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Plan is the potential for creating materials compatibility problems by combining 
dissimilar reactor core, Brayton Unit and other power conversion plant materials in a 
recirculating, inert He/Xe gas loop containing reactive impurity gases. Reported here 
are results of equilibrium thermochemical analyses that address the compatibility of 
space nuclear power plant (SNPP) materials in high temperature impure He gas 
environments. These studies provide early information regarding the constraints that 
exist for SNPP materials selection and provide guidance for establishing test 
objectives and environments for SNPP materials qualification testing. . - 

Observations 1. There is consensus in the high temperature gas reactor (HTGR) literature that 
and thermodynamic equilibrium exists neither among the gaseous impurities in the He 
Conclusions: coolant nor between the impurities and metal alloys in contact with the coolant. 

However, concepts and considerations of equilibrium thermochemistry are important 
as they provide a fundamental framework upon which to construct an understanding of 
the thermodynamic potential for thermochemical reactions. Reaction rate kinetics may 
be understood in terms of deviations from equilibrium. 

2. Equilibrium therrnochemical analyses can be used to determine the 
thermodynamic potential for individual and competitive reactions to occur. Equilibrium 
thermochemistry is used in this study to synthesize the gas-metal, gas-ceramic and 
gas-gas reactions that are judged most likely to be rate limiting. These calculations 
identify the oxidation and carburization reactions that may and may not occur but 
cannot identify the reactions that necessarily will occur. Comparison of analysis 
results to data is necessary to discover the predominant reactants where reactions are 
kinetically competitive. 

3. Whether or not an oxide or carbide forms in a given environment depends on the 
relative concentrations and reactivities of oxidizing and carburiring constituents in the 
environment. The principal reactive gases in an HTGR are water vapor (causes 
oxidation and decarburization), carbon monoxide (causes oxidation and carburization), 
methane (causes carburization) and hydrogen (causes oxide reduction). Also present 
are low wncentrations of carbon dioxide (a product of carbon monoxide oxidation), 
oxygen and nitrogen (an essentially non-reactive gas due to the relatively slow kinetics 
of reaction): 

4. The SNPP environment that will develop is not known. The concentrations of 
residual gases, which cannot be entirely eliminated, will depend on the initial purity of 
the charging gas, the effectiveness of the system de-gas procedure, the sorption and 
desorption rates, reactivities, carbon content and relative surface areas of the 
structural materials that are exposed to the closed environment and unknown 
wncentrations of organic and inorganic impurities from various plant components. An 
effort is currently underway to gather the SNPP system information, solubilities a'nd 
kinetic data needed to predict the oxidation and carburization potentials of the SNPP 
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environment. 

5. In order to proceed without 5 priori knowledge of the SNPP environment, we 
assume that adsorbed water is the primary reactive impurity in the system at reactor 
start up and is the source of water vapor and hydrogen. We further assume that 
carbon present in Sic and the superalloys, which can react with water vapor and 
hydrogen, is the only source of carbonaceous reactive impurities in the HeIXe working 
gas and that carbon is present in excess of equilibrium amounts. These assumptions 
are found to be reasonable when applied to an analysis of the Graphite Core-HTGR 
(GC-HTGR) for which the typical concentrations of impurity gases are known. The 
analysis proceeds by calculating the concentrations of reaction pruducts as a function 
of one independent variable, the assumed water burden present on reactor start up. 

6. Use of these analysis assumptions and methods to evaluate candidate SNPP 
materials shows that alloys of Nb are inherently incompatible with the heat resistant 
superalloys. Thermochemical analyses show that Nb is both oxidized and carburized 
when exposed to a 1400 K environment that was established by reaction of 1150 K 
water vapor with chromia former superalloys having chromium carbides. Alloys of Nb 
and Ta require environments having very low oxidation and carburization potentials to 
avoid absorption of embrittling concentrations of oxygen and carbon. Use of Nb and. 
Ta alloys in an oxidizing and carburizing environment will require development - 

. 
of 

oxidation and carburization resistant coatings. 

