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A B S T R A C T

A three-dimensional finite-element model was developed using Abaqus to simulate the fabrication and initial 
power ramp-up of a tri-structural isotropic (TRISO) particle, featuring a UO2 kernel, encapsulated in either a SiC 
or graphite matrix. After sintering, the residual compressive hoop stress in the SiC coating layer reached -540 
MPa when encapsulated in a graphite matrix, 94 MPa more compressive than in a SiC matrix. However, following 
the initial power ramp-up, the predicted compressive hoop stresses in the SiC layer of a particle embedded in a 
SiC matrix (-388 MPa) were significantly greater than in a graphite matrix (-222 MPa), emphasizing the matrix 
material’s critical role in the stress state of the SiC layer. Model validation attempts were made with the 
experimental measurements of the residual stresses of a zirconia-kernel surrogate particle. We found that in a 
fully-bonded surrogate TRISO particle, the stress state of the SiC layer is highly sensitive to the buffer porosity 
with compressive SiC layer hoop stresses ranging from up to -1.06 GPa at a porosity of 0.14 to -0.77 GPa at a 
porosity of 0.60. Partial kernel/buffer delamination simulations revealed a significantly varied geometric stress 
distribution, with tensile stresses reaching up to +54 MPa and compressive stresses up to -546 MPa at different 
axes of the sectioned plane in the model. This finding suggests that contrary to the common assumption of 
complete delamination at the kernel/buffer interface during fabrication, partial delamination is a more plausible 
explanation for the high compressive stresses observed in the SiC layer experimentally.

1. Introduction

At the heart of high-temperature reactor (HTR) designs is tri- 
structural isotropic (TRISO) fuel, chosen for its excellent structural 
integrity and chemical stability during irradiation and accident sce
narios [1]. The Advanced Gas Reactor (AGR) programme fuel qualifi
cation irradiation campaigns (AGR-1 and AGR-2) have demonstrated its 
potential for use in HTRs, with SiC failure rates of 1 in 103,000 and 
TRISO failure rates of 1 in 52,000 particles [2]. TRISO fuel kernels have 
conventionally been produced using either uranium dioxide (UO2) [3] 
or uranium oxycarbide (UCO), a mixture of uranium carbide (UC) for its 
high thermal conductivity and UO2 for chemically stability due to the 
presence of oxygen [4]. More unconventional TRISO fuel kernel types 
have been proposed such as uranium nitride (UN), that allows for a 

higher uranium density (which increases the fissionable nuclei) and 
higher thermal conductivity which leads to lower temperature gradients 
in the kernel [5].The SiC layer has performed significantly better than 
expectation in the AGR tests, failures primarily due to diffusion and 
sparsely with cracks propagating from the other layers of the particle. In 
the United States and Canada, TRISO fuel with a UCO kernel is currently 
the selected choice due to its excellent safety performance at high 
temperatures during the irradiation and accident safety tests of AGR-1 
and AGR-2 [2]. One of the factors affecting the particle failure rate 
may be due to the presence of significant compressive residual stresses in 
the layers of the particle after manufacture. TRISO particles are typically 
fabricated using fluidized bed chemical vapor deposition (FB-CVD), a 
thermally driven process where precursor gases are introduced, react, 
and decompose to deposit thin, uniform coatings onto substrates. As the 
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coatings are formed at high temperatures before cooling down, it is 
expected that the difference in thermal expansion of the various layers 
lead to a complex stress profile in the layers of the particle. However, 
most fuel performance codes model the particle as stress-free at the start 
of its service life [6–9]. Recently, work by Battistini et al. [10] and Leide 
et al. [9] showed that there are significant tensile stresses in the PyC 
layers and compressive stresses in the SiC layer. The compressive 
stresses in the SiC layer may lead to results of PIE investigations that 
scarcely show SiC failure.This work adopts a similar approach to Bat
tistini et al. [10] in simulating TRISO coating deposition, but employs 
contact interaction techniques to examine the interfacial behaviour 
between the coating layers.

A study of the residual stresses in TRISO particles was first published 
by Martin [11] using analytical calculations using a range of thermal 
expansion coefficients of the layers in the particle layers. The study 
found that stresses during deposition remain relatively minimal, while 
the stress distribution after cooling exhibits great variability and un
certainty, dependent on the thermal expansion coefficients of the three 
outermost layers across the temperature range of 5 to 2000 ◦C. There 
have been other studies that examine residual stresses, the results of 
which are presented in Table 1 in chronological order and show a wide 
range of predicted measured stress state with most studies predicting or 
observing compressive stresses in the SiC layer. Despite these efforts, no 
clear consensus has emerged within the TRISO fuel performance 

literature regarding the magnitude or nature of these stresses, owing to 
the limited availability of high-temperature material property data for 
TRISO constituents and the scarcity of experimental investigations into 
the complex stress fields that may develop after fabrication. Further
more, uncertainties persist regarding how these stress fields evolve 
under the influence of characteristics and phenomena such as delami
nation, surface roughness, microstructural evolution, and chemical 
interactions.

A common factor in these studies is that none of them explore the 
residual stress factoring in the encapsulating matrix. Nevertheless, there 
have been a few studies in literature that study the encapsulating matrix 
when exploring the fuel performance in reactor transients [16–20].To 
the authors’ best knowledge, no study has modelled a 
matrix-encapsulated TRISO particle’s residual stresses and its initial 
power ramp-up Also, the authors have found no study that explores how 
the choice of the matrix material and its characteristic sintering condi
tions may affect the stresses experienced in the particle during manu
facture and at the start of the TRISO particle service life. This work 
explores these gaps in the TRISO fuel performance literature.

Furthermore, it is well-established that on irradiation of the particle, 
the micromechanical properties of the buffer layer cause separation 
between the buffer and the IPyC layer, a critical and frequently observed 
phenomenon in TRISO fuel performance [21–24]. This has drawn a lot 
of attention to the buffer, a layer with traditionally higher 
manufacturing tolerances than the rest of the particle [25]. Recent 
studies have shown significant heterogeneity in the buffer’s mechanical 
properties [26]. In this study, we explore the impact of the buffer 
porosity during the fabrication process of the fuel on the residual stress 
in the coating layers. Our study explores the gaps between the results 
obtained by experimental measurements of these residual stresses by 
modelling the manufacture of TRISO particles with a surrogate ZrO2 
kernel. The surrogate model developed is used to validate the method in 
this study and provides opportunities for further analysis on interfacial 
effects on the stress distribution of the particle during and after 
manufacture.

