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THE INTERACTION OF PALLADIUM, THE RARE EARTHS, AND SILVER
WITH SILICON CARBIDE IN HTGR FUEL PARTICLES

R. L. Pearson
R. J. Lauf
T. B. Lindemer

ABSTRACT

The interactions of the simulated fission products palla-—
dium, rare earths, and silver with the silicon carbide (SIC)
Triso-coated, high-temperature, gas-cooled reactor (HTGR) par-
ticles were investigated out-of-reactor in the temperature
range 1500 to 1780 K. Both palladium and the rare earths
interact in proportion to time (rather than the square root of
time) up to 8600 h (0.98 year), the time limit of the study.
Grain-boundary mechanlisms are suggested. Effects of the SiC
microstructure on the palladium reaction rate were minimal in
comparison to the temperature effects. Silver interactions
with SiC were observed, but could not be quantified.

In a second set of experiments, the addition of silicon to
carbide-containing kernels resulted in retention of U-Pd-Si-C
compounds in the kernel. These prevented the reaction of palla-
dium with SiC at temperatures of 1670 to 1920 K as long as rare-
earth carbides were not present.

1. TINTRODUCTION

During the past several years, the Oak Ridge National Laboratory
(ORNL) has published several reports relating to fission product inter-
action with the SiC layer in HTGR fuel part:icles.l"6 0f the many fission
products formed during irradiation, the noble metal palladium and the
rare earths interact signilicantly with S1C. Silver, which diffuses
through SiC, will also react with it in some cases.’~7 Reactions between
fission products and SiC can decrease the thickness of the SiC layer and,
ultimately, may result in fission-product release. The decrease is

equivalent to the depth of the interaction zone and is termed "thinning”



of the SiC. Core design studies conducted at General Atomic (GA) have
shown that fuel failures and fission product releases associated with
reactions of fission products with SiC in Triso-coated fissile fuels may
1imit the allowable range of core outlet temperatures for an HTGR. Early
core design studies were based on data analysis indicating that the
decrease in SiC thickness was linear with time.! This assumption has
recently been questioned, and a reanalysis by GA of some of the SiC
thinning data suggested that the change in SiC thickness might be propor-
tional to the square root of time rather than directly proportional to
time.B

This report investigates the time dependence of fission product—SiC
interactions and presents ways the silicon carbide thinning rate may be
reduced.

Early SiC coating development work® showed that varying deposition
parameters can significantly affect the coating microstucture. Later
workl0 identified microstructural defects at the submicron level and
further clarified the relation between microstructural details and
coating process variables. Transmission electron microscopy (TEM) was
particularly useful in characterizing the deposited SiC. For this
reason, TEM and associated microanalytical techniques were also used to
examine the SiC on particles doped with fission product elements and

subsequently annealed in a thermal gradient.
2. TIME DEPENDENCE OF FISSION PRODUCT—SiC INTERACTIONS

2.1 Materials and Heat Treatment

Batches of simulated Triso-coated particles containing LaC,, NdC,,
UO2 plus palladium, or UO2 plus silver kernels were used in long-term,
high-temperature studies to clarify the time dependence of the fission
product—S1iC interactions. The characteristics of each batch are listed
in Table 1.

The SiC coatings of all the palladium-containing particles were con-
taminated with palladium. Interestingly, this palladium contamination

disappeared by the time the 995-h samples were removed and was only



Table 1+ Summary of experimental SiC coating runs

Deposition Coatingb SicC 5iC

Batch® Run temperature rate density thickness
(°C) (ym/min) (mg/m3) (um)
OR-2667 393 1550 0.58 28
OR-2668 394 1550 1.20 30
Pd-1 499 1500 0.44 3.208 22
pd-2 500 1550 0.39 20
Pd-6 489 1550 0.78 35
Pd-8 493 1700 0.79 32
Pd-10 498 1550 1.03 41
pd-11 496 1650 0.97 3.207 33
Pd-12 497 1700 1.29 31
Ag-1 508 1500 0.40 24
Ag-2 511 1550 0.39 24
Ag~10 512 1550 1.19 36

%Batch designations are as follows: Ag = (UOp + 1.26 wt 7 Ag)
kernels, Pd = (U032 + 0.54 wt % Pd) kernels, OR-2667 = LaC; kernel,
and OR-2668 = NdCs kernel. The inner Low Temperature Isotopic
(iLTI) coatings were chlorine leached at 1500°C for 18 h to insure
that chlorine contamination of the buffer layer did not occur. One
iLTI-coated batch of palladium-containing kernels was used for the
SiC coating runs; a similar procedure was used for the silver-
containing kernel.

