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A B S T R A C T   

Coated fuel particles, most commonly tri-structural isotropic (TRISO), are intended for application in several 
designs of advanced nuclear reactors. A complete understanding of the residual stresses and local properties of 
these particles through their entire lifecycle is required to inform fuel element manufacturing, reactor operation, 
accident scenarios, and reprocessing. However, there is very little experimental data available in the literature on 
the magnitude of residual stresses in the individual coating layers of these particles. This work applies ring-core 
focussed ion beam milling combined with digital image correlation analysis (FIB-DIC) to cross-sections of TRISO 
and pyrolytic carbon coatings in surrogate coated fuel particles to evaluate the residual stresses. Tensile residual 
hoop stresses are identified in both pyrolytic carbon layers, while silicon carbide experiences a compressive 
residual hoop stress. Note that these residual stresses, which were not accounted for in the models reported in 
open literature, have magnitudes comparable to the stresses predicted to arise in real fuel particles during ser
vice. A 2D linear-elastic continuum-based finite element analysis has been conducted to investigate the stress 
relaxation phenomena caused by sectioning stressed coatings on spherical particles. The FIB-DIC method 
established here is independent of radiation defects and can be applied to irradiated TRISO particles to retrieve 
first-hand information regarding the residual stress evolution during service.   

1. Introduction 

The concept of applying a coating to nuclear fuel particles to retain 
fission products first appeared in the 1950 s in the Dragon experimental 
high temperature gas cooled reactor project [1]. These coatings devel
oped from a single anisotropic “laminar” pyrolytic carbon (PyC) coating, 
followed by a two-layer “BISO” structure consisting of porous PyC, with 
an outer dense PyC layer for hermeticity and mechanical structure [2]. 
Finally, a four-layer coating structure with significantly improved 
fission production retention was developed, called tri-structural 
isotropic (TRISO). This became the standard design for high 

temperature gas cooled reactors and is being considered for licensing in 
future commercial power stations. Further variations continue to be 
developed including multi-layer or zirconium carbide coatings intended 
to further improve fission product containment and mechanical prop
erties, and large-kernel particles to incorporate a higher fraction of 
fissile material [3,4]. 

A standard TRISO coated fuel particle consists of a ~ 450 µm 
diameter central fuel kernel (normally UCO or UO2), a ~ 100 µm porous 
carbon “buffer” to absorb fission product recoils and allow for volu
metric expansion of the kernel, ~40 µm thick dense inner pyrolytic 
carbon (IPyC), ~35 µm thick dense cubic silicon carbide (β-SiC), and ~ 
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40 µm thick outer layer of dense pyrolytic carbon (OPyC) [2,5,6]. The 
dense PyC and SiC layers retain fission products and provide mechanical 
integrity, acting as a pressure vessel. The individual TRISO particles are 
consolidated into a spherical or cylindrical fuel element with either a 
graphite or SiC matrix for use in pebble bed or prismatic reactors [5,7]. 

Various fuel performance models, from simple one-dimensional 
spherically symmetric models to those accounting for coating layer 
debonding and cracking [8–10], have been developed, incorporating 
nuclear, thermal, and mechanical properties to predict the evolution of 
TRISO particles as a function of time, neutron dose, or fuel burnup 
[11–13], and the effect of neighbouring particles when incorporated in a 
graphite matrix [14]. The mechanical stresses on coating layers evolve 
during operation as fission gas pressure increases, pyrolytic carbon 
changes dimensions and creeps, and SiC swells [15–19]. For instance, 
the shrinkage of PyC layers compresses SiC tangentially, and the PyC 
layers are correspondingly in tension, assuming the layers remain 
bonded which is beneficial to prevent particle radial fracture. For an 
intact particle during service, SiC is predicted to experience a 
compressive tangential (or hoop) stress peaking around − 700 MPa. 
However, SiC in a particle with cracked IPyC can experience a tensile 
stress of ~ 400 MPa near the crack tip, approaching the failure stress of 
SiC [19]. Other models exploring different TRISO design parameters 
predict lower stresses in the coatings of intact particles. For example, Li 
et. al. found that the compressive tangential stress in SiC peaked at less 
than − 400 MPa in most scenarios [15], and when incorporated in a 
graphite matrix, Boer et al. reported that the peak compressive stress in 
SiC was ~ -300 MPa compared to − 450 MPa for an individual TRISO 
particle [14]. Interface debonding and particle asphericity can also 
contribute to tensile stresses in SiC and increased failures of TRISO 
coatings [9,10]. Note that the input material properties to the above 
models are not necessarily for the specific forms of SiC and PyC found in 
TRISO coatings; they are often derived from literature irradiation ex
periments on similar materials such as monolithic bulk CVD SiC and 
PyCs as summarised in ref [18]. The SiC layer of various forms of TRISO 
particles is significantly less stiff than bulk CVD SiC, whose elastic 
modulus is assumed to apply to TRISO SiC in most fuel performance 
models [20,21]. Accurate material properties must be measured from 
actual TRISO coatings as inputs for these models. 