2. Methodology

2.1. Model description

The model, developed in Abaqus 2023, aims to capture the evolution 
of mechanical strains during the manufacture and initial rise to power 
for a single TRISO particle and surrounding matrix. The simulated 
manufacturing process including the coating deposition temperatures, 
that may have an influence on the stress state of the layers in the 
manufacturing transient, was based upon that used for the AGR fuel 
qualification programme [27].

To capture and explore interfacial interactions during the 
manufacturing process, a surface-to-surface cohesive contact was used 
as compared to the “tie” constraint that was used by Battistini et al. [10]. 
Manufacture is represented by a series of steps. Parts representing each 
layer in the fuel are introduced in a stress-free state at their deposition 
temperature with no thermal strain. The dimensions of the overlaying 
layer at the point of deposition were adjusted to match the strained 
dimensions of the underlaying layer at the point of deposition as shown 
in Eq. (1). A schematic of the process is shown in Fig. 1. It was assumed 
that since the particle is relatively small, the deposited layers uniformly 
and instantly reach the temperature of the coating gas for the next 
deposition step. Hence, at deposition of each of the layers, the thermal 
gradient between the substrate and the coating layer is zero. 

ri,d = ro,s + dc/e (1) 

Where ri,d is the inner radius of the deposited layer, ro,s is the outer 
radius of the substrate layer and dc/e is the radial displacement due to 
expansion or contraction of the substrate layer

Table 1 
Summary of Literature on Residual Stress and Strain Measurements of TRISO 
Fuel.

Study Particle Type Method Summary of Results

Martin [11] 
1975

UO2 kernel Analytical “Modest” stresses (±30 
MPa) in all layers during 
deposition with 
maximum possible stress 
in SiC at − 300 MPa after 
cool down.

Tan et al. 
[12] 2008

~530 µm 
diameter yttria- 
stabilized ZrO2 

surrogate kernel

Electron 
backscatter 
diffraction 
(EBSD)

“Significant” strain zones 
in columnar grains in SiC 
layer.

Kirchhofer 
et al. [13] 
2010

Unknown 
surrogate kernel 
~500 µm

Raman 
spectroscopy and 
EBSD

SiC layer both in tension 
and compression 
depending on the 
direction of Raman Shift 
measurement but 
dominant tensile stresses 
in SiC layer.

Kirchhofer 
et al. [14] 
2013

Zirconia kernel 
of ~530 µm 
diameter

EBSD Low misorientation 
angles are indicative of 
insignificant residual 
stress in SiC layer.

Battistini 
et al. [10] 
2023

German AVR 
TRISO with UO2 

kernel

Finite element 
modelling 
(ABAQUS)

Compressive hoop stress 
of up to − 675 MPa in SiC 
layer, up to +56 MPa in 
IPyC layer and up to +30 
MPa in OPyC layer. In 
debonded case, 
compressive hoop 
stresses of up to − 150 
MPa in the SiC layer.

Leide et al. 
[9] 2023

USNC particle 
with Zirconia 
kernel

Focussed ion 
beam digital 
image correlation

Compressive hoop stress 
up to − 785 MPa in SiC 
layer and +78 MPa in 
IPyC layer, and +58 MPa 
in OPyC layer.

Montoya 
et al. [15] 
2025

US AGR-2 
particle

Finite element 
modelling 
(BISON)

Compressive hoop 
stresses of up to − 380 
MPa in SiC layer, tensile 
hoop stresses of up to 
+50 MPa in IPyC layer 
and +30 MPa in OPyC 
layer in fully bonded 
model.
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2.2. Particle geometry

The model was built to represent a single TRISO particle inside a 
matrix with dimensions given in Table 2. To study the effect of sym
metry and boundary conditions imposed on the matrix, we simulated 
both spherical and cuboidal matrices which is extensively discussed in 
Section 2.6. Symmetry was exploited to minimise computational de
mand and therefore only an eighth of the cube and sphere were 
modelled, as shown in Fig. 2. The kernel diameter and layer thicknesses 
are appropriate to the AGR-2 experiments [28,29]. For a cuboidal ma
trix, the particles are assumed to be packed in a body centred cubic 
(BCC) lattice. The matrix length is determined analytically by estimating 
the pitch, a, of the lattice, aligned to a volumetric packing fraction, p, of 
0.37 [29] for the AGR-2 TRISO particle (see Eq. (4)). The volume of the 
cuboidal matrix can then be defined as, 

Vc = (a + 2r)3 (2) 

Where r is the radius of the entire TRISO particle. Thus, 

m
6

πr3 +
4n
3

πr3 = p
(
(a + 2r)3

)
)

(3) 

Where m is the number of particles at edge of the lattice structure 8 and n 
is the particle at the body centre of the lattice structure. Thus, 

a =

[(
8π
3p

)1/3

− 2

]

r (4) 

Similarly, the radius, R, of the spherical matrix is given by Eq. (5), 

R =

(
r3(1 + p)

p

)1/3

(5) 

2.3. Mesh and computational demand

The physical domain was discretized using hexahedral coupled- 
temperature quadrilateral elements (C3D20RT) with an average edge 
length of 11 µm as shown in Fig. 2. The sizes of the discretized elements 
are greater than the average grain sizes of typical TRISO particle layers 
which are usually below 10 µm2 [30,31], keeping continuum mechanics 
assumptions valid. The mesh consisted of 101,215 elements. In the case 
of partial debonding simulations, tetrahedral-shaped elements were 
used to capture the boundaries between the bonded and de-bonded re
gions of the kernel/buffer interface. The simulations were performed 
using an implicit finite element solver on a high-performance computing 
cluster of 32 cores and 160 GB of memory. Typical simulations required 
between 10 and 74 h for each of the transient solutions to converge.

Fig. 1. Schematic of the simulated manufacturing process.

Table 2 
The geometry assumed for a typical TRISO fuel particle embedded in a 
cube of matrix [28,29].