511 coatings were deposited in a 2.5-cm diameter coater.



partially present in the 485-h samples (Sect. 2.3). The contamination

first disappeared from the outside of the SiC layer and at a rate that

was apparently much faster than the rate given by Eq. (2), Sect. 2.3.
Single graphite wafers containing 20 particles of batches OR-2667

or OR-2668 and several graphite wafers each containing 20 particles of

batches Pd-1, Pd-2, Ag-2, and Ag-10 were formed and mounted for heat

treatment at 1773 K in a temperature gradient across the wafer of

27.8 K/mm. Each wafer, therefore, contained Triso-coated particles

heat-treated at temperatures ranging from ~1500 to 1773 K. The technique

used to prepare and heat treat particles in this manner has been pub-

lished previously.ll

2.2 Time Dependence of Rare-Earth Interactions with SiC

The wafers filled with Triso-coated particles containing LaCp; and
NdC; kernels were removed from the furnace after treatment for 485, 995,
2057, 4016, 6005, and 8600 h, radiographed each time, then returned to the
furnace for further heat treatment. From the radiographs it was possible
to determine the amount of SiC thinning with an optical microscope,
because a sharp interface could be seen in the SiC at the point of maxi-
mum rare-earth penetation. The results are illustrated in Fig. 1. As
shown 1in an earlier study,1 the thinning rate of SiC in contact with NdC,
or LaCy was dependent on time, rather than the square root of time. The
thinning rate found from the experiments of this study falls within the
95% confidence limits of the earlier report.ls®

2.3 Time Dependence of Palladium Interactions with SiC
2.3.1 Procedure

Silicon carbide thinning could not be determined from radiographs of
the Triso-coated particles contalning either palladium or silver, since a
sharp fission product—SiC interface did not form. Instead, separate
nodules containing palladium and areas where the SiC had been replaced by

silver were dispersed randomly in the grain boundaries of the SiC layer.
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One sample from each set of wafers was removed from the furnace after
heat treatments of 485, 995, and 4016 h; these were mounted and polished
to the midplane of the particles. A fourth wafer, which had previously
been heat-treated for 2000 h, was avallable from the experiments reported
in ORNL/TM—7393.5 Because of the small size of some of the palladium
nodules (<1 um), the maximum depth of palladium penetration into Lhe SiC
could be detected best with a scanning electron microscope (SEM). We
used an ISI Model Super~IIIA SEM, with a Robinson backscattered electron
detector and a Kevex x-ray spectrometer. All of the data gathered are
listed in the Appendix.

2.3.2 Data analysis

These data were analyzed by least—square techniques. The data were

fitted to the Arrhenius equation in the form
In (x/t®) = 1In A - Q/RT , (1)

where x is the maximum palladium penetration (um) into the SiC, t is

time (s), A is the preexponential coefficient (um/s), Q is the activation
energy (kJ/mol), R is the gas constant (8.314 J mol~! K~ly, and T is tem-
perature (K). Since the examination technique was destructive, the value
of n could not be determined by plotting the x~t data from a single par-
ticle, as was done in Fig. 1. Instead, a computer program iterative pro-
cedure was used in which successive values of n were assumed, with

