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ABSTRACT 

A complete summary of the irradiation performance of 
the various fuel materials dispersed in different matrices has 
been collected. The irradiation performance of the following 
dispersions is discussed in the report: Be0-UO2, BeO-U02- 
ThO* A1203-U02, MgO-UOjj, U02, UC, UC2, and (U,Th)C2 
dispersed in graphite; UBei3 and (U,Th)Bi3 dispersed in beryl¬ 
lium; U02, 11503, U3Og glass, and UA13 dispersed in alumi¬ 
num; UO2, UC, and UN dispersed in stainless steel; UO2 dis¬ 
persed in nickel-chromium alloys; UO2 dispersed in niobium, 
UO2 dispersed in molybdenum, UO2, UN, and UC dispersed 
in tungsten. The data which is summarized includes percentage 
of fuel by weight and volume, specimen shape and size, fuel 
particle size, cladding material and clad thickness, irradiation 
temperature, heat generation rates, irradiation times, fuel 
burnup, fission gas release, dimensional and density changes 
resulting from irradiation. 
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SUMMARY 

Ceramic Material» 

Beryllium Oxide 

1 Experiments have shown that for best; irradiation performance, UO2 particle size 
should be around 100 p. Use of 100-p UO2 particles results in better dimensional 

i stability of the fuel during irradiation, although the fiasion-gas release is increased 
by increased particle size. Irradiation of the Be0-UO2 fuel results in a fission- I fragment-damaged zone in the BeO surrounding each UO2 particle. Special etching of 
the irradiated BeO-UC>2 i« required to make this reaction zone distinct, and it has 
been observed only in dispersions that have been irradiated at low temperatures, to (burnups above 10 x 1020 fissions/cm3. Although in some instances it was not possible 
to detect a distinct phase, the U02 particles "fell out" during metallographic prepara¬ 
tion, indicating that they were surrounded by a brittle material that in all probability Iwas the fission-fragment damaged zone. The observance of the damaged zone in only 
the material irradiated at low temperatures raises the possibility that the fission- 
fragment damage is annealed out at high irradiation temperatures. Other irradiation- 

I induced microstructural changes that have bnen observed are: fission-gas-bubble 
t formation in the UO2 particles and an increase of size of the UO2 particles. Both of 

these are favored by high irradiation temperatures. From the irradiation experiments 
it seems that BeO-U02 fuel pins can be irradiated at surface temperatures up to 900 C 

' for burnups of 7 x 1020 fissions/cm* if a Hastelloy X cladding is used. Use of stainless 
steel as a cladding material reduces the irradiation performance somewhat. 

^ The irradiation performance of BeO-U02“ThO2 fuel pins seems to b* good up to 
the irradiation conditions tested. As of the present, the specimens have been ir- 
radiated at surface temperatures of 700 C, with the maximum burnup being 2 x 10* 
fissions/cm3. These specimens have retained their dimensional stability and have 

1 also exhibited good fission-gas-retention properties. 

Aluminum Oxide 

Fuel elements utilizing AI2O3-UO2 dispersions have shown very poor dimensional 
I stability when irradiated at maximum central temperatures of 740 C and burnups of 
* only 0. 9 x 1020 fissions/cm3. Irradiation of similar specimens to burnups of 5. 2 x 

1020 fissions /cm3 did not result in further volume increases. These tests indicate 
that the performance of AI2O3-UO2 dispersions is considerably inferior to performance 

of BeO-U02 dispersions. 

Magnesium Oxide 

The limited irradiation tests carried out on MgO-UC>2 fuel elements are incon¬ 
clusive since the low-density material had an expected high fission-gas release. Fur¬ 
ther tests would be required to evaluate the fuel completely; however, it seems unlikely 
that the performance of MgO-UC>2 dispersions would equal the excellent performance 
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Graphite 

tempe°a?uPr«teö7800r irr%d^tion Performance at .»irface 
/ ! C, burnuP- o£ UP ‘O 0. 8 X 1020 fiilion-/crn3# Howeveri pre- 

of the di 1 particle« with variou, coating, ha. improved the fi..ion-ga. retention 
of the d .per.ion. to .uch an extent that no further intere.t ha. been .hown in graphite 
diaper.ion. that utilire uncoated particle.. graphite 

Metallic Material. 

Beryllium 

ing paítícle^oMU^h^T’ ^been °n hot-pres.ed .pecimen. contain- 
K ÍU’ Í ^i3 UBe13 dUP®r8ed “ » beryllium matrix. The speci- 

1 1 X 1020 , 3 -ÎÎ. 8UrfaCe temPerature« of 435 to 530 C and burnup. up to 
5 1 dorce it U0" 7 ‘ ^1686 •P®0“"®118 onderwent a maximum den.ity decrea.e of 
.¡ilülr m— tflt‘l0n-*ae relea8® b®in« 1- « Percent. Irradiation of 
3x lo20 fP , n/,> V * * “am0 irradiatlon temperature., to burnup. above 

„a. release"beinff abo Tl’o “ inCreaae' of 11 to 18 P®rc®nt, with the fi.sior 
íelea.Id if , ,, P®"*0*- Specimen, that contained fuel particle, of <50 p 
.LñM 8ma qUantit“8 of fi88io« «ase. but underwent larger dimen- 

ch,„g.^rd ^.hirr.zLt1"8100'to 200'"p,r,icie- n° 

Aluminum 

uraniu^ox^rdl^r'd6'8 °í ^^^1°118 ha8 8ho- that fuel element, that contain 
ever T, ^ ^^bium are stable when irradiated at 50 to 60 C. How- 

f kV irradiatlon8 of U°2 and U308 particle, contained in aluminum were found to be 

The Lt7 T fbUrnUP °f 6Í° 7 X 10r° £i88t°n8/cm3 when irradiated at about 200 C 
n® “8 faCt0r aPP®ared to be the reaction between the uranium oxide, and alumi- 
Dound. that !emPeratur® which cauacd swelling due to production of low-den.ity com- 

irradiation ^ bctw®en alumbium and uranium oxides seems to be enhanced by 

Irradiations of UAI3 particles dispersed in aluminum showed that these fuel ele- 

rrr: 8î.abie when, «radiat2od to burnup* ?11 *1020 Further L 
ad ations to burnup. of 35 x 10 0 fis.ion./cm3 re.ulted in volume increase, of 5 4 to 

6. 1 percent, almo.t all of the volume change being due to'thickness changes. 

Specimen, containing U308 glas, dispersed in an aluminum matrix showed fairlv 
good dimensional stability when irradiated to 3. 7 x lO*8 fission./cm3 aT 100 C 

Iron-Ba.e Alloy. 

Specimen, containing 11¾ particle, di.per.ed in an au.tenitic .tainle.. .teel 
matrix have been thoroughly investigated. A. a re.ult of improvement, in fabrication 
technique., the irradiation performance with respect to temperature and bun up has 
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been continuously increased. The present status of irradiation performance of stain¬ 
less steel-UC>2 dispersions is shown in Figure 15. Figure 15 shows that specimens can 
be irradiated at 900 C to a burnup of 3 x 1020 fissions/cm3 or at 350 C to a burnup of 
24 x 1020 fissions/cm3 without failure or excessive swelling. The limiting factor in 
the performance of these dispersions is the swelling of UO2 due to fission-product 
accumulation with increasing burnup. As the temperature of the matrix is increased 
the yield strength af the matrix decreases, and swelling becomes more pronounced 
if the burnup stays the same. Another important factor that determines irradiation 
performance is the bonding between the matrix and the cladding. If the bonding is not 
complete, local overheating will take place, which in turn results in blistering. The 
main microstructural changes that are caus< in the dispersions by irradiation are 
bubble formation in the UO2 ptrticles, formation of an unidentified white metallic 
phase in UO2 particles, a fission-fragment-damaged zone in the stainless steel that 
surrounds the UO2 particles, and cracking in both the stainless steel matrix and UO2 
fuel particles. 

The performance of üC, UN, and PuC>2 dispersed in riainless steel is very 
similar to the performance of UO2 except that incompatibility between the stainless 
steel matrix and UC and UN has been detected at high operating temperatures. 

Refractory Metals 

A limited number of irradiations involving fuels dispersed in refractory metals 
have been reported in unclassified literature. UO2 and UN dispersed in molybdenum 
and tungsten have been irradiated to burnups of 0. 2 - 1.2 x 1020 fissions/cm3 with the 
irradiation temperatures being 2000-2400 C. The specimens did not undergo dimen¬ 
sional changes, although they released a large percentage of their fission gases. 
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INTRODUCTION 

The reasor for developing dispersion iuels was to improve the irradiation 
performance of nuclear fuels. The two earliest nuclear fuels considered — metallic 
uranium and uranium dioxide - proved to be unsatisfactory for applications requirini; 
moderate surface temperatures and fuel stability after irradiation. Uranium dioxide 
was deemed unacceptable because of its low thermal conductivity, which caused central 
melting of the fuel if a specimen of moderate size was operating at a moderate heat- 
generation rate. Uranium metal was found to be unsatisfactory because of its dimen¬ 
sional instability as a result of irradiation at moderate temperatures. 

A dispersion fuel can be made to vary in its performance by choosing the matrix 
and fuel material for the required application. The main improvements that usually 
can be obtained by using a matrix material are improved thermal conductivity, which 
results in lower operating temperatures, and higher strength, which results in im¬ 
proved dimensional stability during irradiation. In special cases the matrix materia) 
can also be chosen to act as a moderating material for the rea .tor In selecting *. 

matrix material, it is absolutely necessary that the matrix material and the tuel are 
compatible at the maximum operating temperatures of the fuel element. If they are rot 
compatible, reaction products are formed which may have different densities and 
thereby cause dimensional changes in the dispersion. The reaction may also result in 
failure of the matrix, thus enabling the coolant to come into contact with the fuel 
material. The linear thermal-expansion coefficient of the fuol should be less than 
that of fuel. If the linear thermal expansion of the fuel is greater, spalling and erosion 
of the fuel particle would be expected as a result of thermal cycling. Also, the whole 
dispersion may grow as a result of thermal cycling when the fuel expands more than 
the matrix and thereby causes a plastic deformation of the matrix material. The main 
disadvantage of dispersion fuels is that the matrix material acts as a diluent in the 
system requiring either a larger reactor core or a higher enrichment of fertile 
material to obtain criticality. Also, a matrix material with a small capture cross 
section for neutrons should be considered in order to nromote neutron economy. 

In selecting a fuel material, the object is to select the fuel with the highest 
uranium content (UC and UN rather than UO2) in order to reduce the core size required 
for criticality. In all of these choices, the overall cost of the materials and fabrication 
should be considered in making the decision. 

In designing a dispersion it becomes important to consider the size of the fuel 
particles in the matrix. An important consideration is to minimize the fraction of the 
matrix material that is damaged by fission products. Very little experimental work is 
available for the ranges of recoiling fission fragments in various materials, but a 
value of 10 p is generally assumed. The recoil range has been found to decrease with 
increasing density. It has been found that fission-product bombardment decreases the 
ductility of the matrix material. Therefore it becomes necessary to have a continuous 
matrix that is undamaged by fission fragments, in order to have ductile material avail¬ 
able for plastic deformation. The ductility is used to accommodate the pressure build¬ 
up caused by volume expansion of fuel particles caused by fission-product accumula¬ 
tion. Figure 1 shows the percentage of the matrix that is expected to be damaged by 
recoiling fission fragments at different fuel loadings and fuel-particle sizes. This 
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requirement dictates that the fuel particles should not be too small in diameter, as that 
would result in fission-fragment damage to the whole matrix. Cn the other hand, the 
diameter of the fuel particles should not be so large as to cause high temperatures in 
the fuel particles with poor thermal conductivity. Therefore, the particle size of fuel 
becomes a compromise depending on the matrix material, fuel material, and the 
operating conditions (surface temperature and heat-generation rate) of the proposed 
dispersion fuel element. Experience has shown that the best size for fuel particles is 
about 100 p. Another factor to consider is the damage caused by neutrons to the matrix 
material. The general mode of damage is the displacement of atoms from their lattice 
sites. It has been determined that a neutron with an energy of at least 30 ev is required 
for displacement of an atom from its lattice site.(l) However, neutrons having greater 
energies will cause a larger number of displacements by knocking the displaced atoms 
into other atoms, which in turn displace other atoms, until all the kinetic energy con¬ 
tained by the original neutron is finally dissipated. It has been found that the majority 
of atoms that are displaced in materials are displaced by neutrons having energies 
greater than 1 Mev. Displacement of atoms in metals by fast neutrons causes an in¬ 
crease in ultimate strength and a more pronounced increase in yield strength, while 
the ductility is drastically decreased. In ceramics, the displacement of atoms by fast 
neutrons causes a decrease in compressive and tensile strengths of most materials. 

FIGURE 1. MATRIX DAMAGE AS A FUNCTION OF FUEL VOLUME AND 
FUEL-PARTICLE SIZE 

Fission-fragment range =10 ft; spherical fuel particles. 

Since the displaced atoms are knocked into an unstable position, they will have a 
tendency to return to their original stable positions by diiiusion, provided that the 
temperature is high enough. Therefore, an equilibrium number of displacements is 
established in the material which is being exposed to fast neutrons. This equilibrium 
number of displacements depends on rate of fast-flux accumulation, temperature of 
material, and the material itself. Therefore, each material has a specific tempera¬ 
ture above which no appreciable fast-neutron damage takes place when the material is 
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being irradiated at that temperature. However, this temperature i. u8ua1^ ^ÍÍÍC "" ly 
high so that the strength oí the material is considerably reduced when operated at that 
temperature. It has also been found that a higher annealing temperature i. required 
to remove the damage caused by fission fragments than is required to remove the 
damage caused by fast neutrons. (2) This may be due to the fission fragments acting as 

impurity atoms. Therefore, a compromise has to be made ?s to th® °f ^ 
neutron damage that can be accepted and the operating temperature of the dispersion. 

Another important consideration in the performance of the dispersion is the 
process by which it was fabricated. The earlier dispersions exhibited angular fuel 
particles that would result in s ringers during the rolling operation. Stringers ia turn 

would act as stress raisers where crack, would originate ^ 
particles and an increase of the rolling temperature has eliminated this problem. To 

insure a continuous matri* in highly loaded dispersions, it 
precoat the fuel particles with a thin coat of matrix material before sintering. 

Some of the pertinent properties of important matrix and fuel materials are given 
in the Appendix. The properties that are given are compatibility, physical proper íes, 

and the annealing temperature required to remove fast-neutron damage. 

CERAMIC MATRIX MATERIALS 

Beryllium Oxide 

Beryllium oxide has found wide application as a matrix material for U02 disper¬ 
sions because of its many good properties. Among these may oe included it. rathe 
good thermal conductivity, resistance to thermal shock, low absorption of therm 1 
neutrons, and good mechanical properties at elevated temperatures, ^ugh an eutec 

tic is formed between BeO and UOZ at ¿050 C and 65 molecular percent n0J®aC_ 
tion takes place between the two at the expected operating temperatures of the disper 

sion. Fast neutrons cause expansion of BeO lattice but this 
higher irradiation temperatures. The pioduction and release of helium by (n,a) reac 
tion in BeO has also been found to be negligible. Another advantageous Pr°Per y ° 
BeO fuel is its neutron-moderating ability. Thus a BeO-disperse ue e 
used as a self-mode rating, homogeneous reactor fuel. 

The first irradiation studies of a BeO-U02-dispersed fuel were carried out at 
Argonne National Laboratory. O) Cylinders and prisms of BeO containing 2 and 10 
weight percent U02 were sintered to densities ranging from 70 to 90 P«cent ol 

theoretical density. The U02 particle size was less than 2 ** 
grain size was from 6 to 12 microns. The samples containing 2 weight percent U02 
were irradiated at 250 C, while the 10 weight percent u°2 specimen, were irradiated^ 
at 650 to 700 C. Burnup ranges of these specimens were from 5. 5 x 10 to 1. 2 x iu 
fissions/cm^. All of the BeO-U02 specimens underwent linear expansions of about 
0. 5 to 0. 8 percent. Performance of all significant BeO-U02 irradiations is given in 
Table 1. It was felt that the reason for the somewhat uniform expansion at the two 
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TABLE 1. IRRADIATION PERFORMANCE OF U02 FUEL 

Nunbet 
Sped- of 

men Specimens Fuel 
Desig- in Weight, 
nation Sample X 

Fuel 
Vol¬ 
ume, 
% 

Speci- 
Density, men 

%T.D.(«) Shape 

Speci¬ 
men 

Length, 
in. 

Specimen 
Diam or 
Thick¬ 
ness, 

in. 

Fuel 
Particle 
Size, n 

/ 

Cladding 
Material 

Clad¬ 
ding 

Thick¬ 
ness, 

in. 

ANL 

1- A 
B 
C 
D 

2- A 
B 
C 
D 

3- A 
B 
C 
D 

29-22 
59-2 
59-3 
1B-8T-1 
1B-8T-2 
MTR-GCR-3 

11 
« 

6 
13 
10 

1B-17R-2 
3 

2 
2 
2 
2 
2 
2 

10 
10 
10 
10 
10 
10 
2 
2 
2 
2 
2 
2 
n 
10 

10 
10 
25.3 
25.3 
25.3 
25.1 
28.7 
28.7 
28.7 
28.7 
30.1 
30.1 
30.1 
30.1 
65 
65 
51 
60 
60 
70 
80 
70 
70 
70 
70 
75 
75 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
8.5 
8.5 
8.5 
8.5 

10 
10 
10 
10 
10.5 
10.5 
10.5 
10.5 
34 
34 
22 
29 
29 
39 
53 
39 
39 
39 
39 
45 
45 

76 Rod 
76 Rod 
76 Rod 
82 Rod 
82 Rod 
82 Rod 
76 Rod 
76 Rod 
76 Rod 
79 Rod 
79 Rod 
79 Rod 
88 Plate 
88 Plate 
88 Plate 
89 Plate 
89 Plate 
89 Plate 
74 Plate 
74 Plate 
74 Plate 
79 Plate 
79 Plate 
79 Plate 
% Plate 
96 Plate 
96 Plate 
96 Plate 
90 Plate 
90 Plate 
90 Plate 
90 Plate 
91 Plate 
91 Plate 
91 Plate 
91 Plate 
97 Plate 
97 Plate 
97 Plate 
94-97 Rod 
94-97 Rod 
96-97 Rod 
96-97 Rod 
96-97 Rod 
96-97 Rod 
96-97 Rod 
96-97 Rod 

Rod 
Rod 

0.25 0.25 ~2 
0.25 0 25 2 
0.25 0.25 2 
0.25 0.25 2 
0.25 0.25 2 
0.25 0.25 2 
0.25 0.25 2 
0.25 0.25 2 
0.25 0.25 2 
0.25 0.25 2 
025 0.25 2 
0.25 0.25 2 
1.75 0.19x0.19 2 
1.75 0.19x0.19 2 
1.75 0.19x0.19 2 
1.75 0.19 x 0.19 2 
1.75 0.19 x 0.19 2 
1.75 0.19 x 0.19 2 
1.75 0.19x0.19 2 
1.75 0.19 x 0.19 2 
1.75 0.19 x 0.19 2 
1.75 0.19x0.19 2 
1.75 0.19 x 0.19 2 
1.75 0.19x0.19 2 
1.5 0.25 x 0.04 <50 
1.5 0.25 x 0.04 <50 
1.5 0.25 x 0.04 <50 
1.5 0.25x0.04 150 
1.5 0.25 x 0.04 150 
1.5 0.25 x 0.04 150 
1.5 0.25 x 0.04 150 
1.5 0.25 x 0.04 150 
1.5 0.25x0.04 150 
1.5 0.25x0.04 150 
1.5 0.25 x 0.04 150 
1.5 0.25 x 0.04 150 
1.5 0.25x0.03 10 
1.5 0.25 x 0.02 10 
1.5 0.25 x 0.03 10 

28 0.180 
28 0.180 

1.056 0.145 5-40 
1.056 0.145 540 
1.056 0.145 540 
1.056 0.145 540 
1.056 0.145 540 
1.056 0.145 5-40 

0.180 100-500 
0.180 100-500 

AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 
AI 

Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 ".GIS 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.016 
Zr-2 0.015 
Zr-2 0.020 
Zr-2 0.018 

Hastalloy-X 0.030 
Hastalloy-X 0.030 
Hastalloy-X 0.030 
Hastalloy-X 0.030 
Hastplloy-X 0.030 
Hastalloy-X 0.030 
Hastalloy-X 0.030 
Hastalloy-X 0.030 
Hastalloy-X 0.033 
Hastalloy-X 0.033 

/ 
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PARTICLES DISPERSED IN BERYLLIUM OXIDE MATRIX 

Tempetatuie, C 

Sur- Aver- Cen- 
tace age ter 

Irrad. 
Time, 

hr 

Burnup, Bulk 
1020 Heat 

fissions/ Gen. 
cr of Rate, 
fu«l kw/cm3 

Surface 
Heat 
Gen. 