7. The chromia former superalloys will be decarburized in an environment 
dominated by Nb alloys due to the inability of the superalloys to form protective 
chromia surface oxides in this environment. The same result is expected for Ta ailoys 
as f a  has reactivity for oxygen and carbon similar to that of Nb. The candidate 
Brayton Unit iron-nickel-, cobalt- and nickel-base superalloys require environments 
having oxidation potentials high enough to form the Cr and Al surface oxides that 
protect these alloys from embrittlement due to internal oxidation and carburization and 
loss of creep strength due to excessive decarburization and dealloying by evaporation 
of low vapor pressure metals like chromium. Due to the much higher oxygen and 
carbon reactivities of Nb and Ta, protective Cr oxides will be reduced and carbon 
transferred from the superalloys to Nb and Ta alloys. 

8. Analysis of the refractory metal Mo, alloys of which are being considered for core 
applications, shows that Mo is compatible with Brayton Unit superalloys. Molybdenum 
alloys are less susceptible to environmental ernbrittkment by oxygen due to very low 
solubility for oxygen. Moreover, at oxidation potentials where protective Cr203 oxides 
form on superalloys, Mo alloys form neither a surface oxide nor internal carbides. 

9. Analysis of Sic, which is a candidate SNPP core material, shows that Sic is 
thermochemically compatible with the superalloys. Sic forms a protective surface 
oxide at oxidation potentials required to form protective Cr203 oxide. However, the 
analyses reported here show that a rather Iarge water burden, approaching that of a 
GC-HTGR, is required to stabilize Cr203 oxide in the presence of Sic. Success of the 
Sic option will depend on an ability to establish and maintain the oxidation potential of 
the SNPP at or above this level. A potential disadvantage of Sic is the possibility that 
free carbon "dust" may form leading to thinning of Sic components and circulation of 
carbon throughout the system. An issue for use of SIC that is not addressed here is 
the greater potential for release of fission products and the potential negative impact 
that these may have when transported around the SNPP system. 

10. An advantage of both Mo- and Sic - core HTGRs is that both would require an 
environment functionally similar to that of a graphite core HTGR (GC-HTGR), which 
allows use of the extensive GC - HTGR database of superalloy design properties 
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currently available. Additional testing may be required to extend these superalloy 
databases to the lower carburization potential of a Mo - core HTGR. 

11. Whatever materials are selected, development of passive methods for controlling 
the oxidation and carburization potentials of the SNPP environment may be necessary 
to assure satisfactory performance of reactor core, Brayton Unit and other power 
conversion plant materials. 

An equilibrium thermochemical assessment of the candidate SNPP reactor core 
materials shows that Mo alloys and Sic are compatible with superalloy Brayton Unit 
components operating in an impure He/Xe working gas environment. Use of Nb and 
Ta alloys will require development and qualification of protective coatings. 

No additional effort on this topic is planned. 

The author acknowledges the excellent discussions and comments provided by Tom 
Miller, Tymm Schurnaker and Tom Angeliu. 

None 
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Compatibility of Space Nuclear Power Plant Materials 

in an Inert Heme Working Gas Containing Readlve Impurities (U) 

I .I. Selection of Space Nuclear Power Plant Materials 

The Space Materials Plan (SMP) [I] identifies materials compatibility as a major materials selection and 
qualification issue for major systems of the space nuclear power plant (SNPP). The reference SNPP 
design is a heliumlxenon-cooled reactor directly coupled to a closed cycle gas Brayton turbine-electric 
generator. The heliumlxenon working gas will contain impurities due to the presence of residual gases 
at start up, outgassing of adsorbed gases from internal surfaces and reactions with carbon bearing 
materials that are in contact with the SNPP environment. Because of their high melting temperatures 
and low vapor pressures, refractory metal alloys of niobium, tantalum and molybdenum and structural 
ceramics based on Sic are being considered for use as reactor core materials. Because of their high 
temperature creep strengths, iron-nickel-, cobalt- and nickel-base alloys ("superalloys") are candidate 
Brayton Unit materials. There is potential for creating materials incompatibility problems by combining 
dissimilar materials in a recirculating gas loop having low levels of reactive impurities. 