0.25 < n £ 1.75, in increments of 0.0l. At each value of n, the coef-
ficients A and Q in Eq. (1) were determined from the x-t-T data (see
Appendix, Table A-1) by standard least-squares tﬁchniqueS. Then, the sum
of the square of the residuals, 1.e., the term iEl[yi(experimental) -

yi(fitted)]z, was determined, in which y = 1n (x/t"). The best—fit value
of n was assumed to be that when the sum was a minimum. All the data
could be fit best by using n = 0.80 (Fig. 2). This was a sensitive method
for determining the value of n because the minimum value of the sum was
0.40 of the maximum values of the sum (the maxima occurring at n = 0.25
and 1.75).
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Further analysis of the data indicated that a linear time dependence
(n = 1), can be obtained by subtracting 1.7 pum from each penetration
measurement. This is not unreasonable, because SEM photographs of the
inner surface of typical SiC layers show the first 1-2 um of the SiC to
have a spongy structure which may easily be permeated by fission
products.12 Therefore, the exact location of the SiC-iLTI interface is
difficult to pinpoint. The data from each heat treatment follow a reason-
able pattern except for points 5 through 8 of the 485-h heat treatment.
These points are suspect because of palladium contamination of the SiC
layer during deposition, rather than Pd-SiC interaction during heat
treatment. When these four points, or all 485-h data are excluded, the
remaining penetration data could be fit best by using the reaction order
n = 0.99 (Fig. 2), without correcting the location of the SiC~iLTI inter-
face. This is essentially a linear time dependence of palladium inter-
action with SiC. 1In either case, to obtain a square-root time dependence,
6.7 and 11.2 ym, respectively, must be added to the penetration measure-
ments in Fig. 2. Such a large correction cannot be justified.

The linear thinning rate and 95% confidence limits calculated from
the data (Appendix, Table A-1l), excluding the four suspect points at
485-h, are plotted versus reciprocal temperature in Fig. 3. Here the

Arrhenius equation is
x/t = 0.0319 exp(-128,000/RT) . (2)

Plotted on the same figure are the thinning rate and 95% confidence
limits calculated previously for Pd-SiC interaction data measured in
irradiated particles with the optical microscope.*s® The activation
energies for the two data sets are nearly the same, but the rate calcu-
lated from data measured by SEM is approximately five times greater than
the rate calculated from data measured by optical microscope. This is
not surprising, since the SEM can detect palladium penetration further
into the SiC layer, as well as under the surface of the SiC. The 95%
confidence limits of the data obtained using the SEM are also much

narrowver.
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2.4 Silver Interactions with SiC

No silver penetration into the SiC layer, other than an occasional
large nodule where the SiC had been completely replaced by silver, could
be detected by SEM in the heat-treated, Triso-coated, silver—containing
particles. Consequently, no time—temperature dependence of silver inter-
actions with SiC could be determined. Further discussion follows in
Sect. 3.2.

3. MECHANISMS OF NOBLE METAL ATTACK

‘3.1 Palladium

Twelve batches of T.iso—-coated, palladi» m—doped particles were exam-—
ined by optical microscopy after a 20" -h anneal in the thermal gradient
furnace; the results were published previously.5 Seven of these wafers
were reexamined with the SEM, and the data are given ‘n the Appendix,
Table A-2. It was assumed that the penetration of palladium into the SiC

is governed by an Arrhenius equation:

X = A) exp(-Q/RT) , (3)

where A; is the preexponential constant (um).

A plot of the data for batch Pd~6 (Table 1) is shown in Fig. 4.
This batch yielded the best agreement with an Arrhenius relatioanship;
some batches gave one or more suspect data points. Table 2 gives the
slope (-Q/R) of the Arrhenius plot for each batch examined by SEM after
2000 h. Values of Q and the standard deviation, s, are alsv given for
each batch.

Figure 5 shows a plot of the apparent activation energy for noble
metal attack versus the SiC deposition temperature. Several observations

can be made:

1. Typical values of the activation energy for carbon diffusion in a
liquid metal are generally much less than the values of Q reported
here. This suggests that carbon diffusion in the noble metal nodule
is probably not the rate-limiting process.
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Table 2. Activation energles for palladium attack

Q 8
Batch Slope (kJ/mol) (kJ/mol)
Pd-1 -0.20 x 105 166 £ 25
Pd-2 -0.17 x 105 141 + 33
Pd-6 -0.23 x 105 191 + 8
Pa-8 -0.13 x 105 108 + 141
Pd-10 ~ =0.21 x 105 175 + 58
Pd-11 -0.11 x 105 91 t 175
Pd-12 -0.08 x 105 67 + 42

2. Despite some uncertainty in the data, there appears to be a rela-
tionship between the activation energy and the S1iC deposition
temperature. This suggests that microstruéiural features play a
role. Since previous workl? showed that high deposition tem—
peratures tend to favor large, columnar grains, it is possible that

grain boundary transport is the controlling process.