Property Changes Caused 
_by Irradiation, % 

Fission- Diam 
Gas or 

Release, Thick- Oen- Vol- 
% ness sity ume Length, Reference 

280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
235 
235 
235 
955 
955 
855 
930 

870 
860 
840 
770 
715 

250 
250 
250 
250 
250 
250 
650-700 
650-700 
650-700 
650-700 
650-700 
650-700 
250 
250 
250 
250 
250 
250 
650-700 
650-700 
650-700 
650-700 
650-700 
650-700 
475 
475 
475 
475 
500 
500 
500 
500 
445 
445 
445 
445 

690 
860 

1130 

1400 
1365 
1660 
1685 
1570 
1545 
910 
825 

6415 
10150 
8750 
8750 
8750 
8750 
8750 
8750 
5820 
5820 

0.006 
0.013 
0.022 
0.006 
0.014 
0.024 
0.034 
0.069 
0.11 
0.035 
0.071 
0.12 
0.006 
0.015 
0.026 
0.006 
0.015 

27 
30 
28.8 
27.5 
3.0 
8.0 
4i 
7.3 

10.7 
12.7 
27.5 

8.2 

0.50 
0.90 
0.60 
0.62 
0.52 
0.65 
0.44 
0.71 
0.62 
0.61 
0.46 
0.65 
0.51 
0.60 
0.59 
0.48 
0.67 
0.65 
0.61 
0.73 
0.78 
0.60 
0.64 
0.81 

5.5 
2.9 
2.4 

0.5 
15 Ruptured 
0.5 
0.1 
0.1 

-as 
No dimensional changes 
No dimensional changes 

0.2 
0.1 
0.1 
0.1 
0.1 
0.1 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
6 
6 

8 
8 
8 
8 
9 
9 

I 
■.I.. ..., i 
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TABLE 1. 

Speci¬ 
men 

Desig¬ 
nation 

Number 
of 

Specimens Fuel 
in Weight, 

Sample % 

Fuel 
Vol- Speci- 

Density, men 
%T.D.<») Shape 

Specimen 
Speci- Diam or 
•“o Thick- Fuel 

Length, ness, particle 
in. in. Siie,n 

Cladding 
Material 

Clad¬ 
ding 

Thick¬ 
ness, 
in. 

1B-17R-6 
10 
12 
18 

BMI-47-1 
7 
8 
9 

MGCR-4 

MGCR-1 
2 
3 

GCRE-BRR-ll-l 
2 
3 
4 
5 
6 

BMI-31-1 
1 
2 
3 
4 

BMI-31-3 
6 
7 

10 
12 
13 
14 
17 
24 

BMI-31-2 
8 
9 

12 
17 
2 
8 

21 
22 

BMI-31-4 
5 

13 
30 
31 

3 

1 
1 
1 
1 

1 
1 
1 
4 
4 
2 

19 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

1 
1 
I 
1 
1 
1 
1 

75 
75 
75 
75 

70 
70 
70 
60 
60 
60 
60 
60 
37-56 
37-56 
37-56 
37-56 
37-56 
37-56 

54 
54 
54 
54 

47 
47 
47 
47 
47 
47 
47 
47 

52 
52 
52 
52 
52 
52 
49 
49 

52 
52 
52 
52 
52 

45 
45 
45 
45 

39 
39 
39 
29 
29 
29 
29 
29 
14-26 
14-26 
14-26 
14-26 
14-26 
14-26 

24 
24 
24 
24 

19 
19 
19 
19 
19 
19 
19 
19 

22.5 
22.5 
22.5 
22.5 
20.5 
20.5 
20.5 
20.5 

22.5 
22.5 
22.5 
22.5 
20.5 

92.3 
91.7 
91.9 

98 
98 
98 
98 
98 
98 

94.5 
94 
93.8 
93.8 
95.2 
93.1 
93.1 
93.1 

89.6 
89.1 
89.3 
89.8 
93.8 
94.8 
94.0 
93.8 

90.5 
90.8 
90.8 
89.4 
95.1 

Rod 
Rod 
Rod 
Rod 

Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 

Rod 
Rod 
Rod 
Rod 

Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 

Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 

Rod 
Rod 
Rod 
Rod 
Rod 

0.75 
0.75 
0.75 
2.0 
2.0 

18 
18 

1.01 
1.01 
1.01 
1.01 
1.01 
1.01 

0.25 
0.25 
0.25 
0.25 

0.25 
0.25 
0.25 
0.25 
0.25 
0Í5 
0.25 
0.25 

0.25 
0.25 
0.25 
0.25 
0.25 
125 
0.25 
0.25 

0.25 
0.25 
125 
0.25 
0.25 

0.180 
0.180 
0.180 
0.180 

0.140 
1140 
0.140 
0.390 
0.390 
0.250 

0.375 
0.16 
116 
0.16 
0.16 
0.16 
0.16 

0.22 
0.22 
0.22 
022 

022 
122 
122 
122 
0.22 
122 
122 
0.22 

0.22 
0.22 
122 

022 
122 
122 
0.22 
0.22 

0.22 
0.22 
122 

122 

0.22 

100-500 Hastalloy-X 0.033 
100-500 Hastalloy-X 0.033 
100-500 Hastalloy-X 1033 
100-500 Hastalloy-X 0.033 

25 
150 
150 

1 

<40 
<40 
<40 
<40 
<40 
<40 

125 
125 
125 
125 

125 
125 
125 
125 
125 
125 
125 
125 

125 
125 
125 
125 
125 
125 
125 
125 

125 
125 
125 
125 
125 

Hastalloy-X 
Hastalloy-X 
Hastalloy-X 
Monel 
Monel 
Nickel 
Monel 
Hastalloy-X 
Hastalloy-X 
Hastalloy-X 
Hastalloy-X 
Hastalloy-X 
Hastalloy-X 
Hastalloy-X 

316 SS 
316 SS 
316 SS 
316 SS 

316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 

316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 

316 SS 
316 SS 
316 SS 
316 SS 
316 SS 

0.030 
0.030 
0.030 
0.015 
0.015 
0.010 
0.010 
0.010 
0.030 
0.030 
0.030 
0.030 
0.030 
0.030 

0.011 
0.011 
0.011 
0.011 

0.011 
0.011 
0.011 
0.011 
0.011 
0.011 
0.011 
0.011 

0.011 
0.011 
0.011 
0.011 
0.011 
0.011 
0.011 
0.011 

0.011 
0.011 
0.011 
0.011 
0.011 

L 
I 
Í 
II 
c 
à 
(5 

ß 
/1 
íi 
o 
ß 

o 
-Ë 
ß 
li 
I] 
B 
fl 

F 1 
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I 

(CONTINUED) 

Temperature, C 

Sur¬ 
face 

Aver¬ 
age 

630 
715 
770 
730 

940 
930 
800 

820 
820 
930 

930 
940 
900 
890 
790 

815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 

815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 

815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 

815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 
815 955-1025 

Irrad. 
Cen- Time, 
ter hr 

fissions/ 
cnr of 
fuel 

680 5820 
825 5820 
910 5820 
815 5820 

1120 4700 
1090 4700 
970 4700 

1095 11700 
1095 11700 

1000 
1300 
1430 
1200 
1200 
1200 
1200 
1200 
1200 

1150 
1150 
1150 
1150 

5400 
5400 
5400 
5400 
5400 
5400 
5400 
5400 

7100 
7100 
7100 
7100 
7100 
7100 
7100 
7100 

10300 
10300 
10300 
10300 
10300 

1.7 
2.8 
3.3 
1.9 

14.8 
14.5 
12.4 
3.7 
3.7 

1.1 
1.4 
1.2 
1.1 
0.83 
0.89 

* 

0.87 
0.87 
0.87 
0.87 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.6 
2.6 
2.6 
2.6 
2.7 
2.7 
2.7 
2.7 

5.8 
5.8 
5.8 
5.8 
5.1 

Bulk Surface 
Heat Heat 
Gen. Gen. 

Rate, Rate 
kw/cm3 w/cm2 

0.25 
0.42 
0.49 
0.28 

2.7 
2.7 
2.3 
0.28 
0.28 

0.80 
1.0 
0.87 
0.80 
0.60 
0.65 

0.66 
0.66 
0.66 
0.66 

0.32 
0.32 
0.32 
0.32 
C.32 
0.32 
0.32 
0.32 

0.32 
0.32 
0.32 
0.32 
0.33 
0.33 
0.33 
0.33 

0.49 
0.49 
0.49 
0.49 
0.43 

28 
48 
56 
32 

236 
236 
200 

70 
70 

77 
97 
84 
77 
58 
63 

92' 
92 
92 
92. 

45 
45 
45 
45 
45 
45 
45 
45 

45 
45 
45 
45 
46 
46 
46 
46 

69 
69 
69 
69 
60 

Property Changes Caused 
by Irradiation, % 

Fission- Diam 
Gas or 

Release, Thick- 
% ness 

Den¬ 
sity 

Vol¬ 
ume Length, Reference 

1.0 

2.2 
1.3 

13.4 
0.1 

0.4 

5.2 
6.4 
3.3 

0.4-0.8 

0 
0 
0 
0 

0.2 
0 
0.2 
0.1 

•1.0 
•1.0 
•0.4 
•0.2 

2.2 
U 
1.8 
1.8 

-0.4 
•0.6 
-0.6 
-0.4 

2.5 
0.8 

No dimensional changes 
No dimensional changes 
No dimensional changes 
No dimensional changes 

-10.0 
-11.1 
-8.4 

0 
4.3 
0. 

l.j-3.0 0.2-0.5 

Nc dimensional changes 
No dimensional changes 
No dimensional changes 

•1.1 

•1.6 

-1.0 
-0.5 
0.2 
0.2 

-»2.5 
-0.5 
*1.1 
•3.2 
■0.9 
•1.1 
*1.4 
0.9 

-5.5 
■5.4 

1.0 
0J 
1.0 

■0.1 
0 
0.4 
0.2 
0 

-2.8 
2.4 
1.2 
1.2 
3.0 

•0.5 
44 
1.0 

1.2 
2.2 

9 
9 
9 
9 

10 
10 
10 
11 
11 
12 
12 
12 
13 
13 
13 
13 
13 
13 

14,15,16 
14,15,16 
14,15,16 
14,15,16 

14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 

14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 

14,15,16 
14,15,16 
14,15,16 
14,15,16 
14,15,16 

I 
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TABLE 1. 

Spec!- 

Desig¬ 
nation 

Number 
of Fuel 

Specimens Fuel Vel¬ 
in Height, ume 

Sample % % 

Specimen Clad- 
Speci- Diam or ding 

Speci- men Thick- Fuel Thick- 
Density, men Length, ness, Particle Cladding ness, 

*T.P.M Shape in. in. Sire.fi Material in. 

BMI-31-5 1 
16 1 
19 1 

MGCR-9 
1 1 
2 1 
3 1 
4 1 
5 1 
6 1 

LM-2a 1 
LM-2b 1 
LM-4a 1 
LM-4b 1 
01-6 4 

VJS 

49 20.5 
49 20.5 
49 20.5 

95 Rod 0.25 
92.5 Rod 0.25 
93 Rod 0.25 

0.22 125 316 SS 
0.22 125 316 SS 
0.22 125 316 SS 

60 29 
60 29 
60 29 
60 29 
60 29 
60 29 
59 28 
59 28 
59 28 
59 28 
62 30.5 

95.2 Rod 1.0 
95.4 Rod 1.0 
93.2 Rod 1.0 
94.7 Rod 1.0 
93.2 Rod 1.0 
93.4 Rod 1.0 
98 Tubular 
98 Tubular 
98 Tubular 
98 Tubular 
95 Tubular 5.5 

0.40 25 Hastalloy-X 
0.40 25 Hastalloy-X 
0.*0 150 Hastalloy-X 
0.40 25 Hastalloy-X 
0.40 150 Hastalloy-X 
0.40 150 Hastalloy-X 

0.5-5 Inconel 
0.5-5 Inconel 
0.5-5 Inconel 

n cnn nn T O-5*5 

^50000 l 150 S.S. 
0.250 ID J 

0.011 
0.011 
0.011 

0.20 

—
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(CONTINUED) 

Temperature, C_ lrra(j. 

Sur- Aver- Can- Time, 
fxe age ter hr 

Burnup, Bulk Surface 
1020 Heat Heat 

(issjoni/ Gen. Gen. 
air of Rate, 
fuel kw/cnr 

Property Changes Caused 
_hy Irradietion, %_ 

Fission- Diem 
Gas of 

Release, Thick- Den- Vol- 
% ness sity ume Length, Reference 

815 955-1025 10300 5.1 
815 955-1025 10300 5.1 
815 955-1025 10300 5.1 

0.43 60 
0.43 60 
0.43 60 

0.4 -5.4 

1.7 -2.6 

2i 14,15,16 
0.S 14,15,16 
1.0 14,15,16 

930 
930 
930 
930 
930 
930 

1010 
1200 
1200 
1200 

370 1160 

2.2 
2.1 
2J 
2.0 
2. 
2.3 

3.2 
3.2 
3.7 
3.7 
1.1 0.45 76 

0 -3.4 
0.3 

24.2 -4.1 
0 -3.5 

23J -2.4 
17.6 

0.3 0.9 -6.3 
0.3 2.0 8.7 
0.2 0.9 -5.2 
0.2 Capsule leaked 

•1 

17 
17 
17 
17 
17 
17 

1.7 21 
2.5 21 
1.2 21 

21 
22,23 



14 

thr OÍÍBettÍn* COndÍtÍOni °f loW ir-d-tion temperature and 

the other «t of 8DIci^in.PeC^!ü', t ^ hÍ8h irr,ldi*tion temperature in 
damage i. exneetid tÎTh , ^ 8 temPer*ture» a considerable amount of the 

* exP*cted to be annealed out. It was aleo found that the crushing strength of 

moreen X ! 7* dccrea'ed 20 to 30 P«cent if the density of specimens was 
more than 80 percent of theoretical density. Increases of up to J " ,7™, ' . 

strength took place in irradiated specimens that had a theoretical acnsity of leVs tharK 

irradíaaon ThiîVüi ^ ela8tÍC modulu» of BeO-U02 was decreased by 
irradiation. This is tllustrated in Figure 2. The decrease in elastic modulus is 

y. 

4 

✓ 

X 
► 

• 

L 
. 

✓ 
/ 

/ 
/ 

i / 

*'BeO*Dwt.%U0liiradiatad at650-700C 
1/ x‘B*0* Zwt^uOjirrodiatid 0I23OC 

¢-4 1 1 i ! 1 ! 
Bwnup, K)1* f ¡«stons/cm* *SJJM 

FIGURE 2. EFFECT OF BURNUP ON ELASTIC MODULUS OF BeO-UOz*3* 

A«rth.°h?KCh ! ■atUr,,i°" f”1"' af"r an «PO»ur. o£ about 3 x i0I8 «..¡on./cnA 
g ,TP!rilUr” an"eala 0Ut *»m« »Í <!>• fission frac.nent damaa. ^h. 

x¿Tu 7 ' v'°'U02 fUel Waa “> oo„8.id."auy 4 „«u.ro„ 
BeO and R r, no “ F‘gUr'‘ 3 a,,d 4’ 11 -=ompariug tha off.« of irr.djio“ on 

fragmâm^fíTe", 2«h.r,h ren maÍ°rÍ,y °í,he ^ «° fission- 
at mTk ! a8t neutrona- The small increase in thermal resistivity 
tempereaLresnUP8 attribUted t0 annealin8 «««ts at the higher irradiation 

irradiations of sintered BeO-U02 plates have been performed at Westinghouse <4>! 
these irradiations have been perfoimed on both fine (10 fi) and coarse (150 /j) UO? 
particles. Irradiation temperaturas of these specimens were in the 450 to 500 C range 
wh.l. th. burnup .a. about 10 to 12 x 10^ fia..on./cm’. Tb. spoclmon. containing ,h. 
fine U02 particles underwent considerably larger volume increases than the specimens 

bur™«1" ™r|Ve Particlea 76° both were irradiated at the same temperature and 
burnup. This fact seems to indicate that it is important to keep the fraction of the BeO 
matrix, which is damaged by fission fragments, to a minimum. In another experiment 
it was shown that the volume increases undergone by specimens containing fine U02 
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/ 
✓ 

/ 
/- y// 

// 
'// 

* / 
✓ i... 

1/ r 

l / 

BeO-2 wt.'frUOs (f ■ 2.18 g cm'3) 
BüO-2 wt.li.UO2 (P -2.85 g cm'3) 
BeO-lO wt.lfcUC^ (p »2.85 g cm'3) 
BeO-lO wt.H» UO2 (P -3.01 g cm'3) 

Fission-fragment- caused 
effect 

O BeO (p “ 2.1 g cm'3) 
O BeO (p ■ 2.9 g cm*3) 

S4- 1 
12 24 36 40 60 72 84 96 108 120 132x10 

Integrated Neutron Exposure, nvt 

FIGURE 3. EFFECT OF NEUTRON EXPOSURE ON THE RELATIVE 
THERMAL RESISTIVITY OF BeO AND Be0-U02(3) 

2> 3 
« 
•ï =5 
0 2 
0) — 

a: oc 

O BeO-lO wt.%U02 irradiated at 650-100 C (p ■ 2.85 g/cm3) 
A BeO-lO wt.lfcUOs irradiated at 650-100 C (p ■ 3.01 g/cm3) 
• BeO-2 wt.%U02 irradiated at 250 C (p - £.18 g/cm3) 
X BeO-2 \n.l0VO2 irradiated at 250 C (p - 2.85 g/cm3) 

4 6 8 

Bumup, 10® fissions/cm5 

10 12 

*-53375 

FIGURE 4. EFFECr" OF BURNUP AND TEMPERATURE ON THE 
THERMAL RESISTIVITY OF BeO-U02(i) 
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particles were linearly dependent on burnup (Figure 5). However, the specimens that 
received the higher burnup also operated at higher temperatures. Therefore, caution 
must be exercised in assuming that the magnitude of volume increase is due only to 
magnitude of burnup. 

FIGURE 5. SWELLING OF BeO-UOz and A1203-U02 AS A 
FUNCTION OF BURNUP*5) 

_ .mparisons were also made in the performance of dispersions from which the 
UO2 at the surface had been leached away by acid. Both of these specimens contained 
150-ft-aize UO2 particles and were irradiated at similar conditions. It was found that 
leached specimens underwent larger dimensional changes than the unleached speci¬ 
mens. No reason was given for this behavior. Metallographie examination of speci¬ 
mens containing coarse UO2 particles showed that the BeO surrounding the UO2 

particles was damaged. The amount of damage is believed to be limited by the 
distance that fission fragments travel in BeO (Figure 6). X-ray-diffraction studies 
that were performed on the irradiated specimens did not show either the BeO or UO2 

crystal structure, indicating that the structure of both may have been destroyed by 
irradiation. 

Considerable amounts of BeO-U02 have been irradiated in conjunction with 
developing the ML-1 (Mobile Gas-Cooled Reactor) Reactor for the United States Army. 



17 

Fusion-gas bubble 

in damaged BeO 

"O2 particle with 

fission-gas 

Fisiion-fragment- 

damaged BeO 

FIGURE 6. FISSION-FRAGMENT DAMAGE IN THE BeO MATRIX 
AS A RESULT OF IRRADIATION<4> 

The specimen received a burnup of 11 x iO^O 
fissions/cm3. 

