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Abstract

TRistructural 1SOtropic coated particle fuels (TRISO CPF) have been developed as a possible fuel solution
for high temperature nuclear reactors, which offer the possibility of nuclear cogeneration-powered industrial
facilities and hydrogen production. A finite element model was developed to simulate the fabrication process
of TRISO particles. Understanding the initial stress and bonding state of the layers is crucial in predicting
performance and failure in service, however this factor has not received an in depth consideration in the
available literature. The simulations of a fully bonded model of TRISO (layers perfectly attached to each
other) revealed the presence of high values of tensile hoop stresses in the inner fuel kernel (up to 250 MPa,
sufficient to cause fracture in UO>) and even higher compressive stresses (up to 600 MPa) in the silicon carbide
layer. Simulations carried out without bonding between kernel and buffer found the residual stress state to be
consistently more relaxed with respect to the fully bonded model. This was most evident in the radial stress,
which drops to less than 10 MPa (tensile or compressive) throughout the particle. In the hoop direction,
compression of 150 MPa remained in the SiC layer. Finally, a brief investigation of the effect of ovality on
the model with kernel-buffer debonding showed an overall increase in the magnitude of the hoop stress in the
SiC and PyC layers in a flat spot caused by reduced buffer material.

1. Introduction

TRIstructural 1SOtropic coated particle fuel (CPF) is one of the most studied and researched advanced
technology fuels (ATF), with its development in the Dragon project from 1957 [1]. CPF can also be considered
as accident tolerant fuels, considered to increase safety in accident scenarios [2], [3]. With the deployment of
ATF, greater burnups, temperatures, efficiencies and additional economic advantages are targeted in addition
to the presence of inherent safety features [4]-[7].

TRISO particles have been used in various prototype designs in several countries, especially for high
temperature gas-cooled reactors (HTGR also known as HTR). Examples of their adoption can be found in the
Thorium High Temperature Reactor (THTR-300, Germany) [8], the Chinese HTR-10 [9], the Japanese HTTR
[10] and the Fort Saint Vrain Gas Cooled Reactor in the USA [11]. HTGRs are being investigated for their
potential to deliver non-electricity energy supply, most notably process heat and hydrogen generation. To
deliver on these applications, much higher core outlet temperatures are delivered in HTGRs than in light water
reactors (LWR). Traditional pellet fuels are therefore not appropriate, and TRISO CPFs are required. CPF
have also been proposed for use in molten salt-cooled reactors, such as Kairos Power [12]. Several recent
state-funded and private modular reactor designs make use of CPF, including the U-Battery micro-reactor,
one of the advanced modular reactor (AMR) projects currently ongoing in the UK [13], Framatome’s SC-
HTGR [14], the recently built Chinese HTR-PM [15] and the project for the U.S. based Xe-100 [16].

TRISO fuel is a layered spherical particle incorporating three types of coating material, with typically a UO>
or UCO (UO2/UC> mixed phase) kernel and multiple layers of protective materials enclosing it (the first
designs, BISO particles, used two types of coating material, but were abandoned in their then form as their
fission product retention performance was poor [17]).
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The most typical layers found in TRISO are shown in Figure 1. A porous pyrolytic carbon layer acts as a
buffer accommodating the swelling of the kernel and the absorption of the recoil energy from fission products.
Then, an inner dense pyrolytic carbon (iPyC) layer protects the outer layers from the corrosion from some of
the fission products. A silicon carbide (SiC) layer provides mechanical strength to the particle, acting as a
pressure vessel for the gaseous fission products and, finally, an outer dense pyrolytic carbon (oPyC) layer
separates and protects the SiC layer from the outer matrix, typically graphite, in which TRISO particles are
embedded [18], [19].

Figure 1 - Micrograph of a TRISO particle. Reproduced from [20].

Table 1 and Figure 2 give the principal material properties measured for fabricated TRISO particles. Figure 2
shows that a key aspect to consider for the structural integrity of TRISO particles is the very different thermal
expansion coefficients of the materials, which are confined together in a very small space in contact or even
bonded. This will give rise to thermal stresses when the temperature of the particle changes significantly
during reactor operation (especially during start-up or shutdown transients), or even before fuel loading, for
instance during manufacture, potentially leading to residual stresses in the as-fabricated condition.

Table 1 - Thermo-mechanical properties of the materials typically used in TRISO particles. The values for typical operating

temperatures were calculated with the expressions contained in the referenced sources. Room temperature (RT) is assumed to be
298 K. 2223 K was the final manufacturing thermal treatment temperature used for the German AVR TRISO particles [21].
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Figure 2 - Temperature dependence of the principal thermo-mechanical properties for the materials used in TRISO particles [22]-
[24], [26], [29]. The reported behaviours are calculated assuming the porosities mentioned in Table 1.

TRISO particles are usually fabricated via successive layer chemical vapour deposition (CVD) methods [21]
upon spherical fuel kernels that were formed previously by sol-gel precipitation [34]. In Table 2, a summary
regarding some of the most tested designs shows how the different post sol-gel processes occur over a great
span of temperatures.

Table 2 - Summary of the fuel kernel fabrication and coating process temperatures that have been used to make TRISO particles
[21].

