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Abstract 

A simple model for diffusion through the silicon carbide layer of TRISO panicles is applied to 
the data for accident condition testing of fuel spheres for the High-Temperature Reactor program 
of the Federal Republic of Germany (FRG). Categorization of sphere release of l 5 7Cs based on fast 
neutron flucnce permits predictions of release with an accuracy comparable to that of the US/FRG 
accident condition fuel performance model. Calculations are also performed for , 5Kr, "Sr, and 
"°"Ag. Diffusion of cesium through SiC suggests that models of fuel failure should consider fuel 
performance during repeated accident condition thermal cycling. Microstructural considerations in 
models of fission product release are discussed. The neutron-induced segregation of silicon within 
the SiC structure is postulated as a mechanism for enhanced fission product release during accident 
conditions. An oxygen-enhanced SiC decomposition mechanism is also discussed. 

1. INTRODUCTION 

This report represents a summary of current activities at ORNL related to generic t iHTGR fuel 
performance accident condition (AC) modeling. Work is ongoing in the analysis of existing fuel 
performance AC codes and models, and determination of relevant phenomena for further model 
development Analysis of the recent FRG sphere release data is emphasized because of the minimal 
particle design variability compared to earlier US and FRG irradiation 'ists. 

Accident condition modeling over the last decade has often emphasized a concept of SiC failure 
unr<er irradiation and healing rather than a more mechanistic explanation of SiC evolution. A recent 
model1 concluded that the fast neutron fluence has little effect on fission product (FP) release which, 
if true, would make SiC remarkably neutron-resistant. This model also assumed that diffusion of 
cesium across the SiC layer can be neglected at temperatures above 1600* C in favor of a less-well-
defined concept of SiC failure. To test these assumptions, a simple diffusion-based mode) has been 
applied to the healing tesl data for FP release from FRG spheres. This model is based on an 
analytical expression for diffusion through a thin spherical shell (i.e., the SiC barrier layer). By 
grouping the sphere release data according to fast fluence, and numerically averaging the diffusion 
coefficients within each group, predictive capabilities for ir7Cs release comparable to the 1989 
US/FRG AC model1 are possible. A general discussion of microstructural phenomena which may be 
relevant to FP release through SiC is also presented, and some simple conceptual models for 
enhanced FP release due to SiC damage and degradation arc discussed. 

* Research sponsored by the Office of Advanced Reactor Programs, Division of HTGRs, 
US Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta Energy 
Systems, Inc. 



71 2. WHAT IS "FAILURE"? 

A significant achievement of the pressure-vessel (PV) failure model is the introduction of 
statistical uncertainty into particle failure and release rate using the Weibull parameter. But does the 
model correctly postulate the predominant phenomena in FP release, or does it approximate other 
release mechanisms by deriving model coefficients to obtain agreement with experiment? For 
example, analysis of crack growth within ceramics abo employs a Weibull-type analysis. A small crack, 
or connected porosity, in the SiC layer could release FP without affecting mechanical performance. 
Neutron-induced disorder of the SiC crystal structure could enhance FP release without significantly 
affecting strength. In earlier HTGR fuel development, the concept of fuel failure was convenient 
for evaluating reactor performance. However, as high-quality fuels were developed which often 
exhibited negligible release at high temperatures, failure became less obvious and more ambiguous. 

Fissk. i products can be released from TRISO particles by either mechanical coating failure (e.g., 
cracks) or by diffusion through intact coating layers. Some models' treat cesium diffusive release 
through SiC as insignificant, while other evaluations" suggest incorporation of a diffusive mechanism 
to improve predictions. Diffusion coefficients for cesium in SiC3 have been experimentally 
determined which indicate that diffusive release will be significant at high temperalu.es. 
Conventional definitions of failure suggest an irreversible mechanism (i.e., if the particle has failed 
then it will not exhibit substantial containment under reheating). If instead a diffusive release 
mechanism is operable during a depressurized core conduction cooldown event, all particles will 
release some FP due to diffusion if the heatup time is long enough. If the fuel then returns to 
normal operating conditions, containment of FP atoms generated from subsequent fissions may be 
comparable to preheatup conditions. Thus, a reactor with conventionally failed fuel would probably 
require shutdown and refueling, while diffusive release might relax refueling requirements. Only if 
SiC integrity is compromised during the thermal cycling of AC events will FP release and particle 
failure become synonymous. 