I .2. Materials Selection Strategy 

Thermochemical reactions among SNPP reactor core, Brayton Unit, other power conversion plant 
materials and reactive gases in the working gas may degrade SNPP materials unacceptably. 
Refractory metal alloys perform best in oxide-reducing, decarburizing environments while the 
superalloys were developed and have been qualified for use in oxidizing, carburizing environments. A 
purpose of this study is to determine if there is an SNPP working gas chemistry that will satisfy the 
performance needs of any of the combinations of candidate reactor core and Brayton Unit materials. 
Materials selection and qualification would be simplified considerably if SNPP core materials could 
operate acceptably in a moderately oxidizing and carburizing environment similar to that of the 
graphite-core high temperature reactor (GC-HTGR), for which the superalloys are qualified [a. There 
is an extensive GC-HTGR database of superalloy design properties and significant GC-HTGR 
operational experience currently available. Significant effort would be required to qualify superalloys for 
applications in an oxide reducing and decarburizing environment that would be more suitable for 
applications of refractory alloys. There are neither long term data nor operational experience to justify 
applications of superalloys in a high temperature environment where a protective surface oxide will not 
form and either carburization or decarburization is likely. Selection of core materials that are 
compatible with a GC-HTGR environment or an environment that can be shown to be functionally 
equivalent would allow the available effort to be focused on qwdification of SNPP core materials. 

I .3. Role of Equilibrium Thermochemical Analyses in Materials Selection 

There is consensus in the HTGR literature that thermodynamic equilibrium exists neither among the 
gaseous impurities in the He coolant nor between the impurities and metal alloys in contact with the 
coolant [3,43. However, concepts and considerations of equilibrium therrnochemistry are important as 
they provide a fundamental framework upon which to construct an understanding of the nonequilibrium 
thermodynamics and reaction rate kinetics of thermochemical reactions as deviations from equilibrium. 
Equilibrium thermochemical analyses can be used to determine the thermodynamic potential for 
individual and competitive reactions to occur. Equilibrium therrnochemistry calculations are used here 
to determine the relative amounts of reaction products at equilibrium in a complex heterogeneous 
isothermal and isobaric system. Gas-metal, gas-ceramic and gas-gas reactions that are judged most 
likely to contribute are included in the calculations. These calculations identify the oxidation and 
carburization reactions that may and may not occur but cannot identify the reactions that necessarily 
will occur. 
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Equilibrium thermochemical analyses must be benchmarked using HTGR operating experience and 
laboratory data. The analyses must be interpreted with caution as thermodynamic equilibrium will not 
be attained due to short residence times in the vicinity of SNPP components having dissimilar materials 
and very large differences in temperature. However, equilibrium analyses provide early information 
regarding the constraints that may exist for SNPP materials selection. They also provide guidance for 
establishing test objectives and environments for the SNPP candidate materials testing to be conducted 
in the future. 

A major effort is required to develop a fully kinetic "burdenn model capability to predict the SNPP 
operating environment and to experimentally qualify candidate materials in this environment. However, 
equilibrium thermochemical analyses and the existing materials performance data can play a significant 
role in materials selection decisions. 

I .4. Previous and Current Equilibrium Thermochemical Analyses of Relevance to the SNPP 

The HTGR literature is large and contains numerous papers on equilibrium and kinetic analyses 
relating the corrosion of HTGR materials to the concentration of reactive impurities in the He coolant 
[see for example 3,4]. A major future effort is required to thoroughly review and evaluate the HTGR 
corrosion literature for relevance of models and data to SNPP development. Pending completion of this 
effort, the approach taken for this study is to use simplified analysis assumptions and methods that are 
at least partially validated, as discussed below, by their ability to account for the oxidation and 
carburization potentials of typical graphite core - HTGR (GC-HTGR) environments. 

