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Executive Summary

Over the course of the past couple decades, increased concern has grown on the topics
of climate change and energy consumption, focusing primarily on carbon emissions. With
modernization of countries like India and China, there are no signs of slowing of global carbon
emissions and energy usage. In order to combat this, new more efficient power conversion
cycles must be utilized. The s-CO, Brayton cycle promises increased efficiency and smaller
component sizes. These cycles will push the limits of current high temperature materials,
and must be studied before implementation is made possible.

A large collection of high temperature COs corrosion research has been reported over the
last thirty years. While many of the studies in the past have focused on corrosion in research
grade (RG) (99.999%) and industrial grade (IG) (99.5%) CO., very few have focused on
studying the specific effects that impurities can have on the corrosion rates and mechanisms.
The work described in this document will lay the foundation for advancement of s-CO,
corrosion studies.

A testing facility has been constructed and was designed as an open flow s-CO5 loop with
a COs residence time of 2 hours. This facility is capable of heating up to 750°C at pressures
up to 20 MPa. Instrumentation for measuring oxygen and carbon monoxide were added to
make measurements both before and after sample exposure, for the duration of testing.

Testing of both model and commercial alloys was conducted for temperatures ranging
from 450-750°C at 20MPa for 1,000 hours. The effect of the partial pressure of oxygen (pOs)
was studied by adding 100ppm of O to RG COs during testing. The activity of carbon (a¢)
was studied by adding 1%CO to RG CO,. Each environment greatly altered the mechanisms
and rates of oxidation and carburization on each material exposed to the environment.
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Chapter 1

Introduction to s-CQO, Corrosion

1.1 Motivation for Studying s-CQO,; Corrosion

Over the course of the past few decades, increased concern has grown on the topics of climate
change and energy consumption, focusing primarily on carbon emissions. Many estimates
show that the global energy usage could increase by 69% by 2040 [1]. While some of the
developed countries of the world have shown slight decrease in carbon emission, the push
for modernization and increased standard of living in much of the developing world (India,
China, and Africa) has set in place a large rise in energy demand, observed in Figure 1.1.
This rise in demand is coupled with a staggering increase in carbon emission as regulations on
pollutants are not as strenuous in many countries. The recent world-wide pledge of limiting
the global temperature increase to 2°C will only be possible if many different pathways are
utilized. One major contributor, which maintains a positive economic impact, is increasing
the efficiencies of current power production [2]. Conventional steam Rankine cycles have
been pushed to their efficiency limits (Figure 1.1), and in order to obtain the jump in
efficiency that is required to make the biggest difference, other cycles in power conversion
must be explored [3]. This recent push has fueled both research and implementation of the

Supercritical Carbon Dioxide (s-CO3) Brayton cycle technology.
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Figure 1.1: Global carbon emission based on country (Left) [4],[5], and maximum plant
efficiency for Rankine Cycle (Right) [1].

1.2 s-CO; Brayton Cycle Background

The s-CO, Brayton Cycle utilizes carbon dioxide (COs) as the working fluid for power
conversion. A supercritical fluid is described simply as a phase that contains properties of
both liquid and gas. The duel nature of the properties of supercritical fluids is why they
are so beneficial for efficiency gains in power plants. Once a fluid reaches the critical point,
only decreasing either the pressure or temperature can convert it back to a gas or a liquid.
Supercritical fluids take the shape of the container and are compressible much like a gas, but
the density is substantially higher than the gas phase, and is much more similar to that of a
liquid [6]. The phase diagram for CO, is given in Figure 1.2. The temperature and pressure
region for the supercritical phase is also labeled.

The critical point is reached when CO, is heated to temperatures at or greater than 31°C,
at a pressure exceeding 7.4MPa. This is considerably lower than waters critical point of 374°C
and 21.8MPa [6]. The density of supercritical fluids changes very rapidly with temperature
unlike gases and liquids. These rapid density changes near the critical point directly correlate
to higher cycle efficiencies. The density as a function of temperature for several isobars for

s-COs is shown in Figure 1.3. The compressibility (volume changes with pressure) of s-CO4
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Figure 1.2: Phase diagram of CO, showing supercritical region [7].

also leads to significantly smaller turbine sizes which reduces initial investment costs. A

comparison of the different turbine sizes is shown in Figure 1.3 as well [8].

Steam turbine: 55 stages / 250 MW
ishi Heavy Industries Ltd, Japan (with casing)
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2
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200 X.L.Yan, LM. Lidsky (MIT) (without casing)

X Supercritical CO, turbine: 4 stages / 450 MW (300 MW,)
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Figure 1.3: Density as a function of temperature for CO5 in the supercritical phase (Left)
[9], Turbine size comparison between Steam Rankine and s-CO4 Brayton Cycle (Right) [8].

A large amount of research has been completed to accurately predict the efficiency of
the s-CO, Brayton Cycle using these fluid properties. The efficiency of both Rankine and

Brayton cycles are shown in Figure 1.4. [10]. Both s-CO; and helium Brayton Cycles are



plotted. Also given in Figure 1.4 is a TS diagram for a modeled configuration operating at
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650°C [10].
60% - i Low Temp 200 MW Heat Source
700 - o Rlecuperator Net Output Turbine = 100 MW
S-CO2 efficiency n=50% Tuksi
at 650 C ~47% ufoine
50% - S 600 1 A
—_ Reactor Heat o v
B.?_ aa‘"(;[n leal a20hgls
- 40% 1 500 1 ~ 5
2 e &3 &
@ £ 400 1 R A 1
© 30% A 1 = High Temp
= I *“—" Recuperator
b % 300 1 e
2 20% - 2 a,l%g ~,
o 2
1t/1c rec He Brayton h A5y, Sy
oy —SCSF CO2 Braylon 200 Compressors 2 D Constant
] 3t/6c IH&C He Brayton — Low T Pi Ci
10% — Rankine cycles 100 1 L\m H:ctp;;qgr ressure Bnvps
—-—-today's efficiency levels 2 o) X
ég;ﬁ:ln:: 100 MV‘——-”Q\:M Split Flow
0% T T T T T T T 0l=—""1 2% Heat Rejection |
200 300 400 500 600 700 800 900 1000 1 1.5 2 25 3
Source Temperature (C) Entropy (kJ/kg K)

Figure 1.4: Cycle efficiencies for different temperature regimes (Left), TS diagram for
split flow s-CO4 Brayton Cycle (Right) [10].

It is observed that at lower source temperatures (<450°C), the traditional steam cycle
is more efficient. Once temperatures exceed 450°C, the s-CO, cycle dominates in cycle
efficiency. This is a very important aspect of these new cycles because it shows that very
high temperatures and pressures are needed to achieve better efficiencies compared to the
steam Rankine Cycle. The high temperature (450-750°C) and high pressure associated with
the COy Brayton cycle (~20MPa) make it an ideal candidate for nuclear applications, as
current Boiling Water Reactors (BWR) and Pressurized Water Reactors (PWRs) operate
at similar conditions. In fact, the use of CO5 has been implemented in the past as coolant
for MAGNOX reactors in Europe since 1956 [11]. These reactors were operated at much
lower temperatures (typically <400°C). The real utility in use of COy is pushing higher
temperatures and pressures, which in return has a direct impact on the materials that can
be used. Not only does the mechanical strength fail significantly for most alloys at these
temperatures, but the corrosive behavior of CO; in the conditions must be considered [8, 10,

12).



Chapter 2

Literature Review/Background

Many texts have been produced on high temperature corrosion. The drive for this research
stems from a range of applications from high temperature oxidation of power conversion
cycles to combustion processes. An extensive background on literature pertaining to general
high temperature corrosion will be provided in this section. A vast majority of the infor-
mation presented in this chapter will be a combination from the texts: “High Temperature
Oxidation and Corrosion of Metals” and “ASM Specialty Handbook, Heat Resistant Mate-
rials” which covers a large portion of the basics of corrosion specifically in high temperature

environments [13, 14].

2.1 High Temperature Corrosion

High temperature oxidation can refer to many corrosion pathways that occur at “elevated
temperatures.” The term “high temperature” or “elevated temperature” will be used in this
report as anything exceeding 400°C. While many techniques have been developed for analyz-
ing corrosion, they can be condensed in to two major categories, thermodynamic modeling,
and experimental kinetic data. An introduction and discussion of these two categories will
be completed in the following sections. The research conducted for this document focuses
only on material exposure in CO,, which only donates either oxygen, or carbon to react
with the metal constituents. Therefore, oxidation and carburization will be the primary
reaction pathways despite the importance of sulfidation, nitridation, or hydriding on general
corrosion. Since the focus is on high temperature environments, emphasis will be placed on
materials that have been proven in other extreme conditions, more specifically, alloys which

produce a protective chromia layer.



In the most general case of oxidation, oxygen reacts with elemental metal to form an

oxide. This is shown in Equation 2.1.
x 1 1
-M + —02 — —MxO 2.1

Despite the simplicity of the above equation, many other processes must occur for this

to happen. A more detailed explanation for the oxidation process from [13] is as follows:

Mass transport of oxidizing agent to scale-gas interface

Diffusion of oxygen into the scale

Diffusion of metal from alloy to alloy-scale interface

Incorporation of metal into scale

Diffusion of metal or oxygen through scale

These steps show that while Equation 2.1 might be thermodynamically favorable, many
other steps must occur for the reaction to proceed. In fact, these other steps can greatly
effect the kinetics and thermodynamics of the system specifically the oxidation/carburization

processes.

2.1.1 Oxidation Thermodynamics

Thermodynamics of oxidation are used to predict the possibility of reaction, reaction se-
lection, and potentially mechanisms of each reaction. Thermodynamics are based on the
elements and compounds and do not reflect the rates in which the reactions occur. In oxida-
tion, typically these equations will be dependent on the partial pressure of oxygen/activity

of oxidant, and the Gibbs Free Energy of the reaction of interest. Each of these factors can



be calculated from known quantities. Partial pressure of oxygen (pOs) or activity of carbon
(ac) can be calculated from the initial environmental chemical equilibrium. An estimate of
these values can be caluclated at the metal-oxide (M-O) interface as the phase equilibrium
between chromium and chromia (Cry03). The exact pOy and a¢ through the oxide becomes
much more difficult to calculate, but must lie between the two boundary conditions. The
Gibbs Free Energy for reactions can be typically found or calculated from literature. To il-
lustrate the difference between thermodynamics and kinetics, an example Gibbs Free Energy

diagram has been plotted in Figure 2.1.

Activation energy

Megative AG
Exergonic

G (kJ/mol)

—— Reaction Coordinate —==

Figure 2.1: Gibbs Free Energy diagram for an exothermic reaction [15].

Figure 2.1 gives an example of an exothermic reaction, meaning that energy is produced
during the forward reaction while converting reactants to products. Exothermic reactions
have a negative AG, and are favorable for the forward reaction (spontaneous). The AG
plotted above is calculated using the enthalpy, temperature and entropy of each of the
compounds in the reaction. The values for enthalpy and entropy are stored in tables, and
can be looked up for all reactions as a function of temperature. Ellingham diagrams use AG
values to calculate equilibrium conditions for oxidation reactions as a function of temperature

and pO,y, which can be a good tool in determining which reactions occur. An Ellingham



Diagram is not given in this section because more focused calculations specifically for this
research were completed and listed in Chapter 4 and Appendix B.

Thermodynamic data is typically used to predict reaction products and phases resulting
from multicomponent systems. Treatment of phases and components can be predicted using
the phase rule shown in Equation 2.2. This rule uses the composition and the number of
phases present to predict the degrees of freedom in the system. This is incredibly powerful
when considering pure metals, binary or ternary alloys exposed to isobaric, and isothermal
conditions. If pure iron is exposed to oxygen at constant temperature and pressure, the
phase rule in Equation 2.2 must hold true (the +2 goes to 0 due to isothermal and isobaric
conditions) with composition (C=2). This shows that the number of phases present dictates
the degrees of freedom in the stoichiometry of of the oxide. If two phases are present in the
phase diagram, a stoichiometric oxide is formed, if only one phase is present, a univarient
composition occurs. The phase diagram as well as a cross-sectional image of iron oxide is
given in Figure 2.2. This univarient composition causes concentration gradients throughout
the oxide, which drives diffusion of ions, and further grows the scale. The two phase regions
do not have this gradient, and therefore does not promote diffusion, and inhibits growth in

the two phase region. This can be observed by the sharp interfaces between the oxide layers.

F=C—-P+2 (2.2)

A phase diagram for Cr-O-C system at 900°C is plotted in Figure 2.3 as well as the
diffusion schematic of a similar system. The oxide is shown to be more stable than the
carbides, and only in very low oxygen potentials can carbides form. It was therefore believed
that carbides could only form in CO/CO, systems or other mixed environments due to the
very low pOsy. The carbides are usually deposited in the base material where the partial

pressure of oxygen is at its lowest. Since this figure is given at 900°C, calculations were done



to produce volatility diagrams using the conditions that will be tested for this research, and

can be found in Chapter 4, and Appendix B.

an o n ] 0

Fed FagOy Fey0y

Figure 2.2: Oxide layer grown on pure iron with phase diagram showing application of
the phase rule [13].
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Figure 2.3: Chromium-oxygen-carbon volatility diagram at 900°C (Left). Schematic of
oxygen and carbon activity throughout the scale and base material (Right) [13].

2.1.2 Reaction Kinetics

Kinetics dictate how fast the reaction occurs, and are just as important to corrosion as ther-
modynamics. An example of this is presented in Table 2.1, which shows the relative speeds
of oxidation for several pure metals. This data shows that iron is much more susceptible
to attack, and grows an oxide hundreds of times thicker than chromium when exposed to
the conditions presented in Table 2.1. This type of analysis is near impossible to determine
without experimental work. This is because the rate of the reaction is controlled by the
activation energy, which was given in Figure 2.1 above as AG dagger. Unfortunately, the
amount of energy needed for the reaction to occur (AG dagger) cannot be easily calculated
using basic principles. Some computational models such as DFT modeling can attempt
to predict AG dagger, but usually multicomponent systems such as oxidation of commer-
cial alloys is nearly impossible to calculate, and experimental work must be done to obtain
accurate information on the reaction rate. Fortunately, a significant amount of work has
been completed on oxidation of pure alloys, binary alloys, and commercial alloys in many

environments which can be applied/compared to s-COy systems.



11

Table 2.1: Metal oxide thicknesses grown at 800°C for 100 hours in pOs=1atm [13].

Metal Scale thickness (mm)
Fe 11

Ni 0.01

Cr 0.003

Al* 0.001

*Measured on Ni-50Al

Reaction kinetics are closely related to the diffusion of ions or oxygen through the scale
as long as gaseous transport to the material is not limiting. A good model for ion and oxygen
transport throughout the scale is given by Wagner’s Theory of Oxidation. One of the core
assumptions of this model is that either the oxygen or ion transport through the scale is the
limiting kinetic step in the oxidation process [16]. This means that after the initial surface
is oxidized, the rate of reaction is controlled by diffusion of either ions through the oxide
to the oxide-gas interface, or oxygen diffusion to the metal-oxide interface. In either case,
the governing differential equations are commonly solved to the parabolic form for oxide

thickness (X) as a function of time (t) and rate constant (k,) given in Equation 2.3.

X% =2kt [em?/s] (2.3)

Many oxides grow based on parabolic kinetics in idealized situations, including iron,
chromium, and aluminum. Equation 2.3 shows that the reaction slows down as the square
root of time. This is because the oxide thickness is increasing, and therefore increases the
diffusion path length which slows the limiting step in the process. The only unknown from
the above equation is k, which is the parabolic rate constant. This constant can be predicted
using diffusion models, but typically mass transport through oxides are magnitudes higher
than the predicted values due to defects in the crystalline lattice. This is another reason

why experimental data is almost always used to calculate reaction rates.
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Experimental data takes a large amount of time to acquire,and therefore, it is usually
valuable to take existing data, and extrapolate out to longer times (Equation 2.3) or different
temperatures. Temperature extrapolation for oxide growth uses the Arrhenius Equation
2.4. Table 2.2 gives data for the other constants in Equation 2.4 for pure iron, nickel, and

chromium oxides.

0

X

k, = koexp'®) (2.4)

Table 2.2: Parabolic rate constants and activation energies for typical oxides grown in air
at elevated temperatures[17, 18, 19].

Kp,1273k [szls] Q [kg/mol] K 1023k [szls]

Fe: 2E-08 164 3.8E-10
Ni: 1.4E-12 120 8.7E-14
Cr: 1.3E-13 243 4.6E-16

Since chromium is the primary added alloying element for corrosion resistance at the tem-
peratures that this research focuses on (< 1000°C') it is important to compare the parabolic
rate constants from the literature to the results of these experiments. Using Equation 2.4,
kp 50 = 4.621071%cm? /s. The constants in Table 2.2 were found in pure oxygen at 1000°C,
so some variation in rate constant is expected when comparing to COy corrosion.

It is also important to mention that the partial pressure of oxygen (pO,) also has a large
effect on the corrosion kinetics. While the exact magnitude for each alloy is difficult to
determine due to reasons mentioned previously, a very large difference in corrosion rates is

typically observed when the pO, is altered.

Pilling-Bedworth (PB) Ratio

One way to determine if an oxide forms a protective scale is to calculate the Pilling-Bedworth

(PB) Ratio [20]. This ratio compares the amount of metal lost to the oxide gained shown



13

in Equation 2.5. The volumes correspond to the oxide thickness (X) and metal loss(X ).
Each of these values is calculated using Equations 2.6, and 2.7 from the weight change (AW),
area of flat sample (A), the molecular weights of the metal and oxide (MW), The density of
the oxide and metal (p,. ), and the stoichiometric components of the oxide (x,y) given in

Equation 2.1.

Rpp = == (2.5)

AxWyxx AW

MetalLoss : XM = T *— (2.6)
M A

OzideThickness : X = Woa * aw (2.7)
16pozy A

Typical values for the PB ratios for FeO, FeyO3, FesOy, NiO, AloO3 and CryO3 are
given by 1.69, 2.14, 2.10, 1.68, 1.29, and 2.00 respectively [21]. Usually, PB ratios over two
means that the oxide will chip off, and is not protective (Fe3Oy, FeaO3). PB ratios under
1 usually means that the oxide is too thin, implying volatility, or cracking occurred, and is

not protective. Finally a PB ratio between one and two indicates a protective scale (NiO,

Aleg, CT’QOg).

2.1.3 Thermal Expansion Mismatch

Thermodynamics and kinetics produce a good explanation for why and how the oxide is
formed, and are directly related to how corrosion effects the underlying material. One of
the concerns during oxidation is metal loss, and the resulting detrimental effects on the
mechanical properties of the material. Metal loss occurs as the material is oxidized, and

can be rapidly increased if oxide exfoliation (spallation) occurs due to the removal of the
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protective oxide layer. Exfoliation of the oxide usually occurs due to stress build up between
the base material and scale interface. This stress can be caused by growth of the oxide, oxide
growth on curved surfaces, environmental stresses (flow), and temperature trainsients (due
to differences in thermal expansion coefficients). The last example is the most important
for the current research as typically thin oxide scales are grown on flat surfaces, and in
quasi-static conditions, but are subject to temperature changes during testing intervals.
Since the oxide is grown at high temperatures, cooling the system will cause the oxide and
metal to contract at different rates and magnitudes, this is given by the thermal expansion
coefficients for each constituent, and can be very different for some oxides compared to the
base alloy. Typically, values for the metal alloy are larger than that of the oxide, which
compresses the oxide as the system cools. Table 2.3 gives the thermal expansion coefficients

for common alloys and typical oxides.

Table 2.3: Thermal expansion coefficients for select oxides, base material, and alloys

[22, 23, 24].

Material 102(}21_860 T (°C)
Fe 15.3 0-900
FeO 15 400-800
FeO 12.2 100-1,000

Fe,Os 14.9 20-900
Ni 17.6 0-1,000
NiO 17.1 20-1,000
Cr 9.5 0-1,000
Cr0; 7.3 100-1,000
Cr0; 8.5 400-800

Alloy 800 16.2-19.2 20-1,000

It can be observed that the mismatch between chromia and nickel is less than the differ-
ence between chromia and alloy 800H, which could be one reason why exfoliation of oxide

is more readily observed on austenitic steels (such as 800H) over nickel based alloys. If the
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oxide stays adherent on the surface, other stress relief mechanisms can occur. The stresses
can cause creep and plastic deformation of the base material underneath the oxide, which de-
forms the grain structure, and shape of the material. This is also detrimental to application

purposes.

2.1.4 Ion Depletion and Void Formation

Diffusion of the oxidizing elements plays a very important role in scale formation. There are
many different situations which can arise as the oxidizing elements diffuse towards the sur-
face, and eventually bonds to oxygen to form the scale. For example, alloys with very dilute
amounts of chromium will form less stable oxides if the chromium in the base material is not
able to replace the amount being oxidized. This situation also relies on excess oxygen near
the surface to react with chromium. The diffusion of chromium is primarily substitutional
with the nickel matrix, or vacancy diffusion. This means that as the chromium is used, it is
expected to see a depletion of chromium near the metal-oxide interface, and an increase in
nickel concentration. This is sketched in Figure 2.4. It is important to note that if diffusion
through the matrix is fast compared to the oxidation rate, no depletion is observed.

Ion depletion can be studied by looking at the ratio of the oxidation rate to the diffusion
coefficient of the particular oxidant (k./D). The value of k./D is considerably larger for Ni-Cr
alloys compared to Fe-Cr alloys meaning that the depletion should be higher for nickel alloys.
Ni-Al has the lowest, and usually no depletion is observed for these alloys. The enrichment
of nickel and depletion of chromium is also subject to increases in vacancy concentration
as the scale is formed. If enough vacancies coalesce, voids can form directly beneath the
oxide-metal interface. This is a very general explanation of the Kirkendall Effect, and has
been observed in many oxidation studies. Voids near the oxide metal interface have been

observed to increase spallation rates of the oxide. In other cases, voids have been theorized
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Figure 2.4: Concentration profile of binary alloy showing depletion of oxidizing element
near scale surface [13].

to create micro-environments through diffusion of the gaseous elements which leads to either
internal oxidation, or carburization beneath the oxide [25, 26]. This typically occurs near

grain boundaries where diffusion is fastest.

2.1.5 Carburization

A majority of the discussion thus far has been about oxidation of alloys. COs can also donate
carbon during the corrosion process. It was discussed previously that carbides were not
thermodynamically favorable in the pure COy mixed environment (Appendix B), but many
reports and studies have shown otherwise [26, 27]. The evidence of carburization indicates
that the partial pressure of oxygen must drop several orders of magnitude throughout the
oxide which is predicted be Wagner’s Theory. The resulting carbon activity must also reach a
high enough point before carbides will form. It has been theorized that micro environments

beneath the scale cause complete reduction of COs to leave high carbon activity zones
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specifically along grain boundaries and other high diffusion pathways [26]. This has been
studied in great detail for 9-12%Cr alloys. An example is given in Figure 2.5 where 200

microns of the base material has been carburized.

Outer Fes0y/Fes 0y layer Outer Fey, Cr, 0y layer

Orriginal steel surface

—_—

Carburised zone

Figure 2.5: Carburization zone of 12% Cr steel exposed to CO5 at 550°C for 5000 hours
at 200 bar [26].

Very little carburization has been observed for nickel based superalloys exposed to pure
CO,. This is most likely be due to slower reaction rates, and the mechanistic differences in
oxide formation. Carburization is very concerning in Fe-Cr alloys as the effected region has
been shown to be up to 10 times larger than the oxide that is produced. Carbides have been
known to increase the strength, but greatly decrease the ductility in the alloy. This can lead
to brittle fracture and more oxide exfoliation, resulting in increased material loss.

In extreme cases when the carbon activity exceeds 1, metal dusting can occur which
completely destroys the underlying material. In iron based alloys, metal dusting is usually
caused by the metastable FezC' carbide formation, whereas nickel alloys are due to graphiti-
zation. This is a current concern in blast furnaces which operate between 450-750°C in high

CO/CO; environments [28].
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2.1.6 Phase Removal

While oxidation is easily observed at the surface of the alloy, several effects occur below
the oxide due to the corrosion process. If the oxygen potential is high enough in the base
material, internal oxidation can occur. This is usually enhanced along grain boundaries due
to faster diffusion. For example this has been observed in H230 for both air and oxygen
doped COg conditions [25, 29].

The formation of the oxide also depletes the base alloy of oxidizing elements such as
chromium, aluminum and nickel. This can be very detrimental to the mechanical properties.
The highest strength nickel based superalloys derive their strength from the precipitation
of the gamma prime (a NizAl phase). If the aluminum used for the gamma prime phase is
removed during the formation of the oxide, then the strengthening mechanism of the alloy
is compromised. This is observed in Figure 2.6. The etched alloy shows 50-70 microns
of gamma prime phase removal due to selective oxidation of aluminum. This will be an
important consideration when testing oxygen rich CO, environments.

If the oxygen potential is high enough at the scale interface, carbides can also be removed
through decarburization forming CO. This is one form of internal oxidation, and is once again
usually enhanced along grain boundaries. Catastrophic decarburization has been observed
in the past for boiler tube walls which resulted in rupture of the tube [13]. The removal of
carbides can greatly reduce the strength of alloys which leads to failure. For this reason, it
has been theorized that purely oxidizing or carburizing environments are more detrimental
than environments consisting of both such as corrosion in COs [30]. Decarburization will be

studied in environments containing the highest oxygen partial pressures.
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Figure 2.6: Removal of gamma prime phase in Ni-23Al caused by selective oxidation of
aluminum at 1200°C [13].

2.2 Importance of Impurities on Corrosion

It has been widely accepted that impurities in the oxidizing gas or liquid can dramatically
effect the corrosion rates of materials. One such example has been observed in steam oxi-
dation, which can cause up to ten times the corrosion rate of dry air [31, 32]. On the other
hand, great success has been achieved in carbon steel production by monitoring the excess
air in combustion processes. If the excess air is not monitored, up to 2% of the base material
could be oxidized, whereas the lower partial pressure of oxygen (no excess air) environment
greatly reduces the corrosion rate. Nuclear systems have also had to account for impuri-
ties, specifically in the coolant chemistry, which can cause very high oxidation rates on fuel

cladding [33].
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2.3 Alloys in consideration

While corrosion is the main focus of this research, many other factors such as mechanical
properties (strength, toughness, weldability, etc) and cost play just as big of a role in alloy
selection. Figure 2.7 displays the allowable stress given for a range of materials [34]. It can be
observed that ferritic and austenitic steels cannot be used at temperatures exceeding 650°C
due to their low strength at these temperatures. Since the current motivation /necessity is for
materials that can withstand temperatures above 700°C (to reach higher plant efficiencies),
nickel based superalloys will be the prime focus of this research (Haynes 625, Haynes 230,
Inconel 740H, and Haynes 282). Each of these alloys was selected due to compositional
differences, and compatibility in current facilities. Several other commercial alloys (Ferritic,
Austenitic, Nickel Based Superalloys) and model alloys (Ni, Cr, Ni-20Cr) have been tested
as well. Compositions for each alloy are listed in Appendix A, and certificates in Appendix

K.
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Figure 2.7: Temperature dependence on allowable stress for selected alloys. Found in
Process Piping [34].

2.3.1 Ferritic Steels

Ferritic steels are characterized by the ferrite structure. Ferrite refers to body centered cubic
(BCC) iron with limited solid solution carbon. The small amount of carbon dissolved into the
matrix is used for strengthening the alloy. Ferritic alloys are known for their relatively good
oxidation resistance due to higher concentrations of chromium than carbon steels (typically
forming iron oxide outer layers, with a protective inner chromium iron rich spinel). They
are not particularly good in terms of mechanical strength at high temperatures, and can not
be used at temperatures exceeding around 600°C at elevated pressure. These alloys are also
susceptible to sigma phase embrittlement, which occurs at temperatures above 550°C [35].
This causes the BCC lattice to collapse and form a tetragonal crystalline structure, which
increases the hardness and subsequently decreases the toughness which can cause brittle

failure of these alloys. Ferritic steels are typically used as furnace materials, thermocouple
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protection tubes, and other high temperature, low stress environments where corrosion would

otherwise be catastrophic for carbon steels, due to low production costs.

2.3.2 Austinitic Steels

Austenitic alloys are characterized by the face centered cubic (FCC) gamma iron phase. This
phase is relatively soft, and ductile, but can dissolve much more alloying elements than ferrite.
This allows for precipitation and solid solution hardening, and very high concentrations of
chromium for oxidation resistance. Alloy 310S for instance, contains up to 25% chromium,
and has been known in many environments to form a thin protective chromia layer. These
alloys are used in a wide variety of applications, but just like the ferritic alloys provide low

strength at temperatures over 600°C.

2.3.3 Nickel Chromium Superalloys

The first nickel based superalloys were created in the early 1900’s in the form of nickel
chromium resistance heating elements. Since then, many changes to these alloys has pro-
pelled them to be some of the most desirable selections for high temperature, high stress, and
corrosive environments. Figure 2.7 shows the higher strength at temperatures up to about
750-800°C when compared to the ferritic and austenitic steels discussed previously. Nickel
superalloys typically derive their strength from either solid solution strengtheners (W, Mo)
or aluminum additions which precipitate the gamma prime (NizAl, T%) phase throughout
the gamma nickel matrix. Examples of solid solution strengthened nickel based alloys are
Haynes 230 and Haynes 625 which have large quantities of tungsten (precipitates in to tung-
sten carbides), and molybdenum respectively. Haynes 282 and Inconel 740H are expamples
of Gamma prime strengthened superalloys, but also have solid solution strengthening ele-

ments as well. Another subsection of nickel based superalloys, consists of iron rich version
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of the alloys. These alloys are typically better for compatibility (weldability) with iron rich

stainless steels. Alloy 718 is a good example of a hybrid iron-rich superalloy.

2.4 Oxidation in s-CO, Environments - Background

Previous work performed by UW-Madison focused on corrosion behavior of several ferritic-
martensitic steels (T91 and HCM12A), austenitic stainless steels (316L, 310S, AL-6XN and
800H),as well as nickel-based alloys (Haynes 230 and Alloy 625) in s-CO5 environment up
to 650°C and 20MPa [36, 37, 38, 39]. In these studies, ferritic steels were shown to exhibit
the highest corrosion rates with a relatively thick oxide scale (thin outer hematite (Fe2O3),
followed by a magnetite (Fle3Oy4), and inner iron chromium spinel layer (FeCry0y)). 316L
stainless steel demonstrated slightly better corrosion resistance than the ferritic steels, devel-
oping a similar oxide structure. The other austenitic steels studied contained considerably
more chromium (>20wt%), and exhibited better oxidation resistance due to the predominant
growth of a chromium rich oxide layer. Nickel-based alloys demonstrated the best oxidation
resistance and similarly developed a chromium-rich oxide layer. These results are also sup-
ported by studies conducted by other researchers in which Ni-base superalloys were shown
to exhibit excellent corrosion resistance in very pure CO, at temperatures up to 750°C and
pressures ranging from atmospheric to 20MPa [37, 40, 41, 42, 43, 44, 45, 46].

