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Coated nuclear fuel particles, most commonly tri-structural isotropic (TRISO), are intended for use in advanced
high temperature reactors. It is vital to understand the mechanical properties of each coating layer to accurately
predict the performance of these fuel particles and how these might change at each stage of their lifecycle. This
paper reports results of in-situ nanoindentation, with an emphasis on the structural SiC layer, along with
microcantilever testing of the critical SiC-IPyC interface. At 1000 °C the hardness of the SiC layer is ~75% lower

than at room temperature implying significantly more plasticity at the reactor operating temperature. The elastic
modulus was slightly lower at 1000 °C than at room temperature. Microcantilever fracture at the SiC-IPyC
interface shows that failure occurs within the pyrolytic carbon layer rather than an interfacial “debonding”
with a strength similar to that of bulk pyrolytic carbon.

1. Introduction
1.1. TRISO fuels and High Temperature Gas cooled Reactors

High temperature gas cooled reactors are favoured as a versatile
advanced reactor which can efficiently generate electricity as well as
high temperature process heat for industries such as hydrogen and
chemical production. These reactors use coated particle fuels, typically
with a TRISO (Tri-structural isotropic) coating structure [1,2]. These
~1 mm diameter spherical particles consist of a fissile kernel (~500 pm
diameter) surrounded by a porous carbon “buffer” layer (~100 um) and
inner (IPyC) and outer (OPyC) pyrolytic carbon layers (~40 um) sand-
wiching a p silicon carbide layer (~35 pm) [2]. The coatings are
deposited onto fuel kernels using a fluidised bed chemical vapour
deposition (FB-CVD) process which can mass-produce the millions of
particles required to fuel a reactor. The particles are then embedded in a
graphite or silicon carbide matrix to form pebbles or compacts to fuel
pebble bed or prismatic reactors [3].

Extensive fuel performance models have been developed to predict
the evolution of stresses and statistics of failure during the operating
lifetime of TRISO fuels in various reactor scenarios, and to optimise the

structure of particle coatings [4-7]. Each material’s temperature and
irradiation-dependent properties used in fuel performance models are
broadly derived from bulk material properties which have been gath-
ered over many years [8]. Experimental verification of the material
properties in the structure of microscopic fuel particles is challenging
especially in the range of extreme environmental conditions which
advanced high temperature reactors generate. Advanced methods to
conduct these experiments have only recently been developed, therefore
it will take some time to accumulate the required experimental data-
points to populate and validate fuel performance models on the
microscale.

1.2. Micromechanical testing of TRISO and SiC

Considering the small dimensions of the particles and their constit-
uent layers, small-scale testing is required. Crush tests have been
developed as a method for measuring the strength of particles [9-14],
and have also been applied to hemispherical shells of silicon carbide
which are extracted from particles [10,15]. Although crushing experi-
ments measure the whole-particle strength, the experimental results are
difficult to use in performance modelling, and the experimental
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conditions do not replicate those found during operation. Nano-
indentation has been performed on various grades of TRISO coating
layer, both at room temperature [15-19], and at elevated temperatures
[18,19] to obtain the hardness and modulus of the constituent materials.
At room temperature, the CVD SiC layer of TRISO particles has a lower
elastic modulus and hardness than bulk CVD SiC [17,19], but a smaller
temperature-dependent change up to 500 °C [19]. Similar results were
observed for nanoindentation up to 500 °C on SiC¢/SiC composites,
including on neutron irradiated specimens [20]. These results showed
minimal influence of microstructure as SiC¢/SiC typically has a columnar
microstructure in the matrix whereas TRISO particle coatings are equi-
axed; porosity, chemical composition, and residual stresses may have
larger effects.