Country U.S.A. (UCO) GERMANY (UOy) JAPAN UO; CHINA (UOy)
Drying Air, 60 °C 80 °C Air/H,0, 200 °C Infrared
Kernel (Il?al((j:in?ion R A:?J\/r,H35(ig(():0 - Air, 300 °C Unknown R ,:\(l)/r:O%;g -
eduction r-4%-Ho,, ° o o r-4%Ho,, °
Sintering A-CO, 1800 °C_| ' 1600-17007°C | Ar-4%H,, 1300 °C Ha, 1550 °C
Coating Gas Ar-CoH»
Buffer Temperature 1300 °C 1250 °C 1380 °C 1100-1400 °C
Dep. Rate/Time Unknown 6-10 um min* < 60 min Unknown
Coating Gas Ar-C,H,-C3Hg Ar-CoH, Ar-CoH>-CsHs
iPyC Temperature 1230 °C 1300 °C 1380 °C 1370-1420 °C
Dep. Rate/Time 2.2 ym min? 4-6 um min? <60 min Unknown
Coating Gas H2-CH3SiCls; Ar-H,-CHsSiCls;
. Temperature 1650 °C 1500 °C 1600 °C 1500-1570 °C
Sic . - ) 0.1-0.4 pm min™®
Dep. Rate/Time | 0.2-0.4 um min 0.2 um min 60-200 min Unknown
Coating Gas Ar-CoH,-C3Hg Ar-CsHs Ar-CoH>-C3Hs
oPyC Temperature >1300 °C 1300 °C 1380 °C 1370-1420 °C
Dep. Rate/Time <4 pm min*! 4-6 um min? < 60 min Unknown

The U.S. data was from the new production modular high temperature gas reactor (NP-MHTGR) project,
which employed the performance test fuel (PTF) produced by General Atomics (GA) and Babcock & Wilcox
(B&W) [21]. German data was from the same fuel used in their HTGR and derivative designs and it was
developed over the span of 30 years of research [35]. Japanese data was from the high temperature test reactor
(HTTR) project; the result collaboration between the Japan Atomic Energy Research Institute (JAERI) and
the Nuclear Fuel Industries (NFI), Ltd. [36]. Finally, Chinese fuel was from the demonstration high
temperature reactor (HTR-10); the result of development by the Institute of Nuclear Energy Technology
(INET) [37].



Table 2 shows that the manufacture of TRISO particles is neither a uniform nor a continuous process. The
formation of layers of different materials, with very different strengths, stiffnesses and thermal properties and
the variety of temperatures involved may lead to a complex residual stress distribution in the final particle.
Therefore, the production methods used could have a significant impact on the performance of the fuel during
its in-service lifetime.

Historically, much importance has been given to the calculation of the stresses arising during reactor operation.
Evidence of this can be found in research spanning the last four decades, which ranges across several degrees
of approximation in the calculation of stresses in TRISO particles. Analytical models, such as within the UK
STRESS3 [38] code or the closed form devised at Idaho National Laboratory (INL) [23], [39], are very useful
for implementation in ‘Monte Carlo’ models, in order to expedite TRISO failure probability calculations. For
instance, Miller and Bennett [39] studied the local stress distribution in a 3-layer (IPyC-SiC-OPyC) TRISO
shell, either intact or with partial IPyC-SiC debonding, when raised to operating temperatures while internally
pressurised, and then subjected to an increasing neutron fluence. Numerical models have also been popular,
especially with the recent increases in computational power available for research. Several have been
developed for incorporation into finite element fuel performance codes such as BISON and PARFUME from
INL [23], [26], [40] or ATLAS from CEA (Commissariat & I'Energie Atomique et aux Energies Alternatives)
[23], [26]. Simulations with these codes have been trying to represent many of the scenarios TRISO particles
are required to withstand in a reactor, such as high neutron fluences [38], [39], [41] or the thermomechanical
interaction of neighbouring TRISO particles inside a pebble or prismatic compact matrix [42].

One common denominator between all the aforementioned models is the starting stress distribution in the
particles, which are to be considered essentially stress-free at the beginning of their simulations of reactor
operation. However, there is scarcity of literature on the as-fabricated stress conditions inside TRISO particles
and hence whether the stress-free assumption is appropriate. Therefore, the work reported in this present paper
wishes to tackle this gap in knowledge and thus its analysis could serve as an improvement on current TRISO
performance models as it would allow for greater confidence (or new insight) on the initial conditions for
simulations or reactor operation, accordingly leading to higher fidelity models.

The paper begins with an overview of the finite element model (FEM) adopted for the simulations, including
an analysis on how the fabrication process is approximated in the model. Following this, the residual stresses
arising from fabrication of TRISO particles are reported. Results include simulations conducted on TRISO
particles from the German AVR research group, which are representative of the most adopted type of TRISO
particles and the ones adopted for the U-Battery project. The choice of the German AVR TRISO particle is
also related to the wider availability of information on the temperatures and deposition rates for the
manufacturing process. Results for both a fully bonded TRISO particle where none of the layers are allowed
to de-bond and on an analysis of the residual stress distribution for particles with kernel-buffer de-bonding is
included. The de-bonded work is motivated by recent observations with x-ray micro-tomography conducted
on “real” (zirconia kernels and TRISO standard coating) and “mock” (alumina kernels with non-standard
coating) TRISO particles [43]. The results include the effect of a thermal annealing process known to be
applied to the final fuel pebble [21], which is theoretically in place to release any residual stress derived from
the fabrication process.