A better test of the failure hypothesis for FP release occurs during repeated high-temperature 
thermal cycling of the fuel particles. If those heated particles which show some FP release are 
reirradiated, heated, and monitored for continuing release, a "failed" particle should show substantially 
greater FT release than a particle exhibiting diffusive release. The concept of failure should be 
evaluated based on the rate and magnitude of FP release during repeated thermal rycling and 
irradiation with emphasis on the expected maximum AC temperature range of 1600* to 1700* C. 

3. FAST FLUENCE VS BURNUP 

The dominance of either fast fluence or buroup in enhancing FP release from TRISO particles 
needs further study. Variations in u Kr release from FRG AVR*1 spheres have been attributed to 
burnup4. Such an analysis does not consider the proportionality of fast fluence to bumup. The 1989 
US/FRG model for cesium release1 numerically determines an expression for the frequency factor 
of SiC failure with exponential dependencies of fission density20*, fast fluence110", and irradiation 
temperature414, with fission density proportional to burnup. This model does not explain why the 
effects of fast fluence should be negligible compared to burnup, despite their proportionality. 

Earlier studies of neutron-irradiated SiC showed significant microstructural evolution at high fast 
fluences. For example. Price5 observed formation of voids within pyrolytic B-SiC which grew with 
heating, a phenomenon also observed in TRISO particles. Burnup was not present in Price's 
experiments. Considering this evidence, fuel performance models which conclude that fast fluence 
has negligible effect on FP release should be questioned. 
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Fig. 1. Cesium diffusive breakthrough times through SiC layer, 1600* to 2000* C 
(diffusion coefficients from Ret [3]). 

4. SIMPLE DIFFUSION MODEL FOR FISSION PRODUCT RELEASE FROM SPHERES 

To determine whether diffusion can be a primary release mechanism at high temperatures, the 
time to onset of diffusive release through a barrier (diffusive breakthrough time, t*) can be 
approximated by: 

6D 
(1) 

with D the diffusion coefficient and L the barrier thickness. We conservatively assume that cesium 
release is restricted only by the SiC layer. The diffusion coefficients3 used represent laminar and 
columnar SiC structures. Figure 1 shows cesium breakthrough times for a SiC thickness of 35 urn. 
The results indicate diffusive release through laminar 6-SiC will begin at times comparable to those 
of the FRG heating tests (i.e., healing at 1600°C for hundreds of hours would not result in diffusive 
release, 1700*C would shorten tk to less than ISO hours, and 1800°C would result in significant 
release in less than 50 hours). Columnar microstructures should reduce tk by about a factor of 10, 
but those times are too short to represent the FRG sphere release data. 

Some believe that all particles should show the same release if a diffusive mechanism is 
operative. In contrast, diffusive release will vary with any variations in SiC layer thickness, in 
irradiation temperatures across the spheres, and in rates of SiC decomposition within individual 
particles. Figure 1 gives a range of breakthrough times for the laminar structure within one standard 
deviation of the average SiC thickness of 35 urn. These results disprove expectation.-; of uniform 
cesium diffusive release from all particles. 

The simplest approach to diffusive release through SiC is an analytical solution for diffusion 
through a thin spherical shell. The classical solution is given by1: 
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Fig. 2. 

with FR the fractional release, a aod b the radii of the inner and outer surfaces of the shell, 
respectively, D the diffusion coefficient, and t the time. Equation (2) assumes a uniform and constant 
internal concentration, which is acceptable for FR values < < 1. The computer code for this anatyiis 
was named the SHELL code. 