In addition, the residual stresses in as-manufactured particle coatings 
have not been considered in the published models; in all recent models 
the stresses for PyC and SiC layers begin at zero. An early investigation at 
the UK Atomic Energy Authority compared stresses generated by cooling 
coated particles prepared at high temperatures using methane as a 
precursor gas, and lower temperatures using propylene [22]. This work 
was limited by experimental knowledge at the time and was re- 
published and updated in 2002, showing that in their model TRISO 
particles, IPyC experiences 20 MPa tension, SiC − 57 MPa compression, 
and OPyC 15 MPa tension in the tangential direction after cooling from 
1200 ◦C to room temperature, caused by differential thermal expansion 
of SiC and PyC (αSiC = 5 × 10-6 K− 1 and αPyC = 5.5 × 10-6 K− 1, Δα = -0.5 
× 10-6 K− 1) [10]. Despite calculating this, it was not included in cal
culations of in-service stress evolution in the same paper, which began 
again at zero stress. While these processing-induced stresses are small, 
they are not negligible. Additionally, some of the values used for these 
calculations such as thermal expansion coefficient and elastic modulus 
result in lower residual stresses than if other literature values had been 
used. 

A recent investigation of coated particles from the PYCASSO irradi
ation programme suggested that residual stresses are not only critical for 
the high temperature (1000 ◦C) mechanical integrity of the particles, but 
also potentially impact the dimensional change of the coatings with 
neutron irradiation [23]. As such, it is of paramount importance to gain 
experimental insights to the local residual stresses and properties of 
TRISO coatings to understand its in-reactor behaviour. 

1.1. Local residual stress characterization 

The measurement of TRISO properties remains challenging. Micro
mechanical tests can be used to measure local mechanical properties of 
coatings [3,20,21,24,25], and crushing experiments can provide infor
mation regarding the mechanical strength of complete particles 
[17,23,26–31]. Reference [21] presents scanning probe microscopy 
images of indents in the TRISO SiC layer with considerably longer cracks 
emanating from the indent in the particle’s tangential direction than the 
radial direction. This was attributed to variations in the local micro
structure; however, this crack asymmetry may also be an indicator of 
non-equibiaxial residual stress in the SiC coating. Residual stresses play 
an important role in the nanoindentation fracture of silicon carbide 
[32]. Previously, electron backscatter diffraction (EBSD) was used to 
estimate residual stress in the SiC coating of TRISO particles based on 
local crystal misorientation [33–35]. This qualitative visualisation 
method found that elongated grains had more misoriented pixels than 
small equiaxed grains. Although local misorientation can indicate the 
possibility of residual strain, these methods are relative to the reference 
orientation of that grain and are not an absolute measure of strain in the 
coating. Further, such measurements can be affected by crystalline de
fects such as dislocations and stacking faults within the diffracting vol
ume, leading to different conclusions. 

Residual stresses can be measured in various ways on an engineering 
scale, and several are available with microscopic spatial resolution such 
as Raman spectroscopy and electron or X-ray micro-beam diffraction 
[36,37]. Raman spectroscopy uses the change in a spectral peak position 
relative to a stress-free reference, combined with an empirical material- 
dependent coefficient to determine residual stress [38]. Diffraction 
methods directly measure crystal lattice spacing, calculate strain 
compared to a reference, and convert to stress using elastic constants. 
Both methods rely on comparing a signal to a stress-free reference ma
terial with an identical crystal structure, which is not available in all 
materials. Although a range of coefficients for converting Raman shift to 
stress are available in the literature for SiC polytypes and carbon 
[39–45], the technique is not necessarily applicable in the case of the 
component materials of TRISO which have not been calibrated. Addi
tionally, Raman spectroscopy is normally independent of spatial di
rections, giving an average signal for the gauge volume with no 
information regarding the directions of stress. This is adequate if the 
stress state is known to be hydrostatic (e.g., those environments created 
in a diamond anvil cell), equibiaxial (e.g., thin films), or uniaxial; 
however, care must be taken if the stress state is more complex or un
known as in the case of TRISO particles. Additionally, Raman spec
troscopy and diffraction are useful techniques for characterising 
radiation defects [46–48]; however, this can negate their applicability to 
measuring residual stresses in materials containing radiation or pro
cessing defects. 