Finally, a brief analysis of the effect of ovality on the stresses in the de-bonded particle has been reported, to
understand the effects of fabrication anomalies on the residual stress distribution. The thermal annealing phase
was not included in the model for the de-bonded particles, as the stresses predicted in such particles were not
judged high enough to cause any significant thermal creep.



2. Methodology

2.1. Material properties selection

Although it was eventually possible to report and use an exhaustive set of properties in a TRISO model, the
data available on TRISO materials is scarce and mostly related to outdated particles and fabrication techniques.
Temperature-dependent properties, for instance, are available for only some of the materials actually used in
TRISO, and when they are available, they are related to different applications, e.g. certain properties of UO>
in TRISO are assumed to be similar to those used in conventional pellet fuel (thermal conductivity, CTE, etc.)
[13], but such assumptions, while being commonly relied upon, have little confirmation in literature.
Moreover, the temperature dependence of PyC properties or its thermal creep behaviour are essentially
missing from the literature, with only a few papers on selected values of porosity available. Such scarcity of
literature should be tackled by future experimental campaigns if the level of confidence in the results from
TRISO performance codes is to be increased.

The material properties adopted for this work are given in Table 1. Apart from the lack of well characterised
material properties, the reason for which many of the values reported in Table 1 are given as single entries
(density, specific heat and PyC properties) is that they are not likely to greatly affect the final results of the
simulation, e.g. the density values do not significantly influence the thermal stress of the particle, although
they are still required for the finite element simulations to run. Moreover, due to the very small dimensions of
the particles, specific heat variations over the temperature range will only weakly affect the temporal change
in the temperature distribution inside the particle. Also, a simplifying assumption adopted for the simulations
is instantaneous thermal equilibrium throughout the particle, which means that the specific heat in the particle
layers is irrelevant to the result. Finally, as previously mentioned, PyC properties are often available only as
single values in numerous literature sources [13]. Due to the combination of the presence of significant
fabrication residual stresses at high temperatures, for reasonably long periods of time (especially during the
annealing process), it was sensible to include thermal creep models in the simulation, to account for the stress
relaxation.

2.1.1. UO:2 Creep Model

In the BISON finite element fuel performance code [44], creep models are derived from the ones used in
MATPRO [22], which provide creep strain rates, each one describing a different phenomenon occurring in
the material. In this work only the thermal creep was modelled, therefore the strain rate is implemented as
follows:
—Q
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Where C1, Co, Cs, C4 are constants, o is the equivalent stress in MPa, Q1 and Q2 are activation energies
(calculated from [44] assuming that UO: is stoichiometric), Gs is the mean linear intercept (MLI) grain size
(m), P is the fractional/decimal porosity, R is the gas constant and T is the temperature (K). The values of the
parameters are reported in Table 3.

Table 3 - Parameters for UO, creep strain rate equations [22].

C1 Cs B .
mist | )| st @ | @ (i)mo' Q2 (Jl)mo' Gs (M) P (1)
MPa?) MPa*5)
3.92x10~ | 0.123 | 2.0391 | 9.5x10~2 | 3.766x10° | 5523x10° 13 — 1.36 x10°5 [45] 1.003x10~2 [17]




2.1.2. SiC Creep Model
The thermal creep strain rate in SiC has been described by a power law [46]:

e RT (2

Where A is a constant, Q is the activation energy (J mol™?), n is the power law exponent and G is the shear
modulus (MPa), whose temperature dependence is given in [47], where AG has units of MPa K™

G=Gy,—AG-T (3)
Values for the parameters are reported in Table 4.

Table 4 - Parameters for SiC creep strain rate equations [46], [47].

Constant T <1873K|T > 1873 K
A (s 71.61 1.36x107
n 2.3 3.7
Q (I mol?Y) 1.74x10°
Go (MPa) 1.6x10°
AG (MPa K1) 23

2.1.3. Buffer, iPyC, oPyC Creep Model

Due to the lack of information in the literature regarding the thermal creep behaviour of PyC, thermal creep
in the buffer, iPyC and oPyC layers was not included but this area is highlighted to the community as an aspect
where research is needed for more complete models in future.

2.2. Manufacturing Process — Pre-Processing

The analysis is performed using the commercial finite element code ABAQUS, which allows the coupling of
mechanical effects to the thermal behaviour of the particle. For this study, the TRISO particle was modelled
as an axial-symmetric semicircle, seen in Figure 3. This is done so that a fine mesh can be used to capture any
steep gradients in the stress-strain fields, which would be impractical in a 3D case, even if only a small section
of the particle was analysed.

Kernel
Buffer
iPyC
SiC
oPyC

Figure 3 - Slice of the mesh adopted for the simulations. It is possible to outline the five different regions composing the TRISO
particle, including kernel, buffer, inner pyrolytic carbon layer, silicon carbide layer and outer pyrolytic carbon layer.



As the fabrication of the particle occurs in sequential steps, an analogous approach has been adopted to setup
and run the simulations. However, as it is assumed that the available literature only provides the dimensions
for TRISO particles once cool after all the coating stages have been completed, a preliminary set of reverse
engineering simulations was carried out to retrieve a reasonable set of dimensions for the particles at
temperature during each stage of their fabrication. These simulations can be summed up in 4 steps as detailed
in Table 5 alongside the start state. The steps employ a linear temperature change over an hour time interval.
This choice is arbitrary, as the models used for these preliminary simulations assume a perfectly elastic
behaviour of the materials and do not take account of the elastic limits at which thermal shock could cause
cracking within these brittle ceramic materials. It is also assumed that the interval is sufficiently rapid such
that creep effects are negligible to the dimensional change of the particles.