Two fuel-element bundles, each of which contained 12 BeO-60 weight percent 
UO2 fuel pins, were irradiated by Aerojet-General Nucleonics. These sintered fuel 
pellets had a diameter of 0. 180 inch and were contained in 0. 030 inch of Hastelloy X. 
The structure of the fuel showed a continuous phase of both BeO and UO^. Irradiation 
of these pins at surface temperatures of about 955 C to a maximum burnup of 5. 7 x 
1020 fi ssions/cm^ did not result in any specimen failures. However, some bowing of 
the 28-inch-long specimene, which was attributed to constraint imposed by spacer 
wires during thermal expansion of the fuel pins, took place. The specimens released 
less than 1 percent of their fission gases. Metallographie examination of the fuel 
showed that some cracking hau taken place. Agglomeration of the UO2 into large 
particles occurred in some of the specimens. 

Capsule BRR-CCR-2, containing six BeO-56 weight percent UO2 dispersions, was 
irradiated for 1150 hours at 930 No significant changes were observed in speci¬ 
men dimensions or microstructure of the irradiated fuel. Fission-gas release from 
the specimens was rather low. 

Specimens containing 70 to 80 weight percent UO2 were irradiated as part of 
MTR-GCR-3. (8) In these specimens it was not possible to fix a meaningful UO2 
particle size since both the UO2 and BeO formed continuous phases. Six specimens 
were irradiated at high temperatures to burnups of up to 6. 3 x 10^0 fissions/cm^ of 
fuel. One of the six specimens failed by rupture after a diametrical increase of 15 
percent had occurred. The other specimens underwent minimal dimensional changes. 
Fission-gas release from the specimens was 0. 6 to 2. 8 percent, except the specimen 
that ruptured, which released 69 percent of its fission gases. Metallographie examina¬ 
tion of the specimens revealed that central void was formed in one of the specimens, 
indicating higher than expected central fuel temperatures. Other changes that were 
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observed were bubble formation and the destruction of UO2 microstructures near the 
outer edge of the fuel pellets. This seems to indicate that nonuniform fissioning took 
place in the fuel, the outer edge receiving a much higher burnup than the center. 
Because of the high uranium-235 enrichment in the high UO2 loading, it is quite possible 
that the center of the fuel underwent a very low burnup, because most of the available 
neutrons were attenuated by the fuel at the outer edge of the specimens. A damaged 
zone of BeO was found at the interface of UO2 and BeO, indicating fission-fragment 
damage. However, X-ray diffraction studies showed the BeO and U02 crystal struc¬ 
ture to be essentially undamaged. It must be taken into consideration that fissioning 
in the samples was not uniform, and consequently the results represent averaged 
conditions. 

Bundle 1B-14R contained 19 BeO-65 weight percent UO2 fuel pins and was 
irradiated for 3730 hours. I?) Results of the test indicated that no dimensional or 
microatructural changes in the fuel occurred. 

Further irradiation of another bundle of BeO-U02 fuel pins was carried out 
(1B-17R-2). These specimens contained large UO2 particles (100 to 500 fi), and the 
U02 content was 75 weight percent. Irradiation of these Hastelloy X-claa pins was 
carried out for 5820 hours at a maximum surface temperature of 770 C, the maximum 
burnup being 3. 3 x 10 fissions/cm-*. The specimens did not undergo any dimensional 
changea, and the fission-gas release was 1 to 2. 2 percent. Considerable cracking was 
xound in both the fuel and the matrix. The cuase of this cracking was believed to be due 
to the thermal-conductivity mismatch of BeO and U02.<9) 

A capsule containing three BeO-70 weight percent U02 specimens among different 
fuel specimens was irradiated. The irradiation temperature of the specimens 
varied from 800 to 940 C, the burnup being from 12.4 to 14.8 x 1020 fissions/cm3 of 
fuel. Examination of the specimens after irradiation revealed that the cladding on two 
of the three specimens had cracked. The fuel pellets had undergone diameter increases 
of 3. 3 to 6.4 percent, with the density decrease being 8.4 to 11. 1 percent. The unclad 
specimen released about 13.4 percent of its fission gases. During metallographic 
examination of the fuel it was found that considerable "pull-out" of the UO2 particles 
occurred. This is attributed to fisaion-fragment damage in the surrounding BeO 
matrix. X-ray-diffraction studies on the irradiated BeO-70 weight percent UO2 showed 
that the U02-lattice parameter had increased slightly. Only faint traces of the BeO 
structure were detected. 

General Atomics has investigated BeO-U02 as a possible fuel for EBOR (Experi¬ 
mental Beryllium Oxide Reactor) and MGCR (Maritime Gas Cooled Reactor). 

A total of eight specimens of BeO-UO2-60 weight percent were irradiated.^1) 
Four of these specimens contained 25-/1 U02 particles, while the other four contained 
150-/1 particles. The specimens were irradiated for a total of 11,700 hours at maximum 
center temperatures of 1095 C and burnups of 3. 7 x 1020 fissions/cm3 . Cracking of 
the Monel cladding prevented analysis of fission-gas from seven of the specimens, but 
one analysis from the fine-particle specimens showed that only 1 percent of the fission 
gases was released. Examination of the specimens showed that the specimens contain¬ 
ing the 150-/1 U02 particles were intact, while the specimens containing the 25-/1 U02 
particles had cracked. Dimensional increases of the coarse fuel particles were 0.4 to 
0.8 percent, corresponding to density decreases of 1.5 to 3 percent. Since the fine- 
particle specimens were cracked, no dimensional measurements on them were possible. 
Metallographic examination of the specimens showed that no gross microstructural 
changes had occurred as a result of irradiation. 
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As part of the Maritime Gas Cooled Reactor program, three fuel assemblies 
were irradiated in the D-R gas loop located in a Hanford Reactor. (12) The fuel in these 
assemblies consisted of 3eO-60 weight percent UO2, with the particle size varying 
from l to 150 microns. Tests were conducted at 820 and 930 C for times up to 1430 
hours. It was found that the fission-gas release from the fuel was minimal, and that 
no dimensional changes took place. 

Six 0. 160-inch-diameter BeO-56 weight percent UO2 specimens containing 40-fi 
UO2 particles and clad with 30 mils of Hastelloy X, were irradiated at surface tempera¬ 
tures of 790 to 930 C.Ü3) The specimens underwent burnups of 0. 83 to 1.4 x 10^0 
fissioPd/cm3 of fuel. The clad specimens underwent no dimensional changes as a 
result of irradiation. Two of the six specimens were sectioned, and the fuel pellets 
were removed. Density measurements performed on the pellets showed that the 
individual pellets had undergone density decreases of 1 to 2. 4 percent. No microstruc¬ 
tural changes were caused in the fuel by irradiation. 

A total of 28 pellets encapsulated in four different capsules were irradiated/*4’^) 
The sintered specimens contained 47 to 54 weight percent UO2 and had densities of 89 
to 95 percent of theoretical density. Average UO2 particle size was about 125 microns. 
All of the specimens were irradiated at surface temperatures of 815 C, the average 
fuel temperature being 955 to 1025 C. Length of irradiation on the specimens varied 
from 1150 to 10,300 hours, with the maximum burnup being 5.8 x 10^0 fissions/cm3. 
The specimens were found to undergo no dimensional changes at burnups of 9 x 10*^ 
fissions/cm3, but did undergo progressively larger dimensional and density changes 
with higher burnup and longer irradiation time, the maximum being a 5. 5 percent 
density decrease after 5 x 10‘’0 fissions/cm3. The crushing strength of the pellets was 
reduced from 86,300 psi to 68,500 psi by an irradiation of 2 x lO2*^ fissions/cm3. 
Metallographie examination of the fuel irradiated to 2 x 102® fissions/cm3 did not show 
any major microstructural changes except for an appearance of damaged BeO next to 
UO2 particles. It was also found by X-ray-diffraction studies that the BeO crystal 
structure was not destroyed by the irradiation. Resistance to abrasion when tested by 
grinding was also reduced as a result of irradiation. 

An irradiation experiment containing BeO-60 weight percent U02 specimens was 
performed to study the effect of U02 particle size on irradiation performance, especi¬ 
ally on fission gas release. (1^, 17) Three of the sintered specimens contained 25-p 
UO2 particles, while the other three contained 150-/J UO2 particles. Both types of 
specimens were irradiated to burnups of 2 to 2. 3 x 1020 fissions/cm3 at surface 
temperatures of 930 C. The specimens underwent density decreases of 2.4 to 4. 5 per¬ 
cent; both types of specimens performed about equally. No ma,-ir changes were 
observed in the irradiated microstructure, although the BeO that surrounded the U02 
particles tended to "pull-out" during the metallographic preparation. The specimens 
that contained the 150-p U02 particles were found to release 17 to 24 percent of their 
fission gases, while the 25-^ U02 particles released only 0.3 percent. These results 
indicate that diffusion of fission gases in UO2 is probably faster than diffusion of fission 
gases in BeO. This is based on the reasoning that the fission gases from smaller 
particles are recoiled into the BeO matrix, from which they would have to be released 
by diffusing through the BeO. In the case of large U02 particles, the fission fragment 
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comes to rest in the UOz particle itself and consequently diffuses through the UO2 
matrix to be released. It is thought that in both cases the interface between the UO2 
particle and BeO matrix acts as a sink for fission gases. These interfaces are inter¬ 
connected to the outside, and therefore any fission-gas atom reaching the interface can 
be considered as released to the outside. This finding is supported by another investi¬ 
gation where specimens containing 10-, 150-, and 400-p UO2 particles dispersed in 
BeO were annealed at 955, 1180, and 1370 C after irradiation. (18) The fission-gas 
release during annealing was measured, and the results indicated that the fission-gas 
release increased with increased particle size. Attempts were made to improve the 
fission-gas retention properties of BeO-80 weight percent UO2 compacts by precoating 
150-fi UO2 particles with BeO before sintering. (19,20) However, it was found that 
these compacts resulted in low density (94 percent of theoretical), and the fission-gas 
release was about 0. 3 to 2 percent at 1600 C, which is comparable to BeO-80 weight 
percent UO2 that did not contain precoated specimens. The difference between the 
structure with precoated UO2 particles and the usual structure resulting from sintering 
is shown in Figure 7. 

At Oak Ridge, sintered tubular specimens of BeO-50 weight percent UO2 were 
irradiated. (^1) The specimens contained rather fine UO2 particles (0. 5 to 5 ft) in the 
BeO matrix. The center fuel temperature during irradiation was 1200 C and the maxi¬ 
mum burnup was 3. 7 x 1020 fissions/cm3. The specimens released only 0. 2 to 0. 3 
percent of their produced fission gases but underwent considerable dimensional 
changes. The maximum dimensional changes were 2 and 2. 5 percent increases in 
diameter and length, respectively. The maximum density decrease was 8.7 percent. 
It was not possible to distinguish the UO2 particles after irradiation, this being caused 
by the rather fine particle size of UO2 and porosity in the fuel. 

Another capsule containing BeO-62 weight percent UO2 with UO2 particles mea¬ 
suring about 150 ft, was also ¿rradiated. (22>23) These specimens were irradiated at 
surface temperatures of 370 C and fuel center temperatures of 1160 C to a burnup of 
1. 1 x 1020 fissions/cm3. Examination of the irradiated specimens showed a density 
decrease of about 1 percent. Metallographie examination revealed that the average 

UO2 particle size had increased considerably in the center of the specimen. 

Irradiations of Be0-UC>2-Th02 have been carried out at Oak Ridge National 
Laboratory and Lucas Heights, Australia. 

At Oak Ridge, specimens containing BeO-35. 5 weight percent Th02“25.4 weight 
percent UO2 were irradiated, together with BeO-UOz specimens.'^' The specimens 
contained 0. 5 to 5. 0 fi of Th02-U02 and were sintered to a density of 96 percent of 
theoretical density. Irradiations took place at average fuel temperatures of 1095 C, 
and the maximum burnup was 3. 1 x 10*° fissions/cm3. The dimensional changes and 
fission-gas release of the Be0-Th02-U02 specimens were considerably less than those 
experienced by BeO-U02 specimens at the same irradiation temperatures and burnups. 
Irradiation performances of Be0-Th02-U02 dispersions are given in Table 2. 

The specimens irradiated by the Australians contained varying amounts of UO2- 
ThC>2 solid solution dispersed L' BeO. (24> The UO2 content ranged from 2. 6 to 15.2 
percent, while the Th02 content varied from 2. 8 to 39. 4 percent. Hot-pressed and 
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250X HC12201 

a. Dispersion With a Continuous UO2 Phase 
(98% Theoretical Density) 

100X RM28951 

b. Dispersion With Precoated UO2 Particles 
(94% Theoretical Density) 

FIGURE 7. COMPARISON OF DIFFERENT BeO-80 WEIGHT PERCENT 
uo2 MICROSTRUCTURES^, 20) 



T
A

S
^E
 

2.
 

IR
R

A
D

IA
T

IO
N
 

PE
R

FO
R

M
A

N
C

E
 

O
F
 

B
«0

-(
T

h,
U

)0
2 

F
U

E
L
 

R
O

D
S

^"
'^

 

22 I 

Ü 
f 
mJ 

ÍI 

s; a 
Jl 

14 

¿Ulf 

fol á J 

flü 

R¡ss«saí5aa;aaRsM»«MMWMMMWWteMMMM ---.- 

ociÍ333riS3ririS2Sd3232 2ri233332S - 2 332 
saSsssissaSsSäisSsSISsssssaS ! 

??§3§3ã333533a s 
SaSSssãSSISsSSSSsaSaSaassSaSSã 3333 

SS333d3'33'35233352::3333333333 33Í; 

Slllüiilbssass“ 
oemtnmu) «nm—.o.« 

- = awssaa sísaa 

!!ll!!!lll!S!Iii;;;¡;;i|]¡¡|¡{|||| 

f: 
flil 
áfn 

: « ! s ! 
s 

[j 
'1 

ss§§§gggêg§g §§égáágéééÍÍé|22é§áéáééééáéá^í5 

ummmnmmmnmm 
32«^aôS3î5---3S3ïd2g2g2ggl8aggS92 gggg 
3^22233323333333332222 -- 
--vvwJ3a^3333333-.->lll!a!0a¡a¡saaRa¡Qajl|RRn 

--3255232235523332235533332533 SgSS 

s§â32329SS5SSsSg 
illàâïlâââàâÂlIlasssgïasssEgg* IíIí 

a ® -4 & 

1! 
* s 

5i 
5 s 

l£f »•8 0 

¡ m D sss 

í 
t 

r 



23 

85 u7„ .o'.1 m*í,*“h ‘h* t^O¿-U0¿ »olid-.olutlon article, being 100 to 
185 g in .om. epecunena , and 1... than 10 p in othera. The.« pellet, were irradiated 
at temperature, varying from 570 to 835 C to a maximum burnup of 1 5 « 1020 

cr’.’.^. oMe.". ,^1', A* * r!'U‘à0lir,r,d“,i0n' ,he ®Pec^menB underwent volume in- 
0 I" roêi, 1,,7 ‘ P*rCent the «••¡on-ga. relea.e from the .pecimen, wa. only 

. 1 percent. Although not enough comparative teats were made between the specimens 

.ch.7*w7“.g, i,e.d*”.dh„coadr"iuel p"Uc,e-,h' 
lí .oê77.7 J rt m°ru V »» * «■“It of irradiation. Both type, 
o, .pecimen. .bowed about the .ame fi..ion-ga. relea.e. X-ray-diffraction .tud7. on 
the irradiated specimens showed that the BeO structure was still present w Hn * ,• 

th.“ BLoThaÍct^^d^b”' ^ *' 1000 C «moved the line broadening from 
.ary to remove theT h “a*'? 7 P“rtiCl"' whUe at 1350 C wa. nec- .ary to remove the line broadening from the BeO containing the fine particle.. 

200 11 aC7j>7or!.'7 B*ôdw'.Ín,",<i .“'‘T10"" con,,inin* Th02-UOi particle, of 100 to 
burnup of 2 x fo^O «.Îi’ .temperatures of 610 875 C a maximum 
and densitv rhana ‘v ' .' The *P«cim«ns underwent minor dimensional 
wen, i"7?wh777' T •p,CÜ*‘«' th“ foceived the high... «..ion den.i.y under- 
f arger changes. Fission-gas release ranged from 0. 1 to 4 8 percent 

l°nd fi'/ionTn'.",’ C°hnt,ini"8 CO,r*e Patticl.., with no correlation temperature 
7l. . 7, .u , r’ W'v'r' ■?«>“»"• with fine fuel particle, relea.ed 1... than 0 1 
^ t»ef t^f he fl8S10n gase8, The only microstructural change appeared to be "pull- 

BeO matrCixCbyrfi;.iUon fPartÍCler ^ " attributed t0 the the surrounding 
«v°aT.d .7. form, r i™ An”«»1¡”8 »« co.r.e-particl. fuel a. 1250 C 
câu77c„n.iH 7 °,‘ ln‘ P°re* at the 8rain boundarie,. Annealing at 1500 C 
n h' cr."„, 7b CO* "C,,"Ce o;.,h“ b“bWe’ “ h01“ lh' 8tain boundarie. and aleo 

. , g Í Grain P"110111 was eliminated by annealing at 1500 C. No microstruc- 

Th?s was^ttributed tettehCtefd “ ^ fine’particle fuel after annealing at 1250 and 1500 C. nus was attributed to the fine particle and grain size. 

Aluminum Oxide 

houe. Ä::.,0,“8 M203:U°2 d“p'«io« have been irradiated a. We.ting- 
houee.l The., dl.per.ion. contained 5-p UOz fuel particle, and were irradiated at a 
center temperature of 780 C to burnup. up to 5. 2 « 10*° fi..ion./cmJ. The fuel pll. 
underwent a 20 percent volume increase at 9. 2 x 1019 fissions/cm* nf /,,.i K 

[rigure 57U7rri777*' t00,k PUCe Wh'” irra',‘*“d '» 5-2 » l»20 fi..ion./cm“ of°fuet 
L„,7g,aplI oft'7.nrP!rff T*"".' OÍ "203-U02 dispersión, are given in Table 3. 
Metanograpliy of .he i* radiated specimens revealed the loss of grain boundaries Th* 

fro2m3thCrdSta StrUCtUre COuid not be d«tected by X-ray studies.* Fission-gas releale 
from the dispersion was found to be only 1 percent. 8 

Gen. Jlh7L‘7.C1.Ti,n,c C°M*U':',g ^203-20 weight ^rc.nt U02 were irradiated by 
General Atomic, at 815 C to a burnup of 0.45 x 102« fi..i„n,/cra3. (27) Examination of 

r^rof-S'm ,h* di*™,r“ »' 2‘ - »• - -ce„,™r.fc 
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Poatirradiation annealing atudiea were performed on four specimens containing 
20 volume percent UO2 particles dispersed in AI2O3.Í2®) These specimens were ir¬ 
radiated for 1,520 hours at 815 C before annealing for 20 hours at 980, 1260, and 
1430 C; annealing resulted in fission-gas releases of 0. 8, 12, and 45 percent, 
respectively. 

Magnesium Oxide 
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The British have found that MgO-UC>2 dispersions have rather high in-pile 
fission-gas release. (29) Magnesium oxide containing 0. 1-p UO2 particles was found 
to release 2 percent of its fission gases at 600 C, with the release increasing to nearly 
100 percent at 800 C. When 100-p UO2 particles were used, the fission-gas release 
was about 25 percent at 800 C. The rather high fission-gas releases were probably 
due to the low density (80 percent of theoretical density) of the dispersions. 

Graphite 

Graphite has been used as a matrix material because of its high strength at 
elevated temperatures, high melting point, high sublimation temperature, excellent 
resistance to thermal stresses, and its good moderating ability. The main drawback 
to using graphite appears to be its poor resistance to oxidizing atmospheres and car¬ 
burization of cladding materials at high operating temperatures. There are two dis¬ 
tinctly different methods of fabricating fueled graphite specimens. 

To prepare the specimens by "impregnation'*, porous graphite is impregnated by 
a solution containing uranyl nitrate or ammonium diuranate. After a sufficient soaking 
time the composite is heated at about 800 C to form U02* The main difficulty with this 
process is that the fuel particles are of small size, being only about 1 p. 