Introducing traction-free surfaces and measuring a geometric relax
ation strain is the principle behind several microscopic residual stress 
evaluation methods. A focussed ion beam (FIB) is used to incrementally 
remove material, while a scanning electron microscope (SEM) acquires a 
sequence of images to record the relaxation process. This class of 
methods is reviewed in ref. [49]. Relaxation displacements can be 
measured with sub-pixel resolution using digital image correlation 
(DIC), from which strain can be calculated. Depending on the geometry, 
a finite element or analytical model may be required to calculate re
sidual stress from relaxation strain [50,51]. Various geometries are 
available depending on the situation: ring-core, blind hole, slot, 4-slot, 
and microcantilever [49,52–56]. For this class of methods, no stress- 
free reference is required; relaxation is to a new equilibrium deter
mined by the geometry of the experiment. This could be a dynamic 
equilibrium in the case of multi-layer coatings or thin coatings on a 
substrate, or a complete relaxation where the milling depth is suffi
ciently deep (depth greater than pillar diameter for ring-core geometry 
[51]). The ring-core geometry is most versatile as it allows isotropic 
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stress relief, and has been most widely developed in the literature and 
through the ISTRESS project led by Universita Degli Studi Roma Tre 
[49,52,57,58]. 

This work has investigated and applied FIB-DIC, for the first time as 
far as the authors are aware based on open literature, to the measure
ment of residual stresses in TRISO coatings. The key experimental points 
will be summarised and discussed. The relaxation of stresses caused by 
sectioning the spheres has been investigated by finite-element analysis 
and the results are consistent with the experimental observations. The 
method established is independent of radiation defects and can be 
applied to irradiated TRISO to validate models of material evolution 
during operation in a reactor. 

2. Materials, experimental methods and modelling 

2.1. Materials 

Two types of surrogate TRISO fuel particles were used in this work. A 
sample named “PyC-1” was manufactured by Commissariat à l’Energie 
Atomique (CEA) as part of the PYrocarbon irradiation for Creep And 
Swelling/Shrinkage of Objects (PYCASSO) project, and consists of a 1 
mm diameter alumina kernel, 250 µm thick porous carbon buffer, and a 
40 µm thick PyC coating [4]. The second sample named “USNC” was 
provided by Ultra Safe Nuclear Corporation and is a TRISO particle 
embedded in a silicon carbide matrix as a prototype “Fully Ceramic 
Microencapsulated” (FCM) fuel pellet. The USNC particle consists of a 
790 µm diameter zirconia surrogate kernel with a traditional four-layer 
TRISO coating structure (87 µm buffer, 36 µm IPyC, 40 µm SiC, 32 µm 
OPyC). 

The PYCASSO particles were manufactured specifically for a separate 
effects irradiation campaign where the effects of fission in the particle 
kernel are intentionally removed, while the USNC particles are intended 
for material development purposes in non-radiological laboratories for 
easier handling. Alumina and zirconia beads are readily available to act 
as surrogate kernels in coated particles; alumina is beneficial for X-ray 
imaging in the PYCASSO experimental campaign, while zirconia is more 
representative of the density and thermal properties of UO2 which is 
useful for fuel manufacturing trials. The as-received properties of the 
coating layers of surrogate coated particles are expected to be similar to 
“real” particles containing a uranium-bearing kernel assuming the 
coating deposition conditions are the same. The major difference is the 
coefficient of thermal expansion (CTE) of the kernel, however the porous 

buffer and debonding between the kernel and buffer should decouple 
any CTE mismatch-induced mechanical stresses between the kernel and 
coatings. The effect of irradiation and kernel fission is discussed later in 
the paper. 

The PyC-1 particle was mounted on an SEM stub using silver paint 
such that it is effectively free-standing. To avoid any unintended mate
rial modification or redistribution of residual stresses by mechanical 
grinding, a system combining a femtosecond laser and a FIB developed 
at Montanuniversität Leoben was used to cut a cross-section using the 
femtosecond laser, as introduced in [59]. Laser parameters used were a 
wavelength of 515 nm, a pulse duration of 500 fs and a fluence of 3.2 J/ 
cm2. For details on selection of optimized laser parameters for grazing 
incident machining, please refer to [60]. Nonetheless, the typical 
curtaining surface features were unavoidable over such a large focal 
depth. The cut surface was at ~ 80% particle height. The USNC sample 
was cut from a larger FCM pellet using a diamond saw before mechanical 
grinding with 220 grit and 1200 grit diamond impregnated resin disks, 
and polishing with 3 µm and 1 µm diamond suspensions on polishing 
cloths. As the sample contained many particles, the largest diameter 
particle was chosen for experimentation, being considered closest to the 
particle equator. Overviews of these particles are shown in Fig. 1. 