In two previous NR program reports [5,61, equilibrium thermochemical analyses were used to establish 
the expected environment for operation of a Sic-core HTGR (Sic-HTGR). Important conclusions 
drawn from these analyses are that a Sic-HTGR environment would have impurity levels similar to 
those of a GC-HTR and that deliberately maintaining comparatively high concentrations of oxidizing 
impurities might be advantageous for promoting Sic passivity and minimizing carburization of structural 
alloys in the coolant circuit. The oxidation potential should be high enough to passivate both Sic and 
the power conversion unit materials (superalloys). These previous analyses also addressed a number 
of materials issues of interest to the SNPP including compatibility with Cr and Al oxide-forming heat 
resistant turbine alloys, Si and C transport around the system and radionuclide transport following a fuel 
element failure. 

Reported here are results of equilibrium therrnochernical analyses to determine oxidation potentials of 
environments in which refractory mebl alloys and SIC, used as core materials, can be considered 
compatible (either passivate or not react) and in which the non-refractory superalloy Brayton Unit 
materials also may passivate, forming protective surface oxides. ,Other power conversion plant 
materials, such as those used in the gas cooler are not evaluated. 

2. Discussion 

2.1. Thermochemical Reactivity of Metals; Graphical Representations 

SNPP reactor core and Brayton Unit metal alloys of construction will be subjed to gas-metal or gas- 
ceramic reactions, some beneficial and some potentially detrimental to performance, depending on the 
specific gas and metal alloy combinations and the oxidation and carburization potentials (OCP) of the 
SNPP environment. In addition to the gas-metal and gas-ceramic reactions, there are gas-gas 
reactions that play an important role in establishing the OCP of the SNPP working gas. There are in 
the literature several graphical analysis methods that can be used to portray the relative 
thermochemical reactivities of SNPP metal alloys and ceramics and to synthesize the multitude of 
complex gas-metal and gas-ceramic and gas-gas corrosion reactions. Two that have been most 
extensively developed and used to evaluate GC-HTGR environments and corrosion data are the 
Ternary Environment Attack (TEA) diagram introduced by Brenner and Graham [33 and the "modified 
stability" diagram developed by Quadakkers and Schuster [4,71. A third analysis method, which is used 
in this study to obtain an understanding of the factors determining the environment of the GC-HTGR, 
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sufficiently protective to prevent excessive carburization in Region IIIA. Application of Mo in Regions 
11 and III must be done with full knowledge of the potential for forming the volatile trioxide, Moo3. 
Application of Mo in Region IV results in unacceptably severe carburization and should be avoided. 

Region I should of course be avoided for applications of SIC. Region I r  and perhaps Region 111 
are preferred as Sic forms a protective oxide, which greatly reduces the rate of Sic corrosion that may 
occur for applications of Sic in Regions r and v of the PPD [13]. 

Region I of the PPD should be avoided in applications of the superalloys as protective surface oxides 
of Cr and Al will be reduced and internal carbides will be destabilized and depleted to a depth that 
depends on temperature, time, solubility and diffusivity of carbon. Without protective surface oxides, 
elements such as Mn, Fe, Cr and Ni, which have low vapor pressures at high temperatures, will 
vaporize, depleting surfaces layers of these beneficial alloy constituents [14]. Decarburization will 
result in loss of carbides and reduction of the creep strength of superalloys. 

