Journal of Nuclear Materials 405 (2010) 74-82

Contents lists available at ScienceDirect

Journal of
Nuclear Materials

Journal of Nuclear Materials

journal homepage: www.elsevier.com/locate/jnucmat

Review
A review of TRISO fuel performance models
Jeffrey J. Powers ®*, Brian D. Wirth"

2 Department of Nuclear Engineering, University of California, Berkeley, CA 94720-1730, USA
b Department of Nuclear Engineering, University of Tennessee, Knoxville, TN 37996-2300, USA

ARTICLE INFO ABSTRACT

Article history:
Received 4 May 2010
Accepted 21 July 2010

Several advanced reactor designs incorporate tristructural isotropic (TRISO) fuel particles to achieve high
coolant temperature and high fuel burnup levels and thus require reliable and robust fuel performance
models (FPMs) to evaluate reactor performance. This manuscript provides a detailed and concise review
of the numerous published TRISO FPMs. The article begins with a brief review of TRISO fuel particles,
before describing the important fuel behavior and failure mechanisms of TRISO fuel. Suggested material
property correlations for use in TRISO fuel performance modeling are summarized with an emphasis on
the limits of validity for those correlations and notes regarding their use and origin. A review of the major
historical and current TRISO FPMs assesses each model’s capabilities and origin and provides a systematic
comparison of the codes to document similarities and differences in their features. Finally, areas of
improvement and unsolved problems are discussed that may limit the accuracy of TRISO fuel perfor-

mance modeling.
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1. Introduction

Tristructural isotropic (TRISO) fuel particles represent the cho-
sen fuel technology for various nuclear reactor design projects that
involve goals of high coolant temperatures or high burnup perfor-
mance of nuclear fuel. TRISO fuel was originally developed and
used in Germany for the AVR reactor, a 46 MWy, (15 MW,) proto-
type pebble bed reactor, and the Thorium High Temperature Reac-
tor (THTR-300), a 750 MWy, (300 MW,) reactor; both of these
reactors were high-temperature gas-cooled reactors (HTGRs) [1-
4]. China currently uses TRISO fuel in its 10 MWy, prototype pebble
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bed High Temperature Reactor (HTR-10), and Japan uses TRISO fuel
in its 30 MWy, prismatic core High Temperature Test Reactor
(HTTR) [5-7]. TRISO fuel programs currently exist in the United
States (US), France, the United Kingdom, Russia, and South Africa.
The Next Generation Nuclear Plant (NGNP) program in the US,
along with other projects in the US and around the world, plans
to use TRISO fuel [8].

TRISO particles typically consist of five distinct regions. At the
center of the particle is the fuel kernel, typically an oxide, car-
bide or oxycarbide, which contains the nuclear fuel: uranium,
plutonium, thorium, or transuranic elements (TRU). A porous
carbon buffer surrounds the kernel, with the objective to atten-
uate recoiling fission fragments and to accommodate internal gas
buildup and particle dimensional changes. The outer layers
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consist of an inner pyrolytic carbon (IPyC) layer, a silicon carbide
(SiC) layer, and an outer pyrolytic carbon (OPyC) layer. The PyC
layers are relatively dense pyrolytic carbon, typically at about
90% of their theoretical density (TD) of 2.2 g/cm® [9]. The SiC
layer acts as the main pressure vessel for the particle, withstand-
ing the stresses from internal gas pressure buildup and other
sources, and also provides a diffusion barrier to prevent the
release of gaseous and metallic fission products (FPs). The possi-
bility of replacing the SiC layer with ZrC has been suggested and
is currently being evaluated [10-13]. The PyC layers protect the
SiC layer from chemical attack during TRISO particle operation,
act as additional diffusion barriers to FPs, and the IPyC protects
the fuel kernel from corrosive gases used to deposit the SiC layer
[9].

Table 1 provides typical dimensions and densities for a U0, TRI-
SO particle, based upon a German 500 pum kernel [9]. The actual
dimensions and densities vary according to design purposes and
manufacturing processes. Recent studies have shown that varia-
tions in manufacturing methods and processes can yield drastic
differences in the quality and capabilities of the TRISO particles
produced [14].

While the TD of the kernel is not listed, exercising careful con-
trols of kernel manufacturing processes generally yields nearly full
density (about 97% TD) fuel.

Fig. 1 provides a simple illustration of a TRISO particle, as repro-
duced from Ref. [15]. Fig. 2 shows a micrograph of an actual TRISO
particle, taken from Ref. [16], in which the porous nature of the
buffer and some cracking in the coating layers are visible.

Liu et al. [17] performed a brief review of TRISO fuel perfor-
mance models (FPMs) that heretofore was the only such survey
in the literature; however, it failed to document or describe signif-
icant aspects of the various FPM codes, nor did it assess their sim-
ilarities and differences. A more significant and complete survey of
the numerous published FPMs is needed to both identify the

Table 1
Nominal parameters for a German UO, TRISO particle [9].