Microcantilever bending was conducted by Zhao et al. on the SiC
layer of a coated particle to investigate the fracture toughness in radial
and circumferential directions, finding anisotropic properties at room
temperature with a higher fracture toughness (6.72 MPa-m®®) for crack
propagation in the radial direction than the tangential (hoop) direction
(3.47 MPa-m%®), related to intergranular fracture between the columnar
grains [21]. It is desirable for SiC in coated fuel particles to have an
equiaxed grain structure to minimise radial diffusion pathways for
transmutation products and to have isotropic thermomechanical prop-
erties. Similar results for fracture toughness were observed in micro-
cantilever tests in [15] which gave fracture toughness between 3.79 and
7.99 MPa-m®® depending on specimen manufacturing conditions. In the
same paper, nanoindentation fracture was used to determine fracture
toughness, finding an apparently higher toughness in the radial direc-
tion; however, indentation fracture toughness should not be used for
material property evaluation when cracks are not equal lengths, nor
when non-equibiaxial residual stresses may be present as in this case.
Cracks from the indenter corners close to the circumferential direction
followed the curvature of the SiC coating and were longer than cracks in
the radial direction suggesting a complex stress state [15]. Zayachuk
et al. performed microcantilever fracture toughness tests in SiC¢/SiC
composites including the columnar SiC matrix finding no systematic
difference in toughness for cantilevers at different orientations, being
~4.25 MPa-m®® which is intermediate between the radial and circum-
ferential direction fracture toughness of TRISO particles [22] Residual
stresses in SiC¢/SiC composites are unlikely to be as significant as those
in spherical coated particles, suggesting that the apparent differences in
fracture toughness in TRISO particles are caused by stress state.

2. Materials and methods
2.1. Samples

Specimens of prototype fully ceramic microencapsulated (FCM) fuel
pellets were provided by Ultra Safe Nuclear Corporation (USNC), and
contained surrogate TRISO particles embedded in a silicon carbide
matrix. This particular prototype pellet was made using a process similar
to reported in reference [23]. The surrogate particles in the pellet are
manufactured by fluidised bed chemical vapour deposition over zirconia
kernels with a coating structure based on the US HTGR designs devel-
oped in the AGR development programmes. Different manufacturing
conditions and their effects on properties are reviewed in references [1,
24]. The pellet was sectioned using a low-speed diamond saw followed
by mechanical grinding and polishing to a 1 um diamond finish. The
silicon carbide matrix provides a stiff mounting for the TRISO particles
which remains stable to high temperatures A schematic of the sectioned
and polished FCM is shown in Fig. 1 with a side view and top-down view
of the cross section. The position of particles in the SiC matrix de-
termines which section of the particle cross-section is revealed on the
polished surface: the largest diameter cross-section particles are closest
to their equatorial plane and are chosen for analysis. An SEM image of
the specimen mounted in the Bruker PI-89 in-SEM Picolndenter is shown
in Supplementary Material showing the benefit of the larger specimen
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Fig. 1. Schematic of FCM sample preparation with embedded TRISO surrogate
particles. Different height particles in the side view of the specimen reveal
different cross-sections in the polished surface.
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for clamping into position.

2.2. Nanoindentation

In situ indentation was carried out using a Bruker PI-89 Picolndenter
with a polycrystalline cubic boron nitride Berkovich tip inside a Thermo
Fisher Versa3D dualbeam FIB/SEM. The area function of the tip was
calibrated using a standard fused silica sample before and after the tests
and inspected using the SEM to investigate tip wear following high
temperature indentation. The indenter was operated in load controlled
continuous measurement of X (CMX) mode at 50 Hz to obtain properties
as a function of depth up to a peak force of 150 or 300 mN over a 60 s
linear loading. Measurements were made on the SiC layer at room
temperature and 1000 °C. Prior to gathering the high temperature
indentation data, temperature matching of the tip and sample was
confirmed by holding the tip and sample in contact at 50 mN and
monitoring for any temperature flow between the two bodies. Vacuum
levels inside the chamber were 8 x 10~ Pa at room temperature and
rose slightly to 9 x 10™% Pa at 1000 °C, within the operating limit of the
microscope at ~2 x 1072 Pa.

