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INTRODUCTORY NOTEL.

BY PROFESSOR C. F. BURGESS.

The services which the engineer has rendered mankind dur-
ing the century just completed are perhaps best illustrated by
the extensive use to which iron has been put for industrial pur-
poses as a result of his efforts.  Structures which existed only
in the imagination of the most venturesome engineers of a hun-
dred years ago have, in this “age of iron,” become commonplace
realities.

The work of the engineer however, does not end with the de-
sign and erection of such structures, but it devolves upon him
to see that they shall be permanent. While the importance of
the problem of preserving iron from eorrosion and decay has
long been fully appreciated, a solution of the problem seems
to belong to the future rather than to the past. In solving this
problem the engineer must contend with a number of foes the
most formidable of which is Nature, who seems to demand that
decay and econtinunal alteration shall supersede permanence. As
a consequence, there appears to be little hope that the corrosion
of iron can be completely prevented, and all that ean be done
is to reduce the rate of corrosion as much as possible.  The
many ways in which corrosion occurs and the many factors
which influence it, make the problem one which is anything
but simple and one which ealls for a broad range of engineer-
ing and seientifie knowledge.

It is becoming generally recognized that methods involving
“main strength and awkwardpess” avail but little in prevent-

ng corrosion, and the importance of careful and scientific study
231
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of the phenomena pertaining to the corrosion of metals is becom-
ing more universally appreciated.

The bulletin here presented sets forth the results of an ex-
perimental study of this question made by Mr. Carl Hambuechen
in the laboratory of applied electrochemistry in the University
of Wisconsin, the work having been carried on continuously
from September, 1898, to July, 1899, and presented as a thesis
for the degree of Bachelor of Science in the Electrical En-
gineering course. While many of the observations made and
the conclusions drawn are similar to those which have been pre-
viously set forth, it appears that sufficient original work and
new information upon the subject are here presented to warrant
a publication of the thesis in full.

The probability is pointed out that deductions as to physical
and chemical structure of iron may be derived from corrosion
effects produced by the electric current, and that by this means,
information additional to that furnished by chemical analyses
and physical tests may be available.

The work done here on the measurement of electromotive
force of strained metals leads to some important conclusions
which would tend to overthrow some of the commonly accepted
ideas. It has been shown experimentally that iron under stress
is more liable to corrosion than when in its normal condition,
and, assuming the electrical potential as proportional to the
tendency to corrosion, a “stress-corrosion” diagram may be con-
structed which has the same general appearance as the well-
known stress-strain diagram.

It seems to be a common belief that the work which is ex-
pended upon a piece of iron in pulling it apart is wholly trans-
formed into heat, such energy being made manifest by a heat-
ing of the metal. That the energy is transformed to a certain
extent into heat cannot be denied, but that the increase of tem-
perature will account for all the energy expended seems, in
the light of these experiments, quite improbable. The experi-
ments seem to show that a portion at least of the work done upon
an iron test piece when subjected to stress, is transformed into
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chemical potential energy, as manifested by a change of electri-
cal potential. Experimental work was not carried on with the
object of determining quantitatively this property, but from ob-
servations which had been made, a calculation of the work done
upon a test piece as obtained from a stress-strain diagram, and of
the amount of chemical energy imparted to the iron as calecu-
lated from the electromotive force readings, showed that the two
amounts are of the same order. A much closer agreement could
undoubtedly be obtained by carrying on the experiments with
this object definitely in view, in which case the test piece could
be designed so as to eliminate the error involved in the ap-
proximation which necessarily had to be made in the calcula-
tion. This could also be checked by measuring the energy
expended upon a test piece and simultaneously measuring the
heating effect by means of a suitably designed calorimeter, the
difference of the two giving the energy which is stored up as
potential energy. It is expected that this work will be con-

tinued in the near future.






AN EXPERIMENTAL STUDY OF THE CORROSION OF
IRON UNDER VARIOUS CONDITIONS.*

Introduction.—The rapidity with which iron corrodes under
ordinary conditions is a question of great importance in the ins
dustries, and it involves a large proportion of the civilized peo-
ple, since upon it depends the security of life, which is affected
by the durability and safety of metallic structures,not to mention
the item of expenditure of many millions of dollars yearly for
depreciation, and expense of renewals. The rate and mode of
decay of iron structures has received considerable theoretical
and experimental study, but there is still much to be revealed
upon this important question through the application of rational
scientific methods which have hitherto been little applied.

It has been observed, for instance, that some particular quali-
ties of iron have very different rates of corrosion from others
when exposed to similar conditions; that equal amounts of metal
removed by corrosion will weaken one kind of iron more than
another; that iron containing graphite or carbon in uncombined
state corrodes differently from iron in which the carbon is in the
combined state. Whether it is the physical character, or the
chemical character of the material, or a combination of the two,
which influences the rates and effect of corrosion, is a matter
of considerable doubt. The influence of silicon, manganese, sul-
phur and other impurities on the tendency to corrosion has been
studied experimentally, but in such a way that little light has
been thrown upon the subject.

* A thesis yubmitted for the degree of Bachelor of Science in Electrical Engineering,
University of Wisoonsin, Juns, 1309. This thesis was awarded the Science Club Medal
as the most meritorious thesis in pure or applied science for the year 1889, It was also
swarded special honors by the Faculty of the University of Wisconsin. 935
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Many peculiar cases of corrosion have been noted ; as, for ex-
ample, a more rapid corrosion in different parts of the same iron
plate; marked pittings at certain places; that cast iron on ex-
posure to sea water is changed into soft carbonaceous material
within a period of two and one-half years,® and satisfactory ex-
planations for such phenomena have not been forthcoming.

An attempt is made in this thesis to indicate a promising
path for scientific investigation of the phenomena involved in
the corrosion of iron, and to set forth the results of some experi-
mental studies that have an immediate application to the proper
theory of the action.

The most plausible explanation of the corrosion of iron is an
electrolytic one, for it has been determined that the conditions
necessary for corrosion are the same as the conditions which are
necessary for electrolytic action.

The Conditions of Electrolytic Corrosion.—1. Two or more
conducting substances in contact with an electrolyte.

2. A difference of electrical potential set up between such
bodies.

3. Connection between the conducting substances furnishing
a path for the flow of current.

These conditions are all found to be coexistent with the cor-
rosion of iron. The electrolyte consists of moisture, which may
be in contact with the iron body. It is known that iron in dry
air will not rust, this being due presumably to lack of an elec
trolyte.

The difference of potential mav be set up in various ways.
The iron which is never absolutely pure, may have in electrical
contact on its surface foreign materials such as particles of
carbon, graphite, various metals, and some metallic oxides which
will conduet. Each of these substances sets up an electric poten-
tial peculiar to itself when immersed in an electrolyte, and as
these potentials are different for different substances, differences
of potential exist between the particles of the various foreign

* Trans, Am. Soc. Mech. Eng., 1895, p. 350,
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substances and the iron. These differently charged bodies
being in contact, a flow of electricity is set up, the ecircuit
being completed through the electrolyte. An electric current
thus set up, flowing from the iron to the electrolyte, causes the
eating away of the iron.

We may have metals in contact with iron, which, instead of
promoting, will actually prevent corrosion of the iron by revers-
ing the direction of the flow of current. This fact has often been
noted, and some laboratory experiments which were carried out
during the progress of this investigation confirm this explana-
tion.

Cast iron plates three inches in diameter and three-fourths of
an inch thick were polished on one face by a fine emery wheel
and the remaining surface was lacquered. In the center of
the polished surface a hole five-eights of an inch in diameter was
drilled, and plugs of either copper, zinc, lead or carbon were
firmly inserted. The specimens were then placed in sand, sat-
urated with a solution of ammonium chloride. After an ex-
posure of one month the specimens were examined and it was
found that the polished iron surface had been badly corroded
excepting in the case where the zine plug had been inserted, the
surface here having its original bright appearance.

The reason for this difference is that in each case with the one
exception, the current flows from the iron to the solution, as ex-
plained above, and the iron is corroded, while in the exceptional
case where the zinc plug was used the direction of the current
is from the solution to the iron, and corrosion, therefore, does not
take place.

In general it may be stated that any substance in contact with
iron which, in the electro-chemical series is more electro-positive
than iron, will tend to protect it, while the more electro-negative
substances will promote the corrosion of the iron. Among the
former substances are: magnesium, aluminum, zine, and cad-
mium, and among the latter: lead, antimony, tin, copper, silver,
carbon, some of the metallic oxides, ete.

A marked example of corrosion thus increased by the presence



238 BULLETIN OF THE UNIVERSITY OF WISCONSIN,

of a foreign body in contact with iron is seen in “pitting” in
steam boilers, where it is frequently observed that each corroded
place has in its center a small piece of cinder or carbon, thus
centralizing the location ¢f corrosion around that particular
point.

It has been found that other factors influence the rate of cor-
rosion, such as the difference in the physical character of differ-
ent parts of the same piece of iron, such differences being caused
by differences in temperature, variations in homogeneity, and
differences in strain to which the metal has been subjected.

Rapid Method of Studying Corrosion.—A hindrance to ex-

perimental investigation on the corrosion of iron is the length
of time required to produce measurable results. By taking
advantage, however, of the fact that corrosion is caused by cur-
rent flowing from iron to electrolyte, the rate of corrosion may
be greatly increased by causing a current generated externally
to flow from the iron as anode, thus causing the corrosion to oe-
cur under what may be termed exaggerated or intense condi-
tions.
" By use of a suitable electrolyte the iron may be corroded as
much by this means in a few hours as it would be eorroded in
as many years by exposure to the weather, the resultant surface
being practically the same in either case. By this method the
character of the corrosion in different qualities of iron was
studied, and from the results obtained by these tests it is noted
that the effects produced by ordinary corrosion and by elec-
trolytic corrosion are similar.

The descriptions of experiments which are represented herein
are in every case illustrative of a series which frequently occu-
pied weeks of time in preparation and execution. In some of
the work carried on the methods used for producing and observ-
ing results and eliminating errors are new, and the burden of the

work was thus increased. The deductions are drawn from a
large amount of data.’

Experiments for studying the character of corrosion in dif-
ferent qualities of iron were performed by placing specimens, as
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anodes, in glass jars containing a solution of ammonium chlor-
ide. Then by connecting & number of jars in electrical series,
and having the exposed anode areas the same, the effect of an
electric current upon the different samples was directly com-
pared. Tool steel, cast iron, and sheet iron were taken as rep-
resentative grades of iron of different chemical composition and
crystalline struneture. To facilitate comparison of results ob-
tained under different conditions of corrosion, various speci-
mens were taken from the same bar, or sheet of metal. The
results are given in Tables I-IV.*

Condition of Specimens After Corrosion by an Electric Cur-
rent —The appearance of different test pieces of similar quali-
ties of iron is very much alike after corrosion by the electrie cur-
rent, but different qualities of iron present marked differences
in this respect, a8 is shown by the plates which accompany this
paper.

The surface of the cast iron specimens in each case consisted
of a soft carbonaceous material which under some circumstances
adhered very firmly to the surface of the iron. In case the cur-
rent density was carried beyond 0.025 amperes per square inch,
this soft material was found to separate from the iron after
attaining a certain thickness. (See plate 21, fig. 2, plate 22, fig. '
1, and plate 24.)

The sheet iron specimens were covered with a soft spongy
material which could be readily removed with a brush; the
metal below this coating had a bright appearance. (See plate
16 and plate 17, fig, 1.

The tool steel specimens were also covered with a layer of
spongy material, but below this layer was a thin layer of black
earbonaceous material similar to that of cast iron. (See plate
17, fig. 2, plates 18-20, and plate 21, fig. 1.)

Discussion of Results —It will be noticed by comparing the
results given in table 3 that the amount of corrosion is for most
of the specimens greater per ampere hour than the theoretical
amount given by Faraday’s law (1.0448 g. per ampere hour);

*Bes end of paper.
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the cast iron specimens, however, appear to be an exception to
the rule and show a much lower rate of corrosion than would
theoretically be required. This 1s accounted for by the fact that
cast iron, as previously described, becomes covered with an ad-
hering coating which possesses some strength and which, if
foreibly removed by mechanical means, would make the loss to
the plate per ampere hour equal to 1.17 grams as shown in
table 2. The exception is therefore more apparent than real.

A peculiar effect was noticed in the case of the cast iron
anodes, in the liberation of a gas at that point. That this was
not due to the flow of current directly was shown by interrupting
the current, the liberation of gas continuing for some time. In
just what this action consisted I was unable to determine.

The peculiar changes which cast iron undergoes when acting
as the anode are worthy of note. If the current density is not
excessive, the iron may not undergo any material change in ap-
pearance, even though subjected to the action of the current for
a long time. DBut, although the general form and outward ap-
pearance may remain the same, the fact that its structure has
been materially altered may be readily shown by cutting or
scraping it with a knife. It will be found to be softened to a cer-
tain depth, and the material which may be removed by scrap-
ing has the appearance of fine iron filings and graphite. If
allowed to stand for some time and become dry, the coating be-
comes much harder—so hard, in fact, that it is with difficulty
cut by a knife. It must therefore impart a certain amount of
strength to the iron, but this amount is much less than that which
the iron originally possessed.

Such corrosion of cast iron has been frequently observed in
cast iron pipes exposed to the action of electric railway eurrents,
the pipe in many cases retaining its original form, but possess-
ing little strength, as may be readily shown by the use of a ham-
mer and chisel. Cast iron is usually credited with being much
more durable than other forms of iron for under-ground pipes
exposed to the action of leakage current from electric railways.
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This may be due to several different causes, principal among
which are the following:

1. The fact that the cast iron may not change its form and
general appearance even though it has been weakened by elec-
trolysis, might convey the erroneous impression that it is still
intact, while a wrought iron pipe exposed to the same conditions
would quickly reveal its weakness to casual inspection.

2. This graphite-like coating forming on the cast iron may be-
come hard and impart a certain amount of strength to the cor-
roded pipe, while a wrought iron pipe equally corroded is not
similarly favored.

3. It may seem that a cast iron and a wrought iron pipe are
~equally subjected to the corrosive action of the electric current
~ while this is not really the case, due to the formation of this
layer over the cast iron, which must offer some resistence to the
flow of the current, and therefore protect it to a certain degree.
Or, in other words, other conditions being the same, a given po-
tential difference between an iron pipe and railway track will
cause less current to flow if the pipe is of cast iron than if it be of

wrought iron.

The conclusion may be safely drawn from my experiments
that a given amount of current flowing from normal cast iron
and wrought iron will cause an equal amount of corrosion in the
- two.

The changing of iron to a sort of soft graphitic substance is
not a phenomenon alone associated with the flow of electric cur-
rent from an external source, but it may occur without the ex-
ternal application of current by immersing cast iron in sea water
for a long time. There are cases on record where cast iron can-
nons have been raised out of the sea after being submerged for -
many years, this cast iron having undergone the same changes
as have been mnoted of the specimens used in my experiments,
and the evidence appears to show that the changes were caused
by local electric action of the nature that I have already ex-

plained.
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The effect of the presence of mill scale (oxides of irom—
Fe; O, + Fe, O,) on the rapidity of corrosion, is shown by ex-
amining plates 18, fig. 2, and 20, fig. 1, which exhibit the ap-
pearance of specimens of annealed tool steel. The only differ-
ence in the treatment accorded the two was that in one case the
surface had been ground by an emery wheel before the specimen
was subjected to the corroding influence (plate 18, fig. 2) while
in the other the scale formed during the annealing was allowed
to remain (plate 20, fig. 1.) Similar results are shown by two
burned steel specimens (plates 19, fig. 1 and 20, fig. 2) where
similar differences of initial surface conditions existed in the
specimens.

Changing the crystalline structure of steel by hardening, an-
nealing, or burning, causes the amount of corrosion to vary, ac-
cording to the results given in tables 1 and 3. Here we find that
the amount of corrosion, per ampere hour, of the hardened steel
is considerably less than that of annealed or burned steel. The
effect which the crystalline structure has upon the corroded sur-
face is well shown in the plates (plate 17, fig. 2, plates 18-19,
and plate 21, fig. 1.) The pitting of the annealed specimen
(plate 18, fig. 2) is similar to that of sheet iron (plate 16,
fig. 2), which would naturally be expeeted, as the only known
difference between the specimens in the small percentage differ-
ence in carben and other slight impurities. The corrugated sur-
faces of hardened steel (plate 18, fig, 1 and 19, fig. 2) and of
steel burned and then hardened (plates 17, fig. 2, and 21, fig.
1) are here to be noted and an apparent reason for this peculiar
corrosion will be given later.

Corrosion of Iron in Different Solutions.—The ammonium
chloride solution alone had thus far been used and for the reason
that it represents fairly well the salts that are apt to be found in
the ground that may be expected to surround iron structures of
various kinds. However, the question may arise whether the
action of & nitrate, or sulphate or other solution is different from
that of the chloride solution? According to the results of a
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study by Silber and Biefeld* a sulphate of nitrate is not as
active as a chloride. To determine this again, experiments were
performed by taking nine pieces of sheet iron of the same size,
and placing three specimens each in corrosion cells containing
respectively normal selutions of ammonium chloride, ammonium
sulphate and potassium nitrate. The nine eells were connected
in series so that the same current passed through each specimen.
The deerease in weight, as given in table 5, shows that the losses
in the different solutions are practically the same, and that
whether the salts are sulphates, nitrates or chlorides does not
materially affect the amount of corrosion. This would of
course be expected, being in accordance with the requirements
of Faraday’s laws. In the work of Biefeld and Silber, referred
to, the cells were filled with sand moistened with the solutions
of the respective salts. This made diffusion of the salts diffi-
cult, and doubtless the differences between the activity of cor-
rosion of the different salts which they observed may be thus
explained.

An interesting effect i3, however, shown by the variable pit-
ting in the different solutions (plate 22, fiz. 2 and plate 23).
Here we have a round pitting as a result of the action of the
chloride, an elongated pitting from the sulphate solution, and
a more uniform corrosion by the nitrate solution. It may
elearly be concluded from the numerous experiments that I have
examined that the manner in which corrosion affects an iron
surface depends not only upon the chemical and physical struct-
ure of the metal itself, but also upon the nature of the electrolyte.

Ordinary Corrosion of Iron.—In order to draw a comparison
between electrolytic corrosion and ordinary corrosion of iron,
specimens similar to those previously described were immersed
in a large tank containing a normal ammonium chloride solution
and left undisturbed for four months. The results obtained
from this experiment, as given in table VI show that the amount
and charaeter of corrosion depend upon the quality of iron and

* University of Wisconsin, 18M. Cf. The Corrosion of Iran Pipes by the Action of
Electric Railway Currents. D. C. Jackson, Jour. Assa. Eng. Soc., 1884, vol. 13, p. 508,
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to that extent confirms the conclusions derived from electrolytic
corrosion. The time was too short, however, to observe any
very marked pittings; nevertheless, traces of corrosion similar
to electrolytic corrosion could be observed, a slightly corrugated
surface on the hardened steel specimens and a streaky pitting
on the burned steel being noted.

Corrosion of Strained Metal —There is no difficulty in ex-
plaining how the presence of conducting material other than
iron, when placed in contact with normal iron may cause its
corrosion in spots, as heretofore explained, as foreign materials
or impurities are likely to be unequally distributed. It would
be more difficult to apply the same reasons in explaining the
corrosion illustrated by such a case as the specimen which is ex-
hibited in plate 17, fig. 2, for it would be unreasonable to sup-
pose that the impurities are regularly distributed as indicated
by the corrugations.

It is a fact known among the boiler manufacturers that boiler
plates made by drilling the rivet holes are more durable than
those made by punching the holes in the cold plate. In the
latter case it has been found that corrosion sets up in the neigh-
borhood of the rivets, thus weakening the boiler. The same
phenomenon has been observed in ships’ plates.

In Willoughby Smith’s Rise and Exztension of Submarine
Telegraphy,* it is stated in an account of the recovery of the
cable of 1858, that the “core” (the gutta percha insulating ma-
terial) looked as new as when first made, but it was curious to
see that the outer covering of iron wire was intact in places and
looked as though it had just left the factory, while in other places
not far away the wires were broken and corroded to sharp points,
evidently showing that at some time the cable had been under
great strain.

We evidently have in these illustrative cases conditions which
caused corrosion of iron, the cause of which cannot wholly be
ascribed to the presence of some substance other than jron
which is more electronegative. There must be differences in the

* Page 305,
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iron itself, and these differences must be dependent upon the
mechanical strains to which the iron has been subjected.

Andrews’s Expervments —Mr. Thomas Andrews of the Royal
Society has performed a series of interesting experiments in
‘which he has shown that a difference of potential existed between
the strained and unstrained iron. A deseription of his experi-
ments is as follows:¥*

“Pjeces of iron and mild steel of known character were submitted
to tension, torsion, and flexure strains. For tension, a bar was
strained until an elongation was produced of 23 per cent. in three
Inches, and at the point of reduced area, the bar was cut in two.”

‘“The halves were then turned down in the lathe at the shackle or
vise end, where they had been subjected to little or no stress, until
they had an area equal to the end half at the point where contraction
of area had occurred, both pieces being finished exactly alike, and each
piece representing a section of strained and unstrained metal.

“They were then placed at the same depth in a saturated solution
of common salt to approximate the action of sea water on metal, the
immersed ends representing strained and unstrained metal respectively.
;An electrical contact being made between the two pieces of metal,
through the medium of a delicate galvanometer (Thomson’s), the dif-
ference in potential or corrodibility could be observed. It was found
that in each case a sensible current was set up between the two halves
of the specimen; the unstrained portion was in every case found to
be the electropositive element of the pair, corresponding to the zinc .
in a galvanic couple, indicating clearly that the ‘unstrained’ metal was
acted upon more rapidly by the solution and thus more easily cor-
roded than the ‘strained’ metal.”

Relation of Electromotive Force to Stress.—If, according to
the above results, the tendeney to corrode, as indicated by the
electromotive force, is changed by straining the metal, it would
be of interest to know in what manner the difference of potential
varies with the stress. To investigate this matter, I arranged
an apparatus which would simultaneously record the variation
in electromotive force, and the stress placed upon the specimen.
This was accomplished by placing the test piece in a testing
machine, surrounding a portion of it with an electrolyte, as

*Trans. Amer, Soc, Mech. Engineers, 1804, p. 371.
2
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By means of 2 normal electrode and poten-

shown in plate 15.
The normal

tiometer, the electromotive force was measured.
electrode used was of the form deseribed in LeBlanc’s Electro-
chemistry, * consisting of a pure mercury electrode covered with
a layer of mercurous chloride and the electrolyte, which is a
normal solution of potassium chloride. The value of electro-
motive force usually ascribed to this form of normal electrode
is 0.56 volt, and in direction from the electrolyte to the mercury,
i. e., the mercury is at the higher potential and this value was
assumed to be correct and form the basis of the following meas-
urements. It is quite certain that such electrode maintains a
constant value of electromotive force even when roughly used,
and the fact that there is some dispute as to just what value
should be given to this electrode in no wise affects the following
results,

The apparatus which I employed in making the measurements-
of electromotive force consisted of a capillary electrometer and
potentiometer testing set of the form designed by Mr. C. F.
Burgess. The electrometer had a degree of sensitiveness suffi-
cient to respond to a change in electromotive force of about
0.00007 volt.

The electromotive force of iron in an aqueous solution of its.
salt being very nearly zero, my electrochemical chain, which con-
sists of the iron specimen and the normal electrode, gives a
total electromotive force of 0.56 volt. To allow the most sen-
sitive arrangement of the instruments used, it was found desir-
able to oppose this electromotive force by the difference of elec-
tromotive force between a Clark standard cell (1.434 volt) and
a Helmholtz standard cell (1.00 volt). In other words a device
was used to reduce the voltage to be measured from about 0.56
volt to 0.126 volt.

A large amount of preliminary work was necessarily per-
formed before reliable resuits were assured. Various arrange-
ments of apparatus and forms of test pieces were used, and con-
siderable labor and thought was expended upon the trials, but

*Page (18,
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the final arrangement for carrying on this investigation is shown
by diagram (Fig. 1). The test piece T was placed in the test-
ing machine and the desired stress placed upon it. The wooden
cup C, which was thoroughly paraffined, contained the elec-
trolyte (Fe Cly). The difference of potential between the iron
and the solution was then determined by the aid of the normal
electrode N, the two electrolytes being placed in contact through
the tube a. The Clark cell S, and the Helmholtz cell H, were
connected in the circuit so as to oppose the normal electrode by
their difference in voltage. By means of the electrometer, E,
and the potentiometer, P, the total or resultant electromotive
force of the arrangement was measured.

.
) B %l i ‘}

Fig, 1.

Before the adoption of this arrangement a number of devices
were tried (as previously mentioned) but they were found to
introduce errors and give unsatisfactory results. At first, a
bottle with the bottom removed was used in place of the wooden
cup, this being filled with a solution of ammonium chloride to
& height of two inches. It was found that a variation in the
position of the glass tube, a in figure 1, caused a difference in
the reading of the potentiometer, and as the stress in the differ-
ent parts of the test piece varied, local action was set up which
sgain produced an unsteadiness in the readings.
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It was thought that less unsteadiness in the readings would
be introduced by reducing the area of contact of the electrolyte
and the surface of iron, and to reduce the surface of the test
piece in contact with the liquid, a trial was made by wrapping
filter paper in a strip about three-eighths of an inch wide around
the test piece, the filter paper being saturated with NH, Cl so'lu-
tion. Although this method gave improved results it was 1n-
convenient to use, due to the evaporation, and in addition the
contact surface was still too large for accurate readings. The
wooden cup was then tried, and just enough liquid was intro-
duced to allow only a narrow strip of metal to make contact with
the liquid. Although this was found to be a more satisfactory
arrangement, trouble was again caused by the creeping of the
solution up the test piece, causing unsteady readings, the action
of the air being thought to be the disturbing element. This was
obviated by carefully covering the test piece with paraffine and
scraping a narrow ring of paraffine away by placing the test
piece in a lathe and cutting a small distance into the metal so
a3 to bring the break within the distance being measured. There
was thus only a small portion of the entire surface exposed to
the electrolyte, and that portion was entirely immersed in the
electrolyte. The coating of parafline, being somewhat soft and
pliable, was not injured by the elongation of the test piece.
This method finally adopted after many trials gave very uniform
results.

Results of Tension Tests —The results obtained, with various
test pieces of iron, zine, copper, and brass, are given in tables 7
to 25 and are also shown graphically by means of curves which
were obtained by plotting stresses as ordinates and electromotive
forces as abeissas.  Hereafter I will refer to such curves as
stress electromotive force diagrams. (See plates 6-14.)

It is seen that in nearly all the tests either of tension or com-
pression the electromotive force rises with the stress. This
increase in electromotive force is similar to the elongation pro-
duced by the stress. No marked changes of electromotive force
occur until the elastic limit is reached, after which we have a
rapid rise in the electromotive force, showing that the work
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which has been expended upon the picce, and stored up in it, is
made evident by an increase in electromotive force and there-
fore an increased tendency to corrosion.

To compare directly a stress-strain diagram with a stress-
electromotive force diagram, simultaneous readings were taken,
using an automatically recording Riehle testing machine. The
similarity of the two curves is shown by plate 10. In the stress-
strain diagram we have at a certain point a, a sudden drop in
the stress, which is accompanied by a similar drop of electro-
motive force, shown in the stress-electromotive force diagram by
means of dotted lines, and shown better by means of table XVII,
These two irregularities in the curves, occurring simultaneously,
show how closely the electromotive force is dependent upon the
stress. '

It suggested itself that scraping the surface might have intro-
duced serious error, as a surface is thereby produced which has
already been strained. It is true that the electromotive force
of a metal is increased by polishing or burnishing, but this effect
is removed by scratching the surface with sand or emery cloth.*
In the case of my test pieces I have at first what is equivalent
to a burnished surface and the electromotive force is slightly
higher than if perfectly unstrained metal were used. But upon
subjécting the test piece to a strain and an elongation the sur-
face is broken up and this effect removed.

Even assuming that the strained surface did introduce an
error into the readings; from the fact that the electromotive
force increased upon straining the metal, this error would be on
the side to reduce the effect of the added strain, and a correction
for the orror (if any exists) would show more marked results
than those actually obtained.

By taking two pieces of iron from the same sample, one piece
of which had been strained and one unstrained, and immersing
the ends in an electrolyte, a measurement of electromotive force
between these test pieces gave results agreeing very closely with
the increase of electromotive force obtained in the testing
machine.

* Philosophical Magarine, 1888, Vol. 46, p. 82.
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Tests were made with metals other than iron to see if anal-
ogous conditions existed, and for this purpose, rods of copper,
brass, and zinc were used. It was found that the contact electro-
motive force between these metals and the electrolyte was in-
creased by the stress (Tables VII, VIII, IX) X, XII). It will
be noticed that brass does not seem to be affected materially un-
til the breaking point is reached.

As the “strained” metal has a higher electromotive force than
the unstrained metal, the conclusion would be drawn that a
“strained” piece of iron will corrode faster than the unstrained
piece; and this is borne out by experience. Assuming this
statement to be correct, which seems undoubtedly to be the case,
an explanation for many cases of corrosion of iron and steel is
available. 1In the case of the punched rivet holes previously
mentioned (page 244) the metal around the rivet has been sub-
jected to a great stress, which causes it to assume a higher electro-
motive force toward an electrolyte than the surrounding metal
and the rivets themselves. This condition favors the flow of
a galvanic current, eating the strained metal away in the manner
shown in actual practice. In the case of bored rivet holes, no
inequality of electromotive force, and hence no inequality of
corrosion exists.

In the illustration of the corroded eable armor, the corrosion
of the strained places is similarly explainable.

We have here also an explanation of the peculiar corrosion
which is exhibited in plates 17, fig. 2, 18, fig. 1, 19, fig. 2, and
21, fig. 1, all of hardened steel specimens. It is well known
that during the process of hardening steel, stresses are set up
within the metal, which may be sufficient in some cases to cause
the steel to crack, and even fly in pieces.  The stresses thus
set up in the metal, causing certain parts to be more strained
than others, will cause an unequal corrosion, the strained parts
being corroded more rapidly than the unstrained.

Polished Surfaces—1It is a matter of common knowledge that
an iron or steel surface which has been highly polished is far
less liable to corrosion when exposed to the weather than a
surface which has not been similarly treated. Among the ex-
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planations which have been offered for this fact are: that not
so much surface is actually exposed; that a porous surface is
more readily acted upon than a smooth one; that oil is used in
polishing, and therefore affords protection, ete. I wish to add
a further explanation, which seems to me to more fully fit the
requirements.

In polishing a surface the particles of metal on the surface
are subjected to a stress by the grinding or polishing materials,
and the better the polish, the more nearly alike are the indi-
vidual particles as regards their strained condition. A per-
fect polish would therefore mean a uniform state of strain in
each particle and therefore a uniform condition over the
entire surface. There would be no differences of potential and
therefore no chance for galvanic action.

The results obtained in my experiments are diametrically
opposed to those given by Mr. Andrews, and referred to hereto-
fore, he making the statement that strained metal has a lower
electromotive force toward the electrolyte than the unstrained.
Mr. Andrews, in a discussion of his results, states that an in-
erease of electromotive foree ought to be expected and for its
non-occurrence gives the following reasons:*

“The experiments now recorded have afforded the additional infor-
mation, that the corrosion of metals is considerably affected by tbe
stress, varying according to the nature and extent of the strain applied.
It might have been thought metals under stress would be more liable to
increased corrosion than when in their normal state. The present ex-
periments, however, indicate the opposite conclusion. This is when
‘atrained’ is considered separately from ‘unstrained’ metal. When,
however, the strained metal is in galvanic circuit or combination with
the unstrained metal in any solution, an increased total corrosion en-
stes from galvanic action, which research has shown to arise conse-
quent on the difference of potential between the two. The reason why
the mere fact of a metal having become stralned reduces its corrosi-
Dbility, compared with the same metal in its normal unstrained condi-
tion, will be found in the results of a series of experiments undertaken

by the author to investizate the influence of stress on railway axles.
In that research {t was demonstrated that the stress, whether tenslle,

*Transactions of the Institntion of Civil Engineers of England, 1893-94, Vol. 118, p. 363,
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flexional, torsional or any other kind, considerably alters the physical
properties of jron and steel. Stress increases the rigidity of both iron
and steel and renders the metal harder, also greatly reducing its prop-
erties of elongation and ductility. A higher tonnage is required to a
‘strained’ than an ‘unstrained’ portion of the same metal. A tensile
stress applied to a wrought iron shaft, producing an elongation of only
two per cent., increased the tensile resistance of the metal 2.66 per
cent. Other investigators have also noticed a similar alteration in the
properties of the metal referable to stress.

“From thege observations it is manifest that the stress applied to the
metal examined for corrosion, altered thelr structure, rendered them
harder in nature, and hence less liable in the strained condition to be
acted upon by sea water or other waters, than in their ordinary normal
or soft condition.”

From the fact that my results are contrary to those obtained
by Mr. Andrews, who seems to have carried on quite an extensive
investigation upon the subject, I was led to carefully study my
results and the methods used for obtaining them, to see whether
any serious error could have crept in; also to compare my meth-
ods of measurement with his methods of measurement. I am
led to the conclusion that in my work greater precautions were
used to insure against error than in the experiments of Mr.
Andrews, as far as can be judged from the description given
of his measurements. In the preparations of the samples un-
der test, much greater care was used.. The method which I
used for obtaining the values of electromotive force is superior
to his, embracing as it does the advantages of the potentiometer,
or zero, method as opposed to the deflection galvanometer method
for measuring electromotive forces. The requirement of the
galvanometer method is the flow of an electric current, which
causes alteration in the electromotive force due to polarization,
while the potentiometer method depends upon the balanced sys-
tem of electromotive forces.

As a check on the results which I have obtained, I prepared
two specimens of iron in a mapner similar to that used by Mr.
Andrews; but instead of turning down the specimens in a lathe,
I paraffined both pieces of iron, exposing only a small portion
of the strained and unstrained metal. They were then placed
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ag anodes in a solution of ferric chloride, and the exposed sur-
faces cleanced by electrolyzing the iron. By adopting this
method of preparing the specimens, I avoided the error to which
Mr. Andrews subjected himself of having a surface which was
strained by the turning of the pieces in a lathe.

After the pieces were thus cleaned, the polarity was deter-
mined by means of the potentiometer and by the galvanometer,
and both instruments indicated that the strained metal was the
negative pole of a galvanic cell, again showing that strained
metal would be corroded more rapidly than the unstrained.

In order to still further satisfy myself that my conclusions
are not in error I repeated Mr. Andrews’ experiments as nearly
as I could from the description given by him.  Two iron test
pieces of the dimensions given by him were prepared and placed
in a testing machine and subjected to a stress until an elonga-
tion of twenty-three per cent. in three inches was produced.

Immediately upon immersing both pieces simultaneously into
a solution of sodium chloride, the strained metal was found to
be the negative pole of the cell; but after one or two minutes
the cell reversed, the unstrained iron becoming the negative pole
of the cell, and this condition appeared to be stable. It was
found, however, that upon shaking the cell, or by taking out one
piece of iron and then replacing it, almost any result could be
obtained. It appeared to me that this was due to a local action
near the surface of the solution, and the top ends of the two
specimens were then paraffined, thus preventing any creeping
of the solution. This change appeared to reduce the unsteadi-
ness to a considerable extent.

After allowing the test pieces to remain in solution for five
hours, a measurement showed that the cell had again reversed
and that the strained metal was again the negative pole. Upon
again standing over night and then measuring the electromotive
foree it was found that the strained metal was still the negative
pole, though the amount of the electromotive force had decreased
slightly. Upon stirring the solution so as to remove the rust
from the specimens, the electromotive force was increased three-

fold.
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Such measurements readily show that almost any results may
be obtained unless suitable precautions are taken. From the
measurements it may be seen how results diametrically opposed
to those I have previously described may be obtained by making
measurements shortly after immersion and before stable condi-
tions are reached.

Lord Kelvin in his experiments on Contact Electricity* found
that by burnishing the metal the electromotive force increases,
which would seem to confirm my results, as in this case the
metal is strained, though, of course, only on the surface; and
my results are further confirmed by the cases of corrosion to
which I have referred and which may thus be readily explained.

It is well known that upon stretching or compressing a piece
of metal in a testing machine beyond the elastic limit the tem-
perature is increased, due to work which is done upon the metal.
As a result, the question would naturally arise, is it not possi-
ble that the increase of electromotive force which has been ob-
served is due to this increase of temperature, rather than to the
strain of the metal directly? To determine whether this was
actually the case the following experiments were carefully per-
formed: An iron test piece about ten inches long was prepared
as in the other experiments and placed in the apparatus as
shown in the view of testing apparatus (plate 15), and the
electromotive force carefully noted. The upper end was heated
by a Bunsen flame, and, by conduction, the iron in the electro-
Iyte was raised to a temperature much higher than would be
produced in the testing machine. =~ Measurements of potential
showed that there was very little, if any, increase of electro-
motive force due to heating alone, there being sometimes a very
slight negative and then a slight positive change; but in no
case sufficient to account for the change in electromotive force
observed when the metal was subjected to strain beyond the
elastic limit, thus showing that the heating of the test piece had
introduced no appreciable error.

* Phil. Mag., 1898,
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CONCLUSIONS.

A bricf summary of the conclusions which may be drawn from
the work embodied in this thesis should include the following
points, some of which seem to be shown here for the first time,
while some have previously been pointed out by others:

1. Nearly all, if not all cases of ordinary corrosion of iron
and steel depend upon its physical and chemical properties.
galvanic action due to differences in potential between different
parts of the metal.

2. Electrolytie corrosion produced by the flow of current of
moderate density from an external source produeed results upon
the metal which are similar to those produced by corrosion un-
der ordinary conditions, thus affording a rapid method of study-
ing the subject.

3. The character and rapidity of ordinary corrosion in iron
and steel depends upon its physical and chemieal properties.

4. Electrolytic corrosion of iron and steel where moderate
current densities are employed does not give exactly the values
which are called for by the application of Faraday’s laws, and

- the divergence from these values depends upon the physical and
chemical structure of the metals, and the impurities present.

5. The character of the corroded surface depends upon the
physical and chemical properties of the metal, and also upon
the electrolyte.

6. The application of stress to metals causes an increase in
chemical activity, this increase being especially marked after
the elastic limit has been reached.

7. Tt is possible to get a curve showing the relation of electro-
motive force to strain which is similar to that of stress to strain.

8. There is a definite relation between the electrical potential
of iron toward an electrolyte and the amount of energy stored
up in the metal through the application of stress.

9. Some peculiar cases of corrosion are explained through the
application of these propositions for which no good explanations

have hitherto been offered.
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Evidences of Stored Energy.—A study of results such as have
been shown in this work might have some important bearing
upon electrochemical theories, but it has not been my purpose
to deal especially with this side of the subject.

I do not attempt to explain just why a strain in a piece of
iron will produce a change in its electrical pressure toward an
electrolyte. That it does so seems to be demonstrated beyond
question by the experiments,

The expression which Dr. Walter Nernst gives to show the
value of electromotive force set up by a metal in an electrolyte is,

E=clog—l%

where ¢ is a constant, p is the so-called “solution tension” of
the metal, and p’ is the osmotic pressure of the ion of that
metal in the electrolyte.  This formula does not take into ac-
count the fact that a certain metal may exert a different elec-
tromotive force when strained and when unstrained, and as-
suming this formula to hold, we must assume that the solution
tension of the metal, p, must depend upon various conditions,
and cannot be a constant for a given metal as is usually assumed
to be the case.

Looking at the question from the thermo-chemical side, it is
quite evident that the thermal effect of dissolving in an acid
a steel spring which has been coiled up, must be different from
what it would be if the uncoiled spring had been dissolved ; else
what would become of the energy stored up in the spring ¢

In straining a piece of iron, a certain amount of work must
be expended upon it. It is true that a portion of this work is
expended in heating the sample, but it must be only a small
fraction of it, as shown by the fact that there is a very slight
rise in temperature, and the remainder must thus be consumed
in producing some other result. This stored up energy mani-
fests itself in an increase of electromotive foree, which in turn
leads to the conclusion that the heat given off in dissolving a
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strained metal in an acid would be greater than it would were
the same amount of unstrained metal dissolved,

In applying a tension to a metal, thereby causing an elonga-
tion of a certain amount, a certain amount of energy is ex-
pended upon the metal, namely:

TL
W — T ft. lbs.

where T is the temsion in pounds and L is the elongation in
‘inches.

This energy is stored up in the metal, some of it manifesting
itself in the form of heat. That only a small fraction of the
energy is thus expended within the elastic limit, is shown by
the fact that if the elastic limit has not been exceeded, the energy
can be restored as mechanical energy. If the elastic limit has
been exceeded, and if all the work done upon the body were
transformed into heat, a rise in temperature would be observed
which is beyond that actually obtainable. It must consequently
be assumed that the energy is stored up in the metal itself, and
this appears to be done in such a way that it becomes manifest
when the body is submitted to chemical action, as has been shown
quantitatively in the foregoing work by measurement of electro-
motive force.

Assuming that all the work done upon a body is stored up in
this way, we should be able to calculate the amount of increase
in electromotive force caused by performing a certain amount
of work upon a given metal.

Lot W ==no. of calories expended upon the metal.
w==welght in grams of metal acted upon.
C = electro-chemical equivalent of the metal.,
E =Iincrease in electromotive force.

Then:

E = WX X %500

Multiplying the total number of calories expended by the term
C/w gives the number of calories associated with one electro-
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chemical or gram equivalent of the metal.  Multiplying this
number of calories by 4.154 (the number of watt seconds in one
calorie) gives the total number of watt seconds imparted to, and
stored up in a gram equivalent of the body. It is known from
Faraday’s laws that 96,540 coulombs or ampereseconds of
electricity is asociated with one gram equivalent; and therefore
dividing the total number of watt seconds stored up by the num-
ber of ampere-seconds associated with the material, the electro-
motive force will be given.

Table XVII gives the results obtained from a bar of wrought
iron 10” long and of a diameter of 0.635” except at the middle
of the bar where it had been turned down to .6” for a length of
1/8”, at which point the measurements of electromotive force
were taken. The total elongation of the piece was measured.
The measurements were not made originally with the view of
applying the above formula, and therefore contain insufficiently

accurate data. Lack of time prevented a repetition of the ex-

periments,
The metal at the point of smallest diameter received, of course,

a greater expenditure of work than an equal amount of metal
in other parts of the bar, and to find roughly the approximate
relation between these amounts, the following experiment was
performed: Four test bars were prepared exactly like the
original ones, and subjected to the same stress. Prick punch
marks had been made before the tests at distances of one inch
along the bars, and a measurement between these marks after
the application of stress gave the percentage of elongation.
Similar measurements made upon the section of reduced diam-
eter showed the percentage of elongation at that point. Now,
by assuming that the work stored up in the metal is proportional
to the elongation, which is only roughly the case, we have a
means of getting at the amount of energy stored up in that part
of the bar upon which measurements of electromotive force were
made. From a number of measurements it was found that the
Ppercentage elongation at section of reduced area was 50%, and

at other parts of the bar, 114,



HAMBUECHEN—CORROSION OF IRON. 259

Letting n equal the number of calories stored up in a length
of " of the bar where the diameter is largest, {# n = 4.55
n = the number of calories stored up in the section of reduced
cross section. 8 X 9dn + 4.55n = 83.55n == the total amount of
energy stored up in the bar. This amount of energy may be
derived from a measurement of the area inclosed by the upper
curve on plate 19. At that point where the elongation had
been 2.5”, the amount of work done, as shown by measurement
of area is 2,643 foot pounds, or 861.6 calories. The number
of calories applied to the 3” of reduced area is

4.55
855 X 861.6 = 46.9 calories.

Now, assuming that all this energy had been stored up in
such a way as to show itself in an increase of electromotive force,
‘we can calculate what this increase of electromotive force should
be, by substitution in the formula:

. elec. chem. equiv, 4.154
E = Calories stored up X grams _affected pd 06540

The number of gram calories affected by the 46.9 calories
is constituted by the cylinder of iron .6” in diameter and 3"
long, whose volume is 0.0353 cubic inches.  The weight of a
cubic inch of wrought iron is about 0.28 pounds, and of 0.0353
cubic inches is .009884 pounds, or 4.483 grams, hence

27.95  4.164
E=469X 1353 X 96540 = 0.0726 volt.

The increase of electromotive force actually observed was
more than double this amount, the discrepancy being due in
all probability to the rough approximation which it was neces-
gary to assume. One of the assumptions which it was necessary
to make is that the stress equally affected the entire cross-section,

' which is by no means the case, for it is the outside layer which
is affected the most, and would therefore give higher values for
electromotive force than the calculated amounts. It is quite

“reasonable to expect, however, that more accurate observations
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would Iead to a much closer agreement between the theoretical
and observed amounts than here shown, and such work should
offer a good field for future investigation.

The scientific and industrial value of my conclusions is some-
thing that I cannot estimate, but some suggestion of the im-
portance of the questions involved has been made in the intro-
duction to this thesis, and the following additional suggestions
may properly be made here:

(2) From the conclusions numbered 1, 2, 8, 4, and 5, the
deduction is evident that the protection of commercial iron and
steel structures from decay requires their removal from elec-
trolytic influences.  The most complete means for doing this
can only be determined after extended investigations that are
beyond the scope of this thesis. Suffice it to say that the evi-
dence clearly shows that ample care is not now provided for
obtaining a satisfactorily uniform and homogeneous produect in
specifications for structural iron and steel.

(b) The sixth conclusion (which I can confidently say my
experiments fully substantiate, though it is in conflict with the
results of the experiments of Andrews which have heretofore
been accepted as reliable) has an immediate valuable bearing
upon various branches of scientific investigation. Thus, Prof.
C. R. Van Hise lately said that he required a demonstration
of an increase of chemical activity of a substance under pressure
to fully substantiate his theories in regard to the transformation
of rocks. The demonstration, as regards iron at ordinary tem-
peratures is herein made.

(¢) In the seventh and eighth conclusions are contained facts
of value in substantiating the theories of electrochemical activ-
ity, and of the transformation of mechanical into electrical en-
ergy. Much valuable scientific information may apparently be
obtained by an extended development of the quantitative method
here set forth, using specimens of various metals. It is possi-
ble that through such additional investigations some light may
be shed on the individual character of, or the character of the
grouping of, molecules of different materials. »
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TABLES SHOWING THE CORROSION OF METALS UNDER
DIFFERENT CONDITIONS,

TabLE 1.

Matorial (surface polished.) Do | Vigeke Lossin | [olebs

exposure. | expostre, ight amp. hr,

Grams. Grams, Grams, Gramas,
Steel burned, not hardened................ 107.8 g8 15.8 1.184
Steel burned, not hardened................ 120.5 104.9 15.6 1147
Steel burned, not hardened................ 117.3 101.7 15.8 1.147
Annealed steel..........oiivaviiieeiaa ot 118.9 103.2 15.7 1.155
Annealed steel... ceenes 119.4 103.4 18.0 1175
Aunealed steel.... .- 121.4 105.4 16.0 1.17%
Steel hardened. .....covvieieiiiiiinrannnnn. 123.1 108 .4 14.7 1.082
Steel hardened..........icuriiiiiiiiineiins 123.3 108.8 4.5 1,067
Steel hardened..........ccoviviinnnns e 121.7 107.0 14.7 1,082

Ampere hours. = 14.8. Time = 23% hrs. Surface 10 sq. in.
TasLE II.
. _ Area Weight Weight Loss in Loss in
Material {surface polished.) | in square fore after weight. weight per
inches. | exposure. | exposure. amp, br.
Grams. Grams. Grams. Grams.
Bteel burned and hardened. .. 10.72 122.71 109.80 12.91 1.15
8teel burned and hardened. .. 10.39 119.64 108.80 12.84 1.148
Sheet iron.........conns .n 10.44 74.57 61.50 18.07 1,167
Sheet iron..........crvevenenns 10.31 77.00 64.00 13.00 1.16

Bheet iron,.........oeeveennnn. 10.37 i8.24 64.50 13.74 1.225
Castiron... ....ovvenevennnn. 9.98 208.74 284.6 12.14 1.058
Cast ir0D., ..ueiueriinieaeanns 10.16 364,58 288.5 13.08 1.170
Castliron...........oveenenn. 10.09 301.20 2%9.68 11.6 1.040

Ampere hours = 11.2. Time = 241 hrs.

3
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Tasre III.
Area Weight Weight : Weight
Material. in square | before after &gﬁ;h‘g lost per
inche exposure. | exposure. * | amp. hr.
Grams. Grams. Grams, Grams.
Sheet iron (scale partly re-
moved).....coiitieecienenents 9.95 77.48 63.07 14.38 1.08
Bheet iron (scale partly re-
moved).......... Y 10.38 79.87 75.87 14.50 1.09
Bheet iron (scale partly re-
MOVOA) ...ttt ceeeaninrrenns 10.46 79.54 75.01 14.53 1.002.
Cast iron (scale partly re-
moved) ....oeiihiiiniiinnn 10,55 344.64 834.55 10.09 0.7588
Cast iron (scala partly re-
MOVed) +vvvrveie viieanannas 10.66 343.19 8382.90 10.28 0.775
Cast iron (scale part.ly re-
-moved) ........ . 10.67 337.56 327.95 9.61 0.722
Steel (burned not hardened
with scale).. . 10.59 121.32 105,80 15.52 1.18
Steel (burned not hardened,
with scale)............co.e.n 10.01 121.96 106.45 15.51 1.155
Steel (aunnealed, with scale).. 10.68 125.22 109.85 15.87 1.149
Stoeel (annealed, with scale),. 10.52 124.58 109.30 15 28 1.15
Steel (annealed, with scale).. 10.59 122.87 107.53 13.84 1.05
Steel (hardened, with scale).. 10.711 124.57 100.60 13.97 1.057
8teel (hardened, with scale).. 10.89 122.01 107,98 14.08 1.085
Steel (hardened, with scale).. 10.3¢4 123.17 109.00 417 1,048

Ampere hours == 13.3, Time = 19.5 hrs,
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TaBLE IV,
Material. ‘::1‘?11!1: vg:fig;let Wagég?t Loss in
inches. |expoaure. | exposure. | Weight.
Gramas, Gramas, Grams,
Steel (burned and hardened, with scale). 10.51 120.81 67.90 52.91
Steel (burned and hardened, with scale). 10, 80 124.82 70.85 53.47
Shest iron (scale on) . 10.08 78.65 40.55 3.1
Sheet iron (scale on)..........cecvvvvnnnn. 10.20 77.99 39.77 32.22
Sheet iron (scale on)...........cvv0vivnnn. 10.80 8.44 40.00 38.04
TaBLE V,
Material. Solution. vbveef‘ogrl;t “;e{lt%l:'t &;’f‘:’}a
exposure, | exposure.
Grams, Grams, Grams,
Mild steel.....c.ocvvenvnennns rereraean KNO;3 34.15 29.66 4.49
Mild steel.....ccoccveiennnnniinnrennns KNO3 33 05 28,50 4.85
Mild steel......covvuenniieeiiiniinennn KNOyg 84.16 29.67 4.49
Mild steel..... ...... G eesaerarieieaas (NH,y)s 804 88.70 29.80 4.40
Mild steel........ceoreeeneerienncennre..! (NHgls 80¢ 83.50 28.83 4.67
Mild 8te6l.....c.cuvvreevvnnrrarcnrenes.| (NH)2 80¢ 33.98 20.95 4.00
Mild steel.. verrresserarrerserravee NH/C1 84.17 29.33 4%
Mild steel..... . NH, C] 83.63 29.02 4.6L
Mild steel......... e veesienaee NH,Cl 53.58 28.98 488
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TaeLE VI
Material, inSquare | baiers | ‘eiter. | Lossin | CSE
ioches. | exposure. | sxposure. ght. 8q. in.
Grams, Grams, Grams. Grams.
Bheet iron (surface polished). 10.33 75.15 74.40 0.75 0.072
Sheet iron (surface polished). 10.35 71.71 77.03 0.88 0.085
Sheet iron (surface polished). 10.83 79.680 78.93 0.87 0.083
Bt o), Soe partly v | 1040 82.96 81.37 1.59 0.153
Shn:g:e{it)o'.!. (scale pattlyro- . 10.40 84.17 82.55 1.62 0.155
smtegf?. (scnle partlyre- . 10.10 79.83 78.62 1.21 0.119
8heet iron (with seale)........ 10.48 79.18 77.53 1.85 1.5877
Sheet iron (with scale)........ 10.41 80.15 78.50 1.65 1.5681
Sheet iron (with scale)........ 10.80 7%.11 77.02 2.09 1.938
Cast iron (with scale),........ 14.63 374.52 372,75 1.73 0.1217
Cast iron (with scale)......... 14.19 879.70 878.00 1.59 0.1131
Cast iron (with scale)......... 14.13 376.87 875.05 1.67 0.1173
Castrgy (ocalo partly v | 10 36.08 | 94425 1.7 0.121
Cast oirgy (scale partly re .06 | 337.64 | 836.95 1.5 0.113
Cast iron (scale part.ly re-
moved) ....iiieieinanieaninen 14.23 345.67 344.00 1.67 0.117
8teel burned not hardened
{with secale)................. 10.07 i21.88 117.28 4.10 0.4075
Steel burned not hardened
(with ascale)....... . 10 47 126.57 123.27 3.9 0.8150
Cast iron (surface polished).. 13 84 30£.35 303.56 0.99 0.072
Cast iron (surface polished).. 13.62 804.17 902 .48 119 0.087
Cast iron (surface polished}.. 13.52 258.50 257.43 1.07 0.0719
A omvaaytoct (seale partly a5 | sum | sz 1.13 0.104
Annealed steel (scale partly
removed) ....ceeriiainnnn i 3048 122 8¢ 121.75 1.14 0.109
Annealed steel (scale partly
removed) .....ocoiieiiiiiaann 10.48 121.53 120.58 0.97 0.093
Annealed steel (with scale)... 10.41 122.83 121.03 1.83 0.178
Annealed steel (with scale)... 10.28 121.72 119.66 2.06 0.200
Annealed steel (with scale). .. 10.32 123.20 121.09 2.1 0.202
Annealed steel (surface pol.) 10.47 121.80 121.10 0.70 0.0668
Annealed steel (surface pol.) 10.48 119.94 119.19 0.75 0.0717
Annealed steel (surface pol.) 10.18 117.95 117.20 .7 0.0738
Hardened steel (with scale).. 10.63 126.30 125.29 1.01 0.0950
Hardened steel (with scale).. 10,48 123.05 122.09 0.98 0.921
Hardened steel (with scale).. 10.65 125.80 124.68 1.2 1.1145
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COPPER (TENSION).

