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A thermomechanical assessment of the LWR application of TRISO fuel with UN kernels was performed.
Fission product release under operational and transient temperature conditions was determined by
extrapolation from fission product recoil calculations and limited data from irradiated UN pellets. Both
fission recoil and diffusive release were considered and internal particle pressures computed for both
650 and 800 lm diameter kernels as a function of buffer layer thickness. These pressures were used in
conjunction with a finite element program to compute the radial and tangential stresses generated
within a TRISO particle undergoing burnup. Creep and swelling of the inner and outer pyrolytic carbon
layers were included in the analyses. A measure of reliability of the TRISO particle was obtained by com-
puting the probability of survival of the SiC barrier layer and the maximum tensile stress generated in the
pyrolytic carbon layers from internal pressure and thermomechanics of the layers. These reliability esti-
mates were obtained as functions of the kernel diameter, buffer layer thickness, and pyrolytic carbon
layer thickness. The value of the probability of survival at the end of irradiation was inversely propor-
tional to the maximum pressure.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Historically, nitride-based nuclear fuel has been considered for
liquid metal fast breeder reactors, space nuclear propulsion, and
gas-cooled reactors. It has not generally been of interest for con-
ventional light water reactors (LWRs) due to its susceptibility to
reactions with water and air. Recently, the goal of developing an
accident-tolerant fuel (ATF) that meets the objectives of fuel-re-
lated core materials tolerant to LWR beyond-design-basis acci-
dents has included evaluating new fuel compositions other than
urania. A new concept for LWR nuclear fuel utilizes tri-structural
isotropic (TRISO) fuel particles embedded in a SiC matrix in pellet
form, replacing sintered urania pellets [1,2]. The fuel is considered
significantly more accident tolerant than urania, as the SiC matrix
and TRISO particles would be highly resistant to oxidation and fis-
sion product release under beyond-design-basis accident condi-
tions. TRISO fuel UN kernels with densities of �95% are being
considered to obtain higher fissile loading compared to UO2, which
is likely needed for the concept.
Another approach being explored is a protected UN fuel pellet
within either metallic or SiC cladding. In this case UN fuel offers
a significant economic advantage due to its high uranium concen-
tration compared to UO2. However, the significant adverse reaction
of UN with water at reactor temperatures (�300 �C) [3] requires
increasing the resistance of UN to high temperature water and
steam, and thus using UN grain-level coatings of U3Si2 is being sep-
arately explored.

The focus of the current paper is on the use of UN kernels in TRI-
SO fuel particles for ATF. To obtain the greatest fissile loading there
is an interest in minimizing the amount of structural material
while maximizing fissile content. That has translated to increasing
enrichment to 19.4%, expanding the kernel diameter beyond the
conventional 500 lm, and to efforts to minimize the thicknesses
of the low density carbon (buffer) and high density inner pyrolytic
carbon (IPyC) layers in the particle. Even with kernel swelling and a
thin debonding gap between the buffer and IPyC layer, the initial
buffer layer thickness governs the ultimate particle internal pres-
sure as it provides open volume for released fission product gas
and vapor. The initial buffer void volume – directly related to the
initial buffer thickness – is re-distributed to the expanding kernel
void, the shrinking buffer void, and the developing buffer-IPyC
gap throughout irradiation, but the total void volume is essentially
constant, considering the IPyC inner radius does not practically
change. The internal pressure increases under burnup at high tem-
peratures as the gas and vapor evolve and escape to the buffer re-
gion, and can eventually fail the particle if it exceeds the strength
of the coatings. Thus the minimum buffer layer thickness required

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2013.10.034&domain=pdf
http://dx.doi.org/10.1016/j.jnucmat.2013.10.034
mailto:besmanntm@ornl.gov
http://dx.doi.org/10.1016/j.jnucmat.2013.10.034
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


T.M. Besmann et al. / Journal of Nuclear Materials 448 (2014) 412–419 413
depends on the dimensions and history of the particle, including
the expected fission product release from the kernel into the buffer
volume.

The TRISO particles will be embedded in a SiC matrix, which is
currently prepared by nano-powder infiltration and transient eu-
tectic phase (NITE) processing [4,5]. The NITE SiC matrix has dense,
isotropic grains which measure several hundred nanometers in
diameter. The material has demonstrated excellent irradiation sta-
bility [6,7]. Compacts will be formed by hot-pressing the TRISO
particles with the NITE matrix to form LWR-sized fuel pellets.
These can then be used with conventional or advanced cladding
as direct replacement for urania fuel in LWRs. Proposed fuel will
utilize an enrichment of 19.4% (this example), with current irradi-
ation conditions envisioned as resulting in a fast fluence of
18 � 1025 n/m2. Significant efforts are ongoing on both further de-
sign of the fuel system and assessment of its use in LWRs.