The other method of fabricatior is to sinter graphite powder with UO2 powder of 
the desired particle size. An organic binder is usually included to set the particles, 
after which they are pressed at 20,000 psi and heated at about 1400 C. 

Dispersions of UC and UC2 can be placed directly into the graphite matrix by 
sintering, or UO2 particles can be carburized to uranium carbides at sufficiently high 
temperatures. However, if the particle size is about 100 fi, enough carbon is removed 
from the immediate area to weaken the composite and cause crumbling of the 
specimen. 

A study was undertaken at Oak Ridge to determine the effect of the fuel-particle 
size on irradiation performance of dispert ad fuels in graphite. Uranium dioxide 
particles of 16-, 20-, 94-, 334-, and 586-fJ diameter were dispersed in graphite and 
irradiated at about 65 to 85 C for 550 to 610 hours. Burnups of the fuel particles were 
about 0. 1 atom percent of uranium. After irradiation, the weight, modulus of elas¬ 
ticity, electrical resistivity, and thermal conductivity were measured and compared to 
these properties before irradiation. It was found that the smallest sized particles had 
the largest effect on these properties. This is illustrated in Figure 8, which shows the 
effect of irradiation on electrical resistivity of graphite-UO2 dispersions containing 
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ANNEALING OF RADIATION DAMAGE FROM 
GRAPHITE-U02 DISPERSIONS^) 
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various sizea of UO2 particles. Annealing studies showed that the damage caused by 
fast neutrons (specimens with large UO2 particles) was annealed out at 300 C, while 
the damage caused by fission fragments (specimens with small UO¿ particles) was not 
annealed out at 750 C. 

Other studies have shown that thermal conductivity of fueled graphite is con¬ 
siderably reduced by irradiation (Figure 9).(30'31) It has been found that the smaller 
the particle size the larger the reduction in thermal conductivity at the same irradia¬ 
tion temperature and burnup. Irradiation temperature is important because at temper¬ 
ature! above 1000 C most of the irradiation damage, which contributed to a decrease 
in thermal conductivity, is annealed out. 

Fueled 1. 5-inch-diameter graphite spheres were irradiated to determine sta¬ 
bility of dispersed fuel for the proposed Pebble Bed Reactor (PBR). (32) Both "im¬ 
pregnated" and sintered fuel spe'-imens were irradiated. These specimens were ir¬ 
radiated at surface temperatures of 650 to 730 C to burnups of to 4 x 10^8 fissions/cm3 
for the "impregnated" specimens, and 2 x 102® fissiona/cm3 for the sintered speci¬ 
mens. As a result of the irradiation, the specimens underwint diametral decreases of 
0. 8 to 1.0 percent for the "impregnated" specimens and 0. 07 to 0. 37 percent for the 
sintered specimens. This shows that the sintered specimens are considerably more 
stable, since they underwent smaller dimensional changes at the same temperatures 
and higher burnups. Mechanical tests performed on the specimens indicate an increase 
in compressive strength and a decrease in impact strength for both types of specimens. 

Four fuel elements containing UC2 dispersed in graphite were irradiated. (33> 
The UC2 particle size varied from I6O to 240 fi, and the UC2 content in one dispersion 
was 10. 5 weight percent and 19. 3 weight percent in the other. The specimen surface 
temoeratures during irradiation were 710 to 865 C, and the maximum burnup was 7. 7 x 
10^9 fissions/cm3 of fuel. Diameter decreases were from 4. 2 to 5. 1 percent, while 
the length increases were 3. 0 to 5. 2 percent. Density of the specimens increased from 
2. 5 to 5. 1 percent. This density increase is probably due to densification of graphite 
on irradiation at temperatures above 400 C. (35^36) Irradiation performances of 
graphite-fueled dispersions are given in Table 4. No microstructural changes were 
noted in the specimens as a result of irradiation. 

As part of the Maritime Gas Cooled Reactor (MGCR) program, specimens con¬ 
taining UC and UC2 dispersed in graphite were irradiated. (2^> 3?) These dispersion 
specimens contained 61 to 66 weight percent of uranium carbide particles, and were 
irradiated at surface temperatures of 670 to 830 C. Burnups of the specimens were 
about 8.7 x 10^ fissions/cm3 of fuel. During examination of the fuel specimens, it 
was found that they underwent diametrical decreases of 1. 2 to 2. 0 percent. Fission-gas 
release from the specimens was less than 0. 5 percent. No apparent changes in the 
microstructure were caused by the irradiation. 

A considerable number of fuel particles dispersed in graphite have been irradiated 
by General Atomics as part of their development work for High-Tempe rature Gas 
Cooled Reactor (HTGR).(3®) 

In their first test series (GA-308-2), 11. 4 weight percent of (Th,U)C2 was dis¬ 
persed in graphite as 110- to 250-p fuel particles. The specimens had a diameter of 
1.0 inch and were 1. 1 inches long. These specimens were irradiated at surface 
temperatures of 775 tr 830 C, the central fuel temperature being an estimated 275 C 
higher. Burnup of the specimens showed that the specimens were in excellent condi¬ 
tion and had undergone dimensional changes of less than 0. 2 percent. 
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cal Also th! i?*,"3 8" ^0ntained 8Pecim«n» ^ich were annular rather than cylindri- 

mL the effect, of ï t0 24* 2 WCÍ*ht P®rc®nt> Ln an effort to deter- 
particle sizes wer 81ze on fuel Performance, specimens of three different 
Hi Í! Ln * T U‘ The'e Particle ,izes were less than 50 fi, 110 to ¿50 and 
from°680 to 'qz^ ring irradlatlon' the «uríace temperatures of the specimens varied 

f!!l bo<ä es after^ ‘"H nUP WaS 6- 9X10 Appearance of the 
! irradiation was good. Dimensional measurements on the irradiated 

most TtaWe“1 hn specimens containing the 250- to 500-p fuel particle, were the 
mos stable, while spectmen. containing fuel particles less than 50 p were the least 

C°ntainin8,the 110’ to 250-M particles underwent minimal dimen- 

to 500-!i ^ft7ciesU8 eir V***0™™0* iB almo8t identical to those containing the 250- 

... 111 CaP»ule GA-308-4, the specimens were identical to those of GA-308-3, except 
that the fuel material was prepared differently. Irradiation temperatures in this cap- 

r t Vfr!ft £r0m 650 t0 925 C’ and thC burnuP was 6 x i°19 fis■ ions/cm-i. The appear- 
I T Tn“ T"*11®"1 eXCept f0r BUrfaCe roughening, which took place in 

Îartkle7 sh!wedaihTtg *7 ^ 8P*cim-8 containing large fuel pamues showed better dimensional stability. 

Considerable amount, of testing have been carried out to determine the fis.ion- 
gas - release properties of fueled graphite. Po.tir radiation-a-«nealing tests or. "im¬ 
pregna e grap ite-fueled specimens has shown that considerable amounts of the fis¬ 
sion gases are released at the temperatures of interest (1000 tc 1800 Q. (3^) Also 
the magnitude of fission-gas release is very much dependent on the fuel-particle size 
and porosity of the graphite. The smaller the particle size, the larger the fraction of 

88 on products that is recoiled into the graphite matrix, and the more porous the 
graphite matrix the faster the release of fission gases from the matrix. Figure 10 

!h7a7!riflu!s Pend0nCe °f fia,ion*8a8 releafle on temperacure and specimen 

., . fSinCe the 8intered specimens have a larger fuel-particle size (150 u vs M W), 
^eir fus on-g48-retention properties are better than those of the "impregnated" speci- 

Talf-li e !f th8"H 1 the ÍÍ88ÍO"-*a» rel«a8« increases slightly with the 
e of the radioactive isotope, indicating that the release is diffusion dependent. 

Postirradiation-annealing studies were performed on sintered specimens to 
determine their ability to retain fission gases at various temperatures, and also to 
determine the effect of particle coating on fission-gas release. <38> Results of these 
ests are shown in Figure 12. It can be seen that the fission-gas release is !ery much 

oíími p"tici'* ,h' •*>“«> *»« 

"“'Í"g OÍ “C°*"d ÍUel P*rticl" "•»•»«i i» graphite he. been 
t r “ : íb 'mpha*:* °f r”'"'h »*» to development of coated 
RE C repon Performance of coated fuel particles will be discussed in another 



FIGURE 10. Xe133 RELEASE FROM TURRET-TYPE U02-IMPREGNATED 
GRAPHITE COMPACTS AT VARIOUS TEMPERATURES^) 
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FIGURE 11. STEADY-STATE KRYPTON RELEASE FROM UNCOATED 
UC DISPERSED IN A GRAPHITE MATRIX*«) 
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FIGURE 12. RELEASE OF Xe133 FROM UNCOATED AND COATED UC 
PARTICLES DISPERSED IN A GRAPHITE MATRIX«3«) 
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METALLIC MATERIAIS 

Beryllium 

£ !y ÍTWÂ- Ch0,en a“ a matrix by the Australians mainly because of 
their desire to have a self-mode rating fuel. Hot-pressed specimens of <U,Th)Be,, 
dispersed in a beryllium matrix were irradiated in a predominantly slow-neutron flux, 
at temperatures of 435 to 530 C and burnups of 4 to 11 x 10l9 fixions/cm*. (41) Some 

TTiï'uïTî 'T'* (i0°‘ t0 Particlei' whUe oth-e contained fine 
(¿ to 50-/1) fuel particles. The change, in both the dimension, and density increased 

ÎLrÎ« H ? ÍU9l^tent- Specimen, containing fine fuel dispersion, underwent 
Urger dimension and density changes than specimen, containing coarse fuel particles 

c uS.?d b rthUinUP8Hand ÍrradÍatÍOn t®mP®ratures. No changes in micro.tru^re w re 
caused by the irradiation. The fission gases released increased with the uranium 

givnenninaTabler5n.UP ^ ^ 8peCÍmen8, Irradiati°n performance of these dispersions is 

Further irradiations of slightly hyper stoichiometric ,U,Th)Bei3 in beryllium 
were performed at higher temperatures and burnups a. a continuation in performance 
evaluation. These specimen, contained fuel particles varying from 10 to 250 u in 
«ize. Because of the more stringent irradiation conditions, considerably larger 
dimensional change, and density changes took place. Dispersions containing UBe 13 
dispersed in beryllium melted during irradiation and increased in volume by about 
80 percent and released over 30 percent of their fission gases. The microstructure 
of some specimens shows the appearance of cavities at the grain boundaries. 

Aluminum 

Aluminum has been found to be a suitable matrix material for dispersion fuel, at 
low temperatures. The advantage, of using aluminum are its corrosion resistance to 
water, excellent thermal conductivity, low neutron cross section and sufficient ductility 
and strength at the temperature, of interest. The main drawback for using aluminum 
ia its possible reaction with some of the fuel material, if slightly higher temperatures 
are used. 

it has been found that UO2, U3O8, and UA13 dispersed in aluminum are stable at 
the Materials Testing Reactor operating conditions of about 50 to 60 C.(43>44) Irradia¬ 
tion of these dispersions has resulted in increased hardness and tensile strength of the 
fuel plates. The cause of these increases is believed to be fast-neutron and fission- 
fragment damage to the matrix. Irradiations at slightly higher temperatures and 
burnups have been undertaken to develop fuel elements for the Advanced Test Reac¬ 
tor. The fuels that were considered are 35 and 44 weight percent IKOq, 32 and 41 
weigût percent U02, and 40 and 54 weight percent UA13. In aU cases, the matrix 
material was X-80001 aluminum alloy containing 0. 19 weight percent B4C. In order 
to improve the performance of the specimens, some of them were coated with A1203 
0. 50 to 1. 5 mils in thickness. Irradiation, took place in the Materials Testing Reactor 
with the maximum fuel temperatures of 155 to 220 C. Irradiation performances of the 
different fuel materials dispersed in an aluminum matrix are tabulated in Table 6. 
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It was found that fuel specimens containing UAI3 performed considerably better 
than those containing U02 and UjOg. This is attributed to a reaction between the 
uranium oxides and the aluminum matrix at these temperatures, which causes an in¬ 
crease of the fuel volume and consequently causes specimen swelling (Figure 13). 
Previous studies had indicated that a reaction would not be expected at the operating 
temperatures, but the results indicate that irradiation might decrease the temperature 
at which reaction between uranium oxides and aluminum takes place. Even with the 
reaction between fuel and matrix, it was found that the U02- and UiOg-containing 
specimens remained dimensionally stable to burnups of 6 to 7 x 10¿0 fissions/cm3. 
However, after 11 x 1020 fissions/cm3, all of the oxide-containing fuels had blistered, 
while the aluminum-UAlj dispersions showed no evidence of failure. Metallographie 
examination showed that fission-gas bubbles in the uranium oxides accompanied reac¬ 
tions with ¿he matrix (Figure 13). 

Two samples of aluminum-50 weight percent UAI3 dispersions were examined 
after they had been irradiated to burnups of 35 x 102® fissions/cm3 of fuel in the 
MTR.(^) Examination of the plates showed that they had undergone a volume increase 
of 5. 4 to 6. 1 percent, due almost completely to thickness increases. Metallographie 
examination revealed that voids were formed between the fuel particles and the matrix. 

Tensile tests were performed on irradiated dispersions containing UAI3, U02, 
and UgOg dispersed in an aluminum matrix. The significant effect was the loss of 
ductility by the specimens. 

Max Elongation, percent 

2 x 1020 nvt (thermal) 
20 
26 

4. 5 
1.0 
0 

Tensile strengths showed increases of 3 to 125 percent in ultimate strength, with 
most of those of the tested specimens increasing 30 to 80 percent in streigth. 

A postirradiation-annealing study was performed on Al-3? weight percent UiOg 
dispersions*48) that had been irradiated at 55 to 80 C to burnups of 2 to 9. 5 x 1019 
fissions/cm3. These specimens had undergone no dimensional or density changes as a 
result of irradiation. No volume changes were found in the dispersions when they were 
annealed below 500 C. At 550 C, a volume increase of about 4 percent was detected. 
In comparing the volume change of unirradiated and irradiated dispersions on annealing, 
it was concluded that the volume increase was due to UsOg-aluminum reaction rather 
than an irradiation-caused effect. 

Nine specimens containing 50 volume percent of fueled glass dispersed in 1100 
aluminum have been irradiated.*4*^) The fueled glass contained 50 weight percent U3O8, 
and was dispersed in aluminum as 0. 006-inch-diameter fibers. Temperature of the 
specimens was maintained at about 100 C during irradiation, and the maximum burnup 
was 3. 7 x 1020 fissions/cm3 of fuel, the fast-flux accumulation being 1.8 to 2. 6 x 10^° 
nvt. The specimens underwent some dimensional changes, with the unclad specimens 
exhibiting larger dimensional increases. Fission-gas release from the specimens was 
less than 1 percent. Tensile tests performed on the specimens indicated that tensile 
strength had increased to a degree comparable with the increase in strength of the 
individual matrix and cladding material observed in other studies. No changes in 
ductility were noted. 



a. Aluminum-24 Wñght Percent U02 Dispersion 

b. Aluminum-35 Weight Percent U308 Dispersion 

FIGURE 13. INTERACTION BETWEEN URANIUM OXIDES AND 
THE ALUMINUM MATRIXES) 
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Iron-Base Alloys 

Stainless steel has become the most commonly used matrix material for disper¬ 
sion fuels. The main advantages offered by stainless steel are its good corrosion 
resistance in most cooling rr.ddia, good strength and ductility at moderately high 
temperatures, fairly low cost, and the large amount of knowledge of fabrication 
techniques and other pertinent properties. The only mentionable disadvantage for 
stainless cteel appears to be its low thermal conductivity compared to other metals; 
however, its thermal conductivity is considerably better than those of the fuel materials 
that are usually dispersed in it. 

Iron 

The British have irradiated a dispersion of 18. 7 weight percent UO2 in Swedish 
iron. (50) Thç fuei r0(j8 contained 50- to 200-jJ angular UO2 particles and were extruded 
to 93 percent of theoretical density. These specimens were irradiated at surface 
temperatures of 650 C, center temperatures being 750 C. The burnup of the speci¬ 
mens was from 3. 5 to 4. 9 x 10^0 fissions/cm^. No dimensional changes were noted 
in the specimens after irradiation and the density remained the samj. Metallographie 
examination of the fuel after irradiation showed that bubble formation had taken place 
in the UO2 and that the swelling of UO2 had been accommodated by the initial gaps at 
the fuel-matrix interfaces. A fission-fragment-damaged zone was also found in the 
iron matrix. 

Some of the irradiated specimens were annealed for 48 hours in the 900 to 1200 C 
range. The specimens decreased in density as follows: 900 C - 0. 2 percent, 1000 C - 
2. 0 percent, 1050 C - 2. 8 percent, and 1175 C - 4. 0 percent. The decrease in density 
is attributed to fission-gas precipitation in the damaged matrix and to swelling of the 
UOj, 

Ferritic Stainless Steel 

A test at Knolls Atomic Power Laboratory was performed to determine the per¬ 
formance of UO2 particles dispersed in ferritic stainless steel and to compare it to 
similar dispersions in austenitic sUinless steel. (51) The ferritic stainless steel was 
chosen because of its lower thermal expansion and higher thermal conductivity. The 
main drawback to using ferritic stainless steels is that irradiation reduces the ductile- 
brittle transition temperature of the steel, making it susceptible to brittle failure. 
A ferritic stainless steel-25 weight percent UO2 specimen was irradiated to a burnup 
of 5.4 x 10^® fissions/cmExamination of the specimen indicated that less sintering 
and fission-gas-bubble formation had taken place in the ferrite matrix that would be 
expected in an austenitic stainless steel matrix. This improved performance is attri¬ 
buted to lower central temperatures, which were achieved through higher thermal 
conductivity of the ferritic stainless steel. 



Au a te nil ic Stainleas Steal 

_ , early W?c5iin 8tainle»8 ^1661-1102 dispersions has been summarized by an 
Oak Ridge report. ' ¿I Most of the material given below is taken from that report; 
lowever, the reader can refer to the original reports for additional information. 

Battelle Memorial Institute and Pratt U Whitney conducted an irradiation program 
consisting of 112 thin plate specimens containing 30 weight percent U02 dispersed in 
stainless steel. About half the specimens had U02 particles smaller than 3 p, while 
the other half of the specimens had U02 particles in the 15- to 44-/1 range. Ninety-six 
specimens that had 0. 013-incb-thick fuel sections were irradiated at temperatures of 
175 to 580 C and burnups ranging from 1. 1 to 8. 9 x 1020 fissions/cm*. None of these 
specimens failed. However, all eight similar samples, which were irradiated at 

t f T P °f 3:9 * 10 /o*>i<m-/Cm ' íaÜed- 01 eight «Primen» irradiated * C a bu nup of 2. 9 x 1020 fi..3, two failed. The speciznenB that failed 

contained U02 particles that were less than 3 /1, indicating that larger U02 particles 
made for a stabler dispersion. The irradiation performances of all dispersions con¬ 
taining stainless steel as a matrix material are given in Table 7. 

An irradiation program carried out by Nuclear Development Associates, Inc., 
contained four pins and twelve plates. All plates contained 30 weight percent UOp dis¬ 
persed and were clad in 316 stainless steel; the pins had the same fuel loading, but 
the matrix and cladding material was 310 stainless steel. The plates with a 0. 030- 
inch-thick fuel core were irradiated at temperatures of 650 to 850 C, with the maxi¬ 
mum burnup being 1 x 1020 fissions/cm*. None of the plates failed as a result of the 
irradiation. The 0. 080-inch-diameter pins were irradiated at a maximum surface 
temperature of 630 C and a burnup of 9. 4 x 1020 fi88ion8/cm3, Qne of these irPadiat#d 
pins warped and showed surface eruptions. 

Twelve specimens were irradiated by GEANP. These plates contained 30 weight 
percent U02 and were dispersed and clad in 310 stainless steel. The irradiation 
temperatures for these specimens varied from 845 to 970 C; the burnup was 1. 1 tc 

• x 10 fissions/cm . The only failure occurred in the specimen that had received 
the lowest burnup and had operated at 870 C. 

