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i

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-CO2 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 CO2 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%) CO2, 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-CO2

corrosion studies.
A testing facility has been constructed and was designed as an open flow s-CO2 loop with

a CO2 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 (pO2)
was studied by adding 100ppm of O2 to RG CO2 during testing. The activity of carbon (aC)
was studied by adding 1%CO to RG CO2. 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-CO2 Corrosion

1.1 Motivation for Studying s-CO2 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-CO2) 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-CO2 Brayton Cycle Background

The s-CO2 Brayton Cycle utilizes carbon dioxide (CO2) 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 CO2 is given in Figure 1.2. The temperature and pressure

region for the supercritical phase is also labeled.

The critical point is reached when CO2 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-CO2 is shown in Figure 1.3. The compressibility (volume changes with pressure) of s-CO2
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Figure 1.2: Phase diagram of CO2 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].

 

Figure 1.3: Density as a function of temperature for CO2 in the supercritical phase (Left)
[9], Turbine size comparison between Steam Rankine and s-CO2 Brayton Cycle (Right) [8].

A large amount of research has been completed to accurately predict the efficiency of

the s-CO2 Brayton Cycle using these fluid properties. The efficiency of both Rankine and

Brayton cycles are shown in Figure 1.4. [10]. Both s-CO2 and helium Brayton Cycles are
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plotted. Also given in Figure 1.4 is a TS diagram for a modeled configuration operating at

650°C [10].

Figure 1.4: Cycle efficiencies for different temperature regimes (Left), TS diagram for
split flow s-CO2 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-CO2 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 CO2 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 CO2 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 CO2 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 CO2 in the conditions must be considered [8, 10,

12].
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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 CO2, 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.
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In the most general case of oxidation, oxygen reacts with elemental metal to form an

oxide. This is shown in Equation 2.1.

x

y
M +

1

2
O2 →

1

y
MxOy (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
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be calculated from known quantities. Partial pressure of oxygen (pO2) 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 (Cr2O3). The exact pO2 and aC 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.

Reactants

Products

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 ∆G, and are favorable for the forward reaction (spontaneous). The ∆G

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 ∆G

values to calculate equilibrium conditions for oxidation reactions as a function of temperature

and pO2, which can be a good tool in determining which reactions occur. An Ellingham
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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/CO2 systems or other mixed environments due to the

very low pO2. 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
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to produce volatility diagrams using the conditions that will be tested for this research, and

can be found in Chapter 4, and Appendix B.

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 ∆G dagger. Unfortunately, the

amount of energy needed for the reaction to occur (∆G dagger) cannot be easily calculated

using basic principles. Some computational models such as DFT modeling can attempt

to predict ∆G 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-CO2 systems.
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Table 2.1: Metal oxide thicknesses grown at 800°C for 100 hours in pO2=1atm [13].

Metal Scale thickness (mm) 

Fe 1.1 

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 (kp) given in Equation 2.3.

X2 = 2kpt [cm2/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 kp 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.

kp = koexp
(−Q
RT

) (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 [cm2/s] Q [kg/mol] Kp,1023K [cm2/s]

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,750°C = 4.6x10−16cm2/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 CO2 corrosion.

It is also important to mention that the partial pressure of oxygen (pO2) 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 pO2 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
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in Equation 2.5. The volumes correspond to the oxide thickness (X) and metal loss(XM).

Each of these values is calculated using Equations 2.6, and 2.7 from the weight change (∆W ),

area of flat sample (A), the molecular weights of the metal and oxide (MW), The density of

the oxide and metal (ρox,M), and the stoichiometric components of the oxide (x,y) given in

Equation 2.1.

RPB =
Voxide
VMetal

(2.5)

MetalLoss : XM =
A ∗WM ∗ x

16ρMy
∗ ∆W

A
(2.6)

OxideThickness : X =
MWox

16ρoxy
∗ ∆W

A
(2.7)

Typical values for the PB ratios for FeO, Fe2O3, Fe3O4, NiO, Al2O3 and Cr2O3 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 (Fe3O4, Fe2O3). 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,

Al2O3, Cr2O3).

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 
106α106α 

(K−1) 
T (°C) 

Fe 15.3 0–900 

FeO 15 400–800 

FeO 12.2 100–1,000 

Fe2O3 14.9 20–900 

Ni 17.6 0–1,000 

NiO 17.1 20–1,000 

Cr 9.5 0–1,000 

Cr2O3 7.3 100–1,000 

Cr2O3 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 (kc/D). The value of kc/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. CO2 can also donate

carbon during the corrosion process. It was discussed previously that carbides were not

thermodynamically favorable in the pure CO2 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 CO2 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.

Figure 2.5: Carburization zone of 12% Cr steel exposed to CO2 at 550°C for 5000 hours
at 200 bar [26].

Very little carburization has been observed for nickel based superalloys exposed to pure

CO2. 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 Fe3C 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/CO2 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 CO2 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 Ni3Al 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 CO2 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 CO2 [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 (Ni3Al, T i) 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-CO2 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-CO2 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 (Fe3O4), and inner iron chromium spinel layer (FeCr2O4)). 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 CO2 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

CO2 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-CO2

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-CO2 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 (Cr2O3) layer. SEM of the surface of alloy

347 in s-CO2 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 CO2 at 650°C and
20MPa[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
CO2 at 650°C and 20MPa[47].
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2.5 Carburization in s-CO2 Environments - Background

Some of the most recent work conducted on s-CO2 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 CO2 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 CO2 at 550°C at 1 and 250 bar

are given in Figure 2.10.