Layer Density (g/cc) Outer radius (um)
Actual Theoretical

Kernel 10.96 - 250

Buffer 1.1 2.2 345

IPyC 1.7 2.2 385

SiC 3.2 32 420

OPyC 1.7 2.2 460

Outer Pyrolytic Carbon

_—Silicon Carbide
___—— Inner Pyrolytic Carbon

——— Porous Carbon Buffer

Coated Particle

Fuel Kemel

Fig. 1. Illustrative cutaway drawing of a TRISO fuel particle, as reproduced from Ref.
[15].

Fig. 2. Micrograph of an actual TRISO fuel particle, as reproduced from Ref. [16].

strengths and weaknesses of existing TRISO fuel performance mod-
eling and identify areas that require improved sub-models or addi-
tional data.

This manuscript focuses on reviewing the current state of TRISO
fuel performance models (FPMs) and thus will not provide an
extensive discussion of observed TRISO fuel behavior and failure
mechanisms, which have been recently reviewed by Petti and
co-workers at Idaho National Laboratory (INL) [9,14,18-23] and
by others elsewhere [24,25]. The interested reader is also directed
to the many excellent reviews of TRISO performance results
[9,14,19,25-34]. To provide context for the review of the FPMs
Sections 2 and 3 briefly summarize fuel behavior and failure mech-
anisms. Section 4 provides an assessment of the available materials
databases and Section 5 then describes the available fuel perfor-
mance models. Section 6 provides a critical assessment of the
key challenges for fuel performance codes to predict TRISO fuel
behavior at high temperature and high burnup. Section 7 presents
the conclusions of this review.

Table 2 defines the symbols and nomenclature used throughout
this article, following the convention established by Miller and
co-workers at INL [9,35].

2. Fuel behavior

A multitude of phenomena observed in TRISO fuel particles
undergoing irradiation and fission have been identified as impor-
tant aspects to understand and accurately model. In particular,
we will review the important mechanisms of heat transfer, fission
product production and transport, oxygen release from the fuel

Table 2
Symbols and nomenclature used throughout this article, following from Refs. [9,35].

Nomenclature [9,34]

o Thermal expansion coefficient of a coating (K~')

E Modulus of elasticity of a coating layer (MPa)

c Irradiation-induced creep coefficient of a PyC layer (MPa n/m?,
E>0.1 MeV)

u Poisson’s ratio of a coating layer

v Poisson’s ratio in creep for a PyC layer

S Dimensional change rate ((n/m?)~', E > 0.1 MeV)

Subscripts

a, b Inner or outer (radius)
kern  Fuel kernel

PyC  PyC layer of interest
SiC  SiC layer

t Tangential direction
TD Theoretical density
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kernel, internal gas pressure buildup, irradiation effects on TRISO
materials, and variability in TRISO particles due to manufacturing
processes.

Heat transfer directly impacts any nuclear fuel due to the
importance of conducting the heat generated by fission events
out to the working coolant in the system. The resulting tempera-
ture distributions and gradients affect many other phenomena
and material properties.

The simultaneous production, destruction (through radioactive
decay or nuclear reactions with neutrons or gamma rays), and
transport of fission products (FPs) represents another key behavior
in TRISO fuel. Gaseous FPs, with Xe and Kr typically considered the
dominant species, build up in the kernel and buffer of the particle
and exert pressure on the PyC and SiC coatings. Some FPs migrate
out of the kernel and can escape through the PyC and SiC layers to
become radiological source terms in the matrix and coolant,
impacting plant operational safety.

Oxygen atoms released from the fuel kernel to the buffer region,
due to both thermal solubility and fission events consuming the
heavy metal atoms in the kernel, can lead to the formation of CO
or CO, gas via the reactions

0, +C=2C0 (1)
and
2C0 =CO, +C (2)

and increase the internal pressure of the particle. The partial pres-
sures or CO, CO,, and O, are thermodynamically controlled and also
impacted by the composition of the fuel.

Fission product, CO, and CO, gases accumulate in the buffer
void volume and exert outward pressure on the coating layers. This
internal gas pressure builds up over time and has traditionally
been the dominant behavior suspected of causing TRISO fuel
particle failures. Fission products diffuse through the fuel kernel,
outward through the buffer and coating layers, and then through
the graphitic matrix, which can produce mobile radioactive source
terms.

PyC initially shrinks, and then later swells, when irradiated with
fast neutrons (defined in this manuscript as neutrons with energies
above 0.1 MeV). The seminal 1993 Combustion Engineering—Gen-
eral Atomics (CEGA) report [36] defined this as Irradiation-Induced
Dimensional Change (IIDC) and provided a reasonable description
of the process. More detailed descriptions exist elsewhere
[37,38]. SiC undergoes a similar irradiation-induced volumetric
change, though most FPMs ignore this because it is generally be-
lieved to be negligible compared to other degradation behavior
in PyC and SiC [9].