The preferred PPD regions for applications of superalloys are Regions 11 and IIIA and for 
carburization potentials within these regions that lie close to the diagonal that separates carburizing 
from decarburizing regions. Metal oxides are stable in Regions 11 and 111 and carbides are stable in 
Region 111. Nearer the diagonal line the kinetics of carburitation-decarburization may be sufficiently 
slow relative to the oxidation kinetics such that protective oxide films may grow and prevent 
carburization-decarburization altogether or limit carbon reactions to a shallow region near the surface. 
However, for larger carburization potentials, the growth of a carbide film may interfere with formation of 
the oxide film allowing deep carburization af the alloy. Low carburization potentials may allow 
preexisting carbides to be destabilized prior to formation of a protective oxide, leading to carbide 
depletion to a depth depending on the kinetics of the carbide dissolution and permeation of carbon to 
the surface. In Region Iv metal carbide is the stable phase, protective oxides will not form and 
carburization may be extensive at moderate to high carburization potentials. This is the PPD region 
that generally is most detrimental to the performance of both refractory and non-refractory metals. 
Miller [5] summarized the situation for superalloys having Cr for oxidation-carburization protection: 
"...the range of gas mixtures which give good behavior for Cr-containing alloys and are still compatible 
with a graphite core is quite small, and gets smaller as temperature increases. If the mixture is "well 
balanced", a comparatively protective oxide forms, and the alloys are neither severely carburized nor 
decarburized. If there is not enough H20 relative to Hz, CH4, and CO, the alloys can be severely 
carburized. If there is too much H20, an oxide still forms, but it is not as protective, and the alloys can 
be severely decarburized, which leads to degradation of mechanical properties and creep strength." 

2.2. Use of Equilibrium Thermochemical Calculations t o  Anticipate the.SNPP Environment 

The impurity gases that will exist in the SNPP and the OCP of the environment that they establish are 
I not known. Effort is currently being applied to develop a "burden model" that will provide estimates of 

the environments that can develop on start up and operation of the SNPP. Development of the SNPP 
Burden Model, when completed, will provide a method for predicting the environments that may 
develop for a given pre-startup environment assumption and a selected set of SNPP core and power 
conversion plant materials. In the meantime, equilibrium thermochemical catculations provide an ability 
to determine the thermodynamic potential for environments of interest to develop. Moreover, operating 
experience with GC-HTGRs and results of laboratory experiments provide environmental data that may 
be used to assess the relevance of these calculations. 

i 2.2.1 Principal Contributors t o  the SNPP Environment 

It is expected that adsorbed water vapor, present at the time the system is sealed prior to startup, will 
be a major contributor to the impurity gases that develop during operation. The amount of water vapor 
that is present on startup will depend on the total surface area for water adsorption and the extent of 
outgassing that can be accomplished. In addition to the meta) surfaces in contact with the working gas, 
heat insulator materials such as ceramic wool, which have very large surface areas, can significantly 
contribute to the water burden. It is not known if the SNPP can be heated to temperatures in the 400° 
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C to 600° C range while drawing the high vacuum needed to obtain adequate outgassing. Moreover, 
as discussed below, it may be necessary to use passive methods to control water vapor pressures 
within limits in order to establish and control the oxidizing potential of the SNPP environment to assure 
acceptable performance of Sic and superalloys. 

With or without use of special measures, the SNPP environment will develop over time as a result of 
thermodynamic and kinetic competition among the core and power conversion plant materials that are 
in contact with the gases circutating through the system, which includes metal alloys containing 
significant carbon, core materials containing silicon and carbon in the case of a Sic core, porous. 
ceramics, potting materials, electrical and heat insulators, lubricants and environmental control 
materials, if used. The environment that develops will depend on the initial purity of the charging gas, 
the effectiveness of the system de-gas procedure, the compositions, reactivities and surface areas of 
the materials that are exposed to the closed environment. Outgassing of occluded volumes, desorption 
of adsorbed and absorbed gases and diffusion limited dissolution of carbides and desorption of carbon 
may act as "virtual leaksn, contributing impurities to the system long after reactor start up. During SNPP 
operation impurities in the circulating gas will approach steady state values that are determined by the 
kinetics of virtual leaks, equilibrium thermodynamics and kinetics of formation of metal oxides and 
carbides and the relative masses of materials that contribute to and take from the circulating gas 
impurities. 