One of the most extensive studies on corrosion of alloys in high temperature/pressure
CO, was generated from the research conducted under the MAGNOX reactor program in the
U.K [27]. This program dealt primarily with ferritic and austenitic steels, therefore, testing
temperatures rarely exceeded 600°C at elevated pressure. In order to operate the s-CO,
cycle at higher temperatures, Ni-based alloys must be used due to their high temperature
strength. However, there is a lack of information on higher temperature performance of

Ni-based alloys in s-CO5 environment.
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Another recent study was conducted at UW-Madison on several austenitic alloys. These
alloys are considered much better when it comes to oxidation resistance compared to ferritic
alloys due to the higher concentration of chromium. The increased concentration generally
leads to a more uniform and protective chromia (CrOs3) layer. SEM of the surface of alloy

347 in s-CO4 at 650°C and 20MPa after exposure is given in Figure 2.8.

Figure 2.8: Surface SEM for alloy 347 after 1,000 hours in RG CO, at 650°C and
20MPal[47].

The surface SEM clearly shows evidence of spallation of the oxide. Exfoliation of the
oxide is very disastrous for industrial applications, and could lead to failure of the turbo-
machinery, or loss of mechanical strength. In order to study the oxide in more detail, SEM
and EDS analysis of the cross section of the oxide was completed. This is shown in Figure
2.9 along with alloy 316L for comparison.

The EDS analysis shows that alloy 347 produced a duel layer oxide composed of an iron
rich outer layer, and an inner iron chromium spinel. The oxide thickness for alloy 347 was
thinner than the oxide on alloy 316L. It is theorized that 347 produced a more chromium
rich spinel which decreased iron and oxygen diffusion through the oxide. This is supported

by the chromium concentration in Figure 2.9 as well.
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Figure 2.9: Cross Sectional SEM for alloys 347(a) and 316L(b) after 1,000 hours in RG
CO; at 650°C and 20MPa47].



26
2.5 Carburization in s-CO, Environments - Background

Some of the most recent work conducted on s-CO, corrosion has been focused on ferritic
alloy T92 [26]. In this work, the effects of pressure on both oxidation and carburization were
studied. This is particularly relevant as it has been highly debated what the exact effects of
pressure is on CO, corrosion. If pressure does not play a major role on corrosion, it would be
unnecessary to conduct testing at pressure, which would result in much easier experimental
conditions. SEM cross sections of the oxide layers grown in CO, at 550°C at 1 and 250 bar

are given in Figure 2.10.

Fe,0; layer
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Figure 2.10: Corrosion of alloy T92 at 550°C for 350 hours in 1 bar (left) and 250 bar
(right)[26].

A triple oxide layer composed of an outer hematite, magnetite, and inner iron-chromium
spinel layer was observed. The ratios of these layers were expected to be different due to
differences in the partial pressure of oxygen. The hematite thickness was slightly thicker, and
the magnetite layer was more porous in the pressurized test conditions. Another purpose of
this study was to examine the effects of pressure on the carburization rates. It was theorized
that the increased pressure would lead to increased carburization of the base material. Using
glow discharge optical emission spectroscopy (GDOES) the carbon concentration through
the oxide and base material was measured. The carbon spectrum is given in Figure 2.11.

The GDOES spectrum for T92 shows a large increase in carbon in the base material
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Figure 2.11: GDOES carbon profile for T92 exposed to CO4 at 550°C in different
conditions.[26].

compared to the original amount expected for T92. The increased concentration of carbon
proves that carburization occurred due to exposure to CO,. The depth and intensity of
the carburization was found to be much larger in the high pressure conditions. Using the
intensity of the carbon profile, the ratio of carbon to oxygen uptake on the mass gain was
plotted as a function of time for each pressure in Figure 2.12.

It was observed that the pressure has little effect on the oxide thickness (Figures 2.10 and
2.12), but had a large effect on the ratio of carbon to oxygen uptake. This result shows that
increasing the pressure of environment greatly increases the carbon activity and uptake. Also
interesting, is that the ratio of carbon to oxygen uptake was much higher in static conditions.
This is most likely due to the build up of carbon monoxide in the static conditions, which
increases the environmental carbon activity even higher.

The mechanisms involved in the corrosion of ferritic alloys are very different then those
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Figure 2.12: Carbon oxygen ratios for T92.[26].

expected for nickel based superalloys. Not only is the reaction rate much lower in nickel
chromium alloys, but the matrix material of nickel is much different than the iron matrix
in ferritic alloys. Unfortunately not many studies have been produced on carburization in
COs on nickel chromium alloys. One study has shown carbon at the metal oxide interface,
as well as throughout the oxide. This is given in Figure 2.13.

Figure 2.13 shows carbon primarily at the interface of the oxide base material. The
magnitude of this carbon deposition is very low in comparison to the depth and magnitude
shown for the T91 samples previously. This is most likely due to the coupling of carburization
rates and oxidation rates. A thermodynamic model for the coupling of the two will be

presented later in Chapter 4.



29

$-CO, (20 MPa) at 600°C [12]

I I Matrix
f H Ni.

Ni Cr Fe c Mn Ti Al Si
600 Bal 16 9 .08 3 2 2 =)

Figure 2.13: STEM and EDS measurements for alloy 600 exposed to s-CO, at 600°C,
20MPa, for 1000 hours [48].

2.6 Effect of Impurities in s-CO, Environments - Background

As with most other corrosive environments, trace impurities in the CO4 gas can be expected
to effect the corrosion behavior. Most of the aforementioned studies used either research
grade (99.999% pure) or industrial grade COs (99.95% pure). The supplier certified value
for oxygen concentration was <50ppm in industrial grade COy compared to research grade
which is <1 ppm. However, very few studies have systematically examined the effects of
trace oxygen and carbon monoxide concentrations on corrosion at relevant temperatures
and pressures in s-CO, environments.

One study conducted by Pint tested impurities in COy on atmospheric conditions [49].
Sample were exposed to CO, at 1 bar was and 700, 750, and 800°C with .15% Oy and 10%
water additions for 500 hours. The weight change summary for each conditions are listed in

Figures 2.14-2.16.
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Figure 2.16: Weight change analysis for atmospheric CO, impurities testing conducted at
750°C for 500 hours [49].

The testing conducted by Pint gives good insight on the effects of impurities, but was
completed at atmospheric pressure. Another area of improvement with this paper was the
lack of SEM, EDS, and XRD characterization of the samples. Without compositional and
bonding analysis very little information on the exact effects of these impurities can be ob-

tained.

2.6.1 Oxygen Impurities in CO,- Background

Adding oxygen to CO4 provides an interesting change in the environmental chemistry, and
therefore the corrosion mechanism. Oxygen will be present in CO, either through leaks in
the system, or from the initial gas concentration received from the supplier (Figure 3.5)
If the partial pressure of oxygen is low enough in the pure COy environments, it could be
concluded that the rate limiting step is actually the transport of oxygen to the metal. In

contrast, saturating the CO5 with excess oxygen, the system should behave more like dry air
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or pure oxygen corrosion where Wagner’s Theory holds true. If this is the case, it could be
expected that the diffusion of chromium or oxygen through the scale would be rate limiting.

Previous work by Meier [50] has examined the corrosion of on Fe-Cr alloys exposed to a
50% COq- Ar gas mixed with 1-3% oxygen additions in the temperature range of 550-650°C.
It was concluded that addition of oxygen up to 1% had very little effect on the oxidation rate
compared to a non-oxygen mixed environment. Once the oxygen concentration was increased
to 3%, a reduction in weight change was observed. It was theorized that the increased oxygen
potential greatly reduced the carbide formation, and therefore increased chromium diffusion
to the surface producing a more protective oxide.

Another more recent study by Bouhieda [51] investigated the effects of added oxygen
impurities (1-10ppm) in COy on initial stage oxidation of T92 (Fe-Cr rich) steel at 550°C
using oxygen-18 as a tracer element. This study concluded that free oxygen oxidized the
metal surface before the CO, which provided resistance to further corrosion. This would
indicate that oxygen, not CO,, is the most reactive species. Bouhieda also concluded that
low oxygen impurity levels (Ippm) produced a more uniform chromia layer compared to
the higher oxygen impurity level (10ppm) environment which produced a higher iron-rich
oxide due to kinetically limiting the oxidation process. While these studies have shown
the importance of initial stage oxidation and the significant effect of oxygen on corrosion,
the mechanisms associated with oxidation of Fe-based alloys is very different from what
is observed for nickel-based alloys containing substantial amounts of chromium [49]. It is
therefore the goal of this research to better understand the effects that oxygen impurities

have in s-COy corrosion.
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2.6.2 Carbon Monoxide Impurities in CO,- Background

The ratio of CO to COs is also very important to the corrosion process. It will be shown
in Section 3.5.5 that carbon monoxide is produced as a product of corrosion in pure COs.
The build up in carbon monoxide greatly effects the thermodynamic equilibrium. As CO
increases, the pO, decreases rapidly, and is accompanied by an increase in the carbon activity
in the system. It has been discussed above that decreasing the partial pressure of oxygen
can sometimes have very beneficial effects on the corrosion rate. This could decrease the
possibility for Fe or Ni rich oxides to form, and create a more uniform and protective C'roO3
layer.

The addition of CO to the COy stream would also increases the carbon activity, which
increases the potential for carburization. While carburization might not be particularly
detrimental to the alloy, it has been observed that the carburized zone could effect more
material than the oxidation process does (as observed for ferritic alloys). If the carbon
activity increases enough, the potential for metal dusting from formation of metastable
carbides or graphitization can occur. This has been observed in blast furnaces where the CO
concentration is very high, and therefore needs to be studied in detail in COy environments
before implementation of these materials. It has been generally accepted that pure COq
will oxidize the material surface, and potentially decarburize the sample, whereas CO has
been observed to generally carburize the material [13, 28, 52]. Some inconsistencies in this
observation have been explained by the formation of subsurface micro-environments that can
be filled with a trapped atmosphere which increases the carbon activity significantly [26].
This balance between oxidation, carburization, and decarburization will be explored by the

research conducted for this project.
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2.7 Modeling Efforts for s-CO, Corrosion

2.7.1 Coupling of Oxidizing and Carburizing Environments

A large effort has been completed in order to model CO, corrosion, and more generally,
environments that cause both oxidation and carburization. Initially, it is very surprising to
observe carburization in an environment that is considered readily oxidizing such as CO,, but
by making assumptions about the oxide interactions with the environment, carbon deposition
becomes reasonable. The most prevalent studies in COs corrosion currently support the
Available Space Model, which was proposed back during studies on the MAGNOX reactors
[27], and more recently extended by Rouillard and Young [26, 53]. This model was proposed
for iron-chromium alloys which produce a duplex oxide, and while the nickel-chromium
alloys behave different, many similarities arise between the two. One important distinction
is that the corrosion rate for nickel chromium alloys is significantly lower, and therefore, the
boundary conditions in this study will be solved based on thermodynamics, and not kinetic
data (as done for the available space model).

The approach being used incorporates the model proposed for the VHTR He corrosion
mechanisms set forth by Quadakkers [30, 54]. In this model, the partial pressure of oxygen
is related to the activity of carbon by thermodynamic equilibrium equations. Then phase
boundaries are divided up in the stability diagram, which can be observed in Figure 2.17,
into multiple regions (counterclockwise from bottom left: inert, oxidizing, oxidizing and

carburizing, carburizing and oxidizing, and carburizing).
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Figure 2.17: Volatility diagram proposed for the VHTR He with carbon impurities [30].

In order to correlate this model to the COy environment, a few assumptions must be

made during subsequent calculations:

e Activity coefficients of all species are all equal to 1

e Chromium depletion is neglected (concentration equal to 1)

e Chromium is the only reactive species with oxygen and carbon

e p(O; at oxide-environment interface is fixed using the environmental testing conditions

e pO, at metal-oxide interface is constant, and based on phase equilibrium of C'r and

CT203

The final model for CO4 environments will be presented with supporting data in Chapter
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2.7.2 Chromia Growth and Defect Structure

In order to understand the growth mechanisms of chromia, or for that matter any ceramic,
it is usually a good idea to consider the primary point defect. Point defects control many
of the processes associated with ceramics such as diffusion, oxidation, reduction, electrical
conductivity, and others [55]. Chromia forms as the corundum structure which is a hexagonal
close packed lattice of oxygen atoms with two thirds of the octahedral sites being occupied by
chromium. This can be observed for the side view of the unit crystal in Figure 2.18 below.
It is important to mention that Al should be switched with Cr (both produce corundum

lattice).
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Figure 2.18: Corundum unit cell of stoichiometric chromia [55].

(b)

This structure is highly stable with the cations spaced furthest from each other. The
structure is important as it can give insight into which point defects have the lowest energy
of formation. The point defects are heavily dependent on temperature and partial pressure

of oxygen (pOs). The dependency on pO; is one of the main focuses of this research, and
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therefore the impact on the defect structure of chromia formation will be relevant.

Before studying chromia growth on commercial alloys which contain many elements,
first the theoretical explanation for pure chromium in varying oxygen environments will be
presented. This model is based on solid state diffusion of chromium and oxygen through the
chromia lattice which is very different then gaseous diffusion model discused in the previous
section, and therefore it will be important to distinguish the two. Fortunately, many studies
have been completed on the topic of chromia growth in pure oxygen environments. One of
the most extensive and complete theories has been completed by Latu [56]. In this, the defect
structure of chromia was altered by varying the environmental pOy by use of the Rhines pack
method [57]. The Rhines pack method uses a buffer mixture of oxidized and non-oxidized
material in a vacuum furnace to precisely control the pO, using the chemical equilibrium
condition of the metal and oxide. In this particular study, Ni/NiO mixture was used to
obtain pO, values of 10712, 10713, 1071* at temperatures of 800, 850, and 900°C respectively.

Oxides grown on pure Cr were analyzed using photoelectrochemical measurements as well
as TEM-ASTAR (for grain orientation) to determine the primary defect and morphology
of the oxide respectively. It was shown that chromium always produced a duplex oxide
consisting of an inner n-type equiaxed oxide with outer columnar growth consisting of: n-
type semi-conduction (anionic) at low pOs, insulating at middle pOs, and p-type (cationic)
at high pO,. The semi-conduction of the external scale was dependent on the pO; with
the internal scale the same for all conditions (anionic). This indicates that the internal
growth of chromia should be controlled by the oxygen vacancy point defect. The external
scales would then be controlled by different point defects. For example the external n-type
chromia growth would have chromium interstitials as the major point defect (the orientation
of the external scale dictates outward growth, and the n-type semi-conduction from PEC
measurements could only be produced by chromium interstitials). The major point defect in

the external p-type growth (in high pOs) would correspond to chromium vacancies. Finally,
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the insulating oxide (medium pOs) would consist of either oxygen and chromium vacancies,
or chromium vacancies and interstitials (two defects are listed as it is assumed they are in
equilibrium). The later of the defect structures for the insulating oxide has been refuted as
the existence of by chromium interstitials and vacancies in the same lattice would intuitively
seem impossible. In other words, the main defect in the external scale was either determined
by the Cation-Frankel (n-type) or Schottky (p-type) defect structure.

In order to model these results, the construction of the Brouwer Diagram for chromia was
calculated. As discussed above, the major point defect at the M-O interface would consist
primarily of oxygen vacancies due to the low pOs associated with the phase equilibrium
between chromium and chromia. The external scales were found to have different semi-
conduction types, and therefore, the major point defect is expected to change. A complete
list of equations and calculations can be found in Latu’s study [58]. In order to condense

this, the electro-neutrality equations for n-chromia is given in Equation 2.8 and p-type given

in 2.9.

3[Cry] + 2[Vo] + [h] = [€] (2.8)
3[Ve ] + €] = 2[Vo ] + [h] (2.9)

Equilibrium constants for defect formation were calculated using Factsage 7.0 and used
to plot the Brouwer Diagram for all three pOs conditions in Figure 2.19. The ultimate
goal of this study was to try to minimize the total defect concentration found in the oxide.
This can theoretically be accomplished by producing chromia at a pO, that would produce
equal amounts of chromium and oxygen vacancies (the primary defects in high temperature
corrosion). If the two defect concentrations are equal, a stoichiometric oxide should be

produced, meaning the exact chemistry of chromia would be Cr,O3. Minimization of the
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total defect concentration should result in a reduction in the corrosion rate as the defect

concentration controls diffusion through the oxide.
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Figure 2.19: Brouwer diagram for chromia formation for low atmospheric pO, (Left)
Medium pOs (Middle), and high pO, (Right) [56].

This model explains the growth of pure chromium in the presence of highly controlled
buffered oxygen systems. The varying CO, environments in the research in this document
are held at semi-steady state by saturating the environment with either O, or CO and
continuously refreshing the system. This means that the pOs; in the oxygen doped case is
very high (pO; ~ 107*) and the pO, in the CO environment is very low (pO; ~ 1071°)
indicating that the chromia growth in the high pO,; and low pO, cases in the COy study
should behave similar to the Latu study. The system becomes infinitely more complex when
commercial alloys, which contain multiple elements, are used since the addition of intrinsic
and extrinsic point defect for each species must be considered.

An example of deviation from the above model due to commercial alloy composition can
be observed in the study presented by Ledoux in which n-type chromia growth was grown on
the surface of alloy HR120 despite being exposed to relatively high pO, [59]. In this paper,

it was concluded that the root cause was the formation of a thin Cr-Mn spinel layer on the
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surface of the oxide. This oxide then acted as a diffusion barrier for oxygen and therefore
strongly reduced the pOs to levels that produce n-type semi-conduction.

In COs environments, it would be expected that both the formation of other oxides as
well as carbon deposition would greatly effect the semi-conduction type that is expected from
the model presented above. In fact, the pO, in the oxygen rich CO, environments contains a
much higher pOy than the paper discussing HR120. This is contrasted by the CO rich CO4
environment in which Cr/Al are the only oxides expected to form. In this case, external
chromia growth would be expected to grow as the n-type semi-conduction for all alloys as
the oxidation kinetics for non-chromium elements (Al for example) are much lower than
chromium and not expected to form on the surface. In CO rich conditions, it is expected
that carbon will be deposited as well, which would also effect the growth mechanisms.

In reality, the stoichiometric growth of an oxide is not only based on the pO,, but also
the chromium concentration. In the study listed previously, the stoichiometric oxide was
grown on pure chromium. This is quite different from what is expected during the oxidation
of commercial alloys. In both cases, Cr is expected to be limited to the surface by diffusion,
a process that cannot be observed in pure Cr. The depletion of Cr in commercial alloys has
been studied extensively, and is expected to occur in testing done in this work. Therefore, it
will be important to observe if the depletion of Cr at the M-O interface has a strong effect

on the growth of a stoichiometric oxide.

2.8 High Temperature Steam and Supercritical Water Corrosion

One important comparison will be between s-COs corrosion with high temperature steam and
supercritical water (SCW). Since the Brayton Cycle could potentially replace the Rankine
Cycle, it is important to be able to understand the differences in the mechanisms and rates

of corrosion and the materials demands that will occur if s-COy is used. Several studies
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have been completed on SCW and high temperature steam and have been summarized in
(60, 61]. One major difference is that the pH of supercritical water is much different than
s-CO; at elevated temperature due to the presence of charge carrying species. This can lead
to dissolution of reaction products in to the fluid. Another difference is the formation of
volatile chromium hydroxides that are unable to form in s-CO; due to the lack of hydrogen.
This is one major benefit of s-CO, corrosion. The partial pressure of oxygen has also been
calculated to be higher in SCW and steam conditions compared to CO,. This could lead to
the favorability of several oxides that cannot be produced in CO,. A summary of results in

the two environments is given in Section 6.3.
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Chapter 3

Experimental Facility

3.1 Testing Procedure

Stock material of each alloy were received from various vendors. The composition of each
alloy is listed in Appendix A. Samples were laser cut or electrical discharge machined (EDM)
to dimensions of 0.5 x 0.5 x 0.062 inches and a 1/8 inch diameter hole was drilled in the
corner to suspend the samples from a supporting alumina rod in the autoclave. Each sample
was polished to 800 grit using silicon carbide polishing paper. A final cleaning of ethanol and
deionized water was conducted. Typically, six samples were used at the start for each testing
condition with one sample being permanently removed from the set for additional analysis
at each 200 hour interval. This procedure leaves at least two samples that are exposed to
the full 1000 hours at the end of testing for each environment. Testing environments and
temperatures can be found in Table 3.1. A summary of the materials tested in each of these

conditions is given in Table 3.2.

Table 3.1: Testing environments and temperatures for experiments conducted at
UW-Madison.

. GasPuity |

o IG RG RG +100ppm 02 RG + 1%CO
=8 450°C X X
ofl 550°C [ x X
% 650°C X X X
cf 700°C X
750°C X X X X
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Table 3.2: Complete list of materials exposed during sCO, testing conducted at

UW-Madison.
| [ 450c | s50C | €50  [ooc|  750c |
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RG: 99.999%, 1G: 99.5%, Impurities: RG + Quantity Listed
*Exposed out to 1500 hours **Exposed out to 3000 hours

3.2 Materials Characterization/Analysis

Tests were performed for a total of 1000 hours with samples being removed from the autoclave
every 200 hours to obtain time dependent trends. Mass change (per unit area) due to
corrosion was determined by making mass measurements before and after exposure to each
CO» environment at each time interval using a high precision Sartorius scale with an accuracy
of + 2ug. Surface area calculations are completed by using a micrometer that is accurate to
.002mm. Three length and width measurements are taken along the edges, and five thickness
measurements across different locations on the surface are used to calculate the entire surface
area of the sample. Samples were examined using scanning electron microscopy (SEM) in

conjunction with energy dispersive spectroscopy (EDS) for both surface and cross-sectional
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oxide imaging. Raman spectroscopy and X-ray diffraction (XRD) were used for analyzing
oxide stoichiometry and phase identification. Additional sample specific analysis will be

discussed in the sections in which they are presented.

3.3 Facility Overview

A high temperature, high pressure autoclave was constructed for exposing the samples to
s-CO3. The system is a modified version of the testing facility described in more detail in
previous papers [36, 40]. Certificates for many of the devices used in this facility are given in
Appendix L. The new facility consists of two autoclaves capable of simultaneous operation
at independent temperatures, and is depicted in Figure 3.1. The autoclaves are designed
to handle temperatures up to 750°C at 20MPa. The temperature can be regulated within
+1°C and the pressure within +£.017MPa. A graph of the temperature and pressure profile

at testing conditions is plotted in Figure 3.2.
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Figure 3.1: Overview picture of one of the testing facilities at UW-Madison used for
s-CO; corrosion experiments.
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Figure 3.2: Temperature and pressure profile for duel autoclave system operating at 650
and 750°C and 20MPa (2900psi).

Each autoclave was designed to work independent of the other through a valve system that
isolates the inlet lines of the autoclaves. Three thermocouples (calibrated using a certified
platinum resistance temperature detector) located internally in both autoclaves along with
three separate custom tape heaters are used to regulate the temperature. This is done using
PID controls in Labview, and is able to produce a temperature profile with a variance of less
than 2°C. Each autoclave also has an Omega pressure transducer to monitor the pressure
for the duration of the testing. The AutoCAD drawing depicting pressure transducers,

thermocouples, and valve locations is shown in Figure 3.3.
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Autoclave 2
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Figure 3.3: AutoCAD schematic of testing facility with locations of internal
thermocouples (TCX).

One important consideration in corrosion testing is the stress that is experienced during
heating and cooling. These stresses occur due to a mismatch in thermal expansion coefficients
of the oxide and the base alloy, and can be very important due to the cyclic nature of this
testing. While a slow heating and cooling rate would reduce the possibility of cracking from
stress, additional oxidation would occur during this time. In order to reduce both effects, a
heating and cooling rate of less then 5% of the total testing time and slower than 5°C/min

was set. Typical heating and cooling rates of the autoclaves have been plotted in Figure 3.4.
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Figure 3.4: Typical heating and cooling rates for one autoclave initially at 750°C.

3.4 Flow Rate Modifications

One major flaw of the system described previously[36] was the lack of control on the flow
rate of CO,. The previous design used a high pressure regulator and a metering valve to
regulate the flow of COy through the autoclave. While this design allowed for slow enough
flow through the system for operation, the flow rate and pressure drop across the regulator
caused freezing of the COy which led to irregular flow rates. In order to get better results, a
constant flow is desired in order to refresh the system with a continuous supply of CO,. A
uniform flow rate is also very important when exposing samples to impurities, as the reaction
rate with the samples should not be rate limited by the flow of CO,. In order to create a
constant flow rate, COs freezing must not occur. This concern was addressed by increasing
the length in which the pressure drop occurs in the system by using 6 feet of capillary tubing
(25um ID) to create the frictional force required to pressurize the system to 20MPa. The
capillary line is also heated using NiCr wire to maintain a temperature around 70°C. The
length of capillary was calculated and tested to produce a flow rate of around .06kg/hr of

COy per autoclave. This flow rate was chosen to produce a residence time of CO, in the
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autoclaves of roughly two hours. The residence time was determined as an optimal balance
between pumping capability, reducing flow effects on corrosion, and keeping the CO, in the

autoclaves as fresh as possible.

3.5 Gas Analysis and Purity of CO; from Vendor (Airgas)

Impurities mixed testing was compared to research grade (RG) and industrial grade (IG)
corrosion tests. The impurity concentration limits of RG COs are much lower than IG COs,
but the cost is about 20 times higher which is probably not feasible for industrial application.

The purity limits of RG and IG CO4 are listed in Figure 3.5.

CERTIFICATE OF ANALYSIS Certificate Of Conf
CARBON DIOXIDE - RESEARCH ertricate onformance
Part Number: CD R200 Reference Number Cal‘bon D|0X|de, Ind ustrlal Grade
Cylinder Analyzed: 117987 Cylinder Violume:
Laboratory: ASG - Riverton - NJ Cylinder Pressure:
Analysis Date: Feb 27, 2012 Valve Outlet: Customer:
Lot # 82-124305199-1 Bostik Inc.
ANALYTICAL RESULTS Milwaukee. W1,
Component Raq_uested
Purity For referance Only - "Signature ON FILE"
CO2Research 99.999%
AR+ 02+ CO <1 PPM Test Purity Limits
Moisture 32 ppm
TOTAL HYDROCARBONS <1 PPM Total Hydrocarbons 50 ppm
Oxygen 50 ppm
Moichure il Non-Volatile Residue ppm (WtWt) 10 ppm
Nitrogen <5 PPM Assay 99.5%

Figure 3.5: Certificates and purity limits for research(left) and industrial grade(right)
CO, from Airgas.

In order to study and understand the effects that impurities such as oxygen and carbon
monoxide have on corrosion in s-CQO», it was important to obtain accurate measurements of
each constituent as a function of time. The composition of the gas was measured for the
duration of testing at both the inlet and exit using an Alpha Omega 3000 series trace oxy-
gen analyzer (£1ppm O,), a ThermoStar Pfeiffer mass spectrometer (Hydrocarbons/others:

>50ppm), and a Varian 450 gas chromatograph (CO/CH4: >50ppb). These instruments
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are shown in Figure 3.6. Both RG and IG carbon dioxide bottles were tested using all three
analysis techniques to characterize oxygen, carbon monoxide, water vapor, and hydrocarbon

concentrations. The results of this initial testing are given in following sections.

Figure 3.6: Instrumentation used to measure the chemical composition of COs.
A:Thermostar Mass Spectrometer for hydrocarbons (>C1) and water concentration,
B:Alpha Omega 3000 Series Trace O, analyzer for oxygen content, C:Varian 450 Gas

Chromatography used to measure CO.

3.5.1 Mass Spectrometry

Mass spectrometry was used to primarily determine the concentration of water vapor as well
as hydrocarbons (>C1). This technique is limited by the ability to analyze molecules that
have similar mass to charge ratios. More specifically determining oxygen and carbon monox-
ide concentrations in CO,. The mass spectrometer breaks apart and ionizes the molecules
into all of the possible constituents. For example, a sample of carbon dioxide will end up
with mass/charge peaks for carbon dioxide, carbon monoxide, diatomic oxygen, monatomic
oxygen, as well as carbon. The resulting elements and molecules become ionized (single or
double), which results in more peaks for CO,. Since carbon monoxide and diatomic oxygen
are identified by the mass spectrometer from the bulk gas, determining these concentra-
tions with accuracy better than roughly 100ppm is nearly impossible. A summary of peak

locations for species of interest are summarized in Table 3.3.
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Table 3.3: Mass spectrometer peak locations for molecules of interest.

\ CO, co 0, Hz0
Mass | 44,28,16,12,45, 28.12.29.16, 18,17,16,20,
Number ‘ 22.46,13,29 1430 52163433 19

Relative intensity of the mass/charge peaks gives information on the concentration of
each component. Intensity vs the mass charge ratio for RG, IG, and 100ppm oxygen doped

COy (measured originally through other means) is plotted in Figure 3.7.
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Figure 3.7: Mass Spectra comparing research and industrial grade COy with oxygen
doped CO,.

Figure 3.7 shows no discernible difference between RG, IG, or oxygen enriched COs.
This result was not surprising due to the previous discussion. The main purpose of using
mass spectroscopy was to determine water and large hydrocarbon concentrations. In order
to calibrate the system, a stainless steel line was heated as water was slowly injected at a
known rate to flowing CO,. The result of this water testing is graphed as function of time
in Figure 3.8.

The water concentration is directly related to the intensity of mass number 18 (plotted

in red). Injection of water began at around 200 minutes after the system was completely
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Figure 3.8: Mass/Charge Spectrum showing increased water concentration at 350 min
after injection into COq stream.

flushed with CO,. It can be observed that the water concentration started increasing after
350 minutes (very close to the two hour residence time of the system). Using the increase
from the base line, the mass spectrometer was calibrated for water concentration. Since the
sampling line contains flowing CO,, pressure deviations were expected. Pressure differences
change peak intensities, and therefore the pressure measurements were plotted in Figure 3.8

as well. The deviations in the ratios for CO, to water closely match the spikes in pressure.

3.5.2 Impurities Modifications

In order to conduct impurities tests, a procedure for mixing oxygen and carbon monoxide
impurities at low concentrations in CO, was constructed. Each CO, bottle was connected to
the desired impurity bottle, a separate sealable volume (minicyl), and a vacuum pump. The
goal was to completely evacuate the atmosphere in the lines, then inject the COy bottles
with the desired impurity based on molar concentrations by measuring the pressure drop

from a known volume (minicyl) of impurity. Measurements of oxygen and carbon monoxide
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concentrations were taken for each bottle before testing using techniques described in the

following section. A graphical representation of the mixing setup is shown if Figure 3.9.
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Figure 3.9: Schematic of procedure used to mix gaseous oxygen and carbon monoxide in
to liquid CO,.