A complete TRISO particle taken at room temperature is heated until it reaches the deposition temperature for
the PyC layers (1573 K —step “Full Particle Reheat” in Table 5). The thickness of the oPyC layer is recorded
at such temperature and assumed to be the actual thickness of the layer when it was initially deposited.

Then, a new TRISO particle model is setup without the oPyC layer. This model’s dimensions are taken from
the results of step “Full Particle Reheat”, and it is heated up from 1573 K to the deposition temperature of
the SiC layer (1773 K). The ‘as deposited’ thickness of the SiC layer at this elevated temperature is recorded
for future use in the fabrication simulations. The successive layers are then hypothetically removed in the
same way, with the temperatures and associated dimensions given in Table 5.

Table 5 - Dimensions of the layers of the fully-bonded TRISO model at each temperature during fabrication. The as-manufactured
“Start” dimensions are from [21], page 19. The dimensions for the kernel after its sol-gel formation are omitted, as the deposition
of the buffer is assumed to be upon a stress-free kernel. The shaded cells indicate the values used in subsequent simulations.

Kernel Buffer iPyC SiC oPyC
Step Temperature radius thickness thickness thickness thickness
(um) (um) (um) (um) (um)
Start 293 K 250.00 92.00 39.00 35.00 40.00
Effect of Simulated
Full Particle 1573 K 253.46 91.21 39.16 35.18 40.75
Reheat
Effect of Simulated | 474 254.17 90.97 38.16 35.21 N/A
oPyC Removal
Effect of Simulated | 574 253.44 91.08 39.14 N/A N/A
SiC Removal
Effect of Simulated | 5,4\ 253.28 91.01 N/A N/A N/A
iPyC Removal

One last step to simulate the effect of removal of the buffer layer could have been included at the end of this
sequence. However, were the buffer to be hypothetically removed, the only material remaining in the particle
would be the UO: kernel and the focus of this study was limited to residual stresses in the coating layers. For
similar reasons, the model was not further developed to take account of potential residual stress that could be
present in the kernel due to cooling from its sintering temperature (1873-1973 K) down to room temperature
and then its subsequent heat-up for buffer deposition (to 1523 K). Such cooling is required to allow for material
transfer, as deposition of the coatings would generally be performed in a different furnace to that used for
sintering.

Each material is treated as homogenous, which would yield stress-free thermal expansion and contraction
were there no interaction with the other materials. Thus the residual stress results of the model are targeted to
the separate effect of the CTE mismatch between the different materials.



2.3. Manufacturing Process — Simulation Campaign

The complete sequence of temperature and deposition times for the fabrication of German TRISO particles is
shown in Figure 4, with a schematic of how the TRISO layers are deposited in Figure 5. The simulation
campaign can be described by a succession of 13 steps, summed up in Table 6, which in this work are
represented by four simulations run on an equal number of models, three to mimic the high temperature
deposition process, and one cooldown simulation from which the majority of the residual stresses arise.
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Figure 4 - Fabrication temperatures profile for German AVR TRISO fuel. The yellow transient is hypothetical for the reasons of
furnace material transfer discussed in the text and was not simulated as it was assumed to not to significantly influence the final
stress profile of the particle coating layers. The more realistic kernel cool down to room temperature before buffer layer deposition
is not included in the Figure to avoid compressing the temperature scale in the region of interest.
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Figure 5 - Layer evolution during the fabrication of German AVR TRISO fuel. The colours of the deposited layers are the same as
those used in Figure 4.

All the simulations were run on a free particle model with no pressure boundary conditions. The displacement
in the x direction is fixed on the axis of the particle and the same for the y direction on the centre of the particle.
These constraints serve to keep the particle stationary during the transients and ensure polar and azimuthal
symmetry in the particle response. A temperature boundary condition is applied on every element of the mesh
(seen in Figure 3). The general setup of the steps in the simulation campaign is described below, with a
summary of the full procedure reported in Table 6.

The simulation campaign begins with a kernel and buffer model, with dimensions taken from step “iPyC
Removal” of the preliminary model results (see Table 5). The initial temperature was set to 1523 K and the
first transient is an almost immediate increase in temperature (through 1 second) applied to the whole particle
up to the iPyC deposition temperature (1573 K). This fast increase in temperature can be adopted under the
assumption that creep and thermal shock effects do not occur during the heat-up (and cool-down) sequences
during fabrication, between the temperatures. For a higher fidelity fabrication model, a linear increase in
temperature with the actual heating rate adopted for TRISO particles (information not available at this time
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but realistically around 5 — 30 K/min) would be required. The small particle size means that temperature
gradients in the particle are not expected. Since the iPyC layer is continuously deposited at the final
temperature of this first step, but a deposition model is not implemented for this analysis, the kernel and buffer
model was kept at 1573 K for 587 seconds, assuming a deposition rate for the iPyC layer of 4 um min* [21].
At the end of this step, the final stress state in the kernel and buffer and their dimensions are recorded.

