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IRRADIATION OF METAL-FIBER-REINFORCED THORIA-URANIA

by

L. A. Neimark, J. H. Kittel and C. L. Hoenig

ABSTRACT

Randomly oriented fibers of either molydenum or niobium have been
incorporated into hot-pressed pellets of 10, 30, and 50 w/o UO, in ThO,to
improve thermal conductivity and thermal shock resistance. Pellets, 9.5 mm
in diameter and 9.5 mm in length, were irradiated in NaK capsules, both
bare and jacketed with Zircaloy-2, with the annulus between pellet and jacket
filled with lead or helium. They were irradiated to burnups ranging up to
34,500 MWD/T (1.0 x posd fiss/cc) at central temperatures of the order of
3000°C. Integral kd9 values ranged from 34 to 129 w/cm.

Fracture and metallographic sections of the irradiated specimens
confirmed out-of-pile measurements that the molybdenum fibers increased
the effective thermal conductivity of the mixed oxides. It was possible to
give the fibered pellets higher heat ratings than unfibered pellets before
comparable thermal effects occurred. The fibers tended to reduce central
void formation, retard recrystallization, and maintain the integrity of the
pellet. In some helium-bonded specimens, the molybdenum fibers coalesced
into a central sphere after melting during irradiation. The coalescence did
not occur in lead-bonded specimens. The niobium fibers were found tore-
act with the oxide.

Fission gas release from unclad fibered pellets was a maximum of
15.3% of theoretical at a burnup of 31,500 MWD/T (8.3 x 10%° fiss/cc) and
an integral kd6 value of 57 w/cm. Gas release from similarly irradiated
unfibered pellets was a maximum of 6.3% at 21,800 MWD/T (6.6 x 10%° fiss/
cc) and an integral kdf value of 92 w/cm. The disparity in gas release is
attributed to the breaking into pieces of the unfibered pellets early in the
irradiation and their consequent operation at significantly lower tempera-
tures than the fibered pellets.

INTRODUCTION

The comparatively low thermal conductivity of oxide fuels has
limited the full use of their advantages of dimensional stability, resistance
to corrosion, and high melting points. One approach to the problem of in-
creasing the thermal conductivity has been through the addition of thin
metal fibers to the oxide matrix. Ideally, the fibers should be radially
oriented but, since this is not feasible, the next most advantageous method
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is random orientation of the fibers. It has been shown that randomly oriented
molybdenum fibers in ThO, have increased the thermal conductivity by a
factor of three in unirradiated material in the temperature range from

250 to 1640°C.(1) It follows from the increased conductivity that the fibered
ceramic also has improved resistance to thermal shock.(2) The physical
properties of thoria reinforced by metal fibers have been summarized in

a recent paper.(3)

The object of this investigation was to evaluate the irradiation char-
acteristics of a fibered oxide fuel body. The effects of the fibers on per-
missible heat ratings, microstructure, and fission gas release were of
primary interest. By cladding the fuel and using either lead or helium
bonding, it was possible to evaluate the fibered oxide under different con-
ditions of heat transfer. The fission gas release was determined from
capsule-puncture measurements on bare pellets.

Various compositions of ThO,-UO, were chosen as the matrix mate-
rial for this study. As a nuclear fuel, solid solutions of ThO,-UQO, offer the
advantages of breeding fissile U??, irradiation stability, and good character-
istics for fission product retention.(4'6) The metals selected for use as
fibers were molybdenum and niobium. Both have the desirable properties
of high melting point, relatively low thermal neutron cross section, and the
ability to improve the thermal shock resistance of ThOZ.(7)

FABRICATION

Thoria containing up to 50 w/o urania and additions of metal fibers
have been successfully hot pressed into dense bodies.(7) Since it was de-
sired to irradiate fuel with a range of compositions to establish parameters
for possible further investigations, the compositions selected for this study
were 10,30, and 50 w/o UQ, in total oxide. The 10 w/o UO, addition was
93.2% enriched in U?*®, whereas the 30 and 50 w/o additions were 19.2%
enriched.

The addition of fibrous molybdenum or niobium constituted approx-
imately 10 w/o of the combined oxide-fiber weight. The fibers were all
nominally 3.2 mm long with diameters of 0.13 and 0.25 mm for the molyb-
denum and niobium, respectively.

The UO, was reduced from U3Og by hydrogen firing at 800°C for
4 hr. The UO,; and ThO, were mixed in the proper proportions in ball mills
for a period of 24 hr. A 0.5 w/o CaF, addition was incorporated as a densi-
fying agent. The fibers were intimately mixed with the mixed oxides and
the mixture then loaded into a graphite mold. The graphite acted as a sus-
ceptor in an induction furnace and also furnished a reducing atmosphere.
Molybdenum liners were used to prevent carburization of the niobium.




The specimens were hot pressed into pellets at 1500°C and
175 kg/v::m2 pressure. The pellets were 9.5 mm in diameter, approximately
9.5 mm in length, and weighed between 6.17 and 8.28 gm, of which 0.7 gm
was metal fiber. The total porosities ranged from 3.2 to 12.2% of the vol-
ume. A few pellets containing no fibers were fabricated for comparison of
irradiation effects. The porosity range of these pellets was from 3.8 to
17.4%.

Fourteen irradiation specimens were assembled, each with two
pellets of the same composition and fiber content, jacketed in 0.5-mm-
thick Zircaloy-2 cladding and a 1.6-mm annulus filled with lead. The
pellets were centered by three l.6-mm-square longitudinal Zircaloy-2
ribs. Six other specimens were assembled with two pellets each in
0.5-mm Zircaloy-2 cladding and a 0.025-mm annulus filled with helium.
The end caps on all clad specimens were heliarc welded. Diagrams of
the clad specimens are shown in Figure 1.

:3 E GAS SPACE
y ZIF::CALOY-Z ‘3 E
JACKET
" e—ZIRCALOY-2
] JACKET
% 1
x%’ LEAD ANNULUS
¢ HELIUM
/: ThO2-U 02 ThA(;dN ::JJ(I;US_‘
PELLET 202
HEFS PELLETS—
A-LEAD BONDED ASSEMBLY B-HELIUM BONDED ASSEMBLY

Figure 1. Schematic Vertical Sections of Jacketed Specimens.

IRRADIATION

All specimens, bare and clad, were irradiated singly in aluminum
NaK capsules with the space above the NaK evacuated to 0.2 © Hg. The
specimens were loosely held in the capsule in an annulus of stainless steel
wool which prevented damage from mechanical shock and also centered
the specimen in the capsule. Each capsule contained an aluminum-cobalt
flux monitor which was used in determining the burnup and heat output of
the specimen.