3. The activation energy for bulk (vacancy-assisted) diffusion in SiC
would be at least a factor of four greater than the observed values
of Q.13 This is further evidence suggesting transport along grain
boundaries or some other path of enhanced mobility.

Transmission electron microscopy (TEM) showed very small (<1 um)
nodules of a noble metal compound occurring along SiC grain boundaries
(Fig. 6). There does not appear to be significant restructuring behind
the nodules, which suggests that the nodules move by dissolving SiC at
the leading edge and forming SiC at the trailing edge. As shown in
Fig. 7, the newly formed SiC could grow directly on the original material,
maintaining the same crientation and leaving the microstructure rela-~
tively unaffected. The presence of other fission product elements in an
operating fuel particle could, of course, inhibit the repair process and
lead to local corrosion and thinning of the SicC.

Energy-dispersive x-ray analysis (EDX) of the nodules in Pig. 6
indicated the presence of Pd, Rh, U, and S1{. This is consistent with
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Y-183823

Fig. 6. Transmission electron microscope (TEM) photograph of noble
metal nodules (N) in SiC coating after a UCy-Mo-Ru~Rh-Pd particle has
been annealed in the thermal gradient furnace for 260 h at a temperature
of 1597°C., Arrow indicates radial outward direction of the SiC coating.
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Fig. 7. Schematic illustration of possible noble metal tramsport
process in S1C coating.
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electron microprobe results, except that prior observations were unable
to identify rhodium conclusively because of overlapping Xa lin~s of
palladium and rhodium. Distinct La lines for palladium and rhodium were
seen when EDX was done in the TEM.

3.2 Silver

Previous work3:® showed that high concentrations of silver will
attack SiC, displaying Arrhenius behavior with about the same activation
energy as palladium does in its attack. At the low concentrations typi-
cal of operating fuel particles, silver can escape from the particle,
apparently by diffusing through intact SiC. The TEM examination of
several particles from batch Ag-1 (Table 1) after 2000 h of annealing
revealed no microstructural changes on either the hot or cold sides of
the particles. No second-phase nodules were detected, nor were there any
obvious grain boundary films. Figure 8 shows a typical coating from this
wafer. A small circumferential string of voids was observed in one
coating from this wafer. There was no evidence of silver accumulation in
the voids, although microanalysis in the scanning~transmission (STEM)
mode should be done to verify this. Similarly, the small (2.0 nm) probe
size in the STEM mode might reveal small amounts of silver along grain

boundaries or other defects. More work is planned in this area.
4, METHODS FOR MINIMIZING FISSION-PRODUCT ATTACK OF SiC

If SiC thinning could be reduced or eliminated, there would be more
latitude for the design of an HTGR with thigher core outlet temperatures.
Both palladium and rare earth interactions with SiC may be alleviated at

practical HTGR temperatures, as discussed below.

4.1 Rare Earths

In an earlier study,3 it was learned that the movement of rare earth
fission products within Triso—coated particles was practically eliminated
if the rare earths existed as oxldes. This is accomplished through
stoichiometric control of the kernel and has been demonstrated in-

reactor.Zs3,1%
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Y-183824

Fig. 8. Microstructure of SiC coating Ag-1l, on UO; + Ag kernel,
after 2000 h at ~1475°C. No second phases or grain boundary £films could
be seen. Arrow indicates radial outward direction of SiC coating.
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4.2 Palladium

It may be possible to immobilize palladium in a carbide—containing
kernel as a U~Pd-Si~C compound. A litevature gearch for palladium-
containing compounds not previously considered in the system of fuel,
fission products, and SiC revealed MPd»Si; and MRhySi;, in which M repre-
sents yttrium and lanthanum through erbium of the lanthanide series.l’
Because of the chemical similarity of lanthanide and actinide compounds,
UPd;5i5 was suggested. Previously, the most stable known palladium-—
containing compound was UPd3, which was calculated to be the equilibrium
form of palladium in carbide~containing HTGR fuels.® 1f UPd,S1i, were
more stable than UPd3 in the U-Pd-Si-C system, one might expect the
reaction

0.67UPd3 + 2SiC + 0.33UC; 2 UPdSip + 2.67C .