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 CO2 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 CO2. 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

CO2 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.
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Figure 2.13: STEM and EDS measurements for alloy 600 exposed to s-CO2 at 600°C,
20MPa, for 1000 hours [48].

2.6 Effect of Impurities in s-CO2 Environments - Background

As with most other corrosive environments, trace impurities in the CO2 gas can be expected

to effect the corrosion behavior. Most of the aforementioned studies used either research

grade (99.999% pure) or industrial grade CO2 (99.95% pure). The supplier certified value

for oxygen concentration was <50ppm in industrial grade CO2 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-CO2 environments.

One study conducted by Pint tested impurities in CO2 on atmospheric conditions [49].

Sample were exposed to CO2 at 1 bar was and 700, 750, and 800°C with .15% O2 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 2.14: Weight change analysis for atmospheric CO2 impurities testing conducted at
700°C for 500 hours [49].

Figure 2.15: Weight change analysis for atmospheric CO2 impurities testing conducted at
750°C for 500 hours [49].
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Figure 2.16: Weight change analysis for atmospheric CO2 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 CO2- Background

Adding oxygen to CO2 provides an interesting change in the environmental chemistry, and

therefore the corrosion mechanism. Oxygen will be present in CO2 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 CO2 environments, it could be

concluded that the rate limiting step is actually the transport of oxygen to the metal. In

contrast, saturating the CO2 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% CO2- 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 CO2 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 CO2 which provided resistance to further corrosion. This would

indicate that oxygen, not CO2, is the most reactive species. Bouhieda also concluded that

low oxygen impurity levels (1ppm) 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-CO2 corrosion.
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2.6.2 Carbon Monoxide Impurities in CO2- Background

The ratio of CO to CO2 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 CO2.

The build up in carbon monoxide greatly effects the thermodynamic equilibrium. As CO

increases, the pO2 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 Cr2O3

layer.

The addition of CO to the CO2 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 CO2 environments

before implementation of these materials. It has been generally accepted that pure CO2

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-CO2 Corrosion

2.7.1 Coupling of Oxidizing and Carburizing Environments

A large effort has been completed in order to model CO2 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 CO2, but

by making assumptions about the oxide interactions with the environment, carbon deposition

becomes reasonable. The most prevalent studies in CO2 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).



35

 

Figure 2.17: Volatility diagram proposed for the VHTR He with carbon impurities [30].

In order to correlate this model to the CO2 environment, a few assumptions must be

made during subsequent calculations:

� Activity coefficients of all species are all equal to 1

� Chromium depletion is neglected (concentration equal to 1)

� Chromium is the only reactive species with oxygen and carbon

� pO2 at oxide-environment interface is fixed using the environmental testing conditions

� pO2 at metal-oxide interface is constant, and based on phase equilibrium of Cr and

Cr2O3

The final model for CO2 environments will be presented with supporting data in Chapter

4.
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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).

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

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 (pO2). The dependency on pO2 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 pO2 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 pO2 using the chemical equilibrium

condition of the metal and oxide. In this particular study, Ni/NiO mixture was used to

obtain pO2 values of 10−12, 10−13, 10−14 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 pO2, insulating at middle pO2, and p-type (cationic)

at high pO2. The semi-conduction of the external scale was dependent on the pO2 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 pO2) would correspond to chromium vacancies. Finally,
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the insulating oxide (medium pO2) 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 pO2 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[Cri
...] + 2[VO

..] + [h·] = [e′] (2.8)

3[V ′′Cr] + [e′] = 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 pO2 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 pO2 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 Cr2O3. 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.

Figure 2.19: Brouwer diagram for chromia formation for low atmospheric pO2 (Left)
Medium pO2 (Middle), and high pO2 (Right) [56].

This model explains the growth of pure chromium in the presence of highly controlled

buffered oxygen systems. The varying CO2 environments in the research in this document

are held at semi-steady state by saturating the environment with either O2 or CO and

continuously refreshing the system. This means that the pO2 in the oxygen doped case is

very high (pO2 ∼ 10−4) and the pO2 in the CO environment is very low (pO2 ∼ 10−16)

indicating that the chromia growth in the high pO2 and low pO2 cases in the CO2 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 pO2 [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 pO2 to levels that produce n-type semi-conduction.

In CO2 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 pO2 in the oxygen rich CO2 environments contains a

much higher pO2 than the paper discussing HR120. This is contrasted by the CO rich CO2

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 pO2, 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-CO2 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-CO2 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-CO2 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-CO2 due to the lack of hydrogen.

This is one major benefit of s-CO2 corrosion. The partial pressure of oxygen has also been

calculated to be higher in SCW and steam conditions compared to CO2. This could lead to

the favorability of several oxides that cannot be produced in CO2. A summary of results in

the two environments is given in Section 6.3.



42

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.
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Table 3.2: Complete list of materials exposed during sCO2 testing conducted at
UW-Madison.

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

CO2 environment at each time interval using a high precision Sartorius scale with an accuracy

of ± 2µg. 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-CO2. 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.