TasLe VII, TasrE VIII,
P. p. P. R. E M. F. P. p. P. R. E.MF,
0 0 .0080 — 5858 0 4] 0093 -— 56T
200 4,000 L0091 — 5861 200 4,000 L0093 —.B878
400 8,000 0081 —.5861 400 8,000 .0087 -, 5878
600 12,000 0083 - . 5867 600 12,000 .0097 —.5878
800 16,000 .0051 -, 5861 800 18,000 0097 —.5878
1,000 20,000 .0081 —.5861 1,000 20,000 0097 —.5878
1,200 24,000 0090 — 5458 1,200 2¢,000 0095 —.5813
1,400 28,000 .0088 —.5853 1,400 28,000 .0083 —. 5867
1,600 32,000 .0082 —.583% 1,600 32,000 .0091 —.5861
1,800 38, 000 .0081 —.5833 1,800 36,000 L0081 —. 5861
2,000 40,000 0080 —.5829 2,000 40,000 .0091 —.5861
Break. {..........| .008% |.............. 2,100 42,000 .0090 —.5858
Break. |[.......... . 0080 —. 5858

ABBREVIATIONS USED.

P. = Load.
p. = Pounds per square inch.
P, R. = Potentiometer reading.



266 BULLETIN OF THE UNIVERSITY OF WISCONSIN.
BRASS (TENSION).
TasrLe IX. TasrLe X.
P. P P.R | E.M.F P. p- P.R. | EM.F.
0 ¢ 0094 —.5870 0 0 .0080 —. 5858
500 2,500 .0095 —.5873 1,000 5,000 0000 | —.3858
1,000 5,000 0093 —.5873 3,000 | 15,000 0090 | —.3858
1,500 7,500 .0095 — 5873 5,000 | 25,000 0000 | —.5858
2,000 10,000 0093 —.5873 7,000 | 25,000 0000 | —.5858
8,000 15,000 .0093 — 5867 10,000 | 50,000 0000 | ~—.5838
8,500 17,500 .0093 — 5887 11,000 | 55,000 0000 | 5858
4,000 20,000 .0083 —.5867 Break. |.. ......- 007 | —.5818
5,000 25,000 .0083 — 5887
6,000 30,000 .0093 — 3867
7,000 85,000 .0083 —.5867
8,500 42,500 0093 ~ 5867
9,000 | 45,000 0093 — 5867
10,000 50,000 0093 ~.5567
11,000 55,000 .0090 —.5858
Break, |.......... 0085 —.B844
MACHINE STEEL (TENSION). ZINC (TENSION).
TasrE XI. Tasre XII.
P. P R.| ELMF. P. P P.R. | EM.F
0 0 L0478 +.011 [} 0 0280 | -+.5204
500 25 L0480 +.0118 50 | 10,000 L0288 | +.5218
200 1,460 .0480 +.0118 80 | 16,000 0283 | +.5218
2,500 18,200 0480 +.0118 100 | 20,000 0287 | +.522%
4,000 29,000 0475 +.0103 150 | 30,000 020 | +.5232
5,000 28,600 0471 +.0000 200 | 40,000 023 | +.5u42
6,000 43,800 L0540 -+.0200 900 | 80,000 | 090 | +.5284
6,500 47,500 L0540 +.0298 30 | 70,000 | .0302 | +.5268
7,000 51,000 0350 + 0319 a0 | 72,000 0308 | +.5270
7,500 54, 700 L0580 +.0348
8,000 58,500 L0570 +.0378
8,500 62,000 0590 +.0430
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WROUGHT IRON (TENSION).

TasLe XIII. TasLe XIV,
P. p. P. R. E.M. F. P, p. P. R. | EM.F
(] 0 L0400 —.0113 0 ] .0400 —.0113
2,000 8,000 .0400 —.0113 2,000 8,000 .0400 —.0113
4,000 18,000 .0410 -—.0084 4,000 16, 000 L0410 —.0084
8,000 24,000 .0410 —.0084 6,000 24,000 .0410 —.0084
8,000 82,000 0410 —.0084 8,000 32,000 L0410 —.0084
10,000 40,000 0450 -+.0030 10,000 | 40,000 .0410 —.0084
11,000 44,000 L0470 +.0088 11,000 | 44,000 L0430 — 0026
11,500 18,000 L0480 +.0116 12,000 | 48,000 0450 +.0030
12,000 48,000 0490 +.0144 12,500 | 50,000 L0473 +.0098
12,500 50, 000 .0501 +4-.0175 12,750 51,000 0478 +.0113
13,000 52,000 .0338 +.0278 13,000 52,000 L0480 +4-.0118
Break. [.......... L0490 +.0144 13, 250 43,000 0490 +-.0144
13,500 ; 34,000 .0490 +-.0144
13,750 55,000 .0500 +.0172
14,000 | 56,000 .0510 +.0194
Break. |.......... 0495 +-.0158
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WROUGHT IRON (TENSION).
TasLe XV. TasLe XVI,

P. p. P.R. { E.M.F. P. P P.R. | E.M.F.
0 0 L0342 —.0218 0 0 0242 | ~.0565
2,000 4,000 .0344 —.0275 1,000 6,000 .0242 —.0564
4,000 16,000 0349 -—.0273 1,500 9,000 0242 | —.0563
6,000 24,000 L0350 —.0272 2,000 | 12,000 0242 | —.0563
8,000 32,000 .0350 —.0272 2,500 | 15000 .0243 | —.0561
10,000 40,000 .0351 —.0271 3,000 | 18,000 L0244 —.0559
11,000 44,000 0404 —.0110 3,500 | 21,000 L0244 ~.0659
11,750 47,000 0430 -—.0027 4,000 | 24,000 L0244 —.0559
12,250 49.000 0432 —.0025 4,500 | 27,000 0245 | —.0557
12,500 50, 000 L0447 -+ .0020 5,000 | 80,000 0245 | ~.0357
12,750 51,000 0460 -+.0059 5500 | 83,000 045 | —.0556
13,000 52, 000 0461 +.0062 6,000 | 86,000 0245 | —.0555
18,250 53,000 0479 +.0113 6,500 | 89,000 0242 ~.0545
18,500 54,000 .0505 +.0187 6,680 | 40,080 .0249 - 0544
Break., [.......... .0400 +.0113 7,360 | 44,160 0250 | ~.0542
7,400 | 44,400 L0250 | —.0542
8,000 | 48,000 .0251 —.0540
8,000 | 48,000 0256 | —.0525

Break., |..ocociooi]iieriineilirnienranen
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WROUGHT IRON (TENSION).
TasLE XVIII.

TasLe XVIL
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P. p- P. R. E M. F, [P, P. P.D. | EEM.F.
0 0 0363 - .0220 0 L4 0335 —.0302

500 1,560 .0375 —.0183 300 920 0838 -—.0289
2,300 7,050 L0882 —.0164 800 2,400 .0343 -—.0275
4,100 12,600 .038% —.0154 1, 900 5,800 L0843 —.0275
7,000 21,500 .0383 —.0160 3,100 9,300 .0343 —.0275
9,400 29, 800 0382 —.0164 4,700 14,700 0344 ~—.0273
10,600 32,600 .0383 —.0156 6,200 19,000 L0844 ~.0273
11,800 36, 200 . 0388 —.0148 8,000 24,800 .0346 ~.0288
12,300 37,800 0408 —.0089 10,000 30,700 0348 —.0268
18,800 40, 800 0425 ~.0040 10,700 32,800 0845 ~—.0270
14,000 43,000 .0433 —.0018 11,600 35,600 0360 —.0228
18, 600 41,800 0481 - 0022 11,900 36, 300 0380 —.0228
13, 300 40, 800 0420 —. 0043 12,500 39,400 0388 —.0204
15,000 46,000 0440 +.0002 13,900 44,200 0375 —.0183
15, 500 47,800 0480 +.0118 15,000 48,000 0388 —.0152
15,900 48,900 0490 +.0144 15,400 47,300 03988 —.0118
16, 000 49,200 .0560 +.0348 1%, 600 48,000 L0413 —.007%
Break. |....... R PO B 15,000 48,000 .0540 -+.0029

Break.
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TOOL STEEL (TENSION). CAST IRON (TENSION).
TasLE XIX, TasLE XX.
P, p. P.R. E. M, F. P, p. P. R. E. M F,
0 e 0224 - . 0817 0 0 0238 -—. 03580
3,000 17,900 .0225 -, 0815 500 1,600 0238 —.0577
6,000 35,800 0228 -—.0812 1,000 8,300 0238 —.0377
8, 000 47,500 0228 —.0810 1,500 5,000 .0238 -.0577
9,000 53,500 .0268 —.06u8 2,000 8,600 0238 -—.059%
11,000 63, 500 .0283 -—.0804 3,000 10, 000 .0239 - 0872
13,000 77,500 .0283 —.0804 8,500 11,600 0%39 — 0372
15,000 89, 500 0229 -.0803 4,000 13, 300 0240 —. 0578
18,300 110, 000 0228 —.0808 4,500 15, 000 0240 —.0571
18,000 113,000 .0229 —,0801 8,000 18,700 L0241 —.0588
20,000 119,000 0229 —.06800 5,500 18, 300 L0217 - .0568
21,000 125, 000 0230 —.0599 6,000 20,000 0242 -, 0559
Break, |.................... PN 8,300 21,600 0248 —.0358
7,000 23,800 0248 —. 0543
Break, |[........cfvveviieeii]iianiiannnnn
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TasLe XX TasLe XXII.
P. P. P.R. | EEM.F. p P P.R, | EEM.P
¢ 0 .0232 —.0592 0 0 L0230 —. 0600
1,000 3,300 ,0285 —.0385 500 1,670 0233 ~—.0599
1,500 5,000 0235 —. 0585 1,000 2,300 0232 —.0398
2,000 6,600 .0228 —.0583 1,500 5,000 L0234 —.0588
2,500 8, 300 .0236 -.0381 2,000 8,600 .0235 -—.0585
8,000 | 10,000 | .0237 —.0580 2,500 8,300 L0236 —.0583
3,500 11,700 0237 —.0579 3,000 16,000 .0238 —.0583
4,000 18, 300 0237 —.0579 3,500 11,760 0237 —.0580
4,300 15,000 .0238 —.0577 4,000 13,300 0237 -, 0380
5,000 | 16,700 .0238 — 0578 4,500 15,000 L0238 —.0577
35,300 18, 700 0239 —.0575 5,000 18,700 L0238 -.0577
8,000 20, 000 0239 —.0573 5,300 18,700 .0238 -, 0576
§,500 21,800 0210 —.0571 8,000 20,000 0239 —. 0674
7,000 24,300 .0240 -~.0371 6,500 21,800 029 —.0574
7,50 23,000 .0240 ~.0570 7,000 24,300 2039 -, 0578
Break. e Break. [..ccoooi]iiiiniifiiiiiiiinee,
TOOL STEEL (COMPRESSION).
TasLe XXIII.
P, » P. R, E. M. P P. D. P R. E.M.F.
0 0 0115 —.0830 22,000 62,100 L0138 —.0%62
1,000 2,700 0118 —,0929 24,000 84,700 0140 — 0887
2,000 5,400 0120 —. 0913 26,000 70,900 0148 ~—.0838
3,000 8, 100 0121 —.0918 28,000 75, 600 0130 —-.08%0
4,000 | 10,800 .0123 —.0307 30,000 81,000 .0156 -, 0811
8,000 18, 200 0128 — . 0898 42,000 886, 500 0160 — . 0802
8,000 21,600 .0126 —.0898 84,000 91,700 0143 — 0718
10,000 27,000 0129 —.0880 48, 000 66, 000 0167 —.07719
12,000 | 82,400 .01%0 —.(887 38,000 | 102,800 .08 -0
14,00) 87,800 .0131 —.0888 40, 000 108, 000 0178 —.0758
16,000 | 43,200 .0131 —.0883 42,000 | 113,800 .01%0 —. 0144
18,00 48, €00 0134 - 0876 44,000 119,000 0182 —.0787
20,000 | 54,000 | 0197 —.0866




272 BULLETIN OF THE UNIVERBITY OF WISCONSIN,
CAST IRON (COMPRESSION.)

TasLE XXIV, TasLe XXV,
P. D P.R. | E.M.F. P. P P.R. | EEM.F.
0 0 .0370 —.0199 0 0 030 |~ 0841
2,000 8,500 0383 —.0148 2,000 6,500 0320 | —.0341
4,000 13,800 L0380 —.0170 4,000 | 13,800 0320 | —.0341
6,000 20,000 0387 —.0150 7,000 | 23,300 .0320 | —.0841
8,000 26,600 .0389 —.0147 10,000 | 33,300 L0320 | —.0341
10,000 33,300 .0389 —.0148 12,000 | 40,000 0820 | —.034¢
12,000 40,000 0397 —.0115 14,000 | 46,700 .0321 —.0338
14,000 46,700 L0400 —.0113 16,000 | 53,300 .0321 | —.0338
16,000 53,300 0417 —.0062 18,000 | 60,000 0321 | —.0338
18,000 60,000 L0417 —.0062 20,000 | 65,500 0325 | —.0826
20,000 65,500 0427 —.0032 22,000 | 73,300 .0330 | —.0313
24,000 80,000 L0430 —.0027 24,000 | 80,000 0330 | —.0313
26, 000 86,500 L0440 +4.0002 26,000 | 86,500 0340 | —.028¢
28,000 93,200 L0460 +.0060 28,000 | 83,200 .0345 | —.0270
20,000 | 100,000 L0470 -+.0088 30,000 | 100,000 0350 | —.0257
31,000 | 103,000 8530 +.0260 32,000 | 106,500 .0360 | —.0328
33,000 | 110,000 0377 | —.0179
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MACHINE STEEL WROUGHT IRON
(COMPRESSION). : (TENSION).
TasLE XXVI, TasLE XXVII,

p. P P.R | EEMPF. P. p. P.R. | EEM.F,
0, 0 0440 +.0002 [\ 0 .0221 —.0808
1,000 4,000 L0437 — . 0304 1,000 4,000 0229 —.0603
2,000 8,000 L0425 —.0048 2,500 14,000 0228 —.0605
3,000 12,000 L0390 —.0148 4,000 22,200 0223 —.0504
4,000 | 16,000 L0101 -.0110 5,000 21, 800 0228 —.0604
5,000 | 20,000 .0408 —.0088 5,500 30,600 L0229 ~—.0603
8,000 | 24,000 .0393 —.0128 8,000 33,300 .0293 —.0602
7,000 | 28,000 L0408 —.0102 8,500 36,000 L0229 —. 0601
8,000 | 32,000 .Cas8 —.on8 7,000 9,000 0230 § —.0588
8,000 | 386,000 .0395 —.0128 7,100 30,500 .0230 —. 0508
11,000 | 44,000 L0310 —.0082 7,200 40,000 L0250 — 0597
12,000 | 48,000 0423 —. 0045 7,400 41,200 .0231 —.0395
14,000 | 58,000 L0425 -~ .0040 7,500 41,700 .0231 —.0398
15,000 | 60,000 0430 —.0025 7,740 43,000 .0233 —.059
16,000 | 64.000 0430 —. 0028 7,800 43,300 .0231 —0595
17,000 | 68,000 L0438 ~—.0000 8,000 44,500 .oz —.0506
18,000 | 172,000 0445 +.0018 8,340 46,400 .0231 —.0596
19,000 | 176,000 L0854 +4.0012 5,600 47,800 .0231 — 0395
20,000 | 80,000 .0460 +.0060 9,000 50, 000 288 —.0571
Break, |.......... PP PPRUT PO
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TESTING APPARATUS EMPLOYED.
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1. SHEET IRON (POLISHED).

Magnified 2} diameters.

2. SHEET IRON.

Magnified 2}% diameters,
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1. SHEET IRON (WITH SCALE).
Magnified 24 diameters.

2. BURNED AND HARDENED STEEL.
Magnified 2/ diameters.
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1. HARDENED STEEL (POLISHED).
Magnified 2}4 diameters.

2. ANNEALED STEEL (POLISHED).
Magnified 2}% diameters,
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1. STEEL BURNED BUT NOT HARDENED (POLISHED).

Magnified 2/& diameters.

2. HARDENED STEEL (WITH SCALE).
Magnified 2} diameters.
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1. ANNEALED STEEL (WITH SCALE).
Magnified 2% diameters.

2. BURNED STEEL NOT HARDENED (WITH SCALE).
Magnified 2% diameters. E
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1. STEEL BURNED AND HARDENED (POLISHED).
Magnified 2% diameters.

2. CAST IRON (POLISHED) SHOWING FRACTURE.
Magnified 2} diameters.
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1. CAST IRON (POLISHED).
Magni fied 2}4 diameters.

2, MILD STEEL (AMMONIUM CHLORIDE SOLUTION).
Magnified 2} diameters.
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1. MILD STEEL (AMMONIUM CHLORIDE SOLUTION).
Magnified 2}8 diameters.

2. MILD STEEL (POTASSlUM NITRATE S LUTION).
Magnified 2}6 diameters.
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1. FRACTURES OF CAST IRON (AFTER CORROSION).

Magnified 2% diameters.

2. CAST IRON (WITH SCALE).
Magnified 2}% diameters.
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[Reprinted from the PROCEEDINGS OF THE SOCIETY FOR THE PROMOTION
oF ENGINEERING EDUCATION, Vol. X., 1902. ]

ELECTROCHEMISTRY AS AN ENGINEERING
COURSE.

BY C. F. BURGESS,

Assistant Professor of" Electrical Engineering, University of Wisconsin.

The justification of establishing a new course of
study in engineering schools lies in the demand which
the industries make for men having training which
such courses offer. The rapid development in the
application of electrical emergy in producing chem-
ical transformations which has taken place during the
past decade has given rise to the new course of study
which some or our engineering schools have recently
organized or are about to institute, ¢ e., applied
electrochemistry.

Electrochemistry may be considered the pioneer
among the various branches of electrical engineering,
antedating and making possible telegraphy and other
subsequent developments. The popular impression
that electrochemistry is distinetly a new field arises
from the renewed interest which has recently been
attached to it through modern scientific and experi-
mental study, with subsequent evolution of mnew
theories, but more especially from the meteoric growth
of what may be called our electrochemical and electro-
metallurgical industries. Scientific progress in electro-
chemistry and industrial progress in the same line
have not been of the ‘‘hand-in-hand”’ variety, but

there has been a considerable degree of independence
(124)
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of one upon the other and the industrial side has un-
doubtedly made the greater advances.

Modern theoretical electrochemistry as based upon
modern research is in a very unsettled and uncertain
state, and no theory has been set forth which will
satisfactorily classify known electrolytic phenomena
or afford a basis for calculation.

The industrial side, on the other hand, has made
distinet, material and permanent advance, not so
much through our new scientific discoveries as through
the application of engineering knowledge to the many
and long-known scientific facts which the pioneers
have previously pointed out. Many of the laboratory
experiments have, through such application, been ad-
vanced to the position of industrial processes.

While we cannot deny that scientific discovery is the
basis of most industrial progress, we might reasonably
expect industrial progress in electrochemistry to con-
tinue in the future, even though no new scientific dis-
coveries be made; such progress to consist in the prac-
tical application of many discoveries which lie dor-
mant, recorded in the technical and scientific litera-
ture and awaiting only engineering development to
make them of direct utility to mankind.

In this field we have many illustrations of the fact
that it is not the original discoverer to whom greatest
credit is due, but it is he who makes such discoveries
of direct utility that reaps not only the pecuniary
reward but usually has associated with his name the
honor of both discovery and of development. The
Castner process for the production of metallic sodium
is but a reproduction on a large scale of the experiment
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which Sir Humplhry Davy performed nearly a cen-
tury ago in separating metallic sodium from the fused
sodinm hydroxide. The MecArthur-Forrest process
for extracting gold by means of cyanide solutions is
based upon the discovery of many years ago that
potassium cyanide is a solvent for gold. Many other
similar instances might be cited.

The pioneers of electrochemistry include such
honored names as Davy and Faraday. Among the
more modern ones, perhaps the most noted is that of
Moissan, for his extensive work on the electric furnace.
Such pioneers have furnished many discoveries which
might be worked out to industrial advantage. In
the fact that most of the scientific discoveries have
not been worked out industrially by the originators
‘we have a striking proof of the saying that ‘‘good
pioneers do not make good settlers,”” and in consider-
ing the workers in electrochemistry we may regard
the pioneers and the settlers as two distinct classes of
workers.

The question may arise, ‘‘Should our colleges offer
instruction with the view of developing pioneers, or
of developing settlers?”” The answer is, of course,
“Both.”” If the question were to read, ‘‘Should our
technical schools offer engineering courses in electro-
chemistry for the purpose of training pioneers or
settlers?”’ the answer would properly be, ‘‘The train-
ing of the settlers is the primary object.”’

A considerable amount of discussion has been waged
as to what the training of the electrochemist should be,
and there has been a great diversity of opinion. The
chemist maintains that he should be instructed prim-
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arily and most extensively in chemistry, together with
various side lines including electrical subjects. The
engineer says that he should be trained primarily in
engineering with chemistry as a side line. The dis-
ciple of physical chemistry says his training should
consist in a thorough grounding in modern theories
of electrochemistry preferably in the German schools,
or next best, by study under a graduate of such schools.
The work which is offered in various institutions in
this country shows the results of such differences of
opinion. One institution places its instruction in
electrochemistry in charge of the chemical department
and the major part of the work is covered by the field
of electrochemical analysis. Another institution places
it in charge of the department of physics, holding it
to be a branch of science. Another institution has a
four years’ course in electrometallurgy, assuming
that as a broad and inclusive field in electrochemical
application in connection with the metallurgical in-
dustries.  Still another has instituted a four years’
course in applied electrochemistry, included as an
engineering course and parallel with a course in elec-
trical engineering to a considerable degree. This
wide divergence in opinion and practice arises largely
through differences of opinion as to what the finished
product of such a course should be and through dif-
ferences of opinion as to what the term electrochem-
istry comprehends.

There are certain cases where the chemist’s view
is perhaps best, where the electrochemist’s work con-
sists most largely in chemical manipulation in which
the electric current is used as an auxiliary agent and
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in which chemical knowledge is preéminently required.

1t appears that, inasmuch as the warrant for estab-
lishing courses in electrochemistry arises from the
present needs of the electrochemical industries, the
courses of study should be such as will best supply
men to meet such requirements. This calls for an
engineering training; a familiarity with the varipus
forms of energy, hydraulic, mechanical, electrical and
thermal; the transmission, transformation and utiliza-
tion of each, coupled with a sufficient knowledge of
chemistry to enable such engineering information
to be utilized with the best efficiency.

It was not many years ago that the chemical manu-
facturing industries were considered as independent
of electrical or mechanical power, and chemical .
processes were supposed to be at the highest state of
development when they were simplified to such a
degree that machinery and power could be dispensed
with, everything being accomplished by purely chem-
ical reaction. The remarkable improvement in the
efficiency and operation of the machinery as a substi-
tute or as an aid for chemical reaction, cheapening of
processes as regards both labor and material, and the
utilization of electrical energy in very many chemical
operations, have put the chemical industries on an
entirely different basis. They are now preéminently
power-using industries. It is this condition which has
placed many engineers having a mechanical or elec-
trical training at the head of our largest chemical
industries, endowing them with the title of chemical

engineers. .
In discussing this question as to what the training
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in electrochemistry should be we must realize that
there is the same difference between the term ‘‘elec-
trochemist’’ and *‘electrochemical engineer’’ as between
the terms ‘‘chemist’’ and ‘‘chemical engineer.”” Tt
is the training of the electrochemical engineer with
which I wish to deal.

Electrochemistry is a term which, in its popular
conception, may include only a limited field, such for
example as electrolytic decomposition. For our pur-
pose it may be given a much broader and more com-
prehensive meaning, including the following divisions:

Electrolysis of aqueous and non-aqueous electro-
lytes, transforming chemical into electrical energy, or
the reverse.

Electrothermal effects, or electrothermistry, as it
has recently been called. This includes all forms of
electrical furnace work.

Influence of the electrical discharge wupon the
decomposition or synthesis of gases.

Electrolytic osmosis, ete.
Electrometallurgy is really a more limited term

than electrochemistry, inasmuch as it deals with one
or more of the ahove divisions as related particularly
to metallurgical industries. A

It is not my purpose to go into detail in the citation
of the industries related to the above divisions.
Suffice it to say that the various applications make a
diversified knowledge a necessity, and the most diffi-
cult question in designing a course of study is to get
all the apparently necessary studies into the four
years, which seems to be the maximum time which our
colleges can well set aside for a course of study under

present conditions.
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In the electrical engineering department of the
University of Wisconsin, instruction under the term
applied electrochemistry has been offered as an
elective for the engineering students during the past
eight years. Something over a year ago a four years’
course was instituted which has followed to some
extent the plan as suggested by the electrical engineer-
ing course. A number of students have registered in
this course and the various inquiries which have been
received from various parts of the country indicate
that it is going to be a popular one, and a considerable
number of inquiries and requests for graduates from
this course have already been received.

The following is the outline of work given the Uni-
versity of Wisconsin in the four years’ course in applied
electrochemistry.

FRESHMANR YEAR,

Firgt Semester.
Hours per Week.

German or French ..........cccciiiiiiiiiniiiiinreneiiiiens 4
English composition ............ .. ..ot 3
AlBEBIE Lottt i i e e 4
Descriptive geometry .................0inn.. e 5
Chemistry, general .............ccviriiininiiiiiiraieninn... 3
Second Semester
German or French ............ovihiiiiiiiiiiinineananann. 4
English composition ............... .. il 3
Trigonometry and analytical geometry...................... 5
Descriptive geometry ............oiiiiiiiiiiiiiii i 1
Surveying ........ ... i e 2
oD WOTK .. v vttt iie it ie e et e e 1
SoPHOMORE YEAR.
First Semester.
Analytical geometry and caleulus...........c.coviuiuneiineanns 5
5
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Machine design kinematics ......................... e 3
(German or French, technical....... e etieetacateeaaraeananany 3
Chemistry, qualitative and quantitive......................... 4
Second Semester.
Caleulus . ... .. it e e e 5
Physies ................ Pt 5
Analytic mechanies ............. e ree et 5
Machine design ........ ... ..o 2
Chemistry, quantitative analysis................. ... ..ot 3
JuNIoR YEAR.
Pirst Semester.
Mechanies ................. ... P P 1
Physics, precision of measurements............ Pt o2
Electromagnetism, dynamos, ete............... e eirtaareae.s 3
Chemistry, chemical analysis..... e b
Physical chemistry ................. . ... ... e ]
Second Semester.
Applied electromagnetism ............. ... . ccoiiiiiiiil, 6
Materials of construction.......... BN .. 3
Chemical preparations ............. P e 6
Physical chemistry .......... ... 5
Elective .........o.ovviiiiiiiii, et e 3
Inspection tour of industrial establishments...................
SENIOR YEAR.
Pirst Semester.
Applied electrochemistry ...............vi i iiiiiiiiiian.., b
Alternating currents ........... P R 5
Organic chemistry ............... S 5
Steam engineering ............. ... i, 3
Testing materials .............. T e i e e 2
Thesis and elective ..................... e 2
Second: Se.mcst‘e.r.
Applied electrochemistry ......................... e &
Alternating currents .......... e e e i i 3
Electric lighting and power ....%. .. . iu i i, 3
Chemical machinery ............. e ee ettty 2
Elective RSB
Contracts and specifications . .u.clun.iiioiiiiiiininnan.n, 1

B 1T 4
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The first two years’ work is practically that required
in other branches of engineering, with more chemical
work required during the sophomore year, this taking
the place of shop work and drafting of the other
courses. A considerable amount of physics and physi-
cal chemistry appears quite important, physical chem-
istry including the study of the elements of electro-
chemistry, together with the theory, as treated in the
view of modern discovery.

The above is not set forth as an ideal course, but
rather as one which will as nearly fulfill requirements
as the present conditions in our university will allow.
It is proposed to make some changes in the future and
among such changes appearing desirable are the
following.

General chemistry should be given as a daily study
throughout the freshman year. Surveying is not an
essential study and is included in the above list on
account of the desirability of making the freshman
work of all the courses alike.

During the sophomore year an improvement would
consist in making qualitative and quantitative analy-
sis a daily study throughout the year, the chemistry of
the junior year to consist in organic chemistry for the
first semester and in chemical preparations and in-
dustrial chemistry as a daily study for the second
semester. Chemical engineering and chemical ma-
chinery and appliances might properly be a suitable
branch to be followed throughout the senior year.

All of the work in chemistry, physical chemistry
and applied electrochemistry consists largely in labora-
tory practice and it is the time necessary for this work
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that makes it difficult to include all the studies which
seem desirable.

The course in chemical preparations and industrial
chemistry as now given is designed with the view of
impressing upon the student the matter of cost. Each
stadent makes on a fairly good scale many common
chemical products. He is supplied with the necessary
raw materials which are charged up to him at current
- market prices, and the finished product is weighed,
analyzed for purity, and the value of this same is
credited to his account, at the market rates of this
material. He is required to make a report giving a
statement of the efficiency of the process, materials
consumed, materials produced, waste products, methods
of procedure on a large scale, the machinery and ap-
paratus necessary, and an estimate of labor and power.
In this manner it is sought to impress the economic
questions which enter into chemical work.

It is proposed to assign similar experimental and
laboratory work in applied electrochemistry, in which
electrical energy becomes one of the important factors

to be considered.









[Reprinted from the Transactions of the American Electrochemical Society,
Volume I, No. 1.] '

A paper read al the Inaugural Meeting of the
American Electrochemical Society, Phila-
delphia, April ¢, 1902, Pyesident Richards
in the Chatr.

THE ELECTROLYTIC RECTIFIER.

By C. F. BURGESS AND CARL HAMBUECHEN,

The facility with which the alternating current lends itself to
voltage transformation is making this form of current the standard
for electric power transmission purposes. This condition together
with the difficulty of applying the alternating current directly
for certain purposes such as series arc lighting and traction
work, and the impossibility of employing it for electrolytic work,
including the charging of storage cells, makes the transformation
of an alternating into a direct current an operation of increasing
importance. ’

That this problem has not received a satisfactory solution is
evidenced by the disadvantages attendant upon existing commer-
cial means of obtaining unidirectional current from alternating
current lines. ‘The synchronous rectifier or revolving reversing
switch, while of considerable simplicity and high efficiency, has
the apparently insuperable disadvantage that adjustment for
minimum sparking is almost impossible to attain on account of
the varying relation between inductance and capacity on the line.
With rotary converters we have among other disadvantages the
low weight and energy efficiencies, especially with smaller sizes,
and the great cost.

The equivalent of the static pressure transformer which is used
on alternating circuits would be an ideal solution of this problem,
and among various devices having no moving parts which have
been suggested, the electrolytic rectifier gives the greatest promise
of commercial success.

From some of the claims which have in the past been made for
the electrolytic rectifier we are led to doubt the justification of
such claims or to wonder why apparatus embodying them has not
begun to replace the more expensive, less efficient, more cum-
brous methods of common practice. Such condition justifies the
statement of the practical man that the utilization of the electro-
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lytic cell as a rectifier possesses considerably more interest than
value. "

To determine if possible the practicability of successfully utiliz-
ing the electrolytic cell for this purpose the writers undertook an
experimental investigation, some of the results and conclusions
of which are here given. Attention was confined largely to the
utilization of that remarkable property which various metals,
particularly aluminum, possess in certain electrolytes of allowing
- current to flow freely in one direction and offering great resist-
ance to its flow in the opposite direction. This phenomenon,
which seems to have been first discovered in 1855 by Wheatstone,
has been the basis of a considerable amount of speculation and of
experimental investigation ever since. The commonly accepted
view is that aluminumn by means of its property of being easily
oxidized (this term being used in its general sense) in certain
electrolytes becomes so thoroughly covered with a continuous
oxide coating that it effectively insulates the plate from the sur-
rounding electrolyte and prevents any flow of current as long as
this coating is maintained. When the pressure is in such direc-
tion as to make the aluminum the anode the effect is to maintain
this insulating coating unless the pressure be high enough for
disruption. When the aluminum is the cathode this insulating
coating offers little or no barrier to the flow.

A question which is suggested by the above expianatioﬁ is, if
the insulating coating prevents the flow of current in one direc-
tion why is it not an insulator for the opposite direction?
Further, the protective coating of the aluminum plate is formed
at the expense of a certain amount of corrosion of aluminum by
oxidation and this coating is destroyed or removed when current
flows toward the plate, which must be done without the redepo-
sition of aluminum, for as far as is known this cannot be done
from aqueous solutions. The aluminum coating must be of a
certain appreciable thickness to prevent flow of current and if
this coating is formed and destroyed 60 times a second it ought
not to take long before the aluminum plate is completely oxidized,
which is found to be contrary to fact. Observations which were
made lead to the follcwing conclusion upon these points. The
coating on the aluminum does not absolutely insulate but offers
a resistance so high that omly a small current (sometimes im-
measurably so) flows when the aluminum is the anode. ‘The
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leakage current does not flow uniformly from the surface but
only from portions of it having lowest resistance and thinnest
coatings. ‘These portions are small openings or points distributed
somewhat irregularly over the surface and the current flowing
through these points produces enough heat to give the well-
known sparking effect if pressure is sufficiently high., On revers-
ing the direction of the pressure the current flows through these
small openings and in so doing enlarges them, the tesistance be-
ing thereby greatly decreased. On again reversing, this opening
ic immediately closed or contracted, which process may be con-
sidered as continuing at a rate equal to the frequency employed.
The sparking seems to be the result of the leakage current, and
from the general appearance of the sparks the amount of leakage
may be estimated. When sparking is sharp, bright, distinct and
occurring in fine sparks, the leakage is of a low value, and where
sparks are larger and duller and in the nature of flashes, the
leakage is greater.

The entire surface of the aluminum then does not act as the
active electrode, but only those parts upon it at which the spark-
ing or leakage takes place. It is undoubtedly the case that the
expansion and contraction of the openings which takes place at
these discharge points is due to the formation and destruction of
the aluminum oxide coating, and, as before indicated, results in
the continual oxidation of aluminum. This oxidation or wearing
away does not, however, occur uniformly over the entire surface,
but only at those localities (constituting a small proportion of the
surface) at which the sparking occurs. This resultsin a gradual
wearing away at these points, as evidenced by the marked pitting
of the electrodes which may be observed after a considerable
length of time of operation.

Some idea of the relative proportion of an aluminum surface
which is active in a rectifier consisting of aluminum and lead
electrodes in a potassium phosphate solution may be obtained from
Fig. 1. 'This is a photograph of an aluminum electrode magnified
21 diameters, which had been in operation on an alternating
pressure and which was subsequently immersed as cathode in a
copper sulphate solution and a current of low density caused to
flow. ‘This produced a deposit of copper at various points on the
aluminum surface not protected by the insulating coating, or, in
other words, the spots showing the copper deposition indicate
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the position of the electrolytic valves. By taking a similar
aluminum electrode and causing it to receive a very low current
density as cathode in the phosphate solution for one-half minute,
and then repeating the copper deposition process, the active sur-
face is seen to be greatly increased. This is shown by Fig. 2,
and bears evidence to the statement that the electrolytic valves
consist of openings in the protective coating which expand and
contract, according to the direction of the flow of current.

Reports of efficiency for the electrolytic rectifier have appeared
inengineering and scientific publications from time to time, giving
values of current and energy transformations of go and even g5
per cent., but such claims appear to have been made without
considering all the factors or the conditions which have to be met
in practice. Estimates for efficiency have been based upon the
single factor, infernal resistance of the apparatus. The statement
that an aluminum rectifier *‘ will give an efficiency of g5 per cent.
provided the electrodes be made large enough,’”” assumes erro-
neously that the direct heating effect of the current flowing
through the resistance is the only loss in the cell.

The losses in the rectifier may be divided as follows : C*R loss,
C being the current flowing toward the aluminum and R being
the resistance of the electrodes and electrolyte.

CE', where (is the current flowing toward the aluminum elec-
trodes and £’ is the counter electromotive force which is de-
veloped by the decomposition of the electrolyte.

C'E where (C is the leakage current flowing from the aluminum
to electrolyte and £ is the applied pressure.

The direct heating effect of the current while flowing in the
useful direction may be made as small as desirable by decreasing
the current density and by placing the electrodes in close prox-
imity. The former is limited only by convenience of size and
the cost of cell for given output, and the latter by mechanical
construction consistent with freedom of circulation and the avoid-
ance of short circuits. If this loss were the only one to consider,
the question of efficiency of electrolytic rectification would be
practically solved. An electrolyte having a resistance as low as
ten ohms per cubic centimeter can be readily obtained, and with
such electrolyte and with electrodes one centimeter apart, the re-
sistance of a cell per square decimeter would be one-tenth of an
ohm. This would produce, with a current density of 5 amperes,
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a drop of only one-half volt which, with an applied pressure of
25 volts, would mean a loss of 2 per cent.

It should be borne in mind, however, that the resistance of the
electrolytic cell cannot be accurately figured from the specific re-
sistance and the volume of the electrolyte inasmuch as only a
small proportion of the aluminum plate is an active electrode
surface and the resistance between the electrodes may, therefore,
have a much higher value than calculations will show. The in-
ternal resistance is a variable quantity, being least when maximum
current has flowed toward the aluminum and greatest after the
maximum pressure has been applied with aluminum as the anode.
The fact that the reduced area of the active aluminum surface
has the effect of reducing the cross-section of the electrolyte was
shown by measuring the resistance of an electrolyte with an
aluminum cathode, and_again with a carbon cathode. In the
latter case the resistance was found to be 2.5 ohms as against 5.5
ohms in the former. This resistance of the electrolyte is not re-
duced proportionally as the electrodes are brought nearer together
inasmuch as the greater part of the resistance exists near the
aluminum electrode.

The current flowing through the electrolyte causes decomposi-
tion which cannot be avoided, inasmuch as most of the cur-
rent flows in one direction. This, of course, requires a cer-
tain amount of energy, depending upon the current passing
and the counter electromotive force. ‘The counter electromotive
force within the cell has a value depending upon the electrolyte
and the electrodes. If the anode be a corrodible metal this
pressure may be lower than where an insoluble metal, such
as platinum, is used, but this lowering of counter electromo-
tive force would be at the expense of corrosion of the elec-
trode, which would probably be undesirable for commercial pur-
poses. £’ may have a value varying from1to3or4 volts. 'This
loss of energy shows itself primarily by a change of the composi-
tion of the electrolyte, and if the substances produced thereby re-
combine within the electrolyte, heat is produced. For a com-
mercial rectifier the electrolyte should be so chosen that it pro-
duces a minimum pressure of decomposition and it should be suf-
ficiently cheap that the waste of material by decomp051t10n is a
small amount. ‘T'o reduce this source of expense to a minimum



152 C. F. BURGESS AND CARL HAMBUECHEN.,

it may be desirable to construct the cell so that the liberated ma-
terials will recombine as completely as possible. The decomposi-
tion of the electrolyte, which cannot be avoided, offers the possi-
bility of being the source of profit rather than expense if the
products of decomposition are of greater value than the original
material and provided they can be collected economically. This,
however, from the commercial standpoint is a possibility rather
than a probability.

The fact that a portion of the current flows in the wrong direc-
tion is probably the greater source of the difficulty with the elec-
trolytic rectifier, and it is upon limitation of this leakage that
commercial success depends. The leakage current may be made
visible by the brilliant sparking which occurs over the surface of
the aluminum, and itis evident that the energy thus expended,
which may be of very considerable amount, is concentrated almost
entirely upon the aluminum surface and manifests itself in the
form of heat.

It will be observed that nearly all losses cause a liberation of
heat, which tends to raise the temperature of the apparatus to
such a point that it breaks down or becomes inefficient. The out-
put of the apparatus is, therefore, limited to the rate at which
the heat may be dissipated and to the maximum temperature
allowable ; a large output means small losses, method of cooling,
and a high allowable temperature.

To find the relations between these losses, a number of tests
were made under various conditions, the results of some of which
are here given. 'The method of studying the problem was by
means of current and pressure curves obtained with an instan-
taneous contact maker.

The curves on Fig. 3 show something of the operation of an
arrangement consisting of an electrolyte of potassium phosphate
having a density of 1.27 sp.gr. and slightly acidified, in which
were placed an aluminum sheet electrode having an immersed
area of 45.5 square inches and a lead electrode of similar size.
The aluminum electrode was previously cleaned and immersed
for some time in a sodium hydroxide solution and then ‘‘formed’’
in the phosphate solution by applying a pressure from a direct
current circuit with the aluminum as the anode.

The cell was then connected in series with a non-inductive re-
sistance to the brushes of an alternator, and current and pressure
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curves were obtained. 'The method of cotinection is shown in
Fig. 4.
The poriion of the current curve (a), Fig. 3, below the base
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line indicates the current which flows from the aluminum plate
to the electrolyte, or the leakage current, and the remainder of
the curve shows the current in desired direction. The pressure
curve across the rectifying cell is shown by curve (4), the nega-
tive part being the pressure at which the leakage current flows
through the cell and the positive part representing the CR + E/
in the cell where C is current flowing, R is internal resistance,
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and E' is the counter electromotive force of polarization. The
pressure applied to the circuit by the generator is indicated by
the sine curve (¢).

It is to be noted from these curves that there is a very consid-
erable leakage current: the loss due to CR + E’is seen to be
much smaller than that due to leakage. The current curve being
in advance of the pressure at the center of the cycle shows that
there is some capacity effect.

The curve (d) showing the watts delivered to the circuit gives
an idea as to the loss due to leakage as compared with the watts
delivered during the remainder of the cycle. The average watts
delivered to the circuitis 33.9. The average watts lost in leak-
ageis 13.9.

In making the above tests we attempted to use the solution
and electrodes as recommended by Pollak,’ following his descrip-
tion as closely as possible in setting up the cell. The best effi-
ciency, however, which we succeeded in attaining was so low as to
lead to the belief that some essentail detail was omitted in the
published descriptions or that errors in interpreting the same
were made by us, ‘The efficiency here shown is not sufficient to
guarantee any extended comwmercial applications, and especially
so as the electrolyte must be kept below 40° C., which means
low size and weight output.

The leakage seems to be the principal subject for study in
bringing the electrolytic rectifier to commercial efficiency. The
leakage depends upon various factors including the following :

Electrolyte—as to composition and temperature.

Aluminum electrode—as to composition and surface exposed.

Pressure.

Frequency.

That the proper choice of electrolyte is important is shown by
the fact that comparatively few substances will give satisfactory
results. Among electrolytes which have been proposed are
aqueous solutions of sulphuric acid, sodium and potassium phos-
phate, sodium potassium tartrate, and alum.

The temperature plays an important part as shown by the fact
that if the temperature rises beyond a certain point low efficiency
or complete failure of the cell results. Pollak gives 40° C. as
the maximum allowable rise of temperature for potassium phos-
phate solution.

1Bulletin Soc. Int. Flectric, July, 1901, Paber by M. J. Blondin,
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The leakage seems to depend upon, if not actually proportional
to, the area of the aluminum surface immersed in the electrolyte
and this being the case we are led to the use of high current den-
sities, ‘This is antagonistic to reducing the C'R loss to a mini-
mum which requires as low a current density as possible. A
suitable balance between these two losses will have to be deter-
mined upon. It has been our observation that when the alumi-
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num electrode becomes grooved or pitted by continued action of
the current the leakage increases, due probably to increa.sec! area
of surface, and smoothing down by hammering or polishing or
grinding will increase the efficiency of such electrodes',. )
The purity of the aluminum will have some considerable in-
fluence upon the leakage, inasmuch as the presence of another
metal either as an alloy or in metallic contact reduc_es or destroys
the rectifying action of the aluminum. It is possxb.le, ht?wever,
that some alloy of aluminum may be discovered which will have



156 C. F. BURGESS AND CARI, HAMBUECHEN.

a more efficient action than does pure aluminum. The writers
found that a small amount of chromium in the aluminum appeared
to give it some slight advantage in efficiency, in addition to making
it somewhat harder and more durable than the pure aluminum.

That leakage will depend upon the pressure applied is evident
upon taking the characteristic of a cell having two aluminum
electrodes, using either direct or alternmating pressures. The
leakage increases proportionally with the pressure to a certain
point when the rate of increase becomes much greater. This is
shown in Fig. 5 where curve () is for two aluminum electrodes
in a sodium potassium tartrate solution using am alternating
pressure, and curve (&) is for the same plates with unidirectional
pressure. It will be seen from these curves that the behavior on
alternating and on direct current circuits is very different and
that the amount of leakage in one case is not a direct indication
of the amount of leakage in the other. An aluminum electrode
may successfully withstand 200 volts unidirectional pressure and
not operate successfully on 120 volts alternating pressure, It will
also be noted that with direct pressure up to 150 volts the leakage
was almost a negligible amount, while with an alternating pres-
sure of 75 volts the leakage was many times greater. This dif-
ference was probably due, at least, to a considerable extent, to
the condenser effect which the aluminum electrode shows, allow-
ing a capacity current to flow with the alternating pressure.

The sparking which occurs in both cases had very much the
same appearance but there was this difference to be noted, that
with equal values of leakage of the cutrent, the sparking with
the direct current seemed to be more violent than with the alter-
nating.

It will thus be seen that no exact conclusions as to the action
of the aluminum electrodes on alternating pressures can be drawn
from observations made with unidirectional pressure as some ex-
periments have evidently assumed.

The influence of frequency upon the leakage and the
efficiency of the electrolytic rectifier is a question in regard to
which we are unable to draw definite conclusions although a
number of tests were made for the purpose of determining this
point. Frequencies from 7 to 125 per second were used and in
some cases higher efficiency was obtained with higher frequencies
and in some cases the reverse condition held. The difference,
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however, was slight with the frequencies worked upon which
represents the range of present practice and the conclusion may
safely be made that the question of frequency is one of minor
importance as far as efficiency is concerned. ‘This is a subject,
however, deserving of further investigation.

The frequency may, however, have an important influence
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upon the condenser action of the rectifier in producing a low
power factor. To reduce this capacity effect, the remedy is
evidently a decrease of the aluminum surface or an increase in
current density.

For the putpose of increasing the efficiency of operation we
have used a large number of electrolytes, but with indifferent re-
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sults until the idea of using a fused electrolyte presented itself.
Certain molten salts gave such decided improvement in results
that extensive investigation was made in this field, and from a
great many curves taken, Fig. 6 gives some typical results, such
being obtained by use of an aluminum and an iron electrode in
molten sodium nitrate.

Curve (a) represents instantaneous valves of current, the nega-
tive values indicating leakage. Curve () gives values of pres-
sure at terminals of rectifier and curve {¢) shows form of pressure
wave delivered by the alternator at a frequency of 58. These
curves compared with those of Fig. 3 and obtained under similar
conditions as to pressure, frequency, and output show decided
differences in operation between aqueous and fused electrolytes.
The leakage is seen to be a much smaller percentage of the total
current flowing.

The loss due to internal resistance and counter pressure is
smaller in spite of the fact that the aluminum electrode in the
fused salt was about one-fortieth the area of the aluminum in the
aqueous solution. :

The portion of the curve (@) between 30° and 50° demon-
strates, we believe for the first time, the interesting fact that at the
instant of reversal of aluminum from cathode to anode it offers
little resistance to the flow of current, but that it quickly re-
covers itself and closes the current valve. The rapidity with
which this action takes place is seen to be somewhere in the
neighborhood of '/, of a second at the beginning of a sine
pressure wave. After applied pressure has reached its maximum
negative value the leakage current rapidly decreases to nearly
zero where it remains until reversal of applied pressure again
takes place.

The rapid increase, and slight elevation of curvé (&) at the
point 230° shows that the ‘‘formed’’ aluminum plate offers con-
siderable resistance to the flow of current toward it but the resist-
ance almost instantly diminishes, The portion of curve (4) from
340° to 400° consists mainly of the counter pressure which main-
tains its value even after direction of applied pressure has changed
as shown by the fact that () becomes negative affer (a) has re-
versed in direction.

A further observation is the fact that there is no evidence of
capacity effect or difference of phase between pressure and cur-
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rent, which is so noticeable in curves in Fig. 3. This is undoubt-
edly due to the much smaller area of the electrode surface acting
as condenser plates.

Curve (d) shows instantaneous values of watts delivered to
the circuit, the portion from 30° to 160° representing the loss
due to the leakage and from 200° to 380° the watts delivered
during remainder of cycle. Thiscurve shows an energy efficiency
of over 8o per cent.

It will be observed that at a point at about 40° the value of
the watts is negative to a very slight extent indicating that energy
is being restored to the circuit. This is undoubtedly caused by
the aluminum plate acting in conjunction with the iron as a
voltaic cell, delivering energy at the expense of corrosion of
aluminum, This delivery of energy, however, at the expense of
the aluminum continues only for a very short part of the cycle,
or until the ‘‘valves’’ begin to work. While having no figures
to demonstrate this fact it seems reasonable to suppose that the
small amount of corrosion of aluminum which takes place when
used in a rectifier is due to, and proportional to, this energy deliv-
ered to the circuit.