2.2. Experimental methods 

Focussed ion beam scanning electron microscopy (FIB-SEM) digital 
image correlation (DIC) experiments were performed in a FEI Helios 
Nanolab 600. Periodic surface features from the laser milling process 
[60] provided suitable surface features for tracking during experiments 
on PyC-1 (Fig. 2 (a)). The mechanically polished surface of the USNC 
sample was comparatively featureless, so a random array of platinum 
spots was deposited using electron beam deposition of a precursor gas in 
the FIB-SEM (Fig. 2 (b)). Depending on sample requirements, other 
speckle patterns may be suitable such as a dispersion of nanoparticles, or 
sputter deposition of gold before surface modification by FIB imaging 
[52,61]. 

The sample was aligned such that the x-axis of the image was in the 
tangential direction of the coating, and the y-axis was aligned with the 
radial direction (see Fig. 1 and Fig. 2). The fast SEM scan direction (x- 
axis) is always more reliable in SEM-DIC, and is aligned to the tangential 
direction which is of most interest for TRISO stress measurements. Ex
amples of y-direction radial results are shown in Figure S5 of supple
mentary material. The stage was allowed to settle for approximately 15 

Fig. 1. Overviews of particles studied. (a) PyC-1, (b) USNC. Red boxes indicate the regions where pillars were milled, and orange arrows indicate cracks in the PyC 
coating of the PyC-1 particle. 
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min before beginning the FIB milling. The ring was milled using 30 keV 
Ga+ ions at 460 pA current. The outer ring diameter was 7.5 µm with a 
core diameter of 5 µm. Due to the Gaussian beam profile, the pillars 
became tapered during milling such that the core became narrower than 
5 µm as the experiment proceeded. SEM images were acquired semi- 
automatically after every 60 s of milling. The electron beam energy 
was 5 kV with a current of 690 pA and a dwell time of 300 ns. Sixteen 
images were acquired and averaged for each image step. The scanning 
area was corrected to account for the 52◦ stage tilt. Milling proceeded 
until the pillar height was greater than 1.5 × the diameter to ensure 
complete elastic stress relief at the surface of the pillar [51]. This allows 
direct calculation of residual stress with no need for extrapolation by 
finite element analysis. 

DIC analysis of the image sequences was conducted using the Matlab- 
based NCORR code [62]. The region of interest (ROI) was an ellipse set 
in the centre of the speckle pattern on the pillar surface. A border was 
left between the ROI and pillar edge to account for tapering and stray ion 
damage during FIB milling. The DIC “subset radius” was 50 pixels, 
“subset spacing” was 10 pixels, and the “strain radius” for calculating 
strain from displacement gradients was 5 subsets. The normalised least 
squares correlation criterion is optimal near zero, and a cut-off was set at 
0.25 to remove incorrectly tracked subsets from analysis. 

For each image in the sequence, there is a distribution of values for 
each strain component (εxx, εxy, εyy). These are plotted as a histogram, 
and a probability distribution curve is fitted (Fig. 3), the peak of which is 
extracted as the strain relief at the surface of the pillar at that image step. 
This is intended to minimise the influence of errors in DIC or imaging, 
and microstructural variations in strain relief which can cause outliers in 
the strain distribution affecting mean values, while median values are 
less affected by these factors. Images acquired over ten minutes with no 
milling and analysed with the same DIC technique were measured with 
strains less than 5 × 10-4, which is used as a measure of sensitivity of this 
technique. 

While the relaxation strain is the most appropriate output of FIB-DIC 
measurements, conversion to stress is useful for understanding the scale 
of residual stresses and relating to models. Quasistatic nanoindentation 
was performed using a Hysitron TI Premier nanoindenter with a Ber
kovich diamond tip. Invalid indentations were removed from the data
set, and reduced modulus was calculated from load-displacement curves 
using the Oliver-Pharr method, and Young’s modulus calculated based 
on the Poisson ratio and modulus of the diamond indenter tip [63]. 
Values were averaged between 500 and 1000 nm, avoiding the small 

indentation depth size effect, while being on the length-scale of the 
micropillars. These values are summarised in Table 1. These values are 
comparable to nanoindentation experiments in the literature, where 
lower elastic moduli is related to porosity in the deposited TRISO 
coatings compared to bulk materials [3,20,21,25]. 

2.3. Finite element analysis 

In standard specimen geometries where a flat surface is prepared 
from a bulk sample, a simple plane stress state can be assumed for near- 
surface measurements. Residual stresses in cross-sectioned bulk 

Fig. 2. Comparison of DIC speckle patterns on pyrolytic carbon. (a) surface features from laser milling on the PyC-1 particle; (b) electron beam deposited platinum 
dots on the USNC sample. Coordinate arrows show the relationship between x- and y-axes in the images and the tangential and radial directions in the particle 
coordinate system. 