For each FRG sphere isothermal heating test, the effective diffusion coefficient (D,g) was 
determined which, when used in Eq. (2), would reproduce the final experimental value for FR from 
the sphere. This approach simulates instantaneous release from the sphere upon release from the 
SiC although the matrix graphite and outer pyrolytic carbon (OPyC) layer effects on release are 
implicitly included without explicit incorporation into the model. In plotting the log of the effective 
diffusion coefficients v$ the reciprocal of the temperature, an approximate linear relationship is the 
minimal requirement for diffusive release to be valid. 

Camm-137 Rtkaat 

The values of D — for '"Cs release from each sphere are plotted in Fig. 2. Also plotted is the 
laminar diffusion coefficient determined by Myers3 from data of several independent particle heating 
tests. Figure 2 suggests the laminar coefficient approximates the effective diffusion coefficients except 
at <1700*C (>5.1 on the x-axis). Myers' coefficient is expressed as a linear combination of two 
terms (see Fig. 2), but the lower-temperature term is subject to greater uncertainty. Also plotted in 
Fig. 2 is a modified laminar-diffusion coefficient without the lowcc-temperalurc term which agrees 
with the results for D^. 

Inspection of the results in Fig. 2 revealed another trend: spheres exposed to fast fluence below 
4.0x10° m 2 (mostly AYR spheres) tend to fall below the average, and spheres subjected to larger 
fast fluence in the material test reactor (MTR) tests tend to fall above the average. From this, two 
average effective diffusion coefficients were derived from the SHELL data for the low-fluence tests 
sod the high-fluence MTR tests. Figure 3 shows the relation of the two average diffusion coefficients 
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Fig. 3. Effective diffusion coefficients for ) 3 TCs release from SiC, FRG spheres: 
two-group model. 

for trends with respect to other irradiation parameters. Most of the data in Fig. 2 represent AVR 
spheres with a nearly constant fast fluence to bumup ratio. The dominant effect of cither fast 
fluence or buroup on FP release cannot be determined from these results. Here fast fluence was 
assumed to be the dominant parameter because of its known damaging effect on SiC microstructure, 
and as a contrast with other models which emphasize burnup. 

As in the US/FRG model1, an error measure related to the accuracy of model predictions 
analogous to a standard deviation measure can be used: 

(JoiTO ' > —E^FR^-iotFK^f (3) 

with FR„p the experimental release, F R ^ the calculated release, and N the number of sphere tests 
predicted. The release from spheres heated at 1600* C for too brief a time is underpredicted by 
SHELL because of the initial release due to contamination. To correct this, the values of FR 
predicted by SHELL were incremented by the experimentally-determined release due to 
contamination. This contamination factor is included in predictions of i n Cs, uKr, and *°Sr releases, 
DAVR »»d D^n, were used to predict the release from the FRG spheres. The variation of the 
predictions from the experimental values using Eq. (3) is given by a (log FR) - 0.73, compared to 
the reported US/FRG model value of 0.64 (ref. 1). 

Further inspection of the AVR grouping showed that unusually low values of D^, represented 
spheres exposed to the lowest levels of fast fluence (and burnup), while spheres exposed to fast 
Ouences above 10x10° m 2 tended toward higher values of D,„. Likewise, in the MTR group those 
spheres with the highest fast fluence tended to have the highest values of D ^ From this, the data 
points were subdivided into five fast fluence groups (in units of 1 0 s m 1): (a) <1.0, (b) 1.0 to 2.0, 
(c) 2.1 to 4.0, (d) 4.1 to 7.0, and (e) 7.1 to 7.5. Average values of D^, for each group were 
determined, and these show a distinct trend in Fig. 4. No temperature dependence for the fifth 
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Fig -4. Effective diffusion coefficients for 1 J 7Cs release from S.C, FRG spheres: 
six-group model. 

group could be determined with heating only at 1600*C T~ese average D„,'s were used to repredict 
sphere release with a resulting error of o(k>g FR) = 0.60 which is comparable to the accuracy of the 
1989 US/FRG model. The most atypical data points frequently represented spheres containing mixed 
oxide kernels (Th,U)<X With at least three out of the five mixed oxide spheres showing unexpected 
release, these samples were split off into a sixth data group. Reprediction of sphere release based 
on this six-group model reduced the error to o(log FR) = 0.49. 

