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Compatibility issues for the Prometheus-1 fuel system have been 
reviewed based upon the selection of UOa as the reference fuel 
material. In particular, the potential for limiting effects due to fuel- or 
fission product-component (cladding, liner, spring, etc) chemical 
interactions and clad-liner interactions have been evaluated. For U02- 
based fuels, fuel-component interactions are not expected to 
significantly limit performance. However, based upon the selection of 
component materials, there is a potential for degradation due to fission 
products. In particular, a chemical liner may be necessary for niobium, 
tantalum, zirconium, or silicon carbide-based systems. Multiple choices 
exist for the configuration of a chemical liner within the cladding; there 
is no clear solution that eliminates all concerns over the mechanical 
performance of a cladlliner system. A series of tests to evaluate the 
performance of candidate materials in contact with real and simulated 
fission products is outlined. 

SIGNIFICANCE TO Designing a fuel system that met the requirements for Prometheus-1 
THE NR PROGRAM: was expected to be one of the most challenging aspects of this 

program. The unique demands of this project - operation at extremety 
high temperatures for extended periods and without the option of 
maintenance or replacement - required a fuel system that operated 
outside the range of performance of any previously tested fuel 
elements. This report represents an initial assessment of chemical and 
mechanical compatibility issues for Prometheus-I fuel elements. 

SUMMARY OF RESULTS: 1. For U02-based fuels (the reference fuel for'~rometheus-1), fuel- 
component chemical interactions are not expected to fundamentally 
limit the performance of the proposed cladding materials. 

2. Based upon thermodynamic considerations, oxidation due to fission 
product-component interactions is a potential problem for several 
candidate materials, including those choices containing tantalum, 
niobium, zirconium, and silicon carbide. 



3. The potential for embrittlement or reaction with fission products is 
more difficult to assess, however, the commercial experience with 
more common alloys and materials (Zircaloy, stainless steel, 
superalloys, Sic, etc) suggest there is adequate cause for concern. 
Embrittlement issues and other time dependenttkinetic attributes 
are unlikely to be resolved without a suite of tests, including those 
on both irradiated and non-irradiated specimens. 
A testing program was under development to evaluate compatibility- 
related issues. This program included a series of phases that 
became increasingly complex and more prototypical. Early phases 
of this program were designed to weed out materials with basic 
incompatibility or embrittlement issues, and later phases were 
designed to demonstrate the performance of fuel pins under semi- 
prototypical conditions. 

1.0 Introduction 
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The performance demands on Prometheus-1 fuel elements were unique. Conventional nuclear 
reactor fuel elements generally operate for relatively short lifetimes (-3-6 years in commercial 
reactors) at relatively low temperatures and are utilized in an environment where periodic inspection 
and replacement of defective fuel elements are possible. For Prometheus-1, fuel elements would 
have needed to operate at extremely high temperatures (up to 1450K in some concepts) for periods of 
15 or more years. Inspection and replacement would not be possible, so an extremely high degree of 
reliability also was necessary. 

Fulfilling these requirements necessitated a detailed understanding of how the various components of 
a fuel element interact. In particular, studies of the interaction of fuel and fission products with other 
components (claddings, liners, springs, etc) and between components (e.g. the clad and liner 
materials) were underway at the point NRPCT involvement in Project Prometheus was discontinued. 

At the point of NRPCT closeout, the fuel for Prometheus-1 was chosen to be U02 . Several factors 
influenced this decision, but one of the primary considerations was that U02 offers fewer compatibility 
issues than UN. Table 1 list's several systems that were under consideration as cladding and fuel 
element materials. This document will summarize the key issues to be addressed in order to select a 
fuel element system capable of a 15 year, maintenance-free lifetime as was suggested for a 
Prometheus-1 reactor, focusing on the compatibility of fission products and fuel with candidate core 
materials. 
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Table 1 : Candidate Core Materials 
- - 

Refractory Metal systems 

Silicon Carbide Systems 

ASTAR 81 1 C 
(Ta-8W-I Re- I 

(Nb-27Ta-1 OW- 

The fissioning of 2 3 5 ~  atoms produces a large number of daughter atoms, including approximately 22 
long-lived elements with yields exceeding one percent (Table 2). A detailed study of fission product 
yield studies is currently under preparation'. These daughter products are chemically heterogeneous, 
including such diverse species as noble gases, halogens, alkaline metals, transition metals, and rare 
earth elements. The interaction of these species with core materials has been a problem since the 
early days of nuclear power when stress corrosion cracking of Zircaloy cladding tubes due to fission 
products was first reported. 