Among the advantages which may be claimed for the fused
electrolytes in comparison with aqueous solutions in addition to
sharper and more clearly defined action, higher efficiency, and
low inductive capacity effect, are large output per unit weight of
cell, which is attained through ability of the cell to stand a high
temperature in additiorl to the much greater conductivity which
a fused salt may show over an aqueous electrolyte.

A difficulty in carrying on an experimental investigation upon
electrolytic rectification is in the uncertain error which is intro-
duced by the use of ordinary electrical measuring instruments,
The amount of error depends upon the type of instrument used
and form of current or pressure curve. A complete investigation
of the subject of measuring interrupted, fluctuating or pulsating
currents was not attempted, buta number of observations will
show something of the order of the errors which may be expected.

A circuit carrying a current of the form indicated by curve (2),
Fig. 6, had in series, three amperemeters of various types to-
gether with a copper voltameter., The three instruments repre-
sented the hot wire type, the Hoyt alternating current and the
Weston direct current type. It was assumed that the voltameter
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would give a correct indication of the amount of current rectifi-
cation and upon that supposition the Weston instrument gave a
reading of g4 per cent. of correct value, or 6 per cent. low. The
hot wire instrument gave a value 55 per cent. high, and the Hoyt
instrument was 64 per cent. high. Using a combination of recti-
fying cells so as to obtain a pulsating current which did not re-
verse during any part of the cycle it was found that the Weston
instrument still indicated too low a value by 5/, per cent. ; the hot
wire instrument was 17 per cent. high and the Hoyt instrument
23 per cent. high.

One of the chief uses mentioned for the electrolytic rectifier is
the charging of storage cells, and the question will naturally arise
as to whether the form of current which is furnished to the battery
will be advantageous or disadvantageous toit. Mr. A, B. Marvin,
who has been conducting extensive storage battery tests in the
electrochemistry laboratories of the University of Wisconsin, took
up the investigation of this question. A number®of tests con-
sisted in comparing the capacity and efficiency of the storage
battery when charged from a steady, and from a pulsating or
rectified current. Two storage cells were repeatedly charged
and discharged under normal conditions and with steady charging
current with the object of ascertaining as accurately as possible
the capacity and efficiency of the cells. A rectified current was
then substituted for the steady one in charging, and the capacity
as shown by the discharge together with the efficiency was in all
cases almost identical with the values obtained with the steady
current. These tests seemed to show almost conclusively that
the pulsating current, even if it has not a marked beneficial
action upon the cell, as some writers claim, at least has no harm-
ful action.

The question as to the influence of a pulsating current upon
the character of electro-deposited metals or for other electrolytic
purposes, is a subject which appears worthy of investigation and
might lead to some new commercial applications of the same.

From the results of our investigations the possibility of com-
mercial development of electrolytic rectification seems promising.
With the present known means of rectifying with an efficiency of
over 8o per cent. competition with the rotary converter, especially
in the smaller sizes, is in favor of the electrolytic rectifier while
in weight and cost, the balance is very decidedly in its favor.
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We have no reason for assuming that further discoveries and
improvements will not be made in the electrolytic rectifier and its
application to practical use, and with such development its im-
portance would proportionally increase. It may be possible to
discover a better electrode than is furnished by pure aluminum,
as regards leakage and maximum pressure at which it will oper-
ate. ‘That we are not limited to aluminum as the active electrode
has been shown by the same phenomena which some of the com-
mon metals, such as lead and copper, may show under proper
conditions of electrolyte and current density. ILead in concen-
trated sulphuric acid into which a small amount of sodium bi-
chromate had been dissolved was made to show an interrupting
effect, a pressure of 65 volts having been opposed.

Similar possibilities are open for the discovery of new and im-
proved electrolytes. We are not limited to fused or aqueous
liquids but may be able to find advantages in the use of solutions
in organic solvents. ,

The form of current obtained by use of a single pair of elec-
trodes, as shown in curvesin Figs. 3 and 6, is not suitable for
most commercial purposes. ‘The large degree of fluctuation and
the slight reversal in direction would be disadvantageous on the
operation of motors, and while storage batteries placed on such
circuit become charged, the efficiency would not be high inas-
much as the pressure of the cells is added to the pressure applied
to increase the amount of leakage. The commercial rectified
current should always be in one direction and as near a steady
current as possible. There are various combinations of cells and
apparatus to accomplish this result but it is not the purpose of
this paper to take up this branch of the question. As an illus-
tration of one method for accomplishing this may be mentioned
the well-known Pollak and Graetz method of joining four cells in
such a way as to give a current which flows continually in one
direction though of pulsating value. We deem it undesirable to
- present at this time the arrangements and devices for accomplish-
ing similar results on account of protection which is expected
from the Patent Office. We hope, however, to be able to present
a description of such methods and improvements before this So-
ciety at a future date.

LABORATORY OF APPLIED ELECTROCHEMISTRY,
UNIVERSITY OF WISCONSIN,
MADISON, WISCONSIN.



DISCUSSION.

MRr. E. A. SpErry: Mr. Chairman, I have done considerable
work in attempting to adapt the ordinary aluminum rectifier to
practical service without success. It is not a commercial appa-
ratus, at all. In a few hours it breaks down, and its efficiency as
has been stated by Mr. Steinmetz is only about 20 per cent.
when working at its best. As to the comparative results obtained
in charging a storage battery by interrupted current, I might say
that using a mechanical interrupter or rectifier, such as a synchro-
nous motor working a turbine interrupter, giving off only a pulsa-
ting current cutting the tops of the waves with intervening spaces
of rest, and measuring the energy through an ordinary Thomson
watt-meter, we have data to show that a battery gives higher
efficiency when so charged, this being somewhat different from the
statements made by the reader. This might be explained by the
indifferent action of the watt-meter itself ; there, however, being no
iron present in the watt-meter, I see no reason why a pulsating
current of the kind described, especially of as low frequency as
sixty cycles, would interfere in the slightest with its accuracy.
The results that I speak of were repeated in different hands, and I
think they are reliable. They showed an advantage of somewhere
near g per cent.—not a very large percentage, but decidedly on the
right side.

Mr. C. HErinG: I would like to add my admiration of the ex-
cellent work of Professor Burgess and the results obtained by
him.

Dr. H. S. CaArRHART: I notice in the first electrolyte the size of
the voltage is very much smaller than in the other. That would
account for the smaller watt capacity.

Prorrssor Burcess: I would like to say I am not responsible
for the discovery of the value of fused salts in rectification. Any
credit which may be given for the same is due to my assistant, Mr.
Hambuechen, who is the discoverer of this property. We subse-
quently carried on the experimental and development work to-
gether.

In regard to measuring the rectified current by means of ampere
meters, we found that meters of various types gave various errors.
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In checking such instruments with the copper voltameter we found
that errors of 10 per cent. might always be expected. Similar
errors were also found with watt-meters, Measurements of the
efficiency of such current in charging a storage cell were made by
the use of voltameters, and we have been unable to find much ad-
vantage in the use of pulsating over steady currents for this pur-
pose.

PresiENT RicHARDS: I would like to ask how you would de-
* termine the watt efficiency by the copper voltameter.

Prorrssor Burcess: This may be done by using two volta-
meters, one for determining the current passing into the storage
cells, and the other, connected in series with a non-lnductlve re-
sistance of known value, for determining the pressure.
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ELECTROLYTIC PRODUCTION OF METALLIC COMPOUNDS.
By C. F. BURGESS AND CARL HAMBUECHEN.

An accurate estimate of the importance and extent of industrial
development of electrochemistry is difficult to make. It is interest-
ing and important to note that an estimate based upon achieve-
ments as recorded in the literature, is materially different from
that based upon the capital invested in successful industrial enter-
prise.- If all that is claimed in print could be realized in practice,
the electric current, through its electrolytic and thermal properties
of producing chemical change, would be of much greater service
to mankind than it is now, even after the enormous strides have
been made in this direction. Progress will be made in the near
future through the realization of published though at present un-
practiced claims, as is self-evident from a study of achievements
of the past two decades. Advancement of known laboratory ex-
periments to industrial processes affords ample room for a continu-
ation of development in electrochemical lines even though no new
scientific discoveries be made.

The voluminous literature in this comparatively new field is a
most useful tool for the student of applied electrochemistry, pro-
vided it is properly used. The knowledge, however, as to how it
should be used is most difficult to acquire. A statement might be
warranted that an investigator will make almost as much progress
by neglecting the literature as by following its guidance implicitly.
The ability to use this tool properly lies in the power of discrimi-
nating as to the truth of published statements, which, in turn, re-
quires a thorough knowledge of the laws of nature.

There is probably no field of industrial activity in which such a
large percentage of the literature relating to it possesses the prop-
erties of inaccuracy, incompleteness, and absolute untruth as does
applied electrochemistry. This corfdition arises through various
characteristics of the writers, including excessive enthusiasm lead-
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ing to premature declaration, incomplete knowledge of the subject
under treatment and even the apparent intent to mislead the public.
The patent literature is especially characterized in the exhibitionof
these traits, and as printed frequently bears internal evidence of the
leading scientific and technical societies. FErroneous statements
published, perhaps in all sincerety, by over-enthusiastic or insuffi-
ciently informed observers are almost invariably allowed to stand
uncorrected, largely through the natural reluctance which one has
of admitting that he was wrong, and by reason of that same trait
of humanity which causes a man, after he emerges from the tent of
a side-show where he has been swindled, to allow his neighbor to
pay his money and enter without a word of warning.

One of the greatest advantages which could accrue to this in-
dustry in which we are all interested would be the placing of the
literature on a basis of greater reliability. The difficulties, how-
ever, in accomplishing it are comparable in extent to those which
must be overcome in the deposition of aluminum from aqueous
solutions, which problem has been solved so many times on paper
but not in practice.

Electrochemistry being a new and little understood field, has
been a fertile one for fraudulent schemes. A list of such would be
‘a lengthy, interesting, though perhaps a familiar one. A similar
list of electrochemical applications which have been published
through no fraudulent motives, but which have failed through un-
foreseen conditions, would be much larger; and it is a noteworthy
fact that our literature is almost entirely lacking in publications
setting forth the reasons for failure of previously supposed suc-
cessful processes. Such publications would be of especial value
as a guidance to others and would be of advantage in promoting
‘industrial progress by calling attention to problems which need
solution, such problems as an experimenter could discover other-
wise only by lengthy preliminary research.

This somewhat extended introduction has been entered into not
only for the purpose of calling attention to some unfortunate con-
ditions in which we are interested, but also as a justification for
the paper on the subject here presented, on the electrolytic produc-
tion of metallic compounds.

It is not the purpose of this discussion to present an ideal or
even an improved process for producing metallic compounds, but
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rather to point out the limitation of the methods at present availa-
ble apd to deal with some of the difficulties which must be encount-
ered in large scale working.

The use of electricity in producing compounds of the metals
seems to have been alluring to experimenters. Appended hereto is
a partial bibliography of the literature of the past ten years re-
lating to this matter, but there are few statements giving the
reasons for the failure of many of the processes to attain commer-
cial importance.

Electrical energy suitably applied to a soluble sulphate, chloride,
nitrate or similar salt of one of the alkali metals, may produce a
dissolving action upon a metal anode with a consequent produc-
tion of a salt of that metal similar to that which would be produced
by ordinary chemical corrosion by a corresponding acid. It is from
this fact that arises the commercial possibility of replacing acids
commonly used, by cheaper substances. Thus in the production
of metal sulphate or chloride it is cheaper to obtain the SO, or Cl
from a sodium salt than from the acid, especially in such localities
where, by reason of freight rates or other circumstances, the acid
may be of relatively high price.

A metal nitrate may be produced much more economically from
sodium nitrate than from the nitric acid as far as cost of material
is concerned. Figured on the basis of NO, content, 1.35 pounds
of sodium nitrate is equivalent to 1 pound of nitric acid and, at
present market values, represents a relative cost of 2.7 cents and &
cents. Similar relative values might be shown in other cases.

Compensating for this saving in the cost of materials is the cost
of power necessary in electrolytic operations, but where the pro-
cess can be carried out on a large scale, this cost can be made in-
significant. The amount of energy necessary to decompose 1.35
pounds of sodium nitrate in the production of a metal compound
will be intheneighborhood of one-quarter horse-power-hour, which,
at a cost of 0.5 cent, makes the cost per pound about 0.15 cent. A
further advantage for the electrolytic process is the possibility of
recovery of valuable cathode products, one of which, in the case
above considered, is 0.6 pound sodium hydroxide, representing a
value considerably more than the cost of power.

To realize the advantages for electrolytic methods which such
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reasoning makes apparent, requires suitable design of electrolytic
apparatus, and it is on this point that the ingenuity and skill of the
designer is required, inasmuch as each case presents individual
characteristics and demands special treatment. The necessary com-
plications of such apparatus may, with justice, be urged as favor-
ing the purely chemical methods; but as partially or even more
than offsetting this disadvantage is the fact that from a given
metal surface corrosion may usually be caused to take place with
much greater rapidity through the aid of electric current than
without. This produces economy of floor space and volume of
apparatus.

The metal compounds which may be produced may be classified
as soluble or insoluble in accordance with the dissolving power of
water for them. The chemical method for producing soluble metal
compounds is typified in the action of an acid on a metal, either
directly or indirectly, and the insoluble metal compounds may be
produced from solutions of the former by precipitation by a car-
bonate, hydroxide or other precipitating agent. The double de-
composition thus taking place results in the formation of a soluble
salt as a by-product, which is usually of such a nature as to be
difficult to recover in a pure state with an expenditure of energy
sufficiently low to warrant it.

As compared with such chemical method, the advantages which
can be obtained by the electrical current are the following: The
dissolving acid and the precipitating base may be replaced by a
cheaper salt, which is made by the electrical current to exert the
dissolving action at the anode with the simultaneous formation of
an alkali product at the cathode and the subsequent union of these
two products producing a precipitate with a regeneration of the
original salt. This salt may be used over again and does not
represent a waste product. There is, therefore, no expensive
material required to be consumed. While the electrical energy is
a factor which must be taken into account, it is a comparatively
unimportant,one in figuring the cost of production on a large
scale. '

To the corrosion of lead and the production of various lead
compounds much attention has been given, from the electrochem-
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compartments is practically the same and to maintain a given rate
of flow requires a definite difference of level, depending on the
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character of the diaphragm. After electrolysis takes place for

some time, the density of the solution in the anode compartment
increases and that in the cathode compartment decreases or re-
mains practically the same. The effect of the increase of density
in the anode solution results in an equality of pressure toward the
bottom of the cell, although there may be a difference of level at
the surface of the solutions. This results in the diffusion of the
anode solution into the intermediate and thus into the cathode
compartment. ‘To obviate this, an adjustment of the levels of the
solutions to correspond with the relative density should be made.
Another variable factor is the change of the character of the dia-
phragm due to the influences of the solution and the chemical
products upon the same. A light, firm canvas has been found to
give very satisfactory results, but the alkaline cathode solution and
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the acidified anode solution act in different degrees upon the two
diaphragms in changing the porosity and the rate of diffusion.
Temperature and current density also influence this diffusion. The
maintaining of a definite fixed difference of level of solution be-
tween various compartments is hardly a satisfactory method of
operation.

The writers have found that by a very simple method this dif-
ference of levels can be automatically adjusted by keeping the level
of the solution in the intermediate compartment constant and
drawing from the electrode compartments a certain definite
volume of solution per unit of time. If the rate of diffusion with
a given difference of level is not sufficient to supply this volume,
the difference of level increases to such an extent that the flow
through the diaphragm will be sufficient.

The fact that the lead solution in the anode has a higher density
than the solution in any other of the compartments, makes it nec-
essary either to maintain a very large difference in the level of the
anode and the intermediate compartment, or the construction of
the electrolytic cell with a limited depth. Our experience has
shown that an anode plate about 8 inches in depth was the largest
that could be used with the kind of diaphragms described.

Anode compartments being limited in depth in the manner
shown, and the width, by the construction of the cell and the dia-
phragm, to about 2 feet, and the anode current density being
limited for reasons of satisfactory corrosion and economy of power
to about 10 amperes per square foot, the solution which should be
drawn from every compartment is, in an hour’s time, a compara-
tively small quantity. One liter per hour is a rate found desirable
and for a uniform flow of this amount requires a very small open-
ing in the discharge tube. On account of the difficulty of entirely
preventing the formation of insoluble particles in the solutions,
these openings gave a great deal of trouble from clogging, re-
quiring constant attention until another method of regulating the
discharge was devised.

In Fig. 6 is illustrated the manner in which the outflow can be
satisfactorily regulated. Instead of regulating the flow by the
size of the opening of the siphon tube O, the opening is made large
enough to allow any precipitated particles to readily pass through.
This outlet, normally closed by a piece of rubber pressing against
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it by a spring S, is opened periodically by an eccentric, H, rotating
at a fixed speed. The qﬁantity of solution drawn off is regulated

by adjusting the screw G.
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outlets arranged on .a tank having three anode and four cathode
compartments. ‘This method of regulation proved satisfactory,
and may be advantageously used in various other electrolytic pro-
cesses. It was found that in the operation of a solution of sodium
nitrate having a density of 1.12 sp. gr., 0.6 per cent. of free
nitric acid was desirable to insure satisfactory anode corrosion.
This free acid can be introduced either in the stock solution flow-
ing between the two diaphragms, or directly into the anode solu-
tion. In the former method there is more uniform distribution of
this acid than in the latter, but where the stock solution is acidified
there is involved the disadvantage that more acid is required by
some of it going into the cathode compartment and thereby being
neutralized. To overcome this disadvantage a third diaphragm
may be introduced, as shown in Fig. 3, the stock solution flowing
into compartment E being acidified to the proper amount, and the
stock solution flowing into compartment F being neutral. This
prevents the unnecessary consumption of acid.

Figure 8 is a photograph taken from a small laboratory plant
for the corrosion of lead. The electrolytic tank has three anode
and four cathode compartments and is capable of corroding about
10 pounds of lead per twenty-four hours. Fig. 6 is a diagrammatic
representation of the same equipment, where T is the tank con-
taining the stock solution, R the regulating device for maintaining
a constant level of solution in the electrolyzing tank, Aaleadanode,
and D a canvas diaphragm placed around a wooden frame, W.
The top part of each diaphragm is paraffined to prevent a flow of
the solution through the portion not completely immersed. O is a
siphon tube for drawing off the lead nitrate solution as it is formed.
The solution flows into trough J, which is so constructed that the
anode and cathode solutions are kept separated, and thence it flows
into tank K.

With this construction the diaphragms can be readily removed
from the electrolytic cell when renewal and cleaning is necessary.

By the above method continuous operation can be effected with
high percentage of corrosion, no clogging of diaphragms, and with
uniformity of composition of solution running from the cell. The
electromotive force found necessary is about 1.4 volts, representing
an expenditure of energy of 0.22 horse-power-hour per pound of

lead corroded.
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tions at such a rate that about one-half the sodium nitrate passes
through without undergoing electrolysis.

Some of the disadvantages attendant upon the use of sodium
nitrate, as the electrolyte material, can be avoided by the use of
sodium acetate. The amount of alkali produced at the cathode is
equivalent to the lead acetate formed at the anode and the chemical
reactions are, therefore, simpler. The relative advantage of the
acetate is not determined by this factor alone. The cost of sodium
acetate is much greater than that of the nitrate, calling for great
care in the prevention of waste from leakage, and washing the
precipitate. The acetate requires to be used in a considerable de-
gree of purity, while the ordinary commercial grade of sodium
nitrate is sufficiently pure. The voltage necessary is considerably
higher and the difficulty in effecting clean anode corrosion is de-
cidedly against the acetate.

The experiments here described were carried out in an attempt
to test, on a laboratory scale, various processes which have been
described for the production of white lead. The work was carried
on for several months, and we have found that it is entirely possi-
ble to produce a white lead of exactly the same composition, as
far as the relative amount of hydroxide and carbonate of lead are
concerned, as in the old Dutch process. The physical properties
can also be duplicated. The conclusion seems to be justified, how-
ever, that there is little chance for the electrolytic process replac-
ing the chemical methods for the production of this useful pig-
ment, at least along the lines referred to. From the present market
values of pure lead and the white lead made therefrom, it is seen
that there is very little margin to pay the cost of the electrical
energy, the necessary losses in the electrolyte, the cost of casting
the lead into shape suitable for anode purposes, labor and depre-
ciation of the electrolytic tanks and leave anything for a profit.

In the production of various other lead compounds, however,
there seems to be greater opportunity for commercial application
of the electrolytic method. The acetate of lead may be produced
in a manner similar to that suggested for the production of the
nitrate; lead chloride may be produced from the electrolysis of a
hot sodium chloride solution, the lead chloride separating out on
cooling ; lead chromate, which is a pigment used in large quanti-
ties, can be made by precipitating the anode solution by
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sodium bichromate, thereby regenerating the original solution
and furnishing the free acid necessary for effecting uniform cor-
rosion of the lead anode.

It will be noted that in all of the proposed processes for the
electrolytic production of metallic compounds, electricity plays
only an incidental and sometimes very minor part in the operation.
There are undoubtedly many places where the electrolytic step
might be advantageously introduced into the present purely
chemical operations. Not only may the electrolytic effect of the
current be utilized, but the heat effect may also be employed. A
process for the production of metallic compounds utilizing the heat
properties of the current consists in volatilizing the metal either in
a resistance or arc furnace and exposing the vapors or the fine
metal particles thereby produced to the action of chemical reagents
which will produce the desired chemical compound. The con-
trolling factor in this case is the cost of electrical energy, the
amount of energy required to treat a pound of metal in this way
being much greater than in the electrolytic methods.

Literature of the Subject.

1891. Petraeus, Lead Pigments and Manufacture of Same. U. S. Patents,
Nos. 611,388 and 611,389,

18g2. Browne, A. B., Mauufacture of White Lead, U. S. Patent, No. 496,109.

18g2. Stanley, Production of Insoluble Chlorides Direct from Metals.
British Patent, No. 212,

1894. Browne and Chaplin, E. D., Manufacture of White Lead. U. S. Pat-
ent, No. 563,553. ‘

18g4. Ferranti and Noad, Oxide and Carbonate of Lead. British Patent,
No. 3,372. Electrochem. Zeit., Vol. 1., p. 88.

1895. Browne and Chaplin, E. D., Manufacture of White l.ead. U. S. Pat-
ent, No. 563,555.

18g5. Williams, R. P., Electrolytic Manufacture of White Lead. J. Am.
Chem. Soc., 17, 835.

18g6. Noad and Ferranti, Manufacture of White Lead. British Patents,
Nos. 7,783 and 14,988.

1896. Tatham, Manufacture of White Lead. U. S. Patent, No. 562,437.

18g97. Warren, H. N., Making Peroxide of Lead. Chem. News, 74, p. 144.

1897. Sanderson, Lead Carbonate. British Patent, No. 6,324.

1897, Salom, Making Litharge from Lead Ore. U. S. Patent, No. 588,883.

1897. James, Manufacture of White Lead. U. S. Patent, No. 583,751.

1897. Petraeus, Manufacture of White Lead. U. S. Patent, No. 592,594.

1897. Macdonald, Producing White Lead Pigments. U. S. Patent, No.

575,844.



1899,
1899.
1899.
1899,
1899.
1899.

1900,
1900.

1901.
1901.
1601,
1901.
1gol.

1902.

1902.

C. ¥. BURGESS AND CARL, HAMBUECHEN.

Walker, Process and Apparatus for Manufacture of White Lead.
U. 8. Patent, No. §88,042.
Strecker, Production of Oxides and Hydroxides from Metal Anodes.
British Patent, No. 26,923.
Production of Metallic Hydroxides and Sulphide. Elek.
Anz. April 11,
Walter, Lead for Production of Lead Compounds. Zeit, f. Elektro-
chemie. Apr. 20.
Metallic Hydroxide Prepared Electrolytically. Am. Jour.
Sci. March.
Electrolytic Preparation of Insoluble Oxides and Saits. Zeit.
f. Blektrochemie. May §s.
Otto and Strecker, Electrolytic Production of Oxygen Compounds of
the Metals. 1100 Elect'n Lond., Apr, 29.
Cowper-Coles, White Lead. Lond. Elec, Rev. Feb. 11,
Luckow, Insoluble Lead and Copper Compounds Manufacture.
L’Eclairage Elec., Apr. 16,
Production of Lead Compounds. I’Electrician. Jan. 22.
Bailey, Process and Apparatus for Producing White Lead. U. S.
Patent, No. 625,918.
Bishof, Apparatus for Treating White Lead. U. S. Patent, No.
622,570.
Luckow, Production of Lead Chromate by Electrolysis. U. S. Pat-
ent, No. 626,330.
Luckow, Producing White Lead by Means of Electrolysis. U. S.
Patent, No. 627,002.
Southard, Converting Metallic Lead into Lead Oxide. U. S. Pat-
ent, No. 618,213,
Woltereck, Manufacture of White Lead and Other Pigments by
Electrolysis. U. S. Patent, No. 631,839.
Coleman, Making Lead Carbonate, TU. S. Patent, No. 649,507.
Steinhart and Vogel, Producing Basic Lead Carbonate, U. S. Patent,
No. 641,751,
Electrolytic Pigments, Electrochemist and Met-
allurgist. Feb. p. 4b.
Chaplin and Hallovan, Electrolytic Production of White Lead.
U. S. Patent, No. 675,555.
Cowper-Coles, Electrolytic White Lead Processes. Electrochemist
and Metallurgist. June. p. 145.
Tibbits, Manufacture of Lead Salts by Electrolysis. U. 8.
Patent, No. 675,455.
Yunck, Manufacture of White Lead by Electrolysis. U. S.
Patent, No. 675,460.
Bailey, Apparatus for Producing White Lead. U. S. Patent, Nos.
709,954, -55; -56, -57.
Salom, The Electrical Reduction of Lead. Trans. Am. Electrochem,
Soc. Vol. I.



DISCUSSION.

Pres. RicHARDs: I have done some experimenting myself in
producing insoluble metallic compounds from the metals used as
anodes. I have tried the manufacture of white lead and found
that one of the great difficulties in manufacturing a fine quality
of white lead is the dropping of metallic particles from the
anodes in with the precipitates; and this is dependent very largely
upon the current density used at the anodes. If too high a current
density is used the action is similar to that of a concentrated acid
upon an easily soluble metal, tearing it to pieces, and small par:
ticles of metal then drop in and contaminate the product which
is being obtained. I find, by regulating properly the current
density, that the white lead can be obtained without any specks
of metallic lead in it, whereas, by using too high a current density,
it is contaminated with specks of metallic lead. I would also call
attention to the easy manner of making a metallic sulphide by
means of using the metal as an anode, in a solution of sodium
hyposulphite. It makes a very pretty lecture experiment to use a
cadmium anode in a solution of sodium hyposulphite ; after pass-
ing the current for a little while, cadmium sulphide commences
to form, with its beautiful golden yellow color. At first there is
very little precipitate because cadmium sulphide is soluble to a
certain extent in the electrolyte; but after passing the current for
some time the electrolyte becomes saturated with cadmium sul-
phide and then a precipitate forms very abundantly. It is a quick
and easy way of making sulphides. I do not know to how many
metals it may be applicable. I have tried it with four or five.
I think there is a great field for manufacturing the insoluble com-
pounds of metals by the use of appropriate solutions ; at least there
is a great field for experimenting in that line. -

MrR. Carr, HEerING: I have been very much interested in this
paper, as I think there is a great future in the manufacturing of
some chemical products by means of electrochemical reactions
as distinguished from chemical reaction. I also agree with
Professor Richards in regard to the current density, only
I would rather put it in this way: that it is very im-
portant to keep the solution which you wish to have acted upon
in actual molecular contact with the electrode and not let it be
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separated from them by an exhausted molecular layer; that is to
say, if you want to use a strong current density you must have
very strong circulation. I think this is a very important factor in
a great many of these reactions, and that it is not fully appreciated.
I have made some experiments in that direction myself and I have
been surprised to see what great improvements are produced by
very rapid circulation.

Pror. W. D. Bancrorr: I am sorry that this paper could not
have been discussed more in detail by some of our technical friends.
It would be of great assistance to those of us who are connected
with the universities if our efforts at teaching our students some-
thing about applied electrochemistry could be subjected to friendly
criticism by those who have had an opportunity to test these things
on a large scale.
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EFFICIENCY OF THE NICKEL-PLATING TANK.

BY OLIVER W. BROWN.

Although the nickel-plating tank is one of the best-known
examples of an electrolytic cell, having been used in practical work
for many years, there are certain peculiarities and factors about it
which are not understood, and which are of such a nature as to
leave considerable room for improvement in the process for
electroplating with nickel.

The design of the present nickel-plating solution has been the
result of the “cut-and-try” process, and few attempts have been
made to give a good scientific explanation of why some solutions
give better results than do others. The double nickel-ammonium
sulphate electrolytes must be carefully watched during operation
to insure satisfactory products, and the plater knows that his suc-
cess depends upon keeping the solution at a chemical composition
having somewhat narrow limits. It is known that a small per-
centage of certain impurities may ruin the solution, and that the
electrolyte must not become appreciably acid or alkaline. It is to-
counteract such tendencies that his attention is principally directed.

An ideal electroplating cell is one which operates at a current
efficiency of 100 per cent, and has a resistance sufficiently low that
an electromotive force not exceeding five or six volts may send the
proper current through it. A current efficiency of 100 per cent.
means that the anode shall corrode at exactly the same rate that
the metal is deposited at the cathode, this amount being equal to
that calculated from the quantity of current and the electro-
chemical equivalent of the metal. With a current efficiency of 100
per cent., no change in composition of electrolyte will occur, and
the greatest of simplicity in the operation will thereby be attz.uned.
That the nickel-plating cell, as at present used, is notably ineffi-
cient, when viewed from this standpoint, is apparent. It was for
the purpose of determining some of the factors which influence
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this efficiency that a study was taken up, the results of which are
given herein.

Inasmuch as the discharge potentials and polarization pressures
are important factors in the study of the operation of the electro-
lytic cell, these were taken into account for the purpose of throw-
ing some additional light upon the question. If the nickel-plating
cell could be made to operate at a maximum efficiency, the electro-
motive force required to send a current through would be only
that necessary to overcome the resistance of the electrolyte, a con-
dition which is almost completely realized in the copper-plating
cell using an acidified copper sulphate solution. In nickel plating,
however, there is additional pressure which has to be overcome,
amounting in some cases to over two volts. This polarization
pressure is produced as a result of the fact that the current effi-
ciency is less than 100 per cent, and is the summation of the values
at the anode and at the cathode. To determine the variation of
these two values and their summation, measurements of discharge
potential at the two electrodes were made in the ordinary manner,
employing the auxiliary electrode of the “calomel” type, the
electromotive force of which was taken as — .56 volts. It was
on this value that the measurements recorded herein are based.

The discharge potentials were measured by means of a specially-
designed make-and-break switch, which interrupted the current
and instantly thereaffer made contact with the normal electrode
circuit, in which the p.essure to be measured was balanced against
a pressure of known value. A galvanometer was used as a zero
instrument in balancing these two values.

Measurements were first made upon a slightly acid nickel
ammonium sulphate solution, taken from a 3o-gallon nickel-plat-
ing tank. The ordinary cast nickel anodes were used as electrodes.
The area of one side of each electrode exposed to the solution was
0.25 square foot. The area of only one side of the electrodes was
taken into account in the calculation of the current density, as they
were placed flat against the side of a large battery jar. The
electrodes were thoroughly cleaned in acid before placing them in
the nickel-plating solution.

The discharge potentials of the electrodes and the polarization
electromotive force, at different current densities, are given in

Table I:
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TABLE I
which measur Discharge potential
m:‘:ia?:u:tmadhei:ﬁe:u:?ln: Amp':%“ . Etl:nc:i?:e i;g“’l??‘ i::tli‘:;l
the current at the given cur- uare
rent density. oot Volts Cathode Anocde Volts
e e no current .. —0.184 |—o.154 | . . . .
25 Minutes 1:.00 o.8 +o0.074 | —o0 290 | —o0.388
55 o . L.6o L1 0.164 | —o0.339 |—0.524
25 ‘e 2.80 1.5 0.202 | —o0 422 | —o0.650
20 ‘o 4.40 2.3 0.239 | —0.474 |—0.730
7 " 5.60 .. 0.245 | —0.456 | —0.750
100 " 6.40 4.2 0.325 | —1.725 |—2 059
30 “ 10.00 4.7 0.403 | —I.650 [—2.119

It will be noted that the sum of the cathode and anode discharge
potentials given in this table does not quite agree with the polari-
zation value obtained. This is due to the unavoidable experi-
mental error in these determinations.

The results in this table are plotted in Curves I, II and III of
Plate I. Curve I shows the change of cathode, and Curve II of
the anode discharge potential with the change in current density.
The polarization at different current densities is shown in Curve
III. The anode and polarization curves make a very sudden bend
at about 5.6 to 6.4 amp per square foot, the voltage in each case
increasing more than one volt. The cathode curve also shows a
slight increase in voltage at this current density.
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A high current efficiency is generally supposed to be obtained
only when the discharge potential at the electrode is near the single
potential of the electrode. If this be true, the current efficiency of
corrosion would naturally be expected to decrease to a low value
when a current density of about 5.6 amp per square foot is
reached. It will be noted from later determinations just how
much the efficiency of anode corrosion is lowered by this sudden
change in anode potential. A vigorous evolution of gas imme-
diately begins at the anode, when its potential suddenly increases,
and the amount of gas evolution increases with the increase in
anode potential. No gas is seen at the anode when its potential is-
— .4 volt. Vigorous stirring of the electrolyte, when the potential
first suddenly rises, has no perceptible effect on the potential. In
many cases the anode is found to be coated with a thin layer of
nickelic oxide when the potential suddenly changes.

* In the nickel anode first employed copper was found as an
impurity. The nickel dissolved away, leaving the copper on the
surface. The presence of the copper, rather than being a detri-
ment, seemed to be advantageous, in allowing a' high anode cur-
'tent density to be used without producing a high increase of anode
‘discharge potential. In one set of experiments, where the surface
‘of the anode was found to be covered with a few spots of metallic
copper, the anode discharge potential was only — 0.485 volt, and
the polarization — 0.816 volt, with a current density of 16.8 amp
per square foot., The anode and cathode were removed and
thoroughly cleaned with acid, dissolving off the spots of metallic
copper. After replacing the electrodes in the solution and passing
a current of 14 amp per square foot for twenty minutes, the anode
potential had risen to — 0.824 volt and the polarization to 1.064
volts. o

A small cell of about 300 cc capacity and two small electrodes,
placed about 1.5 inches apart and flat against the sides of the cell,
were used in all of the following experiments. The electrodes
were weighed on an analytical balance, and the current efficiency
of corrosion and deposition determined. The electrolyte used
contained 75 grams of nickel ammonium sulphate per liter. This
solution had a slightly acid reaction. A fresh sample of electro-
lyte was used ih every experiment, except where noted. The
small cast-nickel anodes used were cut from a large cast nickel-
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plating anode. Cathodes of pure rolled sheet nickel were used.
[n some of the experiments these rolled sheets of pure nickel were
used as anode. The area of the cathodes in most of the experi-
ments was a little more than 9 square inches (counting one side
only). The active surface of the cast anodes, however, was only
about 5 square inches.

Table I1 shows the current efficiency obtained with cast, rolled
and electrolytic nickel anodes:

TaBLE II.
i
| Ampéres per | Discharge poten-
i square foot tial in volts Current efficiency
. | Ampére
Nickel anode ¢ hrs, ’
' used Cath- . Corro- | Dep. of
Anode ; L2 Anode | Cathode | sion of |nickel on
ode anode | cathode

Cast, surface gr'nd
smooth . . . .| 045 4.12 | 2.21 | —1.834 | +0.208 | 46.29% | 75.42%
Cast, surface
roughened in acid| 0.45 4.12 | 2,21 |—o0.44 0.252 | 91.32 | 92.06
Rolled, pure . . .| 045 | 4.42 | 442 | —1.889] o.145| 8.47 |63.27
Electrolytic . . .| 0.45 | 4.42 | 4.42 |—1.883| 0.143|12.65 |61.61

These results show that electrolytic nickel anodes corrode very
poorly as compared with the cast anodes; also, that pure rolled
anodes are no better than the electrolytic. The different efficiens
cies obtained with cast anodes of smooth and rough surface are of
interest. This difference in efficiency between the cast anodes
may be due to the difference in current density, caused by the very
great increase of actual surface of the roughened electrode over
the smooth; formation of oxide on the surface of the smooth
electrode, or to the electrode assuming a passive state in this
experiment. The very high anode potential of the smooth elec-
trodes indicates one of the latter reasons. The cause of this high
anode potential will be considered in connection with data given
later.

The relative efficiency of the cathode and anode is shown by the
results in Table IT. The cathode efficiency is affected to a marked
degree by the anode efficiency. When the anode efficiency is only
about 10 per cent, the cathode efficiency is near 62 per cent, while
the cathode efficiency is 92 per cent when the anode efficiency
teaches 91.32 per cent. ‘This is an additional reason why rolled or
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electrolytic nickel anodes cannot be satisfactorily used in plating.
The low anode efficiency reduces the efficiency at the cathode, and
and the poor efficiency at both electrodes causes a change in the
composition of the electrolyte.

Table III shows the effect of current density on the efficiency of
corrosion of a rolled anode:

TaBLE III.
Disch : Current efﬁciencywm.
A}!::)ﬁi:e Ampéres per posfe natl;gf Polarization |[__ Anode 1 Niekel
used square foot of anode Volts corrosion deposition
0.10 0.74 ‘ —1.829 | —2.07 18.64 % 64.71%
0.45 2.95 i —I1.869 —2.10 ’ 19.43 62.79
0.45 4.42 | —1.889 —2.143 . 8.47 63.27

D Ccerhargn ;1;& o A e =

A very poor efficiency at the anode is obtained even with a cur-
rent density as low as 0.74 amp per square foot. When rolled
anodes are used, the corrosion increases slowly as a larger number
of coulombs are passed through the solution, while the cathode
efficiency decreases.

When the anode corrosion is as low as 19 per cent, the cathode
efficiency is as high as 62 per cent. This means that the electro-
lyte becomes more acid as the number of coulombs passed through
the solution increases. The acidity of the solution naturally
decreases the amount of metal precipitated at the cathode, and
increases the rate of corrosion of the anode. This is shown in

Table IV :

TaBLE IV.*

A A Anod Current emcieu.cy
m

DRI | AR | phil | Potectsation | ——
0.45 4.42 —1.889 2.050 8.47% 63.27%
0.75 4.42 —1.820 2,052 12.28 51.14
1.531 4.57 —1.858 2.003 15.72 3788
3.01 3.17 —1.883 2.028 27.08 33.18

From Table IV we see that the polarization and the anode
potential change very little with increase in acidity.

* The electrodes were removed from the solution at intervals, weighed, replaced in
the electrolyte, and the electrolysis continued.
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The ampére hours and efficiencies of Table IV are plotted in
Curves I and II of Plate II.
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Table V shows the influence of current density on the corrosion
of a cast anode:

TABLE V.
Amperes per square foot Current efficiency

Ampére ~ » Anode
hoursused|  ,;ode Cathode Anode Cathode Voltage
0.40 7.25 4.42 62.93% 91.5T% —1.87
0.45 5.50 2.95 72.92 90,02 —1.60

. 0.45 4.12 2.21 91.32 92.06 —--0.44
0.40 3.52 | 2.00 . Q2.17 91.65 —0.30

The efficiency of corrosion of the anode is plotted with the cur-
rent density in Curve I of Plate III. It is seen that the anode
efficiency decreases quite rapidly with increase in current density.
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 The rélations between the electrode discharge potentials and the
efficiencies is shown by a comparison of the data in Table VI:

TABLE VI
{ -
es per Discharge poten-
Nature of Al?;{"?;e Asrcl;l?::e fo%t { Current efficiency tial ixilz vglts
anode used | - g e i
f Anode | Cathode | Anode JCathode Anode | Cathode
e T e
Cast . . . . .| 1IO 2.75 | 1.48 |88.77% 190.37% | —0.387  -+-0.252
oL 1.76 2.75 ' 1.48 (9100 !83.49 |—0.337| o0.212
oL ..o 039 1 275 1.48 |8280 |94.29 |-—I.237, 0.252
oL 2.3 412 | 412 |89.77 9462 |—o0.290; 0.273
L Lo 329 4.12 ! 4.47 |92.61 (88.94 |—o0.463! 0.246
‘ e .4 7.25 4.42 }162.93 |93.51 —I1.580 0.228
R .3 4.12 ] 2.21 |82.96  |gl.l0c |—0.360! 0.253
Rolled 43 3.10 | 3.10 901 57.39 |—I1.8B80o| o.142
“ 3.01 ' 317 ! 317 |27.08 13318 —1.883 1 o0.118

The cathode and anode efficiencies of Table VI are plotted,
with their respective electrode potentials, in Curves I and II of
Plate IV.
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It seems that the highest cathode efficiency is obtained when the
cathode discharge potential lies between + 0.22 and - 0.29 volt.

The anode voltage increases very fast as the anode efficiency
begins to diminish. The results show that an efficiency of corro-
sion exceeding go per cent cannot be expected if the anode voltage
is allowed to get much above — 0.46 volt.
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Pfanhauser® states that nickel ammonium sulphate between
nickel electrodes can be decomposed with a bath tension of about
one volt; but that in a short time the current strength falls very
fast to almost nothing, while the bath tension rises to two volts.
He also states that there are two polarizations, one of about one
volt and the other near two volts. He ascribes this high electrode
tension and polarization to the formation of a coating of nickelic
hydroxide on the anode. He has shown that nickel ammonium
sulphate is a complex salt, and that in concentrated solutions
Ni(SO,), ions are liberated at the anode. These Ni(SO,), ions
may attack the nickel electrode and form two molecules of NiSO,,
or they may react with water, forming sulphuric acid, nickelous
sulphate and oxygen. The Ni(SO,), ions may also unite with
NiSQ,, forming Ni,(SO,),. He thinks that the nickelic sulphate
is then decomposed by hydrolysis, yielding nickelic hydroxide,
sulphuric acid and 0xygen? He says that in strong acid solutions,
however, the nickelic sulphate decomposes as follows :

Ni = SO, NiSO

T80, + HO = © *4 H,S0, + O.
‘/,/' NiSO4

Ni = SO,

He has tested the chain
Ni/(NH,), Ni(SO,),/Ni(OH),,

and finds that it gives 1.075 volt. For this reason he believes that
the high polarization is due to the nickelic hydroxide on the anode.

In all of Pfanhauser’s measurements either electrolytic or rolled
nickel anodes were used. His explanation seems to fit the facts
very well when these electrodes are used, but they do not explain
the data obtained with cast-nickel anodes. In one experiment
with a cast anodé, after electrolysis at an anode density of 4.12
‘amp. per square foot for seventeen hours, the discharge potential
was only —o0.47 volt, the polarization only .74 volt and the
electrode tension 1.19-volts. In this experiment the a.mode effi-
ciency was 92.6 per cerit. ‘This seems to show that with proper
conditions, when cast anodes are used, the electrolysis may be

*+ pfanhauser, Zeitschrift fiir Blektrochemle, 7, 698 (1g01).
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continued for any length of time (especially when the solution is
occasionally stirred) with a polarization considerably below one
volt and with an electrode tension of about 1.2 volts.

Under certain conditions the cast-nickel anodes seem to become
passive (possibly due to the formation of a coating of oxide, as
suggested by Pfanhauser), and in all these cases the efficiency of
corrosion immediately drops to a low value. This is not always
due to the current density or to the composition of the electrolyte.
The following is an experiment showing this passive state: A
current was passed through the small plating cell for three hours.
During this time the anode density was 4.12 amp per square foot.
The anode potential at the beginning was — 0.439 volt, and at the
end — 0.447 volt. The electrode tension was I.1 volts throughout
the run, and the polarization remained near — 0.721 volt. At the
end of three hours the electrodes were removed, washed in dis-
tilled water, dried and weighed. An #node efficiency of 91.3 per
cent was obtained. After the electrodes were weighed, they were
replaced in the same electrolyte, and the current started at the same
current density as before. The electrode tension rose to 2.2 volts,
the anode potential to — 1.5 volts and the polarization to — 1.84
volts within fifteen minutes. After three hours the electrode ten-
sion was 2.3 volts; anode potential, — 1.68, and polarization,
— 1.987 volts. The anode efficiency had dropped to 65 per cent.

When the anode potential suddenly rises, it may generally be
brought back to its former value by removing it from the electro-
Iyte, cleaning in a mixture of sulphuric and nitric acids, rinsing in
distilled water and then replacing it in the cell. After the
electrolysis has continued for thirty minutes, with an anode dis-
charge potential of — 0.45 volt or lower, I have never known it to
.change to a much higher value at the same current density.

The rise in anode potential in these experiments must, then, be
due to some treatment it received outside the cell, while washing in
distilled water, drying in an air bath, cooling in a dessicator and
weighing. One would at once say that the passive state of the
electrode was caused by the formation of a film of oxide on its
surface during the process of drying and weighing. This is
possibly true, but the following experiment is not explained by

this assumption. .
The average electrode tension was 2.2 volts, the anode potential
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remained near — 1.78 volts and the polarization — 2.03 volts. A
current density of 2.75 amp per square foot was used. After two-
hours’ electrolysis, the electrodes were removed and weighed.
An anode efficiency of 87.88 per cent was obtained. The elec-
trodes were then replaced in the electrolyte, and a current of the
same density started through the cell.

The electrode tension was surprisingly only 0.9 volt, the polar-
ization 0.606 volt and the anode potential —0.331 volt. The
temperature of the electrolyte at this time was 28.5° C, but cool-
ing it to 15° only raised the electrode tension 0.1 volt. After
continuing the electrolysis sixteen hours, the electrode tension
was 1.0 volt, polarization — 0.729 and anode discharge potential
only — 0.444 volt, ‘The anode efficiency was about 89 per cent.
After the electrodes had been removed, rinsed in distilled water,
dried and weighed, they were again placed in the same electrolyte.
In a very few minutes the electrode tension was 2.1 volts, the
polarization — 1.87 and the anode potential — 1.6 volts. After
four hours’ run the anode efficiency was 78 per cent.

From the results of these measurements the fact is shown that
satisfactory operation of a nickel-plating solution depends to a
large extent on the character of the anode employed. This is a
fact which has been recognized by platers as a result of practical
operation. It might be a natural supposition that the best results
should be expected with the purest anode material, but this.
apparently is not the case. It appears that the presence of copper
is advantageous to a certain extent, and it is quite likely that cer-
tain other impurities which are usually present in cast nickel may
be equally advantageous. It has been shown that rolled nickel or:
electrolytic nickel are decidedly unsatisfactory for anode service,
and the reason that the cast nickel shows a superiority may be due
to the impurities or to a different physical structure, which gives
rise to a great porosity and roughness of the surface, and thereby
a greater actual surface area.

In electroplating operations the cathode has naturally been the
point to which most attention has been given in the production of
certain qualities of deposit, but a study of the conditions at the
anode is equally important, for if the corrosion at that point is
satisfactory the cathode will largely take care of itself. The lack
of efficient corrosion at the anode results in an excess of acid being
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formed, which, diffusing to the cathode, causes a lower efficiency
at that point as well. A change of efficiency at the anode is in a
very short time made apparent by a similar change at the cathode..
In instructions which have been published from time to time for
operating nickel-plating tanks, the voltage which is necessary for
plating is referred to in an indefinite way. This is probably due
to the fact that the electromotive force required under different
conditions is of a considerably different value, so that no definite
rules can be laid down. The electroplater can obtain an efficiency
of 9o per cent or more if cast anodes are used, with an anode
density of about 5 amp per square foot. The best method of
obtaining a check on his efficiency is by the determination of the
anode discharge potential. ‘This should not be allowed to reach a
greater value than — 0.43 volt. _

It is possible, however, that the study of such single potential is
too much of a laboratory test, and requires apparatus which is not
at his disposal. A study of the total polarization pressure, how-
ever, while not being as definite in the indications as a study of the
individual electromotive force at the electrodes, will serve as a
means for determining whether the cell is operating properly.
When the polarization goes much above 0.75 volt, the assumption
is justified that the anode is not corroding properly, and, on the
other hand, if the polarization is below 0.70 volt the efficiency at
the anode is as high as can be obtained. The means for measur-
ing this polarization is at the disposal of most electroplaters, the
method consisting in connecting a voltmeter to the anode and
cathode terminals while the current is flowing and then suddenly
interrupting the current and noting the pressure between the
electrodes immediately after. This reading should be made as
quickly as possible, as the polarization decreases rapidly after
interrupting the current.

In conclusion, I wish to thank Prof. C. F. Burgess for his
valuable suggestions and assistance throughout this work, which

was proposed by him.

. Laboratory of Applied Electrochemistry,
University of Wisconsin.
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DISCUSSION.

Mgr. McA. Jounson: This article is interesting to me, for it
follows along lines which I have worked on in the past, namely,
the study of the anode potential and the cathode potential by
means of a standard electrode in determining the factors of
electrolytic work. I doubt though that the ordinary electroplater
is going to install an Ostwald calomel standard electrode and a
$150 potentiometer to determine electrode potentials. However,
the way pointed out in the last page of Professor Brown’s paper is
a fairly accurate method and a practical one. This article, in my
opinion, could be criticized in the following way: that not enough
analyses were made of the electrolyte.

The current efficiency at the cathode is dependent upon the
percentage of nickel at the cathode and also the percentage of free
hydrogen ions. If the percentage of free hydrogen ions increases
to a certain limit, we do not get metallic nickel, but we get pure
hydrogen. As the percentage of hydrogen ions decreases we
get an increasing percentage of nickel and a decreasing percent-
age of hydrogen; but, nevertheless, we always get hydrogen at
every potential, under every condition, as can be shown by the
fact that we have a low current efficiency at the cathode. To
investigate on electroplating work I think about 250 analytical
determinations would be necessary. I have had a good many
more than that made on electro-refining work, where the condi-
tions are entirely different—the nickel contents of electrolyte,
instead of being 30 grams to the liter is 150 to 200 grams of
metallic nickel per liter; the current density is 10 to 30 ampéres
per square foot, and the temperature as high as possible within
practical limits. Nevertheless this article is of much value, even
though it is imperfect in the fact that it gives little analytical
data. A : :

Pror. C. J. Burcess: The addition of analytical data such as
Mr. Johnson recommends would undoubtedly make this paper
more complete. If such completeness had been aimed at, how-
ever, this paper could not have been prepared in the time which
has been available, as it would be an investigation of very con-
siderable length.

Mr. Johnson does not think that the “calomel” electrode as a
standard for the measurements of simple potentials is a practical
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instrument for technical men, but upon this point I am inclined
to disagree with him; we have found it of great use in the labora-
tory on account of its simplicity of construction and operation.
A potentiometer arrangement which we have employed in con-
nection with this electrode was made in our laboratory and at a
cost less than one-tenth the amount which Mr. Johnson names.
- The measurements described in this paper were made on a
nickel-plating solution, such as is used every day by the electro-
plater and no chemical analysis of such solutions were made. The
approximate composition was known, however, inasmuch as after
each run a solution freshly made up was employed. The only
chemical tests which were made during the operation of the cells
were such as are commonly made by the electroplater to determine
the acidity or the alkalinity of the bath.