KiypUmSS Rtkax 

Krypton sphere release is modelled analogously to cesium release (i.e., as diffusion through a 
SiC layer which acts as the primary barrier to release). The values of D^, for a<Kr release obtained 
by SHELL are plotted in Fig. 5. The average D.„ was calculated (disregarding the 1500*C value) 
and plotted in Fig. S. Again the diffusion-like linear relationship with the reciprocal of the 
temperature is apparent. The same approach as for , 3 7 Cs release was used. The results were 
separated into six groups based on fast Quence and mixed oxide spheres, average values for D^, were 
determined for each group, the u Kr release from each sphere was predicted using these average 
coefficients, and the error was determined to be a (log FR) = 0.97. Most of the error is concentrated 
among six spheres. The results of this six-group model are p'*a in Fig. 6. 

Previous experience with noble gas release from nuclear fuels suggests release mechanisms are 
often more complicated than simple diffusion. The data for krypton release from FRG spheres does 
snow evidence of a PV-failure-type release mechanism in a number of spheres (i.e., sudden bursts of 
krypton release which are not explained by diffusive transport). An alternative hypothesis to the PV 
failure mechanism could assume fission gas transport analogous to that in the fuel, i.e., bulk diffusion 
and trapping in voids followed by sudden release when cracks or porosity provide a direct path to the 
outer surface of the panicle. 
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Fig. 6. Effective diffusion coefficients for u Kr release from SiC, FRG spheres: 
six-group model. 

SUver-llOm Rdtase 

A diffusive mechanism is commonly postulated for silver release. As above, SHELL was used 
to obtain values of D r t to match the experimental "°"Ag release from twelve FRG spheres and the 
results were plotted in Fig. 7. One average D ^ was determined for all the spheres (without 
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Fig. 7. Effective diffusion coefficients for u°"Ag release from SiC, FRG spheres. 

considering the atypicaUy low value at 1600* C) and was used to predict the sphere release with an 
error of o(log FR) = 0.59. With the limited number of data points, no effort was made to divide the 
samples based on fast Quence. This error represents a relatively good prediction of silver release and 
supports a diffusive model for silver release. A published diffusion coefficient* for silver in SiC is 
also presented in Fig. 7 which shows reasonable agreement only near 1800* C with the values of DM 

calculated here. 

Stnmaum-90 Release 

Fourteen FRG spheres were measured for '"Sr release during heating tests. The values of D^, 
calculated using SHELL are plotted in Fig. 8. An average D,„ was determined for all spheres 
(without considering the two atypical values at 1600° Q which gave a predictive o(log FR) = 0.78. 
No division of the samples based on fast fluence was attempted A published diffusion coefficient* 
for strontium in SiC shown in Fig. 8 is significantly higher than these results. The large difference 
could relate to the observation that strontium is strongly retained by matrix graphite. 
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Summary 

The results obtained from the simple diffusion model appear to be reasonable and the values 
of D,„ calculated for cesium release closely approximate a published diffusion coefficient. The 
diffusion model allows predictions of release of several FPs from FRG sphere tests to within an order 
of magnitude of the experimental results, with predictions for metallic FP release more accurate than 
for krypton release. The dominant mechanism for krypton release is not as obvious. The accuracy 
of these predictions are comparable to existing models for FP release. These results suggest 
retinemen: of this d:ttusive model oi FP release could be promising. 
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5. PREDICTIONS OF RELEASE FROM FRG SPHERE FRJ2-K15 

Recent work in KFA JQlich by K. Verfondern and D. Mailer7 represents a significant step 
forward in efforts for model validation. For the FPJ2-K15 fuel spheres, postirradiation AC 
simulation heating experiments are planned at 1600* C for 300 hours and followed by 1800* C for 182 
hours. Table 1 gives the irradiation conditions. This irradiation test is unique in having both large 
values of burnup and very small values of fast fluence. The release values predicted by Verfondern 
et al. for cesium (using the FRESCO-II code) and krypton (using the PANAMA-1 code) are listed 
in Table 2. Also included are predictions of cesium release using the 1989 US/FRO model1 and 
predictions of cesium and krypton release using the SHELL diffusion code. The SHELL calculations 
use the average Da for the lowest fast fluence group as appropriate to this experiment. 