Dimension AGR-2 Value (µm)

Kernel Radius 212.5
Buffer Thickness 100.0
Inner PyC Thickness 40.0
SiC Thickness 35.0
Outer PyC Thickness 40.0
Matrix Sphere Thickness 168.0
Matrix Block Width 948.0

Fig. 2. Selected simulation mesh showing TRISO particle embedded in a 
spherical matrix material.
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2.4. Simulation steps, loads & boundary conditions

Table 3 lists the steps used to simulate manufacture of the TRISO 
particles; Table 4, to simulate encapsulation in a SiC matrix; and Table 5, 
to simulate encapsulation in a graphite matrix. The temperatures shown 
in these models were only applied to ‘active’ parts [or materials] in each 
step. Table 3 is based on the deposition temperatures and coating rates 
described by Seibert et al. [27]; sintering conditions in Table 4 are based 
on those reported by Terrani et al. [32] and Table 5 is based on the study 
by Hunn [29]. The technique used for the deposition and bonding of all 
layers was the cohesive, rough (infinite coefficient of friction), hard, 
surface-to-surface contact interaction, allowing for no separation upon 
bonding of the layers. The first set of simulations do not implement a 
fracture criterion in the case that there are significant enough stresses to 
break the bonds at the interfaces. During the manufacture of the particle, 
strain was constrained to the radial direction; displacement in the 
tangential and azimuthal directions were therefore set to zero. This was 
done to allow for azimuthal uniformity during the expansion of the 
substrate layer to allow for the maximum possible contact with the 
subsequent deposited layer. This boundary condition was imposed 
exclusively during the deposition process. In practical manufacturing, 
the deposited layers deviate from perfect sphericity and Battistini et al. 
[10] demonstrated that such geometric imperfections may have a 
moderate influence on the residual stress distribution resulting from the 
fabrication process.

In the fabrication of Fully Ceramic Microencapsulated (FCM) fuel 
pellets, where TRISO particles are typically embedded in a SiC matrix, 
the compaction process may be sintered under uniaxial loads [33]. In 
contrast, conventional graphite matrices used in prismatic fuel compacts 
are typically formed via uniaxial pressing, whereas pebble-bed fuel 
forms generally employ near-isostatic pressing techniques [34]. In this 
study, the compaction process was idealized by applying a hydrostatic 
load equivalent to the pressing pressures specified in Table 4 and Table 5
on the outer surface of the matrix material. This simplified modelling 
approach was adopted to minimize complications arising from 
matrix-tooling interaction, focusing instead on the stress states experi
enced by a representative TRISO particle located away from the 
matrix/die interface. In practice, however, TRISO particle compaction is 
likely to involve highly non-uniform pressure distributions, as individ
ual particles experience varying stresses depending on their position and 
orientation within the compact during sintering. The approach used 
here neglects discontinuities and contact effects which would otherwise 
arise at the interfaces. Also, it does not capture the complex mechanical 
phenomena typically associated with compaction, such as particle 
rearrangement, reorientation, and localized stress heterogeneity as the 
compact undergoes densification and shrinkage.

To model the initial rise to power, a temperature boundary condition 
was applied to the outside (or inter-particle plane) and a volumetric heat 
flux to the kernel. The temperature was linearly increased from 293 to 
1305 K on the outer surface of the matrix and the kernel power simul
taneously from 0 to 0.3 W; these values were based upon the fuel volume 
averaged temperature in the AGR-2 experiment [35] and previous 

models for kernel temperatures during the initial power ramp [6,36].

2.5. Material properties of TRISO fuel

There is a vast body of literature on the material properties of TRISO 
fuel materials. However, much of this information is outdated and often 
based on bulk materials rather than FB-CVD materials, which can exhibit 
different properties [37,38]. Additionally, the curvature of the deposi
tion process may impact crystal structures, grain sizes, and layer com
positions, ultimately influencing both thermal and mechanical 
properties. Pomeroy et al. [39] shows that reported values for the 
thermal conductivity of SiC can vary by close to two orders of magni
tude. Although, the temperature-dependent change in the coefficient of 
thermal expansion of the SiC appears to plateau at around 1200 K, there 
are no reported experimental values of the thermal expansion of the 
material above 1500 K [37]. In such cases, the models are based on 
statistical inference. To develop higher fidelity models, curved FB-CVD 
material properties of the layers from room temperature up to 2150 K 
are needed. Neutron fluence dependence was not considered for the 
properties of the fuel as the dose is negligible in the early stage of the 
reactor operation. This will be considered in the future work on 
long-term fuel performance. It was also assumed that the kernel and 
coating layers of the particle behave isotropically in all conditions.

Also, graphitization of the PyC layers is likely to occur during heat 
treatment of the compact. Hunn et al. [40] reported that both the 
anisotropy and density of the PyC layer in TRISO particles increase with 

Table 3 
Steps applied to simulate TRISO manufacture and parts [or materials] active at each step.

Step Duration (s) Initial Temperature (K) Final Temperature (K) Kernel Buffer IPyC SiC OPyC

Kernel sintering 3600 1873 1873 ✓ ​ ​ ​ ​
Kernel ramp to buffer deposition temperature 100 1873 1573 ✓ ​ ​ ​ ​
Buffer Deposition 750 1573 1573 ✓ ✓ ​ ​ ​
Deposited layers ramp to IPyC deposition temperature 100 1573 1503 ✓ ✓ ​ ​ ​
IPyC deposition 1090 1503 1503 ✓ ✓ ✓ ​ ​
Deposited layers ramp to SiC deposition temperature 100 1503 1923 ✓ ✓ ✓ ​ ​
SiC deposition 10,500 1923 1923 ✓ ✓ ✓ ✓ ​
Deposited layers ramp to OPyC deposition temperature 100 1923 1573 ✓ ✓ ✓ ✓ ​
OPyC deposition 600 1573 1573 ✓ ✓ ✓ ✓ ✓
TRISO cool down 7200 1573 293 ✓ ✓ ✓ ✓ ✓

Table 4 
Steps applied to simulate encapsulation in a SiC matrix.

Step Duration 
(s)

Initial 
Temperature (K)

Final 
Temperature (K)

Matrix and TRISO in 
contact

100 293 293

TRISO hot pressed in SiC 
matrix at 20 MPa

7200 293 2123

Entire fuel form cool- 
down

7200 2123 293

Table 5 
Steps applied to simulate encapsulation in a graphite matrix.