A total of 97 specimens were irradiated by Knolls Atomic Power Laboratory 
These specm:Vs contained 5 to 30 weight percent U02 dispersed in stainless steel. 
The U02 particles were of various sizes and the fuel elements were made by varies 

t teC1hníqUe8' The 8P«cimen8 wer« irradiated at surface temperatures of 150 
o 0G0 C with the burnup being from 2 to 32 x 1020 fi88ion8/cm3 of fuel> ß waB found 

that pin-like specimens could be irradiated at 650 C to burnups of 10 x 1020 fi88i0ns/ 

?” OÍ the Z"*1 and remain 8tabl«- The difference in fabrication techniques made no 
difference if the U02 particles were in the 20- to 200-/4 range. 

The platelike fuel elements retained their dimensions and fission gases if ir- 

belOW 700 C* h WaS found <hat plates would «main stable when irradiated at 
1000 C provided the burnup was less than 2 x 1020 fiesions/cm3 of fuel. At surface 

t,ertTf!ratUrCS °f i50 C' th® í,P«cünen8 could be irradiated to burnups of up to 32 x 
10 fissions/cmJ of fuel without dimensional changes. 
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Oak di,per8ion9 were fabricated and irradiated by 
,T<_ 8 National Laboratory. The plates contained from 17.9 to 26.9 weiaht percent 

0¾*;.di;h:"Lr:p.*r:dbr,hr:;olIi"gme,h<>d' som'°fth' 
LL.d .M . " “ B.4C aS * bUrn*ble VOÍ,°ñ- Th'*' BP«cimenB were ir- 

N*n,P'? ' m,’‘iraun’ ‘‘'“S 100 C, to burnupa up to 2. 1 x 1020 
f ssions/cm . None of the specimens failed or showed dimensional changes. 

h . * Btudy “dertAlwn at Battelle to compare the performance of spherical and 

30 we Ïht i2nA8P€n!ed ^ 318 BUinl<SSE »t««!-(53> The specimens contained 
witHh I V 2 Î Were Í7nadÍated at temperatures of 425 to 870 C 
with the burnups being 6 to 9 x 10^0 fi.sions/cm^ of fuel. As a result of irradiation 
the specimens underwent thickness increases of 2 to 2. 6 percent, while the density 

P«formeanrcaen8of th “h ^ °' ! P"C®nt* ThCre Wak n° aPParent difference in the 
ïteel Metal,nV h? hydro, her mal U02 particles dispersed in stainless 

ft.l-«s bIbMaP , XXT^tl0n the irradiated »Primen, showed the presence of tission gas bubbles in the UO2 particles. 

A fuel element consisting of 16 stainless steel-25 weight percent UO? dispersions 
was irradiated by Atomics International. (54) The 8pecimen8 experienced a maximum 

temperature of 410 C and a burnup of 2. 4 x 102<> fi88ion»/cm3. No measurable dimen¬ 
sional changes of the specimens took place as a res lit of the irradiation. 

An irradiation program involving 62 specimens contained in 10 capsules was 
undertaken to develop a core for SM-2 (Army Reactor). (55) These opecimen8 CQn. 

ñ^úd«dr0mth 38 wcl8ht Percent UO2 dispersed in Type 347 stainless steel. Also 

able Ü^.oM Were VarÍOUS amOUnt8 °f ZrB2' B4C, and boron as burn- 

370 rfPeCimena ^ tha first four capsules were irradiated at surface temperatures of 
370 C to a maximum burnup of .20 x 10™ fissions/cm3 of fuel. (55, 56) It wa8 found th 

specimens that were irradiated at 370 C performed satisfactorily. No difference in 

£rformanCe Wa8 found.between the spherical or hydrothermal specimens. Also, the 
perform^ce of the various burnable-poison materials was about the same. Any speci- 

i^radUÜoÑ** and b 8te ng Can bC attributed to specimen overheating during 

in tie UO?anaÑraHhÍC 7amination the »P«imens revealed that porosity had developed 
and burnuD A fi169' f °f p0r08Íty Creasing with irradiation temperature 
matriÑ £ T !gment’dAm*g*d ^ Wit8 detected ^ the stainless steel 
matrix which surrounds the U02 particles (Figure 14). 

Since there was some uncertainty as to the irradUtion ten .erature of the speci- r:;.Tr‘r^rr *r”*' **• p*rtorm'd »" ^ m ^ .P.cim.„. 

«h,, kl!!!!"]"" to ‘h* 0th'ï7,,ÜI '«P»"1«» »er« irradiated to a higher burnup at .ome- 
»hat higher temperature.. (57) Af,.,. examination of the .pecimen. it wa. concluded 
that their periormance wa. adequate at 315 to 370 C to burnup. of 40 x 1020 ü,,ion,, 
cm3 of fuel. Th. type of burnable poi.on u.ed in the di.p.r.L ...med to have no 
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Sample 
Desig¬ 
nation 

Pf-1-2 
Pf-H 
Pf-1-5 
Pf-l-C 
Pf-1-7 
Pf-i8 
Pf-9 
Pf-10 
Pf-11 
Pf-12 
Pf* 13 
SP-2 
SP-3 
1-2 
1-3 
1-4 
1-5 
1-6 
1-9 
1-1 
1-7 
3B 
3C 
3D 
3E 
1B 
IC 
10 
LST-23 
LST-24 
KAPL-14-5 
KAPL-1« 

KAPL-14-9 

KAPL-14-12 

Nunibef of 
Spedeiens Fuel Fuel 

¡n feijW, Volume, 
Sample * % 

Matrix 
Material 

KAPL-1-14 

8 
8 
2 
2 
2 
2 
2 
2 
2 
2 
1 

1 
1 
2 
2 
4 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 

30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
» 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
10 
5 

X 
20 
X 

10 7-5 23,17,60^ 

» 

X 

5 
10 
X 

15-5 23,17,MÍ») 

24 23,17,«/») 

* 23,17,«/») 
2-5 23,17,«/») 

24 23,17,«/») 

Oiarn. 

ÍTjET "f*”’ ^ «ï Ä,J-ÜL 
—- ,n- y •••.i Material in. Surface 

24 18,9,73^«) 
24 18,9,731») 
24 18,9,731») 
24 18,9,7?») 
24 18.9,7?») 
24 18,9,7?») 
24 18,9,7?«) 
24 18,9,7?*) 
24 18,9,7?») 
24 18,9,7?») 
24 18,9,7?«) 
2« 18,9,2?«) 
24 18,9,7?») 
24 310SS 
24 310SS 
24 310SS 
24 310SS 
24 310SS 
24 310SS 
24 316SS 
24 316SS 
24 310SS 
24 310SS 
24 310SS 
24 310SS 
24 310SS 
24 310SS 
24 310SS 
23.5 Fe 
23.5 Fe 
24 18,9,7?«) 
24 18,9,7?») 
2.5 18,9,7?») 
* 23,17,«/») 
2.5 23,17,6(/1) 

15.5 23,17,0/«) 
24 23,17,6?*) 

5 4 23,17,«/») 

0.74 X 0.004 
Plate 0.74 x 0.004 
Plate 0.74 x 0.004 
Plate 

Plate 
Plate 
P'ate 
Plate 
Plate 
Plate 
Plate 
Plate 

Plate 

Plate 

Plate 

Plate 
Plate 
Plate 

l 
Tmt 7- '««""TI«, performance of various furl ^ 

1 

I 
E 
I 
1 

0 

I] 
Í! 
II 
Í1 

ÍI 

0 

II 
a I 
fi 
D 
0 

0 

Ü 

Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
F ¡ate 
Plate 
Rod 
Rod 

Plate 
Plate 
Plate 
Plate 
Plate 

0.170 x 0.08 
0.170x0.08 
0.170x0.08 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.175x0.12 
0.24 x 0.03 
0.24 x 0.03 
0.24x0.03 
'-.24 x 0.03 
'1.24 x 0.03 
0.24 x 0.03 
M70 
0.070 
0.74 x 0.004 
0.74 x 0.004 
0.74 x 0.004 
0.74 x 0.004 

347SS 0.006 
347SS 0.006 
347SS 0.006 
347SS 0.004 
347SS 0.004 
347SS 0.004 
347SS 0.004 
347SS 0.004 
347SS 0.004 
347SS 0.004 
347SS 0.004 
347SS 0.004 
347SS 0.004 
310SS 0.005 
310SS 0.005 
310SS 0.005 
310SS 0.005 
310SS 0.005 
310SS 0.005 
216SS 0.005 
216SS 0.005 
310SS 0.004 
310SS 0.004 
310SS 0.004 
310SS 0.004 
310SS 0.004 
310SS 0.004 
310SS 0.004 
347SS 0.006 
347SS 0.006 
347SS 0.006 
347SS 0.006 
347SS 0.006 
310SS 0.004 
310SS 0.004 
310SS 0.004 
310SS 0.004 
310SS 0.004 

10-44 310SS 0.004 

10-44 310SS 0.004 

10-44 310SS 0.004 

10-44 310SS 0.004 
10-44 310SS 0.004 
10-44 3:0SS 0.004 

Uranium Dioxide 

175 
370 
290 
345 
345 
370 
455 
345 
4X 
405 
580 
760 
960 
680 
770 
650 
695 
800 
850 
450 
625 
900 
970 
900 
870 
845 
900 
900 
150-175 
150-175 
150-175 
350 
350 
700 
700 
700 
700 

1000 

1000 

1000 

1000 

500-550 
500-550 
500-550 
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MATERIALS DISPERSED IN AUSTENITIC STAINLESS STEEL 

Irrad. 
Time, 

Center hr 

ture, C 
Burnup, 
IIP 

Bulk 
Heat 
Gen. 
Rate,, 

Surface 
Heat 
Gen. 
Rate. 

fissions,W kw/cm3 w/W 

Dispersions 

500 
600 
610 
425 
410 

1040 
635 

2550 

4015 
2415 
1890 
880 
370 
420 
370 
380 
360 
370 
380 
270 
100 
100 
250 
120 
290 
70 

3.33 
8.50 
3.4 
2.8 
3.46 
7.75 
7.95 

25.4 
15.1 
2L4 
18.3 
8.3 

111 
2.94 
3.07 
1.73 
1.79 
1.92 
1.15 
2.68 
1.92 
0.42 
0.55 
1.0 
0.33 
0.70 
0.37 

100 0.60 
295 1.3 
605 
600 

1920 
1920 
815 
815 
815 
815 

1630 

1630 

1630 

1630 

6960 
6960 
6960 

3.0 
1.9 

11.5 
3.5 
2.0 
3.7 
7.6 
9.9 
2.0 

3.7 

7.6 

11.6 

5.3 
10 
32 

5.8 
12.3 
4.9 
5.7 
7.3 
6.5 

10.9 
8.6 

4.6 
6.6 
3.8 

11.1 
6.9 
6.4 
4.0 
4.1 
4.6 
2.7 
6.1 
6.2 
3.7 
4.8 
3.5 
2.4 
2.1 
4.6 
5.2 
3.8 
4.3 
2.7 
5.2 
1.6 
2.1 
4.0 
8.1 

10.6 
1.1 

2.0 

4.1 

6.2 

380 
750 
313 
457 
585 
521 
875 
690 

369 
530 
305 
890 
254 
234 
147 
150 
168 
100 
272 
276 

19 
24 
18 
12 
11 
23 
26 

Fission- 
Gas 

Release, 
% 

Property Changes Caused by Irradiation, 
___ 

Thickness Density Volume Le jth 

Poison 
Content, 

Burnable weight 
Poison percent Reference 

Released some 
fission gas 

Re'eased some 
fission gas 

Released some 
fission gas 

Released some 
fission gas 

0 
0 
0 

No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
Two specimens cracked 
Eight specimens swelled and 
No noti cable changes except 
No noti cable changes except 
No noticable changes except 
No noticable changes except 
No noticable changes except 
No noticable changes except 
No noticable changes except 
No noticable changes except 
No failure 
No failure 
No failure 
No failure 
No failure 
Nr failure 
No failure 
No change in dimensions 
No change in dimensions 
No change in dimensions 
No change in dimensions 
No change in dimensions 
No change in dimensions 
No change in dimensions 
No change in dimensions 
No change in dimensions 
No change in dimensions 

Bubbles on surface 

cracked 
some warpage 
some warpage 
some warpage 
some warpage 
some warpage 
some warpage 
some warpage 
some warpage 

Bubbles on surface 

Bubbles on surface 

No dimensional changes 
No dimensional changes 
No dimensional changes 

52 
52 
52 
52 
52 
52 
RU 

51 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 

52 

52 

52 

52 
52 
52 
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TABLE 7. 

Number of 
Sample Specimens Fuel 
k*'«- ¡n Weight, 
nation Sample % 

Fuel 
Volume Matrix 

% Material 
Density, 
»T.D. 

Specimen 
Shape 

Diam. 
or 

ThicKnfij, 
Id. 

Length, 
in. 

Fuel 
Particle 
Size, n 

Clad¬ 
ding 

Material 

Cladding 
Thickness, 

KAPL1L-46 5 
5 

KAPL 1L-47 5 
5 

SR-565 
SR-575 
KAPL-2-37 
KAPL-2-38 
KAPL 18-36 
KAPL 18-38 
0RNL-21-I 

0RNL-17-II 

ORNL-2MII 
BMI33-1 

59 
64 
60 
65 

BMI 33-2 
67 
61 
68 
62 

OMRE 
BMI 32-1 

2-7V 
1-2-2 
2-5V 
2-9 
5-3 
5-4 
MV 

BMI 32-2 
2- 4-14 
2-2-2 
3- 3 
3- 9 
8-13 
5-5V 
5-1 
4- 10V 

BMI-3Ï3 
3-13 
3-7V 
2-3-14 
1-1 

18 
4 
4 
6 
6 
6 

12 

16 

25 
30 
25 
25 
23 
23 
24.5 
245 
245 
23 
25.8 
25.8 
17.9 
18.8 
22.2 
26.9 
17.9 

30 
30 
30 
30 

30 
30 
30 
30 
25 

26 
26 
26 
26 
26 
26 
26 

26 
26 
26 
26 
26 
26 
24 
26 

26 
26 
26 
24 

20 
24 
20 
20 
18 
18 

18,12,70 
18,12,70 
27,73 
27,73 
347SS 
347SS 

Tempera- 

Surface 

19.5 347SS 
19.5 347SS 
19.5 347SS 
18 347SS 
20.5 304SS 
20.5 304SS 
14 304SS 
145 304SS 
16.5 304SS 
21.5 304SS 
14 304SS 

24 
24 
24 
24 

318SS 
318SS 
318SS 
318SS 

24 318SS 
24 318SS 
24 318SS 
24 316SS 
20 SS 

20.5 347SS 
20.5 347 SS 
20.5 347SS 
20.5 347SS 
20.5 347SS 
20.5 347SS 
20.5 347SS 

20.5 347SS 
20.5 347SS 
20.5 347SS 
20.5 347SS 
20.5 347SS 
20.5 347SS 
19 347SS 
20.5 347SS 

20.5 347SS 
20.5 347 SS 
20.5 347SS 
19 347SS 

94-98 
94-98 
94-98 
94-98 

99 
99 
99 
99 

99 
99 
99 
99 

Rod 
Rod 
Rod 
Rod 

Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 

Plate 
Plate 
Plate 
Plate 
Plate 

Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Pinte 

Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 
Plate 

Plate 
Plate 
Plate 
Plate 

0.140 
0.100 
0.140 
0.100 
0.200 x 0.51 
0.200 x 0.51 
0.200 x 0.46 
0.200 X 0.46 
0.200 x 0.48 
0.200 X 0.50 

3.0 
10 
10 
3.0 

27 
27 
27 
27 
27 
12 

105-210 
105-210 
105-210 
105-210 

>44 
>44 

44-75 
44-75 
44-75 

>44 

304SS 
304SS 
304SS 
304SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347SS 
304LSS 
304LSS 
304LSS 
304LSS 
X4LSS 
304LSS 
304LSS 

0.010 
0.010 
0.010 
0.010 

0.005-0.007 
0.005-0.007 
0.005-0.007 
0.008 
0.010 
0.012 
0.005 

570 
570 
400 
400 
440 
410 
290 
430 
425 
290 
85 
85 
85 

100 
100 
100 
90 

Plate 0.685 x 0.045 1.465 75-150S 318SS 
Plate 0.685 x 0.045 1.465 75-I50H 318SS 
Plate 0.685 x 0.045 1.465 75-150S 318SS 
Plate 0.685 x 0.045 1.465 75-150H 318SS 

0.685 X 0.045 
0.685 X 0.045 
0.685 X 0.045 
0.685 X 0.045 
2.5x0.020 

0.500 X 0.03 
0.500 X 0.03 
0.500 x 0.03 
0.500 X 0.03 
0.500 X 0.03 
0.500 X Our; 
0.500 x 0.03 

0.500 X 0.03 
0.500 X 0.03 
0.500 x 0.03 
0.500 X 0.03 
0.500 x 0.03 
0.500 X 0.03 
0.500 X 0.03 
0.500 X 0.03 

1.465 
L465 
1.465 
1.465 

26 

1.0 
1.0 
L0 
1.0 
LO 
1.0 
2.0 

1.0 
1.0 
LO 
1.0 
1.0 
LO 
1.0 
LO 

75-150H 
75-150S 
75-150H 
75-150S 

318SS 
318 SS 
318SS 
318SS 
SS 0.005 

75-150 S 347SS 0.0075 
75-150H 347SS 0.0075 
75-150H 347SS 0.0075 
75-150H 347SS 0.0075 
75-150H 347SS 0.0075 
75-150$ 347SS 0.U075 
75-150S 347SS 0.0075 

75-150S 
75-150H 
75150H 
75-150H 
75-150S 
75-150H 
75-150H 
75-150S 

347SS 0.0075 
347SS 0.0075 
347SS 0.0075 
347SS 0.0075 
347 SS 0.0075 
347 SS 0.0075 
347SS 0.0075 
347SS 0.0075 

0.500 x 0 03 1.0 
0.500 X 0.03 1.0 
0.500 X 0.03 1.0 
0.500 x 0.03 LO 

75-150$ 347SS 0.0075 
7S-150S 347SS 0.0075 
75-150S 347SS 0.0075 
75-150H 347SS 0.0075 

370 
370 
370 
370 
370 
370 
370 

370 
370 
370 
3J0 
J70 
170 
170 
370 

370 
370 
370 
370 



ft'fW. 6«. Gan. 
10" Rate Rate 

fissions/cnr Hw/»1 a/ati2 

3400 
3400 

6-12 
M4 

2290 25-5.5 
2290 25-5.5 
2310 

390 
2580 
375 

2380 

9.3 
L3 
9.6 
0.96 
8.7 

2170 22.2 
17.8 
10 
6.9 
5.7 
7.3 
6.3 
3.7-20 

400 
400 
400 

550-745 2260 8.9 
530-725 2260 9.1 
495-720 2260 8.3 
425-605 2260 8.8 

605-850 1470 
620-880 1470 

1470 
535-705 1470 
415 

7.1 
7.1 
6.5 
5.9 
2.4 

3.1 
3.6 
2.1 
2.1 
15 
2.9 
12 
2.2 
12 
8.9 

1Z4 
15.9 
117 

14 
15 
12 
14 

4.2 
4.2 
18 
15 

«-1 142 

273 
230 
185 
134 
633 
525 
560 
385 
566 

1600 

176 
181 
165 
176 

217 
217 
191 
181 

4.7 
4.6 
4.2 

163 
160 
143 

177 

Fission- 
Gas Pr°Wty Changas Causad by Irradiation, 

Ratease, __* 
* T^chness Density Volase Length 

0 1 
0 1 

No dimensional change 

4.7 
0 
0 
0 
0 

0 
0 
0 
0 

19 

Med 
No dimensional change 
No dimensional change 
No dimensionai change 

2-4 
12 

No failures 
No failures 
No failures 
No failures 
No failures 
No failures 

16 
10 
12 
16 

2.4 
2.4 
12 
10 

•0.8 
•0.7 
-0.7 
-0.5 

•0.4 
■0.6 
-0.7 
•0.4 

No dimensional changes 

Blistered 
5.3 
6.0 
2.6 
18 
15 
5.5 

10 
6.3 
5.5 
14 
18 
16 
18 
12 

12 
15 
16 
19 

•1.9 
•12 
•17 
•15 
•25 
•L5 

•10 
•1.8 
•L7 
-li 

— 

0.07 
0.15 
0.79 
111 
0.04 

0.76 

0.1- 

175 

Poison 
Content, 

Burnable weight 
Poison percent Reference 

52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 

53 
53 
53 

53 
53 
53 
53 
54 

ZrBj 
B4C 
ZrBo 
NbBj 

ZrB, 2 

1095 55,56 
0.192 55,56 
1199 55,56 
0.209 51 56 

55,56 
55,56 

1240 55,56 

B»° 0.073 55,56 
BgC 1192 55,56 

* $5 56 
NbB2 0.209 55,56 
NbB? 0.202 55,56 
ZrB2 0.199 55,56 
BgC 0.021 55,56 
ZrB2 0,192 55,56 

NbB2 0.204 55,56 
ZrB2 0.095 55,56 
B10 0.023 55,56 

0.021 55,56 B4C 
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TABLE 7. 