Ex situ indentation was carried out using a Hysitron TI Premier
(Bruker, USA) nanoindenter to investigate fracture around indentations
as a function of position in the SiC layer. Quasi-static load-controlled
indentations were made following the ISO 14577 recommendations
[25], and indentation impressions were imaged using optical micro-
scopy and SEM.

2.3. Microcantilever preparation and testing

Six microcantilevers were made at the SiC/PyC interfaces of TRISO
particles with the base in the SiC and the beam extending into the py-
rolytic carbon. The cantilevers were prepared using focussed ion beam
milling in a FEI Nanolab 600 dualbeam FIB/SEM using 30 kV gallium
ions. Coarse milling was carried out with a beam current of 6.5 nA and
polishing using 0.46 nA to create a nominally right-angle triangular
cross-section cantilever. Actual dimensions were measured using the
SEM, accounting for tilt correction when measuring the cantilever
height.

Three cantilever beam tests of the IPyC/SiC interface were conducted
ex-situ at room temperature using a Hysitron TI Premier (Bruker, USA)
nanoindenter with a diamond Berkovich tip. The cantilevers were
imaged using the nanoindenter in scanning probe mode to identify the
loading location, then load was applied using displacement control at
5 nm/s until failure. Stress at the fracture point and maximum strain
were calculated from the cantilever dimensions and the distance of the
loading point based on simple beam theory, as described in [26].
Un-notched cantilevers were used in this work to investigate the failure
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strength of the boundary as opposed to the fracture toughness which is
derived using notched cantilevers. Cantilevers were imaged using the
FEI Nanolab SEM post-testing to observe the fracture mechanisms. Three
remaining cantilevers were sent for 1000 °C in-situ testing using the
same Bruker PI-89 high temperature micromechanical test system in a
Thermo Fisher Versa 3D FIB/SEM; however, on heating above 800 °C in
the microscope vacuum significant oxidation occurred resulting in the
loss of the microcantilevers. The observed oxidation will be discussed
later.

2.4. Cross-section characterisation

Following high temperature micromechanical testing, cross sections
were milled at the interfaces to observe the sub-surface interfacial
structure and the depth of oxidation. An initial large cross-section trench
was milled using a Tescan Amber X xenon P-FIB with local polishing
cross-sections using a FEI Helios Ga-FIB.

3. Results
3.1. In-situ nanoindentation

CMX load displacement curves are shown in Fig. 2. At room tem-
perature the curves follow the expected shape for a brittle material
showing mostly elastic deformation with small pop-in events during
loading. At 1000 °C, the loading segment of the curves is almost straight
indicating more plastic deformation during loading, which is also
identified by the larger residual indentation depth after unloading. An
apparent pop-in event occurs at ~60 nm displacement for both room
temperature and high temperature indentations; load-displacement
graphs highlighting this are shown in supplementary material. At
depths lower than 60 nm, there is no dynamic oscillation as this can
cause damage to the sample; the dynamic segment begins at 60 nm
which may cause the apparent pop-in event here. Fracture occurs on
unloading the indenter, and is not represented in the load-displacement
curves.

At room temperature, SiC has a hardness of 38.8 + 0.45 GPa and
Young’s modulus of 467 + 6.75 GPa averaged across the two indents at
depths greater than 100 nm. This is in line with the accepted properties
for room temperature SiC, and remains constant with indentation depth.
The near-surface properties below 100 nm contact depth are dominated
by tip area function variability and contact mechanics, and are less
reliable for quantification. To derive Young’s modulus from the reduced
modulus output from nanoindentation, the Young’s modulus of cBN was
assumed to be 672 GPa, and Poisson ratio of 0.19 based on measure-
ments made by Bruker during development of these indenter tips.
Reduced modulus is plotted in Fig. 3 for comparison with the high
temperature indentation where the temperature dependent mechanical
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properties of the cBN tip are not fully understood.