2.2.2 GC-HTGR Environments 

The oxidizing and carburizing environments developed in the operation of GC-HTGRs are relevant to 
SNPP in that a functionally similar SNPP environment will provide an environment that is favorable for 
Sic and superalloy performance and will minimize the effort required to qualify SNPP Brayton Unit 
materials. Moreover, Miller has concluded [5] that, without special measures to control the oxidation 
potential of the Sic-HTGR, "...an HTGR with a silicon carbide core would have impurity levels similar to 
those in a graphite-core HTGR." A "typical" GC-HTGR environment has been chosen for the initial 
SNPP materials testing: 

Table I provides impurity gas concentrations that may be considered to be representative of a CG- 
HTGR. Typical operating GC-HTGR impurity gas concentrations were derived from a review of 
experience in operating GC-HTGRs [15]. Impurity concentrations are given for a simulated GC-HTGR 
environment test, which was conducted by ORNL for the NR program [16], and for a similar test 
conducted by General Electric [see reference 161. Finally, there are relevant data in the literature that 
have been obtained in a "Prototype Nuclear Process Heat (PNP) environment [8]. 

Table I. Impurity Gas Concentrations Used in Simulated GC-HTGR Environmental Testing (patrn.) 

2.2.3 Oxidation and Carburizatlon Potentials for Reaction of Water Vapor with Graphite and 
Relevance to the GC- HTGR Environment 

The partial pressures 02(g) and C(g) used as measures of oxidation and carburization potentials in 
Figure 3 are not included in Table I as they are too small to be measured. Therefore, we need 
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alternate oxidation and carburization potential variables that may be defined in terms of the measured 
reactive gases present in HTGR systems. 

Assuming that the gas-gas reactions are in equilibrium, 

2H2(9)+$(9) =2&o(g) I (1) 

where the equilibrium constant is 

Kl = W2ol2 , then [Q] 
t ~ 2 1 ~ P 2 1  K1 

The hydrogen and methane will be in equilibrium with free carbonb: 

C(4  + 2H2(g) = CH4(g), 

where the equilibrium constant is 

The second of Equations (2) shows that the oxidation potentiaf of the environment, [C)2], is proportional 

to {[H~o]/[H~B~ and the second of Equations (4) shows that the carburization potential [C(s)] is 

proportional to (cH4 ]/[1-1212 . 

The operating GC-HTGR environment has been reported to be in large part determined by the reaction 
of gaseous impurities with the hot graphite core [17]. The porous graphite core provides a large 
reservoir for adsorbed water that will react with graphite to form carbon monoxide, hydrogen and 
methane on start up of the reactor. The relevant reactions are Equation (3) and 

c(s) + H2o(g) = cw7 1 + H2(g 1. (5)  

Combining Equations (3) and (5), we obtain the reaction equation relating equilibrium among C(s) and 
the principal reactive impurity gases: 

The equilibrium constant is 

Rearranging, the relationship between the alternative oxidation and carburization potentials, Equations 
(2) and (4), when water vapor is reacted with graphite, is given by 

where we have assumed that for the GC-HTGR carbon is in excess of that needed to attain equilibrium 
with the reactive impurities, so that the carbon activity can be taken to be [C(s)] =I. The meaning of 
this equation is that the oxidation and carburization potentials of the GC-HTGR are not independent if 
the GC-HTGR environment is dominated by the reaction of the water "burdenn with the hot graphite 
core. 

I Note that this equilibrium could be written for gaseous carbon C(g) instead of solid carbon C(s) using the 
equilibrium constant appropriate to this alternate reaction. 

I PRE-DECISIONAL - For planning and discussion purposes only 



6-MT(SPME)-4 
Page 15 

There are six specie; H20(g), CO(g), C02(g), CH4(g), Hn(g) and C(s), and three components; C, 0 and 
H. Therefore a total of three independent equilibria are all that is needed to define the state of the 
system. The equilibrium among the oxidized species of C(s), that is, CO(g) and C02(g), is given by 

The equilibrium constant for this reaction is 

Therefore, the oxidation potential of the water vapor - graphite system, in terms of our akernate 
variable, is related to the partial pressures of CO(g) and C02(g) by 

Equations (8), diagonal line, and (1 l ) ,  horizontal line, are plotted in Figure 4 using the HSC database to 
obtain the equilibrium constants. Equation (11) is plotted using the CO(g) and CO,(g) concentrations 
for the "typical" GC-HTGR environment given in Table I. Also shown is the location of the GC-HTGR 
typical and test environments. 