Sample 
Desig¬ 
nation 

KAPL-1-13 

M 

B-K 

01 

02 

03 

KAPL-la-u 
KAPL-18-14 
KAPL-18-22 
KAPL-18-27 
KAPL-18-28 
KAPL-18-29 
KAPL-18-30 
KAPL-18-35 
KAPL-18-43 

KAPL-18-44 

LIS B-19 

LIS B-20 

LIS B-24 

LTS 014 

KAPL 18L 71 
KAPL 18L-72 
KAPL 18L-77 

KAPL 18L-78 
KAPL 18L-79L 

KAPL 1L-40 

N'-^ot 
Specimens Fuel 

in Weight, 
Sample % 

2 
2 
2 
1 
1 
1 
1 
2 
1 
2 
1 
2 
1 
« A 
1 
1 
1 
1 
1 
1 
1 
2 
1 
2 
1 
2 
2 
2 

KAPL 1L-41 

KAPL 1L-43 

10 
20 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
73 
23 
23 
23 
23 
23 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
25 
25 
25 
25 
28.5 
25 
25 
25 
25 

25 

25 
25 
30 
25 
30 

Fuel 
Volume, 

»_ 

7.5 
15.5 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

18 
18 
18 
18 
18 
19 
19 
19 
19 
19 
19 
19 
19 
19 
1$ 
19 
19 
20 
20 
20 
20 
22.5 
20 
20 
20 
20 

Matrix 
Material 

23,17,60¡a¡ 
23,17,«ía 
23,17,6(/a! 
18,12,70Ía| 
18,12,7(7® 
18,12,7(7* 
18,12,7(7*' 
18,12,7(7*) 
18,12,7(7* 
18,12,7(7* 
18,12.7(7* 
18,12,7(7® 
18,12,7(7*) 
347SS 
347SS 
347 SS 
347SS 
347SS 
?47SS 
347 SS 
347 SS 
347 SS 
347SS 
347SS 
347 SS 
18,12,7(7») 

34755 y V 
18,12,7(7*) 
347SS 
18,12,7(7®) 
347SS 4 
18,12,7(7®) 

34755 
18,12,7(7») 
18,12,7(7* 
18,12,7(7*) 
18,12,7(7® 
18,12,7(7®) 
18,12,70 
18,12,70 
18,12,70 
18,12,70 

Density, 
»T.D. 

91.2 
96 
91.2 
96 
91 
95 
91 
95 
91 
95 
91 
95 
94-98 
94-98 
94-98 
94-98 
94-98 
94-98 
94-98 
94-98 
94-98 

Diam. 

. , 0r Fuel Clad- Cladding 
Specimen Thickness, Length, Particle ding Thickness, Tmpw 

Size.p Material in. Surface 

Plate 
Plate 
Plate 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 
Rod 

20 18,12,70 94-98 
20 18,12,70 94-98 
24 18,12,70 94-98 
20 18,12,70 94-98 
24 18,12,70 94-98 

0.090 
a 160 
0.090 
0.160 
0.090 
a 160 
0.090 
0.160 
0.090 
0.160 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
a 140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
0.140 
a 140 
0.140 
a 140 
0.)00 
0.140 
0.140 
0.120 
a 140 
0.140 

20 18,12,70 ^448 Rod 0.140 

1.1 
11 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 

24-27 
24-27 
24-27 
24-27 
24-27 
24-27 
24-27 
24-27 
24-27 
24-27 
24-27 
24-27 

1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
1.5 
L5 

17 
12.2 
20.9 
26.2 
20.4 
21 
26.6 
2 
1.5 

10-44 
16-44 
10-44 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 
44-74 

105-210 
>44 
105-210 

>44 
105-210 

>44 
105-210 

>44 
105-210 

>44 
105-210 

>44 
105-210 
105-210 
105-210 
105-210 
105-210 
105-210 
105-210 
105-210 
105-210 

310SS 
310SS 
310SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347 SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347SS 
347S3 
347SS 
347SS 
347SS 
347SS 
347SS 
304SS 
347 
304 
347 
304 
347 
304 
347 
304SS 
304SS 
304SS 
304SS 
304SS 
304SS 
304SS 
304SS 
304SS 

0.004 
0.004 
0.004 
0.003-0.020 
0.003-0.020 
0.003-0.020 
0.003-0.020 
0.0030.020 
0.0030.020 
00030.020 
0.0030.020 
0.003-0.020 
0.0030.020 
0.010 
0.010 
0.010 

0. 
a 
0. 
0. 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 

1.S 105-210 304SS 0.0 

Rod 
Rod 
Rod 
Rod 
Rod 

0.140 
0.140 
0.100 
0140 
0.100 

1.5 
3.0 
3.0 
10 
3.0 

105-210 304SS 
105-210 304SS 
105-210 304SS 
105-210 304SS 
105-210 304SS 

0.0 
0.0 
0.0 
0.0 
0.0 

350 
350 
350 
500-550 
500-550 
500-55*. 
500-550 
400-450 
400-450 
400-450 
400-450 
400-450 
400-450 
450 
450 
535 
650 
600 
600 
460 
460 
450 
450 
500 
500 
450 
450 
450 
450 
450 
450 
450 
450 

1100-1300 
700-900 
485 
485 

570 
570 
400-800 
400-300 

400-800 

400-800 
40(3800 
40(3800 
40(3800 
400800 
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(CONTINUED) 

Bulk Surface 
Heat Heat 

Irrad. Burnup, Gen. Gen. 
ture'c Time, 1020 Rate, Rate, 
Center hr fissions/cir kw/cm3 «r/ctn2 

Fission- 
Gas 

Release, 
% 

Property Changes Caused by Irradiation, 
__%__ 

Thickness Density Volume Length 

Poison 
Content, 

Burnable weight 
Poison percent Reference 

3880 
3880 
3880 
830 
830 

1605 
1605 
1660 
1660 
2520 
2520 
3310 
3310 

990 
610 

1160 
2320 

790 
4490 
1460 
1460 
3250 
3250 
755 
755 

1830 
1830 
1140 
1140 
1140 
1140 
1240 
2280 
2640 

3890 
2790 
2790 
2130 
3660 

1530 
2660 
2660 
2460 
2460 

3.3 
6.3 

20 
5.1 
4.3 

10 
8.3 

16.5 
14.2 
20.1 
16.5 
23.6 
20.7 

5.3 
2.2 
2.0 
9.3 

1980 8.0 
1570 5.6 

3.0 
12.4 
3i 
3.8 
7.5 
7.5 
1.4 
1.4 
17 
3.7 
2.8 
2.8 
0.93 
0.93 

16.3 
23.6 
5.9 
5.9 

16.6 
8.9 
8.9 
5.9 

12.3 

5.3 
Í.S 
5.4 
4.5 
8.6 
7.4 
6.9 
5.7 
6.2 
5.4 
47 
3.1 
1.5 
3.5 
15 
3.1 
13 
2.4 
2.3 
2.3 
2.0 
2.0 
1.6 
1.6 
1.8 
1.8 
2.1 
2.1 
0.71 
0.71 

11.5 
9.0 
1.9 
1.9 
3.7 
2.8 
2.8 
2.4 

325 1.0 

2.9 

V 

4.0 
6-10 
M2 
5- 7.5 
6- 9 

2.3 
3.3 
3.9 
2.7 
12 

450 

450 

740 

570 

540 
414 
273 
132 
308 
308 
273 
290 
211 
202 
202 
176 
176 
141 
141 
158 
158 
185 
185 
62 
62 

1000 
790 
167 
122 
326 
256 
213 
211 
255 

238 

202 
290 
250 
237 
205 

0 
0 
0 
3 
0 
0 
0 
0.2 
0.2 

9.2 
0 
0 

0 
1.4 
0 

4.1 
0 

46 
64 

0 

No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 

5 
0.8 
0.8 

No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 
No dimensional 

changes 
changes 
changes 
changes 
changes 
changes 
changes 

Cracked 
Cracked 
Cracked 
Cracked 
Cracke* 
Cracked 

changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 
changes 

Broken 
Broken 
No dimensional 
No dimensional 

1.0 
No dimensional 
No dimensional 

changes 
changes 

change 
change 

Released some 5 
gas 

Released some 4 
gas 

Cracked 

Cracked 

No dimensional change 
Eight specimens cracked 

Eight specimens cracked 

52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 

52 
52 

52 

52 

52 
52 
52 
52 
52 
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TABLE 7. 

Numb« of 
Sample Specimens 
Oesig- in 
nation Sample 

BMI-32-3 
4*4 
MOV 
14V 

Pe: 32-4 
1- 12V 
2- 3 
4-7A 
34 
2-6V 
4-11 

BMI-32-5 
4- 5B 
24A 
5- 11 
2- 13 
5-17B 

BMI-32-6 
3- 1A 
2- 4A 
34a 
4- 13A 
MSB 

BMI-3^7 
4- 1A 
3- 4A 
3-5C 
34V 
2- 16B 
3- 17B 

BMI-324 
1-W 
1-4A 
7-13 
M4A 
1- 8A 

BM1-32-9 
2- 1A 
5- 58 
2- 7A 
3- 13A 
3- 6A 

BM-3M0 
4- 3 
4-3C 
1- 6A 
2- 9A 
M2C 
3- 14A 

Fuel Fuel 
leight, Volume, Matrix 

% % Material 

24 19 347SS 
24 19 347SS 
24 19 347SS 

24 19 347SS 
24 19 347SS 
24 19 347SS 
24 19 347SS 
24 19 347SS 
24 19 347SS 

24 19 347SS 
24 19 347SS 
24 19 317SS 
24 19 J47SS 
38.4 31.5 347SS 

24 19 347SS 
26 20.5 347SS 
26 20.5 347SS 
26 20.5 347SS 
38.4 31.5 347SS 

24 19 347SS 
26 20.5 347 SS 
26 20.5 347SS 
26 20.5 347SS 
38.4 31.5 347SS 
38.4 31.5 347SS 

24 19 347SS 
26 20.5 347SS 
26 20.5 347SS 
26 20.5 347SS 
26 20.5 347SS 

24 19 347SS 
26 20.5 347SS 
26 20.5 347SS 
26 20.5 347SS 
26 20.5 347SS 

26 20.5 347SS 
26 2Q.5 347SS 
26 20.5 347SS 
26 20.5 347SS 
26 20.5 347SS 
26 20.5 347SS 

Oiim. 

__ <* Fuel Clad- Cladding 
Dwsity, Specimen Thickness, Length, Particle ding Thicliness. T*"!*'»' 
JtT.D. Shapa in. in. ^ Material in. surface 

Plata 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 

Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.) 
Plate 0.500 x 0.03 1.0 

Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 

Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 1500 x 0.03 1.0 
Plate 0.500 x 0.03 LO 

Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.03 1.0 
Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 LO 
Plate 0.500 x 0.030 1.0 

Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 10 

Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 1.0 
Plate 0.500 x 0.030 1.0 
Plate 0.500x0.030 1.0 
Plate 0.500 x 0.030 2.0 

Plate 0.500 x 0.030 1.0 
Plate 0.500 x 1030 LO 
Plate 0.500 x 0.030 LO 
Plate 1500 x 0.030 1.0 
Plate 0.500 x0.030 1.0 
Plate 0.500 x 0.030 LO 

75-150S 347SS 10075 370 
75-150S 347SS 0.0075 370 
75-150$ 347SS 0.0075 370 

75-150S 347SS 0.0075 370 
75-150« 347SS 0.0075 370 
75-150S 347SS 0.0075 370 
75*150$ 347SS 0.0075 370 
75-150$ 347SS 0.0075 370 
75-150« 347 SS 0.0075 370 

75-150« 347SS 0.0075 370 
75-150S 347SS 0.0075 370 
75-150« 347SS 0.0075 370 
75-150$ 347SS 0.0075 365 
75-150S 347SS 0.0075 510 

75-150« 347SS 10075 260 
75-150S 347SS 0.007,' 305 
75-150« 347SS 0.0075 320 
75-150S 347SS 10075 330 
75-150« 347$$ 0.0075 

75-150« 347SS 0.0075 215 
75-150S 347SS 10075 390 
75-150« 347SS 0.0075 320 
75-150S 347 SS 10075 280 
75-150« 347SS 10075 
75-150S 347SS 0.0075 

75-150« 347SS 0.0075 310 
75-150S 347SS 0.0075 305 
75-150S 347SS 0.0075 250 
75-150S 347SS 10075 320 
75-150S 347SS 10075 

75-150« 3t7SS 10075 700 
75-150« 34/SS 0.0075 «0 
75-150S 347SS 0.0075 <30 
75-150$ 347SS 10075 605 
75-150S 347SS 0.0075 

75-150« 347SS 10075 
75-150« 347SS 0.0075 230 
75-150S 347SS 0.0075 370 
75-150« 347 SS 10075 310 
75-150S 347SS 0.0075 
75-1505 347SS 0.0075 



49 

(CONTINUED) 

Bulk Surfât* 
Heat Heat 

p lrr*l- Burnuo, Gen. Gen. 
— T"M 102° , Rate. Rate, 

Center hr fiasione/cnr kw/c«^ w/an2 

Fijsion- 
Gas 

Release, 
% 

Property Clianjes Caused by Irradiation, 
% 

Poison 
Content, 

Bitnable weight 
Poison percent Reference 

2800 
2800 15.4 4.8 
2800 

2060 17.3 7.3 
2060 
2060 
2060 
2060 
2060 9.1 u 

4420 25.3 5.0 
4420 24.8 4.9 
4420 28.3 5.5 
4420 25.1 4.9 
4420 37.1 7.3 

4730 19.1 3.5 
4730 21.6 3.9 
4730 21.7 3.9 
4730 22.3 4.1 
4730 

5080 22.4 3.8 
5080 24.9 4.3 
5080 25.5 4.3 
5080 242 4.1 
508C 39.2 6.7 
5080 36.4 6.2 

4730 21.0 u 
22.9 42 

4800 2U 40 
219 4.3 
219 4.3 
28.4 5.1 
30.7 5.6 

4420 212 46 
24.1 4.7 
212 46 
24.4 4.7 
214 5.0 
25.2 5.0 

163 

250 

130 

170 
167 
187 
167 
250 

129 
133 
133 
140 

9.6 
3.6 -1.8 

Blistered 
Blistered 

0.24 - - 55 56 
ZrB2 0.192 55,56 
2rB2 0.240 55,56 

6.4 -2.2 
2.9 -U 
3.6 -1.6 
5.5 -1.8 
1.7 -1.4 
2.7 -Û.9 

0.09 
0.05 
0.05 
0.12 
0.86 

ZrB2 9.209 55,56 
55,56 

0.093 55,56 
55,56 

Zfy 0-213 55,56 
NbB2 0.207 55,56 

8.9 
7.5 
9.4 
U 
160 

•494 0.07^) 0.07 
•415 0.#> 417 
-5.04 0.50^ 405 
•4.45 Q.39(b) 0.19 

•30.9 410ÍW 405 

ZfB2 O-«2 55,56,57 
z'B2 0.200 55,56,57 
NbB2 0.207 55,56,57 
NbB2 0.203 55,56,57 
2fB2 0.350 55,56,57 

4.1 -2.9 -0.05^ 409 
•11 -131 0.líb) 0.07 
6.4 -3.58 0.05^ -0.03 
6.7 -3.96 0.37 401 

Disintegrated 

B4C 0.048 55,56,57 
- 55,56,57 

Ntty 0.222 55,56,57 
NbB2 0.204 55,56,57 
*02 0.430 55,56,57 

130 
146 
149 
142 
232 
214 

132 
145 
152 

160 

138 
149 
149 
177 
194 

156 
163 
159 
163 
173 
173 

20.5 
6.7 
7.5 
7.5 
274 
202 

6.6 
5.4 
6.8 
6.8 
2.4 

436 437<b* 
•3.68 436<b) 
•4.44 447^ 
•4.28 0.77<b) 

•45.9 424(b> 
•37.7 -LSllhl 

•3.64 (/b) 
•3.60 O.#' 
•4.04 0.14<b) 
•4.35 W*) 

o.oibi 

•0.09 BiC 
0.06 
0.05 ZrB, 

414 ZrB2 
-0.03 ZrB2 
•0.09 ZrB2 

0.05 BiC 
0.10 
0.13 NbB? 
0.11 BlO 

ZrB2 

0.048 55,56,57 
55,56,57 

0.183 55,56,57 
0.213 55,56,57 
0.430 55,56,57 
0.350 55,56,57 

0.048 55,56,57 
55,56,57 

0.202 55,56,57 
0.023 55,56,57 
0.222 55,56,57 

Disintegrated 
Disintegrated 
72.2 -18.6 0.05^7 0 
11.5 -5.8 0.05(b) 
58.2 Blistered 0.17^ 

B4C 
M2 
Mo 

NbB2 
ZrB2 

0.048 55,56,57 
0.197 5b,56,57 
0.09 3 55,56,57 
0.204 55,56,57 
0.222 55,56,57 

5.5 
5.8 
7.4 
7.6 
6.0 
6.5 

•3.65 
•3.60 
•4.02 
•4.34 
•3J4 
•4.40 

4l0(b> 
0.19<b> 
0.10<b) 

4oÿW 
407<b) 
0.l2<b) 

-0.03 
415 
403 

403 
0.06 

ZrB2 
ZrB2 
NbBj 
ZrBj 
BlO¿ 

55,56,57 
0.183 55,56,57 
0.200 55,56,57 
0.222 55,56,57 
0.168 55,56,57 
0.023 55,56,57 
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TABLE 1. 