SHELL predicts lea FP release than the other models. The SHELL predictions after 300 hours 
at 1600* C include approximate pre-AC levels of sphere contamination. The US/FRG model requires 
additional computations for prediction of krypton release. Comparisons with existing FRG sphere 

Table 1. Irradiation conditions for experiment FRJ2-K15 

Capsules 1 & 3 Capsule 2 

Irradiation temperature (*C) 800-900 950 - 1050 

Irradiation time (d) 550 550 

Fast fluence (10 s nv*. E>0.1 MeV) 0.2 0.2 

Heavy metal burnup (% FIMA) 16.0 16.0 



Table 2. Predictions of fission product fractional release for FRG sphere FRJ2-K1S 

Code/model 
CQ 

Cesium Kryp ton 
Code/model 

CQ 1600* C, 
300 h. 

1800* C, 
182 h. 

1600* C, 
300 h. 

1800* C, 
182 h. 

FRESCO-n, PANAMA-I 800 0.0019 0.23 i2c-4 0.0098 
• 900 0.0020 0.23 0.0011 0.079 
• 950 0.0022 074 0.0034 0.28 
• 1050 0.0034 0.25 0.046 0.51 

US/FRG model 850 0.0018 0.099 - -
• 1000 0.0051 0.175 -

SHELL diffusion code - 2e-5 0.029 6e-7 0.001 

release data show the PANAMA-I predicions of Icrypton release to be rather high. Of the previously 
heated spheres, only those subjected to the highest fast Ouence and burnup show comparable releases 
after 300 hours at 1600*C, and the sphere subjected to the longest anneal at l&WC (HFR-P4/3/12 
at 279 hours) gave only a fractional krypton release of 10'\ If fast fluence effects dominate FP 
release at 1800*C and below, the PANAMA-I predictions should overpredict Icrypton release. If 
burnup effects dominate, PANAMA-I should more accurately predict the release. 

Comparison of predictions for cesium release with the existing FRG data suggests that 
FRESCO-II and the US/FRG model may ovcrpredict cesium release after 300 hours at 1600* C. 
Only those spheres subjected to the highest fast fluence and burnup show fractional cesium release 
on toe order of 10 * under these conditions. As SHELL assumes a strong dependence on fast 
fluence, it predicts much lower cesium release than the other models. For cesium release at 1800* C, 
the relative accuracy of the models cannot be predicted a priori. 

The dominant mechanism for FP release will play an important role in which code or model 
predicts krypton and cesium release most satisfactorily. If fast fluence determines FP release, the 
SHELL diffusiv: model should be more accurate. If bumup is dominant, the other models should 
be more accurate. Burnup in oxide fuels (UO, and (Th,U)OJ is believed to impact FP release by 
enhancing CO gas production and pressure inside the panicle. The FRJ2-K15 experiment will 
provide a useful test of this PV failure hypothesis. The experimental cesium release at different 
irradiation temperatures will also reflect on model validation. 