A new model consisting of kernel, buffer and iPyC was then setup, with the dimensions of kernel and buffer
taken from the end of the previous simulation, and the iPyC thickness retrieved from step “SiC Removal” in
the preliminary simulations (See Table 5). The stress values (in kernel and buffer) from the previous
simulation will be summed to the ones arising in the new simulation. The stress state of the new layer (iPyC)
is assumed to be null, as in the fabrication process it is deposited at a constant temperature, therefore little to
no thermal stresses should arise in this layer. The procedure was then repeated two more times for the SiC and
OPyC layers (Steps 6-9), with deposition times and temperatures detailed in Table 6, before the final cooling
down and thermal treatment phases (Steps 10-13). The thermal treatment temperature is the same used for
German AVR TRISO particles, 1950°C (2223K) [21], and different durations from 1 to 18 hours have been
modelled to investigate the effect of this parameter on the final stress state.

Table 6 — Deposition sequence used to determine the residual stresses. The colour code is the same used in Figure 4 and Figure 5.
Notes: the kernel fabrication and buffer deposition were not simulated and the thermal ageing step is added after fabrication.
“Thermal (Neg)” stress states refer to residual stresses arising due to the cool-down of the layer from its deposition temperature.
“Low Creep” stress states refer to thermal creep effects being included in the model (for UO; and SiC), but due to the low
temperatures and overall stress state, their effect being negligible to the residual stress in the layers.

Time T Stress state
Model components | At(s) | “oy" | (ky Kernel Buffer | IPyC sic OPyC
K,B N/A 0 1523 Free Free N/A N/A N/A
K,B 1 1 1573 Thermal Thermal N/A N/A N/A
K, B 587 | 588 |1s73 |  Thermal Thermal |  N/A NIA N/A
+ Low Creep
K, B, IPyC 0 588 | 1573 Thermal Thermal |  Free N/A N/A
+ Low Creep
K, B, IPyC 1 589 | 1773 Thermal Thermal | Thermal N/A N/A
+ Low Creep
K, B, IPyC 10564 | 11153 | 1773 Thermal Thermal | Thermal N/A N/A
+ Low Creep
K, B, IPyC, SiC 0 11153 | 1773 Thermal Thermal | Thermal Free N/A
+ Low Creep
K, B, IPyC, SiC 1 11154 | 1573 Thermal Thermal | Thermal Thermal N/A
+ Low Creep
. Thermal Thermal (Neg)
K, B, IPyC, SiC 604 11758 | 1573 + Low Creep Thermal | Thermal + Low Creep N/A
K, B, IPyC, SiC, Thermal Thermal (Neg)
oPyC 0 11758 | 1573 + Low Creep Thermal | Thermal + Low Creep Free
K, B, IPyC, SiC, Thermal (Neg) | Thermal | Thermal | Thermal (Neg) | Thermal
OPyC 7200 18958 293 + Low Creep (Neg) (Neg) + Low Creep (Neg)
K, B, IPyC, SiC, Thermal Thermal
11 oPyC 7200 26158 | 2223 + Creep Thermal | Thermal + Creep Thermal
K, B, IPyC, SiC, 1-18 29758- Thermal Thermal
12 oPyC hours 90958 2223 + Creep Thermal | Thermal + Creep Thermal
13 K, B, IPyC, SiC, 7200 36958- 293 Thermal (Neg) | Thermal | Thermal | Thermal (Neg) | Thermal
OPyC 98158 + Creep (Neg) (Neg) + Creep (Neg)

One of the most important approximations adopted for this work is the modelling of the interface behaviour
between the layers. During fabrication, each layer is gradually deposited on the preceding layer (or kernel, in
the case of the buffer). Because of the nature of fluidised bed CVD, the outer surface of each layer would have
a certain degree of porosity, allowing the next vapour deposit in the fabrication process to partly infiltrate the
previous surface. This interfacial region will have a different average composition and therefore fracture
tolerance, to radial or tangential tensile and compressive stresses, which may be important in determining the



overall stress state of the particle during thermal transients. Experiments also show how the grain structure of
the material closer to the interfaces will differ, for example smaller grains of SiC being present at the interface
with IPyC compared to larger ones adjacent to the OPyC [48], with possible implications for the relative
isotropy of the material properties. Due to the scarcity of literature on the effect of these features on interfacial
strengths, the first model assumes infinitely strong interfaces, where the boundary nodes of each layer have
their degrees of freedom “tied” to the adjacent ones. To analyse the dependence on the behaviour at the
interfaces, which may be intact (completely tied) or broken (untied, only contact relationships), an additional
model where the buffer layer is not tied to the kernel has also been analysed.

3. Results and Discussion

3.1. Fully Bonded Model

As shown in Figure 6-a, immediately after the cooldown of the particle following fabrication, the radial stress
in the bonded model decreases from the kernel to the OPyC external surface, with hypothetical strong tensile
stresses present in the kernel of around 260 MPa. Since for this and all the successive analyses the particle has
been assumed free, that is, no external pressure has been applied (which would not be the case during the
compaction phase of the fuel element production), the retrieved boundary value of radial stress is consistent.
The inner values should be related to the fact that the thermal expansion coefficient of UO: is generally higher
than that of either PyC or SiC. This means the kernel contracts more when the temperature is decreased and
therefore experiences the outer layers “pulling” towards the outside, generating a tensile radial stress state.
Actual high tensile stresses (>50 MPa) in brittle ceramic materials especially UO; and SiC do not seem
plausible without risking cracking which is not seen in actual quality assured TRISO particles. In particular,
the SiC layer will ideally be in compression following manufacture in order to resist pressurisation from the
build-up of fission gases escaping the kernel. Therefore, the buffer debonded model appeared to give more
realistic results.