Pres. Ricuarps: The statement made on page 93 of Dr.
Brown’s paper is very interesting: “It appears that the pres-
ence of copper is advantageous to a certain extent, and it is
likely that certain other impurities which are usually present may
be equally advantageous.” The idea that the presence of an
impurity in the anode may be advantageous is odd at first, but I
think may be explained by the fact of local action—the increase
of local action upon the anode; that where copper is mixed with
the nickel the local action of the solution will probably cause the
nickel to dissolve in larger proportion than it would by electrical
action alone. We find, for instance, that pure zinc is very slightly
attacked by acids, but attacked rapidly if there is a small amount
of another metal present to facilitate the solution, so I think the
chemical solution of the anode is probably facilitated by the pres-
ence of copper or other impurity.

Dr. Ruporrr GAHL: I should not think that the impurities
of the nickel could cause much local action. Nickel causes strong
local action on account of its low overvoltage on metals of higher
overvoltage; for example, on copper. But the metals which are
generally contained in nickel as impurities have a higher over-
voltage than nickel has, and, therefore, I do not think that they
can cause local action.

Pres. RicHArRDS: You state that they have a lower over-
voltage effect?

Dr. GAHL: Yes, sir.
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Pres. RicHArDS: Platinum with zinc intensifies the local
action, but platinum has a lower overvoltage effect than zinc, so
that it is rather the short-circuit effect of which I am thinking
that the presence of the impurity in the body of the anode may

have.

Dr. GanL: It depends on the amount of the overvoltage.
Platinum has a very low overvoltage, and, therefore, causes an
especially great local action; the other metals of higher over-
voltage than platinum when deposited on zinc do not cause so
much local action as platinum does. For example, the local action
caused by copper is less than that caused by nickel, and the local
action of nickel is much less than that of platinum, therefore, you
cannot cause local action on nickel at all by copper, nor by lead
nor by zinc, if these metals are deposited upon nickel.

Mr. C. J. Reep: How is the overvoltage determined? The
overvoltage of platinum, for instance, or nickel?

Dr. Gany: Overvoltage of a metal is the excess of voltage
which is required for developing hydrogen on this metal over
that required for developing hydrogen on platinized platinum.

Mr. Reep: It is based, then, upon platinized platinum as a
standard?

Dr. GAaHL: Yes; we have no other standard. It is theoretically
possible that there is another metal which requires a still lower
voltage than platinum does for the electrolytic development of
hydrogen. But we do not know such a metal and therefore take
that metal which requires the lowest voltage of all known metals.

MRr. Regp: T have never been able to find two pieces of platin-
ized platinum that acted alike, so I do not see that there is any
standard if that is the case. If that is the only standard we have,
it seems to me there is none.

Dr. GAHL: Yes, there are differences, but they are not so very
great, the difference between platinized platinum and common
unplatinized platinum is not more ‘than 0.09 volt. On the other
hand, the difference between zinc and platinum is 0.7 volt, and,
therefore, great, compared with the variations of platinum. So,
though platinum is not a perfect standard, it is a useful one for

many purposes.
Mr. Rerp: I have found the same differences in platinum

7
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depending upon the conditions under which it is used; for
instance, with platinum electrodes in sulphuric acid, the over-
voltage (voltage required to produce gas on the platinum) would
depend on how you apply the current. If you begin with a very
small electromotive force, you can gradually increase it up to
two volts or in that neighborhood before you get any appreciable
current. 'Then after the film of gas on the surface of the platinum
has once broken, the voltage will drop down at once to one and a
half volts, and you can continue to deposit hydrogen at one and a
half volts. Now, what is the overvoltage of platinum in that
case? A theoretical requirement of the electrochemical electro-
motive force would be 1.47 volts. Now, you can get gas at one
and one-half volts, or you can get it at two volts under those two
different conditions. Which is the overvoltage of platinum, .03
volt or .537

Dr. GanL: 1 do not know this experiment which Mr. Reed
refers to, but I have made similar experiments with differ-
ent kinds of lead and almost the same conditions. I have electro-
lyzed, for example, two cells with sulphuric acid, one with a pure
lead, the other one with an antimonious lead cathode, and always
obtained higher voltages for the cell with pure lead. The dif-
ference between the two voltages is about the same for all densi-
ties of current; therefore, I should think the difference in the
overvoltage for these two kinds of metal is the difference you
find here, and I do not see why in replacing the one metal by
platinum there should be much difference in the behavior, but
I should like to make that experiment myself.

Mr. Reep: That is a very interesting experiment, and it is
one that I think ought to be considered in discussing this question
of voltage. The facts are.as I have stated, that if you electro-
lyze platinum electrodes in dilute sulphuric acid, beginning with
a very low electromotive force and gradually increasing it, not
by large steps, but by continuous increments, as, for instance, by
using a dynamo in which you gradually increase the electromotive
force up to two volts, you can increase it to nearly two volts
without getting any perceptible current, that is, without getting
more than what is generally called “residual currents.” Then
suddenly the current will apparently break through a film of gas
and gas will appear in spots or patches on the platinum electrode.
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Then the voltage goes down immediately. You can continue then
to get an evolution of gas with one and one-half volts.

Pres. RicHARDS: Mr. Reed has brought up the question
of overvoltage. In a paper which I have prepared to read to-day,
I show some experiments where the voltage was increased on
platinum electrodes to 110 volts without any evolution of gas,
so that we have in that case an overvoltage of perhaps 108.5 volts.






O~

A paper read at the Fourth General Meet-
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Society, Niagara Falls, N. Y., Septem-
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A PRACTICAL UTILIZATION OF THE PASSIVE STATE OF IRON.

BY CHARLES F. BURGESS

In what may be considered the ancient literature of electro-
chemistry the fact was pointed out that iron and steel may be made
to assume that peculiar condition known as the passive state by
employing the material as an anode in suitable electrolytes.
Among such solutions are sodium nitrate and various other solu-
ble nitrates. .

Upon assuming the passive condition, the iron no longer
becomes attacked by the anode products, oxygen being liberated,
and the metal acting towards the solution as would an anode of
platinum. The passive state thus produced was held to be, and
probably is, the same condition which iron assumes when
immersed in concentrated nitric acid, the passivity probably being
due to the same causes in both instances. Whether this peculiar
condition is the result of the formation of a coating of iron oxide
or of nitrogen oxide, or of some other material, is a disputed
question, a discussion of which is foreign to this paper.

While this peculiar behavior of iron, when used as an anode
material, has been known for many years, it is only quite recently
that it has been made use of in an industrial way.

Some years ago we developed in our laboratory a process for
removing brass from steel tubing, the brass having been left on
the outside of the tubing as a superfluous material during the
brazing process. An improvement in the method of brazing
employed extensively in the manufacture of bicycles consisted in
dipping bodily a portion of the frame to be brazed into a bath of
melted spelter, which was covered by a suitable flux. By this
operation not only was the brazing eﬁgcted within the joints, but
a thin layer of brass adhered to the outer walls of the tubing, so
that it became necessary to remove this layer in preparing the
frames for receiving a coating of enamel. This was effected for
some time by filing, a process which had the disadvantage of
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entailing a large amount of labor and frequently of damaging the
thin tubing, as some of the iron was removed as well as the brass.

An attempt was made to employ an electrolytic stripping
process for removing this brass, but, upon trying a great many
electrolytes, it was found that the iron itself tended to corrode
much more readily than did the copper which enters into the con-
stitution of the brazing spelter; and the problem resolved itself
into finding a solution which would dissolve the copper, but in
which the iron would not corrode.

Iron has a position considerably above copper in the electro-
chemical series of elements, and where two different metals are in
contact the natural tendency is for the more electropositive one to
go into solution with the greater ease. The idea presented itself
of making the iron more electronegative than the copper by caus-
ing it to assume the passive state, and upon using the sodium
nitrate solution in which this state could be developed it was
found that the brass could be completely removed and the iron
left intact. ‘

This method of electrolytic stripping was installed and operated
with success in various factories, and is now an important adjunct
to the dip-brazing method. This same electrolytic stripping
process may be applied equally well in removing silver, lead, tin
and other metals more electronegative than iron from an iron sur-
face. Nickel cannot be removed in this way, however, since
nickel, as well as the iron, assumes the electronegative or passive
state.

In some correspondence with the Patent Office it was claimed
that while the iron might assume a passive condition, becoming
coated with a resistant film of iron oxide, it could not be con-
sidered as becoming electronegative. For the purpose of deter-
mining this question, some measurements of single potentials were
made upon iron before and after it had assumed its passive condi-
tion, and the results showed clearly the manner in which these
metals behaved while being subjected to the action of the current.
The measurements were made by means of a normal electrode of
the “calomel” type, the potential of which was taken as — .56 volt.
The metal whose single potential was to be tested was placed in
the electrolyte and the potential measured before applying an
electrical pressure, and also after currents of different values had
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been caused to flow. It was found that up to a certain limit the
single potential varied in accordance with the current density.
These values at different current densities were determined by a
specially-constructed switch, which broke the current and imme-
diately connected the electrode with the normal electrode circuit
for an instant, long encugh to determine the direction of the
movement of the meniscus of a capillary electrometer used as a
zero potentiometer instrument. In the following tables are given
the results of some of these measurements:
L.

Solution = normal sodium nitrate.

Anode == iron, — area = 34 sq. in.

E. M. F. between iron and solution before passage of current

= 4 .07

Applied Pressure Current Single Potential
Volts Amp. Volt
.2 .006 -+ .06
4 022 "+ .032
.5 .032 — .01
8 085 — .053
1.2 175 —.II

The above test was made in solution containing no NaNO,.

Measurements made as rapidly as possible.
11
Solution = normal sodium nitrate.’
Iron anode = area 3.5 sq. in.
E. M. F. between iron and solution before passage of current

= -+ .002.

Appli:rclllt’:essure Cf::ﬁ:?t singlev T;;:ttsential
3 .005 — 138
5 Ko} {3 — .138
7 034 — .138
I. .08 — .138
1.3 130 — .166
2.2 * 160 —1.89
28 . .I30 — 1.97

current was .16 ampéres, but it

* d|
When pressure of 2.2 volts was first applle of passive state by the anode as

quickly dro to .026 ampéres, due to assumption
shown by thgmat change !np%. M. F. of the plate,

3
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IIIL.

Solution == normal sodium nitrate, into which was placed a
small amount of NaNO,.

Anode = iron plate, area = 3.5 sq. in.

E. M. F. between iron and pure nitrate solution = -+ .28 voit.

E. M. F. between iron and pure nitrate solution, with addition
of NaNO,, = 4 .23 volt.

E. M. F. of same after standing five minutes = .09 volt.

Applied Pressure Current Single Potential
Volts Amp. Volts
.3 000§ — 221
.5 001 — 452
.7 .002 — 645
I.0 .003 — 1.04
1.3 .004 — I1.21
2.2 .070 — 1.46
2.9 172 — 1.63

On remaining some time with this current flowing, the E. M. F.
of anode rose to — 1.94 volts.

IV.
Solution = same as above.

Anode = sheet copper 3.5 sq. in. area.

E. M. F. between copper and electrolyte — — .238 volt.
Applied Pressure Current Single Potential
Volts Amp. Volts
3 .000§ — 421
5 003 — 49
7 .005 - .56
1.0 023 — .67
1.2 .043 — .64
2.4 .300 — .658

It was noted that the single potential of iron immersed in a
sodium nitrate solution before the current passed was in the
neighborhood of 4 0.2 volt. In other words, a potential was set
up toward the solution in the same direction, but of less magnitude
than would be produced by zinc. By causing the current to pass
from the iron electrode, however, this potential quickly became
negative, and increased rapidly in negative value until potential
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as high as — 2.0 volts could be obtained under certain conditions.
This potential of iron, when in the passive condition, is consider-
ably higher than the single potential of platinum, and conse-
quently in this condition may be considered as electronegative to
that metal. Its potential is approximately equal to that of the
peroxide plate of the lead storage battery.

Copper, on the other hand, as shown in Table IV, does not
change its contact electromotive force in anywhere near the same
degree. ‘The maximum electromotive force of copper was — .65
volt, and it will be seen that the iron may readily be made much
more electronegative than this value.

It was found that the iron did not assume the passive condition
when used in sodium nitrate solution freshly prepared, but that
this condition was developed after the current had flowed for
some time. This fact led to the conclusion that the solution
underwent some chemical change which was favorable to the
passive state. In the electrolysis of a sodium nitrate solution
under the above conditions sodium is liberated at the cathode,
uniting with the water to form sodium hydroxide, and the hydro-
gen which is thereby set free reduces the sodium nitrate to nitrite.

Table I gives the results of a test upon a sodium nitrate in
which there was present none of the nitrite.

Table II gives the results of a test with sodium nitrate after
operating some considerable time, and Table III gives the results
of measurements upon a sodium nitrate solution in which had
been added previously a small amount of nitrite. It will be seen
in the last case that the iron assumes the electronegative condition
with a greater rapidity and at much lower current density.

In removing brass from iron, the current should remove it at
the approximate rate of 1 gram per ampére hour, provided that
all of the current enters the solution from the brass and none of it
utilizes the iron as an anode surface. To determine how nearly
this is the case when iron and brass in contact are exposed
simultaneously to the solution, an experimient, illustrated in the
following diagram, was performed:
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A brass and an iron anode, each having dimensions of 1 x 2.75
inches, were immersed in a sodium nitrate solution. Each was
connected through the ammeter to the same source of current.
It was found that on first closing the circuit almost all of the cur-
rent passed through the iron anode, but after operating for a few
seconds the iron became passive, after which the brass took all of
the current, the amount passing through ammeter, A, being so
small as to be hardly detected. The following table gives the
results of measurements:

Time A A, v
11.50 .15 75 3.7
11.51 :30 .70 o 3.7
11.55 I.I o 3.7
11.56 1.85 Ja2 5.4

Gas liberated on iron.

By using very high current densities, however, the iron may
begin to conduct a small portion of the current, thus causing a
liberation of oxygen on the iron surface. From these tests it was
shown that the current has a lLigh efficiency in the removal of the
brass, and a practical trial has demonstrated that a small percent-
age only is wasted by flowing from the iron surface, provided the
solution be maintained in good working condition and the applied
electrical pressure be kept within suitable limits.

Laboratory of Applied Elecirochemistry,
University of Wisconsin.

DISCUSSION.

Mr. C. J. Reep: The position of lead is higher in the scale
than iron, as far as its electropositive character is concerned. If
we were to remove brass or copper from lead in a similar manner
the result would be to cause the formation of lead peroxide, and
then we should get the same result as you get with iron, the
coating of lead peroxide being highly electropositive. I want to
ask whether you would consider it proper to say that was due
to a passive state of the lead?
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Pror. C. F. Burcess: I am of the opinion that the so-called
passive state of iron is analagous to that condition which lead
assumes when it becomes coated with a lead peroxide coating. A
reasonable explanation of the passive condition of iron is that it
becomes coated with a certain iron oxide, which is electronegative,
just as is lead peroxide electronegative as compared with the lead.
There is opposition to this view, from the fact that there is not
apparent upon the iron surface such a film. If, however, the iron
be used as the anode for a considerable length of time a black
coating is formed which is readily visible to the eye.
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ELECTROLYSIS OF SODIUM HYDROXIDE BY ALTERNATING
CURRENT.

By CARL HAMBUECHEN,

The title of this paper may, perhaps, be considered a mis-
nomer, inasmuch as it deals with a method for producing
clectrolysis by connecting an electrolytic cell directly to a source:
of alternating pressure rather than with the electrolytic effects of
a symmetrical alternating current.

Electrical energy is being generated and distributed in large
amounts in the form of alternating current, and the means for.
transforming it into a unidirectional current becomes a matter of
moment to the electrochemist. Such transformation is usually
effected by the rotary transformer type of apparatus, and it is
proposed to point out here a method whereby such apparatus may
be dispensed with. This may be done by the use of aluminium’
as one of the electrodes in a cell in which electrolytic decomposx-.
tion is to be effected. ‘

At the first meeting of this Society it was pointed out in a paper,
submitted jointly by Professor Burgess and the writer, that:
aluminium in certain fused salts presents, in a marked degree, the.
property of readily permitting the passage of current toward it.
and interposing a high resistance to the flow in the opposite direc-
tion. Utilizing this property, an electrolytic rectifier, using
aluminium and iron electrodes in a fused sodium nitrate electro-
Iyte, has been developed. It was found also that aluminium could
be used in a like manner in various other fused electrolytes, one of
which is sodium hydroxide.

While aluminium is actively corroded by sod1um hydroxnde in
the presence of water, the observation was made that it is almost
completely stable in contact with a fused sodium hydroxide, and
that consequently an aluminium vessel might readily serve for
containing this substance. Not only is aluminium unattacked in
this condition, but in attempting to use it as the anode it imme-
diately strengthens its protective coating so as to oppose with a
considerable resistance the passage of current,
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Curve No. 1, plotted with the volts pressure applied to an
aluminium anode as ordinates, and with current as abscissa,
shows that the aluminium allows almost no current to flow until
the pressure has exceeded a value of 40 volts. After such
pressure has been reached, the protective coating becomes broken
down and the current flows readily.

By employing two aluminium electrodes in the same electrolyte,
and applying an alternating pressure, curve No. 2, of a somewhat
similar form, is derived. It will be seen that the breakdown
pressure with an alternating current is less than with a direct, due
largely to the fact that the pressures given are effective pressures,
the maximum pressure being considerably higher than that indi-
cated by the alternating-current voltmeter. Inasmuch as the
electrolysis of sodium hydroxide requires a pressure of about four
volts, it will be seen that such pressure is well within the range of
the aluminium.

An experiment was performed to determine whether a combi-
nation of an aluminium and an iron electrode in fused sodium
hydroxide could be employed simultaneously as a rectifying cell
and as an electrolytic cell for the production of metallic sodium.
T'he results which were obtained seem to indicate that sodium may
be produced, and with almost as high an efficiency, when con-
nected to an alternating-current circuit as to a direct-current cir-
cuit. The accompanying sketch illustrates the construction of the
cell in which this process was carried out:
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T is an aluminium vessel in which the salt is fused ; I represents.
an iron eélectrode surrounding the aluminium electrode A; S
represents the secondary of a step-down transformer, the pressure
at its terminals being about six volts; S’ is the primary of the
same transformer connected to a I10-volt circuit; D represents a
diaphragm surrounding the aluminium electrode and insulated
from it by a porcelain sleeve surrounding the upper portion of the
aluminium electrode. This aluminium diaphragm was perforated
<o as to allow a communication of the electrolyte and the passage-
of the current through it.

A current of g ampeéres, as indicated by a direct-current instru-
ment, was passed into this cell, and after some time globules of
fused metallic sodium appeared on the surface. The cell was
operated for several days, and a considerable quantity of metallic
sodium was collected. It was found that careful regulation of the
temperature was necessary to produce a large yield, but, other
than this, the cell required no attention. At the end of the run
the aluminium electrode showed almost no corrosion, the only
indication of it being at the point where the aluminium was in
contact with the porcelain.

As a result of a run to determine the amount of corrosion of the-
aluminium, it was found that an electrode 1.5 inches long and .5
inch in diameter lost about one-half gram during a run of 50
ampére hours. The sodium, upon being liberated, rose to the
surface of the liguid, and was prevented from diffusing over to
the cathode by means of the aluminium diaphragm. The short-
circuiting between the aluminium anode and the diaphragm was.
prevented by the porcelain insulating sleeve.

To determine the effectiveness of the aluminium in preventing
the current flowing from it to the electrolyte, current and pressure
curves were obtained by means of a Blondel oscillograph. One
of these curves is shown in Fig. 3, curve (@) being the current
curve and (b) the pressure curve at the cell terminals, The pot-
tion of the current curve below the axis represents a leakage cur-
rent, which may be due to the small particles of sodium adhering
to the electrode and to a small leakage which naturally takes place
from such an electrode. This portion of the curve represents a
loss of energy which is wasted, unless its heating action is useful
in maintaining the cell at the proper temperature. The portion of
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the curve above the axis represents the useful current. From a
measurement of the areas of these curves, the current efficiency
may be calculated. The efficiency, as computed in this manner,
was about 73 per cent. The alternating pressure which was
applied had a peaked wave form, and previous measurements
showed that a sinusoidal or flatter wave form allowed a higher
efficiency to be obtained, so that a value higher than that given
can undoubtedly be realized.

What is apparently a new feature in the construction of electro-
Iytic cells is embodied in the apparatus here described in the form
of the aluminium diaphragm. The suggestion has been made by
Professor Burgess that aluminium may be a suitable diaphragm
material when used in electrolytes such that its property of
opposing the flow of current from it may be utilized. The per-
forations in the aluminium diaphragm may be small and at the
same time allow a high current density without the current pass-
ing through the aluminium conductor. The diaphragm will not,
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under such circumstances, take part in the conduction of the cur-
rent, and the efficiency may therefore be higher than when iron or
other similar metals are used. In the aluminium diaphragm
employed in these experiments it was found that no corrosion
occurred except at the surface of the electrolyte, where the dia-
phragm projected from the fused salt. There was a slight corro-
sion at this point, which could probably be accounted for by the
absorption of moisture by the electrolyte when it was allowed to
cool.

The same method of operation of an electrolytic cell might be
applied in obtaining various electrolytic products other than
sodium. While the current efficiency is less than if a direct cur-
rent be employed, this loss may be partially balanced through
avoiding the losses of a rotary converter. The additional loss
caused by the leakage current is made manifest by the heating of
the electrolyte, which may be an advantage or a disadvantage,
depending upon the nature of the electrolyte.

Laboratory of Applied Electrochemistry,
University of Wisconsin.
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ADVANCE SHEETS—SUBJECT TO REVISION.

SINGLE POTENTIALS OF THE HALOGEN ELEMENTS.

By WiLLiaM Roy MOTT.

There are many points in the tonization theory not in harmony
with some facts observed in the study of single potentials. The
impossible ¥ solution tensions assigned to metals tend to blind
one to the fact that the actual chemical reaction* taking place and
its free and bound energy are the essential points,

Dr. Patten and the author® have calculated the single potential
of chlorine for dilute aqueous solution as —z2.00 volts. By similar
methods, the author has calculated the single potentials of the
other halogen elements; iodine, —0.87 volts; bromine, —1.53
volts; fluorine, —2.53 volts, which values will be used in the’
reverse process of calculating the single potentials of metals.

In Table I,Column I contains the metals ; Column II, the experi-
mental values of the single potentials of the metals against their
chlorides. All the single potentials, given#in this paper, are
referred to Ostwald’s zero®. These experimental values are Neu-
mann’s’, except those given for the alkali metals®. The rest of
the table consists of calculated decomposition voltages (D.V.)
and calculated single potentials (S. P.) for dilute® aqueous solu-

! The enormous magnitude of the solution tensions given to metals have been shown
by Lehfeldt ( Phil. Mag. [s] Vol. 48, 18g9) to be incompatible with molecular physics.
.2 Rahlenberg has pointed out the important relation between heat of solution and
single potential. See Jour. Phys. Chem., 1899, p. 379
3 Compare F. K r Zeit, Phy. Chem., 1900, Vol. 35, P. 19.
: Lehfeldt Zeit. Phy. Chem., 1900, Vol. 35, p. 257. . . chat due t
* The single ential observed with aluminum and magnesium is not that due to
the fonnatlgn &Ot noymal saits but of sasic salts. It is well known that these metals
dissolve in solutions of their own salts. See
L o es. G, Soc 1903, 25 : 380
rg, jour. er. . o , 2§ : 380.
E!F.eaobeﬁajand L. Brown, Jour. Ameér. Chem. Soc., 1903, 3§ :Bot._ )
® Hlectrochemical Industry, September. 1903, I: 450.
8‘;8N0m:8191 calomel electrode Is taken as—o,56 volts. See Carveth, Jour. Phys. Chem.,
1593, 2; 3 )
7 Zeit, Phys. Chem. 1804, 14: 229 i
Ct: Patten and Mott, Electrochemical Industry, September, 1903, and Jour. Phys.
em.,, 1904,
* “Dilute” {n therma! chemistry usually means normal to tenth nomal..
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tions. The original thermal data used is that given in Reyclor’s
“QOutlines of Physical Chemistry.” The calculated decomposition
" voltages do not include factors due to entropy, as the temperature
co-efficients are practically unknown. The single potential of the
metal is obtained by subtracting the single potential of the halogen
from the total voltage.

TanrLe 1.

Col. 1.

Col. II.

DECOMPOSITION VOLTAGES.

Flourides

Chiorides.

Bromides.

Todides.

Metal. Exp. Values D.V. S.P. D.V. S.P. D.V. S.P D.V, S. P
K! +2.38 4984241 4.384+2.38 3.93+2.40 3.2642.40
Na' +2.18 4.804223 4184218 3.73+2.20 3.0642.20
Li’ +2.45 5.04+247 4.44+2.44 3984245 3.31+245
Ca" 4.08+4-2.08 3.60+2.07 2.93+207
Sit 4.26+2.26 3.78+42.25 3.124-2.20
Mg" H1.231 4.07+2.07 3.57+2.04 2.9142.05
Mn" 40824 3.30+ .79 27940.79 2.324-0.79 1.6540.79
A 41015 4034146 3.4541.45 3.004-1.47 2.31--1.45
Zn" 40.503 3.04+047 2464046 1.99+40.46 1.32-4+0.46
Ccqan +o0.174 2.6940.12 2094009 1.6540.12 1.08-40.22
Fe" +0.087 2774020 2.184-0.18 T1.714-0.18 1.044-0.18
Fe'™ 2.43—0.14 1.85—0.15 1.38—o0.15 .72—0.14
Ni" —0.020 2.63+006 2.04-4+0.04 1.574+0.04 .90+0.04
Co"  —o.015 2.664+009 2074007 1.60+0.07 .89+40.03
H' —0.249 2.18—039 1.71—0.29 1.24—0.29 .57—0.29
Cu’ —o0.550 1.95—0.61 1.36—0.64 .80—0.64

Hg" 1.10-—0.g0  .81—0.62

pt" —1.140 87-—1.13 .57—0.46

Au"  —r1.356 30—1.61 24—1.29

These values, given in Table I, are plotted on Plate I, with the

voltages of decomposition as abscissz and the single potentials of .
the metals as ordinates. This diagram represents the well-known
.additive law. In it, there will be noticed, that equal increments mark
the displacement of one metal by another metal or one halogen
element by another halogen element. This results in two sets ot
parallel lines. This diagram can be used in the calculation of any
one of the three factors—the total decomposition voltage, single
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potential of the anion, or single potential of the cathion, when
the other two factors are known. Some very useful results can be
vbtained in this way. It must, however, be remembered that the
formation of normal salts in dilute agueous solution is postulated.

! Lithium
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i
: . |
; |
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| r ! |
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u( l Decomposition Voltages in Volts.

Calcu{luted f(")r dilun? aqueous wluFions.

0 1 2 3 4
PLATE I.

Fluoriy
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A careful comparison of these valués among themselves and ‘wi.th
the experimental single potentials shows the value and the reliabil-
ity of the method. Generally, the variations do not exceed one-
tenth of a volt. This seems remarkable when the many sources ot
error in obtaining thermal data and electrode potentials are con-
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sidered. Differences in the physical condition (such as mechanical
strains, crystalline structure, etc.) of both the salt and of its
original elements offer important sources of error. The experi-
mental single potentials of cathions have been shown to comparc
favorably with calculated values. The anion single potentials will
now be considered.

The experimental data was taken in the same manner and with
the same apparatus as that described in several previous papers.!

The first halogen element, fluorine, has been given the low single
potential of —1.98 volts by R. Abegg and Cl. Immerwahr? from
decomposition voltage. This is 0.50 volt below the theoretical.
In Table TIT, T give an experimental discharge (—2.00 volts) of
the anode at a current density of about 0.030 amp. per square
centimeter. This value® agrees with the above experimental result.

Dut a little consideration will show that the chemical reaction
taking place is not that of the liberation of fluorine, but of oxygen
and ozone. As the current density increases the products change
from oxygen free from ozone* to oxygen containing a great deal
of ozone and then to the primary product, the fluorine. These
different chemical reactions appear perfectly natural when we
consider that Moissan noticed a yield of 20 per cent. ozone from
the reaction of gaseous fluorine upon water. From these con-
siderations, it is obvious that to get the single potential of fluorine
a much higher current density is necessary.

This I secured by taking a fine platinum wire fused in glass and
broken off short. With 10 volts, .020 amp. was passed through
a normal solution of potassium fluorine with this electrode as
anode. This gave a current density of about 2 amp. per square
centimeter. The discharge potential of the anode was —2.53 volts.
This experiment was repeated with another slightly larger elec-
trode and with a new solution. The anode discharge potential
was nearly as high as the above value. The theoretical single

! Patten and Mott, Trans. Amer, Electrochem. Soc,, Vol. III, p. 31(.
Patten and Mott, ** Decomposition Curves of Lithium Chloride in Alcohols and

the Electro-deposition of Lithium.” Jour. of Phys. Chem., 1904.

3 Zeit, Phy. Chem,, 1900, 32, 142. :

3 The polarizations, obtained by the method of discharge potential, give low values
because of the time and current required for the readings. The allowable time depends
entirely on the amount and stability of the products which cause the polarization. For
example, compare the discharge potentials of zinc and fluorine. The latter is given off
only in small quantities and is rapidly used up by the solution. Discharge potentiais
given in this paper required an interval of about one-tenth of a second for their experi-
mental determination. § ‘

« Gore, The Artof Electrolytic Separation, etc., p. 8.
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potential of fluorine (—2.57 volts) compares favorably with this

experimental value,
Another check on this value follows from a number of curves

of total polarization. One of these is given in Table II, and plotted
on Plate II. ,

Lo ] T T
v.ﬁ_f,.,,_j‘ | — / ] I Alyode Curves, ; }
Total Toturi of Normal S Y ¢ 3 i
0D, - —nnn s FOtASUM Fluoride, s_,w‘;;u »KeL !
N (. MldKBr
LB _ B Wvinkr !
5. X i i
AL ‘ E
g
viw ! /r 0.0501
T j4 ‘ :
' v T B
L] ek T I Vol
1 2 3 4 64 3 2
) PLATE II.
Taprr I
DECOMPOSITION~—POINT CURVE FOR NORMAI, POTASSIUM FIUORIDE.
Total Volts Ampéres
5.00 .300
4.50 198
4.00 Jq12
3.50 054
3.00 022
2.50 005

The CR line produced shows a total polarization of 3.3 volts.
The cathode polarization would not exceed +.65 volt (sce Table
I11) ; so the anode polarization amounts to —2.65 volts.

Other halogen salts (‘Table III) of potassium were electrolyzed.

I'he anode curves are plotted on Plate IIL.
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The anode curve of potassium fluoride shows a polarization
equal to —2.4 volts (current density about 0.020 amp. per square
centimeter). The CR line was obtained from the cathode curve
and the total curve. The curve itself is not satisfactory because
of its incompleteness, and is only reproduced for the sake of com-
parison.

TapLe III.
n K F.
Total Volts. Amperes, Anode. Cathode.
2.00 .002 —1.97
2.50 .004 —2.13 ~“+.40
3.20 016 —2.45 +-.65
3.80 .100 —+.93
Discharge .100 —2.00
n K CL
2.00 .002 —I1.59 +.30
2.20 .005 —1.66 +.54
2.40 023 —I1.73 .66
2.60 050 —1.79 —+.77
2.80 072 —I1.90 +.86
3.00 .103 —2.00 -+.95
Discharge .103 —1.76
n K Br.
1.80 .004 —1I1.29 ~+.47
2.04 017 —1.42 ~+.60
2.20 .035 —1.48 . .66
2.40 .085 —1.56 +.79
2.60 I10 —1.67 +.89
2.80 172 —1.70 ~+.96
Discharge a2 —I1.34
1-ton K 1.
1.40 003 — .87 +.50
1.60 .008 — .04 +.63
1.80 o014 —1.06 +.71
2.00 020 ~—I.17 +.85

Discharge 020 — 90
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The potential of chloripe has created much discussion® in elec-
trochemical circles. A solution of chlorine can hardly be con-
sidered of the same nature as those of hydrogen or nitrogen in
water, since the reaction of chlorine on water to form hypochlorous
acid and hydrochloric acid would yield about the same heat as
that found in dissolving chlorine in water. The equilibrium that
might exist in the presence of water, chlorine, hydrochloric acid
and hypochlorous acid has been well discussed by Miiller and
others.? So at the anode, we may expect the potential to be mainly
due to these oxy-compounds of chlorine, which, of course, as they
increase the conductivity® of the solution, therefore, tend to fur-
nish primary products containing oxygen. So it is not surprising
that the observed anode potentials are not those of chlorine, but of
oxy-chlorine compounds and of oxygen. ‘

Using the electrode, consisting of a platinum point fused in
glass (the same as used in the fluorine experiment), I obtained a
discharge potential of —1.81 volts. A current of 0.050 amp. (a
current density of about 4 amp. per square centimeter) was passed
by 11% volts, through a twice normal solution of potassium
chloride.,

This calculated value of —2.00 volts applies only to dilute solu-
tion from which experigients show oxygen separates on elec-
trolysis, and not chlorine; therefore, chlorine must have a single
potential greater than that of oxygen in acid solution.

The anode curve (Plate 1T1) for normal potassium bromide
gives a polarization of about —1.40 volts. Bromine separates otit
on the electrode as can be seen from its brown color. At higher
current densities, obtained with the platinum point fused in glass,
the anode discharge potential was found to be —1.43 volts with a
current of 0.050 amp. and a voltage of 11%; volts. This value is
o.10 of a volt below the theoretical (——1.53 volt).

Potassium iodine, with this same apparatus, gave an anode dis-
charge potential of —.91 volts. The iodine was seen to deposit, and

! Gockel,—Zeitschr, Phys. Chem., 1900. 32: 6o7.
Akunoff,—Zeit. Elektrochem., 1900, 7: 354.
Lorenz and Wehrlin,~Zeit. Klektrochem., 1900, 6: 339, 408, 419, 437, 445.
Miiller,—Zelt. Elektrochem., 1900, 6: 573, 581. 1oL, 7: 750. 1902, 8: 425.
Foerster and Miiller,—Zeit. Blektrochem., 1503, 9: 171, 195.

? See Richardson, Jour. Chem. Soc., 1903, 83: 380.

! In some preliminary work on specific conductivity two years ago, I noticed that
chlorine wafer (satarated) has & very considerable chuductivity, 17.0 ¥ 1072 reciprocal

ohms per cubic centimeter at a5.0° C.
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this caused a rapid decrease in current flow. The pressure used
was 1134 volts. This discharge potential is 0.04 volts higher than
the theoretical value (—.87 volts). Bancroft' gives the polariza-
tion of iodine, dissolved in potassium iodide, as —0.888 volt. This
is still closer to the theoretical value.

Hence the calculated single potentials of the halogen elements
checks reasonably well with the experimental data, and the addi-
tive law applies to halogen salts in dilute aqueous solution. So we
are able to predict the single potentials of metals,* the single poten-
tials of non-metals and the heat of formation of their salts. A
special application of this last case will now be considered.

Law oF Soruririty axp Hrar or SorurioN.—The calculated
decomposition voltages for nearly insoluble® salts, for example,
AgCl, CaF,, BaSO,, are much smaller than for the decomposition
voltages as calculated from thermal data for the solid salt. This
means that there is a large negative heat of solution; that is, the
salt dissolves with a large absorption of heat.

In Table IV, there is a list of the voltages due to the heat of
solution. Hydriodic acid has the largest heat of solution, and
the voltage added to its decomposition voltage because of this heat
of solution is 1.04 volt. The following points will be noted from
this table: The iodides of the alkali metads dissolve with evolution
of the greatest heat. They are also the most soluble of the halogen
salts. The greater the atomic weight of the metal the smaller or
more negative the heat of solution and the more insoluble the salt.
With halogen salts of the alkali metals and alkaline earth metals,
the solubility increases with the increase of the atomic weight ot
the halogen element. The heat of solution also follows this order.

With the uni-valent salts of Cu, Ag, Au, the solubility and heat
of solution of the salt decreases both with a decrease in the atomic
weight of the metal element and a decrease in the atomic weight
of the halogen element. For example, silver fluoride has a positive
heat of solution and is classed as a soluble salt. Silver iodide is the
most insoluble of all the halogen salts of silver and has the most
negative, calculated heat of solution.

1 Zeit. Phy. Chem., 1894, XIV: 193. o
= Considerations set forth in this paper show that Wilsmore's (Zeit. Phy. Chem,, 1900,
35, 391) calculated values for aikali and alkaline earth metals are most incotrect,

8 Compare Nernst, Ber, d. d. chem, Ges, 1897, 30, 1557.
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Tasie 1V.

( HEATS OF SOLUTION IN TERMS OF VOLTS.
Flourides, Chlorides.  Bromides. Iodides.
A H +0.20 40756 4094 41.040
CEILIY +0.365 4047 H0.66
N 2» Na'" —o0.023 —0.040 —001 —0049
T #|K' —oag7 —o0a196 —0.23 —0.23
8 IRD' e e
| Cs' ... b e e .
|
o
e [ Cu' e —0.15% ..., —0.49*
Bl Ag' oa14 —031* —0.55% —o0.81%
0 % tAu‘ ............... . e e
Be" ......... e e e
[; {Mg" -o.04% H4o0.504 o093 +1.085
I g Ca" —o.07% 4038 053 00603
Z | £|8r"  —o.10*  +4o0.24 035 4045
& ; * IBa" —0.025 4004 o1 4023
| :a [Zu” ........ . +0.34 “+0.33 o253
E gicd'. ........ 4008 —001 —002
| g ]l Hg" .......... —0.06 —0.07 —0.60% (—0.00)""
* = calculated.

" This second value is calculated for the red mercuric iodide. Two solid phases are
characteristic of the halogen salts of this sub-group.

The alkaline earth metals show relationships exactly parallel to
those shown for the alkali metals. The periodic law applied to
Groups 1 and IT shows up with surprising regularity.

It would be interesting to learn how this heat of solution is dis-
tributed between the anion potential and the cathion potential.

IN ConcrLusion.—Experimental data for the single potentials
of fluorine, chlorine, bromine and iodine have been obtained, show-
ing the value of the additive law for both anions and cathions.
The additive law holds much better for dilute agueous solutions
than for solid salts. Solid salts may, in different forms, possess
very different amounts of energy; for example, amorphous silver
iodide has a heat of formation of 8.6 large calories, while 'thc
crystalline variety has a heat of formation of 14.2 large calories.
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This introduces a difference of 0.33 volts in their respective
decomposition voltages. ‘

The difference between the decomposition voltage of the solid
salt and of the dissolved salt represents the heat of solution or the
energy of the reaction resulting from the affinity of the salt for the
solvent. Other solvents than water give very different heats ot
solution. Quantitative work in this field is scarce and is much to
be desired.

It is shown in this paper that heats of solution of insoluble!
salts can be calculated, and the results add force to the law that:

Solubility? is largely determined by the mutual affinity® of the
solvent and solute as represented by the heat of solution.

It is my pleasure to give my hearty thanks to Dr. Patten and
Professor Burgess for many favors extended me in carrying out
this work.

Laboratory of Applied Electrochemistry,

University of Wisconsin,

t No salt can be said to be absolutely insoluble; and if it were, the supposition of a

heat of solution would be absurd. |
* Most salts that contain water of crystalization are known to have a positive heat of

solution for the anhydrous salt.

3 The relationship of heat of solution and solubili? as set forth tg the author of this
paper is totally different from some ideas on the relation of electroaflinity and solubility,
given by Abegg and Bodliinder, which have met severe criticism from Locke and others.

See Abegg and Bodlinder, Zeitschr. anorg. Chem., 1899, 20, 453. '
Locke, Am, Chem. J., 1902, 27, 105.
Abegg and Bodlinder, Am, Chem. J., 28, 220,
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THE PRESENT STATUS OF ELECTRIC FURNACE WORKING.

CHARLES F. BURGEss—UNIVERSITY oF WISCONSIN.

Presented before the Electrical Section February 10, rgos.

The importance of any discovery is measured ultimately by the
material benefits which are derived from it. Estimated upon this
basis the electric furnace may not perhaps be assigned a degree of
importance comparable to that claimed by various other electrical
devices. There is little exaggeration in the assertion, however,
that if electric furnace development continues during the next
two decades at a rate approaching the progress made in the
past ten years it will have attained by that time a secure posi-
tion among the most important of electrical appliances. To-
sum up the practical benefits, both immediate and remote, which
it has already conferred would form the subject matter of an
address much more pretentious than it is my purpose to under-
take, yet it ‘'may be said to have only recently emerged from the
experimental state.

The electrical furnace may be defined as a structure to
which electrical energy is delivered for its conversion into ther-
mal energy. Accepting this definition, the date of its invention
goes back to the time when it was discovered that electricity
passing through a conducting medium is converted into heat.
It is therefore over a century old. Comparatively little atten-
tion was devoted to it, however, until twenty-five years ago,
when Sir William Siemens devised and exhibited in operation
his furnaces for the melting of platinum, iron and other metals.
So important an epoch did his work mark that Siemens is with
justice called the father of the. electric furnace industry. The
usefulness which he ascribed to the electric furnace and the
possibilities which he pointed out have been more than realized.
Since then results of the greatest importance have been at-
tained. Many of nature’s most closely guarded secrets have
been revealed; a new chemistry of high temperatures has been
evolved; new ideas as to the constitution of matter have been
developed; new methods of preparing known substances have
been formulated; our stores of available _inaterials have been
enriched by the discovery of new compounds. Su§h are the
results which have been accomplished through scientific re-
search, '

Reprint from the Journal Western Society of Engineers, April, 1905.
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To attempt to define the status of the electric furnace from
the standpoint of all interests would require a longer disserta-
tion than is possible at this time, and it is proposed to limit the
discussion to those features which are of especial interest to
the electrical engineer.

The present status of the electric furnace may be summed
up in the statement that it is to-day proving a most efficient
weapon in the siege which man is laying to the secrets of na-
ture; that some of the positions won by it have been occupied
with great advantage, and that many more are capable of profit-
able occupation. Its owes its importance, however, not so
much to the wonders which it has wrought in the past as to the
possibilities which it offers for the future. While it is only in
process of emerging from the laboratory stage it has already
reached the dignity of an agent whose services can be meas-
ured in terms of that sordid but universal unit, the dollar.

The electrical engineer is ever on the lookout for new worlds
to conquer, and although aggression and conquest are his
watchwords, he can well afford to stop and look back over what
has been accomplished in electric furnace- work. In so doing he
will not only receive warning and encouragement, but he will
discern many discoveries which the pure scientist has made and
which he, by applying his engineering knowledge, may make
of material service to man. For it is true, that even if no new
scientific discoveries should be made in the future, there yet
remains a broad and fertile field in the development of those
discoveries which have been made but not yet utilized.

In the high temperature produced in the electric furnace it
has been shown that all substances can be melted. The oft
encountered statement that lime, magnesia, molybdenum, tung-
sten, and the like, are infusible is therefore incorrect, for not
only can all known substances be melted, but they can be vola-
tilized as well. These, facts are full of significance and sugges-
tion to the engineer. They not only show him that there are
limitations upon the materials which he may use for furnace
construction, introducing difficulties where the highest tem-
peratures are to be developed, but it is possible that in the
melting and fusion of materials they may undergo such trans-
formation of their physical nature as to endow them with quali-
ties of great value. Ohne of the most successful industrial uses
of the electric furnace is the fusion of aluminum oxide in the
form of bauxite, resulting in the production of that physical
form of the material designated by the trade name “alundum.”
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This is a duplication of nature’s process for producing corun-
dum, but the artificial product has marked advantages over the
natural material in the purity, cheapness, strength and tough-
ness, which give it greater value for abrasive purposes.

The fusion of quartz has produced a valuable material for a
new kind of glassware which is indestructible by rapid or ex-
treme variations of temperature. Various refractory materials
have their refractory qualities increased by melting and subse-
quent cooling. Experimental investigation in this direction has
only begun, but the results already obtained point to many im-
provements which may be made in materials for furnace construc-
tion, materials resistant to chemical corrosion, and materials pos-
sessing high heat and electrical insulating, properties. The volatil-
isation of elements and compounds at high temperatures gives new
methods for the purification and separation of materials, enabling
the process of fractional distillation to be applied to all substances.

It has been shown that sarbon is capable of conversion into its
various forms, a fact industrially utilized with great advantage by
the International Acheson Graphite Company in making graphite
and graphitized electrodes from the ordinray forms of coal and
coke. Moissan has demonstrated the possibility of changing car-
lon into the diamond, and has reproduced, artificially, all the va-
riety of diamonds which nature furnishes, alike in all respects save
size. It remains for the engineer to operate this process on a large
scale to produce exact equivalents and to duplicate not only the dia-
mond but other gems.

All the oxides which had hitherto been regarded as irreducible
have been reduced through the use of the electric fumnace. Upon
experiments which he has made, Borchers bases the elaim that car-
hon is capable of taking the oxygen from any known compound at
temperatures within the range of the electric furnace. Similarly,
other reducing agents may be made effective, and the decompo-
sition can be produced without any reducing agent whatever by
utilizing the electrolytic action of the current. This has resulte,d
in unlocking various of nature’s stores, making available fgr man’s
usc such materials as aluminum, magnesium, calcium, sodium, po-
tassium, chromium, silicon, and many others which previously could
he obtained only with great difficulty if at all

The most important industrial application which has thus far
Leen made of the reducing action is the production of aluminum, the
cost of which within a comparatively few years has been reduced
from $5.00 to about 30 cents per pound. The manufacture of mag-
nesium and sodium are also industrial operations of importance.
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Other processes are in the state of industrial exploitation,

The march of improvement in this direction will necessitate
further development in the method of operation, and particularly a
more thorough investigation into the properties and' uses of the ma-
terials which can be thus produced. It has been estimated that the
earth’s crust holds locked up in the form of oxides and similar
compounds 27.2 per cent of silicon, 7.8 per cent aluminum, 5.5 per
‘cent iron, 3.8 per cent calcium, 2.7 per cent magnesium, and various
other substances, some of which are classed among the rare ele-
ments. One of the latest triumphs in the recovery of these ma-
terials is the production of metallic silicon by Mr. F. J, Tone of
Niagara Falls. This material is quoted in chemical lists at about
25 cents per gram, but by this new process it can be proﬁtably sold
at 35 cents per pound. Though thus far only a few minor uses
have been found for it, it is not unreasonable to suppose that a
further knowledge of its properties will point to new needs and
that this most abundant element may -become also a most useful
one. While the metallurgy of iron has been developed without the
aid of the electric current, recent work has shown that the electric
furnace will be able to play an important part in the future of this
metal. Calcium, which can be obtained in the form of a pure car-
bonate at a cost of a fraction of a dollar per ton, has not yet yielded
to the attack of the industrial electrometallurgist, though most prom-
ising laboratory results have been obtained and the metal has re-
cently been placed upon the market. When it becomes possible to
obtain this metal for a few cents per pound, as will be the case be-
yond doubt, little effort will be required to build up a market for
it since its known properties are such that it will enter the field
of chemistry and metallurgy as a most powerful and advantageous
reducing agent.

Magnesium, while very abundant in nature, sells for over two
dollars per pound. Nearly all of this amount represents the cost
of extraction, and, therefore, the possibility of a further improve-
ment in the process is indicated. Its present cost is such as to limit
its usefulness to a restricted field, but if this could be made com-
parable to the cost of aluminum, an analogy not impossible, it will
become a metal of great service in the manufacture of alloys as
well as for chemical and metallurgical purposes.

Moissan’s classic researches show us that a large number of ele-
ments unite with carbon to form carbides, many of which were
not known before the day of the electric furnace. Based upon
this fact, though resulting from the independent discovery of the
American inventor, Willson, the calcium carbide industry has been
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developed. This material was unknown a few years ago, but to-
day thousands of tons are being produced annually. The reaction
of this carbide with water forms that hydrocarbon, acetylene, which,
although now finding its chief use as an illuminant, is capable of
being transformed into other hydrocarbons. Manganese carbide re-
acts with water to form hydrogen and methane, thorium carbide
gives ethylene, and cerium and uranium carbides yield liquid and
solid hydrocarbons as well as the gaseous ones. Although the hy-
drocarbons other than acetylene have not been produced commer-
cially, scientifically it is possible to produce petroleum and other
like compounds. Such discoveries as these point to the great and
significant fact that the whole field of organic chemistry offers it-
self as an incentive in the exploitation of the electric furnace.

Another class of carbides, such as those of silicon, boron, chro-
mium, molybdenum, tungsten and titanium are stable, not only re-
sisting the attack of water but being extremely resistant to the most
active chemical agents. The first of these, silicon carbide or car-
borundum, has found extensive application as an abrasive, and its
use has led to the development of a new industry. Its extreme
hardness, approaching that of the diamond, and the refractory na-
ture of it and similar carbides, together with properties which
may yet be discovered, point to the probability as well as the pos-
sibility that other carbides will have quite as extensive industrial
application.

Moissan #nd his contemporaries have shown that silicon, boron,
nitrogen, may be made to act like carbon in producing silicides,
borides, and nitrides, each new compound having its own peculiar
properties, and that the field may also be extended through the
manufacture of the more complex compounds, such as the silico-
borides, silico-carbides, boro-carbides, etc.

A contemplation of such possibilities is moost bewildering, and
to quote from an address by Prof. Jos. W. Richards referring to
electrometallurgical progress, “We are so overwhelmed by new
things of possible use to science or industry, that we can at most
investigate only a small fraction of them. It is a virgin continent
of undeveloped possibilities.”

ADVANTAGES OF ELECTRIC FURNACE.

The electric furnace owes its place in the scientific and indus-
trial world to certain characteristics which it possesses and to the
advantages which it offers over other means of generating heat,
the principal one being the high degree of temperature which is
made available. An interesting comparison might be worked out
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showing that civilization progresses in a rate proportional to the
utilization of heat energy in its highest degree of concentration.
Each additional degree of temperature which can be produced and
kept under control shows itself capable of new and useful pur-
poses, and the electric furnace has added such an extension to the
range of available temperatures that it has almost doubled that
previously available.

It simply requires the passage of the electric current through a
conducting medium to produce heat, the intensity of which depénds
upon the amount of current which passes. Inasmuch as most sub-
stances retain their conductivity at high temperatures the degree
of intensity, which is theoretically possible is unlimited. Practically
however, limitations are placed upon it through the physical difficul-
ties of keeping the conducting medium in place. While it retains its
solid condition, the temperature is limited by the fusing point of
the material; when fusion commences the difficulties of containing
the melted material begin, and the temperature is limited by the
point of vaporization.. When volatilization begins, the gaseous
materials escape from the field of action, carrying away the heat
as rapidly as it is supplied to the furnace as latent heat of volatili-
zation or as energy stored up as potential chemical energy. It is
true that the temperature of volatilization might be increased by
subjection to high pressure, but this involves construction of a con-
tainer which can be made only of solid materials, having limita-
tions imposed by the fusing temperatures. The elecfric arc main-
tained through a carbon vapor furnishes perhaps the highest degree
of temperature attainable, the temperature of which is usually con-
sidered as being definitely fixed by the volatilization of carbon.
Through limitations upon our methods of measuring these high tem-
peratures the exact value to be assigned to the temperature of the
electric arc cannot be stated, though the most satisfactory measure-
ments give values ranging between 3,600° and 4,000° C. Whether
this is the ultimate limit to be attained by electrical means is dif-
ficult to say. There is, of course, the possibility of exteeding it
by maintaining the arc under a high atmospheric pressure, or by
feeding electrical energy to the arc more rapidly than it can be
dissipated by the volatilization of carbon, or in other words, super-
heating the carbon vapor. Such speculation, however, is not neces-
sary to show that the electric furnace has unbounded possibilities,
since the range of temperatures below that of the ordinary arc of-
fers an unlimited field for usefulness.