The capsules were irradiated in the ETR in positions P-9, P-10,
and P-11. The irradiation parameters were calculated to give a range of
burnups, with a maximum at about 30,000 MWD/T, and maximum central
fuel temperatures of 3200°C. From the desired central fuel temperature
and the known ETR water-coolant temperature, volumetric rates of heat
release were calculated by means of standard equations for heat transfer.
For these calculations the thermal conductivity of the unfibered oxide was
taken as 0.02 watt/cm-°C and that of the fibered oxide as 0.06 watt/crn—°C,
in the temperature range of the irradiation.(1,3) Total perturbation factors
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were calculated for each composition and enrichment by means of the
method by Lewis(s) for MTR-ETR irradiations. The calculation of the un-
perturbed thermal flux necessary to give the calculated heat generation
rate was based on equation 2.164.1 in Glasstone's "Principles of Nuclear
Reactor Engineering."(g) The residence times in the reactor of 44, 80,
and 127 effective days of irradiation were determined from the desired
burnups and calculated thermal neutron flux.

The burnup actually attained by the specimens was calculated from
a combination of mass spectrometric analysis of the uranium isotopes and
the monitor-indicated thermal flux. A mass spectrometric analysis was
obtained for seventeen of the thirty-four specimens. The uranium burnup
in each case was calculated from Equation 1, after Kittel and Paine(lo):

(ap + bg) - (a + b)
o) ~ (a3 (1)

B = F/N,

The quantities ag, a, and by, b are the pre- and postirradiation fractions of
U%3* and U*%, respectively, Ny is the original number of atoms of uranium,
F is the number of atoms of U?3® fissioned, B is the total burnup ratio, and
o is the ratio of capture to fission cross sections of U?*®*, The basic as-
sumptions are that the burnup is due entirely to U?*® fissions and that fission
accounts for at least 95% of the total uranium lost. For ETR conditions the
ratio of capture to fission cross section, a, was taken as 0.185.(11) Since
this equation considers only U234, U235, UZ%, and U?3®
essary to normalize the postirradiation analyses, which contained from
thorium conversion, to these four isotopes. The isotopic analyses before
normalizing are given in Table I.

present, it was nec-
233

Table I

POSTIRRADIATION URANIUM ISOTOPIC ANALYSES

Tpocmen 1233, wio U234, wio U235, wio U236, wio U238, wio

ANL-35- 3 0.80  0.005 0143 £ 0,002 1458 £ 0.10 087 * 0,10 8351 £ 0.10
-4 0.853 £ 0,007 0141 £ 0.001 1478 £ 0.10 0.847 + 0,004 8338 * 0.10
-5 10.12 + 0.06 1573 * 0.009 68.21 £ 0.05 1L67 £ 0.07 843 £ 0.05
- 1223 £ 0.07 172 + 0.04 63.87 * 0.05 1352 + 0.08 8.66 * 0.05
-7 7.08 * 0.07 1.285 * 0008 75.94 * 0.05 828 * 005 7.41 % 005
-8 0.528 + 0.003 013 * 0,001 1285 * 0.08 L175 * 0,007 8.3 * 008
-9 0522 + 0.003 0140 * 0,001 133 * 008 L137 * 0.004 8486 * 0.08
-10 0.576 * 0.004 0140 £ 0,002 1275 * 008 1215 * 0,007 8.32 * 0.08
-1 0.368 0,006 0131 * 0.002 1474 + 0.10 0873 £ 0,010 83.89 * 0.10
12 0.723  0.004 0138 * 0,001 1510 * 0.09 0.770 £ 0,004 83.27 * 0.09
-13 0.960 + 0.006 0.146 + 0,002 1481 + 0.10 0923 * 0.006 83,15 £ 0.10
-14 0.732 + 0.006 0.138 £ 0,001 1511 £ 0.10 0.784 £ 0.008 83.24 * 0.10
15 0540 £ 0,007 0.135 £ 0.001 16.22 + 0,01 0.600 * 0.004 8250 £ 0,01
-16 L77 £ 001 0.969 * 0.006 88.80 * 0.04 243 * 0.02 6.01 £ 0.04
-18 109 * 0.1 157 + 001 67.90 + 0.08 113 £ 01 840 * 0.8
-23 23 £ 002 0.213 £ 0.002 9.30 £ 0.09 179 * 0.02 86.30 * 0.09
-2 0.8 * 0.1 0145 * 0.002 137 £ 01 110 £ 001 @2t 0l




After correcting the cobalt-monitor data for resonance activation,
it was assumed that the monitor indicated the true unperturbed thermal flux,

since the monitor was located at least 2.5 cm from the specimen. Monitor-

indicated burnups were calculated by means of perturbation factors derived
from the method by Lewis for MTR-ETR irradiations. From the ratio of
mass spectrometric burnup to monitor-indicated burnup, average effective
perturbation factors f' were calculated for each of the three compositions
that were irradiated. The factors f' were then applied to the monitor-
indicated unperturbed fluxes to determine the effective flux for specimens
for which analyses were not obtained. A comparison of the calculated per-
turbation factors and the experimental values of f' is given in Table II.

The agreement is generally good.

Table II

CALCULATED AND EXPERIMENTAL PERTURBATION FACTORS

Uuo,, w/o Enrichment, w/o Calculated f Experimental f'

10 93 . 0.49 0.56
30 19.2 0.63 :
50 19.2 0.48 0.51

Specimens irradiated for 127 days and containing 90 w/o ThO, had
sufficient U%33 buildup and subsequent burnup to be significant. The s

burnup was calculated from the work of Taraba.(12)

Tables III, IV, and V summarize the irradiation data. The heat
output was calculated from the effective fluxes obtained in the manner

described above and with a U2% fission cross section of 582 barns and an
energy release in the fuel of 180 MeV/ﬁssion.