(a) Residual Radial Stress (b) Residual Hoop Stress
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Figure 6 - Radial (a) and hoop (b) residual stresses at the end of the fabrication procedure for the German AVR TRISO particle.
Comparison of the residual stress distribution between the fully bonded model and with kernel-buffer interface failure (debonded).
Particle analysed at room temperature, immediately after the fabrication procedure.

The hoop stress distribution (shown in Figure 6-b) has been found to be more complicated. The residual stress
in the kernel was again tensile, with a similar value (around 260 MPa) to the radial stress. This is consistent
with the sphericity of the kernel, which means it is isotropic and therefore the stress state should be only
dependent on the radial coordinate and not an arbitrary direction. Therefore, the kernel is almost in a state of
hydrostatic tension (confirmed by the value of the third invariant, three orders of magnitude lower than the
principal stresses), therefore the equivalent stress will be so low that creep and plastic effects would be
minimal during fabrication. This is confirmed by the values of creep strain in the kernel at the end of the
simulations, omitted for brevity purposes, which are three to four orders of magnitude lower than in the SiC
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layer. One condition that could undermine this result would be the presence of inhomogeneities in the
boundary forces acting on the kernel, such as those originated by asymmetrical or even missing layers. This
possibility is important to consider when studying the effects of ovality on TRISO particles fabrication, but
beyond the scope of this paper.

The outer layers, however, seem to react to the cooling contraction of the particle differently. The buffer layer
is in an overall compressive hoop stress state, with stress values decreasing (in absolute value) from the kernel
boundary towards the iPyC boundary, where they are almost null. The iPyC and oPyC layers are characterised
by a tensile hoop stress state, on average around 100 MPa in the iPyC (close to its fracture stress) and 25 MPa
in the oPyC. Perhaps most reassuringly, the SiC layer is dominated by a compressive hoop stress state, which
slightly decreases in magnitude from the inner to the outer boundary of the layer. This variation in the stress
distribution is probably related to the different contraction in the hoop direction and the strong bond (tie
constraint) existing at the interface between the layers. The UO> expansion coefficient is around 4 times larger
than SiC, as per Table 1, therefore, if perfect bonding is assumed, when it cools down its circumference would
reduce more than free SiC. If the interfaces cannot break and in a perfectly elastic model, this leads the SiC
layer to a compressive hoop stress of around 600 MPa. This large stress is related to its higher elastic modulus
and the compound effect of PyC and UO: differential shrinkage.

Alongside the as-fabricated particle results, the effect of different thermal ageing treatments have been
simulated for the more extreme case of the hoop stress in the bonded model. The accuracy of the results is
mainly dependent on the validity of the creep models implemented in the code, especially those for SiC, as
these may not be representative due to the literature data not being optimised for behaviour at the scale of
TRISO particles. Nevertheless, the results indicate that thermal ageing longer than 12 hours would not
significantly affect the stress conditions in the particle. This is shown in Figure 7, in which the SiC layer
residual hoop stress (the one mostly affected by the treatment) converges to around 850 MPa (compressive)
after 12h.
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Figure 7 — (a) Residual hoop stress distribution in the SiC layer for particles undergoing different periods of thermal ageing
treatment (none, 1h, 6h, 12h, and 18h), (b) maximum and minimum stress in the SiC layer against thermal treatment duration.

The effect of a prolonged time at high temperature is essentially that of enabling thermal creep to relax possible
stresses occurring during the high temperature phase. This is a consequence of the change in the radial
dimensions driven by the hoop stresses in the SiC layer appearing at the holding temperature. Indeed, during
the heat-up phase to the thermal ageing temperature (around 400 to 600 K higher than the deposition
temperatures), the stress distribution in the particle is opposite to the residual stress at room temperature, with
tensile hoop stress in the SiC and buffer and compressive hoop stress in kernel and PyC layers. The thermal
creep strain will lead to larger diameters for the layers at the end of the thermal ageing, with consequent
increased thermal strain (and residual stress) when the particle is cooled down.
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This first analysis has pointed out potentially interesting information on the state of TRISO particles at the
end of their production cycle but assumes no de-bonding between layers. When the particle is cooled down,
the effect of thermal expansion coefficient mismatch in the several layers of the particle leads to a complicated
but significant start-of-life residual stress profile.

3.2.Debonding Hypothesis

The possibility of such high radial and hoop stresses, at the end of the fabrication cycle of the particle, led to
consideration of layer de-bonding. One of the least convincing results of a fully bonded model is the presence
of a high tensile radial stress in both kernel (260 MPa) and buffer (150 — 260 MPa), most notably at the
boundaries between layers. Such stress is not consistent with the literature on the strength of the buffer PyC
which is considered to be 40 MPa to 50 MPa [49] (median value for low-density pyrolytic carbon). These
values are also not consistent with the literature value of the fracture strength of uranium dioxide in standard
pellets, which is in the order of 80 MPa to 150 MPa [50], [51]. Such lower fracture strength values suggest
cracking in the buffer, the kernel or at the interface may occur during the fabrication process itself. At the
same time, the radial tensile state of SiC found at the end of the simulation is not realistic for the adoption of
TRISO fuel in a reactor, as it would affect negatively the fission product retention capability of the layer.
Hence the simulation results are not plausible without the introduction of kernel debonding.