Table 2. Fission Product 
yields2 

Element 
Ba 
Ce 
Cs 
I 

Kr 
La 
Mo 
Nb 
N d 
Pd 
Prn 
Pr 
Rb 
Rh 
Ru 
Srn 
Sr 
Tc 
Te 
Xe 
Y 
Zr 

Fractional Yield 
0.0809 . 
0.1930 
0.1 505 
0.01 11 
0.0397 
0.0665 
0.1 937 
0.01 45 
0.1 51 1 
0.01 30 
0.0180 
0.0450 
0.0363 
0.0145 
0.1351 
0.0203 
0.1291 
0.0620 
0.0234 
0.2698 
0.0597 
0.3079 
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Fission product attack has been reported for virtually every material that has been selected for core 
applications, including zirconium alloys, stainless steels, superalloys, .refractory metals, and silicon 
carbide. In many cases, the mode of embrittlement is poorly understood, although several key 
chemical elements have been identified. These include I, Cs, and Cd for zirconium alloys and Te for 
stainless steels and superalloys. The mechanisms of embrittlement are believed to include stress 
corrosion cracking and liquid metal embrittlement. 

The core materials for the Prometheus-I reactor had not yet been selected when NRPCT involvement 
in the project was terminated. To guide material development and selection, a multi-phase program 
had been developed based upon theoretical and experimental programs to screen potential 
interactions between fission products and core materials. 

The theoretical program was based upon equilibrium thermodynamic calculations and literature 
reviews. The thermodynamic calculations were completed with a variety of tools, including the 
computer programs HSC and Factsage. The planned experimental program, which was not initiated, 
consisted of several phases that are detailed in Section 4 of this report. 

Although this report is restricted to compatibility concerns within fuel elements, similar concerns over 
fission product attack may exist elsewhere throughout the reactor system. Concerns over fission 
product attack in the direct Brayton system selected for Prometheus will be discussed elsewhere? 

2.0 Theoretical Assessment of Compatibility 
Three main areas are addressed in this report: reactions between components and the fuel material, 
reactions between components and fission products, and interactions between components. Due to 
the extremely limited information available for reaction rates, reaction kinetics had not yet been 
addressed at the time of closeout. 

2.1 Reaction with UOz 

In general, few incompatibilities are expected between UOn and the candidate structural materials. As 
shown in the Ellingham diagram in Figure 1, the only incompatibilities are with hafnium, which is 
predicted to chemically reduce U02, and, possibly, with zirconium. Figure 1 plots the free energy of 
various compounds per mole of oxygen in those compounds. Formation of compounds with the 
lowest free energy per mole will minimize the free energy of the system and will be the most 
thermodynamically stable. As can be seen, the potential for reaction with zirconium is marginal and 
these materials are successfully used in direct contact in the vast majority of nuclear reactors 
currently in service. Zr02 is observed on the internal surfaces of PWR fuel rods4 with the amount of 
the reaction limited by corrosion kinetics and engineering solutions. However, it is not clear whether 
this oxidation results from the reduction of U02 or from reactions with fission product oxides. 
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Table 3. Binarv Fission Product Oxides 

Fission Fission Oxide moles Oxygen Moles Oxygen 
Product Yield Formed at 1400K Consumed 

Oxygen is Depleted Here 

As shown in Figure 2, several materials that would not be oxidized by uranium dioxide are predicted 
to be oxidized by cesium molybdate. These materials include tantalum, zirconium, silicon carbide, 
graphite, and niobium. The three materials most commonly proposed for Prometheus-1 that should 
not be oxidized are molybdenum, tungsten, and rhenium. These three materials therefore make 
attractive candidates for fuel pin liners. Conversely, alloys and ceramics containing substantial 
quantities of tantalum, zirconium, silicon carbide, graphite, or niobium may require a liner to ensure 
adequate mechanical performance after long-term exposure to irradiated fuel. 
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reacted with cladding materials, it is not clear that it would form or migrate in sufficient quantities to 
pose a substantial threat. 