The current study undertakes to estimate fission product re-
lease from a UN kernel and resultant internal particle pressure.
The pressure values are used in thermomechanical modeling to
determine survival probabilities of particles for several sets of
geometries (coating thicknesses). Issues such as swelling1 in pyro-
carbon and SiC layers are considered, however the effect of kernel
swelling is not addressed, as notably there is no data for high fluence
values, and existing data on swelling in UN varies widely. This study
therefore models a three-layer mechanical system consisting of the
inner and outer pyrocarbon layers sandwiching the SiC layer, and
put under stress by fission gas released by the kernel. In a TRISO par-
ticle, the shrinkage of the buffer and IPyC layers early in irradiation
forms a gap that mechanically isolates the three outer layers from
the kernel and buffer. In this analysis, the three-layer system is as-
sumed to remain mechanically isolated. Extensive swelling of the
kernel with burn-up, which could lead to the closing of the buffer-
IPyC gap and put the kernel/buffer system in mechanical contact
with the three-layer system, is not considered here. Also not consid-
ered has been the effect of the SiC matrix, which can have a mitigat-
ing effect on particle failure.
2. Fission product release

Fission product release data from high density UN fuel is very
limited, with the only sources from work with pellet geometries
for systems developed for space nuclear power such as that of
Weaver et al. [8] and DeCrescente et al. [9], which were summa-
rized and assessed by Storms [10]. Mixed nitrides for potential
use in fast breeder reactors have been studied, and fission product
release information provided in Bauer et al. [11,12] and Tanaka
et al. [13]. The results are also used in FRAPCON-EP to compute
swelling and fission gas release from UN fuel [14]. In Bauer et al.
[13], the fission product release is dependent on fuel porosity, with
that from low porosity fuel (<10 vol.%) expected to be solely from
recoil release from the geometric surface, and which they esti-
mates to be �0.5%.
2.1. Recoil release

Uranium nitride kernels in potential LWR TRISO fuel are ex-
pected to be high density, typically in excess of 95% if theoretical
density. Thus it is expected that fission recoil will be an important
mechanism by which fission products are released from the kernel
to the buffer volume at low temperatures where diffusive transport
of gaseous fission products is slow. The information of Bauer et al.
[13] together with the fuel pellet geometry (5.715 mm
1 Here swelling refers to fluence-dependent strains developed in in the PyC layers
These strains may be positive (expansion) or negative (contraction or shrinkage).
.

dia. � 6.35 mm length) from this study can be used to determine
the noble gas (dominated by Xe and Kr) recoil release fraction
using a simplified relation in Lewis [15] for a cylindrical pellet

f ¼ 1
4

S
V

a ð1Þ

where f is the fractional release, S is the pellet surface area, V is
the pellet volume, and a is the fission fragment range. To deter-
mine the recoil range in UN the approach of Wise [16] was
adopted using the precursor isotopes for Kr and Xe of 88Br and
135I, respectively. The fragments were assumed to have mean
energies of 101.5 MeV for 88Br and 66.5 MeV for 135I. The ranges
were determined from the tables of Northcliffe and Schilling
[17], although UN was not included in the tables as one of the
media listed. Data was thus taken for material with the same
mean atomic number, namely Ag, per Wise [16]. The resulting
average range for the Kr and Xe are 5.68 lm and 3.98 lm, respec-
tively. These values agree reasonably with the 10 lm range quoted
by Lewis [15] from Olander [18] for the less dense UO2. The re-
lease fractions due to fission recoil for the 650 lm kernel are
0.918% and 1.31% for Xe and Kr respectively, and for the 800 lm
kernel are 0.746% and 1.07% for Xe and Kr, respectively. These
agree well with the estimated �0.5% fission product release frac-
tion due to recoil in UN from Bauer et al. [13].

2.2. Diffusive release

At elevated temperatures fission product diffusion is relatively
rapid and thus this additional mechanism must be accounted for
in predicting gas release to the buffer region. The PARFUME (PAR-
ticle Fuel ModEL) code was used to determine the fractional release
of fission gases [19]. PARFUME is an advanced gas-cooled reactor
fuel performance modeling and analysis code developed at the Ida-
ho National Laborarory (INL). It is an integrated mechanistic code
that evaluates the thermal, mechanical, and physico-chemical
behavior of fuel particles during irradiation to determine the fail-
ure probability of a population of fuel particles given the parti-
cle-to-particle statistical variations in physical dimensions and
material properties that arise from the fuel fabrication process,
accounting for all viable mechanisms that can lead to particle
failure.