Step Duration 
(s)

Initial Temperature 
(K)

Final Temperature 
(K)

Matrix and TRISO in 
contact

100 293 293

Warm press of fuel at 
60 MPa

3600 293 368

Carbonization 13,100 368 1223
Entire compact cool 

down
3600 1223 293

Heat treatment of 
compact

9075 293 2123

Entire compact cool 
down

5475 2123 293
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heat treatment, reflecting a progression toward a more graphitic struc
ture. Such microstructural evolution will potentially reduce the PyC 
elastic modulus substantially. The extent and nature of these changes are 
highly dependent on the texture of the PyC layers and may also be 
influenced by the TRISO particle’s physical and chemical environment 
[41,42]. In the present study, the effects of graphitization are not 
considered, primarily due to limited data and correlations on its impact 
on the material properties of PyC within a TRISO environment. Future 
investigations will focus on the implications of this phenomenon on 
TRISO fuel performance.

Tables 6 and 7 give the density and porosity for each material and 
layer in the model.

Correlations for the elastic modulus, E, as function of temperature, T 
and porosity, P are given in Table 8. The values of Poisson’s ratio are 
given in Table 9. After considering the relative porosity, the properties of 
the graphite matrix were assumed to be the same as for the buffer.

Where the shear modulus, G, was required, the following expression 
was used: 

G =
E

2(1 + υ)

The coefficients of thermal expansion, α, used are given in Table 10. 
The coefficient of thermal expansion of the SiC matrix was set to that of 
the SiC layer.

The thermal conductivities, k, of the materials given are presented 
Table 11.

The specific heat capacity, cv, is given in Table 12.
The thermal creep correlations for the various components are given 

in Table 13. Where R is the universal gas constant; Gs is the mean linear 
intercept grain size; σ is the equivalent (or von Mises) stress; P is the 
fractional porosity; Q presents the activation energies; and the other 
constants are given in Table 14.

2.6. Modelling of matrix boundary conditions

In most TRISO models, the OPyC outer surface is typically treated as 
a free boundary. A similar technique has been used in few studies that 
include a matrix in that the boundary of the matrix is treated as being 
free. However, particles that do not dwell at the edge of the compact 
may not be experiencing this situation. To assess matrix shapes and 
constraints, a set of simulations have been performed to test imple
mentation of constraints on the boundary of the matrix, covering the 
extremes of the boundaries of the matrix. The tests were on an AGR-2 
UO2 particle embedded in a graphite matrix ramped to full power. 
The constraints, which are referenced in Fig. 3 include: 

• Case A: A cuboidal matrix with three outer surfaces free and three 
outer surfaces that share the sectioned plane with the TRISO particle 
with zero displacement in the direction perpendicular to the 
sectioned plane.

• Case B: TRISO particle constrained in a matrix block with the three 
outer surfaces constrained from moving perpendicular or parallel to 
the surface plane.

• Case C: The particle within a spherical matrix with a free circum
ferential face.

• Case D: The particle within a spherical matrix with the displacement 
and rotations set to zero in all directions.

3. Results & discussion

3.1. Effects of constraints of the matrix

Fig. 4 illustrates how the shape of the matrix and the applied me
chanical boundary conditions affect the stress state of TRISO particles. In 
Case B (block-shaped matrix with fixed boundary conditions on the 
outer surface) and Case D (a spherical matrix), the TRISO coating layers 
were shown to crush the fuel kernel—an outcome not typically observed 
in micrographs of as-manufactured fuel, making these cases an 
implausible as a way of modelling TRISO particles embedded in a 
matrix.

In contrast, in the simulations with free outer surfaces (Case A and 
Case C) both resulted in relatively low stress levels in the surrounding 
matrix. However, the stress distributions were noticeably different be
tween the two. In Case A, there were small stress concentrations at the 
free edges of the block, leading to a wider variation in radial stress 
within the matrix material. Additionally, Case A showed a greater 
variation in hoop stress in the SiC coating layer compared to Case C. 
Thus, all subsequent simulations involving an encapsulated matrix used 
the boundary conditions from Case C.

3.2. Evolution of stress state during AGR-2 TRISO particle manufacture

Fig. 5 describes the stress state in each layer during the 
manufacturing process for a fully-bonded TRISO particle, prior to its 
sintering into a matrix. After the buffer deposition, tensile radial stresses 
in the kernel reached +17 MPa and compressive radial stresses of − 14 
MPa were seen in the buffer. The most extreme stresses are the residual 

Table 6 
The density for each material in the model.

Material Theoretical Density (g cm-3) Reference

UO2 10.97 [43]
Carbon (PyC and graphite) 2.26 [44]
SiC 3.22 [37]
Zirconia 5.65 [45]

Table 7 
The porosity assumed for each layer of the TRISO fuel particle and matrix.

Region Fractional Porosity, P Reference

UO2 0.010 [35]
Buffer 0.500 [35]
Inner & Outer PyC 0.200 [46]
SiC 0.006 [35]
Graphite Matrix 0.250 [47]
SiC Matrix 0.004 [48]

Table 8 
The elastic modulus assumed for each layer of the TRISO fuel particle and 
matrix.

Material Elastic Modulus, E, (GPa) Reference

Assumed Value Correlation

UO2 Correlation 
used

233.4(1 − 2.752P)
(
1 − 1.0915 ×

10− 4T
)

[49]

Buffer 13 34.5e− 2.03P [50]
PyC 25 25.0

(
1 − 1.91P + 0.91P2) [51]

SiC Correlation 
used 460 − 0.04Te

(

−
962
T

)
[52]

Graphite 13 25.0
(
1 − 1.91P + 0.91P2) [51]

Zirconia Correlation 
used

247.7 − 0.0174T [53]

Table 9 
Poisson’s ratio assumed for each layer of the TRISO fuel particle and matrix.

Region Poisson’s Ratio, υ Reference

UO2 0.32 [54,55]
Buffer 0.24 [50]
PyC & Graphite Matrix 0.33 [56,57]
SiC 0.21 [58]
Zirconia 0.31 [59]
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stresses at the end of manufacture. The most significant residual stress 
components at the end of manufacture are a compressive hoop stress of 
− 445 MPa in the SiC; a tensile stress of approximately 246 MPa in the 
kernel; and a tensile radial stress of 146 MPa in the buffer. For context, 
the fracture stress of UO2 is estimated to be around 90–110 MPa [70] at 
the operating temperature range of the manufacturing process. The 

fracture strength of the buffer has been traditionally assumed to be low 
(<50 MPa) [50]. However, recent studies by Mauseth et al. [71] have 
shown the buffer ultimate tensile strength can exceed ~138 MPa. Taken 
together, this would suggest that cracking is likely to occur in the kernel 
or delamination of the kernel/buffer interface during the cool down 
from TRISO manufacture or both failures occurring simultaneously. The 
simulation suggests that potential kernel fracture occurring 30–40 min 
into the cooldown of the particle after deposition. The implication is that 
when this discontinuity occurs within the particle, the SiC layer would 
already be in a state of tangential pre-compression between − 133 and 
− 168 MPa. Similarly, kernel/buffer interface delamination may occur 
21–57 min into the cooldown with the SiC layer already in tangential 
pre-compression ranging from − 106 to − 225 MPa.