Table IIT

IRRADIATION BEHAVIOR OF UNCLAD THO2-UO2 PELLETS

Specimen | UQp Wire Per Cent Days of Burnyp SZ?(I:; % Flssion Gas
peNo. wlo' Reinforcing | Porosity lrraziation MWDIT Oxide | Fiss/cc (x 1020) Heat Flux, kd 8, wicm % TRhe;giZtei'cal XelKr Condition
. watts/cm2 | V'S
ANL-35-16 | 10 Mo 8.2 4 7400 1.9 163 34 13 7.1 | Whole.
-7110 None 4.1 127 23,900 7.0 228 47 35 6.3 | Pelletin pieces.
-5 10 Mo 4.4 127 31,500 8.3 214 57 15.3 6.6 | Pelletin two halves.
-6 10 None 43 127 34,500 10.1 310 64 2.2 5.9 | Pellet in pieces.
ANL-35-15 | 30 None 6.1 44 5900 17 176 39 1.4 6.0 | Pelletin pieces.
-4 30 None 38 L7 8200 24 196 43 2.9 6.4 | Pellet in pieces.
-12| 30 Mo 5.2 80 8200 2.2 120 21 45 7.3 | Whole.
-13 | 30 Mo 9.6 4 8700 22 207 46 8.1 7.1 Pellet in two halves.
-4 30 Nb 6.9 44 8800 2.3 209 4 1.6 5.8 | large transverse fissure
at midplane.
=313 Nb 5.5 44 9200 2.4 228 51 8.1 7.2 | large transverse fissure
at midplane.
ANL-35-11 | 50 None 6.8 80 15,200 4.4 225 48 3.2 7.6 | Pellet in pieces.
-9 50 Mo 5.9 80 19,800 5.3 289 61 8.1 7.8 | Pellet in two halves.
-8 50 Mo 43 127 21,500 57 193 41 15.0 9.5 | Pellet in two halves.
-10 | 50 None 44 80 21,800 6.6 440 92 6.3 6.9 | Pellet in pieces.

13
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Table IV
IRRADIATION BEHAVIOR OF LEAD-BONDED ZIRCALOY-2-CLAD THO2-UOp PELLETS
Cladding T, "
" " Burnup 0 Maximum
Speﬁlmen U(/)Z " ‘V\;vre' PPer (':te?;) Jr[r):gisat?:m Hz;’,r?,f; / kd 8, wicm | Diameter 'n\f;g::% Cladding Condition
0 WD || IRIOReINg. | Orasiey MWDIT Oxide | Fissice(x 1020) | P4 | JTs Change, % J
ANL-35-20 | 10 None 6.4 121 20,000 5.8 254 67 +14 0.0 (b)
6.3
-19 | 10 Mo 7.0 127 28,700 7.4 431 115 +15 0.6 (b)
7.8
-18 | 10 Mo 6.5 127 29,700 7.1 460 122 +16 1.8 (b)
7.0
-17 | 10 Mo 32 127 31,100 8.2 482 129 +15.2 - Four holes and one
14 long crack.
ANL-35-24 | 30 None 5.4 a“ 4900 14 189 54 +0.1 0.0 (b)
17.4
-2 | 30 Mo 4.4 4 7100 1.9 291 83 +0.1 0.0 (b)
8.7
-29 | 30 Nb 49 4 8000 21 219 79 0.0 0.1 (b)
7.8
-21 | 30 Mo 45 4 8200 2.2 31 100 -1.0 0.0 (b)
6.9
-30 | 30 Nb 5.3 80 12,100 3.2 212 7 -0.6 0.1 (b)
4.6
-23 | 30 Mo 4.7 127 20,500 5.1 352 100 +1.8 0.4 (b)
9.4
ANL-35-28 | 50 None 6.3 80 11,300 3.4 253 68 -0.1 0.1 (b)
3.8
=21 | 50 Mo 1.5 80 13,600 3.6 284 76 +0.2 0.2 (b)
7.4
-26 | 50 Mo 43 80 17,000 4.6 357 9 0.0 0.2 (b)
5.4
=25 | 50 Mo 12.2 80 18,800 5.0 403 110 -0.3 0.4 (b)
6.0
(a) Top value refers to top pellet in assembly, bottom value to bottom pellet.
(b} Cladding unmarked.
Table ¥
IRRADIATION BEHAVIOR OF HELIUM-BONDED ZIRCALOY-2-CLAD THO2-UO2 PELLETS
Cladding z
5 " Burnup To Maximum
Specimen | UO2, Wire Per Cent Days of Surface / % Volume . -
) . e ia) 2o kd 8, wicm | Diameter Cladding Condition
No. wlo | Reinforcing | Porosity Irradiation MWDIT Oxide | Fiss/cc (x 1020) Heat Fluxz, T Change, % Increase, %
watts/cm
ANL-35-32 | 10 Mo 85 127 21,100 7.0 500 100 +9,3 = Large melt hole.
5.2
-31( 10 Mo 41 127 27,800 74 536 107 +6.5 18 Blister and melt spot.
3.8
ANL-35-33 | 30 Mo 1.7 4 6100 1.6 343 73 +0.2 0.4 No change.
6.5
-34 Mo 5.7 a4 6800 18 365 78 +0.4 0.9 Large melted area.
10.3
ANL-35-35 | 50 Mo 6.4 80 16,700 44 480 97 +1.4 - Large melt hole.
5.6
-3 | 50 Mo 9.8 80 17,400 45 508 103 +1.7 & Very largemelt hole.
6.6

(a) Top value refers to top pellet in assembly, bottom value to bottom pellet.

Maximum radial heat flow was taken as 44 and 86% of the heat output from
single pellets and clad specimens, respectively.<13) The calculation of
accurate internal temperatures was not possible because of the uncertainty
of the thermal conductivity. Adding to this difficulty was the high probabil-
ity of boiling of NaK at the pellet or cladding surfaces, making a rigorous

temperature calculation virtually impossible.

Temperatures were there-

fore estimated from the condition of the molybdenum or niobium fibers or
of the Zircaloy-2 supporting ribs.
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Ty
The values of the heat rating kd6 were derived from the
Ts
maximum radial heat ratings by the equation
To
kd9 = qF/4m (2)

Ts
where

q = radial heat output (watt/cm)

a factor taking into account nonuniform heat generation in a
neutron-depressing fuel.

The equation is from the work of Robertson(14) in which F is defined as a
function of fuel enrichment, diameter, density, and the energy spectrum of
the reactor. Because of uncertainties in the latter quantity for our speci-
mens, a rigorous calculation of F was not possible. With reservations and
realizing that a slight inherent error exists, the factor F was taken from
Figure 2 in CRFD-835 after modifying the abscissa to '"grams U?% per cc."
The calculated values of the integral are consistent within themselves and
would not differ significantly from those obtained from a rigorous
calculation of F.

POST IRRADIATION EXAMINATION

Visual Observations

The cladding of one-lead bonded specimen, ANL-35-17 (see Figure 2)
had melted and undergone extensive swelling and rupture.