For 1000 °C nanoindentation, the measured hardness is much lower
than at room temperature, being between 11 GPa and dropping to 8 GPa
with increasing depth. The reduced modulus is less affected by
increasing temperature being ~260 GPa at 200 nm; however, this de-
creases with contact depth to ~240 GPa at 900 nm. The average hard-
ness at 1000 °Cis 9.13 + 0.85 GPa and average Young’s modulus is 347
+ 21.7 GPa, as plotted on Fig. 4.

The results of this work continue the linear trend of reduction in
hardness and elastic modulus with increasing test temperature which is
found up to 500 °C in the literature and plotted in Fig. 4 [19,20]. While
the reduction in hardness is significant, the reduction in elastic modulus
is comparatively minor. The larger error bars for elastic properties are
likely to be caused by the longer-range environment which contributes
to indentation elastic properties; a larger spatial volume contributes to
elastic properties, therefore in TRISO SiC the neighbouring pyrolytic
carbon layers may be influencing the measured properties. At 1000 °C
the loss of material by oxidation may further be reducing the measured
elastic modulus as a function of depth for larger indentations.

Following indentation at 1000 °C, the area function of the cBN tip
was re-calibrated, finding minimal difference between the calibration
prior to 1000 °C testing (Fig. 5). The tip was also imaged by SEM,
showing that it has maintained its shape despite the large number of
indentations made in hard silicon carbide during calibrations and
method development. The contrast on the tip may be a surface oxide or
material transfer onto the tip, however this has not affected the area
function at the depths of interest.

3.2. Indentation deformation

Room temperature indentations show crack patterns which vary as a
function of position in the SiC layer (Fig. 6(a) and (b)). Closer to the
centreline of the coating layer, cracks emanate from the corners of in-
dentations as expected, with cracks in the particle circumferential di-
rection being longer. Closer to the IPyC interface, crack lengths are
considerably larger, possibly due to less structural confinement by the
nearby pyrolytic carbon layer reducing the compressive stresses around
indents. Cracks in the particle radial direction remain short. Fig. 6(c)
shows the impression of an indentation made at 1000 °C, with slip lines
clearly visible from the lower right corner of the indentation, and min-
imal fracture.

3.3. Interfacial microcantilever fracture

Stress-strain curves are shown in Fig. 7 for the three microcantilevers
made at the SiC-IPyC interface and tested at room temperature. Canti-
lever 2 is anomalous in not showing a large load drop corresponding to
brittle failure and rapid crack propagation as seen in Cantilever 1 and 3.
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2. Load-displacement curves for in-situ indentation at (a) room temperature, and (b) 1000 °C.
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with SEM image of indenter tip after all 1000 °C indentations.

This cantilever was unloaded prior to complete failure. Cantilever 1
shows several load-drop events in the displacement-controlled test
indicating microfracture events prior to complete failure, whereas
Cantilever 3 shows sudden brittle failure.

In all three cases the cantilever beam remained attached to the base
after the bending experiment (Fig. 8). This may be due to ligaments
remaining attached between the interfaces. Cantilever 1 which shows
small load drops during measurement has a crack path through PyC
which is being deflected at the locations of SiC at this interface. These
deflections appear to give some limited toughening. Cantilever 3 which
gives linear loading and sharp brittle failure shows a straight crack with
no deflections visible on the surface. Cantilever 2 was anomalous in the
loading experiment with a low initial failure stress followed by a high
strain prior to unloading the indenter. The crack path appears to follow
pores, and is deflected significantly rather than following the straight
path as in Cantilever 3.