Palladium represents an additional threat for silicon carbide-based systems, in which it acts as a 
r e a ~ t a n t ' ~ " ~ " ~ ~ ~ ~ .  In high-temperature gas reactor (HTGR) fuel particles, the Sic coatings are 
separated from the fuel/fission product mixture by graphite-based layers. Although the carbon layers 
present an extra barrier in the migration of Pd from the kernel to the Sic coatings, the diffusion 
coefficient for Pd in carbon is high so the effect of these carbon layers is small. As a result, Pd-attack 
of Sic layers has been cited in several studies. The severity of this attack depends on several 
factors, including temperature, the rate at which Pd is release from the U02 fuel (which is thought to 
be the primary rate-limiting step) and the rate at which Pd is generated (which is a function of the 
fission rate, neutron energy spectrum, and enrichment of the fuel). 

Additional complications exist in that Pd attack is not uniformly distributed across the Sic coating. 
There is a pronounced temperature dependence in which preferential attack occurs on the cold side 
of HTGR particles. Even in the colder regions, the attack forms nodules rather than a uniform 
corrosion ~ayer '~.  

Given the highly localized attack and general uncertainties surrounding Pd attack of Sic, the potential 
for this mechanism to significantly degrade Sic cladded fuel elements under Prometheus conditions 
was unclear. Potential mitigation strategies inctude the incorporation of sacrificial Sic layers within 
the Sic fuel elements. At the time of program redirection, the need for and effectiveness of potential 
mitigation strategies had not been fully addressed. 

3.0 Liners 

The use of liners within fuel pins has been recommended to chemically and physically separate the 
cladding from the fueVfission product mixture. The need for chemical separation arises from the 
potential interactions with fission products and/or oxygen described in the previous section. A 
possible need for physical separation arises from the effect of recoiled fission products on the 
cladding material. 

Different types of liners have been suggested. The SP-100 program investigated free-standing tubes 
within the cladding (which were open at the ends), liners that were both free-standing and hermetically 
sealed, and liner tubes that were bonded to the cladding (but open at the ends)lg. The optimal liner 
configuration was not definitively identified. Figure 6 illustrates the different liner configurations 
suggested. 





B-MT(SRME)-55 
Page 12 

The use of a bonded liner (in which the liner is physically bonded to the cladding) eliminates the gap 
between these components and prevents the possible accumulation of fission products in this region. 
It also alleviates concerns related to the cracking of an unsupported, thin liner and offers advantages 
in the thermal transfer between the fuel and coolant. However, there are three potential problems 
with this arrangement: crack propagation, intermetallic phase formation, and Kirkendall void formation. 
As noted previously, direct recoil andlor fission product attack from the fuel may embrittle liner 
materials. In a bonded system, any cracks that form in the liner as a result of these or other 
processes have the potential to propagate through the cladding. 

Rhenium forms intermetallic phases with most of the materials of interest for Prometheus-I, including 
Nb, Mo, Ta, and Si (Figures 7 and 8). The situation is reversed for tungsten and molybdenum, which 
exhibit complete solid solution with each other and with tantalum and niobium (Figure 9). Because 
intermetallic compounds tend to be brittle, their formation may affect the cladding performance. On 
the other hand, intermetallics also have the possibility of limiting diffusion between the cladding and 
liner. which mav minimize the ootential for Kirkendall void formation. 
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Figure 7. Intermetallic Formation With ~ h e n i u m ' ~  
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Figure 9. Intermetallic Formation With Molybdenum and ~ u n g s t e n " ~  
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Table 4. Experimental Compatibility Test Plan 

Description 
Basic compatibility testing to screen material interactions between fission products 
and core materials. Non-irradiated. 
Similar to IA, except that the specimens would be mechanically stressed to enhance 
stress corrosion cracking. Non-irradiated. 
Similar to 1 B, except that non-enriched UOn fuel would be added to the simulated 
fission products fo ia  more prototypical chemical environment. Non-irradiated. 
Construction of a semi-prototypical fuel element with internal heating to simulate the 
thermal and chemical profiles within an actual element. The primary intent of this 
phase was to assess the mobility and distribution of fission products within an actual 
fuel element. Non-irradiated. 
Accelerated screening for fission product interactions during irradiation. This test was 
conceived to contain simulated fission products in contact with mechanical test 
specimens. The use of simulated fission products avoids .the relatively long time 
period associated with their production and accumulation via irradiated fuel. In 
addition, the lack of fuel in this test affords the opportunity to examine the specimens 
in beta-gamma facilities, rather than the alpha facilities required for irradiated fuel. 
This is an irradiation test. 
Semi-prototypical fuel element tests. These tests were intended to use fuel elements 
closely approximating those to be used in Prometheus-I, although accelerated fission 
rates mav have been necessarv. This is an irradiation test. 