Fig. 3. Example strain histogram (εxx) with fitted probability distribu
tion curve. 

Table 1 
Young’s modulus of TRISO layers measured by nanoindentation.   

USNC PyC-1 

IPyC 22.4 ± 0.5 GPa 22.1 ± 0.8 GPa 
SiC 341.2 ± 30.1 GPa N/A 
OPyC 24.1 ± 0.9 GPa N/A  
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materials can be calculated using the methodology proposed in refer
ence [64] where the original stress state is unknown but can be back- 
calculated by the superposition of two complementary experimental 
measurements. For a hemispherical specimen prepared from spherical 
particle, the residual stresses in the coating could be relaxed due to the 
removal of mechanical constraints, which requires further investigation. 
To investigate if cross-sectioning a coated particle modifies the residual 
stresses in the particle coating, two axisymmetric finite element models 
were constructed using Abaqus 2023, representing the PYCASSO and 
USNC particles. An axis perpendicular to the axis of rotation was iden
tified as the cut axis and a symmetry boundary condition applied; 
removal of the boundary condition was identified with sectioning. Ma
terial properties for the models are shown in Table S1 of supplementary 
material. In order to carry out a coupled temperature-displacement 
simulation, ABAQUS requires the density, thermal conductivity and 
specific heat capacity; these were set to arbitrary values of 1000 kg m− 3, 
10 J m− 1 K− 1 and 100 J kg− 1 K− 1 respectively. Under the instanta
neously isothermal conditions modelled, any differences will not impact 
the results obtained. 

To achieve an arbitrarily stressed particle, the simulations consisted 
of four coupled temperature-displacement steps, each lasting one hour, 
during which:  

1. The temperature was increased to 1200 ◦C.  
2. The temperature was held at 1200 ◦C and an arbitrarily high creep 

rate introduced to equilibrate all stressed.  
3. The temperature was reduced to 20 ◦C.  
4. The boundary condition was removed, representing the sectioning of 

a particle. 

The purpose of this finite element modelling is to assess whether 
cutting an arbitrarily stressed spherical shell causes a stress redistribu
tion, and whether this is likely to impact experimental measurements on 
cross-sectioned particles. Considering the arbitrary stress which is 
introduced to the coating, the numbers are illustrative, and the finite 
element model should be treated as such an approximation. 

An alternative simplified modelling approach was also implemented 

to explore further variables of stress redistribution caused by cross- 
sectioning. This is reported in more detail in supplementary material. 

3. Results 

3.1. Free standing PyC-1 particle 

Three pillars were prepared in the pyrolytic carbon layer of the PyC-1 
sample, and their tangential strain relief curves as a function of image 
number are shown in Fig. 4. During milling, all three pillars underwent 
an approximately linear strain relief, until reaching a plateau where 
complete strain relief is achieved. This plateau refers to the relevant 
strain for converting to residual stress. All three pillars experience a 
compressive strain relief, indicating a tensile residual stress in the 
coating. Using a Young’s modulus of 22.1 GPa, the average residual 
stress in the PyC layer is ~ 140 MPa. Pillars a and c have a smaller strain 
relief than pillar b, possibly due to the presence of the free outer surface 
and the compliant buffer layer and interfacial crack. 

This crack is visible along the buffer-PyC interface, marked with an 
orange arrow in Fig. 4, despite the non-contact sample preparation 
method of laser milling. Following the analysis in section 2.3, this is 
attributed to stress redistribution while sectioning the sphere, as it could 
not be caused by damage during mechanical sample preparation. Note 
that these cracks were always at the PyC and buffer interface and 
propagate into the PyC layer. More images of these cracks are shown in 
Figure S2 of Supplementary Materials (SM). 

3.2. Finite element analysis of PYCASSO particle sectioning 

Fig. 5 shows the maximum principal stress prior to and following the 
removal of the boundary condition along the x-axis for the PYCASSO 
particle. Following removal of the boundary condition, a significant 
discontinuity is seen at the kernel-buffer interface. This is the result of 
the lower elastic modulus in the buffer and stress distribution following 
release. This tensile discontinuity may cause fracture or debonding be
tween the kernel and buffer which is not the primary focus of the elastic 
finite element modelling here, but has been captured in previous 

Fig. 4. Three pillars in the pyrolytic carbon coating of sample PyC-1, with their corresponding tangential strain relief curves. An interfacial crack is indicated with 
the orange arrow. 
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peridynamic modelling work [65]. The stress in the kernel is effectively 
reduced to zero following removal of the boundary condition. Beyond 
50 μm into the buffer, the stress state becomes similar between the 
models with and without the boundary condition. To a smaller degree 
compared to the kernel-buffer discontinuity, there is a step change 
across the buffer-PyC interface. To reiterate, the values are not expected 
to be as high in a real particle; stresses of this magnitude are likely to 
cause microcracking or interfacial debonding. 

