and was entirely 
dissolved in a few minutes. The excessive activity of nitric, 

as compared with sulphuric or hydrochloric acid, can only be 

due to its strong depolarizing action in removing hydrogen from 
the iron. Silver and copper both accelerate corrosion, as was 

expected from the low overvoltage of hydrogen on these metals. 

Equal weights of metal show about the same effect, but in 
chemically equivalent quantities the effect of silver is much the 
greater. The small amount of silver in No. 85 seemed to diminish 
corrosion. Platinum had a tremendous effect at the start, and 

even at the end of the test was a more powerful stimulator 

than the other metals. 

Test 13. 

In 10.5 percent H,SO, at 30° C. for 24 hours 15 minutes. 

Specimen Reagent Weight Loss 

93 3g. KI = 2.3 g. 1... ee. cece eee eee eee 15.07 0.04 
95 5 g. KeCriOr 2... eee e eee esse ee cee es 18.81 8.62 
96 4g. MnCl.4H.O = 1.43 g. Cl........... 15.17 1.34 
97 2g. KF = 0.65 ¢. F...............0005 15,84 3.46 
08 20 ce. of 51% HF = 65 ¢. F........... 15.69 0.44 
09 1g. Cr(OH)s = 0.52 g. Cr............. 15.61 0.56 
100 5 g. KeCrOg 20... eee ee eee ee eee ees 15.45 8.17 
IOI None .......... cece eee eee eee v cee 15.76 5.55 
102 4g. chrome alum = 0.42 g. Cr. ........ 15.81 3.88 

‘The protective action of hydrofluoric acid and of potassium 
fluoride are nearly proportional to their fluorine content. The 
stimulative action of potassium chromate and dichromate is in 

striking contrast to the protection afforded by chromium sul- 
phate. Chrome-alum is a much less efficient protective agent
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per unit of chromium than chromium sulphate. These experi- 
ments indicate the possibility of a revision in our ideas of the 
manner in which chromates protect iron from rusting, and may 

lead to the substitution of chromium salts for the chromates 
heretofore used to render iron “passive.” 

Test 14. 

In water-bath at 30° C. for 20 hours 45 minutes. 

Specimen Acid Reagent Weight Loss 

103 19% H:SO. 5g. KI = 383 ¢.1........... 15.56 0.03 
1044 19% HSQ, 1g. Kl =o076¢.1........... 15.87 0.06 
105 19% HaSO. None ................-000066 15.60 13.10 
106 )=—s-:- 10.5% HeSOQ,. 2g. KNO; .................. 15.54 5.17 
107 10.5% HeSOq 2 g. KCIOs .....-... 0. e eee 15.64 9.97 
108 =—s_-« 10.5% H2SOQ, None .............00eceeeees 15.31 4.40 
Too )§=6- 19% H2SOw. = 25, cc. of 18% HBr = 5.1 g. Br 15.29 0.31 

Potassium iodide proves an excellent protective agent, and 
hydrobromic acid acts similarly. Of the two oxidizing agents, 

potassium chlorate stimulated corrosion much more than did 

potassium nitrate, as was to be expected from its larger amount 
of available oxygen. 

Test 15 was made to compare the effects of very small additions 

of several metals. At the end of a few hours the specimens 

were removed, brushed, dried, weighed and returned to the acid. 

Test 15. 

In 19 percent H,SO, at 30° C. 

Specimen Reagent Weight Loss at end of time in hours 
, 2.25 5.72 8.3 

110 5 g. KeCriOr .........00062- 15.27 3.06 5.71 15.27+ 

III PtCh = 0.016 g. Pt......... 1488 676 8.85 14.88+- 

112 AuCl = 0.016 g. Au....... 15.78 019 085 11.33 

113. Bie(SO.)s = 0.020 g. Bi.... 15.83 017 092 12.12 | 

114 Sbe(SQx)s = 0.020 g. Sb... 1560 020 1.04 11.82 

113 CuSO. = oo20g.Cu....... 15.86 027 142 12.76 

116 AgeSOQ. = 0.020 g. Ag....-- 15.33 0.18 1.00 12.22 

117. None .....eeceeeeceeceesees 15.41 0.28 1.38 13.40 

8 462g Cr.(OH)s=1g.Cr.... 15.60 006 0.12 0.73 

119 Nome .. cece eceeeeeeeeceees 15.40 0.25 108 13.12 

Only platinum chloride and potassium dichromate produced 

marked acceleration. Specimens No. 110 and No. 111 had 

entirely disappeared. Most of the salts, at this very low con-
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' centration, exhibited a slight protective action, as was noticed 
for silver sulphate in Test 12. 

To test the permanence of the protection afforded by coatings 
of arsenic and tin, specimens Nos. 7, 8 and 9, of Test 3, after 
having stood in the air 41 days, were immersed in 10 percent 

sujphuric acid. 

Test 16. 

At 30° C. for 3 hours 35 minutes. 

Specimen Metal Coated by Weight Loss 

7 ATSOENIC ... cece cece eee e cece ccc entseseerss 16.44 0.29 

8 ATSENIC oo ccc cece tee t cc cececceeceeseess 16,59 0.20 

Q Tin oc cece cc cece cece csc ccccerececseseess 15.90 0.20 . 

For continued protection it is apparently necessary that some 

salt of the protecting metal be present in the acid. 
In view of the conflicting statements in regard to the effect of 

the presence of copper sulphate in acid used for pickling iron, a 

direct comparison was made between sulphuric acid, copper sul- 
phate and a combination of the two. 

. Test 17. 

At 30° C. for 3 hours 35 minutes. 

Specimen Weight Loss 

120 19% H2SO.g 2... cece cece cee eee eeecceees 15.81 2.84 
121 =19%H2SO. + 20 g. CuSOy..............- 15.68 14.89 
122 20 g. CuSO; «0. cece eee cece eee ceeeeecee 15,55 4-22 

For these particular concentrations the rate of corrosion by 
the mixture was twice as great as that by the two substances 

separately. Although the molecular concentration of the sul- 
phuric acid in No. 120 was greater than that of the copper 

sulphate in No. 122, the latter proved the more active corrosive _ 
agent. In this connection it should be noted that the electro- 
motive force of the primary cell, consisting of iron and copper 
in sulphuric acid, is 0.61 volts, computed from the data of 
Table I, while that of the iron-hydrogen cell is only 0.37 volts, 
minus the unknown overvoltage of hydrogen on iron in sulphuric 

acid. Platinum salts ought to be still more vigorous corrosive 
agents.
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From the experiments given above, certain definite conclu- 

sions can be drawn and other generalizations now appear prob- 

able, but may require revision or rejection in the light of future 
experiments. 

The writer’s hypothesis, that the protective action of arsenic is 

due to its high overvoltage, has been in a general way confirmed. 
Other metals of high overvoltage have had a protective influence, 

while all metals of low overvoltage which deposit on iron are 

accelerators of its corrosion. So far as overvoltages are known, 
bismuth alone fails to conform to the hypothesis. ‘Theoretically 
it should retard corrosion; actually it is an accelerator. Unless 

-redeterminations of the overvoltage of bismuth and the single 

potential of iron shall reconcile theory with fact, the writer’s 
hypothesis fails. The overvoltage of bismuth was presumably 
measured on a solid electrode. Bismuth deposited as a powder. 
If there is the same difference in overvoltage for bismuth as 

| between smooth and spongy platinum, this correction would put 

bismuth in the list of accelerators. — 

The statements which follow are intended to apply only to 

the corrosion of iron by sulphuric acid. . 

Tin, chromium and mercury retard corrosion; of these, tin 
alone is as effective as arsenic. The protective action of mercury 
is very slight. 

| In studying the effect of different reagents on corrosion it is 

necessary to consider both the metal and the non-metal or 

acid radical, since each may have an effect of its own. 
The binary salts and acids of the halogens are very good 

protective agents when used in considerable amounts. To com- 
bine most effectively the protective effects of a metal and a 

halogen, e. g., tin and chlorine, much stannous chloride should 

not be added, for a large amount of the salt of any metal which 

precipitates on iron in an acid solution is likely to act as a cor- 

rosive agent; only a small amount of stannous chloride should 

be added, and the extra chlorine added as sodium chloride. 

Oxidizing agents are in themselves accelerators of corrosion 

by acids, although in dilute solution this may be masked by a 

protective action which supervenes when the oxygen has been 

used up, as might happen with chromates.
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Reducing agents should show more or less protective action, 
- ‘but this fact remains to be confirmed by further experiment. 

In general, the whole subject as here presented is but a 
preliminary study which opens many possibilities for future 
‘investigation. It is hoped that the data appended may prove 

of service to those wishing to pursue the subject, and that the 

writer’s conclusions may meet with confirmation from independent. 

sources. 

For convenience in comparing the effects of different reagents, 
an index is appended. 

RETARDERS OF CORROSION No. of Specimen 

Acid, hydrobromic ....... 0.0... ccc cece eee e cee e ect eee cece ces LOD 
“ “Fnydrochloric 0.0... ccc ccc cee cece ee cc eee e cece cnses dy 54 
© Anydrofluoric . 0... ce ccc cece nec e resect ecee eestor crecs 98 

Arsenate of sodium ...........eceeeceeeeeees7y 24) 73) 74, 75, 76 
Arsenic sulphate ........ 0... ccc ccccc ese ccctcetcccttccescseees 8 
Bromide of potassium ...........ccsece cee ce cece cee secssessee 67 
Chloride of ammonium .............c cece eee ee eneeee ees 05, 66 

“ MANGANESE ...... ccc cece eee eect ceceeeeccescces GO 
RAS 053 Co | a (8) 

“ © Sodium... .. cece ee cc cece ccc en cece cess +33, 48, 55 
“ Sa 6 a © O-1 

Chrome alum ....... ccc cece cece eect cette eee eeeeeees cess 635, 102 
Chromium sulphate ......... 0.0.20 c cece eee cece eee e017, OO, 118 
Fluoride of potassium ........ cece eee e cece eee ee cee eee vecences QF 

Hydroquinone ........ ccc cece cece ccc cee ceceecceeeseeecesees O2 
Todide of potassium ......... cc cece cece ee cee eee e 6Q3, 103, 104 

Mercury chloride .......... cc cece cece eee e eee cere eeeescecces LO 
Mercury sulphate ............ 00 eee cece cece cece eee ceteececese QI 
Resorcine ... 2... cc cc cc ccc ec cee cece eect etcceeecsscceses OF . 
Stannate of sodium ...........ceecceeaecee ees 77, 78, 79, 80, 81 | 

ACCELERATORS OF CORROSION 

Acid, chromic ...... 00... ccc cee eee ee eee cee + -Bdy 371 38) 39, 51 
Bismuth sulphate ........ cece eee cece eee eeneeeee ee ce E3, 28, 113 

Chromium chloride ........... cece cece cee cee scenes scene +22, 46 
Copper sulphate 00... ... cece cece eet e cece cece eee ee 3, 18, 86, 115 
Gold chloride ....... 0. cece cee cece cee c ee ee eee ceecees LIZ 
Mercurous nitrate ...... ccc ccc eee cece ce terensctccces 16” 
Platinum chloride ......... 00. ccc cece cece eee tence e +289, GO, III 
Potassium chlorate ...... ccc ccc ce cee tee e eee eevcsee GO, 107 

“ Chromate ....cesceeseee eee cceec ces seceeceel5, 47, 100 
“ dichromate ..........c. ccc cece ee cee cee eeeeee e-Q5, TIO 
“ nitrate ....- eee ee eee ee cee ee eee tees - 36, 60, 106 
“¢ Permanganate 12... ccc ee cesar ence eeenee cess G2y 42 

Silver nitrate ...... ccc ccc ce cee cee e eect earcteseceeeseeedy IQ 
“  guilphate 20... .. ccc cece e cece ee eee eens eens 83, 84, 85, 116
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OF NO EFFECT OR DOUBTFUL 
Ammonium sulphate 2.0.00... 0... cece cecceeceeeee, 64 
Antimony sulphate 2.0.0.0... ccc ccececcccecee 14, 3, 
Boric acid vee ccne ten eee e Urner rsssee sss 6339 Ty 3 ne 
Citric acid beeen eee eee eee eee eee been ee ee ttt teennenbne cee. 72 
Potassium sulphate bocce cea eee tee aeeeeeeeeteetnnne cece cccc. 63 
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DISCUSSION. 

Pror. C. F. Burcress: Thousands of tons of acid are used 

annually for pickling purposes, and it is surprising that, in view 
of the tremendous application of these pickling processes, there 

has been comparatively little published on the action and the 
constitution of sulphuric acid itself. Dr. Watts points out that 

certain substances like arsenic retard the rate of corrosion. It 
is of especial interest to note that adding a little hydrochloric 
acid would not increase the rate of corrosion, but, on the con- 

trary, it retards it very greatly. Other chlorides do the same 
thing. Adding salt to sulphuric acid will retard the action. 
There are certain other substances which will increase the activity 

of the acid, one of them being the bichromates, which are fre- 
quently called “inhibitors.” 

Presipent W. R. Wurtney: A great deal has been done in 
attempting to produce iron which will have less tendency to 
corrode. I would like to see this paper discussed at length. 

Dr. Cart Hertnc: Dr. Watts’ suggested explanation, hased 
on over-voltage, is very interesting, and seems to me plausible, 

23
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It recalls the question I asked before this Society some years 

ago: What is the physical meaning of this over-voltage? If, 

for instance, two cells for decomposing water are made exactly 

alike except that the cathodes are of different metals, then in 

sending a current through them in series exactly the same 

quantity of water will be decomposed in both, yet one will con- 

sume more energy than the other. The question therefore arises: 
What is the physical explanation of the consumption of this 
extra energy and what becomes of it? I presume it is safe to 

guess that it will appear somewhere as heat. 

Another remark of interest was that the over-voltage is prob- 

ably considerably less when the electrode is rough than when it 
is smooth. It seems, in other experiments also, that gases liber- 

ate themselves much more freely from small particles than from 

flat surfaces. There is an illustration of this in the typical 

champagne glass, with its deep tube in the stem of the glass. 
This tube always has some particles of dirt at the bottom 

because it can not be cleaned like other portions of the glass, 

and it is at the bottom of this that the gas always prefers to 

be liberated. In a really clean glass the champagne would 

probable appear flat, although as a fact it would really be retain- 

ing more of its gas, because that property which seems to cor- 

respond with “over-voltage” is greater. 

Dr. ALLERTON S. CUSHMAN (Communicated): Mr. Watts’ 
| paper opens up an interesting field of inquiry, although it should 

be pointed out that it is one in which the controlling factors are 
exceedingly complex and, up to the present time, but little 
understood. 

The phenomenon of over-voltage is unquestionably but one of 

the factors which controls the rapidity of corrosion (or solution) 
of a metallic surface immersed in a more or less dilute mineral 
acid. But even the phenomenon of over-voltage is profoundly 
influenced by a number of variables. Caspari used the designa- 
tion “over-voltage” to express the excess voltage required to 
begin the disengagement of hydrogen from a metallic surface, 
as compared with a platinized-platinum electrode. It has been 
shown that the fact as to whether or not hydrogen is absorbed 
by the metal to a great extent governs the over-voltage. All
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metals which, like iron (steel), absorb hydrogen in large amounts 

have low over-voltages, and vice versa In addition to this, 

the smoothness or condition of the metallic surface is an 
important factor. 

A’ piece of cold-rolled sheet steel will have a lower solubility 

and higher over-voltage than the same sample which is annealed 
without subsequent cold-rolling. Moreover, a very slight change 
in the chemical constitution of the steel, in respect to the number 

and quantity of impurities which may be present, brings in a 

number of additional variable factors. 

We have still to find an entirely satisfactory explanation of 
the following anomalies, over which I have pondered from time 

to time for a number of years. If a specimen of sheet iron or 
steel is immersed in dilute sulphuric acid containing a very small 

quantity of arsenic, the solution of the metal is retarded. If, 

on the other hand, we alloy a small quantity of arsenic with iron 
and roll the material into sheet form, the solubility is accelerated. 

In the case of copper we find just the reverse to be true; a 
little copper dissolved in the acid will increase the solvent action 

of the acid on iron, but a little copper alloyed with steel will 

reduce the solubility in acid to a remarkable degree. 

I have attempted to explain the action of alloyed copper, at 

least to my own satisfaction, by supposing that its presence 

called for a higher over-voltage, and that the immersed metal 

was protected by a film of un-disengaged or ionized hydrogen. 

If, however, we are dealing with a steel free from copper, and 

| put copper into solution in the acid, we get the usual depolarizing 

effect produced by copper unequally plated out on the iron, and - 

thus a stimulated solvent action. . 

The arsenic problem presents new difficulties, and while I do 

not take issue with Mr. Watts’ conclusion that the protective 

effect due to arsenic in solution is occasioned by over-voltage 

phenomena, I am free to confess that I am considerably at sea 

in respect to the explanation, and am glad to take refuge with 

the author in the perhaps vague assertion that “arsenic is unique 

among metals which precipitate themselves upon iron from 

solution.” | 

1See Mott: Over-voltage as a Factor in the Corrosion of Metals. Trans. Am. 

Flectrochemical Society, 15, 569 (1909).
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I have sometimes surmised the possibility of catalytic phe- 
nomena being an important factor in the solution of metals in 

acids, and whether or not the presence of arsenic acted as ‘an 

anti-catalytic or “poison,” as Bredig found it to be in his classical 

researches on the catalytic reactions produced by colloidal solu- 
tions of metallic platinum and gold. 

Mr. Watts has pointed out another curious anomaly which 
requires explanation, viz., that whereas it is well known that solu- 

tions of chromic acid and its salts will protect samples of iron and 
steel from corrosion when immersed in liquids containing them, 
on the other hand, when we are dealing with a fairly strong 
acid-immersion test, the addition of chromic acid increases the 

corrosion effect. I have worked on problems similar to this, as 
have also Friend in England and Heyn and Bauer in Germany, 

and it has frequently been pointed out that when mixtures of 
inhibitors and stimulators are present at the same time in a solu- 

tion, the effect produced will depend upon the special conditions 

of equilibrium present in the system. I first pointed this out in 
a paper on the “Inhibitive Value of Certain Pigments,” pre- 
sented before the American Society for Testing Materials, at 
its annual meeting in 1908. Heyn and Bauer and Friend have 
shown that there is a critical concentration for each substance 
dissolved in water, as far as corrosion phenomena are concerned. 
If, however, we have mixtures of materials in the solution, it is 
hard to predicate the results which will be obtained. The fact 
‘that Mr. Watts has found that chromic acid stimulates corrosion 
under the conditions of his experiments in nowise interferes with 
the value of the observations that chromic acid and its salts 
act as strong inhibitors of corrosion under neutral as well as 
under very slightly acid and alkaline conditions, provided the. 
concentration of the chromic acid ions is sufficiently great. 

I have found Mr. Watts’ paper an extremely interesting one, 
suggestive in many ways, and it is, in my opinion, a valuable 
contribution to studies of corrosion. 

Mr. E. B. Sprar: In regard to the rusting of iron in the 
presence of potassium dichromate, we have devised an experi- 
ment in our laboratory to show that the rate of corrosion is a 
function of the concentrations of the oxidizing agent and of the
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hydrogen ion. Iron becomes passive in concentrated solutions 
of dichromate containing little free acid, while it corrodes much 
faster in very dilute solutions of the oxidizing agent than it 

does in water containing the same amount of acid. As the acid 
is increased, however, the concentrated solutions of the dichro- 
mate attack the iron very rapidly. 

Mr. Water A: Parricx: In order to study the effect of the 
concentration of the sulphuric acid, the following experiment 
was carried out. Two pieces of steel were secured, one of which 
had a high oxygen content (7. e., was a poor steel), while the 

other was normal steel, but contained about 0.2 percent copper. 
Both were mild steels. Carefully cleaned pieces of these two 

steels were then placed in solutions of sulphuric acid, the con- 
centration of which varied from about 25 percent down to I 

percent. In the strong acid the poor steel dissolved about 50 

times as fast as the steel containing the small amount of copper, 

but in the more dilute acid solutions the difference between the 

two steels became less and less until in a 1 percent acid the 
poor steel was dissolving only 3 times as fast as the other steel. 

If the acid corrosion test were carried out upon the above sam- 

ples with 20 percent acid, it would show that the copper steel 
‘was 50 times as good as the other steel; but with 1 percent acid 
the relation between the two steels would be only 3 instead of 50, 

which is probably much nearer the true value for practical 
purposes. 

Mr. Warts (Communicated): Experiments in the corrosion 
of alloys of iron and arsenic, carried out in the chemical engi- 

neering laboratories of the University of Wisconsin, gave results 

opposite to those cited by Dr. Cushman. The samples containing 

arsenic were somewhat more resistant both to atmospheric oxida- 

tion and to corrosion by dilute sulphuric acid than the original 

iron. The maximum amount of arsenic in any of the alloys 

tested at the University of Wisconsin was 4 percent. The .dif- 

ferent results obtained by Dr. Cushman may have been due to 

the use of higher percentages of arsenic. But little information 

has been published concerning the constitution of the arsenic-iron 

alloys, so that it is impossible at present to predict their behavior 

| throughout the whole series toward a corrosive agent such as
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sulphuric acid. Definite compounds of iron and arsenic appear 

to be present in some of the alloys. 

Stead! says: “Arseni¢ and iron most readily combine to form 

arsenide of iron. * * * We find that on solution of arsenical  - 

steel in dilute hydrochloric or sulphuric acid practically the whole 

of the arsenic remains as a black, insoluble arsenide of iron.’”” 

This indicates that iron is the anode in the voltaic cell formed 
by the contact of iron with its arsenide in sulphuric acid, and 
the considerable electromotive force of this cell may be responsible 
for an increase in the rate of corrosion of the iron when such 

compounds are present. 

Since this alloyed arsenic is not dissolved by the acid, it fails 

to exert the well-known protective action produced when a little 

arsenic has been previously dissolved in the acid. 

The iron-copper alloys, up to a content of 8 percent copper, 
consist of solid solutions of copper in iron.2 They are homo- 
geneous, and any differences in the rates of attack of such alloys 

by sulphuric acid, as compared with the rate at which the acid 

attacks pure iron, must depend upon the inherent nature of the 

two materials. In binary alloys which are solid solutions we 
would naturally expect a mean between the properties of the 
elements of which the alloy is composed. Copper is attacked only 

slowly by sulphuric acid. It is therefore to be expected that 
alloys which consist of solid solutions of copper in iron will resist 

corrosion by sulphuric acid better than iron. This proves to 

be the case. 

13, Iron and Steel Inst. 1888, I, 180. 

J. E. Stead. J. Iron and Steel Inst. r901, II, 112.



an 

_A Paper read at a Joint Session of Sections 
Xa: Electrochemistry, and Ve: Paints, 

of the VIII International Congress of 
Applied Chemistry, in New York City, 
September u, 1912. Dr. W. H. Walker 
in the Chair. 

THE RATE OF RUSTING OF IRON AND STEEL 

By James Aston and Cuartes F, Burcxss, 

An editorial review of chemical progress in 1911 says: 

“The rusting of iron has received its usual amount of study 
and controversy, but the question remains as ragged and dubious 

as it has been for years. Part of the difficulty arises from some 
of the investigators falling in love with a neat, trim, complete 

theory, blinding their eyes to its defects, and rejecting the con- 
tributions of other workers who do not worship their own idol.” 

In spite of the vast amount of study which has been given 
this subject, it is a regrettable fact that there is but a limited 
amount of information and data available bearing upon the 

practical phases of the question. ‘The painstaking and detailed 

work which has been devoted to proving or disproving a theory 

that carbonic acid is the cause of rusting is illustrated by the 

fact that one of the prominent workers in this field asserts that 

in spite of boiling and other methods of purifying there still 
adhered to the inner walls of a glass vessel in which corrosion 

tests were made enough CO, from the glass blower’s breath to 

make the results of tests of doubtful value. On the other hand 

the controversy on the intensely practical question as to the 

relative durability of iron and steel is still unsettled; there is 
no reliable information as to how durability is dependent upon 

purity and as to the quantitative influence of various impurities. 
There are no standard methods of testing, by means of which 

the corrosion determinations made by one investigator may be 

compared with those made by another. 

For a number of years experimental work has been carried 

on in the Chemical Engineering Laboratories of the University 

of Wisconsin on various phases of iron corrosion, and the pur- 

pose of this paper is to present some of these results as far as 

17The Engineer (London), Jan. 12, 1912. 
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they deal with commercial forms of iron and steel. Various 

grades of commercial materials were subjected to corrosion tests 

during Igio and 1911, and in presenting these results the pur- 

pose is not to draw an accurate comparison of the relative merits 

of various commercial materials at present available, but rather 
to give some data on testing methods. In view of marked 

advances which have recently been made, the samples which 

were selected early in 1909 probably do not include representative 

samples of some of the high purity materials at present available. 
No attempt is made to classify the results in accord with any 

theory, but rather to submit them in such manner that they may 

serve as a record containing some information of general useful- 

ness, and to which results of further measurements which are 

under way may be compared. 

While appreciating the limitations upon corrosion data as 
generally submitted, and while desiring to make our tests stand- 

ard as far as possible, we must recognize serious limitations 

on our own results—limitations due partly to lack of foresight 

and partly to lack of facilities, time and financial resources. 

Samples were prepared from six different classes of materials 
as representative of the range of materials obtainable on the 

market. These comprise several grades of open-hearth iron of 
high chemical purity, Swedish iron, open hearth mild steel, open 

hearth mild steel subjected to special hot working process, Bes- 

semer rail steel, and gray cast iron. Some of these materials 

were chosen both from bar and sheet stock. 

The list of materials thus chosen comprise twelve in number, 
and six samples of each were prepared for and subjected to 

various corrosion tests, there being 72 test specimens in all. 

The twelve materials are described in the following list: 

1. Open-hearth high purity iron from bar stock.—-Samples 
_Ix2x ¥ in. (2.5 x 5 x 1.25 cm.) ground to smooth surface 

on emery disc. 

2. Open-hearth high purity iron—Samples:1 x 2 x % in. 
(2.5 x § x 0.65 cm.) ground to smooth surface. 

| 3. Open-hearth high purity iron—Samples 3 x 3 in. (7.5 x 

7.5 x 0.16 cm.) from 16 gauge sheet. Samples were used with 

: black annealing scale.
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4. Same as 3, but ground smooth on emery disc to remove 
scale. 

5. Swedish wrought iron.—Samples 1 x 2 x % in. (2.5 x 5 
x 1.25 cm.) ground smooth. 

6. Open-hearth steel—from plate stock.—Samples 1 x 2x % 
an. (2.5 x 5 x 1.25 cm.)—taken as representative of good quality 
low carbon steel of the better grade used in boiler plate. 

7. Open-hearth steel sheet—16 gauge—Samples 3 x 3 in. 
(7.5 x 7.5 x 0.16 cm.) with annealing scale. From designation 
by the manufacturer it is representative of very mild, annealed, 

. high grade open hearth product. 

8. Same as No. 7, but with scale removed and surface ground 

smooth. 

g. Open-hearth special sheet steel, 20 gauge—Samples 3 x 3 in. 
(7.5 X 7.5 X 0.1 cm.) with annealing scale. It is represented as 

-a special steel, by reason of,a mechanical treatment of the ingot 

-during working down with the idea of eliminating surface hetero- 

‘geneity and blow holes. 

Io. Same as No. 9g, but with scale removed and_ surface 

ground smooth. 

11. Bessemer steel—Samples 1 x 2 x % in. (2.5 x 5 X 1.25 
cm.) cut from the flange of a steel rail. Analysis not deter- 

mined, but may be taken as representative of material having 

-carbon content of 0.50 to 0.60. 

12. Cast iron—Samples 1 x 2 x % in. (2.5 x § x 1.25 cm.) 
cut from a medium-grained, gray-iron casting. Analysis not 
determined, but representative of average iron casting, except 

that the scale or surface chill has been removed. 

Six samples of each of the above listed materials were sub- 

jected to tests for corrosion; these are indicated by a, b, c, d, ¢,. 
and f respectively; a, b and c were exposed to the weather con- 

‘ditions on the roof of the Chemical Engineering building, at the 

University of Wisconsin, and d, e and 7 were placed at the 

ventilator outlet on the roof of the Chemistry Building, where 

together with the weathering conditions additional corrosive 

action was exerted by the gaseous fumes from the chemical 

laboratory. It is believed that in the former case we have typical 

-atmospheric corrosive conditions uninfluenced by smoke and
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fume, while in the latter case the atmospheric corrosion is con- 

siderably aggravated by fume. The former will be designated 

as “atmospheric corrosion,” and the latter as “fume corrosion.” 

The fume corrosion was not, however, excessively severe, since 

the ventilating fan discharged the heated air at a high velocity, 

with conditions favorable for the rapid drying of specimens. 

after wetting from atmospheric conditions. 
All samples were ground or polished to a uniformly smooth. 

surface on a fine emery disc. However, with the sheet material, 
duplicate sets were exposed without removal of the rolling or 

annealing scale. The bar samples were set in wood racks, and. 

. the sheet samples suspended in frames, all edge up; the racks 

were built to allow for as good drainage as possible. All speci- 

mens were first exposed on December 22, I9I0, after weighing. 

On March 8, 1911, one of each of the three making up the 

various sets was taken in, the rust removed by ammonium. 

citrate solution, and the loss determined. These samples were 

then exposed (without altering the surface conditions) a second. 

time, on March 8, 1911. On May 21, 1911, the above mentioned 
samples, together with one of each set which had been out for 
the total period from December 22, 1910 to May 21, I9II, were 

taken in, and the amount of corrosion determined. 
All of these specimens were then ground to a smooth finish, 

weighed and subjected to 20 percent sulphuric acid corrosion for 
one hour, according to the specifications suggested by the Ameri- 

can Society for Testing Materials. This loss was then deter- 
mined. Finally, after regrinding and weighing, the bar samples 

were again exposed to the previous weathering conditions on 

June 1, t911. The sheets were too much corroded by the acid 

to be available for this test. On October 18, 1911, all specimens, 
including three of each bar sample, and one of each sheet sample, 

were taken in and the corrosion loss determined. 

At the completion of these tests, all of the bar samples, Nos. 
I, 2, 5, 6, It and 12, were examined as to character and depth 

of pitting. This character of pitting is shown photographically. 
The depth of pitting was determined by carefully grinding 

down one of the faces of each specimen, until the pit marks just 
disappeared, and the amount of metal thus removed was noted. 
To these values were added the losses by corrosion, and the sum
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gives a value called for convenience the “equivalent corrosion” 
per square inch. Then by dividing the “equivalent corrosion” 
by the actual corrosion we have values which we choose to 
designate as the “pitting factor.” 

The diagram, Fig. 1, will illustrate perhaps somewhat more 
clearly the various steps through which each set of samples 
passed. 

In making the acid tests at the end of the second period the 
average of a and b and of d and e were taken—it being found 
that close agreement existed between the two samples of each 
pair, though not between the two pairs. 

DiAcRAM I. 

Atmospheric Fume 

a b c d e f 

Dec. 22, 1910: eee cee eee cee eee eee ee cee ee es pee eee 

March 8, IgII1: . a 

End of 75 days—a and d, freed from rust—loss determined and 
replaced. 

May 21, IQII: 

End of 150 days—a, b, d and e had rust removed, loss determined 
and ground to smooth surface. Then subjected to acid test. Then 
ground again to smooth surface, and exposed for 139 days. 

June 1, 1911: ween beeen nee eee Lene been ee cee eee 

Oct. 18, IQI1: 

End of 300 days—all samples taken in and loss determined. 

From analysis of the data thus obtained certain conclusions 

of interest and of possible value may be drawn as having a 

bearing upon the important problem of corrosion. The question 

which is perhaps of the greatest importance and of interest to 

the greatest number is “What is the relative durability of the 

various materials on the market under various corrosive con- 
ditions?” This is a question which we do not attempt to answer. 
Although some of the tables presented herein appear to give 

numerical expression to the corrodibility of various grades of 

materials, they cannot be used as a guide, since it is by no. means 
certain that the small samples employed were truly representative 

of the classes of materials from which they were drawn. In
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fact, recent microscopic analysis seems to show that in one 
instance at least especially inferior samples were employed in 

these tests. However, it is believed that the figures represent 

some concrete idea of the possible ranges of values which may 

be encountered in commercial materials as judged from the 

durability standpoint. . 

Other and more reliable conclusions can be drawn from these 

tests. It is shown that atmospheric corrosion depends upon 

the seasons of the year and upon the gaseous impurities in the 
air; that these impurities affect different grades of iron and 
steel in different degrees. Much interest attaches at the present 

time to the usefulness of the accelerated acid test as a means 

of judging the durability of the metal under various corrosive 

conditions, and some conclusive evidence is given to show that 

there is little relationship. The accelerating influence of an ini- 
tial rust formation upon subsequent rusting is demonstrated. 
The black scale on sheet iron is shown to have little, if any, 

retarding influence upon deterioration by rusting. A peculiarity 

is apparently pointed out that iron after exposure to severe 

atmospheric corrosive conditions undergoes some deep-seated 
change, which is evidenced by a notably decreased resistance 

to attack by acid. It is well known that the damage to iron 

by rusting is not measurable alone by the loss of weight of the 

metal, but the depth of pitting produced by the rust is an im- 
portant factor. An attempt is made to give a numerical expres- 

sion to this factor. 

In Tables I and II the results are given as “corrosion factors,” 

the reference unit being taken as the rate at which material 

No. 1 rusted per day under normal atmospheric exposure during 

the winter period. The use of the “corrosion factor” is in 

accordance with the ‘practice recommended by Friend? In 
making measurements, all of the corrosion losses were reduced 

to loss per square inch per day, and the ratio of that loss com- 

pared with the sample chosen as standard constitutes the corro- 

sion factors. In order that these corrosion factors can be 

converted into actual loss of weight per day, there is given the 

“corrosion constant,” which is 0.00092 g. per sq. inch per day, 
or 0.01426 g. per sq. dem. 

2The Corrosion of Iron and Steel, J. Newton Friend, p. 276.
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Table I is of greater practical importance, since the “fume 
test represents only a special artificial condition not capable of 
reproduction. 

~The influence of the seasons upon corrodibility is marked. 
The average of the corrosion factors of the twelve materials 
for winter is 118, for the spring 169, and for the summer and 
autumn 60. 

TABLE I. 
Corrosion Factors. Atmospheric Test . 

| (@) : (a) (0) (a) (6) | ¢) 
| ~. ee 

| Bey Sen) B28) 92) oe) Be 
Material | ise gee 530° mek pee 3a 

I we in 9 - 

a 
1, High purity iron 14” bar| 100 134 |} 154 796 
2, High purity iron 14” bar| 945 | 100 | 143 ZA 7 32 
3. High purity iron sheet 

with scale ...........] 148 ™35 | 1 an oe 
4. High purity iron sheet . . ° 709 

without scale ........| 124 124 | 135 . ws 90.5 
5. Swedish iron 44” bar....) 82.5 90 | 141 5 | 73. . 
6. Open hearth steel boiler | > 4 #5 | 735 73:5 

Plate ......... cee eee ee) 7 123 | 135 . 51 
7. Open hearth steel sheet . 85 | 5 99 

with scale ............; I4I 193 | 177 . i 186 
8. Open hearth steel sheet : 

without scale ........; 169 175 | 185 . .. 150 
g. Special sheet steel with | 

a scale ....e.cc ee ee eee | 127 460 | 307 ve . 160 
10. Special sheet steel without 

scale ...............+. | 137 276 | 254 .. ve 149 
11. Bessemer rail steel......{ 91 95 | 123 51 59 63.5 
12, Gray cast iron..........) 113 105 91.5 | 59 54 .| 93 

Corrosion constant = 100 = 0.00092 g. pr. sq. in. per day = 0.01426 
g. sq. dem. 

It is unfortunate that the tests did not cover a 365 day run— 
but the figures given in the 300 day column may be taken as 
representing approximately the behavior of the metals when 

exposed to a year’s atmospheric attack. The average 300 day 
corrosion factor is 111. The corrosion constant being 0.01426 

g. per sq. dem. per day, the amount of corrosion per year 1s 
365 X 1.11 x 0.01426 = 5.777 g. per sq. dem. of surface per year. | 
Assuming a uniform corrosion without pitting, the thickness 

of iron removed by rust per year would be according to the 

15 .
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above figure, and with the specific gravity of iron taken as eight, 

0.00722 cm. or 0.00284 inch. 

On this basis a 16-gauge sheet, having a thickness of 1/16 in. 

(0.16 cm.) when exposed to atmospheric corrosion on both 

sides, would have a life of 11 years. This is a longer life than 
would actually be attained, because of pitting and other dis- 
turbing factors. It is, of course, not demonstrated by these 

tests Whether there is an accelerating or retarding action during 

succeeding years. 

TasLe IT. 
Corrosion Factors Fume Test 

: (4) | @) | © | (@ () | 
3 

Sx, Qa 3 % 0 © ¥ 

Material ee cm a3 pol | >See 32 
SO | ao | Ot SLE | Sta) gts 
22 | ge | 848) Sia |oka| S88 
Be |g 8 % 2 B 

1. High purity iron 4%” bar...| 147 | 305 | 211 134 132 | 189 
2. High purity iron 14” bar..| 146 | 325 | 207 | 117 108 | 183 
‘3. High purity iron sheet with 

scale .....eseeeeeeeeeess | 157 | 303 | 193 vee wae 160 
4. High purity iron sheet with- Lee Lee 

gout scale ee pea 128 | 2909 | 200 | ... ... | 216 
5. Swedish iron 4%” bar......} 133 | 244 | T44 88.5 95 | 122 
6. Open hearth steel boiler plate | 138 | 251 179 107 124 II 
7. Open hearth steel sheet with . . 

scale ........eee0eeeeee0e | TI6 | 280 | 134] 2... |... 108 
8. Open hearth steel sheet 

without scale ...........| 163 | 337 | 377 | eee wae 148 
g. Special sheet steel with scale} 185 | 3u3 | 250 | ... Le. | OT 

1o. Special sheet steel without 
scale ...............+004.| 173 | 307 | 340 a wee 135 

11. Bessemer rail steel ........] 97 | r40 87 93.5 83 63.5 
12. Gray cast iron ............| 117 | 130 | 115 | 73.5 83 67.2 

Corrosion constant = 100 = 0.00092 g. pr. sq. in. per day = 0.01426 
g. sq. dem. per day. 

As to the relative durabiltiy of different grades of materials, 
no absolute conclusions are possible, since the samples chosen 

may not be truly representative, but on the assumption that 
they are, we have a range from 63.5, as representing the most 
resistant, to 186 for the least resistant, or a variation of over 
one hundred percent. 

That a commercial material, even though it may be of a uni- 
form and constant composition and structure, cannot be assigned
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a definite “corrosion factor” is shown by comparison of Table I 

with Table II. The more resistant metals under atmospheric 
corrosion become the less resistant under another kind of cor- 

rosive atmosphere. That is, the corrosion conditions are im- 

portant as affecting the relative durability of a given list of 

materials. Following this line, then, the “atmospheric” corrosion 

to which these samples were subjected is not necessarily the 

same as atmospheric corrosion in other sections of the country, 
and the data obtained cannot be used therefore without reser- 
vation. 

. TABLE III. 

Acid Corrosion.—Relative Losses by Standard Acid Test. 

(A) Ry 
| Samples first exposed to . Samples first exposed to © BIA 
[> atmospheric corrcsion fume corrosion : 

I 100 . 140 1.40 
2 79 142 . 180 
3 67 168 | 2.54 
4 | 80.5 136 i 1.60 

. 5 | 320 301 : 13 
6 | 1,960 2,210 ' 1.13 
7 5,500 9,000 - 1.63 
8 5,150 11,500 ; 2.24 
9 6.710 . 7,050 1.05 

Io 7.770 4,450 _ 0.57 
II 2,100 3,170 - 151 
12 | 3,330 4,080 | 1.23 

Corrosion constant = 100 = 0.0072 gr. per sq inch surface per hour = 
O.OO1I§5 gr. per sq. cm. per hour. 

| Acid Corrosion. , 

After having been exposed to atmospheric and fume corrosion 

for 150 days, the samples were ground down to a smooth, 

bright surface and exposed to the standard sulphuric acid test. 

There were duplicate samples of each material, and the results 

recorded in Table III are the averages of these two determina- 

tions. That there were only very small errors in measurement 

was shown by the close agreement between the losses of each 

of the two corresponding samples. 
By comparison of the last column of Table I, giving corrosion 

factors for atmospheric corrosion, with the first column of Table 

III, giving the corrosion factors for acid corrosion, we had a
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means of judging something of the significance of the acid 
test. There is seen to be no direct relationship between the two 
tests. The four materials showing the highest acid corrosion 

were the ones showing the highest rate of atmospheric corrosion, 

but the sample showing the least atmospheric corrosion, the 

Bessemer rail material, has a high acid corrosion rate. While 

the high purity samples had the lowest rates of acid corrosion, 

and were likewise below the average in rate of atmospheric 
rusting, there is no direct relationship as between the respective 

samples of this class of materials. 

, TaBLe IV. 

Influcnce of Scale on Rate of Rusting. : 

Atmospheric Test. 

— | a5 day Period | 150 day Period , 300day Period - 

Material with | without | with | without | with | ions 
scale | scale | scale scale seale scale 

3 and 4— | 
High purity iron..| 148 124 149 135 109 90.5 

7 and 8— ; . 
Open hearth mild 

steel ...........] I4I 169 177 185 186 150. 
9 and ro— | . 

Open hearth special | 
steel ...........1 I21 137 307 254 | 160 149. 

—— —— —e —— i —— ——ae 

Totals ........| 410 | 430 633 574. | 455 380.5 

Fume Test. - 

3 and 4— | 
High purity iron..| 157 128 193 200 160 | 216 

7 and 8— . 
Open hearth mild . 

steel ...........] 116 163 134 377 1c8 | 148° 
9 and ro— . : 

Open hearth special 
steel ............ | F835 173 256 340 161 135 

Totals ... eee] 458 | 464 583 O17 429 | 499 | 

By comparison of the acid corrosion with the fume corrosion 

tests, column 2 of Table III and column 6 of Table IT, there 

is seen to be no utility in the acid test, since the samples most 

resistant to acid were amonty the least resistant to the fumes. 

. A characteristic of the acid test is its extreme sensitiveness,
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the most corrodible metal being dissolved 116 times as rapidly 

as the most resistant. The atmospheric test shows a ratio of 
only 2.9 as between the most and the least corrosive. Evidently 
there are factors which influence the rate of acid attack which 

do not enter into. atmospheric. corrosion. 

An interesting phenomenon is shown in column three of the. 

acid corrosion table, in that the attack.on the metals which had 

been subjected to fume corrosion was notably greater, with but 

one exception, than on those which had been subjected to atmos- 

pheric. attack. Just. why this should be is not evident, but it 

appears that the fume corrosion has had a deep-seated action, 
penetrating into the metal and making it more susceptible to acid 

cofrosion. | | 

| Influence of Scale on Rate of Rusting. 

In making quantitative corrosion determinations, and a com- 
parison of. durability of different classes of material, the question 
arises as to the influence of the black scale which comes on 
commercial sheet, and. whether for sake of comparison it is 

important that all of this scale be removed before beginning a 
test. This in turn depends upon whether the oxide scale has a 

protective or accelerating action. There is no doubt that the 
protective property of mill scale is dependent upon its physical 

properties, continuity, etc. . 

It was the purpose in conducting these tests to make com- 

parison of rusting on samples. identical in every particular except 

as to presence of the mill scale. In the above tables, materials 

Nos. 3, 4, 7, 8, 9, 10, were subjected to this comparison, the odd 

numbered materials being tested with the scale, while from the 

even numbered materials the scale was carefully removed by 

mechanical means before the test. 

The results of this comparison are presented in Table IV. 

Except for the first 75-day period it is shown that the mill 

scale had an accelerating effect for the atmospheric test and a 

retardent action for the fume test. 

. Accelerating Influence of Rust. 

It is a generally accepted belief that rust having once formed 

upon an iron surface, this adhering rust exerts an accelerating
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influence upon the subsequent rate of rust formation; that the 
adherent rust, instead of acting as a protection, has a reverse 
influence. 

The tests above recorded present data from which a quan- 
titative idea of the influence of this factor may be derived. 
Samples.marked (a) and (d) in Tables I and II, were exposed 
to two successive periods of rusting, the rust having been 
removed at the end of each period. At the same time similar 
test pieces (b) and (e) were exposed without disturbance for 
the entire 150-day period. If the presence of rust exerts an 
accelerating action, this will result in the total amount of corro- 
sion from the 150-day samples being greater than for the sum 

of the corrosion of the two 75-day periods. This relationship 
is shown in Table V. The first and second columns give the 

corrosion factors for the two 75-day periods, the third column 
| the average of these two periods. The fourth column gives 

the corrosion factors for the 150-day period. The ratios of the 

values of the fourth to the third column give the figures for the 

last column, which indicates whether there has been an acceler- 

ating or a retarding influence caused by the presence of rust. 
From this table it is seen, that when subjected to atmospheric 

corrosion, there has been an accelerating action on all materials 
except cast iron; while with the materials exposed to fume cor- 

rosion the presence of the rust coating seems to have exerted a 
protective action on all but three of the materials. It is, of course, 

- evident that these ratios would be different, depending upon the 

lengths of time of exposure. The accelerating action is probably 
greater when there is only a small amount of rust on the surface 
than when the rust increases in thickness. 

The deduction of particular interest from this table is that 

the kinds of conditions by which rusting is produced are of im- 
portance, and that external conditions as well as internal struc- 
ture and purity of material must be considered in studying iron 

corrosion. 

Influence of Pitting. 

It is obvious that the rate of deterioration of iron is measurable 

not. only by the loss of weight, but that the depth of pitting is a 

- factor which must be included. An attempt is made here to give
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a quantitative idea of this factor. It is unfortunate that all of 
the samples could not be tested for pitting effect. The thin 
sheet samples had been rendered too thin to be subjected to 
accurate grinding for removal of the pit marks and only the 
bar samples were examined. 

TABLE V, 

Accelerating Influences of Rust on Rusting—Relative Corrosion 
Factors. 

Atmospheric Corrosion. 
——— I —— Ee RR 

| : | : | ’ Combined Accelera- way i tS d | and Period | Accel 
Neterian | Tygdays—“ipdays. Average Period” ting acto 

I | $00 | | 134 17 154 131 
2 94.5 / 109 101.7 143 140 
30° 148 135 141.5 I4Q 105 
4 124 124 124 135 109 
5 82.5 99 89.2 I4l 158 | 
6 97 123 110 135 122 
7 141 193 167 177 106 
8 169 175 172 18s 108 
9 121 460 290.5 307 106 

10 137 276 206.5 234 123 
Il gt 95 93 123 132 
12 113 105 109 g1.5 | 84 

Fume Corrosion. . 

I 147 305 226 21r 93 
2 146 325 235.5 207 ss 
3 157 305 231 193 3 
4 128 299 213.5 200 76 
5 133 244 188.5 I 44 7 
6 138 251 194.5 179 92 
7 116 280 198 ae tor 

16 ‘| 337 250 77 1 
188 303 244 236 105 

10 173 307 240 340 14 
II 97 140 — 118.5 &7 oe 
I2 117 150 133-5 115 { - 

The materials, Nos. 1, 2, 5, 6, 1z and 12, which had been rust- 
ing during the 139 and 300-day periods, were filed down ane 
ground smooth until the pit marks had just disappeare an 
the amount of metal removed by this mechanical operation ie 
determined. This was reduced to weight per square inch an
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added to the corrosion loss per square inch. This combined 
value is taken as representing the combined deterioration by 
rusting and pitting, and the ratio of this amount to that due 
to rusting alone is indicated by what we choose to call the 
“Pitting Factor.” The results are recorded in Table VI. 

TABLE VI, 
. Influence of Pitting. 

Almospheric Corrosion, 
sss EEE =o I
 SS ; 139 Day Period 300 Day Period 

Corro. | ton nd cone | Corto. Description of Material Sion |$10n and pitting | _ Sion jsion an Pittin loss g. | Grindi DS Loss g. |Grindin 8 per | lossg. factor ‘pere | loss 2. factor . Sq.in. | persq.in. i sq.in. | persq.in. 

1. High purity iron % in, 0.1014 0.4874 4.8 0.2193 1.0433 4.70 
(1.25 cm.) thick. 0.095 0.456 48 | 2, High purity iron 4 in} 0.0752 | 0.4072 5.41 0.230 0.885 | 3.86 
(0.65 cm.) thick, 0.0853 | 0.4523 5.30 

5. Swedish ‘wrought iron. 0.093 0.423 4.53 0.1995 | 0.9105 | 4-57 
0.0623 0.404 6.52 

6. O. H. steel boiler plate. | 0.0658 | 0.3398 5.16 0.272 1.022 © 3-70 
0.0621 0.3061 | © 4.93 | 11. Bessemer rail steel. 0.0764 0.4344 5.68 0.1736 0.9566 5-45 
0.0668 0.3638 5-44 ; 

12. Cast iron. 0.0763 0.4223 565-4 0.253 0.888 3.5% 
0.0698 0.3838 5.50 | ; 

. Fume Corrosion. 

1. High purity iron %4 in.| 0.168 0.609 3.63 0.5219 | 0.9739 1.86 
(1.25 cm.) thick, 0.1601 0.555 3-47 9 68 

2. High purity iron % in.| 0.1382 | 0.4483 3-25 0.507 0.955 . 
(0.65 cm.) thick. 0.1497 | 0.4387 2.94 - 

5. Swedish wrought iron. 0.121 0.3125 2.58 0.336 0.740 ‘ 
‘ o.113 O.417 3-69 2.40 

6. O. H. steel boiler plate. 0.1585 0.5615 3-54 0.3054 | 0.7504 “4 
0.1375 0.5145 "3-74 8 

11, Bessemer rail steel. 0.1053 | 0.4683 4.59 0.1756 | 0.555 | 3.1 
0.1196 0.4516 3-78 6 

12. Cast iron. 0.0925 | 0.3665 3-96 0.186 0.491 2.94 
, 0.1064 | 0.3704 3-48 

The fact of interest drawn from this table is that the com- 
bined effect of rusting and pitting under atmospheric conditions 
is from 3.5 to 6.5 times that as measured bv the rusting alone, 
while under the fume corrosion conditions the pitting is much
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less pronounced, as represented by the corresponding ratios 

between limits of 1.68 and 3.96. While the loss by rusting for 

the 300-day period is much the greater under the fume conditions, 

the pitting is less marked and the total deterioration is less. 

Photographic records of the appearance of each of the samples 

after corrosion were obtained, a typical one being presented in 

Figures 2 and 3. This is for the open-hearth plate steel. There 

was a striking similarity of appearance as between the various 

materials and it is for this reason that only one is presented 

here. The fact that there has been less pitting under the fume 

than under atmospheric conditions is clearly shown. 

Microscopic examination was also made of the various samples 

to determine if possible how the rate of corrosion may have been 

dependent upon internal structure. Some of these sections, 

magnified to 70 diameters, are presented in Figures 4 to 10. 

—Itisa prevalent impression that corrosion, rusting and pitting 

are dependent upon the impurities in the metal, upon the internal 

structure, and especially upon segregation; that if there is abso- 

lute uniformity, absolute purity, and absence of slag, oxide and 

other inclusions, there will be minimum rusting. These impres- 

_ sions do not appear to be borne out by this investigation. The 

Swedish iron is shown in Figures 4, 5 and 6 to be markedly 

heterogeneous, there being some areas of pure ferrite, but others 

of medium carbon content and with slag inclusions. Fig. 7 shows 

good uniformity in one of the commercially pure irons, while 

other microphotographs not shown here indicate spots of im- 

purity. In preparing these microphotographs it was the intent 

to make them representative of the average appearance of the 

samples rather than to emphasize impurities or non-uniformity. 

. SUMMARY. 

1. The range of durability of various grades of commercial 

materials when exposed to a 300-day atmospheric test is repre- 
sented by the ratio of about one to. three. When exposed to 

the acid test the ratio is very much greater, being one to one 

hundred and sixteen. .
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2. The average rate of normal atmospheric corrosion under 
conditions found in Madison, Wis., is 5.777 g. per sq. dem. per 

_ year. For a 16-gauge plate (0.16 cm. thick) exposed on both 
sides and assuming uniform corrosion this would mean a com- 
plete disappearance in about 11 years. 

3. The corrosive action of the atmosphere may be influenced 
by fumes and smoke, so as to influence in marked degree the 
durability of iron, and that material most durable under one set 

of conditions may not necessarily be the most durable under 
others. 

4. Since the service conditions constitute a vital factor in 

determining the rust-resisting power of iron, a study of these 

conditions is equally important with a study of the materials 

themselves. . 

5. The seasons and the weather conditions have a marked 

influence on the rate of corrosion. 

6. The sulphuric acid test is not a satisfactory guide for esti- 

mating the rust-resisting power of a metal. It has a certain 

usefulness in investigative work, but is of little value as a prac- 

tical test. 

7. The ordinary black scale does not appear to be a retarder 
of atmospheric rust. Pitting causes deterioration in a year’s 

time approximately three times as great as would rusting if 

distributed uniformly over the surface. 

8. While impurities in the metal undoubtedly have an influence 

on the rate of rusting, it is evident that, although some are detri- 

mental, others may be beneficial. Little accurate information 

appears available on this matter. 

9. Heterogeneity of structure of metal is generally supposed 

to be antagonistic to durability, but this investigation shows 

that if it is a factor it is one of secondary significance and over- 

shadowed by other factors. 

These results are presented as tentative only, since conclusive 

evidence on a problem so important and complicated as the cor-
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rosion of iron and steel can be obtained only by repeated tests 

upon a large number of samples. 

The duthors acknowledge their indebtedness to Mr. E. C. Haag 
in making many of the measurements recorded in this paper, 

{ . . . . . . 

ahd to the Northern Chemical Engineering Laboratories, in the 

preparation of specimens and co-operating otherwise in the work. 

University of Wisconsin. oe
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. INFLUENCE OF VARIOUS ELEMENTS ON THE 

CORRODIBILITY OF IRON. 

By Cuarres F, Burcess and James Aston. 

Incidentally to an extensive investigation on electrolytic iron 
and alloys produced therefrom, as carried out under a grant 

made a number of years ago by the Carnegie Institute, tests were 

made upon the corrodibility of a number of alloys. Acknowl- 

edgment is made to Mr. B. F. Bennett for his assistance on this 
particular phase of the work. 

The electrolytic iron which has been used as a basis for the 

alloys, when compared with materials commercially available, 

may be taken as essentially pure, and in making up the alloys 
care was taken to exclude impurities as far as possible. The 
method of preparing the test samples consisted in first melting 

the electrolytic iron or the electrolytic iron alloy in closed 

graphite magnesia-lined crucibles heated in an electrical resistor 

furnace. Upon cooling down, the small ingots weighing from _ 

one to two pounds were forged into rods and strips. Only those 

alloys which would forge readily into shape were included in 

these tests. 
From the forged bars samples were taken for chemical anal- 

ysis, and through the courtesy of Messrs. Booth, Garrett and 
Blair, of Philadelphia, the determinations given in the first col- 

umn of the attached table were obtained. 
The corrosion test samples were about 2 x 1 x % in. (5 cm. 

x 2.5 cm. x 3.1 mm.). They were exposed to the weather con- 
ditions in Madison, Wis., for a period of 162 days, from July, 

1909, to February, 1910. Before exposure all samples were 

ground to a uniformly smooth surface. After the removal of 

rust by the ammonium citrate method, all samples were subjected 

to an accelerating ,acid-corrosion test, using a twenty percent 

sulphuric acid and immersing for a period of one hour. Fach: 

16 241
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sample was suspended by itself in a beaker, to avoid errors by 

presence of other materials. 

Some results of interest were derived from these tests, though 

how far they may be of practical value as indicating the influence 

of ‘various elements on commercial material is problematical. 

The materials used are practically carbon free, and with such 
minor quantities of sulphur, phosphorus, silicon and manganese 

(except where intentionally added) as would have, in all prob- 
ability, little effect. There is a widely prevailing belief that the 

effect of any element added to iron is to increase corrodibility, 

by furnishing galvanic couples. A great majority of these test 

samples indicate the reverse; that is, a greater durability for the 

alloys than for the electrolytic iron base. 

Comparisons between the corrodibility of electrolytic iron and 
certain forms of pure commercial iron on the market indicate 

that electrolytic iron is more corrodible both in the atmosphere 

and in acids. In fact, no quantitative comparisons have been 

attempted between the alloys produced in this investigation and 

commercial materials. As an approximate indication, however, 
ranges are given for tests on commercial materials at the bottom 

of the table for the experimental alloys. 

Electrolytic Iron. 

. The electrolytic iron for which data are given in the table is 
not introduced as a sample of the purest that can be made, but 

is rather average material, serving as a good representative 

standard for comparison. As a matter of fact, during the course 

of the tests, as will be noted at the foot of the table of data, 

figures were obtained upon various grades of iron and steel of 

commercial grade and of widely varying degrees of purity; and 

in these results may be noted values of corrosion both higher 
and lower than those of the electrolytic-iron sample. 

So far as this particular sample is concerned, it shows nothing 

especially striking m resistance to corrosion either in acid or in 
the atmosphere. 

In the acid test, in particular, it does not fall in line with 

_ the commonly accepted view that a close approach to purity 
would indicate a high resistance to acid attack, On the contrary, 

this particular material has been attacked even more severely 

than most of the alloy samples tested at the same time.
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Aluminum. 

In this series there are not enough data to warrant definitive 
deductions. So far as the sample with 0.067 percent of alumi- 
num is concerned, this may be taken as corresponding to iron 
free from alloying agents. The second sample, carrying 1.33 
percent of aluminum, shows an even higher attack by acid than 
the one of the lower aluminum, but there has been a slight 
falling off in the atmospheric corrosion. However, there has 
been nothing striking in either case. 

Arsenic. . 

In view of the fact that the presence of small amounts of 

arsenic in sulphuric acid pickling solutions decreases markedly 
the rate of the attack, it has been suggested frequently that arsenic 

present as an alloying constituent of steels might make such 
steel more resistant to corrosion, particularly to acid corrosion. 
This, however, appears to be an erroneous assumption, as in- 

_ creased corrosion in acid has been shown by Heyn and Bauer, 
and by Berthier. No satisfactory or conclusive work seems to 

have been done on the resistance of these materials to atmos- 
pheric influences. 

Our results cover a series in which arsenic ranges from 0.29 

percent to 3.56 percent, and we find a fair resistance to the acid 

attack, which resistance falls off appreciably with increase of 

arsenic content. On the other hand, the corrosion in the atmos- 

phere is somewhat on a par with that of the electrolytic sample, 

and there would seem to be no particular merit in the use of 

arsenic alloys for resisting atmospheric corrosion. 
From the point of view of physical qualities also, this series 

would not be of particular value, since the brittleness and weak- 

ness resulting from the addition of arsenic would be serious. 
Addition of arsenic seems to result in high magnetic qualities, 

but it is an element which is difficult to add, and if of service 

from the corrosion point of view it would have to be added in 

very large amounts, resulting in a structurally or mechanically 

poor material. 
Cobalt. 

In view of the close relationship in the general properties of 

cobalt and nickel, it might be natural to expect that the use of
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these elements as alloying agents would result in somewhat 

similar properties. The series here tested, however, in which 

the cobalt varies from 1.3 to 5.5 percent does not point to any 

close relationship. The resistance to acid of this series is not 
particularly striking, but does fall off appreciably. with increasing 

cobalt content. The same general effect is noted in the atmos- 
_ pheric tests; but while the corrosion is fairly low, there is not 

the same resistance to atmospheric attack as is obtained by the 

addition of the same quantity of nickel. This series shows a 

fairly close relationship in the rates of atmospheric and acid 
attack. 

To use cobalt for the purpose of making a material highly 

resistant to corrosion would seem to demand considerable quan- 

tities of this element. There would be no advantage, therefore, 
in the use of this metal as compared with nickel, in view of the 
high relative cost of the cobalt. . 

OS Copper. 

The influence of copper upon the corrosion of iron and steel,. 

and to some extent, as well, upon the other physical properties is,. 
at the present time, a matter of controversy. So far as the 

resistance to acid attack is concerned, particularly to sulphuric 

acid, the evidence seems to be convincing that copper additions. 
result in marked decrease in the rate of such attack. There is. 

a tendency also, not supported by conclusive tests, to believe. 
that copper additions will likewise increase the resistance to. 

atmospheric .corrosion. 

The series herein tabulated, in which the copper ranges from. 

0.089 percent to 7.05 percent have the expected high resistance 

to acid attack and also show a low‘corrosion in the atmosphere. 
The latter is of particular interest, inasmuch as the values are’ 

consistently low throughout the series, and the markedly bene- 

ficial results seem to be obtained from even small amounts of: 
added copper. 

In view of the materially improved physical properties result- 
ing from one to two percent of copper additions, together with: 

the low cost of such addition and the corrosion resistance herein 
noted, it would seem that this series is of particular promise 
-and worthy of extended study. The quality, both mechanically
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and from the corrosion point of view, is entirely comparable 
with that resulting from the use of corresponding amounts of 
nickel and, of course, there is a materially lessened cost for the 
addition. 

The exact reason for the decreased corrosion is somewhat a 
matter of speculation. Considering that iron and copper form 
solid solutions, at least up to three percent or thereabouts of 

copper addition, or well within the limits of commercial utility, 
we should expect the structure of the resultant alloy to be one 
of perfect homogeneity. There should, therefore, be no internal 

influence tending to promote increased electrolytic action, and 

the effect of the dissolved copper should at the very worst be 
merely neutral as far as corrosion is concerned. In fact, in- 
creased resistance to corrosion might be expected, since the solid 

solution of the two elements might decrease the solution tendency 
of the iron; or if the iron finally goes into solution, it may leave 

a deposit of copper, forming a film and protecting the underlying 
metal from further attack. The presence of such a copper film 
has been observed repeatedly in the course of etching of samples 

for microscopic examination and has been noted by other investi- 

gators during acid attack of copper-iron alloys. This speculation 
seems to be confirmed by the tests herein enumerated. 

Lead. | 

But one alloy of this series was tested, and that contained 
only 0.061 percent of this element. The acid corrosion is the 
same as that observed by the electrolytic iron, while the atmos- 
pheric corrosion has dropped to about half the figure of electro- 
lytic iron. Not enough data are at hand, however, to warrant any 

deductions regarding the influence of lead upon the corrosion 

of iron. 
Manganese. 

The supposedly increased corrosion of modern steels as 

compared with the older iron has generally been ascribed to the 

presence of manganese, which is present in the later-day mate- 

rials as a result of modern processes of manufacture. It may 

be, however, that the manganese is blamed for results due to 

the other elements associated with it, or perhaps to other factors 

resulting from modern conditions of manufacture.
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So far as our tests show, in this series, which runs from 0.50 

percent manganese to 10.42 percent manganese, there is nothing 

worthy of particular comment either in the acid or atmospheric 

cdrrosion. ‘There is considerable inconsistency in the results, 

and the atmospheric tests in particular seem to indicate a slight 
increase of corrosion with increase of manganese content, though 

in all cases the corrosion was less than for the electrolytic iron 

alone. . 

The alloying relations in this series are those of solid solution, 

_ in this respect similar to the copper-iron alloys in the useful 

range. We have, therefore, a homogeneous structure and no 

internal causes for electrolytic action. However, in view of the 

very similar properties of the two metals, there would probably 

result but little change in the solution tendency of the alloy as 

compared with the iron itself. Also there would be no deposition 

of a protective film, as was mentioned in the copper series, since 

manganese is attacked very much like iron and would rust away 

in a similar manner. Consequently rust once formed from solu- 

tion of either metal should aid rather than retard further progress 
of the corrosion. 

Nickel. 

This series shows alloys notably good both in the acid and 
atmospheric tests. There is a general tendency for increased 
resistance with increased nickel content. 

Within the nickel content used in practice, about three percent, 

we note a marked falling off in atmospheric corrosion. The 
hindrance to the general use of this property is the relatively 
high cost of the nickel addition, and it would seem that these 
alloys would not be of particular merit unless the use of the 

material is also warranted by the increased strength resulting 
from the addition. The highest resistance noted lies well up 
in the series, at ten percent nickel and above. Such alloys would 
be beyond the range of general commercial utility, not only 
because of the high cost of the nickel, but because of the hardness 
and brittleness and generally disadvantageous physical properties 
in this region of the series. 

The alloying relations of nickel and iron are those of solid 
solution, and it would seem that the protective effect is due 
perhaps to the same reasons cited in the case of the copper-iron



THE CORRODIBILITY OF IRON. 247 

alloys; that is, we would have very probably a markedly de- 
creased solution tendency, and in case of any corrosion it would 
result in a solution of the iron and the consequent concentration 
of the nickel as a surface-protecting film. 

Selenium. . 

There was tested but one alloy of this series, with the very 
low content of 0.017 percent of selenium, consequently no par- 
ticular deductions can be drawn. ‘The acid resistance in this 
particular sample is very low, while the corrosion in the atmos- 
phere is noticeably high. | 

: Silicon, 

In this series the silicon content varied from 0.23 percent to 
2.82 percent. The corrosion values are in general high and 

somewhat conflicting. In fact, this series seems to have suffered 
the greatest corrosion noted. There is a general tendency for 

increase in the atmospheric corrosion with increase of silicon 

content, but not a very material increase. 
There seems to be an inclination to assume increased resist- 

ance to corrosion in the silicon steels, but the only reliable data 
appear to be those obtained upon acid tests, and mainly upon 

acid tests of the alloys of high silicon content. Here a compound 
of iron and silicon becomes the principal constituent, and the 

resistance to acid is probably due largely to this. 

So far as ordinary amounts of silicon are concerned, its use 
seems to be disadvantageous both in acid and atmospheric cor- 

rosion. Also, silicon behaves much like arsenic and, while it 

results in good magnetic qualities, the resultant steels are other- 

wise poor physically, being brittle, weak and hard to work. 

Silver. 

Although alloys were made in which the added amount of 

silver was as high as ten percent, the resulting alloys actually 

indicated a maximum of 0.69 per cent retained, and the series 

here cited has a silver content varying from 0.28 percent to 0.69 

percent. There is no particular merit in this addition so far 

as either acid or atmospheric corrosion is concerned, and all 

of the figures are closely comparable to that obtained with elec- 

trolytic iron alone. There is, of course, no particular commercial
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significance attached to the use of iron-silver alloys, because of 
the relatively high cost of the addition. 

- Tin. 

_ This series has a tin content varying from 0.28 to 1.56 per- 
cent. In the lower end of the series the resistance to acid attack 

is particularly good, but the corrosion in acid increases percept- 
ibly with the higher content of tin.. As far as the atmospheric 

tests aré concerned there is nothing of particular moment. 
There isa slight falling off however with increase of tin. The 
‘iron-tin alloys are somewhat similar in their general properties 

to the iron-arsenic and iron-silicon alloys—that is, all of these 

additions result in improved magnetic quality of material, but 

‘at the expense of the physical, and the resulting alloys are brittle 

and weak and hard to work. : 

| Tungsten. 

The tungsten varied from 0.40 percent to 23.86 percent. In 

the acid test the results are all good, some of them very strikingly 

so; but there is a general irregularity in the figures. The same 
is true in regard to the atmospheric tests, with a seeming tendency 
toward decreased corrosion with increased tungsten content. 

However, the general results are not especially worthy of 
attention, and considering the fact that any markedly decreased 

corrosion is obtained only after high tungsten additions, these 
alloys do not offer special value from the corrosion standpoint, 

since with the high tungsten additions we are entering the tool- 
steel range of alloys of high cost and extreme hardness and 

brittleness. 

Conclusions. 

These tests, covering several series of alloys of iron with 
other elements, do not seem to point to any quantitative relations 

between the acid and atmospheric corrosion. 
So far as the atmospheric tests are concerned, numerous alloys 

can be noted in which the corrosion is less than in the electro- 
lytic iron. The copper series would seem to offer particular 
advantages in view of the beneficial results obtained with small 

copper additions and because of the consistently low values 
throughout the series. Again these benefits are obtainable with- 
out prohibitive cost for the addition agent.
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Acid Corrosion Atmospheric Corrosion 
g- per sq. i Ib. per sq. Kg. per sq. . dem, | ft. per year meter per year 

Electrolytic Iron. 1.30 | - 0.1025 0.499 | Percent 
. Aluminum— 0,067 0.628 0.110 . 0.513 : 1.333 0.760 0.080 0.39 

Arsenic— 0,292 0.448 0.083 0.405 0.430 0.815 0.0703 0.343 0.951 0.405 0.0870 0.425 1.810 0.131 0.072 0.352 3.862 0.086 0.064 0.312 4.141 0.102 ~~ 0,074 0.361 3.502 0.144 0.063 0.306 
Cobalt— 1.035 0.705 0.049 0.239 2.000 1.02 0.070 0.342 4.055 ' 0.356 0.042 . 0.205 5.052 0.257 0.042 0.205 
Copper— 0.089 0.178 0.052 0.254 0.202 0.095 0.039 0.1G0 0.422 0.059 0.055 0.268 0.592 0.112 0.050 0.234 ' 0,804 0.104 0.053 -F 0.259 1,006 0.067 - 0.046 0.225 1.51 0,147 0.046 0.225 . 2,005 0.091 0.051 0.249. . 3-99 0,093 0.035 0.171 5.07 - 0,087 0.031 O.I51 

6.16 0.143 0.041 0.200 
7.05 0.186 0.033 0.161 

Lead— 0.061 1.30 0.056 0.273 

nganese— 0.50 0.56 0.055 0.268 Mangane Teo 0.52 0.080 0.390 - 2.00 0.725 0.062 0.302 3.00 It 0.067 0.327 . 
10.419 0.352 0.089 0.435 

: eel 2 0.633 0.059 0.288 Nickel ° 36 0.547 0.071 0.347 1.07 0.507 0.058 0.283 
1.93 0.192 ook 0.112 
7.05 0.226 0.03 0.185 8.17 0.125 0.029 0.141 

10.20 0.091 0.027 0.132 11.29 0.123 0.027 0.132 
12.07 0.084 0.024 0.117 
13.01 0.237 0.031 0.151 
19.21 0.072 0.018 0.088 22.11 0.0254 0.020 0.098 25,20 0.054 0.023 0.112
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Acid Corrosion Atmospheric Corrosion 
g. est sq. lb. per sq. Kg. per sq. 

em, ft. per year | meter per year 

"Percent of | a — 

Nickel— 26.40 0.554 | 0.021 | 0.102 
28.42 0.155 0.021 0.102 
35.09 0.183 ! 0.018 | 0.088 

' 47.08 0.160 | 0.0126 | 0.062 
75.00 0.049 0.0044 | 0.0215 

Selenium— 0.017 | 0.190 | 0.1385 | 0.676 

Silicon— 0.233 | 1.63 ! 0.104 | 0.509 
0.603 | 1.19 | 0.076 | 0.370 
1.033 | 0.85 0.106 | 0.518 
1.807 0.80 0.124 0.606 
2826 | 1.27 | 0.130 | 0.635 

| 
Silver— 0.281 | 1.02 | 0.065 | 0.317 

0.492 | 1.76 | 0.090 0.430 
0.581 1.34 | 0.073 0.356 
0.691 2 1.17 : 0.092 ! 0.450 

Tin— 0.288 | 0.284 : 0.069 | 0.337 
0.342 0.350 | 0.039 0.190 
0.686 | 0.386 | 0.049 0.239 
1.568 1.03 | 0.058 0.283 

: | 
Tungsten— 0.406 | 0.363 0.076 0.371 

0.925 0.088 0.062 0.302 
2.334 0.086 0.062 0.302 
3.553 | 0.332 0.063 0.308 
5.982 | 0.304 0.060 0.293 
9.849 0.398 0.040 0.195 

13.641 | 0.365 0.049 | 0.239 
23.866 0.183 i 0.044 | 0.215 

Various grades of low carbon iron and steel.................0.300 to 0.73 
High carbon steel ........ 0. ccc cece cee eee cee eee een e eee e 0.278 

Cast iron—scale removed .........c cece cece ee ceee neces eee s 0.770 

Chemical Engineering Department, 

Umiversity of Wisconsin.
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DISCUSSION. 

Dr. A. S. CusuMan : Laboratory studies such as are described in 
these papers are very valuable, and bring out points that are well 

worthy of our attention and discussion, and that, perhaps, have 
mot been carefully enough considered heretofore. With respect 
to the first paper, I wish to state that it is unquestionably true that 
in the alloy field we have the opportunity of stumbling on com- 
binations of metals which may prove far more resistant to corro- 
sion than the purest iron that can be made. Whether or not such 
alloys can be manufactured for a cost which will be practical and 
attractive remains to be seen. Electrolytic iron is interesting to 

test because of its freedom from metallic impurities. It is, how- 

ever, saturated with hydrogen, and to that extent is itself an 

alloy. In this respect it probably differs from iron which has been 
annealed in hydrogen, where the hydrogen is probably held in 

some form of solution or inclusion. If the electrolytic iron is 

melted it is probable that most of the hydrogen is driven out, but 
it is by no means certain that it is entirely eliminated by this 

treatment. This point should not be lost sight of in considering 
electrolytic iron as a material of standard purity. 

My experience has led me to doubt the value of laboratory 

corrosion tests, or even atmospheric corrosion tests that depend 

upon cleaning off the rust and re-weighing the specimen. The 

fact that it has been shown pretty conclusively that all corrosion 

phenomena are connected with electrolytic effects which take 
place on the surface of the corroding metal, and since a piece of 

metal which is rusting is not losing weight at the electro-negative 
areas on the surface, it is quite possible that of two samples, the 
one which is losing the least weight is really suffering the most 

under the conditions of the test. In fact, in my experience, which 
now extends over quite a number of years, in observing corro- 
sion phenomena and testing various samples I have frequently 
made this observation, namely, that the specimen which was rust- 
ing more evenly and losing weight very slightly from all over its 

surface would show up the worst on the weight records, whereas 

the other piece which is rusting and pit-holing through does not 
lose so much weight. So far nearly all acceleration corrosion 

tests made by different observers have depended upon making a
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record of loss of weight of the specimens, and I wish to point out 

the danger of error and being drawn to wrong conclusions by 
such methods of testing. To make myself still clearer, let us 
suppose that we are dealing with.two pieces of sheet metal. of 
exactly the same size and thickness. Now, suppose we wish to 

remove from these two specimens samples for analysis and at the 

same time destroy the specimens as little as possible by the re- 

moval of the sample. If one of the specimens was attacked with 

a planer, a very slight shaving might be taken off the entire sur- 
face without damaging the test piece to any considerable degree, 
whereas if the other specimen was attacked with a drill it would 
be impossible to take an equal weight off of it without actually 

destroying the integrity of the specimen by drilling holes through 
it or almost through it. With these considerations in my mind, 
I wish very emphatically to state that conclusions drawn from 
weight loss under corrosion tests are dangerously misleading, 

and in some cases would cause us to form an opinion diamet- 

rically opposite to the truth. I quite agree with the authors in 
regard to the unsatisfactory nature of the acid test, but, unfor- 
tunately, all other acceleration tests so far proposed are equally 
unsatisfactory. I do believe that the acid test gives some valuable 
information in regard to a material, if it is properly interpreted 
and applied. As far as exposure tests of bare specimens to 

atmospheric conditions are concerned, I agree with Prof. Bur- 
gess that results may vary in different parts of the world, 
owing to climatic conditions and depending upon the prevail- 
ing winds which blow with reference to the surface of the test 
piece, and upon the character of the prevailing atmosphere with 
regard to acid impurities. It should also be pointed out that 

_ neither iron nor steel is manufactured to be exposed to the 
weather without any form of protective coating. With the excep- 
tion of the insides of boilers, tanks and pipes, and possibly also 
heavy chains, iron is not directly exposed to the corroding medium 
without some form of protective coating, and the condition of 
exposure of iron and steel in this sort of service is nothing like 
the attack made upon the metal by exposure, for instance, on the 
roof of a building. After all, the long time experience of con- 
sumers with reference to any given type of ferrous metal must 
continue to be of more value in forming a judgment than the
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results of any accelerated tests, whether in the laboratory or on 
: exposure of bare plates or sheets to the outdoor atmosphere. 

Dr. W. H. WALKER: I am very much interested to learn that 
Prof. Burgess has found that manganese is not deleterious in 
iron, inasmuch as I have held this opinion from the first. In 
fact, manganese should decrease the corrosion of a sample of 
iron rather than increase it. The fact that samples of steel which 
corrode rapidly are frequently found to be high in manganese. 
has been made the basis for the opinion that manganese is itself 
harmful. I believe that it is manganese oxide that does the harm, 
but not metallic manganese. A fact which may be easily observed 
in Boston, where the switches and frogs of the trolley system are 
made from manganese steel, is that after a rain the ordinary steel 

rails will rust rapidly, while the frogs remain perfectly bright. 

Mr. BrapLEy Dewey: In connection with Dr. Cushman’s 
criticisms of the manner in which Professor Burgess carried out 

his tests, I might state a few results which I have recently had 
the privilege of going over in some detail, although the work is 

not mine and is being done by Mr, D. M. Buck, who will pro- 
bably describe it to the Society at some future date. 

Mr. Buck has, at several places throughout the country, put up 

test roofs, made up of some half dozen or so full-sized sheets of 
each of many different grades of steels and similar products. At 
these same points there are small, I think 2 by 4 inches, test pieces 
in insulated racks. These test pieces are from the identical 
steels used to make up the full-sized sheet. Now, at the end 
of some months there are very marked differences in the condi- 
tion of the various steels, those high in copper being in very good 

_ shape, while those Bessemer steels which are without copper have 

entirely broken down. 
Recently, with the roof in this condition, and after a close 

examination and marking by several persons, who all checked 
reasonably well, the small test pieces were taken down and their 
loss in weight determined. In the light of Dr. Cushman’s doubt- 
ing that the small scale tests are ever in agreement with those 

carried out on a large scale, it is interesting to note that this loss 
in weight varied over very wide limits, and that in every case 
the degree of corrosion as determined in this method gave the
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same order of value as did the grading of the actual large scale 
tests by the various observers. 

Mr. R. H. Gaines: Prof. Burgess remarked in the course of 

his abstract that he had arrived at a conclusion that certain for- 

eign elements in iron and steel were not hurtful to the metal, 

whereas others were certainly corrosive by their presence. I 
would like him to state what elements he considers as deleterious. 

- and what non-deleterious. 

Dr. W. H. WaLKER: I would like to ask a question on the 
same line. I was interested to hear him state that he did not re- 
gard heterogeneity in the sample as controlling, but as rather of 

secondary importance. I understood from someone that Dr. 

Heyn, of Berlin, had given the same opinion. I would like to 
ask Prof. Burgess if he ever heard Heyn say that, or let us know 

what he said. 

| Pror. C, F. Burcress: The suggestion made by Dr. Cushman, 
that electrolytic iron may not be comparable to other forms of 
iron due to hydrogen content, cannot be denied. Since the 
material to be melted must pass the high temperature of 

1,600° C., the amount of hydrogen which remains after this treat- 

ment must be exceedingly small and, therefore, the influence of 
this small amount should be comparatively slight. The proper- 

ties of melted electrolytic iron are probably influenced more by 
oxygen than by hydrogen. _ . 

On account of the high purity, as determined by chemical 
analysis, and, on account of the reproducible uniformity of the 
material, it should constitute a desirable starting point for inves- 
tigating the influence of the various elements when alloyed with 
iron, and on this assumption the numerous alloys referred to in 

the paper have been prepared. The alloys were made primarily 
for physical and electrical tests, and it was an afterthought to 
subject them to corrosion tests. As a result there are not a 

sufficient number of samples containing some of the elements, 
such as sulphur and phosphorus, to determine the exact influence 
of such elements on corrosion. The point which appears of 

interest and suggestive is that the great proportion of elements 

seem to make electrolytic iron more resistant to corrosion, the 
notable exceptions being silicon and selenium. It must, of course,
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be admitted that the influence of these various elements ‘on 
electrolytic iron may not be exactly comparable to their influence 
on other forms of commercial iron and steel. 

Dr. W. H. WALKER: Is anyone present who happened to hear 
what Dr. Heyn said? I always felt that heterogeneity in iron 

| was deleterious, although I must say I always in my own mind 
limited it to oxide. 

Mr. F. N. SPELLER: I referred to Prof. Heyn’s remarks in 
discussion earlier in the afternoon. As I remember what he said 
last week on this matter, it was simply that as a result of his 
investigations he had come to the conclusion that the influence of 
purity had been greatly exaggerated and that ordinary rust once 
formed on the surface of the iron was a greater accelerator of 
corrosion than any of the foreign elements commonly found in 
iron or steel. 

Mr. W. D. RicHarpson: Several years ago I read a paper 

before the Chicago Section of the American Chemical Society, 
and later on a similar paper before the Minneapolis meeting of 

the American Chemical Society, concerning certain experiments 
which I had carried on in regard to the corrosion of iron. The 
gist of the ideas presented was that the surface conditions, and 

especially rust, overbalance all the influences within the metal 
itself in determining the course of ordinary corrosion after. 
corrosion is once started. The composition of the metal influ- 
ences the commencement of corrosion, but after an adherent layer 

of rust is formed the rust is the predominating influence, so that 

nearly pure iron, iron containing a small percentage of copper, 
mild steel, etc.; in other words, metals of different composition 
will, if adherent rust is present, follow nearly the same line of 
corrosion. Of course, to produce the adherent rust, it is necessary 
to have oxygen present, also to have alternate wet and dry con- 

ditions, and these are the conditions prevailing in ordinary atmos- 
pheric corrosion. The experiments which I carried out bore out 
these ideas in general. I also advanced the hypothesis, as a part 
of the general proposition, that it is only when we have a clean 
surface and continuously maintain a clean surface of the metal, 
that the composition of the metal itself becomes of predominating 
importance in influencing the corrosion. -We have these condi-
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tions when carrying out corrosion tests in acids, and one of the 
great problems in corrosion was the difference in behavior: 
between iron and steel of different composition, in dilute sul- 

phuric acid, for example, and in the air. According to the 
hypothesis advanced, the differences noted in the early experi- 
ments between corrosion tests in acid on the one hand, and ser- 

vice tests, or tests simulating corrosion in service on the other, 
were due to the fact that in one case a clean surface was present, 
and in the other case there was an adherent coating of rust cov- 
ering a part of the surface. Of course, if the rust covering were 

uniformly adherent all over the surface there would be no corro- 
sion. ‘There may be other surface factors also, but rust appears 

to be the most important. The hypothesis, as stated, may require 

considerable modification in respect to different details; probably 

it does. But it seemed to me then, and I have seen no evidence 
since to change my view, that it is true in its main aspect. 

Dr. W. H. Waker: I think it is unquestionably true that 

there is one factor which we have not taken sufficiently into con- 
sideration in our study of the corrosion of iron, namely, the 
ability of a given sample to form a closely adherent protective 

surface of iron rust. The old bridge at Newburyport has stood 
for almost one hundred years, and the iron is still in a fine state 
of preservation, although the bridge itself has been replaced by a 

_ . larger one. A piece of this iron when freed from its natural coat- 
ing of rust is very heterogeneous and will corrode as rapidly in 

water as any sample of iron or steel I have ever seen, and yet, 
apparently, it is able to protect itself. 