25200 2X

Figure 2. Lead-bonded, Molybdenum-fibered Specimen ANL-35-17 after a
Burnup of 31,100 MWD/T and an Integral kdé Value of 129 w/cm Showing
Cladding Burnout and Longitudinal Crack.




had begun to melt.
bonded specimens.

The cladding on all other lead-bonded specimens was unaffected. An
undamaged lead-bonded specimen, ANL-35-18, is shown in Figure 3.
cladding on five of the six helium-bonded specimens had melted through or
Figures 4, 5 and 6 show typical damage to the helium-
The exposure of the fuel to the NaK caused significant
losses of fuel from both the lead- and helium-bonded specimens.

25201 2X

Figure 3. Lead-bonded, Molybdenum-fibered Specimen ANL-35-18 after a
Burnup of 29, 700 MWD/T and an Integral kd¢ Value of 122 w/cm Showing
No Visible Cladding Defects.

25032 2X

Figure 4. Helium-bonded, Molybdenum-fibered Specimen ANL-35-34
after a Burnup of 6800 MWD/T and an Integral kdé Value of 78 w/cm
Showing a Melted Region on Cladding Surface.

25208 2X

Figure 5. Helium-bonded, Molybdenum-fibered Specimen ANL-35-32
after a Burnup of 27,100 MWD/T and an Integral kdé Value of 100 w/cm
Showing Cladding Burnout Failure.

The




250317 2X

Figure 6. Helium-bonded, Molybdenum-fibered Specimen ANL-35-36
after a Burnup of 17, 400 MWD/T and an Integral kdg Value of 103 w/cm
Showing Cladding Burnout and Exposed Fuel.

The capsules containing the bare pellets were punctured for fission
gas measurements and the pellets then removed. All pellets without fibers
had broken into many small fragments. The fibered pellets broke into no
more than two or three pieces, usually at the midplane, and in two in-
stances remained whole. The appearances of typical unclad pellets are
shown in Figures 7 through 10.

28161 2X

Figure 7. Specimen ANL-35-14 after a Burnup of 8200 MWD/T,
Showing Fracturing of Unclad, Unfibered Pellet.

Figure 8

Unclad, Molybdenum-fibered Pellet, Specimen ANL-35-12, Showing
No Change after a Burnup of 8200 MWD/T and an Integral kdé Value
of 27 w/cm.

28159 2X

17
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28155 2X 28150 2X
Figure 9. Specimen ANL-35-8 after a Burnup of Figure 10. Specimen ANL-35-3 after a Burnup of
21,500 MWD/T and an Integral kdé Value of 9200 MWD/T and an Integral kdé Value of 51 w/cm,
41 w/cm, Showing Maximum Damage Received by Showing Typical Damage Received by Unclad,

an Unclad, Molybdenum-fibered Pellet. Niobium-fibered Pellets.

Dimensional and Density Measurements

Diameter measurements were made on the clad specimens with a
standard micrometer. Duplicate measurements were obtained by analysis
of 2X photographs containing a diameter standard. The diameter changes
as measured ranged from -1.0% to +15.2% for lead-bonded specimens and
from +0.2% to +9.3% for helium-bonded specimens. The precision of the
postirradiation measurements was at best 1 0.05 mm, or about 10.4%.
Since swelling and blistering were not uniform, it was not always possible
to ascertain the maximum diameter change with either the micrometer or
the photographs. A truer indication of specimen swelling was obtained
from volume changes calculated from density measurements.

Densities of unruptured clad specimens were determined by a
CCly immersion technique using a 200-gm Mettler analytical balance.
Volume changes were obtained by correcting the densities to zero weight
change. The volume increases ranged from zero to 1.0% for lead-bonded
specimens and from 0.4% to 1.8% for helium-bonded specimens. The error
in the volume determinations was less than 0.1%. The volume increases
of lead-bonded ANL-35-18 and helium-bonded ANL-35-31, 1.0% and 1.8%,
respectively, are significant because these specimens attained the highest
heat ratings without failure. It appears that lead-bonded assemblies have
less tendency to swell before failure than do helium-bonded assemblies,
and at significantly higher heat ratings.

A summary of the dimensional changes is found in Tables IV and V.

Fission Gas Release

The fourteen capsules containing the bare pellets were punctured
for gas measurement in a modified arbor press arrangement. The press
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was fitted with a spring-loaded, vacuum-tight bellows which surrounded a
stationary, three-faced tool steel needle. The capsule was placed in an
aluminum block holder which was then seated in the press so that the
puncturing needle was aligned with the center of the capsule. A vacuum
O-ring seal was made between the aluminum holder and the bottom sup-
porting block of the bellows and a vacuum of 10l or less was drawn around
the capsule. The fission gases that escaped from the fuel to the evacuated
space above the NaK were released to an evacuated collection system when
the needle pierced a 1.0-mm-thick aluminum membrane at the top of the
capsule. The gas diffused through a 9.5-mm-diameter copper tube con-
nected to the aluminum holder and out of the hot cell to the collection sys-
tem. After equilibrium had been attained, in about 30 min, the pressure

in the known volume of the system was measured by either of two tilting
McLeod gages depending on the magnitude of the pressure. A 0.5-cc
sample of the gas was transferred to a collection bulb by a mercury
diffusion pump and taken for mass spectrometric analysis. The gas re-
maining in the system was statically trapped in a bulb containing activated
charcoal and cooled to liquid nitrogen temperature. The puncturing ap-
paratus and collection system are shown in Figures 11 and 12.

The volume of fission gas released from the fuel was calculated
from the pressure-volume relationship and the xenon and krypton isotopic
analyses. The four isotopes of xenon analyzed were Xe! Xel® Xe!** and
Xe!*. The Xe!® fraction was partly from fission and partly from neutron
capture by Xe'®®. In the neutron flux to which the specimens were exposed,

about 10 n/cmz-sec, it was calculated that about 94% of the Xe'* went to Xe!3®,

EI-12

Figure 11. Capsule Puncturing Apparatus for Fission Gas Measurements
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EI-13

Figure 12. Fission Gas Collection and Measurement Apparatus

The total U**® fission yield for xenon that was used in calculating
the theoretical gas release, including the Xe!* from Xe'*®®, was 27.6%. The
fission yield for krypton was taken as 3.8%. For U?* fission, the yields
used were 26.2% and 7.0% for xenon and krypton, respectively.(lS) The
results of the theoretical calculations for gas release are included in
Table III. The results are also plotted as functions of burnup and

To
kd6 in Figures 13 and 14.