3.3. Constrained USNC particle 

In an attempt to restrict radial displacements and minimise the stress 
redistribution during sectioning which can cause interfacial cracking, a 
TRISO particle embedded in a stiff silicon carbide matrix was studied. A 
pillar was made in the centre of each of the IPyC, SiC, and OPyC layers. 
No cracks are seen at the interfaces between the TRISO layers nor be
tween OPyC and the SiC matrix, however, some brightening is observed 
due to topological relief and roughness between IPyC and SiC with the 
tilted stage in the SEM (Fig. 6 (a)). This contrast is only observed at the 
IPyC – SiC interface and not at the SiC – OPyC interface. This is due to 
microstructural differences between these interfaces where SiC has 
grown into IPyC pores; whereas OPyC has grown on a dense SiC and has 
a smooth interface. Additional pictures of this are shown in Figure S3 
and S4 of supplementary material. 

IPyC and OPyC both have a compressive relaxation strain indicating 
a tensile residual stress, while the SiC relaxation strain is tensile indi
cating compressive residual stress. Using 341 GPa as the stiffness of SiC, 
22.4 GPa as the stiffness of IPyC, and 24.1 GPa as the stiffness of OPyC, 
these relaxation strains correspond to residual tangential (hoop) stresses 
of approximately − 785 MPa in SiC and 78 MPa in IPyC, and 58 MPa in 
OPyC. 

3.4. Finite element model of constrained USNC particle 

A similar model to the one used for the free standing PYCASSO 
particle was created to represent a typical TRISO coated particle 
embedded in a SiC matrix to replicate the experiment described above. 
Fig. 7 shows the maximum principal stresses in the particle before and 
after cross-sectioning. Similar to the PYCASSO particle in section 3.2, 
stress in the kernel is relaxed, and a discontinuity between the kernel 
and buffer appears due to the significantly differing elastic properties. In 
this multi-layer coating, there are additional interfaces between the SiC 
and PyC layers which are discontinuities. Compared to the spherical 
particle, the PyC layers have similar residual stresses in the cut hemi
sphere, however, the SiC layers have approximately double the residual 
stresses. To reiterate, the stresses generated in the model are illustrative 
rather than those expected to be generated during the real thermal 
history of the particle. 

4. Discussion 

4.1. Residual stresses in TRISO particles 

The pyrolytic carbon layer is in residual circumferential tension in 
both types of particle, with the PyC-1 particle experiencing a slightly 

Fig. 5. Maps of the maximum principal stresses in a spherical particle with the 
boundary condition and in a hemisphere without the boundary condition. The 
deformation scale is exaggerated in the case without the boundary condition. 
Graph plots the maximum principal stress as a function of radial position on the 
surface of the particles. 

Fig. 6. SEM image of pillars in the USNC pellet. (b) tangential strain relief of the three pillars.  
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larger magnitude of residual tensile stress than the USNC particle. This is 
likely to be a combination of factors: the different particle structures, 
manufacturing conditions and resulting microstructures, hemi
sectioning stress modification and experimental geometry. The cut 
surface of the PyC-1 particle is above the equator, which may explain the 
large tensile circumferential stress which is shown in the supplementary 
modelling results. 

Strain relief curves for PyC-1 show fluctuations in the plateau region 
after initial strain relief as the trench is milled deeper. This may be due 
to non-elastic mechanisms of accommodating strain, such as cracking, or 
by local variations in stiffness due to porosity or partially graphitised 
carbon. As the trench is milled deeper, the stress relief equilibrium 
varies as the material is not homogenous as assumed in the criterion for 
total strain relief at depths greater than the pillar diameter [51]. While 
there are fluctuations in this plateau region, they are small compared to 
the total strain relief profile. Similar behaviour is seen for IPyC and 
OPyC in the USNC sample, including a tensile strain relief in the first six 
steps of the IPyC experiment. 

The SiC layer experiences a small relaxation strain due to the high 
stiffness of this material. The strain sensitivity of this experimental 
method is ~ 25 % of the relaxation strain of the pillar made in the SiC 
layer of the USNC sample. It is relieved linearly up to the plateau which 
remains comparatively flat with increasing milling depth. CVD SiC is 
dense on the length scale of these experiments, without the porosity and 
complex microstructure of pyrolytic carbon, which may explain its sta
bility once relieved of stress; it can be considered as a homogenous 

material with complete strain relief at depths greater than the pillar 
diameter [51]. A compressive residual stress in SiC is beneficial for 
TRISO particles as it opposes stresses leading to radial cracking, 
potentially extending the lifetime of particles in a reactor. Further syn
ergistic effects would need to be investigated, such as the effect this 
residual stress may have on radiation creep. 