Mr. Epw. Weston: It has been the experience of the speaker 
with regard to water works service pipes that the character of _ 

the water has a very marked effect upon the rate of corrosion. 

While it is ordinarily true that after rusting is once started, due 
to imperfect coating of the pipe or imperfections in the coating of 
the pipe, it will go along very rapidly provided there is no de- 

posit from the water on the inside of the pipe, yet if the condi- 
tion occurs where the organic matter in the water causes the rust 
to take the form of an impenetrable film or lining, corrosion 

comes practically to a standstill after a few weeks or months. 
This has been-noted repeatedly.
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It is a well-known fact that very pure waters containing large 
amounts of carbonic acid and oxygen attack service pipes much 

more rapidly than surface waters containing organic matter in 
colloidal suspension. This matter will precipitate with the rust 

and form a film on the inside of the pipe. For this reason most 
surface waters can be used with lead pipe with impunity. 

Most water works engineers are prejudiced in favor of the 
so-called old-fashioned wrought iron. There seems to be no 
scientific reason for this prejudice, but they speak in almost 
endearing terms of the pipe that they used to get. The speaker’s 
own experience is that wrought iron pipe can be good and bad, 
and the same is true of steel pipe. It is difficult to tell by any 
ordinary test which pipe is iron and which is steel. If a ready 

test could be placed in the hands of the ordinary practicing engi- 
neer, it would be a great boon. It might help to determine which 
metals will resist ordinary corrosion and which will not. 

In this connection some experiments by the writer with tin- 
lined lead pipe are of interest. Contrary to expectations, the tin 

lining did not protect the lead against solution; it only retarded 
it. No tin was dissolved from the pipe, but appreciable quanti- 

ties of lead. The explanation of this lies in the well-known fact 
that tin crystallizes before it fully contracts, thus leaving inter- 
stices through which the water reaches the lead, and, further- 

-more, reaches it under electrolytic conditions very favorable to 
— corrosion. 

Prof. Burcrss: While taking part in an investigation of a 

stand-pipe failure last winter, a study was made of the quality 

of steel which entered into its construction. Certain portions 

of this steel were found to be badly pitted. In selecting one of 

the deepest pits and cutting a section it was found that the pit 

had a flat bottom, apparently formed by the presence of a layer 

of slag, or, perhaps more properly speaking, by so-called metal- 

lographic “ghost bands.” ‘The optical evidence pointed, in this 

case, to a retarding influence of impurity. This does not consti- 

tute absolute proof, but is suggestive that impurities producing 

heterogeneous material may have some merit. 

Based upon extensive study and the occasional turning up of 

iron samples which seem to show remarkable durability, the 

writer believes that there is some important factor governing the 

17
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rate of corrosion which is not thoroughly understood ; also, that 
there is consequently a possibility of discovering some new line 
of attack on this problem of making durable iron, which will be 
of importance. Certain laboratory investigations which will be 
reported upon later seem to point in this direction. 

In attempting to prevent deterioration by rust there should be 

recognized a difference between the problem of preventing the 
initial rusting and the problem of preventing the pitting action 

‘to which Dr, Cushman has just called attention. Pitting is de- 
pendent upon an acceleration action produced -by rust accumula- 
tion, and if a barrier can be interposed so that a rust spot will 
spread out rather than become deeper, there will be a minimiz- 

ing of the damaging action. The writer believes that slag and 
other non-conductive impurities frequently found in iron, under 
certain conditions, constitute such barrier. A study of the influ- 
ence of impurities must recognize, not only those which are 
alloyed with the iron and the metallographic relationship of the 
same, but those impurities which exist as included non-metallic 

compounds. 

Mr. GainEs: Do you mean to suggest that a half percent of 
silicon in wrought iron would render it more durable? 

Pror. Burcgss: In all probability silicon as an alloy with the 
iron has a decidedly different influence on the corrosion than has 
silicon in the form of included slag. Silicon in the former condi- 
tion appears to be disadvantageous, while in the latter there may 

be some advantage.
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PHYSICAL AND CHEMICAL DATA ON DRY CELLS 
AND DRY CELL MATERIAL, _ 

By Car, HamBurECHEN ano O. E. Ruuworr. 

In the discussion of a paper on “Dry Batteries” presented 

recently before the Faraday Society, it was stated as noteworthy 

that the best of American cells are inferior to the best British 
types. Without going into the justice of this assertion, perhaps a 
presentation of some of the characteristics of typical American 
dry cells may be appropriate at this time. In presenting this 
paper the writers are indebted to the courtesy of the Northern 

Chemical Engineering Laboratories and the French Battery and 
Carbon Company, of Madison, Wisconsin, for permission to 

publish the following data obtained through a comparative study 
of various typical American cells. 

A nearly standard method of construction appears to prevail 

in this country. ‘he anode is a cylinder of sheet zinc, which 
serves also as the container. ‘Ihe electrolyte is a solution of 
zine chloride and ammonium chloride held in a layer of absorbent 

material, usually paper, lying next to the zinc, and separating it 

completely from the cathode. The cathode consists of a carbon 

pencil surrounded by a granular mixture of manganese dioxide, 

carbon and ammonium chloride. Graphite is also a common in- 

gredient. This granular mixture is saturated with clectrolyte 

containing ammonium chloride and zinc chloride in solution. 

Testing of Battery Materials. 

The chemical inspection of dry cell materials should include 

a determination of the purity of these materials, especially as 

regards the presence or absence of quantities of useless inert 

substances, so as to indicate the percentage of the materials on 

which depend the usefulness of the cells. In addition to this, 

467
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tests should also be made for comparatively small quantities of 

such impurities as exert an actively injurious effect upon the 

cell. 

The physical properties of some of the materials are of quite 

as great importance as are the chemical ones. One of the 
most important of these is the conductivity of the crushed carbon 

and graphite, and that of the mixtures of these materials with 
manganese dioxide. The conductivities of crushed carbon and 

graphite depend upon the raw materials used in their manu- 

facture, the conditions of heat treatment used, and the size of 

the granules in the composition. 

Ca 
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Battery carbon may be prepared from petroleum coke, retort 

carbon, or coke made from soft coal. The graphite which is 
used may be either a natural product or that manufactured by 

electric furnace methods. Crushed carbon and graphite may also 

be prepared from used furnace eleetrodes, or from worn out 

electrodes from electrolytic processes. 

For the determination of the conductivities of crushed materials 
and mixtures, an apparatus especially devised for the purpose 
and shown in Fig. 1 was used. The material to be tested is 

placed in a porcelain tube 2 in. (5 cm.) long and 1 in. (2.5 cm.) 
inside diameter. The bottom of the tube is closed during the test 
by a removable graphite plug, and the tube is filled flush with the 

material to be tested. The tube is placed in an upright position 
and another graphite plug inserted at the top upon which a
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pressure of 15 pounds (6.8 kg.) is exetted, by means of a suit- 

ably arranged lever and weight. A current of one ampere is 
passed, the graphite plugs serving to make connection to the 

column of granular material. The circuit includes an ammeter 

and a variable external resistance. The drop in voltage between 
the graphite plugs is measured by a voltmeter of suitable range. 
If accurately checking readings are desired, great care must be 

taken in the manner of applying the pressure to the tube full 
of granular material. This same testing apparatus is also 

arranged to test the conductivity and breaking strength of carbon 
pencils. 

A number of samples of crushed graphite and carbon as sup- 

plied by various manufacturers and made by various processes 

have been tested for conductivity. For graphite there have been 
obtained readings varying between 0.071 and 0.411 ohm and for 

carbon between 0.188 and 0.637 ohm per linear inch (2.5 cm.) 
of a column one inch (2.5 cm.) in diameter, equaling resistivities 

of 0.14 to 0.82 ohm for graphite and 0.37 to 1.27 ohm for carbon, 

per cub. cm. The minimum readings in each case represent a 

very high grade of material, while the maximum ones indicate 

materials which are practically useless for most battery purposes. 
Most of the samples of carbon tested have been crushed so as 

to pass through about a 20 mesh screen (8 openings per cm.) 

while the samples of graphite will usually pass through a 100 
mesh screen (40 openings per cm.). : . 

In comparison with carbon and graphite, the other insoluble 

ingredient of pulverized dry-battery filler—manganese dioxide— 

has a very low conductivity, so that as far as the final conductivity 

of the whole mixture is concerned, the manganese dioxide may be 

considered as practically a non-conductor. It follows, therefore, 

that the higher the proportion of MnO, in the depolarizing 

mixture, as compared with the conducting ingredients, the higher 

will be its resistance, presuming, of course, that the size of 

granules in the composition and the quality of materials remains: 

the same. The curves plotted on the accompanying chart indicate 

in a general way how the conductivities change with variations 

in the proportions of conductive to non-conductive materials, 

and with variations of the size of granules in the composition 

for the same proportions by weight. Variations in the con-
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ductivity of ten to several hundred percent can be brought about 
by varying the size of granules in the composition of a mixture, . 

with no change in the proportion by weight of the several in- 

gredients. 
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Inspection of Various Types of Cells. 

Four of the typical brands of cells investigated and concerning 
which data are given in the tables are designated by the letters 
A, B,C and D. 

It will be noted from the tables that there is comparatively 
little variation in the composition of these several makes of 

| batteries. Perhaps one reason for this is the strong demand of 
the American market for a low-priced cell, compliance with which 
places narrow limits on the manufacturer in indulging any desire
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he may have to improve the quality of the battery by using more 
expensive materials, or by devising a more complicated structure, 

Table I shows the weights, dimensions and physical properties 
of several types of batteries. The size of granules in the com- 
position and the percentage of MnO, on the several sizes of the 

washed and dried mixttres is shown in Table II. In general, 
it seems that an increase of MnO, in the coarser sizes will reduce 
the internal resistance of the battery. On the other hand there 
are indications that an increase in the proportion of very finely 
divided manganese dioxide results in greater depolarizing power 
per tinit weight of the MnO,,. 

TABLE I, 

| A B C D | 
Voltage of cell ............ eee e ee eee eee ee 80 I. I. 1.50 
Amperes on short circuit (flash test..)..... 33 33 7 32 °° 0° 
Weight of cell, grams..................... 980-932, tind 
Weight of moist depolarizing mixture, grams 642 545 576 574 
Weight of paper lining, wet, grams. veceeeee OF 71 65 72 
ne catkins finches ....... 1 I I 0.75 

Diameter of carbon pencil { centimeters .. 2.5 2.5 2.5 1.9 
Weight of zinc, gramS................6.... H7 110 132 151 
Resistance, in ohms, of depolarizing mixture 

per linear inch of a I-inch column....... 004 169 100 0.286 
. Resistance, in ohms, of depolarizing mixture 

per cubic centimeter (fesistivity)......... 1.84 3.31 3.72 1.69 
Relative coherence of depolarizing mixture 1.9 1.7 5 1.6 

- Tass IT, . : 

Serecn Analysis of Washed and Dried Depolarising Mixtures. 

A B C OD 
On 20 mesh ( 8 openings per cm.), percent... 48 02 1.3 05 
“40 “ (16 “ “« “)y 1... 25.5 12.8 20.0 29.0 
“60 “ (24 “ ee yy 6. In 14.3 10.8 $2.0 
“ So 6s (32 ac ce “cc ), 6é wee 4:3 5.3 7.0 3-3 

“ yoo “ (40 “ “ey, “ ... 98 22.5 288 12.0 
“ce is0 6“ (60 “ “ ‘“ ), 6“ a 2.3 7.3 8.5 45 

Through 150 “ (60 “ oY"), «14. 41.5 37:6 24.2 38.7 

Table III shows the quantities of zinc chloride and ammonium 

chloride present in the solution held in the paper, and in the 

solution with which the depolarizing mixture is moistened. 

The quantity of water present in a No. 6 dry cell varies some- 

what for different makes. The lower and upper limits are about 

60 and go grams. Other things being equal, a better cell probably
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results from approaching the latter figure rather than from too 

close an approach of the former. 

Measurements of the conductivity of the mixtures were made 

directly upon the depolarizing material as removed from the 

batteries, but previous to making the test all of the mixtures 

were passed through a 10 mesh (4 openings per cm.) screen. 

The internal resistance of the battery depends, naturally, not 

only on the conductivity of the mixture but also the tightness 

with which it has been compressed in filling the cell. Additional 

_ factors influencing the internal resistance that will result from 

any given mixture are the weight per unit volume of battery 
space and also the manner in which the packing is performed. 

Tase III. 

Percentage of MnO, in Various Sizes. 

A B Cc D 
On 20 and 4o mesh ( 8 and 16 openings per cm.) 74.9 71.5 82.5 60.3 “ 60 “ 80 &c (24 ‘“ 32 “cs “6 iT ) 53.8 61.6 46.3 48.9 

“ 100 “ (40 “ “  “') 45.2 38.3 27.4 418 
“ 150 “(60 “ “  “) 44.4 37.0 308 38.1 

Through 150 “(60 “ “ © +) 31.3 38.3 50.2 317 

Tanne LV. 

NH ,Cl and ZnCl, in Papers and Mixture. 

A B C D 
Grams NH.CI in papers, per cell.................. 101 13.4 12.3 12.3 

“ NHLCl in mixture, “0... ee... 36.2 42.6 25.1 30.5 
“ _NH.CI, total BS ccc eee e eee e ees 46.3 56.0 37.4 42.8 
“ ZnClz in papers, BS eet eeeeeereeeees 70 68 9.7 89 
“ZnCl, in mixture, “ “0000... eee 13.8 10.3 15.8 15.5 
* ZnCl, total fede ee eeeeesee se. 208 17.1 25.5 24.4 

The remaining common ingredient of dry cells is the least: 
costly of all, but it is nevertheless of considerable importance. 
This is the air occupying the “void” spaces in the depolarizing 
mixture, that is, space not occupied by water, salts, carbon, 
graphite or manganese dioxide. The volume of voids varies from 
about 3 to 15 cubic centimeters. All of the data given have 
reference to a standard “No. 6” cell, the dimensions of which are 
2.5 by 6 in. (6.5 x 15 cm.). 

Northern Chemical Engineering Laboratories, 
Madison, Wisconsin.
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THE INFLUENCE OF CINDERS ON THE CORROSION OF 

TRON IMBEDDED IN CLAY. 

By Water B. ScHULTE. 

Investigations of electrolytic corrosion of underground struc- 
tures occasionally reveal examples of marked corrosion under 

certain conditions which preclude a consideration of stray currents 

from electric railways as the cause. Filled ground seems to be 

especially harmful to iron pipes, especially where the filling is 

composed largely of cinders, coal, and furnace products. 
Of the various explanations which have been offered to account 

for this corrosion, the more common are that the sulphur, which 

is a constituent of most coals, probably forms sulphuric acid, 
with the resultant chemical corrosion; also that cinders and 

particles of conductive carbon in contact with iron produce a 
local couple, and the pits which are formed are attributed to 

this effect. : | | 
The objection to the former theory is that the high temperature 

of burning usually expels the sulphur from the cinder material ; 

and that the latter explanation is not completely adequate is 

indicated by the fact that the corrosion occurs even where there 

may be an intermediate layer of clay between the cinder bed 

and the pipe. Certain cases of deep pitting of iron pipe have 

been called to the attention of the writer where an overlying 

bed of cinder filling out of direct contact with the pipe seemed to 

be in a measure responsible for the damage noted. 

It is well known that if a mass of carbon and a mass of iron 

are imbedded in an electrolytic conductor, such as in moist earth, 

a difference of potential is established between these two bodies, 

the iron being electrochemically positive to the carbon. This 

potential does not establish a flow of current unless metallic con- 

tact is made between these two bodies. While a layer of carbon 

material may be separated from an iron pipe in one locality by a 

14 209
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bed of sand or clay, corrosion may be produced at that locality 
by reason of contact between the iron and the carbon bed at 

some other position, such, for example, as occurs where a service 

pipe or other portion of the underground system may pass 
through the carbon bed. It is evident, therefore, that contact 
betwgen the cinders and the iron is not necessary at the exact 

location where the corrosion is observed in order to account for 
such corrosion. | 

An active couple produced by carbon and iron results in the 
iron being the anode and the carbon being the cathode. Polar- 

ization tends to reduce the flow of current, but this polarization 

is minimized if air has ready access to the carbon bed; therefore 

the nearness of the carbon bed to the surface of the earth is a 

factor which influences the corrosion caused by such material. 

The object of the investigation here described was to reproduce 
in the laboratory conditions which were found in the field, and 

to make laboratory measurements of potential and current flow 
and determination of the amount of corrosion. The experiments 

were carried out in the Chemical Engineering Laboratories of 
the University of Wisconsin. 

. Apparatus. 

The apparatus as set up in the laboratory included a sheet 

of iron, buried in a bed of clay, on the top of which rested a 
layer of granular graphite, which represented the cinder bed. 

Electrical contact between the plate and cinders was provided 

for by a wire connecting them. The arrangement of the apparatus 
is shown in Fig, 1. 

It is, of course, evident that the conductive layer of carbon 

here used has a higher electrical conductivity than that produced 
by cinder filling, as found in practice; and the reason for using 
this was to accelerate the action so as to produce measurable 
results within a short time. 

The iron plate was of No. 24 sheet iron, pickled, dried and 
weighed before being placed in the clay, which was taken from 
a fresh excavation and was moist when placed in the box. The 
layers below and above the plate were well tamped in place. 
The carbon, which had been used as a resistor in electric furnaces,
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was granular, the particles ranging from % to % inch (6 to 

12mm.) in diameter. A graphite block with a stem was placed 
in the carbon to make electrical contact between the carbon and 
external connections, and insulated wire connected to the plate 
was brought out through the clay. The carbon lead was con- 

nected to a switch also connected to the iron plate terminal, so 
that by closing it the cell was short-circuited. The switch was 
provided with short leads, so that an ammeter or voltmeter could 
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be connected to them and measurements be made with the switch 
open. The carbon was covered by a %-inch (12 mm.) layer 

of sand at the beginning of the test, but this was removed on 

the fourth day. . 

To measure the single potentials of the iron and carbon against 

the clay a calomel electrode was employed, with a long nose 

reaching down through a glass tube into the clay half way 

between the carbon and iron. A few drops of normal KCI were 

poured into the bottom of the glass tube to moisten the clay 

and assure good contact between the clay and electrode.
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Measurements. 

| Before closing the switch the potentials of the iron and carbon 

against the clay were determined by the potentiometer method, 

taking —o.56 volt as the potential of the calomel electrode. The 
results are given below: 

Total E. M. F. .......0.842 volt, carbon cathode 

Clay to carbon .....—0.638 volt 
Iron to clay .......+0.204 volt 

Total ............0.842 volt 

A voltmeter indicated 0.83 volt. 

After making the single potential measurements the circuit 

was inadvertently closed for a minute or two, after which the 
voltage, as indicated by a voltmeter, had fallen to 0.72 volt. 

Further short-circuiting caused the voltage to drop from 0.68 

to between 0.45 and 0.50 after a few minutes. One and one- 

half minutes after opening the switch the voltage increased to 
0.68 volt. 

The cell was short-circuited for twenty minutes and the switch 

then opened, after which single potential measurements were 

made at various intervals. 
After being on short-circuit for seventeen hours, similar single. 

_ potential measurements were made, during which time the aver- 

age current, as measured by a milliammeter, was 0.0515 ampere. 

The data of these measurements, as tabulated in Table I and 

plotted in Fig. 2, show that the rate of depolarization is decreased 

after the cell has been short-circuited for the longer time. 
The cell was then allowed to stand short-circuited, and read- 

ings were made of the voltage and current at various times and 
during the run, the results of which are tabulated in Table II. 
The instruments were of standard make and in good calibration 
and of the following scales and resistances: 

Voltmeter 0-15 volts; 53.5 ohms resistance 

Ammeter 0-500 milliamperes; 0.09 ohm resistance 

During the fourth day the layer of sand above the carbon was 
removed, as noted in the table. The clay began to dry out, so that
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beginning with the tenth day about half a liter of water was 
sprinkled over the carbon and allowed to soak in before a set 
of readings were made. No readings were taken between the 

thirty-third and fifty-eighth days, nor was the cell moistened, with 
the result that the current on the fifty-eighth day was almost nil, 
and the potential 0.22 volt. Three minutes after the cell had 
been moistened the observed values increased to 0.0175 ampere 

and 0.32 volt. 
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Rough integration of the curve plotted between current and 
days, with the current as zero on the fifty-eighth day, gives 35 
ampere-hours. If the cell had been moistened regularly each day 

throughout the test it is fair to assume that the average current 

would have been 0.03 ampere; 0.03 ampere for 58 days is equiv- 
alent to about 42 ampere-hours. The average voltage over this 

period can be taken as 0.35 volt. 

The interesting point to be noted is that as long as the clay 

was moist a current flowed continuously from the iron to the
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carbon, the depolarization, due presumably to the action of the 
air on the carbon, taking place at a constant rate. 

The corrosion of iron by one ampere-year is about 20 pounds, 

so that 0.03 ampere, the assumed average current with the clay 
moist, would corrode about 20 X 0.03 = 0.6 pound. 

The ayea of the plate was 1.45 square feet (12 sq. dm.), or 

2.9 square feet (24 sq. dm.) total surface, so that the theoretical 

corrosion per square foot would be 0.23 pound (12 grams per 

TABLE I, 

. Depolarization. 

Single Potentials of Carbon | Single Potentials of Iron 

Short-circuited | Short-circuited Short-circuited ! Short-circuited 
zo Minutes 17 Hours 20 Minutes 17 Hours 

Min, = E.M.F. | Min. 9 E.M.F. | Min, KM.F 0 Min. EH M.F. 

4, —0.432 | Oo —0.304 | o +0.184 | o 0.162 
I —0.478 ) ot —0.424 | +0.184 | 1 -+0.160 
2 —0o.485 | 14 —0.434 % +0,186 | 2 -+-0.160 
3 —0.508 | 2 —0.438 | 2 +0.180 ; 3 -+0.160 
4 —o0.510 | 3 —0.442 | 3 +0.182 4 +0.160 
5 —0.516 4 —0.452 | 4 -+0.180 5 -+0.160 
7 —0.524 5 —0.452 | 6 -+0.178 8 +0.158 

10 —0.530 8 —0.458 . 24 -Lo.180 10 +0.158 
2A —0.540 10 —0.468 | 16 +0.158 
42 —0.564 | 16 —0.470 | 23 +0.156 

23 —0.474 | 43 +0.156 
43 —0.484 | 60 +-0.158 
60 —0.499 | 

sq. dm.) per year. This loss, or about one-quarter pound, on a 

plate would destroy the equivalent of a No. 30 sheet in one year, 

or half of a No. 24 sheet. If this corrosion were concentrated 

in six square inches area on every square foot (on 4 percent of 
the surface), the metal would be pitted to the depth of 0.15 inch 

(4 mm.), which would pierce a 3-inch (75 mm.) cast iron main 

in a little over two and one-half years. 

Corrosion of Plate. 

After the fifty-eighth day the cell was dismantled. Examina- 
tion of the clay near the plate showed that the rust had pene-



INFLUENCE OF CINDERS ON THE CORROSION OF IRON. 215 

trated into it as much as M inch (6 mm.) in some places. The 
plate was spotted with oxide and greenish iron compounds. Cor- 
rosion’ was noticed both on the upper and lower sides of the 
plate, and the corner diagonally opposite the wire connection 
was eaten through. 

TABLE II, 

‘Current and Voltage Readings. 
ee 

Day Amperes | Volts | : Remarks 
———— ———— rn rr a a a ee et ee ee 

I 0.052 0.45 
2 0.0518 0.50 
3 0.050 0.45 sO 
4 0.051 | 0.45 Sand removed from top 
5 0.051 0.44 
7 0.0495 | 0.38 
8 0.035 | 0.40 | 
9 0.030 0.20 | 

10 0.040 | Began wetting 
II 0.035 0.40 
12 0.0475 0.42 
14 0.0475 0.42 
15 0.040 0.42 
17 0.041 0.40 
24 0.030 0.35 Dried out since last 
25 0.0375 0.36 reading 
2y 0.023 0.30 | 
30 0.020 0.20 
31 0.035 0.40 
32 0.028 0.35 
33 0.028 0.35 
38 0.015 0.32 

The plate was washed, the greater part of. the rust scraped | 

off, and the remainder then dissolved off by hot ammonium 
citrate, after which it was weighed. The data follow: 

Weight of plate before test......... 401.6 grams 
Weight of plate after test.......... 346.5 grams 

LOSS ... cece eee cecceeceeseceseess 55.1 grams 

Thirty-five ampere-hours theoretically would corrode 36.4 

grams of iron so that the efficiency of corrosion in this case 
would be about 150 percent. That is, it may be said that 

two-thirds of the loss by corrosion was due to the current pro-
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duced by the difference of potential between the carbon and 
the iron. 

. These experiments were intended as preliminary work for 

further investigation, which, however, was not undertaken; but 

a description of this first, rather incomplete work, it was thought, 
would prove of interest and draw attention to the influence of 
carbon and cinders on the corrosion of iron, and perhaps lead to 
further experimenting on the subject. Further work along this 

line should be undertaken with the conditions more closely ap- 
proaching those actually found, that is, using cinders instead of 

carbon, and putting them, with the iron plate, in the earth. 

Similar plates not -connected with the carbon should also be 
buried so that the amount of natural corrosion can be determined. 
Under these conditions, with the higher resistant cinders, it is 
to be expected that less current would be produced. 

An interesting case of corrosion of a gas pipe, which may be 

explained by action similar to that discussed above, has been 
observed recently by the writer. Along a certain street the gas 
mains were paralleled by a water main buried a short distance 
beneath. The soil is mainly clay or silt, but at the lowest portion 
of the street the water main dipped into a peaty layer. The gas 
main lay in the clay above the peat at this point, and was cor- 
roded through at several places. The main apparently was in a 

locality not subjected to stray currents from the street railway or 

grounded power circuits, so that the currents causing the cor- 
rosion must have come from other sources. 

A length of gas main about 400 feet long was disconnected 
from an adjoining portion. Potential measurements between this 
disconnected length and an iron rod driven in the black layer 
showed that the gas main was 0.3 volt positive, and readings 
between gas and water connections showed that current was flow- 

ing from the gas to the water main through the earth. The 
corrosion can be explained by the fact that peat sets up a dif- 

ferent potential toward an iron surface than does clay, and con- 

nections between the gas and water services on the consumer’s 
premises make the couple electrolytically active, thereby producing 
electrolytic corrosion. 

| Chemical Engineering Laboratories, 
University of Wisconsin.
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DISCUSSION. 

Mr. J. O. Hanpy: Has the composition of the cinder any 
influence? There is a greater amount of sulphur in some cinders. 
than in others. 

Pror. C. F. Burcess: Of course a cinder body such as loco-- 
motive cinders and different furnace ashes has very poor con-- 

ductivity. Sulphur does not seem to play any part. 

Mr. Hanpy: I made some comparative corrosion experiments,. 

having samples of different kinds of steel embedded in coke of 

a maximum size of a quarter of an inch and kept moist for a 
period of about three weeks. The pitting during that time was. 

very marked.
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REPORT OF COMMITTEE ON CALORIMETRY. 

WRITTEN FOR THE SEVENTH ANNUAL MEETING OF THE AMERI- 
CAN GAS INSTITUTE, OCTOBER, I912, BY Jj. B, KLUMPP, 
CHAIRMAN. 

The main purpose of the investigation which has been car- 
ried on during the past two years was to study calorimetry 
with the idea of determining as far as possible the factors 
which influence the accuracy of measurements. These factors 
have been studied in connection with the use of several of the 
more important types of calorimeters available. While the 

tests which have been made and which will be described, show 

some of the relative characteristics of these different instru- 

ments, it is not the specific purpose of this report to show the 
relative merits or to present this as being a complete report 
covering all makes of calorimeters in existence. In the pre- 

vious reports results were given of tests made upon the fol- 

lowing list of calorimeters: 

Simmance-Abady, Boys, Junkers and Sargent. 

The results of this past two years’ work have shown various 

factors which were not given full recognition in the former 
tests, and while this did :ot, apparently, lead to any erroneous 
conclusions the results from the former tests of calorimeters 

~ are not strictly comparable to those which are now presented. 

_ The diagrams or tables to be presented give an idea of the 
performance of the various types of instruments which have 
been studied during the past year. This does not include the 

Simmance-Abady, Boys, or Sargent calorimeters previously 
investigated. 

The two former instruments have not been available to the 

committee and it is known that marked improvements have
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been made upon the Simmance-Abady which are said to have 
improved its accuracy. 

Special attention has been given to the calorimeters of the 

continuous flow type with independent gas metering equip- 

ment, anti also to the newer types of calorimeters recently 
placed upon the market such as the Doherty, the Parr, and 
the Sarco. These three calorimeters embody entirely differ-. | 

ent methods of construction and operation. 

' The laboratory investigations upon which the prior reports 

of this committee have been based have been carried out largely 
in the Chemical Engineering Laboratories of the University 
of Wisconsin, the laboratories of The United Gas Improve- 

ment Company, Philadelphia, and the laboratories of the Mil- | 

waukee Gas Light Company. During the past two years the 

laboratory investigations have been carried on at Philadelphia 
by Mr. Maurice S. White under the immediate direction of 

Mr. Klumpp, and in Madison under the direction of Mr. 

Kowalke by Mr. J. N. Lawrence. Mr. Lawrence has been 

studying the calorimeter problems for two years as a thesis 

investigation and his work has been accepted for the degree 
of Doctor of Philosophy. 

During the progress of this investigation many tests were 

necessary to determine the facts in any one point. At the 

laboratories of The United Gas Improvement Company about 
200 individual test runs were made by Mr. White, while Mr. 

Lawrence, at the University of Wisconsin, made nearly 1,000 

individual tests. In addition to the test runs on the individual 

calorimeters, many tests of calibration of thermometers, 

meters, and other accessories were made. 

The reports of this committee on investigations for 190 
and 1909 were based on 800 individual tests. So that in all 

there have been made about 2,000 tests. 

Since this work was carried on under the supervision of one 
of the members of this committee and through the assistance 

of the Committee on Calorimetry it is deemed proper to 
embody this thesis entitled “Efficiency of Gas Calorimeters”
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in this report. In this thesis prepared by Mr. Lawrence, the 
investigation has been carried along the lines that the com- 
mittee has deemed necessary to determine the problems that 
were encountered in our previous tests; to determine the effect 
of certain atmospheric conditions upon the instrument, and 
to outline methods of operation that make the results obtained 
more precise. The results obtained by him have been accepted 
by the committee, and the details of the investigation are 
expressed in full in Mr. Lawrence’s thesis which is herewith 
submitted. 

Respectfully submitted, 

R. B. Brown, 

C. F. Burcsss, 

R. C. Cornisu, 

O. L. Kowa.kg, 

J. B. Kuumpp, Chairman. 

EFFICIENCY OF GAS CALORIMETERS. 

I. INTRODUCTION. 

(1) Preliminary.—During the past few years the subject 
of gas calorimetry has been given increased attention. In 

many states municipal gas must now fulfill certain definite 

specifications as to heating value, candle-power, and sulphur 

. content. The present tendency seems to be to attach much 

more importance to heating value than to candle-power, espe- 

cially so in Europe. As a result the use of gas calorimeters 

has greatly increased and several new forms of such apparatus 

have appeared. 

A gas calorimeter will give various results dependent upon 

the conditions of operation, and it is essential that the proper 

working conditions of each type of calorimeter be known. 

Unless the calorimeter is operated under proper conditions, the 

heating values determined will be unreliable. The principal 

factors affecting the efficiency of gas calorimeters of the flow 

type are (a) the specific heat of the water heated, (b) the 

relation of the temperature of the inlet water and the tem-
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perature of the products of combustion to the temperature 
of the surrounding atmosphere, (c) the rate of burning of 

the gas, (d) radiation, (e) humidity of the gas, and (f) 

humidity of the air supply. 

The error due to the specific heat of the water being other 

than unity is slight and can usually be disregarded, particu- 
larly when the heated water is weighed. The proper relation 

between the temperature of the inlet water and room tempera- 

ture, and the proper rate of burning of the gas—both of which 

affect the radiation—can be determined experimentally as will 

be described hereafter. 

It is customary to state the heating value of a gas in British 

thermal units per cubic foot, measured at 60 degrees F. and 
30 inches of mercury, making the correction for partial pres- 

sure of the gas on the assumption that the gas is saturated 

with water vapor. If the gas is not saturated with water 

vapor the apparent heating value of the gas will be higher 

than the actual value. The error from this source is so small, 

that it may be disregarded in commercial practice, but for 

scientific investigations the error can be eliminated by satu- 

rating the gas before it enters the meter. 

A calculation shows that the volume of exhaust gases from 

coal, water or oil gas is slightly smaller than the combined 

volumes of gas and air supplied per unit of gas burned if 

the combustible gas, products of combustion and air supply 

are at the same temperature. Hence, if both air and gas are 

saturated with water vapor, all of the water formed by the 

combustion of the gas, and some of the water vapor brought 
in by the air and gas must condense, thus giving up its latent 

heat of condensation to the calorimeter. The observed heat- 

ing value of the gas will then be too high by an amount equal 
to the heat of condensation of the water vapor deposited due 

to the contraction in volume of the air and gas admitted. If 

the air supply is only partly saturated with moisture then 

some of the moisture formed by the combustion of the gas 

will be taken up and pass out with the exhaust gases. The
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latent heat of condensation of this moisture will be lost to 
the calorimeter and the observed heating value of the gas will 
be too low. 

By assuming certain conditions as to quantity and humidity 
of air supply, and the volume of the exhaust gases, some 
investigators have calculated the effect of such humidity of 
the air supply.22"43 The results are based upon assumed con- 
ditions and do not agree very closely among themselves. 

It was the primary object of this investigation (a) to 
redetermine the proper relations between the temperature of 
the inlet water and room temperature—the reliability of the 
previous determination having been questioned*—(b) to make 

a direct measurement of the effect of the humidity of the air 

supply upon the efficiency of the Junkers calorimeter, (c) to 

apply, so far as possible, the knowledge thus gained to deter- 
mine the proper working conditions under which several types 

of calorimeters should be operated, and (d) to determine the 

relative efficiencies of these calorimeters. 

(2) Previous Investigations —Investigations of the Junkers 

calorimeter have been carried out by (a) Immenkotter® at the 

technical Hochschule of Aschen, (b) by Kowalke* at the 

- University of Wisconsin, and (c) by Parr® at the University 

of Illinois. 

Immenkotter’s investigation was exhaustive and included: 

(1) A Research on the Characteristics and Sources of Error, 

and (II Determination of the Calorific Value of Hydrogen by 

Means of the Junkers Calorimeter. The results of his work 

may be summarized as follows: 

(a) The mechanical construction of the calorimeter is satis- 

factory. 

(b) Radiation errors are not serious. 

(c) The meter for measuring the gas needs to be verified. 

(d) The Junkers calorimeter has an efficiency of 99.7 per 

cent. 

Complete reports of the work carried out for the American 

Gas Institute by and under the direction of Kowalke of the
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Chemical Engineering Department of the University of Wis- 
consin, will be found in the ProckEpINGs of the American 

Gas Institute for 1908 and for I909 as previously noted. 

Among many conclusions drawn from these investigations the 

following are especially important. 

(a) The efficiency of the Junkers Calorimeter is 99.5 per 

cent. when operating conditions are as follows: 

(1) Temperature of inlet water and exhaust gases 

the same as that of the room, when applying electrical 

energy. , 

(2) Rate of combustion of the gas from 7% to 8% 
cubic feet per hour. 

(3) Difference in temperature between inlet and out- 

let water from 15 to 16 degrees F. . 

(b) The most extreme variations in humidity of gas and air 

supply may cause variations in heating value of from —5.90 
| b. t. u. per cubic foot to +0.858 B. t. u. per cubic foot. (All 

gas volumes measured at 60 degrees F. and 30 inches of 

mercury. ) 

(c) The Junkers calorimeter is the most desirable calori- 

meter for the determination of the heating value of municipal 
gas. 

(d) The meter should be frequently calibrated. 

(e) High grade thermometers ‘should be used. 

Parr prepared pure hydrogen and determined its heating 

value by means of the Junkers calorimeter which was operated 

according to the directions of the American Gas Institute. 

Thomsen’s value of 325 B.t.u. per cubic foot (60 degrees F. 
and 30 inches of mercury) was assumed as the real heating 

value of the hydrogen. Under these conditions the values 

determined in the Junkers calorimeter were approximately 4.5 

per cent. lower than Thomsen’s value. When the calorimeter 

was operated with exhaust gases leaving at 5.5 degrees F. 

below room temperature the indicated heating value came up 

to 325 B.t.u. per cubic foot. ‘Parr concludes :—‘From this 

data it would appear that under the conditions prescribed by
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the committee of the American Gas Institute the Junkers 
calorimeter is in error, aside from errors of the meter, from 
13 to 15 units in 325, or approximately 414 per cent. Doubt- 
less the entire explanation for this does not reside in the mat- 
ter of relative humidity of the air but involves also, as al- 
ready indicated, a loss due to radiation.” 

“Further experiments with a new form of calorimeter in 
which the heating value of the gas in question is compared 

with that of pure hydrogen, assuming Thomsen’s value for 

the heating value of the hydrogen, confirmed the results previ- 

ously noted.” 

The three series of investigations just reviewed comprise 
the only published accounts of serious research work on this 

subject. 

In connection with gas engine research it has been found 

that the heating values of both producer gas and illuminating 

gas, as determined with the Junkers calorimeter, do not agree 

with values obtained by determination with the Witz bomb, or 

by calculation from the gas analysis. In one case,° when the 

Junkers values for producer gas were compared with the val- 

ues for producer gas were compared with the values deter- 

mined with the Witz bomb, the Junkers’ values are found to be 

the lower. In some other instances,‘ when the Junkers’ values 

for producer gas and illuminating gas were compared with 

values calculated from the gas analysis, the Junkers values 

for the producer gas were lower than the calculated values, 

and the reverse was true of the illuminating gas. 

A suggested cause for the lower Junkers’ values in the . 

case of the producer gas is the incomplete combustion of the 

methane which is present in small amounts. The higher 

Junkers’ values in the case of illuminating gas are probably 

due to lack of knowledge concerning the exact composition 

of the “illuminants.”’ 

In still other cases* the computed value checks the calori- 

meter value fairly closely The non-conformity in results of
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this nature may be due to varying conditions of operation and 
the composition of the gas. 

(3) Acknowledgements —This investigation was carried out 

under the supervision of Prof. O. L. Kowalke, of the Uni- 

versity of Wisconsin, to whom the writer is deeply indebted for 

advice and counsel. Grateful acknowledgement is also made 
to Prof. C. F. Burgess for the use of the Chemical Engineer- 

ing Laboratories, and to the following firms for their courtesy 

in providing calorimeters for test purposes :-— 

The United Gas Improvement Co., Philadelphia. 

Improved Equipment Co., New York City. 
Standard Calorimeter Co., East Moline, Ill. 

American Meter Co., New York City. 

Sarco Engineering Co, New York City. . 

Il. Apparatus anp Mertuops oF INVESTIGATION. 

The general arrangement of the apparatus and the facilities 
of the laboratory are shown in Plate I. Hot and cold water 

were supplied through the pipes (M) and (N) respectively. 

The hot and cold water mixed with each other at (O) and 

the desired temperature was controlled by a thermometer 
(T). Thus the tank (P) could be filled with water of any 

desired temperature. The outlet to the tank connected directly 

with the calorimeter. Several other cocks were connected with 

another outlet arm (not shown in the cut) so that other calori- 

meters could be conveniently operated at the same time. 
During a test the main water supply was always cut off 

and the water drawn from the tank. The inlet water was 

thus maintained at a very constant temperature. 

Two gas mains were provided. One was connected di- 

: rectly with the city gas supply, and the other connected with 
a gas holder of sixty cubic feet capacity. The holder was 

provided with a spraving apparatus so that the sample of 

gas could be sprayed with water and thus quickly saturated 

with moisture. Whenever possible the samples of gas used 

in these tests were stored for at least twenty-four hours
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before being used, and during this time were. frequently 
sprayed. ‘lo guard against any changes in saturation during 
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the passage of the gas from the holder to the calorimeter, a 
“saturation” bottle was always inserted in the main just be- 

fore the gas entered the meter. The device consisted of a
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four liter bottle loosely filled with excelsior. The excelsior 
was kept moist with water saturated with illuminating gas, and 
the bottom of the bottle was covered with such water to a 

depth of from two (2) to three (3) inches. The gas was led 

into the bottle through a tube leading down to about one-half 

inch of the surface of the water. The gas was thus forced to 
pass up through a considerable mass of wet excelsior and was 

fully saturated with moisture. 

The gas used in these investigations was “carburetted water 

gas.” So many samples of gas were consumed in this work 

that it was impracticable to analyze all of them. However, the 

gas was of fairly constant composition and was analyzed 

from time to time. Two specimen analyses are given below. 

‘ Sample No. 1 Sample No. 2 

Constituent erent. ee 

COs cee ce eee cece er cree ee ceeere reece 2,2 3.8 

Tuam 2... ne cee cee cece eee eee eeee ELA I1.2 

CO vec ne cece ne cece cece cee cee ceee eeeeee 34.3 28.4 

*H, eo 37.1 

CHy cece cece eee e cece cece cece ee erences 12.8 9.3 

CoH reece cree e cee ee ec eee cree cere eens 16 4.4 

Ny cece cece eee e ee cece cece cece cece reece 3.3 4.8 

* Hydrogen determined by palladium black in each case. 

The gas was measured by means of a wet test meter manu- 
factured by the American Meter Company. The usual pres- 
sure regulator (H) was inserted between the meter and the 

calorimeter. 
The meter was always calibrated before and after each test 

or series of tests, and the necessary corrections applied to the 
gas volume. “The calibration outfit consisted of a half cubic 

foot bottle, the volume of which was accurately determined 

at 75 degrees F. The pressure on the gas in the meter was 
measured by the usual manometer. In all tabulations of data 

the values under the heading “Barometer” are made up of 

the actual barometric pressure plus the pressure in the meter. 

In the case of all calorimeters of the flow type the heated 

water was weighed upon a balance sensitive to one one-
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thousandth (1/1000) of a pound with a load of ten (10) 
pounds on each pan. The weights were calibrated and found 
to be correct to within one one-thousandth (1/1000) of a 
pound. 

All thermometers used were calibrated against a high-grade 
thermometer certitied by the Bureau of Standards, and all 
corrections applied. The thermometers were calibrated with 
stem emergent. After six months’ use the thermometers were 
recalibrated and showed no appreciable change. Fahrenheit 
thermometers were used exclusively in this investigation. 

During the investigation of the effect of the humidity of 

the air supply upon the efficiency of the Junkers calorimeter, 
the air supply was controlled as follows: Compressed air was 

supplied by a Westinghouse pump. The compressed air was 

passed through a series of bottles, A, B, C, D, E. The first 

bottle, A, was about half filled with water and the air passed 

directly through about three inches of water. The agitation 

of the water was sufficiently vigorous to fill the upper part of 

the bottle with a fine mist through which the air passed on its _ 

way to the next bottle. The succeeding bottles were all loosely 

filled with excelsior. The excelsior was wet and the air was 

forced to pass through about one inch of water at the bottom 

of each bottle. After passing out of (E,) the air was led into 

a.pipe (G) of galvanized iron where the velocity of air was 

checked considerably. From the pipe (G) the air passed 

directly into the calorimeter. The relative humidity of the 

air, taken at the entrance to (G) would range from. 93 per 

cent. to 98 per cent. The relative humidity was determined 

with a dew point apparatus for each series of tests, so that in 

all of the tests to be described the calorimeters were operated 
upon air of a known humidity. 

When it was desired to supply very dry air to the calorim- 

eter the air was passed through the following train. First, 

through a heavy tin box packed in melting ice, a large amount 

of the moisture being deposited out because of the lowering 

of the temperature of the air. Then the air was led through 

a series of four bottles containing a little concentrated sul-
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phuric acid and filled with broken pumice stone saturated with 

concentrated sulphuric acid. The air was forced to bubble 
through the acid at the bottom of each bottle and then pass 

up through the pumice stone. At the end of this train the 
air passed through a bottle filled with solid potassium hydrox- 

ide which served to remove any sulphuric acid vapors entrained 

by the air. Of course the temperature of the air was consid- 

erably reduced while passing through the tin box packed ir 

melting ice, but the removal of the remaining water by the 

concentrated sulphuric acid served to bring the temperature 

of the air back to room temperature. In no case did the tem- 

perature of the air supplied from this system vary more than 

two degrees F. from that of the room. It was usually about 
one degree higher than room temperature. 

Air thus supplied to the calorimeter was practically anhy- 
drous. The actual dew point of the air thus supplied was 

never determined, because of the difficulty of securing a suffi- 

ciently low temperature with the dew point apparatus. 

III. Experimenta Data. 

(1) The Junkers Calorimeter. 

The Junkers calorimeter used in these tests was instrument 

No. 872 owned by the University of Wisconsin. This is the 

instrument which was used as a standard in previous investi- 

gations‘ carried out for the American Gas Institute. 

(a) Effect of Temperature of Inlet Water—As has been 
| previously stated the temperature of the inlet water has a 

marked influence upon the heating values obtained with calori- 
meters of the flow type. Inasmuch as the directions of the 

American Gas Institute for the regulation of the temperature 

of the inlet water with respect to room temperature have 
been seriously questioned, it was fundamental that this ques- 

tion should be definitely settled before further investigations 
involving this factor were carried out.
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SERIES A, 
Conditions of the Tests. 

The rate of flow of gas was seven (7) cubic feet per hour ; 
the difference in temperature between the inlet and outlet 
water was from 15 to 16 degrees; room temperature was 75 
degrees. In this and all subsequent tests with the Junkers 
No. 872, the damper in the exhaust outlet was closed, be- 
cause it had been found in previous investigations that for 
this particular instrument higher results could be obtained 

with the damper closed than with it open which indicated that 
combustion was perfect with the minimum excess of air. 

Gas was drawn from holder. 
The results obtained are as follows: 
Tem. of inlet B. t. wu. per cubic foot . 

water ee ere ee ee a ee Me 

deg. No. t No. 2 No. 3 No. 4 Ave. 

50.0 587.1 586.8 586.5 586.7 596.8 
58.0 586.3 585.6 586.7 587.2 586.5 
63.0 581.6 581.7 581.6 581.2 §81.5 

66.5 576.7 577-6 576.5. §77-4 577.1 
70.0 572.8 573-7. 73-1 572.6 573-1 
75-0 566.8 565.5 566.4 567.0 566.4 

80.0 559-9 560.1 560.0 559-4 559.9 

Discussion of Results. 

Using the above data a curve was plotted having B. t. u. 

per cubic foot as ordinates and temperatures of inlet water 

as abscissae. The curve is shown in Plate II. It is of par- 
ticular interest that the values obtained for inlet temperatures 

of 50 degrees and 58 degrees are identical. Therefore, the 
curve runs parallel with the horizontal axis for a tempera- 

ture interval of a little more than eight degrees and then falls 
off regularly for the remainder of the temperature interval. 

In previous determinations‘ the inlet temperature curve 
had shown a flat, or nearly flat, portion when the inlet tem- 

perature was about room temperature, indicating apparently 

a thermal balance at that temperature. It is desirable to op- 

erate the calorimeter with inlet water at such a temperature 

that the observed gross value shall approximate the total heat- 

ing value of the gas. To obtain this result, the temperature 

of the products of combustion must be reduced to a point low
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Curve” at temperatures more than twenty degrees below that 
of the room, and also to check the results of Series A, a sec- 
ond series of determinations, Series B, was made starting with 
water at 40 degrees. 

SERIES B. 

Conditions of the Tests. 

General operating conditions the same as in tests of Series 
A. Four consecutive determinations were made at each of 

the following temperatures of inlet water, viz., 40 degrees, 50 

degrees, 60 degrees, 70 degrees and 80 degrees. 

The results obtained are as follows: 
Tem. of inlet B. t. u. per cubic foot 

water coo  F 
deg. No. I No. 2 No. 3 No. 4 Ave. 

49 601.0 601.9 600.0 601.7 601.2 

50 598.5 599.1 597.8 598.7 598.5 
60 597-5 597-9 598.6 598.0 598.0 

70 587.9 587.3 587.7 589.0 588.0 
80 579.9 581.0 581.0 578.9 579.7 

Discussion of Results. 

Plate III shows a curve plotted from the above data using 

B. t. u. per cubic foot as ordinates and temperatures of inlet . 

water as abscissae. It is to be noted that as the temperature 

of the inlet water is progressively raised the heating values 
registered by the calorimeter at first decrease slightly, then re- 

main nearly constant for a temperature range of ten degrees, 

and then fall off regularly through the remainder of the tem- 
perature interval. 

These results are in entire accord with those of Series A, 

and show that if the Junkers calorimeter is operated on water 

which enters the calorimeter at temperatures varying from 15 

degrees to 25 degrees below room temperature a similar ther- 

mal balance is obtained. This indicates that the products of 

combustion have been cooled to that point where the quantity 

of water vapor condensed in the heat absorbing part of the 

calorimeter is equal in amount to that required to be condens- 

ed so as to give the maximum heating value obtainable by 

this instrument operating under the given conditions.
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there is a relatively large annular space below the outlet of 
the effective condensing tubes in which the velocity of the 
products of combustion is reduced and where there may be a 
settling out of water vapor whose latent heat of condensation 
is not made available for record of the gross heating value 
of the gas in the calorimeter. 

At this point it is of interest to note a statement of Profes- 
sor Parr? in connection with his investigations of the Junkers 
calorimeter. Commenting upon some of his results he says, 
“From these results it would seem that for a gas averaging 
650 B. t. u. the Junkers apparatus would need to be operated 

in a manner to deliver the exhaust gases at from 10 to 12 de- 
grees lower than room temperature.” 

In the present investigation the temperature of the exhaust 
gases was 9.9 degrees below room temperature when the tem- 
perature of inlet water was 60 degrees, and 17.2 degrees be- 

low room temperature when the temperature of inlet water 
was 50 degrees. Professor Parr’s method of investigation 

did not show the total range of admissible inlet temperatures, 
but the close agreement of the two investigations carried out 

at different places and by entirely different methods is strik- 

ing. 

The complete data from which the above mentioned re- 
sults were calculated are tabulated in order to show the exact 

conditions governing these tests. 
SERIES B. 

Temperature of Inlet Water 40°. 
No. I No. 2 No. 3 No. 4 

Humidity (air) %....--.. 20.0 throughout 
Barometer ...--..-.---++- 29.38 throughout 

Gas tem.........ee-ee00 75.6 75.6 75.4 75.4 
Cor. factor....-...e.6-++- 0.9388 throughout 
State of meter %.....---- 1.92 fast throughout 
Cor. gas vol.....-. -.-.-- 0.1842 throughout 
Room tem.....-..-+.2.26+ 73.1 72.8 72.7 72.6 

Exhaust tem....-...6+2+- 49.3 48.6 48.9 48.6 
Inlet tem........see8 e022 40.05 40.12 40.17 40,10 

Outlet tem......----e26+ 55.13 55-12 55-53 55-13 
Rise. -osccceeececsceeeces 15,08 15.00 15.40 15.03 

Wt. water..cescceccceeves 7.341 7.391 7.177 7.374 
B. t. Ucecc cece cece eececes 601.0 601.9 600.0 601.7 

Av. B. t. Uecce ccccceccees 601.2



TEMPERATURE OF INLET WATER. 

50 degrees 60 degrees 

_ No.1 No. 2 No. 3 No.4. No. 1 No. 2 No. 3 No. 4 
Humidity (air) %...-- 20.0 throughout _ 
Barometer ....-...---. 29.38 throughout 
Gas tem.----.--.-.-++- 75.1 75.1 75.2 75.2 75.0 75.0 75-1 75-0 
Cor. factor........+-.. 0.9400 throughont 
State of meter %...... 1.82 fast throughout 
Cor. gas vol........+. 0.1846 throughout 
Room tem........+++. 73.1 73.5 73.9 74.0 74.2 74.0 "5.0 74.5 
Exhaust tem........-. 56.2 56.4 56.5 56.6 64 3 64.3 64.6 64.7 
Inlet tem........-.+-+ 49.75 49.76 49.87 49.97 59.69 59.74 59.81 59.89 
Outlet tem....-....--- 65.44 _ 65.52 65.62 65.67 75-41 75.47 75-44 75-51 
Rise... ..-....eeeeee5 15.69 15.76 15.75 15.70 15.72 15.73 15.63 15.62 
Wt. water ..-.---.+5+. 7,042 7.017 7.007 7.040 7-017 7.017 7.070 7.067 
Bot. Weeee recess cece 598.5 599.1 597.8 598.7 597-5 597-9 598.6 598.0 by 
Av. B. t. Ue. .e.e eoenee 598.5 598.0 . Oo 

70 degrees 80 degrees 

Humidity (air) %.-. . 20.0 throughout 
Barometer ...........- 29.38 throughout 
Gas tem.......-+. «+++ 75.0 75.0 75.0 75.0 75.0 74.9 74.9 74.8 
Cor. factor..........-. 0.9400 throughout 
State of meter %...... 1.82 fast throughout 
Cor. gas vol.......-.+. 0.1846 throughout 
Room. tem..-.-+++6+++ 74.9 74.9 74.9 75-0 75:5 75.2 75-2 75-1 
Exhaust tem..-.....-. 72.7 72.8 72.8 72.8 80.4 80.5 80.5 80.5 
Inlet tem.-........-+-- 69.97 69.99 70,00 70.02 79.92 79.76 79.72 79.63 
Outlet tem............ 85.40 85.46 85.49 85.52 95.60 95.26 95-44 95-32 
Rise....--e-eeeeeceeee 15.43 15.47 15.49 15.50 15.68 15.50 15.72 15.69 
Wt. water-.... ..+0+2. 7.033 7.010 7.004 7.015 6.827 6.920 6.797 6.812 
B. tt. Weeee cece cece eens 587.9 587.3 587.7 589.0 579.9 581.0 578.8 578.9 
Av, Bit. Uscee cece cecs 588.0 579-7
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(b) Effect of Rate of Flow of Gas.—According to the di- 
rections of the American Gas Institute the proper rate of flow 
of gas in the Junkers calorimeter should be from six to eight 
cubic feet per hour. Although this assertion has never been 

questioned, it was deemed advisable to check the previous 

work, this time holding the temperature of the inlet water 

between the limits of 15 to 25 degrees below room tempera- 
ture, instead of having it near room temperature as was the 

case in the previous investigation on this point. 

SERIES C, 

| _ Conditions of the Tests. 

The temperature of the inlet water was approximately 20 

degrees below room temperature. The temperature difference 
between the inlet and outlet water was from 15 to 16 degrees. 
Room temperature was 70.2 degrees. Four consecutive de- 

terminations were made with each of the following “Rates 

of Flow,” viz., 4, 6, 7, 8, 9 and 10 cubic feet per hour. The 

results are tabulated as follows: 
B. t. u. per cubic foot 

Rate of ‘No.r No. 2 No.3 No.4 Ave. 

4 579.2 580.8 580.1 578.9 579.8 
6 580.0 579-3 579.8 579-4 579.6 
7 581.6 582.3 581.0 580.6 581.4 

8 579-9 579-0 580.0 578.9 579-5 
8 580.2 580.2 579-5 579.1 579.8 

10 579.6 578.5 580.4 578.5 579-3 

Discussion of Results. 

The results show that when operating conditions are as de- 

fined, the Junkers calorimeter gives practically the same ef- 

ficiency with all of the “Rates of Flow” from 4 cubic feet per 

hour to 10 cubic feet per hour. The results obtained when 

burning 7 cubic feet per hour are only slightly higher than 

the others, but this slight difference is shown consistently in 

all four of the check determinations. Therefore it would 

seem that the former directions of the American Gas Insti- 

tute with respect to the proper rate of combustion of the gas
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eter, attention was next turned to a direct measurement of 
the effect of the humidity of the air supply. 

(c) Effect of Humidity of Air Supply —The method of 
controlling the humidity of the air supply has been discussed 
under the heading “Apparatus and Methods of Investigation.” 
It was desired to determine the effect of the humidity of the 
air supply at various temperatures of inlet water, and to note 
its effect, if any, upon the “thermal balance” of the calo- 
rimeter. Hence the range of inlet temperatures used was the 
same as in Series B. 

At first a few attempts were made to work out the “Inlet 
Temperature Curve” twice during the same day and while 
drawing from the same sample of gas, using nearly saturated 
air in one case and anhydrous air in the other case. How- 
ever, as both time and gas supply were necessarily limited, it 
was found that, to work out both curves in: this manner only 

_ two determinations could be made for each point. In many 
cases two determinations are sufficient, but it was found that, 

when operating the calorimeter continuously for a period of 

several hours, unavoidable disturbances would sometimes oc- __ 

cur, and if two determinations failed to agree closely there 
remained no satisfactory basis for definitely fixing that point. 

As a result the following procedure was adopted: ‘First, the 

“Inlet Temperature Curve’ was worked out using nearly 

saturated air and making four determinations for each point. 

This series of determinations occupied the major portion of 

one day, and no further work was attempted on that day. On 

another day, using another sample of gas, the same curve was 

again worked out while anhydrous air was supplied to the 

calorimeter. After completing the determinations for this 
curve, saturated air was again supplied to the calorimeter and 

two points determined using the saturated air. The tempera- 

ture of the inlet water at these two points was 55 and 80 de- 

grees F., respectively. Four determinations were made for 

each point. | 
In order to show the relationship of the two “Inlet Tem- 

perature Curves” thus determined, the curve worked out
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using nearly saturated air was placed over the curve deter- 
mined with anhydrous air so that it would pass through the 

two points determined with saturated air. The relationship 

of all the points was thus determined and both curves drawn 
on the same coordinate paper. 

Plate V shows the curve obtained with nearly saturated air, 

and Plate VI shows both curves drawn as above described. 

The data which defines these curves follows: 
SERIES D. 

Using nearly saturated air. Room temp. 75°. 
Tem. of inlet B, t, u. per cubic foot 

water rn a a rr re ee ee, 

deg. F. No. 1 No. 2 No. 3 No. 4 Ave. 

40 604.2 604.3 604.1 602.3 603.7 

50 597-7 597-7 598.5 598.5 598.1 
60 596.7 597.8 596.9 595.8 596.8 
70 584.8 588. 1 584.9 586.0 586.0 
80 * 

* An unavoidable interruption made it necessary to discontinue this series of deter- 
minations before the tests at 80° were made. However, the four points determined by 
the above data fix the important portion of the curve. The point at 80° used in draw- : 
ing the curve was calculated by assuming the same percentage drop between 70° and 
80° as had occurred in previous determinations. 

SERIES E. 

Using anhydrous air. Room tem. 75°. 
Tem. of inlet B.t.u. per cubic foot 

water a leee——e—————eee——————e eee 
deg. No. 1 No. 2 No. 3 No. 4 Ave. 

40 595-3 596.8 596.5 596.9 596.4 
50 593-3 593-7 593-1 593.8 593-5 
60 * 587.5 588.3 598.0 587.3 590.2 

70 576.6 577-4 577.4 577-4 577-2 
80 576.1 570.0 566.4 568.6 563.0 

* For some unaccountable reason the calorimeter was working unsteadily during 
these determinations. The average value forthe point, however, is in accordance 
with previous results. . 

Nearly Saturated Air. 
Tem. of inlet B. t. u. per cubic foot 

water een 
deg. No. 1 No. 2 No. 3 No. 4 Ave. 

55 600.4 601.6 601.2 599.1 600.6 

- 80 577-3 576.2 577.6 576.8 577-0 
The complete data from which the results of Series D and 

Series EF were calculated are tabulated at the close of the 

“Discussion of Results.” 

Discussion of Results. 

The curves shown in Plates V and VI are interesting from 
two distinct points of view. First, considered simply as “In- 
let Temperature Curves” they show that the form of such a
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mined with anhydrous air. It is seen that the difference in 
heating value of a gas averaging 600 B. t. u. per cubic foot, 
caused by a difference in humidity of the air supplied to the 
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calorimeter of about 97 per cent. is 10 B. t. u. Also that this 
difference is practically constant with the temperature of the 
inlet water varying from 40 degrees to 80 degrees when room 
temperature is 75 degrees.



COMPLETE DATA. 

Series D. Nearly saturated air. 

Temperature of inlet water 

“degrees «go degrees 
Nor No? Nog Nog Noi No@ Nog Noa 

Humidity (air) %..-.. 98.7 throughout. SS . 
Barometer .......----- 29.42 throughout. 

Gas tem...........---- 76.4 76.4 76.4 76.4 76.4 76.4 76.4 76.4 

Cor. factor.........-.. 0.9376 throughout. — . 

State of meter %...... 2,30 fast throughout. N 

Cor. gas vol.....-.-.-- | 0,1832 throughout. 

Room tem, .--.--.---- 74.6 74.6 74.7 74.7 74.7 74.9 75-0 75-1 
Exhaust tem. .-...-.-- 50.4 50.2 50.2 50.4 57-4 57-6 57.8 57:9 

Inlet tem, ..........-- 40,62 40.54 49.53 40.68 49.92 50.21 50.32 50.41 

Outlet tem........---- 55.68 — 55-61 55-52 55-54 65.18 65.46 65.69 65.79 

Ris€-.-.eeeees ee s--e-- 15.06 15.07 14.99 14.86 15.26 15.25 15.37 15.38 

Wt. Water... ..-...--. 7.350 7.346 7.383 7.426 7.176 - 7.180 7.134 7.129 

B.t. UW. cece cceeeee eens 604.2 604.3 - 604.1 602.3 597-7 597.7 598.5 598.5 

Av. B. t. Us ceeeseeceee 603.7 598.1



Series D.—Continued. 

Temperature of inlet water. 

60 degrees OO — 70 degrees 

Not Noa Nog Nog Nor Noa Nog Nog 
Humidity (air) %..... 98.7 throughout. 
Barometer ....-...-++. 29.42 throughout. 

Gas tem..-..--.-.+065. 76.4 76.4 76.4 76.4 76.3 76.2 76.2 76,2 

Cor. factor.....+...... 0.9376 throughout. 
State of meter %...... 2.30 fast throughout. \ 

Cor. gas vol........... 0.1832 throughout, ~ 
Room tem, ....----... 75.4 75.6 75.6 75.6 75.6 75.6 75.6 75-7 

Exhaust tem. ......... 65.3 65.4 65.4 65.5 73.2 73.3 73.3 73.3 
Inlet tem, ........+++- 59.86 59.83 59.89 59.97 69.78 69.73 69.80 69.82 

Outlet tem........---. 75.09 75.05 75.08 75.15 85.17 85.20 85.25 85.27 

Rise -.eseececeeeseees 15.23 15.22 15.19 15.18 15.39 15.47 15.45 15.45 

Wt. Water....... .--- = 7.178 7.195 7-199 7.191 6.961 — 6.964 6.935 6.948 

B. tu, cece ec ceee eee ee 596.7 597.8 596.9 595.8 584.8 588.1 584.9 586.0 

Av. B. t. U. ce eeeceeece 596.8 586.0



Series E. Anhydrous Air. 
Temperature of inlet water 

qodegrees st” —””S””S:« degrees 
No. 1 No.2 No. 3 No.4 ‘No. I No. 2 _ No. 3 No.4 

Humidity (air) %.-.-- Anhydrous throughout 
Barometer ............ 29.42 throughout 

Gas tem.....-+-e0---- 77.5 77.5 97-5 77-4 773 77-3 77-3 773 

Cor. factor. ...--.---- 0.9348 throughout 
State of meter %...-... 2.70 fast throughout to 
Cor. gas vol... ......- 0.1819 throughout ‘© 

Room tem------+++-+- 74.3 74.4 74.4 74.6 75.1 75-1 75-2 75:3 
Exhaust tem.......... 50.0 50.2 50.2 50.6 57.3 57.5 57.4 57:5 

Inlet tem..........+-. 40.91 40.89 40.96 41.47 50.17 50.21 50.26 50.32 

Outlet tem...-.+e.0.+. 56.07 55.83 55.63 56.69 65.39 65.61 65.49 65.61 

Rise.... cc eee e cece cess 15.16 14.94 14.67 15.22 15.22 15.40 15.23 15.29 

Wt. water ......-0--5. 7.143 7.266. 7.396 7.134 7.091 7.013 7.084 7.065 
B. tt. usec e tte teece eens 595.3 596.8 596.5 596.9 593-3 593-7 593-1 593.8 

Av. Bt, theses seen eens 596.4 593 5



SERIES E.—(Continued. ) 
Temperature of inlet water 

60 degrees OO — _ 70 degrees 

“Nor No2 Nog. Nod Not No.2 +No.3. Nog 
Humidity (air) %.---. Anhydrous throughout . 
Barometer .........-.- 29.42 throughout 

Gas tem .....-..es00-- 77.3 77.1 77.0 77.0 76.8 76.8 76.97 76.7 

Cor. factor............ 0.9364 throughout 
State of meter %....-- 2.50 fast throughout e 

Cor, gas vol........-. 0.1826 throughout 

Room tem.-.-+-+-+--+ 75.2 74.1 73-9 73-9 74.4 74.3 74.1 74-4 
Exhaust tem.......--- 65.0 65.0 65.0 65.0 73.2 73.4 73-5 73-5 

Inlet tem.........---. 59.81 59.80 59.84 59.92 70,22 70.13 70.16 70.18 

Outlet tem.........--- 75,80 75.85 75.86 75.96 84.84 85.72 85.85 85.88 

Rise. .....-e cece eeeeee 15.99 16.05 16.02 16.04 15.62 15 59 15.69 15.70 

Wt. water .....-...+.-. 6.707 6.693 6.822 6.686 6.741 6.763 6.720 6.716 

B. t. Uses eee eeeee eee 587.3 588.3 598.0 587.3 576.6 577.4 577-4 577-4 
AV. B. te Uses cece eevens 590.2 577-2
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Series E.—(Continued). Anhydrous air. 
Temperature of inlet water. 80 degrees 

m . No. 1 No. 2 No. 3 No. 4 

Humidity (air) %......... Anhydrous throughout. 
Barometer Teese eeeeeecess 29.42 throughout. 

AS CEM. see eee eee eee eees 77.0 6.8 6. . 
Cor. factor......-.+.-.5.6. 0.9364 throughout, wl 7807 
State of meter %.......... 2.50 fast throughout, 
cor. gas VOL. cece ee cece eens 0. 1826 throughout. 
OOM tM. «26. cece wo enae 2 . x, . 

Exhaust tem..... ........ br9 5 a4 BS 
Inlet tem, ..........--6.+- 80,16 80. 34 80.12 80.08 

Outlet tem. .--- ©. seseee- 95,71 95.89 95.48 95.49 
RIS@- 2 ee cece eee cee eee eee | 15.55 15.55 15.36 15.41 
Wt. Water......-..25 «26. 6,659 6.625 6.733 6.738 
B. te Us cece eee e ee eeeeeeees 5671 564.2 566.4 568.6 
Av. Bit. U. eee cee enaeee 566.6 

55 degrees 

NEARLY SATURATED AIR a tr ne a ca nn 

’ Humidity (air) %......--- 96.7 
Barometer .-.-.-..+++++--- 29.42 throughont. 
Gas tem, -.-.-.--- .-.+--- 76.0 76.2 76.1 76.0 
Cor. factor......--+--.++-. 0.9384 throughout. 
State of meter %........-. 2.24 fast throughout. 
Cor. gas vol...-----.-+---. 01835 

' Room tem. ...-..eeeeeee es 7F4T 75.5 73-9 73-3 

Exhaust tem..-....-+-.+-6-. 61.5 61.7 61.6 61.7 
Inlet tem. .--.--eeee eee es 55.03 55-09 55-14 55.21 
Outlet tem, ..-.----+.56.5- 70.40 70.49 70.53 70.58 
Ris€. 2... cee ee eee cece eens = 15,37 15.40 15.39 15.37 
Wt. water ..scceeeecceeees = 7,169 7.168 7.168 7.152 
B. t. u. eee eee eee ee eee ees 600.4 601.6 601.2 599.1 
Av. By t. Un cc cence wee ec eee 600.6 

80 degrees 

Humidity (air) %. ...++++ 96.7 
Barometer .... ...-...+--. 29.42 throughout 
Gas tem. «0... ceee cece eres 76.7 76.5 76.4 76.5 
Cor. factor....+.seseeeeee- 0.9384 throughout 
State of meter %.-..------ | 2.24 fast throughout 
Cor. gas VOl...e+ cece reese 0.1835 
Room tem, .--+-ccsssesees 75.1 75.2 75.2 75.2 

Exhaust tem, .....-..---- 81.3 81.7 81.6 81.5 

Inlet tem. ....-...ecee eres 79.84 79.81 79.76 79.71 

Outlet tem. ..-.----+-e2+ ++ 95-71 95-75 95-67 95-67 
Rise. ccc ccce cece ceceeceeee 15.87 15.94 15.91 15.96 

Wt. water ...-...2-e- eens 6.668 6.626 6.654 6.625 

B. tt. a. ccce ce cecc cece en cets 57763 576.2 577.6 576.8 

Av. B, te uy cece ce reece eeee 577-0
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Subsequent Determinations of the Effect of Humidity. 

In order to have further checks upon the work just review- 

ed other measurements were made at different times during 
the investigations which followed. Each one of these determi- 
nations was made with the temperature of the inlet water ap- 

proximately twenty (20) degrees below room temperature. 

The’ results. are summarized below. 

. SUBSEQUENT TESTS No. I. 
Ave. B. t. u. per cubic foot with nearly saturated air .---- 595.5 oo 

Ave. B.t. u. per cubic foot with nearly anhydrous air.-.-. 584.2 

Difference «2.0... cece cc cece eee ec cece tec cesteeeesesees IE 

SUBSEQUENT TEST NO. 2. 

Ave. B. t. u. per cubic foot with nearly saturated air...-.- 604.1 
Ave. B. t. u. per cubic foot with nearly anhydrous air ---- 594.2 

Difference ...cec cece nce e cee cee eee cece eee erses cere ret s OQ 

Mean of the two average differences......-----++eeeeeees 10,6 

The difference of 10 B. t. u. in the heating value of the gas 
as determined by the calorimeter operating upon saturated and 

unsaturated air is due to the absorption, by the products of 

combustion, of water vapor equal in amount to the quantity . 

brought in by the combined volumes of gas and air. 
This quantity of moisture brought in by gas and air is de- 

pendent upon several things: (1) The temperature of the 

air, (2) the humidity, and (3) the per cent. excess of air. 

The calorimeter should be operated with inlet water at a 

temperature such that the products of combustion carry off 

entrained water vapor equal in amount to that introduced by 

the entering gas and air. 

With a high humidity and normal excess of air, and the 
temperature of the products of combustion lower than room 

temperature, a considerable quantity of water vapor brought 
, in by the air will be condensed in the calorimeter and make 

the observed heating value too high. On the other hand, 

with a similar air supply of low humidity, a quantity of water 
vapor sufficient to saturate this amount of air will be removed 

from the calorimeter and the observed heating value will be 

too low.
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Since the variation in heating value as determined by the 
calorimeter is 10 B. t. u. which is the most extreme variation 
possible in the humidity of the air supply with normal excess. 
and since the humidity of the air rarely falls below 20 per 

cent., the variation in heating value as experienced in prac-; 

tice will not be more than 6 to 8 B. t. u. 

It appears from tests of the products of combustion from 

the Junkers calorimeter operating with the -damper closed 

that the percentage excess of air will lie between twenty and 

fifty per cent. In view of these conditions commonly ex- 
perienced in commercial practice, it seems reasonable to say 

that the error under different conditions of humidity and nor- 
mal excess of air supply may be 8 B. t. u. within the extreme 

limits. This error may be fully compensated if the humidity 
and excess of air supply be known. A knowledge of these 

conditions will enable the operator so to regulate the temper- 

ature of the inlet water, or the products of combustion leav- 

ing the calorimeter, that the determination obtainable will be 
accurate within very narrow limits. | 

Theoretically, to correct for this condition in an ideal in- 

strument, under extreme humidity conditions, the tempera- 

ture of the products of combustion should approximate the 

temperature of the gas and air entering the calorimeter. In 
an extremely dry atmosphere, this temperature may be from 

fifteen to twenty degrees lower than the temperature of the 

room. 

Effect of Baffle Plates on Burner. 

Dr. Immenkétter®> made an attempt to determine the effect 

of baffle plates placed around the stem of the burner used 

in the Junkers calorimeter, and, from two sets of data which 

show exactly opposite effects, concluded that the effect of 

much baffle plates was negligible. 

Recent investigations® of the Bureau of Standards showed 

a beneficial effect from the use of such baffle plates. 

Inasmuch as the data upon this subject was meager it was 

thought best to carry out a series of tests in order to obtain
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concordant data from which a definite conclusion could be 

drawn. Three series of determinations were made. 

Conditions of Tests. 

The Junkers calorimeter No. 872 was operated under the 

proper conditions as previously determined, using natural 

draft of room air. Baffle plates consisting of nickel-plated 

metal were placed around the burner steam as follows: (1)! 

A flat disk about 11% inches from the burner support. This 

disk was 13% inches in diameter and was perforated with four 

large and four small holes. (2) A smaller cone shaped disk 

about I inch above the first. This disk had four fairly large 

openings through it. (3) A still smaller cone shaped disk, 
similar to the second and I inch above the second disk. 

First, a series of determinations was made with the baffle 

plates in position, then the plates were removed and a similar 

series of determinations made using the same sample of gas. 
The data obtained in three such series of tests is summarized 

below. Inasmuch as a rather poor, dull deposit of nickel 

was obtained when the disks were first plated, after the first 

two series of tests were made, the old plate was removed and 
a more satisfactory, bright deposit was obtained. This fact 
probably accounts for the greater effect obtained in the third 

series of tests. Hence the third series of tests is considered 

the most authoritative. | 

. SERIES F.—(1). 

B. t. u. per cubic foot 

| No.1 No.2 No.3 Nog Ave. 
With baffles......... 582.3 583.9 583.8 584.3 583.6 

Without baffles...... 584.7 582.6 581.9 581.0 581.8* 

Av. difference ......- 1.8 

* Average computed using values No. 2, No. 3, No. 4 only. 

SERIES F.—(2). 

B. t. u. per cubic foot 

Not No? No.3 Nog Ave 
With baffles........- 583.7 583.6 583.0 582.6 583.2 

Without baffles ..... 581.4 580.0 579.4 — 580.3 
Ave. difference ...... 2.9
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The above tests having established the fact that the calori- 
meter gives slightly higher results when the baffle plates are 
used on the burner, especial precautions were taken in the 
third test. All of the old nickel was removed from the baf- 
fle plates, and then they were replated and well polished so as 
to give a good reflecting surface. 

SERIES F.—(3). 

B. t. u. per cubic foot 

Not No.2 No.3. Nog Ave. 
With baffles. ......-. 599.7 599.3 601.1 599.9 600.0 

Without baffles...... 597.0 595-7 597.1 595-9 596.4 
Difference .......... 3.6 

Discussion of Results. 

The above determinations show that there is an appreci- 

able leakage of heat from the base of the combustion chamber 

of the Junkers calorimeter when the calorimeter is operated 
without baffle plates on the stem of the burner. When baf- 

flle plates are employed on the stem of the burner the ef- 
ficiency of the calorimeter is increased by three parts in six 

hundred, or 0.5 per cent. 

General Summary of the Investigations of the Junkers 
Calorimeter No, 872. 

The results of the investigations of the Junkers calorime- 

ter may be summarized as follows: 

1. The calorimeter should be operated with water which 

enters the instrument at a temperature of from 10 to 25 de- 

grees below that of the room, depending upon humidity con- 

ditions. 
2. The most advantageous rate of combustion of the gas is 

seven (7) cubic feet per hour, but variations between quite 

wide limits will cause only a slight error. 

3. When operated under the conditions enumerated in (1) 

and (2) the humidity of the air supplied to the calorimeter 

has a marked effect upon the efficiency of the instrument. 

Taking saturated air as the standard, and assuming gas hav- 

ing a heating value of 600 B. t. u. per cubic foot, the error
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caused by the use of unsaturated air is —1 B.t.u. for each 

range of Io per cent. relative humidity below the standard. 

This error is practically constant with water entering the calo- 

rimeter at temperatures from 40 degrees to 80 degrees when. 

room temperature is 75 degrees. 

4. When operating on a gas having a heating value of 600 

B.t.u. per cubic foat, the efficiency of the Junkers calorim- 

eter may be increased 0.5 per cent. by the use of baffle plates 
on the stem of the burner. 

(2) The Improved Junkers Calorimeter. 

The improved Junkers Calorimeter No. 2007 used in this 

investigation was loaned by The United Gas Improvement 

Company, of Philadelphia. The fundamental principles of 

the instrument are the same as in the older type, but some 

minor changes have been made. 

The principal changes are as follows: (1) The thermom- 

eters are at the same level. (2) The cross section of the in- 

strument is slightly larger than that of the old instrument, 

the combustion chamber being slightly enlarged and some of 

the piping formerly outside of the main body of the instru- 

ment being enclosed within the outer shell. (3) The weirs 

on the calorimeter are permanently connected to several feet 
of metal piping, so that only a small amount of rubber tubing 

is necessary for the incoming and outgoing water. (4) The 

delivery pipe for the outflowing water may be swung through 
an arc, thus simplifying the operation of switching the water 
from the drain to the receiving bucket and vice versa. 

The feature mentioned under (4) did not prove entirely 

satisfactory. It is evident that when the water is led into 

the receiving bucket by means of a rubber tube, the tube usual- 
ly extends from one to two inches down into the bucket, and 

the greater part of the water will flow down the side of the 

bucket, thus reducing the tendency toward spattering. If the 

device mentioned above is used alone, the water must fall 

from a somewhat greater height and it is not easy to direct 

its flow down the side of the bucket. Spattering occurred to.
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a greater extent than when the old method was used, and 
therefore a short length of rubber tubing was connected to 
the end of the delivery pipe and the water switched into and 
out of the bucket in the usual way. 

The investigations of the Improved Junkers No. 2007 can 
be divided into three main divisions, viz.: (a) Preliminary 
tests; (b) Determination of the proper rate of combustion 
of the gas; (c) Determination of the proper relation between 
the temperature of the inlet water and room temperature; 
(d) Determination of the absolute efficiency of the calorime- 
ter by checking it against the Junkers No. 872. 

(a) Preliminary Tests. 

During some preliminary tests it was found that consecu- 
tive determinations using the same sample of gas did not 

check very closely at times, and it was noticed that, if the rate 

of flow of the gas was high when the burner was inserted in 
the combustion chamber and the damper was closed, luminous 

tips of considerable size appeared in the Bunsen flame. If 
the damper was then opened the luminous tips disappeared. 

It was evident that when the damper was closed, the draft 

through the combustion chamber was not sufficiently strong 
for proper combustion. In order to establish this fact defi- 

nitely the calorimeter was operated under the proper condi- 

tions as determined for the old style of calorimeter, first with 

the damper closed and then with the damper open. Samples _ 

of the exhaust gases were taken in both cases and later anal- 
yzed. The analyses follow: 

Damper closed Damper open 
per cent. per cent. 

COge ee ee eee eeeeceeee 13.2 10.2 

Og cecccececeesececes 0.0 6.4 

CO ceccerccececseese 2.6 0.0 

No cece cceceescecesee 82.6 83.4 

The analyses show conclusively that when the damper is 

closed the combustion is imperfect, and undoubtedly the dis- 

cordant results above referred to were due, in a large meas- 

ure, to this cause. When the damper is open the combus-
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tion is perfect. Therefore in all subsequent work with this 

instrument the damper was kept wide open. 

, Another undesirable feature noted during the preliminary 

tests was the dripping of water from the combustion cham- 

ber. This persisted throughout all subsequent work with the 

Improved Junkers No. 2007. Evidently some water vapor 
was condensed out of the products of combustion in the com- 
bustion chamber itself. 

(b) Proper Rate of Combustion of Gas. 

Conditions of Tests. 

The gas was drawn from the holder used in the previous 

work on the Junkers No. 872, and other conditions of opera- 

tion, except the rate of flow of the gas and the position of 

the damper, were maintained the same as for the Junkers No. 

872. Room temperature averaged 81.0 degrees. Damper 

wide open; natural draft. Maintaining other conditions con- 
stant determinations were made with the following rates of 
flow of gas, viz., 3, 4, 6, 7, 8, 9 and 10 cubic feet per hour. 

Two determinations were made with each “Rate of Flow.” 

The summarized data follows: 

SERIES G. 

| Ritecffow ter cub fot 
per hr. No. t No, 2 Ave, 

3 571.0 571.6 571.3 

4 569.6 575-1 572.4 
6 583.7 579-4 581.6 
7 601.0 599.2 600, I 

8 605.1 607.2 606.1 

9 598.2 598.8 598.5 
10 595-7 595-7 595-7 

Plate VII shows a curve obtained by plotting the average 

values of B. t. u. per cubic foot as abscissae against corres- 
ponding “Rates of Flow” as ordinates. 

Discussion of Results. 

The “Rate of Flow” curve shows a definite maximum when 

the gas was burned at the rate of 8 cubic feet per hour. The 

curve falls off quite rapidly on either side of the maximum..
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(c) Effect of Temperature of Inlet Water. 

- Inasmuch as the main features of the Improved Junkers 

calorimeter are the same as those of the older type, it was 

thought to be entirely probable that the same relation between 
the temperature of the inlet water and room temperature 

would hold with the new instrument as did with the old. 

However, in order to leave no room for doubt as to the proper 

working conditions, the inlet temperature curve was worked 
out for this instrument also. 

Conditions of Tests. 

Average room temperature 74.5 degrees; natural draft; 

humidity of air 33 per cent.; temperature of inlet water used 

40, 50, 60, 70 and 80 degrees; difference in temperature of 

incoming and outgoing water 15-16 degrees. The summarized 

data follows: 
SERIES H. 

Temp. of iulet B. t. u. per cubic foot 

“ee “No. I No. 2 No. 3 No. 4 “Ave. 

40 590.8 589.0 587.2 587.6 588.7 

50 575-1 5747 574-7 578.1 575-7 
60 566.5 567.3 568.8 566.5 567.3 

70 551-7 548.8 554-2 554.3 552.3 
80 529.9 530.7 532.2 529.9 530.7 

Plate VIII shows a curve obtained by plotting the average 

B.t.u. per cubic foot as abscissae against the corresponding 

temperatures of inlet water as ordinates. 

Discussion of Results. 

As the “Inlet Temperature Curve” for the Improved 
Junkers is of the same type as the corresponding curve for 

the older form of the Junkers calorimeter, no particular dis- 
cussion is needed at this point. As was predicted, the “heat 

balance” of the calorimeter occurs at the same place as with 

the Junkers No. 872, viz., when the temperature of the inlet 

water is from 15 to 25 degrees below room temperature. 

However, the slope of the curve between the 50 degrees point 
and the 60 degrees point is a little sharper than with the old
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instrument, variations in the temperature of the inlet water 
were not noted as quickly by the outlet thermometer as with 
the old type. 

(d) Efficiency of the Improved Junkers No. 2007. 