Note that the OCP of the typical operating GC-HTGR lies at the intersection of the C(s) stability line, 
Equation (81, and the CO(g) - Con@)  equilibrium oxidation potential line, Equation (1 1). The goodness 
of this coincidence is of course fortuitous given a graphite temperature of 1400 K is a guess at best. 
However, sensitivity of the intersection point to temperature is not great. 

Figure 4. OCP diagram for carbon showing the location of a typical GC-HTGR relative to the carbon stability line 
and carbon monoxide oxidation potentiaf. The implication of this figure is that the reactive impurities of a GC- 
HTGR are in thermodynamic equilibrium with the graphite core. 

It then appears that at least the ratios of the major reactive impurities that determine the oxidation and 
carburiration potentials of the typical GC-HTGR environment may be influenced significantly by a 
tendency toward equilibrium with the graphite core. However, Quadakkers and Schuster 141 have 
pointed out that the methane levels of the typical GC-HTGR environment are larger (-10X) than 
expected based on equilibrium thermochemistry. Not discussed by these authors is that the carbon 
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Figure 6. GC-HTGR water burdens determined by using the Figure 5 relationship between oxidation potential 
and water burden the range of oxidation potentials for GC-HTGR typical and test environments found in Table I. 

3. Compatibility of SIC, Nb and Mo Alloys with Chromia Former Superalloys 

3.1 Analysis Assumptions and Methods 

In order to proceed while not having knowledge of the sources and concentrations of impurities in the 
working gas of an operating SNPP, we assume that adsorbed water vapor is the principal impurity 
available at startup of the SNPP reactor and that reactions of the water vapor burden with the metals 
Nb, Mo, Cr and with carbon, available as Sic and chromium carbides, are the only sources of the 
reactive impurities H20(g), CO(g), CH&) and H2(g). It is further assumed that all the reactants, except 
for the water burden, are available in excess of their equilibrium amounts. Reaction products amounts 
are calculated using HSC as a function of one independent variable, the water vapor burden. 

Figure 7 illustrates the assumptions of the analysis relative to temperatures and the sequence of 
analysis steps taken to accommodate limitations of the HSC code. As HSC cannot calculate reactions 
between reactor and Brayton Unit materials at different temperatures, the following analysis steps are 
used: 

For the SIC Cores 

1. React 1 kmol20 bar He plus variable H20(9) with SiC at 1400 K. 

2. Computationally isolate and cool the gases formed in contact with SiC to 1150 K. 

3. React this gas with chrome carbide (Cr3C2 chosen as representative) at t 150 K (Brayton Unit 
inlet) to 920 K (outlet) 

The working gas chemistry will of course be modified by the reactions in Step 3 and this gas will be 
further modified by passing through the reactor core again, and so on until a steady condition is 
obtained. However, only steps 1 - 3 are calculated, without iteration, in the analysis conducted here. 

For the Nb and Mo alloy cores 

1 . React 1 kmol20 bar He plus variable H20(g) with Cr3C2 at 11 50 K. 

2. Computationally isolate and heat the gases formed in contact with Cr3C2 to 1400 K. 

3. React this gas with Nb and Mo 
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3. Whether or not an oxide or carbide forms in a given environment depends on the relative 
concentrations and reactivities of oxidizing and carburizing constituents in the environment. The 
principal reactive gases in an HTGR are water vapor (causes oxidation and decarburization), 
carbon monoxide (causes oxidation and carburization), methane (causes carburization) and 
hydrogen (causes oxide reduction). Also present are low concentrations of carbon dioxide (a 
product of carbon monoxide oxidation), oxygen and nitrogen (an essentially non-reactive gas 
due to the relatively slow kinetics of reaction). 

4.. The SNPP environment that will develop is not known. The concentrations of residual gases, 
which cannot be entirely eliminated, will depend on the initial purity of the charging gas, the 
effectiveness of the system de-gas procedure, the sorption and desorption rates, reactivities, 
carbon content and relative surface areas of the structural materials that are exposed to the 
closed environment and unknown concentrations of organic and inorganic impurities from 
various plant components. An effort is currently underway to gather the SNPP system 
information, solubilities and kinetic data needed to predict the oxidation and carburization 
potentials of the SNPP environment. 

