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PERFORMANCE AND TESTING OF REFRACTORY ALLOY-CLAD FUEL ELEMENTS FOR SPACE REACTORS 
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ABSTRACT 

Two fast reactor irradiation tests, SP-1 
and SP-2, provide a unique and self-consistent 
data set with which to evaluate the technical 
feasibility of potential fuel systems for the 
SP-100 space reactor- Fuel pins fabricated with 
leaditjg cladding candidates (Nb-lZr, PWC-11, and 
Mo-l3Re) and fuel fonas (UN and OO2) are oper
ated at temperatures typical of those expected 
in the SP-100 design. 

The first US fast reactor irradiated, 
refractory alloy clad fuel pins, from the SP-1 
test, reached 1 at.% burnup in EBR-Il in 
March 1985. At that time selected pins were 
discharged for interim examination. These eKao-
inations confirmed the excellent performance of 
the Nb-lZr clad uranium oxide and uranium 
nitride fuel elements, which are the baseline 
fuel systems for two SP-100 reactor concepts. 

TWO OF THE CURSENT SPACE NUCLEAR POWER CONCEPTS 
in the SP-100 prograia use fuel pin type designs, 
where a liquid metal coolant removes the heat 
from the core and transports it to an out-of-core 
energy conversion system. The SP-100 require
ments for a seven year lifetime and low weight 
demand the fuel system operate at significantly 
higher cladding temperatures than is coimnon in 
terrestrial reactors (1100 to 1400 K vs 900 K). 
This necessitates the use of high temperature 
refractory alloys and introduced a complex 
thermodynamic system within the fuel pin. The 
performance of fuel elements under these condi
tions can be evaluated only by irradiation tests 
where the neutron damage, and thermal and chemi
cal environments are accurately simulated. An 
extensive irradiation testing program was con
ducted in the 1950's and 1960's to develop fuel 
pins for space nuclear reactors. That program 
emphasized refractory metal clad uranium nitride 
(UK), uranium carbide (UC), uranium oxide (UO2), 
and metal matrix fuels (UCZr and BeO-U02). 

Weaver and Scott,(D* Gluyas and Watson,(2) and 
Mayer(3) et al., provided summaries and experi
ment descriptions of the irradiation experience 
with UN, UC, and metal matrix fuels. The UO2 
fuel irradiation data are more dispersed; but 
papers by Chubb, Storhok and Keller(4) and 
Kangilaski(5) are good starting points. A data 
base of 342 fuel pins having fuel and cladding 
combinations applicable to SP-100 designs is 
summarized in Figure 1, 

Eased on this earlier work, reviews con
cluded that UN and UO2 fuels in conjunction 
with several refractory metal cladding materials 
show high potential for meeting space reactor 
requireraents(6,7,8). Particular attention was 
payed to the relevant irradiation performance 
data as guided by the SP-100 reactor core 
requirements of peak fuel burnup up to 5 at.Z, 
fast neutron fluence to 3 x 10^2 n/cm^, and 
coolant temperatures up to 1500 K. The fuel pin 
irradiation data base relevant to these require
ments is summarized in Figure 2 where each point 
represents a fuel pin. 

Though significant conclusions are drawn 
from these data, they suffer the nonprotocypic 
feature of having been irradiated in thermal 
rather than fast neutron reactors; thus, the 
effects of fast neutrons on cladding properties 
were not simulated, and the fission rate distri
bution across the fuel diameter had a marked 
depression in the center of the fuel. Moreover, 
the length of the fuel column was quite small in 
many of the experiments, as shown in Figure 3. 
This results in highly uncertain predicted tem
peratures and powers due to complicated heat 
transfer paths and magnified effects of power 
peaking at the ends of fuel columns in thermal 
reactors. 

To summarize the experience with refractory 
metal clad fuel elements: with certain qualifi
cations, which can be accommodated by appropriate 

*Numbers in parentheses designate references at 
end of paper. 
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FIGURE 1. Data Base Available to Select Candidate Fuels and Refractory Alloy Claddings for SP-100. 
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FIGURE 2. Temperature and Burnup Experience with Refractory Alloy Clad Fuel Elements Compared to 
SP-100 Requirements. 



FIGURE 3. Length of Fuel Columns Previously 
Tested in Support of Space Power 
Fuel System Development. 

design, there are a number of fuel/cladding comr 
binations which could meet the current SP-100 
performance requirements. Tungsten alloys used 
with either UN or UO2 have the best potential 
to meet both the lifetime and operating tempera
ture requirements for current designs. Tantalum 
alloys will work with either UN or UO2 provided 
a W diffusion barrier is used with the UN fuel 
and care is taken to avoid hydrogen embrittle-
ment. Because of weight and neutronics consider
ations Ta alloys are most practical with a system 
design using UN. Little irradiation data with 
Mo alloys exist, but based on compatibility and 
strength considerations. Mo alloys are expected 
to meet SP-100 performance requirements with 
either UO2 or UN fuel. Nb alloys have the 
lowest creep strength, and thus may require 
vented fuel pins if UO2 fuel is used. They 
require a W diffusion barrier if used with UN. 
The extensive fabrication experience with Nb 
alloys tends to favor them as cladding materials, 
particularly for the first generation systems. 

The previous irradiation testing programs 
provided considerable guidance for the selection 
of fuel and cladding candidates. However each 
of the fuel/cladding combinations has one or 
more feasibility issues associated with it that 
can not be conclusively resolved with the avail
able data. The major issues are: high tempera
ture UN swelling, fuel/cladding compatibility, 
fast neutron damage to cladding materials, and 
U02/Li reaction in breached fuel pins. 