To test this hypothesis, amounts of uranium, palladium, SiC, and UC; were
arc melted and aunnealed. If the phase set on the left in the above reac-
tion were stable, they should have been present in the sample. They were
not, nor was UPdpSiz. TInstead, metallography revealed at least two new
U-Pd-Si-C compounds. These are, therefore, more stable than either UPdj
or UPd;Si;, offering more hope of reducing the palladium chemical activ-
ity in the particle to less than that required for interaction with the
SiC coating. The approximate melting points of several arc-melted
U-Pd-Si-C samples were determined. One of the samples, with a U:Pd:Si:C
molar ratio of 1:3:3:5, had a melting point >1950°C. This is much higher
than the melting point of palladium or any other known palladium com-~
pounds. Palladium stabilization or gettering may, therefore, be possible
by intentionally adding SiC to UC; or UO,-UC, kernels; the U0p-UC, kermnel
is favored (see discussion below).

Stabilization of palladium in the kernels of Triso-coated particles
was investigated at 1670 < T < 1920 K. Silicon and carbon were added to
the kernel compositions of batches 2-1 and 2-3 of an earlier study.l®
The new kernel compositions and the kernel composition of particle batch
OR-2773, which was used as a standard, are listed in Table 3. Batch
OR-2773 simulates particles with kernels having 93% 2350 enrichment and



Table 3. Kernel compositions used for Pd-SiC interaction minimization studies
Si
Batch? UC, Mo Ru Rh Pd LaC, sic c
Mo + Ru + Pd
Kernel composition (wt %)
OR-2773 77.0 12.5 6.0 1.4 0.9 1.9
5-1 71.9 8.3 7.0 3.1 7.5 2.2
5_5 71.7 7-2 6.0 2.7 6.0 12.9 3.7
Kernel composition (molar ratio)
5-1 75 24 19 8 51 50 1
5-5 75 24 19 8 12 102 97 2

%The iLTI coating of OR-2773 was chlorine leached at 1500°C for 18 h to insure that chlorine

contamination of the buffer layer did not occur.

Batches 5-1 and 5-5 were not chlorine leached.

6T
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irradiation to 64% FIMA. Batches 5-1 and 5-5 (see ref. 17) simulate par-
ticles with kernels having 207 235y enrichment and 25% FIMA (13.75% 235U;
11.25% 239Py). The amounts of molybdenum, ruthenium, and palladium added
to the kernels of batches 5-1 and 5-5 were increased by a factor of four
over those present In-reactor, to assure detection by EDX. Triso—coated
particles of each batch were enclosed in graphite wafers and heated at a
peak temperature of 1923 K (1650°C) for 165 h in a 27.8 K/mm temperature
gradient. The general observations made in these experiments are sum-
marized in Table 4 and given in full detail below.

The results of the heat trcatment for batch OR-2773, the standard,
are seen in the composite set of photographs comprising Fig. 9. 1In
Fig. 9a, the as—-produced particle exhibits little or no heavy metal at
the iLTI-SiC interface. After heat treatment (Fig. 9b), there are heavy
metals at the interface, and some have penetrated into the SiC layer. 1In
Fig. 9c, which is a magnification of Fig. 9b, uranium, palladium, and
rhodium were identified in the ILTI layer. At the iLTI-SiC interface,
the two main elements were uranium and silicon. The nodules within the
SiC layer contained uranium, palladium, and silicon. The nodules pro-
bably contained carbon also, but the x-ray dispersive unit was unable to
identify it. The elements remaining in the kernel after heat treatment
were ruthenium, molybdenum, and uranium.