In PARFUME, the release fraction is calculated according to the
Booth equivalent sphere diffusion model [20], which describes the
theoretical diffusive release from a sphere. In a fuel kernel, this
sphere can be ascribed to the crystallites if the fission gases are
considered to be released once they reach the grain boundaries,
or it can be a larger structure depending on the path followed by
the gas to escape the fuel. There is no definitive answer as to the
release mechanism, and any size ranging from a grain to a kernel
could practically represent the Booth sphere.

Under reactor conditions, the release fraction of a gaseous spe-
cies with diffusion coefficient ‘‘D’’ from a sphere of radius ‘‘a’’ after
an irradiation time ‘‘t’’ is given by:

f ¼ 1� 6
90s
þ 6

p4s
X1
n¼1

1
n4 � e�n2p2s
� �

ð2Þ

where s ¼ Dt
a2 is the dimensionless diffusion time. PARFUME trun-

cates the infinite series at n = 100, which results in a relative preci-
sion on the release fraction better than 10�8. It can be shown that
for values of s lower than 0.35, the infinite series can be approxi-
mated by:

f ¼
ffiffiffiffi
s
p

4

r
� 3

2
s ð3Þ

which can be further reduced to:
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f ¼
ffiffiffiffi
s
p

4

r
ð4Þ

with a relative error of 10% if s < 0.02 (a relative error of 1% would
be achieved for s < 2 � 10�4) [21].

PARFUME considers that the fission gases are released from
spheres having a diameter of 20 lm, which is assumed to be of
the order of magnitude of the size of UN crystallites. At each irra-
diation step, PARFUME calculates the kernel temperature Tk and
the subsequent fractional release of fission gas, using the effective
diffusion coefficient Dg (cm�2 s�1) fitted to Storms [10] correlated
fission gas release from UN fuel as reported by Weaver et al. [3]
and DeCrescente et al. [9] for fuel with densities P94 vol.%
(Fig. 1)

Dg ¼ 6:6454 � 10�12 � e�19164=T ð5Þ

Tanaka et al. [13] utilized low density fuel (84.8% and 86% theoret-
ical density) and thus correlation with the proposed high density
(�95%) UN kernels was not viewed as appropriate. For the nominal
conditions (enrichment 19.4%, fast fluence 18 * 1025 n/m2, irradia-
tion time 1000 EFPD) and geometry (kernel diameter 650 or
800 lm), PARFUME calculates the diffusive release fractions at the
end of irradiation. The values were determined for fission gas re-
lease at the maximum operating temperature of 800 �C, a design-
basis accident temperature of 1250 �C, and a beyond design-basis
accident temperature of 1600 �C. At 800 �C the values are 2.2% for
the 650 lm kernel and 2.6% for the 800 lm kernel; at 1250 �C for
the 650 lm and 800 lm kernels the values are 15.6% and 17.0%,
respectively; and at 1600 �C for the 650 lm and 800 lm kernels
they are 38.4% and 41.5%, respectively.

2.3. Fission gas inventory and particle pressure

A set of SCALE calculations for a UN kernel enriched to 19.4%
235U in LWR TRISO fuel after George et al., [22] determined the fis-
sion product inventory after 19% FIMA over three years. Noble fis-
sion gas release values determined from the relations above are
shown in Table 1, which are the sum of the fission recoil (in the
case of Kr and Xe) and diffusive release. Note that He is assumed
to be released solely through a diffusive mechanism. At 800 �C
the Xe and Kr release fraction for fission recoil and diffusion are
of the same order of magnitude, and at the higher temperatures
diffusion dominates. Vapor partial pressures from fuel and fission
product phases can be important contributors to the total pressure
at these elevated temperatures. Their pressures were determined
from equilibrium calculations at temperature assuming the fuel
and fission product inventory in a particle and their chemical state,
with the free volume assumed to equal 50% of the total buffer layer
Fig. 1. Noble gas diffusivity from experimental measurements of release from UN
pellets as a function of reciprocal temperature from the selected data of Storms
[10].
volume. The calculations were performed using the FactSage ther-
mochemical software [23] and attendant thermochemical dat-
abases, with the exception of thermochemical values for UN
which were obtained from Besmann et al. [24]. The results are seen
in Fig. 2a and b. The noble gases account for about 48–63% of the
gas vapor inventory depending on temperature between 800 �C
and 1600 �C, with the vapor pressures over the condensed fission
products providing the remainder. As the pressures are propor-
tional to available volume, they are seen to remain modest at buf-
fer layer thicknesses >50 lm and temperatures of 800 �C and
1250 �C, whereas they rise sharply at 1600 �C and smaller buffer
layer thicknesses.
3. Modeling coated particle properties and survivability