3.3. Evolution of stress state during matrix sintering phase of manufacture

Figs. 6 and 7 present the radial and hoop stress after manufacture of 
the singular particle until the particle is ready for its service life. As with 
the initial manufacturing process of the singular particle, the most 
extreme stresses are found at the end of manufacture of the SiC fuel 
compact, indicating that fracture model developments may consider the 
results at the end of the manufacturing transient. In contrast, for parti
cles encapsulated in a graphite matrix, the most extreme stresses occur 
after the warm pressing stage, where compressive hoop stresses in the 
SiC layer reached − 738 MPa. To isolate the influence of the matrix from 
the applied sintering conditions, additional simulations were conducted 
using bare TRISO particles (i.e., without matrix encapsulation) sub
jected to the sintering conditions associated with both graphite and SiC 
matrices. The results of these simulations are shown in Fig. 6 (b and d) 
and Fig. 7(b and d). In the case of the bare particle with associated 
sintering conditions of graphite applied, the stresses observed became 
more modest where the most extreme stresses were compressive hoop 
stresses in the SiC coating layer reaching − 628 MPa. When SiC sintering 
conditions were applied to a bare particle, the resulting stresses were 
lower compared to the particle in the matrix. Notably, hoop stresses in 
the SiC coating layer also became tensile, reaching +81 MPa after the 
hot press ramp up — an effect not seen in particles encapsulated within a 

Table 10 
The coefficient of thermal expansion assumed for each layer of the TRISO fuel particle and matrix.

Region Coefficient of Thermal Expansion, α (K-1) Reference

UO2 9.802 × 10− 6 + 5.41 × 10− 10T + 1.317 × 10− 12T2, T < 973K,
1.179 × 10− 5 + 4.858 × 10− 9T + 3.65GOO7 × 10− 12T2 , T ≥ 973K,

[60]

Buffer 3.5 × 10− 6 [50,54]
PyC 5.5 × 10− 6

SiC Layer & Matrix (
− 1.8276 + 0.0178T − 1.5544 × 10− 5T2 + 4.524610− 8T3) × 10− 6 [37]

Graphite Matrix 5.9 × 10− 6 [61]
Zirconia 1.1 × 10− 5 [62]

Table 11 
The thermal conductivity for each layer of the TRISO fuel particle and matrix 
and the assumed value at 1023 K.

Material Thermal Conductivity, k (W m-1 K-1) Reference

Assumed 
Value

Assumption

UO2 3.0 Low-irradiation fuel (0.2 MWd/tUO2) 
at 1000 ◦C

[63]

Buffer 10.5
10.98222

(
1 − P
1 + 2P

)

+ 0.00444
[50]

Inner PyC 11.9
Outer PyC 8.6
Graphite 

Matrix
80.6 2T

2.15 × 10− 2T + 5.56 × 102 +

1
1.325.08119 × 10− 4

[61]

SiC & 
Matrix

166.0 3.91112 × 10− 2e2.24732 ×10− 2T [50]

Zirconia 1.9 N/A [64]

Table 12 
The specific heat capacity for each layer of the TRISO fuel particle and matrix.

Region Specific Heat Capacity, cv (J kg- 1 K-1) Reference

UO2 250 [65]
Buffer 500
Inner PyC 500
SiC Layer 1200
Outer PyC 500
SiC Matrix 1700
Graphite Matrix 1200 [61]
Zirconia 400 [66]

Table 13 
Thermal creep correlations for each layer of the TRISO fuel particle and matrix.

Region Thermal creep rate (s-1) Reference

UO2
ε̇ =

C1σe
− Q1
RT

(C2 − P)G2
S
+

C3

C2 − P
σ4.5e

− Q2
RT

Hagrman et al. [55] which is 
based on Bohaboy et al. [67]

Buffer No thermal creep [68]
Inner PyC No thermal creep [68]
SiC Layer ε̇ = A

(σ
G

)n
e
− Q
RT 

Where G = G0 − ΔG.T

[10]

Outer PyC No thermal creep [68]
SiC Matrix ε̇ = A

(σ
G

)n
e
− Q
RT

[10]

Graphite 
Matrix

No thermal creep [61]

Zirconia Deemed negligible for simulation 
case based on Zhu et al. [69]

[69]

Table 14 
Constants for thermal creep correlations.

Material Constant T ≤ 1873 K T > 1873 K

SiC A 71.61 1.36 × 107

n 2.3 3.7
Q (J mol-1) 1.74× 105 1.74× 105

G0 (MPa) G = G0 G = G0

ΔG
(
MPaK− 1) 23 23

UO2 C1 3.92 × 10− 9 s-1 MPa-4.5

C2 0.123
C3 2.0391 s-1 MPa-4.5

C4 9.5 × 10− 2 MPa-4.5

Q1 3.766 × 105 J mol-1

Q2 5.523 × 105 J mol-1

Gs (1.30 − 1.36) × 10− 5m
P 1.003 × 10− 2
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Fig. 3. Boundary conditions (BCs) applied to the matrix in cases A-D with T,v and E representing the thermal and elastic material properties; r, θ,φ representing the 
radial, polar and azimuthal axis.

Fig. 4. (a) Radial and (b) hoop stress profile of particle embedded in matrices of different shape and boundary constraints of encapsulating matrix. Case A and Case C 
are the block-shaped matrix and spherical matrix respectively with free outer surfaces. Case B and Case D are the block-shaped matrix and spherical matrix 
respectively with fixed BCs on the outer surface.
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SiC matrix, where hoop stresses remained compressive throughout the 
sintering transient. These results shows that both the inclusion of the 
matrix and the sintering conditions associated with its inclusion play a 
role in the particle stress state during manufacture.