The results of the heat treatment of batch 5-1, where SiC was added
to the kernel, are seen in the composite set of photographs comprising
Fig. 10, Very liittle heavy element movement can be detected even after
heat treatment. Figure 10b, which is a magnified photograph of the
1LTI-S1C interface of a heat-treated particle, appears very similar to
Fig. 10a, an as-produced particle. Figure 10c is a magnification of the
kernel-buffer interface. Within the buffer layer, there were only a few
faint areas containing uranium, ruthenium, and silicon. All of the
palladium was associated with uranium, silicon, ruthenium, and molybdenum
within the kernel.

The results of the heat treatment of batch 5-5 are seen in the com-
posite set of photographs comprising Fig. 1l. Figures lla, 11b, and 1llc
are photographs of the 1LTI-SiC interface of the as-produced and heat-
treated particles. When heat-treated, both palladium and lanthanum
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Table 4. Location of elements in Triso-coated particles

After 165 h at 1670 < T < 1920 kP

s s a
Batch Original kernel Buffer LTI sic
Kernel layer layer layer
OR-2773 UCy, + Mo, Ru, Rh, Pd U, Mo, Ru Not determined U, Pd, Rh U, P4, Si
5-1 uc, + Mo, Ru, Pd, SiC U, Mo, Ru, Pd, Si U, Ru, Si None None
5=5 uC2 + Mo, Ru, Pd, LaC , SicC U, Mo, Ru, Si U, La Pd, La Pd, La, Si

%5ee Table 3.

bElements detected by Robinson backscattered electron detector coupled with an x-ray energy-
dispersive spectrometer.

1
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Y-183149

Fig. 9. Photographs of Triso-coated kernels of UC; containing Mo,
Ru, Rh, and Pd (batch OR-2773). (a) As-produced particle, (b) particle
heated at 1886 K for 165 h, (c) magnified iLTI-SiC interface of particle
shown in (b). Legend: (1) Pd; (2) U-Pd; (3) U-Pd-Rh; (4) U-Si;
(5) U-Pd-Si.
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Y-183150

Fig. 10. Photographs of Triso-coated kernels of UC; containing Mo,
Ru, Pd, and SiC (batch 5-1). (a) As—produced particle, (b) magnified
iLTI-SiC Interface heated at 1870 K for 165 h, particle iam iLTI layer has
Si-Mg in it. Probable source 1s furnace wall as 1LTI was deposited:

(c) Magnified kernel-buffer interface of particle shown in (b). Legend:
(1) U-si~Ru; (2) U-Si-Pd-Ru-Mo. R
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Y-183151

Fig. 11. Photographs of Triso-coated kernels of UC; containing Mo,
Ru, Pd, LaC;, and SiC (batch 5-5). (a) As-produced particle, (b) par-
ticle heated at 1886 K for 165 h, (c¢) magnified iLTI-SiC interface of
particle shown in (b), (d) magnified kernel-buffer interface of particle
shown in (b). Legend: (1) Pd-La; (2) Si-Pd-La; (3) U + La;
(4) U + Si-Ru-Mo.
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permeated the iLTI layer and accumulated at the iLTI-SiC interface (see
Figs. 11b and 1lle). The nodules within the SiC layer coutained palla-
dium, lanthanum, and silicon. In Fig. 1lld, which is a magnification of
the kernel-buffer layer interface, some uraniuwn and lanthanum can be seen
in the buffer layer. Uranium, rhenium, molybd:¢..am, and silicon remained
in the kernel.

Thus, the results seen in Figs. 9 and 10 indicate that, under the
right conditions, the addition of SiC to the kernel cam reduce or elimi-
nate the attack of SiC coatings by palladium. It appears from Fig. 11,
however, that the presence of lanthanide carbides 1s deleterious. This
can be alleviated in-reactor by using UO0;-UCy; kernels having the required
U0, content.2»1* Preliminary thermochemical calculations indicate that
the U-Pd-Si-C compounds would be stable in these kernels and would result
from irradiation of an initial UO0y-UC,~-SiC kernel fabricated from a
U0p-8105-C mixture instead of the usual U0O2-C mixture.