3.5.3 Oxygen Determination

Oxygen concentration was measured continuously using an Alpha Omega 3000 series Trace
Oxygen Analyzer. This instrument uses an electrochemical cell that has been designed to
withstand CO, environments by utilizing a proprietary electrolyte instead of the standard
potassium hydroxide cell. The instrument has an accuracy of 1 ppm. While it was theorized
that no oxygen would be detected after exposure (from RG CO;) to the samples due to
reaction with the metal, initial oxygen concentration could be very important. The amount
of oxygen present in the system should control reaction rates, and maybe thermodynamic
capability to react with some elements. This was discussed in more detail previously in

Section 2. The oxygen sensor is also very important in impurities testing where the initial
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and final concentrations can be measured, which shows total reaction rate of the system.
Preliminary measurements of the oxygen concentration were completed to compare RG
and IG CO; from the supplier. This measurement was conducted in order to test the purity
limits set by the supplier. RG CO4 showed no measurable amount of oxygen in 10 different
bottles, which matched the certification. IG CO, showed a very wide range of measured
oxygen concentration from no measurable amount up to 80ppm (well above the certified
value). It was informed by the supplier that the limits are nearly arbitrary for the IG COs.
While many of the IG bottles did not contain a measurable amount of oxygen, some seem to
be spiked very high, which could be a concern for testing and implementation in industrial

applications.

3.5.4 Oxygen Impurities Mixing

Ensuring precise and accurate concentration of impurities is necessary to study the effects
on corrosion. The system described in Figure 3.1 was used to mix RG COs with oxygen. A
total of 10 bottles were doped with 100 ppm oxygen to prove this method, and measurements
showed an average concentration of 11449 ppm. A summary of the bottle concentrations is
listed in Table 3.4. It was found that the solubility of oxygen in liquid CO, was less than
the solubility in the vapor phase, therefore, as the pressure in the feed bottles dropped (due
to use of COy during testing), so did the concentration of O in inlet line of the autoclaves.
For this reason, bottles were replaced when the oxygen concentration reached about 85ppm
and thus the exposure of the samples averaged close to 100ppm of Os.

In order to obtain oxygen concentrations down to 10 ppm, a separate testing facility was
used to inject a small volume of high oxygen concentration (~400ppm oxygen) COy with
a bulk stream of RG CO,. This was accomplished by using a Siemens Coriolis mass flow

meter to measure the mass flow rate of the bulk RG stream, and injecting small quantities of
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Table 3.4: Bottle mixing information and oxygen concentration for bottles used in
100ppm oxygen doped testing.

. . Calculated O Measured O.
Bottle # Gas[\l:"h]aght Goal Cc[mcr?]?tranon D?Ig?]P Concentratioﬁ Concentratioﬁl
9 PP P [ppm] [ppm]
K32463 120 171 121 106
AGAC91156 274 120 167 121 98
A000104 27.2 135 191 138 116
LK414987 27.3 140 194 142 125
TWH560762 28.0 140 212 150 129
di33610 275 130 175 125 107
TW07339645 27.2 135 194 141 121
2154153Y 272 135 188 136 117
1749112Y 27.2 135 184 133 114
Average 115
St dev 9

mixed CO, using a Bronkhorst mini-coriflow mass flow controller. The oxygen concentration
after mixing was measured using the Alpha Omega oxygen sensor at the inlet line, and a
feedback system was used to toggle the oxygen levels to within a max range of £2ppm of
the set concentration for the duration of the testing. Figure 3.10 shows a 15 hour test that

was conducted to prove this method.

Inlet O2 Concentration for 10ppm O2 test
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Figure 3.10: Oxygen concentration using feedback mixing system for 10ppm oxygen
mixed testing.
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3.5.5 Gas Chromatography

Gas chromatography was used to measure carbon monoxide concentrations down to a lower
limit of detection of 50ppb. This process works by first using a molecular sieve to remove
any molecules larger than carbon monoxide. Then the resulting gas flows through a heated
capillary line which separates the molecules by their size. A methanizer is then used to
convert carbon monoxide into methane. The effluent then combines with a given flow of feed
gas which is burned. The resulting flame temp gives the concentration of carbon monoxide
and methane in terms of intensity. The retention time for carbon monoxide in this specific
piece of equipment is around 5.2 min, and methane is around 4.5 min. The company certified

test result is given in Figure 3.11.

RUN_28.DATA - Front (FID)

|
I
TR
T —/ B/ S
) 3 4 R T e 9 10
Min

i

Figure 3.11: Certification result for GC used in s-CO4 corrosion testing.

Carbon monoxide is an interesting impurity to track since it is one possible product of
corrosion. If oxygen is consumed, it is expected that a build up of carbon monoxide will form.
The carbon monoxide can either be further reduced, or react with itself to form carbon and
COs (this reaction is discussed in a later Chapter 4). It is unknown if the previous reaction

rate is fast enough to remove the carbon monoxide, or if a build up is observed. The build
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up of carbon monoxide during testing as well as the differences in the initial concentration of
carbon monoxide in RG and IG are therefore very important. A plot comparing the spectral

results of RG and IG COy is shown in Figure 3.12.
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Figure 3.12: GC Spectra comparing research and industrial grade COs.

No observable difference in initial carbon monoxide was determined between the RG
and IG CO,. The concentration of carbon monoxide was measured during a RG CO, test
at 550°C after exposure to samples, and is plotted in Figure 3.13. The purpose of this
measurement was to understand the kinetics and mechanisms involved during corrosion.
Since the CO, oxidized many different alloys with different compositions, the exact carbon
monoxide concentration does not give a specific rate constant for individual alloy oxidation
processes. Instead, the concentration gives a total rate constant of the system.

Figure 3.13 clearly shows an initial maximum concentration of carbon monoxide produc-
tion followed by a decay curve. This was expected as the system as a whole should produce a
protective oxide based on the alloys that were exposed, which reduces the reaction rate with
time. This graph is important as it shows that carbon monoxide is produced and stays in the

COs on the time scales relevant to this testing. If the COy was not refreshed, as would be the
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Figure 3.13: Concentration of CO for first 200 hours of 550°C RG test.

case in a closed loop cycle, carbon monoxide would slowly build up, as the corrosion process
continues. In fact, by knowing the mass flow rate and applying an integration method to
Figure 3.13, it was calculated that the carbon monoxide in this system would reach about 1%
after 200 hours. For this reason, one of the major testing cycles was conducted using 1%CO.
A total of five bottles were mixed for corrosion testing with an average CO concentration of

78+.15%.

3.6 Facility Accuracy and Repeatability - Round Robin Testing

One important area of this research was to prove that the systems at UW are comparable
to other testing facilities, and that the results obtained from these systems are accurate.
It was also important to come up with a consistent analysis procedure that can be repro-
duced for comparison with any future testing. In order to accomplish this, a multinational
collaboration has begun to compare the results of 7 of the leading institutions in s-CO,

corrosion. This testing was conducted on 5 alloys that were prepared by the same supplier,
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and then exposed to COs at each facility. The testing facilities were located at the following
institutions: University of Wisconsin-Madison, Oregon State University, Oakridge National
Laboratory, National Energy Technology Laboratory, Carleton University, Korea Advanced
Institute of Science and Technology, and Commonwealth Scientific and Industrial Research

Organization. The testing matrix for this collaboration is listed in Table 3.5.

Table 3.5: Testing matrix for round robin project.

Alloy Tem;-Jr;rz[tures Samples per Lab
740H 700°C only 6
625 550°C and 700°C 12
316 550°C and 700°C 12
HR 120 550°C and 700°C 12
Grade 91 550°C only 6

Each of the locations listed previously has provided information from each testing cycle
including temperature and pressure ramp rates/transients, system flow rate, as well as the
cleaning procedure for each test. These are hypothesized to be the most important factors
during CO, corrosion. The ramp rate and cool-down rate could effect initial oxide formation,
as well as the stresses related to thermal expansion differences between the oxide and base
material. Any transient temperature or pressure shifts are also noted as they could also cause
differences in the corrosion process. The flow rate is extremely important as well due to the
build up of carbon monoxide discussed previously in Figure 3.13. This would indicate that
the differences in flow rate would ultimately subject samples to environmental differences in
pOs and ac which will result in different corrosion mechanisms (will be discussed in great
detail in subsequent sections). The final note worthy condition is the cleaning procedure
that the autoclaves undergo before loading the samples. It is theorized that any left over

water could greatly enhance the corrosion rates of the samples. All of the testing conditions,
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parameters, and transients for the UW testing are given in Appendix H.

Since the testing is still being completed by many labs, a final comparison between all of
the labs has not been conducted. Data for UW is finished, and has been compared to initial
data from other facilities. The initial data has shown decent repeatability between several
labs and UW. The mass change data for the round robin samples from the UW testing is
given in Figure 3.14, and a comparison of mass change from each of the labs can be found

in Appendix G.

550C Round Robin Mass Change 550C Round Robin Mass Change
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Figure 3.14: Mass change results for the Round Robin alloys at 550°C, 20MPa, for 1500
hours.

Mass change measurements obtained in this testing showed good similarity to testing
previously done at UW. The mass results follow expectations with the ferritic alloy gaining
the most, followed by the austenitic steel, and finally the nickel-based superalloys performing
the best. Since it is theorized that mass change is effected by both oxidation and carburiza-
tion of the substrate, oxide thickness measurements are also necessary to show that samples
are mechanistically corroded in a similar way. A summary of the thickness measurements at
UW is given in Table 3.6.

Thickness measurements were obtained by comparing several cross-sectional SEM images,
and selecting an average image to take at least 15 measurements. If the oxide contained nod-

ules or had thick and thin regions, both were measured independently and listed separately
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Table 3.6: Oxide thickness results for the Round Robin alloys at 550°C, 20MPa, for 1500

hours.
[microns] [microns]
Continuous Nodules Continuous  Continuous Continuous
T91 39.7 .7
316 .5 6.1 .28 77 .1
120 3.15 2.4 3.7 .5
625 .21 .16 .32 .0

in the table. In order to compare SEM imaging between facilities, a standard magnification
of 1.5kx was selected. While most samples produced oxides much too thin for this magnifi-
cation to resolve, it was selected and has been presented for the 550°C and 700°C testing in

Figures 3.15 and 3.19 respectively.
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Figure 3.15: Cross-sectional SEM micrographs for Round Robin samples T92(A),
316L(B), 625(C), 120(D) exposed to CO5 at 550°C for 1500 hours.
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In order to understand the coupling of oxidation and carburization, the ferritic sample
T92 was etched to selectively attack the carbides. This was done using a 5% nitric acid-
ethanol mixture for 30 seconds. The ferritic alloy was selected since it showed the thickest
oxide and highest mass change, indicating the most carburization as well. Imaging was
performed before and after etching the sample, and is given in Figure 3.16.

Mount Mount
Oxide ; s

Oxide: 40um
180um

s

: Carburization: 180ym.
Inclusions Etched:

5%Nital i

100pm

Figure 3.16: Round Robin T92 etched to show carbides after COy exposure at 550°C,
20MPa, 1500 hours.

The carburization depth for the T92 samples appears to penetrate roughly 180 microns
below the metal oxide interface. This is roughly four and a half times thicker than the oxide
growth which indicates that more of the material is effected than just the oxidized surface.
Carburization is strongly coupled to the oxidation rate, which means that far less carbon
deposition is expected in nickel-chromium alloys. Carburization has been linked to increased
hardness, decreased ductility which leads to mechanical failure, and break away corrosion
27].

Large spherical inclusions can also be observed in Figure 3.16. These inclusions are
randomly dispersed below the oxide, and some extend into the spinel region. This would
indicate that some of the inclusions were formed before the oxide existed in that region and
simply grew through these regions. The inclusions also only existed in the carburized region
as observed through the etching which would suggest that these inclusions were caused by

carburization. The carbon content in these regions appears to be very high, and caused
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significant phase precipitation. This precipitation is similar to metal dusting which occurs
when the activity of carbon is much higher than can be supported by the matrix and causes
rapid destruction of the material upon cool-down. If this is indeed initiation of metal dusting,
the implications are very severe as this material could not be used due to the potential of
failure in these conditions.

Only 316L and the nickel based superalloys were exposed to 700°C as the temperatures
are well above the mechanical strength of T92 (as well as the corrosion resistance). The

mass change results at 700°C are given in Figure 3.17.
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Figure 3.17: Mass change results for the Round Robin alloys at 700°C, 20MPa, for 1500
hours.

The mass change of the nickel-chromium alloys still appear protective, and minimal
relative to alloy 316L. 316L showed near linear kinetics, which is an indication of poor
corrosion resistance at this temperature. Additional evidence for this can be observed in the
SEM micrographs for 316L. which showed large nodule formation, as well as cracking at the

interface of the external and internal growing oxides. This result would be a good comparison
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to other facilities once they have conducted SEM in order to see if mechanistically similar

results occur.

Thickness St Dev
[microns] [microns]

Continuous Nodules Continuous Continuous Continuous
316 2.9 36 2.2 3.8 4
120 1.3 3.1 .70 2.3 .5
625 1.3 1.0 1.6 .1
740 1.0 .57 1.5 .3

Figure 3.18: Oxide thickness results for the Round Robin alloys at 700°C, 20MPa, for
1500 hours.
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l\ /1 PP

Base H625 Base 120

Figure 3.19: Cross-sectional SEM micrographs for Round Robin samples 740H(A),
316L(B), 625(C), 120(D) exposed to CO4 at 700°C for 1500 hours.
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At this point, the other groups have not produced any SEM micrographs for comparison.
Since the mass change measurements are so similar for all but one group, it is reasonable to
conclude that the UW system is capable of repeatable tests. A few pressure transients of a
couple hours occurred during testing of the samples, but no appreciable differences in the
samples were observed which indicates that these transients don’t have a large effect on the
corrosion mechanisms as they only last for a small percent of the total testing. Since one lab
produced data that was 3-10 times higher, it would be interesting to determine the source of
deviation. Since temperature and pressure transients don’t seem to have enough of an effect
on the overall corrosion to produce the differences observed by Oakridge, it would be useful
to study the differences in flow rate and the cleaning procedure to see if any impurities were

left in the autoclave before the start of their testing cycles.



65

Chapter 4

Effects of pO, and ar on Corrosion in CO,

Environments

Corrosion in sCO, environments is complex due to the coupling of pOy and ac. As one
component is changed, the other is altered in the opposite direction. In order to study
effects of pOy and ac, three different tests were performed: Research grade CO, (base-line),
Research grade COy — 100ppm Oy (high pOs), and Research grade COy — 1%CO (high ac).

Each of these tests was conducted in order to prove different theoretical predictions:

e Altering pO, changes the stability of different oxides (specifically Ni-NiO).

e Coupling of pOy and a¢ throughout the oxide leads to carburizing environments at the

M-O interface.

e Saturation of COy with CO (high environmental ac) causes carbon deposition during

cool-down.

e Controlling pOy and ac can be used to alter defect concentration leading to the pro-

duction of a stoichiometric oxide.

4.1 Altering pO, Changes the Stability of Different Oxides

Since pure COs has a significantly lower partial pressure of oxygen than air, the oxidation
reactions for several metals were studied to determine if some oxides were not thermody-
namically possible in CO,. The main focus of this study is on high temperature application,
therefore nickel-chromium superalloys are of highest interest. The partial pressure of oxygen

needed to oxidize these metals (Ni and Cr) has been plotted as a function of temperature in
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Figure 4.1. The partial pressure of oxygen produced from pure CO, dissociation as well as
1% CO-CO, mixture is also plotted in order to determine which oxides were thermodynam-

ically allowed. The pOs for RG 4+ 100ppm O, was not included as it was much higher than

even the RG conditions.
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Figure 4.1: Temperature and environmental dependence on oxidation of chromium and
nickel.

The data presented in Figure 4.1 shows that oxides of chromium and nickel will form
at the partial pressure of oxygen produced from the dissociation of pure COy (~ 1079 at
750°C). When 1% carbon monoxide is added, the formation of nickel oxide can only form at
very high temperatures. It is important to point out that these calculations are only valid
for 100% pure CO, and metal atoms with no restrictions, and an infinite amount of time.
In order to prove this theory, testing was conducted on pure Ni samples in pure COy (RG)
and 1% CO mixed CO, at 750°C, 20MPa, for 1000 hours. The mass change measurements

for the pure Ni samples is given in Figure 4.2.
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Figure 4.2: Mass change measurements of pure Ni exposed to RG and RG + 1%CO at
750°C for 1000 hours.

Mass change measurements show almost two orders of magnitude higher mass gain for
pure Ni exposed to RG CO,, and almost no mass gain on samples exposed to RG-1%CO
environments. This would indicate that the Ni was rendered inert in the more reducing
CO-CO; environment. In order to more closely observe this effect, SEM was conducted on
the surface of each sample, and is given in Figure 4.3. A layer of Ni rich oxide was observed
on the surface of the RG sample, whereas only small islands of Si and Mn rich oxides were

found on the surface of the samples exposed to 1%CO-COs.

Pure Nj [RG, 7506£4000hrs]- 7 =

Ni Rich Oxidé -

Figure 4.3: SEM micrographs of pure Ni exposed to RG (left) and RG+1%CO (right).
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Interestingly, the sample exposed to the CO rich environment showed a large amount of
porosity and removal of the Ni on the surface of the sample. This is theorized to be due
to the formation of volatile nickel carbonyls which are created at intermediate temperatures
during heating and cooling of the system. XRD and Raman spectroscopy was performed on
these samples in order to further prove the stability of NiO in RG CO; conditions, and is

presented in Figure 4.4 and 4.5.
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Figure 4.4: XRD measurements of pure Ni exposed to RG and RG + 1%CO at 750°C for
1000 hours.
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Figure 4.5: Raman measurements of pure Ni exposed to RG and RG + 1%CO at 750°C
for 1000 hours.
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Both XRD and Raman support the formation of NiO on the surface of the sample exposed
to RG CO, and the lack of NiO on the surface of the sample exposed to the 1%CO mix. While
no oxides were detected in the XRD spectrum for the 1%CO sample, Raman spectroscopy
reveled the presence of manganese rich oxide, which is supported by EDS measurements
which also showed Mn and Si enrichment. Trace amounts of both Si and Mn were found in
the bare Ni cert, and have oxides with a much lower thermodynamic stability than Ni. SEM
cross-sectional images are given in Figure 4.6.

mm Pure Ni [1%CO-CO,; 750@8 000hrs]
Copper

Nano-pores

Base Ni

Figure 4.6: SEM cross-sectional imaging for pure Ni exposed to CO, at 750°C/20MPa for
1000 hours in 1%CO (left) and RG (right) environments.

Cross Sectional SEM images confirm the lack of oxide on Ni exposed to the CO rich
environment, and the presence of a thick oxide on the sample exposed to RG COy (14um).
Both samples experienced porous attack near the surface of the sample. The pores are
attributed to nickel carbonyl formation at lower temperatures which is highly volatile. The
sample exposed to RG CO; also exhibited enhanced grain boundary attack near the surface
with depletion of nickel along grain boundaries up to 100um. Both nickel depletion and
depth of porosity can be more easily observed in Figure 4.7. Similar attack of the Ni sample

exposed to 1%CO occurred, but with the lack of oxide formation on the surface. It is
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important to note that the original surface of the nickel samples was polished to 800 grit,

and that the large surface roughness is likely due to the removal of nickel.

Pure Ni [RG, 750C,1000hrs] .'Pure Ni[RG, 750C, 1000t
Mount

Ba.se Ni

Figure 4.7: SEM cross-sectional imaging of grain boundary attack of pure Ni exposed to
RG CO; at 750°C/20MPa for 1000 hours at 200x (left) and 1000x (right).

Ni depletion corresponds to enrichment of Mn and Si which were found as scattered
oxides on the surface of the sample exposed to 1%CO-CO,. The depleted grain boundaries
also correspond to increased porosity which is due to the increased diffusion pathways in
these regions. The corrosion of nickel appears to be very detrimental in RG CO, conditions,
and should be avoided.

The fact that Ni can be readily rendered non-reactive is a very important, and could be
used to mitigate corrosion on commercial alloys in these environments. It should be men-
tioned that while the pO, can be lowered easily to inhibit NiO formation, the corresponding
increase in ac could lead to increased carbon deposition as well as carburization which will

be discussed in the following sections.
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4.2 Altering ac Changes the Carburization of the Underlying Ma-

terial

In order to adapt the model laid out for the VHTR plotted previously in Figure 2.17 to
COg, the first step was to re-create the Cr-O-C stability diagram. This is done by using
the chemical equations shown in Equations 4.1-4.4 (Equilibrium constants were found using
HSC software [62]). From the chemical balance, the equilibrium equations can be found and
are listed next to each chemical equation. At this point, it is usually of interest to study
where two phases are in equilibrium with each other with respect to the reactive species
(pOg and a¢). This is done for Equation 4.1 by setting ac and a0, equal to each other,
leaving just pOs in the equation. Finally, the equilibrium equation is related to the Gibbs
Free Energy shown in Equation 4.2, and solved for the relevant pO,; and ac values. The
same method is used for each carbide species (Cry3Cs shown in Equation 4.3). A more
complicated system is the equilibrium between the oxide and carbide. The chemical and
equilibrium equations for C'roO3 and Cry3Cy are listed in Equation 4.4. Now the contribution
of oxide and carbide activities are set to each other. This leaves a relationship between the
pOy and ac which indicates that oxide to carbide equilibrium is determined by both oxygen

and carbon potential. These equations produce the volatility diagram given in Figure 4.8.
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Figure 4.8: Volatility diagram for Cr-C-O phases at 750°C at 1 atm (Left). Volatility
diagram with environmental conditions for RG CO,, RG + 100ppm O,, and RG + 1%CO

mixed COy (Right).
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The volatility diagram in Figure 4.8 represents which phases should exist given a partial
pressure of oxygen and activity of carbon. This can be expanded explicitly to the CO,
environments in this study by implementing the gaseous equilibrium given by Equations 4.5
and 4.6. The environmental conditions of interest are research grade CO; (considered 100%
pure), 100ppm oxygen mixed RG COg, and 1% CO mixed RG CO;. The pO, and a¢ values
for the environmental dissociation are plotted in red on the volatility diagram in the right

graph of Figure 4.8.

(pO2)(ac)
COy = C+0 K = - 4.5
2 + Oy COy 2CO, (4.5)

_ 1  (pO2)2 (ac)
CO—,C+202 Keco = 2CO (46)

The testing environment sets the boundary condition for the oxide-environment inter-
face. A more important boundary condition is the one between the metal and oxide. This
boundary condition controls the corrosion process, and will determine whether oxidation or
carburization occurs (or both). The partial pressure of oxygen should be roughly equal to
the phase equilibrium pO; calculated between Cr and CryO3 since both are present at the
interface. This pOy value is different from the environmental condition, therefore, the ac
must also change in order to maintain the chemical equilibrium. In order to calculate the
new ac, the most reactive species must be considered. For example, in the 100ppm oxygen
doped testing, only oxygen was consumed during oxidation (given in Figure 4.9).

The oxygen consumption graph in Figure 4.9 represents measurements before s-CO5 has
been heated (green), as well as after the s-COs exits the autoclaves after exposure to samples
(blue and red). Using the flow rate of s-CO., the total reaction rate for each system could
be calculated. Unfortunately, this doesn’t provide much useful information as the sample

composition, surface area, and the autoclave will effect these measurements. Regardless,
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the trends observed show that samples at 750°C consumed more oxygen which indicates
faster reaction rates. Since the oxygen concentration follows a similar pattern expected for
mass change of the samples, and eventually reaches a near-steady-state, it can be assumed
that oxygen is consumed preferentially in these environments. Therefore, it is assumed that
only the pOy changes throughout the oxide, while the ac stays close to the same value
(concentration of COs stays roughly the same). Figure 4.9 shows the change in pO, leading

to the equilibrium state between chromium and chromia for the oxygen mixed testing.
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Figure 4.9: Oxygen consumption during oxygen mixed s-CO, testing (left). Volatility
diagram for Cr-C-O phases at 750°C at 1 atm with oxygen doped environment.

The more complicated environments to model are RG COy and 1%CO mixed environ-
ments, in which the a¢ is directly coupled to the pOs. In these environments, the oxidation
reaction either occurs due to reduction of COy or CO. In either case, oxygen is consumed
to form the oxide, resulting in a higher ac. This is given by the chemical Equations 4.7 and
4.8. Since it is unknown which species is most reactive with the metal, it is useful to con-
sider both reactions in order to create a range of possible carbon activities as a function of
partial pressure of oxygen. In order to calculate this, a relationship must be drawn between
COg, CO, Oy, and C. This relationship ends up being the chemical equilibrium equations

given by 4.6 and 4.5 since it ultimately depends on mass balance of COs in the system. The
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mass balance for carbon is used to solve the resulting system of equations, and is given by
Equation 4.9. Equilibrium constants were calculated empirically from Equation 4.10 with
parameters given by [63]. A summary of the equilibrium constants for the decomposition is
given in Table 4.1. Using these values for COs equilibrium gives a range of values for the
activity of carbon as the partial pressure of oxygen drops through the scale to the value at

the oxide interface. This is represented by the dashed blue lines plotted in Figure 4.10.

(pO5)(ac)

15002 +2Cr = 07’203 +1.5C COQ =C+ 02 K002 = (47)
pCO,
1 0,)2
300 +20r = Or0s 1 3¢ CO=C+ 20, Koo = 20220) )
2 pCO
Niotate =1 = Nco, + Nco + N¢ (4.9)
In|K;] = a;/T +b; + c; * T + d; % T? (4.10)

Table 4.1: Equilibirum constants for the decomposition of CO5 at 750°C.

C0,=C0+.50, 2C0=CO,+C  C+0,=CO,
K 1.28E-10 3.71E-01 1.65E+20
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Figure 4.10: Volatility diagram with lines representing mass balance of pOsy and a¢
through the oxide for RG and RG + 1%CO environments.

Figure 4.10 shows that by treating the oxide as a diffusion barrier, the coupling of pO,
and ac results in carburizing environments near the M-O interface. This means that the
system should actually reach an equilibrium between chromium oxide and chromium carbide
instead of pure chromium and the oxide. This would indicate that corrosion of pure Cr in
COg should form a duplex layer with the oxide at the environment interface, a carbide layer
between the oxide and base metal, and finally chromium. Carbides would only be measurable
for an equilibrium condition which can easily be reached kinetically. The gap between
environmental condition to the Cr,O3-Cr,C, phase equilibrium should be proportional to
the potential gap and therefore dictate kinetics. This would mean that the more carburizing
environment (1%CO) should produce more carbides then the RG environment. In order to
test this theory as well as the validity of the duel corrosion layer theory, pure Cr samples
were exposed to RG COy and RG + 1%CO at 750°C and 20MPa for a total of 1,000 hours.

The mass change of these two tests are given if Figure 4.11.
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Figure 4.11: Mass change measurements of pure Cr exposed to RG and RG + 1%CO at
750°C for 1000 hours.

Initial mass change shows that the samples exposed to 1%CO gained about twice as much
mass as the samples exposed to RG COs. In order to determine if the additional mass was a
result of increased carbon deposition, samples were mounted and imaged using SEM which
is given in Figure 4.12.

L A%C0ICO, T50C

BT ¥4

Pure Cr  1 ; AN A Pure Cr+

Figure 4.12: SEM micrographs of pure Cr exposed to RG (left) and RG+1%CO (right).

The SEM micrographs in Figure 4.12 show that the average oxide thickness in the CO
mixed environment is roughly twice the thickness of the sample exposed to RG CO,. The

oxide in the RG condition shows a very compact, uniform layer with very little porosity.
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This is contrasted by the highly porous oxide of the pure Cr exposed to the CO mixed
environment. Also important, is the internal attack found on the sample exposed to CO
mixed CO,. Since a pure Cr sample was used, stratified layers would indicate the presence
of a separate phase which would alter diffusion in that region. This would only be possible if
carbides were present. The carbide layer beneath the oxide (predicted in the model above)
was also observed by Zheng and Young on an atmospheric CO/CO; test completed at 900°C
after XRD and Electron Probe Micro-Analyzer (EPMA) analysis of the internal layer [64].

SEM micrographs from their work is presented in Figure 4.13.
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Figure 4.13: SEM micrograph of pure Cr exposed to 3.4% CO/CO3 at 900°C for 22 hours
[64].

The internal oxidized and carburized layer found in [64] appears very similar to the duel
layer found in this study. In order to determine chemical and bonding information of the
internal layer of the pure Cr sample, the oxide was carefully polished off to reveal three
regions (Base Cr, Carbide+Oxide, Oxide) as seen in Figure 4.14. SEM images for each of

the layers is also given in Figure 4.14.
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Figure 4.14: Pure Cr post polishing after being exposed to RG + 1%CO at 750°C for

1000 hours.

SEM imaging proves that the intermediate layer between the oxide and base Cr on the

surface is indeed the internally stratified region. This is given by the dispersed oxide islands

(dark regions) in the matrix of pure Cr (light regions) found in the middle image in Figure

4.14. XRD was conducted on the unpolished and polished (interface region) sample to

observe the differences in the oxide vs the internally oxidized layer given in Figure 4.15.
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Figure 4.15: XRD measurements of pure Cr before and after polishing after exposure to
RG + 1%CO at 750°C for 1000 hours.

XRD results clearly show the evidence of chromium rich carbides (Cr;Cs, Cra3Cg) in the
polished region, and not on the unpolished sample. The presence of inter-facial carbides was
predicted by the modeling above which stated that the oxide acting as a diffusion barrier
would create ac values high enough to reach an equilibrium between the oxide and carbide
phases of chromium. It is important to note that the pure Cr samples exposed to RG CO, did
not show any internal attack. It is possible that carburization was much higher in 1%CO-
COy because the equilibrium condition was easier to reach compared to RG conditions.
This conclusion would indicate that carburization as seen in the 1%CO environment is not
as kinetically favorable in the RG environment. Kinetically limited carburization will be

supported later when studying corrosion of Haynes 625.
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4.3 Saturation of CO,; with CO Causes Carbon Deposition During

Cool-down

Carbon deposition discussed previously was in the form of chromium carbides, and expected
to form at the interface between the metal and oxide. Another carbon deposition mechanism
that will be studied is through the Boudouard Reaction given by Equation 4.11. The reverse
reaction utilizes carbon monoxide to deposit carbon at low temperatures T<700°C, and is
common in blast furnace chemistry during alloy fabrication. The Gibbs Fee Energy for the

Boudouard Reaction is given as a function of temperature in Figure 4.16.

CO, + C = 200 (4.11)
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Figure 4.16: Gibbs Free Energy of Formation for the Boudouard Reaction.

The carbon precipitated through the Boudouard Reaction is different from the carbide
production discussed earlier which is bonded to chromium and was found only beneath the
oxide. The carbon found due to the Boudouard Reaction should precipitate as pure carbon
and would be expected to deposit uniformly given a constant temperature as the carbon
monoxide reacts with itself. The Gibbs Free Energy of the Boudouard Reaction shows

that carbon deposition is only possible at temperatures below 700°C. Above which, carbon
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removal would be expected by the forward reaction through reaction with COs. Since the
impurities testing in this work was only done at 750°C, pure carbon would only be deposited
during ramp and cool-down of the system, and carbon removal would occur at operating
temperatures.

Another way of thinking about this is by considering the CO, environment as a solution
with C dissolved as CO. At 750°C, the 1%CO condition would be considered saturated
with the maximum (or more) amount of CO. As the temperature cools, carbon monoxide
must react to precipitate carbon because the CO, cannot hold as much CO as in the high
temperature. This is perhaps more easily observed by looking at the chemical equilibrium
of CO,, CO, and C as a function of pO, for two temperatures. Figure 4.17 gives the shift in
equilibrium from 750 to 450°C.
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Figure 4.17: Equilibrium of CO, constituents as a function of pOy at 750 and 450°C.