Stresses and strains in the coating layers result from the phe-
nomena described above, with additional contributions from irra-
diation creep and the differential thermal expansion of each
region. Displacements of the layer interfaces occur due to these
strains and solid fission product swelling in the fuel kernel. These
stress—strain—-displacement relationships must be well understood
for reliable TRISO fuel design and performance since they directly
impact the maximum stress predicted in the SiC pressure bound-
ary. A viscoelastic model is often used for the IPyC-SiC-OPyC sys-
tem [35], with the SiC layer treated as an isotropic elastic material
since SiC is a ceramic and thus undergoes very little (if any) plastic
deformation before failure.

The material properties (e.g., thermal conductivity and Young’s
modulus) of each layer vary during operation. The properties
should vary with temperature, porosity, accumulated fast fluence,
and fuel burnup level. While fully accurate materials property
calculations would incorporate all of these parameters and yield
precise knowledge, the material property correlations currently
available fall significantly short of this. The best known correla-

tions should be used for each property in fuel models, with flexibil-
ity designed into the models to allow future revisions.

Lastly, the dimensions and densities of each layer of a TRISO
particle vary from particle to particle due to variability in the man-
ufacturing processes. The expected manufacturing tolerances for a
TRISO particle of a particular design using specific manufacturing
methods and processes can be identified and accounted for in fuel
models. The calculated failure fraction of a set of “real” particles
based upon nominal parameters and their manufacturing toler-
ances determines the predicted performance of the fuel; if it is
too high then the fuel design or reactor design must be changed
or, alternatively, the manufacturing tolerances can be tightened.
Adequate sampling of statistical variations in particle parameters
(e.g., layer thicknesses and densities) for a representative popula-
tion of particles requires a large number of calculations, and thus
necessitates a computationally efficient fuel performance model.
Wang [16] presents a detailed discussion about manufacturing
uncertainties and quantifies the typical value ranges for several
TRISO particle parameters, including layer thicknesses and
densities.

3. Failure mechanisms

Fuel performance modeling for any fuel form directly depends
upon identifying the possible failure modes for the fuel and which
modes are limiting. Once the limiting failure modes are known,
computational models can be constructed to assess how the fuel
behaves relative to these criteria. For example, if a fuel is limited
by creep rupture then creep rate calculations determine fuel per-
formance. Likewise, detailed stress calculations are necessary to
model and assess performance of a fuel limited by through-clad
cracking due to stresses. TRISO fuel particles have been experimen-
tally observed to possess multiple possible failure modes, which
are categorized as being driven by either one-dimensional (1D)
or three-dimensional (3D) effects [9,19].

The dominant 1D failure mechanism for TRISO fuel particles
involves pressure vessel failure, where the SiC layer develops a
through-thickness crack resulting from a tensile stress that
exceeds the fracture strength of the material. This fracture stress
for SiC varies significantly in the literature but is on the order of
350-400 MPa [9]. The classic definition for this pressure vessel fail-
ure assumes that the SiC layer fails catastrophically once a crack
initiates and that there is enough energy in the system released
upon SiC cracking that the PyC layers crack in the same location.
More modern approaches to pressure vessel failure explicitly cal-
culate separate stresses and through-layer crack probabilities for
the SiC layer and each PyC layer; models using this approach
require that all three layers must fail for the particle to be consid-
ered “failed”. The tangential stress at the IPyC/SiC interface usually
represents the limiting stress in the SiC layer and depends upon
multiple phenomena, as illustrated in Fig. 3. More rigorous fracture

IPyC SiC OPyC
shrinks and creeps elastic shrinks and creeps
Gas Pressure lIl >
— «—3]
[z

I Gas pressure is transmitted through the IPyC
2 IPyC shrinks, pulling away from the SiC
3 OPyC shrinks, pushing in on SiC

Fig. 3. Illustration of the different fuel behaviors driving SiC stress, as reproduced
from Ref. [9].
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mechanics approaches have generally not been performed in TRISO
fuel performance modeling.

Both PyC layers initially experience irradiation-induced radial
shrinkage; during this phase, the outward stress due to gas pres-
sure and irradiation creep of PyC is counteracted by an inward
stress from PyC shrinkage. However, after an initial densification
stage, PyC begins exhibiting irradiation-induced swelling. This pro-
duces a situation where internal gas pressure, the PyC IIDC, and
PyC irradiation creep all act outward on the coating layers. Thus,
the tangential stress in the SiC layer has a beginning of life (BOL)
stress level determined by manufacturing and system stresses
(usually about 0 MPa), decreases to a maximum compressive stress
(nominally on the order of —100 MPa at a fast fluence of roughly
0.5 x 10 nm™2), and then increases until end of life (EOL). If
the stress becomes tensile (positive) before EOL it may exceed
the presumed failure, or fracture, strength.

3D failure modes observed in TRISO fuel particles include
shrinkage cracks within the IPyC layer, IPyC/SiC debonding, parti-
cle asphericity, kernel migration (the so-called “amoeba effect”),
and SiC coating thinning. A brief description of each mechanism
is given below, while Refs. [9,19] each provide more detailed
descriptions.