In the current study, the stress analyses method developed by
Miller [19,25–29] was used to estimate the stress distributions
generated within the TRISO particle (Fig. 3 and Table 2) undergoing
burnup. In this approach, the stress analyses are applied only to the
outer 3 layers, (IPyC, SiC, and OPyC). In other words these three
layers are assumed to be structurally isolated from the kernel
due to the low elastic modulus of the buffer and the tendency of
the elastic moduli of both the buffer and kernel to decrease with
increasing irradiation, after Boer et al. [29]. As shown in Fig. 4,
the primary external boundary condition that must be applied to
this model is the internal pressurization that arises due to gas evo-
lution from the kernel over time. In the present study, this time-
dependent pressure, Pi, was calculated using the approach de-
scribed in Section 2. The stress–strain relationships of Miller [25–
28] for the model in Fig. 4 are as follows,
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where e is the total strain, r is the stress, E is the elastic modulus, l
is Poisson’s ratio, e is the swelling strain (a function of fluence, t), c
is the creep constant with units of strain per fluence per unit stress,
and v is a material property that dictates compressibility of the
layer under irradiation (approximately equal to 0.5). The subscripts
t and r denote the tangential and radial directions, respectively. The
superscript L refers to the specific layer (L = IPyC, SiC, or OPyC). For
spherical symmetry, the radial and tangential strains listed in
Eqs. (8) and (9) are simple functions of the radial displacement, u,

er ¼
du
dr

ð8Þ
et ¼
u
r

ð9Þ

In the absence of creep and swelling, the determination of the stress
distributions within the layer requires consideration of the stress–
strain (Eqs. (6) and (7)), strain–displacement (Eqs. (8) and (9)),
and an equilibrium equation. For a purely time-independent elastic
material, rearrangement of these three sets of equations leads to a
second order differential equation with u as the dependent variable
and r as the independent variable. The solution to this differential
equation, which applies only to a single layer (material), consists
of an expression involving two constants, C1 and C2. If multiple lay-
ers are present each with their own values of E and l, unique sets of
constants will be associated with each layer. The specific solution
requires determining the value of the constants C1 and C2 for each
layer in the system. These solutions are dictated by satisfying the



Table 1
Fractional release from UN kernels of noble gases and total amounts of Xe, Kr, and He based on kernel diameter.

Kernel dia. 650 lm 800 lm

Temp. (�C) Xe% release Kr% release mol Xe mol Kr mol He Xe% release Kr% release mol Xe mol Kr mol He

800 3.12% 3.51% 1.069E�08 1.506E�09 8.64E�10 3.35% 3.67% 2.14E�08 2.93E�09 1.90E�09
1250 16.5% 16.9% 5.664E�08 7.086E�09 6.12E�09 17.7% 18.1% 1.13E�07 1.42E�08 1.24E�08
1600 39.3% 39.7% 1.348E�07 1.687E�08 1.51E�08 42.2% 42.6% 2.70E�07 3.38E�08 3.04E�08

Fig. 2. Computed coated particle internal pressure based on buffer layer thickness
and temperature determined from equilibrium gas volume and noble gas release
fraction for (a) 650 lm and (b) 800 lm diameter kernels.

Fig. 3. Schematic representation of TRISO particle. The PyC layers are designated as
either inner (IPyC) or outer (OPyC), and the particle diameter is typically �1 mm.

Table 2
Elastic properties and layer dimensions used for reliability analyses.

E (MPa) g Dimensions (lm)

Kernel 219,000 0.32 650 and 800 (Diameter)
Buffer 11,000 0.23 25, 50, 75, 100 (Thickness)
IPyC 38,070 0.23 10, 15, 20, 25, 30 (Thickness)
SiC 455,000 0.13 35 (Thickness)
OPyC 38,070 0.23 10, 15, 20, 25, 30 (Thickness)

Fig. 4. Boundary conditions for the 3-layer system.

2 Manufactured by COMSOL, Inc., 1 New England Executive Park, Suite 350
Burlington, MA 01803, USA.

Fig. 5. Stress–strain and strain–displacement relationships are used in accordance
with an equilibrium equation to generate a second order differential equation with
u as the dependent variable and r as the independent variable.
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boundary conditions shown in Fig. 4, where Pi and Po represent in-
ner and outer pressures, respectively.