Carbon deposition therefore requires the presence of carbon monoxide. While RG testing
does produce some carbon monoxide during the corrosion process, these concentrations are
very low (1-100ppm). At these levels, the deposition of carbon during temperature transients
would not amount to easily measurable quantities. This mechanism of carbon deposition
would only be observable in high CO environments such as the 1%CO testing.

Since the Boudouard Reaction could be responsible for deposition or removal of carbon
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in the system, it was important to study the kinetics. The reverse reaction is very difficult
to measure, so the forward reaction was studied using pure carbon in the presence of flowing
CO; at 650 and 750°C. This was done to determine if the reaction rate for decarburization
was relevant on the time scales of the testing completed in this work (1,000 hours). The
mass loss at 200 and 400 hours was recorded, and is plotted in Figure 4.18. Since oxygen
impurities were also being investigated, graphite samples were exposed to oxygen doped

COa, and are also included in Figure 4.18 to show carbon removal.
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Figure 4.18: Mass loss of NGB18 graphite samples exposed to research grade, and
100ppm oxygen doped CO, at 650 and 750°C at 20Mpa.

Images of the graphite samples both before and after exposure are shown in Figure 4.19.
These images show the increased attack and carbon removal at 750°C that was also observed
by the mass change measurements. These results prove that the kinetics of the Boudouard
Reaction occur in the above conditions at time scales relevant to the testing parameters.

Two mechanisms of carbon ingress from the environment have been discussed, one de-
posits carbon in the form of carbides (carburization) at the interface between the metal and
oxide due to coupling of pOs and ac through the oxide, and the other deposits carbon during
temperature transients due to saturation of CO and the Boudouard Reaction. The second

form of carbon deposition should cover the surfaces that the environment is subjected to.
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Figure 4.19: Graphite samples exposed to different CO4 environments after 400 hours:
Untested (A), 650°C RG (B), 650°C (C) 100ppm oxygen doped RG, 750°C RG (D).

In order to prove both mechanisms Secondary Ion Mass Spectroscopy (SIMS) analysis was
completed on a 300um? area as a function of depth (sputtered using Cs™ ions) through a
Haynes 625 sample exposed to RG CO,, as well as 1%CO-CO4 at 750°C, 20MPa for 1,000
hours. The carbon depth profile for the two conditions is given in Figure 4.20.
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Figure 4.20: SIMS carbon profile for Haynes 625 exposed to CO4 for 1000 hours at 750°C
in RG and RG with 1% CO.

Figure 4.20 shows that both RG and CO mixed CO, conditions deposited carbon at the
interface between the oxide and base material, and was about two times larger in the RG

+ 1%CO environment. This local maximum in the curve corresponds to the formation of
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carbides. Carbon was also observed throughout the oxide in the 1%CO environment which
is an indication of the precipitation of carbon through the Boudouard Reaction. Little to no
carbon was observed in the oxide produced in the RG CO5 environment and is most likely
due to concentration limitation of CO during cool-down. The CO concentration in the RG
environment (estimated to by 1-100ppm) is much lower then the 1% CO condition which is

forced to maintain a constant concentrations of CO by the feed gas.

4.4 Altering pO, and ac to Control Defect Concentration Leading

to the Production of a Stoichiometric Oxide

It was previously discussed in Chapter 2.7.2 that the formation of a stoichiometric oxide
could lead to a more protective and compact oxide with fewer voids. It has been theorized
that non-stoichiometric oxides produce an increased number of voids due to vacancy anni-
hilation or coalescence [58]. Void production is reduced in stoichiometric oxides due to the
minimization of the total vacancy concentration. By using defect equilibrium equations dis-
cussed in Chapter 4.4 above, the pO; required to balance the chromium and oxygen vacancies

(therefore minimizing) is given in Equation 4.12.

(ki)z(kred)4/15

pOz = (kox)z/g

(4.12)

The equilibrium constants in Equation 4.12 vary considerably based on large predictive
accuracy errors. These constants are further invalidated when deviation from pure Cr com-
position to commercial alloys in considered. It is therefore very unlikely that a pO, value
could be accurately predicted from theory, and in order to produce a stoichiometric oxide
with low void fraction, experimental data needed to be collected. This was attempted by

using SEM to study the oxide morphology grown on pure Cr and Haynes 625 given in Figures
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4.12 and 4.21 respectively. As it appears, RG conditions are relatively close to the stoichio-
metric conditions predicted by [56], [65], [66]. This could be the reason why lower porosity
and more protective characteristics are observed in RG conditions and deviation from this
environment is highly destructive. The void network can be observed in the mixed CO,
conditions, but not in RG for chromia grown on alloy Haynes 625 in Figure 4.21. Similar
results were found on pure chromium exposed to RG and 1%CO-CO;, in Figure 4.12.The
protective behavior in RG CO, is extremely useful as it indicates that pure CO, is quite
possibly the best oxidizing environment at this temperature for corrosion of chromium rich
alloys. Any addition of other gaseous species would only enhance the oxidation and produce
less protective oxides.

86+ .19um
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Figure 4.21: SEM cross-sectional imaging for oxides grown on Haynes 625 at
750°C/20MPa for 1,000 hours in RG, RG + 100ppm, and RG + 1%CO environments.

The growth of a compact oxide (possibly stoichiometric) on the surface of the Haynes 625
was very promising as it indicated that the depletion of Cr as well as the addition of other
alloying and matrix elements had little effect on the growth of the oxide. In fact, it will be
shown in subsequent sections that RG CO; is the best corrosion environment compared to
COs with added impurities for all commercial alloys tested. This would indicate the utility
in monitoring and regulating gas composition to keep purity near RG conditions.

While the results in this document appear to indicate the growth of a stoichiometric oxide

due to regulation of the pO,, this process is likely a result of gaseous diffusion of COq (dis-
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cused in Section 4.2) instead of solid state diffusion of chromium and oxygen. It was shown
in Sections4.3 and 4.2 that carbon was found in both the oxide as well as between the M-O
interface. Several studies have determined that solubility and diffusion of carbon through
chromia is very low [67] and [68]. This would indicate that gaseous diffusion is involved dur-
ing the corrosion process, and that the solid state diffusion model is not entirely accurate.
While gaseous diffusion is accepted as the primary mode for transport through the oxide,
the mechanisms for solid state diffusion still apply. It is theorized that gaseous diffusion
through the oxide occurs through micro/nano-channels or other high diffusion pathways. In
either case, the environmental pO, and the pO, which corresponds to the metal-oxide phase
boundary are still set. This would indicate that the defect model would apply in localized
regions throughout the oxide and mean that RG COs is still likely to form a stoichiometric
oxide layer, while the impurities mixed conditions would form an oxide with higher defect
concentrations. The increase in defect concentration would lead to enhanced porosity, which
would enhance gaseous diffusion, and other negative effects (carbon deposition). It is there-
fore useful to understand that while solid state diffusion might not explicitly influence the

corrosion rate, it is a secondary effect, and appears to result in a significant effect on corrosion

in s-COs.
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Chapter 5

Connecting Corrosion Mechanisms From Model Alloys

to Commercial Alloys

Now that several mechanisms of corrosion in COy have been studied on pure Cr and Ni
samples, it is important to relate to commercial alloys to understand the effect that trace
elements have on corrosion. This has already been discussed slightly in the sections con-
taining the SIMS profile and discussion of stoichiometric oxide production for Haynes 625.
Additional discussion of Haynes 625 and a Ni-20Cr binary alloy will be discussed in this

chapter.

5.1 Corrosion of Ni20Cr in sCO, Environments

Binary alloy Ni-20Cr was selected for testing due to the similar composition of most nickel
chromium superalloys. This alloy was also of interest as it should combine the effects observed
in the previous chapter of both pure nickel and chromium materials exposed to COs. Testing
was conducted at 750°C, 20MPa for a total of 1,000 hours in both RG and RG + 100ppm O,
environments. The mass change measurements for these two conditions are given in Figure

5.1.
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Figure 5.1: Mass change measurements of Ni-20Cr exposed to RG and RG-100ppm O, at
750°C for 1000 hours.

Initially, both samples appeared to gain a similar amount of mass through 600 hours.
Then, a sudden spike in the samples exposed to oxygen rich CO, was observed at 800 hours
followed by a sudden drop. The increased oxidation rates at 800 hours could be indicative
of transition from chromium oxidation to nickel oxidation due to depletion of chromium at
the M-O interface. Surface SEM and EDS line-scans have been conducted on these samples

and is given in Figures 5.2 and 5.3 for RG and Figures 5.4 and 5.5 for oxygen rich testing.
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Figure 5.2: SEM micrographs for binary alloy Ni-20Cr exposed to RG CO, at 750°C for
1000 hours.
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Figure 5.3: Surface EDS line scan for binary alloy Ni-20Cr exposed to RG CO, at 750°C
for 1000 hours.
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The oxide surface produced in RG CO4y appears uniform with a few areas of ballooning
or enhanced oxidation. EDS line scans reveal a thin chromium layer for the entire oxide (Ni
signal is due to base material). Interestingly, at 20kx, small precipitation of Molybdenum rich
oxide nodules were observed. These nodules are found on the surface of all samples exposed
in the autoclave at temperatures above 700°C. This is due to the volatility of Mo-oxide
which has been well studied and shown to occur rapidly at temperatures over 700°C [69].
Therefore, the small Mo rich nodules found on the surface would be caused by precipitation
during cool-down which originated from either other samples or the autoclave, which contain

high amounts of molybdenum.

~ Cr/Ni Rich Oxides.

Figure 5.4: Surface SEM micrographs for binary alloy Ni-20Cr exposed to RG-100ppm
O4 at 750°C for 1000 hours.

Unlike the uniform surface found on the Ni-20Cr sample exposed to RG CO,, the surface
of the sample exposed to the oxygen rich environment contained large regions of spalled oxide,

as well as ballooning on the surface. Closer examination of the spalled regions shows fracture
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surfaces which are roughly the same size as the chromia grains with no subsequent oxidation.

This would indicate exfoliation during the cool-down process when thermal stresses are

largest.
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Figure 5.5: Surface EDS line scan for binary alloy Ni-20Cr exposed to RG-100ppm O, at
750°C for 1000 hours.

Figure 5.5 presents a line scan through the uniform oxide, an area of enhanced oxidation,
as well as a spalled region. The uniform oxidation region contains pure chromia indicat-
ing protective oxide growth. The region of enhanced oxidation shows a strong signal for
NiO which is likely due to the depletion of chromium and high pOs in this environment.
Interestingly, the spalled region consists of almost pure Ni, which would indicate that the
region below the oxide is almost completely devoid of chromium. If this is true, it would
indicate that once Cr is completely consumed, Ni begins to oxides which could then desta-
bilizes the adherence of the oxide and lead to exfoliation during cool-down of the system.
Cross-sectional SEM and EDS is given in Figure 5.6 to further prove depletion of chromium
in areas of nickel oxide formation.

The depletion of chromium is dictated by both the diffusion rate of chromium through the
matrix, as well as the corrosion rate. This was discussed previously in Section 2.1.4. In this

particular case, the reaction rate appears much faster than the diffusion rate of chromium,
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Figure 5.6: Cross-sectional EDS line scan for binary alloy Ni-20Cr exposed to RG and
RG-100ppm Oy s-CO4 at 750°C for 1000 hours.

and therfore a large depletion of chromium is observed.
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If exfoliation of the oxide does

not happen, it would be reasonable to assume that chromium would be able to re-saturate

beneath the oxide as the diffusion length through the oxide would increase (corrosion rate

decreases) with oxide thickness. This would indicate that nickel oxide formation could be a

meta-stable behavior caused by saturation of oxygen in the system. In the RG system, no

depletion is observed, which would indicate the reaction rate was never fast enough compared

to the diffusion rate of chromium for depletion. It will therefore be necessary to see if minor

alloying elements can decrease the corrosion rate, or increase the diffusion of chromium in

commercial alloys to prevent the formation of nickel oxides.

Comparing the results of Ni-20Cr to pure Cr, pure Cr oxidized about three times faster in
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RG conditions, which indicates that the nickel matrix does in fact slow the diffusion of Cr to
the M-O interface and therefore inhibits the corrosion. This is also evident from the depletion
of Cr in the spalled regions (depletion of Cr is not possible on pure Cr samples). If the pOs is
high enough to oxidize Ni, the interface is more susceptible to attack and enhanced corrosion,
which is seen in the 100ppm environment where a near breakaway condition appears to be
reached before eventual scale exfoliation. The enhanced oxidation and spallation in the
oxygen rich environments indicates that any added oxygen impurity could be detrimental to

alloy compatibility in CO5 environments.

5.2 Corrosion of Haynes 625 in sCO; Environments

Commercial alloy Haynes 625 was selected for additional study due to its low cost, avail-
ability, and high industrial interest. Before performing any corrosion studies, the as received
material was analyzed in order to understand the composition, micro-structure, and phases
present. The material was received in plate form from Haynes directly and was solution
annealed at 1050°C before being quenched to room temperature. The composition of this

alloy is given in Table 5.1.

Table 5.1: Composition of as received Haynes 625.

| [ Si [ P [ Mnl C | Cr| Ni | MolNb/|ColFel Al | Ti]

XA 025 0.006 026 0.02 21.89 Bal 859 351 028 5 022 0.29

The nickel and chromium concentration of this alloy is similar to the Ni-20Cr alloy
discussed previously with the exception of large quantities of Mo, Nb, and Fe. Haynes 625
(H625) utilizes niobium to form ~#/, and solid solution molybdenum for high temperature
strength. This alloy has been shown to exhibit excellent corrosion resistance at temperatures
up to 980°C, due to its relatively high Cr content. However, delta phase precipitation (a

Ni3Nb phase that precipitates as disk-shaped morphology) is known to form at temperatures
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exceeding 600°C resulting in long term embrittlement. Long-term aging effects such as
carbide formation (from bulk alloy carbon), 7//, and delta phases precipitation can be found

in the TTT diagram in Figure 5.7 [70].
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Figure 5.7: Time-Temperature-Transformation Plot for Hyanes 625 [71]

In order to determine grain size, as well as which phases were present in the as received
alloy, SEM, EDS, and etching techniques were used. Haynes 625 was etched using HCI-
2%H,045 by submergence for 10 second intervals until grain boundaries were visible under
light microscopy. A summary of the grain structure as well as phase precipitation in the as
received samples is given in Figure 5.8.

No delta phase was observed in the as received samples of H625 which is a result of
the high annealing temperature which would dissolve any of this phase before being quickly
quenched through the temperatures needed to form delta phase. Some titanium rich carbides
were formed in the material during creation, and can be observed by the EDS mapping as

well as the corresponding line-scan.
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Figure 5.8: SEM,EDS, and light microscopy characterization of as received Haynes 625.

5.2.1 Haynes 625 Delta Phase Embrittlement

While this alloy is highly attractive to industry for use in high temperature power cycles, it
should be noted that delta phase embrittlement has been identified as a major issue for long
term use. Since this alloy is being considered for implementation, it is therefore necessary
to characterize the effects of delta phase precipitation before studying the corrosion effects
of CO,. A few papers have been published on delta phase precipitation in H625 during long
term aging processes. The temperature dependence on precipitation as well as the yield
stress is plotted for Haynes 625 aged from 600-900°C for 500 hours is given in Figure 5.9 [72].
The second data set indicates an intermediate aging step at corresponding temperatures for
5 hours.

The maximum effect of delta phase precipitation appears to exist between aging temper-
atures of 700 and 750°C. The increase in yield stress of 50% would suggest an corresponding

decrease in ductility, which can lead to brittle fracture mechanisms. Haynes 625 was tested
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Figure 5.9: SEM images of delta phase precipitation in alloy Haynes 625 for various
temperatures (Left). Yield stress for aging of alloy Haynes 625 for select temperatures
(right) [72].

in this work at 550, 650, and 750°C, and has been etched to observe delta phase precipitation.
SEM images showing delta phase precipitation due to heat treatment during CO, testing
are given in Figure 5.10. Delta phase appears as elongated precipitates in the images.

The SEM images of delta phase have good agreement with liturature, showing that the
highest concentration of delta phase occurs at 750°C followed by 650°C, and no precipitation
at 550°C. Since corrosion samples were used, no tensile testing could be conducted on the post
exposure H625 samples. Instead, micro-hardness measurements were used. Micro-hardness
measurements were taken as a function of depth from the oxide in order to determine if
corrosion also caused any softening or hardening of the material. Each plotted data point

represents 4 measurements taken at a plane parrallel to the oxide, and are in accordance
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Figure 5.10: Delta phase precipitation on Hyanes 625 exposed to CO5 from 550-750C for
1,000 hours. Etched using HCl — H50s.

with ASTM-E92 standards. Hardness profiles for each environment and temperature are

plotted in Figure 5.11.

Haynes 625 Hardness [1,000Hrs,750C]
625 Hardness [1,000 Hours, RG]

N
o
o

: 2
? & 360
g 320 o
5 § 320
ﬁ 280 —e—1%CO % 280
% +;§§ppm ” g T —e—550C
S 240 —e— As Received 5 240 I 1 T .+ _ 1 ® gggg
—e—750C Ar HT S S < +Bare
200 200
0 50 100 150 200 250 0 50 100 150 200 250 300
Distance From Oxide [Microns] Distance From Oxide [Microns]

Figure 5.11: Hardness measurements as a function of depth from the oxide for alloy
Haynes 625 exposed to different COy environments (left) and temperature (right).

Hardness measurements indicate that corrosion had very little effect on material hard-
ening, but was increased by similar amounts in every test from the as received material. By
revisiting the TTT diagram for Haynes 625, it can be observed that carbide precipitation
occurs at all of the temperatures listed, and most likely is the cause for the hardness increase.
While delta phase appears to have no effect on the hardness of the alloy, it was shown in the
literature to effect yield stress which isn’t captured in the methodology used in this study.

The SIMS profile for H625 was presented earlier to show carbon deposition mechanisms in
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Figure 4.20. The increased carbide formation near the oxide is also not captured in the
hardness profile due to the limited depth of carburization (< 5um).

It is the opinion of this author that Haynes 625 should not be used at temperatures above
600°C as indicated by the manufacture due to precipitation of delta phase. Since this opinion
is not shared with many industry members, it was decided to characterize the compatibilty

in s-COs.

5.2.2 Corrosion of Haynes 625 in s-CO; Environments

Haynes 625 was tested in several s-CO; environments ranging from 450-750°C/20 MPa for
1,000 hours in RG CO, and impurities mixed (100ppm O, 1%CO) RG CO, at 750°C. The
time dependent mass change results for all conditions are given in Figure 5.12. Error bars
representing the standard deviation between mass change of the samples at each time interval
have also been reported, but are very small relative to the total mass change experienced by

the coupons.
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Figure 5.12: Mass change measurements of Haynes 625 exposed to COy environments for
1000 hours.
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Mass change results show that Haynes 625 experienced very little corrosion when exposed
to RG CO5. The mass change increased as a function of temperature, with the exception
of 700 and 750°C in RG CO,. This deviation from normality will be discussed later. The
samples exposed to impurities mixed CO, showed the highest mass change with 1%CO
gaining the most mass followed by 100ppm O mixed CO,. The oxygen rich environment
appeared linear after an intial time, which has been theorized to be the initiation of nickel
oxidation (discussed previously) due to depletion of chromium. SEM cross-sectional imaging

for several of the conditions is given in Figure 5.13.
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Figure 5.13: Cross-section SEM micrographs for alloy Haynes 625 exposed to various
CO, environments.

Thickness measurements of the oxide given in the SEM images shows a good correlation to
the mass change measurements presented previously. This would indicate that the majority
of the mass gained by the sample is through the oxide and not through carbon deposition
(either mechanism). The composition of each oxide was found using EDS line-scans for RG,
RG + 100ppm O,, and RG + 1%CO given in Figures 5.14, 5.15, and 5.16 respectively.

The oxide grown on Haynes 625 in RG CO, was found to be chromium rich with very



101

Haynes 625 RG [750C, 1000hrs] Copper Coating
S o Haynes 625, RG [750C, 1000hrs]
Oxide 80
Cr Rich Oxide < 60 Ni
8 o
[0
i - 40
6 phase (elongated precipitates) g
220
Mo Nb Fe
Base Material ¢ R 0 ==
’ (% & 0 3.1 6.2 9.3 12.4 15.5

Distance [Microns]

Figure 5.14: EDS line scan for Haynes 625 exposed to RG CO4 at 750°C for 1000 hours.

little depletion of Cr below the scale. This oxide was thin, and exhibited a uniform grain
growth. This is contrasted by the oxide grown in oxygen mixed COy which experienced a

very different morphology, and was composed of Cr, Mn, Ni, and Fe shown in Figure 5.15.
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Figure 5.15: EDS line scan for Haynes 625 exposed to RG CO5-100ppm O4 at 750°C for
1000 hours.

The oxide grown in oxygen rich CO, contained large nodules all over the surface, which
were determined to be areas of nickel oxidation as well as enhanced chromium oxidation (EDS
line-scan). This was also observed in the oxidation of the Ni-20Cr binary alloy previously,

and was concluded to lead to eventual exfoliation of the oxide in these regions. A large
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chromium depleted region was also found below these nodules, as predicted earlier. Very
little nickel oxide was found on the surface of sample exposed to RG CO,, which is believed
to be due to kinetic limitations which were not present in the oxygen rich environments.
Large surface nodules were also observed on the surface of samples exposed to RG CO, with

1%CO, but the cross-sectional morphology is vastly different. An example is given in Figure

5.16.

Haynes 625 1%CO [750C, 1600hrs]

Copper Coating =~ - Haynes 625, 1%CO [750C, 1000hrs]
5 e 80

R o L Ay it

D
o

Cr/Mn Rich Oxide

N phase (elongated precipitates)
&

Atomic Percent
S
o

[
o

Base Material 1 | 0

0 3.1 6.2 9.3 12.4 15.5
Distance [Microns]

S5um

Figure 5.16: EDS line scan for Haynes 625 exposed to RG CO2-1%CO at 750°C for 1000

hours.

It wass observed that the nodules on the surface of samples exposed to CO rich CO, also
exhibited cracking. The composition of oxide was found to be chromium rich (the silicon
peak corresponds to polishing media left in the cracked regions). This oxide also contained
high porosity and two distinct layers. The duplex oxide is more easily observed in Figure
5.17 which shows the oxide at 200 and 1000 hours.

The ratio of the thickness two layers observed in Figure 5.17 grows evenly as a function
of time. The innermost layer appears to consist of an equiaxed region, and the outer oxide
layer consists of smaller grains with a large amount of porosity. This mirrors the discussion
of the growth of stoichiometric chromia in Chapter 4.4 and the oxide layers produced on pure

chromium in RG and RG + 1%CO given in Figure 4.12 previously. This would indicate that
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Figure 5.17: Cross-section SEM micrographs for alloy Haynes 625 exposed to RG
CO2-1%CO at 750°C for 200 hours (left) and 1000 hours (right)

the defect concentration in 1%CO mixed CO4 at 750°C are probably far from equilibrium, and
therefore, produced a voided region due to defect annihilation or coalescence. Interestingly,
the Haynes 625 sample exposed to 700°C RG CO, also exhibited the duplex oxide morphology
(Figure 5.13). This would indicate that the temperature, and therefore chromium mobility
play an important role in the formation of a stoichiometric oxide. It can then be concluded
that the pOy needed to form a stoichiometric oxide at 700°C is very different then that
found in 750°CO,. Further studies on this phenomenon would need to be completed in order
to fully characterize the pOy needed at each temperature and alloy for the formation of a
stoichiometric oxide. The presence of porosity throughout either oxide is concerning as it
has been theorized that voids or pores can lead to micro-environments which lead to carbon
deposition [26].

Two carbon deposition mechanisms were discussed previously, one of which relied on high
CO concentration during temperature transients which would cause precipitation of carbon
due to COy equilibrium changes. This effect should be enhanced if there is added volume
and surface area throughout the oxide (porosity). The other carbon deposition mechanism

was for carburization of the base material due to treating the oxide as a diffusion barrier.
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The SIMS profile for carbon through the oxide and base material for RG, RG + 100ppm O,
and RG + 1%CO is given in Figure 5.18. Unfortunately, it is believed that the sputtering
profile for the oxide in RG 4+ 100ppm Oy was conducted through one of the nodueles, and

therefore the M-O interface was not sampled.

Haynes 625 Carbon Profile
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Figure 5.18: SIMS carbon profile for Haynes 625 exposed to CO4 for 1000 hours at 750°C
in RG, RG with 1% CO, and RG with 100ppm O,.

The SIMS profile was discussed previously in regards to carbon deposition. Another
way to observe carbon bonding is by using raman spectroscopy. This method can be used
to map an entire region with high resolution using a correlative peak matching to carbon
(1350, 1525cm™!) and oxide (400-800cm™!) bonding. The spectral results for oxides grown

on Haynes 625 in RG + 100ppm O, and RG + 1%CO are given in Figure 5.19.
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Figure 5.19: Raman mapping of Haynes 625 exposed to RG CO2-100ppm O, (left) and
RG-1%CO (right) at 750°C after 1000 hours.

The raman spectra show strong correlation (white regions) for carbon throughout the
oxide found in the sample exposed to CO rich CO,. The carbon regions in the oxygen rich
environment are primarily found directly above and below the oxide, which was attributed
to signal noise, and the mounting procedure. Raman mapping for the sample exposed to
RG CO, found little correlation to carbon bonding, so it was not included. EDS mapping
was also conducted on the cross-section of the oxides in each environment, and are given in

Figure 5.20.
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Figure 5.20: EDS mapping of Cr and Mo for alloy Haynes 625 exposed to COq
environments at 750°C for 1000 hours.
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EDS mapping of the Haynes 625 samples shows a Cr depleted zone directly underneath
the oxide, which corresponds to enrichment of molybdenum. This could indicate precipi-
tation of a molybdenum rich intermetallic phase, or that the carburized region consists of
carbides that are molybdenum rich. While molybdenum carbides are similar in Formation
Energy, the depletion of chromium would cause an increase in favorability of the molybde-
num carbide phase precipitation in this region. This would be one area of improvement on
the thermodynamic model presented earlier as only chromium was considered for the phases.
Once the chromium in Haynes 625 reaches bulk concentration below the oxide, chromium
rich carbides occur. It is believed that these carbides are caused by heat treatment of the
material, and not from the environment since increased carbon concentration was not ob-
served past a maximum of roughly 5 microns below the oxide. This is further supported by
the presence of chromium carbides in the oxygen rich environment which should not have
experienced carburization between the M-O interface.

If the carbon deposited in 1%CO oxide occurs during cool-down, it is reasonable to assume

that the same carbon would be liberated in the form of CO during steady state operation



107

(750°C). This was shown previously through the Boudouard Reaction. The formation of CO
gas in the oxide would lead to volume expansion and the resulting stresses in the oxide which
could enhance cracking. This is contrasted to the cracking which is typically a result of the
compressive stress during cool-down due to differences in the thermal expansion coefficient
of the metal and oxide. In order to test which cracking mechanism is most likely, surface

SEM of the 200 hour sample was compared to the 600 hour sample (given in Figure 5.21).
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Figure 5.21: SEM imaging of oxide cracking on the surface of Haynes 625 exposed to
1%CO-CO4 environments at 750°C for 200 (Left) and 1000 hours (Right).

The 200 hour sample would have experienced cool-down once, but never experienced
carbon monoxide liberation during subsequent testing, and the oxide showed no evidence of
cracking. The 600 hour sample would have one cycle of carbon liberation, and did experi-
enced oxide cracking. This could be refuted by the fact that the oxide is thicker at the longer
time scale, but thicker chromium oxides have been observed on many samples without the
presence of cracking similar to what is observed in the 1%CO conditions. Cracking of the
oxide also increases bulk transport of the environmental COs to the base material since the
oxide is no longer acting as a diffusion barrier. This explains the enhanced thickness and

mass change measurements found in the CO rich environment.
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5.3 Summary - Connecting Corrosion Mechanisms From Model

Alloys to Commercial Alloys

Conclusions for Model to Commercial Alloy Mechanisms:

e Chromium preferentially oxidizes to produce a protective oxide until depletion reaches
a certain point in which nickel oxide will form. This leads to decreased adhesion of the

scale, and enhanced corrosion.

e Ni-20Cr experienced a lower corrosion rate than pure Cr due to the Ni matrix slowing
Cr diffusion, while Haynes 625 exhibited the lowest corrosion rate presumably due to

minor alloying elements such as Mn stabilizing the oxide.
e Carbon deposition mechanisms are observed in Haynes 625.

e Oxide cracking observed after the 600 hours of exposure in 1%CO-CO, indicate carbon

monoxide formation during ramp rates leading to expansive stress on the oxide.
e Carburization of base material is limited to the first few microns.

e RG COs appears to produce most protective oxidizing environment at 750°C as NiO
cannot form (due to kinetic limitations), and carbon is not deposited through the oxide

due to saturation of CO during cool-down.
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Chapter 6

Industrial Compatibility of Materials in CQO,

Environments

The motivation of this research was to be able to apply the knowledge learned to help
design future s-COy Brayton Cycle components. It is therefore important to conduct testing
with industrial practicality in mind. For example, industry will not use highly pure CO, as
the cost is too high. The goal of constructing any plant would be to minimize the cost of
construction, and therefore it is also very likely that many different commercial alloys will be
used. Because of this, testing was conducted using IG CO,, and additional commercial alloys
were exposed to each condition both of which are presented in this section as a summary of

results.

6.1 Research Grade vs. Industrial Grade Testing

All of the aforementioned results have been conducted using highly pure research grade
COy mixed with impurities at high accuracy to ensure no other contaminants could effect
the corrosion mechanisms being studied. Unfortunately, due to the cost difference between
research and industrial grade gases, it would be highly unlikely that RG COs; would be
used in the Brayton Cycle plants. Since application is one goal for this research, it was
crucial to test industrial grade (IG) COs to determine if any observable differences occur.
IG testing was conducted at 550, 650, and 750°C at 20 MPa. RG testing was used as a
baseline comparison.

In order to get an initial screening of the differences between RG and IG testing, mass

change measurements for each test were compared. A summary of the longest exposure



110

time for IG and the corresponding mass change for RG is given in Table 6.1. In order to
compare the two measurements, percent difference measurements were calculated as well as
the absolute value of the difference.

Table 6.1: Comparison of mass change of commercial alloys exposed to RG and IG s-CO,
for temperatures between 550-750°C at 20MPa for 600 or 1,000 hours.