9/2/2016 UNIVERSITY OF WISCONSIN 2 

Figure 3.1: Overview picture of one of the testing facilities at UW-Madison used for
s-CO2 corrosion experiments.
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9/2/2016 UNIVERSITY OF WISCONSIN 2 

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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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 CO2. The previous design used a high pressure regulator and a metering valve to

regulate the flow of CO2 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 CO2 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 CO2. 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 CO2. In order to create a

constant flow rate, CO2 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

(25µm 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

CO2 per autoclave. This flow rate was chosen to produce a residence time of CO2 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 CO2 in the

autoclaves as fresh as possible.

3.5 Gas Analysis and Purity of CO2 from Vendor (Airgas)

Impurities mixed testing was compared to research grade (RG) and industrial grade (IG)

corrosion tests. The impurity concentration limits of RG CO2 are much lower than IG CO2,

but the cost is about 20 times higher which is probably not feasible for industrial application.

The purity limits of RG and IG CO2 are listed in Figure 3.5.

Figure 3.5: Certificates and purity limits for research(left) and industrial grade(right)
CO2 from Airgas.

In order to study and understand the effects that impurities such as oxygen and carbon

monoxide have on corrosion in s-CO2, 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 O2), 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.

A) B) C) 

Figure 3.6: Instrumentation used to measure the chemical composition of CO2.
A:Thermostar Mass Spectrometer for hydrocarbons (>C1) and water concentration,
B:Alpha Omega 3000 Series Trace O2 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 CO2. 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 CO2. 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.

 CO2 CO O2 H2O 

Mass 
Number 

44,28,16,12,45, 
22,46,13,29 

28,12,29,16, 
14,30 

32,16,34,33 
18,17,16,20, 

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

CO2 (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 CO2 with oxygen
doped CO2.

Figure 3.7 shows no discernible difference between RG, IG, or oxygen enriched CO2.

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 CO2. 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 CO2 stream.

flushed with CO2. 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 CO2, 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 CO2 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 CO2 was constructed. Each CO2 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 CO2 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 CO2.

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 CO2 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 CO2) 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 CO2 from the supplier. This measurement was conducted in order to test the purity

limits set by the supplier. RG CO2 showed no measurable amount of oxygen in 10 different

bottles, which matched the certification. IG CO2 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 CO2.

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 CO2 with oxygen. A

total of 10 bottles were doped with 100 ppm oxygen to prove this method, and measurements

showed an average concentration of 114±9 ppm. A summary of the bottle concentrations is

listed in Table 3.4. It was found that the solubility of oxygen in liquid CO2 was less than

the solubility in the vapor phase, therefore, as the pressure in the feed bottles dropped (due

to use of CO2 during testing), so did the concentration of O2 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 O2.

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) CO2 with

a bulk stream of RG CO2. 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



54

Table 3.4: Bottle mixing information and oxygen concentration for bottles used in
100ppm oxygen doped testing.

mixed CO2 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.
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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.

3

Figure 3.11: Certification result for GC used in s-CO2 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

CO2 (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 CO2 is shown in Figure 3.12.
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Figure 3.12: GC Spectra comparing research and industrial grade CO2.

No observable difference in initial carbon monoxide was determined between the RG

and IG CO2. The concentration of carbon monoxide was measured during a RG CO2 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 CO2 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

CO2 on the time scales relevant to this testing. If the CO2 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-CO2

corrosion. This testing was conducted on 5 alloys that were prepared by the same supplier,
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and then exposed to CO2 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 
Test 

Temperatures 
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 CO2 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

pO2 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.

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.

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.

Figure 3.15: Cross-sectional SEM micrographs for Round Robin samples T92(A),
316L(B), 625(C), 120(D) exposed to CO2 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.

Figure 3.16: Round Robin T92 etched to show carbides after CO2 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.

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.

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

Figure 3.19: Cross-sectional SEM micrographs for Round Robin samples 740H(A),
316L(B), 625(C), 120(D) exposed to CO2 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.
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Chapter 4

Effects of pO2 and aC on Corrosion in CO2

Environments

Corrosion in sCO2 environments is complex due to the coupling of pO2 and aC . As one

component is changed, the other is altered in the opposite direction. In order to study

effects of pO2 and aC , three different tests were performed: Research grade CO2 (base-line),

Research grade CO2 − 100ppm O2 (high pO2), and Research grade CO2 − 1%CO (high aC).

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

� Altering pO2 changes the stability of different oxides (specifically Ni-NiO).

� Coupling of pO2 and aC throughout the oxide leads to carburizing environments at the

M-O interface.

� Saturation of CO2 with CO (high environmental aC) causes carbon deposition during

cool-down.

� Controlling pO2 and aC can be used to alter defect concentration leading to the pro-

duction of a stoichiometric oxide.

4.1 Altering pO2 Changes the Stability of Different Oxides

Since pure CO2 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 CO2. 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 CO2 dissociation as well as

1% CO-CO2 mixture is also plotted in order to determine which oxides were thermodynam-

ically allowed. The pO2 for RG + 100ppm O2 was not included as it was much higher than

even the RG conditions.

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 CO2 (∼ 10−9 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 CO2 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 CO2 (RG)

and 1% CO mixed CO2 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 CO2, 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-CO2 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-CO2.