Irradiation-induced shrinkage of the IPyC can cause a partial or
through-coating crack to form in the IPyC [16]. Partial or full
debonding of the IPyC and SiC layers at their interface can occur
if the differential radial stress exceeds the IPyC/SiC interfacial bond
strength [22]. Particle asphericity refers to a TRISO particle’s geo-
metric deviation from a perfect sphere [9,22]. Kernel migration,
the movement of the center of mass of the fuel kernel away from
the center of the TRISO particle, results from CO gas migration
down the thermal gradient in a TRISO toward the cold side of the
particle and subsequent formation of CO, and solid-phase carbon
due to the combination of two CO molecules. Over time, solid car-
bon builds up on the cold side of the buffer and “pushes” the kernel
to migrate toward the hot side of the TRISO particle, as shown in
Fig. 4. Each of these mechanisms cause changes in temperature
or stress distributions and may lead to particle failure.

Lastly, experimental observations indicate that chemical attack
of the SiC by species such as palladium (Pd) can thin the coating.
Erosion rates are low but can be appreciable for high stress envi-
ronments or long irradiation times [14,39]. Chemical attack rates
have been shown to accelerate in the presence of defects such as

Fig. 4. Micrograph showing kernel migration in a TRISO particle, as reproduced
from Ref. [19].

cracks in the IPyC layer or IPyC/SiC debonding. Accurate modeling
of fission product diffusion allows estimates of SiC thinning rates
due to chemical attack by Pd or other species.

It should be noted that while the above failure mechanisms rep-
resent the dominant known failure modes for TRISO fuel particles,
additional failure mechanisms likely exist.

4. Material properties

Several literature reviews have identified and discussed the best
available correlations and values for material properties to model
fuel [9,40,41], PyC [9,26,36], and SiC [9,26,36] in TRISO FPMs. In
particular, Snead [42] provides a review and handbook of SiC prop-
erties for fuel performance modeling containing especially useful
information and further resources. A summary of the important
findings can be found below, but the interested reader can find
more details in the references cited throughout this section.

Table 3 summarizes the key material properties for a UO, fuel
kernel. Modifications or additions to these properties would be
necessary for hypostoichiometric fuel forms (e.g., UO; ;) or non-
uranium fuels (e.g., PuO,). t represents the fuel burnup in units
of % FIMA and P is the fractional porosity of the fuel kernel. Though
not included in the table below, it is important to note that Ref.
[41] provides diffusion coefficients for several fission products in
UO, or ThO, fuel kernels; and Ref. [47] documents diffusion coef-
ficients for fission products in UO, or UCO fuel kernels.

Recommended correlations and values for the key material
properties of PyC are summarized in Table 4. P is the fractional
porosity of the PyC layer being analyzed, ® represents the neutron
fluence in units of 10%° n m~2, and BAF, is a measure of the aniso-
tropic grain orientation (nominally 1.02-1.05 [9]). The buffer PyC is
assumed to have isotropic grain orientation. Myy.creep iS @ USET-
specified PyC irradiation creep constant multiplier with a value
of 2.0 based upon Idaho National Laboratory (INL) recommenda-
tions [9]. The radial (parallel) and tangential (normal) directions
are sometimes denoted by the subscripts 1 and 3, respectively. It
must be noted that the UK correlation for PyC thermal conductivity
shown below yields significantly higher thermal conductivities for
the PyC buffer layer than German correlations recommend [9];
since the magnitude of the temperature gradient across a TRISO
fuel particle is almost entirely determined by the temperature drop
across the buffer layer, this could have a large impact on fuel per-
formance calculations. Ref. [47] provides diffusion coefficients for
several fission product species in the carbon buffer layer and dense
PyC layers, as well as matrix graphite.

The recommended material properties for SiC (B-CVD SiC in par-
ticular) are summarized in Table 5, and come from multiple
sources as previously noted. P represents the fractional porosity
and Young's modulus has units of GPa instead of MPa. Much more
detailed information, as well as experimentally measured material
property data, can be found in Snead’s SiC handbook [42]. Ref. [47]
provides diffusion coefficients for several fission product species in
SiC.

5. Existing fuel performance models

Numerous TRISO FPMs have been developed over the years.
Different organizations and projects generally each created their
own model due to the unavailability of other models, and/or the
developers desire to either customize the code to their specific
needs or to address improvements in knowledge. Most TRISO FPMs
involved projects using either thorium or uranium oxide fuel ker-
nels. Furthermore, most of these fuel kernels were stoichiometric
(e.g., UOy) rather than hypostoichiometric (e.g., UOq 7).
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Table 3
Summary of recommended material properties for TRISO fuel kernels.