- IG RG % Diff IG RG % Diff IG RG % Diff
| T92 |
2.0E-04 1.3E-03 85 1.2E-03 35E-04 -229 (Excluded)
3.2E-04 1.1E-03 70
BEETEl 1.7E-04 4 4E-04 61 7.7E-04 2.2E-03 65 2 5E-03 1.9E-03 34
2.2E-03 1.3E-03 69
2.6E-04 7.3E-04 65 8.8E-04 1.2E-03 29 2.7E-03 3.1E-03 15
IEGZE  19E-04 3.9E-04 50 6.3E-04 1.4E-03 56 1.7E-03 1 6E-03 3
Bl  18E-04 4 5E-04 59 5.9E-04 5.2E-04 -13 1.5E-03 1.1E-03 -39
1.5E-04 4 1E-04 63 1.3E-03 2.0E-03 37 2 2E-03 2 8E-03 23
8.6E-04 8.6E-04 0 2.5E-03 2.9E-03 14
1.3E-03 1.5E-03 13 3.7E-03 4.8E-03 24

Average % Difference: 65 Average % Difference: 15 Average % Difference: 0

- Absolute Value of Difference:  4.8E-04 Absolute Value of Difference: 5.9E-04 Absolute Value of Difference:  5.4E-04

The average percent difference for the testing environments decreases as the temperature
increases. Since the total corrosion rate increases with temperature exponentially, the percent
difference would be expected to lower only if systematic errors occur. Systematic errors
in this testing corresponds to: Ramp and cool-down rates, impurities from cleaning, flow
rates, and temperature/pressure excursions. These effects would be rather consistent on
the corrosion rate for each test as they only effect the system during short time-scales or
at transient conditions. A more accurate measure would then be the magnitude of the
difference observed between the two conditions (given in Table 6.1). This value is nearly
constant between all three temperatures which once again indicates that systematic errors
in testing caused the differences in mass change between RG and IG environments. The lack
of difference between RG and IG testing is further supported by SEM/EDS between the two

conditions which showed no major differences in morphology or composition between the
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samples.

While this might appear counter-intuitive based on the impurities results presented pre-
viously since IG CO; should contain higher levels of either oxygen or carbon monoxide, the
certificate for IG is based on purity limits, not absolute values. This was further confirmed
with the supplier which mentioned that IG bottles could range from RG purity to the purity
limit. Once this was known, IG bottles were tested and found to have a very wide range
of impurities, which was given previously in Section 3.5. Since the gas analysis techniques
were unknown at the time of IG testing, specific bottle concentrations were not obtained.
This would indicate that IG testing could have been nearly identical to the RG testing as it
appears by the mass change. The highly variable range of IG CO, could be concerning for
industry. Simple gas analysis tools such as an oxygen sensor and a GC setup with controlled
gas injection, similar to what was used in this study, could be implemented to adjust these

parameters during operation.

Conclusions for RG vs IG Testing;:

e Analysis of IG gas showed wide range of purity ranging from RG levels to beyond limits
set by supplier (>50ppm).
e Samples exposed to RG and IG CO, showed similar mass change, oxide morphology,

and composition.

e The small differences in mass change are attributed to systematic differences in testing
including but not limited to: Ramp-up and cool-down rates, impurities from cleaning,

flow rates, and temperature/pressure excursions.
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6.2 Corrosion Results for Select Alloys in s-CO,; Environments

A large collection of data has been compiled at UW on commercial alloy compatibility in
s-COq. This was completed to aide materials selection for construction of s-CO, Brayton
Cycle facilities. Data was collected for alloys exposed to CO, at temperatures ranging
from 450-750°C at 20MPa for up to 1,000 hours. A summary of tested alloys was given
previously in Table 3.2. The 1,000 hour mass change data is given in Appendix I as well
as estimated thickness ranges based on the growth of 100% dense, stoichiometric chromia
growth. While this assumption is not realistic due to the formation of other oxides, voids, as
well as spallation, the conversion from mass change to thickness was found to be around 30%
accurate for all materials excluding samples that experienced oxide exfoliation. A summary
of the actual oxide thickness (determined from SEM imaging) is given in Appendix I for
select alloys and conditions.

Since a majority of the testing in this research was conducted at 750°C, much more
data has been collected for nickel based superalloys. Using industrial input, four alloys were
selected for additional study H625 (discussed above), Haynes 230, Haynes 282, and Inconel
740H. Each of these alloys has a unique composition that gives rise to different corrosion

mechanisms in COs, and will be discussed in more detail in this section.

6.2.1 Corrosion of Haynes 230 in s-CO; Environments

Haynes 230 (H230) is a nickel based superalloy that utilizes tungsten (14%) and molybdenum
(1%) for solid solution strengthening. The tungsten saturates the alloy and precipitates out
as tungsten carbides during alloy fabrication. These tungsten carbide precipitates appear
as lighter contrast “islands” in SEM micrographs, several of which will be presented later.
Similar to Haynes 625 and different than many other nickel based superalloy, gamma prime

is not utilized as a strengthening mechanism. This is due to the low aluminum concentration
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found in this alloy. H230 is ASME pressure vessel code certified, which makes it attractive
for industry implementation. Heat treatment of the alloy is conducted between 1150-1250°C
and quenched to remove most deleterious phases [70]. The total composition of Haynes 230

is given in Table 6.2.

Table 6.2: Composition of as received Haynes 230.

Atomic
Percent

0.31 0.005 0.52 0.1 22.08 Bal 1.23 14.17 0.21 1.02 0.37 <.01 0.012

Base characterization of H230 has been conducted through light and SEM imaging for
both as received and etched samples to reveal the original micro-structure, and is given in
Figure 6.1. The received samples of H230 were solution annealed, and therefore most of the
precipitates were dissolved in the matrix outside of some tungsten carbides which can be

observed in Figure 6.1.

Non-Etched Etched

Light

SEM

0o Si Ti Cr Mn Fe Co Ni Nb Mo
Pt1 150 64 02 253 19 62 29 315 00 41 301
Pt2 054 27 01 268 55 123 33 616 07 08 51

Figure 6.1: Base characterization of Haynes 230 Including light and SEM imaging for pre
and post etched as received samples
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Testing of Haynes 230 was conducted at temperatures ranging from 450-750°C at 20MPa
for 1,000 hours in RG, RG + 100ppm O,, and RG + 1%CO. Mass change for each condition

is summarized in Figure 6.2.

Haynes 230 Weight Change
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Figure 6.2: Mass change measurements for Haynes 230 samples exposed to COq
environments ranging from 450-750°C at 20MPa for 1000 hours.

Mass change of Haynes 230 indicated much better corrosion protection than all of the
other tested alloys. The corrosion resistance even extends to impurities mixed testing which
showed slightly enhanced corrosion, but not to the extent of all other alloys. In order to
study the oxidation mechanics and understand why this alloy performed much better, surface

and cross-sectional SEM was conducted, and is given in Figure 6.3.
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Figure 6.3: SEM/EDS imaging of Haynes 230 samples exposed to s-COq ranging from
450-750°C/20MPa for 1,000 hours in RG, RG + 100ppm O, and RG + 1%CO.
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Cross section images of 450 and 550°C were not listed since the oxide was very thin and
discontinuous due to slow reaction rates at these temperatures. The slow reaction rates are
observed in the surface SEM images which still show polishing lines, as well as tungsten
carbide clusters which are a part of the base material (seen as lighter marks on the surface).
Also interesting is the visible grain boundaries on the surface image of 750°C. EDS mapping
has shown enrichment of chromium along these regions, and is a result of faster oxidation at
grain boundaries.

The cross section images of Haynes 230 exposed to RG CO, shows a continuous coherent
oxide, with the thickest oxide grown at 750°C. The oxide produced on Haynes 230 is much
thinner than that observed on the Ni-20Cr binary alloy, indicating much slower diffusion
rates due to minor alloying elements. Some internal corrosion effects are observed in the
750°C testing, which resulted in void formation. These voids are formed due to enhanced
diffusion of chromium in these regions compared to the base material. Voided regions on
this sample are characterized by depletion of Cr, which has been shown in other studies
to lead to exfoliation of the oxide, and subsequent weakening of the material. In order to
understand this void effect, as well as examine the composition of the oxide, EDS line scans
were conducted on these samples. The line scans follow the arrows presented in the SEM
images in Figure 6.3.

A few observation can be made from the composition of the oxides given for Haynes 230.
First, the oxide is primarily composed of chromium and oxygen. The bonding structure was
determined from XRD and raman analysis, and shows the presence of primarily (CryO3)
which is given in Figures 6.5 and 6.4.

The raman spectra for IG CO, shows good agreement with the pure chromia reference
spectrum. The Haynes 230 samples exposed to RG CO, contained a higher peak at roughly
700cm !, which matches the bonding peak for manganese with oxygen. This would indicate

oxygen bonding to both chromium as well as manganese. The characteristic D and G carbon
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H230 Raman Spectra (1,000 Hours)
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Figure 6.4: Raman spectra comparing exposure of alloy Haynes 230 to s-CO, at 650 and
750°C/20MPa for 1,000 hours in RG and IG purity.

bands are labeled in Figure 6.4 as well. These peaks show that some carbon-carbon bonding
is found near the surface. This would indicated deposition of carbon during the exposure to
CO; (cool-down). In order to check these observations for bonding structure, low incident
angle XRD was used. A two degree incident angle was used due to the penetration depth
of the x-rays through the thin oxide. The XRD spectrum for bare Haynes 230 is displayed
alongside the 750°C exposed Haynes 230 sample in Figure 6.5.

The peaks in Figure 6.5 have been labeled for convenience for nickel gamma phase (base
matrix), chromia, manganochromite, BCC Cr, Cr;Cj, and Cry3Cg. Strong base metal peaks
are observed meaning that with a 2 degree incident angle, the x-rays still penetrate the
oxide completely, therefore these peaks are ignored. The rest of the peaks correspond to
the bonding structure of chromia and manganochromite, which supports both the raman
spectral results, as well as the EDS compositional mapping.

A large depletion in chromium is also observed beneath the oxide from the EDS line

scans in Figure 6.3. This gives a few insights in to the mechanism of corrosion for this
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XRD Spectra for H230 Exposed to CO, at 750°C for 1000

Hours
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Figure 6.5: XRD spectra for alloy Haynes 230 after exposure to RG COy, RG + 100ppm
02, RG + 1%CO environments at 750°C/20MPa for 800 hours as well as untested Haynes
230.

alloy. First, it shows that the diffusion of chromium in this region (directly beneath oxide) is
faster than the base material. This could be caused by decreased grain size, increased grain
boundary diffusion, increased dislocation or vacancy concentration, or potentially formation
of different phases (chemical or physical). The depleted region also shows us that the steady
state equilibrium may not have been reached in this case, and that the diffusion of chromium
plays an important role in the kinetics of the oxide formation. If no depletion was observed,
then it could be theorized that the partial pressure of oxygen dictates the oxide formation.
This is observed in the line scans for 650°C exposure. The depletion zone also shows that
the diffusion of chromium is slow enough compared to the oxidation rate to induce void
formation.

Impurities results for H230 show similar corrosion mechanisms discussed previously with
respect to Haynes 625. The oxide produced in the oxygen rich environment shows larger
nodules that have some nickel rich oxidation (smaller number density compared to H625).

The oxide produced in both impurities rich environments were found to be thicker than the
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one produced in pure CO,. The faster oxidation rate also increased the magnitude of the
voided region and internal oxidation beneath the surface oxide. This is more easily observed

in Figure 6.6.
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Figure 6.6: SEM/EDS imaging for Haynes 230 exposed to s-CO4 at 750°C/20MPa for
1,000 hours in RG + 100ppm Oy (Left) and RG + 1%CO (Right)

6.2.2 Corrosion of Inconel 740H in s-CO, Environments

Inconel 740H is currently of interest in the highest temperature sections of the s-CO5 Brayton
Cycle due to its very high strength at elevated temperatures. The high temperature strength
comes from high levels of solid solution cobalt as well as gamma prime precipitation (a NigAl
phase). Gamma prime precipitates slowly at elevated temperature, which means that this

alloy requires significant heat treatment as well as thermal aging before use [73]. 740H
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is currently pressure vessel code certified, and therefore is one of the top choices for high

temperature/high pressure components. A complete list of the composition of Inconel 740H

can be found in Table 6.3.

Table 6.3: Composition of Inconel 740H.

| 1 c [ Mn ]| Fe | s [ si [ cu | Ni | cr | Al [ Ti | Co | Mo | Nb |
lf;:’c";'nct 0.023 0.245 0.1491 0.003 0.17 0.0015 50.04 24.57 1.33 1.33 20.09 0.35 1.46

Base characterization of 740H has been conducted through light and SEM imaging for
both as received and etched samples to reveal the original micro-structure, and is given in
Figure 6.7. The condition of the as received 740H was not aged, and therefore most of the
precipitates were dissolved in the matrix outside of some titanium carbides which can be

observed in Figure 6.7 as dark regions.

Non-Etched Etched

Light

SEM

Atomic Percent

i i r d e 0 Ni Nb Mo 4 50 75 100 125
Pt1 03 605 031 .08 05 016 046 244 01 .00 . .
Pt2 47 187 272 30 17 190 495 117 18 14 Distance [microns]

Figure 6.7: Base characterization of Inconel 740H Including light and SEM imaging for
pre and post etched as received samples
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The titanium precipitates in the SEM imaging appear to be the only non-homogeneous
regions. These precipitates form preferentially along grain boundaries, which will be of
interest later. 740H samples were exposed to s-COs at 750°C/20MPa, for 1,000 hours in both
RG and RG + 100ppm O,. The mass change measurements are given for both conditions

in Figure 6.8.

Inconel 740H Mass Change [750C, 20MPal]
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Figure 6.8: Mass change measurements of Inconel 740H exposed to RG and RG +
100ppm Oy at 750°C/20MPa for 1000 hours.

Mass change measurements between the two conditions are similar with a slight deviation
beginning at the 600 hour mark. This type of behavior is consistent with many of the nickel
based superalloys tested in these conditions, and was related to the depletion of chromium,
and subsequent oxidation of other elements such as nickel. This was caused by the increased
pOy characteristic of the oxygen rich environment, which is limited in RG CO,. SEM and
EDS for the 740H sample exposed to RG COs is given in Figure 6.9.

Cross-sectional SEM of 740H shows a thin protective chromium rich oxide with discontin-

uous internal oxidation of aluminum. The alumina (AlyO3) formation is due to the increased
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Figure 6.9: SEM/EDS imaging for Inconel 740H exposed to RG CO, at 750°C/20MPa for
1000 hours.

concentration of aluminum for gamma prime precipitation which wasn’t present for the H230
or H625. The presence of alumina would indicate that the precipitation of gamma prime
would be inhibited in these regions. The denudization of gamma prime will be discussed
more in 6.2.3.

The Gibbs Free Energy of Formation for alumina is much lower than that of chromia. It
is therefore reasonable to theorize that this could effect the formation of chromium carbides
between the M-O interface by the mechanism discussed previously. This effect would behave
similar to the difference between RG and 1%CO mixed environment in that there would exist
a higher potential barrier, which would reduce the amount of carbides that would be present.
In order to test this, additional analysis would need to be conducted on these samples such
as GDMS, GDOES, SIMS, or another method for carbon detection.

Many different oxide morphologies were observed on the 740H samples exposed to RG +
100ppm Os. Surface SEM of different oxidation mechanisms is given in Figure 6.10.

The morphology in the samples exposed to RG CO5 experienced the “plate like” chromia
growth observed in Figure 6.10. Whisker and step-like growth are common is high pO,
conditions, and is theorized to be caused by very rapid metal diffusion along dislocation

pathways. The more interesting surface features are the large nodules found in several places
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Figure 6.10: Surface SEM imaging for Inconel 740H exposed to RG + 100ppm O, at
750°C/20MPa for 1000 hours.

across the oxide (found in RG COs environments as well). These nodules were typically
greater than 10 microns in diameter. Cross-sectional SEM of one of these nodules is given
in Figure 6.11.

While a majority of the surface oxidation of 740H was composed of chromia as observed
by the right images in Figure 6.11, nodules were observed in several places which contained
a large amount of titanium. These nodules were primarily found along grain boundaries.
Since the composition of 740H has fairly low titanium, it is theorized that these nodules
correspond to the titanium carbide clusters found on the surface of the as received samples.
This would indicate that these precipitates oxidize leading to enhanced corrosion inward
along grain boundaries, which could be a concern as increased attack along grain boundaries

could lead to mechanical failure during use.
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Figure 6.11: Cross-sectional SEM imaging for Inconel 740H exposed to RG + 100ppm O,
at 750°C/20MPa for 1000 hours.

6.2.3 Corrosion of Haynes 282 in s-CO; Environments

Another alloy of considerable interest is Haynes 282 (H282). Very similar to Inconel 740H,
this alloy is a nickel based superalloy that utilizes gamma prime precipitation for high tem-
perature strength. This alloy also contains a large amount of molybdenum and cobalt for
solid solution strengthening. H282 must be heat treated in a two stage aging process: 1010°C
for 2 hours, air cool to 788°C for 8 hours, air cool [74]. This alloy is the only one mentioned
in this work that is not pressure vessel certified, but the strength characteristics similar to
Inconel 740H, and potentially the higher temperature compatibility (better creep rupture

resistance) make this alloy highly attractive to industry[75]. The composition of H282 is
given in Table 6.4.
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Table 6.4: Composition of as received Haynes 282.

|| NiJcrfcoMo T | A |Fe M]S| C B
20 10 8.5 2.1 1.5 1.5 3 15 .06

Haynes 282 57 .005

Due to the high temperature compatibility of H282, samples were only exposed to s-CO,
at 750°C/20MPa for 1,000 hours in RG, RG + 100ppm O, and RG + 1%CO. The mass

change measurements for each test are given in Figure 6.12.

Haynes 282 Mass Change
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Figure 6.12: Mass change measurements for Haynes 282 after exposure to sCO,
environments at 750°C, 20MPa for up to 1000 hours.

The mass gain measurements for H282 are very different than the trends observed for both
Haynes 625 and Haynes 230. H282 experienced the greatest mass increase in the oxygen rich
CO,, and very similar trends for the RG and CO mixed environments. This could indicate
superior resistance to carburization compared to the other alloys. In order to determine the
reasoning, surface and cross-sectional SEM was conducted. These results are presented in

Figures 6.13 and 6.14 respectively.
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Figure 6.13: Surface SEM/EDS of Haynes 282 after exposure to sCOy environments at
750°C, 20MPa for up to 1000 hours.

Surface SEM shows the presence of NiO on the surface of the oxide exposed to the oxygen
rich environment which has been observed for all other nickel based alloys. Interestingly, the
surfaces of the RG and RG mixed with CO environments appeared very similar (Ti rich
nodule is believed to be from Ti precipitate in as received sample similar to 740H). The only
difference would be the appearance of smaller oxide grain size in the CO mixed environment.

The surface chromia composition was found to be similar for each oxide.
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Figure 6.14: Cross-sectional SEM/EDS of Haynes 282 after exposure to sCO,
environments at 750°C, 20MPa for up to 1000 hours.

Cross-sectional SEM reveals very different oxide characteristics between each of the en-
vironments. The RG COy environment experienced enhanced internal oxidation when com-
pared to the impurities mixed environments. This is perhaps shadowed by the internal
growth of oxide in the oxygen mixed environment which shows an oxide thickness that is
roughly as large as the external and internal oxidation of the RG case. Internal oxidation is
much smaller in the 1%CO environment. This is most likely caused by the lower pO, and
therefore, the potential for oxidation in the CO mixed environment is likely limited by the
oxygen diffusion and not the chromium potential like the other two environments.

EDS line scans through the oxide show the presence of aluminum and chromium in the
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internal attack observed in the RG COy environment. The oxide in the oxygen rich environ-
ment consists of both Ni and Cr which confirms the surface EDS results. Since aluminum is
primarily used for high temperature strength through the precipitation of gamma prime in
this alloy, it is necessary to determine if the oxidation of aluminum effects the precipitation
of this high temperature strengthening component.

Due to heat treatment of the material during fabrication, no gamma prime was observed
in the as received material. After 1,000 hours at 750°C during s-CO, testing, precipitation
and coarsening of this phase should reach roughly 100nm [76]. Gamma prime precipitates
in circular or square precipitates uniformly through the nickel matrix. In order to observe
gamma prime, the samples were etched using a solution of HCI-HyO5 for 10 second intervals
until the phases were observable. An example of gamma prime precipitates post exposure

as well as the denudization of gamma prime is given in Figure 6.15.
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Figure 6.15: SEM/EDS of gamma-prime denudization due to selective oxidation of
aluminum after exposure to RG + 100ppm Oy at 750°C, 20MPa, for 1000 hours (Etched
using HCL-H,0,).

The denuded region of gamma prime corresponds to an increase in nickel as well as
a depletion of aluminum as observed in the EDS line-scan in Figure 6.16. The removal of
gamma prime follows beneath the oxide and is enhanced along grain boundaries. Figure 6.15
shows grain boundary attack up to 35 microns beneath the surface. This effect penetrates
deeper than the internal oxidation process which was found to be between 1-8 microns based
on the environment. The removal of gamma prime could result in lower high temperature
strength. Bulk denudization of gamma prime for each environment is given in Figure 6.16.

While gamma prime is primarily used for high temperature strength, carbides and other

phases can effect the room temperature hardness of the bulk material. These phases can also
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Figure 6.16: Comparison of gamma prime denudization for different sCO, environments
at 750°C and 20MPa for 1000 hours.

be effected by the selective oxidation of elements near the surface of the alloy. In order to
observe the macroscopic hardness changes, a grid of Vickers hardness indents in accordance
with ASTM-E92 standards were conducted on samples exposed to s-COq at 750°C/20MPa
for 1,000 hours. A summary of the results as well as the hardness for the untreated sample
is given in Figure 6.17.

The surface hardness decrease appears to be similar for each environment, which would
indicate that despite the differences in oxide thickness, and internal attack of hardening
phases, the hardness was unaffected. The bulk increase in hardness is most likely due to

carbide precipitation during the heat treatment during s-COs testing.
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Vickers Hardness of Haynes 282
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Figure 6.17: Vickers hardness as a function of depth from the oxide for Haynes 282 after
exposure to sCOq environments at 750°C, 20MPa, for 1000 hours.

Conclusions for Industrial Alloy Testing:

e Haynes 625 experienced good corrosion resistance in RG COy but performed much

worse when exposed to impurity rich COs.

e Both carbon deposition mechanisms were observed in the Haynes 625 alloy exposed to

1%CO-COs.

e Haynes 625 exposed to RG CO,y showed similarities to previous work on oxidation
defect control which would indicate the formation of a nearly stoichiometric chromium

oxide.

e The lack of Al and Ti in both Haynes 230 and Haynes 625 reduces internal oxida-
tion depth and magnitude compared to the gamma prime strengthened alloys (could

increase carburization).

e Haynes 230 exhibited the best corrosion resistance in all s-CO4 environments.
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e Inconel 740H was susceptible to internal oxidation of chromium and aluminum which
was enhanced at grain boundaries due to oxidation of titanium carbide precipitates in

the as received samples.
e Haynes 282 was susceptible to internal oxidation of chromium and aluminum.

e Haynes 282 exhibited excellent resistance to impurities testing compared to other alloys,

specifically RG + 1%CO.

e Selective oxidation of aluminum along grain boundaries in Haynes 282 resulted in

gamma prime denudization up to 35 microns beneath the oxide.

e A summary of these commercial alloys, as well as others that have been tested as a

result of this work have been summarized in Appendix J.

6.3 Comparison of s-CQO, Corrosion to High Pressure Steam and

Ultra Supercritical Steam

One final comparison to the research conducted on the commercial alloys is between corrosion
resistance in s-COy and steam environments. Current power cycles use high temperature
steam as the working fluid, and therefore a large amount of data has been collected on ma-
terials in these environments. It is also important to compare to higher efficiency cycles like
supercritical, or ultra supercritical steam cycles to determine the compatibility of materials
in both s-CO, and high pressure steam conditions. A summery of different steam cycles and
parameters is given in Table 6.5.

In order to compare s-COy corrosion to steam corrosion, the same type of alloy must
be used. Since nickel base alloys are the most likely candidates due to high temperature
strength and corrosion resistance, these alloys will be compared. A metric for comparing

results equally must be used as most data does not occur with the same testing parameters
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Table 6.5: Operating conditions for various steam environments [77].

Net Plant Efficiency

Nomenclature Conditions (HHV)
Supercritical (SC) 3(62;2% g:gs%%cgg?g g;: 38%
Ultra-Supercritical (USC) ?ngg %2{,;;835;;?2’; >42%
Advanced Ultra-Supercritical 4000-5000 psi/1300-1400F >45%

(A-USC) (276-345 bar/704-760C)

such as exposure time, and temperature. Fortunately the parabolic rate constant, given
in Equation 2.3, is commonly used. Mass change measurements as well as parabolic rate

constants for two steam environments (1 bar and 267 bar) is given in Figure 6.18.

Mass gain, mg/cm? K,, g’/cm?/s

Alloy 1 bar 267 bar 1 bar 267 bar
H230 0.069 0.6120.06 226x 1075 1.74x 101
H263 0.072 0.45+0.08 249 %105 973 x 10
H282 0.050 0.51+0.07 1.19x 105 1.23 x 10-13
IN617 0.083 0.32+0.03 3.31x 105  4.04 x 10
IN625 0.078 9.69+0.62 2.89x 1015  4.46 x 1011
IN740 0.046 0.43+0.11 1.02x 105 8.90 x 1014

Figure 6.18: Mass gain and parabolic rate constant for steam corrosion results at 670°C
for 293 hours at 1 bar and 267 bar [78].

This steam testing was conducted at two different pressures, and resulted in very different
corrosion rates. The effect of pressure in s-CO4 corrosion was discussed previously, and was
found to have little effect on the oxidation process (some effect on carburization). This is
an important distinction between water and COy because higher efficiency cycles depend on
increased fluid pressure, which may not be as feasible from a corrosion standpoint in steam.
A large amount of steam corrosion studies were analyzed previously by Halcomb and were

aggregated in Figure 6.19. Parabolic rate constants for the s-CO, testing conducted at UW
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have also been plotted in Figure 6.19. Each point in Figure 6.19 represent the parabolic rate

constant for a nickel base alloy for a given condition. In order to better compare the data,

an overlay of the two graphs has been created and given in Figure 6.20.
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Figure 6.19: Parabolic rate constants for nickel base alloys exposed to s-COq
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The corrosion results found in s-COs (200bar) show great agreement with samples ex-
posed to atmospheric steam. The high pressure steam environments exhibited 1-3 orders of
magnitude higher mass change when compared to s-CO5 corrosion rates. This result shows
that even the most corrosive COy environments (impurities mixed) are much less corro-
sive than high pressure steam. The same nickel base alloys were used when comparing the
parabolic constants, and it would appear that similar mechanisms were experienced between
atmospheric steam and s-CO,. High pressure steam produced much larger parabolic con-
stants which would indicate very different mechanisms. In those studies, it was theorized
that the increased pressure dramatically increased the pO, and therefore the solid state dif-
fusion of chromium through the oxide. This explanation doesn’t account for inward growing
chromia which was the focus of a previous chapter in this work on s-CO, corrosion. The
higher corrosion rate in high pressure steam isn’t highly surprising as the pO, values are very
different, and the presence of charge carriers (HT, OH™) in steam could lead to enhanced

corrosion mechanisms.
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Chapter 7

Conclusions for Corrosion in s-CO,; Environments

Results have been compiled for thermodynamic modeling of s-CO, systems, as well as ex-
posure testing in s-COy at 450, 550, 650, 700, and 750°C at 20MPa for 1,000 hours in a
variety of environments (IG, RG, RG + 10ppm Os, RG + 100ppm O, and RG + 1%CO).
Thermodynamic calculations show that oxidation is heavily favored in pure CO, conditions
through the dissociation into oxygen and carbon monoxide. Due to the low partial pressure
of oxygen produced from this reaction some oxides cannot thermodynamically form. Carbide
formation was shown to be thermodynamically allowed in pure CO5 conditions if the oxide
is treated as a diffusion barrier. A second mechanism for carbon deposition was theorized
to be caused by saturation of CO which causes precipitation of carbon during temperature
transients. Each of these effects were exaggerated when impurities such as oxygen or carbon
monoxide are added to the CO; stream.

Experimental work was completed on a wide variety of commercial alloys (T92, T122,
347, 316L, 310S, 709, 800H, Inconel 718, Inconel 740H, Haynes 625, Haynes 230, Haynes 282,
HR120, AFA alloys, Powder Metallurgy alloys, and SiC) as well as a few model alloys (Ni,
Cr, Ni-20Cr). Mass change data showed that ferritic alloys such as T92 can not withstand
the corrosion rates at and exceeding 450°C, austenitic alloys such as 316L and 347 can not
withstand temperatures above 550°C, and the Ni-Cr superalloys were able to handle the
corrosive environments up to 750°C in RG and IG COs. The structure of the oxides were
found to be iron and chromium rich for ferritic and low Cr austenitics, while a thin protective
chromium rich oxide was formed on the surface of nickel base superalloys. Significant data
was collected on 625, 230, 740H, and 282, each of which exhibited slightly different corrosion

effects and has been explained. Major conclusions from this work include:
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Altering pOy changes the stability of different oxides (specifically Ni-NiO). (Chapter
4.1)

Coupling of pO, and a¢ throughout the oxide leads to carburizing environments at the

M-O interface. (Chapter 4.2)

Saturation of COy with CO (high environmental ac) causes carbon deposition during

cool-down. (Chapter 4.3)

Controlling pOy and ac can be used to alter defect concentration leading to the pro-

duction of a stoichiometric oxide. (Chapter 4.4)

Ni-20Cr experienced a lower corrosion rate than pure Cr due to the Ni matrix slowing

Cr diffusion. (Chapter 5.1)

Chromium preferentially oxidizes to produce a protective oxide until depletion reaches
a certain point in which nickel oxide will form. This leads to decreased adhesion of the

scale, and enhanced corrosion. (Chapter 5.1)

Exposure to RG COs at 750°C/20MPa produces the most protective oxide as NiO is
less likely form (due to kinetic limitations), and carbon deposition is limited due to

the low levels of CO.(Chapter 5 - Chapter 6)

Analysis of IG gas showed wide range of purity spanning RG levels to beyond limits

set by supplier (>50ppm). (Chapter 6.1)

Samples exposed to RG and IG CO, showed similar mass change, oxide morphology,

and composition. (Chapter 6.1)

The small differences in mass change are attributed to systematic differences in testing
including but not limited to: Ramp-up and cool-down rates, impurities from cleaning,

flow rates, and temperature/pressure transients. (Chapter 6.1)
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Both carbon deposition mechanisms are observed in commercial alloy H625, but added

Al could reduce the magnitude of inter-facial carburization. (Chapter 5.2)

Carburization of base material in Ni based alloys was limited to the first 5-10 microns

when exposed to s-COy at 750°C/20MPa for 1,000 hours. (Chapter 5.2)

Haynes 625 exposed to RG CO, showed similarities to previous work on oxidation

defect control which would indicate the formation of a nearly stoichiometric chromium

oxide. (Chapter 5.2)

The lack of Al and Ti in both Haynes 230 and Haynes 625 reduces internal oxida-
tion depth and magnitude compared to the gamma prime strengthened alloys (could

increase carburization). (Chapter 6.2.1, Chapter 6.2.3)

Haynes 230 exhibited the best corrosion resistance in all s-COy environments due to

minor alloying elements and lack of internal oxidation. (Chapter 6)

Inconel 740H was susceptible to internal oxidation of chromium and aluminum which
was enhanced at grain boundaries due to oxidation of titanium carbide precipitates in

the as received samples. (Chapter 6.2.2)

Haynes 282 was susceptible to internal oxidation of chromium and aluminum. (Chapter

6.2.3)

Haynes 282 exhibited excellent resistance to impurities testing, specifically RG +
1%CO. (Chapter 6.2.3)

Selective oxidation of aluminum along grain boundaries in Haynes 282 resulted in

gamma prime denudization up to 35 microns beneath the oxide. (Chapter 6.2.3)

s-COy corrosion rates for nickel base alloys are similar to atmospheric steam corrosion

rates. (Chapter 6.3)
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e s-CO, corrosion rates are 1-3 orders of magnitude lower than those determined in

supercritical steam environments. (Chapter 6.3)

e A summary of several commercial alloys that have been tested as a result of this work

have been summarized in Appendix J.
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Chapter 8

Future Work

A significant amount of work has been conducted on s-COs corrosion with added oxygen
and CO impurities. While these are the two most realistic impurities expected in COq
environments, many other impurities are likely to be present during s-CO, Brayton Cycle
operation such as water vapor and hydrocarbons. Perhaps the most interesting of the two
being water vapor due to the addition of charge carriers such as H" and OH™ species which
could result in charge transport characteristics of classical corrosion. The mechanisms will
therefore be very different than that of high temperature CO,, and could potentially be a
limiting factor in materials compatibility.