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 CO2 conditions, and is

presented in Figure 4.4 and 4.5.

Figure 4.4: XRD measurements of pure Ni exposed to RG and RG + 1%CO at 750°C for
1000 hours.

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 CO2 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.

Figure 4.6: SEM cross-sectional imaging for pure Ni exposed to CO2 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 CO2 (14µm).

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 CO2 also exhibited enhanced grain boundary attack near the surface

with depletion of nickel along grain boundaries up to 100µm. 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.

Figure 4.7: SEM cross-sectional imaging of grain boundary attack of pure Ni exposed to
RG CO2 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-CO2. 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 CO2 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 pO2 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

CO2, 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

(pO2 and aC). This is done for Equation 4.1 by setting aC and aCr2O3 equal to each other,

leaving just pO2 in the equation. Finally, the equilibrium equation is related to the Gibbs

Free Energy shown in Equation 4.2, and solved for the relevant pO2 and aC values. The

same method is used for each carbide species (Cr23C6 shown in Equation 4.3). A more

complicated system is the equilibrium between the oxide and carbide. The chemical and

equilibrium equations for Cr2O3 and Cr23C6 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

pO2 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.



72

2Cr +
3

2
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23Cr + 6C � Cr23C6 KCr23C6 =
(aCr)

23(aC)6

aCr2O3

Log[aC ] = −1

6
Log[KCr23C6 ] (4.3)

11.5Cr2O3 + 6C � Cr23C6 + 17.25O2 KO→C =
aCr23C6

(aCr2O3)11.5
(aC)6

(pO2)17.25
(4.4)

KO→C = 6Log[aC ]− 17.25Log[pO2]

Figure 4.8: Volatility diagram for Cr-C-O phases at 750°C at 1 atm (Left). Volatility
diagram with environmental conditions for RG CO2, RG + 100ppm O2, and RG + 1%CO

mixed CO2 (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 CO2

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 CO2 (considered 100%

pure), 100ppm oxygen mixed RG CO2, and 1% CO mixed RG CO2. The pO2 and aC values

for the environmental dissociation are plotted in red on the volatility diagram in the right

graph of Figure 4.8.

CO2 � C +O2 KCO2 =
(pO2)(aC)

pCO2

(4.5)

CO � C +
1

2
O2 KCO =

(pO2)
1
2 (aC)

pCO
(4.6)

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 pO2 calculated between Cr and Cr2O3 since both are present at the

interface. This pO2 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-CO2 has

been heated (green), as well as after the s-CO2 exits the autoclaves after exposure to samples

(blue and red). Using the flow rate of s-CO2, 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 pO2 changes throughout the oxide, while the aC stays close to the same value

(concentration of CO2 stays roughly the same). Figure 4.9 shows the change in pO2 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-CO2 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 CO2 and 1%CO mixed environ-

ments, in which the aC is directly coupled to the pO2. In these environments, the oxidation

reaction either occurs due to reduction of CO2 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

CO2, CO, O2, 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 CO2 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 CO2 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.

1.5CO2 + 2Cr � Cr2O3 + 1.5C CO2 � C +O2 KCO2 =
(pO2)(aC)

pCO2

(4.7)

3CO + 2Cr � Cr2O3 + 3C CO � C +
1

2
O2 KCO =

(pO2)
1
2 (aC)

pCO
(4.8)

NtotalC = 1 = NCO2 +NCO +NC (4.9)

Ln[Ki] = ai/T + bi + ci ∗ T + di ∗ T 2 (4.10)

Table 4.1: Equilibirum constants for the decomposition of CO2 at 750°C.

CO2 = CO + .5O2 2CO = CO2 + C C + O2 = CO2

K 1.28E-10 3.71E-01 1.65E+20
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Figure 4.10 shows that by treating the oxide as a diffusion barrier, the coupling of pO2

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

CO2 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 Cr2O3-CrxCy 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 CO2 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 CO2. 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.

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 CO2. The

oxide in the RG condition shows a very compact, uniform layer with very little porosity.



78

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 CO2. 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/CO2 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.

Figure 4.13: SEM micrograph of pure Cr exposed to 3.4% CO/CO2 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 (Cr7C3, Cr23C6) 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 CO2 did

not show any internal attack. It is possible that carburization was much higher in 1%CO-

CO2 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 CO2 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.

CO2 + C � 2CO (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 CO2. 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 CO2 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 CO2 cannot hold as much CO as in the high

temperature. This is perhaps more easily observed by looking at the chemical equilibrium

of CO2, CO, and C as a function of pO2 for two temperatures. Figure 4.17 gives the shift in

equilibrium from 750 to 450°C.

Figure 4.17: Equilibrium of CO2 constituents as a function of pO2 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

CO2 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

CO2, 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 CO2 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 pO2 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 CO2 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 300µm2 area as a function of depth (sputtered using Cs+ ions) through a

Haynes 625 sample exposed to RG CO2, as well as 1%CO-CO2 at 750°C, 20MPa for 1,000

hours. The carbon depth profile for the two conditions is given in Figure 4.20.

Figure 4.20: SIMS carbon profile for Haynes 625 exposed to CO2 for 1000 hours at 750°C
in RG and RG with 1% CO.