The maximum temperature which may be obtained theoretically
by the combustion of carbon in oxygen is higher than that which
has been attained in the electric furnace, but practical conditions
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place a greater restriction upon it. At high temperatures carbon
cannot be consumed to CO:, but rather to CO, and this gaseous
product escapes rapidly and carries the heat away from the fur-
nace. Further, it is impossible under practical conditions to sup-
ply pure oxygen, and in utilizing the atmospheric supply not only
must the large quantity of accompanying nitrogen be heated, but
the excess of air which must always be supplied also carries away
a large amount of heat. The maximum temperature which has
been attainable in the combustion of fuel in the gaseous, solid or
liquid form, from which volatile products of combustion are formed,
probably does not exceed 2,000° C, and even this value can be
obtained only at a low efficiency and under most favorable condi-
tions for the conservation of heat.

Since the introduction of the electric furnace, other new methods
Have been worked out for obtaining the higher temperatures. One
of these is known as the thermit method, in which aluminum is
the fuel consumed, the product of combustion being aluminum
oxide, which is not volatile at the high temperatures, and therefore
does not carry away the heat. By this means temperatures con-.
siderably exceeding 3,000 degrees can be readily attained. Calcium,
magnesium, and certain other electropositive elements may be sim-
ilarly utilized for attaining high temperatures, but.the electric fur-
nace stands alone as a means of producing these temperatures
economically.- The great advantage of electric heating is that it is
not necessarily associated with products of combustion and does
not need for its production a consumption of materials. In other
words it gives “pure, unadulterated heat.” Therefore, for tempera-
tures exceeding 2,000° the electric furnace, if not the only means, is
the most economical one to be employed.

Another advantage which the electric furnace has over combus-
tion furnaces is that a great amount of heat can be developed in a
compact and limited space and that the same degree of temperature
can be attained whether the furnace is operated on a laboratory or
on an industrial scale. ,

From the standpoint of refractory materials the electric furnace
represents a distinct gain. The temperature at which ordinary cru-
cible or muffle furnaces can be operated is limited by the resistance
which avaliable refractory materials offer to melting, and to the
corrosive and fluxing action of materials to which it must be ex-.
posed. The same refractory materials may be used for higher elec-
tric furnace temperatures since the materials to be heated, as well
as the source of heat, is within the refractory walls. Where the
heat has to be transmitted through such walls in other forms of
furnaces the material to receive the heat canmot receive so high
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a temperature. Further than this, the refractory walls of the elec-
tric furnace can be kept cool by artificial means such as an air
blast or water circulation, and a still more advantageous property
is that the material undergoing treatment may itself constitute the
walls of the furnace. This advantage of interior heating is utilized
in the production of phosphorous and carbon bisulphide, most of
which is now produced in the electric furnace, the greater cost of
electrical heating being more than compensated by the saving in
crucibles and retorts, the destruction of which constituted large
items under the older methods.

In the matter of control of heat, the clectric furnace stands
by itself, for the rapidity of heating, duration of heating, and ad-
justment of the temperature is under the full and exact control of the
operator.

Fusions can be carried out under oxidation or reducing con-
ditions, for the construction of the furnaces makes it very easy to
operate in an atmosphere of any gas desired. Higher purity can
thus be attained.

The final advantage, which is really a summary of all the oth-
‘ers is economy of operation. The economy of the electric furnace
as compared with that of other furnaces requires the balancing of
electrical energy against energy obtained from the combustion of
fuel; cost of installation and maintenance of the equipment, amount
of labor, value of product, danger to operatives. A careful weigh-
ing of these factors in a considerable number of metallurgical and
chemical operations on an industrial scale has shown the resultant
advantage to lie with the electric furnace.

Various ForMmMs oF FURNACES,

A considerable variety of expression is found in the classifica-
tions of electric furnaces by different authorities. It is common to
classify them as follows:

Arc furnaces, in which the material is heated by an arc, usually
established between carbon electrodes.

Resistance furnaces, in which the heat is developed by the pass-
age of current through a solid conducting medium.

Electrolytic furnaces, in which heat is generated by the passage
of current through a fused mass, and in which at the same time the
material is decomposed by the electrolytic effect of the current.

Since in all of these classes the current flows through a con-
ducting medium and therefore encounters a “resistance” it is not
logical to employ the term resistance furnace to designate any one
of them. A more satisfactory classification would be in accord-
ance with the character of the medium which constitutes the con-

ductor. This gives three classes:
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100 H. P. Arc Furnace in Operation.

30 H. P. Resistance Tube Furnace.
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1. Furnace in which the heat is developed by the passage of cur-
rent through a solid conducting medium or “resistor.”

a. The conducting medium, or core, may consist of the
material which is to undergo useful transformation,

b. The heat is developed in a core of conducting ‘material,
and this heat is in turn communicated to surrounding
material constituting the charge, either with or .with-
out the interposition of a wall separating the two ma-
terials.

2. Furnace in which the heat is developed by the passage of cur-
rent through a liquid conducting medium.

a. Electrolytic.

b. Non-electrolytlc

3. Furndce in which the heat is developed by passage of current
through a gaseous conducting medium. ,

a. Arc fumaces.

Where arc plays between twa or more carbon electrodes
in the neighborhood of material to be heated.

- Where arc is maintained between one carbon elec-
trode and another electrode of the material to be heated

b. High tension furnaces.

Where arc or high tension discharge plays between
two electrodes in a gaseous medium for the production
of chemical change in such medium.

" FurNAceE CONSTRUCTION.

The following are the essential features which must be con-
sidered in electric furnace design and construction:

Walls, containers, and crucibles, of refractory materials capable
of resisting fusion, and the action of solid, liquid, and gaseous
materials at the working temperatures.

Resistance medium, which may be solid, liquid, or gaseous.

Charge, which may be solid, liquid, or gaseous.

Electrodes, for conveying current to the resistance material.

Electrode terminals.

Provisions for feeding and emptymg the furnace.

Outlets for escape of gaseous products, slags, etc.

Electrical regulating devices.

The refractory materials which are available for furnace con-
struction are silica, magnesia, lime, chromite, alumma, carbon,
graphite, siloxicon, and some other materials of minor importance.
The choice of materials is governed by the temperature and the na-
ture of the charge (whether acid or basic). For an acid lining
silica is most satisfactory. This material in its highest degree of



50 K. W. Carborundum Furnace.

Section of 800 Ampere Arc Furnace.
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purity resists a temperature of nearly 2,000° C. It can be ob-
tained in the form of bricks with a sufficiently low percentage of
lime or other binding material to lower its melting point only a
small amount. Such bricks are rather fragile, but there is a prom-
ising possibility that bricks made of pure fused quartz may soon be
available. Lime, and magnesium oxide are the materials most suc-
cessfully employed by Moissan for the linings 'of his laboratory fur-
naces, and for industrial working a durable basic lining may be
made of a high grade magnesite brick. Chromite and bauxite
bricks are also valuable constructive materials. The most refrac-
tory substance which can be used is graphite, which can be ob-
tained in a high degree of purity in any desired form, this being
manufactured by moulding and baking carbon and subsequently
subjecting it to the graphitization process. The limitations upon
this material are that it must be protected from the air or other
oxidizing agents to prevent its combustion, and being a good
electrical conductor, the furnace must be constructed so as to avoid
short-circuiting by the carbon lining.

While electrometallurgists have been casting about for suitable
refractory materials, they have usefully applied the electric furnace
in the production of such materials. Carborundum is a refractory
material, being suitable for certain purposes, and a newly discov-
ered compound, designated “siloxicon,” has been shown to have
admirable qualities as a refractory material. It consists of a com-
bination of carbon, silicon, and oxygen and is described as being
very refractory to heat, insoluble in molten iron, indifferent to all
acids save hydrofluoric, and self-binding to such degree that no
binder is necessary in forming crucibles, furnace-linings and fire-
bricks from it. FitzGerald also calls attention to other refractory
materials which can be formed in the electric furnace. (See Elec-
trochemical Industry, Dec., 1904.)

The resistance medium or “resistor,” when solid, usually con-
sists of a core of carbon, coke, or graphite, the technical features
governing the use of which are ably discussed by FitzGerald. Met-
als may also be used, as in the well known platinum: resistance fur-
nace. Many other substances are available especially when we in-
clude those compounds which at ordinary temperatures are insu-
lators, but which become conductors upon heating. Where such
materials are used provisions are necessary for starting, somewhat
similar to that used for starting the Nernst lamp, which, indéed,
is a miniature electric furnace whose principles of construction may
well be applied to furnaces of larger size.

Examples of liquid resistance materials are the aluminum fur-
nace, and certain types of electric furnaces which have been ap-
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plied for the melting of iron, steel, and other metals. Gaseous re-
sistance mediums are utilized in the various arc furnaces and in
the processes used for the production of nitric acid from the air.

The electrode problem is one that presents difficulties to the
furnace designer. Baked carbon and graphite are by far the most
important electrode materials. An ideal electrode material should
possess high electrical conductivity, have little deterioration, not
react chemically with the heated material with which it makes con-
tact or introduce impurities into the charge. Carbon and graphite
while fulfilling these requirements better than any other avail-
able materials are still very deficient as shown by the fact that elec-
trode consumption constitutes a large proportion of the cost of
various industrial operations and, in fact, is the real barrier to
the commercial success of various promising processes. The elec-
trode which usually projects a certain distance outside the furnace
will burn away unless protected from the air. Various methods
have been adopted for doing this, such as encasing in a thin iron
covering, or keeping it cool by a continual stream of water. In
some of our experiments at the University of Wisconsin it has
been found that certain fused substances could be formed on the
surface making a layer of glass completely excluding the air, and
protective even at a white heat.

Iron and certain other metals may in some cases be used as
electrodes where carbon is prohibited, and to ensure their dura-
bility they are kept cool by a continual stream of water. This pro-
tection is afforded by a decrease of efficiency, due to the carrying
away of considerable quantities of heat.

Another problem, which is by no means insignificant, is the
matter of electrode connection. It is difficult to ensure good con-
ductivity between a metal in contact with carbon or graphite, and
poor contact results in excessive development of heat at that lo-
cality. The brittle and fragile nature of the electrode materials
preclude tight clamping. One of the leading electrometallurgical
companies using graphite electrodes in a process in which that ma-
terial suffers little or no corrosion, nevertheless was a large con-
sumer of graphite, as the unequal expansion of that material and
the metal terminals to which contact was made caused much break-
age.
& An ingenious form of furnace which avoids electrode difficul-
ties by eliminating the electrodes altogether has been developed.
This is accomplished by causing the resistance material to con-
stitute the secondary of a transformer. This induction type of .flgr-
nace can be used only to heat materials having a good conductnixty
such as a melted metal, since it is not possible to set up a high
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pressure in the secondary of a transformer, when the secondary
consists of a single turn. A furnace of this type s reported to be
in successful use for the melting of iron and the production of steels,
While it is true that electrode difficulties are thus eliminated, addi-
tional complications arise as the heating trough must be long and
narrow, conducing to excessive radiation and low efficiency; the
core of the transformer and the primary windings must be kept
cool, to do which still further lowers the percentage of useful heat;
and the construction of the transformer is necessarily such as to
give it a low efficiency and low power factor.

The provisions for feeding and emptying the furnace have much
to do with its successful operation and many laboratory processes
fail commercially on this ground. The laboratory furnace is neces-
sarily an intermittent one, as it is usually necessary to cool down
and take the furnace apart to recover the charge. To a certain
extent the intermittent furnace has been successful industrially, the
carborundum furnace being an example. Calcium carbide was made
exclusively by the intermittent process until commercial conditious
demanded continuous operation and a complete reconstruction of the
forms of furnaces to attain it. The ultimate success of the indus-
trial application of the electrical furnace demands that it be so
donstructed that material can be fed to it continually and the fin-
ished material likewise extracted, for its efficiency is thus greatly
enhanced, the load on the generators is maintained constant, uni-
formity of product is ensured, and equipment can be used with
greatest efficiency. Continuous operation also calls for the escape
of gaseous products, or any slags or other by-products which are
formed.

It was previously pointed out that the degree of temperature,
control of speed of operation, and speed of gradation from one
temperature to another are subject to the will of the operator. This
is true, however, only when he has suitable regulating devices and
apparatus, the design and construction of which lies wholly within
the province of the electrical engineer. Where the furnace fur-
nishes an absolutely constant load the problem becomes simple, but
is almost too ideal to be considered. Even where operation is con-
tinuous, any change in the rate of feeding or the withdrawing of
the material, inequality of the material, outside temperature, etc.,
introduce variations, allowance for which must be made by the op-
erator. For constant current working, regulating devices similar
in principle to those of the arc lamp may be provided, and in fact
some of the furnace patents have simply been arc lamp patents
slightly modified. The regulation must be effected in such man-
ner that short-circuiting or sudden change in the resistance in the



15

furnace shall not harm the generating system, or interfere with
the operation of other furnaces receiving power from the same gen-
erators. In intermittent working, the regulating apparatus must
permit adjustment from no load to full load, either gradual or rapid
as the case may demand. The alternating current has naturally
lent itself more satisfactorily than the direct and consequently is
used almost exclusively. Multiphase currents are in many cases
superior to the single phase on account of the more even distribu-
tion of heat, and the use of such currents introduces additional elec-
trical problems.

CoMPARATIVE EFFICIENCY OF THE ELECTRIC FURNACE.

It has been pointed out that the electric furnace has won an in-
dustrial position, not as a competitor of the combustion furnace,
but rather in the field of high temperature working where the lat-
ter cannot enter. To a small extent, however, it has become a rival
to fuel furnaces owing to certain advantages it possesses, such as
safety to workmen and purity of product. As an example of this,
take the manufacture of carbon bisulphide and phosphorus, most
of which is now produced electrically. Only a few years ago it
was generally predicted that there was little possibility of the elec-
tric furnace being so developed as to compete with ordinary metal-
lurgical furnaces in the production and treatment of metals such
as iron, steel, copper, lead and zinc. While it was admitted that
perhaps the electric furnace might ensure lower labor and depre-
ciation charges, less waste of material, higher quality of product
and other advantages, it was stated that the cost of electric energy
was so much greater than an equivalent amount of heat cnergy,
derived directly from combustion, that no possibility of equal econ-
omy could exist. Calculation, as well as recent developments, shows
this view to be erroneous.

Assuming that coal at $2.50 per ton has a calorific value of
14,000 B, T: U. the quantity of heat energy cbtainable for one dol-
lar is 11,200,000 B. T. U. One electrical horse-power-year has for
its heat equivalent 22,400,000 heat units. If electrical horse-power-
year generated by means of steam be assigned a value of $50, one
dollar will produce about 450,000 B. T. U. Assuming equal effi-
ciency in the utilization of the heat derived from the two sources
the ratio of the cost of energy is as one to twenty-five. This dis-
crepancy shows the handicap which steam-generated electricity has
for electric furnace operation. The development of: encrmous water
power has resulted in great reduction in the cost of generating
electrical energy in certain localities. There Has been mwich dis-
cussion of late as to how cheaply hydraulically generated electrical
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power can be produced. In the report of the Commission appointed
by the Canadian Government to investigate electrometallurgical
process a value of $10.00 per horse-power-year was given as a
reasonable estimate. At this figure, the heat units per dollar be-
comes 2,250,000, which is about one-fifth that obtainable from one
dollar’s worth of coal,

The question of efficiency of heat utilization conies in to even
up matters still more. It is a well known fact that the efficiency
of the combustion furnace is less than 100 per cent by an amount
dependent upon the heat which is radiated or conducted away from
the furnace, that which goes up the chimney with the products of
combustion, and various other minor losses. The percentage loss
increases with elevation of temperature, and at a rapidly increasing
ratio as the temperature rises.

The efficiency of the ordinary furnace for steam generation is
not far from 60 per cent, this high value being attained by the low
temperature, about 250° C., to which the steam is heated. The
metallurgical furnace having the highest efficiency is the blast fur-
nace for the production of pig iron, which has a thermal efficiency
of from 50 to 80 per cent. This exceptional economy is due to the
fact that the fuel is in direct contact with the material to be heated,
producing a direct transference of heat. However, for this pur-
pose, the cheaper grades of fuel cannot be used, a hard pure coke
or charcoal being required at a cost several times greater.than that
for the cheaper kinds of fuel.

In the reverberatory furnace, in which the products cf combus-
tion pass directly over the charge to be heated, the efficiency is much
lower, and a still lower value is obtained in those furnaces in which
the heat must pass through refractory walls. In such crucible,
muffle, and retort furnaces the efficiency varies from 2 to 10 per
cent.
Table I gives results of efficiency calculations on several types of
furnaces, as compiled from various authorities:

TABLE I.
Product Type Thermal Efficiency
Steam 50-60%
Cast Iron Blast 52-66%
Steel Acid Process 11.9
Steel Basic Process 10.0
Pig iron Reverberatory 8.5
Wrought iron Reverberatory 5
Steel : Siemens Crucible 4
Steel Greenwood Crucible 2
Zinc Retort 2to3

The values of efficiency given for steel and wrought iron are
based upon comparisons of the heat theoretically required to raise
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the metal to the molten state, with that furnished by the amounts
of coal used in the practical operation of the various processes and
assuming a calorific value for the fuel of 14,000 B. T. U.

Captain Stassano (Report of Canadian Commission, p. 180)
says that “the utilization of the potential heat of the fuel in the
ordinary furnaces is maintained to a very limited and low degree,
varying, in fact, from 2 per cent to 3 per cent and even less, in
the ordinary fires of a forge, rising to 10 per cent in the common
reverberatory furnace, and reaching the maximum of 18 per cent
to 20 per cent in those modern gas furnaces with regenerators

(Martin-Siemens’ Type).”
ELecTriIc FURNACE EFFICIENCY.

The simplest and most easily effected of the energy transforma-
tions with which we have to deal is the change of electrical into heat
energy, such transformation being easily effected at an efficiency of
100 per cent. This cannot, however, be taken as the value for elec-
tric furnace efficiency, for we can consider only that heat which is
usefully applied. The heat usefully applied may be that required
for melting or volatilizing a substance, or for producing other de-
sired physical or chemical changes in it, and it is this amount of
heat as compared with the total heat equivalent delivered to the
furnace that determines its efficiency. Prof. Jos. Richards (Trans.
Am. Elec. Chem. Soc., Vol. 2, 1902) discusses electric furnace ef-
ficiencies at length, and from his calculations Table II is compiled:

TABLE I1.
Type. Product, H. P Temperature. Efficiency
Acheson Graphite 1,000 3300° C 5%
Jacobs Fused Al, O3 200 4%
Acheson Carborundum 1,000 3000° 76.5%

The conclusion is drawn that a commercial efficiency of 75 per
cent is readily obtainable in electric furnaces ranging in size from
200 to 1,000 H. P., and this value can undoubtedly be raised by
increasing the size and bettering the construction as regards heat
insulation.

The estimates of efficiency at high temperatures can be only ap-
proximations, for ignorance regarding specific heats of material at
such temperatures is a bar to exact calculations.

From previous calculations it can be seen that the industrial
electric furnace operates at an efficiency over five times as great
as that of the industrial combustion furnace, and consequently elec-
" trical energy at $10.00 per year can compete on an even basis with

coal at $2.50 per ton.
The electric furnace efficiencies, as calculated by Richards, are
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obtainable while working at temperatures of 3,000° and above,
which is far in excess of that attainable in combustion furnaces. A
comparison even more favorable to electrical heating may be ob-
tained where the electric furnace is applied to lower temperature
working, such as in the metallurgical treatment of iron and steel.
Sir William Siemens found an efficiency of 50 per cent in utiliz-
ing 2-horse-power for melting iron, and with such efficiency at-
tainable in a small laboratory furnace, the larger industrial fur-
naces ought to be nearer 100 per cent than 50 per cent. Captain
Stassano, from calculation and experience, says that the electrical
steel and iron furnace can be. safely assumed to have an efficiency
of 8o per cent.

Of such great promise is the use of electrical energy in the
metallurgy of iron and steel that the Canadian Government ap-
pointed a Commission to thoroughly investigate the state of the
art. The report, which has recently been distributed, is a most
important addition to our electrometallurgical literature and will
undoubtedly do much toward establishing confidence in electric fur-
nace methods. Table III gives extracts from this report, the fig-
ures being obtained by tests which the Commission made upon
various processes in operation in Europe:

TABLE IIi.
Mean H. Pi—year per Power Fre-
Process ‘Product H. P ton of product Factor quency
Heroult Pig Iron 248 A7 75 (about) 80
Keller Pig Iron 834 475 3. 50
Keller Pig Iron 308 .229 56.4 37
Kjellin Steel 195 .116 67.2 15
Kjellin Steel 203 .145 64.9 15
Heroult Soft Steel 480 .153 33
Heroult Tool Steel 462 .153 33
Heroult Structural Steel 465 .10 33
Keller Steel 240 112 85 (about) 40

“'Coke used in crucible melting in Sheffield to-day probably varies from 2 to
3% tons per ton of steel produced, and even in the large gas fired farnaces em-
ployed in America and Germany probably one ton of slack, costing not less than
$2.50, is necessary.”

The .15 H. P.-year necessary to produce one ton of steel by
the electrical processes has for its heat equivalent 3,360,000 B. T. U.
and one ton of coal at 14,000 B. T. U. per pound has a value of
28,000,000 units. If the gas firing process be assumed to have 10
per cent efficiency, the efficiency of the electrical process figures out
about 8o per cent, thus confirming prevxous estimates.

To quote from the “Conclusions” of the Report we have the
following significant statements:

1. “Steel, equal in all respects to the best Shefﬁeld cruc1ble
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steel, can be produced by the Kjellin, or Heroult, or Keller process
at a cost considerable less than the cost of producing a high class
crucible steel.

8. “Pig iron can be produced on a commercial scale at a price
to compete with the blast furnace only when electrical energy is
very cheap and fuel very dear. On the basis taken in this report,
with electrical energy at $10.00 per E. H. P.-year, and coke at
$7.00 per ton, the cost of production is approximately the same as
cost of producing pig iron in the modern blast furnace.”

The report of the Canadian Commission demonstrates the pos-
sibility of employing electric heating for low temperature furnace
working by showing that it has an opportunity in the metallurgy
of iron and steel. This was deemed only a most remote possibility
a few years ago. Now if the metallurgy of iron can find a place
for the electric furnace, how much greater opportunity there is for
it in the successful treatment of some of the other metals. The
present methods of extracting zinc are. notoriously inefficient. Not
.only is the 8o per cent efficiency of the electric furnace as compared
with the 3 or 4 per cent efficiency of the ordinary zinc furnaces
capable of resulting in an economy, but various other advantages
may be attained as well. The cost of zinc production under present
conditions involves incomplete extracticn from the ore, absorption
of zinc by the walls of the retorts, rapid destruction of retorts, and
losses in the condensation of zinc. Electric furnace methods present
opportunities for materially remedying these defects. In laboratory
trials made at the University of Wisconsin it has been found possible
to completely extract the zinc, so that none of it remains in the
charge or is retained in the walls of the furnace. No practical form
of furnace for this purpose has been evolved, however, the prin-
cipal difﬁculty being in effecting continuous operation, a require-
ment which is almost imperative.

It is of importance that our metallurgists should continue their
researches in the practical application of the electric furnace to
the smelting of copper and other ores, not only those which aré
now successfully treated by other methods, but more especially that
large class of ores which has proved refractory to all economlcal
processes so far as known. .

Various miscellaneous applications of minor importance miglt
be cited. The electric welder is essentially an electrical furnace
which has been most successful industrially. We have been work-
ing in our laboratory on an electric furnace for the tempering of
high melting tool steel with considerable success, the process con-
sisting in maintaining a fused bath at a high temperature and im-
mersing the steel to be treated in it.
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‘The electric furnace seemns to point the way to a limitless outlet
for all the electrical energy which can be developed. The pessimist
who points to the calcium carbide industry to support his claim
that the electric furnace has been over-developed takes an extremely
narrow view, It is true that the enthusiasm with which investors
went into the carbide industry resulted in overproduction and a
consequent failure of some of the plants, but instead of being a set-.
back for the electric furnace it has been an advantage. The stren-
uous efforts to find uses for the furnace equipment in other direc-
tions has resulted in a successful production of iron and its various
alloys. Recent experimental work seems to indicate that calcium
carbide will work out its own salvation. It has been discovered that
if calcium carbide be heated in the presence of nitrogen, which may
be obtained from the air, a calcium cyanamide is formed which,
when treated with steam, forms ammonia, and when treated with
water and fused with sodium carbonate gives sodium cyanide and
ammonia. In other ords, it constitutes a process for fixing the

nitrogen of the air.

In this connection may be noted a new and interesting apparatus
which might properly be classed as an electric furnace and which
is used for making nitrogen compounds from the air bv means ot
electrical discharges. A paper presented at the meeting of the
International Electrical Congress a few months ago in St. Louis,
giving the results of tests on a new method by Prof. C. Birkeland
and Mr. Eyde of Christiana, shows that it is possible to produce
1,490 lbs. of nitric acid per horse-power year, from which can be
made calcium nitrate and other nitrates. of unlimited usefulness
to agricultural interests. The world is facing the possible calam-
ity of an exhaustion of the nitrate beds of Chili, which according
to estimates cannot continue to supply the demand for sodium
nitrate for more than forty or fifty years. This sodium nitrate,
selling at 2 cents per pound, and used chiefly as a fertilizer has its
chief value in its content of nitrogen, and the cost of nitrogen per
pound from this source is about 12 cents. According to Prof. Birke-
land’s statement one pound of nitrogen in the form of nitric acid
can be produced electrically for an expenditure of power of about
3 cents, The energy consumption is not, therefore, an effectual
barrier to the economic production of nitrogen compounds from
materials which are most abundant and inexhaustible, and a process
worked out along such lines will probably be ready for adoption
on a large scale before nature’s store of valuable nitrates becomes

exhausted.
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B DISCUSSION, :

Mr. A. Bement—M. W. S. E. (by letter)—I observe that it is
stated that Siloxicon is self-binding to such a degree that no spe-
cial binder is.necessary in forming crucibles, etc., and would ask
how such crucibles are fired. It is my understanding that Silox-
icon requires a binder, at least if it is to be fired with combustion
of carbon or hydrogen. It may be, however, that if the electric

Section of Vertical Laboratory Electric Furnace.

furnace was used, that it could be fused without a binder, and this
is the point upon which I seek information.

I observe a repetition of an old statement that CO instead of
COz is produced at high temperatures. I would like very much
to have this matter explained. It is unreasonable to have a high
temperaure accompanied by the production of CO, because then
heat is liberated only to a small extent, and high temperature
cannot be had without large heat development. It is not alto-
gether clear to me whether Prof. Burgess means that this is the
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condition which prevails with combustion in air or oxygen. Per-
sonally, I know that maximum or theoretical COz may be secured
in the combustion of carbon and hydrogen with coal. I should
appreciate it very much if Prof. Burgess will explain this matter.

I would ask whether the temperatures are all given in Centigrade
degrees.

The efficiency of 60 per cent. secured in steam generated as
given in this connection is too low, because an efficiency of 8o
per cent, is attainable and I suppose the efficiencies for the electric
furnace are given on the same basis, therefore the efficiency of
steam production is greater than here intimated; in fact, the
efficiencies of these various methods do not differ much.
~ Prof. Burgess—The statement that siloxicon has self-binding
properties is based upon information received from an engineer
who has thoroughly investigated the material. If the siloxicon is
finely powdered, molded, and then fired in an oxidizing atmos-
phere, the free carbon is oxidized and there is also a surface oxi-
dization of the silicon carbon compound, the resulting silica giv-
ing a bond which has a certain degree of mechanical strength.

In reply to the question concerning the production of carbon
monoxidé instead of carbon dioxide I would say that it is a well-
known fact that carbon dioxide begins to dissociate to a marked
degree at temperatures of about 1,800 deg. C. and the dissocia-
tion increases as the temperature is elevated. Until such point is
reached that complete dissociation of the carbon dioxide occurs,
giving carbon monoxide and oxygen. The mere fact that carbon
dioxide cannot exist at the highest temperatures shows that we
cannot utilize all of the heat units stored up in carbon when the
highest degree of temperatures are required.

The statement that a steam generating furnace can operate at
an efficiency higher than 60 per cent. cannot be denied. -I took 6o
per cent. as being perhaps the average of steam generating furnaces
as they are ordinarily operated and not as they can be operated
when the highest degree of refinement is observed. - In a like man-
ner I have not assumed 80 per cent. as the hughest electric furnace
efficiency. It is quite possible that the. electric furnace can be
operated at an efficiency considerably above 80 per cent. if the heat
in the material drawn from the furnace can be made to pass into
the material as it is introduced into the furnace.

Prof. D. C. Jackson—M. W. S. E—~I know little about the
electric furnace, except, perhaps, in regard to the cost of devel-
oping and maintaining laboratories relating to applied electro-
chemistry.

I have great confidence in the future of the electric furnace
as a revolution producer. It has already revolutionized some of
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the ideas of those most deeply versed in chemistry, and it will
certainly revolutionize many more and after having done that, it
will revolutionize some of the processes of manufacture which we
now know well, and consequently may change the value of things
in such a way as to revolutionize some of our modes of life.

The electric furnace is really not known today as it will be in a
very few years. Prof. Burgess’ prophecy, I am sure he himself
thinks, is a very conservative one,

Mr. Lubberger— M. W. §. E—I am very much interested in
the problem of the electric furnace from another point of view.
I am looking up all the literature I can get hold of on the subject
of radium. ‘

It seems to me that an electric furnace does not work by its
heat alone, but by direct action. In the experiments at Niagara
Falls, as far as I know, the nitric acid was made by electric sparks;
on the other hand, nitric acid is also made in arcs of large cur-
rent capacity and high temperature.

As you probably know, radium is supposed to consist of elec-
trons, which are quickly moving particles. If such a particle runs
against another particle, there is simply a mechanical collision,
and in an electric furnace the moving electrons cause really a
series of mechanical, and by this, also, chemical changes. I would
like very much to know if anything in the line of electronal action
has been investigated, or if this direct mechanical motion is respon-
sible for these chemical changes in the electric furnace.

Prof. Burgess—The exact part which the electric arc plays in
the production of nitric acid is perhaps not well understood. It
is generally assumed that a discharge of electricity through a
mixture of nitrogen and oxygen will cause a union of the two
gases, but whether it is by the heating effect alone or by a sort
of catalytic effect of the discharge is perhaps difficult to determine.
I believe that Mr. Lubberger is entire!y correct in assuming that
something else beside great heating is active in producing the
chemical changes which are brought about in the electric furnace.

Mr. Warder—I would ask the Professor if he cannot tell us
something about the fused quartz as a glass for astronomical pur-
poses. It is being claimed that it possesses certain very great
values for certain special astronomical research. :

Prof. Burgess—Fused quartz or melted silica constitutes a
remarkable physical material, although to what extent it has
been successful as a substitute for glass in astronomical apparatus
I cannot say. Vessels made from fused quartz have been avail-
able only during the past few years and it was not very long ago
that the price of a small silica crucible was ten dollars. Such a
crucible, looking like glass, will stand a temperature about 8oo
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degrees higher than ordinary glass and it is not -affected by the
greatest fluctuations in temperature no matter how suddenly applied
Fused quartz is not hygroscopic, is insoluble in water and unaf-
fected by most chemical reagents, and is therefore a most valuable
material for most scientific purposes.

The earlier methods of building up these crucibles was by utiliz-
ing the hydrogen flame, melting a grain of silica and fusing it to
the main body until a structure of the desired size and shape was
attained. Considerable improvement has been made and the elec-
tric furnace has become of considerable use in the manufacture of
fused quartz apparatus. One of the principle difficulties in making
the transparent quartz is the elimination of the bubbles of gas.
There does not seem to be much difference between the softening
and boiling points of silica, and consequently it is almost impos-
sible to get it perfectly fluid so that the contained gases can read-
ily rise to the surface.

For many purposes, however, transparency is not essential and
quartz tubes can be made which resemble porcelain in appearance
by drawing an arc in a bed of pure quartz sand.
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NOTES ON ECONOMIC TEMPERATURES OF COPPER-REFINING
SOLUTIONS.

By CHARLES F. BURGESS.

The temperature co-efficient of metallic conductivity is an
important factor which enters into the calculations of the electrical
engineer in his design of electrical conductors and apparatus.
The temperature co-efficient of electrolytic conductivity, on
account of its much greater magnitude, is a factor of correspond-
ingly greater importance to the electrochemist. Unfortunately,
however, the constants in the latter case are much more uncertain,
and have not been worked out to the degree of accuracy as have
metallic conductors.

That the electrochemist is dependent more upon experimental
trial than upon well-known data in the determination of his con-
stants is demonstrated in the admirable paper presented by Dr.
Bancroft before this Society on “Electrolytic Copper Refining.”
(Vol. 1V, Transactions). This paper contains various sugges-
tions relative to the economical refining of copper, an important
one of which is that greater economy can be effected if the solu-
tions are run at a higher temperature than has been commonly

adopted by the refineries.

The pressure between the two electrodes of a copper-refining
tank is the sum of two quantities, the polarization pressure and
the drop caused by the current flowing through the electrolyte.
The former is small and may be considered as practically con-
stant for a given solution, being influenced very slightly by the
temperature. The IR drop through the electrolyte varies, how-
ever, in a marked degree with change of temperature, and it is
this variation which causes the falling off in applied pressure
necessary to pass a given current through the cell as the tempera-

ture rises.
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Abstracts from the data given in the paper above referred to
show that with copper electrodes one centimeter apart, in a solu-
tion containing 16 per cent. copper sulphate crystals and g per
cent. free acid, and with a current of 3.5 ampéres per square
decimeter, the pressure at the electrode terminals is, for various

temperatures, as given in Table 1.

TapLe 1.
Voltage at In Terms of Voltage
Temp. Rlectrode Terminals at 20°

20° .354 100
30 .208 84.2
40 248 70
56 217 61.3
60 188 53
70 .165 46.6
8o 142 40
90 129 36.4

From these figures it appears that the pressure at 70 degrees is
less than half that required at 20 degrees for the same current,
and consequently that the cost for power is less than one-half.
It is stated that “by expressing voltage in terms of the voltage at
20 degrees,” as is done in column 3, “the effect of the distance
between the plates is eliminated,” and that “the percentage varia-
tions hold for any set of plates in the same solution.”

This assumption, which served as a basis upon which various
conclusions were drawn, would undoubtedly be correct if we are
concerned only with the specific resistance of the electrolyte itself,
but since it is the virtual resistance between the electrodes that
is involved, the assumption is not justified.

The resistance of the cell includes the resistance between the
electrode surfaces and the electrolyte, and the resistance of the
electrolyte itself. The former is of considerable magnitude in
comparison with the latter when the electrodes are close together,
and of much less relative magnitude when a considerable column
of electrolyte intervenes. The temperature co-efficient at the
electrode surface resistance is much greater than the temperature
co-efficient of the electrolyte, and unless these separate resistances
and their corresponding femperature co-efficients be known, it is
impossible to calculate the temperature co-efficient of the com-
plete cell with electrodes five centimeters apart from measure-

“ments on electrodes one centimeter apart.
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The following experiments bearing on this point were per-
formed: A solution consisting of 160 g. CuSO, 5H,0 and 9o g.
H,SO, per liter was employed. Two copper plate electrodes,
2 inches wide, completely occupied the cross-section of a rec-
tangular glass vessel, 2 inches x 5 inches x § inches deep. Elec-
trodes were first placed 4% inches apart, with the electrolyte 234
inchesdeep, and a current of about one ampére applied. The
glass trough was heated by means of a water bath and, with
constant stirring, the temperature was gradually raised. A similar
run was made with the electrodes placed about 34 inch apart.
The observations are given in the following tables. Measure-
ments of current and pressure were made with Weston portable
instruments recently calibrated.

Tasrg IIL
With electrodes 4% inches apart.

In Terms of Voltage

Temp. Voltage at Electrodes. at 20°
20° 157 100
23.5 1.5 95.5
31 1.35 86
41 1.22 77.7
49 1.17 74-5
6o 1.1 70
67 1.07 68

Tasre III.
With electrodes 33 inch apart.
Voltage at In Terms of Voltage

Temp. Rlectrode Terminals. at 20°
20° .36 100
24 .32 89
30 .27 75
38 .22 58
46 .18 50
52 .16 44.5
60 14 389
67 I3 36

The counter e.m.f. taken upon interrupting the current was
constant at about .025 volt.

The tables II and III, and corresponding curves, Fig. 1, show
clearly that the lowering of voltage is not proportional to the
increase of temperature regardless of the distance between the
plates, but that on the other hand the temperature effect is far
more marked when the electrodes are close together than when
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they are far apart. In other words, the apparent temperature
co-efficient is dependent upon the distance between electrodes,
being greatest when the electrodes are close together.

We are not, therefore, warranted in saying that the most
economical temperature in a cell with the plates one centimeter
apart is the most economical for a cell with the plates 4 inch
or 12 inches apart, as in the series and multiple refining systems
respectively.

An explanation for this marked variation in temperature co-effi-
- cient with various distances between electrodes is afforded in
that phenomenon which Gore chose to call “transfer resistance.”
“Transfer resistance,” as defined by him (Phil. Mag. V. 21, 1886,
p. 130), is “a species of electric resistance distinct from that of
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polarization and ordinary conductive resistance, varying greatly
in amount in different cases, which exists at the surfaces of
mutual contact of metals and liquids in electrolytic and voltaic
cells,” and “this resistance varies largely in amount with different
metals in the same solution, and with the same metal in different

solutions.” Gore measured the effect of this “transfer resistance”
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by means of the heating effect on the air inclosed in a thin
platinum electrode, as well as by other means described in ‘later
papers published in the same volume of the Phiosophical
Magasine.

A distinction is made between the term ‘“transfer resistance”
and “surface resistance,” the latter including the changes in the
electrolyte produced by electrolysis. It was found that in general
this resistance is greater at the cathode than at the anode, and
that by increase of temperature the transfer resistance is usually
and considerably reduced. In a short-circuited cell, using a
platinum cathode and zinc anode, he states that raising the tem-
perature from 14 degrees to 95 degrees increased the em.f. by
8.38 per cent.,, while the amount of current flowing was 220
per cent. greater, this being due largely to the decrease of the
“surface resistance.”

If there exists, therefore, a resistance at the electrode surface
apart from the resistance of the electrolyte itself, of such nature
that it has a great temperature co-efficient, we have an explanation
of the dependence of the apparent temperature co-efficient of an
electrolyte upon the distance between the electrodes, the reduction
of the “transfer resistance” producing a greater proportion of the
total change when the electrodes are close together than when
Tarther separated.

To obtain additional and more accurate data upon this
phenomenon, a rectangular slate tank, of the dimensions 215
inches x 6 inches x 6 inches deep, was fitted with copper
electrodes, one set being accurately spaced at 3§ of an inch apart,
and another set at 114 inches. The electrodes fitted so closely
in the cell that only one side of each plate was active as an elec-
trode surface. ‘The solution used was a 16 per cent. CuSO,
5H,O and 9 per cent. H,SO,. The tank was heated over a
sand bath, the electrolyte being stirred to maintain uniformity
and avoid concentration effects.

In Table IV are given data showing the effect of increase of
temperature on the resistance. The columns marked “apparent
specific resistance” give the resistance per cubic inch as calculated
from the current and applied pressure; those marked “corrected
specific resistance” give the values obtained by deducting the
polarization pressure, which was determined by the voltmeter
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immediately after interrupting the current. The electrolyte was
not heated beyond 56° C, on account of the failure of the cement
of the tank to stand a higher temperature. The current of one
ampere had a density of 20.8 ampéres per square foot.

TaBLE IV.
Electrodes 33” apart. Electrodes 134’/ apart,
Apparent Corrected Apparent Corrected
Sp. Res. Sp. Res. Temp. Sp. Res. Sp. Res.
3.95 ohms 3.74 ohms 29° C 2,16 ohms 2.105 ohms
312 201 “ 40 C 18 ¢ 1.79 “
270 250 50 C 1.64 1.59 “
250 ° 229 % 56 C 1.56 ¢ 1.51 “
1.2
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It is to be noted that while the specific resistance with the plates
close together decreased 36.7 per cent. for an increase of tempera-
ture of 27 degrees, the specific resistance with the plates farther
apart decreased only 27.7 per cent.

To determine what influence the free acid might have on this
variation of specific resistance, a run similar to the preceding
was made, using a neutral solution of 16 per cent. copper sulphate
crystals. Table V gives the results of this run.
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TaBLE V.

Electrodes 34’/ apart. Electrodes 114" apart.
Apparent Corrected Apparent ©  Corrected
Sp. Res. Sp. Res. Temp, Sp. Res. Sp. Res,

11.85 ohnis 11.73 ohms 32° C 11.00 ohms 10.97 ohms
145 irgo 37 C 997 “ 995 “
1082 1067 “ 40 C 960 “ 957
9.96 ‘: 0.86 :: 46 C 9.20 :: Q.17 :
9.55 0.48 s0 C 8.73 8.72

935 930 * sz C 863 860

The specific resistance is seen to decrease 21 per cent. with
electrodes 34 inch apart, and 21.5 per cent. with the electrodes
spaced 15 inches. From this it may be concluded that the
change of resistance with temperature is due almost entirely to
temperature co-efficient of the electrolyte itself, and not partially
to electrode effects, as is the case when the solution is acidulated.

Flg. 3

A further analysis of the electrode effect was made by tracing
the fall of potential from the anode to the cathode. This was
done by means of the normal “calomel” electrode, the liquid
terminal of which consisted of a glass rod drawn to a fine point
and bent in such a way that it could be placed in contact with the
electrode, and then moved step by step measured distances toward
the other electrode. The potential differences between the normal
electrode and the copper electrode were measured by the well-
known potentiometer method.

The data relating to this test are given in Table VI, and the
results plotted in Fig. 3. '

TasLE VI,

Current p 1 amp. = 18.9 amp. per sq. ft.
Distance between electrodes = 5-31/32”.
Solution: 160g. cuSO, 5H.0 and gog. H:SO. per liter.
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Temperature = 22° C, }
Measurement of fall of potential made by means of glass rod terminai of
calomel electrode drawn to a fine point and placed at various distances

from the electrodes.

Distance of normal
electrodes terminal

from anode. Volis,

(o] .0106 =anode polarization.
0 .0424 =potential between electrode
8" .0635 and solution.
34 .106
34 163

1-14 222

1-14 .286

1-74 354

2-14 413

2-% 477
3 536

3-3% .600

3-33 664

4% 725

414 787

47% 850

514 916

59% .080

5-31/32 1.037
5-31/32 1.176 = potential between anode and

cathode,
Tctal polarization as measured by voltmeter = 0.2 volt.
Cathode polarization == .0106. Anode polarization = .0004.
Specific resistance, climinating electrode effect — 1.26 ohms per cubic inch.
Specific resistance, as calculated from current and applied pressure = 1.5

ohms.
Specific resistance, as calculated from current and applied pressure, with

electrodes 1-14" apart = 2.12 ohms.
Specific resistance, with electrodes 34" apart = 4.67 ohms.
“Specific resistance, with electrodes %" apart = 11.46 ohms,

It is to be noted that the fall of potential through the electrolyte
is represented by a straight line, which is to be expected if a solu-
tion of constant composition be maintained by suitable stirring,
The polarization, as measured by the voltmeter upon interruption
of the current, was .02 volt, apportioned nearly equally to the
two electrodes. There is a resistance effect at the surface of the
copper electrodes, causing a fall of potential much more marked
than the polarization effect. This surface resistance appears to
be considerably greater at the cathode than at the anode, as shown
graphically by the vertical lines ec and ae, respectively.

It might be urged that this marked drop of potential at the
-electrode surfaces is due only to polarization, and that the method
of measuring polarization by opening the circuit gives only a por-
tion of the total value. This is hardly possible, however, since



TEMPERATURES OF COPPER-REFINING SOLUTIONS. 59

a polarization of about .2 volt would have to be assumed, which
is apparently out of the question.

Neither does it appear to be due to changes of composition of
the solution as a result of electrolysis, since in this case the effect
would be materially decreased by agitation of the electrolyte. In
making the measurement it was noted that the agitation of the
solution had very little influence on this surface resistance.

The question arises as to whether this surface resistance is an
inherent mutual property of the metal and the solution, or whether
it is produced as a result of the flow of current. It is apparent
that the flow of current has some influence on the amount of the
resistance, as shown by the fact that it is different at the two
electrodes when a direct current flows. Mr. O. P. Watts has
given me permission to quote from his laboratory notes some data
bearing upon this point.

A glass tube, as shown in Fig. 3, was filled with a copper
sulphate solution containing 100 grammes of the crystals and 100
grammes of sulphuric acid to the liter. Copper disc electrodes
closely fitting in the tube were adjusted by means of a glass tube
passing through the rubber stopper at either end of the tube.
The specific resistance of the electrolyte maintained at 23° C, by
immersion in a constant temperature bath, was determined first
. by means of an ampéremeter and a voltmeter, using a current
density of 4.2 ampéres per square decimeter, and then by the
Wheatstone bridge method, using an induction coil as the source
of current and the telephone receiver as the detector. In Table
III, column 2, is given the apparent resistance per cubic centi-
meter by means of the fall of potential method, and in column 3
similar values by the bridge method.

TasLe VIL
Distance between Ohms perc. c. Ohms perc. c.
Electrodes. - By Ammeter and Voltmeter. By Wheatstone Bridge.
20 2,02 1.84

18 1.5 1.79
16 2.04 1.81
14 2.01 1.82
12 2.08 1.83
10 2.00 1.88
8 ' 2.26 1.81
6 2.38 1.95
4 2.74 2.03
3 3.17 2.19
2 2.81 : 2.43
1 6.19 324
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The apparent specific resistance with the electrodes one centi-
meter apart is about three times as great as the true specific resist-
ance when the direct current is flowing, and when the very small
alternating current, the distance is not so great, though it is still
quite marked. This shows, therefore, that the electrode effect
is not a result of electrolytic products, since it also accompanies
the flow of alternating current of such small value as to make
the accumulation of electrolyte products impossible.

Laboratory of Applied Electrochemistry,
University of Wisconsin.

DISCUSSION.

PreESIDENT CArRHART: Mr, Burgess’ paper is open for discus-
sion. I am sorry Professor Burgess is not here to discuss it.

Pror. W. S. FRaANKLINS I am surprised to hear the author set
aside, as being out of the question, the existence of as much as
0.2 volt of polarization in the neighborhood of a copper electrode.
The results of Mr. Freudenberger and myself, as found with cop-
per electrodes, show the existence of polarizations rt{nmng up to.
o.1 volt with current densities which, I take it, were much smaller
than those which Professor Burgess used. The table given by,
Professor Burgess on page 58 is a table of observed electromgtM‘
forces which can be separated into two distinct parts, one. "of
which_is proportional to the distance between the electrodes,
namely, the i part, and the other is constant in ‘value. It is upon
a set of observations exactly like this that Mr. Freudenberger and
I separated the reversible and the 1rrevera;blc polarization.

F. A. Lipeury: Did you find the polﬂﬂzatlon in the case of
copper to exist in the cathode or in the anode?

Pror. FRaANKLIN: We made no attempt to separate the polari-
zation into cathode or anode parts. Our first object was to show
the existence of both a reversible and an irreversible polarization
without regard to its seat at one electrode or the other.

MRr. LipBury: According to Professor Burgess’ paper, on
page 50, the resistance is at the cathode.
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Mr. CarL HERING: Quite a number of years ago I made some
tests with a standard Daniell’s cell, and found that the electromo-
tive force was quite appreciably influenced by differences of pres-
sures on the two liquids. On the test described on page 58, it
seems to me that such pressures might cause quite appreciable dif-
ferences in the results, because, as I understand the experiment,
the tube was sealed with two corks, and a slight amount of gas
liberated in the tube would create a different pressure, and that
might affect the result quite appreciably.

Dr. M. DE K. TroMPrsoN : On page 53 Professor Burgess gives
the measurement of the counter-electromotive force in this cell,
and finds it to be only .025 volt; and I suppose it is from that
observation he states that the .2 volt is out of the question. I sup-
pose he had a concentrated solution of copper sulphate in the ex-
periment on page 58. No gas would be liberated in that case, and
there would be no change in the pressure.

Mg. HeriNG: I am well aware of the fact that there ought not
to be gasing ; but I am also aware of the fact that there very often
is gasing, and when the tube is sealed there will be a pressure
produced. As soon as the copper sulphate has been exhausted
even from only a molecularly thin layer next to the cathode, there
will be sulphuric acid next to the cathode, and there will be gases
formed, even though invisible in amount.

ProF. FRankLIN: The electromotive forces he says were
.025 volt, according to the statement, on interrupting the cur-
rent; the reversible polarization, however, exists only while the
current is flowing, and it vanishes when the current ceases to flow.

PresipENT CARHART: Irreversible or reversible?

Pror. FRANKUIN: The irreversible polarization exists while the
current is flowing; it is this that I had in mind in connection with

the 0.1 volt.

DISCUSSION.
(Communicated by Lawrence Addicks previous lo the meeting.)
Prof. Burgess presents a series of data very interesting to me,
but I am sorry he does not attempt to answer the conundrum.
There can be no question that a transfer resistance of considerable
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magnitude exists in copper refining work, and that it is ohmic
in its nature. Polarization effects can easily be separated by
measuring the voltage at different current densities with a con-
stant temperature. The voltage for zero current density can then
be found by extrapolation. A common figure for polarization in
an actual copper refining cell is 0.02 volt.

For some time I have been inclined to think the explanation of
transfer resistance is connected with the presence of gases near
the electrodes. The specific resistance to be dealt with must be
very high, as the effect is entirely within a layer of exceedingly
small thickness, but free gas, at least, would have practically no
conductivity. The cathode effect is greater than the anode, but
the hydrogen naturally at the cathode has half the valence and
therefore twice the volume of the oxygen near the anode. On
the one hand, the temperature co-efficient of this layer is enor-
mous, and on the other, both the solubility of gases in liquids
and the volume of free gas are greatly affected by temperature.
The effect becomes small at high temperatures, and in a boiling
solution there could be no gas effects. The parallel seems to me
at least suggestive.

The amount of transfer resistance also seems to be closely
connected with the acidity of the electrolyte, as the results in the
paper indicate. I.aboratory results on the specific resistance
of electrolytes indicate that there would be money in carrying
the free acid in the electrolyte to over 20 per cent., but in practice
about 13 or 14 per cent. is found to be the economic limit, even
with unlimited circulation to overcome the polarization tendency of
the higher acid electrolyte. While I have never directly deter-
mined the cause of this apparent discrepancy, it is doubtless due

to increased transfer resistance.
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AN OPTICAL METHOD FOR OBSERVING THE DIFFUSION IN
ELECTROLYTES.

By CARL HAMBURCHEN,

A great deal of investigation has been directed within recent
years to the study of the relationship existing between the com-
position of the electrolyte and the character of the deposition
which may be obtained from it. It is known that the quality of
deposit depends upon the chemical compositions of the solution,
current density, temperature, nature of the anode material, viscos-
ity, and the diffusion of the solution surrounding the anode and
cathode.

The study of diffusion in an electrolytic cell has not received
the attention which it should, and certain erroneous conceptions
are held in regard to it. One of these is that we have a gradual
change of density from the anode to the cathode produced by
the migration of the jons. Whatever differences of density there -
may be, however, at the immediate surfaces of the electrodes,
there is almost no variation in density on a horizontal line extend-
ing across the cell. In all active electrolytic cells there is a con-
tinual systematic movement of the electrolyte aside from that
caused by gases which may be liberated, and it is for the purpose
of observing this movement of the electrolyte that the method
of investigation described in this paper was adopted.