The efficiency of the Improved Junkers No. 2007 was deter- 
mined by checking it against the Junkers No. 872. ' Each 
calorimeter was operated under its proper working conditions 

as previously determined. Both instruments were operating 
simultaneously and continuously from the beginning to the 

end of each series of tests. Alternate tests with each instru- 

ment were made. Natural draft used with both instruments; 

baffle plates omitted. The proper working conditions for both 

types of Junkers calorimeters are summarized as follows: 

Calorimeter 

Junkers No. 872 Im. Junkers No. 2,007 

Rate of flow of gas.--. 7 cu. ft. per hr. 8 cu. ft. per hr. 

Tem. inlet water*..... 15° below room tem. 15° below room tem. 
Damper........-...+. Closed Open 

Rise in tem. of water 

in calorimeter ...... 15~-16° 15~16° 

* Water 20° below room temperature could not be used because of lack of gradua- 

tions below 60° on one set of thermometers. 

The summarized data follows. The complete data is tabu- 

lated after the “General Summary.” 

SERIES I—(1) 
B. t. u. per cubic foot 

Calotimeter “No. I No. 2 No. 3 Ave, 
Imp. Junkers No. 2007 -..-.--- 581.1 578.0 —_— 579.6 

Junkers No. 872 «--. sees eeeeee 581.4 580.0 579.4 580.3 

SERIES I—(2) 

B. t. u. per cubic foot 

Calorimeter No.1 No, 2 No, 3 No. 4 "Ave, 

Imp. Junkers No. 2007.... 580.6 583.4 578.5 581.1 580.9 

Junkers No. 872........-- §84.7. 582.6 581.9 581.0 582.5 
Ave. of Nos. 2, 3, and 4... 581.8 

Discussion of Results. 

The results given above are practically self explanatory. 

The Improved Junkers No. 2,007 gave results slightly lower
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than the Junkers No. 872, but the difference is small, being 
practically within the limits of experimental error. 

Subsequent Tests. 

An auxiliary series of tests was made to determine the ef- 
fect of baffle plates upon the stem of the burner of the Im- 
proved Junkers No. 2,007. The tests were carried out in 
the same manner as for the Junkers No. 872. The data 
follows: 

. B. t. u. per cubic foot 

With baffi ‘No. I No.2. No.3 Nog Aver 

Sevesccerccsece . . 

Without bafiles vssscsss S7h8 S72 et tks brats 
From these results it is seen that the use of baffle plates 

on the stem of the burner of the Improved Junkers No. 2,007 
increases the efficiency of the instrument by four parts in 578 

or nearly 0.7 per cent. In the case of the Junkers No. 872 

baffle plates increased the efficiency by 0.5 per cent. Hence, if, 
in the above comparative tests both calorimeters had been 

operated with baffle plates on the burner stems, the average 
heating values would have been practically the same. 

General Summary of the Investigations of the Improved 
Junkers Calorimeter No. 2,007. 

The results of the investigations of the Improved Junkers 

calorimeter No. 2,007 may be summarized as follows: 
(1) The proper “Rate of Flow” of the gas is eight (8) 

cubic feet per hour. Any considerable variation from this 
rate of combustion will cause the instrument to register low 

. heating values. 

(2). The calorimeter should be operated with water which 

enters the calorimeter at a temperature of from Io to 25 de- 

grees below room temperature, depending upon humidity con- 

ditions. . 

(3) When the calorimeter is operated with the damper wide 

open the combustion is perfect; when the damper is closed | 

incomplete combustion results. Therefore the calorimeter 

damper should always be wide open.



COMPLETE DATA. 

SERIES I—(1). 
Junkers No. 872 Improved Junkers No. 2,007 

No. t No. 2 No. 3 No. 4 No. 1 No. 2 No. 3 No. 4. 

Humidity (air) %...-...-----. 25.0 throughout 
Barometer .....-eeeseseeeee++ 29.43 throughout . 
Gas tem - 0... cece ne cc euce eens 7.44 74.4 7A4 — 76.4 76.4 — —_— 

Cor. factor. ....c cece ee eeccn es 0.9432 for No. 872 0.9379 for No. 2,007 
State of meter %........+---- 0.6 fast for No. 272 0.56 slow for No. 2,007 
Cor. gas VOl...-- cece eee eceee es 0.1874 for No. 872 0.1886 for No. 2.007 
Room tem ...... 02. eeceer ees 75.7 74.8 74.7 — 75.1 74.9 — — 
Exhaust tein........e-+---e0--- 65.0 65.0 65.0 ~ 64.0 . 64.0 — — 
Inlet tem.....-....cceceeceee+ 69,37 60.37 60.60 — 60.44 60.53 _ — 
Outlet tem.......seeeeeeeee ee 75.26 75.28 75.46 — 75.38 75.35 _— _ 

Rise. sc... cece eee eee eeeeee ee = 14,89 14.85 14.80 — 14.94 14.82 — — 
Wt. water ....-- ee cece cece anes 7.317 7.319 7.337 — 7.336 7.365 — — 

B. te Useesccceccseccsnesesee. 581-4 580.0 579-4 — 581.1 578.0 — — £ 
Av. Bot. tee e- cc ccce ccee ceeeee 580.3 579.6 

SERIES I—(2). 

Humidity (air) %@ «.-...--.-- 38.8 throughout 
Barometer............e0eeeee+ 29.42 throughout 
Gas tem..-.ss ee eee eeeeeee ee 7301 73.0 73.0 73.0 75.2 75.2 73.6 75.8 
Cor factor ...--. ee eee eee eee 0.9468 for No. 872 0.9403 for No. 2,006 
State of meter %.--- -..5------ 0.20 fast for No. 872 1.12 slow for No. 2,007 
Cor. gaS vol.---... eee este eee 0.1890 for No. 871 0.1903 for No. 2,co7 
Room tem......s.eeeeeeeeee es 74.6 73.6 73-5 74.0 73.6 73.6 73.7 75.0 
Exhaust tem....-...--+------- 64.6 64.2 64.2 64.6 63.3 63.2 63.3 64.0 
Inlet tem ....---5. -eee-ee eee © 59.81 59-79 59.90 60.31 59.96 60.02 60.21 60.96 
Outlet tem.........20. ceeeee) = 75.18 75.20 75.60 75.42 75.42 75.39 75.33 75.43 
Rise ccccccccccceececseecteces 15,47 15.41 15.30 15.29 15.46 15.37 15.12 14.47 
Wt. water. ..-c ee ceee ceceee cane 7.143 7.145 7.188 7,182 7.147 7.223 7,281 7.642 
B. te Us cece e eee cee eee ects eens 584.7 582.6 581.9 581.0 580.6 583.4 578.5 581.1 
Av. B.t. U-ccececeessececcvece 582.5 580.9
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(4) The presence of baffle plates on the stem of the burner 
increases the efficiency of the instrument by 0.7 per cent. 

(5) When operated under proper conditions the efficiency 
of the instrument for determining gross heating values is the 
same as that of the Junkers No. 872. 

(6) The device for switching the outflowing water into 
and out of the receiving bucket is not entirely satisfactory 
because of the spattering of the water which occurs. 

(7) Some water is condensed out of the products of com- 
bustion within the combustion chamber. This water drips 

from the base of the calorimeter. and renders the volume 
of the measured water of condensation too small. 

(8) Variations in the temperature of the inlet water are 

not noted as quickly by the outlet thermometer as is the 
case with the Junkers No. &72. 

(9) Both thermometers being on the same level, readings 
can be taken with less inconvenience than when using the 

Junkers No. 872. 

(3) The American Meter Co.’s Calorimeter. 

The American Meter Co.’s calorimeter No. 122 used in this 
investigation was loaned by the American Meter Co. of New 
York City. In all fundamental principles this calorimeter is a 
Junkers calorimeter. However, a considerable number of 

minor changes have been made which facilitate the operation 

of the instrument. These changes may be summarized as 

follows: 

(1) Both thermometers are on the same level. 

(2) Special gaskets are provided for securing the ther- 

mometers in place. 

(3) The absorption chamber can be removed from the outer 

shell of the instrument, thus facilitating cleaning operations. 

(4) Baffle plates are provided for the burner. 

(5) The burner has a flat, circular base so that the burner 

will remain in an upright position when unsupported. 

(6) The burner top screws on to the stem. |
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(7) An adjustable mirror enables the operator to note the 

gas flame. 

(8) A small plumb bob is provided for leveling the instru- 

ment. 

(9) The position of the damper is indicated by a pointer 

and scale. 

(10) A three-way cock provides a means of directing the 

outflowing water either to the receiving bucket or to the drain. 
(11) A vent is provided to obviate the trapping of air 

around the three-way cock. 

Inasmuch as the basic principles of the instrument are the 

same as both forms of the Junkers calorimeter, it was not 

deemed necessary to work out the proper rate of combustion 
of the gas or the proper relation between the temperature of 

inlet water and room temperature before making comparative 

tests. . 

The only work done with this instrument was to make twe 
series of comparative tests between it and the Junkers No. 872. 

Conditions of Tests. 

Both calorimeters were operated under identical conditions, 
these being the standard conditions for the operation of the 

old form of the Junkers calorimeter, as previously determined 

in this investigation. Both calorimeters were operating con- 
tinuously and simultaneously throughout each series of tests. 

Baffle plates were placed upon the stems of both calorimeter 

burners. Natural draft used. The summarized data follows 
and the complete data is tabulated after the “Summary of 

Results.” 
SERIES J—(1) 

B. t. u. per cubic foot 

Calorimeter “No.1 No.2 No.3 "No.4. No.5 Ave. 

American Meter Co.’s No. 122- 571.5 569.4 570.2 569.6 570.6 570.3 
Junkers No. 872 ...-----+++-- 571.9 571-5 570.0 570.9 571.5 §71.2 

SERIES J—(2) 
B. t. u. per cubic foot 

Calorimeter No. 1 No.2. No.3 No. 4 No.5 Ave. 

American Meter Co.’s No. 122. 586.7. 585.9 583.8 581.2 581.4 583.8 

Junkers No. 872 ...------+-+- 587.1 586.5 583.5 582.2 580.0 583.9
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Summary of Results. 
From the above series of tests the following conclusions 

can be drawn: 

_ (1) When operated under the standard conditions for 
the old type of the Junkers calorimeter the American Meter 
Co.’s calorimeter gives the same efficiency as the Junkers 
calorimeter. 

(2) All of the changes enumerated at the beginning of 
heading (3) appear to be advantageous, and can truly be 
termed “improvements.” 

COMPLETE DATA. 

SERIES J—-(r). 

Junkers Nose 
Humidity (air) % 46.1 throughout. ners No-4 NO 
Barometer .--. 29.60 throughout. 

Gas tem,.....-. 76.0 76.0 76.1 76.2 76.2 

Cor. factor... 0.9444 throughout. 

State of meter % 2.12 fast throughout. 

Cor. gas, vol... 0.1849 throughout. 

Room tem..--- 77.3 - 97,2 77.1 77.3 77.3 

. Exhaust tem... 65.1 . 65.0 64.9 64.9 65.0 

Inlet tem...-.. 60.03 60.07 59.86 59.93 59.98 

Outlet tem. .-- 75.29 75.35 75.38 75.32 75.34 

Rise ......-+-- 15.26: 15.28 15.52 15.40 15.36 
Wt. water.---. 6.929 6.915 6.791 6.854 6.879 

B. t. . eeeeeee 570.9 571.5 570.0 570.9 571.5 

Av. B.t, u.---- 571.2 
American Meter Co., No. 122 — 

Humidity (air) % 46.1 throughout. 
Barometer.... 29.60 throughout. 
Gas tem....-.. 77.6 77.6 77.6 77.6 77.7 

Cor. factor.... 0.9401 throughout. 

State of meter % 1.28 fast throughout. 
Cor. gas vol... 0.1856 throughout. 
Room tem.-.-- 77.2 77.2 77-0 77-4 77-4 

Exhaust tem. . 66.2 66.3 66.2 66.3 66.4 
Inlet tem. ..-- 59.97 60.07 59-79 59.96 59-92 
Outlet tem,.-.- 75.41 75-71 75-43 75-73 75032 

Rise ......---- 15.44 15.64 15-64 15.77. ‘15.40 

Wt. water..-.. 6.870 6.757 6.766 6.704 6.877 

B. tu. ee cece 571.5 569.4 570.2 569.6 §70.6 

Av. B. t. u. -- 579.3
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SERIES J—(2). 
Junkers No. 872 

‘Nor No. 2 No. 3 No. 4 No.5. 

Humidity(air)% 46.1 throughout. 

Barometer ---. 26.62 throughout. 
Gas tem....... 79.0 79.4 80.5 80.8 81.4 

Cor. factor--..- 0.9336 throughout. 

State of meter % 0.82 fast throughout. 

Cor. gas vol... 0.1852 throughout. 

Room tem. --- 79.8 80.2 81.0 80.2 80.6 
Exhaust tem. . 65.6 65.6 65.6 65.3 65.4 

Inlet tem. ---- 60.22 60.33 59-94 60,03 60.02 

Outlet tem. --. 75.53 75-58 75-37 75-13 75-22 
Rise ......---+ 15.31 15.25 15.43 15.10 15.20 

Wt. water...-. = 7.102 7.123 7.003 97.341 7.067 

B.t. u.esee-ee- 587.1 586.5 583.5 682.2 580.0 

Av. B, t. u..--- — -§83.9 

American Meter Co., No. 122 

Humidity(air)% 46.1 throughout. 

Barometer -... 29.62 throughout. 
Gas tem.-.---- 79.6 79-7 80.0 80.0 80.1 

Cor. factor .... 0.9343 throughout. 
State of meter % 1.54 fast throughout. 

Cor. gas vol.-. 0.1840 throughout. 

Room tem.-.-- 79.5 79.4 78.5 78.5 78.9 
Exhaust tem.. 66.1 66.0 65.8 65.5 65.8 
Inlet tem..-..- 60.16 60.44 59.82 60.02 59.94 

Outlet tem.-..- 75.64 75.48 75.31 75.38 75.53 

Rise .....----. 15.48 15.04 15.49 15.36 15-59 
Wt. water..... 6.974 7.167 6.935 6.962 6.862 

B. t. U.-eee sees 586.7 -585.9 583.8 581.2 581.4 
Av. B. t. u.---- 583.8 

(4) The Doherty Calorimeter. 

The Doherty calorimeter used in this investigation was 

loaned by the Improved Equipment Company of New York 

City. A front view of the calorimeter is shown on the follow- 
ing page, and Plate IX shows the relation of all the parts. 

Inasmuch as the Doherty calorimeter is radically different in 

construction and operation from any other calorimeters on the 

market, a detailed description of the instrument will be 
given.
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Description of Calorimeter. 

The fundamental principle of the Doherty calorimeter is 

the direct displacement of the gas under test by the water 
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The Doherty gas calorimeter. 

which is heated by the combustion of the gas, thus maintaining 

absolutely constant the ratio of volumes. The pressure is
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imparted to the gas by the displacing water; and this water 
‘secures its constant’ pressure from a constant static “head” 

in the regulator of the calorimeter. 
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Every cubic inch of water passing through the heat ab- 
sorbing chamber is heated by the burning of a cubic inch of
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gas displaced by this water. This being the case, determina- 
tion of the heating value in British thermal units per cubic 
foot becomes a question of measuring temperatures, with suit- 
able corrections for existing conditions of temperature of the | 
gas and the pressure upon the gas. The observed heating 
value of the gas is obtained by multiplying the rise in tem- 
perature by the weight of a cubic foot of water at the tem- 
perature at which it entered the gas tank. To obtain the cor- 
rected heating value the observed heating value is divided by 
the usual correction factor which reduces the gas volume to 
standard conditions, viz., 60 degrees F. and 30 inches of mer- 
cury. Thus measurement of gas and weighing of water are 
necessary with this instrument. 

The Doherty calorimeter has two essential parts—the ab- | 
sorption chamber and the tank. Both of these are cylinders 
of annular section, the former being placed within the latter. 

A layer of felt guards against interchange of heat through 

the walls. 

The regulator is simply a stand-pipe in which a constant 
head or pressure is maintained by means of a supply of flow- 
ing water, part of which escapes to the drain, the remainder 

keeping the stand-pipe full as displacement occurs in the tank. 

The exhaust gases are expelled through a vent located near» 

the top and on the front of the instrument. No damper is 

provided in the vent. 

The tank has a gauge glass for indicating the water level 

inside, and a U-gauge showing the pressure on the gas in 
inches of water. The gauge glass is divided into nine equal 

divisions, the volume between the extremes being exactly one- 

third of a cubic foot. .A thermometer extends into the top of 
the tank and indicates the temperature of the gas. 

The water passes from the stand pipe through the absorp- 

tion chamber and into the tank. An arrangement of adjust- 

able baffles within the absorption chamber makes it possible 

to adjust the absorption surface so that the products of com- 

bustion can be delivered to the atmosphere at varying temper-
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atures without changing the temperature of the inlet water. 
The gas and water supplies are controlled by suitable valves. 

All thermometers can be seen in the front view of the 

calorimeter. The two large thermometers are the inlet and 

cutlet thermometers, the outlet being on the left and the in- 

let on the right. 

Operation of the Calorimeter. 

The method of making a determination may be outlined as 

follows: The tank is filled with gas to be tested and the sup- 
ply shut off. In order to fill the tank with gas it must first 

be filled with water. The gas supply valve is then opened and 
the water allowed to run out, gas being drawn into the tank. 

. Water is admitted from the stand-pipe, imparting regulator 

pressure of the gas. The pressure can be varied to some 

extent by a manipulation of valves. The Bunsen is lighted, 

and set in position in the combustion chamber. When the 

water level in the gauge glass has risen to the first grad- 

uation the temperatures of both inlet and outlet water are 

read, and such readings are repeated as the water level passes 
each graduation on the gauge glass, thus giving ten readings 

in all. The average of the ten readings on each thermometer 

is taken as the basis of the test. After applying the correc- 

tions to the average readings on each thermometer, the dif- 

ference between the corrected average readings gives the 
temperature interval through which the water was heated. 
The method of calculation of the heating value of the gas has 

been indicated in a previous paragraph but will be shown in 

Getail at this point. 

We will assume that the average outlet temperature 
was 65.00 degrees. Now the outlet temperature indicates 

the temperature at which the water entered the tank, for the 

- gas is displaced by the water heated. Therefore in this com- 
putation we must use the weight of a cubic foot of water at 

65.00 degrees which is 62.34 pounds.
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Then 

B. t. u. of gas = 62.34 X @ . 
V 

And 

OO y — 17:64 X [A+ #) —a] 
460 + ¢ " 

Where 

V = volume of gas corrected to 60° and 30 inches of mercury. 
h = barometric pressure in inches of mercury. 
h' = U-gauge pressure in inches of mercury. 

a = vapor tension pressure in inches of mercury. 
¢ == temperature of gas in tank. 

d@ = difference in temperature of water before and after 
heating. 

This process gives the gross heating value of the gas. A 
drip is provided around the lower end of the absorption cham- 

ber, which collects the water of condensation, discharging it 

into a glass graduate marked both in cubic centimeters and in 
British thermal units. A means of determining “net” heating 
values is thus provided in the same manner as in other types 

of calorimeters. | 

The investigation of the Doherty calorimeter may be divided 
into four main divisions, viz.: (a) Determination of. the 
proper rate of combustion of the gas; (b) Determination of 

the proper relation between the temperature of the inlet water 

and room temperature; (c) Determination of the efficiency 
of the Doherty calorimeter No. 16 by checking it against the 

Junkers calorimeter No. 872; (d) subsequent investigations. 

_ (a) Determination of the Proper Rate of Combustion 
of Gas. 

By proper manipulation of the valves, somewhat varying 

pressures on the gas in the tank may be produced. Of course, 

the greater the pressure the faster will be the rate of flow of 

the gas to the Bunsen burner. It was found possible to pro- 

duce “rates of flow” varying from 0.5 cubic foot per hour to 

2.5 cubic feet per hour.
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Conditions of Tests. , 

While holding all other operating conditions constant the 

Doherty No. 16 was operated upon the same sample of gas 

employing the following different “rates of flow” in the order 

named, viz., 0.327, 0.590, 1,115, 1.726 and 2.428 cubic feet per 
hour. Two determinations were made with each “rate of 

flow.” The summarized data follows: 

SERIES K. 

mist fom BR tpersmtefoot 
per hr. No. 1 No. 2 Ave. 

0.327 576.0 572.8 574.4 
0.590 601.3 607.2 604.3 

1.115 600.6 598.6 599.6 

1.726 601.2 599.8 600.5 

2.428 594-5 599-5 597.0 

Discussion of Results. 

It is noticeable that the results at the first two “rates of 
flow” are rather discordant. Considerable effort and time 
was expended to get concordant results with slow “rates of 

flow,” but the calorimeter refused to operate steadily under 

these conditions. The calorimeter seemed to give practically 

uniform results with all of the higher “rates of flow” obtain- 

able. However, it was found that a pressure of two inches 
of water was the most constant pressure obtainable with this 

instrument, and as this pressure gave a “rate of flow” of about 

1.7 cubic feet per hour this “rate of flow” was adopted as the 
standard for the Doherty No. 16. Plate X shows the “rate 
of flow” curve obtained by plotting cubic feet per hour as 
abscissae against B.t.u. per cubic foot as ordinates. 

(b) Effect of Temperature of Inlet Water. 
Conditions of Tests. 

Two series of tests were made. The first series of tests 

was of a preliminary nature, and was particularly designed to 
note the effect of changing the surface exposed in the absorp- 
tion chamber by manipulation of the pointer at the top of the 
instrument. As has been previously mentioned this pointer is
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connected wtih adjustable baffles within the absorption cham- 
ber, by means of which the absorbing surface may be increased 
or Cebaished, thus lowering or raising the temperature of 

€ exhaust gases. 
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The first series of tests was made with water ranging in 
temperature from 55 degrees to 85 degrees with room tem- 

perature averaging 76 degrees. Two consecutive tests were
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made at each of the following temperatures, viz.: 55, 60, 65, 
70, 75, 80 and 8&5 degrees. The summarized data follows: 

SERIES L—(1). 

Tem. of inlet B. t. u. p.er cubic foot 

“deg. 49 “Nor Noa Nog. ‘em, tem. 
55 628.2 630.2 629.2 77-3 77.0 

60 926.2 627.6 626.9 76.1. 76.1 

65 617.3 616.6 617.0 76.1 76.1 

70 613.1 _ 612.5 612.8 77.3, 79.2 

75 606.7 606.7 606.7 77.8 82.7 
80 604.0 603.4 604.1 78.1 87.2 

85. 597.6 —- 597.6 78.6 93.0 

. Discussion of Results. 

It is of interest to note that for the first three inlet water 

temperatures the temperatures of the exhaust gases and of the 

room are identical, yet the heating value of the gas was suc- 

cessively lowered as the temperature of the inlet water was 
raised. It is not easy to explain this phenomena from the 

work recorded up to this point, but a subsequent investigation, 

which will be referred to later, offered a partial explanation. 

The decrease in heating value of the gas with the other tem- 
peratures of inlet water is fairly regular. 

Plate XI shows a curve plotted from the data just recorded. 

The abscissae are temperatures of inlet water, and the ordi- 
nates are B.t.u. per cubic foot. About the only conclusion 

of any value that can be drawn from these results is that the 
Doherty calorimeter does not give the same heating value of 
a gas with different temperatures of inlet water, even though 
the exhaust gases are at the same temperature in all cases. In 

all subsequent tests the pointer at the top of the calorimeter 

. was so adjusted that the maximum surface in the absorption 
chamber was exposed. 

In order to check the results just reviewed two other tests . 

were made at a later date, after the inlet temperature curve 

for the Doherty No. 16 had been established. These tests 
were conducted as follows: With the maximum surface of 

the absorption chamber exposed, a series of tests was made
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with the temperature of the inlet water about 20 degrees below 
r = oom emperature. Then the temperature of the inlet water 
was lowered about 8 degrees, and the surface of the absorp- 
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tion chamber decreased, by moving the pointer, so that the 

exhaust gases left the calorimeter at the same temperature as 

in the first case. Then a second series of determinations was 
made. The results follow. ‘
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First TEsT. 
Temp. of inlet BE. t. u. per cubic foot , 

‘deg. Nod No.2 Nog Ave. temp. “emp. 
54.8 626.6 625.2 623.3 625.0 75.0 66.5 

48°5 634.4 633.1 634.4 634.0 75.0 66.5 

SECOND TEST. 

58.4 591.4 592.1 §92.1 594.1 71.3 69.0 

52.4 600.1 594-9 598.8 §98.8 71.5 69.0 

Discussion of Results. 

The results of these two series confirm the conclusions 
drawn from the results of Series L—(1). The heating values 
‘registered by the Doherty calorimeter increase as the tem- 

perature of the inlet water decreases even though the tempera- 
ture of the exhaust gases remains constant. 

The only explanation of the results obtained in this con- 

nection seemed to be as follows: Inasmuch as the gas is, dis- 

placed by water, and is in contact with the water for about 
20 minutes, it is reasonable to suppose that there may be some 

absorption of carbon dioxide from the gas during a test, for 

carbon dioxide is the most soluble in water of any of the con- 

stituents of ordinary illuminating gas. It is also a well known 

fact that the solubility of carbon dioxide in water is greater 

the lower the temperature of the water. Therefore it was 
thought that the higher values obtained with the colder water 

might be explained in part by an increased absorption of 

carbon dioxide from the gas during the test. In order actually - 

to determine the extent to which the carbon dioxide was 

absorbed from the gas during the performance of a test, a 

special series of experiments was carried out. 

Carbon. Dioxide Absorption Tests. 

The tests were carried out as follows: The calorimeter 
tank was filled with gas in the usual way and then the gas 
expelled in the same manner as when making a test. The gas 

was burned in the regular burner outside of the combustion 

chamber. At three different periods the flame was extin- 

guished and the gas sampled as it flowed out of the end of -
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the tube which connected the instrument proper to the burner. 
The first sample was taken when the water level in the gauge 
glass reached the first graduation, the second sample was taken 

_ when the water level was midway between the first and last 

graduations, and the third sample was taken when the water 
level reached the last graduation. The samples were then 
immediately analyzed for carbon dioxide by the use of potas- 
sium hydroxide solution in a Hempel gas pipette. Such tests 

as just described were carried out with the water displacing 
the gas at the following temperatures, viz., 45.3, 55.7, 64.0 and 

79.9 degrees. Before making any tests the gas was drawn 
directly through the calorimeter and sampled at the end of 

the burner tube. Three such samples were taken and analyzed. 

At the close of the tests another sample was taken in the same 
way and analyzed for carbon dioxide. The gas used was 

drawn from the holder previously mentioned. The results 

follow. 

Gas DRAWN DIRECTLY THROUGH CALORIMETER PREVIOUS TO 

MAKING ABSORPTION TESTS. 
Sample Carbon dioxide 
number Per cent. 

I 3-4 

2 3:3 

3 3-3 

, Gas DRAWN DIRECTLY THROUGH CALORIMETER AFTER MAKING 

ABSORPTION TESTS. 
Sample Carbon dioxide 
number Per cent. 

I 3.1 
Per cent. 

Average before and after-.-------- 3.2 , 
Carbon dioxide 

. Sample 
Tem, en 

Abo degrees Percent, Percent. Percent. Per cent. 
No. I eeeeee eeees 4503 3.1 2.9 2.7 2.9 

No. 2. eee eee ees 5567 3.1 2.7 2.5 2.8 

No. 3 -ece eee cree 64.0 2.7 2.5 2.6 2.6 

No. qceeeeceeeres 79.9 2.7 2.5 2.6 2.6 

Discussion of Results. 

Before discussing these results it should be stated that the 

gas analyses were performed with a burette which could be
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read accurately no closer than to 0.1 cubic centimeter. Hence 
the above analyses can be considered accurate to 0.1 per cent. 

as 100 cubic centimeters of gas was taken for each analysis. 

Precautions were ‘taken to prevent errors caused by drafts, 

incomplete drainage of burette, etc. 
‘The average of the carbon dioxide content of the gas pass- 

ing directly through the calorimeter before and after the 

absorption tests was 3.2 per cent. of the total volume of the 

gas. The percentages of carbon dioxide obtained in the vari- 

ous samples analyzed were all a little lower than the original 

percentage in the gas. In absorption tests No. 1 and No. 2 a 

progressive absorption is shown as the gas remains in contact 

with the water for the more extended periods. This pro- 

gressive absorption is not shown in tests No. 3 and No. 4. 

The average percentage of carbon dioxide absorbed is nearly 

the same in all cases, the results indicating a slightly greater 

absorption at the higher temperatures. However, as the gas 

analyses showed that the gas at the close of the experiments 

contained 0.2 per cent. less carbon dioxide than at the begin- 

ning, it is reasonable to suppose that the absorption was con- 

stant throughout the range of the tests. 

It is seen that the explanation of higher heating values 

obtained when colder water is used and the exhaust gases held 
at a constant temperature does not lie in increased carbon 
dioxide absorption with the colder water. In general it may 

be said that, considering a gas having a carbon dioxide content 

of 3.2 per cent., the absorption taking place while making a 

test will reduce the percentage to 2.7 per cent. That is, the 
percentage of combustible in the gas is increased by the same 

amount (0.5 per cent.). Reference to this fact will be made 

later in the discussion of the efficiency of the Doherty 

calorimeter. 

In the light of the experiments just reviewed it would seem 
that variations of the surface exposed in the combustion cham- 

ber made to neutralize the effect of different temperatures of 
inlet water introduce a factor which cannot be satisfactorily 

explained from the present data. |
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The second series of tests made with different temperatures 
of inlet water was conducted in the following manner. The 
pointer at the top of the absorption chamber was set so as to 

expose the maximum absorption surface in the chamber. The 
gas was burned at the rate of 1.7 cubic feet per hour. Two 

determinations were made with each of the following tem- 

peratures of inlet water, viz., 40, 50, 60, 70 and 80 degrees. 

Natural draft was used. Relative humidity of the atmosphere 
was 25 per cent. The summarized data follows. Complete 
data given at the close of “Discussion of Results.” 

SERIES L—(2). 

Tem. of inlet . Bit. u. per cubic foot 

“dee. Nor Noa Awe? 
40 623.2 625.1 624.2 

50 609.2 611.2 610.2 
60 604.3 601.6 603.0 

70 589.8 589.8 589.8 

80 © 576.1 574-7 575-4 

Plate XII shows a curve obtained by plotting “temperatures 

of inlet water” as abscissae against “B.t.u. per cubic foot” 

as ordinates. 

Discussion of Results. 

The curve plotted from the results of Series L—(2) and 

shown in Plate XII is similar to corresponding curves obtained 

for the Junkers type of calorimeter. The lower the temperature 

of the inlet water, the higher are the heating values registered 

by the calorimeter. The curve changes slope slightly over the 

temperature range of from 50 to 60 degrees, thus indicating a 

“thermal balance” with this range of temperatures. The 

change in slope of the curve between the temperatures ot 

50 degrees and 60 degrees is not so definite as that obtained 

with the Junkers No. 872. 

In view of these facts it would seem that the Doherty calo- 

rimeter should be operated with inlet water from o degree to 

20 degrees below room temperature, depending upon humidity 

conditions.
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COMPLETE DATA. 

SERIES L—(2). 

Tem. of inlet water 

__*” degrees 50 degrees —s 

Now No.2 Not Now 
Humidity (air) %-..-. 25.0 throughout 
Barometer plus gauge-- 29.07 throughont 

Gas tem ....-.--..6--. 58.9 59.2 63.9 64.6 
Cor factor.........-.-. 0.9714 0.9714 0.9582 0.9582. 
Roonl tem --.-...2--. 75.1 75.0 75-4 75-1 

Exhaust tem.....----. §5.9 55.9 62.8 63.2 
Inlet tem ..-.......--. 40.79 40.85 49.94 50.30 

Outlet tem .....-.---- 50.49 50.58 59.30 59-69 
Rise... -seseeeeee sees 9.70 9.73 9.36 9.39 

B. t. us o--eee eee eee 623.2 625.1 609.2 611.2 

Av. B. t. a. eee eee eee. 624.2 610.2 

60 degrees 7o degrees 
Humidity (air) %..--. 25.0 throughout 

Barometer plus gauge.-. 29.07 throughout 
Gas tem ..........--+. 69.7 70.6 76.6 77.4 

Cor factor.......-..-.. 0.9426 0.9426 0.9244 0.9244 

Room tem ..------+-+- 75.5 74.2 75-4 75-5 
Exhaust tem.......--- 70.4 70.7 78.3 78.4 

Inlet tem ......-.---- 60.13 60.22 70.04 69.72 

Outlet tem...... -.--- 49.27 69.32 78.80 78.48 

Rise.-.-.. -se-eeeeeee © Qe 14 9.10 8.76 8.76 
Bot. us ee eee ee ee ce eres 604.3 601.6 589.8 589.8 
Av. B. t. Us cree eee eee 603.0 589.8 

80 degrees 

Humidity (air) %.---. 25.0 25.0 — ~- 
Barometer plus gauge-- 29.07 29.07 oo _— 

Gas tem .--.--eese sees 83.9 85.5 — — 

Cor factor. .... 256-6. 0.9028 0.9028 — — 

Room tem ......------ 74.9 75.0 —. —_ 

Exhaust tem .......--- 86.3 86.4 -- _ 

Inlet tem ............- 80.34 80.27 _ — 

Outlet tem........--.. 88.71 88.62 _ — 

Rise ...... cee. sere = 8357 8.35 -- _ 

B. t. a. eee e eee eee eeee 576.1 574-7 — — 

Av. B. ti u..--e cece eee 575-4 

(c) Erricrency oF THE DonErtTY CALORIMETER No. 16. 

The efficiency of the Doherty Calorimeter was determined 

by checking it against the Junkers No. 872. |
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Conditions of Tests. 

Both calorimeters were operated with the inlet water rang- 

ing from 15 degrees to 20 degrees below room temperature. 

The rate of flow of gas in the Doherty calorimeter was 1.7 

cubic feet per hour, in the Junkers calorimeter 7 cubic feet per 

hour. The Doherty was operated with natural draft, the air 
supplied having a humidity of about 26 per cent. The Junkers 
calorimeter was operated with forced draft, the air supplied 

having a relative humidity of about 93 per cent. Alternate 
tests were made with each instrument. The summarized data 

follows. The complete data is given at the close of the “Dis- 
cussion of Results.” 

SERIES M—(1). 

B. t. u. per cubic foot 

Calorimeter No. 1 _ No. 2. “Noa Nog Ave. 

Junkers No, 872 --- 594.2 595-6 593-8 594.3 595-4 
Doherty No. 16..-- 590.1 596.2 597.8 594.5 594.7 

SERIES M—(2). . 

Junkers No. 872... 599.9 600.8 600. 3 601.1 600.5, 

Doherty No. 16---- 600.0 600,0 600.0 596.8 600.0* 
*Average No. 1, No. 2 and No. 3. 

SERIES M—(3). . 

Junkers No. 872 -.- 606.5 605.8 605.9 — 606.1 

Doherty No. 16..-- 607.1 606.6 . 6058 — 606.5 

| Discussion of Results. 

It is seen that, when operated as above stated, the Doherty 

| No. 16 gives the same results as the Junkers No. 872. It 
must also be remembered that the Junkers calorimeter was 

operated on air having a relative humidity of a little over go 
per cent. while the Doherty calorimeter was operated on air 

having a relative humidity of only about 26 per cent. 

The results obtained with the Doherty Calorimeter No. 16 
seem to indicate that the condensing and absorbing surface 
was of sufficient capacity to condense all of the water vapor 

resulting from the combustion of the gas, and that practically 

no water vapor left the instrument by mechanical entrainment. 

When operating this instrument with a gas consumption of
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1.7 cubic feet per hour, and with the inlet water temperature 
20 degrees F. below room temperature, and with an air 
supply of 26 per cent. humidity, readings were obtained which 
were of the same magnitude as those obtained with the Junk- 
ers No. 872 operated with air which approximated saturation. 

If the condensing surface in the Doherty had been similar 
in capacity to that of the Junkers, it would seem that the tem- 
perature of the inlet water in the Doherty would have to be 

10 degrees to 15 degrees F. lower than that of the Junkers 

for the respective humidity conditions named above, to obtain 

concordant results. 

In case the air entering the Doherty calorimeter were prac- 

tically saturated as it was in the Junkers, it appears that con- 

cordant results would be obtained when the temperature of 

the inlet water to the Doherty approximated that of the room. 

lf the temperature of the inlet water and humidity of the air 
were the same as in the Junkers, the reading of the Doherty 

would be from 5 to 6 B.t. u. higher than the Junkers. 

Inasmuch as the percentage of carbon dioxide in illuminat- 
ing gas is moderately constant, the positive error produced 

by this factor will be fairly constant, being about 0.5 per 

cent. From the curve shown Plate XII, it is seen that the 

drop in heating value registered between the inlet temperatures 

55 degrees and 60 degrees is six B.t. u.. The average relative 

humidity of the air in the building where these tests were 

performed was about 24 per cent. during the winter months, 

and from 80 per cent. to 90 per cent. during the summer 

months. ‘Thus, changes in humidity occurring at different 

periods of the year would cause a maximum variation in the 

heating values of about 6 B. t. u. Assuming a gas having. a 

heating value of 600 B. t. u. per cubic foot, it is seen that the 

change in the heating value caused by resultant effect of 

humidity and carbon dioxide absorption will vary from about 

- ..4 B. t. u. in the winter to approximately +2 B. t. u. in the 

summer. Therefore, the temperature of the inlet water should 

be varied at different seasons of the year so as to counteract
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COMPLETE DATA. 

SERIES M—(r). 
Junkers No. 872 Doherty No. 16 

“No. I No.2 No.3 No.4 No.: No.2 No.3 No.4 

Humidity(air)% 93.0 93.0 93.0 93.0 27.9 27.9 27.9 27.9 

Barometer ----- 29.43 29.43 29.43 29.43 29.47 29.47 29.47 29.47 
Gas tem ....--- 75.2 75.2 75.2 75.3 70.1 68.3 67.5 67.8 

Cor.ffactor----- 0.9413 for Junkers 0.9626 for Doherty 

State of meter % 1.68 fast throughout — -~ — — 

Cor. gas vol.--. 0.1851 chroughout —_— _ — _ 

Room tem-.--- 74.6 74-7. 75-3 75-4 75-5 75-3 75-3 75-2 
Exhaust tem... 61.5 61.3 61.4 61.5 68.0 67.0 67.0 66.8 

Inlet tem ...--- 55.06 §5.08 55.15 55.23 55.56 55.35 55-53 55-59 
Outlet tem..... 70.29 70.36 70.38 70.48 64.67 64.57 64.87 64.28 

Rise .......... 15.23 15.28 15.23 15.25 9.11 9.22 9.23 9.18 

Wt. water...... 7.222 7.215 7.217. 7.2130 — — — _ 

B. t. us eeeeee + 594.2 595.6 593.8 594.3 590.1 596.2 597-8 594.5 

Av. B, t. t...-. 594-5 594.7 

SERIES M—(2). 
Hunniidity(air)% 93.6 93.6 93.6 93.6 26.9 26.9 26.9 26.9 
Barometer ..-.. 29.31 29.32 29.31 29.31 29.28 29.28 29.28 29.28 
Gas tem.....--- 75.6 75.4 75-2 75.1° 73.8 7I-1 71.1 70.5 
Cor. factor..... 0.9368 throughout 0.9472 throughout 
State of meter % 1.44 fast throughout — — — _— 
Cor. gas vol.... 0, 1847 throughout _— — — — 
Room tem.----. 74.5 75.0 75.5 76.0 75.6 75.0 76.0 75.2 
Exhaust tem... 65.7 65.5 65.5 65.4 71.9 70.6 71.0 70.4 
Inlet tem ...... 59.87 59.81 59.83 59.78 60.06 59.52 59.95 59.69 
Outlet tem...-. 75.40 75.38 75.34 75.27 69.18 68.64 69.07 68.76 
Rise .-sseeeee- 15.53 15.57 15-51 15.49 9.12 9.12 9.12 9.07 
Wt. water...... 7.135 7.127. 7.149 7.168 — -— — _— 
B. t. us «e-ee- +s 599.9 600.8 600.3 601.1 600.0 600.0 600.0 596.8 
Av. B. t. u...-.. 600. 5 599.2 

. SERIES M—(3). 
Humidity(air)% 90.4 90.4 904 — 25.3 25.3 25.3 — 

Barometer ---.- 29.26 29.26 29.26 — 29.23 29.23 29.23 — 

Gas tem....--. 73.7. 73.7. 73.7. — 72.1 707 70.2 — 

Cor, factor..--- 0.9397 throughout 0.9454 throughout 

State of meter % 0.74 fast throughout — — — _— 

Cor, gas vol.... 0.1865 throughout — — — _ 
Room tem ..--. 75.0 75.1 75-3 — 76.0 75.6 95.2 — 

Exhaust tem... 66.1 66.2 66.2 — 70.6 70.3 70.0 —_ 
Inlet tem....... 59.91 60.01 60.26 — 59.77 60.08 59.36 — 

Outlet tem----- 75.44 75-59 75-49 — 68.98 69. 28 68.55 — 
Rise....e-eeeee 15.53 15.52 15.50 — 9.21 9.20 919 — 
Wt. water..--. 7.274 7.280 7.290 — — — — _— 
B. t. u.---.--+- 606.5 605.8 605.9 — 607.1 606.6 605.8 _ 
Av. B. t. u..... 606.1 606.5
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this influence, bearing in mind that each decrease of, 10 per 
cent. in relative humidity decreases the heating value of a gas 
averaging 600 B. t. u. per cubic foot by 1 B. t. u. 

A series of comparative determinations between the Doh- 
erty No. 16 and the Parr No. 4 will be found at the close 
of the discussion of the Parr calorimeter. 

Further Observations. 

Occasionally, when operating the Doherty calorimeter, air 

would be trapped in the system of pipes so that the pressure 

would be irregular. Whenever the pressure on the gas in the 
instrument is not constant, the readings of the outlet ther- 
mometer are subject to serious fluctuations. These fluctua- 

tions may be sufficiently serious to vitiate the results of the 
determination, and whenever such conditions prevail no deter- 

mination should be recorded until the air is dislodged and 

constant pressure obtained. With constant pressure the results 

obtained with the Doherty calorimeter agreed among them- 
selves and with those of the Junkers No. 872 in a very satis- 
factory manner. Air trapped in the instrument can many 

times be liberated by means of the vent cock provided for such 
an emergency. This cock is located at the top and towards 
the back of the instrument. In some cases, however, it was 

necessary to drain the instrument and then refill it before con- 

stant pressure was obtained. 

The trouble just mentioned was not encountered very often, 

and in general the operation of the Doherty calorimeter was 

satisfactory. The results of a series of comparative deter- 

minations which were vitiated by the trouble just discussed are 

tabulated below. 
B. t. u. per cubic foot 

Calorimeter Wor No.2 Nog 
Junkers No. 872--.--++++s 611.4 611.4 611.1 

Doherty No. 16..----+--» 619.6 616.3 603.1 

The results need no discussion. The constant Junkers 

values show that the trouble did not lie in a gas of uneven 

heating value.
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Another point may be mentioned here. On two occasions 
after allowing the Doherty calorimeter to stand idle for a few 

weeks, it was found that the passage of gas from the main to 

the tank was extremely slow in one instance and completely 
obstructed in another. Evidently the passageway had become 

clogged from deposition of material from the gas. The 

obstruction was easily removed by applying suction from a 

vacuum pump to the small pipe provided for delivery of the 
gas to the burner. If it was necessary to operate the calo- 

_rimeter on a very dirty gas this trouble would, in all proba- 

bility, be aggravated. 

The combustion of the gas in the Doherty calorimeter was 

found to be perfect. A typical analysis of the exhaust gases 
is as follows: 

Constituent Per cent. . 

co, 8.0 

O, 9.0 

co 0.0 

N, 83.0 

The effect of baffle plates on the burner stem was found to 

be inappreciable. 
The time required for the performance of a complete test 

is twenty minutes. The instrument can be purged by allow- 

ing the gas to be tested to pass directly through the instru- 
ment—having the tank nearly full of water—and allowing the 

gas to burn outside of the calorimeter. The purging operation 
can thus be accomplished while the operator is engaged with 

other work. 

The screen through which the water passes as it enters the 

“regulator” is rather coarse, and is soldered in position. It 

would be desirable to use a finer screen, and make the screen 

removable, thus permitting the meshes to be freed from solid 

matter. 

A hook is provided on the front of the instrument from 

which the thermometer used to register room temperature is 

supposed to be hung. If such a thermometer is hung as desig- 
nated, it will be affected somewhat by the bodily warmth of
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the operator. Therefore it is desirable to hang this ther- 
mometer at a short distance from the calorimeter. 

| The glass U-tube of the pressure gauge is cemented to the 
- metal cap by means of plaster of Paris. When new, this 

joint holds satisfactorily, but if moistened a few times by acci- 
dent or otherwise, it leaks gas and causes low heating values 
to be registered by the calorimeter. The use of a water-proof 
cement and the elimination of one or two joints would be 
advisable. 

General Summary of the Investigations of the Doherty 

Calorimeter No. 16. 

The results of the investigations of the Doherty calorimeter 

No. 16 may be summarized as follows: 

(1) The gas burned does not have to be metered, hence 

errors resulting from improper measurement of the gas vol- 

ume are avoided. 

(2) The heated water is neither weighed or measured, 
hence errors arising from either of these conditions are — 
obviated. , : 

(3) The proper pressure to be maintained on the gas in the 

tank is two inches of water. This gives a rate of flow of gas 
of 1.7 cubic feet per hour. 

(4) The calorimeter should be operated with water, the 

temperature of which should be from 0 to 20 degrees below 

that of the room, depending upon humidity conditions. For a 
detailed discussion of this point the reader is referred to the 

‘Discussion of Results” under the heading “Efficiency of the 

Doherty Calorimeter.” 

(5) The efficiency of the instrument, when operated as indi- 

cated in (3) and (4) is the same as that of the Junkers No. 
872. For detailed statement see “Efficiency of the Doherty 

Calorimeter.” | | 

. (6) There is sufficient condensing and absorbing surface | 

so that no water vapor is carried out of the calorimeter by 

mechanical entrainment in the products of combustion when
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the temperature of the inlet water is regulated to suit the con- 
ditions of humidity. 

(7) Unsteady operation is sometimes caused by the trap- 

--ping of air in the system of pipes within the calorimeter. 

When such conditions prevail, no determinations should be 

attempted until the trouble has been removed. 
(8) Occasionally the passage of the gas into the tank is 

obstructed by an accumulation of solid matter. This is par- 
ticularly the case if the instrument is allowed to stand idle 

for a time after having been in use for several weeks. 

(9) Variations in the temperature of the inlet water are 
noted fairly quickly by the outlet thermometer, but not quite 

as quickly as is the case with the old style Junkers. 

(10) The time required for making a determination is 

twenty minutes. 

(11) Baffle plates used on the stem of the Bunsen burner 
exerted no appreciable effect. 

(12) Changes in the amount of surface exposed in the 
. absorption chamber introduce complications which are not 

easily explainable. It is recommended that the calorimeter 

be always operated with the maximum surface of the absorp- 
tion chamber exposed to the products of combustion. 

(13) Check determinations agree satisfactorily. 

(14) The rise in temperature of the water as it passes 

through the calorimeter is about 9.5 degrees F. Therefore 

"any error in reading the temperatures will cause a somewhat 
greater percentage error in the results than is the case with 
the Junkers calorimeter, in which the water is heated through 

a temperature interval of from 15 to 16 degrees F. 

(15) When operating on average illuminating gas, an 

absorption of 0.5 per cent. of carbon dioxide occurs during the 

progress of a test. 

(16) A calorimeter case is provided for the instrument, 

and the calorimeter can be operated while in position within 
the cabinet. Thus the instrument is easily protected from dust 
and fumes.



71 

(17) The calorimeter is easily portable, and does not have 
to be taken apart for shipment. 

(18) The mechanical construction of the pressure gauge 
should be improved. 
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Parr gas calorimeter. 

(5) Tue Parr CALORIMETER. 

The Parr gas calorimeter used in this investigation was 
loaned by the Standard Calorimeter Company of East Moline, 

Illinois. A front view of the instrument is shown on the
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preceding page, and Plate XIII shows the cross section. As 
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SECTION oF Farr CALORIMETER 

the calorimeter differs from all others in almost every respect, 
a detailed description will be given.
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Description of the Calorimeter. 

The cross section of the instrument shown in Plate XIII 
was copied from a similar view given in a pamphlet issued by 
The Standard Calorimeter Co. The description of the instru- 

ment is taken largely from a description given by Professor 

Parr in the Journal of Industrial Engineering Chemistry, 
Volume 2, Number 8, Page 357. 

In the Parr calorimeter two parallel systems are so ar- 

ranged that equal volumes of gases may be taken and placed 

under equivalent conditions of temperature and pressure, 

being submerged in the same vessel of water, (C) ‘The pres- 
sure 1s obtained from water in the gravity tank (D) which is 

connected by rubber tubing (E.) and (E’) and iron piping to 

the gas tanks (A) and (A’) The heater tanks (H) and (H’) | 
containing equal amounts of water, are arranged with burn- 

ers, conduits and stirrers devised to extract the heat. The 

rise in temperature is indicated on Fahrenheit thermometers 

(T) and (T’) which pass into the heater through gaskets. 
It will be seen that the rise in temperature of the two systems 

will be in proportion to the heat liberated in each. If, there- 

fore in one of the systems a standard gas, such as hydrogen, 

be employed, and its heating value be taken as standard at 60 

degrees F. and 30 inches of mercury, then the heating value 

of the hydrogen will be to the heating value of the unknown 

gas, at the same condition as to temperature and pressure, as 

the ratio of the indicated rise in temperature of the two 

thermometers. ‘The details of the apparatus are carried out 

with reference to this principle. The stirring of the water is 

effected by a small motor, located just behind the heaters 

(H) and (H’) and on a level with the gravity tank (D). A 

common belt actuates the two pulleys (P) and (P’), with 

turbines arranged on the interior of the heaters. The heat- 

ers are connected with automatic overflows at the rear, which 

can be adjusted to measure equal amounts of water. 

Provision is made for measuring the volumes of the gases 

with accuracy by reducing the area of the containing vessels
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above and below so that the starting and stopping points may 
be accurately indicated on the glass gauges (G) and (G’) 
on the front of the instrument. 

Swinging pilot lights (J) and (J’) are provided at the left 
and right for simultaneous ignition of the burners. 

The gas holders (A) and (A’) are cylinders, 7.5 cm. x 255 
cm.} reducing above and below to a neck of 2.5 cm. in diam- 

eter and holding approximately 114 liters. They are sub- 
merged in the large square tank (C) which rests on the base 

(B) of the instrument. 

Seven to nine minutes are required for burning out the 

contents of the gas cylinders. The needle valves (N) and 

(N’) are finely adjusted so that the water levels on the glass 
gauges (G) and (G’) may be made to stop at any desired 

graduation. Corresponding graduations on the two gauges 

represent exact equivalents of gases. Before beginning a test 

the water levels in the gauges are brought to corresponding 

marks by means of the needle valves (L) and (L’). It is not 
necessary to know the exact volumes in some definite unit, 

since it is only essential to have equivalent quantities. Since 

these quantities are subjected to the same temperature and 

-_-pressure, the operation is independent of barometric condi- 

tions and room temperature. The operation is also inde- 
pendent of the relative humidity of the atmosphere, provided 

the same amount of water is generated by the combustion 

of each gas. The only condition, therefore, not covered by 

the above provisions is the matter of radiation. For this 

element.in the case, advantage is taken of the fact that the 

heating value of hydrogen—325 B.t.u. per cubic foot at 60 

degrees F’. and 30 inches of mercury—is about half the heating 
value of ordinary municipal gas. Hence, by installing a double 

cylinder, or rather a third cylinder, not shown in the cut, with 

exactly equal volume with the other two gas containers and 

cross-connecting the same in such a way as to make it pos- 
sible to burn two volumes on one side against one volume 

on the other, almost exactly equivalent quantities of heat are
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discharged under each heater. Thus the radiation will be 
practically the same in both systems. 

It will be evident also, that, for some types of gas, having 
approximately 300 to 350 B.t. u. per cubic foot with hydrogen 
as the standard of comparison, equal volumes of each would 
be taken, while for lower grades of material of say 100 to 150 
heat units, the reverse of the first condition would be called 
for and two volumes of the unknown gas would be burned 
against one volume of hydrogen. 

The hydrogen used with the Parr calorimeter is generated 

from an alloy of sodium and lead sold under the name of 
“Hydrone.” The gas is generated in a simple generator 
operating on the Kipp principle. When the “Hydrone” is 

brought into contact with water a copious evolution of hydro- 
gen occurs, and the quality of the gas is high. 

Operation of the Calorimeter. 

See that the gravity tank is nearly full of water which 
should be saturated with gas of the same kind as is to be 
tested. Admit water to the gas holder, release the air in the 

cylinders through the inlet cocks on either side. These cocks 

are set at an angle slightly to the rear and downwardly, on 

either side, connecting directly with each of the front cylin- 

ders. Fill completely with water until the same flows from 
the inlet cocks. By a rubber hose the right hand cock is con- 

nected with the gas supply and the left hand cock with the 

hydrogen generator. 

The cylinders are filled with gas by lowering the gravity 

tank and opening the inlet cocks. The gas is allowed to flow 
in until the level as shown on the glass gauges disappears at 

the bottom. A little more gas is then allowed to run in, then 

the ‘inlet cocks are closed and the gravity tank elevated to its 

. place. A sufficient surplus of gas is thus admitted so the level 

will not yet appear on the gauges. The water levels are then 

brought into the glasses and adjusted to the same level by 

opening the vents at the top of the gauges. The heaters are
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filled with tap water to the point of overflow and allowed to . 

drain by means of the automatic siphon discharges. 
The motor is now started, the belt being so placed as to turn 

the pulleys to the right or as the hands of a watch, thus caus- 
ing the central column of water to rise. 

When equalization of temperature has been obtained the 

reading of each thermometer is taken and the gas at the burn- 

ers lighted. This is accomplished by having a small flame 
adjusted at the tip of each of the swinging pilot lights, turning 

each to place and at once turning open the needle valves to 

the burners. The relative rates of flow should be kept approxi- 

mately the same, and the rate of combustion so gauged that 

the complete discharge of the gas is accomplished in from 
7 to g minutes. 

At the close of the test one is allowed to complete the dis- 

charge at little ahead of the other. The needle valve is closed 

when the water level reaches any desired mark, the other 
system slowed down as it approaches the end and finally shut 

off at the same gauge mark as the first system. 

After permitting an equalization of temperatures the ther- 

mometers are read as at first. If ordinary municipal gas of 
600 to 700 B.t.u. is being tested, the rise in temperature on 

the right hand side will be from 4 to 6 degrees. The rise in 

_ temperature for one tank of hydrogen will be from 2.00 to 

2.75 degrees. Hence two measures of hydrogen should be 

taken. This is accomplished by having the cross-connecting 
cocks open above and beneath the base. 

It is well to have the temperatures in the two heaters some- 
what near together at the start and 3 to 4 degrees lower than 

that of the room. In this way the equalization of the tem- 

perature in each heater after turning off the gas is not mate- 
rially affected by external radiation. 

Calculations. 

The calculation is based on the fact that if equal volumes 
of gas at the same temperature and pressure be made to burn
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under equal volumes of water, the rise in temperature of the 
two volumes will be proportional to their heating values. 

That is, {Rise) — (Bt. u.) 
(Rise) (B.t. u.)’ 

It is only necessary, therefore, to insert in the above pro- 
portion the accepted value for the B.t.u. of hydrogen, and 
take one-half the indicated rise in temperature for that system 
where two volumes are employed. For example, the indicated. 
readings for a test are as follows: 

ROOM TEMPERATURE, 75° F. 
Hydrogen Municipal gas 

two volumes one volume 

Initial tem. ..........00eee 70.45 71.20 
Final tem. ..-......... 000. 74.81 75.36 ; 

RiSe .. 0... ce ecee cece ee eens 4.36 4.16 
Rise, I volume ............ 2.18 

16 X 32 
x = te = 620 B. t. u. per cubic foot. 

In this calculation, the value of Thomsen for hydrogen at 

60 degrees F. and 30 inches of mercury is taken as the basis 

to which the calculation of the municipal gas is made, namely, 
325 B.t.u. per cubic foot. 

Calibration of the Parr Calorimeter No. 4. 

The Parr calorimeter may be calibrated in two ways. 

Method I.—The capacity of the gas holders was determined 

as follows. The holders were filled with distilled water to the 

same mark on each gauge glass. The lower water cocks were 
then closed and the rubber tubing removed. Then the water 

from each tank was drawn off and weighed. The flow of 

water was stopped so that the water levels on the lower grad- 
uations of the gauge glasses were at the same marks. The 

weights of water obtained from the three tanks were found 

to be practically equal. The differences in the weights of 
water obtained were within the limits of experimental error. 

The capacity of the heaters was determined as follows. 

Fach heater was filled to the point of overflow with distilled 

water, and the siphon discharges allowed to drain their limits.
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Then the water was drawn off and weighed. The weights 
were equal to within the limits of experimental error. 

Method II.—This method includes the water equivalent of 
the heaters and was employed several times during the inves- 

tigation of the Parr calorimeter. Equal volumes of water 

gas were burned simultaneously under each heater, filled as 

above described, and the rise in temperature noted on each 

- thermometer. The rise in temperature on each thermometer 

was practically the same. Representative data follows. 

Left hand heater Right hand heater 

“Tnitialtem. Finaltem. Rise “Tnitialtem. Fiwaltem. Rise 
72.67 76.91 4.24 72.58 76.81 4.23 

72.57 76.82 4.25 72.79 77-03 4.24 

In the above case, when equal volumes of the same gas were 

burned in each system, the heat absorbed was the same and 
hence radiation is equal in both systems. Hence no particular 
difficulties were encountered. However, when it was desired 

to calibrate the instrument by this method so as to take into 

consideration the volumes of both gas holders of the left hand 

system, the heat absorbed in the left hand heater was twice as 
great as that absorbed in the right hand heater, and hence the 

radiation was greater if the water in both heaters was at the 

same temperature. In order to overcome this difficulty as far 
as possible the initial temperature of the water in each heater 

was so adjusted that it would be as far below room tempera- 
ture as the final temperature would be above room tempera- 

ture. Thus the radiation of heat should be just balanced by 
the absorption of heat. When such conditions prevail, how- 

ever, the reading of the final temperature is more difficult, as 

the final temperature is sufficiently far above room tempera- 
ture to have appreciable radiation effects come in. However, 

this method seemed the most acceptable and was adopted. A 

large number of observations were made and the mean of all 

observations used from which to draw conclusions. A series 
of observations taken just before the comparative tests (dis- 
cussed later) were made are tabulated below. One-half the
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rise obtained in the left hand heater under these conditions 
should be equal to the rise obtained in the right hand heater. — 

___lett hand heater — _ Right hand heater 

see tenn \% Rise Date ven a Rise 

72.10 80.48 4.19 2/t4j12 73.75 77.93 4.18 

72.10 80.49 4-195 2/14/12 74.14 78.32 4.18 

71.82 80.23 4.205 = 2/14/12 74.00 78.19 4.19 

71.67 80.09 4.21 2/14/12 73.85 78.03 4.18 
72.26 80.62 4.18 2/15/12 74.11 78.26 4.15 

71.94 80.32 4.185 2/15/12, 73-72, 77.91 4.19 
71.78 80.15 4.185 2/15/12 73,86 78.07 4.21 

71.82 80.27 4.225 2/15/12 73.97 78.23 4.26 

72.05 80.38 4.16 2/15/12 74.04 78.24 4.20 

72.27 80.85 4.29 2/20/12 73.94 78.18 4.24 

71.81 80.44 4.315 2/20/12 73-79 78.08 4.29 

71.83 80.44 3.305 2/20/12 73.88 78.14 4.26 
72.11 80,65 4.27 2/20/12 74.05 78.31 4.26 

Ave. 4.22 4.21 

It is thus seen that the difference between the two average 
elevations of temperature is only 0.01 degree F. when the same 

elevations in each system are compared. When an actual 
determination is being made the rise in each system is approxi- 
mately the same, and only one half rise of the left hand system 

is compared with that of the right hand system. Therefore 

when an actual determination is being made, the value for the 
left hand system which is used in the calculation is only 0.005 

degree F. too high. As this value is within experimental error 

in reading the thermometers, both systems were considered to 

be equivalent. 
Radiation Tests. 

In order to determine the rapidity with which heat is radi- 

ated from or absorbed by the heaters several radiation tests 

were made. The data from two characteristic tests are tabu- 

lated below. 
Radiation Test No. I. 

The heaters were filled with water about four degrees below 

room temperature, the motors started, equalization of tem- 

peratures in the heaters allowed to take place, and then the 

temperatures registered by both thermometers were read. The
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stirrers were allowed to run continuously and at the end of a 

half hour the temperatures were again read. The data follow. 

Room tem. | eee TS Ave. 76.5 
Left hand heater Right hand heater 

{Initialtem. Finaltem. Rise Tuitialtem. Finaltem. Rise 
72.60 72.87 0.27 72.58 72.89 0.31 

Radiation Test No. 2. 

The water heaters were filled with water about four degrees 

above room temperature, the motors started, and after equali- 

zation of temperatures had occurred the thermometers were 

read. After a period of 40 minutes had elapsed the tempera- 

tures were again read. The data follow. 

| Beginning-- 77.0 
Room tem. Ave. 76.5 

End ......- 76.0 

Left hand heater Right hand heater 

Tnitialtem. Finaltem. Fail Tnitialtem, Finaltem. Fall 
79.51 78,86 0.65 79.53 78.90 0.63 

It is thus seen that heat interchange between the room 

_ atmosphere and the water in the heaters is fairly rapid. 

Therefore, when operating the Parr calorimeter it is very 

essential that the instrument be carefully guarded from drafts, 

and that very nearly the same amounts of heat be absorbed 

during the same time interval in each heater. 

Purity of the Standard Gas. 
Several samples of hydrogen were prepared and used for 

preliminary tests before any comparative determinations were 

made with the Parr No. 4 and other calorimeters. A number 

of these samples were analyzed. 

After freshly charging the generator with “hydrone” it is 

necessary to allow considerable of the hydrogen gas to escape 

in order to purge the generator from all foreign gas. Inas- 

much as illuminating gas is used to displace the air in the 

generator—in order to avoid an explosive mixture of hydro- 
gen and air—the hydrogen was first tested for the ordinary 
constituents of illuminating gas. The first test made gave the 

following results.
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TEST No. I. 
Constituent Per cent. 

co, 0.0 

Ill, LI 
O, 0.8 

co 0.6 

A moderate amount of hydrogen—(2 to 2% liters)—was 
allowed to escape before this analysis was made. It is very 
evident that a considerable residue of illuminating gas re- 
mained unexpelled. 

A second partial analysis was made after the generator had 

been freshly charged at another time. Before making this 
analysis a large amount of the hydrogen—(5 to 6 liters) — 
was allowed to go to waste so as to be certain that all of the 

illuminating gas had ben displaced. The tests for ordinary 

constituents of illuminating gas gave the following results: 
TrEsT No. 2. 

Constituent Per cent. 

co, 0.0 

Tl. 0.0 

Cc, 0.0 

co 0,0 

It would seem therefore that 5 or 6 liters of the hydrogen 

should be allowed to escape before the illuminating gas is 

fully displaced. 

Having determined about how much gas must be wasted 
before it is free from illuminating gas impurities, a direct 

determination of the hydrogen was carried out. The hydro- 

gen was determined by the “palladium black” method. Tests 
No. 3 and No. 4 are typical of the character of the hydrogen 
used in the work which will be discussed later. Hydrogen 

alone was determined in Test No. 3. 

TEsT No. 3. 
Constituent Per cent. 

H, 100,0 

TEST NO. 4. 
Constituent Per cent. 

CO, 0.0 

Til. 9.0 
oO, 0.0 

co 0.0 
H, 100.0
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From the tests recorded above it would seem that, if a 

sufficiently large quantity of the newly prepared hydrogen is 

allowed to escape, the quality of the gas is entirely satisfactory. 

Observations from Preliminary Tests. 

A large number of preliminary tests were made with the - 
Parr calorimeter before it was checked against the Junkers 

No. 872. This was thought to be necessary in order to acquire 

skill in the operation of the Parr instrument. The operation 

of this calorimeter is so radically different from other types 
that it would hardly be fair to compare results obtained with 

it, after operating it only a few times, with the results obtained __ 

with a calorimeter with which the operator had made a large 
number of determinations. . 

Several points of manipulation were noted during these pre- 

liminary tests which may well be mentioned at this place. 

It is highly desirable to follow the directions explicitly with 

regard to the relation between the final temperature of the 
water in the heaters and room temperature. These tempera- 

tures should be the same. This is necessary for it sometimes 
takes over a minute for a complete equalization of tempera- 

tures to take place within the heaters. The final temperature 

cannot be read with certainty unless there is practically no 
exchange of heat between the water in the heaters and the 

atmosphere of the room. 

At the end of a test it was found desirable to stop the water 

| levels in the gauge glasses at the first graduation at the top of 

: the glasses. If the meniscus is allowed to go past the first 

graduation it quickly enters the constricted portion of: the gas 

tank, and hence its speed is greatly increased, and consequently 

it is much more difficult to stop the meniscus at the desired 

point. If the gas is shut off when the water levels reach the 

first graduation at the top of the gauge glasses no difficulty is 
experienced in properly controlling the gas volumes. If the 

water level is allowed to pass slightly beyond the first gradua- 
tion, say one-fifth of a division, no serious error is introduced,
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because the volumes of the gas tanks are considerably dimin- 
ished at this point. | 

At the beginning of a determination, and after the water 
levels in the gauge glasses have been brought into view it is 
desirable to wait a few moments before making the final ad- 
justment of the water levels. Otherwise conditions of pres- 
sure may not have become entirely constant. 

The graduations on the thermometers furnished with the 

instrument are so coarse, that it is difficult to get a close 
reading if the head of the mercury column happens to be di- 

rectly back of a graduation line. 

Considerable hydrogen is wasted by the generator. The 

storage chamber of the generator is not sufficiently large to 

hold all of the hydrogen generated at times, even if care is 
exercised in allowing the water to come in contact with the 

“hydrone” gradually. A somewhat larger storage chamber 
would seem to be desirable. However, this trouble could be 

partially remedied in the case of this particular generator, by 

employing a spring sufficiently strong to hold the charge of 

“hydrone” well up into the top of the storage chamber. The 

spring in the generator used in these investigations was so weak 

that the charge of “hydrone” would settle down into the lower 

part of the storage chamber. Hence the available storage 

capacity for the generated gas was limited, and the amount 

of hydrogen which must be wasted in order to displace the 

illuminating gas was increased. 

The use of two generators would eliminate one rather an- 

noying feature accompanying the continued operation of this 

instrument. It is impossible to tell just when the supply of 

hydrogen will be exhausted, and it sometimes occurs that, 

when it is desired to make a test one finds no hydrogen or 

else an insufficient supply. ‘hen before a test can be made, 

it is necessary to clean out the generator and charge it anew. 

Then hydrogen must be allowed to escape for a time until 

all the illuminating gas is displaced. Al! of this recharging 

cperation takes time, and such delays are at times very annoy-
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ing. If two generators were furnished with the instrument, 

one could always be kept in condition for use. Both genera- 

tors could be kept in connection with the calorimeter, and 

by means of a three-way cock it would be very easy to 

switch over to a freshly charged generator when one becomes 

depleted. The exhausted generator could then be recharged 

at leisure and no delay would be caused in the determination. 

Comparative Tests. Junkers No. 872 and Parr No. 4. 
Observing the proper conditions of operation as determined 

in the work previously described three series of comparative 

determinations were made between the Junkers No. 872 and 

the Parr No. 4. The exact conditions of operation for the 

Junkers instrument are indicated in the tabulated data given 

at the close of this discussion. Alternate tests were made 

with each instrument. Let it be remembered, however, that 

air having a relative humidity of over 90 per cent. was sup- 

‘plied to the Junkers instrument, while the Parr calorimeter 

operated on air having a relative humidity of about 25 per 

cent. The summarized data follow; the complete data are 

given at the close of the “Discussion of Results.” 

SERIES N—(1). 

B. t. u. per cubic foot 

Calorimeter “No.1 No.2 No.3. No.4 No.5 No.6 Ave. 

Junkers No. 872....-.- 608.6 602.0 599.9 601.4 — — 603.0 
Ave. of Nos. 2, 3, and 4 6or.1 
Parr No. 4 «+--+ ---+++++ 599.2 598.3 601.5 604.2 — — 600.8 

SERIES N—(2). 

Junkers No. 872....--- 596.0 594.9 594.6 594.8 593-4 592.6 594.4 
Parr No. 4.--+-+-++++++ 597-4 598.8 597.1 594.2 590.3 591.2 594.8 

, SERIES N—(3). 

Junkers No. 872....... 607.2 606.6 604.2 601.3 603.0 -— 604.5 
Parr No. 4..---+-+++- » 612.7 607.2 597.4 597-3 597-7 — 602.5 

Discussion of Results. 

The results just tabulated show very conclusively that un- 

der the proper working conditions for each instrument, the 

efficiency of both calorimeters is the same. To obtain this 
efficiency with the Junkers calorimeter it must be borne in 

mind that the air supplied to this instrument must be practical-
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ly saturated with moisture. If the moisture produced by the 
combustion of both gases burned is nearly the same condi- 
tions of relative humidity of the atmosphere do not affect the 
results of the Parr calorimeter. 

COMPLETE DATA. 
Serims N.—(1). 

Junkers No. 872 

No. t No. 2 No. 3 “No.4. No. 5 No.6 

Humidity (air)% 90.9 throughout 
Barometer....-.- 29.18 29.14 29.14 29.14 — — 

Gas teml.....---- 77.7 76.9 76.8 76.8 — — 

Cor. factor ..---- 0.9261 0.9273 0.9273 0.9273. — — 

State of meter 7 2.44 F. 1.98 F. 1.98 F. 1.98 F. — 

Cor. gas vol.--.- 0.1807. 0.1818 0.1818 0.1818 — — 

Room tem......- 75.4 75.8 74.7 75.2 — — 

Exhaust tem.... 64.7 64.6 64.5 64.6 — — 

Inlet tem.....--- 55.24 55.02 55.00 55.09 —- — 

Outlet tem.....-. 70.53 70.46 70.41 70.49 — — 
Rise .....-..-.-- 15.29 15.44 15.41 15.40 — — 

Wt. water......- = 7.193 7.082 7.077 7.100 — _ 

B. t. u.--..-..--- 608.6 602.0 599.9 601.4 — -- 

Av. B. t. u-..-.- 603.0 
Parr No. 4 

Hydrogen heater 
Initial tem..--. 69.32 73.10 72.83 72.80 —_ — 

Final tem.-.--- 73-93. 77-63. 7739-77-34 — — 
WriSe.-.-..--- 2.305 2.265 2,28 2.27 — — 

Gas heater 
Initial tem .-.. 69.18 73.13 72.83 72.73 — — 
Final tem-.--- 73.43 77.30 77.05 76.95 — — 

, Rise ...-----++- 4.25 4.17 4.22 4.22 — — 
B.t. ue... eee ees 599.2 598.3 601.5 604.2 — — 
Av. B. tt) u.e--e- 600.8 

SERIES N—(2). 
. Junkers No, 872 

Humidity (air) % 93.5 throughout 
Barometer ..-... 29.02 29.02 29.02 29°02 28.98 28.98 

Gas tem.--. -.-- 77.0 77.0 76.4 766 76.7 769 
Cor factor ....--. 0.9234 0.9234 0.9234 0.9234 0.9221 0.9221 

State of meter %- 2.12 fast throughout 
Cor. gas vol,...-- 0.1808 0.1808 0, 1808 0.18080, 18050, 1805 

Room tem...---- 75.1 75-4 74.4 75.6 74-4 75-0 
Exhaust tem..-.. 60.0 62.2 62.0 62.0 62.4 61.8 

Iniet tem....---. 55.35 55.38 55.26 55-34 55.24 55-27 

Outlet tem ....-. 70.66 70.72 70.47 70.57 70.36 70.35 

Rise ......ee eee. 15.31 15.34 15.21 15.23 15.12 15.08 

Wt. water-...... 7.038 7.012 7,068 7.061 7.084 7.093 

B.t.u. -seeeeee 596.0 04-9 594.6 504.8 593-4 592.6 
Av. B.t. ul eeee 594-4
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SERIES N—(2).—(Continued.) 
Parr No. 4 

. Hydrogen heater 
oer 
‘ Initial tem..-.-- 70.20 70.54 70.31 69.60 70.42 70.54 

Final tem. ...- 74.77 75.11 74.86 74.14 74.99 ° 75.07 

% Rise..--.--- 2.285 2.285 2.275 2.270 2.285 2.265 

Gas heater ...... 

Initial tem.---. 70.14 70.52 70.29 69.62 70.37 70.49 

Final tem. .--- 74.34 74.73 74.47 73-77 74.52 74.6L 

Rise ...... --. 4.20 * 4.21 4.18 4.15 A415 4.12 

B. t. u..----- +++. 597-4 598.8 597-1 594.2, 590.3. 591.2 
Av. B. t. n .---.- 594.8 

SERIES N--(3). 
Junkers No. 872 

No. I No. 2 No. 3 Xo. 4 No.5. No. 6 

Humidity (air) % 92.9 throughout 

Barometer....... 29.25 throughout 

Gas tem... «+++. 77.1 77-0 97-5 77.2 77-5 — 

Cor. factor...... 0.9294 throughout 
State of meter % 2.2 fast throughout 

Cor. gas vol.---- 0.1818 throughout 

Room tem....--- 74.8 74.7 759 75.0 75.0 — 

Exhaust tem. ..- 62.2 62.2 62.4 62.2 62.2 — 

Inlet tem...-.--- 55.15 55.13 55.48 55-51 55.57 — 

Outlet tem....-- 70.42 70.43 70.64 70.66 70.72 — 

Rise ......-5.2+. 15.27 15.30 15.16 15.15 15.15 _ 

Wt, water....... 7.229 7.208 7.246 7.216 7.236 -— 

B. t. uw. ---.----- 607.2 606.6 604.2 601.3 603.0 _— 
Av. B, t. U.s-eeee 604.5 

Parr No. 4 

Hydrogen heater 
Initial tem...-. 70.31 71°21 71.27 71.59 72.32 — 
Final tem. ---- 74.84 75-77 75.84 76.15 76.92 — 

% Rise...-..-- 2.265 2.28 2,285 2.28 2.30 — 
Gas heater ...... 

Initial tem.-.-- 70.25 71.22 71,32 71.38 71.92 _ 

Final tem. .... 74.52 75.48 75.52 75.57 76.15 -- 

Rise ..-.-. --. = 4.27 4.26 4.20 4.19 4.23 — 

B. to u.eeee eeeees 612.7 607.2 5974 597-3 597-7 _ 

Av. B, t. u.--.-e- 602.5 

Comparative Tests—Doherty No. 16 and Parr No. 4. 

One series of comparative tests was made between the 

Doherty No. 16 and the Parr No. 4. Each calorimeter was
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operated on air of the same humidity, and according to the 

standard directions previously discussed. The summarized 

data follow and the complete data governing the determina- 

tions follow the “Discussion of Results.” 

SERIES O. 

B. t. u. per cubic foot 

No. I No. 2 No. 3 “No.4. No.5 Ave. 

Doherty No. 16 .--- 609.1 610.4 611.7 608.4 610.3 610.3 

Parr No. 4-----++-++ 608.8 610.7 609.7 611.8 609.7 610.1 

Discussion of Results. 

The results just tabulated need very little comment. They 
show that the Doherty and Parr calorimeters give identical . 

results when operated under proper conditions. This series of 

tests furnishes a good cross-check upon previous work. 

COMPLETE DATA. 

SERIES O. 

Doherty No. 16 

“No. I No. 2 "No. 3 No. 4 No. 5. 

Humidity (air) % 26.4 throughout 
Barometer --.---- 29.05 29.05 28.99 28.99 28.99 

Gas teml....------ 72.5 70.5 71.8 70.3 70,1 

Cor. factor....-.. 0.9405 0.9405 ° 0.9385 0.9385 0.9385 
Room tem..-.---- 75.0 75.0 75-3 75.0 75.0 

Exhaust tem .--.- 70.7 69.6 70.5 69.8 69.3 

Inlet tem..... -- 59.26 58.71 59.28 58.88 . 58.32 

Outlet tem...-.-- 68.45 67.92 68.49 68.04 67.51 

Rise ..-2---ee0e+ = 9.19 9.21 9.21 9.16 9.19 

B. t. ws... +--+ 609.1 610.4 611.7 608.4 610.3 

Av. B. t. u------- 610.0 

Parr No. 4. 

Hydrogen heater 

Initial tem..... 72.83 71.21 70.52 70.98 71.32 

Final tem....-- 77.41 75.83 75.04 75.08 75.84 

¥% rvise...-.---- = 2.29 2.31 2.26 2.30 2.26 

Gas heater 

Initial tem.-.-. 72.85 71.20 70.59 70.64 7L.21 

Final tem-.-.-- 77.14 75.54 74.83 74.97 75-45 

Rise ....-- 4.29 4.34 4.24. 4.33 4.24 

B. t. ue... -ee-e-- 608.8 610.7 609.7 611.8 609.7 

Av. B.t. u....--- 610.1
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General Summary of the Investigations of the 
Parr Calorimeter No. 4. 

The results of the investigation of the Parr calorimeter 

may be summarized as follows: 

(1) The use of a gas meter is obviated. 
(2) The heated water is neither weighed or measured in 

making a determination. 

(3) The calorimeter is of the “still water” type. | 
(4) The efficiency of the instrument is the same as that of 

the old style Junkers, the Doherty and the American Meter Co. 

(5) The operation of the calorimeter necessitates the prepa- 

ration of hydrogen as a standard gas. The quality of the 
hydrogen is satisfactory. There is a little uncertainty as to 

the heating value of pure hydrogen, but Thomsen’s value is 

the most dependable, and there seems to be no good reason 

for bringing this value seriously into question. 

(6) The mechanical construction of the hydrogen generator 
might be somewhat improved. 

(7) The use of two generators would avoid annoying 

delays. 

(8) Two methods are available for calibrating the instru- 

ment. Both methods are satisfactory. 

(9) If the same amount of moisture is formed from the 
combustion of both gases burned in the calorimeter, the rela- 

tive humidity of the atmosphere exerts no appreciable effect. 

(10) Appreciable transfer of heat occurs between the water 

in the heaters and the surrounding atmosphere. In order to 

avoid radiation errors it is necessary to have the same amount 

of heat generated in each system during corresponding inter- 
vals of time. ‘he instrument should not be exposed to drafts. 

(11) The time required for a complete test is twenty 

minutes. 

(12) ‘The heat generated by the stirring devices is small 
and is practically the same in both heaters, hence it introduces 

no error.
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(13) At the close of a test it is desirable t> stop the water 
levels at the first upper graduation of the gauge glasses. 

(14) No error is caused by the specific heat of the water 
being other than unity, for the same water is used for the 
standard gas as for the gas which is tested. 

(15) The instrument is heavy and not easily portable. 
(16) The graduation marks on the thermometers are so 

coarse as to make accurate readings impossible if the head of 
the mercury column happens to be directly behind a gradua- 
tion mark. 

(17) Considering a gas of 600 B.t.u. per cubic foot, an 
error of 0.02 degree in reading one of the thermometers will 
cause an error in the heating value of 5 B.t.u. As the rise 
in temperature is only a little over four degrees the percentage 
error caused by any error in reading the thermometers is 

greater than in the case with the other instruments investi- 
gated. Also the rise in temperature is determined by readings 

taken at the beginning and end of a test, not from the average 

of a number of readings taken during the progress of a test, 

as is the case with the other instruments to which reference 

has been made. ‘This fact makes the observed rise in tempera- 

ture somewhat more difficult to determine with accuracy. 
(19) Errors caused by variations in the temperature of 

inlet water in the case of calorimeters of the flow type are 

obviated in this instrument. The Parr calorimeter can be sat- 

isfactorily operated without the use of an overhead tank for 

the water supply. 
(20) The calorimeter is more complicated in its construc- 

tion than the other calorimeters investigated, and it appears 

that it requires some more skill for its proper operation than 

the other types. | 

(21) The Parr calorimeter gives “gross” heating values 

only. 

(6) The “Sarco” or Beasley Recording Calorimeter. 

The Sarco (10) Recording Calorimeter used in this investi- 

gation was loaned by the Sarco Engineering Co. of New
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York City. A view of the instrument is shown on the preced- 
ing page. The calorimeter is of the recording type and is 

entirely different in every particular from the others used in 
this investigation. It may be well to state in the beginning 

that the Sarco Calorimeter registers “net” heating values only. 

Description of the Calorimeter. 

The general form of the calorimeter can be easily seen 

{rom the illustration. ‘The gas enters through a cock located 
on the right hand side and near the base of the calorimeter, 
passes through the governor which reduces the pressure, then 

woes to the meter, which is seen at the bottom of the case, 

and from the meter into the Bunsen burner which can be 

seen outside and at the left of the case. The burner extends 

up into what is termed the “hot limb” of the apparatus. ‘This 

“hot limb” is one arm of a large U-tube, the other arm is 

almost entirely obscured by the “hot limb,” only the edges 
of its radiation disks being visible. Both ends of the U-tube 

terminate in float boxes, one of which is seen within and at 

the top of the case. The other float box is directly back of 
the one visible. 

The principle of the calorimeter may be briefly summarized 
as follows. The gas is burned within a well radiated chim- 

ney, or “hot limb” as it is termed, the products of com- 

bustion escaping to the air. Both “limbs” or arms of the 

U-tube are provided with disks or flanges to promote radia- 

tion of heat. The working of the calorimeter depends upon 

ihe fact that the average rise in temperature of this chimney 

is proportional to the heat developed by the flame. This 

chimney contains an annular chamber, which forms one limb 

of a U-tube, the other being a simple tube maintained at 

atmospheric temperature. The U-tube is filled with oil, and 

as both limbs terminate in tanks, it is possible, by means of 

floats and suitable pulleys to operate a pointer which re- 

cords on suitable charts the difference in level between the 

two limbs of the U-tube caused by the expansion of the oil 

in the “hot limb.” The illustration shows the general de-
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sign of the instrument, the chimney and the “cold limb” be- 

ing connected through to tanks which are contained within 

the case, together with the clock. ‘The clock, by means of suit- 

able gears drives the chart on which the difference in level 

of the oil in the limbs of the U-tube is recorded. Of course 
the scale is so arranged and the instrument so calibrated that 

this difference in level is made to read off B. t. u. (net) per 

cubic foot. 