Milling through the TRISO particle using a P-FIB rapidly exposed the
cross-section of the particle coating layers, however redeposited mate-
rial obscured the view of the interfaces. Polishing local regions using a
Ga-FIB gave higher quality surfaces for revealing the microstructure of
the interfaces between SiC and pyrolytic carbon layers. Fig. 9 shows the
significant differences between the interfaces between SiC and IPyC or
OPyC. The SiC/IPyC interface is interlocked as SiC has partially
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Fig. 6. (a) Montage of optical micrographs of a linescan of nanoindentations in the SiC layer of a TRISO particle. Indentation cracks are short in the radial direction of
the particle. (b) SEM magnified view of the three indentations indicated in (a). (c¢) indentation impression made at 1000 °C showing signs of plastic deformation near

the indent corners.
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Fig. 7. Maximum bending stress-strain curves calculated from microcantilever
dimensions and load-displacement data acquired during the experiment.

deposited into pyrolytic carbon pores, while larger pores remain than in
the bulk of the IPyC. The SiC/IPyC interlocking region is ~1.2 ym wide
and the high porosity region extends ~2.8 um from the SiC interface,
indicated in Fig. 9. In contrast, the SiC/OPyC interface is smooth with no
variation in OPyC density between the bulk and the interface. A full pore
analysis by 3D FIB sectioning and image segmentation is out of the scope
of this work, but has been conducted recently on other particles [27,28].
The surface morphology seen in Fig. 9(a), and the surface height change
in (b) and (c) are related to the high temperature oxidation which
occurred during the 1000 °C indentations. The height loss appears to be
the same in IPyC and OPyC. Further images are shown in supplementary
material.
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4. Discussion
4.1. High temperature micromechanical properties

High temperature mechanical properties of SiC are significantly
different to room temperature properties, and therefore need to be
considered in the design of reactors and components. Most significant is
the reduction in hardness and the appearance of plastic deformation
around indentations at 1000 °C. Enhanced plasticity at the reactor
operating temperature will improve safety margins in the fuel reducing
the likelihood of a brittle failure during operation, allowing longer
operation and improved burnup.

The primary slip system in 3C-SiC is <110> {111} and may corre-
spond to the “pop-in” event at ~60 nm which is consistently observed
around this depth in the literature and in this work [29,30]. This depth
also corresponds to the activation of the dynamic oscillation segment for
depth sensing measurement, which may be impacting the onset of
plasticity, potentially causing this pop-in event to occur. Both references
[29,30] also use dynamic continuous stiffness nanoindentation,
although it is not clear in their work if the onset of this segment was
delayed to 60 nm as was done during the indentations here. The exact
onset of plasticity will vary depending on the orientation of the grain
being indented and the resolved shear stress; Zhao et al. also found the
pop-in occurring between 55 — 70 nm displacement and 8 — 9 mN load
[29]. Molecular dynamics simulations of very low displacement
(<7 nm) indentation in SiC shows that prior to the complete dislocation
slip, partial dislocations of type 1[121] +1[211] = 1[110] form to allow
slip with a stacking fault between [31]. Additionally, strain rate can
affect the onset of plasticity, as discussed in [32,33], with lower strain
rates inducing plasticity in 4H-SiC at lower loads. This is explained by a
thermally activated defect nucleation mechanism where slower in-
dentations have more chance of nucleating dislocations in finite time
during the test; the thermal activation of plasticity increases with
increasing temperature.

With the limited slip systems, dislocation mobility is low at room
temperature, leading to a large proportion of elastic deformation in the
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Fig. 9. (a) P-FIB cross-section of a TRISO particle with zoomed regions polished by Ga-FIB showing the interfaces of (b) OpyC-SiC and (c) IPyC-SiC. The surface
height loss and porosity are indicated, including the interlocking and residual porosity at the SiC-IPyC interface.

elastic-plastic loading regime, followed by fracture during unloading to
accommodate the deformation. Thermal activation of cross-slip in SiC
has been reported, in particular for a-SiC which has been more widely
studied [32]. In those cases, thermally activated cross-slip occurs via
dislocation dissociation into partials, similar to the case in 3C-SiC at
room temperature. At the 1000 °C indentation temperature in this work,
thermally activated slip has enhanced plastic deformation and reduced
fracture around indentations.