Phase-1A (General Compatibility) 

Phase-1A was intended to assess whether certain fission products with either a relatively high yield or 
known to be of special concern could react with or embrittle candidate materials in an out-of-pile 
setting. This test, which was the simplest and quickest of the planned phases, was to be the initial 
screening tool to determine whether concerns existed for longer term applications; a failure in this test 
did not necessarily rule out a candidate material, but indicated that engineering solutions would be 
necessary for successful application. Similarly, a successful result in this experiment did not 
guarantee the suitability of a particular material for use in a fission product environment. 

The simulated fission products chosen for this initial test included elements that are volatile at the 
Prometheus-I operating conditions or those displaying a substantial vapor pressure. This list 
included cesium, rubidium, tellurium, palladium, and iodine. These elements represent some of the 
primary fission product elements associated with the corrosion and SCC of alloys and ceramics. 
Although cadmium has been implicated in the liquid metal embrittlement of Zircaloy, the fission yield 
of this element is very low (0.2%). This makes it impractical to uniformly mix cadmium into the 
simulated product mixture. In addition, this low fission yield suggests that previous tests, which used 
high concentrations of cadmium in contact with Zircaloy, may not have been appropriate for fuel 
elements with a low burnup. The cladding and liner materials identified for this testing were Haynes 
230, INC 617, PE 16, ASTAR-811C, MoRe, FS-85, TZM, W, Re, Sic, ZrC, and graphite. Specimens 
of various cladding and liner materials were to be exposed to a representative mixture of the 
candidate fission product elements in a controlled environment at high temperature. After heating, the 
specimens would have been removed and examined to determine the extent of interaction or 
degradation. 







Outing the initial planning t h m  possible test gemtnes  were constdared (Figure 14). Variations d 
these t s t  gemtries w diflerent test geometries could a b  be considered. The type d testing being, 
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of material. A disadvantage of this test is that only a small volume of the material is subjected to the 
maximum load. A large volume was desired for this test in case there were inhomogeneties in the 
mic~ostructure of the specimens or variation in the chemical atmosphere within the test capsule. 

The C-ring test (Figure 14b) involves taking a C shaped specimen and increasing the inner radius, 
which results in a tensile stress on the inner surface and a compressive stress on the outer surface. 
The specimen would be stressed using either a brace that would be positioned in the center of the 
ring or.a wedge that would be positioned between the ends of the ring. Advantages of this test are 
the relatively simplistic application of stress and similarity between test specimen geometry and the 
final component geometry. Similar to the stress state in the bend bar specimens, the stress state in a 
C-ring specimen is highly localized and not representative of the whole component stress state. 

A wedge loaded double cantilever beam (DCB) specimen was also considered. The test specimens 
would require significantly more machining, but the pre-cracked specimen would bypass the crack 
initiation stage of failure. This would allow for more detailed information to be gained from the test 
relating to how the chemical environment affects crack growth. 

Other specimen geometries such as pressurized tubes were also discussed. For the initial test, the 
bend test geometry seemed to be the most promising candidate because of the relatively simple 
specimen geometry and its similarities with the initial test specimen design. Depending on the results, 
more complicated specimen geometries such as a DCB or pressurized capsules could be considered 
if further testing was deemed necessary. 

Once the specimens had been exposed to the fission product environment under stress for the 
duration of the test, the test specimens would be removed from the capsules and further testing and 
characterization would be performed. Mechanical testing of the exposed specimens would be done to 
characterize how the exposure affected the mechanical performance of the materials. In addition, 
optical and electron microscopy would be performed on the exposed and fracture surfaces to identify 
the characteristics of these surfaces and see if crack initiation or growth mechanisms could be 
determined. 