An area discussed briefly in this document was the effect of aluminum on the carburiza-
tion rate in nickel based alloy. It was suggested that the increased potential barrier created
in the formation of alumina (in comparison to chromia) casuses lower carburization rates.
This could be tested further using GDMS, GDOES, SIMS or other carbon detection in-
strumentation on samples that have been exposed to s-CO, environments to determine the
magnitude of carburization.

Another important factor to consider in corrosive environments is mitigating the cor-
rosion through environmental control. This entire document has discussed the effects that
oxygen and carbon monoxide have on the corrosion rates and mechanisms in CO,, and it
has been shown to be very important to control the gaseous equilibrium of the environment.
This can be accomplished using feedback loops which monitor oxygen and carbon monoxide
compositions while injecting the opposite impurity in order to react and form CO,. The
exact equilibrium conditions should be proven and studied in order to prove this concept.

Another way to mitigate the corrosion is to apply a coating to materials. Coatings for
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corrosion resistance have been utilized for a long time, and are fairly well understood. CO,
is an interesting environment due to the extremely low pO, associated with dissociation. If
the coating can be rendered inert, materials that would otherwise be non-compatible due to
corrosion in COs could be used at higher temperatures. An example of this is the oxidation
of nickel which cannot thermodynamically form (and wasn’t) in COy with 1%CO addition.
Another material that is rendered inert, which is perhaps more interesting than Ni, is copper.
Copper is normally not used in high temperature oxidizing environments due to its very low
strength and very quick oxidation kinetics. In CO,, copper is rendered inert with around
50ppm CO added. This implies that a copper coating could greatly reduce both oxidation
and carburization after being deposited on any material. In order for coatings to be feasible,
more work would need to be completed to prove the protectiveness, adherence, and ability

to be deposited.
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Appendix A

Alloy Compositions

z&

Ta

Table A.1: Composition of tested materials.
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740H H230 617 H282 H625 718 800H HR120 709* 3108 316L 347 T122 192 Ni-200  Pure Cr__ Ni-20Cr
17 31 .04 .15 .25 .09 .29 .60 .63 .29 7 .10 .10 .07
.00 .01 <.005 .01 <.005 .02 .03 .03 .02 .02
.02 .10 .07 .06 .02 .05 .06 .05 .02 .03 .05 12 12 .02 .01
50.04 Bal Bal 57.00 Bal 53.10 3317 37.00 25.00 19.42 10.12 9.62 21 .21 99.00 80.00
.02 .04 .09 .20 .19 A5 .38 .06
.02 14.17 .50 191 191
20.09 21 12,58 10.00 .28 .30 3.00 31 .20
.15 1.02 1.13 1.50 5.00 18.50 44.89 Bal Bal Bal Bal Bal Bal .04
133 <.01 43 2.10 .29 1.05 .53 .20 <.01
.00 .00 .00 .01 .00 .00 .00 .00
.00 .20 .05 .05 47
0.004 <.05 <.05 <.01 21
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Appendix B

Volatility Diagrams
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Figure B.1: Volatility diagrams for chromium oxide/carbide formation in research grade
(left) 50ppm CO doped CO, (middle), and 1% CO doped CO5 at 550°C.
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Figure B.2: Volatility diagrams for chromium oxide/carbide formation in research grade
(left) 10ppm Os doped COy (middle), and 100ppm Oy doped CO at 550°C.
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Figure B.3: Volatility diagrams for chromium oxide/carbide formation in research grade
(left) 50ppm CO doped CO; (middle), and 1% CO doped CO, at 750°C.
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Figure B.4: Volatility diagrams for chromium oxide/carbide formation in research grade
(left) 10ppm O5 doped CO; (middle), and 100ppm O doped CO, at 750°C.
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Appendix C
Time Dependant Mass Change Data in s-CQO,

Environments
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Figure C.1: Mass change results for alloy T92.
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Figure C.2: Mass change results for alloy 316L.
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Figure C.4: Mass change results for
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Figure C.5: Mass change results for alloys 617 (left) and 718 (right).
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Figure C.6: Mass change results for alloys H230 (left) and H625 (right).
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Figure C.7: Mass change results for alloys H282 (left) and 740H (right).

Pure Ni Mass Change [1,000hrs] Pure Cr Mass Change [1,000hrs]
0.025 - 23602 0.02
£ o002 £ 0016
> k=)
E0015 | E o012 |
[0 Q
o4 2 8.1E-03
& 001 G 0.008 -
O O
1] [
# 0.005 - @ 0.004 -
= 3.56:04 =
0 0
1%CO RG 1%CO RG

Figure C.8: Mass change results for pure Ni (left) and Cr (right).
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Figure C.9: Mass change results for alloys Ni-20Cr (left) and SiC (right).
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Appendix D

Raman Spectral Summary

Raman Spectra for Research Grade Testing
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Figure D.1: Raman spectra for samples exposed to research grade CO, at maximum

temperature testing condition.
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Figure D.2: Raman spectra for samples exposed to industrial grade CO, at maximum

temperature testing condition.
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Appendix E

Raman Standards
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Figure E.1: Raman standard spectrum for CryO3 [85].
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Raman: Fe,0;4
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Figure E.2: Raman standard spectrum for Fe;O3 [86].
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Figure E.3: Raman standard spectrum for Fe3Oy4 [87].
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Figure E.4: Raman standard spectrum for FeCr,O,4 [88].

Raman: NiO
0.0016 -
0.0012 -
0.0008
0.0004 -
0 . . .
0 500 1000 1500

Raman Shift [cm™]

Figure E.5: Raman standard spectrum for NiO [89].
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Appendix F

XRD Standards

All standards found using Bruker D8 Discovery DiIFFRACEVA software with COD2013

database.
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Figure F.1: XRD standard spectrum for CryOs3.
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Figure F.2: XRD standard spectrum for Fe;Os.
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XRD: FeCr,0O,
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Figure F.4: XRD standard spectrum for FeCryQOy.
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Figure F.5: XRD standard spectrum for NiO.
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XRD: Cr,5Cq
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Figure F.6: XRD standard spectrum for Cry3Cs.
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Figure F.7: XRD standard spectrum for Cr;Cs.
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Round-Robin Mass Change

@ ~
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Figure G.1: Round Robin mass change results alloy T91 exposed to s-COy at 550°C,
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—&—NETL 316L 700 °C
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Round Robin mass change results alloy 316 exposed to s-CO, at 550°C,

20MPa for 1500 hours..
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Mass Gain of 625

Mass Gain of 625
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Figure G.3: Round Robin mass change results alloy 625 exposed to s-CO5 at 550°C,
20MPa for 1500 hours.

Mass Gain of 120 Mass Gain of 120

14 0.25
12
o 5 0.2
E 1 £
B B
£ os gois
£ £
& 06 & o1
A A
g 0.4 g
0.2 005 4
L 3 * | i
D Q== 0 ' ! I
0 300 600 900 1200 1500 0 300 600 900 1200 1500
Exposure Time [h] Exposure Time [h]
—o—UW 550 °C —8—NETL 700°C —&—ORNL 700 °C —o—UW 550°C —&—NETL 700°C —&— ORNL 700 °C

Kaist HR120 500° C —@—Kaist HR120 700 *C —@—UW 700C Kaist HR120 500° C —@— Kaist HR120 700 *C —@— UW 700C

Figure G.4: Round Robin mass change results alloy 120 exposed to s-CO, at 550°C,
20MPa for 1500 hours.
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Mass Gain of 740 Mass Gain of 740
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Figure G.5: Round Robin mass change results alloy 740 exposed to s-CO, at 550°C,
20MPa for 1500 hours.
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Appendix H

Round-Robin Parameters and Transients
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1,000 Hour Mass/Thickness Measurements [mg/mm?]

Mass Change Measurements:

Figure 1.1: 1,000 hour mass change measurements for s-CO, environments.

| [  40c | s [ 0 esoc 0 Jweoc|[ 0000 70c 000000000 |
[mg/mmz] (b'olobhrs) 10ppm Oz 100ppm Oz 3 |IG (600hrs) IOOF;pm 19%C0

1.1E-02 3.3E-02 x**

1.4E-02 2.9E-03

3.1E-04 35E-04 20E-04 26E-03  37E-04 35E-04 2.2E-02 2.0E-02 8.6E-03 17E-02  7.8E-03

3.0E-04 3.2E-04  1.1E03 9.7E-03 9.5E-02 2.7E-02

26E-04  17E-04  52E-04  40E-04 1.2E-03 3.8E-03 22E-03 2.2E-03 1.9E-03 77E-03  1.0E-02

1.1E-03

3.7E-04 1.2E-04 5.8E-04  1.6E-03  13E-03 3.8E-03 3.0E-03 3.0E-03 14E-02  1.5E-02

23E-04 26E-04 1.0E-03  53E-04 1.2E-03 1.2E-03 9.2E-04 2.1E-03 3.1E-03 6.3E-03  6.0E-03

22E-04  19E-04  46E-04  38E-04  14E-03 2.1E-03 1.3E-03 1.8E-02 1.3E-03 1.6E-03 20E-03 4.2E-03 6.0E-03

23E-04  18E-04 54E-04  36E-04 52E-04 6.3E-03 8.6E-04 1.1E-03 1.1E-03 20E-03 2.6E-03 2.0E-03

20E-04  15E-04 5.0E-04 58E-04 2.0E-03 2.5E-03 9.5E-04 1.7E-03 2.8E-03 36E-03  4.3E-03

6.1E-04  B.6E-04 1.0E-03 14E-02 1.8E-03 2.9E-03 4.2E-03

[ Hzs2 | 7.6E-04  15E-03 2.1E-03 1.0E-03 2.9E-03 4.8E-03 70E-03 6.8E-03 4.2E-03

3.3E-03 1.9E-02

8.7E03

44E-03

[ PureNi | 3.5E-04

2.3E-02 1.6E-02

8.3E-03 3.4E-03 1.5E-03 2.9E-03 4.0E-03

-8 6E-04 -2.5E-04 -8.1E-05 -6.1E-04 -2 4E-05 2.1E-03

X x

4.7E-04

1.1E-03

2.1E-03

Thickness conversion based on 100% dense chromia growth [um = mg/mm?]:

lum =1.6E—-3

opum = 82E -3

10um = 1.6E —2

20pm = 3.3 —2
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Actual Thickness Values:

Figure 1.2: 1,000 hour thickness measurements for s-CO, environments found using SEM
imaging [pm].

450°C 550°C 650°C 700°C 750°C
G RG RG (€] RG

(nodule) 100ppm 02
internal

100ppm 02

9.0 39.7

5(6.1) 2.9 (36) 41.0

| H625 | 0.2 06 13 0.9 19 (6.7) 22

| H230 |G <5 80 0.5 14 (4.4) 0.9

[ H282 | 1.6(2.3) 5.5() 3.8
740H 1.0 12{26}  2(10)

[ HR120 | 3.152? 1.3 (3.1)

[ Ccr | 1.9 421[42]

[ Ni | 14.0 0.0

13(20) 3.9(6.5)
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Summary of Commercial Alloy Performance in s-CQO,

Figure J.1: Table of commercial alloy compatibility in s-COs.

Oxidation Carburization .OX'de " Susceptibility to Impurities
Al Notes Notes ITSTEES Corrosion
[microns/1000hr]
Outer Fe rich oxide R
T92 Inner Fe,Cr rich oxide (~1§;gmﬂg‘go o 5455005_‘26683 NA
Spallation observed at 550C H )
Outer Fe rich oxide L
T122 Inner Fe,Cr rich oxide (~1250|gmﬂg:.ft;oc) gggg _ (153 NA
Spallation observed at 550C H i
Outer Fe rich oxide Carburization 450C - 2 Oxygen rich environments
347 Inner Crrich oxide Found Below 550C - 1.6 7 accelerate
Spallation observed at . 650C — .2 o .
650/750C Thick Nodules 750C — 5.2 oxidation/spallation
Cr rich oxide
Fe rich nodules with inner Carburization gggg: 3
316L Fe,Cr oxide Found Below . NA
: p 650C - 5.9
Spallation observed at Thick Nodules 700G — 5.8
650/700C )
450C - .2
. . 550C - .3
310S Cr rich oxide NA 6500 — 7 NA
750C-1.1
709 Cr rich oxide NA 650C - .7 NA
450C - .1 Oxygen rich environments
800H Cr rich oxide NA 550C — .4 } L
6500 — .8 severely increase oxidation
Cr rich oxide 450C - .1 ) .
Nodules of Fe rich oxide at 550C - .6 O:0geniichienviionments
718 _ NA accelerate
T=750C 650C - 8 oxidation/spallation
Ti/Al internal oxidation 750C-1.9 P
. . Poor resistance to oxygen
H282 TiAl (i;rtgfnhalogl)fiigation Assumed to be 650C - .9 rich environments
Some oxide cracking Less Than 625 750C -2.9 Exce!lent resistance to Cco
rich environments
<5 Microns in RG 450C - .1 Oxygen environments
Environments 550C - .3 enhanced oxidation
H625 Cr rich oxide <10 Microns in 765’005 _1'31 CO environments
CO Mixed 7500 - 1'7 enhanced oxidation and
Environment - caused oxide buckling
450C - .1 Good resistance to oxygen
617 Cr rich oxide Assumed to be 550C - .3 rich environments
Ti/Al internal oxidation Less Than 625 650C - 1.2
750C - 1.7 NA
Cr rich oxide 650C — 5 Good resistance to oxygen
Cr/Ti rich nodules oxide Assumed to be ’ rich environments
740H 700C - .9
nodules Less Than 625 750C — 1.7 NA
Ti/Al internal oxidation i
450C - .1
. . Assumed to be 550C - .3 Excellent resistance to
42=0 Crrich oxide Similar to 625 650C - .3 impurities corrosion
750C - .7
*Oxide thickness is converted from mass to thickness using density of chromium (spallation and nodule
formation can alter these measurements slightly) ~ Estimates are 20 + 9% accurate based on SEM
imaging of 5 different alloys
This table is based on Research Grade (99.999%) CO, with impurities consisting of 100ppm O, and
1%CO additions
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Appendix K

Certificates for Tested Alloys

Figure K.1: Certificate for Alloy 310S.

AL 81884 1211

NOTICE OF SHIPMENT/
papozh s $>|—|_§:§ai CERTIFICATE OF TEST
Alisgheryy Technologies

'CUST. ORD. NO. 8 DATE ‘CUST. CO0E ACCEFTING MiLL BHPPER N, — PRODUCT CODE ‘ML ORDER NUMBER _ DATE SHPFPED
C31002 N _HH\om\erqummo LOUISVILLE, OH nmmumqw 13020103060000 130-112-252 l12/28/12
FORMS CISTRIBUTION REPEAT DO § PRS- GOVT CONTRACT MATL. ‘SHIPPING LOCATION
STV i o 5 for | _
o= Cad 00386-0 |31 1219 |[LOUISVILLE OH 1244055
GRADE AND SPECIFICATIONS CARRIER - GREEN LINES TRANSP., INC.

“ATI 310S" STAINLESS STEEL SHEET C R COILS ANNEALED 2D FIN 3 EDGE (AMS 5521J) (ASME-SA-240 ED 2010}
(UNS $31008) (PDS-10702RL REV SWPC B) (03/26/09 EXCEPTS. TO PDS-10702RL) (UNS S$31000) (ASTM-A-240-12)

ITEM PCS DIMENSIONS W/G/L HEAT # COIL # TEST # GROSS TARE NET THEO TAG #/ CD SKID #
001 1 48./.048/625. 839088 12012N359A 1258584 5300 40 5260 5199 209312
1 48./.048/626. 839088 12012N359B L258584 5360 40 5320 5259 209313
1 48./.048/576. 835088 12012N355C 1258584 4960 40 4920 4860 209314
€ CUST IDENTITY 202021090031

3 SKIDS Pidl VERIFIED BY: 15620 120 15500 15318

GAUGE TOL: + 0.00300 - 0.00300 \l\%u

TYPE HEAT/TEST --C--- --MN-- --P--- --§--- ~-S§[-- --CR-- --NI-- --MO-- ~--CU--
HEAT 839088 .02 1.70 .024 .0001 .63 25.34 19.42 .25 .19
TEST LOCATION BN BN BN BN BN BN BN BN BN
YIELD TENSILE % ELONG GRAIN
ITEM TEST NO PSI * PSI IN 2 % R/A HARDNESS BEND SIZE  HARDENABILITY
001 L258584 78 .HRBW T PASS
T 47000. 88500. 40. 81 .HRBW
TEST LOCATION TC TC TC TC

TC
* Y.S. BY 0.2% OFFSET METHOD

PAGE 01 - CONTINUED ON PAGE 02 12/28/12 11:06:14
ol o st chama g ey o i | Matid ety Oua Shagts tor 4 gt b bosn Lt b o on groout ot 8 e @ voe | ey Sy b T oy i o EEE
= s s dintormatin--sacams
o o G o it St 1 1o | o Yot Pty Dariend. 5 ety | Ggarrer P s achC. P S o e, i | I B RGP LA G Rt !
protaction plowse e shpment es ¢ ertves, f wy soxigs | phone. 724-226-8960.  CAUTION: Prooessing the rmats | vouliar thighoner ms mamsiro siverd 124-226 6000, Adrsiore. 103
o domage & Dave s % Gescronicn made by | bumes, u, or sokiSons may Casse ting dsaesn. Soo Metarel | Ftments wireinas b produxtion de veps, IS, G SAS
rorpcrtgtin agont o weybil ore SO Sty Don Shaors o furhr e, pauvent, Pous Sopten voar-
cetbrar i fches dtormation 4curts 1 O Comorete cushy Assurancs
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AL 81884 1211

NOTICE OF SHIPMENT/
PACKING LIST # >_ _ Dﬁ"ﬂi CERTIFICATE OF TEST
Altaghecry Techrologies
P,

'CUST. ORD. NO. 8 DATE ‘CUST. CCOE _ e NO. _ PRODUCT CODE MILL ORDER NUMSER — ‘DATE EHPPED
C31002 _PH\OW\NNFQQWMWO LOUISVILLE, OH 563671 13020103060000 130-112-252 |12/28/12
FORMS IISTRIBUTION. REFEAT Eﬂf(_ GOV CONTRACT _ MATL. ‘SHIPPING LOCATION — —
el =l f=q | 00386-0 131 1219 lLouTsvILLE lor l2440ss
GRADE AND SPECIFICATIONS CARRIER - GREEN LINES TRANSP.,INC.

“ATI 310S" STAINLESS STEEL SHEET C R COILS ANNEALED 2D FIN 3 EDGE (AMS 5521J) (ASME-SA-240 ED 2010)
(UNS S$31008) (PDS-10702RL REV SWPC B) (03/26/09 EXCEPTS. TO PDS-10702RL) (UNS S31000) (ASTM-A-240-12)

ITEM PCS DIMENSIONS W/G/L HEAT # COIL # TEST #  GROSS TARE NET THEO TAG #/ CD SKID #
001 1 48./.048/625. 839088 12012N359A L258584 5300 40 5260 5199 209312
1 48./.048/626. 839088 12012N359B L258584 5360 40 S320 5259 209313
1 48./.048/576. 839088 12012N359C L258584 4960 40 4920 4860 209314
C CUST IDENTITY 202021090031
3 SKIDS Pi3 VERIFIED By: 15620 120 15500 15318

GAUGE TOL: + 0.00300 - 0.00300 \l\%u

TYPE HEAT/TEST --C--~ --MN-- --P--- --S--- --8[~- --CR-- --NI-- --MO-- --CU--
HEAT 839088 .02 1.70 .024 .0001 .63 25.34 15.42 .25 .19
TEST LOCATION BN BN BN BN BN BN BN BN BN
YIELD TENSILE % ELONG GRAIN
ITEM TEST NO PSI * PSI IN 2" % R/A HARDNESS BEND SIZE HARDENABILITY
001 [L258584 78 .HRBW T PASS
T 47000. 88500. 40. 81 .HRBW
TEST LOCATION TC TC TC TC TC
* Y.S. BY 0.2% OFFSET METHOD
PAGE 01 - CONTINUED ON PAGE 02 12/28/12 11:06:14
S T e s o o s e e O e o e e o [

mciaction pHoeso exaiming shoment a5  cabves. i any shoriage | prona c
o dumage & Pave @ 84 descigtion mads by | himos, dusl, o scubons mey G by dsoasn. So0 Metorel | Twtoments entranen b rodiin da Ve, PSSR, QU SAAGNS|
X ‘Setty Ota Sheots o Rthar evarnaion. Puvord, t7e cotn O melaches pUTONS. POLF DLt Ga TSRSYITMMENE 28 |  Sancion Wol-
Cotece e s Pvrmesionv st R e oty Acsurmcs
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momsann
NOTICE OF SHIPMENT/ CERTIFIGATE OF
PACKING LiST *>- | flgghery OF TEST
CUST. ORD RO B DATE ‘CUST. CODE ACCEPTING ML SHIPPERNO. _ PRODUCT COOE _ ML ORDER NUMBER _ DATE SMIPPED —
C€31002 i HH\OW\HNFQQWMUD LOUISVILLE, OH _MMUQQH 13020103060000 130-1312-252 PN&M\PN
FORMS CISTRIBUTION REPEAT 00 | PR GOVT CONTRACT MATL SHIPPING LOCATION.
sao oup ooen  [akve] aary _
wal fesl = | oosee o (51| 1219 [Lovisviiie lon |2440s5
SOLD To PRIME SEC. SHIP TO
DSO  DSO
584
GRADE AND SPECIFICATIONS CARRIER - GREEN LINES TRANSP.,INC.

’
"ATI 310S8" STAINLESS STEEL SHEET C R COILS ANNEALED 2D FIN 3 EDGE (AMS 5521J) (ASME-SA-240 ED 2010)
(UNS S31008) (PDS-10702RL REV SWPC B) (03/26/09 EXCEPTS. TO PDS-10702RL) (UNS S31000) (ASTM-A-240-12)

ITEM TEST NG
001 ©L258584

TEST LOCATION
GRADE VERIFICATION WAS CARRIED OUT SPECTROSCOPICALLY

DIN EN 10204:2005 - 3.1 CERTIFICATE DOES NOT INDICATE PED APPROVAL FOR THIS MATERIAL.

THIS DIN EN 10204:2005 - 3.1 CERTIFICATE OF TEST SHALL NOT BE REPRODUCED EXCEPT IN FULL. FEDERAL LAW
PROHIBITS THE RECORDING OF FALSE, FICTITIOUS, OR FRAUDULENT STATEMENTS OR ENTRIES ON THE CERTIFICATE
AND MAY BE PUNISHABLE AS A FELONY UNDER FEDERAL LAW. ATI AL HOLDS SEVERAL QUALITY CERTIFICATIONS THAT
INCLUDE ISO-9001, AS9100, NADCAP, AND ISO/IEC 17025. MATERIAL WAS MANUFACTURED IN ACCORDANCE WITH THE
ATI AL QUALITY MANUAL REVISION 21 DATED 11/12/2012.

ATI ALLEGHENY LUDLUM PERFORMS CHEMICAL ANALYSIS BY THE FOLLOWING TECHNIQUES :
C, S BY COMBUSTION/INFRARED

N, O, H BY INERT FUSION/THERMAL CONDUCTIVITY

MN, P, SI, CR, NI, MO, CU, CB, CO, V BY WDXRF

B BY OES

AL AND TI (>=0.10%) BY WDXRF, OTHERWISE BY OES

PB, BI, AG BY GFAA

THE MATERIAL WAS HEAT-TREATED AT APPROPRIATE TEMPERATURES TO MEET DESIGNATED PROPERTIES OF THE
REFERENCED SPECIFICATION.
PAGE 02 - CONTINUED ON PAGE 03 12/28/12 11:06:14
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NOTICE OF SHIPMENT/ CERTIFICATE OF Ao
PACKING LIST $>— | Pigghery d TEST
Alagheny Tecnolopies
'CUST. GRD. NO. 3 DATE CUST. CODE. ACCEPTING MILL. SHIPPER NO. _ PRODUCT COUE — MRLL ORDER NUMBER — DATE SHPPED
c31002 _u:ow\pmriummc_ LOUISVILLE, OH _m&mﬁ 13020103060000 130-112-252 l12/28/12
'FORMS DISTRIBUTION REPEAT 00 | PRI GOV CONTRACT MATL. ‘SHIPPNG LOCATION

mal Tl 1= | looS52% 55151 has | to |aaeoss |
b = 00386-0 |31 1219 |LODISVILLE on {244085

SoLD To PRIME SEC. SHIP TO

DSO DsSO

584

CARRIER - GREEN LINES TRANSP.,INC.

GRADE AND SPECIFICATICNS
“ATI 310S" STAINLESS STEEL SHEET C R COILS ANNEALED 2D FIN 3 EDGE (AMS 5521J) (ASME-SA-240 ED 2010)
(UNS S31008) (PDS-10702RL REV SWPC B) (03/26/09 EXCEPTS. TO PDS-10702RL) (UNS S31000) (ASTM-A-240-12)

TESTING WAS PERFORMED AT THE FOLLOWING LOCATIONS:
BN = ATI-ALLEGHENY LUDLUM; 100 RIVER ROAD; BRACKENRIDGE, PA 15014
TC = ATI-ALLEGHENY LUDLUM; 1300 PACIFIC AVENUE; NATRONA HEIGHTS, PA 15065

ISSUED BY ATI ALLEGHENY LUDLUM - 01/02/2013 08:00

GE 03 - F; . CARRIE MCFALL - QUALITY ASSURANCE DEPT.
i salcrs | Mo Gty Dma G b s produt havo boun L Tichan rodt ert 0 foumis o voto o e o) e o
in frst i , 8t o D= s dintormation—startd de 0 o a gﬁ

T et ised. Fo your | ppA! Y012 PArcieung Depertment. For an addibormi oy | Glpmrtrort charph ces acols, Pous ablank des exsirplais suppiémeniiies (S Ry B e
3 i CAne Maceing oo ey | vRCbar schaiy . Tamiro. et T34 2260080, Adascon: 0%
e e o a1 soscrion o oy | v, Gt 5 SRS moy st A L5oa58 oo i | Votomets wrvonrd o proccion do vipms. poussiar, 01 30uAar)
et 2o ol ey Tt e Beeies Skt P Tos 0o P Agorars 32| pcpan Wotl
rbbrer sux Sches irormetion-sAcurits. Dirocios, Corporsia Quatty Asmrance
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Figure K.2: Certificate for Alloy 316L.

ANDERSON

LABORATORIES, INC.
6330 INDUSTRIAL LOOP ANALYSIS REPORT
GREENDALE, Wl 53128-2434
(414) 421-7600 1-800-950-6330
FAX (414) 421-8540

University Of Wisconsin-Madison Ulll Date: 07/09/13
1500 Engineering Drive Rm #809
Madsion, WI 53706 PO#:013-0374-2

Attn: Mr. Paul Roman

—  Sample Identification: 316L- FLAT 0.5"X0.5"X0.0625

Laboratory File # ~ G3-28217

Silicon: _ Vanadium: lumi silver:

Sulfur: ______ Tungsten: Zing: _ Mercury:

Phosphorus: . 032 Columbium: __<.01 Magnesium: _ Tantalum <.01
Manganese: 1.56 Cobalt: .31 Titanium: <.01 __ Nitrogen -050

Carbon:, 03 i Arsenic:

Chromium: _ 17.09 Antimony: Bismuth: -

Nickel: 10.12 Tin: Cadmium: .

Molybdenum: _2.01 Lead: __ Zirconium: T
Copper: .45 _ irom: Base Boron: o

Analysis in weight pevcent unless noted

Original Dimension, In.: Bend Diameter:

Original Area, Sg. In. Bend Test Angle: ~
Yield, PSI: ) Character of Fracture: -
Yield Method: Approved: __ Rejected:
Tensile, PSI: _

ion, %: Charpy, Ft. Ibs.: i,
Gauge Length, In.: ) Charpy imen Size: _
Red. in Area, %: Lateral Exp., Mils:
Character of Fracture; Shear Fracture, %:
Hardness , Actual Reading: Test Temperature:

Converted Value: Character of Fracture:

Results reported apply only to the sample submitted.

The above tests were performed with the application of one or more of the following specifications: ASTM A48, Al126, A370, A395, ES,
El0, Fls, E23, E354, E403, E415, E478, ES36, E1019, EL024, E1086, E1409, E1447, E1473, 10CFR21, LECO GDS 400A App. & E-2 $M 5-17,
1S0 148 Parts 1 & 2, EN 10002 Part 1, BN 10204 Sec. 3.1C, and Anderson Laboratories' Quality Manual Revision K dated 10/12/09.

T A~
This report shall not be reproduced except in full, without
the written approval of Anderson Laboratories, Inc.

Michael Porfilio, Director of Operations

Page 1 of 1



Figure K.3: Certificate for Alloy 347H.

Crucibl 1
S;;:gial?y Metals Certlﬁcate sz’I\;e\St

PO BOX 877 \
SYRACUSE, NY 132010077 8”[7 55
N ﬁ OUR ORDER NO.
5 SR SRl LS, B 1 P5-16002-8-01
D B3 aoxEe P
. NER YORUNY 19048 ' oATe
o : o_ 12/16/08
CUSTOMER ORDER NO CUSTOMER REQ NO DISTRICT SHIPPED FROM
g 45262-2/542170 B PARSONS SYRACUSE
S‘ DESCRIPTION OF MATERIAL
SIZE
\CRU 347/347H HRAP {(C .04/.08) sS#42170 3 X .500

~ Q05-763F COND A AMS-QQS-763B ASTM-A484-06B ASTM—A479-06A ASME-SA479-07ED

. BSTM-A276-08A ASTM-A193-08B GR BSC CL1 ASTM-A320-07A GR BSC CL A AMS-5646M
(EX FIN) . ;‘

O DFARS 252.225.7014 ALT 1 AND 225.7002-3 (B) (1) COMPLIANT

HEAT NO. CHEMICAL ANALYSIS

219926 [ MN P B ST NI CR MO co cu CB TA
£051 1.66 .027 .024 .77 9.62 17.67 .38 -20 .38 .72 .021

QUANTITY HEATNO. | MECHANICAL PROPERITIES
1014 # R19926 TENSILE PSI YLD.2%PSI $ELONG4D RED/AREA% HARDNESS
1 BDL 89,500 35,680 55.9 74.6 BHN 143/ 151

MACRO TEST OK
MICRO TEST OK
GRAIN SIZE # 7
"TERGRANULAR CORROSION TEST OK PER ASTM A262, PRACTICE E.