Ty

The ratio of xenon to krypton in the escaped gases fell within the
range from 5.9 to 7.8 with the exception of ANL-35-8, for which it was
9.5. The trend was toward an increasing ratio of xenon to krypton with
increasing UQO, content. The scatter in the theoretical release data is
partly attributed to this changing ratio and partly to the inconsistent den-
sities. The high ratio of xenon to krypton of ANL-35-8 is considered
anomalous with the other data.
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Metallography

Since the total length of the pellets in the clad specimens was
considerably less than the total free space, it was necessary to locate the
pellets in the cladding before sectioning. A technique was developed in
which the specimens were placed on an X-ray film packet which was then
removed from the hot cell and developed. Typical autoradiographs are
It was evident that the two pellets had not remained
With the radiographs as a guide, the specimens
were sectioned with a tubing cutter as near as possible to the midplane of
Subsequent examination showed that in a few cases the clad-
ding was distorted during cutting because of the difficulty in cutting through
ribs in the lead-bonded specimens. Figures 16 through 25

shown in Figure 15.
together in all specimens.

each pellet.

the spacing

show typical fracture sections of the clad specimens.

27396
ANL-35-21

Figure 15

IX 27397 1X

ANL-35-217

26931 5X

Figure 16. Fracture Surface of Bottom Pellet in Unfibered, Lead-bonded
Specimen ANL-35-24, Showing Cracking after a Burnup of 4900 MWD/T
and an Integral kdd Value of 54 w/cm.

Autoradiographs of Specimens ANL-35-21 and ANL=-35-27
Showing Variation in Top and Bottomn Pellet Separation in
Lead-bonded Assemblies after Irradiation.




26973 5X

Figure 17. Fracture Surface of Bottom Pellet in Unfibered, Lead-bonded
Specimen ANL-35-28, Showing Radial Columnar Grains and a Small
Central Void Filled with Lead after a Burnup of 11, 300 MWD/T and an
Integral kdé Value of 68 w/cm.

25668 65X

Figure 18. Fracture Surface of Top Pellet in Unfibered, Lead-bonded
Specimen ANL-35-20, Showing Radial Columnar Grains and Central
Void after a Burnup of 20,000 MWD/T and an Integral kdé Value of
67 w/cm.

23



26965 5X

Figure 19. Fracture Surface of Bottom Pellet in Molybdenum-fibered,
Lead-bonded Specimen ANL-35-22, Showing Some Melted Fibers but
no Central Void after a Burnup of 7100 MWD/T and an Integral

kdé Value of 83 w/cm.

26935 5X

Figure 20. Fracture Surface of Bottom Pellet in Molybdenum-fibered,
Lead-bonded Specimen ANL-35-26, Showing Area Just Below Small
Central Void after a Burnup of 17,000 MWD/T and an Integral

kd6 Value of 96 w/cm.




26967 5X

Figure 21. Fracture Surface of Bottom Pellet in Molybdenum-fibered,
Lead-bonded Specimen ANL-35-23, Showing Central Void, Melted
Fibers, and Beginnings of Columnar Recrystallization after a Burnup of
20,500 MWD/T and an Integral kdé Value of 100 w/cm.

25674 5X

Figure 22. Fracture Surface of Bottom Pellet in Molybdenum-fibered,
Lead-bonded Specimen ANL-35-18, Showing Mixture of Lead and
Oxide after a Burnup of 29, 700 MWD/T and an Integral kdé Value of
122 w/cm.

25
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26984 5X

Figure 23. Fracture Surface of Top Pellet in Molybdenum-fibered,
Helium-bonded Specimen ANL-35-34, Showing Small Metal Bead
Surrounded by Small Columnar Grains after a Burnup of 6800 MWD/ T
and an Integral kdf Value of 78 w/cm.

26982 5X

Figure 24. Fracture Surface of Bottom Pellet in Molybdenum-fibered,
Helium-bonded Specimen ANL-35-32, Showing Columnar Grains Sur-
rounding a Central Void Containing Melted Fibers after a Burnup of
27,100 MWD/T and an Integral kd6 Value of 100 w/cm.




26980 5X

Figure 25. Fracture Surface of Bottom Pellet in Molybdenum-fibered
Helium-bonded Specimen ANL-35-31, Showing Large Central Metal
Bead Surrounded by Columnar Grains after a Burnup of 27,800 MWD/ T
and an Integral kd6 Value of 107 w/cm.

The fracture sections of clad specimens, halves of fibered bare
pellets, and randomly oriented pieces of unfibered bare pellets, were
mounted in cold-setting Hysol 6040 epoxy resin. Rough grinding was done
successively on 80, 120, 320, and 600-grit silicon carbide papers lubricated
with "OS" Hyprez fluid. Polishing was done on silk cloths using 3- and
l-micron diamond paste with final polishing on Microcloth impregnated
with % -micron diamond paste and all using "OS" Hyprez lubricant. At-
tempts at etching with hot and cold solutions of 10 parts HNOj; and 1 part
HF or 9 parts H,SO4 and 1 part 30% H,O, produced only etch pits. It was
believed that the low grinding and polishing pressures, 350 and 125 grams,
respectively, and the slow turntable speeds of 160 rpm were successful in
bringing out most of the grain structure that was present. All the metal-

lographic sections presented here are therefore in the as-polished condition.

Random pieces from the unfibered, unclad pellets had relatively few
and small areas of recrystallization, as shown in Figure 26. This would
indicate that these specimens were irradiated at low temperature caused
by their breaking up and having a very large surface area exposed to the
NaK coolant. What appeared to be a light gray second phase was present
in all specimens, clad and unclad, regardless of burnup or composition. In
the unclad pellets this phase was not homogeneous and gave the ceramic a
"patchy" appearance. Some pieces exhibited a white band at what probably
was once the circumference. The band was free of the second phase, as
were the recrystallized areas.

27
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31447 50X

Figure 26. Randomly Oriented Fragment from Unfibered Specimen
ANL-35-6, Showing "Patchy" Second Phase (Dark) and a Small Re-
crystallized Area on the Right Extremity (Arrow). Average Temper-
ature of Irradiation Was Low.

The unclad fibered pellets, which did not break up as readily as
the unfibered pellets, showed thermal effects ranging from no apparent
change, as in Figure 27, to slight central recrystallization, as in Figure 28,
to a central void surrounded by some recrystallization, as in Figure 29.
Some pores near the center of ANL-35-5 were platelike and perpendicular
to the radius. They were present at the ends of radially oriented grains.
A typical platelet void is shown in Figure 30. Cracking was randomly
oriented and did not form a network between fibers.