In a recording gas calorimeter it is obvious that the flow 

of gas must be automatically maintained at a constant and 

pre-determined rate if accuracy is to be maintained. ‘l'o 

do this, it is first necessary to control the pressure by means 

of governing apparatus, so that in spite of variations at the 

inlet of the governor, the pressure at the outlet remains con- 

stant. This in itself is not sufficient, if no other method of 

regulation were provided. The quantity of gas passing is 
controlled by its pressure and the size of the orifice through 

which it flows. The rate of flow would consequently vary 

with the specific gravity of the gas, and render the record of 

the calorimeter uncertain and misleading. ‘lo overcome this 

difficulty, a special regulating test meter is provided, with the 

measuring drum geared to a pendulum escapement. The 

drum of the meter drives this escapement just as the spring 

- of a clock drives the clock, and as the pendulum attached 

to the clock controls the speed, so the escapement attached to 

the meter controls the speed of the drum, thus ensuring a 

constant rate of flow, unaffected by variations in specific grav- 

ity, or in fact, any other slight pressure variations in the ap- 

paratus. 

The pointer operated by the floats indicates on a fixed scale 

the heating value of the gas and also records the heating value 

on the chart which is made to fit the scale. The position of 

the pointer can be adjusted by means of a set screw which 

secures it to the spindle. 

The instrument is calibrated to show the calorific value in 

British thermal units (net) per cubic foot of gas measured
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under standard conditions of 60 degrees F. and 30 inches of 
mercury, and is arranged to burn two (2) cubic feet of gas 
per hour. The instrument gives its results assuming two 
(2) cubic feet of gas to be supplied under standard con- 
ditions as quoted above and a thermometer is provided on the 
gas supply, so that the usual corrections may be made for 
any variation. 

No direct determination of heating value is made with this 
instrument. The proper indication depends entirely upon the 
proper calibration. It is obvious that the smaller the opening 
is made through which the products of combustion pass into 
the air the greater will be the amount of heat absorbed by the 
oil in the “hot limb.” Hence by increasing the size of this 
opening the calorimeter may be made to read lower, and 
by decreasing the size of this opening the indications will 

be higher, and by proper regulation of this factor the instru- 

ment may be made to register the proper heating value on the 

scale and chart. An easy form of adjustment of the size of 

the opening at the top of the “hot limb” is provided. The 
necessary alteration may he effected by varying the position of 

a fairly large screw which extends through the top flange of 

the “hot limb” and can be made to close the opening partially. 

The proper position of the screw is indicated by the makers, | 
and this position is marked by filing the threads for a short 

distance. 

Operation of the Calorimeter. 

Before operating the calorimeter the pointer should be 

adjusted to the zero mark, and the water line in the meter 

adjusted by means of the gauge at the right side of the meter. 
The gas is then turned on and lighted, and the clock connected 

‘to the gear which drives the recording mechanism. The hot 

limb gradually comes up to a constant temperature, and after 

twenty fo thirty minutes the pointer indicates the heating 

value of the gas. Of course the indicated heating values must 

be corrected by reducing the gas volume to standard condi-
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tions. The same correction formula may be used as with other 
instruments. 

General Observations. 

It was found that when the calorimeter was operated with 

gas not saturated with moisture, the water line in the meter 

would change appreciably in the course of three or four days. 

This was due, of course, to the fact that the unsaturated gas 

picked up some moisture while passing through the meter. It 

was found that an error of from 5 to 7 B. t. u. might be intro- 

duced from this cause after the calorimeter had been operated 
for six or seven days, using a gas averaging 550 B.t.u. (net) 

per cubic foot. It should be noted that these observations 

were made during cold weather, when the gas as drawn directly 

from the city mains would have the lowest percentage satura- 

tion after entering the building that it would have during 

any period of the year. This difficulty is largely removed, 

however, by leading the gas through a “saturation” bottle just 

before it enters the meter. In all later tests the gas was sup- 

plied to the meter in a saturated condition. It was found 

that the meter underwent no appreciable change during one 

week of continuous operation. However, it is deemed advis- 

able to check up the water line of the meter and zero reading 

of the pointer once in seven to ten days, and thus guard against 
any possible errors resulting from these factors. It was found 
that the zero reading of the instrument would sometimes 

change after a period of continued operation so the instru- 

ment would give results ranging from 3 to 5 B.t.u. high. If 

this factor is given attention occasionally no serious error will 
result. 

By means of the glass gauge at the side of the meter it was 

found that the registrations of the meter could be controlled 

' satisfactorily, but when set according to directions the gas was 

supplied at the rate of 2.08 cubic feet per hour rather than 

2.0 cubic feet per hour as was intended. Therefore slightly 
more heat was generated in the chimney than was intended, 

and it would be expected that the screw at the top of the
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chimney ought to be set so as to make the opening for the 

escape of the products of combustion a little larger than indi- 
cated by the makers. Thus the increased amount of heat gen- 
erated would be compensated by the increased escape of heat 
from the chimney. It is well to bear this point in mind during 

the discussion which follows, as conditions were found to be 

as above predicted. 

Method of Conducting the Tests. 

The work on this calorimeter covered a period of time 

extending from March 1, 1912, to April 26, 1912. During 

this period the calorimeter was operated under varying condi- 
tions and several series of check determinations were made. 

The instrument was checked against the Junkers No. 872 

which was operated upon air having an average relative 

humidity of 94 per cent., and the water of condensation col- 

lected and measured with all necessary precautions. 

Before making any check determinations the screw at the 

top of the “hot limb” or chimney of the “Sarco” calorimeter 
was adjusted so that the readings of the calorimeter agreed 

with the net heating values of the Junkers No. 872. The posi- 

tion in which the screw was finally allowed to remain differed 
from that indicated by the manufacturers by the width of 

two. screw threads, the difference in position being such that 

the opening was slightly larger than would have been the case 

if the screw had been in the indicated position. The reason . 

for this slight difference in the adjustment of the screw has 

already been mentioned. 

After making this adjustment the calorimeter was checked 

against the Junkers No. 872 in the following manner. Each 

series of tests was begun at about nine o’clock in the morning — 

and extended until about three o’clock in the afternoon. The 

gas was drawn directly from the city mains, and its heating 

value (net) determined each hour in the Junkers No. 872. | 

Both the Junkers and the “Sarco” were allowed to operate 

continuously throughout the series of tests. The readings ~ 

recorded for the “Sarco” calorimeter were read off from the
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fixed scale at the time of making the corresponding determina- 
tion with the Junkers. The graduations on the charts fur- 
nished with the instrument did not coincide exactly with those 

of the fixed scale, hence all readings were taken from the fixed 

scale. 

In checking the “Sarco” calorimeter against such an instru- 
ment as the Junkers, the averages of a considerable number 

of determinations should be compared, for the gas is burned 

nearly four times as fast in the Junkers as in the “Sarco” and 
the former will note changes in calorific value of the gas more 

quickly than will the latter. Hence corresponding readings 

may vary somewhat, but the average of several determinations 

should give a reliable basis for comparison. 

For the first four weeks the “Sarco” calorimeter was 

operated each day and was shut down during the night. Dur- 

ing the last two weeks the calorimeter was operated continu- 

ously day and night. 

The summary of the comparative tests between the “Sarco” 
and the Junkers No. 872 follows. 

SERIES P—(1) 3/8/12 SERIES P—(2) 3/9/12 

Time - Junkers ‘Time Junkers 
Pp, M. No. 872 ‘“Sarco”’ A. M. No. 872 ‘*Sarco”’ 

12:21 554 555 9:06 548 560 
12:28 555 563 9:14 550 550 
12:59 554 557 9:59 548 541 
1:05 555 555 10107 546 sft 
2:05 553 552 11:03 538 547 
2:08 557 552 IL:10 534 548 
3:00 548 552 P.M. 

3:05 554 552 12:03 543 95? 

12:53 548 548 
Ave. 554 555 1:52 539 554 

1:59 537 555 

3:00 552 546 
3:08 555 547 
3:40 548 548 

3:48 554 552 
3:54 552 555 

4:00 556 554 
Ave. 547 549



97 

SERIES P—(3). 3/16/12 SERIES P—(4), 3/29/12 
Time Junkers Time Junkers 
A.M. No. 872“ Sarco” A.M. No. 872.“ Sarco” 
10:53, 528 522 9:08 534 535 
11:04 527 522 9:13 534 535 
11:52 523 518 1ot10 531 537 
P.M. 1o%16 532 537 

“  ¥2302 §22 519 P.M. 

1.01 927 319 12:12 531 533 
1:08 524 519 12:18 533 53° 
1:56 525 522 1:10 537 527 
2:04 525 §25 1:27 534 526 
2:49 525 529 2:04 538 532 
2:55 525 532, 2:15 539 530 

2:54 534 529 
Ave. 525 523 3:04 535 529 

| Ave. 534 532 
SERIES P-~ (5). 4/26/12 

Time Junkers 
A.M, No. 872 “ Sarco” 

8:50 563 564 

8:59 565 565 
10:00 566 567 

10:08 565 567 

P. M. 

12:12 565 561 

12:20 566 561 

12:53 565 564 
T:00 565 563 

1:29 560 562 

1:37 561 . 561 
2:01 559 566 

| 2109 558 566 

Ave. 563 564 

Discussion of Results. 

The series of determinations tabulated above show that 
the agreement between the average values registered by the 

Junkers No. 872 and the “Sarco” Recording Calorimeter is 
satisfactory. It is impossible to read the values indicated by 
the latter instrument closer than two (2) B.t. u. If we con- 

sider the Junkers No. 872 as the standard, then the deviations 
of the average values of the “Sarco” in the five series of tests 
is as follows, Series P—(1) + 1 B. t. wu, Series P—(2) +
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2 B.t. u, Series P—(3) — 2 B. t. u., Series P—(4) — 2 B. 
t. u., Series P—(5) + 1 B.t. u. The average difference for 
the five series of tests is seen to be zero. 

General Summary of the Investigations of the “Sarco” Re- 

cording Calorimeter. 

The results of the investigations of the “Sarco” Recording 
Calorimeter may be summarized as follows: 

(1) The mechanical construction of the instrument is good. 
(2) The instrument is sensitive and will indicate changes 

in calorific value quickly. 

(3) The instrument registers “net” heating values only. 

(4) The calorimeter makes a continuous and permanent 

record of the heating value of the gas. 
(5) In order to minimize meter errors, the gas should be 

saturated with moisture before it enters the instrument. 

(6) The calorimeter should be shut down once in every 

seven to ten days, and the water line of the meter and the 
zero reading of the pointer checked up. 

(7) Inasmuch as no direct measurement of the heating 

value of the gas is made with this instrument, its values should 

be checked occassionally by comparison with values obtained 

by the use of a calorimeter making direct determination. 

(8) When the above precautions are observed the instru- 

ment gives satisfactory results. 
(9) The charts furnished with the instrument did not ex- 

actly fit the graduations of the fixed scale. More exact charts 
should be made. 

(10) The oil used in the calorimeter is slowly volatilized. 
Small additions of oil should be made as needed. 

(11) The instrument may be easily made to agree with any 

desired standard. 
(12) The instrument is necessarily rather heavy and is 

not easily portable. 

| (13) It is impossible to read the heating value of the gas 
as indicated on the scale or charts more closely than to within 

two (2) B.t. u.
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(14) The directions for setting up and operating the cal- 
orimeter are very meager. The setting up of a new instru- 
ment would be much easier if more explicit directions were 
given. It would seem desirable to furnish a sketch showing 
the essential parts of the instrument, and to refer to these 
parts by letter or number in the printed directions. | 

(7) Tue American Meter Co.’s Gas Merer. 

Meters manufactured by the American Meter Company 
were used in the investigations just reviewed. As the meters 

were carefully calibrated before and after each series of tests, 
and oftener if any considerable temperature change took place, 
it was found that the change in calibration of such meters 

was rather large for even moderate changes in temperature. 
Therefore it was thought desirable to make a series of tests in 
crder to determine just how much the registrations of such 

meters are affected by changes in temperature. 

Method of Investigation. 

A thermometer was inserted in the meter so that the bulb 

was immersed in the water within the meter. In order to 

raise the temperature of the water in the meter quickly the 

following simple apparatus was devised. A box somewhat 
larger than the meter was lined with asbestos paper. A sup- 

- port was provided for the meter within the box so that when 

the meter was in place its base was about one third of the 

distance from the bottom to the top of the box. On the bot- 

tom of the box a series of six (6) thirty-two candle-power 

incandescent lamps was arranged so as to distribute heat even- 

ly over the box. Two holes in the side of the box allowed the 

passage of tubes which connected the meter to the calibration 

apparatus. The meter could thus be calibrated without re- 

moving it from the box. 

The procedure was as follows: The meter was first cooled 

so that the water it contained was a a little below 60 degrees F. 

Then the meter was placed in position in the box, and the 

temperature of the water gradually raised to 60 degrees when
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the meter was quickly calibrated. Before this and all succeed- 
ing calibrations care was exercised to have the entire body of 
water in the meter at the same temperature. 

After determining the calibration at 60 degrees, the tem- 

perature was raised to 65 degrees and the calibration repeated. 

This process was continued for each temperature interval of - 

five (5), degrees up to and including go degrees. No water 

was added to or removed from the meter during this work. 
After covering the range of temperatures from 60 degrees 

to 90 degrees inclusive, the water was again cooled to a little 

below 60 degrees and the process repeated. The results of 
the two series of calibrations checked very satisfactorily and 

are given below. 

‘ DATA. 

TEstT No. 1. 

Room tem. —75° F. Calibration apparatus standardized at 75° F. 
Tem. water in meter 

Time ' Deg. F. Error 

A.M. 
8:35 60.0 3.22 per cent. slow 

8:52 65.5 1.80 “ “ 
9:07 70.3 0.46 «e 6 

9:19 75.2 0.90 “ fast 

9:36 80.1 2.42 “s “6 

9:52 85.4 423 “ “s 
10:06 90.7 6.15 “ “ 

Trst No. 2. 
Tem. water in meter 

Time Deg. F. Error 

A. M. 

11334 60.0 3.10 per cent. slow 
11:45 65.4 1,82 “ “6 

M. 
12:00 70.4 0.52 “ “s 
P.M. 
1:07 75.2 1.06 “« fast 

1:21 80.1 2.50 “ “ 
1:36 85.0 4.11 “s “s 

1:50 99.0 5-99 “ “ 

The results are shown graphically in Plate XIV. The per- 
centage errors are plotted as ordinates, and the temperatures 

of the water in the meter as abscissae.
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standard conditions, namely, 60 degrees F. and 30 inches of 
mercury, the net error resulting after making these corrections 

is shown in curve labeled (CD). 

The following table will show the correction factor and per 

cent correction which must be applied to the observed reading 
of the meter to reduce the gas to standard conditions: 

Tem. “factor correction verror 
go° F. © 917 8.3 +5.1 

80° F. 0.946 5.4 +2.3 

70° F, 0.974 2.6 —0.6 

60° F. 1,000 0.0 —3.2 

Where minus (-—) means slow, and plus (+) means fast. 

From curve (AB) it will be seen that the registration is 
3.2 per cent. slow. 

Taking 60 degrees as the basis and subtracting 3.2 per cent. 

from the values given in the column for per cent. correction 

the values given in the column of per cent. error are obtained. 
Subtracting the values of per cent. error in the last column 

from the percentages of error as shown in curve (AB) at the 

proper temperatures of water in the meter, the points on the 

curve (CD) are obtained. 
The space lying between the curve (CD) and the line repre- 

senting zero correction will then indicate the net error. This 

is on the assumption that the gas or air used in the calibration 
was saturated with water vapor. 

— It will be noted that at ordinary room temperature the net 
error is exceedingly small and seems to be well within the 
limits that may be expected with this type of meter. For very 
accurate work it can be seen that extreme care must be exer- 
cised in adjusting the temperature of the water in the meter 

to that of the gas passing through and also to the temperature 
in the calibration apparatus. 

IV. ConcLusIons. 

- The nature of the work is such that conclusions of each 

individual test have been drawn at the close of each main 

division in the report. |
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It is not desired to recommend any particular calorimeter, 
but to present the facts of each instrument in an entirely 
impartial manner. 

Calorimeters should be operated under predetermined meth- 
ods and the operating instructions should be strictly followed. 
The various accessories used in connection with the calo- 
rimeter, such as the meter, balance or graduates, and ther- 
mometers, should be known to be correct or approximately so, 
and if in error, a compensating correction should be made. 
Calorimeters metering the gas by water displacement dispense 
with the use of a gas meter and thereby eliminate the errors 
from this source. It is not supposed that any instrument can 
be perfect, but the designs of some types have approached 
perfection so that the results obtained are entirely within the 
limits of personal error. 

It is known that the humidity conditions of the atmosphere 
introduce a discrepancy in the final readings of some water 

jacket type instruments, but these may be corrected for within 

close limits. The method of making such corrections is to 
reduce the temperature of the exhaust products somewhat — 

lower than the entering gas and air. In a perfectly efficient 
calorimeter, with a very high percentage of atmospheric 

humidity, the products of combustion should leave the instru- 
ment at approximately the temperature of the atmosphere. 

To produce a corresponding reading of the quality of the gas, 

the products should leave the instrument at a temperature 

considerably below that of the atmosphere—where the relative 

atmospheric humidity is very low. Such a reduction will vary 
from o degree to 15 degrees F., and may be produced by low- 
ering the temperature of the inlet jacket water to temperatures 

varying from o degree to 25 degrees below the atmosphere. 
A test of a recording calorimeter not of the water jacket 

type was made, and the results obtained demonstrated that 

this instrument gave continuous readings of the net heating 
value of the gas that could be relied upon for comparative 

purposes. However, such an instrument must be calibrated . 

from readings made on a calorimeter of the water jacket type.
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Your committee feel that the work they have done on test- 

ing various instruments has been a means of studying the sub- 

ject in great detail, and hope that the facts presented in the 

reports to the Institute will enable the subject to be better 

understood by individual members and throw some light on 
the various factors that are included in measuring the heat- 
ing value of gas. 

We have been informed that the National Bureau of Stand- 
ards, at Washington, is now investigating this subject and 

examining instruments of various types and makes, and will 
present the results by publication during the coming year. 

Therefore, we conclude our work with the submission of 

this report. 
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APPENDIX I. 

SoME OBSERVATIONS ON THE CALIBRATION AND OPERATION 
OF AN AMERICAN METER ComMPANY WET Test METER. 

During the progress of the investigation which Mr. Law- 

rence conducted on calorimeters, it became apparent that the 
discrepancies found in the results of various tests could be 
attributed to the registration and other vagaries of the wet 
test meter. Previous to this time it had not been appreciated 
how great the error could be which the registration of the 
meter would make in the results from the observations made 

in conducting a test for heating value. Accordingly a sepa-
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rate investigation was made concerning the various features 
of the wet meter. 

Effect of Changes in the Amount of Water in the Meter. 
It seemed desirable to determine how the registration of the 
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meter would change when successive small quantities of water 
were added. Accordingly American Meter Company meter
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No. 453 was calibrated by means of a half cubic foot bottle 
and then successive additions of 30 cubic centimeters of water 

were made. After the addition of each 30 cubic centimeters 

the meter was recalibrated. In all ten such additions and 

calibrations were made. The results of these tests are recorded 
in Table 1, and Plate 1. It will be seen from this tabulation 

that as the calibration becomes uniform a change in the quan- 

tity of water in the meter. of 30 cubic centimeters will produce 

a change in the accuracy of registration of the meter of 0.35 

per cent. 
It may be well to state in this connection that it is necessary 

to have the inlet and outlet ports of the meter open to the 
atmosphere when any addition of water is made to the meter 
or any water is removed. It is also desirable to have the meter 
make several revolutions before the actual calibration is per- 

formed when water is put in or taken out of the meter. 

. Effect of Continuous Run. 

The question also arose in this investigation as to how long . 

a meter could be run without there being a serious change in 

the accuracy of its registration due to a change in the amount 
of water in the meter. To determine this point, the meter 

previously mentioned was first calibrated and the accuracy 

of its registration determined, then gas was passed through 
it at the rate of about 5 to 6 feet an hour for extended periods 

of time. At intervals of about one day, the meter was recali- 

brated. This process was continued for a number of days. 

The result of this investigation is shown in Table 2 and Plate 
2. The gas which pasesd this meter was rather dry, its humid- 
ity being about 25 per cent. and it can be seen that this fact 

produces a considerable change in the registration of the 
meter. A wet test meter used for calorimeter operation should 

be checked frequently, as often as two or three times a week 

in commercial practice and for scientific determinations should 
be tested before and after each series. 

Adjustment of Water Level. 

Every company owning a gas calorimeter which requires
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the use of a meter, is not in possession of a calibration bottle 
for the purpose of standardizing the meter. In view of this 
fact it seemed desirable to make some investigation of the 
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accuracy with which a person could adjust the water level in 

a meter to a mark which had been set by means of a calibra- 

tion bottle. The same meter was used in this as in the pre- 
. . P 

vious tests. First, the meter was set to register correctly by
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calibrating it against a one-half cubic foot bottle, then a piece 
of gummed paper was pasted around the gauge glass on the 
meter so that the bottom of the meniscus in the gauge glass 
was on a level with the upper edge of the strip of gummed 
paper. Then an unknown quantity of water was withdrawn 
from the meter and to this quantity another unknown quan- 
tity of water was added. This water was poured back into 
the meter until the meniscus in the gauge glass had, in the 
estimation of the observer, returned to the point where it had 
been set according to the calibration with the half cubic foot 
bottle. Upon adjusting the water level in this manner the 
meter was calibrated in the above mentioned manner. This 
process was repeated several times and upon several occasions. 
The results of these tests are shown in Table No. 3. It appears 
from these results that if the observer has a mark on the. 
gauge glass or near it so that he can sight across two points 
and so adjust the meniscus without any danger of parallax, 
it is possible to adjust the meter so that the accuracy of its 
registration is well within the limits demanded by commercial 
practice. This method is not to be recommended, however, 
for scientific investigations. 

The committee has been informed that Mr. Walter H. Hin- 

man, of the American Meter Company, had devised a sight 

which is to be attached to the body of the meter and which is 
to surround the gauge glass so that the operator upon glanc- 

ing across the sight posts could observe very closely when the 

meniscus was at the proper point. If all existing meters 

could be supplied with a simple sight that could be attached to 

the stuffing box of the gauge glass, it would provide an effec- 

tive means of fixing the water level in the calorimeter to the 
proper point. Perhaps a pin point gauge, such as is fge- 

quently used in hydraulic measurements, may be equally as 

effective as the sight post method of adjusting the water level. 

From the work which has been done thus far on calori- 
meters, it would appear that any scheme that would avoid the 

use of a metering device would be an improvement, inas-
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much, as it removes one serious element from the number 
which may effect the accuracy of the determination of the 
heating value. 

TABLE 1. 

TABLE SHOWING VARIATION OF REGISTRATION OF METER 
WITH VARYING AMOUNTS OF WATER, 

Temp. Value of 
water standard Reading Water Percent error 
OF in in cubic of meter added ——- 

Test meter feet cubic feet — cc. Fast Slow Remarks 

I 84.2 9.4993. 9.4907 1.76 Initial con- 
dition 

2 84.0 “ 0.4944 30 0.98 
3 83.8 “ 0.4958 30 0.70 
4 — 83.5 “ 0.4965 30 0.56 
5 83.5 “ 0.4984 30 0.18 

6 83.0 “s 0.5000 30 0.14 

7 83.1 “ 0.5010 30 0.34 
8 83.2 “s 0.5032 30 0.78 

9 83.3 “ 0.5047 30 1,08 

10 83.7 “ 0.5090 3c 1.94 Final con- 

dition 

TABLE 2. 
EFFECT OF CONTINUOUS USE ON REGISTRATION OF METER. 

Per cent. 
error— Total Temperature 

Calibra- = slow Cu. ft. gas of water 
Value of tion of corrected = gas for metered in meter 

Period standard meter to 81° F. period cu, ft. FO, 

o © 4993 0 4980 0.26 start 81.0 

I 0.4993 0.4934 0.37 68.7070 68,7070 78.3 

2 0.4993 0.4945 0.78 44.8795 113.5865 80.4 

3 0.4993 0.4850 1.15 133.1190 246.7055 75-3 

4 0.4993 0.4920 1.28 117.3937 364.0992 80.4 

5 0.4993 0.4924 1.68 118.1828 482.2820 82.0 

TABLE 3. 

CALIBRATION DATA ON SETTING GAS METER BY GAUGE 

GLass LEVEL. 
Temp. water Calibration Calibration Per cent. error 

in meter after corrected to —_--_—_——ernrr 
. Trial OF, setting 72.2° F, Fast Slow 

1 72.2 0.4980 0.4980 — 0.32 

2 72.2 0.4996 0.4996 0.06 — 

3 72.2 0.4993 0.4493 -O.K. O. K. 

4 84.2 0.5106 0.4993 O. K. O. K. 

5 84.2 0.5100 0.4987 — 0.12 

6 84.2 0.5092 0.4979 — 0.28
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Some Present Pickling Methods. 
By Oliver W. Storey. 

In the hot working of iron, steel and cast iron, the unavoid- 

able formation of a scale makes the subsequent operation of 
pickling necessary, especially in the various galvanizing, plating 

and enameling processes. This scale consists essentially of the 

magnetic oxide of iron, which is resistant to corrosive action. 

Ordinary mill scale, as found on hot-worked materials, is 
‘present in various thicknesses. On black sheets it is present 

as a thin coating, while on heavy rolled shapes it is much 
thicker, often being over 1/32” in thickness. The coating es- 
pecially when heavy is usually porous and brittle, while more 

flexible and continuous when thin. 
The resistance of a certain quality of iron oxide to corrosive 

action is the basis of the protective coatings of the Bauer- 

Barff and Wells processes. By these methods a thin continuous 

coating of the magnetic oxide is produced on the surface of 

the iron and the article is rendered immune to corrosion as long 
as the continuity of the coating is not broken. Since the mag- 
netic oxide is electronegative to iron by nearly two volts, the 
damaging of the surface will start a rapid electrochemical cor- 

rosion of the iron base. 
For ease in removing scale by pickling a continuous coating 

of the magnetic oxide is undesirable since it is insoluble in the 

- pickling acid and prevents the action on the underlying iron. 
It is well known that the principal function of the pickling | 

acid is not dissolving the scale but the dissolving of the under- 
lying iron sufficiently to loosen the scale. Scale formed under 
ordinary hot working conditions is porous and is usually easily 
removed. 

If all the scale found on iron and steel were pure magnetic 
oxide, the problem of pickling would not be as troublesome as 
it is at present. Not only does the thickness of the scale vary, 

but its composition varies owing to impurities. Ordinary black 

sheets do not always present a smooth surface but often are 
very tough. It will be found that cinder, slag and scale con- 
tained in these rough places cause trouble in pickling. Since 
a much longer time is required to remove the scale from these 
rough spots the rest of the surface will be overpickled and the 
cleaned iron will present an uneven surface. Similar troubles 
are found in the pickling of iron pipe. Forged material is es- 
pecially difficult to pickle owing to the cinder and scale that 
is driven into the iron.



Acids Used for Pickling. 

The acids usually used for pickling are sulphuric, hydro- 
chloric and hydrofluoric. The last is frequently used on cast- 
ings to dissolve any adhering sand that may be in a position 
where it cannot be easily removed by tumbling or sand blasting. 

Sulphuric acid is the one almost universally used for pickling 
purposes. This is owing to its cheapness and ease of trans- 
portation in large quantities by tank cars. Sixty deg. and 66 
deg. Be. acid is worth from 80c. to 9goc. a hundred f.o.b. 
plant in most industrial districts, this price holding for a brim- 
stone acid containing a minimum of arsenic. The sulphuric 

acid must have high purity since certain impurities will cut 
down the pickling power. Arsenic especially is most undesir- 

able as an exceedingly small quantity is harmful. 

Prof. C. F. Burgess was among the first to show the quan- 
titative relation between the arsenic content of sulphuric acid to 

its pickling power and to give an explanation of this phenom- 

enon.” It had been known in general for over sixty years that 
the presence of arsenic in sulphuric acid was detrimental when 

used for pickling purposes, but no definite work had been done 
or had any explanation been offered. 

Dr. O. P. Watts has elaborated on this work and the influ- 

ence of various materials on the rate of corrosion of iron has 

been investigated in the Chemical Engineering Laboratories of 

the University of Wisconsin and some interesting results ob- 

tained.? These results show that arsenic is an effective retarder 
of corrosion and the same is true of tin. Lead, which is soluble 

to a slight extent in sulphuric acid, is also a retardent. While 
certain materials are more or less effective in retarding cor- 

rosion, others may cause accelerated action. 

It would appear that a mixture of acids, such as sulphuric 
and hydrochloric, ought to cause an accelerated rate of corro- 

sion, but the results show a high rate of retardation. 

These experiments indicate that the acids used for pickling 
- purposes must be free from those materials that retard corro- 

sion to be able to secure a maximum pickling efficiency. A 
small amount of these retarding materials present in the acid 
will often cut the capacity of the pickling plant in two and per- 

haps double the acid cost. A study of the action of sulphites 
and of selenium on the corrosion rate would be of importance, 
since these are also usually present in varying quantities in 

commercial acid. In fact, the whole question of the influence of | 
impurities as to their influence on efficiency of pickling is 
worthy of further investigation. 

Where large quantities of the acid are used it is bought in car- 
load lots and stored in large iron containers. If the acid has 

to be transported and stored in glass carboys it adds mate- 

rially to the cost, owing to the large amount of handling during . 
transportation, higher freight charges owing to freight classi- 

Tr. A. E. S. 8, 165, (1905). . . 
20. P. Watts, Tr. A. E. S. 21, 337, (1912). .



fication, breakage of carboys and the danger in handling glass 
containers of acid. 

The layout of a pickling plant depends on several factors, 
these being principally the character of the material to be 
pickled, capacity required, and the relation of the pickling 
process to the rest of the plant. 

The character of material is of utmost importance as the 
various grades of iron, steel, and cast iron corrode at widely 
varying rates, the rate depending upon the kind of acid and the 
purity of the iron.’ In general, the lower the carbon content 
of the iron the lower the corrosion rate in materials subjected 
to the same heat treatment. 

Pickling of Black Steel Sheets. 
Probably the two materials that are most frequently pickled 

are black steel sheets and wroughtiron and steel pipe, including 
both water pipe and conduit. Steel sheets are usually covered 

with a thin scale that can be easily removed, while the scale 
usually found on pipe is more difficult to remove owing to its 

weight. The methods used for pickling these materials will be 
taken up in detail. 

To operate a pickling plant successfully requires a large sup- 

ply of hot and cold water. A large amount of water is needed 
for washing after pickling to remove all traces of acids and 

metallic salts. , 

The pickling of black sheets is usually done with the so-called 
pickling machines. Such machines are now on the market 

capable of handling the material rapidly and economically, a 
typical one in general use being the Mesta pickling machine 
It consists essentially of a vertical plunger working in a cylin- 

der, with three arms 120 deg. apart at the top of the plunger 

which ts worked by steam or compressed air. Two vats are 
required with this type of machine; one acid and the other 
water. While one crate of sheets on the first arm is pickling 
in the first vat, the second crate on the second arm is being 

washed in water, while the third is being unloaded or re- 

loaded. If a third vat is necessary the machine can be built 
with four arms. 

The vats are constructed to the dimensions required by the 
material to be pickled. The crates are often made of wood but 

more often.of some acid-resisting alloy. Where wood is em- 

ployed nails or bolts of copper are necessary. The sheets are 
rested on edge in this crate, which is usually large enough to 

hold from 1500 to 2000 Ib. of the material. 

When sulphuric acid is used the strength of the solution 
usually varies from 3 to 8 per cent, and it is usually kept as 

near boiling as possible by injecting live steam into the vat. 
The high temperature has a remarkable effect on the rapidity 
and efficiency of the action. The sheets are forced apart to 

secure complete pickling by violently agitating the acid solu- 
tion. With suitable agitation and separation of the sheets, this 

8 
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process may be completed in six to 10 minutes with a 6 per cent 

pickle. When a weak pickle, such as a 3 per cent solution and a 

temperature of about 180 deg. Fahr. is used, the sheets usually 

require about 30 minutes for complete removal of scale. 

After being pickled they are transferred to the washing tank 

where the acid and ferrous salts are removed as completely as 

possible by copious supplies of fresh water. If the wash water 

is hot the sheets will dry quickly when brought into the air 

with the formation of but a negligible quantity of iron oxide. 
If the sheets are not for immediate use and are to be stored or 
shipped they are dipped in a lime or soda solution to kill any 

acid that may be present and prevent the formation of rust. 

This method of pickling will remove all of the scale, but 

owing to the short period in the acid will not remove any cinder 

that may have been rolled into the surface of the sheet. If 

the sheet remains in the acid a greater length of time, the acid 

may attack enough of the iron to precipitate out a black de- 

posit of carbon or some form of combined carbon that may 

cause trouble in later processes. Therefore, the sheets stay 

in the acid the minimum length of time required to remove the 

ordinary mill scale. About 140 Ib. of 66-deg. acid is required 

per ton of sheets, though this of course varies with the thick- 
ness and other characteristics of the material. 

Pickling of Pipe. 

In the pickling of steel and wrought-iron pipe a different 

method is in use. For ordinary galvanizing purposes only the 

exterior of a pipe needs to be entirely free of scale in contrast 

with pipe for conduit purposes, where both interior and ex- 

terior have to be cleaned. . 
Vats are made the requisite length, 4 ft. to 6 ft. wide, and 

from 2 ft. to 3 ft. deep. The acid bath, the strength of which 

varies from 3 to 10 per cent of sulphuric acid, is heated by 

means of injected steam. The pipes are held in two acid-proof 

chains and at short intervals of time they are tumbled over each 
other by working these chains.’ This operation is repeated 
several times during the pickling period. The tumbling of the 

material is necessary for several reasons. It circulates the bath, 

especially in the interior of the pipe and it helps loosen some of 

the tougher scale of the exterior by abrasion and it also 
washes away the detached scale. When the exterior is suffi- 

ciently clear of scale the pipes are washed in water, as with 

sheets, and if they are to be hot galvanized, they are dipped 

into a hydrochloric acid solution. Upon removal the iron 

chloride formed is allowed to dry and acts as a flux in the 
galvanizing bath. 

The pickling of pipe for. conduit purposes presents a differ- 
ent problem. There are two methods in use for giving con- 

duit a protective coating, enameling and galvanizing. Galva- 

nizing may be hot, wet or electro, and dry or sherardizing. 
The same general method of pickling with sulphuric acid is 

used. Conduit pipe is 10 ft. long and must be thoroughly 

5SBuchert, Stahl und Eisen, 32, 1487-9,



cleaned on the interior and exterior. Any scale remaining on 
the inside of conduit pipe will be a sufficient cause for its re- 
jection by the Board of Underwriters, whose requirements are 
rigid. 

Before entering on the description of methods used for 
pickling conduit pipe it will be necessary to describe the scale 
found on the interior and exterior of the pipe. This will 
necessarily require a brief description of the methods of manu- 
facture. . 

Conduit pipe is butt welded. The skelp is heated in a fur- 
nace whose bottom is usually linéd with silica. At the tem- 
perature of the furnace the acid silica and basic iron oxide unite 
to form one of the easily fusible silicates of iron. When the 
skelp is withdrawn from the furnace it is drawn into the form- 
ing die so that the bottom of the skelp will come in the inside 
of the pipe. The silicate slag will therefore be found on the 
interior of the conduit. This silicate then runs to the bottom 
of the conduit and solidifies as a strip of hard glassy slag that 
adheres quite firmly to the iron. It has been suggested that the 
upper part of the skelp be turned in, but owing to the rapidity 
with which the silicate slag ruins the dies this is never prac- 
ticed. This silicate slag is the cause of the trouble that is en- . 

countered in pickling pipe. 

Since the interior of conduit pipe must be free from scale it 
presents difficulties that are not present when ordinary pipe 

is treated. The acid in the interior must be kept in circulation 
so as to have the rate of pickling as fast on the interior as on 

the exterior. Various methods have been tried, of which the 

more successful may be described. 
Pickling on end is a natural method to suggest, the material 

being hung on racks and lowered into the acid vats. The 

hydrogen liberated on the interior of the pipe and rising to the 

surface creates a circulation of the acid bath. This method is 
effectual but it is open to several objections. The hanging of 
the material on the racks requires an extra operation and the 
same is true in taking the material down. The racks occupy 
a large space for a given number of pipe and the space re- — 

quired for the pickling plant is large. Large hoists are re- 

quired for the lifting of material over a distance of at least 
. 11 ft. Should the drainage sewers be down at the ordinary dis- 

tance of about 6 ft. and it is required that the waste liquor run 

into them, it will be seen that the tanks will have to be ele- 
vated some distance to procure proper drainage. If any break ~ 

should occur in the hoisting apparatus, a fall of 11 ft. to 12 it. 
of the heavily loaded racks would probably be fatal to the 
pickling tank. The tanks would not be adapted for the pickling 

of other classes of materials. 
The other methods of pickling consist of treating the conduit 

in a horizontal position instead of vertical. In this way the 

layout of the plant will be simpler since the tanks will be from 
2 ft. to 3 ft. deep, 4 ft. wide and 11 ft. long. The material is 
laid in a cradle arrangement, the couplings on the one end of 

the pipe causing them to be completely separated and allowing oo



the entire surface to be subject to the acid attack. This method 
allows of large quantities of pipe to be pickled in one vat. The 
methods used for getting a good circulation of acid in horizon- 

tal tanks differ. . 

The intermittent method is one in which the circulation is 

secured in the following manner: At certain intervals of about 
every fifteen or twenty minutes the racks or cradles of pipe 

are lifted from the tanks so that the pipes are at an angle with 

the horizontal, allowing them to drain easily. By plunging the 
rack up and down in the acid several times the loose scale and 

dirt are removed from the interior and the pickling is again 

allowed to proceed. This method is especially satisfactory 
where a weak pickle is used. 

Another method of securing circulation is to have the pipe lay 

in a rocking cradle working in the acid. This secures excel- 
lent circulation, but it is open to the objection that it requires 

machinery to be present in a pickle room and in the bath where 

deterioration is rapid. By introducing paddle wheels, propel- 
lers and plungers, into the vats, circulation has been secured, 

but none of the methods given seem to give entire satisfaction. 
In the treatment of conduit, the time of. pickling is judged 

by the interior appearance. The exterior may become free from 

scale in a short time, but the interior may still contain a large 

amount. The conduit must remain in the pickle until all of this 
scale is removed or until the iron surface or screw threads be- 
come visibly corroded. When this happens the pipe must be 
removed from the pickle to avoid being scrapped and the re- 

' maining scale must be sand blasted or otherwise removed from 

the interior. 

Where the pipe contains the hard ridge of iron silicate, ‘ordi- 

nary pickling and sand blasting will not entirely remove it, and 
the remainder is generally left in the interior of the pipe. Such 
a rigid scale is detrimental since it makes fishing difficult and 

is liable to cut the insulation of the fished wire. 
If the pipe is to be used for cold galvanizing purposes it is 

washed with cold water after removing from the pickle, It 

may be dipped in cold dilute hydrochloric acid and then taken 
directly to the plating tank to prevent any oxide from being 
formed. If the pipe is to be sherardized, it is dipped into hot 

water to remove the acid and iron salts, then into a lime water 
and finally into a hot-water bath. Upon removing from the 
hot water the pipe dries quickly and a minimum of iron oxide 

is formed. This small amount of oxide is not detrimental, but, 
in fact, appears to give a brighter coating. If the pipe is to 

be enameled it is treated in the same manner as is the sherard- 

ized material. 

Strength and Temperature of Pickle and Other Details. 
The strength of the pickle varies a great deal, running from 

3 to 8 per cent sulphuric acid. These various strengths have 
their advantages and disadvantages. When a 3 per cent solu- 

tion is used a larger plant is required. This is offset by the 

various other advantages gained. When a 3 per cent solution,



at a temperature of about 170 deg. Fahr., is used the rate of 
pickling is slow, requiring from three to twenty-four hours to 
pickle ordinary pipe. With this slow rate pipe will not be easily 
over-pickled if it should be accidentally left in the pickle too 
long. The slow rate of hydrogen liberation lessens the amount 
of finely divided acid thrown into the air and makes it easier 
upon the workmen and also upon the buildings and machinery. 
It is also possible to “kill” a low percentage bath until almost 
free from acid and this prevents any acid being run into the 
drains. With high-percentage acid baths it is customary to 
“kill” a bath to a certain percentage and then run it off as 
waste. The high-percentage bath is also harder upon the 
workingmen. With a low-percentage pickle the amount of acid 
used per ton of pipe is much less than with a high-percentage 
pickle, usually running below 80 lb. per ton. 

The temperature of the pickle is also very important, since 
the higher the temperature of the bath the faster the pickling. 
For most purposes it is best to have a boiling bath because it 
not alone produces a bigger tonnage, but it also removes all 
grease from the article to be pickled. With a boiling pickle, 
however, large volumes of acidulated steam are given off, with 
attendant corrosion of machinery, buildings, and the bad effect 

~ upon workmen. . 
The pickle is run until the action becomes too slow, when 

more acid is added. When a solution becomes concentrated 
with ferrous sulphate, the pickle is “killed” and then is gen- 
erally run off as waste. The concentration in ferrous sulphate 
when “killed” varies a great deal, standing from 12 to 25 per 
cent, depending upon the practice at the plant. 

Few plants attempt to utilize the ferrous salts and sulphuric 
acid in the waste pickle, since no satisfactory method has been . 

offered. Its utilization has been made subject of a large num- 
ber of patents. One of the most recent is that of F. F. Farn- 
ham, who electrolyzes the solution and obtains iron and sul- 

phuric acid. Where utilization is practiced a common method 
is to neutralize the free acid by means of iron scrap, evaporat- 

ing and crystallizing the iron salts, producing the copperas of 

commerce. This copperas has various uses, such as the making 
of various shades of red pigments, Indian red and Venetian 
red. Recent advocacy by agricultural experiment stations of 
this material as a weed killer has increased the outlet for it, 
but with all of the uses proposed, a general recovery from all 

spent liquors would undoubtedly flood the market. 
In galvanizing and sherardizing plants, where the zinc some- 

times has to be stripped from the iron, owing to defects and 
other causes, an old pickle is usually used for stripping the zinc 

and is found to work best. The potential of iron is below that 
of zinc and naturally the iron in the pickle as ferrous sulphate 
has a tendency to plate out and remove the zinc, though little 
acid is present. ; 

Air hoists are generally used in pickling rooms owing to their 

‘F. F. Farnham, Patent No. 1,006,836, Metallurgical and Chemical 
Engineering, Vol. 9, No. 12, p. 670.



simplicity, ease of operation and low cost of upkeep. Though 

compressed air as a source of power is costly, the other ad- 

vantages gained by the use of compressed air counterbalance 

this factor. 

Large and non-corrosive drains should be provided to take 

care of large amounts of water and killed acid. The best 
floors for pickling rooms are made of the iron scale that is 
deposited in the bottom of pickling tanks. This material is 

porous, is not attacked by acids, cheap and easily laid. Cement 

and concrete will quickly disintegrate and are therefore not 

available. 
Another use found for the scale and sludge deposited in the 

bottom of the pickling vats is for the stopping of leaks in these 

vats. 

By merely plastering this sludge into the leaky part the leak 
may be easily and effectually stopped. 

This paper does not attempt to give all methods in use, but 
rather to describe what may be considered as general practice 
in pipe and sheet pickling at the present date. Pickling is a 

branch in the metallurgy of iron and steel that is open to a 

large amount of improvement. Mechanical treatment and clean- 
ing of the materials has often been tried, but sulphuric acid 

treatment seems most satisfactory. Pickling plants are run 
more or less on hit-and-miss methods and the only improve- 

ments that have been made are in the mechanical end. The 
fault does not lie entirely with the chemical end of the indus- 
try for improvements may be made in the hot working of the 
metal so as to give a product of a kind that can be more easily 

pickled. 
The ideal condition will be where the scale would be entirely 

soluble in some solvent while the iron would be insoluble. 
Since this is probably impossible, it would be well to obtain a 
condition where a minimum of scale is formed and in this way 

requiring but a short acid attack, resulting in minimum corro- 

sion of the iron base. 
Viewing the operation from a_ scientific standpoint the 

pickling process seems to be the application of “main force and 
awkwardness.” The object is to present a clean iron surface, 

and this is done not by dissolving or otherwise eliminating the 

coating, but by dissolving away the iron surface itself. There 
is here an economic loss, not only in the mill scale and of the 

acid, but of the good iron which is taken away. It is difficult 

to predict in what direction the possibility of improvement 
lies; it may be in the discovery of some cheap solvent for the 

scale itself, in some. electrolytic or other method of reducing 
the iron oxide, or perhaps in some mechanical or physical 

method. 
Even though the remedy is not in sight the problem is of 

sufficient magnitude to warrant extended investigation. 

Chemical Engineering Laboratory, 
University of Wisconsin.
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Iron Pipe Used for Electric Conduit 
By Oliver W. Storey 

The manufacture of rigid metallic conduit has become an 

industry of importance to the chemical engineer during the 

past decade. The competition among the manufacturers of 

this class of material has become very keen and has helped to 
develop a variety of methods of treating pipe to make it con- 

form to the requirements of the National Board of Fire Un- 
_ derwriters. As the competition increased, the quality of the 

finished product increased and now the conduit is of a very 
high grade. 
An electric conduit system may be defined as “a raceway in a 

building to provide for the ready introduction and removal of 
electric wires and to provide efficient mechanical protection to 
them.” . 

This definition requires the following necessary features for 
such a conduit. It should occupy the least possible space; it 
should be rugged and mechanically strong, yet be easy to work 

and install; it should resist corrosive action and it should effh- 

ciently protect and preserve the insulation of wires contained 
in it; and it must be moderate in cost. 

Materials possessing all of the qualities mentioned are available 

but their cost is prohibitive. Ordinary iron or steel pipe is 
cheap and possesses all of the necessary qualities except re- 
sistance to corrosive action, but by treating it to certain 

processes it becomes available for conduit purposes. It is the 

purpose of this article to describe these various methods of 
treatment and their comparative durability. 

In the past many substances were used for the manufacture 
of conduit such as fibre, paper, rubber and moulded pulp. 
Metal pipe was also lined with paper, wood or compositions 

but these methods have been practically abandoned for the 

present practice. . 

At the present time butt-welded mild steel pipe ro ft. long - 

is used for conduit. This makes a cheap and excellent base 
since it is very rugged and can be easily worked. 

The present manufacture of unlined conduit may be divided 
into two general classes, enameled and galvanized. The enam- 
eling affords protection to the pipe by a corrosion resisting 
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film of enamel while the galvanizing affords protection by . 
galvanic action. 

It is only within the past few years that the sale of galvan- 
ized or so-called “white pipe” in contrast to the black enameled 

' or “black pipe” has reached large proportions with a conse- 
quent decrease of production of the latter. This condition is 

caused primarily by the reduction of price of galvanized con- 

duit with increasing competition and also by the general con- 
servation tendency in the iron and steel trade to secure a 

niaximum of protection even with greatly increased cost. 

In this article the cleaning of the pipe previous to galvan- 
izing or enameling will not be described. The subject of pick- 

ling of conduit pipe is an extensive one and has been discussed 
in another article.” It is assumed that all pipe is clean and in 
a condition to turn out a good grade of conduit. 

Manufacture of Black Enameled or “Black Pipe” 

The manufacture of “black pipe’ appears as a simple propo- 

sition, but the large number of difficulties that appear in carry- 

ing out the process of enameling requires a great deal of tech- 
nical skill to insure success. 

The selection or compounding of a suitable enamel is of pri- - 

mary importance. Such an enamel when baked must conform 

to the specifications of the National Board of Fire Under- 
writers which are as follows: Section 58, Rule L: “The pipe 

from which the conduit is made must be thoroughly cleaned to 

remove all scale and must then be protected against effects of 

oxidation, by baked enamel, zinc, or other approved coating 

which will not soften at ordinary temperatures, and of suffi- 
cient weight and toughness to successively withstand rough 

usage likely to be received during shipment and installation; 

and of sufficient elasticity to prevent flaking when !4-in. con- 
duit is bent in a curve the inner edge of which has a radius of 

3% in. All conduit must have an interior coating of a char- 
acter and appearance which will readily distinguish it from 

ordinary commercial pipe commonly used for other than elec- 

trical purposes.” 

Other large users of conduit issue specifications that are 
usually more rigid. Typical of these are the “Specifications for 
Conduit and Conduit Fittings” issued by the U. S. Navy De- 
partment of May 20, 1912. The sections relating to enameled 

conduit follow: 
a. The enamel shall be of an approved type and be not less 

than 0.005 in. in thickness. 

- b. Not to be affected by moisture or at a temperature of 
100 deg. C. 

c. To be of. sufficient elasticity to prevent flaking and to 

adhere with smooth surface when conduit is bent at normal 
temperatures in a curve, the inner surface of which has a 

~~ iMet. & Chem. Eng., Vol. II, No. 1, p. 45. 
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radius of seven times the normal I. P. S. for Yin. and Io | 
times the normal I. P. S. for all other sizes. 

d. Not to be affected by the following after an immersion 
of 24 hours: . 

1. A 30 per cent solution of sulphuric acid. 
- 2. A 30 per cent solution of nitric acid. 

3. A 30 per cent solution of hydrochloric acid. 
The specifications of the Board of Underwriters will allow 

much cheaper enamels to be used than those of the Navy De- 
partment. The latter’s requirements are very exacting and 
only the best of enamels may be used. 

- The baking enamels used contain linseed oil as a base. The 
other constituents are tars, asphaltums, pitches, and gums, giv- 
ing it its black color. The usual thinner is benzine. The enam- 
els are made in many grades depending upon the amount of 

linseed used. By using a small percentage of linseed oil and 
a large proportion of asphaltums dissolved in benzine a very 
cheap enamel baking at a low temperature may be made, By 

using a high percentage of linseed oil with dissolved gums and 
asphaltum added an excellent one baking at high temperatures 
may be made. The addition of small percentages of other 
materials is practiced to improve certain qualities. 

A method of testing for a good enamel is as follows: 

Remove a strip of enamel from the pipe with a sharp knife. 

This strip should approach rubber in its elasticity and yet 

should be hard enough while on the pipe not to be easily 

scratched by the finger nail. Even after ageing for several 

years in a warm dry atmosphere this test should still apply. 

The general methods used in conduit pipe enameling are alike 
and differ merely in details. The pipe is hung on racks and 

dipped into a tank of enamel, and after withdrawing and 
dripping is run into an oven and baked. 

The clean, dry pipe coming from the pickle room are ready 

for enameling. The couplings on one end found necessary to 
secure complete separation of the pipes in the pickling vat are 

again found necessary to hang them upon the enameling racks. 

The racks are ustially made of cast iron with a double row 

of notches into which the pipe will slip easily but upon which 
the shoulders of the coupling will rest. With small sizes of 

pipe the notches may be deep enough to support two lengths. 
The racks are supported by a monorail system. The capacity 
of each is from 50 to 200 %-in. pipe and requires a different 
rack for each size of pipe. Since a large percentage of con- 

duit is 14 in. the number needed for the other sizes is small 

especially for those above 1 in. 
After the pipes have been hung upon the racks they are dipped 

into the enamel which is usually contained in a riveted iron 
tank about 11 ft. deep, 2 ft. wide and long enough to accom- 

modate the dipping rack. The tanks often contain 1000 gallons 
. Of enamel. With an enamel worth 65 cents per gallon the 
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value of the contents is a considerable sum and precattions 
must be taken to prevent its becoming ignited, to prevent any 

deleterious foreign matter entering it or to prevent adding a 

poorer quality of enamel which necessitates testing of all new 

lots of enamel. 

The danger of fire is increased by heating the enamel by 
steam coils in the bottom of the tank. The heating is neces- 

sary to maintain a constant temperature and to thin the enamel. 

This method is safer, cheaper and gives better results than 

thinning with benzine. If a volatile solvent is added the 
enamel continually changes in consistency with corresponding 

variation in the finished product. Warm enamel also coats the . 
pipe more evenly by eliminating any air bubbles clinging to the 

pipe surface. 

The rack of pipe is lowered into the enamel and allowed to 
remain until it has reached the same temperature. It is then 

hoisted out of the tank and the pipe allowed to drip for about 

a minute after which they are run over dripping pans and al- 

lowed to remain until ready for baking. The excess enamel 

on the dripping pans flows back into the tank. 

With the various grades of enamel this preliminary air ex- 
posture accomplishes different purposes. With a high grade, 

high temperature baking enamel this exposure to the air does 

not cause any hardening of the enamel but merely allows some 
of the excess enamel to drain. With a medium grade, benzine- 

thinned enamel the benzine evaporates, leaving a jelly-like coat- 
ing that hardens in the furnace with medium temperatures. 

With a cheap enamel containing a larger percentage of ben- 

zine, the latter evaporates leaving an enamel that is but slightly 

tacky and which becomes hard with a slight baking. 

After the preliminary air treatment the pipes are run into 
the baking oven. These vary in their construction and in 

capacity which is usually rated in terms of %4-in. pipe. An 
oven having a capacity of 25,000 feet of 14-in. pipe would hold 
about 4000 ft. of 4-in. pipe. 

The design of the baking oven is dependent upon the enamel 
used. In general they are made of firebrick with ample ven- 

tilation for all fumes and gases evolved. 

If a low temperature baking enamel is used steam coils may 
be placed in the bottom of the oven and adequate heat fur- 
nished by these to finish the drying of the enamel. 

Where higher temperatures up to 700 deg. Fahr. are desired 
two general methods are in use, the direct and indirect. 

The direct method is used where natural gas is available or 
other gas can be obtained at Jow cost. The gas is burned 
directly in the baking oven in a kind of hearth or brick that 
are heated to a white heat. The object is secure as complete 
combustion of the gas with as little excess of air as possible. 
The hot gases of combustion circulate among the pipe and bake 
the enamel. With small excess of air there is little danger of 
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igniting the fumes evolved. With incomplete combustion soot 
would be deposited upon the tacky enamel and spoil it. 

With the indirect method of heating the hot gases of com- 

bustion are led through radiators which heat the air to be 
used in baking the enamel. 

The efficiency of the direct method is very high when com- 
pared to the indirect. With the latter there is no danger of 
spoiling the enamel with the products of combustion and there 

is no danger of an explosion should the oven door be acci- 

dentally opened during the “heat.” 

When a medium enamel which hardens slowly in the air is 

used the oven is run at a temperature of 300 deg. to 400 deg. 

Fahr. When the oven is first warmed a small amount of 
enamel may drip from the bottom of the pipe due to the thin- 

ning of the jelly-like film left after the evaporation of the 

solvents, 
With one that must be baked at a temperature of 600 deg. 

Fahr. the operation is not as simple. When the oven warms 

the enamel thins and the excess will drip to the bottom of the 
furnace. This dripping will continue for some time, usually 

until the solvents have evaporated and the linseed oil has be- 

gun to harden. The excess is drained into a well from which 
. it is periodically returned to the tanks, apparently having suf- 

fered no deterioration. 

The securing of a uniform film of enamel over the surface of 
the pipe is a difficult problem. After baking-a rack of %-in. 

pipe, that have received one coat of enamel, the following im- 

perfections will be noted: . 
1. The upper end of the pipe, both interior and exterior, has 

received a thinner and harder coating than the lower end. 

2. The threads at the lower end are filled with enamel. 
3. The surface of the exterior of the pipe that is very close 

to another pipe has a coating thin enough to be transparent, 
while the balance of the pipe has a heavier coating. 

4. The interior surface of a piece of 14-in. pipe has received 
a thin coat while the same surface on a piece of 4-in. pipe is 

as heavily coated as the exterior. 
These are the chief difficulties encountered in enameling con- 

duit. 
The coating at the upper end of the pipe is usually half as 

heavy as that at the lower end. This is caused by the upper 
part of the enameling oven becoming hotter first and the drain- 
ing of the surplus enamel to the bottom of the pipe. The 

enamel flows slowly to the lower end, and, before it can all 

drip, it has begun to harden since the rate of heating is usu- 

ally high. With slower heating this difficulty could be lessened. 
At the upper end of the pipe it is also harder than at the 
lower owing to the thinner film and higher temperature. _ 

These imperfections may be remedied in the second appli- 
cation by upending the conduit on the racks. This is not 
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generally done owing to the extra operation of changing coup- 

lings which would require that the racks be unloaded and re- 

loaded. Some manufacturers depend upon the second coat 

being more uniform than the first and covering any pronounced 

difference in the upper and lower end. 
The unevenness of coating due to the proximity of other 

pipe can obviously only be remedied by cutting down the capac- 

ity of the oven. Since the second coat of enamel covers this 

defect it is usually disregarded. If but one coat of enamel 

were used this defect would have to be remedied. 
The difference of thickness between the interior and exterior 

coat is primarily caused by the lack of circulation in the interior 
of the pipe and consequent slow evaporation of the solvents and 

slow oxidation of the oils, allowing more enamel to drain. The 

enamel film is also very thin at the top when compared to the 

bottom. As the size of the pipe increases these difficulties de- 

crease. 
The two coats of enamel are necessary to give a flexible 

coat of suitable thickness as required by the specifications and 

to overcome some of the defects mentioned. A coat of the 

. requisite thickness could not be applied in one baking for 
the same reason that a thick coat of paint is never used. 

The second coat is applied in the same manner as the first 

and results in a bright smooth surface. This coat is usually 
baked at a slightly higher temperature than the first giving a 

harder surface, yet flexible owing to the softer foundation. A 
third coat is sometimes required but such an additional film is 

of doubtful value as an added protection. 

The conduit is now ready for the market after an inspec- 

tion of the bore to discover obstructions. This inspection is 
. carried out by flashing a light through it. 

The enamel interior provides a smooth raceway for wires. 

Its generally excellent appearance, its cleanliness, smooth in- 
terior and its cheapness makes the black pipe very popular 
among the installers. ; 

The racks used for dipping the pipe soon become covered 
with enamel and unfit for use. This can be easily removed by 

burning in a scrap fire. 
Elbows are enameled by running wires through the bores 

and dipping them as with pipe. 
The enameling plant should be so planned that the process 

may be carried on without interruption during the different 

operations. The layout should allow enough space to provide 

for the hanging of an oven-full of green pipe and enough drip- 
_ ping space to take care of an oven-full of dipped pipe. The 

mechanism should be so arranged as to allow a batch of baked 

pipe to be removed from the oven while a second batch is run 
into it. During the baking of this, the first can be given its 
second dip and allowed to drain. 

Since the quality of the enamel is dependent in a Jarge 
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measure upon the temperature control of the ovens, recording 

gauges should be used to keep an accurate record of the tem- 

perature at various parts. . 

Methods of Manufacture of Galvanized or “White Pipe” 
While the general practice in the manufacture of “black pipe” 

is essentially the same at all plants, the practice in the “white” 
or galvanized pipe industry varies widely. This difference is 

due primarily to the three galvanizing methods used, these be- 
ing hot galvanized, electro-galvanized and sherardized. Ap- 
proved conduit of all these three types are on the market, the 

electro-galvanizing predominating since the one sherardized 

conduit is patented, and there has been but one hot gal- _ 

vanized conduit approved by the underwriters. 
The specifications of the Board of Underwriters have been 

. quoted and are easily complied with. In direct contrast are 

the rigid specifications of the Navy Department which exclude 
hot galvanizing. 

“2, h. All .steel conduits shall have the exterior surface 

galvanized and the interior surface either enameled or galvan- 
‘ized and enameled. All galvanizing shall be done either by 

electro-plating process or dry galvanizing process, and shall 

show no signs of rust when conduit is immersed in warm salt 
water (go deg. C.) for 48 hours. The outer surface of conduit 

shall be free from paraffin or other material which would _ 
tend to prevent the adhesion of paint. Before any tests are 
made, conduit shall be washed thoroughly in carbon tetrachlo- 
ride. ; 

“3, d. 4. When conduit is both enameled and galvanized on 

inside tests under 3, (d) 1, 2, and 3 (acid tests) will not be 
applied.” 

The chief trouble that has been encountered in the manu- 
facture of hot galvanized conduit has been the wiping of the 

a interior of the conduit to secure a thin, flexible, and adherent 

coating. The present hot galvanized conduit on the market has 
a smooth wiped interior and exterior surface while the threads 

are clean, yet well coated and need no recutting. The coating 

is somewhat heavier than is found on electro-galvanized or 
sherardized pipe yet it is flexible and adheres well to the iron 

base. 

This coating contains aluminium in varying amounts, often 

being as high as 10 per cent. The addition of this metal im- 

proves the hot galvanizing bath without materially increasing 

the cost owing to its low specific gravity. The aluminium gives 

the finished conduit a pleasing white appearance. 
The presence of about 4 per cent of aluminium reduces the 

melting point of zinc from 788 deg. Fahr. to 716 deg. Fahr., 
and allows the bath to be run at lower temperature and de- 

' creasing the amount of zinc-iron alloy formed. Since 4 per 
cent is the eutectic percentage any other low percentage of 
aluminium will make the solidification occur over a shorter 
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or longer range of temperature depending upon the composition 
and will, therefore, make it easier to wipe. 

The interior of this hot galvanized conduit is not enameled 
but a peculiar blue black wash is used. It is a thin coating and 

- is merely used as a distinctive finish and helps the fishing 

qualities slightly. 
The one sherardized conduit is made by the sherardizing 

process and has a coating of zinc-iron alloy on the interior, 

exterior, and threads. While it is not as heavy as that ob- 

tained by the hot galvanizing process it is much heavier than 
that obtained with the electro-galvanizing. It adheres firmly 

to the iron base, does not flake and is hard, making it capable 
of withstanding rough usage. 

Analyses of the zinc-iron alloy made at different times will 

show varying amounts of iron present. The iron varies with 
the metallic zinc in the zinc dust, thickness of coat, sher- 

ardizing temperature and length of time in the furnace. The 

amount of iron in the alloy has been subject to a great deal 

of discussion since the different investigators have found 

widely varying percentages. Patrick and Walker’ found 11.70 

per cent, Leighou and Calderwood’ 18.15 per cent, while Cush- 

man* found about 30 per cent. In none of these cases was 

it known under what conditions the alloy was formed. From 

a large number of analyses made by the author it was found 

that the above variables determined the iron content of the 

alloy formed. By controlling these factors any zinc-iron al- 
loy containing from 8 to 30 per cent of iron may be obtained. 

Sherardized conduit receives an exterior and interior coat of 

clear enamel. Previous to this practice a coat of clear enamel 

was put upon the interior only and the exterior was paraffined. 
The clear enamel was used to aid fishing while the paraffin 
was used to lay the objectionable loose zinc dust that remained 

on the pipe. 

Electro-galvanized conduit is made by varying methods. 

Only the exterior is plated since the plating of the interior has 
not been put on a commercial basis. Usually the threads have 
little or no coating on them, the interior of the couplings are 

rusty and elbows are poorly coated. With one exception the 
zinc coating is thin. 

One brand of conduit is made by flashing the cleaned iron 
pipe in a copper bath and plating over this copper with zinc. 

Another manufacturer obtains a smooth velvety adherent 
coating by wire brushing the pipe before coating with zinc. A 

second brushes the conduit after plating and obtains a bright 

finish which is pleasing to the eye and does not discolor easily. 

*J. of J. & E. Ch., Vol. 8, No. 4, p. 239. 
’Reports of Tests on Sherardized and Electro-galvanized Conduits, Car- 

negie Inst. of Tech. 
‘Efficiency of Zinc Coated Conduit Pipes, Inst. of Industrial Research. 

Washington. 
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All “white pipe” is enameled in the interior to help the fish- 
ing and with the cold galvanizing to provide against oxidation 

of the iron. In the Navy Specifications the acid tests do not 

apply to the enamel in the interior for that conduit which has 
a protective zinc coating beneath. This allows a very thin 
enamel to be used by those manufacturers who apply zinc to 
the interior wall while a good grade giving a heavy film must 
be used by others. This somewhat equalizes the costs. 

The coatings used in the interior of conduit cover a wide 
range. The colored wash in the hot galvanized and’ clear 
enamel in the sherardized have been mentioned. Electro-gal- 

vanizers use a black enamel except one who uses a red iron 
oxide enamel paint which is of an excellent quality. 

To enamel or paint the interior of conduit requires a special 

apparatus. A tank similar to the one used for black pipe is 

used. The pipes are let down into this on racks. The enamel 

is stored in a small tank about 10 to 15 ft. above. A circular 

spraying nozzle is let into the top of the pipe. A valve allows 

the enamel to flow and the head of enamel sprays it on the 
interior wall of the conduit. Enough is introduced to thor- 

oughly cover the entire interior surface. The surplus drains 

to the bottom of the tank from where it is pumped back to 
the storage tank to be used again. This method of enameling 
is very effective and one man can work at the rate of 600 

lengths of pipe per hour. The remaining procedure is similar 
to that of the black pipe. 
Enameled or painted “white pipe” is now sold extensively. 

The enameling of this pipe does not present any difficulties 
beyond those found with the black pipe. The applying of a 

paint presents difficulties of a different nature. The pigments 

used settle quickly and some method must be devised to keep 
it evenly distributd throughout the oil. The stirring may be 
accomplished by means of a propeller. Even with stirring the 
conduit will not be evenly coated by the pigments. The more 
practical way of applying the paint would be by means of a 

spray. In this way the pigment would be more evenly dis- 
tributed and not be washed away as it is when the conduit 

is withdrawn from the tank. 
When sherardized pipe was paraffined the following method 

was used. A solution of paraffine of the requisite strength 

was made in warm benzine. This solution was contained in a 
horizontal tank capable of holding 5000 ft. of %4-in. conduit. 
Steam coils kept the solution hot to prevent the paraffine from 

freezing out. About 5000 ft. of 14-in. pipe, after enameling the 
interior, were dipped into this tank in one bundle. Any super- 

fluous dust was washed off and settled to the bottom while a 

thin layer of paraffine remained on the pipe after the benzine 

had evaporated. 
After the conduit has been galvanized and enameled it is 

inspected, labeled, bundled and is ready for shipment. 

it



Black Pipe versus White Pipe 

At present the relative merits of the various brands of “white 

pipe’ are subject to a large amount of controversy. The 
“black pipe” has been almost entirely neglected, it being gen- 

erally taken for granted that it is an inferior conduit. Large 
numbers of tests of galvanized pipe have been made both by 

partial and impartial investigators and the results made by the 

former are contradictory while those made by the latter agree 
fairly* well. 

If the “man on the job” were asked what pipe he would pre- 

fer there would be but one answer which would be “black 
pipe.” He prefers it because of its clean, smooth surface, 

superior appearance, excellent fishing qualities and because it 

“takes” paint. He objects to the rough surface of the electro- 
galvanized because of the “acid” which he says eats into his 

skin. He objects to the hot galvanized pipe because of its 

rough surface and some even complain of the “acid.” The 
sherardized paraffine finished pipe was objectionable because 

of the paraffine finish which became soft in warm weather. 

Without the paraffine the conduit was dusty. 

The stiff competition in conduit manufacture has raised 

the standard to a high plane. Where, about six or seven years 

ago, most any kind of enameled pipe would have been accept- 

able, now this is no longer true and a good quality has to 

be made. By way of confirmation, one only needs to look at 

conduit installations of a few years ago and compare them 
with those of to-day. 

- As stated above the durability of the different kinds of 
“white pipe” has been the subject of much argument. The rela- 
tive merits of black and galvanized pipe are not often men- 

tioned and the writer wishes to emphasize the high merit of 

the former. Each class of pipe is best under certain conditions 

and before an installation is made these should be studied to 

obtain the greatest service per unit of cost. 
Conduit is subject to a wide range of conditions. Outdoors 

it is subject to the action of the weather; it may be buried 

and here a variety of conditions may affect it; ranging from 
a dry to a wet, acid soil; it is subject to temperature ex- 

tremes; it may be buried in cement, cinder, concrete or various 
plasters; it may be exposed to corrosive vapors, coal smoke, 

or gases; it may be attacked by oils, acids or alkalis, and it is 

always subject to mechanical injury in transportation during 
installation and sometimes in service. 

Prof. C. F. Burgess’ has shown that a high grade enameled 

conduit, the surface of which has not been injured, is superior 

to galvanized conduit under a variety of corrosive conditions. 
Those cases coming under the writer’s observation have con- 

firmed this, but only where a good grade of enamel was used. | 

‘Sherardizing Magazine. 
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Any enamel that conforms to the Navy Specifications as given 

above must be resistant to corrosive influences. 

_ But under ordinary conditions of shipment and installation 
the exterior enamel is scratched and scraped, exposing the iron 

‘beneath and subjecting it to corrosion. This condition is neces- 
_ sarily important when comparing with galvanized conduit. 

Under the following conditions enameled pipe is cheaper to 

install and will be fully as satisfactory as the galvanized. In 

room interiors where the conduit is afterward painted, under 

similar outdoor conditions, in walls of buildings including both 

plastered and concrete where moisture is not present; in 

short, any place where dry conditions prevail. and any exposed 

iron is not subject to permanent corrosive conditions. This 
would cover a large percentage of installations. 

By painting the enameled pipe after installation it could be 
made superior to non-enameled galvanized conduit under many 

conditions. Where the latter is installed and is exposed to 

acids and fumes the galvanizing soon is corroded. The re- 

sistance of unscarred enameled pipe to such conditions has 
been pointed out by Prof. C. F. Burgess®’. By giving the 

scarred places a coat of slow air drying enamel after instal- 

' Jation, the conduit could be made comparatively permanent. 

Under exposure to alkalis there would be an advantage to the 
galvanized conduit but under such conditions even the latte: 
shows a high rate of corrosion and brass, lead, or composition 

conduit are necessary. Under conditions where the application 
of this enamel after installation would be impractical or under 

peculiar conditions.of exposure where the enamel would blis- 
ter and peel the galvanized conduit would be better suited. 

The importance of securing as permanent an installation as 

possible in modern buildings even at a much higher cost has 
been recognized by some engineers and architects. These men 
have specified conduit that is both galvanized and enameled, . 

and, so insistent has been this demand, that manufacturers are 
. turning out this class of conduit. 

The importance of such a protecting coat over the galvan- 

izing was first noticed in the testing of the paraffined sher- 
ardized pipe. The paraffine was primarily used for laying the 
dust but at the same time it increased the resistance to corro- 

sion to a remarkable degree. It seems as though this increase 

in the life of the sherardizing would have been the important 
feature but was not recognized as such by the manufacturers. 
Tests*,* on paraffined and non-paraffined conduit showed the 

marked superiority of the former, being fully as durable as 

the enameled conduit. 
The writer believes that any enamel that is used over the 

galvanizing should be equal in quality to that used on “black 

pipe.” A cheap enamel will soon disintegrate and leave the 

galvanizing exposed. And where such a conduit is installed the 

scarring of the enamel during installing will make it little bet- 
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ter than the raw galvanized material. The painting of all 
scars is very important and should be rigidly enforced if the 
maximum of service is to be received. 

The U. S. Government has recognized the value of such a 

double protection, especially on war vessels, and along the 

Panama canal, where galvanized conduit, usually sherardized, 

is painted after installing and is repainted regularly... 

The value of the different galvanized coatings when used 
for conduit protection is a much discussed subject. With the 

constantly improving methods and with the new brands con- 

tinually appearing, no data are ever complete. 

Some of the earliest work was done by Prof. C. F. Burgess® 
at the Chemical Engineering Laboratories of the University of 
Wisconsin and showed the relative merits of hot, cold and dry 

galvanized and enameled conduit. Messrs. Leighou and Calder- 
wood of the Carnegie Technical Schools made some exhaustive 

tests in 1912 of the value of electro-galvanizing and sherardiz- 
ing as a protection for conduit purposes. 

The value of galvanizing is usually determined primarily by 

the amount of zinc per unit of area, The other important 
factors are homogeneity, purity, continuity and tenacity with 

which it clings to the iron. 

The cold galvanized conduit is made by several manufac- 

turers and the product varies. The first of such conduit showed 
up poorly under. actual service conditions as well as in acceler- 
ated tests. This was the result of the light deposit of zinc and 
its uneven distribution. The threads and couplings were usu- 

ally subject to immediate corrosion owing to the absence of 
zinc, The amount of zinc has been materially increased but 

even now the threads and couplings rust quickly. The writer 
has under his direct observation a large amount of cold gal- 
vanized conduit of recent installation and every length is badly 

rusted at the joints. 
The copper flashed conduit employing a thin zinc deposit 

has shown no superiority over the ordinary electro-galvanizing 

under actual service conditions. 
The sherardized conduit has been subject to many tests and 

has shown that when the alloy is formed under proper condt- 

tions it results in a coating that is superior to the electro-gal- 
vanized or hot galvanized material. The present practice of 

sherardizing shows a lack of uniformity of practice and re- 
sults obtained. The theoretical alloy that should be obtained 
is one corresponding to FeZny, containing about 8 per cent of 

iron. Where this alloy has been obtained a coating highly re- 
sistant to corrosive action has resulted. The writer’s experi- 

ence has shown that a low temperature is necessary for the pro- 

duction of such an alloy, probably lower than any temperature 
used in commercial sherardizing plants of today with but. one 
or two exceptions. . 

~ With the increase of iron content of the coating the more 
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quickly will it corrode. With coatings containing from 25 to 30 
per cent of iron the writer has found that the sherardizing af- 

fords little protection since it pits easily. Such a coating is ob- 

tained by using high temperatures and a Jean zinc dust. 
A peculiar property of this alloy is the formation of a blue 

black covering after being exposed to the weather for some 

time. Cushman‘ calls attention to the highly protective powers 
of sherardizing, through its ability to take on this highly re- 
sistant black coating, which he explains as being the formation 

of Fe,O,. from the oxidation of the iron in the alloy. He states 
that this oxide will greatly increase the life of the coating 
owing to its superior weathering qualities. This black appear- 
ance is especially found on exposed paraffined conduit. 

The successful introduction of the hot galvanized conduit is 
of great importance since it is almost impossible to obtain a 
thin coating with this process. This conduit should, if the 
weight of coating and other factors are considered, have a long 
life. Hot galvanized pipe stands high in corrosion tests.® 

What effect the introduction of aluminium will have can only 
be conjectured. 

The importance of the interior galvanizing is often over-esti- 

mated. In most cases few fumes and vapors come in contact 

with the interior and a coat of good enamel should be sufficient 
to protect against all corrosive influences. 

The testing of galvanized conduit is usually done by the 
standard Preece copper sulphate method and the coats are usu- 

ally spoken of as being so many “dips” in thickness. 
The writer has tested the Preece method and has found that 

it is very reliable, cheap, and entirely satisfactory as a quick 
factory method for testing galvanized conduit. The heaviness 

of the coating is a straight line function of the number of dips 
and makes the factory control very simple. 

But results obtained by this method on two different types 

of galvanizing are not comparable. It will be found that sher- 
ardizing of the same weight as electro-galvanizing will give 

twice the number of dips in copper sulphate. 

The writer has often heard the statement that a coating 
standing one dip will be equal to three years of atmospheric 

corrosion. On the strength of the copper sulphate tests re- 

sulting from the above statement, a large amount of conduit 
has been sold. Some manufacturers, quickly realizing that the 
addition of certain materials to the coating would raise the 
Preece test without materially increasing the coat, began this 
practice. As a result of this the test when used by the sales- 
man is practically worthless. 

To arrive at a fair basis, depending upon the actual amount 
of zinc present, a new method has been proposed.” In this 
method the zinc or zinc iron alloy is removed by basic lead 
acetate. This method is very satisfactory where an accurate 
determination is desired and in the comparison of two unlike 
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conduits. For routine factory testing it is not practicable since 

it involves several weighings with the balance. It may be used 
in occasionally checking up the copper sulphate tests. The 

actual amount of zinc present will not be indicative of the serv- , 

iceability of the conduit for this will depend on the process. 
From this description of the making of rigid conduit after 

leaving the tube mill the process is seen to be a product of the 

chemical engineer and electrochemist. Unfortunately they 

have not been instrumental in the early development of the 

processes that have only received their aid during the past 

decade. — . 

How long the galvanized conduit will be supreme is a ques- 
tion of when some other cheap resistant coating may be applied 

to iron or some other resistant metal or alloy may be produced 

cheaply enough to compete with steel. The possibility of using 
a lead coating instead of zinc is an attractive proposition. 

Samples of such conduit have come to the notice of the writer 

from time to time and to all appearances should make an ex- . 
cellent conduit. - 

Chemical Engineering Laboratories, University of Wisconsin. 
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A paper presented in the Symposium on 

Electrodeposition of Metals, at the 

Twenty-Third General Meeting of the 

American Electrochemical Society, at 

Atlantic City, N. J., April 5, 1913, 
President W. Lash Miller in the Chair. 

THE ELECTRODEPOSITION OF COBALT AND NICKEL 

~By Oniver P. Warts. : 

In accordance with a request from the President of the Society, 
this paper was undertaken with the intention of including all 
solutions used for the deposition of cobalt and nickel. Lack of 
time, however, has prevented such a thorough search of the 
periodical literature as could insure this result. Because of the 
difficulty of making intelligible yet brief abstracts of lengthy 
metallurgical processes in which electrolysis is often but a single 
step, the various processes and patents which deal with the 
extraction of these metals from their ores have been omitted. 

ELECTRODEPOSITION OF COBALT. 

Cobalt and nickel present such striking similarities in both 
physical and chemical properties that it is not surprising to find 
similarities in their behavior under electrolysis. In this connec- 
tion Langbein’ says: “For plating with cobalt, the baths given 
under ‘Nickeling’ may be used by substituting for the nickel salt 
a corresponding quantity of cobalt salt.” 

Hollard et Bertiaux? says: “In our numerous analyses we have 
never found any difference in electrolytic properties between 
nickel and cobalt.” Many other writers give similar testimony. 

While there is a general agreement in regard to the similarity 
of conditions and solutions suitable for the electrodeposition of 
cobalt and nickel, there is the widest disagreement concerning 
the relative hardness, color, etc., of these metals, as shown by 
the quotations which follow: 

Brochet® says: “Cobalting has been proposed in place of 
nickeling when a deposit of the greatest hardness is desired.” 

McMillan‘ says: “The deposit of cobalt is similar to that of 
nickel ; it is equally brilliant, but is somewhat harder.” 

1. - For references, see the end of the paper. 
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On the other hand, Langbein says: “Cobalt precipitated from 
its chloride solution does not yield a hard coating.” 

Wait® says: “When deposited by electrolysis under favorable 

conditions, cobalt is somewhat whiter than nickel, but acquires 

a warmer tone after being exposed to the air for some time.” 
. . . “Gaiffe says that, when deposited from a solution of 

the double sulphate of cobalt and ammonium it is ‘superior to 

nickel in hardness, tenacity and beauty of color.’ Wahl remarks: 
‘The electro-deposits of this metal which we have seen equal, if 

they do not surpass, those of nickel in whiteness and brilliancy 
of lustre.’ Electrolytic cobalt’ is somewhat softer than nickel.” 

S. P. Thompson® finds that articles plated with cobalt tarnish 
much less quickly in the atmosphere of London than silver or 

| nickel plate; while Watt® quotes Stolba to the effect that cobalt 
salts treated like nickel “yield metallic deposits of a steel gray 

color, less lustrous than nickel and more liable to tarnish.” In 

the same article Watt says: “I have invariably found that, while 

cobalt admits of being burnished without difficulty with a steel 
burnisher, nickel yields but little to the tool.” 

In the account of the deposition of nickel many authorities 
will be quoted in regard to the extreme difficulty or impossibility 

of obtaining deposits of that metal more than a few hundredths 
of a millimeter in thickness. E. Bouant?® says: “Electrolytic 

deposits of cobalt are easily obtained, even of very great thick- 

ness, so that the electrodeposition of cobalt is as easy as that 

of copper.” 

A partial explanation of the above contradictions is given by 

Watt :® “The whiteness of electro-deposited cobalt depends greatly 

upon the nature of the electrolyte employed. Again, the density. 

of current influences the color of the deposit; the strength of 

the solution also greatly affects the color of the deposit.” It is 

evident that not only is the color of the deposit influenced by 
these and other factors, such as temperature, acidity, alkalinity, 

etc., but also that the hardness, brittleness and other physical 

properties of both cobalt and nickel are dependent upon the 

conditions above mentioned.
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ELECTROPLATING WITH COBALT. 

: Concerning cobalt plating solutions, Watt says:’ “Nearly all 

those who have devised formule for cobalt baths for electro- 

deposition prefer to employ solutions which are either neutral 
- or more or less alkaline, but, so far as I am aware, in no case acid. 

_, have found that certain solutions were greatly improved 

when put in a faintly acid condition. . . . In working solu- 

tions which are more or less acid some little care is necessary to 

prevent the film from stripping or peeling off the receiving 

surface.” 

For ease of comparison the original composition of the baths 
which follow has been re-calculated to the basis of grams of 

solid taken per liter of water, where they were not already 

expressed in this way. Current densities are given in amperes 

per square decimeter, and temperatures on the centigrade scale. 

1. Becquerel’s solution: 37.5 grams of cobalt chloride, neu- 

tralized by ammonia or potassium hydroxide, gives a brilliant, 

white, hard and brittle deposit. A very weak current must be 
used. 

2. G. W. Beardslee’s solution’? consists of 30 to 45 grams 
of cobalt chloride per liter of water, made very faintly alkaline 
with ammonia. He claims that this bath gives a thick deposit 

which is very white, exceedingly hard, tenaciously adherent and 
- not liable to tarnish. “TI do not, however, limit myself to the 

precise method or agents above described, but employ any others 
which will produce similar results in substantially the same 
manner. What I claim and desire to secure by letters patent is: 
Electroplating with the metal cobalt so as to form a useful 
coating of this metal that is tenacious, compact, adherent, and 
flexible, and of sufficient thickness to protect the surface upon 
which it is deposited.” Although plating with cobalt had been 
known for thirty years, the United States Government at this 
late date seems to have turned the practice over exclusively to 
Mr. Beardslee. 

3. Boettger’s solution’ consists of 400 g. cobalt chloride, 
200 g. ammonium chloride, 200 g. ammonia. It is claimed to 
give a brilliant deposit. 

4. Watt™ (page 519) recommends 37-5 grams of cobalt chlo-
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ride, without any additions, as giving good deposits at low current 

density, but states that heavy deposits become dull. . 

5. Another solution by Watt't (page 519) consists of 37.5 
grams cobalt chloride and 22.5 grams of ammonium chloride 

per liter. This gives a very white and very bright deposit, but 
requires a smaller current than No. 4. 

6. The substitution of an equal weight of sodium chloride 
for the ammonium chloride causes the deposit to continue bright 
longer than in bath No. 5. 

7. KE. D. Nagel" patents the following for plating with cobalt, 
nickel, or both metals in combination: 

“Four hundred parts by weight of pure sulphate of the pro- 

toxide of nickel (or cobalt) is combined with 200 parts by weight 
of pure ammonia to form a double salt, which I dissolve in 6,000 

parts of distilled water, and add 120 parts ammoniacal solution 
of specific gravity 0.909. A platinum anode is used, and the 

solution is heated to 38° C.” 

8. Watt!? (page 354) gives 30 to 45 g. of the double sulphate 

of cobalt and ammonium, made alkaline by ammonia, and states 

that the solution gives a fine white deposit. 
Isaac Adams** says: ‘I have found that a solution made and 

used in the manner described in the books will not produce such 

a continuous and uniform deposit of cobalt as is necessary for 
the successful and practical electroplating of metals with cobalt. 
. . . I have found, further, that the simple salts of cobalt, 

such as are recommended by Becquerel and others, are not such 
- salts as can be used in practical electroplating with cobalt. I 

have found out, also, that the simple salts of cobalt, when asso- 

ciated with another electrolyte—such as the chloride of am- 

monium, or the sulphate of ammonia, or the chloride of mag- 
nesium, or the sulphate of rnagnesia—can be used so as to produce 
good results in practical cobalt-plating. 