MATERIAL WAS ANNEALED BY HEATING TO 1950 DEG. F. FOR A SUFFICIENT
TIME TO DISSOLVE RESIDUAL CARBIDES AND QUENCHED IN WATER.

"THE RECORDING OF FALSE, FICITIOUS OR FRAUDULENT STATEMENTS OR ENTRIES ON
THIS DOCUMENT MAY RESULT IN PUNISHMENT OR DISMISSAL."

Uvpenciry oF ZU/J’zonu,u
)ft) 72«")(34‘ X /D”

A"

MATERIAL FREE FROM MERCURY CONTAMINATION AT TIME OF SHIPMENT, NO WELD REPAIR FPERFORMED, AND MATERIAL MELTED IN U.S.A

THE ABOVE MATERIAL WAS MANUFACTURED AND TESTED ACCOADANGE WITH ABOVE
SPECIFICATIONS ANO IS IN CONFORMANCE WITH THE SPECIFICATION REQUIREMENTS.
CRUCIBLE MATERIALS CORPORATION ACT] AND THROUGH IT$ SPECIALTY METALS DIVISION

CERTIFIED BY o

Page 1 0of 1 JOHN M. PIRMAN - MANAGER OF QUALITY ASSURANCE
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Certificate for Alloy H625.

Figure K.4

CERTIFICATION OF TESTS ¢ RAPPORT D’ESSAIS CERTIFIE « WERKSZEUGNIS

FILE COPY 2

OUE VORGENANNITEN ANGABEN BARS

ot i HAYNES 1090 Wt Fe Aveme
3585050010 03/07/02 20020315019 i PO Box 9013
International Kokom Infiann. 46902
Sold To - Clieat + Bestallaranseirit Ship To + Destinataire » Bestellmenge Froduct Deseription - Description Produit » Material Beshreibung
HAYNES INTL (TRANSFER R AND D) HAYNES INTL (TRANSFER R AND D) 0.058/0.065 x 9 x 20
INVTRY TRANSFER R AND D INVTRY TRANSFER R AND D HAYNES(R) 625 ALLOY SHEET
1020 W PARK AVE 1020 W PARK AVE HAYNES(R) 625 ALLOY SHEET -
KOKOMO KOKOMO NADCAP CERTIFICATE NUMBER 0089
IN 469029013 USA IN 469029013 USA $400D,S1000D
Specification « Specification » Spezifikation Quantiy Ordered Quamiiy
Quantie Commandec Shipped
Bestellemenge
Liefermenge
AMS 5599 Rev F 1PC 1PC
Heat Number Chemical Analysis « Analyse Chimique s Chemische Analyse
z_:um_ﬂwm Mw_._k Al B C _m.w”ﬂ“_ Co Cr Cu Fe Mn Mo Ni P B Si Ti v w
2650 1 6980 |0.22 0.020 0.28 2189 5.00 026 859 BAL 0006 |<0002z (025  [0.29
i Ta 7r Bi Se Ta e b Mg Y Ag N Ca AT Ni+Co
265016980 3510 [<0.050
Certified By » Certifie Par » Bescheinigt Durch: Peggy Griffin 03/15/02
A\Uo\ans_sa Supervisor/Technician
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Date Entered Customer Reference
Reference Client
Kundenbestdlidaten
358505001-0 03/07/02 JOE/TECH

CERTIFICATION OF TESTS « RAPPORT D’ESSAIS CERTIFIE « WERKSZEUGNIS

Report No. Fages of Fages
Rapport No Page de Pages
Anzah der Stiten
20020315019 20f4

FILE COPY 2
Haynes International
1020 West Park Avenue
PO Box 9013
Kokomo, Indiana, 46902

HAYNES

International

Sold To « Client » Bestellaranschrift

HAYNES INTL (TRANSFER R AND D)
INVTRY TRANSFER R AND D

1020 W PARK AVE

KOKOMO

IN 469029013 USA

Ship To » Destinataire » Bestellmenge

HAYNES INTL (TRANSFER R AND D)
INVTRY TRANSFER R AND D

1020 W PARK AVE

KOKOMO

IN 469029013 USA

Specification + Specification  Spezifkation

(AMS 5599 Rev F

Quantity Ordered Quantity Shipped
Quani nandee Quantitie Expediee
Bestellemenge Liefermenge

1PC 1pPC

Product Deseription  Description Produit « Material Beshreibung,

0.058/0.065 x 9 x 20

HAYNES(R) 625 ALLOY SHEET
HAYNES(R) 625 ALLOY SHEET -
NADCAP CERTIFICATE NUMBER 0089
$400D,S1000D

Tensile Test at Raom Temperature « Essai De Traction A Temp, Ambiante o

Tensile Test at Elevated Temperature » Essai De Traction A Hte. Temp.

‘Stress Rupture Temperature « Essai A Charge De Rupture Zeitstandversach

Certification Supervisor/Technician

fogy -0

THE DATA CONTADIED JEREZN WERE OBTAINED FROM SAMPLES CONSIDERED T0 B RERESTNTATIVE

Dl VORGENANNITEN ANGABEN BARSIERFN AU FROREX DIF ALS REFRESFNTATIV GELTEN FUER DIE PRODUKTE DIE DIESER LIEFERUNG 2t G : G FRDR
"THIS SATERIAL MEETS THE REQUIRENENTS OF THE ISTED SYECIFCATION(S) MODIFED BY ANY EXCEFTIONS O FURCHASE ORDER BEQUILEVENTS.

Zugversuch Bei Roum Temp. Warm Zugrersuch
T TEYild O vild | 4 Horg ] A Tar e B Vil S K T Vo TR B WA
Lin, Bt A 16 | Lim, Eao A 025% | % Alutg e Lin. B A % | Lin st A0% | % AlongEN ] Homs | %Aloog
Zugfestigheit 1% Strieckgreaze | 0.2% Strieckgrenze EN HRA Versch Zugfestigheis. 1% Swicckgrenze | 0.2% Stiecckgrenze | % Detmung. %RA Versuch ‘Stunden EN % RA
% 54 Debunag
Dot Tep Teap:
-
132000 PST 70000 PST | 49 % [OID)
cd By e Certifie Par  Bescheinigt Durch: Peggy Griffin 03/15/02 (1) 3433481101

'SPECIFICATION MARKNG REGUIREMENTS MAY B2 WAIVED ON ORDERS REQUIRING SULTIPLE MATERIAL SPECIFICATIONS.
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CERTIFICATION OF TESTS ¢ RAPPORT D’ESSAIS CERTIFIE « WERKSZEUGNIS

FILE COPY 2

T | | e Were | HAYNES Nprippeat
umwmomoow.o 03/07/02 JOE/TECH 20020315019 30f4 International PO Box 9013
e Kokomo, iana, 46902
Sold To » Client + Bestellarunschrift ‘Ship To « Destinataire « Bestellmenge. Product Description « Description Produit s Beshreibung,
HAYNES INTL (TRANSFER R AND D) HAYNES INTL (TRANSFER R AND D) 0.058/0.065x 9 x 20
INVTRY TRANSFER R AND D INVTRY TRANSFER R AND D HAYNES(R) 625 ALLOY SHEET
1020 W PARK AVE 1020 W PARK AVE HAYNES(R) 625 ALLOY SHEET -
KOKOMO KOKOMO NADCAP CERTIFICATE NUMBER 0089
IN 469029013 USA IN 469029013 USA $400D,S1000D
‘Specification » Specification « Spezifikation Quantity Ordered
Quantie Commandee
AMS 5599 Rev F 1PC 1pC
“Annealed “Aged Hardness “Grain Size GA Uniformity Corrosion Rate Oridation Rate Churpy Impact Test Creep Rupture
CetluchtLaerte Grain Size m-wne.._.m‘._..E Recry. Grain. M..Rau. ALA ‘Attack Depth. Corrosion. s,..ﬂwa ,.SVEEE ?;m_g:ﬂw .?:m»s:nw .?xm?;z
96 HRB 65 0.0001 In = o
Certified By o Certifie Par  Bescheinigt Durch: Peggy Griffin 03/15/02 (1) 3433481101

Certification Supervisor/Technician

iy 2 2
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Certified By « Certifie Par » Bescheinigt Durch: Peggy Griffin

Certification Supervisor/Technician

gy A

DIF VORGENANNITEN ANGABEN BAKSIEREN AUF PROBEN DIE ALS REPRESENTATIV GELTEN FUER DIE FRODUKTI

CERTIFICATION OF TESTS « RAPPORT D’ESSAIS CERTIFIE « WERKSZEUGNIS FILE COPY 2
Taveice No Customer Reference Report No. Fages of Pages Haynes International
paey G S Rl HAYNES 1020 West Pk v
358505001-0 03/07/02 JOE/TECH 20020315019 40f4 International PO Box 9013
- Kokomo, Indiana, 46902
Sold To » Clicnt « Bestellaranschrift Ship To « Destinataire » Bestellmenge Product Description  Desription Produit » Material Beshreibung.
HAYNES INTL (TRANSFER R AND D) HAYNES INTL (TRANSFER R AND D) 0.058/0.065 x 9 x 20
INVTRY TRANSFER R AND D INVTRY TRANSFER R AND D HAYNES(R) 625 ALLOY SHEET
1020 W PARK AVE 1020 W PARK AVE HAYNES(R) 625 ALLOY SHEET -
KOKOMO KOKOMO NADCAP CERTIFICATE NUMBER 0089
IN 469029013 USA IN 469029013 USA S400D,S1000D
Pt
AMS 5599 Rev F 1PC
“This material is free of mercury contamination.
This material has passed the bend test as specified in '"AMS 5599"
‘This material has been annealed and cooled in a protective atmosphere.
Orders Used: 3433481101 (1 PC)
(A) 1750 °F to 1950 °F
03/15/02
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Certificate for Alloy H718.

Figure K.5

CERTIFICATION OF TESTS « RAPPORT D'ESSALS CERTIFIE + WERKSZEUGNIS

Date Entered Customer Reference Report No. Pages of Pages
Date De Commande Reference Clicat Rapport No Page de Pages

Bestelldatum Kundenbestelidaten Zeugris Nr Anzahl der Seiten

08/09/12 R.SEAGRAVES 20120827020 10f3

HAYNES

International

CUSTOMER COPY
Haynes International
1020 West Park Avenue
PO Box 9013
Kokomo, Indiana, 46902

Sold To s Client » Bestellaranschrift

HAYNES INTL (TRANSFER R AND D)

INVTRY TRANSFER R AND D

1020 W PARK AVE
KOKOMO
IN 469029013 USA

Ship To « Destinataire + Bestellmenge

HAYNES INTL (TRANSFER R AND D)
PARK AVENUE TECHNOLOGY DEPT
KOKOMO

IN 46901 USA

Specification » Specification « Spezifikation

AMS 5596, K: ASTM-B-670. 07, UNS# NO7718; BSOTF14, 522, Cl. A; BS0TF14. $22.CL |1 PC

E:MSRR 7116,9

Quantity Ordered

Bestellemenge

Product Description » Description Produi

0.063 (0.061/0.065) x 36 x 48

HAYNES(R) 718 ALLOY SHEET

HAYNES(R) 718 ALLOY SHEET -

Nadcap Materials Testing Accredited

GE# 19762, S400 10/10/2011, S1000 8/1/2011, EN 10204 3.1, AS9100

Material Beshreibung.

Heat Number Chemical Analysis « Analyse Chimique + Chemische Analyse
} Numero D Conlee Al B c T Co | Cu | Fe Mn Mo Ni P S Si Ti v W A
| Chage e owTs) !
qmc 29798 PRIMARY i
053 0.003 0.047 5.15 030 18.10 0.09 18.50 023 3.06 53.10 <0.005  [<0.002 0.0 1.05 BUTT END *02
g, ) Ta Z Bi Se “La Pl Ph e ¥ AL N Ca ART [ Ni-Co | Ni-Mo it
{ 718029798 <0.00003 <0.0005 <0.0002 PRIMARY
53.400 BUTT END *02

5.140 <0.05

Certified By « Certifie Par » Bescheinigt Durch: Amber Dubois

Certific:

lion Technician

i s

82712012
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CUSTOMER COPY

T

T OR ENTAIES O\ TS DOCH M AAY BE PLSHED AS A TELINY D08 FEDERAL STATL

LD FEDERAL LA T

LE 8 ChAPTin

BSET SHAL

e ENCER I FURL WTHGUT THE WRTTTEN CONRET SF 1Y NES STERN ATIONAL NG

ot - CERTIFICATION OF TESTS « RAPPORT D’ESSAIS CERTIFIE « WERKSZEUGNIS
L7 Viles Ovder No Date Entered Customer Reference Report No. T Pages of Pages Haynes International
Rt | Peserme HAYNES 1020 Wes Prk Avense
,.,n:cmco_ 0 08/09/12 R.SEAGRAVES 20120827020 20f3 wﬂ»ﬁﬂn—ﬁﬂ@ﬁw— PO Box 9013
i Kokomo, Indiana. 46902
Teusile Test at Room Temperature « Essai De Traction A Temp, Ambiante s Zugversuch Tensile Test at Elevated Temperature » Essai De Traction A Hie. Temp. ‘Stress Rupture Temperature » Essai A Charge De Rupture Zeitstandversuch
133000 PST 68500 PSE 48 % DHA) 1200 °F | 172000 PSI 150500 PS1 18 % 1)B; 1200 °F 105000 PST| 375 HRS 16 % 1)B;
. )
213000 PSI 186069 PSI 20 % 1)B) 1200 °F | 168500 PS1 143000 PS1| 215 % 10 1200 °F 105000 PSI| 156 HRS 20 % ne)
209000 PSI 171000 PSI 20 % 1HC)
|
- ‘ L A
Aancaled, “Aged Hardness T Grain Se GA Uniformity | Corrosion Rate | Oxidation Rate Charpy Tmpact Test Creep Rupture
95 HRBW 1A) 75 15 100 0 15 0.0001 IN 1
45HRC| 1)B) {
44HRC | 1)O)
Certified By » Certifie Par » Bescheinigt Durch: Amber Dubois 82712012 1) 3963588101
Certification Technician
P P ¥ - - y
] PN .
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25 CERTIFICATION OF TESTS « RAPPORT D'ESSAIS CERTIFIE « WERKSZEUGNIS STOMER COPY
Reference Commande | Date De Commands Reference Client Rapport No Page de Page o ’
s Companac | Do Comans | o s HAYNES 1020 West Park Avense
£71706001-0 08/09/12 R.SEAGRAVES 20120827020 3013 m-»ORBN:OEN— PO Box 9013
- Kokomo, Indiana, 46902

All tests and inspections have been performed and results meet specification requirements.

THIS MATERIAL 1S FREE FROM MERCURY, CADMIUM, RADIUM, AND ALPHA SOURCE CONTAMINATION.
THIS MATERIAL WAS MELTED AND MANUFACTURED IN THE UNITED STATES.

When microstructure analysis is performed, the etchant used is H202 and HCI. Samples were viewed at 100-500x magnification. Grain size evaluation is performed to the requirements of ASTM E112- 96(2004)e2 Plate 1. Samples
are prepared per ASTM £.3-01. The material has been evaluated for afloy depletion

Microstructure: Acceptable

irface microstructural evaluation was performed at 500X magnification.

This material has passed the bend test as specified in AMS 5596.

Tested at Haynes International. Inc. Kokomo. In

Samples tested to BSOTF14 Cl. F condition and material supplied to CLE condition

Microstructure complies with ESOTF133 Class C.

This material has passed the bend test as specified in BSOTF 14, Class A.

Samples tested to BSOTF14 CLB condition and material supplied to C1L.A - condition

This material has passed the bend test as specificd in BSOTF14, Class E.

This material was vacuum inducticn melted followed by electro flux remelt.

Material produced by Manufacturer’s Standard Procedure No. 043 Amend. 4HU2

This material meets the requirements of RR9000:SABRe

BEND TEST: Passed

Material annealed in a continuous bright anneal furnace.

Al aged test specimens.are-aged after final machining

Mill Orders Used: 3963588101 (1 PC)

A} 1750 °F to 1815 °F

Method of Chemistry Analysis for Heat¥ 29798 PRIMARY: GFAA (AG.BLPB):

Method of Chemistry Analysis for Heast 29798 BUTT END *02: O.E. (Al,B.Cr.P Si); LECO (C.S); XARL DIRECT RATIO (Cb.Cu.Fe): XARL LINFIT (CBTA.Co.Mn,Mo,Ni Ta,Ti):
B) 1750 °F to 1815 °F: Step 1:1325 °F. 8 Hrs: Step 2:1150 °F, 8 HrsTotal Time: 18 Hrs)

C) 1750 °F to 1815 °F: Step 1:1750 °F. 1 Hrs: Step 2:1325 °F, 8 Hrs; Step 3:1150 °F, 8 HrsTotal Time: 18 Hrs)

Certified By « Certifie Par » Bescheinigt Durch: Amber Dubois 82722012
Certification Techni

iy s maNESTS
TN CONRIVE 0 AT INTERSATION AL I
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Figure K.6: Certificate for Alloy 740H.

SPEC’ A L SPECIAL METALS CORPORATION
3200 Riverside Drive
Huntington, WV 25705
e~
fx o Cainpany Brian A. Baker

Product and Applications Development
Engineer

Ph. 304-526-5740
Email: bbaker@specialmetals.com

12/18/2012

Mr. Mark Anderson

737 Engineering Research Bldg
1500 Engineer Dr.

Madison, W1 53706

Enclosed you will find a sample of 0.5” thick, hot-rolled, solution-annealed and aged
INCONEL® alloy 740H® plate. The sample provided was manufactured from SMC heat number
HT3130JY. The sample has been solution annealed and aged. The chemical composition of
heat HT3130lY is shown in Table 1.

The material has been solution annealed at 2075°F and water-quenched, followed by aging
at 1472°F (800°C) for 4 hours and air cooling.

Regards,

Brian A. Baker

INCONEL. INCOLOY, MONEL, NIMONIC, INCO-WELD, NILO, BRIGHTRAY, CORRONEL and UDIMET are registered trademarks of Special Metals Corporation



Table 1. Chemical Composition of INCONEL alloy 740H Heat HT3130JY

HEAT HT3130)Y
ALUM_ID 2012E5060
ALLOY 740H
C 0.023
MN 0.245
FE 0.1491
S 0.003
Sl 0.17
Ccu 0.015
Nt 50.04
CR 24.57
AL 133
Tl 133
co 20.09
MO 0.35
NB 1.46
TA 0.004
P 0.0023
B8 0.0013
N 0.0038
v 0.012
w 0.022
ZR 0.021

192
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K.7: Certificate for Alloy 800H.

igure

F

Y

e B RECORDING OF FALSE,
T O ENTAIES ON 111 DOGU
FEDERAL LAW. TITLE 18, C)

L GTITIOUS OR FRAUDULENT STATEMENTS
MEHT MAY BE PUNISHED AS A FELONY UNOLR
HAPTER 47

p INCO ALLOYS .
INTERNATIONAL

INCO ALLOYS INTERN.
HUNTINGTON, WiE

<O Baza

AL AT e g

o ) vess
N BCzoMKE

0 oo,
e

0 . mOBDTA,

HAI 328 REV F/ASTH B 409-93/ UNSiN0BB10/N0BE11
ASHE S$B-409 1992 EDITION 94 ADDENDA. , . .
CERTIFICATE 3.1.p A ERTIFICATE DIN S0 049~3,18B)
MATERIAL MANUPACTURED IN ACCORDANCE WITH A QUALITY MANAGEKENT
SYSTEM CERTIFIED TO Is0 »uoow BY ABS-QE (CERTIFICATE No, 30125
,%%E;P\.,\ . (e

CHEMICAL ANALYSIS (WT. X)
MN FE 5 51 cu NI GR AL
TI
0,77 44.89 <0.001 0.29 ©0,20 33.17 19.63 0.46

MELT METHOD: ELECTROSLAG REMELT (A
i HECHANICAL PROPERTIES

.
HARD  GRAIN YIELD TENSILE XELG  R/R DEG Uwivens)ry of P::E:\
HEAT/LOT QUANTYTY  NESS  §1zE .15ps; PST 4D X F W "
X 100 X 106 \\;v 2.867 x /¢

HH9259AG 11 1 PC, :

ROOM TEMP-HRB  -As syippeh 6€9.0 4. 0202 0803 - 4.8 7.1 |

GRAIN SIZE-AS SHIPPED d.0

HH9259A¢ 13 1 pc. -

ROOM TEMP-HRB - -AS SHIPPEh. 69.0 0267 0628 50.3 66,7 .

GRAIN SIZE-AS SHIPPED ) 0.0

HH9259AG 14 1pe,

ROOM TEMP-HRB ' -AS surppep 68.0 0307 07483 £2.9 68,7

GRAIN SIZE-AS SHIPPED 0.0

YIELD STRENGTH WAS DETERMINED USING A STRESS STRAIN CURVE
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pr——

20,08 FSE meTous on evouscnt st "b INCO ALLOYS
) ;mcmﬂh ;i..j:m _DmOn:\’%ﬁ..ﬂ_w,x BE PUNISHED AS A FELONY UNDER _zvﬂlmmz>s_l_ o Z> r

INCO ALLOYS INTERNATIONAL, ING.
HUNTINGTON, WEST VIRGINIA 28756

omw IFIED MATERIAL TEST REPORT

OROEA NOATEM CATE

gm.grg..wx ..
5 m_mem.M ALES, ING,
NEWYORK, N¥Y 19044

582253 | 08/07/95
GUARTITY NEPEGTED BY
11410 LBS IALT

CHARGE GRDEN NG

01-77912 A/C09753
eschenoy|
or waTeRa.
srreo

MARK ORDER NO.
L01-77912 A/C09783
TNCOLOY ALLOY BOOH/G600HT HR PLATE DESCALED ANN

25000 92- 96  192-288° IN SHR

VLISUAL AND DINENSIONAL EXAMINATION SAT1SFACTORY,

MATERIAL, WREN SHIPPED, 1S FREE FROM CONTAMINATION BY NERCURY,
ANU LOW MELTING ELENENTS . 3

AUTHORIZED QUALITY CERTIFICATION

RA]

WATSON, W.E. BOLEN, R.A. CRAZE, G.B. SIKPSON



Figure K.8: Certificate for Alloy AFA-OC6,7,10.

10/19/10
Please ship the following samples by overnight service .

Professor Todd Allen

915 Engineering Research Building
1500 Engineering Drive
Department of Engineering Physics
University of Wisconsin, Madison
Madison, WI 53706-1687

Tel: 608-265-4083

Please charge 327100EF

Thanks,

Mike Brady

bradymp@ornl.gov

574 5153

History of Material: These are developmental alumina forming austenitic stainless steels for
testing at University of Wisconsin. There are no radiation concerns with this material.

Heat No | 001919 | 001920| 001923
OC-6 | 0OC-7 | OC-10
[} 114 112 114
| Mn 1.99 1.92 6.96
Si .13 13 .13
P .022 .020 .010
S .0009 |.0009 |.0022
Cr 13.84 |13.80 |13.85
Ni 25.04 |25.08 |12.18
Mo .18 1.98 .15
Cu .51 52 3.10
W .16 .96 .15
vV .05 .05 .05
Ti .05 .05 .05
Al 3.56 3.59 2.54
Nb 2.51 2.50 1.02
B .0080 |.0085 |.0086
N .0010 |.0010 |.0017
Zr o A6 | -
Hf o el B
Y [ U
Fe Bal Bal Bal
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Figure K.9: Certificate for Alloy T92.

LABORATORIES, INC.

6330 INDUSTRIAL LOOP

GREENDALE, WI 53128.2434

(414) 421-7600 1.800-960-6330
FAX (414) 421-6540

UW-Madison
1500 Engineering Drive Room 841
Madison, WI 53706

Attn: Mr. Jacob Mahaffey

— Sample dentification: 106G T92

Laboratory File #  C4-12145

Sificon: .10 _ Vanadium:

Sufur. 003  Tungsten:

Phosphorus:_ _ Columblum

Manganese: Cobalt:

Carbon: Selenium:
Chromium: 8,94 __ Antimony: L
Mickel: .21  Tim .
Molybdenum: .50  Lead:_

Copper: Tron: _

Analysie in weight percent uniess moted

Original Dimension, |
Original Area, Sq
Yield, PSI:
ield Method: _
Tensile, PSI o
Elongation, %:

Gauge Length, In;
Red. in Area, %:
Character of Fracture:
Hardness , Actual Reading:_ T

Converted Value:
Results reported apply only to the sample submitted.

The above tests were performed with the application of one or more of the follewing specifications: ASTM A48, R126, A370, A335, ES,
E1D, Ei8, B23, B354, E403, E4l5, E478, E536, K101%, El024, E1086, £1409

ANALYSIS REPORT

Uli3 Date: 03/19/14

PO#:CREDIT CARD

Bgmuth: 00000000000
Cadrmium:
Zirconium: __

Boran: 001

Band Diameter;
Bend Test Angle: : o -
Character of Fracture: _
Approved: _ Rejected:

Charpy, Ft. lbs.:

Charpy Specimen Size:
Lateral Exp., Mils:
Shear Fracture, %:
Test Temperature:

Character of Fracture:

E1447, E1473, 10CFR21, LECD GDS 400A App. & E-2 SM 5-17,

IS0 148 Parts 1 & 2, EN 10002 Part 1, EN 10204 Sec. 3.1, and Anderson Lakoratories’ Quality Manual Revision M dated 02/24/14

This report shall not be reproduced except in full, without

the written approval of Andevson Laboratories, Ime,
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Figure K.10: Certificate for Alloy T122.

Amomomea INC.
6330 INDUSTRIAL LOOP
GREENDALE, WI 53128-2434
(414) 421-T600 1-800-950-8330

FAX (414) 421-6840

UW-Madison

ANALYSIS REPORT

w113 Date: 03/19/14

1500 Engineering Drive Room 841

Madison, WI 53706

Attn: Mr. Jacob Mahaffey

Sample ldentification: 106 T122

Laboratory Fils #  C4-12144

PO#: CREDIT CARD

Silicon: .27 . Venadium: .21 . _ Siver ____ —
Sultur:__ ,002  Tungsten: 1,80 N Marcury: T
Phosphorus: 016 Columbium: .08 W _Mitrogem 063
Mangoness: .63 Cobait: — = —— —
Carbon: .11 — Selenlum: S I — P—
Chromium: __ 10,72 Andmony: Lo B — P,
Nickel: .41 Tin: B — — —_— —_—
Molybdenum: .35 Lasd: = . mn - W— =
Copper:___ 1,01 o P +001 S p—

Analyais in weight percent unless noted

Original Dimension, In.: _
Originel Area, Sq. In.:

Bend Dismeter:
Bond Test Angle:

Yied P8I P— i . Character of Fracture: B

Yield Mothod: . npproved: _ Rejectea: B
Tensile, PSI: _ S R

Elongation, %: __ ol o B Charpy, Ft. lbs.: o I =
Gauge Length, . Charpy Specimon Size:

Red. in Area, %:

Character of Fracture:

Hardness , Actusl Reading:
Converted Value:

— Lateral Exp., Mils: _
Shear Fracture, %:
Tast Tamparatura:
Chara

. of Fracture: ;

Rosults reported apply only te the sample submicted,

The above tests wers performed with the applieation
E10, E18, B33, Eisd, B4D3, F415, B478, ESI6, E1019,
TEO 140 Parte 1 & 2, EN 10002 Part 1, EN 10204 See.

This report shall not be reproduced exeept in
the written approval of Andsrsen Laboraterios,

of ene or more of the following specificacions: ASTM A4R, A2, ANTO, AJ9S, EN,
K1014, E1ORE, R1409, BL447, B147), 10CPHIL, LECO GBS A00A App. & E-2 8M 517,
3.1, and Andavson Laboratoriss' Quality Manual Revision M dated 02/24/14

full, wizheur W
Ine.

chae : 3 o, CLor o erations
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Figure K.11: Certificate for Alloy 617.

LABORATORIES, INC.
6330 INDUSTRIAL LOOP ANALYSIS REPORT
GREENDALE, Wi 53120.2434
{414) 421-7600 1-800-950-6330
FAX (414) 421-6840

UW-Madison U113 Date: 03/19/14

1500 Engineering Drive Room 841

Madison, WI 53706 PO#: CREDIT CARD

Attn: Mr. Jaccb Mahaffey The data reported is certified to meer

ASTM BLEE-11
Alloy NDEE1T

Sample Identification: 106G 617 -

Laboratory File # C4-12146

Silicon: .04 Vanadium: __ Aluminum: 1,21 __ Sitver: _ )
Suffur:__ <.001 ~ Tungsten:_ _ Zne Mercury:
Phosphorus:_ <.005 i oy N i . I
Manganese: .07  Cobah: 12,58 " . .
Carbon: __ =07 __ Selenium: =
Chromium: _ 22.04 ~ Antimony: I L I R
Nickel:  Base _ Tim___ __ Cadmium: . o ol
Molybdenum:  9.49 Lead: e Zirconium: . 8 - == S
Coppar: T _ lron:_ .33 Boron: -002 R e
Anslysis in weight percent unless soted
Original Dimension, In.: __ _ Bend Diameter: —_
Original Area, Sq. Band Test Angle: o o
Character of Fracture: ___ B L -
Approved: _Rejected:
Charpy, Ft. Ibs.: o

Charpy Specimen Siza:
Lateral Exp., Mils:

Character of Fracture: B _ Shear Fracture, %: -
Hardness , Actual Reading: Test T 3
Converted Value: Character of Fracture:

Resulte reported apply only Lo the sanple submitred,

The above Lests were porformed with the application of cne or more of the following specifications: ASTM A4, ALZ6, A370, A39S
ElC, El8, E23, B354, FAD3, F415, E47¢, ES36, E1019, E1024, E1086, E1403, E1447, E1473, 10CFEZ1, LECD GDS 400A App. & E-2 SM 5-
ISC 148 Parts 1 & 2, RN 10002 Part 1, EN 10204 Sec. 3.1, and Anderson Laboratories' Quality Mamusl Revision M dated 02/34/1%

This report shall not be reproduced except in Eull, without
the written approvel of Anderson Laboratories, Inc.

rations
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Figure K.12: Certificate for Alloy Fe-12Cr.
- - E ’
ALLOYS

P.0. BOX 2245 BUTLER, PA 16003
(724) 789-0158 + FAX: (724) 789-0189

CERTIFICATE OF ANALYSIS Henese
Bill To Ship To
University of Wisconsn - Madison UW-Madison |
Dle 1500
21 North Suite 1 Madison, Wi 5
Madison, W1 537151218 Atn . M Al

Purchase Order § 258K AU5 116794

Description Fe/Cr [B8/12) Wt % Alioy Sheat
Dimenslons 0.083°/0,070" x 14" RW x & AL
‘Condition Hot Rabad. Flatenad, De-soea'sd
Heat # 10105481

Quantity 30 Lbs

CHEMICAL ANALYSIS

ELEMENT COMPOSITION (WT %!
Fe Balance
Cr 11.80

SAl cenifies that this alioy was manutactured using material of the foliowing purity
ron — Lot #: 10G-128

Elgment Composition (Wi, %) Elament Composition (W1.%)
G 0.0004 8 0.0002
Si <0.0005 Co 0.0029
Mn 0.0001 Cu 0.0001
P 0.0003 H 0.0006
s 0.0005 8n <0.0001
Cr 0.0002 Fb 0.0001
N 0.0005 o 0.0080
N 0.0010

Zn 0.0005

As <0.0001

0013 «0.001 L] <0.002
Si =0.01 Cu 0,002 Sn <0 001
s 0.004 Fe 014 Zn <0.002
P <0.005 Ga <0005 N 0.008
Al =0.005 Mn 0.003 =] 0.035
As =0.002 Pb <0.001 H 0.0005
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Figure K.13: Certificate for Alloy H230.