The niobium fibers in both the clad and unclad specimens reacted
with either the oxide or the atmosphere present in the pellet. Reactive
gases in the pellet would include excess oxygen from nonstoichiometric
UO,; and hydrogen that was chemisorbed on the UO, during the reduction
from U3;0g. Molybdenum reactions with the environment were not evident.
Some typical niobium reactions are shown in Figures 31, 32, and 33. An
unreacted molybdenum fiber is shown in Figure 34.




31437 5X

Figure 27. Polished Section of Specimen ANL-35-16. Molybdenum
Fibers Are Discernible after 7400 MWD/T at an Integral kd6 Value of
34 w/cm.

31436 5X

Figure 28. Polished Section of Molybdenum-fibered Specimen
ANL-35-13. Central Area HasBegun to Recrystallize after
87000 MWD/T at an Integral kdg Value of 46 w/cm.

29
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31431 5X

Figure 29. Polished Section of Niobium-fibered Specimen
ANL-35-4. Central Void and Some Recrystallization Has
Occurred after 8800 MWD/T at an Integral kdd Value of
47 w/cm.

Figure 30. Beginning Movement of Platelet Void (Arrow) Toward Center
of Specimen ANL-35-5. White AreasAre Melted Molybdenum Fibers.
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31378 250X
Figure 31. Niobium-fiber Reaction in Unclad Specimen ANL-35-4.

Figure 32. Remains of Niobium Fiber and Reaction Product in Lead-bonded
Specimen ANL-35-29.
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AN
RO S
31290 50X

Figure 33. Reacted Niobium Fibers in Recrystallized Center of
Specimen ANL-35-29.

31310 250X

Figure 34. Unreacted Molybdenum Fiber in Specimen ANL-35-26.
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The appearance of the clad specimens clearly showed that higher
temperatures were achieved than in the bare pellets. This is predominantly
attributed to the reduction of heat losses from the ends when the ratio of
length to diameter was increased from one to two. The temperature drops
through the cladding and bonding were also factors in increasing the
temperature.

Unfibered, lead-bonded pellets (see Figures 35, 36, and 37) exhibited
the normal central void and very large radial grains at high integral
kd6O values, but only cracking at lower values. Lead was present in the
center of ANL-35-28 and in the cracks of ANL-35-24, but not in the center
of ANL-35-20, probably because no large radial fissures existed for its
passage. Lead in the circumferential cracks of ANL-35-20 and ANL-35-28
caused an outer layer of oxide to slough off after repeated thermal cyclings,
giving the pellet a triangular shape as it was restrained by the spacing ribs.
Specimens ANL-35-20 and ANL-35-28 exhibited a pore structure similar
to the platelet pores in ANL-35-5. Some of these pores, shown in
Figure 38, are filled with lead which probably condensed from the vapor
phase. In some specimens, the Zircaloy-2 spacing ribs were rounded and
showed evidence of incipient melting on the surface adjacent to the pellet.
This condition is indicative of a high irradiation temperature. Examples of
this are specimens ANL-35-20 and ANL-35-28 with almost identical integral
kd6 values of 67 and 68 w/cm, respectively. The absenceof heat-transferring
lead in the center of ANL-35-20 led to a higher temperature than in ANL-35-
28, which did contain lead all the way to the center. The ribs in ANL-35-20
were accordingly rounded, whereas those in ANL-35-28 were not.

312317 5X

Figure 35. Polished Section of Unfibered Specimen ANL-35-24 after
4900 MWD/T at an Integral kdé Value of 54 w/cm. Lead Has Entered
the Cracks.
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31242 58X

Figure 36. Polished Section of Unfibered Specimen ANL-35-28
after 11, 300 MWD/T at an Integral kd6 Value of 68 w/cm. Lead
in the Circumferential Crack Caused the Triangular Shape.

31230 58X

Figure 37. Polished Section of Unfibered Specimen ANL-35-20 after
20,000 MWD/T at an Integral kd® Value of 67 w/cm. Lead Has Not
Entered the Central Void.




31314 50X

Figure 38. Columnar Grain Formation in ANL-35-28. Lead-filled CenterIs at the Left.
Note the Platelet Voids Near the Center.

It should be pointed out that the integral kd6 values are not absolute
temperature indicators since the pellet surface temperatures, the lower
limit of integration, were not known.

The lead-bonded fibered pellets exhibited neither symmetrical
central voids nor large radially oriented grains. Central temperatures
exceeded the melting point of molybdenum, 2620°C, and melted fibers
were present in all specimens. Maximum observed central void forma-
tion occurred in ANL-35-18, shown in Figure 39, with an integral
kd6 value of 122 w/cm. The void was irregularly shaped and contained
lead and probably dissolved molybdenum, except in the very center which
was open. This small central void was probably formed from the high
internal gas pressure at the operating temperature. No extensive recrys-
tallization was apparent in this specimen. Fibers were still discernible
about one-third the distance to the center. The pellet surface temperature
was sufficient to melt the Zircaloy-2 ribs to less than half their original

thickness.
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31229 5X

Figure 39. Polished Section of Molybdenum-fibered Specimen
ANL-35-18 after 29, 700 MWD/T at an Integral kd4 Value of
122 w/cm. White Areas Are Lead. Note the Reduction in Size
of the Three Zircaloy=-2 Ribs.

It should be noted that ANL-35-17 with a slightly higher integral kd6 value
of 129 w/cm suffered catastrophic failure. An integral kd6 value of

100 w/crn in ANL-35-23 produced the structure shown in Figure 40. Here
again lead had permeated to the center but left a small void.

31236 5X

Figure 40. Polished Section of Molybdenum-fibered Specimen
ANL-35-23 after 20,500 MWD/T at an Integral kdé Value of
100 w/cm. Columnar Recrystallization Is Slight.
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The oxide adjacent to the void (see Figure 41) was porous with spherical
and platelet pores. There were small radially oriented grains behind the
pores, but these ended where the fibers had not melted. Specimen ANL-35-
26, having almost the same integral kd6 value as ANL-35-23 but containing
50 w/o UQ;, had the structure shown in Figures 42 and 43. These areas are
just below a small central void that was present in the mating surface. The
structure shown in Figure 43 is probably that of grains oriented parallel to
the central axis of the pellet and in a lead matrix. The structure is similar
to that of a perpendicular section through the oxide adjacent to the center
void in ANL-35-23 (see Figure 41). No central void was formed in ANL-35-
22 (see Figure 44), at an integral kd6 value of 83 w/cm. The central area
contained equiaxed recrystallized grains and few melted molybdenum fibers.
Figure 45 shows this central area with molybdenum in the grain boundaries.
Unlike the formation of radially oriented grains in ANL-35-23, the forma-
tion of these equiaxed grains was not hindered by the presence of whole

fibers.