Parameter (units)

Recommended correlation or value

Source and notes

Thermal conductivity, k (W/m K) keuer = K1aK1pK2pKarko fuel

Based on UO, work from Ref. [9]

1.09 0.0643 1
Kiq = (m +— Tkem> arctan <7>

1.09 0.0643
stV Tyern

Solid FP swelling rate, Ss (%/GWd|/tym)

V7
0.019 1
Kip =1+5"5 0107 1+ exp ( Teem — 1200
P 100
1-p
Koo =152p
Ky =1~

80

$s =M _ 006

v
T

0.2
W(l —exp(-1))
+exp | — =

Ref. [9]

Table 4

Summary of recommended material properties for porous (e.g., buffer) and dense PyC.

Parameter (units)

Recommended correlation or value

Source and notes

Thermal conductivity,
k (W/mK)

Anisotropic orientation parameters

Young’s modulus,
E (MPa)

Poisson’s ratio, u (/)

Coefficient of thermal expansion,
o (107°K™)

1IDC rates, & (10%°> nm~2)~!

Irradiation creep parameters,
K (MPanm~—2)"'v (/)

1+ 2P

kpyc = 10,98222( > +0.00444

_ 2 _1-Rs
Rs = 5, and Ry ==

Buffer:
E =34,500 exp (—2.03P)
Dense PyC:
E1 = kpkickokrkparo1 Eor
E3 = kpkickokrkparosEos
Eo1 = Ep3 = 25,500
k, =0.384 +0.324p
ke = 2.985 — 0.662Lc
ko =1+0.230
kr = 1 +0.00015([T °C] — 20)
Kparo1 = 0.481 + 0.519BAF,
kparos = 1.463 — 0.463BAF,

Buffer:
n=023

Dense PyC:
12 =0.766R; — 0.275
13 = —0.884R3 + 0.825

_ 3B
M3y ="F

Buffer:

o=3.5
Dense PyC:

oy =40(R; — 1)?+1.11

o3 = —41.67R; +33.33
Buffer:

& =& = —0.176exp(—1.750)
Dense PyC:

& = —0.077 exp(—®) + 0.031

& = —0.036exp(—2.10) — 0.01
K =Ko(1+2.38(1.9 — p))Micr.creep
Ko =1.996 x 1072° — 4.415 x 10732([T °C))

UK correlation, Tables 1-9 of Ref. [9]

Ref. [35]

Tables 1-11 of Ref. [9]. Lc is the user-specified
crystallite size, currently assigned a value of 3.0
based upon the suggested range in Ref. [9]

US correlations from Tables 1-12 of Ref. [9]

US correlations from Tables 1-8 of Ref. [9]

German correlations from Tables 1-15 of Ref. [9]

Based on US correlations from Tables 1-14 of Ref. [9]
but modified to have a multiplier and v = 0.4 per Ref. [9]

+3.6544 x 10735([T °C])?
v=04

The existing FPMs can be categorized in various ways. One
method divides them into models that use closed-form analytical
solutions for the stress—strain-displacement relationships and
those that use numerical approaches, such as finite element anal-
ysis or methods (FEA or FEM). The various techniques used for heat
transfer solutions, internal gas generation, and pressure calcula-
tions can greatly affect the predicted results; however, such differ-
ences generally do not represent as fundamental difference in
solution technique and code capabilities as selecting between
closed-form or numerical methods for solving the stress-strain-
displacement equations.

The dominant approach to calculating the stresses, strains, and
displacements necessary in a TRISO FPM to predict fuel perfor-
mance has been a closed-form analytical solution developed at
INL [9,35,43]. This approach reduces the problem to a 1D symmet-
ric sphere and then solves the system of equations from the center
of the fuel kernel radially outward to the OPyC/matrix interface
boundary. This is a simplification in that it ignores asphericity,
temperature gradients across a TRISO particle, and other factors;
however, it enables the model to calculate failure fractions for
large sets of possible TRISO particles within reasonable time
frames. Miller at INL laid the groundwork for such a closed-form
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Table 5
Recommended material properties for SiC.

Parameter (units)

Recommended correlation or value

Source (Refs.)

Thermal conductivity, k (W/m K) ksic = kosic(3.:91112 x 1072 - exp(2.24732 x 107> - Tgic))(1 — P) 9]
—1.5564 x 10*  1.2977 x 107 —1.8458 x 10°
kosic = 42.58 + " LA X a
sic (Tsic) (Tsic)
Coefficient of thermal expansion, o (1076 K1) if Tsic <1273K [42]
o = —1.8276 + 0.0178Tsic
—1.5544 x 107°T%¢
+4.5246 x 10T,
if Tge > 1273 K:
a=5.0
Young's modulus, E (GPa) Eq = E exp(—3.57P) — 0.04Tsic exp(-22) [26]
Eo = 460

solution [43], which was then utilized by many organizations and
projects throughout the world. Subsequent research observed that
assuming a constant Poisson’s ratio of 0.5 for PyC during irradia-
tion was likely inaccurate, so Miller generalized the solution to al-
low for time-dependent values [35]. This updated method, which
serves as the basis for much of the current work in TRISO FPMs
using closed-form solution approaches, is described in further de-
tail in Boer’s doctoral thesis [44]. Boer also includes matrix nota-
tion formulation of Miller’s technique. A closed-form solution is
limited to 1D effects and thus can only predict pressure vessel fail-
ure; 3D effects such as cracking or debonding must be accounted
for in other ways, as will be discussed later when describing the
PARFUME code.

