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Effect of residual pore structure
on the performance of TRISO
particle fuel

Shichao Liu*, Yuanming Li, Ping Chen, Yi Zhou and
Changbing Tang

Nuclear Power Institute of China, Science and Technology on Reactor System Design Technology
Laboratory, Chengdu, China

The thermal-mechanical performance of tri-isotropic (TRISO) particles with
residual pores used in light water reactors (LWRs) was investigated. The effect of
residual pore structure on the stress distribution of the inner dense pyrolytic
carbon (IPyC) layer, SiC layer, and outer dense pyrolytic carbon (OPyC) layer was
studied. The dimensional changes and fission gas release of the fuel particle
layers were calculated. Residual pores on the SiC layer can affect the stress
distribution of the coated layers. The residual pores, especially the tetrahedrons,
may be the source of cracks in the SiC layer, which can break or cause the loss of
the capacity of the SiC layer. Residual pores have little influence on the stress
distribution of the IPyC and OPyC layers.
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Introduction

Tristructural isotropic (TRISO) particles have been chosen as reactor fuel in various
kinds of reactors, including thorium high-temperature reactors (THTR-300s) and high-
temperature gas-cooled reactors (HTGRs) (Powers and Wirth, 2010; Besmann et al.,
2014). A 10 MWth prototype pebble bed high-temperature reactor (HTR-10) built in
China applied TRISO particles with UO, kernels as a fuel element. At the same time,
TRISO particles were fabricated as fully ceramic microencapsulated fuel (FCM™), and
their application in light water reactors (LWRs) has been investigated. FCM™ fuel was
deemed to improve the safety of LWRs by increasing the capacity of fission products and
decreasing the release of fission gas. TRISO particles were applied in LWRs using uranium
nitride (UN) as a kernel in order to increase the fissile loading (Ross and Matthews, 1988;
Terrani et al., 2012; Xin et al., 2019). The performance of TRISO particles used in LWRs
has been studied, and the result indicated that the failure of the SiC layer coating in TRISO
particles was about 4 x 107,

A TRISO particle is a spherically multicoated composite with a diameter of
approximately about 1 mm. A TRISO particle consists of a fuel kernel (typically an
oxide, carbide or oxicarbide), a porous graphite buffer layer (buffer), a dense inner
pyrolytic carbon layer (IPyC), a silicon carbide layer (SiC), and a dense outer pyrolytic
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carbon layer (OPyC). The coated layers play different roles. A
buffer layer accommodates kernel deformation and provides
space for fission gas (Miller et al.,, 2003; Besmann et al., 2012;
Hales et al., 2013; Besmann et al., 2014). The IPyC layer protects
the SiC from chemical attack and offers a deposition surface for
the SiC layer. The SiC layer is the most important mechanical
structure, as it behaves as a miniature pressure vessel and
contains the fission product. The OPyC layer reduces tensile
stress in the SiC layer (Li et al., 2018). The SiC layer bears the
inner pressure produced by fission gas and the reaction between
the kernel and the buffer layers and resists the diffusion of the
fission product. The failure probability may be an important
criterion for the safety evaluation of TRISO particles (Sen et al.,
2013; Chen et al., 2019).

The in-pile performance of TRISO particles has been
studied in recent decades under both normal operations
and accident conditions. Many software programs have
been exploited to simulate the behavior of TRISO particles
used in HTGRs, such as PARFUME, PASTA, ATLAS,
STRESS3, and TIMCOAT. The recommended material
properties have been summarized in the software
mentioned above (Powers and Wirth, 2010). The fission
gas release,
distribution, and

deformation of coated layers, stress
failure mechanisms have been
investigated. Two kinds of models were established,
including a 1D and a 3D model. The PARFUME code,
pioneered by Miller at the Idaho National Laboratory
(INL), is a 1D model that can calculate the internal
pressure, heat transfer, and stress distribution. Similar
codes, such as TIMCOAT and PASTA, are also 1D
models, and the gap between the IPyC and buffer layers
can be calculated. A three-dimensional finite element method
(such as ABAQUS and COMSOL software) is used to analyze
the performance of TRISO particles, including the steady
state and accident conditions (Miller et al., 2003; Collin,
2014; Liu et al., 2014). The effect of fabrication defects on the
performance was studied, including the aspherical coated
layer and the localized thinning of the SiC layer. The result
indicates that fabrication defects increase the tangential
stress of the coated layers, and the failure probability
increases at the same time. Residual pores formed during
the chemical vapor deposition (CVD) process (Snead et al.,
2014; Liu et al., 2015). Residual pores have different
structures, including spherical pores, ellipsoidal pores, and
irregular pores. The effect of residual pores on the in-pile
performance of TRISO particles was not discussed.