Melted fibers did not seem to impede either type of recrystallization.

31285 50X

Figure 41. Area Adjacent to Central Void in Specimen ANL-35-23. Central
Void is at Upper Left Surrounded by Lead. White Areas Are Melted Fibers.
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31241 5X

Figure 42. Polished Section of Molybdenum-fibered Specimen
ANL-35-26 after 17,000 MWD/T at an Integral kd6 Value of

96 w/cm. Area Is Just below Central Void. Lead Has Permeated
to Center.

31309 250X

Figure 43. Center of Specimen ANL-35-26. Light Areas Are Oxide, Gray Fine
Structure Is Lead, and Black Areas Are Voids.




31235 56X

Figure 44. Polished Section of Molybdenum-fibered Specimen
ANL-35-22 after 7100 MWD/T at an Integral kdé Value of 83 w/cm.
Central Area Is Equiaxially Recrystallized.

31278

50X

Figure 45. Center of Specimen ANL-35-22 Showing Equiaxed
Grains and Partially Melted Molybdenum Fibers, Note the
Breakup of the Fibers and Their Presence in Grain Boundaries.

39
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Three helium-bonded, molybdenum-fibered specimens are shown in
Figures 46 through 50. Two of the three specimens had central metallic .
spheres of molybdenum, and the fracture section of Figure 23 indicates that
the third also had a small bead at the time of sectioning.

Figure 46

Polished Section of Molybdenum-
fibered Specimen ANL-35-34 after
6800 MWD/T at an Integral

kdé Value of 78 w/cm. Area Is

Just below the Metal Bead Shown

in the Fracture Section of Figure 23.

31296 50X

Figure 47. Center of Molybdenum-fibered Specimen ANL-35-34, Showing Remains of Small
Metal Bead in the Center. Dark Gray Phase Is Mounting Material. White Phase Is Metal. »



31231 5X

Figure 48. Polished Section of Molybdenum-fibered Specimen
ANL-35-32 after 27,100 MWD/T at an Integral kdd Value of
100 w/cm. Two-thirds of the Center Is Solid Metal Surrounded
by Small Columnar Grains.

31252 50X

Figure 49. Columnar Grains in Specimen ANL-35-32. Metal Center Is at Extreme Left,
Cladding at Extreme Right.

41



42

31232 56X

Figure 50. Polished Section of Molybdenum-fibered Specimen
ANL-35-31 after 27,800 MWD/T at an Integral kdé Value of
107 w/cm, Showing Solid Metal Center.

The recrystallization in ANL-35-34 had begun in an area of melted fibers,
shown in Figure 47, and the metal had started to form a central bead. The
area around the sphere in ANL-35-32 was depleted in fibers and the radial
recrystallization was fairly extensive, as shown in Figures 48 and 49. The
ceramic surrounding the sphere in ANL-35-31 was completely missing
except at the extreme edges. This area had probably contained no fibers
and had recrystallized, but was lost sometime between sectioning and
mounting. The recrystallized grain size in ANL-35-32 was smaller than
in the unfibered pellets (see Figure 38), but the pore structure, containing
platelet voids, was similar. The second-phase material mentioned pre-
viously tended to segregate along grain boundaries after recrystallization.

DISCUSSION OF RESULTS
The results fall under the general headings of temperature effects
and irradiation effects, and they will be discussed in that manner, although

these topics are overlapping in many respects.

Temperature Effects

The improvement of thermal conductivity afforded by the fibers is
in one way evidenced by the improved resistance to thermal shock. Un-
fibered pellets were severely cracked and fell apart during the irradiation
period. Clad and unclad fibered pellets had much less tendency to crack.
There is no doubt that the fibrous network played a major role in keeping
the pellets together.




Both equiaxed and columnar recrystallization were observed in the
fibered specimens. The equiaxed grains seemed unaffected by the presence
of whole fibers. Columnar grains, however, were present only in areas
where the fibers had melted and were the largest in specimens where the
metal had migrated to the center. Even then, these large columnar grains
were smaller than those in similarly recrystallized pellets containing no
fibers. This would suggest that the mechanism for columnar recrystalliza-
tion is hindered by the presence of a solid fiber.

Essentially, three mechanisms have been postulated for the forma-
tion of columnar grains and a central void in UQO, fuels. Bates and Roake(16)
suggest that the columnar grains are dendrites that have condensed from
UQO, vapor below the melting point of UO,. This mechanism is supported
by ex-reactor experiments in which these dendrites are shown to enclose
platelet voids similar to those seen in our work. Bain and Robertson,(”)
and Eichenberg e_tﬂ.,(lg) suggest that the columnar grains have solidified
from a melt and that the central void is a solidification crater. Neither
of these mechanisms can account for the results observed in our work in
which metal fibers were present, even though center temperatures did
exceed the melting point of the oxide in some cases.

The phenomena occurring in a fibered oxide are best explained by the
mechanism proposed by Lawson and MacEwan(19) in which vaporization-
condensation takes place across any small internal void where a large tem-
perature gradient exists. The void then moves up the gradient to the center
by vaporization-condensation on its opposite faces, growing in size as it
encounters other voids. Its shape is that of a platelet and it sweeps out a
columnar grain as it moves. The width of the grain is the width of the
platelet and its boundaries contain tiny pores left at the ends of the advanc-
ing platelet where there is essentially no temperature gradient.

The evidence for this last mechanism has been pointed out in various
parts of this report. The platelet voids were present at the termination of
columnar grains, and the grain boundaries contained small spherical voids.
It follows that a platelet void moving into a previously recrystallized grain
that is free of voids should dissipate itself to the grain boundaries. The
grain that was formed by this void would end in a point as do the outer co-
lumnar grains shown in Figure 38. Furthermore, a void movement as de-
scribed requires a high localized temperature gradient. A solid fiber,
being an excellent heat conductor, lessens the gradient, thus hindering
void movement and thereby retarding recrystallization. A melted fiber,
however, tends to break up, coalesce, and lose this heat-conducting ca-
pacity. The fact that columnar recrystallization did not begin until the
fibers had melted, combined with the other evidence cited, supports the
mechanism proposed by Lawson and MacEwan.
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The formation of the central void by all the suggested mechanisms
occurs because of the relocation of mass concurrent with the densification
of the oxide. The net flow of solid mass is outward while the net flow of
void space is toward the center. When metal fibers are present, the size
of the central void is diminished or entirely absent in pellets with compar-
able heat ratings to unfibered pellets having central voids. Where appreci-
able central voids were formed at 67 w/cm in unfibered lead-bonded pellets,
a much smaller void was first observed in a molybdenum-fibered pellet at
96 W/Cm. Since columnar recrystallization was similarly retarded by
fibers, the fibers must be retarding a single mechanism that creates both
the columnar grains and the central void. This mechanism can only be the
movement of voids by the sublimation process. It is evident, therefore,
from the observed effects on recrystallization and central void formation,
that the fibers have effectively increased the thermal conductivity of the
oxide.