Figure 4.20 shows that both RG and CO mixed CO2 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 CO2 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 pO2 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 pO2 required to balance the chromium and oxygen vacancies

(therefore minimizing) is given in Equation 4.12.

pO2 =
(ki)

2(kred)
4/15

(kox)2/3
(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 pO2 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 CO2

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-CO2 in Figure 4.12.The

protective behavior in RG CO2 is extremely useful as it indicates that pure CO2 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.

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 CO2 is the best corrosion environment compared to

CO2 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 pO2, this process is likely a result of gaseous diffusion of CO2 (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 pO2 and the pO2 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 CO2 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-CO2.
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Chapter 5

Connecting Corrosion Mechanisms From Model Alloys

to Commercial Alloys

Now that several mechanisms of corrosion in CO2 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 sCO2 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 CO2. Testing

was conducted at 750°C, 20MPa for a total of 1,000 hours in both RG and RG + 100ppm O2

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 O2 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 CO2 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 CO2 at 750°C for
1000 hours.

Figure 5.3: Surface EDS line scan for binary alloy Ni-20Cr exposed to RG CO2 at 750°C
for 1000 hours.
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The oxide surface produced in RG CO2 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.

Figure 5.4: Surface SEM micrographs for binary alloy Ni-20Cr exposed to RG-100ppm
O2 at 750°C for 1000 hours.

Unlike the uniform surface found on the Ni-20Cr sample exposed to RG CO2, 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.

Figure 5.5: Surface EDS line scan for binary alloy Ni-20Cr exposed to RG-100ppm O2 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 pO2 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 O2 s-CO2 at 750°C for 1000 hours.

and therfore a large depletion of chromium is observed. 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 pO2 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 CO2 environments.

5.2 Corrosion of Haynes 625 in sCO2 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.

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 γ′′, 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), γ′′, and delta phases precipitation can be found

in the TTT diagram in Figure 5.7 [70].

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 HCl-

2%H2O2 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 CO2. 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 CO2 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 CO2 from 550-750C for
1,000 hours. Etched using HCl −H2O2.

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

plotted in Figure 5.11.
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Figure 5.11: Hardness measurements as a function of depth from the oxide for alloy
Haynes 625 exposed to different CO2 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 (< 5µm).

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-CO2.

5.2.2 Corrosion of Haynes 625 in s-CO2 Environments

Haynes 625 was tested in several s-CO2 environments ranging from 450-750°C/20 MPa for

1,000 hours in RG CO2 and impurities mixed (100ppm O2, 1%CO) RG CO2 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.

Figure 5.12: Mass change measurements of Haynes 625 exposed to CO2 environments for
1000 hours.
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Mass change results show that Haynes 625 experienced very little corrosion when exposed

to RG CO2. The mass change increased as a function of temperature, with the exception

of 700 and 750°C in RG CO2. This deviation from normality will be discussed later. The

samples exposed to impurities mixed CO2 showed the highest mass change with 1%CO

gaining the most mass followed by 100ppm O2 mixed CO2. 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.

Figure 5.13: Cross-section SEM micrographs for alloy Haynes 625 exposed to various
CO2 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 O2, and RG + 1%CO given in Figures 5.14, 5.15, and 5.16 respectively.

The oxide grown on Haynes 625 in RG CO2 was found to be chromium rich with very
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Figure 5.14: EDS line scan for Haynes 625 exposed to RG CO2 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 CO2 which experienced a

very different morphology, and was composed of Cr, Mn, Ni, and Fe shown in Figure 5.15.

Figure 5.15: EDS line scan for Haynes 625 exposed to RG CO2-100ppm O2 at 750°C for
1000 hours.

The oxide grown in oxygen rich CO2 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 CO2, 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 CO2 with

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

5.16.

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 CO2 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 CO2 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 CO2 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 pO2 needed to form a stoichiometric oxide at 700°C is very different then that

found in 750°CO2. Further studies on this phenomenon would need to be completed in order

to fully characterize the pO2 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 CO2 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 O2,

and RG + 1%CO is given in Figure 5.18. Unfortunately, it is believed that the sputtering

profile for the oxide in RG + 100ppm O2 was conducted through one of the nodueles, and

therefore the M-O interface was not sampled.
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Figure 5.18: SIMS carbon profile for Haynes 625 exposed to CO2 for 1000 hours at 750°C
in RG, RG with 1% CO, and RG with 100ppm O2.

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−1) and oxide (400-800cm−1) bonding. The spectral results for oxides grown

on Haynes 625 in RG + 100ppm O2 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 O2 (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 CO2. 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 CO2 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 CO2

environments at 750°C for 1000 hours.

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
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(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).

Figure 5.21: SEM imaging of oxide cracking on the surface of Haynes 625 exposed to
1%CO-CO2 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 CO2 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:

� 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.

� 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.

� Carbon deposition mechanisms are observed in Haynes 625.

� Oxide cracking observed after the 600 hours of exposure in 1%CO-CO2 indicate carbon

monoxide formation during ramp rates leading to expansive stress on the oxide.

� Carburization of base material is limited to the first few microns.