“T have found, further, that, in order to produce the best 

results, the cobalt solutions should, in use, be neutral, and 

(except in covering poorly conducting surfaces) in no case acid. 

I find, further, that when solutions of cobalt are used—such as 

are mentioned in Smee—and contain an excess of ammonia, they 

become changed, by contact with the air, into such salts of cobalt 

as are not suitable for practical electroplating with cobalt. I
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have found, further, that the electrodeposition of cobalt does 

not necessarily take place in solutions in which exist salts. of 

alkalies—such as the nitrates of soda or potash, or free nitric 
acid.” 

Adams’ solutions :™ 

9g. 22.5 g cobalt chloride. 
15 g. ammonium chloride. 

10. 22.5 g. cobalt chloride. 
15 g. magnesium chloride. 

11. The sulphates of cobalt and ammonia. 

12. The sulphates of cobalt and magnesia. 

13. Watt"? (page 354) gives 30 to 45 g. of cobalt ammonium 

sulphate, made alkaline by ammonia, and states that this gives 
a fine white deposit. 

14. Watt"? (page 518) also gives 37.5 cobalt sulphate per 
liter, and specifies a current density of 0.2 to 0.4 ampere per 
square decimeter. 

_ 15. Brochet® recommends 100 grams of the double sulphate 

of cobalt and ammonium, making 21 grams of cobalt per liter. © 
Specific gravity 1.057. Specific resistance 22.1 ohms. — 

S. P. Thompson’s’® solutions : 

16. 60 g. cobalt sulphate. 

30 g. magnesium sulphate. 

60 g. or less ammonium sulphate. | 

17. 100 g. double sulphate of cobalt and ammonium. 
50 g. magnesium sulphate. 
6.2 g. citric acid. 
12.5 g. ammonium carbonate. 

These solutions are claimed to give “deposits of greater tenacity, 
density, and brilliance of tint, than have heretofore been obtain- 
able with certainty.” . . . “The solution for the deposition 
of cobalt may consist of the sulphate or chloride of cobalt, or 
of the double sulphate or chloride of cobalt and ammonium, to 

which has also been added the sulphate or chloride of mag- 
nesium, or other suitable soluble salt of magnesium, or a mixed 

soluble salt of magnesium and ammonium may be added to the 
solution of cobalt salts. Citrate of magnesium is a useful salt.
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. . . Citrate of ammonium, or simply citric acid, may be _ 

added to the solution.” 

18. Maigne and Mathey** give: 

28.6 g. cobalt chloride. 

14.3 g. potassium cyanide. 

143 g. sodium thiosulphate (hyposulphite). 

The ‘first two are dissolved separately, the solutions are mixed, 
the cobalt cyanide is washed, collected and dissolved in a solution 

of the thiosulphate in one liter of water. 

19. The same authors (p. 334): 

| 20 g. cobalt chloride. 
10 g. potassium sulphocyanide. 

20. Kayser’s’ solution : 

67 grams cobalt sulphate. 
67 grams ammonium sulphate. 
33 grams boric acid per liter. 

21. Langbein’s® solutions consist of: 

40 grams of the double sulphate of cobalt and am- 

monium. 

20 grams boric acid. 

At an E.M.F. of 2.5 to 2.75 volts, and a current density of 0.4 

ampere per square decimeter, this bath is claimed to give a hard 
. deposit suitable for electrotypes. 

22. The solutions of Joseph Vandermersch'’® for the deposi- 
tion of cobalt, nickel, copper, brass, manganese, cadmium, zinc 

and other metals are claimed to give deposits of any thickness 
and any weight. He says: “Heretofore in depositing nickel on 
iron and copper it has been possible to get only thin coatings 

(0.01 to 0.02 mm.). JI obtain thick deposits by adding to a solu- 
tion of nickel (or cobalt, etc.) sulphate as a base, one or several 

acids—benzoic, salicylic, boric, gallic, pyrogallic, and others of - 

similar qualities—which gives a perfectly pure and white nickel 

deposit, but still in thin films only. 
Therefore I add to the above bath 10 drops per liter, more of 

less, of sulphuric acid, and get deposits of any thickness and
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of any weight. I may also add sulphurous, perchloric, chloric, 

formic, lactic, acetic, or other acid instead of sulphuric and get 
a similar effect. But sulphuric acid is best. 

The same results are obtained with cobalt. 
The process applies not only to nickel sulphate, but also to 

nickel chloride, nickel nitrate and all other nickel salts. 

' Instead of benzoic acid, etc., any compounds of these acids 

may be used, ¢. g., calcium benzoate, etc, The chlorides, bro- 

mides, iodides, or other compounds of these acids may be used 
instead. 

In the second operation, the sulphuric, sulphurous, or other 

acid may be replaced by compounds of salts of these acids, e. g., 
sulphates. ‘The sulphuric, lactic and other acids may be replaced 

by any other acid, provided they contain oxygen, and not only 
acids may be used for this purpose, but also all bodies capable of 

being added to the bath, provided they contain oxygen, such as 
alcohols, ethers, aldehydes, gums, sugars, creosote, glycose, 
glycerine, etc. 

The second operation may take place before the first, the same 
result being obtained. 

Acids capable of furnishing in a single operation the deposit of 

required thickness may, if desired, be employed, e. g., phosphoric, 

permanganic, manganic, or other acids which are highly oxy- 

genated, and which, when added to the nickel salts of any kind, 
give an unlimited deposit; but this result is far from equaling 
that of benzoic, aromatic and oxygenated compounds, super- 

oxygenated by another body as above described. . . . It is 

however in all cases required as a total result that the bath be 

so constituted that it forms an ether, an alcohol, or an oxygenated 

acid, or an oxygenated compound in such a manner that hydrogen 

produced in consequence of decomposition of water by the electric 

current, is absorbed by the composition of the bath.” 

23. M. Kugel’® deposits “tough, rollable, cobalt or nickel of . 

any desired thickness by adding to any desired nickel-salt (or 

| cobalt) solution, a strong mineral acid which is not changed in 

its chemical composition by the current. The most suitable 

acids are perchloric, perbromic and sulphuric. The acid con- 

centration ranges from 2 to 20 percent normal or I to IO grams 

per liter. The temperature must be kept above 30°C., and



106 . OLIVER P. WATTS. 

current densities of 10 to 20 amperes per square decimeter may 
be used without harm to the deposit,—‘‘a correspondingly lively 

movement of the electrolyte, in order to mix well, being of 
course necessary.” 

24. Alexander Classen”® deposits more rapidly and compactly 

than has heretofore been possible, the metals cobalt, nickel, cop-. 

per, iron, zinc, cadmium, bismuth, lead, tin, and antimony, by 

converting solutions of the chlorides or sulphates, by means of 
a solution of neutral potassium oxalate, into soluble potassium 

double salts. A suitable bath for cobalt consists of: 

50 grams cobalt sulphate. 

80 grams ammonium oxalate. 

20 grams potassium oxalate. 

I liter water. | 

The baths are used hot. 
25. E. Placet and J. Bonnet* claim the employment of poly- 

atomic acid salts, alone or mixed with neutral salts, to obtain 

deposits of cobalt, nickel, chromium, aluminum, copper, iron, 

tungsten, molybdenum, antimony, tin, silver, etc., and the alloys 

of these metals electrolytically.. They specify particularly the 
use of the bisulphates, biphosphates and biacetates” (?), and give 
‘the following bath for the deposition of chromium: 

100 to 150 g. chrome alum. 
100 to 150 g. acid sulphate of potassium, sodium, or 

ammonium, per liter of water. 

It is evident at a glance that several of the metals listed cannot 

be deposited from these baths, and there is, from the chemical 

standpoint, no reason why the use of an acid salt should prove 

any more beneficial than equivalent amounts of the free acid 
and normal salt. The substitution of acid salts for free acid 

is claimed as the particular merit of the invention. . 

Watt®? experimented with many different solutions for the 
deposition of cobalt. Those which he considered best were pub- 
lished in his book, and have already been mentioned in this 

paper. The others follow: 
26. Cobalt acetate faintly acid gives a deposit which, at the 

end of an hour, is very bright, and pure white.
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27. Cobalt and ammonium acetates gives a dull, brownish 
deposit. 

28. The same as No. 27, made slightly alkaline, gives the 

same result as No. 27. 

29. The same as No. 27, strongly acidified by acetic acid, 
gives a brilliant white deposit for two hours. 

30. Cobalt citrate, acidified, gives a bright, but slightly yellow- 
ish deposit, and good anode corrosion. 

31. Cobalt and ammonium citrates, neutral, gives a dull and 
. dark deposit. 

32. The same as No. 31, but acidified, gives a bright deposit. 

After 12 hours deposition the deposit is dark gray and nodular. 
The single citrate is better. 

33. Cobalt borate, neutral, gives a bright and very white 
deposit, which finally loses its lustre and becomes dull. Gas is 
evolved at the cathode. 

34. Cobalt tartrate, neutral, gives a deposit which turns black 

at the end of Io minutes. . 
35. Cobalt tartrate, acidified, gives a bright and white de- 

_ posit, and good anode corrosion. 

36. Cobalt and potassium tartrates made by dissolving cobalt 

carbonate in a hot solution of cream of tartar, gives a white de- 

posit, streaky on the front, but good on the back of the cathode. 

The result was the same in three different trials. 

37. Cobalt phosphate gives only hydrogen at low current 

density. At higher currents a good deposit is obtained and much 
_ hydrogen is evolved. | . 

38. Cobalt carbonate dissolved in a solution of ammonium 

carbonate gives at first a brilliant white deposit, becoming dull 
in 10 minutes. There is a vigorous evolution of hydrogen. 

39. Cobalt salicylate gives a dark, but polished deposit. 
40. Cobalt nitrate, a weak solution, gives on brass a mala- 

chite-green deposit of great beauty, which falls from the plate 

in transparent flakes. 
41. Cobalt and ammonium nitrates gave a thick green deposit __ 

on brass. 
42. Cobalt carbonate and sodium pyrophosphate were heated 

together, producing a solution of faint pink color. This gives 

a very adherent, dark deposit along with much hydrogen.
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43. 42 g. cobalt sulphate and 30 g. potassium sulphate per 

liter, heated, gives a bright deposit, which peels off in 20 minutes 

Gas is evolved at both electrodes. 

44. 42 g. cobalt sulphate and 18 g. magnesium sulphate per 
liter gives a bright and remarkably white deposit which becomes 
dull aftet a long time. No gas is evolved. 

45. Excess of oxalic acid, added to a solution of cobalt sul- 

phate, gives no deposit at low currents, but a bright deposit with 

evolution of hydrogen at high current. 

46. Cobalt oxalate digested with a warm solution of am- 
monium carbonate gives no deposit of metal with one or two 

Daniell cells, but with three cells gives a brilliant, silver white 

deposit, and much hydrogen. In 15 minutes the deposit is 

streaked and in 30 minutes it is covered with dark streaks except 

on the edges. 

47. Cobalt carbonate and potassium carbonate evolves much 

gas and yields a dark, smooth deposit of cobalt. 

48. Cobalt sulphate and excess of ammonia gives a dark 

deposit. No gas is evolved. 
49. Cobalt hydrate is very sparingly soluble in a strong solu- 

tion of potassium cyanide, and three Daniell cells give only a © 

trifling. film of cobalt, and much gas. 

50. Cobalt sulphocyanide. Potassium sulphocyanide, dissolved 

in alcohol, was added to a solution of cobalt sulphate, the clear 

solution decanted from the potassium sulphate, evaporated to 

dryness, and the residue dissolved in water. Three cells gave 
a slight deposit of cobalt on brass. . 

Many “per-salts” were tried. Calcium hypochlorite solution 
was added to a solution of cobalt sulphate, and the precipitate 
was washed and dissolved in the desired acid. 

51. Cobalt per-citrate, tartrate, oxalate, acetate, chloride, sul- 

phate, phosphate and borate all give bright, adherent deposits 

with three cells. Gas is evolved. 

Gaiffe’ has proposed the use of cobalt instead of nickel for 
facing valuable electrotypes on account of the complete solu- 

bility of the former metal in dilute sulphuric acid, thus permitting 

the removal of the film of cobalt and its replacement by a fresh 
deposit without injury to the copper.
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“DEPOSITION OF AN ALLOY OF COBALT AND NICKEL. 

Owing to the difficulty of separating cobalt and nickel electro- 
lytically as well as chemically, it should be an easy matter to 

deposit an alloy of the two metals. Nagel’* deposits an alloy 
of the metals from a mixed solution of their ammonium double 

sulphates, made alkaline by ammonia, and heated to 40°C. He 

uses a platinum anode. 

A similar trial was made in the experimental laboratory of 
the Brass World™ for the purpose of getting a deposit harder 

- than nickel, “since alloys are always harder than pure metals.” 

The electrolyte consisted of a solution of 70 parts nickel sul- 
phate, 30 parts cobalt sulphate, with ammonium sulphate sufficient _- 

to form double salts, acidified by boric acid and made up to 6° 
Bé (sp. g. 1.0432). E. M. F., 2 volts. The deposit contained 
both nickel and cobalt, and was very hard. It was suggested 

for facing electrotypes, as the electrolytic iron commonly used, 

rusts, 

The writer found in his filing cabinet another bath, from an 
unknown source, which is claimed to deposit the hardest alloy 

of the two metals, consisting of 75 percent nickel and 25 percent 
cobalt. The bath consists of: 

Nickel ammonium sulphate.............. 147 grams 
Cobalt ammonium sulphate ............. 40 “ 
Ammonium sulphate .................... 56 “ 
Water oon. cece cece eee cece tecr vers e1,000 “ 

The following bath is given by Langbein® (p. 307): 

Nickel ammonium sulphate .............. 53 grams 
Cobalt ammonium sulphate .............. 13 “ 
Boric acid, cryst..............0cceeeeee. 22 =“ 
Water oo... cece cece e ete eeeeeeceee es 1,000 “ 

The only obstacle to the general use of cobalt in place of nickel 

for plating appears to be its high price. Rumors have frequently 
reached us that cobalt was about to be put on the market at the 
same price as nickel, Fink”, in 1912, says that cobalt can be 
bought for less than one-third what it cost ten years ago, yet 

in that same year the metal purchased for use in the writer’s 
laboratory cost $5 per pound, just a dollar higher than it cost 
two years before, while in 1889 Watt, in England, bought the 
metal in the form of anodes for only $3.90 per pound.
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| In an account of the Cobalt mining district Gibson®* says: 
“The enforced production of cobalt from these mines has brought 

about a reduction in the price of cobalt oxide and is likely to 
lead to still further reductions.” 

ELECTROCHEMICAL ANALYSIS. 

Solutions for Estimation of Cobalt: 

_ 52. The double oxalate of ammonium and cobalt according to 
Classen :?" 

0.3 g. cobalt, present as sulphate. 

4 to 5 g. ammonium oxalate. 

120 c.c. in volume. 
I ampere per square decimeter. 

2Y to 3% hours at 60 to 70° C. : 

3.1 to 3.8 volts. 

Perkin®® (page 98) states that the deposit contains carbon. 

53. Solution of Fresenius and Bergmann. Classen?’ gives: 

0.5 g. cobalt as sulphate. 

5 to 6 g. ammonium sulphate. 
40 c.c. ammonia (s. g. 0.96). 
150 to 170 c.c, in volume. 

0.7 ampere at 20° to 25° C. 

The presence of chlorides, nitrates, fixed organic acids and 

magnesium compounds acts injuriously. Neumann? (page 113) 

states that this is the only solution employed in practical analysis. 

54. Cobalt and ammonium chlorides have been proposed by 
Oettel. According to Neumann” (page 112) a suitable solution is: 

_ 1g. cobalt chloride (0.248 g. cobalt). 

5 g. ammonium chloride. 

30 ¢.c. ammonia. _ 

150 c.c. total volume. 

1.5 amperes. . 
5 to 6 hours. 

For the determination of cobalt a larger amount of ammonium 

chloride is required than in the case of nickel. The presence of 
nitrates is harmful.
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_§5. Cobalt potassium cyanide is stated by Smith*® (p. 129) to 
give complete precipitation. He adds 0.1 g. more of potassium 

cyanide than is necessary for precipitation and re-solution, 

2 g. ammonium carbonate. 
- 150 c.c. in volume, . | 

1.5 amperes at 60° C. 
6 to 6.5 volts. . 
3% hours. 

Neumann” (p. 113) states that it is impossible to secure a 

quantitative separation of cobalt from solutions containing an 
excess of potassium cyanide. 

56. Neumann” (p. 112) states that exact results are given by: 

1 g. cobalt sulphate (0.21 g. cobalt). 

15 g. ammonium carbonate. 
2 to 4 c.c. ammonia. 
150 c.c. total volume, 

I ampere at 3.7 to 3.9 volts. 

21% to 3% hours at 50° to 60° C. 

57. Perkin®® (p. 97) adds 3 g. ammonium tartrate to the 

solution of the cobalt salt, begins electrolysis at 0.2 ampere, 

and after an hour increases the current to I ampere per square 

decimeter. Time, 4 to 5 hours. The deposit often has a brilliant, 

burnished appearance. The results are slightly high, owing to a 

small amount of carbon being deposited with the cobalt. 

58. Perkin?* (p. 98) claims that the most accurate results are 

obtained by adding to the solution of the cobalt salt: 

2 c.c. of a 5 percent solution of phosphoric acid, 

20 to 25 c.c, of a 10 percent solution of di-hydrogen, 
sodium phosphate, stirring during the latter addition to prevent 

precipitation of a double phosphate. Hydrogen di-sodium phos- 

phate cannot be used on account of the formation of an almost 

insoluble cobalt salt. Electrolysis should begin at 0.2 ampere | 
in the cold solution. After an hour the current may be raised 
to 1 ampere and the solution warmed to 60° C. If a brown 

deposit forms on the anode it may be removed by adding 0.1 to
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0.2 gram of hydroxylamine sulphate or chloride. Formaldehyde 
acts more slowly. Time, 4 to 6 hours. The deposit is usually 

brilliant. 

59. Vortmann®® adds tartaric or citric acid and an excess of 

sodium carbonate to the solution of the cobalt or nickel salt, 
then ¢lectrolyzes at 0.3 to 0.4 ampere. The deposit may contain 
traces of carbon. 

60. Smith®® (p. 129) obtains perfectly satisfactory results by 
adding an alkaline acetate to the cobalt solution. For rapid 
precipitation with a rotating anode he uses (p. 135): 

Cobalt sulphate = 0.331 g. metal, 
25 ¢.c, ammonia. 

10 c.c. acetic acid, 20 percent. 

5 amperes at 6 volts for 25 minutes. 

The deposit is brilliant, and there is no precipitation on the anode. 

61. Sodium formate is a very satisfactory. electrolyte.®° 

Cobalt sulphate = 0.3535 g. metal. 
2.5 g. sodium carbonate. 

4.c.c. formic acid, 98 percent. 

Heat to boiling, remove the flame and electrolyze with rotating 
anode at 5 amperes and 6 volts. Time, 30 minutes. The 

deposited cobalt is brilliant. A slight anode deposit may be 
removed by a few drops of a mixture of 5 c.c. glycerine, 45 c.c. 
alcohol, 50 c.c. water. A few drops of formic acid should be 
added from time to time to prevent the solution from becoming 
alkaline. 

62. Lactic acid or a lactate makes an excellent electrolyte.® 
No precipitation occurs on the anode, and the cobalt deposit is 

exceedingly brilliant and adherent. A large excess of lactic acid 
retards precipitation. | 

Oo 2.2 g. sodium carbonate. 

5 cc. lactic acid, conc. 
| 5 amperes at 8 volts precipitates 0.32 g. cobalt in 25 

minutes.
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63. Ammonium lactate is even superior to the preceding 
electrolyte.® 

0.331 g. cobalt as sulphate. 
30 c.c. ammonia. 

7 c.c. lactic acid. 
125 c.c. in volume. 
6 amperes at 5 volts. 
25 minutes is sufficient for complete precipitation. 

64. Smith®® uses a mercury cathode for the rapid determina- 
tion of cobalt from its sulphate or chloride. At 4 amperes, 6 volts 

and 1,000 R. P. M. of anode, 0.35 g. of cobalt is precipitated in 

15 minutes. It is necessary to add 10 c.c. of toluene or xylene 
to the chloride solution to prevent attack of the platinum anode. 

65. Ammonium succinate can be employed, but some carbon 
is apt to be precipitated with the cobalt. Sodium succinate should 
not be used. 

Separation of Cobalt and Nickel: Several solutions have been 

proposed for the difficult problem of separating cobalt and nickel 
by electrolysis. | 

66. Basse and Selva** add to the neutral or feebly acid solution 
of the metals an organic substance, such as tartaric or citric 

acid, glycerine, dextrose, etc., to prevent precipitation of the metals 

by excess of alkali; a large excess of caustic soda is added, and 
the solution is electrolyzed at a current of 0.3 to 1 ampere (per 
square decimeter?). Cobalt, iron and zinc are deposited, while 

nickel remains in solution. Ammonium carbonate is then added 
to the solution, and the nickel is deposited electrolytically. 

67. G. Vortmann*® adds to a neutral solution of the sulphates 
of the metals alkali or alkali-earth sulphates, and. about 1 percent 
sodium chloride, and electrolyzes with frequent reversals of the 
current. Nickel remains in solution, and cobalt separates as 
hydroxide. 

Neumann™ (p. 215) says that this method is not suited to 
quantitative analysis. 

68. Vortmann” also proposes to electrolyze solutions contain- 
ing tartrates of the alkalies and a little potassium iodide. Neu- 
mann condemns this process also, and states that there is no 
reliable method for the electrolytic separation of cobalt and nickel. 

8
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Classen?” (p. 241) ascribes to Vortmann the use of a solution — 
_ containing sodium potassium tartrate, strongly alkaline by sodium 

hydroxide, but says that the essential data for repeating his 
experiments are lacking. 

Bancroft** tested Vortmann’s separation in an alkaline tartrate, 

solution. He states that in this solution “the decomposition 

voltage of tobalt is about one volt lower than that of nickel.” 
He finds that cobalt peroxide tends to precipitate at the anode, 
but this can be remedied by a high current density at the anode 

or by the addition of a few drops of concentrated nitric acid. 
In the latter case a little nickel peroxide may precipitate at the 

anode at low current densities. With a Classen dish as cathode 
and an E.. M.F. of 1.9 to 2.0 volts between the electrodes, a good 
deposit of cobalt is obtained which gives no test for nickel, but 
some cobalt is always left in solution. If the voltage is raised 
to take out the last traces of cobalt, some nickel is also deposited. 

Heating the solution makes matters worse. The addition of 

potassium iodide, as recommended by Vortmann, is unsatisfac- 

tory. Addition of hydroxylamine sulphate, hydrogen peroxide, 
formaldehyde or sodium bisulphite helps a little, but does not 
remove the last traces of cobalt in a reasonable time. Nickel 

peroxide precipitates more readily the more carbonate and the 
less tartrate there is present, but, as cobalt peroxide tends to come 

down with the nickel peroxide, it is best to deposit nearly all 
the cobalt first, then to add sodium carbonate, and electrolyze 

with low current density at the anode. Proceeding in this way 

it was possible to separate one gram of cobalt from 0.1 g. nickel 
in eight days’ electrolysis. . 

69. A..Coehn and E. Salomon* electrolyze neutral solutions 
of the sulphates or nitrates of cobalt and nickel, when the cobalt 

separates at the anode as peroxide. 

70. A. Coehn, in a later patent, by the addition of a per- 

sulphate to the former electrolyte, secures the precipitation of 
cobalt alone. 

71. A. Coehn and E. Salomon,** to prevent cobalt and nickel 

from precipitating on the cathode when carrying out the above 
process, add to the solutions some metal more easily precipitated, 
e. g., copper. In this case cobalt precipitates as peroxide on the 
anode, nickel remains in solution, and copper is deposited on the
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cathode. Nitrate and sulphate solutions are well adapted to the 

process, which works better at elevated temperatures, e. g., 60° C. 
E.M. F..1.5 to 2 volts. Current 0.1 ampere per square decimeter. 

72. Perkin®® (p. 170) says: “Many attempts have been made 

to separate cobalt and nickel electrolytically, but none of the 

methods so far published can be said to give very satisfactory 

results. The only method which can be at all recommended is 

that of A. Coehn and M. Glaser :** “The process depends upon 
the simultaneous deposition of the two metals—nickel at the 

cathode and cobalt at the anode. . . . The cobalt must be 

prevented from being precipitated on the cathode. Now, as 

hydrogen is only deposited 0.22 volt higher (lower?) than cobalt, 

too high an E.M.F. must not be employed, or else one must 
employ some method in which the deposition takes place at a 

lower potential than that at which the H ions are discharged, 
 e. g., the addition of a carbonate to the solution.” To the neutral 

solution, containing not more than 0.1 g. cobalt, add 0.1 to 0.2 g. 

potassium dichromate and 3 to 4 g. potassium sulphate, make up 

to 500 c.c., and electrolyze at 0.10 to 0.15 ampere for 10 hours. 

E.M.F. 2.3 to 2.4 volts. All the nickel is deposited as metal at 
the cathode, and all the cobalt as peroxide at the anode. The 
peroxide is dissolved in acid, neutralized and precipitated as metal. 

73. Balachowsky’s method. Classen’ gives: 

0.3 g. of the metals in acetic acid solution. 

3 g. ammonium sulphocyanide. 

I g. urea. 

Ammonia to neutralize the free acid. 
0.8 ampere per sq. decimeter, 1.0 volt, at 70 °to 80° C. Time, 

14% hours to precipitate the nickel. This contains sulphur, and 

should be dissolved in nitric acid, filtered and re-precipitated. 

The solution containing cobalt is boiled with nitric acid, filtered, 

and the cobalt deposited by any regular method. 

Smith®° (p. 266) uses: 

Io g. ammonium sulphocyanide. 

| 3 g. urea. | 
300 to 350 c.c. total volume. | . 

After removal of the nickel the solution containing cobalt is
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evaporated to dryness several times with nitric acid, and the 
residue taken up with water, before depositing the metal. . 

74. Method of Alvarez.*® The salts of cobalt and nickel are 
dissolved in cold water, recently boiled, and saturated at 0° C. 

with sulphur dioxide, forming a yellow  cobalto-cyanide, 

Ni,COfCN),, which becomes green after washing and drying. 

Dissolve 0.5 g. of this salt in 100 c.c. of water, add 40 c.c. of 

ammonia of sp. g. 0.927 and 5 g. of ammonium sulphate. Elec- 
trolyze at 4 amperes per square decimeter and 3.4 to 4 volts for 

2 hours. A brilliant deposit of nickel is obtained, free from 

cobalt, but containing carbon. — 
At 50 to 60° C., I ampere at 3.8 volts, in one hour precipitates 

both metals from a solution of: 

1 gram of Ni,Co(CN), in 100 c.c. water. 
50 c.c. ammonia. 

IO g. ammonium, sulphate. . 

P. Brulylants® criticises the method as not detailed enough 

for successful use. He obtains both metals in the deposit and 
also in the residual solution. — 

Smith®® obtained unsatisfactory results with this process. 
. To sum up, it appears that all electrolytic methods so far 

devised for separating cobalt and nickel fail in the hands of all 
save their inventors. 

'  ELECTRODEPOSITION OF NICKEL. 

The quotations which follow give the opinions of different 
authorities upon the nature of electro-deposited nickel, and some 

of the difficulties encountered in plating with this metal. 
-Langbein® (page 246) says: “Hot fats strongly attack nickel, 

while vinegar, beer, mustard, tea, and other infusions produce 

: stains; hence the nickeling of culinary utensils or the use of 
nickel-plated sheet iron for that purpose cannot be recommended.” 

Bouant”® (page 186): “After having considered nickel as danger- 

ous in the preparation of food, it is now recognized, on the con- 

trary, to be harmless. Nothing prevents the extension of nickel- 
ing to utensils of copper, an operation doubtless more expensive 

than tinning, but giving much more durable results.”
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“To decrease the resistance of the nickel solutions, conducting 
salts are added to them, which are also partly decomposed by 
the current. . . . The use of sodium acetate, barium oxalate, 
ammonium nitrate, ammonium-alum, etc., we consider unsuitable, 

_ and partly injurious, and are of the opinion that with few ex- 
ceptions potassium, sodium, ammonia, or magnesia, are best for 

bases of the conducting salts. The presence of a small amount 

of free acid effects without doubt the reduction of a whiter nickel 
than is the case with a neutral or alkaline solution. Hence a 
slightly acid reaction, due to the presence of citric acid, etc., 

with the exclusion of the strong acids of the metalloids can be 

highly recommended. . . . An alkaline reaction of nickel 

baths is absolutely detrimental.”—Langbein.® 
“Lowering of the acidity, and elevation of the temperature, 

current density and nickel content of the bath tend to produce a 

fine-grained and matte deposit. Addition of alkalies and salts 
of magnesium have a beneficial effect. Addition of ammonium 
salts hinder the production of thick deposits. . . . Deposits 
from chloride solutions are always crystalline and coarser grained 
than those from sulphate solutions. Their hardness is about the 

same. The observation that the deposit from a chloride solution 
deteriorates more readily than one from a sulphate solution is 

explained by the difference in fineness of grain. In the presence 

of magnesium sulphate, the deposit contains 0.2 to 0.4 percent 
magnesium. This deposit is no harder than ordinary nickel 
plate, but is very flexible.and well suited to the production of 

electrotypes. A bath containing magnesium salts ought to be 

more acid than other baths, to prevent the deposition of oxide. 

A higher acid content explains the fact that nickel deposited from 
solutions containing ethyl-sulphuric acid are very hard. Sulphate 
solutions give more flexible deposits than chloride baths. De- 

posits from solutions containing sodium salts are especially 
flexible, probably because of their finer grain. Iron renders the 
nickel deposit very brittle.”—-K. Engermann.“° 

“A solution of chloride of nickel is used as electrolyte. By 

this method it is possible to prevent the contamination of electro- 
lytic nickel with sulphur, as would be the case were a sulphate 

| solution used as the electrolyte.’’** 

In spite of the recommendation by various experimenters of
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baths containing only nickel salts, there is a very general belief 

that for a successful nickel plating bath the salt of some other 

metal must be present, to form a double salt. 

“Indeed it has been heretofore held as impracticable to nickel- 

plate with a single salt.’—-J. Yates.** “On the other hand, the 

simple, acid salts of nickel have not hitherto been found to 

answer for the purpose of electrodeposition, from the fact that 

such solutions refuse to yield a reguline or cohesive deposit of 
metallic nickel.”—J. Powell.*? 

Brass World* published a number of experiments with nickel 
sulphate solutions, made by an experienced practical plater to 

settle the question of whether or not single nickel salts can be 

used for plating. The conclusion is, “It is apparent, therefore, 
that single nickel salts cannot be used alone for plating.” 

The writer cannot subscribe to this result, for in 1904 he tried 
the deposition of nickel from a solution of 140 grams of com- 
mercial nickel sulphate per liter. Several trials gave black de- 

posits, but finally a good deposit resulted. The solution was 
slightly diluted and 4 drops of sulphuric acid added. At the end 

of 38 hours electrolysis, with a current density of 5 amperes per 
square decimeter, falling to zero at the end, because of the com- 

plete solution of the anode, the deposit was excellent. Another 

trial of the same bath for 8 hours at 6 amperes per square 
decimeter gave a deposit of excellent appearance and firmly ad- 
herent. The current efficiency, however, was low. 

Brochet® (page 229) says: “At the cathode the ion Ni‘: 

ought to be discharged, and the metal pass into the molecular 
state and be deposited. In reality the reaction is much more 
complex, and the electrolysis of a pure salt of nickel generally 
gives poor results. With the sulphate there is the production 

of a slight black deposit, accompanied by an abundant evolution 
of hydrogen. With the chloride there is a deposit of nickel 

hydrate mixed with the oxychloride, and a similar evolution of 
hydrogen. A mixture of the sulphate and chloride of nickel 
gives much better results. The addition of an alkali-salt: potas- 

sium, sodium, ammonium, seems to be necessary to secure a good 
deposit; but then the series of reactions is entirely different. A 
complex salt is formed.” | 

“Tt is a practice commonly adopted to momentarily use a high
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E..M. F. until the work is just covered with nickel, and then to 
reduce the E. M. F.. This is called “striking,” and 5 to 6 volts 
may for a few moments be used for this purpose. The E. M. F. 
is then quickly reduced to 2 or 3 volts.”—Field.** 

It is well known that there is greater difficulty in obtaining 
a satisfactory deposit of nickel on some metals than on others. 
Sackur*® contends that: “A metal is more difficult to nickel, the 

farther its potential lies from that of nickel. Zinc, for example, 

possesses a higher electromotive force than brass, and this, in 
turn, more than iron. Potassium cyanide solution has a lower _ 

E. M. F. of decomposition than nickel chloride, and this again 
smaller than the sulphate. Good nickeling depends only on the 
choice of the right E. M. F., not upon the composition of the 

bath.” This is an excellent illustration of the pitfalls of error 
which lurk within the covers of our electrochemical authorities— 

errors all the more insidious from the grain of truth in them. 
One trouble, which was encountered in the earliest commercial, 

nickel-plating, and it seems to have persisted to the present, in 

spite of the numerous remedies proposed, is the tendency of the 
deposit to peel off from the underlying metal. | 

In 1871 Keith*® says: “The objection to nickel-plated goods. 
thus far is that the deposit is so brittle that it cannot be bent,, 

nor on many articles stand necessary wear even if not bent, and. 

that it will also scale or peel off.” In spite of the cure for. this, 

trouble announced by Keith, Peters** (page 153) writing in 1900, 
says: “When deposits of electrolytic nickel exceed a fraction of 

a millimeter in thickness they usually separate from the cathode, 

in thin brittle leaves.” co, 

“The usual methods of electrolytically separating nickel from. 
aqueous solutions of its-salts do not permit of the production of 
deposits of more than one-hundredth of a millimeter in thickness, . 

since with a longer continuance of nickeling the layer formed 

comes off in thin scales. This disadvantage can be avoided by. 

using a heated electrolyte, as has been long known; but a thick 

nickel plate thus produced shows a crystalline structure as com- 

pared with the rolled nickel of commerce, is very brittle, and is. 

therefore not suited for direct manufacture or technical utilization 

without being first melted over again.”-——M. Kugel.”° o 

Turning from patentees, who may be regarded as prejudiced
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witnesses, we find D. H. Browne,*’ saying: “The bug-bear en- 

countered by all who attempt to produce sheets of nickel thicker 

than that used by nickel platers has been the tendency of nickel 
‘to crack and curl off in rolls, like wood shavings.”’ 

“Two of the difficulties which are often encountered in electro- 

plating (with nickel) are either the formation of gray pulverulent 

deposits, or else the deposit does not adhere, but cracks and curls 

from the cathode. . . . The former difficulty has been found 
to be due to employing too high current density and too high 

E. M. F., whereas the latter difficulty is due to the electrolytes 

being too acid and at too low a temperature, or else to a film of 
grease or dirt on the cathode.”—-E. F, Kern.** 

“Nickel well deposited is extremely hard, so hard that it cannot 
be burnished, and is somewhat brittle. Thick coatings are espe- 

cially liable to flake off in use, unless exceptionally well deposited, 
and even the thinnest films will part from surfaces which are not 

chemically clean.”-—-McMillan* (p. 217). 

The cause of this brittleness and peeling of nickel deposits is 

indicated in the following quotations: “Using a neutral or am- 

moniacal solution of pure sulphate of nickel there is an abundant 

disengagement of gas from the anode; soon followed by an in- 
creasing production of hydrogen at the cathode, and the deposited 

nickel becomes detached, curling up like wood shavings.”—M. 
Gresy.*® 

“The deposition of nickel requires a neutral bath. The pres- 

ence of much free acid causes deposition of hydrogen, and the 
deposit of nickel in scales. Peeling of the nickel deposit is due 

_ to occlusion of hydrogen, which always exists in deposits of 
nickel and cobalt.”—A. Brochet.®° 

“It is commonly considered that the ctirling up of -electrolytic 

nickel plate is due to the co-deposited hydrogen.”—Schoch.™ 
- “The difficulty of obtaining thick nickel deposits is due to hy- 
drogen evolved along with the metal and absorbed by it, causing 
brittleness.” —A. Hollard.5? 

Another trouble occasionally referred to is the formation of 
pits on the surface of the deposit. 

“The trouble you experience from dark and pitted deposits is 
due to occluded hydrogen. This trouble develops when the solu- 

tion is low in metal and hydrogen gas forms very rapidly tpon
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the surface of the articles being plated. This gas theoretically 
burns holes in the deposit, causing the pitting noticed.’* 

“The occlusion of hydrogen tends to make the deposit some- 
what brittle, and more or less porous, and hydrogen gas clings 
to the surface of the deposited metal in the form of very fine 
bubbles, thereby making the surface more or less warty and 
rough, . . . By maintaining in the bath a small amount of 
material which will combine with free hydrogen, e. g., chlorine, 
the occlusion of hydrogen, etc., is prevented. . . . The chlor- 
ine may be introduced as a gas, by adding fresh bath saturated 
with chlorine, or in case of a chloride electrolyte by using a 

small insoluble anode to which a portion of the current is shunted. 
Free bromine may be used, but gives inferior results.”—T. A. 
Edison. 

Photographs showing such pitting of iron®® and nickel®* de- 
posits have been published. | 

The remedies most frequently proposed for the curling and 

brittleness of electrolytic deposits of nickel are strict neutrality 

of the bath, qnd electrolysis at high temperatures, varying be- 
tween 30° and 100° C. H. J. Brownell®’ secures a deposit of 

nickel which will stand drawing, bending, spinning, etc., of the 
plated metal. “The article to be plated being heated by immer- 

sion in water or otherwise to a temperature of nearly 100° C. 

(212° F.), and then subjected to a hot nickel-plating bath.” 
Foerster,°* by heating from 50° to go° C. an absolutely neutral | 
bath containing 140 g. nickel sulphate per liter, obtained deposits 

0.5 to 1.0 mm. in thickness. The current density was 2 to 2.5 

amperes per dm.?_ Other methods of preventing the curling of 

nickel, depending on the addition of particular substances to the 
electrolyte, will be mentioned later. 

Purity of Nickel Anodes. 

Calhane and Gammage,® analyzed commercial anodes from 

two different establishments and found 7.57 and 7.52 percent 
iron in them, and 92 percent nickel. Using these anodes, the 
deposit always contained iron, varying in amount between 0.07 
and 0.75 percent. 

The following is a formula given for the making of nickel 
anodes :°° g2 parts nickel, 4 parts tin, 4 parts old files.
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O. W. Brown finds copper present in a nickel anode: “The 
presence of the copper, rather than being a detriment, seems 

to be advantageous in allowing a high anode current density to 
be used. . 

“Commercial nickel anodes contain, in addition to nickel, iron, 

tin and carbon. These are introduced intentionally to render 

the anode ‘soft,’ ¢. ¢., so that it will dissolve easily in the solution 

during plating.’’®? 
Since such anodek are largely used in this country it is evident 

that much of the nickel plate produced here contains a small 

amount of iron. It is to this iron that Bancroft® ascribes the 
ready rusting of nickel-plated objects when exposed to the 

weather: “. . . All our nickel plate contains iron. I am 

confirmed in that belief by the fact that the nickel-plating on 

the Weston instruments, which I assume to be as good as any 

that would be put on the market, rusts red in the laboratory. I 

take it that this is due to iron in the nickel plate. . . . Ifa 

bicycle is left out over night it will rust.” The writer does not 
regard the above allegations as proved until rust has formed on 

such nickel plate deposited on copper or some other surface which 
is in itself entirely free from iron. - 

| Passivity of Nickel Anodes. 

It has long been known that rolled nickel anodes do not dissolve 
satisfactorily in the standard plating solution, nickel ammonium 

sulphate. This phenomenon was brought to the attention of this 

Society by O. W. Brown.** Brochet® (page 228) says: “Nickel 
is a passive metal, that is to say that to a certain degree and 

under certain conditions it dissolves incompletely and acts as a 
noble metal—as an insoluble anode. Sulphuric acid is then 

formed at the anode, and nickel dissolves in an amount less 

than that required by Faraday’s law.” Speaking of nickel anodes, 
McMillan* (page 222) says: ‘“‘Nickel anodes must be as pure as 

| it is possible to obtain them. They are to be had cast or rolled. 

Cast anodes being the more readily soluble are more likely to 
neutralize the acid set free by electrolysis at the anode, and 

_ hence the natural tendency of the (ammoniacal) nickel bath to 
become alkaline asserts itself. Rolled anodes are more likely, 

by insufficiently neutralizing the acid, to cause the bath to become
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acid.” Bancroft® points out that a pure nickel anode may be 

made to corrode satisfactorily in nickel ammonium sulphate by 
adding to the solution a small percentage of nickel chloride or 
ammonium chloride. He recommends the use of anodes of pure 

. nickel and the complete elimination of iron from the nickel bath. 

Brochet® says: “The greater or less passivity of the anode 
depends on the physical nature of the metal, i. ¢., the hammering 

or rolling to which it has been subjected, not on its purity.”’ 
On the contrary, Kern** says: ‘Another cause of gassing is 

the use of pure metal anodes in nickel-ammonium sulphate elec- 

trolyte, as the pure metal does not readily dissolve. However, 
pure nickel anodes may be successfully used in this electrolyte 

if a small amount of chloride salt is added, the presence of which 
causes the anode current efficiency to approximate 100 percent.” 

Langbein® (pages 247 and 254) objects to the addition of chlo- 

rides or nitrates to baths for nickeling iron: “Iron objects 
nickeled in such a bath come out faultless, but in a short time, 

even if stored in a dry place, portions of the nickel layer will 
be observed to peel off, and by closely examining them it will be 
seen that under the deposit a layer of rust has formed which 
actually tears the nickel off.” E. Weston® says: “It has been 

. found that the solution of the double chloride of nickel and 
ammonium is better adapted for coating iron with nickel than 
the double sulphate solution, the latter answering better for 
brass.” 

In the electrolytic refining of iron the writer found that deposits 
from a chloride electrolyte rusted very much worse than those 

obtained from a solution containing only sulphates. 

NICKEL, PLATING BATHS. 

For convenience the baths will be classified as follows: 

I. Baths containing single salts of nickel. 

: II. Baths containing double salts, 
III. Miscellaneous baths. 
IV. Baths for deposition of malleable nickel. 

V. Baths producing thick deposits. 
VI. Agents for the production of smooth deposits. 

VII. Nickel electrotypes. 
VII. The nickeling of zinc.
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I. Baths Containing Single Salts of Nickel. 

a. Neutral Baths: 

Under this title will be grouped the baths formed by simple 
solution of the nickel salt without rendering it distinctly acid 
or alkaline, as well as those baths whose neutrality is specifically 

stated. | 

75. Yates’ acetate solution.*’ Nickel acetate is dissolved in 
water to a strength of 8° or 10° Bé. (1.058 to 1.074 sp. g.). It 
is claimed to have the advantage over other solutions of a larger 7 
proportion of metal of not being subject to the irregular decom- 

positions which render the continued operation of other baths 

so difficult, and to permit of direct nickeling on metals which 
it has heretofore been impracticable to nickel without a previous 

coating of copper. Plate steel, cast and wrought iron are men- 
tioned as examples of this. With care, zinc may also be nickeled 
directly in this bath. 

In referring to the fifty different nickel baths tried by Alex- 
ander Watt,** a number placed in parenthesis after the title of 
the bath indicates the numbering in his paper. 

76. Watt’s acetate bath (1). This consisted of 120 grams of 
neutral nickel acetate per liter. At a current density of 2.4 

amperes per square decimeter a uniform but somewhat dark 
deposit was obtained. At the end of an hour’s deposition a 

_ Steel burnisher was applied, which brightened the surface, show- 
ing that the metal was softer than that obtained from the 
ordinary double sulphate solution. 

77. Watt’s®® nickel benzoate solution (46). This solution 
yields a bright deposit, soft enough to be burnished. 

78. Watt’s®® nickel borate solution (48). This yields a white 
deposit. 

79. Nickel chloride solution®® (22). 15 grams of nickel 
chloride per liter gave a brisk evolution of hydrogen and a 
deposit of metal not quite so white nor so fully adherent as the 
deposit from the double sulphate. 

80. Nickel citrate solution®® (6). This was prepared like 
most of the other salts of this set of experiments, by digesting 
moist nickel carbonate with a hot solution of the acid. The first
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deposit was not of satisfactory whiteness, but this was improved 
by increasing the current. 

81. Nickel lactate®® (12). This salt is readily soluble, and 
gives a deposit of fairly good color. 

82. Nickel nitrate*® (16). Nickel carbonate was dissolved in 
nitric acid diluted with two volumes of water until a neutral 
solution was obtained. Neither a deposit of metal nor of hydro- 

gen was obtained with one, two or even three Daniell cells in — 

series. There was a slight evolution of oxygen at the anode. 

83. J. Mathieu’s propionate solution.*® He used a solution 
of nickel propionate of about 5° Bé. (sp. g. 1.0357). No results 
are stated, nor are any claims made in regard to the superlative 

excellence of the product. 

84. Nickel salicylate®* (47). This pives a white deposit. 

85. Nickel sulphate®® (18). A solution was made by dis- 
solving 100 grams of the crystals per liter of water. The deposit 

was of good color, but was not so adherent as deposits from the 
double sulphate of nickel and ammonia. 

86. Nickel sulphate, neutralized by lime or calcium carbon- 

ate.”° To 100 parts of an acid aqueous solution of nickel sulphate 

he adds 3.75 to 7.5 parts of hydrate of lime to exactly neutralize 
the*acidity of the sulphate. To avoid the danger of an excess 

of alkali he prefers, however, to neutralize by the carbonate of 
lime. “This solution produces a brighter metallic deposit than 

the solution in general use, and without the addition of ammonia 
in any form.” 

87. Nickel sulphocyanide®® (20). Moist nickel carbonate was 
dissolved in a strong solution of potassium sulphocyanide, and 
this was electrolyzed with the current from three cells. A dark 

steel-gray deposit was immediately formed, which did not alter 
' during a half hour’s deposition. Gas was evolved at both 

electrodes, 

88. Nickel tartrate®® (11). The solution prepared by digest- 
ing moist nickel carbonate in a strong, hot solution of tartaric 

acid is a poor conductor, and three cells in series were required 
to produce a deposit of an indifferent color. It was noticed 

that the cathode became more fully coated with metal on the 

_ back than on the front.
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b. Acid Baths: 

89. Nickel acetate." The solution contains about 60 grams 
of nickel acetate per liter, and is maintained strongly acid by 

acetic acid. “These solutions thus prepared and used do not 

become depleted in using, and require no addition of nickel to 
keep up their strength other than that derived from the nickel 

of the anode.” 

go. Nickel citrate®® (26). The solution was prepared by 
electrolyzing a strong solution of citric acid with a nickel anode. 

The deposit, was very bright, of a good white color, much softer 
than is usual with nickel, and received a high polish under the 

steel burnisher. 

gi. Nickel formate.*? The solution contains nickel formate 

with excess of formic acid. Among its claims to merit are: 
“The solution needs no replenishing with salts of nickel, the 
nickel being supplied from the anode. No precautions need 

be taken to see that the solution is free from the presence of 

potash, soda, alumina, lime or nitric or other acid. The deposit 

may be of any thickness, and will always be firm, flexible and 
white.” 

c. Alkaline Baths: 

92. Nickel ammonio-acetate® (32). Ammonia was added to 
a strong solution of nickel acetate until the liquid acquired a 

deep blue color. The deposit was bright, of a good color and 
very adherent. 

93. Nickel ammonio-carbonate® (35). Nickel carbonate was 

dissolved in strong ammonia, diluted and electrolyzed. The 
deposit was white, and retained its original brightness after an 
hour’s deposition. 

94. Nickel carbonate dissolved in a strong solution of 

ammonium carbonate gave a rather dark deposit. 

95. Nickel ammonio-chloride®® (30). .Strong ammonia was 
added to a solution of nickel chloride until the solution acquired 

a deep blue color. The deposit was white and very bright. Very 
little hydrogen, but much oxygen was evolved. 

96. Nickel ammonio-citrate®* (33). Ammonia was added to 
a strong solution of nickel citrate. The deposit was white, bright
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and very adherent. The anode kept perfectly clean during the 
electrolytic action. 

97. Nickel ammonio-ferricyanide®® (45). Nickel ferricyanide 

was dissolved in strong ammonia. The filtered and diluted solu- 
tion gave a prompt and fairly white deposit on brass. 

98. Nickel hydroxide in ammonia® (15). This solution gave 
a yellowish deposit of nickel, without hydrogen. Oxygen was 

abundantly evolved at the anode, which became coated with a 
brownish film. 

g9. Nickel ammonio-nitrate®® (31). Excess of strong am- 
monia was added to a solution of nickel nitrate. The nickel 
deposit was rather dark in color, and after a half hour the anode 

had a deep brown color. 
100. Nickel ammonio-sulphate® (19). An experiment was 

tried to ascertain the effect of small and increasing additions of 
ammonia to the sulphate solution. The current from three cells 
was used, and a fresh brass cathode was used after each addition 

of ammonia. After the first addition of ammonia the deposit 
appeared much brighter than that obtained from nickel sulphate 
alone, and this characteristic was maintained until the solution 

acquired a deep blue color. The anode was almost black, and a 
flocculent precipitate formed in the solution. — 

The evolution of oxygen or the formation of nickel oxide on 
the anode, mentioned in many cases, indicates that those par- 

ticular baths are not suited to practical use because of poor 

corrosion of the anode. In only one case, No. 96, -is there 

mention of good anode corrosion in these alkaline baths. 

II. Baths Containing Double Salts. 

In connection with these baths it will be of interest to review 

the patents of Adams under which for many years nickel plating 
was monopolized. His first U: S. Patent, 93,157, of Aug. 3, 

1860, claims: | 
“1. The electrodeposition of nickel by means of a solution 

of the double sulphate of nickel and ammonia, or a solution of 
the double chloride of nickel and ammonium, prepared and used 

in such a manner as to be free from the presence of potash, soda, 

alumina, lime, or nitric acid, or from any acid or alkaline re- 

action.” |
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“2. The use, for the anode of a depositing cell, of nickel 

combined with iron to prevent the copper and arsenic which may 

be present from being deposited with the nickel or from injuring 
the solution.” 

“3, The electroplating of metals with a coating of compact, 
coherent, tenacious, flexible nickel of sufficient thickness to protect 

the metal upon which the deposit is made from the corrosive 

agents with which the article may be brought in contact.” 

“4. The deposition of electrotype-plates of nickel to be re- 

moved from the surfate on which the deposit is made and used 
separately therefrom.” 

It is easy to see how it was possible to monopolize nickel 
plating under this unjust patent. Even today manufacturers of 

anodes have not recovered from its baneful influence, but are 

still furnishing anodes in accordance with claim No. 2, to the | 

great detriment of the nickel plating industry. 

Adams’ patent, 100,961, March 22, 1870, is remarkable for its 
contradictory claims. “This improvement consists in the use 
of three new solutions from which to deposit nickel by the electric 

current: First, a solution formed of the double sulphate of nickel 

and alumina, or the sulphate of nickel dissolved in a solution of 

soda, potash, or ammonia alum, the three different varieties of 

commercial alum; Second, a solution formed of the double sul- 

phate of nickel and potash; Third, a solution formed of the 

double sulphate of nickel and magnesia, with or without e-vcess 
of ammonia. . . . I prefer to use these solutions at a tem- 
perature above 100° F. (38°C.), but do not limit my invention 
to the use of these solutions at that temperature. I therefore 

claim: , 

“1. The electrodeposition of nickel by means of a solution of 
the double sulphate of nickel and alumina, prepared and used in 

. such a manner as to be free from the presence of ammonia, pot- 

ash, soda, lime or nitric acid, or from any acid or alkaline re- 

action.” 

“2, . . . A solution of the double sulphate of nickel and 
potash, prepared and used in such a manner as to be free from 
the presence of ammonia, soda, lime, or nitric acid, or from any 

acid or alkaline reaction.”
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“3. . . . A solution of the double sulphate of nickel and 
magnesia, prepared and used in such a manner as to be free from 
the presence of potash, soda, alumina, lime or nitric acid, or 
from any acid or alkaline reaction.” 

In U. S. Patent 136,634, March 11, 1873, Adams’ claim was 
still further extended. “Inowclaim . . . The electrodeposi- 
tion of nickel, or the electroplating with nickel, by means of a 
solution of either of the soluble salts of nickel, such solution 
being prepared and being used, substantially, free from the 
presence of potash, soda, lime, alumina, and nitric acid, or either 
of them, and free from acid and alkaline reaction, or from either.” 

a. Neutral Baths: 

In this class will be included baths made by merely dissolving 
normal salts, as well as those solutions which have been care- 

fully neutralized. 

The bath most generally used is a solution of nickel ammonium 
sulphate. 

101. Pfanhauser’s solution’? (page 361). 75 grams of 
nickel ammonium sulphate per liter. Current density, 0.3 am- 

pere per dm.? Temperature 15 to 20° C. Resistivity 24.6 ohms. 
3.5 volts for 15 cm. between electrodes. Temperature coefficient 

0.0176 for 1° C. Specific gravity 1.047. Current yield 91.5 per- 
cent. Deposit per hour 0.0034 mm. Cast anodes of % to %4 
the area of cathode should be used. The deposit is hard, good 

for plating iron or steel. Langbein® says the cast anodes rapidly 
render the bath alkaline, necessitating a frequent correction of 

the reaction. Brochet® (page 237) says: “This bath is poor in 
metal, even in case of the saturated solutions (98 grams at 18° 
C.). It is better to replace a part of the double sulphate by the 

single sulphate.” He recommends: 

102. Solution of single and double sulphates :* 

Nickel sulphate..............166 grams. 

Nickel ammonium sulphate... 55 grams. 

Specific gravity 1.101, resistivity 23.9, at 18° C., nickel per 

liter 39 grams. “Baths rich in metal possess the advantage of 

greater covering power and are less influenced by cold. The 

addition of ammonium sulphate is sometimes recommended to 

9
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increase the conductivity of the bath; this should not be done, 

since it results in the impoverishment of the bath in metal.” 

—Brochet.* 

103. The double sulphate with ammonium sulphate :' 

Nickel ammonium sulphate.... 50 grams 

; Ammonium sulphate ......... 50 grams 

“FE. M. F. at 10 cm. 1.8 to 2 volts. Current density 0.35 
ampere. The bath deposits rapidly, and all metals (zinc, lead, 

tin, and Britannia, after previous coppering) can be nickeled in 

it. Upon rough castings and iron, a pure white deposit is difficult 
to obtain. On account of the great content of ammonium sul- 

phate in the bath, the deposit piles up, especially on the lower. 

portions of the objects, which readily become dull, while the 

upper portions are not sufficiently nickeled.”—Langbein.® 

104. Pfanhauser™® vives: 

Nickel sulphate ............. 50 grams 

An.monium chloride ......... 25 grams 

Specific gravity 1.0357 (5° Beé.). Resistivity 17.6 ohms. 
Temperature coefficent 0.025. E. M. F. for 15 cm. 2.3 volts. 
Current density 0.5 ampere. Current yield 95.5 percent. De- 

posit per hour 0.0059 mm. Cast anodes half the area of cathode. 

Langbein® gives 57 grams and 29 grams, respectively, of the 
same salts, and states that the deposit is soft and white, that 
heavy deposits cannot be obtained because of the danger of 

peeling, anc that the bath is not suited to the direct nickeling 

of iron. 

105. Bath with magnesium sulphate 35 : 

Nickel ammonium sulphate .. 56 grams. 
Magnesium sulphate ........ 26 grams. 

“E.M.F. 4 volts at 10 cm. Current density 0.2 ampere. Good 
for plating on iron, and may be used for the direct nickeling of 
zinc. The deposit is soft, and of a yellowish tinge. The bath 
does not remain constant, but fails after working three or four 
months, even cast anodes being but little attacked.”—-Langbein.® 

Watt experimented with a solution containing the sulphates of 
nickel and magnesium. At first the deposit was decidedly yellow
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in tone, but became whiter after a few hours’ use of the solution. 

Adams’ patent of the double sulphate of magnesium and nickel 
has already been noticed. i _ 

106. To a solution of nickel ammonium sulphate Watt** 
gradually added a concentrated solution of ammonium citrate. 
A bright deposit of a slightly yellowish tone was obtained, which 
retained its brightness during deposition for a long time, but 
finally became dull. The deposit was soft enough to be burnished. 
There was a brisk evolution of gas at the anode, and a few 

bubbles of hydrogen clung to the cathode. 

107. Langbein® gives a somewhat similar bath, as do C. H. 
Procter™* and Pfanhauser :7° 

Langbein Procter "- Pfanhauser 

Nickel sulphate ............... 26.0 grams 30 grams 40 grams 
Ammonium chloride ...........17.5  “° 30 = o * 
Potassium citrate ............. 17.5 “ i “ 35* “ 

* Sodium citrate. a 

Langbein specifies for copper and copper alloys: Current 
density 0.45 to 0.5 ampere, E.M.F. at 10 cm. 1.5 to 1.7 volts. 
For zinc, current density.0.8 to 1 ampere, E. M. F. 2 to-2.5 volts. 

Pfanhauser gives a current density of 0.27 ampere, E. M. F. at 
15 cm. 3.6 volts. Specific gravity 1.039 (514° Bé.). Resistivity 
51.7 ohms. ‘Temperature coefficient 0.0348. Current yield 90: 

percent. Deposit per hour 0.00301 mm. Rolled anodes. The 

bath yields a soft white deposit, and is especially suited for 

plating pointed objects like knives. 

108. An English solution :'° 

Nickel ammonium sulphate.. 100 grams. 

Ammonium acetate ........ 50 grams. 

109. Another English solution: 

. Nickel ammonium acetate,.. 100 grams. 

Ammonium chloride ........ 20 grams. 

Glycerine .........-0--0+-- 5 Grams. 

: 110. Nickel and ammonium chlorides 3 | 

Nickel chloride, cryst. ...-- 37.5 grams. — 

Ammonium chloride ......+ 37-5 grams. 

The bath is neutralized by ammonia. E. M.F. at 10 em. 1.75 te
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2 volts; for zinc, 2.8 to 3 volts. Current density 0.5 ampere. 
“The bath deposits readily, and is especially liked for nickeling 
zinc castings.” 

111. H. P. Dechert’s solution :”* 

Nickel chloride, cryst. at least 141 grams. 

Calcium chloride solution of | 
30° Bé. (sp. g. 1.261)..... 1 liter. 

The advantages claimed for this solution are very low resistance, 

_ elimination of hydrogen bubbles from the surface to be plated, 
thus removing the danger of spotting, a permanent and enduring 

solution, and a smooth, close and tough deposit of nickel. 

112. Watt®® gradually added to a solution of nickel sulphate 

a solution of ammonium tartrate, and obtained a very bright 

and very white deposit of nickel. 

b. Acid Baths: 

E,, Weston® in his patent claims: “1. The electrodeposition 
of nickel by means of solutions of the salts of nickel containing 
boric acid, either in its free or combined state.” 

“2. A solutfon of the single or double salts of nickel to which 
has been added boric acid, either in its free or combined state.” 

The exact composition of the baths is not stated by Weston. He 
claims that the addition of boric acid or its compounds prevents 

the deposition of sub-salts upon the cathode, renders the solu- 
tion more constant and stable in composition, diminishes the 
liability to the evolution of hydrogen, permits the use of a more 

intense current, and improves the character of the deposit by 
rendering it less brittle and by increasing the tenacity with which 
it will adhere to a metal surface. | 

Langbein® (page 249) says: “Boric acid, recommended by 
Weston as an addition to nickeling baths, has a favorable effect 

upon the pure white reduction of the nickel, especially in nickel- 
ing rough castings. . . . Numerous experiments have shown 
that the deposit of nickel from nickel solutions containing boric 
acid is neither more adherent nor softer and more flexible than 
that from a solution containing small quantities of a frée organic 
acid. Just the reverse, the deposit is harder and more brittle 

in the presence of boric acid.
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“Weston recommends the following composition for baths:* 
“113. Nickel chloride ........... 26 grams. 

Boric acid ................ 10.5 grams, 

“114. | Nickel ammonium sulphate.. 38 grams. 
Boric acid ................ 19 grams. 

“Both solutions are said to be improved by adding caustic potash: 
or caustic soda so long as the precipitate formed dissolved. 
These compositions, however, cannot be recommended, because 
the baths work faultlessly for a comparatively short time only.” 

115. Pfanhauser™ gives: 

Nickel ammonium sulphate.. 40 grams. 
Ammonium chloride ....... 15 grams. 
Boric acid ................. 20 grams. 

Current density 0.5 ampere. E.M.F. for 15 cm. 2.8 volts. 
Resistivity 20.85 ohms at 15° to 20° C. Temperature coefficient 
0.0156. Current yield 89.5 percent. Deposit per hour 0.00556 
mm. Specific gravity 1.0357 (5° Bé.). He, too, speaks of the 
difficulty of regulating the bath, and recommends cast anodes of 
half the surface of the cathode. 

Maigne and Mathey*® ascribe to Weston the two baths which 
follow : 

116. Nickel chloride ............. 50 grams. 
Boric acid ................. 20 grams. 

117. Nickel sulphate ............. 50 grams. 
Boric acid .........+.+--+-+ 17 grams, 

118. Bath of Julius Weiss :*° | 

Nickel sulphate ............. 40 grams. 

Ammonium chloride ........ 20 grams. 

Citric acid .:............... 2 grams. 

119. Langbein® (p. 253) gives: | 

Nickel ammonium sulphate.. 64 grams. 

Ammonium sulphate ...... 20 grams. 

Citric acid ........---+++-- 44 grams. 

E.M.F. 2 to 2.2 volts at 10 cm. Current density 0.34 ampere. 

The materials are dissolved in boiling water, and ammonia 1s
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added until blue litmus paper is only slightly reddened. Very 
careful regulation of the current is required to avoid peeling off. 

The anodes should be cast and rolled in equal numbers. Accord- 
ing to experiments by Dr. Langbein it is better to decrease the 

_ amount of ammonium sulphate to 2 grams, 
This bath is operated so nearly neutral that it closely resembles 

bath No. 107. 7 

120. J. H. Potts’® uses: 

. Nickel acetate .............. 28 grams. 

Calcium acetate ............ 16 grams. 
Acetic acid, sp. g. 1.047 (35 

percent) ................. 8 grams. 

Potts claims: “I have succeeded in producing a nickel-plating 

solution having the advantages of the presence of free acid and 
of great density, and yet free from the objections which have 
been heretofore made to acid solutions. . . . To the presence 
of the acetate of lime I also attribute the fact, which I have. 

discovered in practice, that in the use of my solution no such 
«are and nicety in the regulation of the electric current are 
mecessary as in the use of the ordinary solutions. . . . Another 

advantage of my solution is the entire freedom of iron work 

plated in it from liability to corrosion after removal from the 
tthe cleansing bath of warm water in which it is necessary to 
place it after leaving the plating solution, thus obviating a very 

serious objection heretofore made to the presence of free acid in a 
nickel-plating solution—an objection which has been found to 
exist in the use of ordinary solutions.” Watt? (p. 297) quotes 
Wahl as follows: “It gives satisfactory results without that 
care and nicety in respect to the condition of the solution and 

the regulation of the current which are necessary with the double 
sulphate solution. The metallic strength of the solution is fully 

maintained without requiring the addition of fresh salt, the only 
point to be observed being the necessity of adding from time to 
time (say once a week) a sufficient quantity of acetic acid to 

maintain a distinctly acid reaction. It is rather more sensitive © 
to the presence of a large quantity of free acid than te the 
opposite condition, as in the former condition it is apt to produce 

a black deposit, while it may run down nearly to neutrality
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without notably affecting the character of the work. The 
deposited metal is characteristically bright on bright surfaces, 
requiring but little buffing to finish. It does not appear, however, 
to be so well adapted for obtaining deposits of extra thickness 
as the commonly used double sulphate of nickel and ammonium. 
On the other hand, its stability in use, the variety of conditions 
under which it will work satisfactorily and the trifling care and 
attention it calls for make it a useful solution for nickeling.” 

121. “W. Baker and J. Unwin’ dissolve nickel hydrate in 
tartaric acid and add potassium hydrate or ammonia nearly to 

neutralization, so that a double salt is formed.” 

122. Placet and Bonnet’s nickel solution, see bath No. 25, 

this paper. 

123. For Nagel’s nickel solution see bath No. 7. | 

124. For Kugel’s nickel solution see No. 23. 

c. Alkaline Baths: 

125. Roseleur’s solution :1 

Nickel ammonium sulphate .. 40 grams. 
Ammonium carbonate ....... 30 grams. 

126. Desmur’s solution . 

Nickel ammonium sulphate .. 70 grams. 
| Sodium bicarbonate ......... 8 grams. 

The bath is worked nearly at the boiling point. If, after working 
for some time, the deposit becomes dark, a small lump of sodium 
sulphide will remedy it. “Of all the solutions of nickel which 
I have tried,” says M. Desmur, “this has, without doubt, given 
-me the best results both as to quickness of working and whiteness 

of deposit, which is equal to that of silver. Nickel deposited 
from this solution can be burnished.” 

121. Bischof and Thiermann’s’® solution: 

Nickel sulphate ........... 86 grams. 

Ammonium sulphate ....... 67 grams. 

Ammonia, sp. g. 0.905...... I1O grams. 
Volume ........-0+-eee-e-+- ‘I liter. 

Platinum anode. E. M. F. 2.8 volts. Current density 0.5 ampere.
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128. Prior’s solution.” He adds to nickel chloride solution 
ammonium chloride, sodium chloride and potassium hydrate until 

the solution is strongly alkaline. 

129. Gutensohn’s solution.*®° He claims to deposit nickel, 

aluminum, copper, lead and zinc from a solution of the phosphate 
of the desired metal dissolved in a solution of sodium hydrate to 

which ammonia is added. 

130. F. Weil® dissolves nickel hydroxide in Seignette’s salt 
and sodium hydrate. 

III. Miscellaneous Baths. 

Although even traces of nitrates are declared by Adams to 
be harmful in the nickel bath, several solutions have been used 

or patented in which a nitrate is the principal or an important 
ingredient. 

131. Boden’s solution :16 

Nickel nitrate ............. 27 grams. 

Sodium sulphite ........... 333 grams. 
Ammonia ................. 27 grams. 

132. George Brucker® patents a solution composed of: 

100 parts saturated solution of nickel in nitric acid. 
3 parts cream of tartar. 

133. Watt®® (17) added ammonium nitrate to a neutral solu- 

tion of nickel nitrate but obtained only a slight discoloration of 
the cathode. No hydrogen was liberated, but small bubbles of 

gas appeared at the anode. 

134. Watt®* (43) also tried the addition of ammonium citrate 

to the solution of nickel nitrate, but without any favorable action. 

The double cyanide solution, used for the deposition of so 

many of the metals, in the case of nickel is conspicuous by its 
absence from all save two of the books on electroplating so 

far referred to in this paper. Watt™ says, page 298: “This was 

one of the earliest solutions used for depositing nickel, and is 
capable of yielding an exceedingly white deposit. Though neither 
so economical nor so susceptible of yielding stout deposits of 

nickel as the ordinary double sulph’ite or double chloride, it may
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be advantageously employed when only a thin coating of a fine 
white color is desired. It is stated to be somewhat extensively 
used in some large nickel-plating works in the United States.” 
Nickel cyanide is dissolved in a strong solution of potassium 
cyanide and a small excess of the latter is added. “The solution 
should be as concentrated as possible, almost to the point of 
saturation.” 

135. Thomas and Tilley® in 1854 patented a nickel bath con- 
sisting of a solution in potassium cyanide of the washed pre- 
cipitate from a solution of nickel in nitric acid. 

Watt® failed to get a deposit of nickel in the three experiments 
which follow: 

“A solution was prepared by digesting recently precipitated 
phosphate of nickel in a moderately strong solution of cyanide 
of potassium. With the current from three cells, no metallic 
deposit was obtained, but a red salt formed at the cathode. A 

deposit of a black color appeared on the anode. There was a 
copious evolution of gas at both electrodes.” 

“A solution was prepared by adding recently precipitated and 

moist carbonate of nickel to a strong solution of cyanide of 

potassium. . . . There was much hydrogen given off, and- 
the solution failing to yield a good film was abandoned.” 

“To a strong solution of cyanide of potassium moist ferri- 
cyanide of nickel was added. . . . No deposit of nickel could 

be obtained even when the cathode was briskly agitated in the 
bath. There was a brisk evolution of gas at both electrodes.” 

It looks like a case of too much free cyanide in the above 

_ solutions. 

136. Bates** black nickel solution: 

“Nickel salts” ............. 120 grams 

Cyanide of potassium ...... 75 grams 

Ammonia ..........----+++ 108 grams 

oe Water ...........+--++++++1,000 grams 

The nickel salts are dissolved in water, the cyanide added with 

stirring until the precipitate formed is dissolved, then the am- 

monia added—which should turn the solution to a light blue 

color. Nickel anodes are used. “The object of my invention 1s
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the electrodeposition of a black nickel which shall be as compact, 

coherent, tenacious, and flexible as the best deposit of white 

nickel.” 
Many “black nickel’’ solutions contain sulpho-cyanides, com- 

pounds of arsenic, antimony, or other substances whose presence 

in other baths, containing no nickel, causes a deposit similar to 

“black nickel.” Until proved by analysis, the writer doubts that 

“black nickel” is either nickel or one of its compounds. Hence 
modern “black nickel” solutions are not included in this paper. 

137. Adams’ sulphite solution :°° 

Nickel sulphate ............37.5 grams. 
Ammonium sulphite or bisul- 

phite ....................22.5 grams. 

“The resulting products are sulphite of nickel and sulphite 

of ammonia, and a residuary product of sulphate of ammonia. 

This solution may also be made from the nitrate, chloride, or 

acetate of nickel by adding the proper quantity of sulphite or 

bisulphite of ammonia. It may be used with special advantage 

where the nickel plate forming the anode in the solution contains 

zinc. Nearly all commercial nickel contains more or less zinc, 

the presence of which tends to increase the evolution of hydrogen 
on the deposited plate. There is less tendency to this evolution 
of hydrogen with this solution than with those heretofore de- 

scribed in books.” 

138. Langbein® gives a phosphate solution: 

Nickel phosphate ............19 grams. 

Sodium pyrophosphate .......80 grams. 

E. M. F. at 10 cm. for copper 3.5, for zinc 3.8 volts. Current 
density for copper 0.5, for zinc 0.55 ampere. “The bath yields 

| a very fine dark nickeling upon iron, brass, and copper, as well 

| as directly, without previous coppering, upon sheet zinc and zinc 

castings. For the same purpose a nickel solution compounded 

with a large quantity of ammonia has been recommended. How- 
ever, experiments with this solution always yielded lighter tones 

, ~ than the above bath.”
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139. Powell’s pyrophosphate solution :®¢ 

Nickel phosphate .......... -22.5 grams. 
Sodium pyrophosphate ......26.2 grams. 
Nickel citrate ..............15, grams. 
Sodium bisulphite .......... 7.5 grams. 

. Ammonia, 16 percent........37.5 grams. 

“One great advantage arising from the use of my solutions is 
that the various metals and their alloys are electronegative to 
a solution containing pyrophosphates or phosphoric acid ; hence, 
no decomposition or local action occurs when they are immersed 
in the bath. Thus zinc articles, which cannot be plated in a 
solution of double sulphate or chloride of nickel and ammonia, 
are beautifully plated with a firm adhesive layer of metal by 
using my solutions, and the deposit is white in color and very 
ductile.” 

140. Nickel fluosilicate :*7 

Nickel fluosilicate ...........100 grams. 

Aluminum fluosilicate ....... 50 grams. | . 

Ammonium fluoride ......... 50 grams. 

The deposit is claimed to be smooth, dense, coherent, and ad- 
herent. It is advisable to add ammonium fluoride from time 
to time during use to prevent the separation of silica. 

141. A bath with sodium chloride :* 

Nickel sulphate ............. 50 grams. 

Nickel ammonium sulphate... 50 grams. 

Sodium chloride ............ I0 grams. 

Sp. gravity 1.064 (8% Bé.). Resistivity 23.4 ohms. Nickel per 

liter 18 grams. “The addition of 10 to 15 grams of boric acid 
per liter preserves the whiteness of the nickel deposit, which the 

presence of the chloride tends to make it lose.” 

Organic salts and compounds have been largely used, either 

as the basis of the bath, or as an addition for the purpose of 

improving the permanency of the bath or the nature of the 
deposit. 

142. Watt®® added sodium chloride to a strong solution of
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nickel acetate, and with two cells obtained a good white deposit 
of nickel on brass. 

143. To a strong neutral solution of nickel acetate Watt® 

added potassium acetate. The deposit of nickel was very uni- 

form and white. There was only a moderate evolution of gas 
- at the anode, and none at all on the cathode. 

144. Toa solution of nickel sulphate Watt®® added a solution 
of nickel acetate. The deposit was bright, very white, and 

brighterled under the burnisher without excessive pressure. 

For other acetate baths see solutions 75, 76, 89, 92, 108 and 
109. 

Citric acid and citrates are frequently used in the nickel bath. 

145. Pfanhauser™ gives: 

Nickel sulphate ............. 40 grams. 
Sodium citrate ............. 35 grams. 

E. M. F. at 15 cm. 3.6 volts. Current density 0.27 ampere. 
Specific gravity 1.0394 or 514° Bé. Resistivity 51.7. Tempera- 
ture coefficient 0.0348. Current yield ‘90 percent. Deposit in 
one hour 0.00301 mm. Rolled anodes should be used of twice 

the cathode surface. This bath is equally good for nickeling 

iron, steel and brass, and is especially good for nickeling pointed 

objects. The deposit is white and ductile. 

146. Langbein® gives a similar bath: 

Nickel sulphate ............. 48 grams. 
sodium citrate ............. 30 grams. 

“E. M. F. at 10 cm. 3.0 volts. Current density 0.33 ampere. 
This bath is claimed to be especially useful in preparing nickel 
electrotypes, but Langbein’s experiments proved it to possess 
the disadvantages of all nickel baths prepared with large quan- 
tities of organic salts. For the special purpose for which it is 
recommended no better results were obtained than with any other 

. nickel bath rationally composed for heavy deposits. It is very 

suitable for nickeling objects with sharp edges and points. ‘The 
deposit is quite soft, and in grinding such nickeled instruments, 
peeling off of the nickel happens less frequently than with 
instruments nickeled in other baths.”
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147. Watt®* added citrate of ammonia to a solution of citrate 
of nickel. Three cells caused a somewhat dull deposit, but on 
diluting the solution the color and brightness of the deposit were 
much improved. The deposit was readily brightened by the 
burnisher. The anode was covered with a greenish coating, 
which dissolved on standing at rest in the solution. Addition 
of a slight excess of citric acid ‘kept the anode clean. 

148. J. E. Chaster** patents a bath consisting of a solution 

of nickel ammonium citrate. It is to be used about three-fourths 
saturated. Its particular advantage over the double sulphate is 
claimed to be its lower E. M. F. of decomposition. 

149. Watt®® also tried the effect on the deposit of continued 

additions of nickel citrate to a solution of nickel sulphate. Even 
a small addition of the citrate caused a whiter deposit than that 

from the sulphate and a larger amount caused the deposit to 

continue bright, instead of becoming dull after a short deposition 

as it usually does in a solution of nickel sulphate. The metal 
felt soft under the burnisher, and a brilliant polish was obtained. 

For other citrate baths see solutions 80, 90, 96 and 107. 

Jas. Powell®® patents the addition of benzoic acid or benzoates 

to any of the salts of nickel, claiming that it renders the solution 
more stable, causes proper corrosion of the anodes and yields 

a tough, cohesive and reguline deposit of beautiful silvery-white 
nickel. As an example of his solution he cites: 

150. Nickel sulphate ............ 34 grams. 
Nickel citrate .............. I5 grams. 

Nickel phosphate ........... 15 grams. 

Benzoic acid ..........-+++. 7.5 grams. 

The four solutions which follow are also ascribed to Powell :"* 

151. Nickel sulphate ............ 27 grams. 

Nickel citrate ............-- 20 grams. 

Benzoic acid .......++++++-- 6.5 grams. 

152. Nickel chloride ........---- 14 grams. 

Nickel citrate .......-++++-- 14 grams. | 

Nickel acetate ........---+-- 14 grams. 

Nickel phosphate ...-...---- 14 grams. 

Benzoic acid ......-+e++e+++ 7 Qrams.
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153. Nickel sulphate ............ 20 grams. 

Nickel citrate .............. 20 grams. 

Nickel benzoate ............ 7 grams. 
Benzoic acid ............... 1.8 grams, 

154. Nickel acetate ............. 20 grams. 
Nickel phosphate ........... 7 grams. 

Nickel citrate .............. 20 grams. 

Sodium phosphate .......... 14 grams. 

Sodium bisulphite .......... 7 grams. 
Ammonia ...............-.+32.5 grams. 

For Watt’s benzoate bath see solution No. 77. 

155. Placet’s bisulphate, biphosphate and biacetate solutions 
have been given under bath No. 25. 

156. Villon’s solution: 

Nickel ammonium sulphate... 50 grams. 

Nickel ammonium oxalate.... 20 grams. 

Ammonium phosphate ....... 10 grams. 

157. Keith’s solution.*°° “For preventing and overcoming this 
brittleness . . . I add to a solution of nickel . . . one 

or more of the salts, either single or double, . . . which are 

formed by the union of the various organic acids, acetic, citric 

and tartaric, with the alkalies and alkaline earths, ammonia, 

soda, potassa, magnesia or alumina. . . . The result is a 

deposit possessing elasticity, toughness and all, the hardness, 
brilliancy and other qualities of pure nickel. . . . These 
various organic acid salts may be added interchangeably and 
collectively, though I prefer to use, in case of the double salts 

_ of nickel, the organic acid salts which have for their bases the 
alkali. or alkaline earth which is associated with the nickel in 
its double salt. . . . Of the salts which can be used to accom- 
plish the desired effect I prefer the tartrates. . . . To twenty 
volumes of a solution of the double sulphate of nickel and 
ammonia of a gravity of 7° Bé. (sp. g. 1.0507) I add one volume 
of a solution of an equal gravity of neutral tartrate of ammonia 

in water. These solutions may for some purposes be made alka- 
line—for instance, in the electroplating of brass and iron, 
wherein local action would interpose provided the solutions were 
left in an acid condition.”
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158. An English formula: 

Nickel sulphate ........... 52.5 grams. 
Tartaric acid ............. 28 grams. 
Caustic potash ............ 7 grams. 

For other tartrate baths see solutions Nos, 80 and 112. 
159. Classen’s oxalate bath may be found under solution 

No. 24. . 

Jules Meurent® secures highly adherent deposits of metals or 
their alloys by adding to an aqueous solution of the chloride of the 

metal to be deposited “a compound of a metal of the alkalies 
containing oxygen, and adding thereto a solution of chloride of 
ammonia and a carbohydrate,” and electrolyzing. He specifies 

the addition of the following: Arabit, arabinose, xylose, rharmose, 
or isodulcite, saccharin, isosaccharin, metasaccharin, mannite, 

dulcite, sorbite, triose or glycerose, tetrose or erythrose, pentose, 
| mannose, glucose, galactose, fructose, sorbinose, formose, acrose, 

methylenetan, glucoazone, isoglucosamine, osone, glucosone, glu- 

cosamine, the mannoses, methylerose, mannoheptose, glucohep- 

tose, methylheptose, manoctose, nonose, mennononose, saccharose, 
lactose, maltose, mycose or trehalose, melibiose, raffinose or meli- 

tose, melitriose, melectose, also the following mono-acids, the 

biacids and the tribasic acids: The acids arabonic, aposorbinique, 
trioxyglutaric, saccharonic, trioxyadipinic, desoxalic, oxycitronic, 
dioxypropantricarbonic, as also the aldehydes and the ketones, 

hexavalents—that is to say, the acids mannitic, gluconic, dextrinic, 

mannonic, galactonic, etc., the saccharic, mucic, isosaccharic acids, 
etc. “I add also all the class of gums comprising especially 

arabine, gum arabic, the gums of the country obtained from 
plum trees, cherry trees, apricot trees, etc., wood-gum, vegetable 

mucilage, anisie bassorin, pectic mathers. I add also the classes 

of collagenous and chandrogenous matters containing ossein, 

glutine or gelatine, and all kinds of glues, as also chondrin and 
chitine.”’, 

160. Meurent’s nickel solution: 

Nickel sulphate ...........-- 50 grams. 

Ammonium chloride ......... 25 grams. 

Citric acid .......-.-e-+00e 5 Grams. 

Gum arabic ..........----+- 50 grams.
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“If the bath is too acid, it is necessary to neutralize it. Seventy- © 
five grams of sugar or 100 grams of glucose may replace the 

gum arabic.” 

IV. Malleable Nickel. 

E.. Weston, in his patent mentioned on page 132, claims to 
obtain from the solution below “A new article of manufacture— 
a depbsit of nickel which is so tough, malleable and ductile that 
it can be worked in much the same way as brass or copper are 

worked by the operations of rolling, punching, drilling, spinning, 

drawing,” etc. 

161. Weston’s solution consists of five parts of chloride of 
nickel and two parts of borate of nickel. The amount of water 
is not stated in the portion of the patent available. 

| 162. Villon’s solution of malleable nickel :1* 

Nickel ammonium sulphate . 60 grams. . 
Nickel ammonium oxalate... 20 grams. 

Ammonium phosphate ..... 10 grams. 
Palladium oxalate ......... 0.1 gram. 

163. Kern’s®? fluoborate solution contained 8 percent metallic 
nickel as nickel fluoborate. In 300 hours at 1.2 amperes per 
square decimeter the deposit weighed 290 grams and was 5/16 

inch thick. “It was bright, smooth, malleable, solid and 
adhetent.” 

Two solutions previously given are claimed to yield malleable 
deposits: No. 23, Kugel’s, and No. 139, Powell’s. Deposits from 
the following solutions are said to be soft enough to burnish: 
Nos. 76, 77, 90, 106, 122, 126, 144, 147, and 149. 

V. Baths Producing Thick Deposits, 

Brochet,* Langbein,®> Maigne and Mathey,?® and Peters?” all 
give the following: 

163. Formula used in Belgium: 

Nickel sulphate .......... 50 grams. 
Ammonium tartrate, neutral 36 grams, 
Tannin .................. 0.25 gram. 