3.4. Residual stress state after manufacture

The trend in the radial and hoop stresses predicted in this study 
presented in Fig. 8 are similar to those predicted by Battistini et al. [10] 
and Montoya et al. [15]. Whilst the stresses in the kernel are similar to 
those predicted by Battistini et al. [10], the predicted hoop stresses in 
the SiC and OPyC are closer to those reported by Montoya et al. [15].

While the thermal and elastic properties used in this study are very 
similar to those in previous studies, they are not identical. The plasticity 
model employed here is consistent with that used by Battistini et al. 
[10],whereas Montoya et al. [15] did not incorporate any plastic fea
tures. The deposition temperatures used in Battistini et al. [10], are 
representative of the fabrication of a German AVR LEU-UO2 TRISO 
particle, while this study and the work by Montoya et al. [15] adopts 
temperatures representative of the AGR-2 CVD process. The contact 
interaction models also differ: this study uses a cohesive contact 
approach that allows rotational degrees of freedom, which are con
strained with the “Tie” contact formulation on Abaqus used in Battistini 
et al. [10]. Additionally, Battistini et al. [10] modelled the particle with 
the AGR-1 dimensions, which have significantly smaller kernels and 
different coating thicknesses compared to the AGR-2 particles used in 
both this study and in Montoya et al. [15].

The inclusion of the matrix and different sintering conditions had a 
moderate impact on the radial stresses experienced in the kernel and 
TRISO layers. The only key difference was the compressive stresses 
predicted in the OPyC layer and matrix of the graphite encapsulated 
particle which reached − 15 MPa. In the other cases, stresses were 
miniscule, never exceeding 5 MPa. The most extreme stresses are the 
compressive hoop stresses reaching − 540 MPa in the SiC layer of the 
graphite encapsulated matrix as compared to − 493 MPa when applying 

graphite sintering conditions to a bare particle. The result shows modest 
differences (< ±11 MPa) between the SiC encapsulated matrix, where 
stresses in the SiC layer reached − 446 MPa and the bare particle with 
and without SiC matrix sintering operations applied to the bare particle. 
The results highlight that after the TRISO particle manufacture, the 
sintering conditions experienced by the fuel affect the residual stresses 
in the coating layers, more particularly the AGR-2 sintering conditions 
and the inclusion in a graphite matrix.

3.5. TRISO fuel power ramp

Fig. 9 demonstrates the radial and hoop stresses in the TRISO fuel 
after the initial power ramp with the inclusion of manufacturing- 
induced residual stresses. The overall stress trends closely resemble 
those seen in the residual stress state of the particle (both bare and 
encapsulated in a matrix), with some notable differences—particularly 
in the fuel kernel. Within the UO₂ kernel, the thermal gradient during 
the power ramp produces a significant stress variation (up to 72 % 
change) between the kernel centreline and its outer surface. In the inner 
and outer PyC layers, no significant stresses are seen after the inclusion 
of the matrix. Stresses in the SiC layer became more extreme when the 
power ramp was modelled with the inclusion of a SIC matrix, reaching 
− 388 MPa as compared to − 222 MPa in a graphite matrix. This is 
despite, the stresses in the SiC coating layer of the SiC-matrix encapsu
lated particle being less compressive when compared to the SiC layer of 
the particle in graphite matrix after the manufacture of the particle.

The reason for this phenomenon is earlier explained by the minimal 
tensile stresses seen after the initial rise to power without the inclusion 
of as-manufactured stresses in Fig. 10. Fig. 10 shows the radial and hoop 
stress in both bare and matrix encapsulated particle fuel at the end of the 
initial rise to power, excluding any residual manufacturing stresses. It 
also shows that the effects of the temperature-dependence of the dif
ferences in thermal expansion of the particle layers are important since 
the temperature difference between the TRISO cool down and the initial 
power ramp is only double, indicating that without the temperature- 

Fig. 5. The radial and hoop stress during manufacture of the TRISO particle (AGR-1 UO2 kernel). The stress quoted is for positions at the centre of each region.
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dependence in the model, the predictions will drastically under-estimate 
the compressing effects of the manufacturing conditions compared to 
the tensile stresses induced by the power ramp on the SiC layer.

The results from Fig. 10 also indicate that, in the absence of residual 
stresses, encasing the TRISO particle in a graphite matrix has a less 
significant effect compared to encapsulation in a SiC matrix. For radial 
compressive stresses, the SiC-encapsulated particle consistently 

exhibited the highest levels, followed by the bare particle, with the 
graphite-encapsulated particle showing the lowest. Notable differences 
were seen in the matrix with the SiC encapsulated particle experiencing 
hoop tensile stresses of up to +73 MPa and the graphite matrix in 
compression of up to − 16 MPa. The SiC coating layer of the SiC- 
encapsulated particle experienced hoop stresses of only +49 MPa, 229 
MPa lower than the hoop stress in the bare particle which were only 10 

Fig. 6. Radial stress during sintering phase of manufacture of the TRISO particle in (a) Graphite with sintered matrix (b) Graphite sintering conditions without matrix 
(c) SiC sintering conditions with matrix and (d) SiC sintering conditions without matrix. The stress quoted is for positions at the centre of each region.
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% less than the hoop stress in the graphite-encapsulated particle. Finally, 
tensile radial stresses were only predicted in the OPyC layer of both the 
bare and graphite-encapsulated particles, as well as within the graphite 
matrix itself.

The results suggest that the inclusion of the particle in a SiC matrix 
offers multiple benefits to the structural integrity of TRISO fuel as: 

i. The far greater compressive stresses after the power ramp will pro
vide greater allowance of the SiC layer to respond to internal gas 
pressure in the particle.

ii. All hoop stresses in the TRISO layers were compressive with the 
matrix and kernel being in tension with more probability of radial 
cracks in the SiC matrix. Some SiC-matrix TRISO particle show 
cracking in the matrix as shown in Fig. 13.