� RG CO2 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 CO2

Environments

The motivation of this research was to be able to apply the knowledge learned to help

design future s-CO2 Brayton Cycle components. It is therefore important to conduct testing

with industrial practicality in mind. For example, industry will not use highly pure CO2 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 CO2, 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

CO2 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 CO2 would be

used in the Brayton Cycle plants. Since application is one goal for this research, it was

crucial to test industrial grade (IG) CO2 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
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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-CO2

for temperatures between 550-750°C at 20MPa for 600 or 1,000 hours.

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 CO2 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 CO2 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:

� Analysis of IG gas showed wide range of purity ranging from RG levels to beyond limits

set by supplier (>50ppm).

� Samples exposed to RG and IG CO2 showed similar mass change, oxide morphology,

and composition.

� 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-CO2 Environments

A large collection of data has been compiled at UW on commercial alloy compatibility in

s-CO2. This was completed to aide materials selection for construction of s-CO2 Brayton

Cycle facilities. Data was collected for alloys exposed to CO2 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 CO2, and will be discussed in more detail in this section.

6.2.1 Corrosion of Haynes 230 in s-CO2 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.

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.

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 O2, and RG + 1%CO. Mass change for each condition

is summarized in Figure 6.2.

Figure 6.2: Mass change measurements for Haynes 230 samples exposed to CO2

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-CO2 ranging from
450-750°C/20MPa for 1,000 hours in RG, RG + 100ppm O2, 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 CO2 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 (Cr2O3)

which is given in Figures 6.5 and 6.4.

The raman spectra for IG CO2 shows good agreement with the pure chromia reference

spectrum. The Haynes 230 samples exposed to RG CO2 contained a higher peak at roughly

700cm−1, 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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Figure 6.4: Raman spectra comparing exposure of alloy Haynes 230 to s-CO2 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

CO2 (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, Cr7C3, and Cr23C6. 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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Figure 6.5: XRD spectra for alloy Haynes 230 after exposure to RG CO2, RG + 100ppm
O2, 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 CO2. 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.

Figure 6.6: SEM/EDS imaging for Haynes 230 exposed to s-CO2 at 750°C/20MPa for
1,000 hours in RG + 100ppm O2 (Left) and RG + 1%CO (Right)

6.2.2 Corrosion of Inconel 740H in s-CO2 Environments

Inconel 740H is currently of interest in the highest temperature sections of the s-CO2 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 Ni3Al

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.

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.

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-CO2 at 750°C/20MPa, for 1,000 hours in both

RG and RG + 100ppm O2. The mass change measurements are given for both conditions

in Figure 6.8.

Figure 6.8: Mass change measurements of Inconel 740H exposed to RG and RG +
100ppm O2 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

pO2 characteristic of the oxygen rich environment, which is limited in RG CO2. SEM and

EDS for the 740H sample exposed to RG CO2 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 (Al2O3) formation is due to the increased
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Figure 6.9: SEM/EDS imaging for Inconel 740H exposed to RG CO2 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 O2. Surface SEM of different oxidation mechanisms is given in Figure 6.10.

The morphology in the samples exposed to RG CO2 experienced the “plate like” chromia

growth observed in Figure 6.10. Whisker and step-like growth are common is high pO2

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 O2 at
750°C/20MPa for 1000 hours.

across the oxide (found in RG CO2 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 O2

at 750°C/20MPa for 1000 hours.

6.2.3 Corrosion of Haynes 282 in s-CO2 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.

Due to the high temperature compatibility of H282, samples were only exposed to s-CO2

at 750°C/20MPa for 1,000 hours in RG, RG + 100ppm O2, and RG + 1%CO. The mass

change measurements for each test are given in Figure 6.12.

Figure 6.12: Mass change measurements for Haynes 282 after exposure to sCO2

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

CO2, 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 sCO2 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 sCO2

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 CO2 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 pO2 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 CO2 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-CO2 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 HCl-H2O2 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 O2 at 750°C, 20MPa, for 1000 hours (Etched

using HCl-H2O2).

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 sCO2 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-CO2 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-CO2 testing.
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Figure 6.17: Vickers hardness as a function of depth from the oxide for Haynes 282 after
exposure to sCO2 environments at 750°C, 20MPa, for 1000 hours.

Conclusions for Industrial Alloy Testing:

� Haynes 625 experienced good corrosion resistance in RG CO2 but performed much

worse when exposed to impurity rich CO2.

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

1%CO-CO2.

� Haynes 625 exposed to RG CO2 showed similarities to previous work on oxidation

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

oxide.

� 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).

� Haynes 230 exhibited the best corrosion resistance in all s-CO2 environments.
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� 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.

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

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

specifically RG + 1%CO.

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

gamma prime denudization up to 35 microns beneath the oxide.

� 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-CO2 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-CO2 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-CO2 and high pressure steam conditions. A summery of different steam cycles and

parameters is given in Table 6.5.

In order to compare s-CO2 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].

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.

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-CO2 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 CO2 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-CO2 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.

Figure 6.19: Parabolic rate constants for nickel base alloys exposed to s-CO2

(UW-Madison) and steam environments [78],[79],[80][81],[82],[83],[84].