If a narrow glass vessel, containing a light liquid, superposed
upon a heavier one, be placed in the path of light from a projec-
tion lantern, the image on the screen will show a distinct line
between the two solutions, even though the eye cannot detect it
within the cell. This line is produced on the screen through
differences in the refraction of the light as it passes through the
solution of non-uniform density.

A glass vessel of dimensions shown in Flg. 1 was filled with
a solution of iron sulphate, and two iron electrodes, A and C,
were suspended therein. The cell was made of such size that it

20
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could be placed as a slide in a stereopticon lantern, and, upon
focusing, a good image of the cell was thrown upon the screen.
Before the passage of current, no disturbance or non-uniformity
of electrolyte was noted, but upon passing three-tenths of an
ampere for a few minutes, definite horizontal lines appeared,

Kl

[

extending from the anode to the cathode, indicating that the
solution had become stratified by layers of different concentration,
the lighter layers being at the top of the cell and the heavier ones
at the bottom. In this experiment the lines were first seen to
form at the bottom of the cell and gradually rise to the top. A

Fig. 2

stream of heavy anode solution could be observed flowing to the
bottom of the cell, and the lighter cathode solution flowing in a
steady stream to the top.

Fig. 2 is a photograph showing the stratification of such solu-
tion, in which the horizontal lines caused by the difference in the
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refraction of the light, and also the heavy anode solution stream-
ing to the bottom, can be noted.

By studying the stratification of an electrolyte produced in this
manner a number of the difficulties encountered in the electro-
deposition of metals can be explained. The rapid rising of the
cathode solution explains the corrugated appearance which
metallic deposits sometimes assume, and the non-uniformity in
the density of the electrolyte explains the differences in the
appearance of the deposit at different parts of the cathode.

By tracing out in a cell of this sort the paths taken by the solu-
tion, methods can be easily devised for altering such paths so as
to meet practical requirements by means of suitable baffle plates
or by an arrangement of electrodes.

Laboratory of Applied Electrochemistry,
University of Wisconsin,
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PREFACE.

During the last two decades, notable contributions have been
made to the ficld of chemistry through the use of the electric
furnace. The high temperatures, made available by the con-
version of electrical into thermal emergy, have resulted in the
discovery of a host of new compounds, and the duplication by
art of various of nature’s processes.

Among the compounds which play a prominent part in this
“new chemistry of high temperatures,” are the borides and the
silicides; and it is the purpose of this paper to present the re-
sults of an experimental investigation of some of these com-
pounds, together with a brief, yet comprehensive, account of
these two series of chemical compounds, which have become of
scientific and commercial importance through the advent of
the electric furnace.

The methods most generally used heretofore for the prepara-
tion of the borides and the silicides have been synthesis from
the elements, and reduction of a metallic oxide by excess of
boron or silicon. Either of these methods requires as a pre-
liminary the preparation of the non-metal, a long and difficult
task, particularly in the ecase of borom, the purification of
which by the method of Moissan® took from ten to fifteen days
at a minimum. It therefore seemed to the writer that an ex-
perimental investigation of the possibility of the preparation
of the borides and the silicides fromy their commercially avail-
able oxygen compounds by a single reaction in the electric fur-
nace would be of value. This is one of the problems of this

1¢. R, 114:392-7 (1892). Apn. de Chim,, 6:296-320 (1895).
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investigation. A second problem was the production by means
of the electric furnace of a new series of definite chemical com-
pounds, the silico-borides.

For this investigation all the resources of the electro-
chemical department of the University of Wisconsin were put
at the writer’s disposal by Professor C. F. Burgess, who by
this, and by his personal interest and encouragement, has
placed the writer under lasting obligations, which are here

gratefully acknowledged.
O.P W

Laboratory of Applied Electrochemistry,
University of Wisconsin,
May, 1905.



AN INVESTIGATION OF THE BORIDES AND THE
SILICIDES.

L

HISTORICAL OUTLINE.

The history of the borides may be said to begin with the dis-
covery by Descostils in 1808 that platinumi could be fused by
heating it with borax and lamp-black. This gave a product
that was hard, brittle, and erystalline, which, dissolved in
acids, left a residue of boric acid. It was a full half century
from this first recorded instance of the combining of platinum
and boron, before a boride of platinum of definite composition
was isolated.

Similarly in regard to the silicides, the first discovery was
the mere fact of the combination of silicon with the metals, fol-
lowed after many years by the isolation of definite chemical
compounds. In 1810, Davy® discovered that the earths, silica,
alumina, and glucina, when heated with iron and potassium,
yielded a brittle ingot of a crystalline texture, harder and
whiter than iron. In 1812, Berzelius* announced that a mix-
ture of silica and carbon, heated in the presence of iron filings,
gave a white metal which, attacked by acids, yielded silica.
Boussingault® found that steel could be made with silicon in

2 Ann, de Chim., 67:68 (1808).
3 Ann, de Chim,, I, 75: 152.

4+ Ann, de Chim., I, 81. 178.

s Ann. de Chim,, II, 16: 10-16.
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place of carbon; and that platinum, heated with carbon, took
up silicon from the crucible, becoming brittle, harder, and less
dense. The number of such alloys with boron and silicon in-
creased, and finally crystalline compounds of definite com-
position were separated from them.

‘With the use of the electric furnace for scientific research,
the isolation of new borides and silicides received a tremendous
impetus. It was not the promise of great commercial value
which caused this sudden and remarkable extension of these
series, nor the fact that new borides and silicides were likely
to have strange and marvellous properties; quite the contrary,
~—their family resemblance is so strong that nothing short of
& chemical analysis serves to distinguish between certain mem-
bers of both series. It was the fascination of exploring this
new realm of high temperature chemistry that led to experi-
mentation, and since, in addition to earbon, boron and silicon
are the chief elements whose compounds with the metals are
stable at electric furnace temperatures, the inevitable result
was a great increase in the list of borides and silicides. The
phosphides, arsenides, and sulphides are other series of com-
pounds stable at electric furnace temperature, which are as yet
only incompletely investigated.

The bulk of the original literature concerning the borides
and silicides is contained in the German and French chemical
periodicals, and is available in English only through brief ab-
stracts scattered in various chemical journals, and in the two
English translations of Moissan’s “Le Four Electrique.”

It has been the purpose of the writer to collect from the
original sources and to set forth in the appended tables the
most important physical and chemical properties of the borides
and silicides in such form that the data may be useful to all
experimenters in this field.
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TaBLE I.—Action of the metals upon silicon.t

Met};ﬂs Iin which silicon gissolves
. - at high temperatures. but sep-
Metals which do not form silicides. arates again as crystals on
cooling.

Aluminum. Aluminum.?

Antimony, Silver.

Bismuth. Antimony.

Cadmium. Bismuth.

Gold. Tin.s

Lead. Zinc,®

Potassium. Lead.

Silver. Gold.®

Sodium.

Tin.

Zinc.

¢ Vigouroux, Ann. de Chim., 12:5 (1897).

7 Announced vy Deville and Wohler, Ann, de Chim., II1, 49: 78 (1857).

8 Announced by Deville and Caron, Ann. de Chim., III, 67: 435 (1863).

9 Metals in second column, with the exception of gold, are arranged in order
of their solvent power for silicon. Moissan and F. Siemens, C. R., 138: 1299
(1904). Bull, Sec. Chim., 31-32:1015 (1904).




TasiLE II.—Physical Properties of the Borides and Silicides.

Literature and Discovery.

Al,B,
ALB,,
Al3B,Cy

BaB,

Be,B,C,
CaB,

CB
CB,

CrB
FeB

Wohler & Deville, Ann. de Chim. 52:63-
91 (1838).

Wohler & Deville, *¢ s o s
(Supposed to be Boron. )

Wohler & Deville, ¢ s ¢ “
(Supposed to be Boron.)

Composition and formulae of last two
due to Hampe, Ann., 183:90 (1876).
Moissan & P. Williams, C R., 125:629-34

(1897); Bull. Soc. Chim., 17:1015-20
(1B97).
Lebeau, C. R., 126:1347-9 (1898)

Moissan & Williams, C. R., 125:629-34
(1897); Bull. Soc. Chim., 17:1015-20
(1897).

O. Mulhauser, Z. anorg. Chem., 5:92
(1894).

Moissan C. R., 118:556 (1894); Ann. de
Chim., 9:280-6 (1896).

A. Joly, C. R., 97:456 (1883).

Moissan, C. R., 122:424 (1896); Ann. de
Chim., 9:273-85 (18961,

Moody& Tucker, J. Chem. Soc. Trans.,
(1902) p. 14-17.

Moissan, C. R., 120:173 (1895); Ann. de
Chim., 9:273-85 (1896).

How Made.

K,BF,+KCi+Al
K,BF,;+KCl+Al

B,O,+Al

B,0,+BaO+Al+
C

BeO+B in carbon

crucible.

B.O,+CaO+Al+
C

B.0;+4-C
B+C
{ Ke+4-B4+C
Cu+4-B4-C
Co+B
Cr+B

Fe+B

i Hard- Specific
Description. ness. Gravity.
thin coppery, hexagonal
crystals.
black, thin leaves. 94+ 2.53 at 17°
yellow crystals. 94+ | 2.61
small regular cryst. 94 | 4.26 at 159
brilliant metallic cryst. |........ 2.4
transparent cubic or 9+ | 2.33 at 15°
rectangular cryst.
bluish black, greasy {........
feeling, malleable.
black, brilliant cryst. 98 [ 2.51
brilliant prisms several T+ | 7.250at18°
mms. long.
gray, metallic. 8 5

metallic crystals.

........

‘NISNOODSIM J0 ALISAFAINA THL 40 NILETINg
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MnB

MnB,
Mo,B,
NiB
Pt.B
SiB,
SiB,
SrB,
ThB,
ThB,
WB
Zr, é.
BaSi,
Ca8Si,

C8i

B. du Jassonneix, C. R., 139:1209 (1904).

Troost & Hautefeuille, C. R, 81:1263-6
(1875); Ann. de Chim., 9:65 (1876).

H. R. Moody & S. A. Tucker, J. Ch.
Soc. Trans, (1902) 14-17.

Moissan, C. R., 122: 424 (1896); Ann. de
Chim. 9: 273-85 (i896).

Martius, Annalen 109: 79 (1859); Descos-
tils, Ann, de Chim. 67:88 (1808).

Moissan & Stock, C. R., 131: 139-43
{1900); Ann, de Chim. 20: 433 (1900).

Moissan & Stock. C. R, 131: 139.43
(1900 ; Ann. de Chim. 20: 433 (1900).

Moissan & Williams, C. R., 125: 629-34
(1897); Bull. Soc.Chim., 17: 1015 (1897)

B. du Jassonneix, C. R., 141: 191-3 (1905

B. du Jassonneix, C. R., 141: 191-3 (1905)

Moody & Tucker, (see CrB)

Moody & Tucker. E. Wedekind, Ber.,
35: 3929-32(1902).

Disc. by C. B. Jacobs, July, 1899.
Chem. News, 82: 149 (1900).

Disc. by Wohler, Ann. de Chim. 69:
224 (1863); Ann., 127: 255 (1863).

Gde Chalmot, Amer. Chem. J., 18:
319 (1896).

C. B. Jacobs, British \ssoc. (1900) p. 649.

*Moissan & Dilthey, C. R., 134: 503-7
{1902); Ann de Chim., 26: 289 (1902);
Bull.Soc Chim., 27: 1199 (1902).

Schutzenberger, C. R., 114: 1089-93
(1292).

Discov. E. G. Acheson, 1890,
Moissan, Aon. de Chim.,9: 296-300 (1896).

Mn,O0,4+B and

treated by chlor-

ine,
B,0;+4Mn,C

Mo+ B
Ni+3

Si+B

Si+B

B,0;+Sr0 +Al
+C

'Th0O,+B

ThO, +B

W4+B
Zr4-8B

Si+CaCl,+Na
Ca0 +8i0,4+C

CaC0,+8i0,+4-C
8i+Ca0

8iv,+C
Si+C
Fe,Si{-C

Fe +8i0,4-C

brillant metallic powder.|.

violet gray crystals.
pale brass coior, brittle.
brilliant prisms several

mms, long.

brilliant black rhombic
crystals, yellow if thin
thick, black eryst.......

black crystalline powder.
yellowish metallic powd’r

reddish violet powder
silvery, metallic.

gray, brilliant cryst,

colorless hexagonal crys-
tals.

.| 6.2 at 15°

9 7.1

7+ | 7.39 at 18°

9+ 2.52

94+ | 2.47

9+ | 3.28 at 15°
........ 7.5 at 15°
........ 6.4 at 15°

6.8 |25

9+ |{3.12

SHAIDI'TIS ANV SHAI¥Od THL J0 NOILLVOILSTANI-—--SLLVM
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TasLe II—Continued.

Literature and Discovery. How Made. Description. Ii:;g, gf:ﬁ?yc
Ce,8i, Ullik, Chem. Central., 1865 p. 1043 Electrolysis of
) 3KF.2CeF,
CeSi, *J, Sterba, C. R, 135:170 (1902); Ann.| CeO,+Si lamellar steel gray cryst.|........ 5.67 at 17°
) de Chim., 2:229-32 (1904). - brittle.
Cr;8i Zettel, C. R., 126:833-5 (1898). Cu+Al14Cr,0, in | gray arborescent cryst.| 6{ | 652 at 18°
. silicate crucible powder.
Cr,8i Moissan, C. R., 121:621-6 (1895); Aen.| Cr-4-Si metallic cryst. 94
. de Chim., 9:289 (1896) Cr,0,+8i0,+-C
Cr,Si, *¥Lebeau and J. Figueras, C. R, 136:| Cu+Cr<48i brilliant prisms. 6+ | 5.6 at 0°
. 1329-31 (1903).
CrSi, G.(ii:m?halmot, Awmer. Chem. J., 19:69 Cr,0,48i0,+C | gray metallic needles. |........ 4.39
Cr,AlSi, Wéfl?g(():}mt & A. Kieser, Ann., 337:353-] Cr+EK,SiFs+Al | iiiiii et 5 4.7
( ). .
Cr,AlSi, W. Manchot & A. Kieser, Ann., 337:353-] K,Cr, O, 4K, SiFg |......ooiiiiiiiiiiiiil, 5+ |48
. 61 (10°04). +Al
Co,Si Vigouroux, C. R., 121:686-8 (1897); Ann.] Co+8Si steel gray cryst.  |........ 7.1 at 17°
de Chim., 12:175 (1897).
Co8i Lebeau, C. R., 132:556 (1901); C. R., 135:| Cu,Si+-Co brilliant prisms and oc-|........ 6.3 at 20°
‘ili?g(;; (1902); Anp. de Chim., 27:271-7 tahedra.
)
CoSi, *Lebeau, Ann. de Chim . 27:271-7 (1902) Cu,Si{Co+Si dark bluish cryst. 4.5 | 53ato°
Cu,8i Vigouroux, Ann. de Chim., 12:184 (1895);; Cu-}-Si steel gray, brittle crys-{ very | 6.9 at 18°
C. R., 122:318-19 (1896). tals: reddens in air. hard
G. de Chalmot, Am. Chem. J., 19:118
(1897). . .
Cu,Si E. Vigouroux, C. R., 142:87-8 (1906). Cu+Si silver white: reddens in| hard | 7.48 at 0°
air.
Fe,Si Dise. by Hahn, Ann, 129:57-76 (1864). | Si4+-Na-{NaCl4- feebly magnetic  |........ 6.61 at 23°

FeCl,+CaF,

G9%

‘NISNOOSIM A0 XLISYTAINA THI Jd0 NILATINg



Fe,Si,
FeSi

FeSi,

Li,Si,

Mg.Si
aznd

Mg, Si,

Mn,Si

MnSi

MeSi,

Mo, Si,

Ni,Si
Pt,3i

Moissan, C. R, 121:621-6 (1395); Ann.|
de Chim., 9:289 (1896).

*Lebeau, Aon. de Chim., 26:5-31 (1802).

G. de Cbalmot, J Amer. Chem. Soc..
17:923 11895).

Encyclopaedie Fremy, Vol., 20: p. 93.

Lebeau, C. K.. 128:933 6 (1899); Ann. de
Chim., 25:3-31 (19)2). l

Disc by Hahn, Ann., 129:57-76 (1864);
G. de Chalmot, Am. Chem J., 19:122
(1897).

*Lebeau, Ann. de Chim., 26:53-31 (1902).

Moissan, C. R.. 134:1083-7 (1402); Bull.
Soc. Chim., 27:1203-7 {1902).

Wohler, Ann.,, 107:119 (1858): Wohler,
Ann. de Chim., 54:218 25 (1858); Geu-
ther, J, f. pract, Chem., 93:424; Phip
son, Proc. Roy. Soc , 13:217 (1864).

Brunaoer, Pogg. Ann., 101:26% (1857);
Wohler, Ann, 103. (1858,

Vigouroux, C.R., 12L:771-3 (1895). .. ....

*Lebeau, C. R 136:89-92; 231-6 (1903)

Carnot & Goutal, Ann. des. Mines, 18:27
(1900); H. N. Warren, Chem. News,
78::319 (1898);

*[Lebeau, C.R,136:80-92 (1903).

G. de Chalmot, Am. Chem. J., 18:336
(1895).

*Lebeau, C. R., 136:231-3 (1903).

H. N. Warren.Chem. News.7 8:318(1898);

*Viguoroux, C. R, 129:1235-9 (1899),

Viguorouz, C. R.. 121:686-8 (1895,

Disc. by Guyard, Bull. Soe. Chim, 23:510
{1876); *Viguoroux, C. R., 123:1 7 (1896}):

Ann. de Chim., 12:188 (1897).

Fe + Si
Fe,0,+8Si
Fe+ Si

Fe +8i0,4C

SiCl,+Fe
Fe+4Cu,Si

Fe,Si+ HF
Fe,Si+ HF

e + Si
Li +8i

Mn,0,+8i0,4-C
Mn,0, +Si+ H,
Mn + Cu+si

%Mn LSi

Mo +Cu + Si
Mn,0, +8i0, + Ca
o+C

Mn + Cu +8i

MoO, +8Si

Ni+8i

Pt +Si

Pt +Si

small metallic magnetic
prisms,

brilliant gray octahedra.

brittle white cryst. fee-
bly magnetic.

metailic tetrahedric cryst

brilliant cryst
brilliant indigo blue cr’st
very hygroscopic.

gray metallic erystals,
brittle.

brilliant prisms.

brilliant tetrahedric erys-
tals.

small dark gray octa-
hedra.

silver white prisms.

steel gray crystals.

.........................

........

........

8-9

........
........

7.0 at 22°

6.85 at 20°

6.36

6.17 at 15°

5.40 at 15°
1.12

6.6 at 15°

6.2 at 15°

5.9 at 15°

5.24 at 13°

7.2 at 17°
13.8 at 15°

SLLVM
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TABLE I1.—Continued,

: : — Hard- | Specific
Literature and Discovery. How Made. Description. ness, | Gravity.

RuSi Moissan and Manchot, C.R., 137:229-32| Rau+4-Si metallic white prisms very | 5.40 at 4°

(1903); Ann. de Chim., 2:285 (1904} hard.
Bull. Soc. Chim., p. 559 (1904).

SrSi, SBee BaSi,..............eh cvrivenn...| S8rC0O;48i0,4+C | bluish white hard.

Ti,Si L. Lsegvy, C. R., 110:1368 (1890; 121:1148{ TiC1,+Si
(1895).

W,Si, Viguoroux, C. R., 127:393 (1898); WO, +8i steel gray metallic crys-|........ 10.9
Moissan C. R., 123:13 (1898); Warren, tals,
Chem, News, 78:318 (1898).

V,Si Moissan & Holt, C. R., 135:493-7 (1902);] VC4Si silver white prisms  |........ 5.48 at 17°
Anp. de Chim., 27:277-88 (1902). V,0,+Cu+Si

V8i, Moissan & Holt, C. R., 135:493-7 (1902);] V,0,+4Si brilliant metallic prisms|........ 4.42
Ann, de Chim., 27:277-88 (1902).

Zr Six E. Wedekind, Ber., 35:39:29 (1902). Zr0,+8i dark crystals.

The numbers denoting hardness in the above table are according to Mohr’s scale; - 6, orthoclase; 7, quartz; 8, topaz; 9,

corundum; 10, diamond. L.
* In case of several articles upon the same compound, that marked by the asterisk is the more comprehensive.

¥9¢8
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Additional references are as follows:

A summary concerning silicon and silicides to the year 1897, Vigouroux,
Ann. de Chim,, 12:5-71; 153-197.

The preparation and properties of amorphous silicon, Vigouroux, C. R.,
12y : pp. 94, 367, 554, 1161, 1393 (1895).

New propertles of amorphous silicon, Molssan, Bull. Soc. Chim., 27:1198

(1802),

8ilicon by electrolysis, Gore, 1884, Chem. News, §50:113-4; Hampe, 1889,
Chem. Zeitung, 12:841: Minet, 1891, C, R., 112:1215-18. -

Controversy concerning the existence of a silicide of silver, H. N. Warren,
Chem. News, 67:303-4 (1893); Molssan, C. R., 121:621-6 (1893);
G. de Chalmot, Am. Chem. J., 18:95 (1896) ; Moissan, Ann. de Chim.,
9:294 (1896).

The preparation of amorphous boron, Messian, C. R., 114: 392-7 (1892),
Ann. de Chim., 6: 296-320 (1895).

Mnlhauser (Chem. Zeltung, 26:807) claims the discovery of silicon carbide

for E. H. and A, H. Cowles, in 1884.

Unless there is other experimental evidence than that ad-
duced in the original publication, it seems to the writer that
the formulae given by H. R. Moody and S. A. Tucker for the
“borides” of chromium, molybdenum, tungsten and zirconium,
should be accepted by the chemical world with more than the
proverbial “grain of salt.” The only experimental evidence
given for these formulae is as follows:

CrB. “10 g. chromium and 2.1 g. boron were heated in the
electric furnace for six minutes by a current of 175
amperes at 60 volts. The product contained 82%
chromium, hence it is a definite chromium boride
of the formula CrB.” It should be noted that the
charge contained originally 82.6% chromium.

Mo,B,. “6 g. molybdenum and 1 g boron were heated
twenty minutes by 230 amperes at 70 volts. Analy-
sis showed 86% molybdenum, hence the formula.”
This charge contained 85.7% molybdenum.

WB.. “4 g. tungsten and 0.2 g. boron, after five minutes
heating by 175 amperes at 65 volts showed 89%
tungsten, therefore the formula is WB,.” The
charge contained 88.9% tungsten.

ZryB,. “15 g. zirconium and 2.2 g. boron were heated by 200
amperes at 65 volts for five minutes. Analysis
showed 86% zirconium.” The charge contained

87.2% zirconiun.
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It is probable that these four metals are capable of forming
compounds with boron in definite proportions. It is possible
that the formulae assigned are the correct ones for such com-
pounds,—but these experiments prove nothing of the sort.
From the energy and time of heating, the temperatures were
very moderate, even low, for the electric furnace. Under
these conditions all the elements concerned are only slightly,
if at all, vaporized, so that the experiments consisted, in each
case, in heating together two non-volatile elements in pre-de-
termined proportions, and finding them in the same propor-
tions in a homogeneous ingot after cooling. The only deduec-
tion from this is, that the two elements concerned are capable
of alloying in the proportions originally taken. This is an
excellent field for further investigation. E. Wedekind*® has
obtained compounds of zirconium with boron, and with both
boren and carbon by reduction of zirconium oxide by boron,
but has not as yet been able to purify them or to assign a
formula to either. It is the opinion of the writer that definite
borides and silicides of iridium, osmium, uranium, and many
of the metals of the rare earths, can be isolated, although these
are as yvet unknown.

In. the following table (Table III), compiled from the
original literature, the vigor of chemical action of reagents
upon the borides and the silicides is indicated as follows:

' N = no action.

S == slight action.
SS == very slight action.
R = acts readily.
V = acts vigorously.
VV == acts violently.
VVV = acts with incandescence.
Numerals indicate the approximate temperature in degrees

centigrade.

1 Ber., 36:3929-32 (1903).



TaBLE III.— Chemical Pronerties of the Borides and Silicides.
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In general, the borides and the silicides are brittle, metallie,
harder than the corresponding carbides, and very resistant to
chemical reagents. As seen from Table II, the usual method
of preparing these compounds has been that of direct synthesis
from the elements; occasionally the metallic oxide has been
reduced by boron or silicon, and still more rarely, the oxygen
compounds of both the metal and the non-metal have been
simultaneously reduced by carbon or magnesium.

IT.
REDUCING AGENTS.

This investigation requires a survey of the field of possible
reducing agents, their properties, advantages, and limitations.

CARBON.

Carbon constitutes the most important reducing agent in
technical metallurgy, and it has certain advantages over other
substances for reduction in the electric furnace. It is cheap,
it is a powerful reducing agent at high temperatures, so
slightly volatile that it remains in the furnace, while the prod-
nect of its action is a gas, and hence escapes as soon as formed.
This last is an important advantage of carbon over most other
reducing agents, which usually leave in the furnace slags that
are hard to break up and difficult to get rid of by chemical
means.

The great disadvantage of carbon is its tendency to form
carbides with nearly all metals which are produced in the
electric furnace, and also in the presence of silica or borax, to
form the carbides of silicon and boron, extremely resistant to
chemical reagents and difficult to remove from the product de-
sired. In the reduction of the metallic oxides; the amount of
carbon in the product may be made very small, and even neg-
ligible in some cases, by using an excess of metallic oxide in
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the charge. In the preparation of borides and silicides from
their oxygen compounds, however, this method of removal of
carbon from the product is not available. If carbon, borie
anhydride, and any metallic oxide are mixed in the propor-
tions necessary for complete reduction, and then an excess of
the metallic oxide be added for the purpose of removing carbon
from the alloy or chemical compound which is desired, after
reaction has occurred the unreduced substance will be, not the
excess of metallic oxide, but its equivalent, as regards oxygen,
of boric anhydride. TUnlike the metallic oxide, this will have
little, if any, effeet in removing from the product any carbon
whiceh may have been taken up during the reduction:

Hence it will be seen that carbon is not a suitable reducing
agent for use in the preparation of borides and silicides by the
method proposed in this investigation.

SODIUM AND POTASSIUM.

Sodium and potassium, so often employed by chemists for
difficult reductions, cannot be used at the high temperature of
the are furnace because of their violent action and volatility.

ALUMINUM.

The use of aluminum as a reducing agent began about the
middle of the last century, but has assumed practical import-
ance only within the last six years. The usefulness of carbon
as a reducing agent is limited to the reduction of oxides, except
that it rémoves the oxygen from ternary compounds such as
the sulphates. Aluminum, however, is an effective reducing
agent for sulphides and chlorides, as well as oxides.

The following outline shows in part the development of its
use as a reducing agent.

1858. Deville and Wohler'* reduced boron trioxide by

aluminum.

" Ann, de Chim., 52:63 (1858).
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1858. Wohler!? formed a chromium-aluminum alloy from
chromic chioride.

1859. Beketoff** produced a 33% bariam-aluminum alloy
from barium chloride and barium oxide.

1860. Michel'* made aluminum alloys with manganese, iron,
nickel, and titanium from their chlorides, also of tungsten and
molybdenum from a mixture of chloride and oxide.

1861. Tissier®® introduced silver sulphide into fused alumi-
num and reduced it, but failed to reduce the sulphides of zine,
iron and copper!

1888. Beketoff'® obtained potassium and rubidium from
their hydroxides by aluminum, but found that sodium and
potassium separated aluminum from its chloride:

1888. L. Levy'” made an alloy of titanium and aluminum.

1893. Greene and Wahl* produced manganese on a commer-
cial scale by heating a mixture of manganese oxide and gran-
lated aluminum.

1895. Vigouroux'® reduced silica by powered aluminum.

1896, Moissan' by introducing a mixture of metallic oxide
and aluminum filings into a bath of fused aluminum, made
alloys of aluminum with molybdenum, nickel, titanium,
tungsten and uranium. He made a chromium-copper alloy by
adding a chromium-aluminum alloy to copper, and then re-
moved the aluminum by copper oxide.

1896. Combes® substituted a metallic sulphide or chloride
for the oxide of Moissan’s method in order to secure a better
separation of the alloy from the slag.

1898. Goldschmidt® heated in a crucible, mixtures of gran-
ulated aluminum with metallic oxides, chlorides and sulphides,

12 Ann., 106: 118,

13 Ann., 110: 874.

4 Ann., 113:248; 115: 102,
BC, R, 52:981

16 Ber., 21:424.

¥ C. R. 108: 66.

* J. Frank, Inst, 135: 218-23,
W, R, 12011614,

¥ C. R, 122:1302-3.

=0, R, 122: 14824,

s Ann,, 801 : 19-28, J. Soc. Ch. Ind.,, 17:548-5.
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producing a metal free from carbon and aluminum. In this
way he reduced the sulphides of cobalt, lead, molybdenum,
nickel and zine, and stated that all sulphides could be reducd
by aluminum except those of barium, calcium, lithium, mag-
nesium, potassium, sodium and strontium (cf. Tissier above).
He next turned his attention to the reduction of the oxides,
from which he separated either in the pure state, or
as alloys of aluminum, the elements boron, ealecium, cerium,
chromium, cobalt, copper, iron, lead, manganese, molybdenum,
niobium, potassium, sodium, tantalum, thorium, tin, titanium,
tungsten, vanadium and zirconium, but found that aluminum
would not reduce magnesia. He then developed his now well-
known method of igniting the charge from the top by means
of a cartridge of barium peroxide and aluminum, fired by
magnesium ribbon.

1898. Franck®® reduced phosphates, with the formation of
aluminum phosphide (Al;P;) and the liberation of phos-
phorus, and reduced the carbonates of barium, calcium, lith-
ium, potassium, sodium, and strontium by heating with pul-
verized aluminum. The metal liberated alloyed with excess
of the reducing agent. He remarked that the oxides of copper,
lead and silver were reduced explosively, and that the presence
of calecium sulphate in caleium phosphate caused explosive re-
duction. Goldschmidt had called attention to explosions
caused by sulphates, in reducing ferric oxide and molybdenum
oxide.

1901. Duboin® reduced the alkaline earths by ignition with
powdered aluminum or magnesium in hydrogen.

1903. Rossi® reduced ores of titanium and tungsten in ton
lots, by melting aluminum in the electric furnace, and then
feeding in the ore. The product contained only traces of
aluminum and carbon.

1904. Goldschmidt® gave an account of his production of

2 Chem. Zeitung, 22:236-45, J. Soc. Ch. Ind., 17:612.
AL R, 132:826-8.

% Hlectrochem. Ind., 1: 523,
# Blectrochem. Ind., 2:145-T7.
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carbon-free metals and alloys. In 1902, Dr. Goldschmidt had
succeeded in obtaining, by his process of firing a charge of the
oxide and pulverized aluminum, only the following metals in
a solid, coherent mass: chromium, cobalt, per, iron, lead,
manganese, molybdenum, nickel, niobium, tantalum, and tin.
Later the niobium was found by Muthmann to contain alumi-
num. Silica and vanadic acid were not reduced, while bar-
ium, beryllium, boron, cerium, thorium, titanium, tungsten,
and uranium were scattered throughout the slag. Alloys of
these metals have been produced, however, by adding to the
charge some easily reducible oxide like that of iron, to supply
heat enough to secure fusion and a complete reduction.

1905. W. Huppertz® in attempts to reduce titanium oxide
by the Goldschmidi process, in order to bring about complete
reaction, combined electric heating with the alumino-thermic
method. With certain precautions, he believes that it will be
possible in this way to produce pure titanium in large masses
from rutile.

As indicated above, aluminum as a reducing agent has re-
ceived much attention from scientific investigators, and has
proved very efficient. Aside from its high price, it has two
disadvantages; one will be mentioned under slags; the other
is its remarkable tendency to form alloys. In respect to the
number of metals with which it will unite, it equals, if it does
not exceed, carbon. When it is used in ingots for the reduc-
tion of metallic oxides, an alloy of aluminum is usually pro-
duced. Goldschmidt has overcome this difficulty by using
aluminum in the form of powder or grains. There are, how-
ever, as mentioned, certain oxides from which only alloys can
be obtained by this method.

Early in the course of this investigation, entirely indepen-
dently of the work of Huppertz, the writer developed a method
of firing in the electric furnace a charge consisting of powdered
aluminum and any other powdered substance or substances that
he desired to reduce, and obtained a product free both from

2 Abstract in Electrochem. Ind., 3: 35, of articles in Nos. 17-22 Metallurgle.
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carbon and aluminum. Besides applying the method to rutile,
as was done by Huppertz, titanie, boric and tungstic “acids”
were similarly reduced, and by the addition of a retarder, to
check the vigor of reaction, ordinary Goldschmidt charges were
fired in the electric furnace without accident. The first such
experiment was made in December, 1904, from which time the
method was regularly used. In all about fifty reductions were
made by powdered aluminum in the electric furnace.

CALCIUM CARBIDE.

Like aluminum, calcium carbide is a convenient medium
for the storage in concentrated form of energy derived from
steam or water power, so that it can be conveniently trans-
ported and applied in a small space.

H. N. Warren® appears to have first suggested the use
of calcium carbide as a reducing agent, stating that the
oxides of chromium, cobalt, copper, iron, lead, manganese,
molybdenum, nickel, tin, and tungsten yield calcium alloys
when heated with caleium carbide.

Moissan ** reduced metallic oxides by ecalcium carbide in
the electric furnace, and obtained the carbides Al,C;, Cr,C.,
Mn,C, Mo.C, SiC, TiC, and W,C. With the easily reducible
oxides of copper and lead, he found reaction to occur before
the charge was heated to fusion. The equation of reaction for
lead oxide is

CaC,; + 5Pb0O = 2C0, + CaO -+ 5Pb.

The reduced metal contained no caleium, contrary to the
results of Warren’s experiments. Reduced bismuth and cop-
per were also free from calcium. In the course of Moissan’s
article, he said that he had previously? indicated that calcium
carbide is a strong reducing agent. This statement, however,
is not borne out by the article referred to, in which no mention

27 Chem. News, 75: 2, Jan. 1st (18907).
#C. R, 125:839-44 (1897); Bull. Soc. Chim., III, 19: 870 (1897).

#»C, R, 118:501 (1804),
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is' made of calcium carbide as a reducing agent. The only
experiments which might be construed to bear upon its reduc-
ing properties, are heating it with some powerful oxidizing
agents. With fused “chromic acid,” calcium carbide became
incandescent. Potassium chlorate and nitrate at their melt-
ing points had no sensible action upon it, but at a red heat,
they produced incandescence. Lead peroxide with calcium
carbide became incandescent at a dull red heat. These experi-
ments were described, but with no deductions as to the reduc
ing character of caleium carbide.

Tarugi®® confirmed Warren’s formation of caleium al-
loys by the reduction of the oxides of copper and lead, and
stated that all salts of antimony, bismuth, cadmium, cobalt,
gold, nickel, platinum, silver, tin, and zine, when heated with
calcium carbide, yielded alloys (cf. Warren) readily decom-
posable by water. He reduced the oxide, phosphate, chloride,
sulphate, carbonate, and borate of copper.

B. Neumann® reduced metallic oxides, chlorides, car-
bonates, and mixtures of these, with calcium carbide by heat-
ing the charges in clay crucibles in a furnace. He found that
- chlorides are most easily reduced, and gave the following equa-
tions: ‘

M, O+2 MCI+4CaC,=6 M+Ca~1,4+2 CO.

With sodium chloride as flux, copper, lead and nickel are ob-
tained in mass while some metals are scattered in globules, and
others vaporize.

M,80,+2 M,0-4CaC, =6 M+CaS0,+2 CO.

M,CO,+2 M,0+CaC,=6 M+CaC0,+2 CO.

In a brief article®* Fr. von Kiigelgen stated that carbon di-
oxide is formed in these reactions instead of carbon monoxide,
and supported this contention in a long article.®® He gave as
the equation of reaction:

® Gazetta chim. Ital, 29, 1, 509-512; Abstract in Chem. Zelt., 23 : 292 (1899) ;
Abstract in Zeit. £. Blectroch., 7: 542 (1899).

# Chem. Zeitung, 24 : 10184,

B Chem. Zeit., 24:1080 (1900).
8 Zeit fur Electrochem., 7: 441-50; 557: 573 (1901).
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MCl, +4 MO+CaC,=5 M +CaCl, +2 CO,.

In addition to a long series of metallic oxides, chlorides, and
mixtures of these (among them sodium chloride and mag-
nesium chloride), he reduced sodium and potassinm hydroxides
by calcium carbide. Magnesium oxide is not reduced, but
alumina is partially reduced. Mixtures of carbide with the
following may be kindled by a match: zine chloride, copper
chloride, copper oxide, silver chloride, tin chloride, bismuth
chloride, chromium chloride.

This difference of opinion in regard to the formation of car-
bon monoxide or carbon dioxide in the reduction resulted in a
lengthy controversy between Neumann®' and Kiigelgen.** The
facts appear to be that with easily reducible compounds, the
product is mainly, and in some cases entirely, carbon dioxide;
at the higher initial temperatures required by compounds
which are reduced with greater difficulty, increasing amounts
of carbon monoxide appear as a product.

Geelmuyden®® used ecaleium carbide as a reducing agent
in the electric furnace. He reduced boric anhydride with
the production of calcium boride, and also reduced the
sulphides of antimony, iron, lead and magnesium. The metals
vaporized with the exception of iron; this was contaminated by
carbon. Aluminum sulphide was not reduced by calcium car:
bide.

Calcium carbide, then, reduces the same classes of com-
pounds as are reduced by aluminum and is especially advan-
tageous to use for mixtures of an oxide with a choride or a
sulphide. It seems to be settled that calcium alloys are pro-
duced in certain reductions, but the exact conditions which
cause their formation are not yet established. The products
are contaminated by carbon under the same conditions, and
possibly to the same extent, as if free carbon were used for

reduction.

3 Chem. Zeitung, 24 : 1013-14: 26; 176, 1108 (1902) ; 27:1026-8 (1903).

34 Chem. Zeitung, 24.1013-14; 26:176, 1108 (1902); 27:1028-8 (1903).
Zelt. f. Electrochem., 8:772-5; 795; 939 (1902); 9:699-701 (1903).

8 Chem. Zeltung, 24:1060 (1900); 27:743 (1908). Zeit. f. Electrochem.,
7:541, 557, 573 (1901); 8:781 (1902).

#¥C. R, 180:1026-9 (1900).
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ALUMINUM CARBIDE,

Aluminum carbide would seem especially advantageous for
scientific purposes in the reduction of mixtures of oxide with

chloride or sulphide.

SILICON CAREIDE.

B. Neumann®” states that by using sodium carbonate as a
flux, carborundum reduces metallic oxides. Carborundum has
been tested by the writer in the preparation of silicides, for
which use it has the advantage of serving at once as reducing
agent and source of silicon. Similarly, boron carbide might
be used to advantage for making borides, but so far as the
writer knows, this has not yet been tried.

CALCIUM.®®

If we may rely upon the claims of several experimenters, the
problem of the production of calcium has been solved, and we
may soon expect to find it on the market at a price that will
make it available for use on a large scale. Current prices are

as follows:
London, April, 1905:

One pound bars ....... oo vviin e ninann $3 92

Five pound tins, per pound ..... aeea.. 82 32
New York, May, 1905:

Ome hundred grams ......... ceeeaenea.. $3 00

Onepound ..........covviveeneennne. .. .$10 00

As a reducing agent, it may be regarded, like aluminum
and calcium carbide, as merely a convenient medium for the

31 Zeit. f. Electrochem., 8:772 (1902).
® K. Arndt, Zeit. f. Electrochem., 8: 881 (1902). Borchers and Stockem,

Zeit. f. Electrochem., 8:751-8; 938 (1902). Borchers and Stockem (transia-
tion), Elect. World and Engin., 40:1002, J. H. Goodwin, J. Amer. Chem.
8oc., 25:873-6 (1903). J. H. Goodwin, Proc. Amer. Philosoph. Soc., Vol. 48:
No. 178 ; Abstracted Eleetrochem. Ind., Feb. 1905 : p. 80-81.
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storage, transportation, and application of the energy of water
power or that derived from coal. Where purity of the prod-
uct of reduction is of importance, calcium would seem as a
general reducing agent superior to any other, In the electric
furnace it should reduce most, if not all, of the oxides, chlor-
ides, and sulphides which we are now able to reduce by other
agents. It contains no carbon to be introduced as an impurity
into the product. In the reduction of oxides alone, the slag
formed, lime, is easily fluxed by certain substances, and even
if it should remain as calcium oxide in the furnace, its density,
tenacity, hardness, and resistance to acids are all less than for
alumina, and render it in these respects a much less objection
able substance to have in the furnace than the latter.

The metal in granular or powdered form, can undoubtedly
be used as aluminum now is in the Goldschmidt method of
reduction. For this use it will be superior to aluminum for
difficult reductions. For one equivalent of oxygen, its heat of
oxidation is ten per cent. greater than that of aluminum—a
sufficient increase to insure the eompletion of certain redue-
tions that by aluminum: are only partial. Mixtures of oxides
with caleium will undoubtly have a considerably lower
kindling point than those with aluminum, a quality which will
be a convenience, and will tend to cause more rapid and com-
plete reaction, |

A disadvantage of calcium as compared with aluminum is
its oxidation at ordinary temperatures. Amnotler, and possibly
serious objection to calcium as a reducing : gent in the electric
furnace, is to be seen in the strong oxidizing action of fused
lime upon silicon, boron, chromium, cobalt, iron, manganese,
nickel, and titanium in the experiments of Moissan.®

In spite of these objections to the use of calcium as a reduc-
ing agent in the electric furnace, the writer regards it as the
most promising of any agent yet suggested for difficult redue-
tions.

® O, R, 134: 280 (1902).
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“MISCHMETAILL.” %0

The latest reducing agent for oxides is the “mischmetall”
produced from the cerite minerals, and consisting of cerium
forty-five per cent., lanthanum twenty per cent., didymium
fificen per cent., and the remainder of samarium, erbiuwr,
gadolinium, and yttrium. The advantages claimed for this
over the other metallic reducing agents, are its low kindling
point, 150°, and the ready fusibility of the oxides formed by
it action, as compared with magnesia and alumina. Its low
kindling point causes an exceedingly rapid reaction, and the
fusible slag produced permits the reduced metal to collect to a
regulus. By its use the following metals were obtained from
their oxides in a state of the highest purity: cobalt, chrom-
lum, iron, manganese, molybdenum, niobium, tantalum, and
vanadium. The oxides of lead, tin, titanium, and zireonium
yielded only alloys. With silica the reaction is feeble. Tung-
stic acid is reduced but gives only a dark brown mass. The
authors believe that by working with kilogram lots, a regulus
of tungsten might be obtained.

I11
SLAGS.

A matter of nearly as great importance as the reducing
agent, is the nature of the slag formed by its action. Some
of the effects of slags have already been mentioned. The fol-
lowing classification of the action of slags, while based on their
action in an electric furnace of the arc type, will apply more
or less to all high temperature work.

1. A fluid slag conduces to complete reaction; with a solid
slag, reaction will be incomplete. This points to the selection
of different reducing agents according to the maximum tem-

“ 1. Weiss and O. Aichel, Ann, 337'370-88 (1004). Abstract J. Chem.
Soe., 1905, p. 164.
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perature attained—or at least permits the use at high temper-
atures of reducing agents which could not be used at lower
temperatures. The success of the Goldschmidt method of re-
duction depends upon the attainment of a temperature at which
the slag, alumina, is perfectly fluid. The substitution of a
sulphide for part of the metallic oxide in the charge should
help in the more difficult reductions by the Goldschmids
method on the core of a more fluid slag, since aluminum sul-
phide is more fusible than aluminum oxide.

2. The slag protects the metal or metallic compound which
is dense enough to sink through it from the direet radiation of
the are, and yet if fluid, the slag conveys heat very rapidly to
this metallic charge or product.

3. A considerable quantity of slag fixes at its own boiling
point the maximum temperature to which the product is sub-
jected.

4. The slag may exert a purifying or an injurious effect
upon the product, according to its chemical nature.

5. By adding caleulated amounts of metallic oxide to the
slag, used as a protection, metals may be melted below the are
without contamination by the carbon which falls from the
electrodes. This method of fusing carbon-free metals has been
developed in the course of this investigation.

IV
ELECTRICAL EQUIPMENT.

SOURCE AND CONTROL OF THE CURRENT.

The dynamo which supplied current for most of the experi-
ments was a direct current 110 volt machine, rated at 825
amperes. Alternating current with variable voltage was also
available up to twenty kilo-watts, and was occasionally used.

The direct current most frequently used was controlled by
an iron water-pipe rheostat of ten equal sections in series, hav-
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ing a total resistance of 0.5 ohm. With all but one section

of the rheostat short-circuited, 600 amperes was delivered at a
pressure of 80 volts at the furnace terminals. Of the total

energy transformed by the generator, the per cent. delivered
to the furnace was as follows:

Average for an entire experiment.................. i 68 per cent.
During maximum load (600 amp. x 80 volts)............... 73 per cent.
Highest per cent for ten consecutive minutes in any experi-
(7] 2 80 per cent.
Highest per cent ever attained, for two minutes, by running
91 per cent,

the furpace directly from the dynamo ...................

The furnace was started with the entire rheostat in the cir-
cuit, which explains the low average. In experimental work,
the convenience of this method of control more than compen-
sates for the waste of energy. This waste of energy might be
considerably diminished by having some sections of the rheo-
stat of one-half and one-third the resistance of the others, with
a generator voltage of eighty or ninety instead of one hundred
and ten.

It is stated by Mrs. Ayrton* “without some external resist-
ance, it is impossible to maintain a silent arec between solid
. carbons.” From the behavior of the are when the resistance
of the rheostat was reduced to only 0.05 ohm, the writer be-
lieved that even this resistance might be dispensed with, and yet
the are would run steadily. This was verified by an experi-
ment. The furnace was heated, as nsual, with the line voltage
at 110. The voltage regulator was then cut out, the voltage
lowered to 70, and the last section of the rheostat short-cir-
cuited. The only resistance external to the arc was that of
the cables and armature,—between 0.012 and 0.018 ohm.
The arc ran satisfactorily, although not so steadily as with one
section of the rheostat in the circuit. The voltage of the gen-
erator was then raised to 80 with the result that the widest
variations of current for an arc 1743 inches in length was from
810 to 450 amperes. It is probable that most of this variation

41 The Hlectric Are, p. 260
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was due to the defective form of the anode, developed during
the preliminary heating. The average resistance of the arec
was twelve times that of the remainder of the circuit, and con-
sequently the per ccnt. of energy delivered to the furnace was
92 +. '

In this experiment, it was observed that when the arc be-
came silent after it had been “shrieking,” the voltage across
the terminals diminished and the current increased. This i4
contrary to Mrs. Ayrton’s observation upon the open are.*

These differences between the action of the arc lamp and the
arc furnace :would undoubtedly yield finteresting results if
thoroughly investigated.

ELECTRIC FURNACES.

For the production of metallic borides and silicides by the
direct reduction of oxygen compounds, the horizontal are fur-
nace was decided upon as most easily managed and best suited
to the purpose.

Several different materials of construction were tried and
rejected. Finally magnesite brick was decided upon as being
by far the most resistant material available for the furnace.
Other materials tried were limestone, ordinary fire brick,
chromite, and silica brick. " The only limestone obtainable was
very easily broken, and as a furnace material cracked badly,
even when protected from the arc by a graphite lining. It is
quite possible that a harder, stronger limestone, and particu-
larly a dolomite, might prove a satisfactory material for fur
nace construction. Ordinary fire brick cannot be used for the
inner zone of an arc furnace because of its fusibility. Silica
and chromite brick, while less fusible than fire brick, are still
far from satisfactory. The former fuses and disintegrates by
the heat of the arc, and the latter cracks badly before its fusing
point is reached. Both are distinetly more fusible than mag-
nesite brick, and are more readily attacked by slags.

In point of infusibility, magnesite bricks are very satisfac-

¢* The Blectric Are, p. 279.
3
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tory, being melted to a depth of less than 1/ inch by ten min-
utes exposure to an arc of 600 amperes at 80 volts only an
inch below the brick. They do, however, crack under the in-
fluence of heat, and must be handled very carefully. These
brick were obtained from the Harbieson-Walker Refactories
Co.

In form, the furnaces consisted of a box built of magnesite
brick without cement, surrounded by a second layer of fire
brick. The dimensions of the horizontal arc furnace were:
outside—20 inches square, 26 inches high; and inside—834
inches long, 7 inches wide, 7 inches deep—429 cubic inches.
The outside dimensions included the ventilated base of fire
brick. Although the table on which the furnaces stcod had a
thick cement top, it was found necessary to have air circulation
between the body of the furnace and the table top. The fur:
nace is shown in Figure L

The cover consisted of two magnesite bricks, and the elec-
trodes entered through holes drilled in the bricks which formed
the ends. Later, the ends were simply built up around the
electrodes, and the cracks stuffed with asbestos paper. This
type of furnace, with two modifications, was used in about one
hundred and thirty experiments.

Much trouble was experienced from the contamination of the
products by iron. Even after all materials that entered into
the composition of the charges were rendered iron free, the
iron was still found, and its source was finally discovered to be
the magnesite brick. A fused metal resting upon these in the |
presence of a strongly reducing slag, will be contaminated by
iron. To remedy this, a bed of powdered magnesia, free from
iron, was spread an inch deep in the bottom of the cavity.
This prevented any contamination from the bottom of the fur-
nace, but there was still occasional contamination from the
side walls. For a part of the work, the entire inside, except
for the bottom and the upper half of each end, was lined with
inch-thick sheet graphite. Although this introdueed carbon,
it effectually prevented contamination by iron, and greatly
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prolonged the life of the magnesite brick. With the graphite
lining, the inside dimensions were 834 inches by five inches by
six inches—262 cubic inches.

It would have been an advantage if the bottom of the furnace
had been laid in cement, or strapped with iron to prevent the
bricks from separating with the alternate expansion and con-

traction.

FI1GURE 1.,—The Electric Furnace.

For the short duration of the heating, fiftecen to twenty min-
utes, with a powerful current for less than half this time, the
heat insulation was found to be ample. The outside layers of
brick could be removed by the bare hands, if done as soon as
the current was shut off, although an hour later, they might
become red-hot. The nearer air-tight the furnace is, without
actually being so, the better.

The electrodes used were of Acheson graphite. The maxi-
mum current permissible on account of oxidation of the elec-
trodes outside of the furnace has been determined in the course
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of this work to be as given in the following table for twenty
minutes heating:

Tuble TV,

Diameter. Amperes.
1 inch. 4004-.
114 inch. 650--.
115 inch. 9G0.

2 inch. ’ 1600.

The capacity of the first two sizes is from direct measure-
ment; that of the last two is calculated from: the areas of their
sections, since the maximum current used, 700 amperes, never
heated them to redness. If the heating is prolonged to an
hour or more the current allowable is about fifteen per cent.
less than in Table IV.

Although 600 amperes has been used for a short time with
one inch electrodes, these become red their entire length, and
undergo oxidation. It was found that this oxidation could be
prevented by painting them with a paste of water glass and
carboerundum dust.

Moissan (“Le Four Electrique”) has given the size of carbon
electrodes suitable for furnaces of different horse-power. As
he ordinarily used fifty or sixty volts, the latter value has been
used in calculating the following table, except in one case where
he specified seventy-five volts. The results as calculated from

Moissan are given in Table V.

Table T.
Diameter. Awmperes,
m. m Inches.
16-18 14 120 7
27 1 45C
40 114 1,250 1100 H. P
50 2 3,700 (300 H. P.)