When creep and swelling/shrinkage processes are active, the
solution scheme described by Miller [16–19] can be used to
calculate the stress distributions as a function of fluence. This solu-
tion scheme is currently used for the stress calculations in PAR-
FUME [19,25–29]. For this work, a commercial finite element
solver, COMSOL Multiphysics software,2 was used to predict the
time dependent stress distributions generated in a TRISO particle
as a function of fluence. As its name implies, this software allows
one to model a variety of physics-based phenomena such as elastic
response (static structural analyses), creep, diffusion, and heat trans-
fer. The key steps in developing a model are (1) define and mesh the
geometry (1, 2, and 3 dimensional models are possible), (2) specify
the physics, (3) set the appropriate properties for the materials in
the model, (4) apply the boundary conditions, (5) solve the model,
and (6) visualize the results. Input such as the boundary conditions
and material properties can vary with position and/or time or be
specified as tabular or analytic functions of the dependent variables.
The later aspect allows the user to couple the various physics.

The structural mechanics and creep modules available with the
COMSOL software were used to solve for the radial displacements
occurring in the model shown in Fig. 5. Swelling/shrinkage was
accommodated using time-dependent strain terms in conjunction
with the thermal expansion strain matrix available in COMSOL.
,



Table 3
Summary of benchmarks evaluated in an IAEA report [31]. The designators, (a), (b) and (c) in the conditions column refer to the swelling rate conditions discussed below.

Case Layers modeled Conditions

1 SiC Kernel diameter = 500 lm, buffer thickness = 100 lm, and SiC coating = 35 lm. No creep or swelling. Internal pressure = 25 MPa.
Elastic behavior assumed

2 Inner PyC Same as Case 1 except inner PyC layer (90 lm thickness) replaces SiC layer
3 Inner PyC and SiC Same as Case 1 except inner PyC layer (90 lm thickness) is added to model
4a Inner PyC and SiC Same as Case 3 except constant swelling rate (a) of PyC prescribed
4b Inner PyC and SiC Same as Case 3 except constant creep of PyC prescribed
4c Inner PyC and SiC Same as Case 3 except constant creep and constant swelling rate (a) of PyC prescribed
4d Inner PyC and SiC Same as Case 3 except constant creep and fluence dependent swelling (a) of PyC prescribed.
5 Inner PyC, SiC, and

outer PyC
Kernel diameter = 350 lm, buffer thickness = 100 lm, IPyC thickness = 40 lm, SiC coating = 35 lm, and IPyC thickness = 40 l.
Constant creep and fluence dependent swelling (b) of PyC prescribed. Internal pressure ramped linearly from 0 to 15.54 MPa

6 Inner PyC, SiC, and
outer PyC

Kernel diameter = 500 lm, buffer thickness = 100 lm, IPyC thickness = 40 lm, SiC coating = 35 lm, and IPyC thickness = 40 lm.
Constant creep and fluence dependent swelling (b) of PyC prescribed. Internal pressure ramped linearly from 0 to 26.2 MPa

7 Inner PyC, SiC, and
outer PyC

Kernel diameter = 500 lm, buffer thickness = 100 lm, IPyC thickness = 40 lm, SiC coating = 35 lm, and IPyC thickness = 40 lm.
Constant creep and fluence dependent swelling (c) of PyC prescribed. Internal pressure ramped linearly from 0 to 26.2 MPa

8 Inner PyC, SiC, and
outer PyC

Kernel diameter = 500 lm, buffer thickness = 100 lm, IPyC thickness = 40 lm, SiC coating = 35 lm, and IPyC thickness = 40 lm.
Constant creep and fluence dependent swelling (c) of PyC prescribed. Internal pressure was cyclic with fluence

Fig. 6. Comparison of the COMSOL and PARFUME stress-fluence profiles calculated
for Case 7. The plot (a) is for the tangential stresses in the PyC layer while the plot
(b) is for the tangential stresses in the SiC layer.

Fig. 7. Examples of fluence dependent stress curves for (a) SiC, (b) 10 lm IPyC, and
(c) 10 lm OPyC layers for 650 lm kernel and 25 lm buffer at 1250 �C (1073 K).
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To account for pressure build-up within the buffer as determined
in Section 2, a time-dependent stress (equal to negative pressure)
was prescribed as an ‘‘internal stress’’ boundary condition and ap-
plied to the inner surface of the IPyC (Fig. 5). This pressure, which
corresponds to the Pi prescribed in Fig. 4, was assumed to increase
linearly with fluence to the maximum values determined above,
which occurred at a fluence of 3 � 1025 n/m2, based on 19% FIMA
[30]. The outer pressure, Po, was assumed to be relatively small
and constant throughout the transient analyses. Consequently its
contribution to the stresses was negligible.