The presence of the molybdenum beads in the center of helium-
bonded specimens can be explained by the void movement to the center.
When the molybdenum melted, small voids could sweep to the center and
form the large central voids, leaving columnar grains in their wake. Par-
ticles of liquid metal would be carried along with these voids because their
high surface energies would "float" them in the moving voids. The metal
particles would be deposited in the center of the pellet at the same time
the central void was being formed. Surface tension would coalesce the
metal to the observed spherical shape. The time and temperature depend-
ence of the process is suggested by specimen ANL-35-34, irradiated for
only 44 days at an integral kdf6 value of 78 w/cm, in which only a small
bead was formed with limited recrystallization around it. Without a very
high temperature gradient to initiate and propagate the transport process,
the voids and metal would be in temperature equilibrium and no movement
would occur. The absence of the beads in the centers of lead-bonded spec-
imens suggests that the lead, either by its presence in cracks or by its
superior heat transfer to the cladding, reduced the high temperature gra-
dients. Any molybdenum that did reach the center from close by areas
was probably dissolved in boiling lead. It has been demonstrated that
alloys with up to 20 w/o molybdenum can be prepared by dissolving molyb-
denum in boiling lead.(20)

Columnar recrystallization occurring above and below the central
void and oriented axially will cause the ends of the pellet to become con-
vex. Lengthening the fuel in this manner can be detrimental to the cladding.
Since metal fibers retard columnar recrystallization, their use in oxide
pellets could prevent this ratcheting effect.

The niobium reactions with the pellet environment lessens consid-
erably its effectiveness in improving the thermal conductivity and retarding
recrystallization and central void formation. At the time this investigation




was initiated, in 1956, no information was available on the high-temperature
compatibility of niobium with ThO, or UO,. More recently, Kerr(zd)has
found that niobium undergoes a reaction with UO, at 2065°C but no reaction
with ThO, up to 2135°C. He also found that molybdenum does not react with
UO, up to 2155°C but does react with ThO, at this temperature. Gangler

et 9_1__’(22) however, found no reaction between niobium and UO, up to

2468°C, the melting point of niobium. Borchardt(23) found that niobium will
reduce U304 at about 500°C and concludes that it is a solid-state reaction.
We must conclude from our results that niobium does react with the
ThO,-UQO, environment, either by a solid or gaseous mechanism or both. As
previously mentioned, both oxygen and hydrogen were probably available to
react with the niobium.

The molybdenum fibers exhibited no similar reactions. A molybde-
num oxide reaction would have precluded the molybdenum deposition that
was observed in the center of the helium-bonded specimens.

The effect of the bonding agent, lead or helium, in the annulus is
clearly shown in the number of cladding failures and in the oxide micro-
structures. The microstructures indicated higher internal temperatures
and steeper temperature gradients in the helium-bonded specimens. With
the large metal bead in the center, the region of highest heat generation
was effectively moved outward toward the cladding. Combining this with
any small area of poor contact between cladding and oxide could cause the
cladding to melt and fail. Lead bonding, however, did not generally change
the region of highest heat generation and it tended to even out the heat flux.
The failure of the one lead-bonded specimen was probably caused by boiling
of the NaK coolant at the cladding surface and melting the Zircaloy-2 clad-
ding, a result of a high rate of heat generation. This failure occurred at a
heat rating of 129 w/cm, whereas the specimen that did not fail at 122 w/cm
showed considerable melting of the supporting ribs. The first cladding
burnout of a helium-bonded specimen occurred at a heat rating of 97 w/cm,
and another showed indications of melting at 78 w/cm.

Irradiation Effects

The dimensional stability exhibited by the sound clad specimens
agrees with previous findings for ThO,-UQO, solid solutions.(4) It is be-
lieved that the increase in cladding diameter of the failed specimens
was partly caused by the high internal gas pressure and partly by the vio-
lent vaporization of NaK which seeped in through the cladding failure during
reactor shutdowns and came in contact with the fuel.

The fission gas results were inconclusive for the intended purpose
of comparing the release from fibered and unfibered pellets. The low
irradiation temperature of the unfibered broken pieces makes a direct
comparison impractical. It was thought that microcracks in the oxide,
caused by the different thermal expansion of oxide and fiber, might yield
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ready paths for the escape of fission gas. These microcracks, however,
were not prominent in the irradiated structure. The fission gas release
from the fibered pellets is not high, if the burnup and irradiation tempera-
tures are taken into consideration.

If there is indeed a change in the ratio of xenon to krypton release
with increasing UO, content as the data suggest, it gives reason to believe
that the xenon and krypton have different diffusion rates in the ThO,-UO,
solid solutions. The activation energies for diffusion of xenon and krypton
in UO, are usually taken as the same, about 65 kcal/mol,(24)
cause the experimental data are inadequate to distinguish between the two.
However, it is reasonable to suspect that they do not diffuse at the same
rate and their diffusion rates in ThO,-UQO, solid solutions would be affected
by the ThO,. The activation energy for diffusion of xenon in ThO, has been
reported as 30 kcal/mol,(7~5) but as yet it is undetermined for krypton in
ThO,. It is probable that the krypton activation energy is also affected but
to a differentdegree, giving the variable xenon/krypton ratio observed in
this work.

primarily be-

The second phase that was present in all specimens may possibly
be fission product oxides, a higher uranium oxide such as U3Og or U4 0,
or a CaF, precipitation. The presence of this phase did not seem to be
detrimental to the irradiation behavior.

CONCLUSIONS

I. Molybdenum fibers effectively increase the thermal conductivity of
ThO,-UQO, pellets and permit higher heat ratings than unfibered pellets
before comparable thermal effects occur. The fibers tend to reduce
central void formation, retard recrystallization, and maintain the
integrity of the pellets.

2. Niobium fibers reacted with the ThO,-UQO, environment and their use
was vitiated.

3. No evidence was found that fibers enhance fission gas release.

4. Lead bonding allows significantly higher heat ratings than helium
bonding before cladding failures occur.
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