Using numerical methods to solve the full 3D stress-strain-dis-
placement equations for a TRISO particle has been demonstrated as
an alternate approach to avoid the simplifications involving a
closed-form solution. The ATLAS code developed by the Commis-
sariat A I'Energie Atomique (CEA) in France uses finite element
analysis (FEA) to reach numerical solutions. Comparisons of ATLAS
and PARFUME results show reasonable agreement, as discussed in
Ref. [9]. It is important to note that while FEA approaches to TRISO
fuel performance modeling are very good at modeling 3D effects,
they typically are much more computationally intensive than ana-
lytical, closed-form approaches and therefore are not as well suited
to evaluate statistical variations in particle parameters.

The PARFUME code [9,18,45-47] developed at INL stands out
as the state of the art TRISO FPM in the United States. PARFUME
uses Miller’s closed-form solution approach but incorporates
multi-dimensional effects by using fully 3D ABAQUS calculations
to aid the 1D model. As described more fully in Ref. [9], a suite
of ABAQUS calculations account for 3D effects such as shrinkage
cracks in the IPyC or particle asphericity; these effects feed back
into the overall fuel performance predictions by using correla-
tions derived to show the impact on 1D symmetric particle cal-
culations. PARFUME accounts for almost all of the known
behavior and failure mechanisms in TRISO particles and allows
the user to specify the stress boundary condition to model exter-
nal stresses on a TRISO particle. Recent development efforts in
the PARFUME code have involved modeling fission production
transport across each layer.

TIMCOAT [16] and PASTA [44,48,49] are extremely similar to
PARFUME, since both were based upon the PARFUME code itself.
TIMCOAT, developed at MIT, provides a particle/element model
for pebble bed or prismatic block geometries [17]. It includes
pebble refueling effects, such as temperature swings, and the
description of the code notes that future efforts aim to improve
calculations of FGR and incorporate chemical attack of the SiC layer
[16]. The PASTA code, developed by Boer during his doctoral thesis
at TU Delft in The Netherlands, provides 1D stress analysis for

TRISO fuels. It models the kernel and buffer as a single effective re-
gion and accounts for stresses due to particle-particle and parti-
cle-matrix interactions as well as the contributions of helium gas
to internal gas pressure in the TRISO.

CEA’s ATLAS code, described in Section 2.2 of Ref. [9], represents
the leading FPM using numerical 3D solutions. ATLAS provides a
particle/element model that incorporates larger scale effects at
the element level, explicitly represents and accounts for PyC and
SiC layers, takes a thermomechanical approach to fuel performance
modeling by tracking pressure and deformation effects, and uses
an external stress boundary condition to model particle-matrix
interaction effects [17]. As described above, an FEA numerical sol-
ver approach to fuel performance modeling explicitly accounts for
3D effects in the TRISO. ATLAS accounts for most of the known
behavior and failure mechanisms of TRISO fuel, including pressure
vessel failure of the SiC layer, IPyC cracking, debonding, and asphe-
ricity. One unique feature of ATLAS is that its FGR calculations
explicitly account for fuel structure changes at burnup levels above
10% FIMA.

STRESS3 [50], a UK TRISO FPM, focuses on stresses in the coat-
ing layers. It accounts for fission product and CO, gases, kernel
swelling, residual stresses introduced by kernel sintering during
fabrication, mismatches in coefficients of thermal expansion,
dimensional changes due to irradiation, and particle-matrix sur-
face effects [17]. STRESS3 addresses pressure vessel, IPyC cracking,
and debonding failure mechanisms and uses an internal void vol-
ume that changes during irradiation.

Germany’s FZ] model [17] and JAERI's model in Japan [17,51]
both offer pressure vessel failure only models; the FZ] model only
accounts for the SiC layer, while JAERI's model incorporates PyC
shrinkage/swelling and independent failures for each PyC and SiC
layer. The FZ] model is similar to the jointly-developed GA/KFA
model [52], which offers a simple pressure vessel failure prediction
without accounting for effects from the PyC layers. The GA/KFA
model accounts for a shrinking void volume during irradiation
while the JAERI model assumes a fixed void volume that does
not change.

The HEISHI code [53] developed by Young at SNL used 1D finite
difference calculations to estimate pressure vessel failure probabil-
ities for pebble bed space reactors.