NwlMrof 
Sample Spacimtns FmI Fuel 
Desil- In Weight, Volume, Matrix 
netiwi Sampie % % Malarial 

BMI-2Ä-1 
SI 1 
$•72 IF 
$^9 IB 
$41 18 

BMI-tf-2 
5 1 
6 1 

BMI-46-4 
1 1 

10 1 
BMI-46-5 

8 1 
9 1 
$-14 1 
$-15 1 
$-16 1 
$-17 1 
$-18 1 
$-19 1 

BMI-18-1 
4-A 1 
4-B 1 

BMI-18-2 
4-C 1 
4-E 1 

BMI-18-3 
(2) 1 

BMI-18-1 
3- E 1 
4- B 1 

BMI-18-2 
4^ 1 
4-0 1 

BMI-18-3 
(2) 1 

BMI-28-1 
55 1 
56 I 
57 1 

BMI-32-5 
MSB 1 
3-15B 1 

30 24 318$$ 
25 19.5 302B 
25 19.5 302B 
25 19.5 302B 

33.2 26.5 347$$ 
33.2 26^ 347$$ 

33.2 26.5 347$$ 
33.2 26.5 347$$ 

33.2 26.5 347$$ 
312 26.5 347$$ 
58 40 316L 
58 50 316L 
48 40 3161 
37 30 316L 
58 50 316L 
48 40 316L 

24 15.8 318$$ 
24 15.8 318$$ 

24 15.8 318$$ 
24 15.8 318$$ 

24 15.8 318$$ 

24 15 318$$ 
24 15 318SS 

24 15 318$$ 
24 15 318SS 

24 15 318$$ 

28 17.9 318$$ 
28 17.9 318S$ 
28 17.9 318$$ 

34 22.5 347$$ 
34 22.5 347$$ 

Oiam. 
« Fuel Clad- Cladding 

Density, Specimen Thickness, Length, Particle ding Thickness, 
BT.O. Shape in. in. Size, p Material in. Surface 

Plate 0.688x0.030 L47 75-150H 318SS 0.015 815-1030 
3041 0.005 
3041 
3041 

93 Plate 0.35 x a 102 1.5 
93 Plate 0.35 x 0.102 1.5 

93 Plate 0.35x0.102 L5 
93 Plate 135x0.102 1.5 

93 Plate 0.35x0.102 1.5 
93 Plate 0.35 x0.102 L5 

Rod 0.235 
Plate 0.360 x 0.048 1.97 
Plate 0.360 x 0.048 1.97 
Plate 1360 x 0.048 1.97 
Plate 1360 x 0.048 1.97 
Plate 0.360 x 0.048 L97 

105-150$ 347SS 1007 540 
105-150$ 347$$ 1007 

105-150$ 347$$ 0.007 480 
105-150$ 347SS 0.007 510 

105-150$ 347S5 0.007 540 
105-150S 347SS 0.007 540 

316L 0.020 
250-700 316L 0.018 645-655 
250-700 316L 1018 650-660 
250-700 316L 0.018 655-665 
250-700 316L 0.018 620-630 
250-700 316L 0.018 635-645 

Uranium Carbide 

Plate 0.675x 1030 L5 318SS 1008 
Plate 1675 x 1030 1.5 318SS 0.008 

Plate 1675 x 0.030 
Plate 1675 x 0.030 

Plate 0.675 x 1030 

Plate 1675x0.030 
Plate 1675 x 0.C30 

Plate 1675 x 1030 
Plate 1675 x 0.030 

Plate 1675 x 0.030 

Plate 0.688 x 0.030 
Plate 0.688 x 0.030 
Plate 1688 x 0.030 

Plate 0.45 x 1030 
Plata 145 x 1030 

1.5 318SS 
1.5 318SS 

L5 318SS 

L5 318SS 
L5 318SS 

1.5 318SS 
1.5 318S5 

1.5 318SS 

L47 75-150 318SS 
L47 75-150 318SS 
1.47 75-150 318$$ 

LO 75-150 347$$ 
1.0 75-150 347SS 

0.008 
0.008 

3.008 

Uranium Nitride 

1008 
0.008 

0.008 
0.008 

0.008 

0.015 860-900 
1015 865-915 
0.015 795-865 
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ture, C 
Center 

Irrid. Burnup, 
Ti«», 1020 Rate. Rate, 

hr fisiions/car kw/cnr w/crii2 

Bulk Surface 
Heat Heat 
Gen. Gen. 

Fission* 
Gas Property Changes Caused by Irradiation, 

Release, _*_ 
% Thickness Density Volume Length 

Poison 
Content, 

Burnable weight 
Poison percent Reference 

1600 21 1.0 3S 
6*15 

17*23 

25 

10400 17 1.7 185 
10400 

•L2 
No significant dimensional changes 
No significant dimensional changes 
10 (Max) 

67 
B4C a 13 60,61 
B4C 0.13 60,51 
B4C 0.13 60,71 

•13 
Failed 

62 
62 

2300 3.6 L7 185 
2300 3.9 1.7 185 

■0.61 
■0.39 

62 
62 

10000 20 2.0 226 
10000 20 2.0 226 

670 6.2 
4200 118 15 182 
4200 11.1 3.4 176 
4200 8.9 IS 130 
4200 9.9 2.4 124 
4200 4.8 1.35 70 

■8.3 
•6.1 

No dimensional change; 
6.3 
5.9 
2.0 
13 
0.5 

62 
62 
63 
63 
63 
63 
63 
63 

Dispersions 

870 860 2.6 
980 860 2.6 

810 430 1.3 
940 430 1.3 

795 1720 5.2 

,»> u 
1600 2.2 
1600 1.7 

4420 35.7 
4730 

64,65,66 
64.65.66 

6165.66 
64.65.66 

•0.10 ZtB, , 0.315 55,56,57 
ZrBj 0.315 55,56,57 
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TmBLE 7. 

Number of 
Simple Specimens 
Deilf' in 
nation 

Fuel 
Wei|ht, 

« 

Fuel 
Volume, 
% 

Matrix 
Materiel 

Density, 
%T.D. 

Specimen 

Diam. 
or 

Thickness, 
in. 

Fuel Oled- Cladding 
Length, Particle ding Thickness, 

in. Size, ^ Material in. Suiface 

Plutonium Oxide 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
20 
21 
22 
23 
24 
25 
26 
27 

57 
57 
57 
57 
57 
57 
57 
47 
47 
47 
57 
47 
47 
57 
57 
36 
47 
47 
36 
36 
47 

50 
50 
50 
50 
50 
50 
50 
40 
40 
40 
50 
40 
40 
SO 
SO 
30 
40 
40 
» 
30 
40 

316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
316L 
3i6L 
316L 
316l 
316L 
316L 

84-88 
84-88 
84-88 
84-88 
84-88 
84-88 
84-88 
84-88 

Rod 
Rod 
Rod 
Rod 
KOO 

Rod 
Rod 
Rod 
Rod 
Rod 
D#u4 KOO 

Rod 
Rod 
hod 
Rod 
Red 
KCO 
D#u4 KOO 

Rod 
Rod 
Rod 

0.235 
0.235 
0.235 
0.235 
0.235 
0.235 
0.235 
1235 
0.235 
0.235 
0.235 
1235 
0.235 
0.098 
0.098 
1098 
0.098 
0.098 
1098 
C.098 
0.098 

100-350 
100-350 
100-350 
100-350 
100-350 
100-350 
100-350 
100*350 

3161 1020 
316L 0.020 
316L 0.020 
316L 0.020 
3161 0.020 
316L 0.020 
316L 1020 
316L 0.020 
316L 0.020 
316L 0.020 
316L 0.G20 
316L 0.020 
316L 0.020 
3161. 1020 
316L 0.020 
316L 0.020 
316L 0.020 
316L 
3161 1020 
316L 0.020 
316L 0.020 

(a) The three numbers refer to percent elemental compositions in this order: chromium, nickel, iron. 
(b) Change in width rather than volume. 
H Hydrothermal particle 
S Spherical particle 

585-595 
585-595 
585-595 
585-595 
635-645 
635645 
635-645 
635645 
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Irrad. 
tun.C Tin», 
Center hr fi 

Duperai ons 

690 
500 

900 
700-800 
480 
540-700 
605 
700 
250-400 
600-800 
740-840 

4200 
4200 
4200 
4200 
4200 
4200 
4200 
4200 

Burnup, 
10" 

ssion$/cm3 

Bulk Surface 
Heat Heat 
"en. Gen. 
Rate, Rate, 

kw/cm3 wW 

Fission- 
Ges 

Release, 
% 

Property Changes Caused by Irradiation, 
_% 

Thickness Density Volume Length 

Poison 
Content, 

Burnable weight 
Poison percent Reference 

0.28 
0.56 
0.04 
0.72 
1.8 
8.8 
0.17 
2.4 
0.38 
5.7 
2.7 
8.8 
8i 

5.4 No dimensional changes 
6.7 No dimensional changes 

3.7 

29 

3.2 

2.5 

100 

No dimensional change* 
No dimensional changes 

No dimensional changes 
No dimensional changes 
No dimensional cfunges 

No dimensional changes 

3.9 No dimensional changes 
No dimensiona! changes 

3.9 No dimensional changes 
2.4 No dimensional changes 
3.6 No dimensional changes 
8.6 No dimensional changes 
5.3 No dimensional changes 
5.2 No dimensional changes 

63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
63 
0 
63 
63 
63 
63 
63 
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500X Ab Polished RM127S0 

a. Unirradiated 

500X As Polished 

/ 

HC5167 250X Etched 

b. Irradiated to a Burnup of 20 x 10^° Fissions/Cm3 

FIGURE 14. COMPARISON OF THE PRE- AND POSTIRRADIATION 
MICROSTRUCTURE OF 26 WEIGHT PERCENT U02 
DISPERSED IN 347 STAINLESS STEEL 

SM-2 Core, Army Reactor. Note the fission-gas bub¬ 
bles in U02 and the recoil zone in stainless steel that 
surrounds the U02. Sintering of the cracks in U02 
has occurred during irradiation. 

i 

I 

: 

IJ 

r 
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effect on the specimen performance. As before, the failures were attributed to high 
opc rating temperatures. It was found that cracking in the matrix took piace when the 
irradiation temperature was above 540 C and the burnup reached 30 x 10¿0 iiS8i0ns/ 
cm3 of fuel. 

Metallographie examination of the irradiated specimens showed bubble formation 
in the U02 particles and a fission-fragment-damaged zone in the stainless steel that 
surrounded the UO2 particles. A white phase, which was found in the U02 particles, 
was not identified. However, recently, similar particles found in UO2 fuel elements 
have been identified as fission-product-stabilized metallic uranium. (58,59) 

Postirradiation annealing of selected specimens showed that no blistering or 
density changes took piace after annealing at 313 C. Minor blisters appeared after 
annealing at 370 C, but no gross density changes took place even after annealing at 
540 C. 

Three SM-1 fuel elements, each element containing 18 fuel plates, have been 
irradiated and examined. (b0,6l) The fuel plates were 8tain]e88 8teel_24 weight percent 

UO2 dispe r iions containing 0. 13 weight uercent B4C as a burnable poison. These fuel 
plates underwent burnups up to 25 x 10^0 fissions/cm3 of fuel. The maximum dimen¬ 
sional change was a 10 percent increase in thickness, but considerable amounts of 
rippling on the surface occurred. The amount of rippling was found to increase with 
the amount of in-pile time. Metallographie examinations revealed bubble formation 
in the U02. No matrix cracking was detected, although some cracking observed in the 
clad was attributed to chloride stress corrosion. 

Six fuel plates containing stainless steel-33 weight percent UO2 dispersions were 
tested as possible fuel for Core B of the Enrico Fermi Fast Breeder Reactor. (62) The 
fuel consisted of spherical U02 particles, 105 to 150 H in size, dispersed in Type 347 
icamless steel. These specimens were irradiated at surface temperatures of 480 to 
540 C to burnups of 3. 6 to 20 x 10^0 fissions/cm3. Swelling of the specimem did take 
place, and was found to be proportional to irradiation temperature and burnup. It was 
concluded that the maximum allowable burnup for the fuel at 480 C was about 16 x 1020 
fissions/cm . Metallographie examination of the irradiated specimen showed a micro- 
structure similar to those of other stainless 8teel-UC>2 dispersions: bubble formation 
and white phase in UO2, along with a recoil-damaged zone in the stainless steel that 
surrounds the UO2. 

A convenient method of predicting the performance of stainless steel-U02 dis¬ 
persions at various temperatures and burnups is illustrated in Figure 15. In this 
graph, a failed specimen is one that ruptures, blisters, or swells enough (usually 
greater than 10 percent thickness change) to cause plugging of coolant channels in the 
projected reactor. From Figure 15 it can be observed that continuous impiovement 
of the irradiation performance of the stainless steel-U02 dispersions has been obtained 
in the last few years by improved fabrication techniques. 

Five roll-bonded stainless steel-U02 plates and one pin containing varying UO> 
contents were irradiad by the British. (63) These specimens were irradiated at 
cladding temperatures of 620 to 665 C, with the burnup varying from 5 to 14 x 1020 
fissions/cm of fuel. The volume changes undergone by the plates as a result of the 
irradiation were found to be dependent on irradiation temperature and burnup. The pin 
underwent no dimensional changes as a result of irradiation. 
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Su foc* T«mp«roturt, C 

FIGURE 15. IRRADIATION PERFORMANCE OF STAINLESS STEEL-UOj 
DISPERSIONS* 62) 2 
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Six stainless steel-24 weight percent UN and six stainless steel-24 weight percent 
UC dispersions were irradiated. (64-66) These specimens were irradiated at maximum 
center temperatures of 795 to 980 C and burnups up to 5.2 x 1020 fissions/cm3 oí fuel. 
Of the twelve specimens irradiated, four UC and one UN dispersion developed blisters. 
A minor reaction between UC and stainless steel was detected in a few of the speci¬ 
mens that had operated at the maximum temperatures. No reaction was found between 
the Ul and the stainless steel, although a considerable amount of fission-gas-bubble 
formation had taken place. From this study, it appears that performance of UC and 
UN dispersions is comparable to that of UO2 dispersions in stainless steel, provided 
the temperature is low enough to prevent a reaction between UC and the stainless steel 
matrix. The temperature at which reaction between UC and stainless steel takes place 
is about 870 G. 

A stainless steel-30 weight percent UO2 dispersion was irradiated together with 
three stainless steel-30 weight percent UN dispersions. (67) The fuel contained excess 
oxygen, thereby being UO2+X rather than UO2. The specimens were fabricated by 
sintering the roll bonding to a thickness of 0. 045 inch. Irradiation temperatures of the 
specimens were in the 795 to 915 C range, and the burnup was 2 x lO2^ fissions/cm3 
of fuel. No uniform thickness increases took place, but seme blistering occurred on 
all specimens. The density decrease of the specimens was 0.6 to 1. 5 percent, the 
UO2 and UN dispersions performing about equally. Metallographie examination of the 
UO2 dispersions showed that some reaction had taken place between the stainless steel 
and the excess oxygen from U02- It was also noted that the porosity of the UN 
particles had increased. 

Two stainless steel-38 weight percent UN dispersions were irradiated, along with 
stainless steel-U02 dispersions. (^^) These specimens operated at an estimated 
temperature of 500 to 700 C and burnups of 35 x 102<3 fissions/cm3 of fuel. One of the 
specimens failed and the other underwent considerable dimensional changes. The poor 
irradiation performance is believed to be due to the high temperatures during 
irradiation. 

Irradiation testing has been performed with stainless steel-(PuU)02 dispersions 
by the British. (^3) Two types of pins were tested, one type being sintered, the other 
hot swaged. The fuel volume in these dispersions varied from 30 to 50 volume percent. 
The hot-swaged pins were irradiated at center temperatures of 480 to 840 C with a 
maximum burnup of 8. 8 x 102® fissions/cm3 of fuel. No dimensional changes took 
place in the pins that were irradiated below 700 C, but these specimens released up to 

6.8 percent of their fission gases. Specimens irradiated above 700 C underwent some 
dimensional changes and released up to 100 percent of their fission gases. Metallo¬ 
graphie examination shows the presence cf fission-gas bubbles in the oxides and the 
healing of fabrication cracks in the matrix. The sintered dispersion pins were 
irradiated at surface temperatures of 585 to 645 C, the maximum burnup being 8. 6 x 
1020 fissions/cm3 of fuel. Negligible dimensional changes occurred in the specimens, 
and the fission-gas release varied from 2. 4 to 8. 6 percent. 

Irradiations of stainless steet-20 weight percent Pu02 dispersions have been per¬ 
formed by Battelle-Northwest. (68^9) jests were conducted on cold-pressed (82 per¬ 
cent theoretical density) and extruded (95 to 97 percent theoretical density) specimens. 
These specimens were irradiated to a burnup of about 8 x 1020 fissions/cm3. Pbstir- 
radiation annealing of the low-density specimens at 900 C for 1000 hours resulted in a 
density decrease of 1 percent. Annealing of the high-density specimens for 409 hours 
at 900 C resulted in a density decrease of 2.2 percent. It was concluded that the swell¬ 
ing was accommodated by the larger amount of porosity in the low-density specimens. 
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Nickel-Chromium Alloya 

Con.iderable development work on U02 di.pereed in variou, matrice, wa. 
carried out by General Electric worker, in their Nuclear Aircraft Propulsion pro¬ 
gram. The proposed matrice, and cladding, were progressively changed as the 
temperature requirements of fuel specimens were increased. The following conv-ina- 
tion. of materials were considered: 

Cladding Material 

310 stairless steel 

Nickel-chromium alloy 

Ii on-chromium-aluminum 
alloy 

Iron-chromium, yttrium 
alloy 

Iron-chromium-yttrium 
alloy 

Chromium-yttrium alloy 

Oxidation resistant coatings 

Of the above systems, irradiation testing was carried out only on U02 dispersed 
in nickel-chromium and U02 dispersed in chromium-titanium. The other dispersions 
were not tested either because of incompatibility or because the temperature rtnuire- 
ments were increased before irradiation of specimens was carried out. 

Considerable numbers of irradiations were performed on U02 dispersed in a 
nickel-chromium alloy, with the specimens being also clad by a nickel-chromium alloy. 
Specimens having the following configurations were tested: Ribbons, round wire, con¬ 
centric rings, corrugated plates, corrugated concentric rings, radial vane, lenticular 
wire, and wire screen. The tested specimens contained 30 to 60 weight percent UO? 
and were tested at temperatures of 980 to 1205 C. Testing times were up to 500 hours, 
the burnup being rather low. Most of these test, indicated no fis.ion-gas release or 
dimensional changes. However, warping of the thin fuel element, was quite common 

Molybdenum-Uranium 

_Fuel Core_ 

310 stainless steel-U02 

Nickel-chromium-U02 

Niobium-U02 

Chromium-titanium -U02 

Iron-chromium-yttrium-U02 

Chromium -titanium - U02 

Niobium-UC>2 

A study wa. undertaken by A PDA on U02 dispersions utilising a molybdenum- 
uranium alloy a. a matrix material. (71) The U02 content in the dispersion was 30 
weight percent, the particle, being less than 53 JU in size. These unclad plates were 
irradiated at surface temperature, of 315 to 370 C to a maximum burnup of 9. 9 x 10^0 
fissions/cm of fuel. Pbstirradiation examination showed some dimensional and 
density changes, the maximum density decrease being 3.7 percent (Table 8). Metallo¬ 
graphie examination showed that neither the U02 nor the molybdenum-natural uranium 
matrix had changed a. a result of irradiation. The dispersion, were found to undergo 
less dimensional change than molybdenum-10 weight percent uranium alloys that had 
been exposed to the same irradiation conditions. 
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Refractory Metal» 

Became of demands for high specific power from fuel elements, it has become 
necessary to increase the fuel operating temperatures. Because of these high tempera¬ 
tures it is necessary to use refractory metals like niobium, molybdenum, and tungsten 
for matrix materials. As the temperature is increased, compatibility problems be¬ 
tween the fuel material and the matrix become critical because of higher diffusion 
rates. 

Cermets containing 80 volume percent UO2 dispersed in niobium, chromium, and 
molybdenum were irradiated and ex trained by Battelle Memorial Institute. <72) The UO2 
particles in these specimens varied from 75 to 150 pi, and each particle was completely 
surrounded by the matrix. Because of accidental overheating in the capsules, all 
specimens were lout in one capsule, and partial melting occurred in one of the niobium- 
UO2 cermets in the oth?r capsule. All of the chromium-U02 and molybdenum-UO2 
dispersions were lost because of melting. The unmelted niobium-UC>2 cermet showed 
excellent dimensional stability, undergoing a density decrease of only 1.4 percent at a 
centerline temperature of 1405 C and a burnup of 7. 9 x 1020 fissions/cm3 of fuel. Both 
of the molybdenum-UO2 specimens had cracked claddings and exhibited a central void 
caused by apparent fuel melting. The irradiation performances of the various fuel 
materials dispersed in refractory metal matrices are tabulated in Table 9. 

Irradiation testing of tungsten-matrix cermet fuels has been carried out at 
Battelle-Northwest. (73> ?4) The specimens had a diameter of 0.200 inch and contained 
UO2 particles of 75 to 250 pi hot pressed to 96 percent of theoretical density. The 
cermets were clad with 25 mils of tungsten. Short 2 to 4-hour irradiations showed that 
these tungsten-50 weight percent UO2 cermets were chemically and dimensionally 
stable when irradiated at temperatures around 2100 C. 

Longer irradiations were carried out on tungsten and molybdenum cermets con¬ 
taining UO2 and UN. (73) Specimens were irradiated for 505 and 2,540 hours, anu 
received burnups of 0. 2 and 1.2 x 102® fissions/cm3, the irradiation temperature being 

2000 and 2400 C. Fission-gas release from the specimens was quite high, ranging from 
from 15 to 67 percent. No dimensional or metallurgical changes occurred in the 
specimens as a result of irradiation. 

A cermet containing niobium-30 weight percent UO2 was irradiated to 0. 34 x 1020 
fissions/cm3 J7^) The maximum fuel center temperature was estimated to be 1500 C, 
and the heat-generation rate from the fuel was 905 w/cm2. Ten percent of the fission 
gases were released from the fuel. 