The COMSOL model was validated by comparing the radial and
tangential stress-radius profiles predicted by COMSOL with those
obtained in a previous International Atomic Energy Agency (IAEA)
study [31]. One objective of the study was to validate various pre-
dictive methods for the analyses of nuclear fuel behavior. To this
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end, benchmark calculations were made in order to compare the
predictive capabilities of the various codes. The 8 benchmarks used
for the single particle analyses are summarized in Table 3. The re-
sults determined with COMSOL were compared with the bench-
mark data generated with the PARFUME code, since the stress
analysis in this code is based on the same mathematical equations
used in the COMSOL model. Agreement between the COMSOL and
PARFUME results were excellent for Cases 1–7 (Case 8 has not been
evaluated with COMSOL). For example, Fig. 6 compares results for
Case 7 in Table 3.

The values for the creep parameter, which was temperature
dependent, and the swelling/shrinkage rates, which are functions
of temperature, fluence, and IPyC density, were taken from the
work of Miller et al. [19]. The calculation of the swelling/shrinkage
rate-fluence curves for the kernel temperatures of 800 �C and
1250 �C required interpolation of the existing data which were
available for temperatures of 600 �C, 1032 �C, and 1350 �C. No
extrapolation was attempted for the case of the 1600 �C kernel
temperature. Instead, the available swelling/shrinkage rate-fluence
curves at 1350 �C were assumed to be valid. Finally, at the time of
this work the use of fluence-dependent properties within COMSOL
had not been developed. As such the elastic properties defined in
Table 2 were assumed to remain constant with fluence.

The resulting stress profiles generated within the SiC layer were
subsequently used to calculate the probability of survival, Ps, from
the expression,

Ps ¼ exp �
Z r

rO

� �m

dV
� �

ð10Þ

where r is either the radial or tangential stress (both are functions
of r), m is the Weibull modulus constant, and ro is the Weibull scale
Table 4
Summary of SiC probabilities of survival for the 650 and 80 lm kernels as a function of b

Probabilities of survival
Kernel diameter = 650 lm

Pressures 10 lm PyC l

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C)
Thickness (lm) P (MPa) P (MPa) P (MPa) Ps

25 9.46 76.60 230.00 1.0000
50 4.83 41.20 122.00 1.0000
75 3.30 28.30 84.90 1.0000
100 2.55 21.90 64.60 1.0000

20 lm PyC layers 25 lm PyC l

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C)
Thickness (lm) Ps Ps Ps Ps

25 1.0000 0.9995 0.0000 1.0000
50 1.0000 1.0000 0.9628 1.0000
75 1.0000 1.0000 0.9938 1.0000
100 1.0000 1.0000 0.9983 1.0000

Kernel diameter = 800 lm
Pressures 10 lm PyC l

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C)
Thickness (lm) P (MPa) P (MPa) P (MPa) Ps

25 7.22 59.60 179.00 1.0000
50 3.74 32.20 96.90 1.0000
75 2.59 22.40 66.60 1.0000
100 2.02 17.60 50.80 1.0000

20 lm PyC layers 25 lm PyC l

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C)
Thickness (lm) Ps Ps Ps Ps

25 1.0000 0.9995 0.0000 1.0000
50 1.0000 1.0000 0.9621 1.0000
75 1.0000 1.0000 0.9947 1.0000
100 1.0000 1.0000 0.9986 1.0000
parameter. The integration is carried out over the volume, V, for po-
sitive values of the radial and tangential stresses. The use of the vol-
ume integration assumes that the flaws responsible for failure were
located within the bulk. In reality the surface flaws may dominate
given the low volume associated with the barrier layer. A more rig-
orous analyses would require better fractographic data as well as a
more complete understanding of the strength-size scaling relation-
ships for the SiC material. The values of m and ro were equal to 6
and 500 MPa mm3/6, respectively, from Miller et al. [19].
4. Probability of survival of coated particles

Fig. 7 illustrates some typical examples of the fluence depen-
dence of the SiC, IPyC, and OPyC tangential stresses. The initial in-
crease in the PyC tangential stresses with increasing fluence is due
to the combined effects of pressure increase within the kernel re-
gion and swelling (or shrinkage) of the IPyC layer. However as
the stress increases, the contribution of creep induced stress relax-
ation also increases such that the tangential stress versus fluence
curve exhibits a maximum, in this case at a fluence of 0.65. A sec-
ond effect of creep relaxation in the IPyC layer is that the SiC must
now support more and more of the internal pressure load. This is
reflected in an increase in tangential stress in the SiC and ulti-
mately a decrease in the probability of survival. The value of Ps at
the end of fluence depends primarily on the maximum pressure.