Fig. 7. Hoop stress during sintering phase of manufacture of the TRISO particle in (a) Graphite with sintered matrix (b) Graphite sintering conditions without matrix 
(c) SiC sintering conditions with matrix and (d) SiC sintering conditions without matrix. The stress quoted is for positions at the centre of each region.
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These benefits indicate that the inclusion of a TRISO particle in a SiC 
matrix may lead to enhanced TRISO fuel performance. At a lower 
packing fraction, we hypothesize that a TRISO particle encapsulated in a 
SiC matrix will experience greater compressive hoop stresses in the SiC 
coating layer as the larger volume fraction of the matrix material will 
amplify its influence on the particle’s stress profile. An additional set of 
simulations were carried out to demonstrate this, the results of which 
are presented in Fig. 11 which shows that increasing the packing frac
tion of the fuel may reduce the compressive stresses in the SiC layer and 
increase the tensile stresses in the SiC matrix. A similar trend of reduced 
compressive stresses in the SiC coating layer with increased packing 
fraction in a graphite-encapsulated particle is presented in Fig. 12. On 
the other hand, the effect of packing fraction on the graphite matrix was 
negligible. It is important to re-emphasize that the results presented in 
this study on packing fraction do not consider the inter-particle stress 
effects but are only limited to the effect of the volume of the matrix 
material due to packing fraction changes. Inter-particle stress in
teractions may further amplify or negate these effects as demonstrated 
in the work of Boer et al. [16].

It is important to re-emphasize that the predictions in this study are 
highly sensitive to the material properties employed. Currently, there is 
no consensus on these material properties over the full range of 
manufacturing and operating conditions, as they are influenced by 
variances in manufacturing tolerances as well as molecular and micro
structural evolutions that remain incompletely understood. The sensi
tivities of the predictions to the wide range of reported correlations and 
property values have not been fully explored. Moreover, this model does 
not account for graphitization of the PyC layer or the associated changes 
in elastic properties, especially at elevated temperatures, which could 
affect the predictions in this study. Nevertheless, model validation at
tempts were made using the selected material properties. Also, the 
sensitivity of the stress distribution predictions to the elastic properties 

of the buffer layer were investigated.

3.6. Model validation and comparison to experimental results

In this work, the USNC sample of Leide et al. [9] was used for model 
validation as this is the only study in the open literature that experi
mentally quantifies the residual stresses in the coating layers that could 
be found. The experiments were also carried on a TRISO particle with a 
790 µm diameter zirconia-kernel with layer thicknesses of 87 µm, 36 µm, 
40 µm, 32 µm for the buffer IPyC, SiC and OPyC respectively. These same 
dimensions were used to develop another model applying the same 
fabrication methods for the AGR-2 particles that were described earlier.

3.6.1. Sensitivity of prediction to buffer elastic properties
For a surrogate zirconia-kernel model, with all interfaces bonded, a 

sensitivity study was carried out on how the buffer porosity and Pois
son’s ratio affect the residual stress in the SiC layer, the results of which 
are shown in Fig. 14. As a first approximation, the influence of porosity 
was incorporated into the model by varying the elastic modulus of the 
buffer using the correlation from Petti et al. [50], presented in Eq. (6), 

E = 34.5e− 2.03P (6) 

Where E is the elastic modulus and P represents the fractional porosity of 
the buffer. It should be noted that this correlation does not account for 
high-temperature heat treatment of the buffer, which is likely to induce 
microstructural changes such as graphitization. Also, the heterogenous 
nature of the pores as well surface roughness which may play a role in 
the residual stresses were not factored in this study.

Fig. 14 shows that the residual stress is highly sensitive to the 
porosity of the buffer, with a greater sensitivity at lower Poisson’s ratios. 
An explanation for this is that a denser buffer will be stiffer, allowing for 
more compression in the buffer that will leave the PyC layers in more 

Fig. 8. The residual (a) radial and (b) hoop stress in bare and matrix encapsulated TRISO fuel at the end of manufacture.
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tension, allowing for higher compressive stresses in the SiC layer. Using 
the typical Poisson’s ratio of the buffer of ~0.24, the residual stresses at 
a buffer porosity of 57 % corroborate with the values reported in Leide 
et al. [9]. This porosity is similar to the theoretical porosity of the buffer 
of 50 % [75]. However, Griesbach et al. [26] showed the heterogeneity 
of the porosity of the buffer layer with an average porosity of 14 % that 
would suggest residual stresses over 1 GPa without kernel/buffer 
delamination. There is no uniformity in literature on the characterisa
tion of the buffer as quality control standards for this layer are typically 
low as it has been traditionally considered as an inert “sponge”. This 
sensitivity study adds to the relevance of the buffer material elastic 
characterisation in the particle’s fuel performance modelling, given its 
importance in the buffer/iPyC interface delamination due to irradiation 
[76]. The higher predicted hoop stresses in the SiC layer of the surrogate 
model compared to the AGR-2 particles is as a result of several factors 
which include differences in the coefficient of thermal expansion and 
elastic properties of the kernels. However, differences in dimensions 
between the AGR-2 particle and USNC surrogate particle play the most 
significant role. In a fully bonded model, a larger and stiffer kernel 
would be in greater tension, leading to greater tension in the IPyC layer 
and greater compression in the SiC layers. This emphasizes the need for 
using surrogate particles with similar dimensions when investigating 
TRISO particles for higher fidelity results.

3.6.2. Validation in contest of delamination hypothesis
Battistini et al. [10] hypothesized that debonding will occur at the 

kernel/buffer interface due to high tensile stresses in the kernel, buffer 
and at their shared interface. Our predictions also showed hoop stresses 
up to +160 MPa at the kernel/buffer interface sufficient to break the 
interfacial bonds. In the open literature, it is normally assumed that 
interfacial strengths are less than or equal to the strength of the adjoined 

material with the lower fracture strength [77,78]. Recent studies of 
TRISO particles negate this typical assumption. Seibert et al. [27] pre
dicted bond strengths of up to 1 GPa, considerably higher than the PyC 
and SiC layers. Huang et al. [79] measured interfacial strengths of these 
interfaces that are about twice the nominal SiC strength published in 
Snead et al. [37]. Although dislocation behaviour and size effects 
(Hall-Petch effects) may indicate higher measurement values since the 
referenced tests were carried out on the micro-scale, the kernel/buffer 
bond strength may still be higher than its expected strength which is 
assumed to be lower than the buffer strength. Moreover, the predicted 
stresses in the SiC for a fully delaminated kernel/buffer interface model 
of Battistini et al. [10] show results that are about seven times less than 
the values reported in Leide et al. [9]. In this study, tensile stresses up to 
+10 MPa in the SiC layer were predicted after complete kernel/buffer 
interfacial debonding. The higher tensile stresses in the kernel may also 
imply the kernel cracks before delamination of the kernel/buffer 
interface.

