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FAILURE EXPERIENCE IN REFRACTORY ALLOY-CLAD FUEL PINS 
APPLICABLE TO SPACE NUCLEAR POWER 

D. S. Dutt and C. M. Cox 

Westinghouse Hanford Company 

Numerous in-reactor tests were conducted in the 1960's and early 1970's to 

develop fuel elements for space nuclear reactors. Most of the tests empha­

sized refractory metal-clad UN, UC, and UOg. Previous reviews were provided 
(1) (2) 

by Weaver and Scott^ ' and by Gluyas and Watson.^ ' More recently, these data 
were reviewed for supporting information concerning the technical feasibility 

f3) 
issues as they relate to the current reactor designs.^ ' This paper will 
focus on the fuel pin failure experience to obtain insight into design options 

which will lead to a fuel system with the greatest potential for success. 

The fundamental requirements for a space nuclear reactor are relatively low 

weight and long lifetime (Figure 1). For the reactor core, this has been 

translated into a compact, liquid-metal-cooled fast reactor with fuel goal 

burnups of 3 to 5 atom % and fast neutron fluences of 2 to 3 x 10*^ n/cm^ 

(Figure 2). Specific powers are modest by comparison with terrestrial reac­

tors, but maximum coolant temperatures are much higher -- up to 1500°K versus 

about 800°K. The high operating temperatures are required to increase thermal 

efficiency and to minimize the size and weight of the heat rejection system. 

This has a significant effect on the reactor design, e.g., Li rather than the 

more conventional Na or NaK must be used as the liquid metal coolant because 

of its lower vapor pressure. Refractory metals must be used as fuel pin 

cladding rather than more conventional ferrous alloys, and fuel melting temp­

eratures must be high, which leads to the choice of ceramic fuel material. 

In selecting a fuel system there are several considerations that must be 

addressed, including: fissile atom density, fuel operating temperature, fuel 

swelling, fission gas release, and fuel-cladding compatibility. 

f4 5 6) 
In excess of 360 fuel elements^ ' ' ' were fabricated and irradiated in sup­
port of fuels development (Figure 3). The fuels were primarily UC and UN with 
UZrC and UOz included to a lesser extent. UZrC is not currently of interest 



r 

to the SP-100 program, thus is not included in this review. UN and UOg fuels 

are the primary fuel candidates, but UC is a possible alternative to UN due 

to its high fissile density, and it has extensive irradiation experience. The 

refractory claddings of interest are tungsten, molybdenum, tantalum, and col-

umbium based alloys (Figure 4). W-Re, T-111, Cb-IZr, and PWC-11 have been 

irradiated with one or more of the fuels currently under consideration. 

ASTAR-811C and Mo-Re alloys do not have the same irradiation experience, but 

are prime cladding candidates because of chemical compatibility and strength-

to-weight considerations. 

A more detailed breakdown of the fuel and cladding combinations for which 

there is irradiation experience (Figure 5) shows the predominant experience 

is with UN fuel. W, Ta, and Cb alloys were used extensively with UN. UC 

experience is the next most extensive, with W the most frequently used alloy. 

The UO2 experience is the most limited and is often obtained from fuel swell­

ing samples (Reference 7). W and Cb-IZr were most frequently used with UOg. 

All of these irradiations were conducted in a thermal neutron environment. 

The concern with extrapolating the experience of thermal reactor irradiations 

to fast reactor environment is the increased possibility of cladding damage 

from a fast neutron environment and an increased uncertainty in the operating 

conditions due to self shielding in thermal reactors. Many of the pins in the 

data base were "samples" and not typical of a true pin design where the 

length-to-diameter ratio is 10 or greater. Small length-to-diameter-ratios 

introduce the potential for greater uncertainty In operating temperatures due 

to end effects such as thermal flux peaking. Finally the fission rate was 

higher than those in the designs currently under consideration, which poten­

tially affects fission gas release and fuel swelling. 

Uranium carbide fuel elements were irradiated at quite high temperatures 

(Figure 6). Most of these UC fuel pins and all of the failed UC fuel pins had 

fuel pellet densities in excess of 94% of theoretical. Four of the pins oper­

ating at cladding temperatures above 1600°K failed prior to achieving 1 atom % 

burnup. W-26Re was used as cladding for these high temperature irradiations. 

Large diameter Increases, 16 to 28%, were measured on the failed pins, most 



probably due to the fuel swelling. Most UC irradiations with cladding temper­

atures in the range 1200 to 1600°K used columbium alloys, usually with tung­

sten diffusion barriers. The only failures at burnups less than 2.5 atom % 

occurred in Cb-IZr clad fuel pins without diffusion barriers. Fuel-cladding 

reactions were observed in their postirradiation examinations. The W-26Re-

clad UC fuel pins which operated at temperatures above 1400°K and to burnups 

in excess of 3 atom % all failed and showed diameter increases of 28 to 46%, 

possibly indicating an Increase in the UC swelling rate with burnup. The 

observed cladding strains associated with these UC fuel pins (Figure 7) indi­

cate considerable ductility in W when tests were conducted at temperatures in 

excess of 1600°K. These large strains are not inconsistent with the projected 

UC swelling at these high temperatures. The failure of pins at HOO'K and at 

a burnup of approximately 4 atom % is also probably due to high fuel swell­

ing. These data can be used to establish guidelines for operation with UC 

fuel. UC probably cannot achieve the SP-100 burnup requirements at temper­

atures above 1400°K. In the temperature range of most interest (up to 

1500°K), it appears UC fuel will operate satisfactorily up to 3 atom % burnup 

if a barrier is provided to prevent fuel/cladding chemical interaction In 

those alloys susceptible to chemical attack. 