Tables 4 and 5 summarize the probabilities of survival and
maximum PyC tangential stresses for the 650 and 800 lm kernels
as a function of buffer thickness, PyC thickness, and maximum
pressure. One can evaluate the acceptable conditions for particle
survivability by specifying a minimum Ps for SiC and a maximum
allowable stress for the PyC (rPyC). Table 6 summarizes the
uffer thickness, PyC thickness, and maximum pressure.

ayers 15 lm PyC layers

1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Ps Ps Ps Ps Ps

0.9991 0.0000 1.0000 0.9993 0.0000
1.0000 0.9628 1.0000 1.0000 0.9627
1.0000 0.9933 1.0000 1.0000 0.9935
1.0000 0.9980 1.0000 1.0000 0.9981

ayers 30 lm PyC layers

1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Ps Ps Ps Ps Ps

0.9996 0.0000 1.0000 0.9997 0.2812
1.0000 0.9631 1.0000 1.0000 0.9634
1.0000 0.9941 1.0000 1.0000 0.9944
1.0000 0.9984 1.0000 1.0000 0.9986

ayers 15 lm PyC layers

1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Ps Ps Ps Ps Ps

0.9991 0.0000 1.0000 0.9994 0.0000
1.0000 0.9604 1.0000 1.0000 0.9612
1.0000 0.9939 1.0000 1.0000 0.9943
1.0000 0.9983 1.0000 1.0000 0.9985

ayers 30 lm PyC layers

1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Ps Ps Ps Ps Ps

0.9997 0.0000 1.0000 0.9998 0.0000
1.0000 0.0000 1.0000 1.0000 0.9641
1.0000 0.9950 1.0000 1.0000 0.9954
1.0000 0.9988 1.0000 1.0000 0.9989



Table 5
Summary of maximum tangential stresses in the PyC layers for 650 and 800 lm kernels as a function of buffer thickness PyC thickness, and maximum pressure.

Max stresses in PyC layers
Kernel diameter = 650 lm

Pressures 10 lm PyC layers 15 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) P (MPa) P (MPa) P (MPa) stmax stmax stmax stmax stmax stmax

25 9.46 76.60 230.00 296 180 129 304 179 126
50 4.83 41.20 122.00 296 183 125 304 188 123
75 3.30 28.30 84.90 296 186 124 303 191 127
100 2.55 21.90 64.60 295 187 126 302 192 129

20 lm PyC layers 25 lm PyC layers 30 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) stmax stmax stmax stmax stmax stmax stmax stmax stmax

25 312 185 123 321 191 120 329 197 123
50 311 194 125 319 199 129 329 205 133
75 310 196 130 317 201 134 324 206 137
100 308 197 132 315 202 136 321 206 139

Kernel diameter = 800 lm
Pressures 10 lm PyC layers 15 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) P (MPa) P (MPa) P (MPa) stmax stmax stmax stmax stmax stmax

25 7.22 59.60 179.00 291 184 134 298 180 132
50 3.74 32.20 96.90 293 180 129 299 184 126
75 2.59 22.40 66.60 293 183 127 298 188 124
100 2.02 17.60 50.80 293 185 127 298 189 126

20 lm PyC layers 25 lm PyC layers 30 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) stmax stmax stmax stmax stmax stmax stmax stmax stmax

25 304 180 129 311 184 126 317 189 124
50 305 189 123 311 193 124 317 198 126
75 304 192 126 310 196 129 315 200 132
100 303 193 129 308 197 131 314 201 134

Table 6
Summary of acceptable conditions (yes) for the TRISO particle for 650 and 800 lm kernels as a function of buffer thickness, PyC thickness, and maximum pressure.