6. EFFECTS OF OXYGEN ON SILICON CARBIDE DECOMPOSITION 

The mechanism for high-temperature decomposition of SiC is usually assumed to be the 
vaporization of silicon from the SiC structure with a carbon residue remaining'. This reaction is 
predominant in a vacuum or inert atmosphere, but not necessarily in an oxidizing atmosphere. The 
presence of oxygen, CO, or CO, is known to form a surface layer of SiO, which normally protects 
the SiC from further reaction. The rate of formation and thickness of this layer is strongly dependent 
on the pressure of the oxidant. At temperatures typical of MHTGR accident scenarios, volatilization 

of the SiO, and SiC into gaseous SiO results in decomposition of the SiC structure. Above 1723*C 
any remaining SiO, will melt. This oxidative decomposition mechanism was discussed during the 
1970's as relevant to HTGR technology*, but by the early 1980's a FP-induced corrosion mechanism 
became the dominant hypothesis at 1600*C with vaporization of silicon at higher temperatures. 
Within the past few years, FP-induced corrosion has been downplayed, thus requiring the 
extrapolation of the silicon vaporization mechanism to the 1600'C range1. 

In TRISO particles the oxide fuel kernels generate significant CO pressures while the carbide 
and UCO fuels generate much less CO. High-temperature ramp tests on FRG spheres have shown 
thiit high-buraup U 0 2 fuel exhibits the earliest uKi release, and the slower release profiles of high-
burnup (Th,U)03 fuel and low burnup UOj fuel arc similar. These results as shown in Figs. 9 and 
10 were taken from ref. 4. Design equations used to calculate the number of oxygen atoms per 
fission (OPF) for these fuels during irradiation and heating can also be used as a measure of the CO 
content of the panicles. For (Th,U)0, the dominant variables arc the burnup and the heating 
temperature': 

log OPF = 0.96 - ^==^ «• 0.4 x log N • 0.3 x log F, (4) 

with T the heating temperature (K), N = 5 for AVR spheres, and F„ the fractional burnup (FTMA). 
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Fig. 9. "Krypton release as a function of 
heating temperature during linear 
ramp tests with sphencal AVR fuel 
elements containing (Th.U)O, 
TRISO particles (from [4]). 

Fig. 10. "Krypton release as a function of 
heating temperature during linear 
ramp tests with spherical AVR 
fuel elements containing UO, 
TRISO particles (from [4]). 
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Fig. 11. Oxygen atom per fission ratio as a function of heating temperature during linear ramp 
tests with spherical AVR fuel elements containing UO, and (Th,U)0, panicles. Dotted 
lines represent (Th.U)O, spheres. Numbers refer to AVR sphere labels. 

For UO, the variables are the irradiation temperature and time and the heating temperature*: 

logOPF = -10.08 - 55??. , 2 x l o g r , - 0.404x( — 104 

75 
(5) 

with T„, and t^ the irradiation temperature (K) and time (s), respectively. The maximum value of 
OPF is fixed at 0.625. These equations are used to calculate the OPF during the ramp tests of Figs. 
9 and 10, and the results are shown in Fig. 11. An irradiation temperature of 1000" C was assumed. 
Those spheres which achieve the maximum OPF early in the ramp test are the highest-bumup UO, 
spheres (> 6.9% FIMA), followed by AVR 74/6 (5.6% FIMA), AVR 74/8 (Z9%), AVR 70/19 
(2.2%), and finally the high-burnup mixed oxide spheres AVR 74/17 and 70/18. This trend correlates 
with the sequence of ^Kr release in Figs. 9 and 10. Although the PV failure mechanism provides 
the same trend, this result suggests an alternative mechanism of fission gas release from TRISO 
particles is feasible. 

Unde. the AC temperatures normally expected for the MHTGR (1600*), the presence of SiO, 
surface layers could have other effects on FP retention. Layers of SiO, have been used in the 
semiconductor industry to limit diffusion of implanted ions within silicon during annealing. Cracking 
and :esealing of SiO, layers could be expected. Equations (4) and (5) introduce the temperatures 
of irradiation and heating, time of irradiation, and burnup in a consistent and physical manner. 
Combining the variables ol oxygen potential and fast fluence into a model for AC fuel performance 
might be useful ir. correlating the behavior of UO, vs (Th.U)O, vs UCO vs UC, fuels. 

7. M1CROSTRUCTURAL CONSIDERATIONS FOR SILICON CARBIDE BEHAVIOR 

Diffusion Throurfi Semiconductors and Thin Films 

Because SiC is a semiconductor material, the diffusion ot FP through SiC might exhibit 
83 characteristics unique lo semiconductors (e.g., the ionic trapping of impurities at charged defect sites). 