4,3 Coating Optimization

Microstructural observations (Fig. 6) and kinetic considerations
suggest that noble metal attack or transport involves the SiC grain bhound-
aries almost exclusively. This implies that large, colummnar grains with
highly disordered boundaries would be undesirable from the standpoint of
noble metal retention.

Large, columnar grains would provide a more direct diffusion path
than would small, equiaxed grains having a more interlosking structure.
This might explain the trend shown in Fig. 5.

The boundary between two heavily faulted SiC grains is probably much
more disordered and 1is effectively "wider"” than a boundary between two
nearly perfect grains. Volds or gaps at grain boundaries or grain bound-
ary junctions are probably also deleterious. This is consistent with
observations that increasing the SiC coating rate tends to increase the
palladium attack rate.%sS

In all cases, the microstructural effect 1s rather weak compared to
the effect of annealing temperature or irradiation temperature. Further-

more, irradiation tends to cause numerous mlcrostructural changes, such,
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as vold formation and the elimination of some stacking faults. These

changes might reduce the potential benefits of an optimum microstructure.

The planned TEM examinations after irradiation of systematically varied

51C coatings will yield much needed information on this aspect.

5. CONCLUSIONS

The results of the present study lead to the following conclusions:

Palladium migrates thiough the SiC coating without actually thinning
this layer. The penetration appears to be linear with time at a
rate represented by x/t (um/s) = 0.0319 exp(-128,000/RT) for

1500 < T < 1780 K. The penetration characteristics are not incon-—

sistent with a grain-boundary-diffusion mechanism.

Palladium—SiC interactions were prevented at 1670 < T £ 1920 K by
doping kernels to form previously unknown U-Pd-Si-C compounds. A
U0,-UCo~SiC kernel 1is preferred.

Rare-earth interaction with the SiC layer appears to be linear with
time. This applies to the range 1500 < T 1775 K from the present
study and the range 1575 < T < 2175 K from a previous study.! Other
studies2,3,1% demonstrated that rare-earth attack is preventable by
use of oxide or oxide~carbide kernels having the proper stoichiome-

ttyl'

Silver—SiC interactions sufficient to determine the reaction time
dependence could not be detected by the present techniques, nor was

silver observed in the S5iC by high-resolution microscopy.

The palladium and rare-earth interactions and theilr time dependence
should be confirmed in-reactor, as should the proposed retention of
palladium by SiC additions to UO;-UC; kernels. In-reactor testing
is particularly important because the palladium contamination of the
SiC in the as—coated particles (except for the kernels with SiC
additions) may affect the present rate data in an unknown manner
(Sects. 2.1 and 2.3).
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The effect of microstructural control of the SiC coating to reduce
palladium migration is rather weak in comparison to the effects of
temperature. Conclusion 2 indicates that Pd—SiC interactions might
be eliminated altogether.
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Table A-1. Thinning of SiC by palladium
in Triso—coated particles