Previous high temperature indentation of SiC layers in TRISO
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particles found a linear reduction in elastic modulus up to 500 °C with a
trend of E=Ey — 0.07 T where Eg is the room temperature elastic
modulus, and T is temperature in degrees Celsius [18]. The results in this
work match this trend, where Eg = 467 GPa, and E = ~350 GPa at
1000 °C at 200 nm depth. At 1000 °C, the fuel performance modelling
handbook suggests at 5% reduction in elastic modulus with 4% uncer-
tainty based on macroscopic methods, a far smaller reduction than
measured using nanoindentation here, and based on the experimental
trend [8]. This may be related to the lengthscale of nucleating thermally
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activated defects. The reduction in elastic modulus is related to inter-
atomic bond strength which reduces with increasing thermal energy.
The elastic modulus of different grades of SiC responded differently to
high temperature indentation; those with larger grain size had a stronger
temperature dependence [19]. Nevertheless, the reduction in elastic
modulus with temperature is relatively small and remains approxi-
mately ten times larger than the neighbouring pyrolytic carbon layers so
will have a minimal effect on fuel performance and stress evolution
during operation.

4.2. Interfacial properties

The interlocked and porous SiC/IPyC interfacial structures is in
agreement with recent work which showed that fission products can be
trapped in the pores near the IPyC/SiC interface [27]. The interlocking
of SiC into IPyC and remaining local porosity may act as stress con-
centrators during irradiation-induced dimensional changes leading to
premature failure of the IPyC compared to a smooth interface where
strains are accommodated over a larger area. The accumulation of
fission products at this interface may further influence the stress con-
centration effects at pores, for example by forming precipitates or
causing local corrosion [34]. The significant difference between SiC/I-
PyC and SiC/OPyC implies their properties will be quite different both
mechanically and functionally in terms of fission product retention,
thermal transport, and corrosion.

Fractured microcantilevers at the SiC/IPyC interface showed that
fracture occurred in the pyrolytic carbon rather than as a debonding of
the interface. This somewhat simplifies the evaluation of interfacial
strength in coated particles as the interface can be assumed strongly
bonded, while the circumferential failure can be considered as a failure
of the pyrolytic carbon itself. This is in agreement with recent obser-
vations in finite element simulations of particle interactions in [35].
Bokros studied the strength of various forms of pyrolytic carbon, finding
a flexural strength of ~550 MPa for dense isotropic carbon deposited
from gases [36]. The structure of pyrolytic carbons in that work is
similar to the pyrolytic carbon layers in TRISO particles, and the
strength is close to the measured values in this work. Additionally, X-ray
tomography of coated particles post-irradiation shows segments of the
pyrolytic carbon buffer remaining attached to the SiC layer and the
shrinkage crack propagating through the carbon itself rather than by
debonding at the interface, and also segments of buffer remaining
attached to the SiC layer during crushing experiments [9].

After the cantilever fracture experiments, the cantilevers rebounded
and the cantilever beam was not fully detached. This crack closure has
also been observed in microcantilever fracture in graphite; an explana-
tion based on bridging across the tortuous fracture surface, and elastic
recovery of the material ahead of the crack appears to also apply here
[37]. On the microscale, fracture appears more “graceful” in carbon as
the distribution of pores reduces the likelihood of catastrophic failure in
the small volumes being tested, compared to macroscale mechanical
testing of porous carbons. This may explain the higher strengths found
here than in the literature for pyrolytic carbon; nevertheless, these
microcantilever tests are on the representative lengthscale of coated fuel
particles.