EMF. 3.5 volts; current density 0.3 ampere.
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“The bath is said to yield a very white, soft and homogeneous 
deposit of any desired thickness, without roughness or danger of 
peeling off.” | | 

164. Nickel ethyl sulphate.°* “By the use of an electrolyte 

which contains nickel ethyl sulphate, or the ethyl sulphates of 

the alkalies or alkaline earths, deposits of any desired thickness 

can be produced if the bath be constantly agitated by mechanical 

means or by the introduction of hydrogen. Agitation by blowing 
‘in air is not permissible on account of oxidation of the ethyl 

sulphates. Experiments with such ethyl sulphate combinations 
by Dr. G. Langbein & Co. resulted in formulas for prepared 

nickel salts, from which thick deposits of nickel capable of. 

being polished can in a few minutes be obtained in the cold way. 
The salts are known in commerce as Mars, Lipsia, Germania and 

Neptune. In an electrolyte of given composition, which has to 

be kept slightly acid with acetic acid, nickeling may for weeks 

be carried on at the ordinary temperature without any peeling 
off of the deposit, and in this respect this bath surpasses all 
other known baths. In the course of six weeks Dr. Langbein 

has produced upon guttapercha matrices galvanoplastic nickel 

deposits 6 millimeters in thickness.”—Langbein.° 

163. A. Hollard’s solution.** 

Boric acid ............--- 63 grams. 

' .  -Hydrofluoric acid (43 to 46 
percent) .............. 142 grams. 

Nickel carbonate ........6 excess. 

Water ..............---- 2,000 grams. 

The boric acid is dissolved in 125 c.c. of boiling water, cooled, 

put in a rubber jar and the hydrofluoric acid added. The nickel 

carbonate is slowly stirred in until it remains undissolved, and 

then stirred for 24 hours by a motor to completely neutralize 

the acid. It is then filtered. At first thé deposit is curly, but 

after three or four days of continuous operation it works satis- 

factorily. One may deposit nickel as thick as desired, and the 

deposit may be used for electrotypes on wax, guttapercha, etc. 
Nickel can be deposited directly on cast iron and on aluminuni. 

To
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The writer can confirm Hollard’s statement of the suitability 
of the nickel fluoborate electrolyte for thick deposits. About 

two years ago the writer began experiments with fluoborate 

solutions of several metals, obtaining deposits of considerable 

thickness. Last fall, as the laboratory nickel solution was not 
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working satisfactorily, about three gallons of the fluoborate solu- 
tion were added to the 30-gallon nickel tank as a corrective. 
The solution then gave light deposits of excellent quality, but 

heavy deposits, run for a week or more, were badly pitted by gas 
bubbles which clung to the cathode. Although he has never 
collected and analyzed the gas, the writer is inclined to consider 

the trouble due to air absorbed while the solution stood idle in
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the summer. After several weeks of occasional use the pitting 
had diminished considerably, and an attempt was made to secure 
a really thick deposit of nickel. 

Since the regular anodes, over a foot long, were left in the tank, 

there was naturally an excessive deposit on the bottom of the 
cathode. The deposit weighs 1,500 grams, and the cathode has a 
maximum thickness of 30 mm. The edge is 17 to 22 mm. in 
thickness. The bath operated at room temperature without stir- 
ring, and no additions were made to the solution during the 85 
days of deposition. The current density averaged about 08 
ampere per square decimeter. The deposit was brilliant and 
very satisfactory except for the pits caused by the gas bubbles. 

Although the cathode was lifted from the solution every few 
days for examination, there was no trouble from peeling. The 

deposit is very hard and somewhat brittle. In comparison with 
those deposits of copper, iron and lead of equal thickness which 

have come under the observation of the writer, the smoothness 
and freedom from protuberances of this deposit is remarkable. 
It is evidently not necessary that the entire bath consist of nickel 
fluoborate in order to obtain thick deposits. 

Of the baths previously described, No. 22, No. 91 and No. 146 
are claimed to give thick deposits at ordinary temperatures. 

The heating of the electrolyte to prevent curling and peeling 
of the deposit has already been mentioned, and doubtless the 
thick deposits claimed for bath No. 22 are due to the elevated 

temperature specified. | 

VI. Agents for the Production of Smooth Deposits. 

“A small addition of gelatine or transparent white glue will 
give an exceedingly bright lustre to the nickel deposit, providing 

the deposit is not too heavy.”——C. H. Procter.* 
Bruce adds carbon disulphide to the nickel bath to prevent 

the deposit from becoming dull when it reaches a certain thick- 
ness. “This is not advisable.”—Langbein® (p. 261). 

Classen obtains brilliant mirror-like electrolytic deposits of 

the metals by adding to the plating baths glucosides, phlor- 
glucosides, or extract of althzea, or Panama licorice extract. 

J. A. Nussbaum* obtains smooth, dense deposits of metals by 

adding to aqueous solutions of their ordinary salts small quanti-
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ties of colloids, which wander toward the cathode, e. g., seed 

mucilages (linseed), mucilage from roots or bulbs (salep), 
vegetable gums, albumin, glutin, chondrin, mucin, etc. 

“I found that by the addition of potassium cyanide to an 

alkaline electrolyte of nickel the deposit of nickel formed was 
smoother than that obtained by using other solutions. The 
addition of ammonium carbonate in place of ammonia produced 
smoother deposits when from 1 to 2 percent of cyanide was 
present.”—E. F. Kern.%8 

“Other conditions being the same, we shall get the smallest 
crystals the greater the potential difference between the metal 

and the solution. This is the recognized explanation for the 
excellent character of deposits from cyanide  solution.”— 
Bancroft.®® 

Q. Marino dissolves nickel ammonium sulphate in glycerine 
at 60° to 80° C. instead of in water. Foerster and Langbein® 
(p. 250) find that the deposits do not possess the good qualities 

claimed by the patent. “The owners of the Marino patents have 
apparently themselves recognized the disadvantages of the 
glycerine electrolyte, and have applied for a patent, according 

to which 15 to 20 percent of glycerine is to be added to solutions 
- of metallic salts in water. The glycerine is claimed to act as a 

_ depolarizer, and allow of the production of lustrous nickel deposits 
of great homogeneity. By experiments made in this direction it 
was found impossible to produce a better technical effect with 
such an addition of glycerine than without it, in properly prepared | 
baths.”—Langbein® (p. 250). 

VII. Nickel Electrotypes. 

Of the baths mentioned, Nos. 23, 91, 146, 164 and 165 are 
claimed to be suitable for the production of electrotypes, etc., in 
nickel. | 

VIII. The Nickeling of Zinc. 

Owing to the corrosion of zinc by many of the common nickel 

baths much difficulty has been experienced in plating nickel 
directly upon zinc. Recourse has frequently been had to a pre- 
liminary coating of copper or brass from a cyanide solution. 

“Some manufacturers nickel the cleansed sheet wthout pre-
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' vious coppering or brassing, and claim special advantages for 
such direct nickeling. Sheet-zinc directly nickeled does not show 
the warm, full tone of sheets previously coppered or brassed, 
The nickel deposit upon brassed sheets shows a decidedly whiter 
tone than on copper sheets, and brassing would deserve the 
preference if this process did not require extraordinarily great 
care in the proper treatment of the bath, the nickel deposit readily 
peeling off. This peeling-off of the deposit may be prevented by 
avoiding too large an excess of cyanide, and by regulating the 
current so that no pale yellow or greenish brass is deposited.” 
—Langbein® (p. 298). 

The following baths are said to be suitable for the direct 
nickeling of zinc: 

Nos. 107, 109, 138 and 139. 

Electrolytic Determination of Nickel. 

The methods and conditions described under Nos. 52, 53, 54, 

55, 56, 57, 59, 60 and 61 for cobalt, may also be used for nickel. 
No. 58, given by Classen”? (p. 162) is stated by Perkin® to be 

less satisfactory for nickel than for cobalt, and to give rather 

low results. 

166. Ammonium hydrate and ammonium borate.”* Dissolve 
the nickel salt in 30 c.c. of water and add 70 c.c. of a solution 
containing 50 grams of ammonium borate dissolved in 700 c.c. 
of water and 300 c.c. of ammonia (sp. g. 0.88). Current 0.5 to 

I ampere at 30° C. Ifa slight anode deposit forms, a few cubic 
centimeters of strong ammonia will remove it. Time 3 to 4 hours. 

The method is very accurate, but the deposit is not so fine in 

appearance as in other methods. 
There remains for consideration a few alloys of nickel with’ 

iron, zinc and other metals, but these have been purposely omitted. 
Although these alloys have been deposited from their: various 

baths, they have not as yet reached any commercial importance, 
and it was not deemed advisable to incorporate them in this 

article, already bulky beyond expectation.
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SOME SOURCES OF ERROR IN GAS CALORIMETRY. 

By O. L. KOWALKE, 

Previous to five years ago the quality of municipal gas was 

judged according to two standards,—the candle power and the 

calorific. In the spring of 1908 the Railroad Commission of Wis- 

consin called into conference the representatives of gas com- 

panies to determine the proper standard for quality of gas. It 
was shown at the conference that practically all gas sold was 

used. for producing heat, and that the calorific standard was the 

most logical one. The question now arose as to how the calorific 

value should be determined, what calorimeters were best suited, 

and what the proper conditions for testing were. As a result 

of this conference, the staff of the Chemical Engineering Depart- 

ment in co-operation with the Committee on Calorimetry of the 

American Gas Institute made an extended series of tests of the 
efficiency of various calorimeters on the market, and the factors 
affecting their accuracy. 

The American Gas Institute adopted the following definition 

of heating value:—(See Proc. Am. Gas Inst., Vol. III, 1908, p. 

383). 

‘‘The heating value of a gas is the total heating effect pro- 

duced by the complete combustion of a unit volume of the gas, 

measured at a temperature of 60 degrees Fahrenheit, and a pres- 

sure of 30 inches of mercury, with air of the same temperature 

and pressure, the products of combustion also being brought to 

this temperature.’’ 

‘‘In America the unit of volume is the cubic foot and we rec- 
ommend that the heating value be stated in terms of British 

thermal units per cubic foot of gas.’’ 

The present discussion deals particularly with continuous flow 

calorimeters,—namely, calorimeters through which the cooling 

water, gas and air flow continuously. There are several other ef- 

ficient types of calorimeters whose operation is radically dif- 

ferent from the continuous flow type, but since the latter has the 

widest use the discussion will be confined to it.
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It is apparent that there are several sources of error in a heat- 
ing value determination, namely ;—measurement of gas, correc- 
tion to standard volume, temperature measurement, radiation 
losses, incomplete combustion, air humidity, and excess of air. 

The gas supplied to the calorimeter is measured in a wet test 
meter. Aside from leaks in the case of the meter and incorrect 
water level, there are other sources of error. The temperature 
of the gas passing the meter must be accurately measured ; hence 
the thermometer should read to single degrees, be quick to re- 
spond to changes in temperature, and be installed at the point 
where the gas leaves the measuring drum. An error of one de- 
gree in the measurement of the temperature of the gas means an 
error of about 1.8 B.t.u’s. per cubic foot of gas. 

Should the gas entering the meter be not saturated, there 

would be considerable evaporation during an extended series of 

tests, and the meter should be ‘‘slow”’ in its registration. The 

following data will illustrate this point. A meter was passing 

gas at the rate of 7 cu. ft. per hour, for six hours, with the gas 

and the meter at 80 degrees Fahrenheit. At the beginning the 

meter was 2.0 per cent fast and at the end was only 1.7 per cent 

fast. Had the meter not been checked, the results at the end 

would have been 0.8 per cent larger than at the beginning, a mat- 

ter of about 5 B.t.u. 

The standard unit volume of gas is one cubic foot of saturated 

gas at a temperature of 60°F. and 30 inches of mercury. It is 

seldom. possible to meter gas under these conditions, but by 
proper corrections of temperature, barometer, and vapor pres- 

sure, the gas can be brought to this standard. The formula for 

making the correction is given as Se where 

h==barometer in inches of mercury 

a—vapor tension at observed temperature, (t) 

t—=gas temperature observed, in degrees Fahrenheit. 
Suppose that in the winter the temperature of the gas in the 
mains is 45°F. and that the gas is saturated. The gas is brought 

into the testing room where the temperature is 70°F., where it 

would now be only 41 per cent saturated. Were the gas satu- 
rated at 70°F., and the barometer at 29.5 inches of mercury, the 

correction factor according to the above formula would be 0.955. |
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Since the gas would be only 41 per cent saturated the correction 

factor, according to the formula above, would be 0.971 and would 

involve an error of about 10 B.t.u. During the winter it is nec- 

essary to pass the gas through a saturating bottle before passing 

the meter. | 

It can also be shown that an error of one-tenth of an inch in 

reading the barometer will mean an error of about 2 B.t.u. The 

gas coming from the main to the meter is usually under a pres- 

sure of from 2 to 6 inches of water. Each inch of water pres- 

sure corresponds to 0.073 inches of mereury which, for accurate 

work, should be added to the barometer reading. Failure to do 

so will mean a loss of about 1.5 B.t.u. for each inch of water pres- 

sure to which the gas is subjected. 
The temperature of the water at the inlet and outlet must be 

accurately known; and the thermometers should show accurately 

the temperature difference. This will mean that a given interval 

on the scale of one thermometer should correspond exactly to the 

same interval on the scale of the other. It is practically impossi- 

ble to build thermometers so that the bore is perfectly uniform, 

and the scale etched on the thermometer may not always accu- 

rately indicate the correct temperature. 

Suppose that in a test the following data were obtained :— 

Gas consumed (corrected )==0.1883 cu. ft. 

Weight of water heated=7.39 lbs. 

Observed average temp. of inlet water—65.38°F. 

Correction for bore=.33 | 

Corrected temperature at inlet—65.05°F. 

Observed ave. temp. at outlet of water—80.86°F. | 
Correction for bore=.17 

Corrected temperature at outlet—80.69°F. 

Corrected rise in temp.=15.64°F. 

Hence 8 613.8 B.t.u. Had the correction for bore 

in the thermometer not been made the apparent rise would have 

been 15.48°F. and the heating value 607.5 B.t.u. 

For work of great precision a further correction for the emer- 

gent stem of the thermometer is necessary. If the stem of the 

thermometer extends out of the bath in which the bulb is im- 
mersed, and if the surroundings of the stem are cooler than the
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bath, the reading will be low. The correction formula given in 
‘‘Circular of the Bureau of Standards No. 8—1911’’, p. 15, is: 

- S§tem correction=0.000088 N (T°—t?°) 

N==number of degrees emergent from bath 

T= observed temperature of bath 

t=mean temperature of emergent stem (taken as room tem- 
perature) 

For a bath temperature of 85°F, room temperature of 7 0°F, and 
the stem submerged to the 32° mark, a correction of 0.06 degree 
must be added, which is equivalent to about 2 B.t.u. 

Loss or gain of heat by radiation may be of considerable mag- 
nitude. In the following table is given the gain or loss in B.t.u. 
absorbed from or given to the room during the time required to 
burn one cubic foot of gas. To obtain these data no gas was 
burned in the calorimeter, the room temperature was kept at 
70°F., but the temperature of the water flowing through the eal-_ 
orimeter was varied. 

| Temp. Water | B, t. u. 
Flowing | Gain Loss 

ow ———| 2 

40° F | 80) | : 50° F | 5.0 | 
60° F | 3.5 | 
70° F 0.0 
80° F ! | 2.0 | 
90° F | | 2.0 

When gas is being burned in the calorimeter, there is some 

heat loss by conduction down the stem of the burner. This loss 
is small as compared to the heat radiated down the combustion 

chamber from the flame. The Bureau of Standards has suggested 

the use of shields on the burner stem, so arranged as to admit 

air for combustion, but to prevent heat radiation downward. 
Numerous tests in the Chemical Engineering Laboratories have 

shown that the loss in B.t.u. due to the absence of radiation 

shields is about 3 B.t.u. per cubie foot of gas. The burner should 

be well up in the combustion chamber and the flame should be 
above the point where the water enters the calorimeter. | |
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Incomplete combustion also produces an error. The flame in 

the combustion chamber should never touch the walls of the 

chamber. Such a condition will keep the gas below the ignition 

temperature. 

The magnitude of the error due to humidity and excess of air 

supply is not generally appreciated. Gas at room temperature 

and saturated with vapor enters the combustion chamber, to- 

gether with an air supply at room temperature and room hu- 

midity. The gas is burned, forming carbon dioxide and water 

vapor, with the liberation of heat; and the products of combus- 

tion are cooled by the calorimeter water to a temperature about 

equal to that of the water at the inlet. During the cooling the 

water vapor is condensed to a liquid; and the products of com- 

bustion pass out of the calorimeter saturated with water vapor 

at the exhaust temperature. The amount of water condensed is 

equal to the amount formed during combustion only when the | 

water entering with the gas and air is equal to the amount car- 

ried out by the products of combustion. Should the air and gas 

entering contain less water than the products leaving, then 

some of the heat of condensation of the water formed during 

combustion is lost. It is usually the case that the air and gas 

entering carry less water than the products leaving. In extreme 

eases, the water required to saturate the products may be more 

than the sum of that brought in by the air and gas, and that 

formed during combustion. In this case no water is condensed. 

During the summer months the air is at an average of about 

70°F. and perhaps 60 per cent saturated. In the winter air 

from out-of-doors, perhaps at 20°F. and 50 per cent saturated, 

is brought into the room and heated to 75°F, but no moisture is 

_ added. This air is now only about 12 per cent saturated. Hence 

in the winter this error due to humidity is apt to be much greater 

than in the summer. 

It can be shown that during the combustion of a carburetted 

water gas, coal gas, or mixed gas, there is a contraction in vol- 

ume. In a certain carburetted water gas (which may be taken 

as typical), the dry air needed for combustion of one cubic foot 

of dry gas is 5.286 cu. ft. The volume of the products of com- 

bustion, dry, is 5.037 cu. ft.
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Total volume before combustion is 1.00 + 5.286 = 6.286 cu. ft. 
6 6c atter 4s ot — 5.037 66 6c 

Contraction = 1.249 cu. ft. 
= 19.8 per cent. 

_ Should the excess of air amount to 40 per cent, the contraction 
would be 15.3 per cent. The contraction in volume due to com- 
bustion makes it possible to operate a calorimeter with an ex- 
ceedingly small error when the humidity is about 80 per cent, 
for room temperatures from 60° to 80°F. and for air excesses 
from 20 per cent to 60 per cent. 

The following tables show the loss or gain in B.t.u. per cubic 
foot for a carburetted meter gas when burned with air of vari- 
ous degrees of humidity, temperature, and percentages of ex- 
cess. The amounts of heat lost are indicated with a minus sign 
and the amounts of heat gained with a plus sign. 

TABLES SHOWING LOSS AND GAIN OF B. T. U. 

Table 1. Air 20 Per Cent Excess 

Room Temp. | Humidity ‘ po. P 100% 80% 604 40% 20% 

ee] 

60 +11 +001 | —1.0 —2.3 3.5 
70 +1.6 —0.01 —1.6 —3.2 | —4.8 
80 +22 — 0.03 —2.2 i == 4.4 | —6.6 
90 +2.9 —0.03 —3.0 | —6.0 | 9.0 

Table 2. Air 40 Per Cent Excess 

| | | 
Room Temp. | Humidity mee) 100% 808 60% 40% 20% 

60 +1.1 | —0.2 —16 | ~—29 | —4.2 
70 415 | —03 —2.2 — 4.0 —5.9 
80 +2.1 --0.4 —3.0 —5.5 —8.0 
90 $2.9 -.0.6 | —4.0 7.5 —11.0
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Table 3. Air 60 Per Cent Excess 

Room Temp. 100¢ 804 Homaity | 404 20g 

60 +1.1 —0.4 —1.9 —3.4 —5.0 
79 +15 —0.6 —2.7 —4.8 —7.0 
80 +2.2 —().8 —3.7 — 6.6 —9.5 
90 +2.9 —1.0 —5.0 ~ 9.0 —12.9 

The amount of excess of air will vary with different calorime- 

ters and also with the method of operation. The following per- 

centages of excess of air have been obtained from the old style 

Junkers calorimeter :—53%, 57%, 46%, 11%, and 200%. In 

one test the improved Junkers Calorimeter showed 41% excess 

of air, while in another the Doherty Calorimeter showed an ex- 

cess of 70%. The amount of excess air can be controlled by the 

damper on the exhaust flue. One way of doing this is to watch 

the indications of the outlet water thermometer while the dam- 

per is being manipulated, leaving the damper in that position 

which corresponds to the highest reading on the thermometer. 

In conclusion it will be noted that some of the errors in gas 

calorimetry are of considerable magnitude. Most of the errors 

are in the same direction, and the cumulative effect is an error 

of several per cent. By careful attention to the details of op- 

eration, the result obtained with a continuous flow calorimeter 

can be made equal to the total heating value of the gas.
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SOME OBSERVATIONS ON BASE METAL THERMOCOUPLES 

By O. L. Kowanxg. 

The thermocouple as a means of measuring temperatures seems 
to be used by a large variety of industries, if one may judge 
from the records of sales. It is peculiarly adapted for this 
purpose because of (1) the small volume the junction occupies, 
(2) the robust nature of the couple itself as compared to a 

thermometer, (3) the simplicity of the measuring or indicating 
instruments, (4) the rapidity with which the measurement can 

be made. Up to about seven years ago the platinum couple, 
which had been thoroughly investigated and tried out, was almost 

alone in the field. Since then there have appeared on the market 

couples made of the baser metals, such as iron, nickel-chromium, 

nickel, cobalt and other alloys. These couples came into favor 
because of their cheapness as compared to the platinum couple 
both as to first cost of the outfit and the cost of renewals of 

the couple itself, the high electromotive force generated and 
the use of a robust double-pivoted millivoltmeter. Among the 
causes for the inaccuracy of the platinum couple were hetero- 
geneity of the wires in the couple and their contamination by — 

metals or gases from the place where the temperatures were 
to be measured. All but the first of the causes named can be 
avoided after the couple is made, but the wire must be made 
homogeneous before the couple is completed. . 

Since the voltage generated by the couple for a given tem- 
perature is the summation of all the electromotive forces due to 
the contact of two dissimilar metal portions, it can readily be 
Seen that it is imperative that the metal be as homogeneotts as 

possible if the electromotive force indicated be that resulting 

from the two metals at the hot junction. If, then, the couple is 

composed of metal which is not homogeneous, then at each 

junction of two dissimilar metals there will be set up a voltage 

377
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which is a function of the temperature existing at that point. 

Should the position of the couple be changed with respect to its 
depth of immersion, then the resulting voltage will be changed 

' even though the temperature had not changed at all. A couple 

made of wires which are perfectly homogeneous is apt to be 

rather expensive, and the only combination which seems to fulfill 
this condition is the platinum and platinum-rhodium couple. 

It is possible to get a couple which is sufficiently homogeneous 
so that the indications are satisfactory for many commercial 
purposes where an accuracy of about 25 to 50 degrees is wanted. 
This condition is realized in the combinations of which base 

metal couples are made. Not all of the couples meet this condi- 
tion with the same accuracy, and not all of the couples retain 

their original accuracy. Some couples appear to change or 
deteriorate with use more than others, due to oxidation, crystal- 
lization, segregation of the metal and other undetermined causes. 

It was the purpose of this investigation to determine how 

electromotive forces of couples varied with the temperature, and 

how constant this force remained with successive heatings and 
coolings, and also when exposed to various temperatures for 

extended periods of time. 

PROCEDURE, . 

Couples were purchased from five of the prominent makers, 
and were cut to lengths of about 18 inches. To each couple 
about three feet of flexible lamp cord was soldered, and the 
wires at the point of soldering and all other required points were 
carefully insulated from each other. 

The couples under test were all compared with a platinum 
and platinum-rhodium couple No. 3P, which had been stand- 

ardized against a similar couple, “B. S. No. 120,” certified to 

by the Bureau of Standards. The latter couple had not been 
used since it came from the Bureau of Standards, and was used 

only to standardize couple No. 3P at the beginning and at the | 

end of the series of tests. . 

Couple No. 3P changed slightly during the investigation, and 
a correction was made for the indications of each series of tests. 
It was assumed that the change was a progressive one, and the
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total error divided into equal parts and the proper correction 

made in the corresponding chronological series. 

All couples were calibrated over the range given by the manu- 

facturers in their catalogues, and only one base metal couple at 

a time was compared with the platinum couple No. 3P. 

Series 1. All couples were first calibrated against No. 3P 

with a length of about four inches heated. 

Series 2. All couples were again calibrated, but with a length 

of about 15 inches heated to determine the effect and presence of 

heterogeneity in the wires. 

Series 3. All the couples were now subjected at one time to 

a constant temperature of 400° C. for a period of about twenty 
hours. After this treatment each couple was again separately 

calibrated with a length of 15 inches heated. 

Series 4. A second treatment consisted in heating all of the 

couples together at a constant temperature of about 600° C. 
for a period of twenty-four hours. After this treatment each 
couple was calibrated separately, the idea being to determine the 
effect of heat treatment at 600° C. over that at 400° C. 

Series 5. All the couples were now heated together for a 
period of twenty-four hours at a temperature of 800° C., and 
afterwards separately calibrated as before. 

The calibrations and heat treatments as indicated in Series 
3, 4 and 5 were made with each of the base metal couples heated 
for 15 inches of its length. 

FURNACES. 

Electrically heated tube furnaces were used in all of the tests. 
One furnace was 10 inches long, and the other was 20 inches 
long, each having a tube about one inch internal diameter, and 
were used for the calibration at 4 inches and 15 inches depth of 
immersion, respectively. A tube furnace about 2% inches in 
diameter and 24 inches long, so that all should be treated together, 
was used for the heat treatments at the temperatures of 400°, 
600° and 800° C. The current on the furnace was controlled 
by means of a bank of incandescent lamps, and could be adjusted
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so that the temperature remained stationary for an indefinite 
period. 

METHODS OF MEASUREMENT. 

All measurements were made on Leeds & Northrup Type K 
_ potentiometers, and only one base metal couple at a time was 
compared with the standard platinum couple, and the voltage of 

each couple was determined by a separate potentiometer, the 
standard cells for each potentiometer being checked for accuracy. 

Asbestos discs slightly less than the diameter of the tube, 
perforated in the center, were slipped on each couple and served 

to keep the couples centered in the furnace. The two couples 

Wwere then introduced into the furnace so that the junctions of 
the couples met. The temperature of the furnace was then raised 

to about 300° C. for the first point so that a good reading on 

the platinum couple could be obtained. From this point up the 
temperature was increased by intervals of about 1oo° C. At 
each point the temperature was maintained stationary so that 
constant readings on both couples were obtained for a period of 

about two minutes. Thus all lag in the indications of the couples 
was avoided. During the entire procedure the cold junctions of 
both couples were kept at zero degrees Centigrade by surround- 

ing them with a bath of melting ice, care being taken to avoid a 

circulation of air about the cold junction. 

COUPLES USED, 

The base metal couples used in this investigation are designated 
as follows: 

Couple No. 6A, composed of wires 1% inch square and covered 
throughout the length, excepting about 2 inches, with a winding 

of asbestos cord, over which there was applied a solution, pre- 
sumably sodium silicate. This couple had for its negative element 

an alloy of nickel and chromium, and the positive element one of 
nickel and iron. 

Couple No. 7A was made of No. 8 B. & S. gauge wires, the 

negative element being composed of nickel with a small amount 
of aluminum, and the other element a nickel-iron alloy. This 
couple was purchased with both wires bare, and for the purpose 
of test an asbestos sleeve was drawn over one of the wires.
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Couple No. 18 was composed of two No. 10 B. & 8S. gauge 

wires, each of which was wrapped with asbestos thread and 

painted over with carborundum paint. The negative element was 

- made of nickel with a small amount of aluminum, and the posi- 

tive element of iron with a small amount of nickel. 

Couple No, 19, composed of two No. to B. & S. gauge wires, 
one of which was covered with an asbestos sleeve over which 

there was a coating of carborundum paint. The negative ele- 
ment consisted of nickel containing a small amount of iron, and 

the positive element contained iron with a small amount of nickel. 
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Couple No. 20 was made of two No. 16 B. & S. gauge wires, 
one of which was covered with an asbestos sleeve, and then a 

coarse asbestos cord was wrapped around both of the wires. No 

paint covering of any sort was used apparently on this couple. 
The negative element was a nickel-copper alloy, and the positive 
element an iron-manganese alloy.
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OBSERVATIONS. 

The results of the tests on couple No. 6A appear to show that 
this couple is resistant to oxidation, and was in about as good 

condition at the end as in the beginning of the series of tests. 

The asbestos covering appeared to be the most robust and satis- 
factory of the entire lot. The data of Tables I to V and the 
curve in Plate 1 show that there is a slight lack of homogeneity 
in the couple as evidenced by the variation in calibration with 
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4 inches and 15 inches, respectively, of the couple heated, the 
difference being about 25° at 40 millivolts. The treatments at 
400° and 600° C. had little effect upon the calibration of the 

couple. The treatment at 800° C. had, however, a marked effect 
upon the calibration, throwing the curve up so that at 35 milli- 
volts the difference between the indications of the initial and 

final calibrations was nearly 125° C. This large difference is 
due apparently to some marked change in the structure of one 
of the wires composing the couple. 

The data and curves for couple No. 7A are shown in Tables
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I to V and Plate 2. From Plate 2 it is apparent that the calibra- 
tion curves of this couple are far from being a straight line. 
The calibrations with 4 inches and 15 inches, respectively, of 
the couple immersed in the furnace coincide very closely up to 
600° C. Above this point the curves separate so that at about 
24 millivolts there is a difference of 25 degrees in the indications 
of the temperature, thus showing the effect of heterogeneity of 
the wires upon the indication of the couple. It is interesting, 
however, to note that the heat treatments at 400°, 600° and 
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800° C., respectively had very little effect upon the constancy 
with which this couple would indicate the temperature. This 
couple is robust, and stood the prolonged heat treatments and 
calibrations without any signs of damage; even the asbestos 
covering appeared to be in good condition. 

Couple No. 18 had a lower electromotive force than either of 

the two preceding ones. It was found that the iron wire in the 
couple started to oxidize during the second calibration. As a 
result of the heat treatment at 400° C. and the third calibration, 
one of the wires was badly swollen, and after the treatment at
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800° it was oxidized so completely that it broke during the 
subsequent calibration. An examination of the wire revealed the 
fact that it was oxidized for a distance of about 6 inches beyond 
the hot junction. It seems likely that the metal of this wire 

had combined with the silicon, of the carborundum paint and 

formed ferrosilicon. The other wire and its covering were in 
very good condition with the exception of the carborundum paint, 
which peeled badly during the first calibration. The data and 
curves for this couple are shown in Tables I to V and Plate 3. 
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Inspection of Plate 3 will show that for an electromotive force 
. Of 20 millivolts there is an apparent difference in indication of 

the temperature by about 130° for a. depth of immersion of 
4 inches and 15 inches, respectively. This difference is due, no 

doubt, to a lack of homogeneity of the wires and certain recal- 
escent effects. The calibration curve after the treatment at 400° 
C. falls between the first and the second calibration curves, show- 

ing that some of the heterogeneity has been partially removed. 
_ The calibration curves resulting from the treatments at 600° 

and 800° C. are thrown between the curve after the treatment
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at 4oo° and the first calibration with 15 inches of the couple 
immersed. It is also apparent that at g millivolts there is a 

point of a marked inflection and that the slope of the curve at 

this voltage is different for all the curves. Thus it would seem 
that there would be considerable difficulty in arranging a proper 

scale for the indicating instrument supplied with this couple. 
Couple No. 19 showed very robust qualities, the metal being in 

fine shape at the end of the series of tests. The asbestos sleeve 
with which one wire was covered had been completely destroyed. 
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The data and curves in Tables I to V and Plate 4, respectively, 
show a gradual change in the calibration after each treatment, 
amounting to about Io degrees at the higher temperature. The 
couple appears to be homogeneous, as there is only a slight 
difference in the calibration curves for a depth of immersion of 
4 inches and 15 inches. The curve is very nearly a straight line. 
he discrepancy between the first and last calibrations is about 

40° at 30 millivolts. . 
oe data and curves of couple No. 20 in Tables I to V and 

| ate 5 show that the variation of millivolts with temperature is 
25



386 O. L. KOWALKE. 

almost linear. This couple gives a higher electromotive force 

for a given temperature than any of the other couples. It is, 
however, less resistant to oxidation. This may be due to the 
fact that the wires composing the couple are only about one-half 
the diameter of the other couples. After the treatment at 800° 

C. one of the wires had been oxidized so that it was only about 

one-half its original size, while the other wire had swollen to 
about twice its normal size. Both wires had become very brittle 
and crystalline to within 6 inches of the cold junction. At the 

end of the last calibration one of the wires broke in two and 
spoifed the couple. The asbestos covering on this couple re- 

mained in fair shape during the entire series of tests. The 
calibration curves for 4 inches and 15 inches immersion show a 

slight variation in voltage for a given temperature, indicating 
that the couple is somewhat heterogeneous. This difference in 
temperature for a given voltage is less than 20°, which is doing 
very well for a couple made of this sort of material. The heat 

treatments at 400°, 600° and 800° C. did not seem to have very 
much effect upon the change in calibration. This difference is 
so small that it compares favorably with the changes which fre- 

quently take place in high-grade platinum couples. 

. Tasce I. 

Data of Series 1. First Calibration. Couple 4 Inches in Furnace. 

- Couple No. 6A ; Couple No. 7A : Couple No. 18 | Couple No. 19 | Couple No. 20 
| | ese 

ce | M.v. | C° | M. V. | co | M.v. | Ce | uv. | ce MLV. 

324 | 11.390 | 316 5.86 240 6.75 360 8.41 | 318 | 165.70 
454 | 16.64 | 450 | 8&50 | 330 | 9.09 | 452 | 10.40 | 445 | 22.51 
554 | 20.73 | 545 | 10.76 | 435 | 10.66 | 542 | 12.45 | 540 | 27.66 
646 | 24.41 | 636 | 13.10 525 | 11.75 643 | 14.08 | 634 | 32.00 
737 | 28.03 | 738 | 16.12 645 | 13.64 749 | 17.34 | 721 | 38.11 
825 | 31.51 | 800 | 18.27 738 | 15.40 836 | 20.65 | 825 | 44.85 
906 | 34.36 | 924 | 22.21 843 | 18.20 931 | 23.60 | 896 | 49.41 

ror8 | 38.45 | 903 | 24.52 933 | 20.28 | 1022 | 26.57 | 907 | 55.02 
15 | 41.43 . 1026 | 22.19 | 1107 | 29.58 

1109 | 24.16
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TaBie II. 

Data of Series 2. Calibration with 15 Inches of C ouples Heated. 
SS 

Couple No. 6A | Couple No. 7A | Couple No. 18 | Couple No. 19 | Couple No. 20 

co | M.v. | ce | M. V. | ce | M. V. | co | M.v. | co | M.V. 

310 | 11.20 | 226 3.99 230 6.32 304} 7.39 | 245 | 11.99 
425 | 15.72 | 337 | 640 | 325 | 834 | 436 | 10.12 | 352 | 17.07 
532 | 19.91 | 421 | 7.88 | 428 | 949 | 531 | 1229 | 44x | 2275 
621 | 23.43 | 518 9.75 |° 516 | 10.38 600 | 14.04 | 530 | 27.62 
725 | 27.30 | 628 | 12.42 621 | 11.76 715 | 17.21 | 653 | 34.67 
808 | 30.55 | 733 | 15.40 723 | 13.43 815 | 20.17 | 700 | 37.66 
897 | 33.67 | 806 | 17.72 805 | 15.23 906. | 23.13 | 783 | 42.85 

975 | 30.30 | 906 | 2081 | 895 | 17.05 | 904 | 25.84 | 803 | 49.84 
1067 | 39.19 | 987 | 23.47 o81 | 1851 | 1078 | 2881 | o84 | 58.17 

1072 | 20.46 
1174 | 22.77 

Tasie IIT. 

Data of Series 3. Calibrations After Treatment at 400° C., with 
15 Inches Heated. 

324 | 11.81 | 315 6.02 218 6.33 321 7.88 | 323 | 16.55 
429 | 16.05 | 440 8.28 346 8.79 441 | 10.36 | 445 | 23.10 
534 | 20.42 | §40 | 10.49 436 9.81 528 | 12.36 | 543 | 28.52 
618 | 23.56 | 6a1 12.47 520 10.87 639 | 15.25 | 634 | 33.87 
723 | 27.26 | 7o9 | 15.22 628 | 12.27 719 | 17.50 | 724 | 30.11 
808 | 30.45 | 808 | 18.47 713 | 13.86 825 | 20.50 | 815 | 45.19 

--Ot2-«| «33.97 | 895 | 21.34 825 | 16.43 goo | 23.10 | goo | 50.66 
gor | 36.63 | 993 | 24.81 goo | 18.20 998 | 26.37 | 907 | 56.54 
1090 | 39.53 goo | 19.82 | 1085 | 29.37 

1080 | 21.48 

Taste IV. 
Data of Series 4. Calibrations After Treatment at 600° C., with 

15 Inches Heated. 

_ -343:« | razr | 3s | 7.08 | 213 | 604 | 355 | 894 | 316 | 16.38 
454 | 17.09 | 436 8.68 358 9.32 450 | 10.83 | 429 | 22.30 

546 | 20.76 | 545 | 11.04 471 | 10.32 555 | 13.33 | 546 | 2883 
657 | 2480 |} 642 | 13.41 sgo | 11.05 | 630 | 15.80 | 637 | 33.83 
758 | 28.66 | 739 | 16.17 635 | 12.21 746 | 18.31 | 736 | 39.77 

834 | 31.36 | 8190 | 18.64 | 720 | 13.82 | 843 | 21.64 | 810 | 44.75 
921 | 34.33 | 917 | 21.69 834 | 16.14 o11 | 23.85 | 804 | 50.16 

1006 | 37.09 | 995 | 24.37 | 912 | 17-71 | 1013 | 27.32 | 985 | 55-25 
IIIO | 40.29 993 | 19.12 | 1096 | 30.19 

1102 | 21.13
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TABLE V. 

Data of Series 5. Calibrations After Treatment at 800° C., with 
- 15 Inches Heated, 

Couple No. 6A | Couple No, 7A Couple No. 18 Couple No. 19 Couple No. 20 

ce | M.V. | co | M.V. ice | M. V. co | M.V. ce | Mev. 

350 i 6.47 222 6.42 246 6.35 324 16.88 
455 16.12 | 476 9.31 330 8.61 365 g.02 | 459 | 24.12 
553 | 19.78 | 571 | II.5I 446 9.96 465 | 11.18 | 553 | 29.40 
658 | 23.40 | 654 | 13.73 554 | 11.18 562 | 13.61 | 645 | 34.590 
752 | 26.61 740 | 16.19 655 12.61 662 16.30 | 735 | 40.09 
845 | 29.49 | 827 | 19.12 763 | 14.65 750 | 18.88 | 835 | 46.93 
922 | 31.72 | goo | 21.53 838 | 16.34 854 | 22.22 | 928 | 52.70 

1004 | 34.03 | 974 | 24.07 | 927 | 18.25 930. | 24.71 | 980 | 54.77 
1095 | 36.40 1025 | 20.08 | 1020 | 27.95 

1099 | 21.58 | I102 | 30.83 

CONCLUSIONS. 

This series of investigations seem to point to the fact that it is 
possible to obtain a base metal couple which is reasonably homo- 

geneous and will give indications of temperature which are 
sufficiently constant to meet the needs of perhaps the greatest 

number of requirements for high temperature measurements in 
the industries. 

There are some instances where the temperature is to be known 
to an accuracy better than 25°, and for such requirements it 
would be necessary to use a higher grade of equipment, and, 

furthermore, for such requirements it will be necessary to make 

frequent calibrations. 
It would seem reasonable that the makers of thermocouples 

determine from the purchaser the particular conditions under 
which the couple is to be used and that the calibration of this 

couple be made for the same length of immersion at which the 
purchaser is going to use it. 

A couple which will indicate an apparent difference of tem- 

perature amounting to about 130 degrees C. when immersed at 
different lengths in the bath or furnace is not giving the service 
that ought to be rendered. 

From these tests it appears that not all manufacturers are
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careful in sending out couples which have been thoroughly 

annealed to remove all strains resulting from mechanical treat- 

ment. Once the couple has attained its permanent structure, 

there does not seem to be much change in the electromotive force. 

Laboratory of Chemical Engineering, 
University of Wisconsin, 

Madison, Wis. |





A paper presented at the Twenty-fifth Gen- 

eral Meeting of the Amerttan Eleciro- . 
chemical Society, in New York City, 
April 18, ror4. 

THE EFFECT OF ADDITION AGENTS IN THE 
ELECTRODEPOSITION OF IRON. 

By O. P. Warts and M. H. Li. 

The results set forth in this paper formed part of a thesis 

written by the junior author for the degree of Chemical Engineer 
at the University of Wisconsin, and are here presented as an addi- 

' tion to the rapidly growing literature dealing with the effects 
of small additions of foreign substances to solutions for the 

electrodeposition of metals. 
Previous experience in refining iron had shown the senior 

author that, while an electrolyte containing only chlorides gave 

a much smoother deposit than one consisting of the sulphates 
of iron and ammonia, the iron produced rusted so badly after 
removal from the electrolyte that a pure chloride electrolyte was 

not considered practical. 

It was found, however, that the admixture of some chloride 

with the sulphate electrolyte improved the smoothness of the 

deposit without causing excessive rusting of the iron produced. 

When a solution of ferrous sulphate alone was used as an 

electrolyte its rapid oxidation caused the formation of excessive 
and harmful amounts of precipitate. The addition of 60 grams 

of ammonium sulphate per liter of solution considerably dimin- 
ished this precipitate and resulted in the production of better 
cathodes than in its absence. 

The electrolyte chosen as a basis for the addition of various 
substances consisted of 150 grams crystallized ferrous sulphate 

(FeSO,.7H,O) and 75 grams ferrous chloride (FeCl,.4H,O) 
per liter, and had a specific gravity of 1.125 at 20° C. 

Fluosilicates and fluoborates have proved very successful for 

the deposition of lead and nickel, and a test of these electrolytes 

was therefore made for the deposition of iron. The solutions 

were prepared by dissolving iron in the respective acids and 

then neutralizing by ammonia. 

34 529
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A. Ferrous ammonium fluosilicate was electrolyzed with an 

anode of mild steel for 170 hours at 10 amperes per square foot 

(1.1 per sq. dm.) at room temperature (26° C.). The deposit 
was dark gray, streaky and very nodular. The electrolytic cell 

was half full of a white precipitate. 
B. Ferrous ammonium fluoborate was electrolyzed similarly 

for 150 hours, with similar results as to deposit and electrolyte. 

These electrolytes were very inferior to ferrous ammonium 
sulphates 

The next set of experiments consisted in a comparison of the 
effect of additions of the sulphates of ammonium, aluminum, mag- 
nesium and sodium to the above mentioned basic electrolyte 

(ferrous sulphate and chloride). The results are indicated in 
Table I. 

TABLE I. 

' Time of electrolysis 90 hours, current density 1 ampere per sq. dm. 

Addition Agent Result 

C. 50g. (NH,)2SO, per liter. Deposit white, but pitted. Little precipitate 
in electrolyte. 

D. so g. NaSQ, ............Poor, gray and pitted deposit. Much pre- 
cipitate. 

E. 50 g. MgSO. sossreeeeesDeposit gray, nodular and rusts badly. 
uch precipitate. 

F. so g. Als(SQ,)3 ..........Deposit gray, streaked, and peeling off at 
top. Solution half filled with flucculent 

precipitate. 

To prevent the formation of precipitates, 30 cc. of dilute 
sulphuric acid (1 volume of acid to 4 volumes of water) was 
added to each liter of electrolyte and the amounts of the sulphates 

increased to 120 grams. The results appear in Table II. 

TABLE II. 

Time, 140 hours, at 1 ampere per sq. dm. 

Addition Agent Result 

G. 120 g. (NH,)2SO, De ; : ‘ : ......Deposit bright, but nodular. Solution clear 
H JO ce. x aa } and yellowish. 

- 120 g. Naw. ......Deposit gray and very nodular. Gas 
30 ce. x sO. } evolved at cathode. Solution clear. 

I. 120 g. MgSO, Deposi : ; ......Deposit dark gray with large nodules. Gas 
30 cc. dil. HSO. at cathode. Little precipitate. 

J. 120 g. Al(SQ0s yo, .Deposit smooth and white at first, but 
30 cc. Gl. Thank finally gray and nodular. It rusted badly. 

Solution half filled with precipitate.
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Since none of the other sulphates compared favorably with 
ammonium sulphate as an addition agent, the last named was 
used in all electrolytes for testing what further improvement 
could be made by organic substances. 

Taste ITI. 

Electrolyte: 150 g. FeSQ..7H:O 
75 g. FeCls.4H.O | pet liter. 

I20 g. (NH,)2SO, 

Current density 1 ampere per sq. dm. Amount of addition agent is in 
grams per liter, and if not soluble in water was added 

as an alcoholic solution. 

Time in 
No. Addition Agent Hours Deposit 

I. 0.5 g. acetanilide..........170....Good, bright, but slightly pitted. 
2. 0.§ g. acetphenetedin......170....Fair, good color, but much pitted. 
3 0.5 g. amidol..............240....Fair, good color, but pitted. 
4. 10 g. ammonium acetate...120....Bad, black and worthless. 

20 ce. dil sulphuric acid 
5. 23.4 g. ammonium citrate. .120....Bad, dark and streaked. 
6. 10 g. ammonium oxalate...120....Excellent, bright and smooth. 

20 cc. dil. sulphuric acid oo , 
7. 20 g. ammonium oxalate...170....Very good, but inferior to No. 6. 
8 40 g. ammonium oxalate... 40....Poor, brittle and peeling, contam- 

inated by yellow precipitate. 
9. 10 g. ammonium oxalate. ..290.... Excellent. 

10. 12.3 g. ammonium'tartrate. 50... Poor, slightly nodular and peeling 
On. 

Il, 0.5 g. benzoic acid.........100....Bad, nodular and greenish. Gas 
at cathode. 

12, 1 g. beta-naphthol.........170....Poor; deposit of good color, but 
badly pitted. 

13. 0.5 g. boric acid. ereresss200+-. BOOTS deposit of good color, but 
badly pitted. . 

14. 2 drops bromoform........170....Poor, deposit white but badly pitted. 
15. 2 drops creosote, white....170....Poor, of good color, but pitted. 
16. 1 g. dextrine..............170....Very good, white and smooth. 
17. 0.5 g. eikonogen...........220....Poor, a good color, but badly 

pitted. — 
18. 3 drops eucalyptol.........170....Fair, brilliant, but nodular. 
19. 4 drops formaldehyde.....240....Excellent, bright and smooth. 

(40 percent) . 
20. 4 drops formin......-.....250.... Excellent, bright, smooth and 

come 
21. 05 g. gallic acid...........170....Fair, streaky. ; 
22. OF e Celatine. vs sseeeeees-100....Bad, corrugated, pitted and nodular. 
2% 1 g. glucose...............170....Good, slightly nodular. 
24. 0.5 g. gum arabic..........240....Poor, vertical streaks and grooves. 
25. 08 g. gum copal..........120....Poor, good color, but badly pitted. 
26. 05 g. gum dammar........170....Poor, good color, but pitted. 
27. 05 g. gum sandarac.......170....Fair, brilliant, but pitted. 
28, 1g. gum tragacanth.......100....Fair, brilliant, peels off. 
29. 08 g. licorice.............200....Poor, much pitted.
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Time in 
No. Addition Agent Hours Deposit 

30. ...extract logwood........200....Poor, good color, but pitted. 
31. 2 drops lysol .............200....Bad, gray with very large pits. 
32. 3 drops oil of cedar. .....140....Poor, of good color, but pitted. 
33. 8 cc. oil of cloves..........150....Fair, of excellent color, but pitted. 
34. 0.5 g. peptone.............170....Bad, mossy. 
35. 4 drops phenol............190.. .Excellent. 
36. 2 drops pyridine...........120....Poor, of fair color, but pitted. 
37. I g. pyrocatechin..........170....Excellent. 
38. 1 g. pyrogallol............120....Bad, dark colored, rusts badly. 
39. 0.6 g. pyrogallol...........100....Poor, brilliant, but nodular. 
40. I g. resorcine.............170....Very good, white and smooth. 
41. 0.5 g. resorcine............240....Very good, white, but slightly 

nodular. 
42. 0.5 g. salicin..............170....Poor, gray and pitted. 
43. 1g. salicylic acid... ......120....Bad, gray and rough, rusts badly. 
44. 0.5 g. saponin.............100....Bad, spongy and badly rusted. 
45. 0.5 g. tannic acid..........100....Poor, badly pitted. 
46. 05 g. terpin hydrate.......170....Fair, of good color, but many small 

pits. 
47. 3 drops turkey red oil.....170....Bad, dark and badly pitted. 
48. 2 drops turpentine.........170....Poor, light gray and badly pitted. 
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An objectionable tendency of electrolytic deposits is that they 
grow rough with increasing thickness, so that there is a limit, 
depending on the purpose for which the deposit is to be used, 
beyond which deposition cannot profitably be continued. Figure 1 
shows a cathode of electrolytic iron a foot square and an inch or
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more thick, a very good deposit. Cathodes of copper or lead 
of equal thickness are fully as rough and nodular. This might 
be called the natural state of electro-deposited metal. It is the 

function of the successful addition agent to remedy this rough- 
ness. A, 10 and I in Fig. 2 show the nodular structure produced 
by several addition agents, the original electrolyte giving deposits 
free from nodules until the cathode attains at least three times 
the thickness of those shown. 

For convenience the addition agents used have been classified 

according to certain well-marked physical characteristics of the 

cathodes. In each class the order indicates the relative quality 
of the cathodes in respect to that characteristic, e. g., under 

pitted deposits each is more pitted than the one following, while 
those italicised show this action to an exceptional degree. 

Nodular Deposits: rr, 1, 18, 41. Pitting caused by the cling- 
ing of bubbles of gas to the cathodes is a trouble to which thick 
cathodes of iron, nickel and zinc are subject. Copper and silver, 

whose discharge potentials in acid solutions are below that of 
hydrogen, are not subject to this trouble, so far as the writers 
have observed. 33, 47 and 31 in Fig. 2 show different degrees of 

pitting by gas bubbles. Although many of the addition agents are 
reported to cause pitting, there is a probability that experiments 
covering a longer period would have eliminated the pitting in 
several cases, for this has been found to grow less the longer 

electrolysis is continued, and seemingly it does not always keep 

step with exhaustion of the addition agent. 

Pitted deposits: 31, C, 25, 47, 48, 17, 13, 42, 34, 46, 12, 21, 33, 

27, 36, 3, I, 29, 26, 30, 32, 15, 22. : 
Vertical grooves or striations is another trouble occasionally 

met with. Cathodes 24 and 5 were so afflicted. 
“Brighteners” for silver and brass solutions have long been 

known among platers. Several addition agents prdduced bright 
deposits of iron, but these were extremely hard and brittle, and 

usually cracked and curled off from the starting sheet. 

Bright deposits: 28, 18, 27, 40,8 | | 
Several addition agents caused a badly rusted deposit, in the 

worst cases consisting entirely of iron rust. 
Rusted deposits: 44, 11, 1, FE, H, 43, 38, F, D, 5, J. 

The color of the electrolyte at the end of the test was closely
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related ‘to the quality of metal produced. A yellowish-green 
electrolyte almost invariably gave clean metal of a fine color, even 
though it might be too badly pitted to allow of the practical 
use of that particular electrolyte. A dark electrolyte fouled 
by much green precipitate usually yielded very bad looking mteal. 

Yellowish-green electrolyte with little precipitate: 6, 7, 13, 
15, 18, 19, 23, 25, 26, 27, 20, 30, 32, 33, 35, 36, 40, 45, 47, 48. 

Ditto, with much precipitate: 2, 17, 

Greenish electrolyte with little precipitate: 1, 3, 10, 12, 22, 31, 
34, 40, 43, 46. : 

Ditto, with much precipitate: 20. 
Bluish or dark green: 4, 5, II, 14, 16, 21, 24, 28. 

In order to test the best addition agents more thoroughly they 
were run continuously at 10 amperes per square foot for 21 to 

30 days in series with a cell containing the electrolyte without 

any organic addition agent. The results are given in Table IV. 

TABLE IV. 

No. Addition Agent Days Deposit 

49. None ............-e0000++ 30...-Excellent, silvery, x¢-inch thick, 
slightly nodular. 

50. 6 g. ammonium oxalate.... 30....Excellent, silvery and smooth. The 
51. 0.6 g. formin or hexamethy- best cathode of all. 

lenetetramine ........... 30....Excellent, bright and compact 
Slightly inferior to No. 50. 

52. 05 g. resorcine ........... 30....Very good, bright and solid, but 
slightly nodular near bottom. 

53. 0.5 g. dextrine............ 30....Fair, excellent for first three weeks, 
then vertical grooves developed. 

54. 4 drops formalin.......... 21....Excellent, sliehtly nodular on the 
lower part. 

55. 0.5 g. glucose ............. 21....Fair, nodular near bottom. 
56. 2 drops phenol............ 21....Excellent, white and solid, but with 

a few nodules near the bottom. 
57. 0.2 g. tragacanth.......... 21....Very good, slightly grooved, and 

thick on the edges. 

The quality of metal in all of these deposits was excellent, 
and the only choice lay in smoothness and freedom from nodular 
structure. 

Arranged in order of excellence, they are: 50, 51, 50, 54, 49. 
The first two were distinctly superior to No. 49, which contained 

no addition agent. The others so closely resembled No. 49 that 

it is doubtful if these addition agents caused any improvement.
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These experiments show that two organic addition agents, 

ammonium oxalate and formin, are capable of improving upon 

the remarkably smooth and satisfactory deposit given by the 
original electrolyte. . 

Laboratory of Applied Electrochemistry, 
Umiversity of Wisconsin.
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chemical Society, in New York City, 
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ADDITION AGENTS IN THE DEPOSITION OF ZINC FROM 

ZINC SULPHATE SOLUTION. 

By O. P. Warts and A. C. Smaps. 

This paper presents the effect of the separate addition of over 

two score different organic substances to a zinc plating solution. 
The electrolyte was made by adding an excess of zinc to dilute 

sulphuric acid. The solution had an acid reaction and contained 

25 percent of ZnSO,.7H,O. The amount of organic substance 

added was one gram per liter. Except when otherwise stated, 
the solutions were electrolyzed for two hours at about 22° C., 

with a zinc anode and an iron cathode, at a current density of 

about Io amperes per square foot (1.1 amperes per sq. dm.). For 

comparison, the well-known Meaker galvanizing solution was 

electrolyzed under similar conditions. 
The majority of the substances added had an injurious rather 

than a beneficial effect upon the deposit. The most common 

defect was the production of vertical grooves or striations, shown 

in various degrees by cathodes 25, 13 and 32 of the photograph. 

Cathode 1, from the Meaker solution, is typical of the best 

deposits. Cathode 47, a 16-hour deposit with eikonogen as 

addition agent, shows the mossy tufts which frequently appear 

on zinc deposits. Cathode 48 shows the effect of amidol in the 

same time, and resembles a thickly-planted apple orchard. 

The results, arranged in tabular form, follow: : 

291
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| Current Density 
Amperes 

No. Addition Agent To Deposit 
Per Per 

| sd'Bn | Sa. Ft. 

1 | Meaker solution. 1.23| 11.2 | Excellent, non-crystalline, adherent. 
2 |ZnSO.—no add’n| 1.20] 10.9; Poor, striated. 
3 | Acetanilide .... 1.17] 10.6| Verv poor, badly striated. 
4 |Acetphenetidin . 1.26 11.5 Very poor, striated, dark. 
§ |Amidol .........] 1.20] 10.9} Poor, pitted. 
61} Benzoic acid.... 127| 11.5; Good, non-crystalline, adherent. 
7 |Betanaphthol ... 1.27 11.5 | Excellent. 
8 | Caffeine ........ 1.20] 10.9| Fair, crystalline. 
g |Creosote ....... 1.38] 12.5| Fair, crystalline, slightly striated. 

10 | Dextrine .......| 1.20] 10.9) Poor, striated, granular. 
11 | Kikonogen ..... 1.23] 11.2| Very good, smooth, but dark. 
12 | Eucalyptol .....]| 1.20] 10.9] Bad, striated, very dark. 
13 |Formin ........ 1.20} 10.9| Poor, striated. 
14 | Gallic acid ..... 1.17| 10.6) Very poor, striated. 
15 }Gelatine ........ 1.32 12.0 | Poor. crystalline, dark. 
14 |Glucose ........| 1.17] 10.6] Poor, striated. 
17 |Gum arabic .... 1.20] 10.9] Fair, slightly striated. 
18 | Gum copal ..... 1.27| 11.51 Very poor, badly pitted. 
19 |Gum dammar .. 1,20| 10.9 | Very poor, striated, pitted, non-adh’nt. 
20 |Gum guaiac ....| 1.14] 10.4| Bad, striated, non-adherent. 
21 |Gum sandarac .. 1,20| 10.9| Very poor, striated, pitted. 
22 |Gum tragacanth. 1.17| 10.6; Very poor, striated, pitted, non-adh’nt. 
23 | Hydroquinone .. 1.23| 11.2| Poor, striated, pitted. 
24 |Isinglass, Brazil.| 1.27| 11.5| Bad, striated, crystalline, dark. 
25 | Licorice ........ 1.27) 11.5) Very bad, striated, very dark. 
26 | Oil of cedar..... 1.23] 11.2/ Bad, striated, dark, non-adherent. 
27 | Oil of cloves.... 1.27 11.5 | Bad, striated, dark. . 
28 | Oxalic acid ..... 1.17{ 10.6! Poor, striated. 
29 | Peptone ........| 1.23] 11.2} Bad, dark, non-adherent. 
30 | Phenol ......... 1.29|  11.8| Fair, slightly striated and pitted. 
31 | Pyrocatechin ... 1.23} 11.2| Very poor, striated. 
32 | Pyrogallol .....] 1.23] 11.2| Fair, slightly striated. 
33 |Salicin .........] 1.20} 109] Very poor, striated, pitted. 
34 | Salicylic acid.... 1.27] 11.5 | Very poor, striated. 
28 | Salol ...........] 1.20] 10.9] Very poor, badly striated. 
36 |Saponin ........ 1.20} 10.9] Very poor, striated. 
37 |Resorcine ......| 1.13] 10.3] Poor, striated, pitted. 
38 | Tannic acid ....| 1.27] 11.5] Very poor, gray, striated, granular, 
39 | Tartaric acid ...]| 1.20} 10.9/| Poor, striated. [pitted. 

40 |Terpin hydrate..| 1.30] 11.8/ Fair, crystalline. 
41 | Turkey-red oil.. 1.20| 10.9.) Poor, crystalline. 
42 | Turpentine .....| 1.20] 10.9] Bad, striated, non-adherent. 

Addition agents which are insoluble in water were dissolved 

in alcohol before adding them to the electrolyte. 

Those addition agents which gave the best results, viz., gum 

arabic, benzoic acid, betanaphthol, caffeine, eikonogen, formin, 

pyrogallol and terpin hydrate, were tested repeatedly for different
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lengths of time. These tests resulted in the selection of beta- 
naphthol, eikonogen and pyrogallol as the best addition agents. 

Solutions containing these three reagents were electrolyzed 
for seven days at 0.5 ampere (10.5 amperes per square foot 
(1.16 amperes per sq. dm.)) in series with the Meaker solution. 
Although most experimenters have reported that addition agents 

are used up during electrolysis, and so require replenishing from 

time to time, it 4s claimed that the Meaker solution is self- 
sustaining and requires no additions to it during use. 

After a number of hours’ electrolysis of the above solutions, 

all except the betanaphthol became rough and unsatisfactory. 

It was only after several days that this- deposit also became 

rough and spongy. Cathode 45 is the 7-day deposit from the 
Meaker solution, and cathode 46 that from the betanaphthol 

solution. 
Whether or not failure of the electrolytes was due to exhaus- 

tion of the addition agents, and can be prevented by adding a 

fresh supply of these from time to time, was not determined 
in these experiments. There is, of course, also the possibility 

that some of the addition agents which failed under the condi- 
tions described may prove effective at a higher temperature or 

with some other zinc salt than the sulphate as electrolyte. 
Although these experiments constitute but a preliminary and 

hasty survey, they have resulted in the finding of three promising 
addition agents for the deposition of zinc from a solution of 

zinc sulphate, viz., eikonogen, pyrogallol and betanaphthol. The 
latter is best, and, so far as the writers. have observed, has not 

heretofore been suggested as an addition agent for the deposition 
of any metal. 

Laboratory of Applied Electrochemistry, 
University of Wisconsin. 

DISCUSSION. 

J. N. Princ (Communicated): An investigation extending 
over some years, which has been carried out by Mr. U. C. Tainton 
and myself,’ on the influence of colloids on the electrodeposition 

1C. £. Brit. Pat. 7235 of 1911. U. S. Pat. 1,059,233. Trans. Chem. Soc. London,. 
10S, 710 (1914).
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of zinc, has shown that deposits similar to those reproduced in 
the paper of Messrs, Watts and Shape can be obtained under 
the following conditions: An electrolyte is taken of zinc sulphate 
together with from 10 to 20 grams of free sulphuric acid per 100 
cc., and a small quantity of a colloid such as gum arabic. A 

current density at the cathode of between 20 and 50 amp. per 
square dcm. is employed. When using lead anodes, this current 
can be obtained with 4.5 to 5.0 volts in the above electrolyte. The 
current efficiency varies from 90 to 96 percent. With these con- 
ditions, considerable quantities of most impurities have no great 
deleterious effect on the deposition of the zinc. Moreover, iron, 
which is the most troublesome impurity in ordinary practice, 
remains for the most part in the electrolyte during electrolysis, 
on account of passivity or retardation phenomena. ‘These condi- | 
tions have been found to be the most favorable for conducting 

the extraction of zinc from solutions made from ores and for 
the purpose of electro-galvanizing, as deposits of very high 

luster are obtained with suitable colloids. 

It would be of great interest if Messrs. Watts and Shape men- 
tioned the current efficiency obtained in their electrolyses and 
also if measurements have been made with commercial solutions. 

O. P. Warts: Unfortunately, no determinations of current 
efficiency were made in our experiments, but the absence of 
noticeable evolution of gas at the cathode would indicate an 

efficiency of 95 percent or above. 

I wish to congratulate Dr. Pring on two notable achievements: 
The deposition of zinc on stationary cathodes at 465 amperes 
per square foot, smooth and solid enough for galvanizing, and 

the attainment of current efficiencies of 90 to 95 percent from 

solutions containing 20 percent of free sulphuric acid, a degree 
of acidity which even copper refiners do not venture to use. 

Dr. Pring’s experiments disclose new and undreamed-of possi- 
bilities in the electrometallurgy of zinc, and emphasize the 

importance of trying experiments which, in the light of our pres- 
ent imperfect knowledge of the laws of nature and the properties 
of matter, would seem sure to fail. , 

HH. E, Holbrook, using faintly acid zinc solutions, probably 

*B. S. Thesis, University of Wisconsin, 1912. 

19 :
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richer in iron than Dr. Pring’s, found the same tendency for the 

iron to stay in solution. At 13 amperes per square foot, with 

stationary cathodes and soluble anodes, he electrolyzed for 30 

minutes a solution containing 20 grams of zinc sulphate and 50 
grams of ferrous sulphate per liter, and obtained a deposit con- 

taining 6.21 percent of iron. In a similar experiment the elec- 
trolyte contained 30 grams of each sulphate per liter, and the 

deposit was only 1.25 percent iron. Whatever may be the cause 
of this unexpected phenomenon, I do not see how passivity can 

explain the failure of the iron to plate out, once it has dissolved 

in the electrolyte. ,
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POLARIZATION SINGLE POTENTIALS. 

By Ciaupe N. Hircucock. 

In a very interesting paper upon the decomposition of water, 
which appeared in a previous volume of the Transactions of 
this Society, J. W. Richards! obtained decomposition at an 
impressed electromotive force of only 1.15 volts instead of 1.67 
volts, the value generally accepted for the decomposition point 
of water. This abnormal result, was attained by the use of 
platinum electrodes differing greatly in size. 

The experiments which follow were undertaken for the purpose 

of determining the potential at each electrode in such cases of 
decomposition of electrolytes below the normal decomposition 
point. 

A description of the apparatus used and a word as to the mode 

of procedure will be considered before going into a detailed 
account of the experimental work. 

Fig. 1 shows a diagram of the apparatus. A constant poten- 

tial of ten volts was applied to a nichrome wire resistance coil R, 
from which any desired potential up to ten volts could be picked 

off by means of sliding contacts. By- following out the connec- 
tions in the above diagram the system will be easily understood. | 
Key K requires a little explanation. This is a combination of 
a double-pole line switch and a short-circuit galvanometer key. 
With the lever in normal position, m and m’ are connected to 
n and n’ respectively by means of two side levers not shown, and 
d is connected by a top contact to c. When the lever is pressed 

down the electrolyzing circuit is broken and c is connected by a 

bottom contact to b. 

The voltmeter used was an accurately calibrated instrument, 
from which readings could be obtained in millivolts. A  milli- 

- 4Vol. 4, p. 120 (1903). 
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ammeter reading to hundredths of a milliampere was used, not 
so much to read exact values of current (for these experiments 
were not intended to deal with residual currents) as to indicate
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when that point in the experiment had been reached at which an 
appreciable current flowed through the cell. 

Measurement of instantaneous values of polarization was 
accomplished with a potentiometer, this being a more accurate 
device than a millivoltmeter, as it drew from the system no 
‘current that would tend to destroy the maximum values of the 
counter electromotive forces. The calomel electrode had a 
potential of —o.56 volt, and it was frequently compared, during 
the series of experiments in which it was used, with another 

reserved for the purpose. 
To manipulate the foregoing apparatus the cell and normal 

electrode were connected to the system as shown. To read total 
potential the switch S, was left open and switch S, was thrown to 
the left. By tapping the key K and adjusting the potentiometer, 
the galvanometer, an instrument sensitive to one micro-ampere, 

showed when the total potential was equal to that recorded by the 

potentiometer. In like manner the single potential of the cathode 
was found with switches S, and S; thrown to the right; and 
of the anode with S, thrown to the right and S, to the left. 

After obtaining initial values of total, cathode and anode poten- 

tial, switch S, was closed and the sliding contacts arranged on 
FR to pick off the voltage desired. The minimum voltage im- 

pressed on the cell was 0.2 volt, and from this starting point the 

electromotive force was increased at the rate of 0.1 volt. per 

minute in increments of 0.2 volt, except around the decomposi- 

_tion point, where 0.1 volt increments were used. 

The electrolyte used in most of the experiments was a normal 

sulphuric acid solution, made up from c. p. acid and distilled 

water. The solution was boiled to remove dissolved gases, 

cooled in a closed flask, and re-standardized with air-free water. 

Solutions used, differing from the above, will be noted. , 
Platinum electrodes were employed in all experiments. The | 

regular procedure was to heat the electrodes to a red heat and 

plunge them into the electrolyte just before the experiment began. 
‘Before attempting a study of electrolysis with electrodes of 

unequal size, it was deemed best to secure data under the 

Standard conditions of equal electrodes.



418 CLAUDE N. HITCHCOCK. 

So T—T—T————eEEEEE—E—EEEeEeeeee eo 
CEREEEEE EERE EEE EERE EEE CEE EEE eee eee 
CECE eee 
COE eee eee ee 
PCCP EEE EEE EEE cece 
GEEEEE EEE EECCA EEC 
PECEC EECCA EEE EEE cece eee 
GOCE ACER EEE CEE EEE EEE Ee ec eccceeeeeeeee 
PECCEE CACC CEE 
BeOWeTST CCCI CCC EEC eee 
COE eee eee 
CORCEE CCEA EEE ECE EEE EEC eee 
CEEC EECCA EE EEE EEE EEC ec 
EOEECE ECE CE EEE EEE ECC eee 
EEC CECE ERE EEE EEC eee cre 
EECCE CECE ECE EEC eee rr nee eee eee FEEEEE ERECT EE EEC EEE EEE EEE EEE eer CeCe eee eee eee 

EEE EEE EEE EEE EEE ee CEE errr 
Pole COE CECE EEE ert Cee 
BECO EEE CECC EEE rEeeceececeee 8e 
EEEEE CECE E EEC EEE eee 
FEEEEEEEEEEEEEEECEEEEE EEE E EERE CCT CCC 
EERE ECE EEE ECE ECE 
EEE CERCA EEE EEE ECE eee} 
FERC EEC EERE EEE EEE CCC ECE eee eee 
COC CCEA eee 
CCCP CECE EEE EECCA EEC 
ECEEE ECC EECA EEE EECCA ECC eee 
EEE EE EEEE ECE EEE EEE CAE EEE EERE CECE Cee eee 

OEE Ecce re 
POE 
EEE EECA EEE ECE eee eee 
PERCE EEE ECCT EERE eee 

ECEC CCPC ECE EEC 
BEECEC ECE E EEE Cee 
EEEEEE ECACC CCRC eee eee 
EECCEEEE CEC CECE CEE E EEC eee FECCEE EEE EEC ECCT EEE GEEEEC ECC OECTA 
BROS COCOA CEE Eee ee BECO ooo EERE EC EEEEEEEE EERE EEE EEE CECE EEE reer Ere eee eee er POCEE CCAR CEEEEEEEEE EERE EEE EEE EC ECC CCC C reer eee 

EEEE EC COAEEEEEEEEEEEE EERE EERE EECCC CECE eee eer HEREC EEE EEE EEE EEE EEE ary COO CCE EEE ECE eee ey 
COCOA CCE CCE CEE ee ee 
EOEZE CECE CECE cee cee CEE EEE EC COE CCEA EEC 
eC CCE EEE ccc 60) DEAE CECE CCE cece eee POCREEE ECE EEC ECE EEC E EEE EEE CECT EECCA CCC EEC EEE EEC Eee CEERI CCC EECCA EEE COCO EEE EERE E EEC CEC CEE EEE EEE EEE EEC EEC CREE CCE CE CEE CEE ECE EERE ECE CCC EEC eee eee 
ECCCR ECC CC REECE EEE EEE ECE eee errr ttt ttt} CCCCCREC EECCA EEE EERE eRe 
EGOS COCR CCE EEE EEE EEC EC ROS ee CCC E EEO ee HEEEEREEEEEEEEEE EERE EERE EERE REC C Cee FACE EERE EEE EEE CEE CCE EEE EEC eeeeccceeeee] 
amt COREE CCCETTC CCEA eee rrr CECE ECE cco RECERBCECC CECE CEE CECE CEE CC CECE} COC CECE ECE ECC EC CECE cee BOCCRECT EECCA 
ROCCE EEE EEE EECCA ECE CCE eee REECE EECCA CACC BLOC EE REECE eee ccc eee se PO eee EO ee CCC Cece QERRRC CCIE EEC cece RECEEECEE EEE CE EEE EEC EESRECEEEE ECC EECCA EEE EEE eee FOCASECEE ECE ECC CECE EEE EEC eee ECON CECE EEC} 
EEECEERSEEEEEE EE EEE EERE ECE ECAR EEC EEE CCC eee Cie ECC OREEC CCE C EECCA EERE EEC eee BISCO NCEE EEC EERE EEE CEE E EEE POPE CCC REC E EEE EEECEEE CEASE CEE ECE EEC ECE E REECE EEE CCE ee EEEEEECEEECTESEEC TEER CEE ECE EEE EERE CEE RECEP CCCEEEC CREE EEE ECE ccc KEE EEC EEEE CCEA EEEE EEC REECE Cece 
EAE SSE ccd KEEEEECC EERE ECCT C CCRC CCC eee EECEEEECECE CEE ESS eee CER ECECEE REECE ECE EEE ECCS See eee eee FRIES eee FEC EECA EEC EEE EEE EEE Reece EEECCC EERE CCC EEE CECE EEE ceo eee BEER CECE ECC ECC EEE EEE ERE EERE EEE PEEC EEE EEE EEE EEC EEE EE EEE CEE eee EEECEEE ECE EEE EEE EEC EEE EEE EEE EEE EEC EEE Eee EEEECCC EEE ECC EEE EEE EEE EEE eee eee EEEECCCE TEPER EC CCC CEE COPECO EEE EOIN CCC eee eC CO Ce oo Ss eee a aoe vont 10} 

Prate I.



POLARIZATION SINGLE POTENTIALS. 419 

EXPERIMENTS WITH ELECTRODES OF EQUAL SIZE. 

No. I. 

Two platinum electrodes, each one centimeter square, were 
placed one centimeter apart in a cell holding 60 c.c. of electro- 
lyte. The latter had stood exposed to the air for a short time 
before the experiment began, no precautions being taken to 
prevent absorption of air by the solution. Table I at the end 

of this paper gives the data secured, from which the curves of 
Plate I have been plotted. The curves plotted with total polariza- 
tion as ordinates and impressed electromotive force as abscissae 

are denoted by T with a subscript corresponding to the number 
of the curve. The curves drawn with impressed voltage as 

abscissae and electrode potentials for ordinates are marked C 
for the cathode and A for the anode. Current Curves I are 
plotted with the same abscissae, and current values for ordinates. . 

Current values plotted are the average that flowed during the 
- two minute intervals between increments of electromotive force. 

An inspection of this plate at once shows that the cathode 
curve is peculiar. Although the maximum change in potential 

_ Of each electrode is about the same, up to an impressed electro- 
motive force of 0.6 volt, the cathode still has almost its initial 

potential, while the potential of the anode has changed over 0.5 

volt. If it be assumed (and there seems to be no escape from 
the assumption) that the successive changes in the potential 
of the anode are caused by the deposition of oxygen by that 
momentary current which is observed to flow every time the 
voltage is increased, it follows that twice as much hydrogen by 

volume must have been deposited on the cathode. Since ‘little 
change in potential resulted, this hydrogen must have been 
removed as fast as deposited, and suspicion falls upon the air 

contained in the solution as being the depolarizing agent. 

No. 2. 

Another sample of the same electrolyte was, therefore, boiled 

to remove the dissolved gases and kept covered with a layer of 
kerosene during cooling and subsequent use. The results are 
shown in Table II and Curve I, Plate II. 

Comparing the curves for this test with those for Experiment I,
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3 Prate II. 7 

it is at once evident that different conditions existed. Instead of 

remaining constant for the first few increments of voltage as 
before, the cathode potential here begins to rise as soon as elec-



POLARIZATION SINGLE POTENTIALS. 421 

tromotive force is applied to the cell. Taking into account the 
precautions used for exclusion of air, it is reasonable to conclude 
from the smaller degree of cathode depolarization observed in 
this experiment that where oxygen is dissolved in the electrolyte, 
owing to contact of the electrolyte with the air, depolarization 
results. That all oxygen had not been expelled from the electro- 
lyte in the present case, however, seems probable, for the slight 
downward curvature of the cathode potential line suggests that 
some small depolarizing factor was still present. Before going 
to the next experiment, in which further elimination of dis- 
solved oxygen was tried, it might be noted that the evolution 
of oxygen in this experiment occurred after hydrogen had begun 
to come off, due, no doubt, to the greater solubility of oxygen 
in water. 

No. 3. 

In this experiment the solution was made up as in the one 
before, but, instead of covering the electrolyte with kerosene, 
the cell and calomel electrode were placed under a bell jar and 
the experiment carried out under a reduced pressure of one-third 
of an atmosphere. This helped materially in removing the air 
dissolved in the electrolyte (see Table III and Curve II, Plate II). 

Not only was dissolved oxygen drawn out of the solution, but the 
appearance of gas at both electrodes at lower applied voltages 

than in experiment No. 2 indicates that reduction of pressure 

removed some of the oxygen deposited at the anode which other- 

wise might have diffused over to the cathode, causing depolariza- 
tion there. At any rate, depolarization is observed to occur at a 

constant rate at both electrodes. Both electrode potential curves 
approximate straight lines, a result not obtained by either of the 
foregoing experiments. 

It is to be noted from the results of experiments Nos. 2 and 3 
that, altho the potential curves of cathode and anode vary con- 
siderably from each other in the two cases, still the total polariza- 
tion curves for both coincide. 

No. 4. 

Finally, in order to add one more proof to the above conclusion 
on the depolarizing effect of dissolved oxygen, an experiment 
similar to No. 1 was run, using a solution through which pure



422 CLAUDE N. HITCHCOCK. 

oxygen had been bubbled for five hours. Table IV gives the data 

taken, which, when plotted, gave total and single potential curves 

coinciding exactly with those of Plate I. We can therefore con- 
clude that on standing exposed to the air for a short time the 
electrolyte used in these experiments became practically saturated 

with oxygen. 

EXPERIMENTS WITH UNEQUAL ELECTRODES. 

Havihg become familiar with the relations that exist between 

anode and cathode polarization when the electrodes are of equal 
size, and having established the effect of dissolved oxygen on such 

polarization, experiments were next undertaken with electrodes of 
unequal size. 

No. 5. 

A cell was arranged with a cathode one centimeter square and 

an anode one hundred times as large. The electrodes were placed 

one centimeter apart in a normal sulphuric acid solution (see 

Table V and Curve I, Plate IIT). In agreement with Richards 
results,? gas was observed to come off from the cathode at 1.1 

volts. From the presence of oxygen in the solution, however, 

depolarization of the cathode should occur as in experiment 
No. I, yet the curves here appear more like those of experiment 

' No, 2. The reason for this must be sought in the use of the 
large anode. Now, the current density at the cathode is one 

hundred times as great as at the anode. Two hundred volumes 
of hydrogen are discharged at the cathode per square centimeter 
for every volume of oxygen discharged per square centimeter 

at the anode, so that, even though the normal amount of oxygen 

in the solution did tend to depolarize the cathode as in experi- 
ment No. 1, still, with such large quantities of hydrogen a 
similar effect could not be produced. This large quantity of 

hydrogen distributed over a small area also accounts for the 
early saturation of the electrolyte around the electrode to such 
an extent that hydrogen appears as bubbles of gas. The opposite 

conditions at the anode are indicated by the slower rate of polariz- 
ing and the tardy evolution of oxygen. 

At low values of applied voltage, larger current now flows 

27Trans. Am. Electrochemical Society, 4, 120 (1903).
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than in the experiments with electrodes of equal size. The large 
amount of electrolyte in contact with the oxygen film at the en 

dissolves the gas there with such facility that an appreciable 

27
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current must flow through the cell to maintain even the lower. 
degree of anode polarization observed. 

7 No. 6. . 

This was a repetition of experiment No. 5, with the same 
solution. The electrodes were, however, removed, heated and 

replaced in the cell before use. Table VI and Curve II, Plate III, 

show the results. 
A comparison with Curve I on the same plate shows that, 

whereas in the previous case there were evidences of depolariza- 

tion occurring at the cathode, in this case there is practically 

none, for the anode potential remains constant up to an impressed 

FE. M.F. of 0.8 volt, and only changes then because the potential 
of the cathode has approached close to its limit. It seems likely 

that this condition is due to complete removal of the oxygen in 
the solution by the hydrogen evolved during experiment No. 5. 

With the cathode thus free to be polarized without hindrance, 
it follows that, up to saturation of the electrolyte around the 
cathode with hydrogen, almost the entire polarization of the cell 
will occur at this terminal. 

No. 7. 

In this experiment the relative sizes of anode and cathode were 

reversed, causing a reversal of the characteristics of the anode 
and cathode curves from those of experiment No. 6 (see Table 

VII and Curve III, Plate III). This experiment was performed 
with a fresh solution, so that the depolarizing effects of dissolved 
oxygen may again be expected; and, indeed, inspection of the 

curves plotted shows that this oxygen, together with the dis- 
solving of hydrogen from the cathode by the electrolyte, served 
to eliminate entirely even that small polarization which might be 
expected to occur with so large a cathode. The cathode potential 
remains constant up to an impressed E. M.F. of 0.9 volt. This 
forces the polarization of the cell wholly on the small anode, with 
the result that the latter very soon reaches the discharge potential 
of oxygen, about —2.0 volts, and oxygen appears at an impressed 

electromotive force of 1.1 volts. 
These latter experiments show very plainly that if for any 

reason the potential of one electrode lags behind its normal 
course, the potential of the other must change by a corresponding
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amount to make up for it. In all cases the total polarization 
must equal the sum of the separate electrode potentials.
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EXPERIMENTS WITH CATHODES OF INCREASING SIZE 

It was found in the earlier experiments that hydrogen appeared 
at the cathode, as Richards stated, at values of impressed electro- 
motive force far below the generally accepted decomposition 

point, 1.67 volts. To prove that the degree of lowering of 

decomposition point varies as the difference in electrode areas, 

the following experiments were performed. A platinum anode 
of constant size, one decimeter square, and a platinum cathode 

that varied from a wire 6.0 millimeters long by 0.75 millimeter 
in diameter to a sheet of platinum equal in area to the anode 

were employed. A fresh acid solution was used for each of the 

four experiments made, and the electrodes were heated and 
quenched each time, as usual. The data in Tables VIII—XI have 
all been plotted on Plate IV, to better disclose the results of the 
experiments. 

It is apparent that in each case the potential of the cathode 

is —0.35 volt at the points where hydrogen is given off. This 
occurs regularly, and seems to be independent of the value of 
the impressed electromotive force. Current densities in milli- 

amperes per square centimeter, at which hydrogen was first 

evolved at the cathodes from sulphuric acid, are found to be 1.5, 
0.7, 0.3 and 0.25. Richards says:* “From a great number of 
experiments the conclusion is evident that current density at the 
electrodes is the prime factor in determining visible evolution of 
gas. * * * Measurements of current and area show that 
approximately 5 micro-amperes per square millimeter are neces- 

sary for the visible evolution of gas.” 
While the above statement is doubtless true for the conditions 

of Professor Richards’ experiments, where the electrodes were a 
considerable distance apart and connection between them was 
made by a capillary tube, it requires modification when the elec- 

trodes are near together and in a relatively large volume of 
electrolyte which is exposed to the air, as is usually the case 
in practical electrolysis. Since a goodly share of the current 

flowing is used up in counterbalancing the effect of dissolved 
oxygen, it would perhaps be better to say that the gas evolution 
point is reached when the current density, minus the current 
per unit area used in off-setting depolarizing forces, has reached 

8 Loc. cit.
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is explained by the greater solubility of chlorine, and conse- 
quently a more rapid removal of hydrogen from the cathode 

than was possible by the less soluble oxygen. 
It is evident that the point at which a particular gas will be 

evolved at an electrode cannot in general be exactly defined 

either in terms of the impressed electromotive force or of the 

current density, but it can be expressed in terms of electrode 

potential. Whenever the cathode potential has risen to a par 
ticular value (in these experiments —o0.35 volt) which may be 

called the discharge potential of hydrogen, evolution of that gas 
will occur, irrespective of the value of the electromotive force 
or the current density at that time. Similarly when the anode | 

potential has fallen to the definite value of the discharge potential 
of oxygen, that gas will appear. 
Variation of impressed electromotive force for gas evolution 

paints was secured between 0.9 volt and 1.67 volts, using the 

electrodes described. Had there been greater differences in elec- 
_ trode size, it no doubt would have been shown that decomposition 

may take place at practically any voltage, provided the proper 

electrodes are employed. 

It is of further interest to note the increase in current for a 
given voltage, below the decomposition point, as the cathode 

area is increased. With very large electrodes in an acid solution 
it would be possible to pass large currents through a cell and 
still obtain no visible decomposition of the electrolyte. 

EXPERIMENTS USING HYDROCHLORIC ACID FOR THE ELECTROLYTE. 