The origins of the residual stresses in TRISO coatings are likely to 
arise from two aspects: (i) the residual stresses introduced by crystal 
growth during CVD process such as growth twins and stacking faults, 
and (ii) due to differential contraction during cooling from the CVD 
processing temperature to room temperature. The former level of re
sidual stress is hard to approximate, however the residual stress induced 
by differential thermal contraction can be estimated. PyC has a larger 
coefficient of thermal expansion and lower elastic modulus than SiC, 
thus contracting more during cooling from the CVD temperature, and 
compressing the SiC layer while it is in tension itself, as observed 
experimentally here. SiC is deposited at ~ 200 ◦C higher temperature 
than PyC, thus the IPyC layer has experienced a higher temperature 
during manufacturing than the OPyC layer which may result in different 
properties. 

The thermal expansion coefficients of the exact forms of SiC and PyC 
in TRISO coatings is unknown, however 4.4 × 10-6 K− 1 is generally 
accepted as a single value for cubic CVD SiC between room temperature 
and 1000 ◦C, but varies as a function of temperature between 2.17 × 10- 

6 K− 1 and 4.63 × 10-6 K− 1 at 1700 ◦C [18]. The thermal expansion co
efficient for pyrolytic carbon is especially uncertain, being calculated in 

Fig. 7. Maps of maximum principal stress for a spherical and hemispherical TRISO particle in a SiC matrix. The maximum principal stress as a function of radial 
position along the cross-section is plotted below. 
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the range 6–8 × 10-6 K− 1 for perfectly isotropic carbon [66], and 
experimentally found as 5.5 × 10-6 K− 1 [18]. These values give a dif
ferential thermal expansion coefficient between 1.1 and 5.8 × 10-6 K− 1, 
larger than the 0.5 × 10-6 K− 1 used in reference [10] and correspond
ingly increasing the residual stresses from those calculated. Addition
ally, the Young’s modulus for PyC in reference [10] is lower than 
measured here, while for SiC it is larger. 

Applying a simple differential expansion force balance calculation to 
the USNC particle, with 6.75 × 10-6 K− 1 for the thermal expansion co
efficient of PyC, and 4.4 × 10-6 K− 1 for SiC cooling from 1500 ◦C to room 
temperature gives a residual tangential stress of − 187 MPa in SiC, and 
110 MPa in PyC. The estimate for the PyC stress is in the range of that 
experimentally measured in this work, in fact slightly higher due to 
porosity or cracking during cooling which is not captured in this esti
mate. The estimated value for SiC is considerably lower than measured. 
This may imply that compressive stresses were already introduced to the 
polycrystalline SiC layer during CVD growth. Cooling down from high 
temperature further enhanced the stress level. The FEA modelling of 
cross-sectioning shows a factor of two difference in the stress in SiC 
when the boundary condition is removed which may further add to the 
discrepancy between the measured and predicted values. 

The additional processing steps in incorporating a TRISO particle 
into a SiC or graphite matrix may also modify the stress state and the 
physical or mechanical properties of the TRISO coatings. This could be 
during the graphitisation (or annealing) heat treatments in the case of 
graphite pebbles and pellets, or during sintering shrinkage in the case of 
hot-pressed SiC pellets [67,68]. The fuel matrix will also affect stresses 
in particle coatings during service. Boer et al. calculated that service 
stresses in TRISO coatings are different when incorporated into a 
graphite matrix, depending on the dimensional change (shrinkage and 
swelling) and the creep coefficient of the particular form of graphite 
[14]. During graphite shrinkage, compressive stress is applied to the 
TRISO particles, which is beneficial for particle integrity, however at 
higher neutron fluences graphite swelling applies tensile stresses to 
TRISO coatings leading to earlier failure than for a free-standing particle 
assuming there is a mechanical connection between the OPyC layer and 
the matrix material. Proximity to neighbouring particles, and the 
packing orientation also influence stresses in TRISO particles [14,69]. As 
silicon carbide undergoes radiation swelling, TRISO particles in a SiC 
matrix are likely to experience additional tensile stresses compared to 
isolated TRISO particles. This may depend on any protective overcoating 
which has been applied to the TRISO particles during fuel pellet 
manufacturing, and the strength of the particle–matrix interface. It is 
therefore important to study TRISO particles while they are incorpo
rated in their matrices; deconsolidated particles are likely to be in a 
different state to those embedded in a matrix. 