Figure 6.20: Comparison overlay of s-CO2 and steam parabolic rate constants for high
temperature corrosion.
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The corrosion results found in s-CO2 (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-CO2 corrosion rates. This result shows

that even the most corrosive CO2 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-CO2. 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 pO2 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-CO2 corrosion. The

higher corrosion rate in high pressure steam isn’t highly surprising as the pO2 values are very

different, and the presence of charge carriers (H+, OH−) in steam could lead to enhanced

corrosion mechanisms.
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Chapter 7

Conclusions for Corrosion in s-CO2 Environments

Results have been compiled for thermodynamic modeling of s-CO2 systems, as well as ex-

posure testing in s-CO2 at 450, 550, 650, 700, and 750°C at 20MPa for 1,000 hours in a

variety of environments (IG, RG, RG + 10ppm O2, RG + 100ppm O2, and RG + 1%CO).

Thermodynamic calculations show that oxidation is heavily favored in pure CO2 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 CO2 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 CO2 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 CO2. 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 pO2 changes the stability of different oxides (specifically Ni-NiO). (Chapter

4.1)

� Coupling of pO2 and aC throughout the oxide leads to carburizing environments at the

M-O interface. (Chapter 4.2)

� Saturation of CO2 with CO (high environmental aC) causes carbon deposition during

cool-down. (Chapter 4.3)

� Controlling pO2 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 CO2 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 CO2 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-CO2 at 750°C/20MPa for 1,000 hours. (Chapter 5.2)

� Haynes 625 exposed to RG CO2 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-CO2 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-CO2 corrosion rates for nickel base alloys are similar to atmospheric steam corrosion

rates. (Chapter 6.3)
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� s-CO2 corrosion rates are 1-3 orders of magnitude lower than those determined in

supercritical steam environments. (Chapter 6.3)

� 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-CO2 corrosion with added oxygen

and CO impurities. While these are the two most realistic impurities expected in CO2

environments, many other impurities are likely to be present during s-CO2 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 CO2, 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-CO2 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 CO2, 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 CO2. 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. CO2

is an interesting environment due to the extremely low pO2 associated with dissociation. If

the coating can be rendered inert, materials that would otherwise be non-compatible due to

corrosion in CO2 could be used at higher temperatures. An example of this is the oxidation

of nickel which cannot thermodynamically form (and wasn’t) in CO2 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 CO2, 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

Table A.1: Composition of tested materials.
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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 CO2 (middle), and 1% CO doped CO2 at 550°C.
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Figure B.2: Volatility diagrams for chromium oxide/carbide formation in research grade
(left) 10ppm O2 doped CO2 (middle), and 100ppm O2 doped CO2 at 550°C.
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Figure B.3: Volatility diagrams for chromium oxide/carbide formation in research grade
(left) 50ppm CO doped CO2 (middle), and 1% CO doped CO2 at 750°C.
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Figure B.4: Volatility diagrams for chromium oxide/carbide formation in research grade
(left) 10ppm O2 doped CO2 (middle), and 100ppm O2 doped CO2 at 750°C.
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Appendix C

Time Dependant Mass Change Data in s-CO2

Environments

Figure C.1: Mass change results for alloy T92.

Figure C.2: Mass change results for alloy 316L.
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Figure C.3: Mass change results for alloy 310S.

Figure C.4: Mass change results for alloys 346 (left) and 800H (right).

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).

Figure C.7: Mass change results for alloys H282 (left) and 740H (right).

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
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Figure D.1: Raman spectra for samples exposed to research grade CO2 at maximum
temperature testing condition.
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Figure D.2: Raman spectra for samples exposed to industrial grade CO2 at maximum
temperature testing condition.
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Appendix E

Raman Standards

Figure E.1: Raman standard spectrum for Cr2O3 [85].
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Figure E.2: Raman standard spectrum for Fe2O3 [86].

Figure E.3: Raman standard spectrum for Fe3O4 [87].
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Figure E.4: Raman standard spectrum for FeCr2O4 [88].

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

XRD Standards

All standards found using Bruker D8 Discovery DiFFRACEVA software with COD2013

database.

Figure F.1: XRD standard spectrum for Cr2O3.
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Figure F.2: XRD standard spectrum for Fe2O3.

Figure F.3: XRD standard spectrum for Fe3O4.
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Figure F.4: XRD standard spectrum for FeCr2O4.

Figure F.5: XRD standard spectrum for NiO.
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Figure F.6: XRD standard spectrum for Cr23C6.

Figure F.7: XRD standard spectrum for Cr7C3.
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Figure F.8: XRD standard spectrum for Cr3C2.
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Appendix G

Round-Robin Mass Change

Figure G.1: Round Robin mass change results alloy T91 exposed to s-CO2 at 550°C,
20MPa for 1500 hours.

Figure G.2: Round Robin mass change results alloy 316 exposed to s-CO2 at 550°C,
20MPa for 1500 hours..
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Figure G.3: Round Robin mass change results alloy 625 exposed to s-CO2 at 550°C,
20MPa for 1500 hours.

Figure G.4: Round Robin mass change results alloy 120 exposed to s-CO2 at 550°C,
20MPa for 1500 hours.
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Figure G.5: Round Robin mass change results alloy 740 exposed to s-CO2 at 550°C,
20MPa for 1500 hours.
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Appendix H

Round-Robin Parameters and Transients

Figure H.1
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Appendix I

1,000 Hour Mass/Thickness Measurements [mg/mm2]

Mass Change Measurements:

Figure I.1: 1,000 hour mass change measurements for s-CO2 environments.