The same conclusion can be devised by the observation of several images of unirradiated TRISO particles,
where there is a recurrent gap between the kernel and buffer layer, or in the buffer itself, close to the interface.
In Figure 8, showing TRISO particles with uranium dispersion from the kernel to the buffer, it is clear that
partial delamination has occurred, in the spots pointed out by the red arrows. The examples are taken from
defective particles due to the scarcity of literature on unirradiated flawless particles.

Figure 8 — X-ray microtomography images of defective unirradiated TRISO particles showing partial kernel-buffer debonding
present. Reproduced from [52]. The red arrows point to the most evident delamination that has occurred between kernel and buffer.
For completeness purposes, (a) shows a uniform dispersion of uranium in the buffer layer, whereas the dispersion in (b) is localised.

In Figure 9, TRISO particles with high-Z elements infiltrations are shown. In these particles, the decoupling
between kernel and buffer appears to be complete, however, as for Figure 8, it is possible to see that the
delamination can either occur between the layers (interface failure) or in the buffer (weakest material failure).
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Figure 9 - X-ray microtomography images of defective unirradiated TRISO particles with high-Z elements infiltrations, circled in
red. Reproduced from [52]. The red arrows point to the most evident delamination points but, upon closer inspection, the kernel
looks completely detached from the buffer, with some residual carbon attached to the kernel, suggesting the crack originated in the
buffer itself.

Considering this evidence, an additional set of simulations was conducted to determine the residual stress
distribution in the case the buffer layer would fully de-bond from the kernel during the final cooldown phase.
Going back to Figure 7, it can be seen that for both the radial and hoop directions that the full decoupling of
the kernel and buffer causes an almost complete relaxation of the stress profile. The kernel becomes stress-
free, as it is not bonded to any layer with a different thermal expansion coefficient, whereas the remainder of
the existing stresses can be associated to the difference in CTE between SiC, buffer and PyC layers. The
resulting radial stress profile now shows signs of residual compression in the buffer and oPyC layers, limited
to a few MPa. The iPyC and SiC, however, show a varying state of slight radial compression and tension, with
a small peak (~20 MPa) of tensile stress at the boundary between iPyC and SiC. Moreover, the hoop stress
distribution is more similar to the fully bonded model, although with the kernel showing as stress-free. Also,
the compression stress in the SiC layer decreased by almost an order of magnitude to around 90 MPa, whereas
the stresses in the PyC layers are comparable to the fully bonded model. This similarity, however, might be
associated to the method through which the residual stress distribution has been transposed from one
fabrication step to the next one, which is simply to sum the final step stresses from one step onto the initial
model of the next one. Indeed, the adopted strategy assumes the de-bonding occurs perfectly at the beginning
of the final cooldown step (Step 10 in Table 6), which is an arbitrary choice for ease of modelling. An
improvement to the model would be to include a stress threshold-based detachable interface, which would
make the layers de-bond when a certain level of tensile radial stress is reached (i.e. 40 to 50 MPa for the buffer
and 80 to 150 MPa for the kernel).

The effect of the annealing phase has also been investigated for the de-bonded model, with the results reported
in Figure 10. The effect on the hoop stresses, especially in the SiC layer is very similar to the ones observed
for the fully bonded model, confirming that the variation in the layers’ diameters led by thermal creep could
help in increasing the pre-compression in the hoop direction. However, it must be noted that radially, the
behaviour of the stresses is different, with slight increases towards greater tensile values in the IPyC and SiC
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layers. As with the fully bonded model, the effect of thermal annealing appears to dwindle to negligibility
after 12h of treatment.
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Figure 10 - Effect of different stages of thermal annealing at 1950°C on the radial (a) and hoop (b) residual stress in German AVR
TRISO with debonding of the buffer layer from the kernel. The kernel is stress-free at room temperature in this situation and its
stress distribution has been omitted for clarity purposes.

The main result to be highlighted from this analysis is that the residual stresses in the layers are not predicted
to be negligible, as so often assumed in literature [39]-[42]. In fact, they may be comparable to the stress
changes predicted to arise in the particles during reactor operations [38], [39], [42]. This appears to be the
situation in both the case that the particle’s layers have survived the fabrication thermal transients as well as
if the kernel has become detached from the buffer. Indeed, if debonding with the SiC layer is avoided during
fabrication, then the pyrolytic carbon layers could be under pre-tension in the initial stages of the fuel life.
More significantly, however, a state of pre-compression may exist for the SiC layer, which could be beneficial
to the overall structural integrity of the particle by resisting the development of tensile stress from increasing
fission gas pressure.

3.3. Ovality Analysis

In view of the high degree of ovality existing in many of the available micrographs of real TRISO particles
[52], [53], an additional set of simulations was performed to understand the effect of “flat spots” on the
residual stress distribution of TRISO particles.

The model assumes a manufacturing defect has occurred in the deposition of the buffer layer, which is
arguably the one more susceptible to thickness variation due to its overall greater dimension and faster
deposition rate, as shown in Table 6. To gain a good insight into this peculiar ovality effect, the model has
been flattened so as to form a 30 degree wide “flat spot”, shown in Figure 11. In the 3D reconstruction of the
axial-symmetric model this would mean a cone of 30 degrees overture, which is connected to the spherical
shape through “fillets” with radii corresponding to half the radius of the respective interface. Results for the
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ovality study are related to a model with de-bonding between kernel and buffer, therefore these will be
compared to the de-bonded spherical model only.