61 

ll|S|i32 

I a s u4 li 

a a as 

* s « « « X 
SK X X A « 

o- O O O O 

ÍÍ322222 

I I i I i i I i § i s 1 S s 
i I I f I 1 § S I 1 s s « 1 
«KSSSSsgsggggjg 

S S s S § S S S gg 

****«¡¡5****** 

ffsagasss 

S^SSjqjCRRoocoop. 
»<MVM(aMCO«w)roc*)ro<w> 

i^*îSiÇ8|g§^gggE5 

IIII22IIII1I2I 

a K S S K K 

CfCCiilifiii*» 

SSSSS8S8 

ssssssss 

vo r» «o on «r U-) 

13 3 3 3 3 

* fillSiââôiâô 



62 

REFERENCES 

(1) Seitz, F. S., and Koehler, J. S., 'Displacement of Ator~-» During Irradiation" 
Solid State Phy*., 2, 305 (1956). 

(2) Kernohan, R. H. , "Effect of Fissionable Particle Size on Fission Damage in 
Graphite" (July 14, 1954), ORNL-1722 

(3) Gilbreath, J. R., and Simpson, O. C. , "The Effect of Reactor Irradiation on the 
Physical Properties of Beryllium Oxide", Proceedings of the Second International 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, P/621. 

(4) Yeniscavich, W , and Bleiberg, M L. , "The Effects of Irradiation on BeO-U02, 
rh02-U02 and ZrO?-CaO-U02", Bettis Technical Review Reactor Technology 
(1960), W4PD-BT-20. ——- 

(5) Bleiberg, M. L. , Berman, R. M., and Lustman, B., "Effects of High Burnup 
on Oxide Ceramic Fuels" (March, 1962), WAPD-T-1455. 

(6) Brunhouse, J. S., et al., "Army Gas Cooled Reactor Systems Program In-Pile 
Test of Prototype ML-1 Fuel Elements" (June, 1964), IDO-28616. 

(7) Vivian, G. L., "A Summary Report on ML-1 Fuel Element Development In-Pile 
Test History" (June, 1964), IDO-10040. 

(8) Titus, G. W., and Saling, J. H., "Army Gas Cooled Reactor Systems Program 
High Temperature Irradiation of U02-EeO Bodies" (January, 1963), IDO-28600. 

(9) Brunhouse, J. S. , r.nd Titus, G. W. , "Evaluation of ML-1 Second Core Fuel 
Element Materials After Long Term In-Reactor Testing", Trans. ANS 8 
43-44 (June, 1965). ’ ^ 

(10) Saling, J. H., Wright, T. R., and Fromm, E. O., "A Study of the Radiation 
Stability of U02 in ZrO^ in Comparison to U02 and U02 in BeO" (BMI Report to 
be published), 

(11) Simnad, M. T., "Irradiation Effects on Dispersion Type BeO-UO? Fuels for 
EBOR" (October 7, 1963), GA-4643 (Part 2). 

(12) Bennett, E. C. , "Ifridiation Testing of MGCR-HDR-1. -2, and -3 in the DR-1 
Gas Loop", Topical Report (1961), HW-69403. 

(13) Freas, D. G., et al., "A Study of the Radiation Stability of U02 Dispersions in 
BeO" (December 9, I960), BMI-1484. 

(14) Johnson, D. E., and Lofftus, F. H., "The Fabrication and Irradiation Testing of 
Dispersion-Type BeO-U02 Ceramic Fuel Materials" (October 10, 1962), GA-3483. 

(15) Johnson, D. E., "Stability of BeO-UOp Reactor Fuel Material During Irradiation" 
(March 31, 196l), GA-2065. 

(16) Johnsjn, D. E., et al., "Irradiation of BeO-UOg Ceramics" (1961), GA-2268. 



63 

(17) Johnson, D. E., and Mills, R. G., "Irradiation Behavior of BeO-UO? Fuel as a 
Function of Fuel Particle Size" (April 16, 1963), GA-4138. 

(18) Rosenberg, F d., Sunderman, D. N., and Diethorn, W. S. , "The Study of 
Fission Gas Releapj from Neutron Activated Graphite and BeO Matrix Fuel 
Materials", Nuclear Reactor Chemistry. First Conference, Gatlinburg, 
Tennessee, October 12-14, I960, TID-í610. 

(19) Dickerson, R. F., and Dayton, R. W., "Progress Relating to Civilian Applica¬ 
tion During April 1964", BMI-1669. 

(20) Dickerson, R. F., and Dayton, R. W., "Progress Relating to Civilian Applica¬ 
tion During June 1964", BMI-1674. 

(21) Morgan, J. G., and Osborne, M. F., "Radiation Effects on Fueled BeO" 
(October 4, 1962), ORNL-TM-311. 

(22) Manly, W. D., "Gas Cooled Reactor Program Quarterly Progress Report for 
Period Ending September 30, 1963", ORNL-3523. 

(23) Manly, W. D., "Gas Cooled Reactor Program Quarterly Progress Report for 
Period Ending March 31, 1962", ORNL-3302. 

(24) Hanna, G. L., Hickman, B. S., and Hilditch, R. J., "The Irradiation Behavior 
of Beryllium Oxide Dispersion Fuels" (March, 1963), AAEC/E-106. 

(25) Hanna, G. L., "Further Examination of Irradiated Hot Pressed Beryllium Oxide 
Based Fuel Specimens" (August, 1964), AAEC/E-125. 

(26) Hanna, G. L., and Hilditch, R. J., "The Irradiation Behavior of Cold Pressed 
and Sintered Beryllium Oxide Dispersion Fuels" (June, 1964), AAEC/E-124. 

(2/) Johnson, D. E., and Tobin, J. M., "The Dimensional Stability on Irradiation of 
AI2O3-UO2, Be0-U02, Graphite-UC and Graphite-UC2", Nuclear Reactor 
Chemistry. First Conference, Gatlinburg, Tennessee, October 12-14. I960 
TID-7610. ’ 

(28) Dayton, R. W., and Tipton, C. R., Jr., "Progress Relating to Civilian Applica¬ 
tions During September I960", BMI-1469. 

(29) Stubbs, F. J., "Diffusion Studies in Dispersion-Type Fuels", Trans. Brit. 
Ceram. Soc., 62, 267-268 (1962). 

(30) Duranc, R. E. , Klein, D. J., and Nykiel, F. R., "Effect of Reactor Irradiation 
on the Thermal Conductivity of Uranium Impregnated Graphite at Elevated Tem¬ 
peratures" (August 15, 1954), NAA-SR-836. 

(31) Hunter, L. P., "Effect of Fission Recoil Fragments on the Thermal Conductivity 
of Graphite", J. Appl. Phys., 30 (12) (December 1959). 

(32) The Pebble Bed Reactor Program. Summary of the First Capsule Irradiation 
(1959), AECU-4055. 



64 

(33) Morgan, J. C., and Oiborne, M. F., "Irradiation Efíect* on UC2 Dispersed in 
Graphite (ORNL-MTR-48-1), Interim Report No. 1 (August 18, I960), CF-60- 

(34) Gas Cooled Reactor Program Quarterly Progress Report for Period Ending 
June 30, 1961, ORNL-3166 (August, 1961). 

(35) Davidson, J. M., and Helm, J. W., "TheH-1 High Tenperature Graphite 
Irradiation Experiment" (April, 1961), HW-64268. 

(36) Davidson, J. M., and Helm, J. W., "The H-3 Irradiation Experiment: Irradiation 
of ESCR Graphite". Interim Report No. 1 (October 16, 1961), HW-71500A. 

(37) Dayton, R. W., and Tipton, C. R., Jr., "Progress Relating to Civilian Applica¬ 
tions During July 1959", BMI-1366. 

(38) Goeddel, W. V., "The Development and Evaluation of Graphite-Matrix Fuel Com¬ 
pacts for the HTGR" (August 8, 1961), GA-2289. 

(39) "40MW(E) Prototype High-Temperature Gas-Cooled Reactor Research and 
Development Program", Quarterly Progress Report for Period Ending Septem¬ 
ber 30, I960, GA-1774. 

(40) Anderson, E. E., "Steady-State Release Function of Krypton and Xenon Fission 
Products at High Temperatures from (U, Th)C2-Graphite Fuel Matrix in Out-of- 
Pile Experiments" (June 15, 1962), GA-3211. 

(41) Hanna, G. L. , Hickman, B. S. , and Hilditch, R. J., "The Irradiation Behavior 
of Beryllium Based Dispersion Fuels - A Preliminary Irradiation Experiment" 
(1962), AAEC/E-96. 

(42) Hanna, G. L., Hickman, B. S. , and Hilditch, R. J., "The Irradiation Behavior 
of Hot-Pressed Dispersions of (U, Th)Bei3 in Beryllium. Second Irradiation 
Experiment" (November, 1963), AAEC/E-112. 

(43) Gibson, G. W., and Shupe, O. K., "Annual Progress Report on Fuel Eleïnont 
Development for FY 1961" (March 9, 1962), IDO-16727. 

(44) Gibson, G. W. , and Francis, W. C., "Annual Progress Report on Fuel Element 
Development for FY 1962" (August 15, 1962), IDO-16799. 

(45) Gräber, M. J. , et al., "Results of ATR Sample Fuel Plate Irradiation Experi¬ 
ment" (March, 1964), IDO-16958. 

(46) Huffman, J. R., "Materials Testing Reactor-Engineering Test Reactor Technical 
Branches Quarterly Report", October 1 to December 31, 1962, IDO-16857. 

(47) Huffman, J. R. , et al., "Materials Testing Reactor-Engineering Test Reactor 
Technical Branches Quarterly Report", January 1 to March 31, 1962, IDO- 
16781. 

(48) Reinke, C. F. , "Irradiation and Postirradiation Annealing of Some Aluminum- 
Base Fuels" (September, 1963), ANL-6665. 



(49) Burlan, R. J., Gates, J. E. , and Dickerson, R F., "Radiation Stability oí Com¬ 
pacts of Aluminum and Fuel-Bearing Glass Fibers" (March 30, 1962), BMI-1573. 

(50) Lambert, J. D. B. , "Irradiation Stability oí Dispersion Fuels", Trans. Brit. 
Ceram. Soc., 62, 247-256 (1963). 

(51) Barney, W. K., Ray, W. E., and Sowman, H. C., "Devtlopment oí Ferritic 
Stainless Steel-U02 Dispersion Fuel Elements" (January 30, 1958), KAPL-1908. 

(52) Haynes, V. 0., Neill, F. H. , and Schaffner, L. D., "Summary of U02-Stainless 
Steel Dispersion Element Irradiation Experiment" (March 18, 1958), CF-58-2-71. 

(53) Freas, D. G., et al., "Radiation Stability of Spherical and Hydrothermal U02 
Dispersed in Type 318 Stainless" (July 14, 1961), BMI-1529. 

(54) Nash, R. R. , "Nuclear Fuels Newsletter" (February 1959), WASH-705. 

(55) Paprocki, S. J., et al., "Fabrication and Irradiation of SM-2 Core Materials" 
(July 12, 1964), BMI-1528. 

(56) Hamilton, D. B. , et al., "Irradiation-Capsule Study for SM-2 Reference and 
Alternate Dispersion Fuels" (May 25, 1961), BMI-1516. 

(57) Schaffner, L. D. , "Army Reactor Program Annual Progress Report for Period 
Ending October 31, 1962" (April 10, 1963), ORNL-3386. 

(58) Bates, J. L., "Metallic Uranium in Irradiated U02", HW-82263. 

(59) Daniel, R. C., et al., "Effects of High Burnup on Zircaloy-Clad, Bulk U02, 
Plate Fuel Element Samples" (September, 1962), WAPD-263. 

(60) Schaffner, L. D. , "Army Reactor Program Progress Report" (February 14, 
1962), ORNL-3231. 

(61) Schaffner, L. D. , "Army Package Power Reactor Project Annual Progress Re¬ 
port for Period Ending January 31, I960" (April 4, I960), ORNL-2907. 

(62) Thurber, W. C. , et al., "Irradiation Testing of Fuel for Core B of the Enrico 
Fermi Fast Breeder Reactor" (November, 1964), ORNL-3709. 

(63) Frost, B. R. T., et al., "Fabrication and Irradiation Studies of U02-Stainless 
Steel and (U, Pu)02-Stainless Steel Cermets", Third International UN Conference 
on the Peaceful Uses of Atomic Energy (May 1964), A/CONF-28/P/153. 

(64) Dayton, R. W., and Tipton, C. R., Jr., "Progress Relating to Civilian Applica¬ 
tions During December 1958", BMI-1958. 

(65) Dayton, R. W., and Tipton, C. R., Jr., "Progress Relating to Civilian Applica¬ 
tions During March 1959", BMI-1330, 

(66) Dayton, R. W., and Tipton, C. R., Jr., "Progress Relating to Civilian Applica¬ 
tions During June 1959", BMI-1357. 



66 

(£>7) Gates, J. E., et al. , "Experiments to Determine the Radiation lability of UN 
Dispersions in Stainless Steel" (June 14, I960), BMI-1446. 

(68) 

(69) 

(70) 

Reactor and Materials Technology, Monthly Report, March 1965, BNWC-83A. 

Reactor and Materials Technology, Monthly Report, June 1965, BNWC-86A. 

Lever, R. C. , Malón, C. P , and Holte imán, M. L., "Metallic Fuel Element 
Materials" (June 20, 1962), APEX-913. 

(71) 

(72) 

(73) 

Keller, D. L., et al., "Fabrication Development and Irradiation of Uranium- 
Molybdenum Alloy-UC>2 Dispersion" (March 12, 1959), BMI-APDA-647. 

Keller, D. L., et al., "High Temperature Irradiation Test of UO2 Cermet Fuels" 
(January 7, 1963), BMI-I6O8. 

Hendrickson, N. M., and Green, J. K., Quarterly Progress Report. Research 
and Development Programs Executed for the Division of Reactor Development, 
July, August, September 1963, HW-79280. 

Reactor and Fuels Research and Development Operation Monthly Report 
(October, 1962), HW-75376A. 

(74) 

(75) 

(76) Reactor and Fuels Laboratory, Monthly Report (July, 1964), HW-83445A. 

Ceramics Research and Development Operation Quarterly Report, October to 
December 1963, HW-76304. 

MK/spr:cm 

1 

i 
1 
G 

ÍJ 
1] 

(1 

e 

ii 
« 
ii 
0 
r! 

p I 
r, I, 



APPENDIX 



I 

I 

I 

I 

I 

1 

A-l 

h 

g 
I 
i 

I 
« 

SI 

3 

a 
b 

3 
X 
5 
H 

3 

z 

J 
u 
6 
h 
Q 
U 
|H 

I 
m 

ë 

.i- 

I Hu 

js 
- So 

Í 

o 
§ 
<n 

u I 

a? 

S552 SssjfSS 
o o o o 

^ • 
oooZ - Ço § 2 S S 
b b b d b ^ b d b d b 

o 
b 

o 
b 

o 8 

** 2! ^ ** If* ** Ob' m* oor «♦ss-.ss S5S3 
oooo ooooooo .... 

" ® » « ~ * 2 £ _ _ _ 
IÍ100« ♦ rfi Ô o — 5 S 

o o d o d o d d d d d 

-issliSsSS^iPS! 

o o o 

O N O <S 
O m O O 

— *1 o o ■" O Ö 

• 2 — — a g ¿^u 

ï7 SSSSSoSC2SS5 
u £ o ó ~ 6 o *i 6-:666 

33-S2 

SSSíSo.SSS-s SSS55 
o o o o d d x d d d n n _• _• _> _• _> 

L- •Ml t| 3 I 1 «Sê ¡ = Ji 2* 
t l^S^ ®0§0 § Õ 3 N O - S 

° A 

Ú 

6 6 6 6 6 6 6 6 6 6 mi 

oooo 

SSSS 
^ooo- 
>0 ^ <0 o- « 
d d 4 b b 

M« li 

5^ 
• y b S 

ÜS 
ïiïï WFÛ* o o o o o 

hwz 

h 

jí, 
<5 

O ». o § 

X d r>‘ d d d d 

4 
3 u 
« 
3 
■3, 

lí 

Jill 
§ 

V 

3 

f 

a 

í 

^ lO I 

CT ^ 

JSÏ 
¿“1 
í? 3 

► - 
3 »« o“ 
D 

J| ÎÎ5I SÍI!32| S § S Î S I I 
2(£ I --22SSS SîSSaîî i 

i11 

-a 
s 

y> 

Jü 
aí? 
« 
M • I M4 

s 

ifx 
H 

s 
u k 
s. 

u 

H 

^¾1 
> • 
9 ï 
dl' 

i?, i 

Üi I h E s 
f fc ti 'ts 

• ill' 1 
a a 3 12 g c s s s * li lã s5. J , 

|oôo| i Î ~ li : Sllüi t Jíl 
11¾ ihm! iííJí 

. 3í 

J *-! 
*;?> 

rni .* 

5 ^ M lí d 

ülT 



A-2 

TABLE A-2. COMPATIBILITY BETWEEN SELECTED 
FUEL AND MATRIX MATERIALS* 

BeO 
ai2o3 
MgO 
Graphite 
Beryllium 
Aluminum 
430 Stainless Steel 
447 Stainless Steel 
Niobium 
Molybdenum 
Tungsten 

1800Í1) 
1800Í1) 
1300<2) 
600(1) 
500d)(b) 

1315<2) 
1315(2) 
1400(1) 
2600(3) 
2760(3) 

1600(2) 
700(2) 
600(2) 
870(1) 
870d) 

iiood) 
1200(1) 
1800(2) 

400i4) 
1300(4) 
1300(4) 

1590(2) 
1590(2) 

1400(2) 
1400(2) 
1400(2) 
1370(2) 
1370(2) 

260i6) 
260<6) 

1095(i>) 
1095(6) 

815(6^ 

tempersiurc. d »luniinum, and thereby lower» the compatibility 
•Source»: 

S0, r"h"°teW “X Vol 30. ltM), 

!« rrt t. ^'7^' ^ ‘““i »«■•«»• 
TRG-Report-84a(R)(1965). teru*1 101 ^‘Cooled Graphite Moderated Reactor»", 

(4) ftice, D., et al., "Compatibility of UN With Potential Claddino ..1.- nut i«« « 
(5) Hanna, G. 1., and Hildltch R I -11» irr.Ht.n ? * BMI-1760 (February 8. 1966). 

Fuel," (June, 1964). A A ^24.' * tÍOn Beh4VÍ0, 0Í C0U ^ *nd Sintered Beryllium Oxide DUpertion 
m P*procki. 3. ,.. „dD,ckera,. ¿ ,.. D„. 
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A-3 and A-4 

TABLE A-3. ANNEALING TEMPERATURE FOR 
REMOVING FAST-NEUTRON 
DAMAGE IN SELECTED 
MATRIX MATERIALS 

Material Temperature, C Source 

BeO 1000-1500^) i 
AI203 500-700(a) 1 
Graphite 1000-I200(a) 1 
Aluminum 140 ¿ 
Stainless Steel 500 2 3 
Niobium 490 2 
Molybdenum 800 4 
Tungsten 1090 4 

(*) The required enneellng temperature »eem» to differ with batch of 

material. Alio, materlali of a higher denilty require a higher 

annealing temperature. It wai found alio that irradiation of a mate¬ 

rial at a temperature ii coniiderably more effective than po«- 
irradlatlon anneal at the tame temperature. 

*Sourcei: 

(1) Klrcher. J. F., and Bowman. R. E., Effecti olRaoiation on Mate, 

rjali and Component«. Relnhold Puhliahing Company, New York 
(1964). 

(2) Aqua. E. N., and Aillo, R. j., "Radiation Effecti Upon and Re¬ 

covery of the Mechanical Propertiei of Metall“, KAPl-2103. 

(3) Buiy, S. H., Irradiation Effecu in Cladding and Structural Mate- 

rtali, ASTM, Row man and Littlefield, Inc., New York (1965). 

(4) Quarterly Progren Report: “Irradiation Effecu on Reactor Struc¬ 

tural Ma teriali, February, March, April, 1965", BNWL-94. 
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