Thickness conversion based on 100% dense chromia growth [µm = mg/mm2]:

1µm = 1.6E−3 5µm = 8.2E−3 10µm = 1.6E−2 20µm = 3.3E−2
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Actual Thickness Values:

Figure I.2: 1,000 hour thickness measurements for s-CO2 environments found using SEM
imaging [µm].
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Appendix J

Summary of Commercial Alloy Performance in s-CO2

Figure J.1: Table of commercial alloy compatibility in s-CO2.

Alloy 
Oxidation 

Notes 
Carburization 

Notes 

Oxide 
Thickness* 

[microns/1000hr] 

Susceptibility to Impurities 
Corrosion 

T92 
Outer Fe rich oxide 

Inner Fe,Cr rich oxide 
Spallation observed at 550C 

Significant 
(~180µm @450C) 

450C – 6.8 
550C – 20.3 

NA 

T122 
Outer Fe rich oxide 

Inner Fe,Cr rich oxide 
Spallation observed at 550C 

Significant 
(~120µm @450C) 

450C – 6.4 
550C – 1.8 

NA 

347 

Outer Fe rich oxide 
Inner Cr rich oxide 

Spallation observed at 
650/750C 

Carburization 
Found Below 
Thick Nodules 

450C – .2 
550C – 1.6 
650C – .2 

750C – 5.2 

Oxygen rich environments 
accelerate 

oxidation/spallation 

316L 

Cr rich oxide 
Fe rich nodules with inner 

Fe,Cr oxide 
Spallation observed at 

650/700C 

Carburization 
Found Below 
Thick Nodules 

450C – .2 
550C – .7 

650C – 5.9 
700C – 5.8 

NA 

310S Cr rich oxide NA 

450C – .2 
550C – .3 
650C – .7 

750C – 1.1 

NA 

709 Cr rich oxide NA 650C – .7 NA 

800H Cr rich oxide NA 
450C – .1 
550C – .4 
650C – .8 

Oxygen rich environments 
severely increase oxidation 

718 

Cr rich oxide 
Nodules of Fe rich oxide at 

T=750C 
Ti/Al internal oxidation 

NA 

450C – .1 
550C – .6 
650C – .8 

750C – 1.9 

Oxygen rich environments 
accelerate 

oxidation/spallation 

H282 
Cr rich oxide 

Ti/Al internal oxidation 
Some oxide cracking 

Assumed to be 
Less Than 625 

650C – .9 
750C – 2.9 

Poor resistance to oxygen 
rich environments 

Excellent resistance to CO 
rich environments 

H625 Cr rich oxide 

<5 Microns in RG 
Environments 

450C – .1 
550C – .3 
650C – .3 

700C – 1.1 
750C – 1.7 

Oxygen environments 
enhanced oxidation 

<10 Microns in 
CO Mixed 

Environment 

CO environments 
enhanced oxidation and 
caused oxide buckling 

617 
Cr rich oxide 

Ti/Al internal oxidation 
Assumed to be 
Less Than 625 

450C – .1 
550C – .3 

650C – 1.2 
750C – 1.7 

Good resistance to oxygen 
rich environments 

NA 

740H 

Cr rich oxide 
Cr/Ti rich nodules oxide 

nodules 
Ti/Al internal oxidation 

Assumed to be 
Less Than 625 

650C – .5 
700C – .9 

750C – 1.7 

Good resistance to oxygen 
rich environments 

NA 

H230 Cr rich oxide 
Assumed to be 
Similar to 625 

450C – .1 
550C – .3 
650C – .3 
750C – .7 

Excellent resistance to 
impurities corrosion 

 *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%) CO2 with impurities consisting of 100ppm O2 and 
1%CO additions 
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Appendix K

Certificates for Tested Alloys

Figure K.1: Certificate for Alloy 310S.
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Figure K.2: Certificate for Alloy 316L.
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Figure K.3: Certificate for Alloy 347H.
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Figure K.4: Certificate for Alloy H625.
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Figure K.5: Certificate for Alloy H718.
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Figure K.6: Certificate for Alloy 740H.
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Figure K.7: Certificate for Alloy 800H.
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Figure K.8: Certificate for Alloy AFA-OC6,7,10.
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Figure K.9: Certificate for Alloy T92.
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Figure K.10: Certificate for Alloy T122.
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Figure K.11: Certificate for Alloy 617.
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Figure K.12: Certificate for Alloy Fe-12Cr.
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Figure K.13: Certificate for Alloy H230.
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Figure K.14: Certificate for pure Fe.
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Figure K.15: Certificate for pure Ni.
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Figure K.16: Certificate for Alloy GR22.
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Figure K.17: Certificate for pure Cr.
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Appendix L

Certificates of Conformance

Figure L.1: Certificate of conformance for example Omega pressure transducer.
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Figure L.2: Certificate of conformance for Sartourius high precission scale.
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Figure L.3: Certificate of conformance for Varian 450 Gas Chromatograph.
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Figure L.4: Certificate of conformance for SSI Supercritical-24 pump.
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Figure L.5: Manual for calibration of Alpha-Omega Series 3000 Trace Oxygen Analyzer.
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Figure L.6: Calibration for Platinum Resistance Temperature Detector.
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