A review of diffusion in thin film semiconductors'" mentions some factors which may be relevant: 
(1) the electronic surface states arising from defects or impurities may affect the rate of diffusion of 
ionized impurities near surfaces of thin films; (2) dislocations and grain boundaries can act as short-
circuit diffusion paths compared lo bulk diffusion; (3) large densities of dislocations which act as 
charged defects can modify bulk diffusion characteristics; and (4) complex diffusion behavior can 
result from multiphase diffusion (e.g., with the presence of silicon or SiO, phases). 

Electronic and Atomic Properties of Fusion Products 

Silicon and carbon atoms differ in size and electronegativity (i.e., an atom's relative attraction 
for a free electron), thus silicon atoms in SiC have a partial positive charge of about 12% relative to 
a pure ion. If a neutron collision kicks out a silicon atom, excess negative charge should remain near 
the vacancy and act as a charged trap for diffusing impurity atoms. One would expect an atom similar 
to silicon in size and electronegativity to preferentially occupy the vacancy. The atomic radii of iodine 
and xenon are closest to that of silicon but their electronegativities differ by 40% or more. Silver 
atom radii are 20% larger than Si, but the electronegativity is virtually the same. Other FP species 
have greater differences in size and electronegativity. The almost identical electronega:ivities and 
similar sizes of silicon and silver atoms suggest a silver atom might be -nost prone to occupy a silicon 
vacancy and thus would more readily diffuse through the SiC structure at high temperatures by a 
vacancy-assisted diffusion mechanism. This hypothesis is consistent with the early release of silver 
during AC heating tests. 

Explanations are not apparent for the sequence of release of FP from TRISO particles (i.e., Ag 
> Cs > Sr > 1, Kr, Xe). Nor is it apparent why the release of iodine from UO, fuels would 
resemble that of the chemically dissimilar noble gases. The elemental properties of these FP species 
only provide one apparent trend that approximates the above sequence: the room temperature 
electrical conductivity (given in units of 10* Q ' cm ') for silver is 0.63, strontium is 0.076, cesium is 
0.049, and iodine is 8x10" (as inert gases krypton and xenon are effectively zero). Strontium can 
form oxides within the kernel which could inhibit its release relative to cesium. Thus, silver is largest 
in conductivity; cesium and strontium arc intermediate; and iodine, krypton, and xenon are electrically 
unreactive. Although direct analogies to AC modeling must consider high-temperature behavior, the 
fact that such a trend exists may relate to diffusion through the partially charged SiC structure. 

Radiation-Induced Segregation of Silicon? 

Free sili-ion within SiC coatings is known to enhance thermal decomposition. Using Raman 
infrared spectroscopy, Krautwasser et al." observed that heating of unirradiated bare SiC coalings 
to 1500* C produced surface layers of graphitic carbon on both silicon-rich and carbon-rich SiC layers 
which was attributed lo evaporation of Si. Surprisingly, after irradiation by fast neutrons amorphous 
silicon is present on the surface for both silicon-rich and carbon-rich samples. An explanation by 
Kiautwasser et aL suggests faster transport of silicon than carbon to the surface. 

Why should excess silicon collect at the surface even for silicon-deficient samples knowing thai 
silicon diffusion in p-SiC is normally slower than carbon diffusion? Possible explanations are a 
preferential neuiron-induced displacement of silicon lr"rn the SiC crystal lattice or the more rapid 
return of carbon atoms than silicon atoms to the vacant lattice sites. Evidence for lower displacement 
energies of the heavier atom in polyatomic ceramics lias been provided by electron irradiation of 
A),Oj and MgO. Even with equal displaccmeui of carbon and silicon atoms, several factors favor 
preferential return of carbon to the vacant lattice sites. Carbon atoms diffuse faster in SiC and thus 
could fill the vacancies faster. The atomic radius of carbon is 0.91 A and silicon is 1.46 A which 
permits carbon atoms to occupy silicon vacancies, but restricts silicon atom occupation of the smaller 
carbon lattice sites. The larger silicon atoms generate more strain within the lattice and when 



displaced they should be preferentially attracted 10 the more disordered structures of dislocation 
loops, grain boundaries, and surfaces. 