/[

Flat Spot

Fillets radii = 0.5 corresponding layer radius

Kernel
Buffer
iPyC
Sic
oPyC

Figure 11 - Representation of the axial-symmetric model adopted for the ovality analysis.

The comparison shown in Figure 12 is related to the flattened model shown in Figure 11, where the rest of the
boundary conditions and model parameters have been left unchanged.
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Figure 12 - Comparison between spherical and anomalous residual stress profiles, for a model with kernel-buffer debonding. The
“flat spot” distribution is taken from the middle of the flat surface shown in Figure 11, whereas the “fillet” is taken from the middle
of the junction between the spherical and the flattened surface. The radial coordinates begin from the buffer (250um) as the kernel
resulted stress-free in both directions and over the whole model. The radial coordinates for the “flat spot” and “fillet” distributions
have been normalised to the spherical model radial coordinates for ease of comparison.

Figure 12a shows a change in the trend of the radial stresses, which are predicted to be completely compressive
but no more than 4 MPa in magnitude in the “’flat spot”. This is probably related to the deformation led by the
spherical kernel (in the radial direction) and the rest of the spherical part of the layers (in the hoop direction).
The spherical part of the particle tends to shrink more than the “flat spot”, hence when the temperature is
dropped, the spherical parts tend to “pull” the “flat spot” in, leading to an overall radial compression state.
The behaviour of radial stress in the middle of the “fillet”” between the spherical and flattened region shows
an overall increase in the absolute values of stress in all the layers.

Figure 12b shows that hoop stresses are predicted to be much greater in magnitude than the radial stresses
shown in Figure 12a. The hoop stress in the “fillet” follows the same trend as that of the spherical results,
albeit with an increased stress gradient especially in the SiC layer, resulting in higher values of compression
at the interface with the iPyC layer (advantageous for resisting pressurisation by fission gas) and lower at the
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interface with oPyC. As for the spherical results, this would not necessarily affect negatively the behaviour of
the particle, as a state of pre-compression is actually desirable to counteract the tensile stresses arising during
the pressurisation of the particle due to the gaseous fission products released from the kernel.

The “flat spot” behaviour shows overall increased stresses in both PyC layers and the SiC layer, but with
opposite trends from the inside towards the outside of the layers. The change in trend leads to a small decrease
in the compressive residual stress in the SiC layer at the crucial interface between iPyC and SiC, which is in
effect the wall of the particle, as a pressure vessel containing fission gases. As a result, this could affect the
particle’s ability to resist rising tensile hoop stress due to fission gas pressure and lead to a greater risk of
failure due to crack propagation from this interface through the SiC layer. The explanation for such a
difference could be related to the effect of different shapes being coupled, which would affect the magnitude
of the strains, with the spherical part straining differently and therefore driving or being driven by the flattened
spot to a different stress distribution. However, it is difficult to determine a single or multiple cause for the
difference as there are several materials contributing to the final distribution, with creep also possibly affecting
the final results.

It is important to notice that the stress profile at the centre of the “flat spot” is an extreme situation, likely not
representative of the average behaviour of ovalised TRISO particles. However, it is a good example to
understand the impact of such a commonly observed defect on the residual stress state of TRISO particle, and
possibly to infer on the reasons why interface failure may occur during the reactor transients.

4. Conclusions

The work detailed in this paper produced several distributions of residual stresses deriving from the fabrication
procedure of TRISO particles:

e The residual stress analysis in a model with no debonding predicted implausibly highly tensile stresses
in the radial direction while the hoop stress distribution was characterised by tensile stress in the kernel,
iPyC and oPyC layers, and compressive stress in the buffer but foremost in the SiC layer.

e The model with de-bonding of the kernel-buffer interface resulted in an evident relaxation of the stress
profile compared to the fully bonded case. This is characterised by an effective release of all stress in
the kernel and a major reduction of both radial and hoop stresses in the surrounding layers (e.g. 90
MPa compressive hoop stress in SiC). Such values are more reasonable compared to the fully bonded
model.

e Thermal ageing also seems to significantly increase the desirable compressive stress in the SiC layer
in the crucial hoop direction (when considered as a vessel for fission gas pressure), albeit with a slight
increase in tensile stress in the radial direction.

e Modelling the inclusion of ovality of the particle, with the buffer layer detached from the kernel,
showed a difference in the stress profiles between a “flat spot” and the spherical results. The hoop
stress distribution in the “flat spot” is similar to the spherical results albeit with an opposite hoop stress
radial gradient in each of the layers. This leads to a slight magnification of the peak values of stress in
the PyC layer, but most importantly, it leads to changes in the SiC layer stress profile, with a decrease
of the compressive residual stress at the interface between the iPyC and SiC layers. This could present
a weak point which is less able to resist rising tensile stress due to fission gas pressure.

Although the results reported in the paper are specific to one type of particle, these findings should move the
TRISO fuel performance modelling community towards considering the effect that residual stresses present
at the end of the fabrication sequence could have on the behaviour of the particles in-reactor. This may increase
the validity of TRISO as an ATF choice and at the same time it could highlight new areas of research aimed
at optimising the production sequence of the particle to maximise the positive effects (such as the SiC hoop
pre-compression) and minimise the undesirable ones (tension in the PyC layers).
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