4.2. Practical considerations for FIB-DIC of TRISO 

Stress redistribution during sectioning a stressed coated particle can 
change the measurements of residual stress, or indeed other mechanical 
or structural properties of the coatings. Most significantly, tensile 
stresses near interfaces may cause interfacial cracking and further stress 
changes. The origin of residual stresses in the finite element models here 
is typically the thermal expansion mismatch of the surrogate kernels. In 
previous peridynamic modelling work, debonding was predicted be
tween the kernel and buffer, therefore the values of predicted stress here 
are not representative [65]. Micrographs of TRISO particles in the 
literature occasionally show cracks at coating interfaces and circum
ferential cracks in the SiC layer, which is sometimes attributed to poor 
edge retention during sample preparation due to the large difference in 
hardness between SiC and PyC materials [21,34]. This type of cracking 
could also be related to stress redistribution during cross-sectioning if 
the sample mounting is compliant, or there are shrinkage gaps between 
the mounting resin and the sample. Terrani et al. observed a circum
ferential crack around the entire SiC layer of a cross section of a 

prototype UN TRISO particle irradiated at 460 ◦C with a fast neutron 
fluence of ~ 3.2 × 1020n/cm2 [70]. Radial stresses to generate this crack 
were not predicted to occur based on fuel performance modelling; they 
may instead be related to a redistribution of residual stresses as pre
dicted here and an increase in stress intensity factor at pores in the SiC 
layer. The observation of interfacial cracks in the sample prepared by 
non-contact laser milling suggests that stress redistribution is the pri
mary cause of interfacial or circumferential cracking, rather than me
chanical preparation itself. The mechanically prepared TRISO particle 
embedded in a stiff SiC matrix does not have signs of interfacial 
debonding, showing that suitable sample mounting is vital for studying 
cross-sections of TRISO particles. Although sample mounting is critical, 
this was not predicted to fully solve the issue of stress redistribution by 
hemisectioning a spherical particle. The fact remains that measurements 
made on a cross-sectioned TRISO particle are likely to be different to the 
properties of a complete spherical particle. 

As discussed, the y-direction is less reliable for SEM-DIC experiments 
due to being the slow scanning direction of the electron beam, despite 
the image averaging and short dwell time used in this work. Future 
experiments are planned to improve this by rotating the SEM scan di
rection during the imaging step, and by repeating on several pillars at 
different orientations. This will also improve the reliability of residual 
stress measurements. 

Further work will involve measuring stresses in irradiated surrogate 
particles to investigate the role of irradiation induced shrinkage and 
creep of PyC, and defect swelling of SiC. As this FIB-DIC method does not 
measure spacing of crystal planes like diffraction or chemical bonding as 
spectroscopy does, these experiments can be conducted on samples post 
irradiation with no degradation to the measurement. Irradiated surro
gates are a useful way of isolating the material response and separating 
complex nuclear effects, giving valuable material properties for fuel 
performance modelling. Coated fuel particles containing a real fuelled 
kernel will behave differently during service due to dimensional 
swelling of the kernel as uranium fissions and various solid and gaseous 
products are produced. Cross sectioning a particle necessarily relieves 
any internal fission gas pressure, so the full stress state of an ex-reactor 
fuel particle cannot be investigated. Nevertheless, these measurements 
could give vital insight into the evolution of TRISO coating properties in 
a reactor environment. 

5. Conclusions 

This paper has identified the need for measuring residual stresses in 
coated fuel particles and demonstrated ring-core FIB-DIC as a potential 
method for measuring these. Further development of the method, 
including modelling work, would be beneficial to improve its reliability 
and quantification of the results. 

The process of cross sectioning a particle for analysis inherently al
ters the stress state of the particle by allowing relaxation radially, as well 
as perpendicular to the cut surface; it is not a simple plane-stress state. 
Further technique development is required to account for this, whether 
by constraining the particle in a stiff matrix as attempted here, or by 
applying a mathematical correction derived from modelling. The finite 
element modelling performed here illustrates that stress is redistributed 
by cross-sectioning particles, therefore properties measured on a cross- 
section may not be wholly comparable to properties of a complete 
spherical particle. 

In the as-processed condition, the silicon carbide layer experiences a 
compressive residual hoop stress while pyrolytic carbon experiences a 
tensile hoop stress. This is consistent with larger thermal shrinkage of 
PyC during cooling from the manufacturing temperature. The 
compressive stress in SiC is beneficial in opposing stresses leading to 
radial cracks through the TRISO coatings, increasing the safety margin, 
or extending the lifetime of these particles. These observations could be 
used to improve fuel performance modelling of TRISO particles, 
improving their reliability in operation. These measurements can also be 
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used to inform processing conditions which may be optimised to 
improve the residual stress levels in TRISO coatings, in conjunction with 
incorporating particles into a graphite or SiC matrix. 
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