After the above work with sulphuric acid solution, three sets 

of data were obtained on cells filled with normal hydrochloric 
acid (not air free). The platinum electrodes were of the follow- 

ing dimensions: 

Experiment Cathode Anode 
a I square centimeter. I square centimeter. 
b I square centimeter. I square decimeter. 
¢c I square decimeter. I square centimeter. 

From Tables XII to XIV and Plate V, it is seen that the results 

were very similar to those obtained with sulphuric acid. Again, 

hydrogen appears when the cathode reaches a potential of —0.33 

volt, no matter what the size of the electrode or what the im-
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pressed voltage. The same occurrence is noted: at. the anode, 
where chlorine appears at —1.7 volts. Oo 

That chlorine is a very active depolarizer is shown by the 

results of experiment c. A large quantity of chlorine is deposited 

over a stall anode area in this case, and is readily dissolved by 

the electrolyte and distributed throughout the cell. Coming in 
contact with the cathode, where the hydrogen concentration. is 
small, it removes this so rapidly that the very large current shown 

is necessary to polarize the cathode at all. The same result is 
not obtainable with the other arrangements of electrodes, since 

with them there is not such free access of the chlorine to the 
cathode as in experiment c. 

~ It will be noted that the initial potentials of the platinum 
electrodes in the three experiments were not the same. . This 

was due to absorption of air by the electrolyte, the solution 

longest exposed giving the lowest initial potential. 

ON THE USE OF PLATINUM ELECTRODES. 

There has been much question as to advisability of using plat- 

inum for electrodes in a decomposition cell where gas is evolved. 
It has been claimed that, owing to the remarkable occluding 
powers of platinum for hydrogen and other gases, the potential 
of such an electrode must vary and, in varying, subject experi- 

mental work in which they are employed to a considerable degree 

of inaccuracy. 

Several experiments were tried in order to determine if the 

potential of such electrodes changed as much as has been claimed. 

No. 8. - 

A cell with platinum electrodes one centimeter square’ was set 

up and 0.2 volt impressed over its terminals. At intervals of 

several minutes readings were obtained of total, cathode and 

anode polarization. At the end of twenty minutes the voltage 

was raised to 0.8 volt, readings obtained as before, and the process 

repeated again at 1.4 volts. ‘Table XV shows that the electrode 

potentials change very little with time, surely not enough’ to 

introduce serious errors into decomposition experiments: Table 

XVI shows the same results for a cell fitted with a small cathode
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and a large anode. While these results may appear unexpected, 

still, if the time taken for the electrodes to reach their final 

potential for any value of impressed electromotive force is con- 
sidered, the above will not appear extraordinary. 

Experiment shows that with cells like those used it takes but 

ten seconds for an anode polarization of 0.7 volt to build up, 
and twenty-five seconds for the same polarization to appear at 

the cathode, both representing final potentials under the condi- 
tions imposed. Furthermore, the cathode polarization falls off 

almost the instant the electrolyzing circuit is broken, but the 

anode polarization decreases very slowly. Indeed, lifting the 
anode from the cell, rinsing, drying or even heating* it, does not 

materially alter the slow.rate at which the anode potential returns 
to its value before use. 

These observations point to the following conclusions: (1) In 

the case of the anode, polarization is almost entirely due to the 

oxygen saturated electrolyte around the electrode. The slowness 

of diffusion of oxygen, the small occlusive power of platinum for 

oxygen, and the slow decrease of polarization on open circuit, 

seem to indicate that a very large part of the anode polarization 

is accounted for by the concentration of oxygen in the solution 

rather than in the electrode. An extremely thin film of saturated 
electrolyte, such as is produced at the surface of the anode on 
closing the circuit, suffices to completely polarize the electrode 
for the given applied voltage. Since neither diffusion nor occlu- 

sion decreases this instantaneous concentration to a great extent, 
it is to be expected that the anode will show its final value of 

_ polarization very soon after pressure is applied to the cell. Con- 

tinued application of electromotive force merely serves to increase 

the thickness of the oxygen-saturated film. The value of polar- 
ization depends on the maximum and minimum concentrations of 

oxygen in the electrolyte between the electrodes (e = R. T. log; 

where C is the concentration of oxygen at the anode and C’” the 
concentration of that part of the electrolyte containing the small- 

est amount of oxygen), so that it does not matter whether the film 

is one-thousandth of a millimeter thick or thicker, so long as C 
and C’ remain the same. (2) At the cathode the concentration 

4 Transactions Am. Electrochemical Society, 4, 122 (1903).
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of the film of hydrogen-saturated electrolyte produced by the 
first surge of current is diminished by diffusion (large for hydro- 
gen) and by the occlusion of the gas by the platinum electrode. 

_ A longer interval is consequently required to build up the cathode 
potential, and as soon as the building and maintaining force— 
the impressed electromotive force—is cut off, the concentration 
is rapidly lowered, a fact in accordance with the rapid decline 
of cathode potential when the circuit is opened. It is true that 
platinum will continue to absorb hydrogen over an extended 
period of time; the continued upward slope of the cathode polar- 

ization curves after hydrogen evolution in any of the plates shown 
- confirms that, but it is very evident that the greater part of 

occlusion occurs in a very short time, to be followed by a period 
of occlusion where the rate of absorption is so low that the 

potential of the electrode may be considered practically constant. 

. CONCLUSIONS. | 

It conclusion it may be stated that: 
a. Decomposition of water can be accomplished at any voltage 

with platinum electrodes, provided the latter are of the proper 

size. 

_b. The oxygen normally present in laboratory reagents is 

sufficient to produce marked depolarization at the cathode. 
c. The single potential of each electrode so depends on that 

of the other that any change in one, due to disturbing influences, 
is counteracted by such a change in the other that, below the 

decomposition point, the sum of the separate electrode polariza- 

tions equals the total polarization, and this in turn equals (very 
nearly) the impressed electromotive force. 

d. Any desired current may be passed thru an aqueous solu- 

tion of sulphuric or hydrochloric acid without causing evolution 

of gas, provided the electrodes are made large enough. 

e. The evolution of gas at the electrodes depends on the 

total current density minus that part of the current density neu- 

tralized by the action of depolarizing agents. 
The writer’s thanks are due Dr. O. P. Watts for many valuable 

suggestions received in the above work. |
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TABLE I. 

Electrodes of equal size, one centimeter square. 

Electrolysis of normal HeSO.. . 

Impressed Current Polarization 
a it. 3413 ——_—-— oF 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 00 -+-0.005 —I1.152 —1.160 
0.2 0.0 0.181 1.118 1.296 
0.4 0.0 0.390 1.090 1.477 
0.6 0.05 0.581 1.090 1.673 
08 0.07 0.766 1.033 1.798 
1.0 0.20 0.960 0.867 1.825 
1.2 0.20 1.185 0.671 1.839 
1.4 0.20 1.378 0.476 1.853 
1.6 0.60 1.556 0.337 1.895 
1.7% 1.50 -  ,626 0.323 1.950 
1.9 13.00 1.723 0.309 2.034 
2.1 30.00 1.765 0.295 2.061 
2.3 57.00 1.793 0.295 2.090 

* Evolution of gas at both electrodes. , 

TABLE II. 

Electrodes of equal size, one centimeter square. 

Normal H2SO, electrolyte covered with kerosene. 

Impressed Current Polarization , 
. ° . st: coo OV 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -++0.000 —1,022 —1.022 
0.2 0.0 0.182 0.980 1.176 
0.4 0.0 0.378 0.938 1.344 
0.6 00. 0.588 0.840 1.442 
0.8 0.0 0.784 0.742 1.512 
1.0 0.05 0.904 0.644 1.624 
1.2 0.10 1.178 0.532 1.709 
1.4 0.15 1.359 0.464 1.709 
1.6 0.70 1.527 0.280 1.792 
1.7* 0.70 1.507 0.252 1.849 
2.0 8.00 . 1.738 0.252 1.961 
2.2 14.00 1.764 0.252 1.989 
2.4 28.00 1.805 0.238 2.044 

* Evolution of hydrogen at cathode. . . 
+ Evolution of oxygen at anode.
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Taste III. 

. Electrodes of equal size, one centimeter square. 
Electrolysis of normal H:SQ, in partial vacuum. 

Impressed Current Polarization 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -+0.000 —1.087 —I.087 
0.2 0.0 0.180 1.031 1.217 
0.4 0.0 0.388 0.989 1.363 
0.6 0.0 0.595 0.837 1.432 : 
0.8 0.0 0.789 0.698 1.529 
1.0 0.0 0.969 0.657 1.611 
1.2 0.0 1.190 0.588 1.750 
1.4 0.05 1.370 0.422 1.778 
1.6* 0.30 1.522 0.338 1.861 
(8F 1.5 1.633 0.311 1.861 
2.0 2.0 1.716 0.280 2.040 
2.4 22.0 1.854 0.261 2.082 
2.8 65.0 1.854 0.261 2.110 

* Evolution of hydrogen at cathode. 

t+ Evolution of oxygen at anode. 

. . TasLe IV. 

Electrodes of equal size, one centimeter square. 
Normal H:SQ, saturated with oxygen. 

Impressed Current == atarigation 
Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 + 0.000 —I1.144 —I.144 

0.2 0.0 0.181 1.116 1.311 
0.4 0.0 0.375 1.088 1.477 
0.6 0.0 0.612 - 1.061 1.671 
08 0.1 0.764 1.033 1.783 
1.0 0.2 0.986 0.838 1.825 
1.2 0.25 1.168 0.643 _ w8u 
1.4 0.3 1.361 0.477 1811 
1.6 0.6 1.530 0.338 1.866 
17 1.0 1.612 0.338 1.950 
2.0 6.0 1.710 0.338 2.006 
a une 

Oxygen evolved at anode at 1.9 volts E. M. F. |
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TABLE V. 

Cathode = 1 centimeter square. Anode = 1 decimeter square. 

Normal H2SQO, electrolyte. 

Impressed Current Polarization 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 +0.014 —1I.074 —1.088 
0.2 0.0 0.181 0.991 1.172 
0.4 0.0 0.375 0.908 1.269 
0.6 0.4 0.570 0.755 1.325 
0.8 a 0.765 0.615 1.380 
1.0 0.5 0.986 - 0.435 1.421 
1.1* . 1.085 0.352 1.449 
1.2 Le 1.182 0:324 1.546 
1.47 4.0 1.404 0.309 1.687 
1.6 15.0 1.516 0.296 1.798 
1.7 . 1.516 0.2096 1.852 
18 38.0 1.571 0.282 1.852 

* Evolution of hydrogen at cathode. 

+ Evolution of oxygen at anode, 

TABLE VI. 

Cathode = 1 centimeter square. Anode = 1 decimeter square. 

Repetition of No. 5 with same lot of electrolyte. 

Impressed Current Polarization 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 +0.014 —I.116 —1.130 
0.2 0.1 0.193 0.977 1.157 
0.4 0.2 0.348 0.796 1.157 
0.6 0.2 0.508 0.560 1.157 
0.8 oe 0.806 0.379 1.172 
1.0 es 0.986 0.338 1.325 
1.1 - 0.25 1.099 0.324 1.304 
1.2* 0.25 1.210 0.324 1.533 
14. 1.5 1.405 0.310 1.713 
1.6 19.0 1.501 0.296 1.825 
1.8 41.0 1.600 0.296 1.909 
2.0} 100.0 1.669 0.206 1.979 

* Evolution of hydrogen at cathode. 

+ Evolution of oxygen at anode.
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Tas_e VIL. | 

Cathode = 1 decimeter square. Anode = 1 centimeter square. 
_ Normal H:2SOQ, electrolyte. 

. Teapresead Current Polarization 
o o - <A an nenneeeeneananeeee eee’ 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -+-0.000 —1.136 —1.136 
0.2 0.5 0.181 1.136 1.327 
0.4 0.5 0.404 1.136 1.537 
0.6 0.5 0.600 1.136 1.703 
0.7 0.5 0.698 1.120 1.858 
1.0 1.0 0.949 1.104 2.025 
Lit 1.5 1.018 1.062 2.080 
1.2 3.0 1.073 1.021 2.109 
1.4 10.0 1.241 - 0.867 2.109 
1.6 es 1.505 0.685 2.122 
18 . 1.637 0.616 2.136 
2.0 20.0 a bees cease 

_. t Evolution of oxygen at anode. , 

Tasie VIIL. 
{ 

Cathode—Wire: area = 14 square millimeters. 
. Normal H:2SQ, electrolyte. 

Tmppgteed = enerent = Plarigation 
Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -+0.000 —1.189 —1.189 
0.2 0.0 0.195 0.999 ~ 1.189 
0.4 0.0 0.419 0.755 1.185 

- 0.6 0.0 0.586 0.602 1.185 
08 0.0 0.795 0.393 1.185 

0.9* O.1 0.879 0.351 1.230 
1.0. 0.2 0.991 0.345 1.328 
L1 0.25 1.073 0.337 1.411 
1.2 0.30 1.130 0.337 1.482 
1.4 1.0 1.242 0.337 1.592 
1.6 2.0 1.410 0.337 1.732 
18 3.2 1.492 0.329 1.79F 

2.0 10.6 1.562 0.309 1.842 
2.2 24.0 1.619 0.309 1.899 
2.4 42.0 1.673 0.295 1.955 
a 

* Evolution of hydrogen at cathode.
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TasieE IX. | 

Cathode = I centimeter square. Anode = I decimeter square. 

Normal H.2S0O, electrolyte. 

Imprepsed Current Polarization 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -+-0.000 —1.230 —1.230 
0.2 0.0 0.181 1.091 1.286 
0.4 0.1 0.396 0.964 1.355 
0.6 0.15 0.572 0.811 1.384 
0.8 0.15 0.795 0.630 1.411 
1.0 0.15 0.991 0.435 1.439 
I.I 0.50 0.130 0.3605 1.495 

- 1,2* 0.60 0.213 0.359 1.561 
1.4 3.0 1.381 0.337 1.737 

' 1.6 19.0 1.520 0.331 1.849 
1.8 40.0 1.618 0.331 1.928 
2.0 60.0 1.646 0.337 1.983 
2.2 80.0 1.672 0.337 2.010 
2.4 120.0 1.701 0.337 2.039 

* Evolution of hydrogen at cathode. 

+ Evolution of oxygen at anode. 

TABLE X. 

Cathode = 50 square centimeters. Anode = I decimeter square. 

Normal H2SO, electrolyte. 

er Current ___- Polarization 
Volts Milli-amperes = Fotal, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -++0.000 —1.231 —1.231 
0.2 0.0 0.209 1.118 1.313 
0.4 0.2 0.404 1.063 1.468 
0.6 1.0 0.600 1.007 1.620 
0.8 2.5 0.809 0.979 1.760 
1.0 6.0 1.019 0.783 1.788 
1.2 8.0 1.186 0.610 1.788 
1.4 10.0 1.395 0.420 1.816 
1.5* 15.0 1.479 0.350 1.843 
1.6 30.0 “1.549 0.337 1.899 
1.7 40.0 1.604 0.337 1.928 
18 70.0 1.660 0.328 1.997 
2.0F 200.0 1.730 0.328 2.010 
2.2 280.0. 1.730 0.328 2.039 
a 

* Evolution of hydrogen at cathode. 

+ Evolution of oxygen at anode.
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TABLE XI. | 

Electrodes of equal size, one decimeter square. 

Normal H:SO, electrolyte. . 

Impressed Current Polarization 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -++0,000 —I1.174 —I1.174 
0.2 0.1 0.196 1.146 1.338 
0.4 1.0 0.404 1.119 1.509 
0.6 2.5 0.629 1.063 1.703 
0.8 3.0 0.782 1,007 1.788 , 
1.0 10.0 0.004 0.797 1.815 
1.2 15.0 1.185 0.644 1.843 
1.4 20.0 1.352 0.476 1.843 
1.6* 25.0 1.549 0.365 1.871 
1.7 30.0 1.619 0.337 1.955 
1.8 35.0 1.673 0.337 2.025 
2.0T 95.0 1.757 0.323 2.065 
2.2 200.0 1.813 0.309 2.095 

* Evolution of hydrogen at cathode. . 

+ Evolution of oxygen at anode. 

TasLE XII. 

Electrodes of equal size, one centimeter square. 
Normal HCl electrolyte. 

eS 

Impressed Current _—___Felariation 
Volts | Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -+0.000 —1.059 —-1.059 
0.2 0.0 0.208 0.970 1.198 
0.4 0.04 0.403 0.948 1.336 
0.6 0.04 0.596 0.879 1.475 
08 0.05 0.776 0.809 1.586 
1.0 0.10 0.984 0.643 1.639 
1.2 0.15 1.205 0.435 1.639 
1.4* 7.00 1.370 0.338 1.709 
1.6 40.00 1.309 0.338 1.722 
18 60.00 1.309 0.338 1.722 

* Evolution of hydrogen at cathode. a 
+ Evolution of chlorine at anode. ,
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Taste XIII. | 
Cathode = 1 centimeter square. Anode = 1 decimeter square. 

Normal HCl electrolyte. 

Tmorgeed Current Polarization 

Volts Milli-amperes Total, Volts Cathode, Volts Anode, Volts 

0.0 0.0 -+0.000 —I.142 —1.142 
0.2 0.0 0.199 1.976 1.184 
0.4 0.0 0.374 1.851 1.253 
0.6 0.0 0.560 1.712 1.281 
08 0.0 0.804 1.505 1.309 
0.9 0.0 0.901 1.422 1.309 
1.0 0.5 1.010 1.366 1.364 
1.1 1.0 1.093 1.338 1.461 
1.2* 2.0 1.219 1.338 1.570 
1.4 20.0 1.343 1.333 1.667 
1.6 65.0 1.343 1.333 1.667 
1.8 90.0 1.343 1.333 1.667 
2.2 450.0 1.375 1.311 1.695 
2.6 bes 1.375 1.338 1.723 

* Evolution of hydrogen at cathode. 
+ Evolution of chlorine at anode. 

TABLE XIV. 

Cathode = 1 decimeter square. Anode = 1 centimeter square. 

Normal HCl electrolyte. 

Impressed Curre at _ Polarization 

Volts Milliamperes = ‘Total, Volts Cathode, Volts Anode, Volts 
0.0 0.0 - -+0.000 —I1.225 —1.225 
0.2 0.0 0.180 1.198 1.364 
0.4 0.0 0.402 1.170 1.558 
0.6 0.2 0.596 1.058 — 1.640 
08 20 - 0.804 0.893 095 
O19 3.0 0.901 0.795 1.695 
1.0 4.0 0.984. 0.698 1.695 
11 4.5 1.094 0.643 1.695 
1.2 5.0 1.163 0.518 1.695 
1.4 23.0 1.370 0.353 1.723 
1.6 _ 112.0 1.436 0.338 1.750 
1.8 190.0 1.412 0.338 1.750 

Evolution of hydrogen at cathode at 1.5 volts E. M. F. 

Evolution of chlorine at anode at 1.58 volts E. M. F.
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TABLE XV. 

Data on constancy of platinum electrode potentials. . 

Electrodes of equal size, 1 centimeter square. 
eee eee eee] 

Impressed izati 
| Time E.M. F. ————_—oaskation 

Volts Total, Volts Cathode, Volts Anode, Volts 

Beginning ........-....- 00 -+0.000 —1.185 —1.185 
1%4 min. later.......... 0.2 +-0.195 —1.149 —1.338 

2 “ 6 Lee eeeeees O.2 + 1.195 —1.144 —1.338 
6 “ 6 vee eeee ees 0.2 +0.105 —1.135 —1.325 

io «6 * 6 ac eeneee O2 —— +0.195 —1.135 —1.325 
14 “ 6 deceeeeees 0.2 +0.195 —I.116 —1.310 

20 “ 6 veceeceees O12 +0.195 —I.116 —1.310 

Impressed voltage was increased. 

Y min, later.......... 08 —0.778 —0.977 —1.756 
2 “ fee ee eee 08 —0.778 —0.977 —I1.756 
6 * Ovee ee ee ees 08 —0.778 —0.977 —1.756 

10 “ 6 ee ee eee. O8 —0.778 —0.977 —1.756 
14 “ eee eee ee 08 —0.778 —0.963 —I1.742 

Impressed voltage was increased. 

¥Y% min, later.......... 1.4 +1.377 —0.379 —1.756 
. 2 : , weceeeeeee Ld -+1.377 —0.379 —1.756 

4 ns a +1.377 —0.379 —1.756 
10 “ 6 cece ceases LG --1.405 —0.366 —1.756 

20 “ 6 vecccceeee Leg -+1.390 —0.366 —1.756 

TaBLe XVI. 

Data on constancy of platinum electrode potentials. 

Cathode, 1 centimeter square. Anode, I decimeter square. 

————————————————————————————————————— 

Impressed Polarization 
i . . . ——_————— OO errr To 

Time Eee Total, Volts Cathode, Volts Anode, Volts 
Beginning .............. 0.0 -+-0.000 —1.170 1.170 

Y% min. later.......... 0.2 0.180 1.073 - 1,253 

5 cece eee 0.2 0.180 1.059 1.253 
10 “ Fdecee cece 0.2 0.193 1.059 1.253 
TH © © 0.2 0.193. 1.059 1.253 

8 0.193 1.059 1.253 

Impressed voltage was increased. 

¥% min. later.......... 0.6 +0.595 —0.795 —1.363 
5 & L066 0.595 0.782 1.363 
mo “ J ........ 06 0.595 0.782 1.363 

06 0.595 0.782 1.303 
@ © * 06 0.595 0.782 1.303 

28
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Impressed voltage was increased. 

Impressed Polarization 
Time E. M. F. —- 

Volts Total, Volts Cathode, Volts Anode, Volts 

1Z min. later.......... 1.0 -+0.907 —0.477 —1.474 
5 “‘ Cv eeeeeeeee LO 0.984 0.505 1.502 

10 “ Ovecseceeee LO 0.984. 0.505 1.502 
15 “ OL eceeeeees LO 0.987 0.505 1,502 
20 Ovaseeccess TO 0.987 0.505 1.502 

Impressed voltage was increased. 

Y% min. later.......... 1.4 +1.386 —0.238 —1.620 
5 ,S Cv eeseeeeee LG 1.386 0.238 1.620 

tio ' “ Oveeeeceeee LA 1.386 0.238 1.620 
15 “ ence ceca LG 1.386 0.238 1.620 
20 “ rs 27 | 1.386 0.238 1.620 

Laboratory of Applied Electrochemistry, 
University of Wisconsin.



A paper presented at the Twenty-fifth Gen- 

eral Meeting of the American Electro- 

chemical Society, in New. York City, 
April 18, 914. 

A MICROSCOPIC STUDY OF ELECTROLYTIC IRON. 

By Oniver W. Srorey. 

The electrolytic refining of iron was first carried out success- 

fully ten years ago by Prof. C. F. Burgess at the Chemical 
Engineering Laboratories of the University of Wisconsin. Since 
then, several thousand pounds of iron have been refined. In its 
manufacture a large variety of forms of cathode deposits has 

been produced, varying from dense to porous, and from smooth 

to nodular iron. The work presented in this paper was under- 
taken to study the different kinds of deposited irons and also 

to study the effect of heat treatments upon them. The author 
is indebted to Prof. C. F. Burgess, of the Northern Chemical 
Engineering Laboratories, for his co-operation in this research. 

The refining of iron is carried out at present in stoneware 
tanks, each containing three sets of anodes, connected in parallel, 
between which are placed the two cathode sheets, allowing depo- 

sition to take place on both sides of the latter. The anodes first 
used were Swedish bar iron, though later American Ingot Iron 

has been used as a purer grade of raw material. With a current 

density of about ten amperes per square foot and an electrolyte 

consisting of an aqueous solution of iron sulphate and ammonium 

chloride the deposition proceeds uniformly. 
: A typical analysis of the refined iron follows: 

Single Refined Double Refined 

Sulphur ...............66.- 0.001% none 
Silicon ........2-...0-20+6+ 0,003 0.013% 
Phosphorus ................ 0.020 0.004 

Manganese ................ none none 
parbon vrecereeersssssesss 1 O73 90.971 

Hydrogen 2000000000001 Peas 0.072 
The double refining is accomplished by using an electro- 

deposited material as anode. 

1 Burgess and Hambuechen, Tr. Am. Electrochemical Society, 5, 201 (1904). , 

489



490 OLIVER W. STOREY. 

The electrodeposition of iron presents difficulties not unlike 

those present in the deposition of various other metals. By 

varying the factors such as current density, temperature, circu- 

lation of solution, composition of electrolyte, gases and impurities 

in the electrolyte, and thickness of deposit, various kinds of 
deposits may be obtained. 

The microstructure of electrolytic iron has been the subject 

of a paper presented before this society by Professors C. F. 
Burgess and O. P. Watts.?. This described the various kinds of 

deposits obtained and also the conditions producing these deposits. 
Attention was also called in this paper to the striking similarity 

of the structures of electrolytic iron to the structures of certain 
minerals as formed by nature. This similarity was especially 

noticeable with manganite, hematite and limonite. 

Different types of deposits are shown in Figs. 1, 2 and 3. Fig. 
I shows a fracture of a hard, dense deposit illustrating a charac- 

teristic tooth-like growth. These nodular deposits may be separ- 

ated from the main body of the metal by hitting them a sharp 

blow.with a hammer. Cavities, sometimes one-half inch in depth, 

are formed. A group of nodules or teeth resulting from the 

breaking up of an iron cathode are shown in Fig. 4. 

The deposit shown in Fig. 2 illustrates the usual fine grained 

deposit which is more fibrous in nature than that of the nodular 

iron shown in Fig. 1. 

' Fig. 3 shows a coarse, porous, crystalline deposit. The dense 
structures of Figs. 1 and 2 are entirely absent but instead a 
series of layers of iron is shown. The fine crystals shown at the 
bottom of the cathode gradually grow into coarse crystals at 

the top. | 

All of these deposits show lines parallei to the starting sheet 
indicating surfaces of cleavage. These cleavage surfaces are 
produced when some interruption or change in the deposition 
occurs. In the denser deposits the planes of cleavage are not as 

apparent as in the porous structure of Fig. 3. In this deposit 

layers of iron may be easily removed with a pen knife. 
That the deposits obtained are of a variable structure is illus- 

2A Microscopic Study of Electro Deposits, Tr. Am. Electrochemical Society, 9 
229 (1906). .
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trated in Fig. 5. Some of the layers are dense and hard as is 
shown by the slight amount of etching while others are porous 
and easily etched. 

When a metal solidifies from the molten state, the growth of 
crystals commences from nuclei distributed at random throughout 
the mass. The individual crystals grow outwards from these 
nuclei (usually by means of dendrites) until the sides of the 
mould or other crystals prevent further growth. In this manner 
the neighboring crystals found in metals solidified from the solid 
state usually are of different orientation. The growth of a metal 
when deposited by means of the electric current is different from 
the above case. The metal is first deposited on a starting sheet 
and the growth of it can be in only one direction—perpendicular 
to the surface of the starting sheet. 

A microsection of the electrolytic iron shown in Fig. 3 in a 
plane perpendicular to the starting sheet gave the structure shown 
in Figs. 6 and 7. Fig. 6 shows the finer crystals at the starting 
sheet while Fig. 7 illustrates the coarseness of these crystals at 
the outside of the deposit, which was 5/16-inch (8 mm.) in 

thickness. 

The crystal growth of Fig. 6 presents a peculiar fan-like 
appearance. The heavy line shown in the photograph is the 
result of a marked interruption in the deposition. The finer black 
lines which are about one-half inch apart and parallel to the 

heavier line are the result of slight interruptions in the deposition. 
The heavier lines are cleavage planes along which the layers of 
iron easily separate. 

The growth of the crystals is again illustrated in Figs. 8, 9 and 
10. Fig. 8 shows the microstructure of the cathode next to the 
starting sheet and parallel to it. This deposit when resolved 
under high powers shows a grain structure. Fig. 9 represents 
Fig. 8 at a higher magnification. The outside of the cathode 
has a coarse grain structure as illustrated in Fig. 10. 

A more common form of deposit is shown in Fig. 11, which. 

is a modified form of the deposit of Fig. 6. The black spots 

are probably cavities due to gases or other occlusions. The struc- 
ture of the exterior of this cathode is illustrated in Fig. 12. 

The interesting feature of Fig. 12 is the spider web appearance
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of some of the crystals. Miiller,? in his work on electrolytic iron, 
refers to this peculiar structure and shows a web with five 
sections. The author has been able to find such areas with both 
five and six sections, the latter being more frequent. 

Fig. 13 is a micrograph of a dense though coarse deposit. The 

crystals in the fractured deposit were plainly visible to the naked 
eye and were often % inch in length. No interruptions had 

occurred in this deposit and the crystals grew to large sizes. 

The microstructure of a dense deposit which is not nodular is 

shown in Fig. 14. The tendency to form well defined crystals is 
suppressed and only an indication of these crystals is present. 

The exterior of the cathode deposit shows a well defined granular 

structure. See Fig. 15. 

The microstructure of the dense deposits resulting in the 

nodules of Fig. 4 and the nodular deposit of Fig. 1 differs from 
the crystalline deposits previously shown. The polished and 
etched surface of such a dense section is shown in Fig. 16. 

A large nodule formed in the interior of this deposit may be 

distinctly seen, while a band of less dense deposit is visible at the 
top of the specimen. The microstructure of this section is seen 
in Fig. 17 while a part of the dense portion showing the 
boundary between two nodules is shown in Fig. 18. It was 

impossible to develop a crystal structure in this iron. 

MICROSTRUCTURE OF HEATED ELECTROLYTIC IRON. 

In their paper, C. F. Burgess and O. P. Watts,* showed that 
electrolytic iron, upon heating to 1,000° C., assumed the structure 

of ordinary iron, that is, it became granular. It was desirable to 
know at what temperature this change took place and what effect 

the liberation of hydrogen had upon the structure. 

Electrolytic iron, as deposited, possesses peculiar properties. 
It is extremely brittle and dissolves with ease in acids, , being 
more soluble than zinc.’ The brittleness is probably due to the 
presence of hydrogen, either occluded or combined with the iron. 

8 Metallurgie, 1909, p. I45. ; 

*A Microscopic Study of Electro Deposits, Tr. Am, Electrochemical Society, 9; 
229 (1906). 

® Burgess and Engle, Tr. Am. Electrochemical Society, 9, 199 (1906).
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Upon heating electrolytic iron to between 500° and 600° C., a 
large amount of hydrogen was given off and the iron became 
ductile and more resistant to acid attack. Upon examination of 
the iron after heating for one hour at 600° no apparent change 
in the crystalline structure had taken place. Specimens heated 
for one hour at 700°, 800°, 850° and 875°, showed no change 
which could be detected by the microscope. By heating speci- 
mens at 910° to 915° C. for one hour the crystalline structure 
of the deposited iron had changed completely to the grain struc- 
ture of ordinary ferrite. 

This phenomenon occurs at the A, point in iron where a known 

allotropic transformation from gamma to non-gamma ferrite takes 

place. A change of the crystal form occurs and explains the 
cause of the change of the electro-deposited iron to the ordinary 
grain structure. 

In this work the determination of change of structure was 
made upon a section perpendicular to the cathode surface. The 

close resemblance of the cathode surface to the ordinary grain 
structure did not allow a close determination of any change to be 
made. On the other hand, any difference in structure of the 
perpendicular surface could be detected. 

For the further investigation of this phenomenon two varieties 
of electrolytic iron were used, fine and coarse. The fine electro- 

lytic iron was dense and finely crystalline. Fig. 19 shows a 
micrograph of this structure. The coarse material was porous 
and the structure is shown in Figs. 6 and 7. In one set of experi- 
ments the specimens were annealed after heating at a constant 
temperature in the furnace and in the other were quenched in 

water. 

An electrically heated tube furnace was used. The tempera- 
tures were measuréd by a base metal thermocouple correct to 

within 2°. The furnace atmosphere was oxidizing and a scale 

formed on all specimens. A list of experiments with results 
follows. All specimens were etched with picric acid: 

1. Heated at 900° for 15 minutes and quenched. 

a. Fine deposit; first changes in structure occur. See Fig. 20. 

The dense white bands of crystals of Fig. 19 have developed into 

several large grains while the porous dark bands have separated
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into fine grains of ferrite as seen in the areas adjacent to the 

coarse grained white band. 

b. Coarse deposit ; no noticeable change-in structure. 

' 2, Heated at 900° for two hours and quenched. 

- a. Fine deposit; Fig. 21. A few traces of the old structure 
remain. The porous areas have been broken up into well defined 

fine grains while in the denser areas the coarse grains of Fig, 20 

have divided into finer grains. The specimen appears to be 

breaking up into finer grains though Fig. 20 showed some that 

were coarse. 

b. Coarse deposit. Fig. 22. The first breakdown of the crys- 

talline to the granular structure is taking place. The change 
appears sluggish in comparison to the fine deposit. The entire 

surface has not changed. As seen in Fig. 22, fine grains are 
forming but these can only be found where a fine crystal structure 

had existed and are prominent at the base of these crystals. At 

the coarse end of the crystals no traces of a grain formation are 

found. 

3. Heated at 910° to 915° for one hour and cooled in furnace. 
Only the coarse deposit was used. 

a. Coarse deposit. See Fig. 23. The crystalline structure has 

changed entirely to the grain structure. Though traces of the old 
crystal outlines remain the grain boundaries are apparently not 

_ influenced by the crystal boundaries. The grains are several times 

as large as those obtained with the fine structure of Fig. 21. 

4. Heated at 925° for five minutes and quenched. 

a. Fine deposit. The entire specimen has become fine grained 

with few traces of the deposited crystals. 

b. Coarse deposit. Fig. 24. The entire specimen has become 
granular but the outlines and markings of the deposited crystals 

are but slightly obliterated. The grain size varies over the sur- 

face of the specimen. Where the deposited crystals of iron have 

been small the grains are small and likewise coarse grains are 
found where the deposit has been coarse. These large grains are 

shown in Fig. 24. The grain outlines do not follow the crystal 

outlines but are independent of the previous structure. 

5. Heated at 925° for five minutes and cooled in furnace.



A MICROSCOPIC STUDY OF ELECTROLYTIC IRON. 495 

a. Fine deposit. The crysalline structure has become granular 
and the structure is like that obtained in 4a. 

b. Coarse deposit. The crystalline structure has changed 
slightly. The areas at the roots of the deposited crystals have 
become fine grained while the coarse areas have apparently been 
unchanged. The resulting structure closely resembles Fig. 22 
of 2b. 

6. Heated at 950° for five minutes and quenched. 
a. Fine deposit. The entire specimen has become fine grained. 

| b. Coarse deposit. Though the entire specimen is granular the 
grains vary in size corresponding to the size of the deposited 
iron crystals. 

7- Heated at 950° for fifteen minutes and quenched. 
a. Fine deposit. Entire specimen fine grained. 
b. Coarse deposit. The structure is not different from that 

in 6b. 
8. Heated at 1,000° for fifteen minutes and quenched. 
a. Fine deposit. Fine grained. 
b. Coarse deposit. The coarse grains obtained from the coarse 

crystals at the lower temperatures are breaking up into finer 
grains. 

g. Heated at 1,150° for five minutes and cooled in furnace. 
a. Fine deposit. Fig. 25. A fine grained, well defined structure 

of normal! ferrite results. 

b. Coarse deposit. Fig. 26. The entire specimen consists of 
uniform sized grains which are several times larger than those 

resulting from the fine deposit in Qa. 

10. Heated at 1,150° for fifteen minutes and quenched. 
a. Fine deposit. Fig. 27. The fine grains do not have as 

clearly defined boundaries after etching as when annealed from 
the same temperature. Specimens quenched from the high 

temperatures show this tendency. 

b. Coarse deposit. A grain structure like that of Fig. 26 is 

produced. | . 
11. Heated at 1,150° for one hour and cooled in furnace. 
a. Fine deposit. Fig. 28. After annealing at this high temper- 

ature for an hour the fine grains of Fig. 25 have grown slightly 
but the growth is slow.
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b. Coarse deposit. Fig. 29. The grains of Fig. 26 have grown 
slightly.. 

12. In this experiment a piece of a dense deposit was heated 
to near fusion in a platinum crucible. The specimen remained 

at this high temperature for about five minutes. The resulting 
structure is shown in Fig. 30. The grains are small and well 

defined. . 

{ The results of these experiments showed that the crystalline 
structure of electro-deposited iron changed to the usual grain 

structure at the A, point and that the character of the deposited 
iron determined the rapidity of the recrystallization and also _ 

determined the subsequent grain structure. 

The experimental work showed that the deposit composed of 
fine crystals was readily transformed into grains at 900° with a 

heating period of less than fifteen minutes, while a deposit com- 
posed of coarse crystals which had been heat treated with the 

same sample showed no signs of change. Even with a heat treat- 

ment of two hours duration at this temperature the change in 
structure had only occurred where the crystals were finest. 

The above experiments at 900° also show that the time is an 
important factor. The fine deposit heated for two hours (Fig. 
21) showed an almost uniform fine grain structure, while the 

deposit heated for fifteen minutes (Fig. 20) showed an early 
stage of the transformation. The coarse deposit when heated 

at goo® for fifteen minutes showed no change while that heated 
for two hours showed only a transformation of the smaller 

crystals. 

In experiment 3a where the coarse crystals were heated for 
one hour at 910° to 915° the transformation was complete, while 
in experiments 4b and sb, where the samples were heated for 
five minutes at 925°, the transformation was barely complete in 

the one case and partially complete in the second. The dis- 

crepancy in 4b and 5b is probably due to different conditions of 
heating. . 

The most striking feature was the influence of the crystal size 

of the deposited iron upon the resulting grains and the stability 

of the grain size at various temperatures. 
This was first noticed in experiments 1a and 2a. In 1a (Fig.
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20), the fine deposit, after heating at 900° for 15 minutes, showed 
large grains in bands where the crystals had previously been 
dense. But upon heating for two hours at this temperature the 
large grains were partly divided inte smaller ones though not as. 
fine as when heated at 925°. 

In experiments 4b where a coarse deposit was heated at 925° 

for five minutes a peculiar structure resulted. A small grain 
structure was obtained in the fine crystal areas but in the coarse 

crystal areas large grains resulted (Fig. 24). At 950° the same 

structure resulted but at 1,000° the large grains had apparently 
decreased and the smaller ones had increased in size. 

When the coarse crystal specimen had been heated to 1,150° 
the grains were uniform throughout the specimen (Fig. 26), but 
these grains were several times larger than those resulting from 

a similar heat treatment of a fine deposit (Fig. 25). 

_ From the foregoing experiments it is evident that the ferrite 

grains resulting from the change from the deposited state are 
influenced by the deposited crystals. The larger these crystals 

the slower the change to the granular state and the larger the 

resulting grains. The large grains resulting from a coarse deposit 
break down at a temperature well above the A, point if the time 

of heating at that temperature is short. With the coarse deposit 
used and the temperature maintained at the maximum for five 

minutes the point of breakdown for the large grains is at about 
1,000°. That a lower temperature for a longer time will accom- 
plish the same result is evident from experiment 3a, where the 
grain size differed but slightly over the entire specimen after 

heating at 910° to 915° for one hour. 

This phenomenon is probably best explained by Stead and 
Carpenter,® in their work on the “Crystallizing Properties of 

Electro-deposited Iron.” In their researches they found that 
when thin strips of electrolytic iron were cooled through the Ar, 

range at any rate short of actually plunging the specimen a 

coarse crystallization of the iron took place resulting in grains 

: often several millimeters in diameter. They also found that long 

heating above the Ac, point did not result in coarse grains. Their 

explanation follows: 

¢ Journal of the Iron and Steel Institute, Sept., 1913.
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“The refining of the structure caused by prolonged heating in 

the region of gamma iron can be explained in accordance with 

well established facts of the genesis and growth of crystals in the 
following way :—On heating the iron strip which consists of an 

aggregate of alpha crystals, above Ac;, a region is entered in 

which gamma is the stable phase, and provided it is held there 

sufficiently long, not only the alpha crystals, but their nuclei will 

be destroyed. When the strip is cooled through Ar,, and again 

enters the alpha region, it is, a priori, a question whether a large 

number of alpha nuclei will be formed simultaneously, in which 
case the crystals that result from them will be both numerous 

and small, or a small number of nuclei are formed, in which case, 
provided diffusion can take place with sufficient rapidity, the 

nuclei will develop into a small number of large crystals, or, of 

course, any intermediate proportion may be assumed. A reason- 
able explanation of the fine alpha crystallization resulting from 
prolonged heating in the gamma region is, therefore, that very 

numerous alpha nuclei are formed simultaneously on passing 
through Ar,, and accordingly the crystals are small. On the 

other hand, a short heating above Ac, may be insufficient com- 
pletely to destroy the alpha nuclei, and when the strip cools 

through Ar, a certain number will be present which will act as 

centers of crystallization, so that, if diffusion is operative, large 

crystals will grow from these centers. This would account for 

the coarse crystallization that results after a short heating above 
Ac,, and it is the explanation which appears to the authors to be 

reasonable, and to fit in with the observed facts.” 

In the author’s work the electrolytic iron was used in thick 
sections of from ten to twenty grams in weight instead of strips 
0.01 inch or less in thickness. The coarse crystallization obtained 
is not to be compared with that obtained by Stead and Carpenter 

though the general nature of the phenomena is the same. Though 
the specimens were quenched, the rate of cooling was probably 

slow, due to their weight. The persistence of the large crystals 
and the formation of the large grains is explained by the per- 

sistence of the alpha or non-gamma crystals. 

Stead and Carpenter,’ in their work, showed that the iron used 

7 Journal of the Iron and Steel Institute, Sept., 1913.
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_ did not coarsen perceptibly upon heating beyond Ar,. Howe’ 
States that he was able to coarsen electrolytic iron somewhat 

upon heating to 1,300°. These experiments also show that electro- 
lytic iron when heated in the gamma range does not coarsen 

appreciably at temperatures up to 1,150°. 

SUM MARY. 

1. No change in structure of electrolytic iron could be deter- 

mined at temperatures below the A, range. 

2. A fine deposit is more readily changed to the grain structure 
than a coarse deposit. 7 

3. With a short heating above the A, range the fine deposit is 

transformed into a fine grain structure while a coarse deposit 
_ becomes coarse grained. 

4. The coarse grains resulting from a coarse deposit may be 
broken down into smaller grains by long annealing at the Ac, 

point or by heating to 1,000° or higher. 

5. The grain structure resulting from a fine structure is always 
finer than that resulting from a coarse deposit. 

6. The grains of electrolytic iron do not grow appreciably at 

I,150°. 

MICROSTRUCTURE OF FUSED ELECTROLYTIC IRON. 

' Three samples of fused electrolytic iron were used in this 

study, all samples being in the form of small ingots made in a 
vacuum furnace. Ingot A was obtained through the courtesy 
of Mr, Arsem, of Schenectady, New York. Ingot B was made 
by Dr. O. P. Watts, and ingot C by Mr. L. T. Richardson, at the 
Chemical Engineering Laboratories of the University of Wiscon- 

sin. These ingots were halved, polished, and etched and are 

shown in Figs. 31, 32 and 33. 
Fig. 31 shows ingot A. The heat treatment of this sample is 

not known. By comparison with ingots B and C, whose history 
is known, it probably was kept in the fused state for a long period 

and then allowed to cool slowly. The sample shows a coarse 

grain, as seen in Fig. 31. Some of the grains are from 5 to 7 mm. 

in diameter. The ingot shows a small pipe and numerous blow 

8 Bulletin Am. Inst. Min. Eng. No. 84, p. 2821.
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holes. It is evident that these blow holes were filled by a reducing 
. gas, probably hydrogen, since the iron surrounding them was 

bright and untarnished. 

Fig. 32 shows ingot B, which was melted in a magnesia crucible. 

Upon heating the electrolytic iron to above its melting point a 
violent evolution of gas took place. After two hours of heating 
at about 1,600° to 1,700° the gas continued to come off at a slow 
rate. The ingot was then cooled in the furnace, the cooling from 
the melting temperature to a low red occupying about 15 minutes. 

The large pipe with the absence of blow holes and the small grains 
are the striking features of this ingot. 

Fig. 33 shows ingot C. The iron was heated to about 1,600° 
when a violent evolution of gas took place. After ten minutes 

the ingot was allowed to cool Upon the first freezing of the out- 

side portions of this ingot the interior began to boil, throwing 

_small particles of iron above the surface of the ingot. The result 

of this violent evolution of gas is evident in the photograph. Not 

only has a large pipe and cavity with numerous blow holes 
resulted, but a collar of metal has been formed about the top of 

the ingot by the ejected metal. The grain size is the same as 
that of ingot B. 

Fig. 34 shows the surface of ingot A after etching with picric 
acid. The grain is coarse and several grains are apparently 
merging into each other as is seen by the disappearing boundary 

lines of someé of the grains. A large blow hole is seen in one 

corner and smaller pits are distinguishable upon the surface. 

Fig. 35 is a micrograph of the structure near the surface of 
the ingot, showing the orientation of the ferrite grains at right 

angles to it. Here again grain boundaries are disappearing to 

form larger grains. 

The etching of this specimen was continued, by alternating the 
picric acid with a four percent solution of nitric acid in amyl 
alcohol. This etching was continued for over two hours and 
developed the structures shown in Figs. 36 to 40. ‘These micro- 

_ graphs not only show the coarse grains developed with the first 
etching, but also show the devolopment of a new structure in 
the interior of these grains. These sub-grains will be called 
“Inner grains” for convenience.
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Each grain showed an inner grain structure, though some had 
developed this structure only slightly. The size of the inner 
grains varied in different grains. 

Fig. 36 shows several grains of ferrite. The inner grains are 

of the same size in neighboring grains, though varying in the 
same one. The attack of the etching reagent is more noticeable 
in the darker grains and the inner grain boundaries are more 

prominent. 

In Fig. 37 the attack has been heavier, and, although the light 

area does not show an inner grain structure in the micrograph, a 
close examination of the specimen showed that this structure was 
present. 

A study of the boundaries of the grains and the inner grains 
showed a marked difference in their appearance. While the 
boundaries of the grains seemed to be “V” shaped grooves those 
of the inner grains were merely shallow depressions. Upon 

etching for a prolonged period the inner grain structure of Figs. 
38, 39 and 40 was developed. The shallow troughs were deepened 

by this prolonged etching until a series of pits developed. The 

deepening of the inner grain boundaries by these pits is shown | 
in the partly developed inner grains of Figs. 38 and 39. 

Two neighboring grains having a differing crystal orientation 
did not show any continuity of inner grain structure. The 

boundary between these two grains did not allow any continuance 

of inner grain boundaries. But in the neighboring grains where 

_the crystal orientation was similar, the inner grains were often 

continuous. This was especially true with boundary lines which 

were partly obliterated. In these cases the crystal orientations 

were similar and the boundary lines were slowly disappearing. 

A large number of these vanishing boundary lines were present 

in the specimen. Deep etching developed pits along these vanish- 

ing boundary lines while the “V” shaped grooves pitted but 

slightly. Some of the larger inner grains, when examined under 

higher magnifications, seemed to be subdivided into two or three 

smaller grains by shallow trenches which were barely noticeable. 

| Upon annealing a specimen of this iron at 925° the large 

grains were partly broken down and the inner grain structure 

persisted, but not as marked as in the original specimen. Upon
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annealing at 950° and then at 1,150° the large grains were com- 
‘pletely broken down and only traces of the inner grains remained. 

The inner grain structure surrounding a blow hole was much 
finer than the normal size. This is shown in Fig. 40. 

The significant facts in connection with this inner grain struc- 
ture follow: 

1. Each ferrite grain has a peculiar inner grain size. 

g. The inner grain boundaries are shallow depressions. 

3. The development of the inner grain depends upon the crystal 

orientation of the grain. | 
_ 4. The boundaries of the grains are more quickly developed 

than the inner grain boundaries, 

5. Two adjacent grains of dissimilar crystal orientation show 
no continuity through their boundaries of the inner grain boun- 

daries. 

' 6. Two merging grains show a continuity through their boun- 

daries of the inner grain boundaries. 

7, Deep etching causes the shallow depressions to become pitted. 

8. Several annealings above the Ac, point were required to 
destroy the inner grain structure. 

From these observations the following explanation of this pecu- 
liar structure is offered. The inner grains are probably groups 
of similarly oriented iron crystals. The orientation in all of 
these groups is alike throughout the ferrite grain. In slowly 

cooling from the molten state large gamma grains are formed. 

In changing from the gamma state to the non-gamma state the 
grain size remains the same. Stead and Carpenter’s’ explanation 

previously quoted states that a fine grain structure is due to a 

large number of non-gamma nuclei. 

If we consider that, owing to the large gamma grains, a large 
number of non-gamma nuclei were formed in each gamma grain 

and that each nucleus was similarly oriented owing to similarly 
oriented gamma crystals, we can readily see that the ferrite 

grains would be composed of a large number of groups of 

similarly oriented crystals. 
These groups of crystals would constitute the inner grains. 

Each nucleus would grow until it met a neighboring group. In 

4° Journal of the Iron and Steel Institute, Sept., 1913.
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this case the crystals would be similarly oriented in the neigh- 
boring groups and the boundaries would consist of more or less 

imperfect and smaller crystals, but of like orientation. In etching, 

this boundary would etch more rapidly and would cause a depres- . 

sion to be formed resulting in the inner grain boundaries. That : 
the boundaries consist of crystals whose orientation is the same 
as those of the inner grains is probably correct, since the rate 

of etching of the boundary is proportional to the rate of etching 

of the entire grain surface. That is, those grains coloring quickly 
when etched, owing to their crystal orientation, show the inner 

grain structure first. This is shown in Figs. 36 and 37. 

Humfrey,™ in his work on “The Intercrystalline Fracture of 

Iron and Steel,” developed a somewhat similar structure by 

heating a polished strip of Swedish Iron in a vacuum furnace. 

The etching reagent was CO,, a slight amount of which was 
given off by the Mabor slabs supporting the specimen. The 
section of the specimen heated to the Ar, to Ar, region showed 

ferrite grains, some of which showed an inner network of fine 

lines. The section heated to between the Ar, to Ar, limits showed 

iron grains with a network of etching figures closely resembling 

the inner grains. The boundaries of the grains were also “V” 

shaped grooves, as were those obtained by the author in his work. 

The similarity between the two is striking, although the author 

worked with grains many times larger than those of Mr. Humfrey. 

Upon annealing a section of Ingot A, at 950° for one hour, 

| the structure shown in Fig. 41 was obtained. Areas of fine grains 

intermingled with larger grains resulted. Upon annealing at 

1,150° for three hours larger grains were again formed. The 

boundaries of these grains after this heat treatment again showed 

a tendency to be discontinuous as in the original specimen. Deep 

etching showed a few traces of the original inner grain structure. 

The microstructure of Ingot B is shown in Fig. 42. The grains 

are small and the iron appears unclean, small dots appearing over 

the surface, probably due to remaining gases. A large number 

of these fine inclusions appear in the grain boundaries. The 

grains are also covered with a network of fine lines. | 

Upon annealing Ingot B at 950° for one-half hour the normal 

; 1 Carnegie Scholarship Memoirs, IV, p. Bo.



504 OLIVER W. STOREY. 

ferrite structure of Fig. 43 was obtained. The fine network still 

appears in the ferrite grains while the inclusions seem to have 
almost disappeared with the exception of few spots. When 

annealed at 1,050° for 15 minutes the structure of Fig. 44 was 

obtained. The ferrite grains of Fig. 43 have grown. The net- 
work is still visible while few inclusions remain. When annealed 

at 1,150° for three hours the structure, shown in Fig. 45, resem- 

bles the. original structure (Fig. 42). The grains are slightly — 
coarser but the inclusions are segregated in the grain boundaries. 

A fine network covers the grains. 
The structure of Ingot C did not differ materially from that 

of Ingot B (Fig. 42). The amount of inclusions was greatly 
increased. The grain size was the same and a network of fine - 
lines in the grains was also present. 

ROLLED ELECTROLYTIC IRON. 

Several cathodes of electrolytic iron were heated and rolled 

into standard gauge sheets. A microscopic examination showed 

a structure of clean ferrite. (Fig. 46). 

FORGED ELECTROLYTIC IRON. 

In the investigation of the properties of iron alloys electrolytic 
iron was used as a source of pure iron. In this work rods of 

pure forged electrolytic iron served as a standard for comparison. 

The iron was melted in a magnesia crucible in a carbon resistor 

furnace. The ingot obtained was forged into a rod of the 
desired size. The microstructure of such a forged rod is shown 
in Fig. 47. The structure consists of fine grained ferrite with a 
minimum of impurities. 

Under some conditions of melting carbon was absorbed from 

the CO atmosphere in the crucible and a low carbon steel resulted. 

A microsection of a forged rod containing a small percentage of 

absorbed carbon is shown in Fig. 48. 

Chemical Engineering Laboratories, 
University of Wisconsin.
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. Reprinted from 
METALLURGICAL AND CHEMICAL ENGINEERING 

June, 1914 

(Vol. XII, p. 383) 

A Study of the Annealing Process for 
Malleable Castings 
BY OLIVER W. STOREY. 

This article gives the results of experimental work 
carried out by Mr. E. L. Leasman under the author’s 
direction at the Chemical Engineering Laboratories of 
the University of Wisconsin. Although these experi- 

ments were preliminary in nature as a basis for ex- 
tended work, interesting results were obtained. 

Malleable cast iron is a product of importance. The 

annual production of the United States is over 1,000,000 
tons. And yet, in such an important industry scientific 
progress has been slow. Each malleable iron plant 

makes its product under different conditions, and, as 
a result no two products are exactly alike except that all 
usually have to meet standard specifications. 

The lack of scientific knowledge of this industry is 
made evident by the sparsity of the literature. The 
only book on this industry known to the writer is Rich- 
ard Moldenke’s recent work, “The Production of Malle- 
able Castings.” In the preface he states, “of the closely 
held secret processes of the great iron industry none 
can rank with the production of Malleable.” 

The first record of the process is by Reaumur, in 
1722. It is probable that the malleablizing process 

was practiced much earlier, but, no doubt, it was like so 
many of the earlier industries, and was a secret which 
was handed down from father to son. 

The pioneer manufacturer in this country was Seth 

Boyden, of Newark, N. J., who, although he did not 
discover the underlying principles involved, recorded 

his experiments. These are the first we have and he 
deserves special credit since they were made at a time 
when scientific experimentation on industrial problems 

was frowned upon. 
Malleable iron occupies a position between ordinary



cast iron and cast steel. It has a higher tensile strength 
than cast iron, but not as high as that of cast steel, 
while its resilience is superior to either. 

The method of producing malleable castings is fairly 
uniform throughout the country. The white iron cast- 
ings are packed in rolling mill scale in rectangular 
containers. These containers, either three or four high, 
are carefully luted up to exclude currents of air, placed 

in the ovens and heated to the desired temperature, 
being kept at the high point at, least sixty hours. The 
total time of the annealing process is a week from one 

time of “lighting-up” to the next time. 
The experimental work was carried out to determine 

the effect of the following variables upon the annealing 
process. 

1. Packing materials. 
2. Temperature of annealing. 

3. Time of annealing. 
4. Rate of cooling. 

This was undertaken as a metallographic problem. 

All specimens were studied with the microscope which 
showed the structural changes. 

In making malleable cast iron, white cast iron is 
used for the hard castings. This white iron must 
analyze to within certain limits to insure proper an- 
nealing. It is then annealed at the proper temperature, 
usually between 750° and 900° C., depending upon the 
practice, for about 60 hours, after which it cools slowly. 

The structure of such a white cast iron is shown in 
Fig. 1. The two constituents shown are the white 
cementite and black pearlite, which is an eutectoid of 
ferrite and cementite. The cementite or iron carbide, 
Fe,C, is present in two forms; first, as excess, and 
second, associated with ferrite as pearlite. 

After being annealed at the proper temperature and 
slowly cooled the interior structure is usually that of 
Fig. 2, ferrite and temper carbon, with an outer shell 
that may vary from a pure iron to a high carbon steel. 

Fig. 3 is the fracture of a test lug, showing the black 
heart with an outer bright steel rim. 

It is evident that the formation of the malleable 
structure of ferrite and temper carbon is due to the 
breakdown of the iron carbide into its elements, iron 
and carbon, at the annealing temperature, according 
to the following equation: 

Fe,C + heat = 3Fe -+ C 
This reaction explains the formation of the black 

heart but not the rim structure. A different cyndition 
is necessary to produce a pearlite shell than to produce 
one of pure ferrite. Three different rims are shown in 
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Figs. 4, 5 and 6. Fig. 4 is the rim structure of the 
fracture shown in Fig. 3, and shows a medium carbon 
steel area covered by a thin skin of ferrite. Fig. 5 

shows an outer rim of nearly pure pearlite, while Fig. 6 
shows one of pure ferrite. 

The four variables mentioned determine the struc- 
ture of the casting. The packing materials will affect 
the rim, while the time and temperature of annealing 
and rate of cooling will determine the interior struc- 
ture, with only a minor effect upon the rim. 

The white iron used for the experiments was kindly 
furnished by the Beaver Dam Malleable Iron Com- 
pany. The material was in the shape of test bars 
34 x 3%, x 10 inches. Mr. W. G. Grimer, chemist for 

the above company, furnished the following analysis 
with the bars: 

Total (combined) carbon... 2.60 to 2.70% 

Silicon ................... 065 “ 0.70% 
Sulphur .................. 0.055 “ 0.060% 
Phosphorous .............. 0.140% 

Manganese ................ 0.27% 
Fig. 1 is a micrograph of the white iron used. The 

structure shows a high percentage of pearlite owing 
to the low percentage of carbon resulting from steel 
additions to the melt. 

The annealing furnaces used for these experiments 

consisted of two mufiles electrically heated by resis- 
tance wire. A low voltage regulating transformer gave 
absolute temperature control. 

All thermocouples used were calibrated frequently 
against a standard platinum, platinum-rhodium couple. 

In order to carry on a larger number of experiments 

in this preliminary work a number of small con- 
tainers were made. Several could be used in the 

furnace at the same time. These containers were 
made of 114-inch pipe, cut long enough to take speci- 
mens 2 inches in length. They were then luted with 
fire clay except where caps and nipples were used. 

The serious objection to these small containers was 

that the oxygen of the air usually had access to the 

specimen. Effect of Packing Materials 

The first variable to be studied was the packing 

material. It had been noticed that certain specimens 

of commercial malleable iron had an enveloping skin 

of steel (Fig. 5), others pure carbonless iron (Fig. 6), 

while others showed an intermediate structure (Fig. 4). 

It was thought that the packing material would de- 

termine the structure of the outer shell. 

A large number of packing materials were used, 

3



including lime, sand, alundum, rolling mill scale, 
resistor carbon, manganese dioxide, cement, fine and 
coarse fire clay, iron oxide, alumina, fine graphite and 
carborundum. 

The results obtained by the use of these various 
materials showed that their physical and chemical 
constitution influenced the skin structure of the an- 
nealed casting. The packing material had no apparent 
effect upon the interior in the American “black heart” 
practice. 

The chemical composition of the packing material 
was a factor that partly determined the nature of 
the outer portion of the annealed casting. With the 
materials which were stable at the annealing temper- 
ature the structure was uniformly a layer of ferrite. 
With oxidizing materials a deep layer of ferrite was 
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formed. It is probable that enough oxygen was liber- 
ated to decarbonize to a greater depth. 

With carbon, charcoal, graphite and case carboniz- 
ing materials, a skin structure was formed which 
varied from a low-carbon to a high-carbon steel. 

The physical structure of the packing materials also 
affected the malleable skin structure. Materials which 
were loose and porous and allowed a free circulation 
of the air showed a ferrite exterior. Without the oxy- 
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gen of the air the structure of the exterior portion 
did not differ from the interior. This was best illus- 
trated by the following experiments. 

Brass turnings were used as a packing material in 
one of the containers. The brass fused at the anneal- 
ing temperature and completely inclosed the speci- 
men, preventing the oxygen from coming in contact 
with the exterior of it. Although a normal malleable 
structure was formed in the other specimens annealed 
in the same heat, the temper carbon extended to the 
brass coating which had formed on the specimen. 

That the chemical composition of inert packing ma- 
terials has little effect on the rim structure is evident 
from samples of commercial iron. Specimens from 
various plants using mill scale as a packing material 
showed a rim structure varying from pure ferrite to 
a high carbon steel. It is probable that the atmos- 
phere of the furnace and the looseness of the packing 
rather than the chemical action of the scale determined 
the rim structure. 

The experiments were not carried far enough to 
determine under what conditions the various degrees 
of carbonization could be obtained. Even if results 
were obtained these could hardly be comparable with 
those obtained in malleable practice. The atmosphere 
of the experimental furnace was highly oxidizing as 
compared with that of the commercial furnace. The 
small containers also allowed a quicker penetration - 
of oxygen than those used in commercial practice. The 
probable exception was in the use of unusual materials 
such as case carbonizing mixtures. 

But with materials such as mill scale, sand, clay, 
cinders, ashes, etc., the exterior structure will depend 
upon the composition of the atmosphere in the furnace, 
upon the annealing temperature, the method of pack- 
ing, and the rate of cooling. . 

The writer recalls one malleable plant where scale 
is regularly used when the furnaces are running at 

the normal rate. But when a rush comes anything 

within reach is used as a packing material, usually 

ashes and cinders. No difference in structure is ap- 

parent between the two malleable products. . 

In another plant brick dust is replacing scale with 

no apparent change in structure. Large castings are 

annealed by merely heating in a muffle, care being 

taken to prevent excessive oxidation. The structure 

is the same in all cases, consisting of an exterior layer 

of ferrite, or pearlite, or both, and an interior of temper 

carbon and ferrite. 
The skin structure, when a neutral atmosphere is 
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used, does not differ from the interior since the break- 
down is the same throughout the specimen. This was 
shown by the specimen annealed in brass. This shows 
that a slightly oxidizing action is necessary to secure 
a steel rim and that either a too highly oxidizing or 
a neutral atmosphere will give a ferrite or a ferrite 
and temper carbon rim, respectively. 

The rate of cooling also has a slight effect upon the 
skin structure. A slow rate of cooling tends to result 
in a ferrite rim. This will be discussed later. 

Where a case carbonizing mixture was used as 
the packing material the rim resembled the original 
iron (Fig. 11), since some of the excess cementite re- 
mained undecomposed. This structure will also be 
discussed later. 
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A peculiar rim is shown in Fig. 12. Here two steely 
strata are seen with a ferrite structure between them. 
Only one specimen showed such a structure. 

The following conclusions may be drawn: 
1. The packing material does not influence the in- 

terior of “black heart” malleable cast iron. 
2. The ordinary packing materials do not directly 

affect the skin structure of malleable cast iron. 
8. A loose packing material allowing a free circula- 

tion of oxidizing gases will result in a carbonless rim. 
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4. A slightly oxidizing atmosphere will result in a 
steely rim. 

5. A neutral atmosphere will result in a rim having 
the same structure as the interior of the iron. 

6. A slow rate of cooling will tend to result in a rim 
of ferrite. 

Effect of Temperature of Annealing 
A number of experiments were run to determine the 

most effective annealing temperature for iron of the 
analysis given, where the time of annealing was 50 
hours and the cooling to 250° C. took 50 hours. 

Annealing Temperature 
Experiment No. Deg. C. 

4 815° 
5 760° 
6 700° 
7 730° 
9 840° 

10 790°-800° 
Results 

The specimens annealed at 700° were too hard to 
saw though slightly malleableized. 

The specimens annealed at 730° were sawed with 
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difficulty. Upon examination with the microscope the 
structure had broken down slightly. 

The specimens annealed at 760° showed a partial 
breakdown of the cementite, as shown in Fig. 7. 

Specimens annealed in experiments 4 and 10 showed 
but a partial decomposition of the cementite. 

Upon annealing at 840° the carbide was almost en- 
tirely broken down (Fig. 8). 

In one experiment the temperature was kept at 
535° to 650° C. for 120 hours, but these specimens 
were too hard to saw. 
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In the first experiments an annealing temperature 
of 870° to 900° was maintained for 50 hours, and this 
resulted in a complete breakdown of the cementite. 
(Fig. 6.) 

The effect of the temperature is an important factor. 

Not only does the time of the anneal, but also the 
quality of the resulting product depend upon the tem- 
perature. It is possible to cut down the time of thé 
anneal by raising the temperature, but woe befalls 
those who do it. A poor product results. The lower 
the temperature of the anneal the better the product. 

The balance must be found hetween the increased 
value of the improved product and the high cost of 
the longer anneal. 

Figs. 2, 6, 7 and 8 are micrographs of structures 
of malleable iron annealed at varying temperatures. 

| Fig. 7 shows the result of annealing at 760°. The 
micrograph shows areas of cementite in a background 
of ferrite with a few particles of temper carbon. The 
dendritic structure of the cementite is visible. This 

shows that the cementite in the pearlite suffers the first 
breakdown and that the excess cementite is the last 
to dissociate. 

By annealing at 840° the structure of Fig. 8 was 

obtained. Small particles of undecomposed carbide are 
still visible though the specimen is composed mainly 
of ferrite and temper carbon. 

Fig. 2 is a micrograph of some commercial iron and 
shows small areas of cementite. Most commercial mal- 

leable iron shows such areas, indicating that the an- 
nealing was not entirely completed. 

In Fig. 6 the structure is entirely ferrite and temper 

carbon, indicating that the breakdown at 870° was 
complete. 

Conclusions 

1. With an annealing time of 50 hours the white 
iron furnished required an annealing temperature of 
860° to secure a complete breakdown of the cementite. 

2. Annealing at 740-760° for 50 hours resulted in a 
partial breakdown. By continuing the heat to double 
the above time it is probable that a complete break- 
down could have been secured. 

3. No decomposition could be observed in specimens 
annealed below 670°. 

The Effect of Rates of Cooling from the Annealing 
Temperature to 250° C. 

In all malleable iron work one of the most impor- 
tant factors is the rate of cooling. In the anneal the 
cooling is slow, usually requiring from 40 to 60 hours. 
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If the cooling is too fast a hard, brittle, steely struc- 
ture results. 

In this research the result of the different rates of 
cooling was noticed in the first three experiments. 
When the rate was slow, that is, the drop from 900° 
to 670° required 38 hours, the interior of the speci- 
men showed an excellent malleable structure, ferrite 
and temper carbon. (Fig. 6). When the same drop 
in temperature required but 22 hours, the resulting 
interior structure showed ferrite, temper carbon and 
areas of pearlite. (Fig. 9.) When the time occupied 
but 15 hours the interior showed pearlite, temper car- 
bon, and a small amount of ferrite. (Fig. 10). 

From these data it was evident that the structure 
of the resulting anneal was dependent upon the rate 
of cooling. It was not only desirable to determine 
the most suitable rate of cooling, but also to obtain 
the critical range through which this cooling had to 
be slowest. 

The A, temperature, 700°, was regarded as the 
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critical point. At this point the transformation of 

austenite into pearlite occurs. The experiments were 
run so that the critical range was above 670°, allow- 
ing for a lag of 30°. 

In experiment No. 11, the first of this series, the 
furnace burned out and the time of cooling was rapid, 
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requiring 14 hours to drop from 870° to 250°. All 
specimens showed an interior of high-carbon steel and 
temper carbon similar to that of Fig. 10. 

In experiments No. 12 to No. 16 the time of cooling 
from 870° to 750°, 750° to 670°, and 670° to 250° was 
varied. 

From these experiments one conclusion was drawn. 
The rate of cooling from 670° to 250° had little, if any, 
influence on the structure. Though the evidence was 
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inconclusive the work done so far indicated that the 
rate of cooling from 840° to 730° determined the re- 
sulting structure and was the critical range. 

! When the malleable iron made in these experiments 
was reheated for 10 minutes the carbon did not go 
into solution below 800° and form a steel with air 
cooling. A slight amount of carbon went into solu- 
tion when heated for 1 hour at 800°. If the malleable 
iron was heated at 850° enough carbon went into solu- 
tion in a few minutes to form a high-carbon steel. 
This experiment showed that the carbon could not 
precipitate out entirely above 800°, and that the critical 
range was below that temperature. 

Specimens which had been heated to 900° and con- 
sisted of pearlite and temper carbon were annealed 
at 700° for various periods of time and cooled in the 
air. When heated to 700° for one-half hour part of 

10



the pearlite was decomposed and a narrow band of 
ferrite surrounded each particle of temper carbon. 

When heated for 2 hours about one-half of the pearlite 
was decomposed and the temperature resembled Fig. 10, 
though the outlines were not as definite. By heating 

the specimen for 5 hours at this temperature all of the 
pearlite was decomposed and structure again consisted 
of ferrite and temper carbon. This experiment would 
seem to show that the final breakdown of the cementite 
may occur above the Ar, point. At the present time 
the effect of heating at temperatures above and below 
700° has not been studied. 

It was noticed that particles of undecomposed excess 
cementite remained unchanged throughout these heat 
treatments showing that it was stable in comparison 
with the dissolved cementite. 

If the temperature necessary to entirely decompose 

the iron, iron-carbide solution was below 800°, and if 
the reaction was negligible below 670° it was evident 
that a good structure could be obtained by holding 
the specimens at the critical temperature upon cooling 
for the correct length of time and then cooling at a 
quick rate. It was also evident that a good structure 
could be obtained by annealing at this critical tem- 
perature and cooling rapidly. This was done, and 
although the time required was longer, owing to the 

lower temperature, a good structure resulted. 
The temperature of the final precipitation of carbon 

is probably dependent principally upon the silicon and 
manganese content of the iron. The lower the silicon 
content the lower the temperature at which the iron 
carbide is stable.* The proportion of these elements 
will determine the critical range of the iron. 

Conclusions 

1. A fast rate of cooling after annealing results in 
a steely structure. 

2. The critical cooling range is between 740° and 830°. 
3. If the rate of cooling is sufficiently slow in the 

critical range all of the carbon in the undecomposed 
austenite will be precipitated in that range. 

4. If the carbon is entirely precipitated in the critical 

range the rate of cooling below 700° has little effect 

upon the iron. 
5. Very slow cooling will result in a ferrite rim. 

Time of Annealing 

A number of experiments were run to determine 
the correct time of annealing at various temperatures. 

*Charpy and Cornu. Compt. rend. 157, 901. 
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The results showed that a malleable structure was ob- 
tained in 36 hours at 870°. By raising the temperature 
to 985° the time was cut to 18 hours, while at 740° the 
necessary time was more than 70 hours. 

Though the short, high temperature anneal looks 
attractive it is not practicable owing to several rea- 
sons. It soon ruins the furnace, burns the saggers, 
and results in a poor grade of malleable iron. The 
lower the temperature of anneal the cheaper the upkeep 
of the furnace and the better the iron. Though the 
best product results from the 740° anneal, this low 

temperature is usually prohibitive where cost must 
be considered, owing to the length of time. 

Reactions In the Annealing Process 

A metallographic study of the specimens showed the 
successive reactions occurring in the process. The fol- 
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lowing data are significant in determining the reac- 
tions resulting in the malleable iron structure: 

1. When the malleable iron was heated for too short 
a time or at too low a temperature and slowly cooled 
the structure consisted of ferrite, cementite and temper 
carbon. (Fig. 7.) : 

2. By increasing the time at the maximum temper- 
ature or increasing the temperature the cementite areas 
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were almost (Fig. 8) or entirely eliminated. (Fig. 6.) 
The structure then consisted of ferrite and temper 
carbon. 

3. By annealing at the proper temperature to insure 
the breakdown of all of the excess cementite, but cool- 
ing rapidly from this temperature, the structure of 
Fig. 10 resulted. This consists of temper carbon sur- 
rounded by ferrite, in turn enveloped by pearlite. 
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4, When the rate of cooling was slower than in No. 3 
the structure of Fig. 9 resulted. This is similar to 

Fig. 10, but the pearlite areas are much smaller. 
5. By annealing at too low a temperature and cool- 

ing rapidly the specimen consisted of areas of excess 
cementite surrounded by pearlite and small particles 
of temper carbon surrounded by ferrite. 

6. When the malleable iron was reheated to about 
800° the temper carbon started to go into solution. 

7. It was possible to secure a complete decomposition 
of the dissolved cementite at 700°. 

From these data the mechanism of the formation of 
the malleable structure could be deduced. 

The white iron consisted of cementite and pearlite. 
When heated to the annealing temperature this pearlite 
went into solid solution as austenite. 

It is a question whether the breakdown of the cemen- 
tite occurs directly from the excess cementite or whether 
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it occurs from the iron carbide dissolved as austenite. 
Though the research did not result in any definite con- 
clusions, it seemed to indicate that the excess cementite 
did not break down directly, but that it first went into 
solution as austenite, from which the carbon was 

precipitated. 
If the excess cementite of the white iron broke down 

directly the reaction should show some free graphite 
scattered in areas of cementite, since the decomposition 
would proceed uniformly throughout the carbide par- 
ticles. Instead ‘of a uniform breakdown and the scat- 

tered formation of temper carbon these cementite areas 
grow smaller as though they were being gradually dis- 
solved, while the temper carbon forms in large patches. 
There is no indication of a direct decomposition of the 
excess cementite. 

If the cementite in the austenite decomposes and 
deposits the temper carbon the ferrite liberated will 
dissolve the excess cementite. The presence of the 
nucleus of temper carbon probably causes a more rapid 
breakdown of the dissolved carbide. 

In the specimens examined in which excess cementite 
remained owing to imperfect annealing, it was found 
that the cementite adjoining temper carbon areas was 
usually much smaller than that farthest away. Usually 

the area directly about the temper carbon was free 
from cementite. This would be the result if the carbide 

in the austenite decomposed. Owing to the liberation 
of the ferrite at the temper carbon the concentration 

of this consituent would be greatest there and the 

excess cementite in the immediate vicinity would be 
more quickly dissolved than that farther away. 

The stability of the excess cementite in the white 

cast iron is shown again in Fig. 11. This specimen 
was annealed in a case-carbonizing mixture and the 

exterior portion retained the greater part of the excess 
cementite. Temper carbon and ferrite were also present 
in this rim. The interior showed a good malleable 

structure. In this case it is probable that the carbon 
necessary to replenish the austenite due to the decom- 
position of the dissolved carbide was obtained from 
the carbonaceous gases of the case-carbonizing mix- 

ture instead of from the cementite areas. The temper 
carbon in this rim was not surrounded by ferrite, but 
was scattered throughout the cementite areas, show- 

ing that the latter was more resistant than the gases 

to the dissolving action of the ferrite liberated at 
the temper carbon. 

_ The decomposition of the iron carbide in the austenite 
is not complete at the annealing temperature, but is 

14



probably complete at 700°. By cooling quickly from 
- the annealing temperature the specimen consists of 

nearly pure pearlite and temper carbon, or, if a piece 
of good malleable, consisting of ferrite and temper 
carbon, is heated to the annealing temperature, part 
of the carbon is quickly redissolved to form pearlite. 
By then annealing at 700° all of the carbon may be 
reprecipitated. 

This pearlite formation shows that the stability of 
the cementite dissolved in the austenite is a function 
of the temperature, which is determined more or less 
by the silicon and manganese ratio. The lower the 
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temperature the less stable the iron carbide. The de- 
termination of the limiting temperature or where the 
cementite is completely unstable was not made, but is 
probably close to the eutectoid temperature, about 725° 
to 775°. By cooling slowly through this temperature 
range the iron carbide may be entirely decomposed and 
ferrite and temper carbon obtained. 

Since the cementite is unstable below this temper- 
ature the breakdown of the iron carbide may be pos- 
sible below the Ar, point, but the reaction is slower 
since it is at a low temperature and the carbide is not 
in solution. Therefore, if the rate of cooling is slow 
until 650° or 700° is reached, the cooling may be more 
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rapid to the room temperatures. This is corroborated 
by the experimental evidence. 

Where the cooling from the annealing temperature 
is too fast the iron carbide forms pearlite. (See Figs. 
9 and 10.) Since the austenite about the temper car- 

bon particles is richer in ferrite the rejection of ferrite 
takes place here and the pearlite forms furthest from 
the carbon. 

The structure of the rim is also dependent upon the 
rate of cooling. If the carbon is oxidized from the 
surface to an extent which will result in a medium to 
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a high-carbon steel, as shown in Fig. 5, and the rate 

of cooling is slow enough to prevent any pearlitic forma- 
tion in the interior of the specimen, the cementite in 
the rim will probably be stable owing to the absence 
of carbon nuclei. If the rate of cooling is too slow 

even this cementite will decompose forming a lower 
carbon steel or a pure iron skin, as shown in Fig. 6. 
Areas of such partly decomposed pearlite are shown 
in Fig. 12. 

The skin effect has been a much discussed problem. 
Several different explanations of the disappearance of 
the carbon, or the decarbonization of the rim of mal- 
leable iron, have been offered. Some hold that the 
carbon migrates to the interior and remains in the 
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casting, while others claim that the carbon migrates 
out and disappears entirely from the casting. It is 
obvious that if the carbon migrates out and leaves the 
iron at the temperature used for annealing, it must 
do so in the form of a gas. An analysis of the gases 
formed during the annealing would indicate their 
nature. , 

In the hardening and annealing of steels care must 
be used so that the surface does not become decar- 

bonized. Experience shows how easily and quickly the 
surface carbon is oxidized. This surface decarboni- 
zation is not alone a result of the action of oxygen 
according to the following reaction: 

2Fe,C + 0, = 6Fe + 2CO 

2CO + O, = 2CO, (with excess oxygen). 

The surface reaction may also be the result of the 

action of CO, on the iron carbide. 

Fe,C + CO, = 8Fe + 2CO 

2CO +0, = 2C0, 

Fe.C + CO, = 3Fe -+- 2CO, etc. 

The amount of decarbonization is therefore depend- 
ent upon the presence of oxygen and carbon dioxide. 

This reaction may be applied to the annealing 
process. Since the castings are somewhat inaccessible 
to the furnace gases the reactions and the rim decar- 
bonization are slow. Where the furnace gases have.a 
large excess of oxygen the reaction is more rapid than 

where less is used. The slower the oxidation the more 
steely the rim. 

Even with a carbon packing it would be impossible to 
obtain a steel rim at certain low temperatures owing 

to the equilibrium relations between CO, and CO. This 
equilibrium calls for more CO, at the lower temper- 
atures, and for this reason a casting annealed at a 
lower temperature, 700-800°, would probably have a 
more decarbonized rim than one annealed at above 800°. 
Where a carbon monoxide atmosphere is maintained as 

in the case of the specimen annealed in a case-carbon- 
izing mixture, no surface oxidation results. 

Some experiments were run to determine the gases 

resulting from the annealing operation. The reduc- 

ing nature of the gas was shown in a preliminary ex- 
periment where a specimen was annealed in cupric 
oxide. The oxide was reduced, resulting in a mass of 

metallic copper. Samples of gas, which were being given 

off by specimens, were then taken and analyzed. 
The following gas was taken from a sample being 

annealed at 870°. 
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Per Cent 
Carbon dioxide.............. 18.2 
Hydrocarbons ............... 0.0 
ONY PEN swiss v 5 naman 3 oe KaCER 8.8 
Carbon monoxide............ 26.8 
By difference, Nitrogen....... 51.2 

A second sample was taken from one annealing at 980°. 
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Per Cent 
Carbon dioxide............... 4.6 
Hydrocarbons ............... 0.0 
Oxygen ..................... 3.4 
Carbon monoxid2............. 71.2 

By difference, Nitrogen....... 20.2 

The above analyses show that the carbon is removed 
from the casting as a gas, the composition of the gas 
depending upon the temperature and oxygen present. 

General Summary and Conclusions 

1. This research has resulted in the affirmation of 
some of the established laws in the annealing of mal- 
leable cast iron, namely: 

(a) That the packing material does not affect 
the interior structure. 

(b) Slow cooling is necessary to obtain good 
malleable. 
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(c) A low temperature anneal gives a much 
better grade of product than the high-temperature 
malleable. 

2. The conditions influencing the rim structure have 
been investigated. 

3. The result of too rapid cooling has been studied, 
and is shown to result in a steely structure. 

4. The breakdown of the iron carbide has been 
studied, and though present results are not final all 
seem to show that cementite does not break down 
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directly, but decomposes from the solid solution or 
austenitic condition. This breakdown may be compared 
to the electrolysis or decomposition of a salt. While it 
would be difficult to decompose a salt in the dry state 
it is a simple matter to cause decomposition when dis- 
solved in water. The ionic theory calls for a dissoci- 
ation into ions when such a salt is dissolved in water. 

Cannot the case of the decomposition of iron carbide 
be compared to the decomposition or dissociation of 
a salt? The analogy is not perfect, but a comparison 
can be made. 

5. The decomposition of the iron carbide is com- 
plete above the Ar, point of the iron-carbon diagram. 
Whether iron carbide is unstable below the Ar, point 
has not been determined. 
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6. The decomposition of the iron carbide is not com- 
plete at the annealing temperature, but is complete 
in a range of temperature just above the Ar, point, 
as given in No. 5. 
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thorough experimental work done by Mr. Leasman, 
and of the valuable assistance given by the Northern 
Chemical Engineering Laboratories in the preparation 
of this paper. 

Chemical Engineering Laboratories, 

University of Wisconsin. 
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AMERICAN FOUNDRYMEN’S ASSOCIATION. 

A STUDY OF THE ANNEALING PROCESS FOR 

MALLEABLE CASTINGS. 

By E. L. Leasman, Boscosez, WIs. | 

INTRODUCTION. 

The present development of the malleable casting industry 
has reached enormous proportions, approximating a million tons 

per annum. The technique of the industry, however, has 

advanced but little. 

The first record we have is by Reaumur, in 1722. Without 

doubt, however, the malleableizing process was practiced much 
earlier, the secret being handed down from father to son. _ 

Seth Boyden, of Newark, N. J., was the pioneer manufacturer 
in this country. Although he did not discover the underlying 
principles involved, yet his recorded experiments are the first we 

have, and he deserves special credit inasmuch as they were made 

at a time when scientific experimentation on industrial problems 

was frowned upon. 
Malleable cast iron occupies a position between ordinary 

cast iron and cast steel. It has a higher tensile strength than 

cast iron, but not as high as that of cast steel, while its resilience 

is Superior to either. 
The method of producing malleable castings is fairly uniform 

throughout the country. The white iron castings are packed in 

rolling mill scale in rectangular iron containers. These containers, 

either three or four high, are carefully luted up to exclude currents 
of air, placed in the ovens, and heated up to the desired tem- 
perature, keeping them at the high point at least sixty hours. 

The total time of the annealing process is a week from one time 
of “‘lighting-up” to the next time. 

THe METALLOGRAPHY OF WuitE Cast Iron. 

The white cast iron (hard casting) used in the production of 

malleable castings must have the proper composition for the
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work at issue, and must be properly melted. The accompanying 

three illustrations give the characteristic microstructures. 

Fig. 1 shows atypical white cast iron structure. The white 
areas represent the iron carbide, or cementite, which was not 

attacked by the etching reagent, picric acid. The dark areas 

are pearlite and are composed of plates of cementite and ferrite. 
The general structure of Figs. 2 and 3 is the same, but there 

being more white areas in Fig. 2 shows that a larger percentage 
is present. 

Fig. 1 was taken from a sample which contained steel scrap 
in the charge. It shows a different structure than that of the 
other two samples; the areas of pearlite being round in form. 