Phase-2 Expanded Preliminary Testing 

Phase-2 of this program was anticipated to include a larger variety of fission product elements along 
with uranium dioxide in an out-of-pile setting. The inclusion of uranium dioxide is important, despite 
the difficulties inherent upon the introduction of a radiological material, because the presence of 
oxygen has the potential to alter the chemical form in which fission products are present. In a 
simplistic analysis, oxygen liberated by the fissioning of uranium in U 0 2  molecules forms a series of 
binary oxides with fission products (Table 3). In reality, the formation of ternary phases, some of 
which have poorly defined thermodynamic properties, complicates matters. In general, cesium is 
predicted to form ternary phases with molybdenum and oxygen, resulting in the formation of cesium 
rnolybdate. This compound has a different vapor pressure and chemical properties than pure cesium. 

In addition to uranium dioxide and previous fission products of concern (cesium, rubidium, tellurium, 
palladium, and iodine), this test would have included simulated binary fission product oxides that 
could have led to the formation of ternary compounds, primarily molybdenum dioxide. The general 
testing strategy would have been similar to Phase-I and included the use of stressed specimens to 
evaluate the potential for stress corrosion cracking and liquid metal grain boundary embrittlement. 
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Phase3 Semi-Prototypical Fuel Element Testing 

Phase3 of this program proposed the use of a simulated fuel element that was resistively heated in 
an out-of-pile setting to assess the migration of chemical species and reaction of components in an 
actual fuel element. This testing would help to address the need for compatibility between fission 
products and the components outside the fueled region of the fuel pin, including the plenum spring 
and spacer. These cooler regions of the fuel element may have been subject to fission product 
deposition and liquid metal embrittlement that could have affected the design needs for the fuel pin. 

The main design criteria for Phase-3 testing would be the replication of the radial and longitudinal 
thermal gradients that exist in fuel pins. Additional criteria would include the replication of the 
geometry and chemical environment inside the fuel pin as closely as possible. A modular design 
would allow the testing of multiple semi-prototypical fuel pins under different conditions. A schematic 
of the preliminary design for a semi-prototypical fuel element test is shown in Figure 12. The test 
fixture includes the semi-prototypical fuel element, an internal resistive heating element, and sealed 
external chamber. The internal heating element and external chamber would be designed to be 
reusable and more than one test element could be tested simultaneously in the external chamber. 
This design is preliminary in nature and the main factors that would influence the design would be the 
generation of the correct temperature gradients. Much more work is required on the design of all 
three of the components to generate a semi-prototypical system. The external chamber would most 
likely need to have a temperature control system provided by a coolant flow inside a furnace. 
Methods for temperature sensing and control would need to be investigated and designed to ensure 
proper test conditions are maintained throughout the tests. Additionally, the fabrication procedures 
used for producing the test specimens would need to be determined. 

Phases 4 and 5 of the compatibility testing plan were expected to consist of in-p~le irradiation tests 
including testing on prototypical fuel elements. 
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Phase-5 Prototypical Fuel Element Testing 

The final phase of irradiation testing was planned for near-prototypical fuel elements. The intention of 
this test was for the test elements to resemble as closely as possible the actual Prometheus-? fuel 
elements in terms of size, construction, materials, and internal components. Based upon schedule 
reauirements and possible limitations in test reactor facilities, some deviations in fuel loading, burnup 
ratks, thermal profiles, neutron flux, and neutron spectrum were considered likely. 

FUTURE ACTIONS: None Planned 

TECHNICAL This report has been reviewed and agreed to by cognizant Materials 
REVIEW: Technology management and personnel at KAPL and Bettis. 
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J. E. Hack 
M. Zika 
C.D. Eshelrnan 
R. Baranwal 
R.W. Smith 
W.L. Ohlinger 
D. Hagerty 
R.C. Jewart 
D. C.  Noe 
M.K. Krohn 
K.B. Gibbard 

KAPL - 
MJ Wotlman 
SA Simonson 
DF McCoy 
JM Ashcroft 
PF Baldasaro 
CF Dempsey 
D.A. Kramer 
L. E. Kolaya 
R. J. Grossman 
S. Harrison 
J. Beak 

08s (INFO) 
08318034 
08118024 
08N8011 
08El8019 
08C18017 
08W8033 
08118024 
08C18017 
08118024 
08El8019 
08Vl8037 

02BlGM 
01 QIMT 
05R/MT 
OICISE 
36ElSE 
OSPIMT 
OSFUMT 
05PiMT 
38DlSE 
OICISE 
05WMT 
OSFUMT 
05PINRF 
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