Most of the fuel performance models detailed above do not
explicitly model the diffusion of gaseous fission products, but
rather utilize more simplified diffusion-based models for fission
gas release. PARFUME utilizes a finite difference approach for
solving the diffusion equation, including chemical (Fickian) and
thermal (Soret) diffusion, and is able to model fission produce
diffusion of several species from the kernel outward through
the TRISO coating layers and then through a graphite fuel matrix
[47]. ATLAS includes a Fickian diffusion model, which can be
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Table 6
Summary of several major TRISO fuel performance models.
Code PARFUME PASTA ATLAS STRESS3 TIMCOAT GA/KFA JAERI
Developer INL (US) TU Delft (NL) CEA (FR) BNFL/NS (UK) MIT (US) GA/KFA (US)/(DE)  JAERI (JP)
References [9,18,45-47] [44,48,49] [9,17] [9,17,50] [16] [17,52] [17,51]
Mission NPR/AGR, NGNP  PUMA (EU) FBR MOX None specified HTRs Multiple HTTR
Assumed Pebble bed, None None? None Pebble bed, None None
geometry prismatic prismatic
Pressure R-K EOS R-K EOS R-K EOS Unknown IGL R-K EOS IGL
calculation
CO production HSC-based yield = Custom (Nabielek?) unknown Martin Karsten (KFA) None, LEU, HEU Proksch
method
Heat transfer 1D finite THERMIX calculation Finite element Unknown Full-core then Single irr. temp. Single irr.
calculation difference with with buffer/IPyC gap particle used temp.
buffer/IPyC gap used?
Phenomena Pressure, PyC IIDC, Pressure, PyC IIDC, PyC Pressure, PyC IIDC, PyC irr. Pressure, PyC IIDC, PyC irr. Pressure, PyC Pressure, PyC IIDC, Pressure,
modeled PyC irr. irr. creep, Thermal creep, SFP swelling, GFP  creep, SFP swelling, SiC  1IDC, PyC irr. PyC irr. creep, SFP  PyC IIDC
creep, thermal expansion swelling elasticity creep swelling
expansion,
SFP swelling, FP
diffusion
Failure PV, IPyC cracking, PV, IPyC cracking PV, IPyC cracking, PV, IPyC cracking, PV, IPyC cracking PV PV
mechanisms debonding, debonding, asphericity debonding via fracture
modeled asphericity, mechanics
SiC thinning,
SiC thermal
decomposition,
kernel migration
PyC Custom FZ) Unknown Custom Unknown Unclear Unknown
shrinkage
correlation
PyC irr. c=5x10"%9 3.0x 102 Unknown 49 x 107%° CEGA function 2.0 x 107%° Unknown
creep v=0.5or
coefficient c=4x10"%
(MPanm 2! v=04
Fission gas Recoil + booth Modified booth (cyclic Unknown Unknown UT/KFA (booth- Booth Booth
release model situation) based?) (single
(s) species)
Displacement Yes Yes Yes Yes Yes No No

calculations?

used for several species, and notes that further expansion of the
diffusion model may occur as new information from irradiation
experiments becomes available [9]. The available documentation
and descriptions for TIMCOAT indicate that fission product diffu-
sion modeling was planned for future code development efforts
[16], but has evidently not yet been implemented. Documenta-
tion for the PASTA code discusses boundary conditions and a
numerical solution approach to the diffusion equation for fission
products, but does not clearly indicate which species are in-
cluded or whether the diffusion model includes fission product
release from the TRISO particle as a whole, or just the fuel kernel
[44]. It has been noted that thermal (Soret) diffusion appears to
be relatively unimportant for most operating conditions due to
the relatively small thermal gradients in operating fuels, but it
may be much more important for highly accelerated irradiations
conducted for materials testing and fuel qualification [9].

Many of these fuel performance codes (PARFUME, ATLAS,
STRESS3, PASTA, and TIMCOAT) include the ability to perform sta-
tistical analysis to predict failure fractions by evaluating the
strength and strength distribution of the PyC and SiC layers
through Weibull statistics. These models, which are based on
weakest link statistics, predict failure fractions by considering a
range of flaw sizes and locations amongst a particle population.
The most important parameters in these Weibull distribution
models are the Weibull mean fracture strength and the Weibull
Modulus in the PyC and SiC layers, and suggested values for these

parameters have been published [9,36,37]. In particular, Ref. [9]
contains a more detailed description of Weibull theory and the
use of Weibull statistics to predict fuel failure fractions. These
statistical-based failure models can either be used to determine
the allowable Weibull stress for a pre-determined fuel failure
fraction or to determine the predicted fuel fraction based on the
maximum stress values obtained from the fuel performance
model.

Table 6 summarizes key modeling approaches, capabilities, and
other important information for these TRISO FPMs as found in the
available literature; specific aspects of FPMs that are unknown or
unclear are marked accordingly and details indicated by a source
but with some ambiguity have a question mark after the item. It
should be noted that the above descriptions of each code provide
additional information that may not be captured in the table.