_. CERTIFICATION OF TESTS #« RAPPORT DESSAIS CERTIFIE « WERKSZEUGNIS CUSTOMER COPY
Sales Order No. Date Entered Customer Relerence Report No. Pages of Pages Haynes International
i T = e s Ll 1028 Wer Pk A
560156001-0 07/10/09 VERBAL KEITH 20090715085 10f3 H PO Box 9013
International Kokomo, _h_,uaﬁw,i_u
Sold To + Client = Bestellaranschrift Ship To = Destinataine » Besicllmenze Froduct Deceription o Deseription Produit  Material Beshreibung
MARKETING MANAGEMENT DOMESTIC HAYNES INTL INC 0.063 (0.061/0.065) x 48 x 72
] 2000 W DEFFENBAUGH .
= KOKOMO HAYNES(R) 230(R) ALLOY SHEET -
IN 00000 USA IN 46902 USA Nadcap CERTIFICATE NUMBER 0089
GE# 19762, 5400 10/10/2008, S1000 1/2/2008, EN 10204 3.1, AS9100
e Quantity Ordered Quantity
Quantic  ommandes Shipped
Restellemenze Quantitie
Expedice
Licfermense
AMS SXTX, ¢ 1PC 1PC
" leat Number Chemical Analysis » Analyse Chimique » Chemische Analyse
i e O AT B C =R Co Cr Cu Fe Mn Mo Ni P s Si Ti v W
83058 TR28 037 0.002 0.100 0.21 2208 0.04 1.02 0.52 .23 BAL 0.005 <0.002 031 <0.01 14.17 BUTT END *01
[ - Ta Zr Bi Se La S ) Mg Y Ag N Ca Al+Ti Ni+Co Ni+Mao I
8305 8 TH28 0.012 BUTT END 01

Certified By » Certifie Par » Bescheinigt Durch: Tammy Shepherd
Certification Technician

7 m&m&&&“ ,.

152009
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CUSTOMER COPY
Haynes Inicrnatwonal
1020 Wea Park Awenes
PO Bow 9013
Kok, Induna S0
Mcthod of Chemisiry Analysis for Heaed $7523% BUTT END %01 OF (ALBLaPSik LECO (CSk XARL LINFIT 0o r0w Fe. Ma Mo NLTLWY
T82009
e e o Pty Vet e e ST 158 T 5 R g S vt S o 5 s




Figure K.14: Certificate for pure Fe.

Certificate Of Analysis
Metal Men
Material: Iron
Size: Thickness: 0.062 Inch Width: 55 Inch Length: 10.5 Inch
Qty/Unit: 1 Piece(s)
Lot Number. FE29639381

Temper: Annealed

Material(s) Percentage
Iron 99.6

-~ Element - PPM 9 Method
[ Carbon 250 0,025
r Chromium 300 0.03 ¥
Cu Copper 400 004 ¥
M Manganese 1800 0.18 ¥
i Nickel 500 005 v
P Phosphorus 120 001z ¥
5 Sulfur 250 0o ¥
5i Silicon 500 005 ¥

Notes: [typical values

This material cannot be rejected based on test results of ancther analylical laboratory alone. Test results may deviate from tnese values due 1o variatians

i gach laboratory's teskng methods. differences evaluated
By ahu d

Thomas H. Goodioe. Vice President

Univénsier oF Liscontw
F.n, vese - Pave

Jeo) £ x e

*1=1lon C= « 5 = Source C
Lot Number: FE29639381

Iron Page 1 ef 1

203



204

Certificate for pure Ni.

Figure K.15

e L S Sy HUNTINGTON ALLOYS
e CE I X ity B A Special Metais Company

OTHER DIRECT-HO¥ ;nnﬂxrﬂru-_

ALMEN SALES, i,
BOX 54
BEW VIR MY 10044

b HICKE L= b
F L0610 IM_48.0000 IN COIL

Y HOY BE REPRODUCED EXCEPT IH FOLL, &= 4snaes

COTL

B
sssssessTHIS REPORT RELATES CNLY TO 742 ITEN(3) TESTEN AND Hi

aPECIPICATIONS: HAI 328 REV FAASTH B 162-99(20081\ ONS: N 2200
ASNE BB-1%3 1057 EDITION NO ADDENDA.N
QUALITY SYSTEN CERTIPICATION: IS0 9001:2000 (ABS-QL CERT. 301151;
EN 10 204/DIN 50049 (TYPE 3.1) ’
CHERICAL AMALESLS (WT. %)
. HYERT® [ L re a L 2] ey wr
HIZUEAG  0.02 0.24 0.04 :0.001 g.0f - 0.04 49,57
MELY BETHOD:  AYE » FLECTEOSLAG RENELYED
it PRV PR R EETL S L b E bt
KECHANICAL PROPERTIES
. MARD GRATH Y1EED THEWSEL WELT BN DEE
HERT/LOT QUANTITY HESS siig _:XP31  PES = X F
X ipe X 108
H13U8AG CE4SA 1 PC . .
ROUN TERP-HRE  -AS SHLPPED 3.8 0192 0393 as.a
Y1ELD STRENGTH WAS DETERMINED USING A STRESS SYRALN CDRVE .
B o T e i iimussssmmsammses mmsseccce—iemccooossasrmossosoossssssoos
SoUNTEY OF OR1GIN: WELTED AND NANUFACTURED IH THE USA
YLSUAL AND DINENSIOWAL EXARINATION SATLSFACTORY.
ALPWA B0DRCE, & LOM MELTING ELEMENT

HATERIAL, WAPH YI1PPED. 1S FREE FPEOM CONTANINATIUN BY MERCURY . RADIUR,

CONEMLCAL AMALYS1S AS REQUIRED FOR CAREBON, SULFUR,HITROGEN OR ORYUEW 1% PERFORRED br COWBUSTION TECHWIQUES.
ALL OTHER REFORTED ELEREWTS ARE RMALTZED BY ¥-RRY AND/OR EAISSION SPECTROSCOPY.™

#GUALITE SYYTEM MEETS REQUIRERENTS OF DLRECTIVE $7/13/EC (PRESSUNE EQUIPALENT DIRECTIVE).

AINEL L. CHAPTER 4.3 #E¥ aBEY CROUF LTD CERTIFICATE OOB{EXLPLRESR AUGUST 1008) AWD
TuY CERTLPLCATE 20674%18 [EXPIRES HAT ELLT PR

Umivestmr oF biseoms s

Po. Vrbde- fave
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SPEE BTACT Mot ASSICNABLEN 01 P A Specisl Aisisés Company

TEE W e L R S it

ﬂsmﬁ.ﬂ.-ﬁ CERTIFIED MATERIAL TEST REPORT  No.  ..,4, |
mﬂxg A DDA, BT BatE T e o y
Withey YORK, NY 10044 100017135 1 as/30/08 2 2
! BRATTY T
3i%0 LBy HA/SSRC
THARE DACIW, BEL T P
4500196685 |

NICERL P0g CF SHEET IN COJIL CR ANN

(0630 TN 48.0000 [W COIL

COIL

AL H.—NH—-/@E."L TV CERTIFICATION REPRESENTATIVES

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

t.ﬁ. Hﬂw\.\v.h.h. CUSTER, M.A. MORRTSOM, FP. WAUGH
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Figure K.16: Certificate for Alloy GR22.

o TEST G BRI e Hor
o PLAYE Lic PItE No: sgro?zns
ARCHLOIAY MILL ORDER ¥oO: 3-001
MELT HO: cegis
SABaTe: 327%0/13
UNINEASESY 2F ipromsim

MY 10068 SEND TOL oy Vasl- Pave
;p‘) }D'IX.‘O"

Bgszgen

PLATE DIMENSIONS / DESCRIPTIOHN
PIECE
T@L GAUGE WIDTH LENGTH DESCRIFTION WEIGHT
5" 96" 4aor RECTANGLE 6534

CUSTOMER INFORMATION
CUSTCMER PO: S4436-NY

PART NO. 4
SPECIFICATIONI(S)
THIS MATIR HAS BEEN MANUFACTURED ﬂm IN ACCORDAMCE PURCHAS!
ORDER REQU. 'S AND SPECIFICATION (8 T £
ASTH YR 10 GR 22 CL 2
ngz'l' ED gD 63% su
F THIS T ARE CERTIFIED
01 AND TS0 14 (CERTIFICATE

E IWDE IEHIPIE'.I.TE KO, 3

CHEMICAL COMPOSITION

MELT: CE8R6 G0 M Boe Bor o Th M o %
MELT:C6886E .‘Orl!-l sgz .Osﬂ! .ﬁ& .Ssl .081‘0 .Osgﬂ .ﬁnﬁis

HANUFACTURE
ELECTRIC FURNACE QUALITY - FINE GRAIN PRACTICE

HEEAT TREAT CONDITION

%’: HEAT TREAT WO HOLD cooL

DESCRIPTION TEMP MING MTHD

H TROERTEE O 1SBF 88 MRS
WE HEREBY CERTIFY THE ABOVE
INFORMATION IS CORRECT:
ARCELORMITTAL PLATE LLE . :
QUALITY ASSURANCE LABORATORY
v ELINORE ZAPLITNY

COATESVILLE, PA 18320
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TEST CERTIFICATE
;ﬁ NQ: 02 OF 02
HO: 0Z284-0 -05
MILL ORDER HO: 14249-
MELT HO: C6886
SLAE BOo: 35BEA
DRTE: 05/20/13
TENSILE PROPERTIES
SLAB YIELD TERSILE ELONGATION
HO. Loc DIR PSI X 100 PSI X 100 LGTH L] SR .A.
3%BR  BOT. TRAMS . 754 908 2.00" 26.0 £7.0

GENERAL INFORMATION
mmmmmmmmmm -B.A.
TEST CERTS. mmgs"

mmmmnlmﬁé“znm ﬂrxal

ACID
FOR MORE PROCESSING GUIDELINES, REFER
HWWW . ARCELORMITTAL. n:ﬂj;?ﬂﬂm[ﬂi b i

B/L ¥22544 SOU 114245

WE HEREBY CERTIFY THE ABOVE
INFORMATION I3 CORRECT:

COATESVILLE, PA 18320 ELINORE ZAPLITNY
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Certificate for pure Cr.

Figure K.17

Certificate Of Analysis

Metal Men

Material. Chrome

Size: Thickness: 0.5 Inch Width: 1.5

Oty/Unit: 1 Piece(s)
Lot Number: CR39762511

inch Length: 8 Inch

Umventiry oF Wisconcins

Lo, vresde- Proe

Jpe) /)2 x £

Material(s) Percentage
Chromium 99.97
-~- Element --- PPM Percentage Included Method

Ag Ssilver 0.18 0.000018 ¥ GDMS
A 13 0.0013 ¥ GDMS
As Arsenic 0.79 0.000079 ¥ GDMS
Au Gold < 0.05 0.000005 ¥ GDMS
B Boron 0.05 0.000005 ¥ GDMS
Ba Barium 1.6 0.00016 ¥ GDMS
Be Beryllium < 0.005 0.0000005 ¥ GDMS

. Bi Bismuth < 0.01 0.000001 ¥ GDMS
B8r Bromine < 0.01 0.000001 ¥ GDMS
C Carbon 53 0.0053 LECO
ca Calcium 3.2 0.00032 ¥ GDMS
ca Cadmium < 0.1 0.00001 ¥ GDMS

‘ce Cerium 0.008 0.0000008 ¥ GDOMS
Cl Chlorine 11 0.0011 GDMS )
co Cobalt 2 0.0002 ¥ GDMS
s Cesium < 0.01 0.000001 ¥ GDMS
cu Copper 2.4 0.00024 ¥ GDMS
Dy Dysprosium < 0.G05 0.0000005 ¥ GDMS

* I = Yon Interference C = Instrument Contamination S =
Lot Number: CR39762511

Source Contamination

Chrome

Page 1 of 3
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Appendix L

Certificates of Conformance

Figure L.1: Certificate of conformance for example Omega pressure transducer.

OMEGA ENGINEERING INC.
CERTIFICATE OF CALIBRATION

Model Number: PX409-5.0KG5V Capacity: 5000.00 PSIG
Serial Number: 445460 Excitation: 24.00 Vdc
Date: 6/6/2014 Technician: GRS
Job: R9822
Pressure Connection: 1/4-18 NPT Male

WIRING CODE

Electrical Connection: Integral Cable 4-Cond
BLACK = - EXCITATION
WHITE =+ OUTPUT
GREEN = N/C
RED =+ EXCITATION

CALIBRATION WORKSHEET

NOTES
Pressure PSIG QUTPUT Vdc
0.00 - 0.001
2500.00 2.499
5000.00 5.002
2500.00 2501
0.00 0.000

NIST Traceable Number(s): C-2505, C-1316

Omega Eng. Inc., certifies that the above instrumentation has been calibrated and tested to meet

or to exceed the published specifications. This calibration was performed using instrumentation

and standards that are traceable to the National Institute of Standards and Technology. This
document also ensures that all testing performed complies with MIL-STD 45662-A, I1SO 10012-1, and
ANSI/NCSL 2540-1-1994 requirements. After Final Calibration our products are stored in an
environmentally controlled stock room and are considered in bonded storage. Depending on
environmental conditions and severity of use, factory calibration is recommended every one to

three years after the initial service installation date.

6/6/2014

Bruce Lott e

Accepted and Certified By

Omega Engineering Inc., One Omega Drive, Stamford, CT 06907
http:/iwww.omega.com email: info@omega.com phone (800) 826-6342



GAGE & ABSOLUTE PRESSURE TRANSDUCER

PX409, 409C, 419,429 & 459 0TO5VDC
CERTIFICATE OF CONFORMANCE DOCUMENT A012570
MODEL NUMBER INTERPRETATION | | - g @
| E g ' N A - £
|| s IHB SRR
¢ | 8 ¢ 13| 8 g5 |23 F |2 :
Sw| EQ £ 8 ] ] 3 £ + 2 ] £ £
22| gz | W F = m = 3 i £ E i i 3
| 88| 22 e [ @ s 5 = = =5 H I £ z z
& & Wo |RANGEGCDE | & | & = E g g id H = = 5 - -
PX (X1 (x2/x3 [x4[X5[x6| X7 X8 | E 5 H g8 | 8 | & 4 gE
CABLE 4 o) 3 il |wlB Blig, ] WHao | 01030 ] GTas |-17T085 | 100 | 100 i["] oo
OIN 4 1] 8 ol o 1l G hA 5w 1 WTO )| o705 |[-17TGSE5 | 100 | .00 & 1000
BEMDIX| £ z| o [23[.[|&6]6& HiA S 25 |10TOM| 0TQS |ATTO®S | 100 | 1.00 4 1000
;:CNEIL..'I' < 5 aC o a 4 <] A £ 5 10T oTOE |-1TTOES 1.00 1.60 4 1000
[3H] 4 5| 8 [o0|1]5]6G A [ 15 | 107030 oTCs |-297088 | 6.50 | 0.50 4 3500
] 3 0 [<] A 5V = WTOI0| 0TOS [-28 TOBS 0.50 0.50 4 3000
I 3 nlslole A [ 0 | w0 T0 30 20 TD RS | 080 [ a50 2 3600
| ijfofo[a] A S0 | 100 [1o7030 29 TOBE | 0.50 | 050 4 000
1 ] 0 [} A 54 150 | 167030 -0 TO &5 0.50 050 4 3000
2| 5|0|G A 5 355 | 107D Z9T0Es | 050 | 050 4 3000
== N 5= s]lo|olG A 5 500 | 10T&s0| 0TOS |-29 Tr&s | 050 | 050 4 3000
[ | 7lslelc A = 750 |ioTom| oTos [-esToed | o5y | 050 ] 3020
1| o[kIG| & 4 000 | 10T | 0TOS |-29 TOES | cso | 050 4 3000 [T5F]
1 ] 1| B1KHIG A [ 1500 |10Toa0| o708 |-saToes | 656 | 050 | 72S0P& | 100 o0
I ] 2|51 k| G A W 7500 |woTOan| oTos [-28TOB5 | 050 | 080 f FASCPS | 10000 10020
| | | 3| 5| K| G A 5 3800 | 16i03n| oTo8 |-2eToEs | 060 | 850 | 7As0PS | 10000 10060
| | 5| 0] K| G A 5y 5000 | 10 TOS0| Dias |-zavogs | 050 | oso | 7aso st} o000 | 10000
RANGE TYFPE ACCURACY
SERIES TYPE AND OUTPUT IDENTIFIER ACCURACY STATEMENT
PX 4u9l 408C, %4, X5 X6, X7 NQ IDENTIFIER (.0F% BEL INC NON LINEARITY, HYST AND MON REFEAT
e s Pl EH 0.05% B5L INC NOK LINEARITY, HYST AND BON REPEAT
419, 459 XB e 0.03% 5L NG NN LINEARITY
GENERAL SPECIFICATION
INFUT WD SEE TABLE
OUTELT 070 & VDG SEE TASLE
OWER PRESEURE SEE TASLE
~ CONTANMENT SEE TAHLE
ACCURACY SEE TABLE -
| SETTING ACCURACY ZERC + 5% F3 TYF 1% MAX (1% TP +I% MAX FOR 2.5 PSLAND BELOWVA

|+ 5% F5 TYP 1% MAX (1% TYF +2% MAX FOR 2.5 P51 AND BELOW)

BETTING ACCURACY SFAN

ALIBRATION I WERTICAL DIRECTHON WITH FITTING DOWS

[—"10tea TERM STABILITY

[20.1% FS TYPICAL (1 YEAR)

DURABILITY
MEDLS COMPATIBILITY

T MILLIDN TYFIGAL
ALL WETTED MATERIA

E 16 (LI GTAMMLESS GTEEL
EC DIRECTIVE 2004/ 108/EC (CONSOLIDATED #3338). 5TANDARD

TEC (1325 2005 FOR INDUS TAAL LOCATIONS

EMC COMPATIBILITY (CE}

YES

ROHS

0 TO 5 VDC EXTERNAL WIRING CODES
MINI DIt
PH419 &
MAZFAASE | TyWST LOCH PXegs
EXCITATION (+] L0 PN A
EXCITATION |-} FINZ | FIN B ]
e FIN3 T
FIN 4 BiN O }
PIHE o |
_PHE al

210
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Figure L.2: Certificate of conformance for Sartourius high precission scale.

SERV'CE & ENGINEERING 1322 Russett Court
( U " I’ () H ATION Graen Bay, Wisconsin 53135099
£ S20-434-2737 = B00-238-2737
RECORD A TRANSGAT Company FAX 1204349805
T ks ke S— I =
o s e Uk i sl |:|I:::ndi:|.r1:;mnn;mn:: oy l—d:.;nrqmlqml Feimincd Gardargs  — 4123 Terminal Drive, Suita 230
and Tagenoiogy (NI5T) o the Mational Reseasss Courci ol Canase (NAC), o ol rescgna natiossl massursment naviitss (NETE) of namational sandas MgFarland, Wisconsin 53358-8T01
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Figure L.3: Certificate of conformance for Varian 450 Gas Chromatograph.

Chromatogram : RUN_28_channel1

System : Univ of Wisconsin Acquired : 82172015 5:01:21 PM
Method : LW Madison Processed : B/24/2015 8:02:42 AM
User : Administrator Printed : 8/24/2015 8:03:06 AM

4,000 RUN_28 DATA - Front (FID)

3,500
3,000

2,500

CH4

2 2,000

*C0

1,500
1,000

500

Min

Peak results :

Index | Name | Tima | Quantity | Height Area | Arma %
i) 1% Avea) | (V]| [ Min) |___[%]
1 |CH4 | 464 5081[18335] 23999] S0.806 |
co S57] 4919116616 387.2] 49194

Total 100.00 | 3495 1 787.11 100000

Page
15
PAGECOUNT
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Certificate of conformance for SSI Supercritical-24 pump.

Figure L.4

1. Serial Number: X Z. <o 58559 2. Part Number:_S10SNXP1
3. Model: Supercritical 4. Customer: ple: — Teo—
5. Sales Order Number: mM 2 T 2230 8. Fluid Path: SS & Peek

8. Voltage: 115V / 230V SMT

48. Pump Head Setting Check: (§12)

. Frequency/External enable Input Test Passed: (Yes)
. Pump Run Input Test Passed: QM@WU

. Pump Stop Input Test Passed:

. Output Relay Test Passed:

. Voltage Input Test Passed: m\w

Fregquency Input Test Passed: m@

81.

"o a0 oo

510. Temp Tests:
Static Head Temp w/ Peltiers: — 2.\ deg C
Pumping Head Temp @ 5,500psi: — 31| deg C
Flowrate @ 5,500 wibackpressure coil: 1.3 mm mL/min

999. Assembly / Test Acceptance: Bt Date: 1229

- F v,

1000. QC / QA Release: — Date: ~2- =7 /¢
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Figure L.5: Manual for calibration of Alpha-Omega Series 3000 Trace Oxygen Analyzer.

ALPHA OMEGA INSTRUMENTS CORP.
SERIES 3000 TRACE OXYGEN ANALYZER Instruction Manual

Section 6.0
CALIBRATION PROCEDURES

6.1 Initial & Routine Calibration Checks

All Series 3000 Oxygen Trace Oxygen Analyzers are fully calibrated at the factory prior to shipment.
Howewer, with the potential hazards associated with shipping instrumentation, it is advisable that the
analyzer be given a system calibration check at the time of startup. Alpha Omega Instruments trace
oxygen sensors features high accuracy and excellent long term stability characteristics. As a result,
routine maintenance is kept to a minimum. As is the case with all gas analyzers, it is advisable to
periodically check the overall system calibration. The frequency of these checks is often determined by
in-house calibration protocols. If none exists, Alpha Omega Instruments Corp. recommends that a
calibration check be made on an average of once every 2-3 months.

6.1.2 Calibration Gas

The oxygen sensar used in the Series 3000 Trace Oxygen Analyzer has a linear output. As a result, it
can be calibrated using a single calibration gas as long as the test is performed accurately. The
calibration gas should contain a defined concentration of oxygen with a balance of nitrogen (Nz). The
actual concentration of oxygen should be chosen based on the range(s) of the instrument. For single
range analyzers, choose a calibration gas that is somewhere between 30%-70% of the analyzer's range.
For instance, if the analyzer has a range of 0-1,000 ppm, it is advised that the calibration gas should
have an oxygen concentration between 300-700 ppm/balance N:. For three range analyzers, use the
same rule of thumb choosing the range most often used as the basis for selecting the calibration gas. As
an example, if the analyzer has three ranges consisting of 0-10/100/1,000 ppm and the 0-100 ppm is the
most often used range, the calibration gas selected should have an oxygen concentration between 30-70
ppm/balance N;. Most major gas manufacturers can readily supply calibration gases.

6.1.3 Procedure for Checking Calibration
1. Select a cylinder of calibration gas as described in Section 6.1.2.

2. When selecting a prassure regulator to use with the cylinder gas, it is advisable to use a two-
stage regulator with the second stage capable of delivering a gas sample at a pressure of under
1.0 psig. Also, be sure to choose a regulator with a metal diaphragm, preferably stainless steel.

3. In addition to the selection of the pressure regulator, care must be given to choose the correct
sample tubing materials. For trace oxygen measuring applications, stainless steel tubing should
be used. An alternate choice is copper.

DO NOT USE RUBBER OR PLASTIC TUBING. AIR
CONTAINS 209,000 PPM OF OXYGEN. A MINUTE LEAK
OF AIR INTO THE EITHER THE CALIERATION GAS OR
SAMPLE GAS LINE CAN CAUSE SIZABLE ERRORS IN
READINGS. LEAKAGE CAN BE THROUGH CRACKS IN
THE TUBING OR BY DIFFUSION THROUGH THE TUBING.

4. If not already equipped with one, install a flowmeter on the discharge side of the senser. Being on
the downside of the sensor, the materials of construction are of no significance to the readings
obtained so acrylic flowmeters are permissible.
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ALPHA OMEGA INSTRUMENTS CORP.
SERIES 3000 TRACE OXYGEN ANALYZER Instruction Manual

SECTION 1.5
Specifications

PERFORMANCE

Measurement Ranges (parts per million)

Single-range Three-range

0-10,000 0-100/1,000/10,000
0- 5,000 0- 50/500/5,000

0-1,000 0-10/100/1,000
0-100 0- 5/50/500

0- 50 0-1/10/100
Accuracy':

Linearity:

Response Time:

Sensor Type:

Temperature Compensation:

Operating Temperature

Warranty:

ELECTRICAL

Display:

Resolution of Display:
Input Power:

Outputs:

Oxygen Alarm Relays:

Instrument Status Alarm:

+1% of full scale (£5% FS 0-1ppm range)

+1%

90% aof full scale response in less than 10 seconds (typical). The
response time for ranges of 0-50 PPM or less depend to a great
extent on the design of the sample delivery system including the
materials used.

Long-life Ambient Temperature Electrochemical Sensor{Optional
CO: Resistant Sensor Available).

Standard

(both sensor and electronics):

40°to 104°F (5°to 40°C)

<d40°F (5°C) use heated sensor enclosure

=>104°F (40°) cooling of sample gas/sensor required

2 years electronics, 1 year sensor

0.4" {10.2 mm) high, 4-1/2 digit LCD

0.1 ppm for ranges <100 ppm
1.0 ppm for ranges =100 ppm

115/230 VAC, 50-60Hz or 18-32 VDC. Optional battery backup
available.

4-20 mADC and 0-2 VDC standard as is a TTL output for range
identification. RS-232C or RS-485 serial communication optional.

Three (3) SPDT Form C contacts rated 10 A@ 30
VDC/115/230 VAC. User selectable for fail-safe or non fail-safe.

Rated identically to the O: relays
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ALPHA OMEGA INSTRUMENTS CORP.

SERIES 3000 TRACE OXYGEN ANALYZER Instruction Manual
Audible Alarm: Internal buzzer with audible cancel
SAMPLE GAS CHARACTERISTICS
Flow Rate: 1.0 10 2.0 SCFH (0.5 10 1.0 liter/min)
Sample Gas Temperature: 40%to 104°F (5°to 40° C)
Sample Gas Pressure: 0.1 10 1.5 psig (0.007 kg/cm? to 0.1 kgilcm?)
Entrained Solids: <3 mg/ft®: no in-line filter reguired
=3 mgft: in-line filter is required
Hydrocarbon Mist: <0.7 mg/it?: no in-line filter required
=0.7 mgt*; in-line filter s required
CONSTRUCTION?
Electronics Control Unit {Bench-top without optional equipment):Polycarbonate with a
hinged clear frant cover, rated NEMA 43X {IP 66)
Control Unit Dimensions: 9.45 in. (240.5 mm) height
6.50 in. (165.1 mm) width
6.20 inchas (157.5 mm)
Mote: All dimensions are without optional equipmeant
Gas Connections: 1/4" stainless steel compression fittings.
Sensor Mounting: Local or optional remote maunting
Weight: 11lbs (4.98 kg) (Standard Bench-top Configuration)

' Stated at constant temperaiure and constani pressure.

2 Other mechanical configurations available-consult the factary.

3 Alpha Omega Instruments reserves the right to change or modify its product specifications without
notice,
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Figure L.6: Calibration for Platinum Resistance Temperature Detector.

f Futa Copaminn Fluke Calibration, American Fork 2
Litsh Valley Criee
:m;ru\.uumm Primary Temperature Lab NV[QP
Report of Calibration (o e S o At
| Madel | m | Customer
E 5624 Platinum Resistance Thermometer UW MADISON

[ — — —

| Serial No IMMW |
0349 | Fluke Calibration
s Found Condition: [ s Left Condition: Calibration Model | Calibration Instruction:
Recalibration | Calibrated 17134 AFCA14 Revision 1

mammmnmmmmm:mnmmwawmmammm
athods over the e {5) spacified. The calibration methods used ame based on recent
nﬂmmmmhﬂ&NulwumPﬂTm

For temperatures abowve 0°C, this callbration was performed at the appropriate fixed points required for the ITS-80
temperalure range identified in the "Calibration Model™ location above. For temperatures below 0°C (if applicable), the
calibraion was performed by comparison againsd a calibrated SPRT. When the lemperalure range and
additional temperature points are available, measurements al supplementary lemperalures are included io improve the
quality of tha calibration result. Tha calibration measuremants ware parformed using a digital DC readout and DC
refarance resistors at one level of excitation cument. The value of current used is shown in the calibration data section of
this repart.

During the caurse of calibration, the PRT resistance at the triple point of water (RTPW) is measured several imes 1o
iprovide the required calibration data and to verify the stability of the PRT Additionally, the PRT is annealed after ihe first
RTPW measurerment to preconditicn it for calibration. The inftial RTPW measurement shows the "As Found™ condition of
the PRT and the subsequent RTPW measuremenis (after annealing) indicate the stability of the PRT during calibration.
Tha procedure places a limit on the amount of changa parmitted in the RTPW during calibration. Instruments that excaad
this walue will ba given larger uncenainti Bta with the ed parformance and the “As Left” condition will
Ibe dencted 8s “Limited”, The “As Found” RTPW, the dRTFW during calibration, the dRTFW mit, and ihe final RTFW
e shown in the calibration data section of this report.

The lollowing reference standards and measurement squipmant wese used in this calibration

Instrument B Model - Serial No. Recall Date
Precision Degital Thermanmeter 1580 A1330 oAM0ME

Emvironmanial Condions: Perfarmed by: M;f/’k i

Temperslue 22,36°C Matt
Humidity: 38.9% RH M (/
Calbration Date: D&/11/2018 Approved by~
Calration Dus: Mot Dafnad Mike Coleman
PO Numbar CCS MARK ANDERSON Corporate Matrologest
Repart Numbar BSB03043
Page: 1008

Thia report shall not be reproduced except in full withau! written approval of Fluke Calbration, American Fork.
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