In this table the current densities per unit area increase
greatly with increase of diameter, although from the fact that
the radiating surface increases less rapidly than the cross sec-
tion, the reverse would be expected. FElither the capacity of
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the smaller electrodes is greatly underrated, or that of the
larger ones much overrated. The only carbon electrode tried
by the writer was of one inch diameter, and this became red-
hot outside the furnace at 150 amperes, although Moissan
stated that he was able to use 450 amperes. It would be of
interest to the worker with the electric furnace to know
whether the relative conductivities of carbon and of graphite
for heat are in the same ratio as their electrical conductivities,
as is the case for the metals. If this is so, there will be no
advantage of either over the other in regard to the amount of
heat wasted by conduction from the furnace.

On account of their being such good conductors of heat, the
graphite electrodes used should be the smallest that will carry
the desired current. They should be slightly pointed before
use, and set exactly in line in the furnace. The séurce of any
irregularity in the operation of the arc is usually found in the
anode, which corrodes irregularly, while the cathode keeps in
good order without attention. Ome advantage of alternating
over direct current for the arc furnace is that both electrodes
tend to keep in good form.

V.

EXPERIMENTS.

After this detailed comsideration of the subject of reducing
agents, the general action of slags, and the construction and
operation of the furnaces employed, attention may be directed
to the problems proposed, viz., the production of borides and
silicides from their oxygen compounds by a single reaction in
the electric furnace, and the produetion, if possible, of certain
silico-borides by the same means.

The experimental work, results of which are here given,
covered a period extending from December, 1903, to May,
1905, and included 160 electric furnace runs, with associated
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analytical work. Each run involved the preparation of the
materials, the weighing and mixing of the charge, the partial
or complete construction of the electric furnace before, and the
dismantling after, a run, and required from cne to seven hours,
varying with the time needed to prepare the materials of the
charge, and to construct the furnace.

In addition to this, there was the disintegration of the prod-
uct by acids, always requiring a day or more, and in some
cases involving the trial of a number of organic in addition to
the mineral acids. When a crystalline residue remained, this
was tested qualitatively, and if promising, was subjected to a
quantitative analysis.

Several runs of the furnace were for the purpose of prepar-
ing materials needed, such as borax glass, and boric anhydride;
others, although not described in detail, contributed to the re-
sults obtained ; while there were many experiments which were
of use only in showing what arrangement of furnace or what
materials were to be avoided.

A most serious limitation upon the work was the difficulty
of carrying on the analytical processes. The resulting prod-
uets required the working out and application of new methods
of analysis. Boron, especially, presented much difficulty in its
determination, and the available methods for its determination,
especially when combined with various metals, are at best only
partially satisfactory approximations. In several of these
analyses the writer is indebted to Mr. William Hoskins of

Chicago for valuable assistance.
PRELIMINARY EXPERIMENTS.

Beginning in December, 1903, a series of experiments were
undertaken in the preparation of silicon in the electric furnace.
Silica, glass, and calcium and sodium silicates were used as
the source of silicon, and the reducing agents were carbon,
aluminum, and carborundum.
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The following difficulties were noted in the reduction by
carbon.: _

a. The melting point, 1430° C.,** and the boiling point of
silicon are evidently near together, and as the reduction
temperature is high, much silicon was often vaporized.

b. The specific gravity of silicon (2.34) is about the same
as that of most of the silicate charges used (S. G.
quartz 2.5), hence the silicon remained diffused in the
slag in small spheres instead of settling to the bottom
in a single miass.

¢. Because of its brittleness, the masses of silicon that were
occasionally obtained were broken in removing them
from the slag.

The best results were secured with a charge containing much
sodium silicate, thus lowering the density of the fluid bath and
permitting the silicon to sink in it. By this means, a bar of
silicon six inches long, 114 inches wide, and 34 inch thick
was formed in the furnace, but was broken into three pieces
in removing it from the slag.

Reduction by aluminum was easily accomplished by adding
the metal in lumps, to any melted silicate of the alkali or
alkali-earth metals, containing eryolite or fluor spar as a flux
for the alumina formed. When the action was brief, the re-
sulting lumps of metal on treatment by hydrochloric acid, left
the silicon as a crystalline powder. By prolonged action, the
product appeared to be massive silicon, but still contained a
trace of aluminum.

Nineteen experiments were tried, mainly with some type of
resistance furnace. A method frequently used was to cover
the electrodes with fragments of the silicate, start the are, and
as soon as a fluid bath was formed to draw the electrodes apart
and allow the melted silicate to serve as the resistor.

By these various methods, a few pounds of silicon were pro-
duced ir globules and fragments. This afterward served as a
source of silicon in some of the experiments which follow.

@F. J. Tone, In Electrochem. Ind., 3: 183 (1905).
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SILICIDES,.

The first effort in this field was an attempt to prepare a
new silicide, that of phosphorus. Phosphorus unites with
many metals to form compounds akin to the borides, carbides
and silicides. Since compounds of silicon with both boron and
carbon have been obtained, it seemed probable that phosphorus
would also unite with silicon. Further encouragement was
found in the existence of the following compounds: SiS,,
SiSe,, BP, and ByP;. A

The first experiment consisted of the reduction by carbon
of a mixture of phosphoric acid and silica. The charge was
made according to the molecular nroportions (2HPO; + SiO,
+70) by dissolving glacial p™.osphoric acid in water, and stir-
ring in finely pulverized silica and carbon. The mixture was
dried, ignited, and then heated in an open graphite crucible
in the electric furnace for four minutes at 500 amperes and
50 volts. A greenish-yellow flame was seen at first, but it
quickly died out. The product looked like the original mix-
ture, and gave no indication either of phosphorus or of a phos-
phide when treated with acids.

With the idea that fused copper or copper silicide would
make a good solvent for the interactioh of silicon and phos-

phorus, the following charge was prepared :

Glacial phosphoricacid.... ...... ..ol 40 grams,
Carborundum. ......oovvvir it cii it ae e ees anen 20 grams.
£ 0 P 5 grama.
0705 ) 17 PN 30 grams.
AIUIDUD . .ottt et ittt i isieeacenennan et 20 grams.

This mixture was heated in a covered graphite crucible for
13 minutes at 200 amperes and 60 volts. When the metallic
product was treated with hydrochloric acid, a gas was evolved
which burned with a greenish-yellow flame when kindled. The
product appeared to be metallic phosphides only. |

Slight variations of this experiment were tried, but with no

better results.
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Direct union of the two elements was next tried, with tin
as a solvent. Red phosphorus was dissolved in melted tin, and
2 phosphor-tin produced, containing 7 per cent. phosphorus.
This was heated with pulverized silicon by the blast lamp, but
without effect upon the silicon. Then the electric furnace was
used. All silicon had vanished, and the crystalline metal had
a strong odor of phosphorus. IHiydrochloric aeid acted upon
1t readily, and the gas evolved, burned, when kindled, with a
yellow flame and the formation of a white smoke. If any
silicide of phosphorus had formed, it was destroyed in dis-
solving the tin.

As the results of these experiments were not encouraging,
the attempt to prepare a silicide of phosphorus in the electric -
furnace was abandoned.

Production of Silicides from Sulphide Ores.

The possibility of forming silicides by the simultaneous re-
duction of silica and a metallic sulphide was next investigated.
The experiments were confined to such material as was imme
diately available and were directed to the formation of silicon-
metals, not to the isolation of silicides of definite formulae.

Siticon-Copper from Chalcocite (Cu, §.)

A charge was prepared consisting of 63.2 grams chalcocite,
24 grams ground quartz, and 35 grams calcium carbide, the
proportions having been determined from the equation,

Cu, S+ 8i0,4CaC,=Cu,8i+CaS+2 CO.
The calcium carbide was estimated as 80 per cent. pure.

The source of heat was a resistor of granular graphite upon
which was placed the crucible containing the charge. This
crucible was cut from a block of Acheson graphite, as it had
been found by previous experiment that the ordinary “graphite
crucibles” used for metallurgical operations, were destroyed in
an electric furnace of this or the are type. The heat record
was:
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Per cent. of

Time. Amperes. Volts. Resistence. | resistance at
outset,

5:55 160 100 0.62 ohms 100

............. 200 98 .49 ochms 79+
5:59 340 92 .23 ohms 37+
6:00 500 83 .17 ohms 27+
G:01 6560 80 .14 ohms 22.5

Although the charge had been intensely heated, no metal was
found. It was reheated in a similar way for 17 minutes with-
out effect. ILime as a flux and tresh materials were addea,

giving it the composition,

Band . ... i i it rerr e e e 360 grams.
ChaleoCite. . oo it vt verecnsasase e arianaarsansiseensaans 379 grams.
Lime................. vivei... 324 grams,
Calcium carbide. ... veeciie iiit et tietitienesenatsenennnns 35 grams.
Anthracitecoal .........ooit ittt 120 grams.

This was heated half an hour at 300 amperes and 70 volts in
a vertical furnace consisting of a box built of sheet graphite,
5 inches square and 6 inches deep. The charge served as one -
electrode. The result was an ingot of brittle white metal
weighing 250 grams. By analysis, the composition was:

Copper .........oovvunn 81.6 per cent.

Iron..........oceivees 7.7 percent.  Cu,Si........ ....24.75 per cent.

Silicon ................ .4 per cent. or Fe,Si............ 9.62 per cent.

Carbon................ 10 per cent. Copper........... 61.35 per cent.
- Undetermined ......... 33 per cent.

100.0 per cent.

As no sulphur was present, it is evident that the ratio of lime
to sulphur used in this case, 4.2:1, was sufficient for its re-
moval. The product contained 16 grams of silicon, or 10 per
cent. of the total silicon in the charge. The yield was 53 per
cent. of the combined weight of metal and silicon in the charge.
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Ferro-gilicon from_ferrous sulphide.
FeS+-2 8i0,4Ca0+4 C=FeSi,+CaS+4 CO.

In the first experiment, 560 grams of ferrous sulphide, 448
grams of lime, and an excess of glass were reduced by anthra-
cite coal in the vertical furnace. The time of heating was 40
minutes by a current of 200 amperes at 50 volts. The prod-
uct, a low grade of ferro-silicon, contained & small amount of
sulphur. The ratio of lime to sulphur in this charge was
2.2:1, yet this is far above the theoretical ratio, 1.75:1. An
explanation offered for the failure of the comsiderable excess
of lime to remove all sulphur is that the lime entered into
combination with the large excess of glass present, so that the
usual stage of equilibrium between these weights of ferrous
sulphide and lime was not attained.

In a second experiment, ferrous sulphide was reduced in the
horizontal arc furnace at a higher temperature. The charge
was in accord with the equation,

FeS +8i0, + CaC,=Fe8i4CaS-}-2 CO,

with the addition of sodium chloride and cryolite as a flux.
The heating was for 16 minutes at 450 amperes and 87 volts.
The yield was 80 per cent. of the weight of metal and silicon
only 53.3 per cent. of the combined weight of metal and silicon
in the charge. Had the charge contained an amount of lime
equivalent to the carbide, the ratio of lime to sulphur would
have been 2.0:1; yet the product was free from sulphur. This
tends to confirm the view that the glass was responsible for the
presence of sulphur in the previous experiment.
» Siticon-nickel from Millerite.

The charge of 107 grams NiS, 110 grams SiQ,, and 54
grams of powdered aluminum was heated in the horizontal are
furnace. Only a few globules of brittle, white metal, silicon-
nickel, resulted. A fire brick had melted and flooded the in-
terior of the furnace with slag. The experiment was not re-
peated.
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Silicon-molybdenum from molybdenite.
MoS,+2 8i0;4-2 CaC,=MoSi,}2 CaS+4-4 CO.

The charge consisted of 48 grams molybdenite, 86 grams
ground quartz, and 300 grams caleium carbide. The large
excess of carbide was used in the hope that much of it would
remain unchanged and yield a slag that could be decomposed
by water. This charge was heated in the vertical furnace for
25 minutes by a current of 400 amperes and 70 volts. The
result was an ingot of metallic lustre, white, brittle, and harder
than quartz. Its weight was 32 grams. There was in the
charge 28 grams of metal, 40 grams of silicon, and an excess
of carbide over that required theoretically for complete reduc-
tion, so that the yield was only 47 per cent. of the theoretical
amount. Water had but a very slight action on the slag, show-
ing that the carbide was practically all destroyed. As ex-
pected, the slag evolved much hydrogen sulphide when treated
with hydrochloric acid.

Other experiments were tried upon molybdenite using
aluminum powder as a reducing agent, with similar results in
regard to the nature of the product and the per cent. of yield.

Conclusions.

1. Metallic sulphides and silicates can be simultaneously re-
duced by calcium carbide or aluminum, with the pro-
duction of a silicon alloy.

2. The total yield based on both the metal and non-metal in
the charge is little above 50 per cent.

3. The use of carbon or a carbide as reducing agent introduces
carbon into the metallic silicides of those metals capable
of uniting with carbon.

4. The product can be obtained emtirely free from sulphur by
the use of lime or aluminum.
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A NEW SILICIDE OF MOLYBDENUM.

The only silicide of molybdenum heretofore known is that
discovered by Vigouroux in 1899, having the formula Mo,Si,.
In one of the attempts to prepare a silico-boride of molybde-
nuny, the writer believes he has demonstrated the existence of
2 higher silicide.

The charge consisted of 70 grams molybdic acid, 30 grams
silica, 50 grams boric anhydride, 106 grams copper, and 120
grams aluminum, one-half in the form of powder, with cryolite
as a flux and lime as a retarder to the reaction. This charge
was heated 16 minutes in the horizontal are furnace by a cur-
rent of 350 amperes at 70 volts. The resulting ingot of metal
was pulverized in an iron mortar, and treated for several days
with hot nitric acid diluted by its own volume of water. After
washing, the residue was treated by dilute hydrofluoric acid,
and washed by water, alcohol, and ether. It was then dried
as much as possible by the filter-pump, and heated for several
hours in a drying oven. The residue consisted of aggrega-
tions of flat, dark crystals with a metallic lustre. Analysis
showed the composition to be:

Molybdenum ..........c.o. i 63 4 per cent
ST T 34.2 per cent.
s 1.1 per cent.
Boron ........ ... ... ... .. e ceiiiiiiiiiiiieieiei.... 2.1 per cent.

99 8 per cent.

Hot hydrofluoric acid dissolved some silicon and all the iron
present. The residue from this treatment was unaffected Ly
boiling aqua regia, but was completely soluble in a mixture
of hydrofluoric and nitrie acids. Table IT shows that hydro-
fluoric acid is without action upon the boride of iron, therefore
all the iron must be present as silicide; hence the boron is
present as molybdenum boride. Iron boride was undoubtedly
present in the original ingot, but was destroyed by the treat-
ment with nitric acid. Since erystallization occurred in a



296 BULLETIN OF THE UNIVERSITY OF WISUCONSIN.

large amount of copper, there can be no free silicon present.
After deducting the silicon required by the amount of iron
present as FeSi,, and the molybdenum required by the boron,
the residual molybdenum and silicon are far from the propor-
tions required by the formula Mo,Siz;, but correspond closely
with that required by the formula MoSi,. There is a slight
excess of silicon even over the amount required by this
formula.

The action of several reagents upon this substance is as

follows:

Boiling nitric acid. No action.

Boiling aqua regia. No action.

Boiling hydroftuoric acid. No actiob.

Fused sodium carbonate. Action with incandescence.

Fused sodium nitrate. Slow, but complete decomposition.

Tts specific gravity is 6.31 at 20.5° C.
An earlier experiment in which a mixture of molybdenite
and silica was reduced by calcium carbide, gave a similar re-

sult in the ratio of silicon to molybdenum.
While no pure silicide of molybdenum has been isolated in

this experiment, the only way that the writer can explain the
content in silicon is by the presence of a silicide of molybde-
num richer in silicon than Mo.Si;, and probably having the
formula MoSi,.

BORIDES.

The preparation of silicides by the method proposed having
been successfully accomplished, it seemed reasonable to sup-
pose that the borides might be readily prepared by the same
treatment, and a series of experiments was conducted with that
end in view.

Molybdenum Boride.
3 Mo 8,+8B,0,+9 Al=2 Al,S,43 A1,0,+3 Mo B,+Al

A charge of 94 grams molybdenite, 41 grams boric anhy-
dride, and 47 grams aluminum powder was heated in the are
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furnace for ten minutes with a current of 450 amperes at 60
volts. The result was 39.5 grams of somewhat brittle, white
metal that scratched quartz. It was attacked by hot nitric
acid and was completely dissolved by hot aqua regia. A quali-
tative test indicated that it contained boron in some quantity.
Analysis proved its composition to be:

Molybdenum. ... ..oooiiiiins toi ittt it 85.3 per cent.
0 o T 8.8 per cent.
LT e D 1.2 per cent.

4.3 per cent.

Boron (by difference) ..........cov i i iie e

The product, then, contained only 1.7 grams boron out of a
total of 12.8 grams in the charge, and consisted of molybde-
num boride dissolved in a large excess of molybdenum..

Chromiuwm Boride.

A mixture of 300 grams potassium dichromate, 200 grams
of borax, 800 grams of calcium carbide, 100 grams of alumi-
num, and 20 grams of fluor spar was heated 55 minutes with
a current that averaged 360 amperes at 75 volts. The result-
ing slag was not acted on by water. The metallic produect,
weighing 66 grams, was of a dull white color, and cut quartz
readily. On standing in air several days, it cracked in many
places, Nitric acid had no visible effect upon it, but in hot
hydrochloric acid there was a slow evolution of a gas of very
disagreeable odor. This gas was probably hydrogen with traces
of acetylene and boron hydride. Chromium and boron were
found in the solution, which, after several days, was complete.
Cold hydrofluoric acid had no visible effect even when nitrie
acid was added to it. . Analysis indicated 7.0 per cent. iron,
0.9 per cent silicon, 1 per cent. carbon, 4 per cent. boron, 78.9
per cent. chromium, and aluminum which was not determined.

As it was thought that the bad odor of the gas evolved was
due to the presence of a trace of an aluminum boride, which
by treatment with acids yielded boron hydride, the experiment
was repeated, with the aluminum omitted and 30 grams of car
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bon added in its place. The result was 130 grams of a very
brittle, crystalline metal that failed to scratch quartz. Nitric
acid did not act on it, and hydrochloric acid acted only slowly
when hot. The gas evolved had no noticeable odor. Hydro-
fluoric acid at 60°, either alone or with the addition of nitric
acid, had but a very slight action upon it. Analysis gave iron
9.0 per cent., chromiuvm 78.9 per cent., silicon 0.2 per cenl.,
carbon 5.0 per cent., boron 1.8 per cent.

The first of these products was a ferro-chromium-boron alloy,
and the second, a ferro-chromium-carbon alloy. The iron in
each case came from the “carbide,” in which 0.6 per cent.
would be sufficient to account for the iron found in the prod-

ucts.
Manganese Boride.

A Goldschmidt charge consisting of manganese dioxide,
borie¢ anhydride, and powdered aluminum in theoretical pro-
portions was placed within a Hessian crucible, and this was
placed inside a strong steel cylinder,** packed with powdered
quartz. The cover was tightly bolted om, and the charge
ignited by the electric current. The result was an ingot of
metal weighing 25 grams, a yield of 72.2 per cent. of the total
manganese and boron in the charge. Analysis proved its com-
position to be:

Manganese ............ ..i.iiiiiii i 71.7 per cent.
Silicon . ..o e e it 1.0 per cent.
Trou. o e e e s e 4.0 per cent.
Boron (by difference)............. ..ol i e 23.8 per cent,

The iron came from the fuse wire by means of which the
charge was fired. The metal was finely crystalline, and strongly
magnetic.

The product was, then, a mixture of the two borides of man-

¢ This apparatus was devised by Prof. C. F, Burgess for firing Goldschmidt
charges under great pressures, and was placed by him at the disposal of the

writer.
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ganese, MnB and MnB,, with the boride of iron. The boride
of iron is probably magnetic, although no statement in regard
to this is made by Moissan. It is, however, remarkable that
so 'small an amount (4.5 per cent.) should render the whole
mass magnetic. It should be noted that manganese appears
to be the essential ingredient in the magnetic alloys formed
from non-magnetic metals.*®
Other experiments by this method, yielded similar results.

BORIDES AND SILICIDES BY ELECTROLYSIS.

Several experiments were tried to test the possibilities of
employing an electrolytic method of preparing these compounds.

The first electrolysis attempted was that of borax with the
addition of cryolite, carried out in the vertical furnace. The
container was a section of 4-inch’ iron steam-pipe, five inches
high, resting upon a magnesite brick in the center of which
was the iron cathode. The charge was melted by striking an
arec from a graphite anode, which was changed for a bar of
wrought iron 134 inches in diameter as soon as the charge was
fluid. The electrolysis was conducted with a current of 300
amperes. Metallic globules rose to the surface and burned
brightly. The iron anode was rapidly consumed, and in 25
minutes, about 5 inches of it had melted away.

The resulting metal could be broken by severe pounding with
a hammer. The fracture was quite different from that of
either wrought iron or cast iron. Analysis gave 94.6 per cent.
iron, 1.5 per cent. silicon, 1.5 per cent. carbon, 2.5 per cent.
boron. Moissan has shown that iron containing 10 per cent.
of boron is more fusible than cast iron. In this experiment,
the iron evidently melted as soon as-sufficient boron, carbon,
and silicon had united with it to lower its fusing point to the
temperature of the bath.

The experiment was repeated with a weighed iron anode
which in 22 minutes lost 533 grams for 73.7 ampere hours.

“R. A. Hadfeld, Chem. News, 90:180 (1904). Dr. Hensler, Hlectrotech-
nische Zeltschr.,, March 2, 19035.

4
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This is seven times the amount of-iron dissolved by the same
current by electrolysis in solutions. This current is the
equivalent of 10 grams of boron, so that the product probably
contained 1.8 per cent. boron. Similar results were obtained
by the electrolysis of glass with an iron anode.

Wishing to learn whether the position of the electrodes had
any influence upon the electrolysis or not, an experiment was
conducted with horizontal iron electrodes a foot apart. The
anode lost 121 grams, and the cathode 118.5 grams for 194
ampere hours, a loss per ampere hour of only 8 per cent. of
that when the anode was directly above the cathode.

In these experiments, then, the reduction of the borax or the
silica seems to be due to a secondary reaction of the metal
liberated at the cathode, and not to a direct liberation of the
non-metal at either the anode or the cathode. With an iron
anode, the resulting alloy contains between one and three per
cent. of boron. Metals whose borides and silicides are more
infusible than those of iron ought to yield richer alloys.

SILICOBORIDES.

After three years of experimental research with the electric
furnace, Moissan said:*® “At high temperatures we have a
simple chemistry, and we obtain only a single combination,
always of a simple formula.” It is seen from Table II that
this statement is true of the majority of the borides and the
silicides even down to the present.

On the other hand, there is evidence to show that ternary
compounds can exist even at the temperatures of the electric
furnace. In “siloxicon” (8i,C;0), discovered by Acheson, and
the double carbide of tungsten and chromium (W,C.8CrC,),"
we have what appear to be definite chemical compounds of
three clements. The production of any ternary compound in
the electric furnace renders it at least possible that there shall
ultimately be obtained: several series of such substances, just as
there are now known several series of binary compounds.

# Ann, de Chim., 9: 277 (1896).
4t Moissan, C. R., 187:292 (1903).
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The names silicoboride and borosilicide were applied as early
as 1893 to complex products of the electric furnace contain-
ing among other elements boron and silicon, but no definite
chemical compounds had been isolated. Several facts seemed
to the writer to point to silicon and boron as promising ele-
ments with which to form a ternary metallic compound. They
each 'unite readily with many metals, to produce substances of
remarkable stability, and they also unite with each other.
The attempt was accordingly made to isolate a definite com-
pound containing a metal, boron, and silicon.

Iron, chromium, nickel, and cobalt were selected as the most
promising and couvenient metals with which to experiment.

Ferrio oxide was prepared from electrolytic iron. With
100 grams of this was mixed 60 grams of pulverized borax
glass prepared from pure borax, 72 grams silica, 114 grams
powdered aluminum, 60 grams ingot aluminum, 70 grams cop-
per ag crystallizing medium, and 100 grams of eryolite. This
mixture was heated 14 minutes in the electric furnace at an
average of 26.7 kilowatts. The result was 1385 grams of hard
crystalline metal that could be broken only with much diffi-
culty. As nitric acid acted on it only very slowly, it was
heated with 115 grams more of copper, and 175 grams of
aluminum. The product from this was crushed in an iron
mortar, heated for six days in 30 per cent. nitric acid, repul-
verized, and the treatment with nitric acid continued two days
more. As a qualitative test indicated the presence of copper.
the substance was again ground in the iron mortar, and the
treatment with nitric acid continued. By the microscope it
was found that the resulting powdex did not consist of definite
crystals, Jout of irregular metallic fragments. It was strongly
magnetic and contained boron. Analysis showed its composi-
tion to be:

Iron.............. 72 3 per cent. Cu,Bi........... 1 22 per cent.
Silicon ... ...... 17.2 per cent. Crh ............ 4.36 per cent,
Copper.... ...... 1 G per cent. FeB............ 36.3 per cent.
Chromium .. 36percent. or Fe, Si.......... 26.48 per cent.
Boron by diff’ece). 5.9 per cent. Fe 8i........... 31.82 per cent..

166_.6 per cont. E-;



302 BULLETIN OF THE UN./ERSITY OF WISCONSIN.

The absence of any free silicon was assured by the large
amount of copper in which it was crystalhzed The presence
of chromium was explained by the softening of part of a

chromite brick in the furnace.
A formula for an iron silicoboride can be computed from

this analysis as follows:
Per cent divided by atomic weight.

Iron........ 72.3 perct 76.5 per ct. 1,366 8.1
Silicon ..... 17.2 perct. 18.0 per ct. .643} x6= {3.85 or Fe,Si, B,
Boron...... B.l4perct. 5 5 perct. 500 3.00

94,64 per ct. 100.5 per ct.

Another portion of the original ingot was treated for a week
with hot aqua regia, being reground during this treatment.
The residue was still magnetic, and contained boron as well
as a trace of copper. The microscope showed that the sub-
stance was homogeneous. It would seem to be either an iron
silico-boride, or a solidified solution of Fe,Si.8FeSi.3FeB.
Its magnetic and chemical behavior support this view. Fe,Si
is magnetic and is readily attacked by aqua regia. FeB is
probably also magnetic, and is dissolved by either nitric acid
or aqua regia. FeSi is non-magnetic and insoluble in both
acids. From the magnetic properties of the substance, from
its appearance under the microscope, and the treatment by
acids to which it was subjected, it would seem impossible that
these three compounds should exist separately in the residue.

Eight other experiments were tried, mainly with electrolytic
iron as the source of that element. The results varied greatly.
In several cases the product was completely soluble in nitric
acid. In others, the residue obtained oxidized so readily
while drying that it could not be obtained pure, even by wash-
ing with much alcohol and ether. Further experiments, for
which time is at present lacking, are needed to establish be-
yond doubt the existence of a silicoboride of irom.

Nickel oxide, by a similar process, yielded a metallic residue
containing 21.0 per cent. silicon and 11.45 per cent. iron.
The source of the iron was found to be an impure nickel oxide.
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Five experiments with pure nickel oxide were unsatisfactory,
as the product was completely dissolved by nitric acid.

Tungstic acid, silica and boric anhydride were reduced in
the presence of copper, but the product was entirely dissolved
by nitric acid. This is a surprising result, as the silicide of
tungsten is completely insoluble, and the boride only slightly
attacked by this acid.

Similar experiments were tried with molybdie acid, but with
unsatisfactory results.

More encouraging results were obtained from potassium di-
chromate, but further investigation is needed upon this.

Although these experiments have failed to yield a series of
silicoborides, the writer does mnot yet regard such a’series of
compounds as impossible. The failure may be due to the
method used, which is not suited to the production of com-
pounds of the metals with boron. It is the writer’s intention
to take up this investigation again at the earliest opportunity,
using the method of synthesis from the elements.

VI

ELECTRICAL AND OTHER DATA CONCERNING
THE ARC FURNACE.

In this series of experiments many observations were made
upon the length of arc, its variation in resistance, electrode
consumption, etc. Some of these observations are included
here as of interest, and perhaps of value to other experiment-
ers.

The longest arcs obtained were 15.5 and 14.4 cm. (6 1/2 and
5 11/16 inches) at 104 Volts, the former at 800 amperes. At
the usual voltage of 80 on the furnace terminals, the length of
aro for 600 amperes varied from 6 to 7.5 em. (234 to 3 inches)

as-a rule.
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Resistance of the arc depends upon:

a. Length.

b. Current strength. (See Table VI.)
Increase of current inecreases the cross section of the
are.

c. Temperature of the furnace.
During the rise in temperature at the beginning of
an experiment the are must be gradually lengthened
if the current is to be maintained constant. When a
cold charge is fed into a hot furnaec the current is

diminished.

TaBLe VI.—Effect of varying currents upon the resistance of the arc

No. oél e%f.pe”“ Amperes. Volts. Resistance. R.:R
98 600 75 118 1
360 75 .202 1.71
210 79 .369 3.12
{ 190 82 495 3.60
g 150 81 .533 4.51
140 83 .36 4.96
120 79 .651 5.561
{ 120 81 .668 5.66
% 100 81 .803 6.80
70 80 1.136 9.62
55 85 1.538 13.03
§ 40 92 2.293 19.43
111 580 78 127 1
400 72 173 1.36
g 330 77 .226 1.78
280 77 .266 2.09
200 81 .398 3.14
160 81 .499 3.93
200 76 373 2.94
180 66 .3569 2.83
150 77 .b68 3.18
120 75 .618 1 87
130 75 569 4.48
120 70 .576 4.53
120 70 .b76 4.53
110 71 .638 5.02
75 83 1.099 -8.66
3 70 80 - 1.136 8.95
80 89 1.105 10.97
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d. Quantity and nature of vapors within the furnace.
An increase in the amount of vapors of sodium and
of silicon lowers the resistance. Possibly there are
vapors which are capable of increasing the resist-
ance. (Sée Table VII.)

The data of Table VI were taken at the close of experiments
when the furnace was very hot. Maintaining the length of
arc unchanged, the current was cut down by increasing the
external resistance. The pairs of bracketed readings were made
about ten seconds apart with the same resistance in the circuit.
An entire set of readings occupied about three minutes, so that
the temperature within the furnace was practically constant.
The column R,: R, shows the increase in resistance of the are
as the current is diminished and the external resistance is in-
creased. Curves from Table VI are shown in Figure 2.

From the above and other similar data, the writer draws the
conclusion that the arc tends to maintain a constant ratio be-
tween its own resistance and that of the remainder of the cir-
cuit, or an arc of fized length tends to maintain a constant
voltage-

In experiment 111, the external resistance was varied about
900 per cent., the maximum varation in voltage of the arc was
14.1 per cent., and the average, only 1.8 per cent. The rise
in voltage seen in the last readings, occurred but a few seconds

‘before the are died out. One readily pictures the shrinking of
the are to a mere pencil of carbon vapor as the current is

diminished.
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TasLe VII.—The effect of vapors upon the resistance of an arc of
constant length.

No. of
experi- Am-
ment. | PeTeS:
20 350
. 400
118 160
300
230
126 250
300
230
132 640
600
500
560
570

Volts.

75
68

82
65

75

82
75
80

72
74
81
7
7

. Change
R::éit.' in regist-
ance.
Per cent,
151 U S
.170 —20 Silicon vapor suddenly
formed.
BI12 o '
.216 —59 Yellow flame suddenly
appeared.
.239 —53
.328 e Little flame.
. 250 —24 Much flame.
.348 + 9 No flame,
13 Much flame from furnace
.123 + 0 Flame continued.
.162 +42 Flame instantly ceased.
.138 —+922 Flame started again.
.135 +19 Flame continued.

The above records were made after the vigor of the chemical
reaction was over, for at the height of the reaction, the fluctu-
ations of the instruments were usually too rapid to be read.

Comment upon these figures is scarcely necessary. It will
be readily seen that the effect of vapors may in some cases de-
mand reckoning upon.

F16uRe 3.—Curious Electrical Phenomenon.
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Tasite VIIL—@eneral Data Concerning the Arc Furnace.

g Length of
Resistance.

g ) Arc.

g8 g & |
s Rld |58 r
z | S| &% (8| ™ % g g
X 1 ) ; 8 — =
sl E B |EIZ 25|42 8 5 s
AlAa|] < |5 X = - = @ =T R’y
120] 115/ 28.0 | 36 | 1008 | 104 | 800 | 614 | 15.5 | .123 | .020 | .0079
61| 1141 30.5 (12 | 366 | 80 | 600 | 335 | 9.5 .126 | .034 | .0132
121 135 28'6 (30 | 859 | 81 | 550 | 314 | 9.6 | .141 | .087 | 0147
123/ 115| 28.6 | 61 | 1521 | 78 | 570 | 3 7.7| .130 | .043 | .0169
88/ 1171 24.2 (28 | 696 | 78 | 560 | 234 | 7.0 | .133 | .048 | .0190
150 2 | 21,846 | 980 | €8 | 650 | 2 5,05/ .08 | .049 | .0194
86/ 1141 33.3 | 15| 500 | 75 | 600 | 24 | 5.7| .118 | .055 | .0207
89) 1141 181 138/ 687 | 70 | 400 | 275 | 7.3| .168 | .058 | .0230
99| 114] 28.7 |14 | 402 | 76 | 600 | 2 5.05/ .120 | .060 | .0238
09 115 26.0 |25 670 | 80 | 550 | 214 | 5.4 | .138 | .065 | .0255
04| 1341 31.1 | 8| 249 79 | 550 | 134 | 4.4 | .118 | .068 | .0268
94| 1141 24.7 |10 | 247 | 82 | 500 | 23% | 5.6 | .157 | .072 | .0280
100; 134| 26.1 | 14 | 414 | 78 | 600 | 11} | 4.3 | .123 | .073 | .0286
107) 1141 29.9 (23| 482 | 80 | 300 | 2% ! 7.3| .259 | .090 | .0350
127* 114 98.1 | 45 | 1264 | 103 | 150 | 511 | 14.4 | .679 | .119 | .0470

e o —]

* The curtent was cut down from 400 amperes to 150 by drawing out the
arc instead of increasing the external resistance as usual. This is responsible
for the abnormal resistance found.

The effect of an increase of current in lowering the resist-
ance of the arc has already been pointed out; the other factor
appears to be the temperature, estimating this from both the
average, and the total energy delivered to the furnace.

As has been already stated, the source of trouble when the
arc is unsteady is to be found at the anode, and seems to the
writer to be due to insufficient heat to maintain there a layer
of carbon vapor. A very interesting phenomenon was twice
observed with an alternating arc; namely, that the electrodes
interlocked, as shown in full size drawing, Figure 3.
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There is ‘a deposition wpon as well as a vaporization of each
electrode. The points of each are coated with smooth, lus-
trous graphite of extremely fine grain. There are two sepa-
rate ares. Each half of the current wave has its own exclusive
territory on the electrodes. Each arc dies out with reversal
of current; yvet sufficient carbon vapor remains in its crater so
that when this electrode is once more anode, the path of least
resistance is from the crater rather than from any other part
of the electrode. This phenomenon occurred only with a low
voltage and large electrodes, and would seem to be possible only
when the crater of the anode during each phase is small in com-
parison with the area of the end of the electrode.

Observations were made upon phe loss in weight of graphite
electrodes during several experiments. The results are given
in Table IX.

TaBLE IX.—Logs in weight of eleectrodes.

[-]
E Lo8s IN GRAMS,
-
2
o
I " . Ra- Per Peor average| Per K. W,
-g B g Total. tio. | minute. K. w. minute.
s a0 E - | — ;
(<] < -4 *]
“ g A El" s B S| s|8)s|B|s|®
gl E|EIB 3|52 |3 5|3 |58 3
g A |B|l4|d|2[C]i<|< || < |0C] < |0
Ins. ! ;
A.C.......[130A[ 1 37| 6.9 171 14.3 | £.19 .46 40| 2.40 | 2.35 | .074 .062
A.C.....|151B| 1 60 (1:1.6 | 695 ] 28.8)19.6 | 1.47 48 .3_2 2.48 | 1.69 | .041 .028
D.C....... ‘151A 1 913,41} 120{11.3 5.13 | 1.24 .28 84| .16 .094 .019
139 1 22 123.7| 832116320 8ty 11| .87 .59 .72' .0281 .081.
136 1 58 125.1 1,457 | 9.3 | 32 1.87 } 1.02 55| 2.38|1.23; .040 | .022
138 1 39 | 32.2 {1,268 | 54.2 | 17 319 (1.39| .4¢|1.68| .52 | .043| .013
137 1 55 | 28.4 (1,561 | 82,2 | 43 1.9311.51 78| 2.91{1.51) .053 | .028
140 1% 227237 523 |490.0[15 3271228 .68|2.07| .63| .05 .020
Average.l......l.c.o.ifieeai]onn FUS PO 52.3 (25 ver.| 1,37 661182 .92).051| .02
152 2 57 | 20.8 (1,186 (108.8 | 37.6 1 2.72 | 1.82 | .66 ! 4,98 1.81 105 088
148 27| 81.3 166.2 {70.2 | 2.57 1 6.20 [ 2.98 | 5.31 | 2.24 | 197 .083
Average.| .....}..... veves Jovenid]ionen 135 53.9|..... 4,01 [1.81]5.15 ] 2,03} .151 081
Fg_:l-ln;jce {141 1% 38 131.4 (1,042 | 23.5)20.4 |2.26| 62| .27] .76 ] .83).021 | .000
with 130 2 45} 21.8 & 428159269 .95 .85 2.00| .718] .0438 016
illam- 155 2 64 [ 2.5 |1, 82 7 1.12 11,84 [ 1.14 [ 3.00 | 2.75 | .043 | .088
inating 151 2 8l14.2] 656 |58.1| 9.3(6.03!1.22] .20(8.95 65| .085( .014
RAS. u7 2 22 | 19,5 430 | 40.8 | 32 1.27 | 1.83 | 1.45 | 2.04 | 1.60 | .005 | .07
Average.|.... .- [.coeii]icear]oienns vere | 55.4132.51......0 1.34] .78 |2.77|1.43| 088 | .08
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Direct current was used in all except the first two experi-
ments. These are marked A. C. and to them the terms anode
and cathode do not apply. In these the electrode losing the
more in weight extended into the furnace much farther than
the other.

Electrode losses seem to be due to three causes:

1. Volatilization from the crater, confined to the anode.

2. Oxidation.

3. Disintegration—particles fall from the electrodes.

(1) is independent of, (2) and (3) dependent upon, the
length of electrode within the furnace. The total loss is
diminished about 50 per cent. by filling the furnace with il-
luminating gas; this can diminish only (2) and (8). The
losses with 2-inch electrodes were double those with 114 inch
diameter. This points again to the use of the smallest possible
electrodes. It should be stated, however, that only a single
pair of two inch electrodes were tested.

VIL

CONCLUSION.

The results obtained by this series of experiments are the
following:

1. The proposed method of preparing the borides and the
silicides of the metals by the simultaneous reduction of the
oxygen compounds of both elements is not suited to the prepa-
ration of the borides, but can be used successfully for the
silicides.

2. The existence of a new silicide of molybdenum has. been
indicated.

3. An investigatien of the possibility of a new series of
electric furnace produects, the silicoborides, has been made
Although the experiments indicate the existence of such a com-
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pound of iron, they must still be regarded as merely prelim-
inary. The results with chromium snd molybdenum were en-
couraging, but by no means conclusive,

4. Data concerning the arc furnace heretofore unpublished,
have been obtained.

In addition to these experimental results, it is believed that
Tables IT and IIT, which have been found most convenient for
reference during these researches, may prove a useful contri-
bution to the literature of the borides and the silicides, and
that the method of firing “Goldschmidt charges’” in the electric
furnace, discovered during these experiments, will prove very
valuable in special cases.
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APPENDIX.

In the interval between the completion of this thesis and its
publication, two new borides, ThB, and ThB,," and a new
silicide of copper, Cu,Si,* have been prepared, and the data
concerning them have heen incorporated in Table II. Two
articles have also been published which touch upon the prinei-
pal problem of this thesis, namely the preparation of metallic
borides and silicides from their oxygen compounds, thus avoid
ing the difficulties attending the isolation of boron and silicon.
The method used in both cases was that of reduction by pow-
dered aluminum, but without the use of the electric furnace.

In the first case® a mixture of the metallic oxide, the non-
metal, and aluminum was ignited by a magnesium cartridge.
By this method two phosphides Fe,P' and Mmn;P, were pre-
pared. In attempting the more difficult reductions of silica
and boric anhydride, the oxide of copper or of tin with an
equivalent amount of aluminum was added to the charge to
supply the heat required to produce a good fusion. By this
means an ingot of silicon-copper containing 10 per cent. silicon
was obtained, and also the silicide of iron, FeSi. From the
oxides of iron and boron an ingot was obtained which con-
tained boron, concerning which the author remarks, “It is difii-
cult to isolate a definite boride.” All these products contained
traces at least of aluminum. The idea of adding an extra
quantity of aluminum and an equivalent amount of some harm-
less oxidizing material, here published for the first time, so far
as the writer has observed, is a valuable advance in the applica-

# B, du Jassonneix, C. R., 141:191-193 (1905).
# B, Vigouroux, C. R., 142:87-88 (1906).
% A, Colani, C. R., 141: 33-35 (1905).
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tion of aluminothermy to chemistry. The writer has inde-
pendently applied the same idea to the reduction of tungstem
oxide, using the alkaline-earth peroxides. as the source of
oxygen.

C. Matignon and R. Trannoy® confirm the experiments of
Colani in regard to the production of binary compounds by
the alumino-thermic method, and, in addition to a number of
phosphides and arsenides, produced the silicides of manganese,
chromium, copper, cobalt, nickel, and iron by inducing re-
action in a strongly heated mixture of metallic oxide, silica,
and aluminum. Borides of manganese and iron were simi-
larly produced. In this case the high temperature necessary
to the separation of the metallic product from the alumina.
was secured by starting the reaction in a mass already heated
to a high temperature.

These two series of experiments confirm the writer's conelu-
sion that silicides may be readily prepared directly from silica
by reduction with aluminum, and they further show that this
can be done without the aid of the electric furnace. Since the
production of silicon on a commerical scale by F. J. Tone of
Niagara Falls this has become of minor importance. The pro- -
duction of the borides of manganese and iron by this method
does not confute the writer’s conclusion, that, as a general

method, the simultaneous reduction of a metallic oxide
~and boron anhydride by aluminum is not suited to the produc-
tion of metallic borides. It can be used successfully in the
case of the easily reducible metallic oxides, but not for those
of titanium, tungsten, and many others. The problem of ob-
taining the extra heat needed above that supplied by the re-
action in such difficult reductions is a very interesting one, and
is being approached from different points of view by many
investigators in various parts of the world.

ue, R, 141:190.
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THE ELECTRIC SMELTING OF ZINC.

By OLIVER W. BROWN AND WILLIAM F. OESTERLE,

Much attention has been given to the reduction of zinc ores,
by electrical and other means, during the last few vears. This
is not surprising when one realizes that the ordinary zinc smelting
process is the most wasteful metallurgical operation used indus-
trially at the present time. The fuel consumption, the cost of
repairs and the loss of zinc are very large. The average life of
the retorts used in many works is only forty to fifty days; while
the loss of zinc is seldom less than 10 per cent., and sometimes
more than 25 per cent. of the zinc in the ore.

Another great drawback to the process is that the retorts will
hold only about 65 pounds of ore. The zinc retorts most com-
monly used are fire-clay tubes about four feet two inches long,
eight inches in diameter and 114 inches thick. They are made
closed at one end, and into the mouth of each retort is fitted a
fire-clay condenser, They are supported at each end by projec-
tions from the walls of the furnace; and are placed in horizontal
rows in the furnace in such a manner that the flames entlrely sur-
round them while they are being heated.

The most important zinc ore is the sulphide, and this ore, before
distilling in the retorts, must be roasted for about forty-eight
hours in a separate roasting furnace to convert it into an impure
oxide. One to two per cent. of the zinc in the ore is generally
lost by volatilization during the roasting process; and the roasted
ore still contains one to two per cent. of sulphur, which keeps
.back an equivalent amount of zinc in the retorts.

The roasted zinc ore is mixed with coal and coke, and charged
into the previously heated retorts. The retorts and contents are
then heated for about twenty hours, up to-a white heat. The zinc
oxide is reduced to metal by the white-hot carbon, or carbon
monoxide, and distills down into the fire-clay condensers, where
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it condenses, in part as a fine powder and partly as fused metal.
The reduction temperature of zinc oxide, as shown by the work?!
of W. McA. Johnson, is about 1,033° C.; however, all of the zinc
will not be expelled from the retort below a white heat. The
molten metal is generally drawn from the condensers into a ladle
three times during the distillation. Some of the zinc vapor passes
through the pores and cracks of the retorts and is lost, while the
fire-clay retorts themselves often absorb as high as 15 per cent.
of their own weight of metallic zinc. A part of the metal remains
in the charge after distillation, because the retorts can not be
heated to the temperature required to expell all of the zinc without
. cracking or melting them. The charge from which the zinc has
been distilled generally contains at least 214 per cent. of metallic
zinc, and often much more than this amount. Only pure ores
can be used, as the iron and calcium in low-grade ores form a very
corrosive fusible slag, which corrodes through the retorts at a
comparatively low temperature. The retorts can not -be made
much longer or wider than those useéd at present and still hold
up their own weight and that of the charge, when heated to a
white heat.

As crude and wasteful as this method is, it is employed to pro-
duce nearly all of the zinc used at the present time. The enormous
amount of heat wasted during the smelting of zinc ores, the loss
of zinc, and the cost of operating this process, has caused the
problem of the extraction of zinc from its ores to be a favorite
field of research with many investigators.

Electrochemists have attacked this problem along three different
lines, namely, the conversion of the zinc in the ore into a salt
soluble in water and the subsequent electrolytic precipitation of
the metal from an aqueous solution; conversion of the zinc to
chloride and the electrolytic separation of the metal from the
anhydrous fused salt; and the electric smelting of zinc ores.

A special endeavor has been made to develop electrical proc-
esses by which zinc can be economically extracted from complex
and low-grade ores, which cari not be smelted in the ordinary

manner.
Of all the processes which have been suggested, involving the
electrolytic precipitation of zinc from aqueous solution, that

1Trans. Amer. Electrochém. Soc., 5, 211 (1904).
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developed by Hoepfner is the only one that appears to have
approached a commercial success. Brunner, Mond & Co. have
during the last few vears turned out a very pure electrolytic zinc
from their works at Wilmington, near Chester, England. Little
is known concerning the details of their process except that it is
based on the Hoepfner patents.

The Hoepfner process was also used in a works located at Fuhr-
fort, Germany, from 1895 to 1897, but it has been discontinued.
In this works metallic zinc and chlorine were produced by the
electrolysis of a solution of zinc chloride. The chlorine was con-
verted into bleaching powder. A description of this process has
been published by Guenther.? It seems that its success was not
great. The large amount of power required to precipitate zinc
from aqueous solutions will always be one of the greatest hin-
drances to any process of this kind.

Many electrochemists have believed that the treatment of low-
grade zinc ores could be successfully accomplished by a process
in which the zinc is separated by the electrolysis of some anhy-
drous fused salt of zinc, like the chloride. Richard Lorenz,
Borchers, Swinburne, Ashcroft and others have endeavored to
develop processes for zinc extraction depending on the electrolysis
of fused salts. In this field the Swinburne-Ashcroft process?
seems to be the best and to have a very bright future.

Few trials in the electric smelting of zinc ores were made until
within the last few years, although the Cowles Bros., of Cleveland,
carried out experiments on the smelting of roasted zinc ores by
electrical heating as early as 1882. These early experiments did
not lead to a commercial process.

C. Casorette and F. Berboni,* of Milan, Italy, have invented
a furnace for smelting zinc ores which contains two muffles, the
second being heated by electrical means. :

An electric arc furnace for smelting zinc ores. has recently
been invented® by Dr. C. F. T. deLaval. In his furnace the
pulverized zinc ore, mixed with the proper reducing and fluxing

1 ¥ng. and Mining Journal, May 16, 1903.

3 Chlorine Smelting with Electrolysis, James Swinburne, Electrochemist and Metal-
lurgist, 3, 68 (1903).

4 Zinc Smelting, C. Casorette and F. Bei-boni, Milan, Italy; British Patent No. 472,
May 19, 1900. Eng. and Min. Jour., 76, 163 (1903).

5 French Patent No, 325,805, Oct. 21, 1902. U. S. Patent granted to Dr. de Laval,
August 29, 1903. ’
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materials, is fed into the top of an electric furnace in such a
manner that in descending it presents an inclined surface to the
heat radiated from an arc. The zinc vapors are conducted to a
condenser, while the gangue as it descends into the lower part
of the furnace is fused and is drawn from the furnace in the
molten condition. It is claimed that in smelting 40 per cent. zinc
ore in a 100 kw. furnace, nearly five kgs. of metallic zinc are
produced per kw. day.

The Cowles Bros., Casorette and Berboni, and de Laval have
tried to design electric furnaces in which roasted zinc ores could
be smelted in the ordinary manner, except that the heat be gen-
erated by electrical means.

A. Dorsemagen,® of Wesel, Germany, has worked out a process
in which he smelts a zinc ore in an electric furnace with the
simultaneous production of a valuable by-product. His process is
designed for the treatment of zinc silicate ores. He mixes a zinc
silicate ore with carbon in proportions indicated by the reaction
Zn,Si0,+ 5C=2Zn-+4-SiC+-4CO, and heats the charge in an elec-
tric furnace. The zinc distills out and is condensed in the usual
manner, while the silicon of the ore combines with carbon, form-
ing carborundum. The inventor claims the advantages of supply-
ing the heat required for the reduction of the zinc ore and the
formation of silicon carbide at the same time, thus reducing the
loss of heat due to radiation and the amount of heat required to
previously heat the reacting materials.

If a process were devised to electrically smelt unroasted zinc
sulphide ore, the advantages of electrically heating the charge
could be realized, while at the same time all the cost of roasting
the ore could be saved. After experimenting for about two years
on the extraction of zinc from its ores by electrolysis of fused
salts and of aqueous solutions, the writers attempted to find such
a process. We have obtained interesting results from a process’
based on the electrical smelting of charges. of unroasted zinc
blende, lime and carbon, mixed in proportions corresponding to
the following equations: '

(a) 2ZnS + 2Ca0 + 7C = 2Zn + 2CaC, 4 CS, 4 2CO,

() 2ZnS + CaO + 4C = 2Zn + CaC, 4+ CS, + CO.

¢ U. S. Patent No. 716,008, Dec. 16, 1902.

. YU, S. Patent No. 742,830, Nov. 3, 1903. Al of the experiments carried out
iomt]y bﬁ QOesterle and Brown were performed in the electrochemical laboratory of
ndiana University.
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Before giving any of the results of our work we wish to refer
to the process patented® by Paul Dankwart, of Deadwood, S. D.
The process described by Dankwart is similar in some respects to
that employed by us. Dankwart smelts mixed sulphide ores con-
taining zinc, with lime, coke and sodium sulphate. He mixes the
different materials in such proportions that the sulphur of the ore
is converted into alkaline and alkaline earth sulphides, while the
zinc is liberated as vapor and is condensed in the usual manner.
Dankwart’s process is very similar to that of Kirkpatrick-Picard,?
of London, except that Dankwart adds sodium sulphate to the
charge of sulphide ore, lime and carbon, used by Kirkpatrick-
Picard, and also carries out his process in an electric furnace.

Kirkpatrick-Picard’s process is represented by the following
reactions:

ZnS + CaO 4+ C = Zn 4+ CaS 4 CO
PbS 4+ CaO + C = Pb + CaS + CO
4ZnS + 2Fe,0, + 6C = 4Zn + 4FeS + 6CO
4PbS + 2Fe, O, + 6C = 4Pb + 4FeS + 6CO.