Maximum b
Batch Particle penetration 10%/7 Time
No. No. (um) (x 1 (h)
Pd-1 1 10.0 5.640 485
Pd-1 2 8.5 5.822 485
Pd-1 3 9.3 5.776 485
Pd-1 4 5.9 5.870 485
Pd-1 5 9.3 6.190 485
Pd~1 6 9.3 6.226 485
Pd-1 7 7.4 6.262 485
Pd-1 8 10.0 5.968 485
Pd-1 9 4.1 6.567 © 995
Pd-1 10 7.0 6.648 995
Pd-1 11 2.6 6.689 995
Pd-1 12 9.6 6.567 995
Pd-1 13 5.9 6.411 995
Pd-1 14 5.2 6.317 995
Pd-1 15 14 .8 6.190 995
Pd-1 16 7.4 6.051 995
Pa-1 17 7.4 6.068 995
Pd-1 1R 15,2 6.001 995
Pd-1 19 12,6 6.085 995
Pd-1 20 12.6 5.984 995
Pd-1 21 11.1 5.935 995
Pd-1 22 13.0 5.700 995
Pd-1 23 14.1 5.761 995
Pd-1 24 12.2 5.715 995
Pd-2 25 2.6 6.392 995
Pd-2 26 9.3 5.968 995
Pd-2 27 8.1 5.886 995
Pd-2 28 23.3 5.854 995
Pd-2 29 19.3 5.625 995
Pd-2 30 25.9 5.640 995
Pd-2 31 18.1 5.670 995
Pd-2 32 15.2 5.761 995
Pd-2 33 27 .8 5.919 2000
Pd-2 34 24 .8 5.984 2000
Pd-2 35 27 .0 5.968 2000
Pd-2 36 21.9 6.085 2000
Pd-2 37 18.1 6.103 2000
Pd-2 38 17.4 6.146 2000
Pd-2 39 27.8 6.226 2000
Pd-2 40 23.0 6.217 2000
Pd-2 41 10.4 6.271 2000
Pd-2 42 13.0 6.345 2000
Pd-2 43 8.9 6.449 2000
Pd-2 44 16.7 6.507 2000
Pd-2 45 7.4 6.627 2000
Pd-1 46 19.3 6.527 4016
Pd-~1 47 10.4 6.689 4016
Pd-1 48 14,1 6.547 4016
Pd-2 49 27 .4 6.354 4016
Pd-2 50 28.5 6.468 4016
Pd-2 51 22.2 6.430 4016
Pd-2 52 21.5 6.587 4016

aData used to determine Eq. (2), Sect. 2.3.2 of text.

b
T = temperature.
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Table A-2. Thinning of SiC by palladium in
Triso-coated particles over 2000 K%

Maximum
P

Batch Particle 104/T penetration
No. No. (X) (x~ 1 (um)
Pd-1 7 1650 6.06 14.1
9 1605 6.23 11.8
10 1605 6.23 11.8
12 1577 6.34 7.1
13 1572 6.36 14.1
16 1550 6 .45 6.5
17 1548 6.46 6.5
18 1513 6.61 5.3
Pd-2 4 1701 5.88 12.6
5 1689 5.92 27.8
6 1672 5.98 24.8
7 1675 5.97 27.0
9 1642 6.09 21.9
10 1639 6.10 18.1
11 1629 6.14 17 o4
12 1605 6.23 27.8
13 1608 622 23.0
14 1595 6.27 10.4
15 1577 6.34 13.0
17 1550 6 .45 8.9
19 1536 6.51 16 .7
21 1508 6.63 7.4
Pd-6 1 1560 6.41 15.28
4 1587 6.30 18.18
5 1577 6.34 18.18
6 1577 6.34 17 .27
7 1605 6.23 20.19
10 1634 6.12 30.00
14 1675 5.97 40.91
Pd-8 1 1592 6.28 5.45
3 1587 630 18.18
5 1621 6.17 10.00
8 1653 6 .05 14.55
11 1684 5.94 15.45
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Table A-2 (continued)

Tb Maximum

Batch Particle 104/T penetration
No. No. (K) (x~1y (um)
Pd-10 2 1684 5.94 10.90
7 1610 6.21 5.45
8 1645 6.08 16.36
9 1669 5.99 11.82
10 1639 6.10 25.45
11 1621 6.17 24 .55
12 1600 6.25 42.73
13 1587 6.30 18.18
17 1603 6.24 17 .27
Pd-11 3 1701 5.88 7.27
4 1675 5.97 8.18
8 1582 6.32 18.18
9 1605 6.23 10.00
11 1621 6.17 6.36
16 1575 6.35 10.90
17 1597 6.26 11.82
18 1587 6.30 13.64
P4d-12 3 1678 5.96 9.09
6 1634 6.12 13.64
9 1570 6.37 10.00
10 1550 6.45 8.18
11 1531 6.53 9.09
12 1555 6.43 9.09
13 1575 6.35 20.00
14 1585 6.31 8§.18
15 1603 6.24 7.27
16 1629 6.14 11.82

ZFor study of SiC deposition temperature effects on palladium
interactions with SiC (Sect. 3.l).

T = temperature.