A hypothesis of neutron-induced silicon segregation from the SiC matrix and its clustering at 
surfaces and defects appears tenable. Segregation of impurities at grain boundaries can significantly 
affect grain boundary diffusion. Any segregation of silicon raises other concerns in the AC 
temperature region above the melting point of free silicon (1412*C) because attack of SiC grain 
boundaries by molten silicon has been reported12. 

Effects of Thermal Cycling 

Although thermal cycling during norma! operating conditions is common, high-temperature AC 
cycling would generate more stress within particle coaling layers. For example, FRG sphere AVR 
69/13 when heated on four separate occasions to 1800* C exhibited abnormally high cesium and high 
krypton releases. Segregation of free silicon could have a "thawing and freezing" effect on stress 
distributions within the SiC layer during thermal cycling, and accelerated solute segregation can occur 
during cooling. Voids within the SiC structure can grow during heating which can also enhance 
localized stresses. These factors could promote the growth of microcracks in the SiC layer. 

8. OTHER POTENTIAL APPROACHES TO MODELING 

In addition to oxygen-enhanced decomposition of SiC and application of radiation damage 
theory to SiC micxosuuctural evolution, other approaches to modeling FP release by SiC could be 
considered. To evaluate high-temperature diffusion into silicon during iu concurrent vaporization, 
analytical expressions have been developed to describe diffusion into an evaporating medium (i.e., 
into a moving solid boundary) which could be adapted to evaluate diffusion into a thinning SiC layer. 

Diffusion coefficients will change with irradiation damage. Vacancy-assisted diffusion is affected 
by the accumulation of displacement damage. Consideration of diffusion coefficients related to 
neutron damage and vacancy formation could provide a reasonable mechanism for enhanced FP 
diffusive release through a mechanically intact SiC layer. Because SiC is partially ionic dutuiive 
transport should be affected by localized enrichment of carbon and silicon atoms and by the presence 
of charged traps such as neutron-induced vacancies. An insulating surface layer of SiO, would also 
affect ionic transport. Changes in grain boundary structures should affect FP diffusion. 

As an embellishment of the PV-model approach, the stresses and strains induced by formation 
of SiO, surface layers, segregation of silicon within the SiC structure, stress enhancement around 
voids, etc could be considered. Studies of hot-pressed and sintered SiC structural materials have 
shown that oxidation of SiC can affect its strength. Crack propagation theory applied to the SiC layer 
would be a logical extension'of this approach. 

9. SUMMARY 

1. A diffusion model for fission product release from TRISO particles appears promising. A simple 
analytical model for FP diffusion through the SiC layer is presented, and determination of effective 
diffusion coefficients as a function of fast fluence allows prediction of FP release from future FRG 
heating tests with reasonable confidence. 
2. The modeling concept of FP release due to particle failure underemphasizes microstructural 
.uechanisms of FP transport through the coating layers during accident conditions. Models should 
consider post-AC fuel performance. If diffusive release occurs at high temperatures without 1c u of 
SiC integrity, then the concept of failure is misleading and can be overly conservative. 

3. Much scientific information is available on the microstructural behavior of SiC which hasn't been 
considered by fuel performance models (e.g., oxidation, decomposition, and semiconductor studies). 
4. Analogies exist between the relative release of FP species and the electrical behavior and atomic 
size of these elements relative to silicon. 
5. As a microstructural hypothesis of FP release, the radiation-induced segregation of silicon within 
the SiC layer is proposed and existing evidence is presented to support this hypothesis. 
6. Oxygen-enhanced decomposition of SiC at AC temperatures should be evaluated as a 
mechanism for enhanced FP release from TRISO particles. 
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