Also, the white areas are not as prominent, showing that there 
was not as much carbon present. This is to be expected, as steel 

scrap is generally added to the iron melt to cut down the percent- 
age of carbon in the resulting white iron casting. 

The analysis of the hard castings would run about as follows: 

Total carbon (all combined).................. 2.75 to 3.25 

Silicon. 0.0... cece eee eee eeceeeeeees 0.50 to 1.00 
Sulphur... 2... eee eee eee eeees below 0.08 
Phosphorus................000eeeeeeeeeseess  Delow 0.225 
Manganese. .... 0... oe eee eee eee eee sees esses 0.15 to 0.40 

_ Cast iron is a complex alloy of iron with carbon and the 
other elements above listed. The state of the carbon is of the 
most importance and the other elements are secondary and 

_ influence the state of the carbon. Carbon is associated with iron 
in three different states, namely: as a definite carbide known as 
cementite, with the formula Fe;C; as free carbon or graphite; 
and as a solid solution of carbon or combined carbon (carbide) 
in iron. 

Of the secondary elements, silicon exerts the greatest 
influence on the state of the carbon, and tends to form graphitic 
carbon. Sulphur and manganese tend to form combined carbon. 
In the casting of white iron, the silicon content is so controlled 
that its influence during the cooling of the casting will not be 
great enough to precipitate out the carbon as free graphite, but 
allow it to remain in the combined form as iron carbide.
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Errect OF Heat TREATMENT. 

When white iron is heated sufficiently, the. cementite, both 

the excess and that present in the eutectoid, is broken down into 

its constituents of iron and carbon, according to the reaction, 

Fe,C = 3Fe+C 

Thjs change may result from a high heat for a short period of 
time, or from a lower heat for a longer period of time. 

The temperature and time necessary to effect this change 

depends upon the composition of the white iron. The three 

elements which will determine these effects are: silicon, man- 

ganese and sulphur. The silicon will tend to lower the tem- 
perature since this element prevents the formation of .combined 

carbon. By increasing the manganese content, the temperature 

must be raised since it tends to keep the carbon in the combined 

form. Sulphur also has the tendency to exert the same influence. 

Not only must the temperature be high enough and the time 

long enough to break down the cementite in the white iron, but 

the material must be cooled slowly or a steely structure will 
result. 

When cast iron is properly malleableized, the carbide is 

entirely broken down into its elements, and the carbon is precip- 

itated out as globules of amorphous carbon, surrounded by pure 
ferrite. Carbon in this form is known as temper carbon and does 

not occur in flakes as in gray cast iron. 

Fig. 4 shows the interior structure of malleable cast iron. 

The white field is ferrite and the dark spots are particles of 
temper carbon. 

Tue Purpose OF THIS STUDY. 

As the data available in connection with the annealing 

process for making malleable castings are so meagre, the inves- 

tigation to be detailed in what follows was undertaken. Four 
lines of study were mapped out, as follows: . 

1. The effect of different packing materials. 
2. The effects of different annealing temperatures. 

3. The effects of different times of annealing. : 
4. The effect of different times of cooling.
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There may be said to be five variables entering into the 
annealing process, namely: 

1. Packing materials used. 
2. Time of bringing up the oven to maximum temperature 

desired. 
3. Temperature of annealing. 

4. Time of annealing. 

5. Time of cooling. 

Since the second variable is dependent entirely upon the 

type of oven used, and since it is well known that the rate of 
heating up the oven does not affect the resulting castings, this 

variable will not enter into the investigation at all. By arrang- 
ing matters so that three variables out of the four are kept con- 

stant for each series of experiments, the other variable could be 
studied. The result should be of value as indicating the best 
conditions for proper annealing, as well as giving an abundance 
of data on the influence of the several variables. 

MatTeriats USED. 

The white iron used for these tests was in the shape of test 

bars = x 3 x 10 ins., and were courteously furnished by the 

Beaver Dam Malleable Iron Company. Mr. W. G. Grimer, their 
chemist, furnished the following analysis with the bars: 

Total (combined) carbon...................... 2.60 to 2.70 

Silicon. 0... eee cece eeeeeeees 0.65 to 0.70 
Sulphur... 2.0... ce cee crete eeeeee 0.55 to 0.60 

Phosphorus. ........0.. 000: ee cee eee weer eeeees 0.140 
Manganese. ........ 0.0. c cece eee ee eee eee eee ee 0127 

The packing material consisted of the usual rolling mull scale 
and a variety of other materials, as given in the tests themselves. 

The containers for holding the specimens (broken from the 
test bars) were made of 14 in. pipe, cut to length to take speci- 
mens about 2 ins. long. These containers were luted up with 
fire clay, except where caps and nipples were used. The latter 
are noted in the experiments as “Special Boxes.” 

The two muffles used were of the electric type. They were 

built by the author in the Chemical Engineering Laboratory of
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the University of Wisconsin, and consisted of muffles heated 
electrically by resistance wires. . 

The pyrometers were couples supplied by the laboratory and 
standardized against regular platinum—Pt. Rhodium couples. 

One of the electric muffles was controlled by means of a 

lamp bank in series with the furnace, and was supplied with 

current from a 110-volt alternation current circuit. The other 
‘furnace was on a 220-volt alternating current circuit, and the 
pressure was regulated by means of a low voltage transformer. 

The current was regulated by means of a lamp bank in series 

with the primary coil of the transformer. 

THE EFFECT OF VARIOUS PACKING MATERIALS. 

Experiment No. 1. 

No. 1. Packedinlime. Fairly heavy scale on specimen; packing adherent 
but easily removed. 

No. 2. Packed in sand. Fairly heavy scale on specimen, with sand 
adherent and colored red. 

No. 3. Packed in alundum. Specimen surrounded with a hard shell, 

which was easily removed, and left the specimen clean and colored red. 

No. 4. Packed in rolling mill scale. Fairly heavy, tenacious scale; pack- 

ing adherent. 
No. 5. Packed in resister carbon. Packing not adherent to specimen, 

which had a blue and red color. 
No. 6. Packed in manganese dioxide. Specimen and container heavily 

attacked; specimen covered with a shell about #¢ in. thick, which was easily 

removed and left the specimen clean and blue in color. 
No. 7. Packed in neat cement. Packing disintegrated and not adherent. 

No. 8. No packing. Heavy, tenacious scale formed. 

Experiment No. 2. 

No. 9. Packed in coarse fire clay. Fairly heavy scale; packing adherent. 
No. 10. Packed in fine rolling mill scale. Heavy scale. 

No. 11. Packed in pure iron oxide. Fairly heavy scale; packing adherent 

and brown in color. 
No. 12. Packed in fine graphite. Specimen clean; packing hard. 
No. 13. Packed in alumina. Fairly heavy scale; packing adherent. 
No. 14. Packed in chromite. Heavy scale; packing adherent. 
No. 15. Packed in brass turnings. Packing fused and adherent. 
No. 16. No packing. Specimen at end of furnace. Coated with heavy 

black scale.
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Experiment No. 3. 

No. 16. Packed in Portland cement. Fairly heavy scale; packing 

tenaciously adherent. 
No. 17. Packed in bauxite. Heavy scale easily removed; packing 

adherent. 
No. 18. Packed in hydrated magnesia. Fairly heavy scale; packing 

somewhat adherent. 
No. 19. Packed in fine fire clay. Specimen clean; packing hard and 

pinkish in color. 
~ No. 20. Packed in ordinary iron oxide. Heavy scale; packing adherent 

and lumpy. 

No. 21. Packed in carborundum. Thin scale; packing adherent. 

No. 22. No packing. Standing in center of furnace. Heavy scale formed. 

Experiment No.1. Heat Treatment Data. 

Hours......... 3 17 20 26 29 40 52 55 65 76 90 93 98 104 
Temperature... 1615 1630 1610 1650 1620 1650 1650 1540 1490 1330 1310 1250 900 520 

Annealing temperature of 1660° to 1650° F. maintained for 50 hours, 
and time of cooling also 50 hours, 20 of which to 1390°, 18 to 1250° F. and 
12 hours to 500° F. 

Microscopic EXAMINATION. 

No. 1. Packed in lime. Edge: temper carbon and ferrite. Center: 
temper carbon and ferrite. 

No. 2. Packed in sand. Edge: temper carbon and ferrite. Center: 
temper carbon and ferrite. 

No. 3. Packed in alundum. Edge: thin layer of ferrite; high carbon 
steel. Center: temper carbon and pearlite. 

No. 4. Packed in rolling mill scale. Edge: ferrite and pearlite. Center: 
temper carbon and ferrite. 

No. 5. Packed in resister carbon. Edge: ferrite and pearlite. Center: 
temper carbon; ferrite and pearlite. 

No. 6. Packed in manganese dioxide. Edge: heavy layer of pure ferrite. 
Center: temper carbon and ferrite. 

No. 7. Packed in neat cement. Edge: pure fertite. Center: temper 
carbon and ferrite. 

No. 8. No packing. Edge: temper carbon and ferrite. Center: temper 
carbon and ferrite. 

Experiment No. 2. Heat Treatment Data. 

Hours.......... 4 10 15 30 SO 60 68 71 81 86 93 108 
Temperature.... 1200 1640 1650 1650 1650 1650 1400 1340 1290 1100 900 520 

Annealing temperature of 1650° F. maintained for 50 hours, and time 

of cooling also 50 hours: 9 hours to 1390° F., 13 hours to 1250° F. and 28 
hours to 500° F. .
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Microscopic EXAMINATION. 

No. 9. Packed in coarse fire clay. Edge: ferrite and pearlite. Center: 

Low carbon steel and temper carbon. 

No. 10, Packed in rolling mill scale. Edge: ferrite and high carbon 
steel. Center: mild steel and temper carbon. 

No. 11. Packed in pure iron oxide. Edge: ferrite and high carbon 
steel. Center: medium carbon steel and temper carbon. 

No. 12. Packed in fine graphite. Edge: ferrite and high carbon steel. 
Center: Medium carbon steel and temper carbon. 

No. 13. Packed in alumina. Edge: ferrite. Center: medium carbon 
steel and temper carbon. 

No. 14. Packed in chromite. Edge: ferrite and pearlite. Center: 
Pearlite and temper carbon. 

No. 15. Packed in brass turnings. Edge: yellow metal and pearlite. 
Center: pearlite and temper carbon. . 

Experiment No.8. Heat Treatment Data. 

Hours.......... 5 9 10 20 30 40 50 60 60 70 84 98 109 
Temperature.... 1330 1600 1680 1660 1670 1670 1670 1670 1450 1290 1100 900 540 

Annealing temperature of 1650° F. maintained for 50 hours. Time of 
cooling: 5 hours to 1390° F., 10 hours to 1250° F., 35 hours to 500° F.; 50 
hours in all. 

. MIcROSCOPIC EXAMINATION. 

No. 16. Packed in Portland cement. - Edge: ferrite and pearlite. Center: 

pearlite and temper carbon. 
No. 17. Packed in bauxite. Edge: ferrite and pearlite. Center: 

pearlite and temper carbon. 
No. 18. Packed in hydrated magnesia. Edge: ferrite and pearlite. 

Center: pearlite and temper carbon. , 
No. 19. Packed in fine fire clay. Edge: ferrite and pearlite. Center: 

pearlite and temper carbon. 

No. 20. Packed in‘iron oxide. Edge: ferrite and pearlite. Center: 

pearlite and temper carbon. 
No. 21. Packed in carborundum. Edge: ferrite and pearlite. Center: 

pearlite and temper carbon. 
No. 22. No packing used. Edge: ferrite and pearlite. Center: ferrite 

and temper carbon. 

The results obtained by the use of various packing materials 

warrants the conclusion that they have no important effect 
upon the interior structure of malleable iron. However, it is 

noticeable that those packings which are not stable at the anneal- 

ing temperature used have seemingly been the most active in
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causing a removal of the carbon from and near the surface of the 

specimen. 

The surface or skin effect is dependent upon the nature of 
the packing used and also upon the method of packing; that is, 

whether the materials are loosely packed and allow free access 

of the oxygen in the air. Where an oxidizing packing is used, 

or where a specimen is loosely packed, the carbon was entirely 

removed from the outside portion of the specimen. 
Where a packing was used which would pack closely about 

the specimen, such as fine fire clay, the decarbonization took 

place only to a limited extent. In this case the carbon remained 
as a pearlitic structure of varying thickness. Experiments were 

run with carbon in various forms (see also Experiments No. 16, 
17 and 18) as the packing materials, and a pearlitic structure 

generally obtained as a skin effect. 
These experiments resulted in the following conclusions: 

The presence of oxygen is necessary for the decarbonization of 

the surface, and that this oxygen is supplied by the air and finds 

its way to the specimen owing to the looseness of the packing 

material. 

These experiments also show that a rapid rate of cooling 

causes the formation of steel as the interior structure of the 

specimen. 

THE EFFECT OF DIFFERENT TEMPERATURES OF ANNEALING. 

° Experiment No. 4. 

No. 23. Packed in resister carbon. Fairly heavy scale; packing burned 
to ash. 

No. 24. Packed in iron oxide. Thin scale; packing not adherent. 
No. 25. Packed in sand containing 10 per cent resister carbon by volume. 

Sand tenaciously adherent; fairly heavy scale hard to remove. 
No. 27. Packed in rolling mill scale. Fairly heavy scale; packing caked 

hard but not adherent. 

No. 28. Packed in rolling mill scale. This specimen had previously been 
heated for several hours at 1600° F. 

No. 29. No packing. Fairly heavy scale. 

Experiment No. 6. 

No. 30. Packed in resister carbon. Thin scale; packing brown in color, 
and not tenaciously adherent. 

No. 31. Packed in iron oxide. Heavy scale; packing blue in color and 
tenaciously adherent.
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No. 32. Packed in iron oxide containing 10 per cent of resister carbon 
by volume. Fairly heavy scale; packing blue in color and tenaciously 
adherent. 

No. 33. Packed in fine fire clay. Thin scale; packing adherent and . 
yellowish in color. _ 

No. 34. Packed in rolling mill scale. Fairly heavy scale; packing 
adherent; specimen red in color. 

No. 35. Packed in graphite. Previous heated specimen. 
No. 36. Gray iron packed in resister carbon. Fairly heavy scale; pack- 

ing adherent. 

No. 37. No packing. Thin scale; specimen blue in color. 

Experiment No. 6. 

No. 38. Packed in resister carbon. Packing burned at ash at ends of 

specimen, where a fairly heavy scale was formed. Specimen so hard that 

saw would only touch the outside. 

No. 39. Packed in iron oxide. Packing slightly adherent. Specimen 
too hard to saw. 

No. 40. Packed in iron oxide containing 25 per cent of graphite by 
volume. Thin scale; packing not adherent. Specimen too hard to saw. 

No. 41. Packed in rolling mill scale with 10 per cent of graphite by 
volume. Thin scale; packing somewhat adherent. Specimen too hard 
to saw. 

No. 42. Packed in rolling mill scale. Thin scale. Specimen soft enough 

to saw in two. 
No. 43. Packed in sand containing 25 per cent of resister carbon by 

volume. Thin scale; packing adherent. Specimen too hard to saw. 
No. 44. No packing. Thin scale. Specimen too hard to saw. 
No. 45. Packed in rolling mill scale. Fairly heavy scale, tenaciously 

adherent. Specimen too hard to saw. 

Experiment No. 7. 

No. 38a. Packed in resister carbon. Packing burned to ash at ends and 

slightly adherent. Specimen too hard to saw. This specimen was at end of 

furnace. 
No. 39a. Packed in iron oxide. Thin scale; packing slightly adherent. 

Specimen too hard to saw. This specimen was at end of the furnace. 
No. 41a. Packed in scale containing 10 per cent of graphite. Fairly 

heavy scale; packing adherent. Specimen very hard to saw in two. This 

specimen at center of furnace. 

No. 43a. Packed in sand containing 25 per cent of resister carbon. 

Fairly heavy scale with packing adherent. Specimen very hard to saw. 

This specimen at center of furnace. 

No. 44a. No packing. Thin scale. Specimen very hard to saw. This 

specimen at center of furnace. 

No. 45a. Packed in rolling mill scale. Thin scale with adherent pack- 

ing. Specimen hard to saw. This specimen at end of furnace.
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Experiment No. 8. 

No. 46. Packed in resister carbon. Packing burned to ash at ends 

where it was adherent to specimen. Too hard to saw. 
No. 47. Packed in iron oxide. Very thin scale with packing not adherent. 

Too hard to saw. 

No. 48. Packed in sand containing 25 per cent resister carbon by volume. 
Thin scale with packing somewhat adherent. Too hard to saw. 

No. 49. Packed in rolling mill scale. Very thin scale with packing 

slightly adherent. Too hard to saw. 
“No. 50. Packed in rolling mill scale. Thin scale with packing some- 

what adherent. This specimen had previous treatment for a few hours. 

Specimen hard to saw. 
No. 51. Packed in scale containing 25 per cent of resister carbon by 

volume. Thin scale with packing somewhat adherent. Too hard to saw. 

No. 52. Packed in chromite. Thin scale with packing not adherent. 
Too hard to saw. 

No. 53. No packing. Thin scale. Too hard to saw in two; saw went 

in about } in. 

Experiment No. 9. 

No. 54. Packed in graphite in special box. No scale with packing 
not adherent. 

No. 55. Packed in fine fire clay in special box. No scale with packing 
dark in color and not adherent. 

No. 56. Packed in graphite. Thin scale with packing burned at ends. 
No. 57. Packed in rolling mill scale. Thin scale with packing adherent 

and caked. 

No. 58. Packed in fine fire clay. Very thin scale slightly adherent. 

Experiment No. 10. 

No. 59. Packed in scale in special box. No scale with packing not 
adherent. Too hard to saw. 

No. 60. Packed in rolling mill scale. Fairly heavy scale with packing 
adherent. Very hard to saw in two. 

No. 61. Packed in graphite in special box. No scale with packing not 
adherent. Hard to saw in two. 

No. 62. Packed in graphite. No scale with packing not adherent. Not 
easy to saw. 

No. 63. Packed in fine fire clay. Thin scale with packing tenaciously 
adherent. 

No. 64. Packed in fine fire clay containing 10 per cent of graphite by 
volume. Thin scale with packing tenaciously adherent. Too hard to saw. 
Specimen at end of furnace. 

' No. 65. No packing. Thin scale. Too hard to saw. Specimen at end 
of furnace.
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Experiment No. 4. Heat Treatment Data. 
Hours. ..........005 2 5 15 27 38 49 54 70 87 92 99 
Temperature........ 1300 1500 1540 1480 1510 1520 1510 1120 890 740 510 

Annealing temperature of 1500° F. maintained for 50 hours. Time 
of cooling, also 50 hours: 4 hours to 1390° F., 5 hours to 1250° F. and 41 
hours to 500° F. 

MIcROSCOPIC EXAMINATION. 

On account of specimens being too hard to saw, no sections were made 
for Nos. 23, 24, 25, 26, 27 and 29, of this experiment. 

No. 28. Packed in scale. Previously treated. Edge: ferrite, temper 

carbon and pearlite. Center: temper carbon and pearlite. . 

Experiment No. 5. Heat Treatment Data. 

Hours............4. 5 6 15 21 28 48 55 67 79 92.105 
Temperature........ 1150 1390 1440 1360 1400 1400 1380 1070 880 700 540 

Annealing temperature of 1400° F. maintained for 50 hours. Time 

of cooling, also 50 hours: 1 hour to 1390° F., 4 hours to 1250° F. and 45 hours 
to 500° F. 

Microscopic EXAMINATION. 

No. 30. Packed in resister carbon. Edge: ferrite and pearlite. Center: 
temper carbon and ferrite. 

Nos. 31 and 32. Packed in iron oxide and oxide with carbon. Edge: 
ferrite. Center: ferrite and temper carbon. 

No. 33. Packed in fine fire clay. Edge: ferrite. Center: ferrite, temper 

carbon and pearlite. 
No. 34. Packed in scale. Edge: ferrite. Center: ferrite, pearlite and 

cementite. 
No. 35. Packed in graphite. Previously treated. Edge: ferrite. 

Center: ferrite; cementite and temper carbon. 
No. 36. Gray iron. No change in structure. 

No. 37. No packing. Edge: ferrite. Center: ferrite; temper carbon 

and cementite. 

Experiment No.6. Heat Treatment Data. 

Howrs.........506- 2 4 25 40 52 61 72 86 94 103 

Temperature....... 820 1320 1320 1320 1300 1090 920 680 610 520 

Annealing temperature of 1300° F. maintained for 50 hours. Time of 

cooling, also 50 hours: 1 hour to 1250° F. and 49 hours to 500° F. 

Microscopic EXAMINATION. 

No. 42. Packed in scale. Previously treated. Edge: ferrite and 

pearlite. Center: only slightly changed. | 

All of the rest of the specimens were too hard to saw.
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Experiment No.7. Heat Treatment Data. 

Hours. .....-.-..2+02- 2 2 14 35 51 59 71 06850—_ 86—s*OSs«*1000 
Temperature.......... 900 1350 1350 1380 1350 1200 1150 950 850 680 520 

Annealing temperature of 1350° F. maintained for 50 hours. Time of 
cooling, also 50 hours: 7 hours to 1250° F. and 43 hours to 500° F. 

MicroscopicaL EXAMINATION. 

All of the specimens obtained in this experiment were either too hard to 

cut dr, after being examined, showed very little change in structure from the 
white iron. 

Experiment No. 8. Heat Treatment Data. 

Hours............ 3 10s 3 46 57 66 80 83 100 116 
Temperature...... 1050 1250 1240 1180 1230 1080 920 1200 1250 1080 

Annealing temperature of 1000° to 1200° F. maintained for 120 hours. 

Time of cooling to*500° F., 36 hours. 

MICROSCOPICAL EXAMINATION. 

| No. 50. Packed in scale. Previously treated. Edge: ferrite and temper 
carbon. Center: not entirely changed. 

All of the rest of the specimens were too hard to saw. 

Experiment No.9. Heat Treatment Data. . 

Hours.............. 1 3 18 26 32 50 68 80 90 100 103 
Temperature........ 700 1510 1520 1550 1530 1530 1330 1120 1050 880 520 

Annealing temperature of 1500° to 1550° F. maintained for 50 hours. 
Time of cooling, also'50 hours: 10 hours to 1390° F., 8 hours to 1250° F. 

and 32 hours to 500° F. 

MICROSCOPICAL EXAMINATION. 

No. 54. Packed in graphite. Special box. Edge: pearlite. Center: 
Not completely changed. 

No. 55. Packed in fine fire clay. Special box. Edge: ferrite and pearlite. 
Center: about half changed. 

No. 56. Packed in graphite. Edge: ferrite and pearlite. Center: 
fairly well changed. 

No. 57. Packed in scale. Edge: ferrite and pearlite. Center: fairly 
well changed. 

No. 58. Packed in fine fire clay. Edge: ferrite and pearlite. Center: 
ferrite; temper carbon and a little cementite. 

_ Experiment No. 10. Heat Treatment Data. 

Hours... ...0..0e08 6 6 30 50 55 61 71 80 88 102 108 

Temperature....... 1320 1460 1470 1470 1470 1330 1180 1100 1090 950 520
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Annealing temperature of 1450° to 1475° F. maintained for 50 hours. 
Cooling time, 50 hours also: 6 hours to 1390° F., 6 hours to 1250° F. and 
38 hours to 500° F. 

MICROSCOPICAL EXAMINATION. 

Ali of the specimens in this experiment were either too hard to saw or | 
showed that the original white iron structure was very slightly changed. 

From the result obtained in this series of experiments the 

conclusion is reached that for white iron of the analysis furnished, 

and under the experimental conditions obtaining, a temperature 

of up to 1400° F. is necessary to cause a complete breaking down 
of the cementite into ferrite and temper carbon. 

Experiment No. 8 shows that the specimens heated for 120 

hours at 1000° to 1200° F. were still unchanged; with the excep- 
tion of specimen No. 50, which had previously been heated for 

a number of hours at 1600° F., and whose interior structure was 

still not completely changed. 
The same general results hold true for Experiment No. 6, 

where the annealing temperature was 1300° F., and the period 
of heating was 50 hours. 

The results of Experiment No. 5, where the annealing tem- 
perature was 1400° F., show that only those specimens at the 
center of the furnace were well changed, while those near the 

door (or colder) still had some cementite present. 

The same general results hold true for Experiments No. 4 

and No. 10, so that for the following experiments an annealing 

temperature of 1550 to 1650° F. will be used as the constant. 

THE EFFECTS OF DIFFERENT PERIODS OF COOLING FROM THE ANNEALING 
TEMPERATURE TO 500° F. 

Experiment No. 11. 

No. 66. Packed in graphite. Packing burned to ash at ends, where a 

fairly heavy scale was formed. 
No. 67. Packed in scale. Heavy scale; packing adherent and caked. 

No. 68. Packed in fine fire clay. Fairly heavy and tenacious scale; 

packing adherent. 
No. 69. Packed in scale containing 25 per cent of graphite by volume. 

Heavy scale; adherent packing. 

No. 70. Packed in chromite. Very heavy scale; adherent packing. 

No. 71. No packing. Heavy scale. 

No. 72. Packed in fine fire clay containing 25 per cent of graphite by 

volume. Heavy scale; adherent packing.
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Experiment No. 12. 

No. 73. Packed in scale. Fairly heavy and tenacious scale; adherent 
packing. 

No. 74. Packed in scale containing 25 per cent of graphite, in special 
box. No scale; specimen clean. 

No. 75. Packed in chromite. Fairly heavy scale; adherent packing. 

No. 76. Packed in fine fire clay. Heavy scale; adherent packing. 
No. 77. Packed in. graphite. Packing burned and adherent; fairly 

heavy scale. 

No. 78 Packed in iron oxide. Fairly heavy, tenacious scale; adherent 
packing. 

No. 79. No packing. Heavy scale. 

No. 80. Packed in sand containing 25 per cent of graphite by volume, 
Heavy, tenacious scale; packing adherent. 

Experiment No. 18. 

No. 81. Packed in scale in special box. Thin scale; packing not caked. 
No. 82. Packed in graphite in special box. No scale. 
No. 83. Packed in scale. Heavy and tenacious scale with packing 

adherent. 
No. 84. Packed in graphite. Heavy scale; packing burned. 
No. 85. Packed in a mixture of fire clay and neat cement. Packing 

disintegrated and not adherent. 
No. 86. Packed in chromite. Heavy scale; adherent packing. 

No. 87. No packing. Heavy scale. 

Experiment No. 14. 

No. 88. Packed in scale in special box. Thin scale; packing caked. 
No. 89. Packed in scale. Heavy and tenacious scale; with packing 

adherent. 

No. 90. Packed in fine fire clay. Heavy scale easy to remove; packing 

somewhat adherent. 

No. 91. Packed in graphite. Heavy and tenacious scale; packing 

burned. 
No. 92. No packing. Heavy scale. 

Experiment No. 16. 

No. 93. Packed in bone black in special box. No scale; packing not 

burned. 
No. 94. Packed in scale in special box. No scale; packing caked. 

No. 95. Packed in fine fire clay. Fairly heavy scale; adherent packing. 

No. 96. Packed in scale. Fairly heavy and tenacious scale; adherent 

packing. 
No. 97. No packing. Heavy and tenacious scale. 

No. 98. Packed in chromite containing 25 per cent of bone black. Fairly 

heavy and tenacious scale; packing adherent.
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Experiment No, 16. 

No. 99, Packed in bone black in special box. No scale; packing some- 
what burned at one end. 

No. 100. Packed in fine fire clay in special box. No scale. 
No. 101. Packed in fine fire clay. Heavy scale; packing adherent. 
No. 102. Packed in scale. Heavy and tenacious scale; packing adherent. 
No. 103. Packed in scale in special box. Specimen clean; packing gray 

in color. 

No. 104. No packing. Heavy scale. 
No. 105. Packed in iron oxide containing 25 per cent of bone black. 

Fairly heavy and tenacious scale. 

Experiment No. 11. Heat Treatment Data. 

Hours............. 0 1 2 6 19 23 31 49 52 #63 71 
Temperature....... 970 1460 1470 1660 1590 1620 1630 1610 1611 520 

Annealing temperature of 1600° F. maintained for 39 hours. Cooling 
time, 14 hours from maximum to 500° F. 

NotEe.—Furnace burned out, allowing a very rapid cooling to take place. 

No. 66. Packed in graphite. Edge: ferrite and pearlite. Center: 
pure pearlite. 

The rest of the specimens in this experiment showed in: ferrite and 
pearlite. Center: high carbon steel. 

, Experiment No. 12. Heat Treatment Data. 

Hours............... 2 2 7 #10 46 54 60 71 83 93 99 103 
Temperature......... 1130 1480 1530 1490 1480 1470 1400 1400 1140 1100 980 520 

Annealing temperature of 1450° to 1500° F. maintained for 50 hours. . 
Cooling time of 50 hours also: 18 hours to 1390° F., 7 hours to 1250° F. and 
25 hours to 500° F. ‘ 

Nos. 76 and 77, which were in the center of the furnace, showed a 

fairly good structure. The rest of the specimens showed an edge of ferrite, 

with the interior not completely changed. 

Experiment No. 13. Heat Treatment Dat1. 

Hours.............-.0.55. 2 5 13 22 33 51 70 83 100 116 120 
Temperature.............. 1080 1530 1630 1550 1580 1540 1520 1410 1390 1250 720 

Annealing temperature of 1550° to 1600° F. maintained for 50 hours. 

Cooling time, 70 hours: 45 hours to 1390° F., 15 hours to 1250° F. and 10 

hours to 500° F. 
All the specimens in this experiment showed a good structure, both edge 

and center. 

Experiment No. 14. Heat Treatment Daia. 

Hours....cccccccceucceesseseee 2 5 14 19 27 39 63 78 90 92 

Temperature...........-------- PLO 1530 1590 1530 1560 1520 1520 1370 1230 700
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Annealing temperature of 1550° F. maintained for 50 hours. Cooling 
time, 40 hours: 24 hours to 1390° F., 12 hours to 1250° F. and 4 hours to 
500° F. 

All of the specimens in this experiment showed the same general struc- 
ture, as follows: Edge: ferrite and pearlite. Center: temper carbon, ferrite 
and pearlite. 

Experiment No. 15. Heat Treatment Data. 

Hours... 0. cece cececeseeeceeeeeecees 2 12 32 40 57 80 91 102 108 
Temperature..............-.0eeee+++ 980 1520 1580 1530 1570 1480 1390 1250 520 

Annealing temperature of 1550° F. maintained for 50 hours. Cooling 

time, 48 hours: 30 hours to 1390° F., 12 hours to 1250° F. and 6 hours to 

500° F. 

All of the specimens in this experiment showed: Edge: ferrite. Center: 

ferrite and temper carbon. 

Experiment No. 16. Heat Treatment Data. 

Hours... 0. .eccccceceeeeeeseeesenee 2 5 22 28 40 50. 71 85 93 
Temperature... ..........0.e0eeeeee++ 1100 1550 1560 1530 1560 1550 1570. 1390 520 

Annealing temperature of 1550° F. maintained for 50 hours. Time of 
cooling, 40 hours: 30 hours to 1390° F., 1 hour to 1250° F. and 9 hours to 

500° F. . 

No. 99. Packed in bone black in special box. Edge: almost pure carbide, 
and rfearlite. Center: pearlite. 

The rest of the specimens showed the same general structure as follows: 
Edge: ferrite and pearlite. Center: temper carbon; ferrite and pearlite. 

It was early noticed that the rate of cooling had an important 

effect upon the malleableizing process. By referring to the first 
series of experiments, it will be seen that experiment No. 1 gave 
the best results. In this experiment, the time of cooling to 1400° 
F. and 1250° F. was much longer than for No. 2 and No. 3. In 

experiments No. 2 and No. 3, the interior structure was found to 

be composed of ferrite, temper carbon and pearlite, showing that 
rapid cooling tends to from a steely structure. This fact is also 

shown in experiment No 11 where the furnace failed and the 

charge cooled very rapidly; the resulting interior structure was 
like a high carbon steel. 

Experiment No. 12 shows that a good malleable structure 

was obtained only for those specimens at the center of the fur- 
nace. Experiment No. 15 shows that a good structure was 

obtained for all specimens. In both of these experiments the
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total time of cooling was practically the same, but the time of 

cooling from the annealing temperature to 1250° F. was much 

longer for No. 15 than for No. 12. This fact tends to show that 
the rate of cooling should be slow down to about 1250° F., after 
which it may become rapid without endangering the malleable 

structure. 
As the result of this series of experiments, the tinie of cool- 

ing will be taken as 48 hours, divided about as follows: 30 hours 

to 1390° F.; 10 to 12 hours from 1390° to 1250° F.; and 6 to 8 — 

hours from 1250° to 500° F. The point 1250° F. was taken 
because it is about 25° below the A m point on the Roozeboom 
diagram. This point is the critical temperature at which the 
solid solution of iron carbide breaks down into its constituents 

of ferrite and cementite, and is known as pearlite. | 

_TueE EFFEcTS OF DIFFERENT PERIODS OF ANNEALING. 

Experiment No. 17. 

No. 106. Packed in bone black in special box. 
No. 107. Packed in scale in special box. 

No. 108. Packed in fine fire clay. 

No. 109. Packed in scale. 
No. 110. No packing. 

. Experiment No. 18. 

No. 111. Packed in scale. 

No. 112. Packed in fine fire clay. 

No. 113. Packed in scale in special box. 
No. 114. Packed in bone black containing BaCO; (special). : 

No. 115. No packing. 
No. 116.. Packed in bone black. 

Experiment No. 19. 

No. 117. Packed in scale. 
No. 118. Packed in fine fire clay. 

No. 119. Packed in bone black containing BaCOs, in special box. 

No. 120. Packed in bone black. 

No. 121. Packed in cupric oxide. Oxide was all reduced to metallic 

copper. . 
No. 122. No packing. 

. No. 123a. Packed in a mixture of bone black, chromite and barium 

carbonate. .
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Experiment No. 20. 

No. 123. Packed in bone black containing barium carbonate, in special 
- box. 

No. 124. Packed in fine fire clay, special. 
No. 125. Packed in scale. 

No. 126. Packed in fine fire clay. 

No. 127 No packing. 

Experiment No. 21. 

No. 128. Packed in cupric oxide. 
No. 129. Packed in fine fire clay. 

No. 130. Packed in scale. 

No. 131. No packing. 

Experiment No. 22. 

No. 132. Packed in fine fire clay. 

No. 133. Packed in scale. 

No. 134. No packing. 

Experiment No. 23. 

No. 135. Packed in scale. 
No. 136. Packed in fine fire clay. 
No. 137. Packed in cupric oxide in ordinary manner; the oxide was 

not reduced to metallic copper. 

Experiment No. 17. Heat Treatment Data. 

Hours... cece eee 2 3 20 27 35 49 60 70 89° 94 

Temperature................... 1200 1470 1560 1520 1590 1470 1400 1390 1310 510 

Annealing temperature of 1500° to 1600° F. maintained 43 hours. Time 

of cooling, 35 hours: 23 hours to 1390° F. and 12 hours to 1250° F. 
No. 106. Packed in bone black in special box. Edge: very high carbon 

steel (good eutectoid). Center: temper carbon, ferrite and pearlite. 
The rest of the specimens were as follows: Edge: ferrite. Center: | 

temper carbon, ferrite and pearlite. 

Experiment No. 18. Heat Treatment Data. 

Hours... 0.00. cece ceceeceeecseseseee 2 7 15 25 33 48 56 70 75 
Temperature...................-.... 1450 1600 1600 1540 1660 1410 1410 1350 510 

‘Annealing temperature of 1550° to 1600° F. maintained 30 hours. Time 
of cooling to 1250° F., 30 hours. 

No. 114. Packed in bone black and barium carbonate. Edge: cementite. 
Center: ferrite; temper carbon and a little carbide. 

Note.—The rest of the specimen had an edge of ferrite and an interior 

of ferrite, temper carbon and a little carbide.
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Experiment No. 19. Heat Treatment Data. 
Hours... 2.0... eee ceeeeeeeceeeee od 3 2022 ss 5270 
Temperature.............................. 1430 1600 1630 1520 1500 1420 1360 510 

Annealing temperature of 1500° to 1600° F. maintained for 38 hours. 
Cooling time, 30 hours to 1390° F. and 3 hours to 1250° F. 

All of the specimens in this experiment had a rim of either ferrite or a 
mixture of ferrite and pearlite; the interior structure was composed of temper 
carbon, ferrite and cementite. 

Experiment No. 20. Heat Treatment Data. 

Hours. 2.0.00... eee ce eee eeeecaeeeeeeees 3 5 17 29 33 53 68 70 
Temperature..................0.c.0.+0+0+. 1330 1620 1620 1570 1410 1390 1250 500 

Annealing temperature of 1600° F. maintained 18 hours. Cooling 
time, 30 hours to 1390° F. and 12 hours to 1250° F. 

All of the specimens in this experiment showed the following structure: 
Edge: pearlite. Center: pearlite and cementite. 

Experiment No. 21. Heat Treatment Data. 

Hours... ec c eee eee ees] 2 10 13 27 40 «500 «662 «674 82 
Temperature..................... 820 1600 1650 1620 1620 1420 1420 1270 700 600 

Annealing temperature of 1600° F. maintained for 24 hours. Cooling 
time, 30 hours to 1390° F. and 12 hours to 1250° F. 

All specimens had the following structure: Edge: ferrite and pearlite. 
Center: ferrite, cementite and pearlite. 

Experiment No. 22. Heat Treatment Data. 

Hours. .... 00... 0c eee e eee 1 5 20 25 28 31 38 4700-700 75 82 
Temperature.............. 1150 1530 1730 1210 1580 1610 1600 1420 1350 1250 510 

Annealing temperature of 1600° F. maintained for 30 hours. Cooling 
time, 30 hours to 1390° F. and 10 hours to 1250° F. 

All specimens had a good structure as follows: Edge: ferrite. Center: 

temper carbon and ferrite. 

Experiment No. 23. Heat Treatment Data. 

Hours... 0. ce eee ee eee e ene eeees 2.3 #17 #4238 67 73 

Temperature... 0.0... c ccc eee eee eeeceeecaeecesees 1000 1600 1650 1500 1330 510 

Annealing temperature of 1600° F. maintained for 30 hours. Cooling 
time, 26 hours to 1390° F. and 9 hours to 1250° F. 

All the specimens had the following structure: Edge: thin layer of ferrite 

and pearlite. Center: temper carbon, ferrite and cementite.
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This series of experiments shows that a malleable structure 

may be obtained in 36 hours, using a temperature of 1500° to 
1650° F.; although 42 hours would be a safer period to use. 

It is evident that a high temperature cuts down the time of 

heating as shown in experiment No. 22; and an experiment 

conducted outside of this series showed that it was possible to get 
a malleable structure in 18 hours when an annealing temperature 

of 1800° F. was used. 
The conelusion reached is that a temperature of 1600° to 

1650% F. is the best temperature to use, inasmuch as it is neither 

too low nor too high to endanger malleableization. Be it under- 

stood, however, that this conclusion related only to the anneal- 

ing of small specimens in a small annealing furnace in which the 
temperature changes are altogether different than in a regular 

annealing oven of works practice. A temperature of 1800° F. 

would soon end the usefulness of the saggers and so increase the 

cost of production that competition with the long time low tem- 

perature process—in which a maximum of 1350° F. is kept for 

60 hours or even less—would be out of question. Even the 
1600° to 1650° F. temperature is safe only for cupola iron, and 
would ruin furnace iron if continued for the regular time. 

AN EXPERIMENT SHOWING WHAT BECOMES OF THE CARBON 
AT THE SURFACE OF WHITE Cast IRON DURING THE 

Process OF PRoDUCING MALLEABLE IRON. 

_ The question of the disappearance of the carbon, or the 
decarbonization of the rim (skin effect) of malleable iron, has 

been a much discussed one. It is held by some that the carbon 

migrates to the interior and remains in the casting, while others 
claim that the carbon migrates out and disappears entirely from 
the casting. It is obvious that if the carbon migrates out and 

leaves the iron at the temperature used for annealing, it must do 

so in the form of a carbonaceous gas. Hence, an analysis of the 
gases evolved by the iron during the malleableizing process, using 

no packing material, would report their exact composition and 
reveal the presence or absence of carbonaceous gases. From data 
of this kind, the method of decarbonization could be more 

definitely shown.
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In this connection, the following preliminary experiment was 
_ performed. A piece of white iron was annealed in cupric oxide, 

the idea being to detect the presence of CO by noticing the degree 
of reduction of the oxide. The result of this experiment showed 
an extended and complete reduction of the oxide to metallic 
copper, but inasmuch as some reduction of the cupric oxide would 
occur anyhow, due to the higher heat of formation of the oxide 
of iron over that of copper, no definite conclusions could be drawn 
from the result of this experiment. 

The final proof of the presence of a carbonaceous gas was 
therefore made by collecting the gas coming off from the specimen 
during the annealing period, and analyzing it according to the 
Hempel method. 

Apparatus. —1. A piece of white iron 1 in. square and 6 ins. 
long, weighing 700 grams, used as the specimen. 

2. A closed container to hold above, consisting of a 14 in. x 

5 in. nipple, with an iron cap for one end, and reduced to a } in. 

pipe at the other. 
3. A piece of } in. pipe and connections for leading gas from 

container to sampling tubes. 

4. Glass gas sampling tubes filled with water saturated with 

carbon dioxide. . 

5. Mercury burette for gas sampling. 

6. Filter pump and connections for exhausting air from con- 

tainer and pipes. 

Method.—The container and iron piping were first thoroughly 

cleaned to remove any dirt or grease, and the inside of the con- 

tainer was given a thin coat of fire clay. Next, the specimen was 

placed inside of the container, and after having been tightly 

screwed together, the outside of the container was given a very 

heavy coating of fire clay. The container was then placed in the 
furnace with the outlet pipe leading through a hole in the door; 

and the heat started. After the furnace had been heated to 

1600° F. for several hours, suction was applied to the outlet pipe 
of the container and the air exhausted for several minutes. 

Samples No. 1 and No. 2 were then taken. 

Sample No. 1 was collected in a glass sampling bottle over 

water saturated with carbon dioxide. The gas came over at the 

rate of about twenty bubbles per minute, with the sampling
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bottle lying flat and the departing water creating no suction. 

‘There was sufficient gas pressure to fill the bottle when the exit 

of the tube was raised higher than the entrance. 
Sample No. 2 was collected over mercury shortly after No. 1 

was taken. 

Sample No. 3 was collected after the furnace had been up 

to 1600° F. for 6 hours, and up to 1800° F. for half an hour. 

The gas came over at a rapid rate and was under considerable 
pressure. 

Sample No.1. Collected over Water. 
Per cent. 

Carbon dioxide... 0.0... 0.0... e ee eeeee 13.2 

Hydrocarbons....... 0... ccc eee cee eeeee 0.0 
Oxygen....... eee eee tee ete tceeseee 8.8 

Carbon monoxide........0 6... ccc cee eee eee eee ee 21,4 
By difference, N..... 0.0... ccc cece ete eeeee ees 56.6 

Sample No. 2. Collected over Mercury. 
. Per cent. 

Carbon dioxide. ........ 0... ccc cece cece eee eect eee 13.2 
Hydrocarbons......... 000. cee cee eee eee neeee 0.0 
OXYZeN. 0... eect eee teen eee crease 8.8 

Carbon monoxide.......... 0.0... cece cece cence eee e es 26.8 
By difference, N........... 0.02 c cece eee eee eens SLL2 

Sample No. 8. Collected over Water, Furnace at 1800° F. 
Per cent. 

Carbon dioxide... 0.0... 0c cee eee eee 4.6 

Hydrocarbons......... 2... ccc eee eee tee eecreeeee 0.0 

Oxygen... cette nee eeneceee 34 
Carbon monoxide............ 0... cc cece cece eee eeceee F1,2 

By difference, N............ 0.0. c eee e eee cece eee eee 20.2 

Attention is called to the very high percentage of carbon 
monoxide and the corresponding low percentages of oxygen and 

carbon dioxide. 

From the results obtained in this experiment, the proof of 
the carbon leaving the casting in the form of a carbonaceous gas 
‘is indicated. 

Both Samples No. 1 and No. 2 show this fact in their 

analyses, and are checked. The analysis of Sample No. 3 shows 
the presence of a very high percentage of carbon monoxide and a 
corresponding decrease in the amounts of oxygen and carbon
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dioxide. This is probably due to the fact that No. 3 was 
collected at a much faster rate and when the furnace was consid- 
erably hotter than for No. 1 and No. 2. | 

GENERAL CONCLUSIONS. | 

1. The nature of the packing does not affect the interior 
structure of the iron; while the surface or ‘‘skin” effect may 
vary from pure ferrite to a pearlitic structure. 

2. Packings like rolling mill scale and fire clay give as good 
results as any and have the added advantage of being cheap. 
Of these two packings, fire clay would be the better because it 
packs closer and more effectively prevents access of the oxygen of 
the air to the specimen or casting. 

3. Castings may be malleableized without the use of any 
packing, but a good muffle furnace should be used to keep down 
the oxidation of the surface of the castings. 

4. Air-tight containers or those as nearly so as possible 
should be used to keep down oxidation effects. 

5. A temperature of 1550° to 1650° F. has proven to be best 

temperature to use for iron of the analysis previously given and 

under the conditions tested. This range insures a complete 

breaking down of the carbide. 
6. A temperature below 1400° F. did not cause a complete 

breaking down of the carbide structure; and even prolonged 

heating would not have ‘produced a malleable structure when as 

low as 1000° F. 
7. At temperatures of 1400° to 1500° F. there is danger in 

not getting a good malleable structure in those castings farthest 

from the source of heat and the oven walls. 

8. The above conclusions are understood to be based upon 
annealing small specimens in small ovens, in which temperature 
variations are more marked than in the large, almost uniformly 

heated ovens of commercial work. 

9. The time of cooling from the annealing temperature to 

1200° F. is the most important variable in the process. 
10. A rapid rate of cooling, even when sufficient heat and 

time of annealing is used, forms a pearlitic or ‘“‘steely’”’ structure. 
11. The time of cooling to 1250° F. should be about 42
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hours. The cooling below this temperature may be rapid and not 

materially affect the malleable structure. 

12. A period of from 36 to 42 hours gave the best results for 
this range of temperature. 

13. An experiment not herein recorded showed that a good 

malleable structure could be obtained in 20 hours, using a tem- 
perature of annealing of 1800° F. 

14. The period of annealing is entirely dependent upon the 
temperature of annealing and the type of furnace used. 

LIST OF ILLUSTRATIONS. 

ALL MICROGRAPHS ENLARGED 100 DIAMETERS, AND ETCHED WITH PICRIC 
AcID. 

Fig. 5. Shows good interior structure of ferrite and temper carbon. 

Fig. 6. Shows rim of pure ferrite. 
Fig. 7. Shows an edge composed of ferrite and pearlite. (Steel.) 
Fig. 8. Shows an interior structure of ferrite, temper carbon and pearlite. 
Fig. 9. Shows an edge carbonized; bone black used as a packing material. 
Fig. 10. Shows an interior structure of ferrite, temper carbon and traces 

of carbide. 
Fig. 11. Shows an interior white iron structure which is partially broken 

down. 
Fig. 12. Shows an edge of steel—pearlitic structure. _ 

Fig. 13. Shows interior of ferrite, temper carbon and pearlite. 
Fig. 14. Shows an edge of very high carbon steel. 
Fig. 15. Shows peculiar structure of double steel layer. 

Fig. 16. Shows a heavy layer of ferrite and then pearlite.
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A paper presented at the Twenty-sixth 
General Meeting of the American Electro- 

1, 1914, President F. A. Lidbury in the 
Chair. 

‘ 

THE CONSTANCY OF BASE METAL THERMOCOUPLES AS 
RELATED TO THE MICROSTRUCTURE 

By 0. L. Kowa.xe. 

In a previous paper on base metal thermocouples! it was shown 

that some couples retained a reasonably constant calibration dur- 

ing a series of tests, while others did not. The reasons for devi- 

ations from the original calibrations did not appear to be due 

entirely t6 mechanical strains or lack of uniformity in the metal. 

It seemed probable that there might have been changes in the 

structure of the metal due to heat treatments, or that such alloys 

were used in the wires which when exposed to high temperatures 

would produce heterogeniety. The purpose of this investigation 

was to establish relations between the microstructures of the wires 
of the couples and their calibrations under various conditions of 

test. 

The assistance of Messrs. J. H. Wolfe and R. G. Waltenberg 
in obtaining these data is gratefully acknowledged. 

PROCEDURE. 

Five separate samples about one-quarter of an inch long were 

cut from each of the wires of the couples. Sections of each set 

of samples were prepared for microscopic examination to show 

the original structure and that following a two-hour heat treat- 
ment at 400°C., 600°C., 800°C., and 1,000°C. respectively. 

. The heat treatment of the samples was made in the following 

manner. A complete set of samples from each couple was 

mounted on an asbestos board and put into a muffle 334” x 334” x 

2" high. The muffle was wound with resistance wire and heated 

electrically. The temperature in the muffle was measured by a 

1Jrans. Am. Electrochem. Soc., Vol. XXIV, 1913, PD. 377. 
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calibrated thermocouple indicating on a Keiser & Schmidt milli- 
voltmeter, and was maintained constant at the desired point for 

a period of two hours. The samples were then removed from 

the furnace and cooled in the air. 
After cooling they were polished to a mirror surface on a 

section perpendicular to the axis of the wire and mounted on a 

glass sKde in the usual manner. | 

The samples were first examined to determine whether any 
structure was brought out by polishing, as would be the case with 

a mixture of hard and soft metals. Various etching agents were 

then tried. It appeared that solutions of 5 percent picric acid 

in alcohol, and 5 percent iodine in alcohol were the two etching 

agents that brought out the structures best. As soon as a good 
structure was obtained a photomicrograph was taken. The 

structures are shown on the accompanying plates. 

COMPOSITION OF THE WIRES. 

The wires of these couples were of sizes ranging from one- 
eighth inch to one-sixteenth inch (3.2 mm. to 1.6 mm.) diameter. 
A quantitative analysis of each wire showed the following: 

Positive Terminal Negative Terminal 

Ni 86.0 Ni 04.6 
Cr 14.3 Fe 22 

Couple No. 6A...... —— Si 2.4 
100.3 — 

99.2 

Cr 10.01 Al 3.30 
Fe 30.00 Ni 96.4 

Couple No. 7A...... Ni 50.9 ——_ 
—_—_—— 99.7 
99.91 

| f Fe 99.9 Al 114 

Couple No. 18....... 4 Ni 83° 

l 90.44 
(Fe 998 Cu 52.3 

Couple No. mn . Ni 480° 

100.3 

Cr 168 Fe 1.08 

Couple No. 21....... [Ni a3, Ni 98.90 | 

l 100.1 99.98
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OBSERVATIONS. | 

Couple No. 6A. After being heated for 24 hours at 800°C. this 
couple showed a departure of 125°C, at 35 millivolts from the 
original calibration. Inspection of the micrographs of the nega- 
tive terminal shows in the dendrite structure a distinct segrega- 
tion of material. These dendrites are due apparently to the 
presence of silicon. Binary alloys of nickel and silicon show this 
segregation phenomenon, while nickel iron alloys, low in iron, 

show a uniform structure indicating a solid solution. The micro- 
graphs of the positive terminal show the condition of a solid 
solution. 

In some subsequent tests on a negative terminal of another 

couple, represented to be like the one tested, in which a break 

occurred, the following phenomena were observed. A _ longi- 

tudinal section at the point of rupture showed crystal grains and 
segregations about four times as large as those obtained at a 

point where the wire had not been exposed to the high temper- 

atures. st 

It would appear, then, that the cause for the large change in 

calibration was due to the segregation of the material in the 
negative terminal and that silicon is a metal of doubtful value 

' in thermocouple alloys. 

Couple No. 7A. The departure from the original calibration 
to the last was gradual and increased from zero to about 25°C. 
at 24 millivolts. In the micrographs of both negative and posi- 
tive terminals, the structure of solid solution appears throughout 
the tests. In the treatment at 600°C. for the negative terminal 
there appears to be a suggestion of crystal structure, but no 

change in the calibration is apparent. 

Couple No. 18. The big change in calibration for this couple 

occurred between the initial calibration with 4 inches heated and 

the second calibration with 15 inches heated. This is due, no 

doubt, to mechanical strains. After the first heat treatment the 

change in calibration is no greater than other couples, being 

- only about 30°C. 

The micrographs of the negative and positive terminals show 

a constancy of structure throughout the treatments except for 

that at 1,000°C. where. a large crystal structure appears in the



202 O. L. KOWALKE. 

iron. The nickel-aluminium alloy of the negative wire does not 

change from the characteristics of a solid solution. 

Couple No. 20. A change in calibration of only about 20°C. 
was observed over the entire range. The micrograph of the nega- 
tive terminal shows that here again the solid solution of nickel 

in copper has maintained constant calibration. The micrograph 

of the positive terminal of iron shows characteristic structures 

for the various temperatures. 
It would seem fair to predict that “constantan,” an alloy of 60 

percent copper and 40 percent nickel, would give equally good 

results as the above alloys of copper and nickel. 

Couple No. 21. This couple was not reported in the first 

paper, but gave results in calibration that were similar to those 

of Couple No. 7A. Couple No. 21 had for its positive wire an 

alloy known to the trade as “E.xcello,” and the negative wire was 
known as “Pure Nickel.” Both of these wires were purchased 
originally as resistance wire and were made into couples in this 
laboratory. 

The micrographs of both wires show conditions of solid solu- 
tions in all cases. 

CONCLUSIONS. 

From these data it would appear reasonable to conclude that 
those metals which form solid solutions with one another, give 

the best results, providing that the thermoelectric force is satis- 
factory and the melting point high. 

Silicon does not appear to be a desirable constituent in a nickel 
alloy for thermocouple material. 

Any segregation of the metal has an undesirable effect on the 

constancy of the couple. 
Wires containing but one metal showed a satisfactory structure. 

Chemical Engineering Laboratory, 
- University of Wisconsin. —



Couple No. 6A. Positive Terminal. 
Etched with Iodine. Ni = 86.0%; Cr = 14.3%. 
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Couple No. 6A. Negative Termi . : Ui tinal. 
Etched with Iodine. Ni = 946%; Fe = 2.2%; Si = 2.4%. 
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Couple No, 7A. Positive Terminal. Etched with Iodine. Cr = 10.01%; Fe = 30.00% ; Ni = 59.90%. 
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Coupl le N 
Etched fie te ae. with Iodine. Al ee "ilies 5 
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Couple No. 18. Positive Terminal. 
Etched with Iodine. Fe = 99.9%. 
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Couple No, 18. Negative Terminal. 
Etched with Iodine. Al = 1.14%; Ni = 98.3%. 
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Couple No. 20. Positive Terminal. 
Etched with Picric Acid. Fe = 99.80%. 
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Couple No. 20. Negative Terminal. 

Etched with Iodine. Cu = 52.3%; Ni. = 48.0%. 
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Couple No, 21. Negative Terminal. 
Etched with Iodine. Fe = 1.08%; Ni = 98.90.%. 
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Couple No. 21. Positive Terminal. 

Etched with Iodine. Cr = 168%; Ni = 83.3%. 
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CONSTANCY OF BASE METAL THERMOCOUPLES. 213 

DISCUSSION. 

W. R. Morr: I believe Mr. Tone will bear me out in the 
statement that freshly made alloys of silicon with iron or man- 
ganese, frequently recrystallize shortly ofter being taken out of 
the furnace. 

Silicon is interesting in another way, as regards its thermo- | 
@ectric characteristics. Messrs. F. Fischer, R. Lepius and E. 
Boerwind have reported on the thermoelectric power of silicon.? 
If it is deoxidized, the e. m. f. is exactly in the reverse direction 
from silicon which contains dissolved silica, and the difference 
amounts to almost 1000 microvolts per degree. 

Cuares B. THwince (Communicated): I for one am grateful 
to Professor Kowalke for carrying his researches on thermo- 
couples to so interesting a conclusion. While seeking a relation 
between thermo-electromotive force and co-efficient of expansion, 
some ten years ago, I met some striking exhibitions of the effect 

of aggregation of crystals as changed by heat upon both of these 
properties of certain metals and alloys. 

Antimony, for example, when cast in an iron chill crystallized 

radially. With repeated heating to 100 degrees, the length con- 

tinued to increase and the electromotive force to diminish for 
several successive heatings. Since the electromotive force differs 
for different axes, I attributed the change to a re-arrangement 
of the crystals in which some crystals were oriented more nearly 

parallel to the axes, or as they would have arranged themselves 
if the metal had cooled more slowly when cast. The change of 
electromotive force on the first heating was more than ten percent. 

I hope that Professor Kowalke will apply the same tests to 

platinum thermocouples that have been damaged by long use. 

Such couples may often be restored by glowing them with a 
current not sufficient to melt the wire but to reach, say 1500 

degrees. Microphotographs taken before and after such a restor- 

ation would be of exceeding interest. 

Jos. W. RicHarps: Some of the so-called standard couples 
which have been standardized, and probably accurately standard- 
ized, in the laboratory of the maker, when they have been brought 
into the works and used again, will show a variation of from 

2 Physik. Zeit., 14. 430-46: Zeit. anorg. Chem., 81, 243-65.



214 DISCUSSION. 

10° to over 100° C. from the standardization. The changing 
micro-structure is probably the cause’ of this great deviation, 

which makes them almost unusable for accurate work. 

B. L. Giascock: The couples that come from the maker 

direct to the user generally are not calibrated by the user, who 
assumes that the calibration of the maker is correct. Four 

couples supposed to have been standardized by the manufacturer, 

when they were checked against a platinum—platinum-rhodium 
couple, were found to vary from 8° to 52° at a temperature of 

1000°, We have had couples which had been used and repaired 
that varied as much as 100° at 1000° C. 

M. G. Luoyp: I think it would add a great deal to the value 
of this information if the last two speakers would say what the 

materials of the couples were. 

W. A. McKnicut: The makers of the couples on which 
these tests were made will not state the composition of the alloy 

used and no analyses have been made which would tend to show 

the composition of the couple. However, it is one that is manu- 
factured for use at 1250° C., and at 1000° C. the conditions stated 
by Mr. Glascock were found to exist.
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SOME NOTES ON THE MANUFACTURE OF TIN PLATE 

AND THE RECOVERY OF TIN WASTES 

O. L. KowALke, 

Associate Professor of Chemical Engineering. 

As early as 16201: the trade of making tin plate had existed 

for many years in Bohemia and about this time it was intro- 

duced into Saxony, Germany. In 1670 the secret of manufac- 

ture was carried to England, but it was not until 1720 that the 

industry was firmly established. Soon after the art was intro- 

duced into England it began to flourish because of the excellent 

deposits of tin in Cornwall. It was not until about 1890 that the 

tin plate industry in the United States assumed any importance. 

Under the stimulus of the protective tariff a number of large 
plants were built, which, by the application of machinery and 

shop management, were able to produce more than enough for 

home consumption. The supply of tin must, however, be ob- 

tained largely from abroad and this has led to numerous pro- 

cesses for the recovery of tin from tin scrap. 

Tin plate consists of a thin sheet of iron or steel coated with 

tin. The thickness of this coating depends on the uses of the 

product; tin plate for toys, fruit and meat cans has only a very 

thin coating, while the material used for milk cans has a thick 

coating. Roofing tin plate is frequently made by coating the 
iron sheet with an alloy of tin and lead in the proportions of 

one of tin to three of lead. Such an alloy of tin and lead will 

not rust so easily as pure tin. 
Unlike iron, tin is not oxidized easily nor is it affected by 

moisture; hence if iron can be protected by such a coating it 

will resist rusting for a long time. If, however, the iron is 

imperfectly coated or if a scratch develops, the contact of mois- 

ture with the tin and iron produces a galvanic couple in which 

the tin is the cathode and the iron the anode and by which 

rapid rusting results. It is frequently noticed that tin pails 

or cans rust in round spots. Since this means that there is a 

minute point of iron which has not been covered with tin it is 

1 History of Trade in Tin, by C. W. Flower, p. 37.
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imperative to have a smooth and perfect covering of tin over 
the iron. An alloy of tin and lead makes a better covering and 

does not exert such a strong galvanic action. | 

The iron or steel from which the plate is rolled is a bar 

about 8 in. wide and 0.25 to 0.75 in. thick. The heated bar is | 
rolled into sheets perpendicular to the direction in which the 

original bar was rolled. Assume that sheets 20 by 28 in. are 
desired. The original bar is given singly five passes in the rolls 

until it is a sheet 28 in. long. Two such sheets are heated again 

and rolled, superimposed one on the other, until their length is 

06 in. During each rolling the sheets are pulled apart so that 

the formation of a scale is promoted and sticking prevented. 
The two sheets are folded to make four thicknesses and after 

being heated are rolled out again to a length of about 54 in. 

These four thicknesses folded again to make eight are heated 

and rolled until the length is about 56 in. After the eight rolled 

sheets are cut and squared into small sheets 20 by 28 in. they 

are ready for the pickling. 

The packs of eight sheets 20 by 28 in. are opened so that they 

do not adhere to one another and are piled on carriers, which 

move up and down in a pickling bath of hot eight per cent. sul- 

phurie acid for about ten minutes. This pickling removes all 

the scale and leaves the iron bright and clear. After removal 
from the acid the plates are washed in clear water to free them 

from acid. For further particulars regarding pickling meth- 

ods the reader is referred to an article by Mr. O. W. Story in 

Met. & Chem. Eng. Vol. X, p. 45 (1918). . 

| To remove the stains set up by the rolling the washed sheets 

or plates are’ packed in annealing stands, carefully covered 
to exclude air, placed in a furnace and annealed at 1,500 de- 

grees fahr. for twelve to eighteen hours. They are allowed to 

cool slowly away from contact with air. When cold the annealed 

sheets are cold rolled singly between polished rolls to give them 

a smooth surface and close any pores. Two or three passes are 

usually sufficient. After being rolled they are packed in cases 

away from air and again annealed for five or six hours at 1,200 

degrees fahr. After the second annealing the plates are again 

pickled in a-weak sulphuric acid solution to remove the last
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scale and are washed in clean water. ‘lo guard against rusting 

they are put into tanks of water and carried to the tinning 

house. 

The tinning bath consists of an iron box, the lower half of 

which contains the molten tin, and the upper half of which is 

divided into two compartments by a partition which dips into 

the molten tin. Floating over the molten tin in one of these 

compartments is a fluxing solution, usually zine chloride; in 

the other is palm oil. At the surface of the molten tin in the 

palm oil compartment is a pair of rolls. The iron sheets are 

,taken from the water, passed into the fluxing bath in the first 

compartment, thence down through the tin, caught by the rolls 
and brought out through the palm oil in the second compart- 

ment. The rolls are so set that they not only draw the plates 

out of the bath, but they also press off any surplus tin and leave 

the plates somoth. The palm oil is intended to keep the plates 

bright and protect them from the moisture in the air during 
storage. The plates are now put into a machine which takes 

off the surplus oil by bran and lime. From this point the plates 

go to the sorting room where they are closely inspected and 

packed. At all points of the process close watch must be kept. 

Since each sheet must be handled, it can readily be seen that 

the cost of tin plate is high. 

Excellent articles on tin plate manufacture will be found in 

Scientific American of Oct. 4 and Nov. 1, 1902, and in Metal 
Worker of Feb. 14, 1903, and July 21, 1905, 

Owing to the limited supply of tin ores and metal much at- 

tention has been given to the recovery of tin from waste. In 

the process of coating iron sheets with tin a waste material 

called dross is obtained from the bath. Various methods are 

used for recovering the tin from dross. Among them is 

that devised by R. 8. Wile,? by which the tin dross is reduced 
in the electric furnace by being fed with a carbon charge into 

a molten bath of inert slag having a lower specific gravity than 

tin. The reduced tin falls through the slag to the bottom of 

the bath, where it can be tapped off. Any metal which is vol- 

2 Met. & Chem. Eng. Vol. XIII, 1910, p. 151. Trans. Am. Electrochem. 
Soc. Vol. XVIII, 1910, p. 205.
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atilized is caught by the charge of dross and carbon. Thus the 

loss of tin is kept down to less than one per cent. In his fur- 

nace with an energy consumption of 88 kw Wile has reduced 

about 2,500 lb. of dross per day. 
Tin cans and tin scrap also are worked over to recover the 

tin. For this purpose the electrolytic and the chlorine detinning | 

processes are in use. The former is more expensive than the 

latter, which seems to be gaining considerable ground in this 

country. | 

The chlorine or Goldschmidt process * is based on the fact that 

dry chlorine does not attack iron, but only the tin, forming tin 

tetrachloride. The tin scrap compressed into bundles is put into 

a chamber and dry chlorine gas admitted under several atmos- 

pheres pressure so that the gas gets into every crevice. On ac- 

count of the heat developed due to the action of chlorine on tin 

during the stripping, great care must be exercised. When the 

gaseous chlorine forms liquid tin tetrachloride the pressure 

drops, and as long as the pressure continues to drop detinning 

takes place. When the pressure becomes constant it is evident 

that the chlorine has found all the tin. The tin tetrachloride 

thus recovered is greatly prized by silk dyers for use as a mor- 

dant.* The value of tin tetrachloride is about $0.14 per lb. of 

50 degrees Beaume strength. The iron remaining after washing 

can be used in open hearth processes for making steel. 

3 Met. & Chem. Eng. Vol. VII, 1909, p. 80. 
4 Met. Chem. Eng. Vol. VI, 1908, p. 150.
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: REINFORCED CONCRETE BUILDING IN MEXICO 

J. F. ABBEY. | 

From the contractor’s point of view, reinforced concrete build- 
ihg in the Republic of Mexico is in its infancy, for it is only 

within the past five years that concrete building has made any 
great strides as compared with other classes of building in the 

country. The few concrete buildings that have already been 

erected have been less expensive than any other class of struc- 

ture. From every point of view the results to the owners have 

been not merely satisfactory, but gratifying. Due to the uni- 

formly hot weather which prevails in the greater portion of the 

country, the first important requisite of a building is imper- 
viousness to heat. In this respect concrete structures have 

proved equal to the very adaptable and therefore universally 

popular adobe building. There are only four or five con- 

tractors in the entire republic engaged in this particular line. 

of work, hence the field is practically untouched, a condition 

that must appeal to the young engineer. | 
It seems especially worth while to consider the conditions the 

contractor will encounter in entering the field. 

As heretofore intimated, the adobe building predominates in 

the greater portion of the country. This type of construction 

consists of blocks of ordinary clay, which after being mixed 

with a little straw is baked in the sun until it becomes suffi- 

ciently hard to be handled. Since these blocks are made in moulds. 

3 by 10 by 14 in. they give a minimum wall thickness of 10 in.; 

but in many cases two and three blocks are used, so that two 

and three foot walls are common. The mortar used to set these 

blocks ix made from the same clay, and the building is finished 

off with ordinary lime plaster, some of which is smooth, some 

rough cast and decorated with gay designs and colors. oo, 
Besides adobe, brick, stone and structural steel are used ex- 

tensively. The brick is of rather poor quality, and does not. 

come up to the poorest common brick made in the United States. 
Sand lime brick is used to some extent in the northern part of 

the republic. Faced brick is neither made nor used in the coun-
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SOME OBSERVATIONS ON NICKEL PLATING 

SOLUTIONS.* 

BY DR. OLIVER P. WATTS.+ 

Electro-plating is a branch of electro-chem- to the solution or to the nickel plate, and their 

istry which has engrossed my interest more presence in nickel solutions should no longer 
and more, and its problems furnish a most be tolerated. For a number of years European 

fascinating line of research. During a recent platers have been using anodes containing 98 
period I have been conducting a series of ex- per cent of nickel, and it is time that American 

periments upon certain phases of the depo- platers followed their good example. In a 
sition of nickel and I have considered the re- solution containing only sulphates these pure 
sults of sufficient interest to display here. anodes do not corrode well, but the addition 

The first topic to which I would call your of one or two ounces per gallon of a soluble 

attention is the composition of the anode. For chloride remedies this trouble. Nickel, sodium, 

many years it has been the practice of the or ammonium chloride should be added to a 
makers of anodes in the United States to add solution in which pure anodes are used. 

to the nickel varying amounts of iron, carbon The little 25-gallon plating tank at the Uni- 
and tin, so that the resulting anode contained versity was formerly equipped with the 

only about 92 per cent of nickel. The follow- standard American anode, containing iron, car- 
ing formula for making nickel anodes is bon, and a trace of copper. A heavy brown- 

taken from onc of the plating trade journals: ish sediment of ferric hydrate continually cot- 

—“Nickel 92 per cent, tin 4 per cent, old files lected in the bottom of the tank, and when 
4 per cent.” (Metal Ind., 1907, p. 116). Why standing unused coper was precipitated on the 

old files are preferred to any other form of anodes and a scum of iron rust formed on 
iron is not stated. A more recent article the surface of the solution. Becoming dis- 

says, “The anodes are cast in varying degrees satisfied with this state of affairs, I precipi- 
of purity, the average commercial anode con- tated the iron, added some sal ammoniac to 

sisting of about 92 per cent nickel and 8 per cause good anode corrosion, and replaced the 

cent tin, while other grades, consisting of 85 impure anodes by sheets of electrolytic nickel, 
to 89 per cent nickel and 11 to 15 per cent (obtained from the Orford Copper Co.) 

iron and tin, are especially adapted to certain Electrolytic nickel anodes have now been 

work. A few are made of pure nickel free sed for seven years, and have proved satis- 
from alloy, but are too hard for ordinary pur- factory. At that time it was, I think, impos- 
poses.” (Foundry, 1913, p. 17). sible to secure cast anodes of high purity in 
The purposes of these impurities has been this country, but today the plater who wishes 

explained as follows:—“Commercial nickel 9 ayoid introducing impurities into his solu- 
anodes contain in addition to nickel, iron, tin, tion from his anodes is not confined to the use 

and carbon. These are introduced intention- GF electrolytic anodes, as cast anodes of high 
ally to render the anode “soft”, 7. e. so that : btainable 

it will dissolve easily in the solution during purity are now ° 7 . . 
plating.” (Brass World, 1911, p. 154). Another improvement in nickel plating 

Analysis of samples of commercial nickel plate which has come to us from Europe is the 
(J. Amer, Chem. Soc. 1917, 29, p. 1268) has high-power nickel solution. It may be profit- 

shown the presence of 0.08 to 0.09 per cent of able to consider: for a moment what consti- 

iron, and one writer (Trans. Amer. Eleciro- tutes a high-power nickel solution. It is not 

chem. Soc. 9, 217) has ascribed the rusting of some mystcrious chemical of wonderful 

nickel plated articles to the presence of thiz potency, but is merely a solution containing 
iron. Whether this is true or not, these im- much more nickel than the old style bath, and 

purities in the anode are of no benefit either which therefore permits of using a greater 

mo number of amperes per square foot of plated 

* A paper read at the Annual Banquet of the surface without causing a burnt deposit. Since 

Sonne branch, American LElectroplaters’ the rate of deposition increases directly as the 
. , ° number of amperes, the time of deposition is 
tLaboratory of Applied Electrochemistry, . 

University of Wisconsin. lessened proportionally.
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There seems to be a prejudice on the part of nations of salts themselves, will the high. 

many platers against strong nickel solutions, power solution compare favorably with the 

as indicated by such statements as the follow- old style solution as regards cost per unit 

ing, taken from periodicals which regularly de- output. When, however, freedom from peel- 

vote considerable space to plating. “A new ing, and burning, and when in many cases a 

bath composed of double sulphates and water more satisfactory anode-corrosion is secured, 
not infrequently gives trouble from peeling in even at present prices, the greater capital out- 

addition to the dark color, especially if the lay required for the high power solution may 
solution stands in excess of 6 degrees Beaumé. be fully justified. There is, too, the possibili- 

To remedy, reduce the density to 44 or 5 de- ty of using the new salts in half the concen- 

grees and add the conducting salts.” (Foundry, tration specified, thus cutting the investment 
1913, p. 106). in half, and running the solutions at 5 am- 

“Question. Our nickel deposits come out Peres the square foot instead of ten. 
dark gray and rough aftcr 14 hours deposit. There are several methods of making a di- 

.The solution stands at 10 degrees, and we have lute solution do the work of a concentrated 

added single salts. one. One method is to circulate or stir the 

Answer. Your solution is too concentrated. Solution, or to move the object,—any process 
In America solutions that register 54 to 6 that will break up the film of dilute solution 

Beaumé give the best results, provided the formed around the object, and supply metal 
metal content of the solution is correct. Con- 8 fast as it is needed for deposition, Circu- 
centrated solutions produce dark deposits that lation and stirring of the solution have long 
readily stain, and often cause peeling.” (Metal been used successfully in the electrolytic re- 

Ind., 1911, p. 353). fining of metals, but because of stirring up the 

Yet today many platers are paying 35 cents sediment always present in plating tanks, or 

a pound for an imported mixture of unknown possibly for some other reason, these methods 
salts, making solutions having a density of 16 have not come into regular use in commercial 

degrees, and obtaining extremely satisfactory Plating. Where heavy deposits are necessary, 
results from these dense solutions. as in silver plating, some means of shortening 

I have here a good nickel deposit made at the time is desirable, and motion of the cathode 

18 amperes per square foot from a solution of Tod has frequently been resorted to, thus al- 
nickel and magnesium chlorides having a den- !owing an increase of current density and a 
sity of 31.3 degrees. In thickness it is equiva- corresponding lessening of the time. This 
lent to a deposit for 20 hours at 3 amperes per ™ethod is applicable in any case where a heavy 
square foot. If high density of solution were deposit of metal is necessary, and its use has 
capable of ruining a deposit, this would be the already been extended to the deposition of 

worst sample of nickel plating which you have nickel. 

ever seen. It is time that platers recognized But there is another, and more effective way 

that poor nickel deposits are due to some other of transforming an ordinary dilute nickel 

cause than too dense a solution. plating bath into a high-power solution—that 

I have tested but one of the high-power salts is to heat it. For the past three weeks I have 
now on the market, but for a period of two been experimenting with hot nickel solutions. 
months this has done all that the dealer claimed From a solution containing 10 ounces per gal- 

for it. I cannot conceive that a plater who lon of the double sulphate at a temperature of 
has once tried this salt would ever use the old 194 deg. F. and a current density of 29 am- 

. double sulphate solution, if he could obtain Peres per Square foot a good deposit was ob- 

the price of this high power salt. It must be tained in twenty minutes, which would have re- 
admitted that the expense is great, 100 gal- quired 34 hours in the cold solution at the 

lons of solution costing $70, instead of about sual current density of 3 amperes per square) 

$7 for the double sulphate soltuion. Even if we foot. Similarly the current density in a high- 

grant that one tank of highpower solution power bath of full strength at 165 deg. F. was 

will do the work of four tanks of the double increased at intervals to a maximum of me 

sulphate, the ratio of costs is still over two to amperes per square foot, without spoiling the 

one against the high-power solution. Only deposit; this is the equivalent of 19 hours at 

when the composition of these salts becomes 3 amperes per square foot. To establish a 
known, or platers discover equally good combi- record for the rapid plating of nickel a brass
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ube # inch in diameter was used as cathode, power solution, current densities of 100 to 
ind rotated at 1000 R. P. M. Many trials were 200 amperes per square foot may be used on 

nade at increasing current densities and al- stationary cathodes, or, since such great cur- 
hough a current density of 1257 amperes per rent densities as these are not needed in plat- 

quare foot was reached in one trial, the de- ing, the high power solution may be diluted to 

iosit was still excellent. Two minutes at this three times its original volume and yet be used 

urrent density gives a deposit equivalent to at 20 amperes per square foot. The deposit 

4 hours plating at 3 amperes per square foot, from a hot solution is soft, never peels from 
md in spite of this heavy deposit, 2 to 3 min- a clean surface, and is quickly and _ easily 

ites. with tripoli and rouge was sufficient to polished even though it appears dull as it 
rive it the polish of the sample shown. How comes from the bath. This ease of polishing 

nuch higher the current density can be carried should result in a considerable saving in the 

under. the conditions of these three experi- time and labor required for buffing, and would 

nents I am at present unable to say, and it partly defray the cost of heating the solutions. 

really does not matter to the electroplater, as The heating coils should be made of lead. 

t has been shown that in a hot nickel solution Tt has long been known that hot nickel solu- 
he current density can be carried to such a_ tions give soft deposits and the following ex- 
point that the ordinary plating bath becomes tracts would seem to indicate that hot nickel 

1 high-power solution. The efficiency of de- solutions have been tried and found wanting: 

position on a rotating cathode at 625 amperes “Question No, 1283. What is the advantage 

yer square foot was found to be 99.8 per cent. of running a nickel solution hot and what are 
But there is another result obtained in the hot the disadvantages? 

solution which I regard as of more value to Answer. The advantage gained in using a 

the nickel plating industry than rapidity of hot nickel plating solution is that the nickel 

feposition—that 1S the softness, toughness and deposits faster and is brighter. In addition the 

freedom from peeling of the deposit. nickel is apt to be slightly softer and more free 
In the case of thick nickel deposits from cold from pits. Beyond. these advantages a hot 

solutions their hardness makes buffing difficult nickel solution has no other benefits. The 

and expensive, they are more liable to peel disadvantages are the fact that the solution 

than thin deposits, and the time required for must be heated, and requires far more care and 
their production is excessive unless a high- must be maintained at a constant temperature 

power solution is used. In view of these facts in order to obtain uniform results. Cold plat- 
it isenot surprising that in the past many ing solutions are always used wherever pos- 
platers have used altogether too light deposits. sible, and in the case of nickel solutions it is 

Much of this thin plating affords no protec- generally considered that the slight advantage 

tion to the underlying metal and is not even gained by using them hot does not warrant 

ornamental, for after a few months’ use it the extra labor involved. It is possible to ob- 

wears off in spots and the articles look worse tain sufficiently good results in cold solutiane 
than if they had never been plated. Too much of nickel.” (Brass World, 1913, p. 145.) 
mckel plate is made to sell instead of to “Question No. 1324. What will happen if a 

wear. nickel solution is run hot? 

What could so much increase the popularity Answer. Nickel solutions can be run hot 
and extend the use of nickel plate as to have and give good results and soft deposits. They 

every bit of it which ever gets into the hands should, however, be used much weaker than 

of the public put on to stay, and thick enough when employed cold. It is generally found un- 
to protect iron from rusting and to last for necessary to use them hot as the trouble of 

years? heating and maintaining them is more than the 
. I believe that this can be accomplished by the gain in quality. Hot solutions deposit nicket 

hot nickel solution. Its use will enable the very rapidly.” (Brass World, 1913, p. 258.) 

plater to produce a thick deposit in less time In general these statements agree with my 

chan is now required for a thin deposit. By _experiments, that a hot solution yields a soft 
eating the regular plating solution to 180 deg. nickel deposit, and permits of more rapid de- 
E or above, deposition can be carried on at position, but on the question of whether heat- 
twice or three times the rate of the present ing will pay or not we have come to opposite 

high-power solutions. By using a hot high- conclusions. This is a matter which cannot be
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settled by argument, but only by trial on a A NEW DIXON CRUCIBLE 
small commercial scale. Cannot some local - BOOKLET. 
‘ranch of the A. E. S. take up this question _ucmmemniiimemems This t roduet; 

and carry it to a definite conclusion? lts ee] ch a uction of 

potential importance merits an early and de- Pee | € cover design from 

cisive trial by practical men. TS, pea | py a new edition of the 
. 4 ws (i | | booklet “Dixon’s Gra- 

It will probably be found that careful tem- Tete uy | iT “phite Crucibles” ig 
‘perature regulation 1s not essential to success | SS ~ al | Tr merely suggestive of 

when the plating tank is equipped with an am- a ) es i Ml the valuable informe. 

meter so that the plater knows what current cl 5 nC) tion contained in the 

he is using, although it may prove otherwise | RY sixteen pages that fol- 
if he has to depend entirely upon the voltmeter | DIXONS. | low. In addition ¢ 
in controlling the current. This leads me in | GRAPHITE | : ton tO a 

: . | CRUCIBLES | preface and the table of 
closing to speak of the necessity of an am- | heres | crucible sizes, informa- 

meter, or ammeters, of suitable range so con fT | tion is furnished of 
nected that the current passing in each tank steel melting crucibles, file crucibles, crucible 

may be read. It is the number of amperes pet covers, tilting furnace crucibles, retorts, bot- 

square foot of surface receiving the metal , tom-pour crucibles, stirrers, skimmers, dippers, 
which determines whether the deposits will .14 self-skimming crucibles. Some good ad 

be good or bad; and not the volts across the vice is given in the two pages of “For Oil Fur- 
.tank.- The voltage itself has no influence on naces” and “General Hints.” Foundry facings 

the character of the deposit, and may have and a highly refractory cement for the repair 
any value that is necessary to send the proper of worn or cracked firebrick are also described. 

number of amperes to the objects which are Altogether this little booklet is most worth 
being plated. The voltmeter is better than while to the men interested in the subject of 
nothing since, with its aid, the plater can make better foundry practice. A copy is gratis to 

a better guess at the proper adjustment of the those who take the trouble of writing to the 

rheostat than he could without it, but it is a Joseph Dixon Crucible Company, Jersey City, 

poor substitute for the ammeter. The plater N. J. 

needs both voltmeter and ammeter for proper ee 

regulation of current and solutions. Ct a HARDENING AND WELDING 

record is kept of the volts and amperes it will COPPER. 
not only tell what current to use on a particu- oT 

Jar tank when partly, and when completely, Once again the problem of hardening cop- 
filled with work, but it will indicate changes Per, to such an extent that it will take-an edge 

“in resistance-of the solution. To calculate the and may be used for cutting purposes, claims 

_ resistance of a plating tank read the volts and to have been solved. The latest inventor of a 

amperes, open the switch, or otherwise break process for hardening and welding copper is 

the circuit for a second,—just long enough to Charles Bittner, of Stafford, Kansas (U. 5. 

get a reading of the voltmeter. Subtract the Patent 1,122,062). 
second voltmeter reading from the first, and The hardening compound used in this in- 

divide by the current; the quotient is the re- stance is composed of 16 oz. hyposulphite of 

sistance in ohms. Since the resistance dimin- soda, % oz. sulphite of soda, 3 oz. No. 8 acetic 

ishes greatly with increase of temperature, a acid (25 per cent pure acid) and 1 oz. 

change in the resistance of a solution does not powdered alum. The treatment consists in. 

surely mean a change in composition unless heating the copper to a good cherry heat, dust- 

the temperature is the same as when the re- ing a little of the powder over the surface, 

sistance was measured before. It is not neces- heating for about thirty seconds to burn this 

sary that there should be as many ammeters off, turning the metal over and repeating the 

as there are plating tanks, for a single instru- operation until the entire surface has been so 

ment may be arranged to read the current in treated. In the second stage of the process, 

any one of the several tanks. At the outset it the same operations are performed but at a 

might be well to purchase only one ammeter, lower degree of heat. At this stage the metal 

and use it until convinced that it is a great is soft enough to be hammered into shape or 

help in plating before putting in a full equip- welded. When this has been done, it is al-, 

ment. lowed to cool, and the process is completed.
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