4.3. In-situ high temperature indentation testing

High temperature indentation requires a temperature resilient
indenter material. In this work, cubic boron nitride (cBN) was used as it
maintains hardness and shape in a high temperature oxidising envi-
ronment better than diamond, therefore giving more reliable tip area
functions across multiple indentation tests, and a longer tip lifetime. For
indenting soft and compliant materials such as metals, cBN is more than
sufficient in hardness and elastic modulus; however, as the hardness of
the tip is close to the SiC material in the specimen some deformation
may occur in the tip during the test, making the SiC appear harder. This
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may explain the slightly higher room temperature hardness measured in
this work than in comparable literature where diamond nanoindenter
tips have been used [19,20]. Additionally, cBN has a different Poisson
ratio to diamond, requiring a different conversion from reduced
modulus to Young’s modulus which may also change the derived values,
however, those presented here are closer to those measured in bulk CVD
SiC than the relatively low values for Young’s modulus typically re-
ported for TRISO particles [19]. Specimen mounting for indentation is
also critical as compliant materials can give apparently lower elastic
modulus measurements. In references [18,19] individual TRISO parti-
cles were mounted in high temperature cement which may introduce
compliance to the system. The particles in this work are mounted in a
dense silicon carbide matrix which is stiffer than other high temperature
mounting media giving more reliable results. The FCM SiC material
containing TRISO particles was polished with parallel faces to ensure a
good mechanical mounting to the clip holder on the indenter, making
handling easier and the temperature more stable in the high conduc-
tivity SiC compared to typical high temperature cements.

The oxidation of pyrolytic carbon which occurred during high tem-
perature experiments prevented high temperature microcantilever bend
testing as these were lost. During heating, the cantilevers were intact up
to 800 °C, and the surface of the pyrolytic carbon was as-polished during
a 2h hold at this temperature. The ~1 h heating step from 800 —
1000 °C resulted in oxidation and ~2 pm surface loss, which did not
increase during subsequent high temperature experiments. This tem-
perature approximately corresponds to the transition from so-called
Regime 2 to Regime 3 oxidation described in references [38,39]. Re-
gimes 1 and 2 are kinetically rate limited, so do not detectably occur in
the low oxygen environment of a SEM chamber; however, in Regime 3
termed “boundary-layer controlled” the kinetic reaction rate is suffi-
ciently high to be limited by oxygen supply. Considering the rapid initial
oxidation, then no further evolution, the oxidation may be caused by
oxygen molecules adhered to the specimen or chamber surface which
are then consumed by an initial fast oxidation. The oxidised structure of
pyrolytic carbons is highly porous on the surface, shown in Fig. 9 and
supplementary material, and is comparable to the microstructures of
oxidised matrix graphite in [40]. Lower magnification imaging reveals
circumferential texture in the buffer and PyC layers which is presumably
caused by the deposition conditions and as manufactured structure of
the particles (see supplementary material). Additionally, oxidised sur-
faces in IPyC and OPyC appear different, and may be traced back to
manufacturing differences which also result in differences in other
properties. The FIB cross-sections in Fig. 9 show that the
oxidation-induced porosity is confined to the near-surface of the parti-
cle, further implying that the carbon oxidation was in Regime 3.

5. Conclusions

High temperature nanoindentation at the operating temperature of
HTGRs reveals significantly temperature dependant mechanical prop-
erties in the SiC layer of TRISO particles. The enhanced plastic defor-
mation is beneficial to the integrity of these fuels during operation,
reducing the chances of brittle failure and improving the potential
performance of the fuel.

Interfaces between SiC and PyC layers in TRISO particles are of in-
terest for the “debonding” failure mechanisms. Microcantilever bending
tests showed that the direct SiC/PyC interface is strong, leading to
fracture occurring within the PyC layer itself rather than by a debonding
mechanism. This implies that “bulk” properties of the PyC materials can
be used for mechanical modelling with a “strong” interface rather than
needing to explicitly account for interfacial strength. The microstructure
of the inner and outer SiC/PyC interfaces is different, possibly leading to
significant differences in their functional performance.

The SiC layer in TRISO particles shows anisotropic fracture proper-
ties, whereby indentation cracks are longer in the tangential direction
than the radial direction of the polished cross-sectioned particle. This
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crack pattern is not affected by the microstructure suggesting it is a
result of residual stresses in the TRISO coating with a tensile residual
stress in the radial direction (opening tangential cracks), and compres-
sion in the hoop direction (opposing radial cracks. This is beneficial for
integrity of TRISO particles, however, must be considered in modelling
efforts.
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