5. In order to proceed without 6 priori knowledge of the SNPP environment, we assume that 
adsorbed water is the primary reactive impurity in the system at reactor start up and is the 
source of water vapor and hydrogen. We further assume that carbon present in Sic and the 
superalloys, which can react with water vapor and hydrogen, is the only source of carbonaceous 
reactive impurities in the HelXe working gas and that carbon is present in excess of equilibrium 
amounts. These assumptions are found to be reasonable when applied to an analysis of the 
Graphite Core-HTGR (GC-HTGR) for which the typical concentrations of impurity gases are 
know. The analysis proceeds by calculating the concentrations of reaction products as a 
function one independent variable, the assumed water burden present on reactor start up. 

6. Use of these analysis assumptions and methods to evaluate candidate SNPP materials shows 
that alloys of Nb are inherently incompatible with the heat resistant superalloys. 
Thermochemical analyses show that Nb is both oxidized and carburized when exposed to a 
1400 K environment that was established by reaction of 1150 K water vapor with chromia 
former superalloys having chromium carbides. Alloys of Nb and Ta require environments 
having very low oxidation and carburization potentials to avoid absorption of embrittling 
concentrations of oxygen and carbon. Use of Nb and Ta alloys in an oxidizing and carburizing 
environment will require development of oxidation and carburization resistant coatings. 

7. The superalloys will be decarburized in an environment dominated by Nb alloys due to the 
inability of the superalloys to form protective chromia surface oxides in this environment. The 
same result is expected for Ja alloys as Ta has reactivity for oxygen and carbon similar to that 
of Nb. The candidate Brayton Unit iron-nickel-, cobalt- and nickel-base superalloys require 
environments having oxidation potentials high enough to form the Cr and Al surface oxides that 
protect these alloys from ernbrittlement due to internal oxidation and carburization and loss of 
creep strength due to excessive decarburization and dealloying .by evaporation of tow vapor 
pressure metals like chromium. Due to the much higher oxygen and carbon reactivities of Nb 
and Ta, protective Cr oxides will be reduced and carbon transferred from the superalloys to Nb 
and Ta alloys. 

8. Analysis of the refractory metal Mo, alloys of which are being considered for core applications, 
shows that Mo is compatible with Brayton Unit superalloys. Molybdenum alloys are not subject 
to environmental embrittlement by oxygen due to very low solubility for oxygen. Moreover, at 
oxidation potentials where protective Crz03 oxides form on superalloys, Mo alloys form neither a 
surface oxide nor internal carbides. 

9. Analysis of Sic, which is a candidate SNPP core material, shows that SIC is thermochemically 
compatible with the superatloys. Sic forms a protective surface oxide at oxidation potentials 
required to form protective Cr203 oxide. However, the analyses reported here show that a 
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rather large water burden, approaching that of a GC-HTGR, is required to stabilize Cr203 oxide 
in the presence of Sic. Success of the Sic option will depend on an ability to establish and 
maintain the oxidation potential of the SNPP at or above this level. A potentia) disadvantage of 
Sic Js the possibility that free carbon 'dust" may form resulting in thinning of Sic components 
and circulating carbon throughout the system. An issue for use of SIC that is not addressed 
here is the greater potential for release of fission products and the potential negative impact that 
these may have when transported around the SNPP system. 

10. An advantage of both Mo- and Sic - core HTGRs is that both would have an environment 
functionally similar to that of a graphite core HTGR (GC-HTGR), which allows use of the 
extensive GC - HTGR database of superalloy design properties currently available. Additional 
testing is required to extend these superaltoy databases to the lower carburization potential of a 
Mo - core HTGR. 

11. Whatever materials are selected, development of passive methods for controlling the oxidation 
and carburization potentials of the SNPP environment may be necessary to assure satisfactory 
performance of reactor core, Brayton Unit and other power conversion plant materials. 
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