He forms the mixture into briquets before the distillation.

The writers first tried the reduction of a charge containing equal
molecular weights of zinc blende (59.6 per cent. zinc in ore) lime
and carbon (coke) in an enclosed electric resistance furnace
lined with firebrick. This is the same charge as that used by
Kirkpatrick-Picard. When this charge was heated in the electric
furnace the ore was readily reduced, the metallic zinc distilled out
and a portion of it condensed in an iron tube which served as
condenser. The material remaining in the furnace after the dis-
tillation, consisting of impure fused calcium sulphide, contained
only 0.13 per cent. of metallic zinc, ‘

We next made a study of the electric reduction of charges of
zinc blende, lime and carbon (coal or coke), mixed in proportions
corresponding to the equations (a) and () given above.

When a charge containing 194 grams of zinc blende (59.6 per
cent. zinc), 112 grams of lime and 84 grams of coke was heated
in an enclosed firebrick lined electric resistance furnace, with a
current of 50 ampéres at 30 volts for two hours, zinc distilled and

® Process of Reeoveri(ng Zinc from Sulphide Ores, P. Da.nkwart, U. S. Patent No.

746,798, Dec. 15, 1903,
°U. S. Patent No. 692,148, Jan, 28, 1g902.
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condensed, and the impure carbide remaining in the furnace con-
tained only 0.036 per cent. of metallic zinc and 2.89 per cent. of
sulphur. The other impurities in the carbide naturally depend on
the purity of the ore treated.

When working with the very small furnace required to smelt
charges containing only 194 grams of ore, it was not deemed
desirable to endeavor to condense the largest possible proportion
of the distilled zinc in a solid metallic form. As experience has
shown, the difficulties in condensing the zinc as liquid metal,
instead of zinc dust, disappear as the size of the furnace is
increased.

The analyses of gases coming from the furnace during the
operation, of the materials in the furnace after smelting, etc., show
that the changes which take place in the smelting are probably
best represented by equations (a) and (b).

Some additional experiments which were carried out during
1903 and 1904 by one of the writers'® on the reduction of zinc
blende, furnished the following results:

When the following charge: 3.98 kg. zinc blende (containing
58.0 per cent. of zinc), 2.24 kg. lime (containing 38.2 per cent.
of magnesia), 0.84 kg. of carbon (equal weights of coal and coke),
was smelted in an enclosed electric resistance furnace, the material
remaining in the furnace after the distillation contained only o.10
per cent. of metallic zine. This experiment shows that even when
a lime very high in magnesia is used, practically all of the zinc is
reduced and distills out of the furnace. However, it is hardly
necessary to remark that good calcium carbide can not be made
when a lime containing 38 per cent. of magnesia is used.

The internal dimensions of the furnace in this experiment were :
length, 12.5 inches ; depth, 8.5 inches, and width, 4.5 inches. The
inner walls and bottom of the furnace were of magnesia brick. A
layer of dry lime was placed on the outside of the magnesia brick,
then a layer of firebrick, followed by another layer of lime, and
finally the whole was encased in a sheet-iron jacket. A round
Acheson graphite electrode, two inches in diameter, entered the
furnace at each end. These electrodes were fastened firmly into
plates of Acheson graphite 0.5 inch thick, which were placed
vertically at each end of the furnace, and reached from the bottom

1 Brown, Laboratory of Applied Electrochemistry, University of Wisconsin.
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to within 1.5 inches of the top. In order that the furnace should
be gas tight, the portions of the graphite electrodes which passed
through the walls of the furnace were packed in powdered
magnesia brick.

The materials comprising the charge were passed through a
20-mesh sieve and thoroughly mixed, before placing in the fur-
nace.

Connection between the two end electrodes was made by two
cores of broken carbons (broken to pieces about 0.5 to I inch),
which were imbedded in the charge. The lower core of granular
carbon was placed 2 inches from the bottom of the furnace, while
the second core was about 4 inches above the lower core.

The charge was filled into the furnace to within 1.5 inches of
the roof, and was covered with a layer of broken pieces of coke.
A carbon tube, 0.5 inches internal diameter and 12 inches long,
penetrated the side wall of the furnace, about 2 inches from one
end and 2 inches from the top. The tube passed nearly hori-
zontally through the walls of the furnace, the outer end being
about 0.5 inch lower than the inner. On the outer end of this
carbon tube was fastened a short piece of 1.5 inch iron pipe, which
was surrounded with asbestos, and served as condenser for the
zinc. The outer end of the pipe was nearly closed with fire-clay.
At intervals during the distillation of the zinc the fire-clay plug
was removed and the melted zinc, which had condensed, was
allowed to flow out.

The furnace was closed at the top by an Acheson graphite
plate, 0.5 inch thick. A layer of lime was placed over the graphite
plate, and on this were placed three layers of fire-brick. When
the furnace was sealed with dry powdered lime in this manner
it was quite tight, and very httle gas escaped except through the
condenser.

A current of about 172 ampéres and 68 volts was passed
through the furnace for six hours and forty minutes. Zinc vapors
had stopped coming from the furnace when the current was
broken. :

Afteér the furnace was allowed to cool and the cover removed,
it was found that the charge was a loose porous mass, which
could nearly all be removed with the hands. The temperature
had not been sufficient to fuse the charge, although all but o.t’
per cent. of the zinc was expelled from the furnace.

12
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In order to gain some idea of the temperature required to
reduce and distill the zinc from various charges, and also the
relative value of various charges, four different mixtures were
made up and heated in a hot coke fire in a wind furnace.

The materials in each charge were pulverized to pass a 20-mesh
sieve and well mixed. The blende used contained 58.6 per cent.
of metallic zinc. The charges were as follows:

No. 1 contained zinc blende, g7; lime 28, and coke, 24 grams,
and corresponds to the equation,

2ZnS 4+ CaO + 4C = 2Zn + CaC, + CS, + CO.

No. 2 contained zinc blende, 97; lime 56, and coke, 42 grams,

and corresponds to the equation,
2ZnS + CaO -+ 7C = 2Zn + 2CaC, 4 CS, + 2CO.

No. 3 contained zinc blende, 97; lime 56, and coke, 12 grams,
and corresponds to the equation,

ZnS + CaO +4 C = Zn + CaS 4 CO.

No. 4 contained zinc blende, g7; silica 120, and coke, 24 grams,
and corresponds to the equation,

2ZnS + SiO, -+ 4C = 2Zn -} SiC + 2CO + CS,.

The four charges were placed in separate assay crucibles, loosely
covered, and placed in a hot coke fire. Charges 1, 2 and 3 were
heated two and three-fourth hours, while charge No. 4 was heated
two and one-sixth hours, = A zinc flame burned from the
mouths of crucibles 1, 2 and 3 while they were being heated, but
no zinc flame was given off from crucible containing charge No. 4,
indicating that no reduction took place in No. 4.

An analysis of charges 1, 2 and 3 after heating showed that
about 55 per cent. of the zinc had been reduced and volatilized in
each case. A practically complete reduction and volatilization of
the zinc takes place when either charge 1, 2 or 3 is heated in an
enclosed electric furnace, with a current of 50 ampéres and 30
volts for two hours or less.

Only 5 per cent. of the zinc in charge No. 4 was lost during the
heating. This loss was probably due to mechanical loss in remov-
ing the ignited charge from the crucible after firing.

. A charge made up in the same proportions as in No. 4, but con-
taining zinc blende, 194; silica 260, and coke, 48 grams, was
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heated in an enclosed electric resistance furnace for one hour, with
a current of 120 ampéres and 50 volts. Only a very small amount
of metallic zinc (about one gram) was found in the condenser,
and an analysis of the powder which collected in the condenser
showed that it contained only about 4 per cent. more metallic zinc
than the charge which was placed in the furnace. The material
remaining in the furnace after heating contained 3.98 per cent.
of metallic zinc.

These data show that zinc sulphide is not reduced to metal when
mixed with silica and carbon and heated to a very high tempera-
ture. The temperature attained in this experiment was high
enough to volatilize most of the charge out of the furnace, yet
the zinc ore was not reduced to metal.

Attention has often been called to the fact that processes requir-
ing widely different conditions can not be successfully carried on
together, This is probably very true of the production of zinc
and calcium carbide. The conditions required for the reduction
of zinc and the production of calcium carbide are so different
that there is little chance for their simultaneous economic
production.  Even if many of the drawbacks could be over-
come, the production of a sulphur free carbide from a charge
of zinc sulphide, lime and coke, is most probably impossible. Also,
if calcium carbide is to be made as a by-product, only the purest
zinc sulphide could be smelted, as all of the impurities in the
ore would contaminate the carbide. However, a method of smelt-
ing high-grade zinc ores is not needed so much as a process which
will economically obtain the zinc from ores high in iron, etc.

Another disadvantage in the production of zinc and carbide in
the same operation is that the sulphur can not be recovered in a
suitable condition, as the greater portion of any carbon disulphide
which may be formed in the reduction is burned to sulphur
dioxide, which escapes from the furnace in a highly diluted form.

Two very promising lines of investigation are open to those
who wish to find an economical electric method of smelting zinc
ores. Roasted zinc ores may be smelted in the electric furnace,
with coal or coke, and just enough other material to form with
the impurities an easily fusible slag which may be continuously
tapped from the furnace. Electric smelting under these condi--
tions has the advantage over the ordinary method in that it may
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be made entirely continuous ; that the walls of an electric furnace
can be easily constructed of materials which are impervious to
zinc vapors and which will not be corroded by the slag, thus
enabling the temperature to be raised to a point at which all of
the zinc will be expelled from the ore; and that the heat is applied
internally, thus preventing the large waste of thermal energy
occurring in the ordinary smelting process. Ores high in iron
and other impurities could be easily smelted, as the walls of an
electric furnace can be made of materials which will withstand
the corrosive action of the slags.

It seems possible that zinc sulphide might be economically
smelted in the electric furnace, without a preliminary roasting,
if ore, lime and carbon be mixed in proportions required for
producing metallic zinc, calcium sulphide and carbon monoxide.
The fused calcium sulphide could then be tapped from the furnace
and the sulphur subsequently recovered. All but traces of the
zinc can be distilled from such a charge, as is shown by one of
the experiments given above, in which the residue remaining in
the furnace contained only 0.13 per cent. of zinc.

It is a question of only a few years until someone will devise
an electric furnace process by which zinc ores, high in iron, etc.,
and which can not be treated by the old method can be econom-
ically smelted and by which practically all of the zinc in the ore
will be saved.

The writers wish to thank Prof. C. F. Burgess for his helpful
suggestions, and for placing at their disposal most excellent facili-
ties for electric furnace experiments.

Laboratory of Applied Electrochemistry,
University of Wisconsin.

DISCUSSION.

Pror. BurcEss: The original idea of Mr. Brown when he under-
took work on zinc reduction was that he could make calcium
carbide and distil zinc simultaneously; this can undoubtedly be
done, but the criticism of that plan from the practical standpoint
would be similar to a criticism which might be offered in reference
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to the Gin electric furnace process for producing steel, which
was presented to us yesterday. To design a furnace to carry
on two operations requiring different temperatures at the same
time is next to impossible where economy and simplicity are
considered. It violates a well-established principle in construc-
tion that a machine or furnace constructed to carry on one opera-
tion efficiently cannot attain other results essentially different at
the same time, and maintain the efficiency.

Dr. Ricuarps: I think it would have been much better if on
page 177 there had been given more definite information than the
mere statement that it simply took so much more current—so
many more amperes—to do the work in one case than in the other.
Mr. Johnson, in doing similar work, has given us the temper-
atures at which the reactions take place. In the reactions “A”
and “B” the formation of carbon bisulphide is interesting, as it
is a strongly endothermic compound and absorbs heat in its for-
mation instead of giving out heat. The thermochemical equations
furnish interesting discussion if analyzed. '

In equation (a) for instance, there must be supplied:

To decompose 2 ZnS...................... ‘ 86,000 calories
To decompose 2 CaQ...................... 263,000 ”
Tohelpformz2CaC,....... .ot
To help form CS,. ... . oo e
Total absorbed ....................... 386900 ¥
Furnished by 2 CO............ ... .. .. ... 58,320 ¥
Net heat absorbed..................... 328,580 7

In addition to this immense amount of heat absorbed chem-
ically, the hot products, if assumed to be at 1,300°, would con-
tain approximately 150,000 calories of sensible heat, so that a
total heat supply of over 475,000 calories must be supplied to the
charge to distill off 2 Zn = 130 grammes of zinc, or over
475,000 large Calories per 130 kilograms of zinc.

Such a charge, in grammes, was worked off in an experi-
mental laboratory furnace by a current of 50 amperes at 30 volts,
for two hours. The heating value of this current is 2,500,000
gramme calories, showing a net efficiency of about 20 per cent.
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On a large scale, 60 per cent. efficiency should be possible, at
which rate 2 horse-power would produce 390 grammes of zinc
in two hours, or at the rate of 5 horse-power hours per kilo-
gramme of zinc, or 2.25 horse-power hours per pound. At 0.25
cent. per horse-power hour, the cost of power would be 0.56 cent.

per pound of zinc produced.
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NOTES ON THE USE OF ALUMINUM AS A REDUCING AGENT,

BY OLIVER P, WATTS.

The use of aluminum as a reducing agent is now of such impor-
tance that any extension of its field of usefulness seems worthy of
record, and accordingly the writer presents a new way of using
it, which yields results heretofore unattained by other methods.

The early method of adding the substance to be reduced to a
bath of fused aluminum gave, in the hands of Moissan and others,
only alloys. Dr. Goldschmidt, by using the aluminum as grains
or powder in his now well-known method, successiully overcame
the tendency of the aluminum to alloy with the reduced metal,
and thus produced a long series of carbon-free metals.

There remained, however, certain metals, ¢. g., titanium and
tungsten, which could not be obtained in a pure state even by this
process. Success depends upon the attainment, as a result of the
chemical reaction, of a temperature so high that reaction takes
place completely, and that the products are perfectly fluid. The
reaction of aluminum with the oxides of titanium and tungsten
fails to yield this required temperature, hence these metals cannot
be obtained by the Goldschmidt process. Yet their alloys with
some metal whose compounds are more easily reduced by alum-
inum may be thus obtained. The addition to the charge of the
oxide of iron, for example, supplies the heat necessary for a com-
plete reduction and for the agglomeration of the resulting iron
alloy. In this way Dr. Goldschmidt produces ferro-titanium and
ferro-tungsten.

By a modification in the method of using the fused bath of
aluminum, A. J: Rossi (Electrochem. Ind., 1903, Vol. I, 523)
succeeded in obtaining ferro-titanium and ferro-tungsten in large
quantity and free from aluminum, His method consists in melt-
ing the aluminum in an electric furnace, feeding in the mixed
oxides to be reduced, and after reaction has occurred, adding an
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excess of the oxides to remove the last traces of aluminum from
the alloy produced.

In the absence of any statement to the contrary, the writer
deems it improbable that this process, so successful in producing
the ferro-metals, would yield titanium or tungsten free from
aluminum. To remove all aluminum from an alloy, even at elec-
tric furnace temperatures, requires that the oxidizing agent used
shall not be extremely difficult of reduction. In experiments by
the writer on the reduction of fused silica and silicates in the elec-
tric furnace by adding ingot aluminum, some of the latter always
remained in the silicon reduced. The large excess of fused sili-
cate with which the product was in contact failed to remove the
last traces of aluminum. It is reasonable to suppose that titanium-
oxide would act no more energetically than silica as an oxidizing
agent.

There seems, then, to be lacking a method by which aluminum
as a reducing agent may be made to yield the pure metals, tita-
nium, tungsten, uranium and some others.

In the course of a long series of experiments, begun in 1904,
on the production of metallic borides and silicides, the writer dis-
covered that Goldschmidt charges could, by a slight change, be
fired with safety in an electric furnace of the arc type. Powdered
fluorspar or cryolite was added to the charge to reduce the velocity
of reaction. Other inert powders could no doubt be substituted
for these. The charge was placed in the cavity of a furnace with
a magnesite lining, the cover put on, and an arc started just above
the charge. The usual heating was for five minutes at 300
ampeéres and 70 volts, followed by five minutes more at 600
ampéres and 8o volts. About fifty reductions were made by this
method. The reaction was occasionally vigorous, but never explo-
sive, although 350 grams of powdered aluminum were used in
some cases. 'The metallic oxides used were those of iron, nickel,
cobalt, chromium, manganese, molybdenum, titanium and tung-
sten. The amount of retarder was diminished in the case of the less
readily reducible oxides. In a few cases reaction could have been
brought about by the usual method of an igniter, but owing to
the presence of silica, boric anhydride, or both, most of the
éharge_s required the heat supplied by the electric arc to complete

the reaction.
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Having once established that the electric arc may safely be used
to start and to carry to completion reactions in which finely divided
aluminum is used, the application of the method is obvious. The
heat of the electric furnace may be substituted for that formerly
obtained by the addition to the charge of some easily reducible
oxide, thus yielding pure metals instead of only alloys of titanium,
tungsten, etc. A condensed account of such a combination of elec-
tric heating with the alumino-thermic method as applied by W.
Huppertz to the production of titanium from rutile may be found
in Electrochemical Industry, 1905, Vol. 111, 35.

Laboratory of Applied Electrochemistry,

DISCUSSION.

Dr. RicHARDs: This method of reducing oxides by means of
aluminium as a strong reducing agent was first tried by Tissier;
and the first time he tried it he blew his furnaces to pieces and
very nearly lost his life.

The easily-reducible oxides are reduced with the evolution of
such a large amount of energy that the local temperature is ex-
tremely high. The temperature probably reaches between 3000°
and 4000° C., when an easily reducible oxide is reduced by alum-
intum. With iron, it reaches in the neighborhood of 2500°
to 2700° C.

The more difficultly reducible oxides—those which, when re-
duced by aluminium, give a less excess of heat—are difficult to
operate upon because there is not enough excess of heat in the
formation of the alumina to melt the resulting alumina and re-
duced metal, and the reaction tends to stop itself.

The device which is used by Mr. Watts is that of furnishing
sensible heat in the material which is to react, and therefore put-
ting the reduction of these strong oxides on the same basis as
the automatic reduction of the more-easily reducible ones. The
mixture being heated up to bright redness, you have the amount
of sensible heat which is in the mixture added to the excess of
heat which is in the formation of alumina over that of the oxide
reduced, and the resulting temperature is sufficient to melt the
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oxide formed and the metal. A necessary condition for the re-
duction of these oxides is that the oxide formed, which is largely
alumina, shall be melted as well as the metal.

In speaking of Mr, Rossi’s experiments, there is a factor which
has not been sufficiently taken into account. When the metal is
reduced by aluminium the bath first of all contains a lot of the
aluminium itself, and as the bath contains less and less of the
aluminium to react, the energy with which it reacts upon the
metallic oxide becomes less and less, being diminished by the
energy with which the aluminium is alloved with the metal; and,
therefore, we have the difficulty of getting a pure product of
these metals. The affinity with which the last of the aluminium
is held in the alloy, puts a limit to the purity of the metal which
can be obtained by Mr. Rossi’s method.

PreEsipENT BanNcrorr: When working with an aluminum and
iron oxide mixture on a small scale—for instance, in the lecture
room—we have had great difficulty in getting really satisfactory
results; and we have only obtained them by adding magnesium.
I have been told that Goldschmidt also adds magnesium and that
some of his chromium, when analvzed, contains traces of mag-
nesium, I should like to ask whether any body knows anything
about that as a fact. [ merely state it as a rumor.

MRr. Burcess: It is true that you can start the reaction very
much more readily that way; but if vou want to go to a little
more trouble vou can eliminate the magnesium by using an iron
fuse wire to start the reaction.

Dr. RicuarDs: Perhaps vour remark is caused by the fact that
a little magnesium is used as an igniter or fuse, I do not think
that any magnesium is put into the mixture, as an essential con-
stituent. A little magnesium ribbon stuck into the charge is
often used in the laboratory process and perhaps on a large scale -
used as a fuse for starting the reaction.

PresipENT Bancrorr: In working with a small crucible, radia-
tion is, of course, very high. We started the mixture with
barium peroxide, but did not get satisfactory results without the
addition of metallic magnesium. Of course, that would not
mean that you would not get very good results if you were work-
ing with five kilogramme lots and a correspondingly lower

radiation.
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SOME OBSERVATIONS ON THE INFLUENCE OF ARSENIC
IN PICKLING SOLUTIONS.

By CHARLES F. BURGESS,

A sulphuric acid pickle which exerts a vigorous dissolving
action upon an iron or steel surface may be rendered almost com-
pletely inert by the addition of a small amount of arsenic. Over
a half century ago this fact was pointed out by E. Millon,* who,
however, did not attempt to explain why a trace of arsenic has the
property of exerting this remarkable protective action.

This phenomenon is of considerable significance to the chemist
and the electrochemist, for it indicates that arsenic is a disad-
vantageous impurity where free and rapid action of sulphuric acid
“upon iron is desired ; that its presence may be advaniageous when
the rapidity of the action of the acid is to be diminished. Millon
claims that arsenic in acids other than sulphuric reduces their
activity in corroding various metals, and assuming this
to be true, may it not be expected that arsenic when present as an

- impurity in the metals themselves may render them less susceptible
to corroding influences in general?

The writer has been unable to find that the attention has been
given to the study of this subject to which its suggestiveness and
usefulness entitles it. In what manner does arsenic render an
iron surface passive is possibly a question for the electrochemist
to answer, and any suggestions or information bearing upon this
point will be welcomed by the author.

Some preliminary experiments upon the effect of arsenic in
sulphuric acid solutions have been done in the Applied Electro-
chemistry Laboratories of the University of Wisconsin, some of

“ the results of which are here given.

A five normal solution of sulphuric acid was used in the various

tests, and to a portion of this solution was added a small quantity

* 3 Comptes Rendus, 1845 22, 37.
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of arsenic in the form of As,O,. Although the exact quantity was
not determined, it was present only as a small part of 1 per cent.
To determine quantitatively the influence of the pure solution and
that containing arsenic, strips of spring steel were subjected
to their action, and the dissolving and the weakening of the steel
measured. The steel ribbon used consisted of a high grade of
untempered spring steel, carrying a thin film of black scale, and
having a cross section of 5-16 x .16 inch. From this, pieces
about one foot in length were cut, and these were immersed for a
depth of six inches in the respective solutions.

Table I gives results on the dissolving effect of the acids upon
strips which had been freed of scale by rubbing with fine emery.

TAaBLE I

Dissolving effect of acids with and without arsenic.

Pure Acid Solution Solution Containing Arsenic

—_—— " | Loss
Wt. Before | Wt, After ) Wt. Before | Wt. After I Loss

Time

20min. | 51628 g. | 5.1156 g. | .0472 g.| 503428. ! 5.0290¢. | .0052 g.
4omin. | 51156g. | 4.9096 g. | .2060 g.| 5.0290g. | 5.0268 g. | .0022 g.

60 min. .2532 g. .0074 g.

The facts to be noted from this table are that in one hour’s time
the amount of iron dissolved by the arsenic free solution is about
34 times that dissolved by the impure solution; also that during
the first twenty minutes the ratio between the action of the two
solutions was 9.1 to 1, and during the last forty minutes the ratio
increased to 94 to 1, showing that the protective action of the
arsenic increases with the time. In the pure solution the rate
of corrosion increases, as shown by the fact that over four times
as much iron was dissolved during the last forty minutes as during
the first twenty; while with the solution containing arsenic the
rate of solution materially decreased. It was also noted that the
steel when first immersed in the impure solution liberated hydro-
gen, but this evolution quickly diminished, and at the end of one
hour the evolution of hydrogen had ceased, while in the pure acid
the evolution of this gas was vigorous and undiminished.

It is well known that acid solutions exert a harmful influence
on steel, aside from that occasioned by the removal of some of
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the metal. This is supposed to be due to the liberation of hydrogen
and the absorption of it by the metal, rendering it weak and
brittle. So marked is this effect that certain classes of steel arti-
cles, such as steel piano wire, clock springs, measuring tapes and
the like cannot be pickled, and it is claimed by some that they
cannot be nickel plated without damage.

To determine whether arsenic exerts an influence harmful or
otherwise upon this weakening property of acids, a small testing
machine was devised by means of which the brittleness of a strip
of steel could be approximately determined.

The steel strip to be tested rests on fixed edges, spaced
one-half inch apart. The movable edge is advanced slowly
and steadily by means of a micrometer screw until the strip snaps
in two, and the deflection thus measured is taken as an approx-
imate indication of the flexibility.

Inasmuch as the steel strip showed variations in its flexibility
on samples taken from various places in the coil, measurements
were made on the pickled and unpickled portions of each sample
tested, The results of observations are given in Table II, the
column marked ‘“Per cent. weakening” being derived by dividing
the decrease in deflection after pickling by the deflection of the un-

pickled part.
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TABLE II.
Solution Tﬁne Deflection Per cent,
Pickled Unpickled | Weakening
Pure 5 minutes 10077 15277
.094 156
.088
Ave. . . .094 154 39.
With Arsenic 5 minutes .156 .156
. .152 .156
154
154
__158 N
Ave, . .155 .156 0.64
Pure 10 minutes .08c .170
.070 .160
066 .158
078 .
Ave. . . .074 163 54.5
With Arsenic 10 minutes 150 170
.152 .166
158 .170
154
Ave. . .154 .169 8.9
Pure 15 minutes 062 158
.054 .158
.066
Ave,. . .061 .158 61.4
With Arsenic 15 minutes 142 150
.150 .160
.152
-154
Ave. . . .149 155 387
Pure 60 minutes .060 .160
.056 140
.050 .160
Ave. . . .056 .I53 635§
With Arsenic 60 minutes .158 .178
.160 174
.154 172
.160
.160
Ave.. . 158 175 9.7




INFLUENCE OF ARSENIC IN PICKLING SOLUTIONS, 169

It will be noted that arsenic exerts a marked influence in dimin-
ishing the rotting effect of the sulphuric acid solution. A solution
of hydrochloric acid having a corresponding strength was also
tested, and it was found that while the presence of arsenic in it
exerts an influence similar to that exerted in sulphuric acid, its
influence is not as pronounced.

It is generally recognized that the nickel-plating process, as
usually operated, has a decided weakening effect on thin steel
springs and the like, and the supposition is justified that it is the
pickling part of the process that is largely responsible for the
trouble. To determine whether a steel spring pickled in an arsenic
containing pickle and subsequently nickel-plated would be stronger
than when pickled in pure acid before plating was the purpose of
measurements, the results of which are given in Table III.

Tasre IIIL
Deflection. Per cent.
Before pickling |After plating| Weekening
Pickled in pure acid and nickel plated.| - .1727/ . 1407/
A72 .154
.140
144
: .148
Average . . . 172 .145 15.6
Pickled in acid containing arsenic and .160 .158
nickel plated. . . . . . .. . .. 168 .158
172 .154
146
.I58
- 154
Average . . . .167 155 7.2

All the above experiments show that the effects of arsenic are
sufficiently pronounced to warrant a further experimental study,
especially in determining quantitatively the influence of varying
percentages of arsenic in various strengths of acid solutions. Such
information will undoubtedly be of direct practical value to the
electro-plater and others who have to do with pickling solutions.

That arsenic exerts an influence to be reckoned with has been
recognized for some time by users of sulphuric acid solutions. By
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some it is held to exert a deleterious influence; that its presence
in a pickle gives rise to dark and irregular colorations on the sur-
face of iron articles subjected to its influence, thus adding to the
many difficulties inherent in the process of preparing surfaces for
receiving electro-deposits. Another disadvantage attributed to
arsenic is that it makes the useful action of the solution exceed-
ingly slow. On the other hand, it is claimed by Meurice! that the
presence of arsenic may be decidedly advantageous to an acid
pickle, since when present in suitable proportion it reduces the
consumption of acid while increasing the effectiveness of its work.

Laboratory of Applied Electrochemistry,
University of Wisconsin.

DISCUSSION.

Mgr. HeriNG: It occurred to me that there might be several
explanations of this action. What we generally term iron, is not
iron at all, but is a mixture of three things: iron, carbon and
carbide of iron; and one reason why it dissolves in sulphuric acid
is because those ingredients form electrolytic couples, causing
local currents. If that is the case, any arsenic in the solution will
probably be plated onto the carbon ; hence the local electrochemical
action which dissolves the iron, will be weakened by this change
of one :electrode from carbon to arsenic. This might be one
explanation. Whether arsenic will deposit on iron the way copper
does from copper solutions, I'do not know, but if it does, this
might be another explanation, as we know that if iron is placed
in sulphuric acid containing copper sulphate, it will at once be
covered with copper and will then be less rapidly attacked than
if not covered with copper.

The paper furthermore suggests to me that possibly this action
might be made use of advantageously in coatings for protecting
iron, that is, to protect iron against being attacked by rust or by
liquids; ‘it might be quite possible that the use of arsenic in
stuch protecting compounds would be effective.

1 Bull. de I’Assoc. Belge. Chimistes, 9, 343, abstracted in “The’ Metal Industry,”

Aug., 1903.
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OBSERVATIONS ON THE CORROSION OF IRON BY ACIDS.

By C. F. BURGESS8 AND 8. G. ENGLE,.

It is well known that the rate at which iron corrodes or
combines chemically with its surrounding medium depends upon
various factors, including temperature, pressure, nature of cor-
roding agent as to chemical composition and purity, speed with
which the resulting compound is removed from the corroding
surface, and the physical and chemical state of the iron itself.

Many features of scientific and technical interest have been
pointed out by investigators of this subject, and there has been
produced a large mass of scattered and fragmentary information,
ranging from the solvent action of various acids on the individual
metallographic constituents of iron alloys to the observations
of the pickler that the acid which he obtains from one manufac-
turer is satisfactory while that which he obtains under the same
name from another manufacturer is worthless.

It is the purpose to record here the results of a few observations
made in connection with a more extensive study of electrolytic
iron under a grant from the Carnegie Institution of Washington.
These observations deal mainly with the rapidity of solution of
several grades of iron in dilute acids.

The corroding mediums employed were normal solutions of
sulphuric .and hydrochloric acids, distilled water and chemically
pure acids being used. The solutions were kept at room tempera-
ture (about 22° C.) and during corrosion, additions of acid were
made to keep the solutions at a nearly constant content of free acid.

The several grades of iron which were compared included
electrolytic iron which had been deposited from a mixed sulphate
and chloride solution, the same iron which had been heated to
about 1,000° C. and allowed to cool slowly, soft sheet iron, low
in carbon, such as is used in the manufacture of transformer
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plates, and which are herein designated as transformer iron, a
temper steel, such as is used in the manufacture of knife blades,
and an ordinary grade of cast iron. Sample plates were prepared
from these materials, each having about 5 square inches of
surface area. The surfaces, prior to immersion in the acids, were
ground smooth on an emery wheel to give uniformity and freedom
from scale and impurity. The samples were weighed and
immersed for measured periods in the acid solutions, removed
therefrom and dipped into dilute sodium hydrate, rinsed in
hot water, dried and weighed.

The specimens were suspended in the solutions by means of
a grooved stirrup of hard rubber, and arranged in such manner
that the separate plates did not make contact with each other.

TaABLE I.

Loss in grams per square inch per hour. Solution-normal H,SO,
HOour. - « + v v vt v v v v v oy 18t. 2d. 3d. 4th. sth.* 6th.
Electrolytic . ., . . . ., . .0319  .2933  .4029 .4098 5137 .480§%
Electro, heated . . . . , . .0053 .0162 0088 o112 0063 .0078
Cast iron. . . . . . . .. .0758 .0947 .0737 .0373 .0335 .0525
Steel . . . . ... .. .. 0163 .0085 o703 .1I8I .II35 .0974
Transformer iron . ., . . . 0090 0136 .0028 .0074 0084 .008I
Hour. . . ... .. v o' 7th 8th. oth.+ 10th. 1rith, Average
Blectrolytic . . . . . .. 4284 .4221 .. - .. .3728
Electro, heated . . . . . . 0071 0067 .0084 .0I20 .,0I05 .0OQI
Castiron. . . . . .. ., 0638 0581 .0668 .0677 .0842 .0643
Steel . . . . . .. .. .. JII82  .1371  .I1344 .I153 .I396 .097I
Transformeriron. . . . . .0097 .0I04 .0l07 .0II2 .0I19 .0093

; Added 3.6 1g. H2804 per liter to replace that con‘sumed by iron.
" 4‘ “ ‘s " e (X} s “ " 13

Table I shows the relative rates of corrosion of the five samples
of iron for successive hours during the progress of the test.
The striking facts which are brought out numerically in this
table, and graphically in the curves plotted on Plate 1 are that
electrolytic iron in the condition which it possessed just as it was
taken from the tanks, corroded at a far greater rate than did the
other samples, about six times as rapidly as the cast-iron, four
times as rapidly as the steel, and nearly forty times as rapidly
as the transformer iron. It is also shown that the heat treatment
to which the electrolytic iron was subjected, conferred upon it
the property of resisting corrosion to a great degree, the heated
electrolytic iron dissolving at a hardly appreciable rate as com-
pared with the samples which had been unheated.
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As indicated in the table, the specimen of unheated electrolytic
iron was removed from the test at the end of the eighth hour,
this having been done on account of its having been practically
consumed. That this sample was acted upon far more vigorously
than were the others was shown by the rapid evolution of
hydrogen which proceeded from it.

In removing the test specimens from the solution at the end
of each hour, a certain amount of loosened material became
detached, except in the case of the electrolytic samples, which
remained smooth and bright; and to avoid any irregularities in
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the weight determinations which might result from this, duplicate
samples were again placed in normal solutions of the acids and
left for seventeen hours without disturbing. As regards rates
of corrosion in this test, the various grades of iron held the
same relations as they did in the first run, while in the hydrochloric
acid, the steel showed the least tendency to dissolve. The results
of this run are given in Table II. In this table are given also
the rates at which zinc of the grades known as “chemically pure”
and “commercial”’ were dissolved in sulphuric acid.
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TaBLE II.
Loss in grams per square inch per hour on a 17 hour run.

Ian normal H3804. In normal HCIL.
Electrolytic. . . . . .. e e s e e e . . 45758 .2146 g,
Electro, heated . . . . .. .. ... ... .0209 © .0083 "
Steel . . .. ... .. .. ... .0946 ‘¢ 0026 ¢
Castirom . . . .. ... ... e r e e e .0796 ¢ .1058 ‘¢
Trapsformeriron . . . . . . .. ... .. 0279 ¢ .0095 ‘¢
Zine, C. P. . - i e e e e e e 1410 **
Zinc, commercial . . . ., . .. .., ... .2607

It is a well-known fact that pure zinc dissolves in acids
much more reluctantly than does the less pure metal, this
phenomenon commonly being attributed to the influence of the
more numerous galvanic couples which are produced by the larger
number of particles of impurity in the latter grade of zinc.
Reasoning from this analogy, it would be natural to expect that
electrolytic iron, having a high degree of purity, as compared
with the other samples, would dissolve at a much slower rate.
The striking evidence that this is not the case is shown by the
above data and curves, and the remarkable chemical activity
of the electrolytic iron calls for explanation. From the fact that
electrolytic iron contains considerable quantities of hydrogen,
in an occluded or combined condition, it might be suggested
that we should look to the influence of this element as the cause
of this phenomenon. This view has for its support the observation
that upon heating the iron to a red heat, and thus driving off most
of the hydrogen, the corrodibility is decreased in a remarkable
degree.

It is the belief of the writers, however, that if hydrogen
produces an influence, it does so only indirectly, and that the
crystalline structure should be taken into account. Electrolytic
iron, as deposited from its electrolyte, assumes a marked crystalline
structure, as shown plainly not only by the microscope but also
to the unaided eye. The nature of this structure, as shown on
fracture, varies from needle-and-fern-like forms to a more dense
and compact condition, depending upon current density, com-
position of solution, and other factors. These structures disappear
upon heating to a bright yellow heat such as was used to drive
off the hydrogen, and an examination by the microscope shows
the iron to assume the form which is characteristic of that of



THE CORROSION OF IRON BY ACIDS. 5

a pure wrought iron, typical ferrite grains being plainly apparent.
Incidentally, it might be noted that this change in structure is
accompanied by marked.alteration in the physical properties, the
iron changing from a hard and extremely brittle condition to a
soft, tough state.

To determine whether the crystalline structure of electrolytic
iron has an influence on the rate of dissolving in_ acid solution,
two samples were chosen, one of which was coarsely crystalline,
deposited from a ferrous ammonium sulphate solution with a
small amount of ferrous chloride, and the other deposited from
a solution containing a larger percentage of chloride and which
gave a much more dense and fibrous deposit. The results are

given in Table III.

TasLr III.
LOss in grams per square inch per hour on a 17 hour run. Normal H,SO,.
Electrolytic iron, coarsely crystalline . . . . .. .. ... .. .4805 g.
Same irom heated . . . . . . . . . . ... 0685
Electrolytic iron, more denge . . ...l lololl. .3291 ¢
Sameironheated . . .. . ... . .. .. .. .. ... 0225 *

At the Bethlehem meeting of the American Electrochemical
Society, a paper was presented, dealing with the presence of
arsenic in sulphuric acid as influencing the activity of the acid on
iron. The various samples herein described were subjected to
a normal sulphuric acid solution which contained a small amount
of arsenic, and after twenty-two hours, the amount of iron
dissolved from all of the specimens was so small as to be
undetected, the electrolytic, as well as the other forms of irom,
becoming practically passive in the arsenical solution. 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 metal. While such coating was not
detected by the eye, the presence of arsenic was shown by the
following test: A strip of pure iron which had become passive
by the action of arsenic in sulphuric acid, was removed from the
solution and washed in running water for several hours. It
was then put into a Marsh’s Apparatus and acted upon by a
strong solution of arsenic-free sulphuric acid. The gases which
were evolved were delivered through a solution of silver nitrate,
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soon producing the characteristic black metallic silver precipitate,
caused by the presence of the arsenicuretted hydrogen gas. A
similar sample of iron which had not- been subjected to the
arsenical solution produced no black precipitate.

From the fact that an extremely small amount of arsenic in
the presence of iron can enable that iron to resist a corroding
influence as strong as that exerted by sulphuric acid, it is natural
to infer that this element might be employed in protecting iron
from atmospheric and other corroding influences.

In studying the influence of arsenic on steel, Mr. J. E. Stead
found? that arsenic, instead of being the enemy of the steel maker,
as had been commonly assumed, might, in fact, under certain
conditions, be his friend, in imparting desirable properties to low
carbon steels. Among other observations, he noted that in iron
wires containing from .I1 per cent. to .21 per cent. of arsenic and
carbon from .10 per cent. to .4 per cent., the corrosion by sea water
was materially lower than in wires of similar composition, but
with lower amounts of arsenic. He says: “Oxidation is retarded
by the presence of small quantities of arsenic.”

We have not found references to additional work along this
line, and in view of the great importance of continued study
on the corrosion of iron, and the possibility of using arsenic as
a means of imparting greater durability, a further study of the
influence of this element seems warranted.

To determine whether electric potentials of iron, with its
corroding electrolyte, has any relation to its tendency to corrode,
the contact potentials of the various specimens used in this
investigation were measured by the use of the normal calomel
electrode, the value of which is assumed as —.56-volt. The
results of these observations are given in Table IV. The electro-
Iytic iron is placed at the head of the list according to these
measurements, as it is also at the head of the list arranged
according to the rate of solution. On the other hand, the arrange-
ment of the other samples is not similar, and, consequently, we
cannot assume that the single potential is anything more than
a rough guide in suggesting tendency to corrode. It is interesting
perhaps to note that all the specimens assumed a more electro-
negative potential in the arsenical solutions than in the others.

1 Journal of the Iron and Steel Institute I, p. 96. (1895),
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TaBLE IV.
Single potentials of metals. (Calomel electrode == —.56) at 24° C,
n. FeSO, . n, HySO4
n. H,;S04 (neutral) (with arsenic)
Electrolytic iron . . .0476 volt, 1164 volt. —.073 volt.
Electrolytic iron heated .0270 * .1056 ¢ —.146 ¢
Transformeriron . .. —.0183 ¢ .1028 ** —.156
Castiron .. .. ... —.045 0518 ¢ —. 115 ¢
Steel . . .. ... .. —.062 ¢ .0303 * S —a36 ¢
CONCLUSIONS.

That the rate at which an acid dissolves iron depends largely
upon the elements with which the iron is associated does not
need the confirmatory data here given to establish its truth. It
is well known that the various metallographic constituents of iron
and its alloys resist in differing degrees the attack of acids, and,
consequently, different grades of iron show differences of
durability.

That the percentage of purity is not the controlling factor
is here shown by the observations that the heated and unheated
specimens of electrolytic iron, essentially the same as far as
chemical composition is concerned, exhibit the widest possible
variations in rate of solution.

The crystalline or granular structure of iron seems to influence
rates of corrosion in a marked degree.

The rapidity with which unheated electrolytic iron liberates
hydrogen in a dilute acid solution suggests a useful application
of this material in the production of pure hydrogen by replacing
zinc, which is now commonly used. From Table I, it is observed
that from equal surfaces of exposed metal, electrolytic iron
liberates hydrogen about four times as rapidly as does pure zinc,
and twice as rapidly as the commercial grade.

Another advantage in the use of electrolytic iron in hydrogen
generation lies in its higher purity and the consequent increased
purity of the resulting gas, as compared with that which is
obtained from zinc. One pound of iron produces 16 per cent.
more hydrogen than does one pound of zinc, and if a sufficient
demand for iron for this purpose should arise, it could be supplied
at a cost materially less than that of zinc.
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Traces of arsenic are shown to exert such.a marked influence
in protecting iron from the corroding action of acids that the
employment of this element for protection against ordinary
corrosion appears worthy of further investigation.

While the measurement of electric potentials of iron against
corroding agents seems to afford some indication as to the
rapidity with which it will become attacked, it does not seem
possible to establish definite relations between electric potentials

and corrodibility.

Laboratory of Applied Electrochemistry,
University of Wisconsin. ‘ e
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MAGNETIC PROPERTIES OF ELECTROLYTIC IRON.*

BY C. F. BURGESS AND A, HOYT TAYLOR.

Iron which has been deposited electrolytically from an aque-
ous solution is not necessarily a definite product, but varies
in chemical composition and physical constitution, depending
upon the adjustment of the various factors which govern the
deposition. High purity is a property frequently ascribed to
electrolytic iron, and it is probably a fact that by no other means
can iron be purified to as high a degree as is possibleé by the
electrolytic method. It is safe to say that absolutely pure iron
has never been produced either electrolytically or by any other
method.

The incentive which has led to a large amount of work on
the electrolytic refining of iron is the need of a material of a
high degree of purity to serve as a basis for the study of iron
and its alloys. Until comparatively recently electrolytic iron
has, however, been something of a curiosity due to the difficulty
of depositing it in anything but thin layers. Several years ago
an investigation was undertaken in the applied electrochemistry
laboratory of the University of Wisconsin looking to the pro-
duction of electrolytic iron in large quantities, and as a result
it has been demonstrated that iron may be refined at a rate
and a cost comparable to that existing in electrolytic copper
refining. A further investigation of the production and prop-
erties of electrolytic iron and of various alloys made from it,
has been made possible by a grant from the Carnegie Institution
of Washington and while working under this grant, nearly
one ton of electrolytic iron has been produced, and plates one
inch in thickness and weighing 75 lb. have been made. In
following the question of a large scale production, particular

¥Owing to the late date at which the manuscript of this paper was
received, it has been put in type for use of members at this meeting
without thorough review.—The Editing Commitice.]
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attention was not given to the matter of purity, and as a result
the iron which was produced did not equal the best grades of
iron obtained on the market. Marked improvement has been
made recently, the following analyses for which acknowledge-
ment is made to Mr. Andrew A. Blair, showing something of

the degree of purity obtainable.

No. 1. No. 2.
Sulphur............None. 0.0019,
Silicon.............0.0139% 0.003%,
Phosphorus......... 0.0049%, 0.0209%,
Manganese......... None. None.
Carbon............ 0.0129;, 0.0339%
Hydrogen..........0.0729 : 0.0839,

It may be noted that hydrogen is present in an amount
greatly exceeding all the other impurities combined, and it is
to the presence of this element that the characteristic properties
of electrolytic iron are usually ascribed. It is well known that
electrolytic iron as taken from the depositing solution is usually
hard and brittle, and to such a degree that it may be crushed
to a powder. Upon heating to a temperature of about 1000°
cent. and upward, it becomes soft and malieable.

The exact cause of this remarkable change of physical prop-
erties is not clearly apparent, though since some hydrogen has
been observed to be given off during the heating operation, a
relationship has been held to exist between the hardness of the
iron and the hydrogen content. Some doubt is cast upon the
existence of such relationship through the fact that similar
amounts of hydrogen have been found in soft electrolytic iron
which had been fused and in hard brittle iron before fusion,
and the question is one calling for further investigation.

It is well known that the magnetic properties of electrolytic
iron are altered to a great degree by heat treatment, and it is
the purpose of an investigation now under way to establish
the relationship between coercive force, permeability, hys-
teresis constants, etc., and the temperature at which the iron
is heated. This paper is intended only as a short preliminary
report on work which has been under way for some time, but
which owing to difficulties encountered in depositing and
machining of the samples to be tested, has made but slow
progress. A ‘ '

To prepare the test specimens necessary for the Rowland
ring method of magnetic measurement, plates of electrolytic
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iron about one inch in thickness were deposited from a ferrous
sulphate solution slightly acidified, containing also a small
amount of ammonium sulphate. This deposition required about
eight weeks. The resultant plate was ground smooth, and the
ring was made from it by drilling and grinding, care being
taken to prevent the metal from becoming heated. The first
ring had to be rejected on account of a crack which developed
init. The first one upon which the measurements here described
were made, had an average radius of 4.34 cm. and a rectangular
cross section 1.158 cm. by 1.278 cm.

The primary winding of No. 18 wire was chosen to give a
field strength of 20 dynes per ampere of primary current, and
the secondary winding had 350 turns of No. 26 wire.

A Rowland D’Arsonval galvanometer whose calibration curve
was accurately known, was used ballistically in obtaining the
first hysteresis curves by the step by step method. The cali-
bration curve of such a galvanometer is generally not a straight
line, and this fact, combined with the change of the logarithmic
decrement with various external resistances renders the com-
putations somewhat laborious, since the factor of reduction
depends on the size of the deflections and on the total sec-
ondary circuit resistance. It has the advantage of having a
definite control, not depending on the earth’s magnetic field,
and for this reason has tempted many to use it in connection
with ballistic methods for magnetic induction. Unfortunately
in many cases the instrument is assumed to have a coustant;
that is the factor to change from deflections to inductions is
taken the same for all deflections. This is certainly not the
case in many instruments of this type. .

Later on in this work the Rowland galvanometer was discarded
and a Nalder instrument of the suspended astatic needle type
was used. This was provided with a thick laminated iron
shield to exclude external magnetic disturbances, and proved
to be very satisfactory. The‘logarithmic decrement, or damp-
ing factor, was so small, even on closed circuit, that it could
be neglected, and it was therefore not necessary to calibrate
it with a standard solenoid, but rather with an Elliot condenser
and standard cell’

One of the principal difficulties encountered was the elim-
ination of errors due to magnetic viscosity. This is the slow
but very appreciable change of magnetic induction which
takes place some time after the change in field has been made,
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and hence is not taken account of in the galvanometer deflec-
tion. Thus an additive error is introduced in the step-by-step
method, depending on the number of steps made. We very
early discovered that the maximum induction as determined
by this method did not agree with that obtained by the method
of reversals, and much time was spent in running down the
discrepancy, which is by no means peculiar to electrolytic iron.
In fact this part of the work is the subject of a separate report
by one of us, to be published a few months later. Suffice to
say here, that the additive errors due to viscosity may be elim-
inated by the following modification of the step-by-step method.

The primary P of.the test ring (Fig. 1) is connected through

S

Fig. 1.

the reversing switch €, and the single pole switch S, with the
storage battery and ammeter A. The storage battery is con-
nected with a sliding contact wire rheostat, 7, through the two
switches S, and S,, which have flexible leads with clips which
can be attached to the rheostat at any desired point, The
secondary of the test ring is connected through the resistance
R,, the switch S,, the reversing switch C, and the control coil
K with the galvanometer G. This is the same scheme of con-
nections used in the ordinary step-by-step method. The
modification lies in the method of procedure, which for that
part of the hysterises curve between saturation peoint and re-

tentivity point is as follows:
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S, is connected to the rheostat in such a position that the
primary current is sufficient to produce a saturation field.
S, is then connected at such a point on the rheostat that if
S; were open a primary current would flow corresponding to
any desired field less than the saturation field. At the end of
any observation the switches will be in these positions: S,
closed, S, closed, S, open, S, closed. For the next observation,
the procedure is as follows:

Open S,. Set S, for the next primary current desired, cor-
responding to a field less than for the previous observation.
Close S, bringing the iron to saturation point. Close S, and
bring the galvanometer to rest with the control coil K. Then
finally, open S,, observing the galvanometer throw. This gives
the change in induction from saturation point to any desired
lower field, and the method is the same for all points between
saturation point and retentivity point.

For the points between retentivity and negative saturation
the induction changes are reckoned from the retentivity point,
and the switches at the end of an observation will be in the
same positions as for the first case. For the next observation
the procedure'is as follows: Open S,. Set S, for the next
primary current desired. The induction will have some value
such as at X on the largest curve, Fig. 2. Reverse C,, and
close S,, bringing the iron back to saturation point. Open S,,
bringing the iron to retentivity point. Reverse C, again.
Close S, and bring the galvanometer to rest. Close S,, and
observe the deflection of the galvanometer. This gives the
change in induction from retentivity point to any point such
as X. The method is the same for all points as far as negative
saturation. The other branch of the curve is done in the same
way. It takes nearly twice as long to run a curve by this
method as by the step-by-step method, but the errors due to
magnetic viscosity are practically eliminated.

Curve 1, Fig. 2, was not obtained by this method, as we were
not at first aware that the magnetic viscosity existed to any
serious extent in the electrolytic iron. The values of B are
probably several per cent. too low, but the curve shows several
rather remarkable properties. The iron is evidently very
hard, as indeed, its other physical properties show. The
coercive force is 18 dynes, and the retentivity 10 000. This
would have come a little higher had the viscosity error been
eliminated. It seems that the field of 210 dynes does not
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saturate the iron, although it carries the induction to the high
value of 21 250. At the same time there is relatively little
area added to the hysteresis loop by running the field so high.

It is known that heating causes the liberation of hydrogen
from electrolytic iron, the evolution beginning at comparatively
low temperatures and increasing as the temperature is raised.
The test ring was heated for several hours at a temperature
of 200° cent., and magnetic tests again made. These gave a
curve almost identical with the first, and showed either that it
is not the hydrogen in itself which contributes to the magnetic
properties of electrolytic iron or that the amount of hydrogen
liberated was not sufficiently great to materially alter the

- magnetic measurements.

The ring was then unwound, embedded in magnesium oxide,
and heated for eight hours at about 1 200° cent. In this pro-
cess a small portion was corroded on one side, necessitating
the turning down of the ring, and hence a different choice of
windings. The ring was found to be much softer than at first,
and on being tested with the step-by-step method, gave values
for the magnetic induction 179, lower than those obtained
by the method of reversals. As explained earlier in this paper,
this was traced to magnetic viscosity, and a modified ballistic
method was devised to eliminate the error. The dotted curve
we obtained by this method, and comparison with the large
curve shows that a tremendous change had taken place with
the heating at 1200° cent. The iron is now in the condition
of a rather soft steel, with a coercive force of about 2.5 dynes,
a retentivity of 12 500 and a large amoun