These issues are addressed by contemporary 
irradiation and laboratory testing programs to 
assure the feasibility of refractory alloy clad 
fuel pins under the high temperature, fast 
neutron flux, and long lifetime conditions of 
SP-100. Two tests, designated SP-1 and SP-2, 
were designed and constructed by Hanford 
Engineering Development Laboratory (HEDL) for 
irradiation in the Experimental Breeder 
Reactor-II (EBR-H) to address the first three 
feasibility issues. (Coolant/fuel compatibility 

is being addressed by laboratory tests not dis
cussed in this paper.) SP-1 was the first to be 
irradiated and provided interim examination data 
to assist in the July 1985 fuel system selection. 
Irradiation of SP-1 began in December 1984; and 
SP-2 began its irradiation in July 1985. Both 
tests will be completed, to SP-100 goal burnup, 
by 1987. Fuel pins for these experiments were 
fabricated by Los Alamos National Laboratory 
(lANL) and the refractory metal cladding mate
rials were obtained by LANL, General Electric, 
and Oakridge National Laboratory. 

The irradiation test vehicle selected for 
the experiment is a modified version of a proven 
irradiation test vehicle used for high tempera
ture B4C irradiations for the LHFBR program. 
The test vehicle contains four test subassem
blies. Figure 4. The outer surfaces of these 
test subassemblies are exposed to the reactor 
sodium coolant at 650 K. A stainless steel sub-
capsule is used to increase the temperature to 
the desired fuel pin cladding temperature, 1300 
to 1500 K, by providing two insulating gas gaps. 
The innermost capsule, fabricated from TZM, a 
molybdenum alloy, is used to contain each fuel 
pin submerged in lithium. The lower TZM capsule 
in each assembly is designed so a thermal expan
sion device, TED, can be included to assist, via 
postirradiation examinations, in determining 
operating temperatures. Preirradiation design 
uncertainties in operating temperature, includ
ing the effects of natural circulation in the 
lithium filled annulus are J;60 K. Postirradia
tion measurements of the TED's coupled with 
burnup analyses are expected to reduce this to 
+30 K. 

Fuel pin fabrication parameters for the 
experiments. Figure 5, were influenced by the 
desire to obtain nearly prototypic, but acceler
ated (relative to the SP-100 seven year lifetime) 
data, and by the constraints of EBR-II. The 
capsules were designed to accommodate two fuel 
pins in each of the four test positions; making 
a total of eight fuel pins in each test vehicle. 
To fit within this envelope the test fuel pins 
are 16.25 cm long and contain a 7.6 cm long fuel 
column. The fuel pin diameter was selected to 
provide a reasonable compromise between an 
accelerated test (accumulating burnup rapidly, 
which is accomplished by operating at a higher 
fission density than the SP-100 designs) and 
achieving prototypic environments. The fuel pin 
was sized to operate at a power density of 
80 W/gm, approximately twice that expected in 
SP-100, yet to maintain prototypic fuel and clad
ding temperature and heat flux. This was accom
plished with a smaller diameter pin (0.75 cm 
compared to a typical 1.25 cm SP-100 pin) and 
introducing a 0.18 cm central hole into the UO2 
fuel- The tests will operate for 450 days at 
full power and will achieve prototypic levels of 
burnup (5 at.%) and fast neutron fluence 
(4.5 X 1022 n/cm2). 

The test matrix for the two assemblies is 
shown schematically in Figure 6. The test pin 
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performance was calculated using a modified ver
sion of the SIEX computer code(9) which was 
developed for fast reactor fuel element design. 
The predicted creep strain of the test pins is 
shown in Figure 7 for ON and UO2 fuel at 1300 
and 1500 K. All the fuel and cladding combina
tions except the high temperature Nfa-lZr clad 
pins will meet a 1% strain criterion usually 
used in design of refractory clad fuel elements. 
The high temperature Nb-lZr clad pins in SP-l 
were removed after I at.% burnup for interim 
examination to provide an indication of fuel 
element performance under the most aggressive 
condition. The four test capsules were radio
graphed and gamma scanned at the reactor site to 
assure all pins were intact and the test had no 
gross anomalies. These preliminary nondestruc
tive tests confirmed pin integrity, confirmed 
the integrity of the lithium thermal bond, and 
provided an estimate that the fission gas 
released to the fuel pin gas plenum from the UN 
fuel was less than one tenth that released from 
the UO2 fuel. 

These two high temperature capsules, con
taining two UO2 fuel pins and two UN fuel pins 
were subsequently shipped to the Hanford 
Engineering Development Laboratory where detailed 
destructive and nondestructive examinations were 
conducted. Although these examinations are 
incomplete at this time, it is apparent that the 
fuel pins are performing as expected. The maxi
mum diameter change observed was on a UO2 fuel 
pin and is 0.5 mil (well within the range of 

predictions). As expected, there is no diameter 
change observable on the UN fuel pins because of 
the much lower internal gas pressure. The gamma 
scans show some Cesium migration to the ends of 
the fuel columns in the UO2 fuel pins, as was 
expected from LMR irradiation tests. There 
apparently is some Ruthenium migration in the UN 
pins which will be investigated during the 
destructive examinations. 

The destructive examinations include fission 
gas sampling, burnup determination and ceramo-
graphic samples to determine fuel void redistri
bution and fuel/cladding chemical compatibility. 
The compatibility determination is of particular 
interest for the UN fuel pins to determine the 
effectiveness of the free-standing W-liner 
incorporated in the design. 
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