6. Key challenges

Numerous major challenges remain unsolved in the pursuit of
accurate TRISO fuel performance modeling. Most prominent of
these are benchmarking the FPMs to reach the higher burnup
levels currently proposed by projects such as Deep Burn [54], is-
sues related to fundamental material properties and the phenom-
ena exhibited by irradiated TRISO particles, manufacturing
uncertainties, and modeling 3D effects.
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While some data exists for TRISO fuel at high burnup levels
[19,25], the results from these experiments vary significantly and
have large uncertainties regarding how representative they are
due to questions about the manufacturing processes used [14,19].
Thus, little or no data currently exists with which to benchmark
TRISO fuel performance models up to the burnup levels (50% FIMA
or even higher) needed to support high burnup reactor designs for
actinide transmutation and efficient resource utilization.

Uncertainties and unknowns in fundamental material proper-
ties are also abundant, especially with regard to how properties
vary as functions of temperature, fast fluence, and burnup. The
response of SiC is understood fairly well for most properties up
to about 10-30 dpa, but the databases for dense PyC material prop-
erties need refinement and expansion. The properties of porous
carbon are marginally known at best and contain large uncertain-
ties, although these properties may be less important to the overall
fuel performance assessment. Fuel properties may be the least well
known due to the rapid nature in which fuel designs evolve
(e.g., changing the fuel material from UO, to ThCO or (Pu, Np,
Am)0; 7). Substantial work is required to improve our collective
understanding of these materials in order to ensure high accuracy
in fuel performance models. Examples of material properties with
significant uncertainty include the irradiation creep constant, the
value of Poisson’s ratio in irradiation creep models, and the ther-
mal conductivity of PyC. Accurate predictions for the chemical at-
tack of SiC require effective diffusion coefficients of key fission
products in various fuel materials (UO,, UCO, PuO,, ThCO,
(TRU)O; 7, and others) and PyC, which are currently either largely
unknown or highly uncertain.

Expanding models to incorporate additional phenomena offers
opportunities for better agreement between computational predic-
tions and experimental observations of irradiated TRISO fuel parti-
cles. Recent efforts at INL highlight the importance of partial and
full debonding between the IPyC and SiC layers and its impact on
predicted TRISO fuel performance, including accurate estimates
for the interfacial bond strength between the IPyC and SiC layers
and possible approaches to increase this bond strength [14,22].
The use of fracture toughness based approaches to crack formation
and propagation in TRISO coating layers, as implemented by MIT’s
TIMCOAT code, offers a path to incorporating fracture mechanics
into TRISO fuel performance modeling to yield higher fidelity mod-
els that should produce more accurate predictions if the associated
material properties are accurately known [16]. Fracture mechanics
based approaches do, however, include additional uncertainties
since the distribution of initial flaw sizes may not be well known.
Thus it may be best to utilize fracture mechanics approaches for re-
search to develop a detailed understanding of how particle layers
fail but continue relying upon Weibull-based statistical models
for predicting fuel failure fractions in a population of particles.

Manufacturing uncertainties, quantified as acceptable toler-
ances around specified dimensions and specified material proper-
ties such as density and grain orientation, further complicate
TRISO fuel performance modeling. To make matters worse, rela-
tively little is known about the precise ways in which changes in
manufacturing processes (e.g., coating rates and temperatures) af-
fect the dimensions and properties of the TRISO particles produced
or their performance under irradiation [14]. Ongoing work in this
area may enable more predictive and accurate material properties
or performance models but will take some time.

Lastly, modeling three-dimensional effects such as cracking in
coating layers, particle asphericity due to manufacturing, kernel
migration, or other factors remains a substantial challenge in TRISO
fuel performance modeling. While some approaches have beeniden-
tified through the use of finite element calculations to inform 1D cal-
culations as in PARFUME [9] or using a finite element calculation as
in ATLAS [9], this remains one of the most challenging areas which

requires additional research, especially considering that PyC crack-
ing and other multi-dimensional effects are increasingly thought
to be the limiting failure mode for TRISO fuel performance.

7. Conclusions

This paper summarizes a large body of literature that describes
the behavior and failure mechanisms of TRISO fuel particles and, in
particular, the available TRISO fuel performance models. Material
property correlations for UO,, PyC, and SiC exist; however, while
SiC is fairly well characterized, considerable uncertainties and
knowledge gaps remain in the material properties of PyC and fuel
kernels. Numerous TRISO fuel performance models exist, in both a
one-dimensional or three-dimensional framework, depending
upon the assumptions made in deriving the model. These models
seem to provide satisfactory prediction of fuel performance up to
burnup levels around 20% FIMA for conventional uranium oxide
fuel kernels. Little experimental data exists to benchmark model
predictions at higher burnup levels or formulate material property
correlations at the high levels of accumulated fast fluence charac-
teristic of high burnup epithermal or intermediate spectrum nucle-
ar systems. Additional research is needed to generate this
experimental data to support development of TRISO fuel perfor-
mance models capable of modeling non-traditional fuel forms
(e.g., ThCO or (Pu, Np, Am)O;7) and multidimensional failure
mechanisms, which may include chemical attack of the coating
layers, and to fundamentally understand how manufacturing con-
ditions affect the coating material properties and subsequent fuel
performance.
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