The reference tested TRISO particle shows debonding at the kernel/ 
buffer interface with no delamination in any of the other layers as re
ported in Leide et al. [9]. It is unclear whether this debonding is partial 
or complete, but it appears to be partial as shown in Fig. 15. Thus, partial 
delamination simulations were conducted. The partial delamination 
simulations allowed for delamination in only a portion of the ker
nel/buffer interface during cooling of the particle. In the region of the 
interface that was not allowed to delaminate, the interfacial conditions 
of the model remained the same (as described in Section 2.4) while the 
region that was allowed to delaminate had a frictionless, hard, 
surface-to-surface contact interaction property. It is important to note 
that Leide et al. [9] measured the residual stress at a single location 
using strain relief, and neither the average stress nor the stress distri
bution along the radial planes was determined in the SiC layer. The 

Fig. 9. (a) Radial and (b) hoop stress after initial rise to power of a bare TRISO particle and a particle encapsulated in a graphite or SiC matrix including resid
ual stresses.
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Fig. 10. (a) Radial and (b) hoop stress after initial rise to power of a bare TRISO particle and a particle encapsulated in a graphite or SiC matrix excluding re
sidual stresses.

Fig. 11. Effect of packing fraction on the hoop stresses predicted in the SiC coating layer and SiC matrix after initial rise to power of a SiC matrix-encapsulated 
TRISO particle.
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sectioning of the particle before the residual stress measurement may 
also have had a moderate impact on the stress state of the kernel and 
coating layers from the illustrative finite element model developed in 
their study.

The partial kernel/buffer interfacial delamination simulations results 
show an asymmetric stress distribution in Fig. 16. Fig. 16 shows that 
along different axes along the cutting plane, the stress distribution in the 
SiC layer ranges from tensile stresses of up to +54 MPa to compressive 

stresses as high as − 546 MPa, located directly above the bonded region. 
In this model, kernel cracking may still occur due to stress concentra
tions close to the portion of the interface still in contact with the buffer. 
Kernel cracking phenomena is also apparent in the TRISO surrogate 
micrographs.

Qualitative residual stresses with EBSD are also in agreement with an 
evolution of strains that may range from tensile to compressive within 
the SiC layer as predicted in these studies [13,14]. As this model assumes 
a buffer porosity of 50 %, a lower porosity may lead to a higher 
compressive stress experienced in some zones of the SiC layer as Fig. 14
shows increased compression with a lower buffer porosity which was 
observed by Griesbach et al. [26]. The benchmark experimental case 
study is based on a particle manufactured on a laboratory scale. Indus
trial scale manufacturing may yield TRISO particles with lower or higher 
buffer porosities. It is important to note that debonding was allowed for 
71 % of the kernel/buffer interface surface area. Simulations where 
debonding was allowed for a greater proportion of the interface showed 
a similar trend and values of the stress distribution. These simulation 
results show that the nature of the kernel/buffer delamination may play 
a very important role on the residual stress distribution of the particle. 
The results also strengthen the case for experimental measurements of 
the residual stress across different radial planes of the particle.

Although TRISO fuel performance is stochastic, the key takeaway 
from these analyses is that the stress variations caused by differences in 
the buffer material and its interfacial interactions can make an order of 
magnitude difference to the stresses experienced in the TRISO layers 
during service life. Therefore, the buffer characteristics play a crucial 
role in both reactor operation and the TRISO particle manufacturing 
process.

4. Conclusions

The conclusions from this work are as follows:
Matrix Material and Characteristic Sintering Conditions Effects 

• The sintering conditions during TRISO particle fabrication signifi
cantly influence the residual stresses in the coating layers, particu
larly under AGR-2 sintering conditions and with the inclusion of a 
graphite matrix material.

Fig. 12. Effect of packing fraction on the hoop stresses predicted in the SiC coating layer and graphite matrix after initial rise to power of a graphite matrix- 
encapsulated TRISO particle.

Fig. 13. Micrographs showing radial cracks in the SiC matrix of TRISO parti
cles. (a) and (c) from Tan et al. [72] and Zhang et al. [73] respectively by 
permission of Elsevier under License Nos. 6050821358746 and 
6050821271589 respectively. (b) from Lee et al. [74].
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• Compressive hoop stresses in the SiC layer reached − 540 MPa in the 
graphite-encapsulated particle, compared to − 493 MPa when 
graphite sintering conditions were applied to a bare particle.

• After sintering, the residual hoop stress in the SiC coating layer 
reached approximately − 446 MPa in the SiC matrix, which is 94 MPa 
lesser than in the graphite matrix. However, after the initial power 
ramp, the predicted compressive hoop stress in the SiC layer was 
significantly greater in the SiC matrix (− 388 MPa) compared to the 
graphite matrix (− 222 MPa).

• Following the initial power ramp in both graphite and SiC matrix- 
encapsulated cases, an increase in unit packing fraction consis
tently resulted in reduced compressive stresses within the SiC 
coating layer. This effect was more pronounced for SiC-encapsulated 
particles than for graphite-encapsulated particles, with stress varia
tions of 8.85 % and 3.76 %, respectively, across a packing fraction 
range of 0.25 to 0.50.

Possible Benefit of SiC Matrix 

• It gives a significantly higher compressive stresses after the power 
ramp [− 388 MPa in a SiC matrix compared to − 222 MPa in a 
graphite matrix], potentially enhancing the SiC layer’s ability to 
withstand internal pressure from fission gas release in the kernel.

Sensitivity of Residual Stresses to Buffer Elastic Properties 

• The residual hoop stress experienced in the SiC layer of a fully- 
bonded model zirconia-kernel surrogate particle is highly sensitive 
to the porosity of the buffer, rising from a compressive stress of 
− 0.77 GPa at a porosity of 0.60 to − 1.06 GPa at a porosity of 0.14.

Partial Delamination at the Kernel/Buffer Interface 

• A residual stress distribution of compressive hoop stresses of up to 
− 546 MPa above a bonded region was predicted in the partial 
kernel/buffer delamination model with tensile stresses up to +54 
MPa above the de-bonded region.

• The study re-enforces the importance of 3D models to capture 
interfacial characteristics when exploring asymmetrical features and 
phenomenon in TRISO fuel performance and the importance of 
obtaining more experimental data on residual stress of TRISO fuel.
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