About half the uranium nitride fuel pins failed when operated at cladding 

temperatures above leOO^K, probably fission gas loading (Figure 8). Tungsten 

alloys were generally used for cladding at these high temperatures and demon­

strated significant in-reactor ductility, with postirradiation diameter 

increases of typically 5 to 10%. Uranium nitride irradiations in the 1200 to 

1550°K temperature range primarily used columbium or tantalum alloys, with 

tungsten diffusion barriers between fuel and cladding. These irradiations, 

to burnups up to 2.5 atom %, and with several to 4 atom %, were generally 

successful. Most failures seem to correlate with fuel pellet densities In 

excess of 90% of theoretical, fuel oxygen contents in excess of 1000 ppm, and 

possibly anomalous hydrogen embrittlement of Ta alloy cladding. The failures 

associated with T-111 clad UN are possibly the only test sequences which can 

be used to guide the selection of fuel fabrication parameters. This test 

series had high and low density fuel. All failures were associated with the 

high density fuel. Some of the fuel elements had a fabricated central void 



in the fuel, presumably to reduce the mechanical loading on the cladding. The 

central void had no effect on the failure rate of the pins with high fuel 

density. W-26% Re clad fuel pins exhibited high ductility (Figure 9). 

The 65 UO2 pins, none of which failed, included a fuel smear density range of 

about 85 to 90% of theoretical and burnups up to 6 atom % (Figure 10). 

Thirty-five of these fuel pins used Cb-IZr cladding and operated with cladding 

temperatures up to about 1250°K (Figure 10). Two UO2 pins used T-111 cladding 

at similar temperatures. Twenty-seven fuel pins clad with W-26Re operated 

with cladding temperatures of 1500 to 2200°K. Cladding strains were typically 

less than 1% Ad for the high temperature, W-26Re clad fuel pins. Addition­

ally, 259 specimens of Cb-IZr clad UOa-BeO were irradiated over a considerable 
to) 

temperature range with the highest being 1500°K.^ ' It was concluded that the 

UOa-BeO was compatible with the Cb-IZr, but burnup at these temperatures 

should be limited to 1.25 atom % due to UOg-BeO swelling. At a lower temper­

ature, 1270°K, the burnup limit was considerably higher (4.5 atom % ) . 

Results of these experiments, although having such nonprototypic features as 

thermal reactor irradiation rather than fast reactor irradiation, and in many 

cases \/ery short fuel columns, indicate that all three fuels can operate sat­

isfactorily. Burnups up to 4 atom % can be achieved if fuel densities and 

impurities are properly controlled and diffusion barriers are used with some 

fuel/cladding combinations. Considerations of fuel/cladding chemical compati­

bility and fuel swelling indicate that UN and UO2 are more promising than UC 

for higher burnup applications. W barriers will be required for Ta and Cb 

alloys if used with UN and will be required for Ta alloys if used with UO2. 

Cladding temperatures are probably limited to ISOO^K for Mo, Ta, and Cb alloys 

and 1600°K for W alloys. 
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Figure 1. 

DESIGN CONSIDERATIONS 

HIGH COOLANT 
LOW WEIGHT / TEMPERATURE 

LONG LIFETIME ( COMPACT FAST 
REACTOR 
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FJjure 2. 

FUEL SYSTEM REQUIREMENTS 

CLADDING TEMPERATURE —1300 TO IBOÔ K 
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POWER DENSITY 900 TO 1300 WATTS/cc 

FAST NEUTRON FLUENCE 2 TO 3 x 1022 
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Figure 3. 

SPACE REACTOR FUELS DATA BASE 
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Figure 4. 

REFRACTORY CLADDING MATERIALS WITH 
IRRADIATION EXPERIENCE 

• W-26Re 
• VAPOR DEPOSITED W 
• Ta-8W-2Hf (T-111) 
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• Cb-IZr 
• Cb-1Zr-0.1C (PWC-11) 
• Cb-9W-1Z (D-43) 
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Figure 5. 

SPACE REACTOR FUELS DATA BASE 
UC UN U_02 

W-26Re 14 (8)* 33 (14) 27 

TUNGSTEN 2 1 

T-111 
WITH DIFFUSION BARRIER 55 (14) 
WITHOUT DIFFUSION BARRIER 2 (1) 2 

TZM 
WITHOUT DIFFUSION BARRIER 6 

Cb-IZr 
WITH DIFFUSION BARRIER 47 35 2 
WITHOUT DIFFUSION BARRIER 13 (2) 15 35 

PWC-11 

WITH DIFFUSION BARRIER 47 (3) 

AUSTENITIC STAINLESS STEELS 6 

SUBTOTALS 74 (10) 201 (32) 67 

TOTALS 342 
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Figure 6. 

CARBIDE IRRADIATION EXPERIENCE 
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Figure 7. 

OBSERVED DIAMETER CHANGE IN UC FUEL PINS 
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Figure 8. 

UN IRRADIATION EXPERIENCE 
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Figure 9. 

OBSERVED DIAMETER CHANGE ON 
UN FUEL PINS 
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