Acceptable conditions
Kernel diameter = 650 lm

Pressures 10 lm PyC layers 15 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) P (MPa) P (MPa) P (MPa) Ps Ps Ps Ps Ps Ps

25 9.46 76.60 230.00 Yes Yes No Yes Yes No
50 4.83 41.20 122.00 Yes Yes No Yes Yes No
75 3.30 28.30 84.90 Yes Yes Yes Yes Yes Yes
100 2.55 21.90 64.60 Yes Yes Yes Yes Yes Yes

20 lm PyC layers 25 lm PyC layers 30 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) Ps Ps Ps Ps Ps Ps Ps Ps Ps

25 Yes Yes No Yes Yes No Yes Yes No
50 Yes Yes No Yes Yes No Yes Yes No
75 Yes Yes Yes Yes Yes Yes Yes Yes Yes
100 Yes Yes Yes Yes Yes Yes Yes Yes Yes

Kernel diameter = 800 lm
Pressures 10 lm PyC layers 15 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) P (MPa) P (MPa) P (MPa) Ps Ps Ps Ps Ps Ps

25 7.22 59.60 179.00 Yes Yes No Yes Yes No
50 3.74 32.20 96.90 Yes Yes No Yes Yes No
75 2.59 22.40 66.60 Yes Yes Yes Yes Yes Yes
100 2.02 17.60 50.80 Yes Yes Yes Yes Yes Yes

20 lm PyC layers 25 lm PyC layers 30 lm PyC layers

Buffer 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C) 800 (�C) 1250 (�C) 1600 (�C)
Thickness (lm) Ps Ps Ps Ps Ps Ps Ps Ps Ps

25 Yes Yes No Yes Yes No Yes Yes No
50 Yes Yes No Yes Yes No Yes Yes No
75 Yes Yes Yes Yes Yes Yes Yes Yes Yes
100 Yes Yes Yes Yes Yes Yes Yes Yes Yes

418 T.M. Besmann et al. / Journal of Nuclear Materials 448 (2014) 412–419



T.M. Besmann et al. / Journal of Nuclear Materials 448 (2014) 412–419 419
acceptable conditions for the case where Ps P 0.99 and rPyC -
6 350 MPa. For instance, under the 800 �C operating condition
the probability of survival is approximately 100% independent of
buffer thickness and PyC thickness for both kernel sizes. Even at
1250 �C the Ps could be P0.99 under the selected conditions of buf-
fer thickness and PyC thickness for both kernel sizes.
5. Conclusions

The application of TRISO fuel particles in LWRs requires maxi-
mizing fuel loading and significant burnup, and hence the need
to use UN fuel kernels and minimal TRISO coating layers. Analysis
of the survival probability of thus designed particles was under-
taken utilizing pressure buildup in the particle as a result of fission
gas release. There is a paucity of data, however, on fission gas re-
lease from UN, with the available information restricted to pellet
geometries with varying densities. Recoil ranges based on fission
fragment energies were used to determine fission recoil release
and higher temperature release data from irradiated high density
UN fuel pellets were extrapolated to obtain diffusive release from
UN kernels into the buffer region. The resulting computed particle
pressures under operational temperature and elevated transient
temperatures were used as input to thermomechanical models of
particle behavior. The study assumed a full decoupling between
the three outer layers (IPyC, SiC, and OPyC) and the kernel and buf-
fer, therefore isolating the load bearing layers from any mechanical
interaction with the kernel and buffer. At high fluence and burn-
up, the lack of knowledge for key material properties (especially
kernel swelling rate and pyrocarbon strain rates) leaves room for
such an assumption but it should also raise awareness that poten-
tial high swelling rates could affect the width of the buffer-IPyC
gap, possibly leading to additional mechanical stress on the IPyC
from the kernel and buffer.

The calculated particle internal pressures were used in conjunc-
tion with the COMSOL Multiphysics software to calculate the flu-
ence dependent stress distributions generated within a TRISO
particle. A measure of reliability of the TRISO particle was obtained
by measuring the probability of survival of the SiC barrier layer and
the maximum tensile stress generated in the pyrolytic carbon lay-
ers as a function of fluence. These reliability estimates were ob-
tained as functions of the kernel diameter, buffer layer thickness,
and pyrolytic carbon layer thicknesses. The SiC probability of sur-
vival increased with decreasing temperature, increasing buffer
layer thickness, and increasing PyC thickness. The maximum tan-
gential stress generated with the IPyC layer decreased significantly
with increasing temperature but was relatively insensitive to
changes in the buffer layer and PyC layer thicknesses. As a result
of these competing effects, the best overall reliability based on
internal gas pressure of the TRISO particle was achieved at lower
temperatures and higher buffer layer thickness, with survival even
at 1600 �C and 75 lm thickness buffer layer. In general, the conclu-
sions are likely conservative given the high release fractions for the
noble gases and the use of total vapor pressures over the con-
densed fission product phases.
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