The current study estimates the effect of residual pores with
different structures on the performance of TRISO particles. The
fission gas release and deformation of the coated layer were
investigated. The stress distribution of the coated layer was
simulated by considering the irradiation deformation in
pyrolytic carbon and SiC layers.

Frontiers in Materials

10.3389/fmats.2022.1072255

Kemel (800pm)
Symmetry Buffer layer (100pum)
boundary IPyC layer (30pm)

condition
SiC layer (40pm)

OPyC layer (30um)

FIGURE 1
Schematic diagram of a characteristic TRISO particle.

Material and behavior models
Material properties

The material properties used to simulate the performance of
TRISO particles have been summarized in literature (Powers and
Wirth, 2010; Collin, 2014), including the fuel kernel, PyC layer,
buffer layer, and SiC layer. The main properties of the UO, kernel
considered in this paper are thermal conductivity and irradiation
swelling, which can affect the deformation and temperature
distribution. The thermal conductivity of the UO, kernel after
irradiation was modified based on its connectivity before
irradiation. The thermal conductivity before irradiation can be
written as follows:

1
0.0375 +2.165 x 10T

4.715 x 10° 16361
(A7 0 (18

ko (Wm K1) =

T2

where T is the temperature (K).
The thermal conductivity of the irradiated UO, kernel can be
modified as follows:

kvo,(Wm™K™') =k, -FD-FP-FM - FR, )

where ko (W/m/K) is the thermal conductivity of the UO, kernel
before irradiation, expressed as Formula I.

FD is the factor of solved fission product, expressed as
Formula 3; FP is the factor of sedimentary fission product,
expressed as Formula 4; FM is the influence factor of porosity
and can be expressed as Formula 5; FR is the influence factor of
irradiation and can be expressed as Formula 6.

-1
1.0 0.064 1.09  0.0643
FD:[—9+—3\/T]artan[< —\/T) ],

Bu3.265 - /Bu BM3A265 + 1(Bu

(3)
0.019Bu .
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FIGURE 2
Microstructure of typical pores in the SiC layer.

~ 0.2
1+ exp[(T - 900)/80]

FR=1

(6)

where Bu is burnup (%FIMA), T is the temperature (K), P is the
porosity (%), and s is the shape factor with a value of 0.5.

The irradiation swelling of the UO, kernel consists of solid
and gas fission products. The solid and gas product swelling can
be written as:

. dB
Viia (%]s) = 5.577 10‘5pUOZd—:’, @)
Vigas (%/s) = 1.96 x 10~ exp[-0.162 (2800 — T)] (2800 — T)"”
dBu
eXp(—O.Ol78pUOzBu)pUO2?, (8)

where V4 and Vgas are the swelling rate contributed by the
solid and gas products, respectively, pyo, is the density of UO,
kernel (kg/m®), Bu is burnup (%FIMA), and s is the time (s).

Young’s modulus of the pyrolytic carbon layer in TRISO
particle can be expressed as follows:

Epyc = 25.5(0.384 +0.000324p,, ) (0.481 + 0.519BAF)
(1+0.239) (0.9560275 + 0.00015T), ©9)

where @ is the neutron flux (x10%* n/m?), p,,. is the density of the
PyC layer (kg/m?), and T is the temperature (K).
The irradiation deformation of PyC along radial and
tangential directions was written as follows:
¢ = —0.077 exp (—®) + 0.031, (10)
¢ = —0.036 exp (—2.1D) — 0.01, (11)

where @ is the neutron flux (x10%° n/m?) and é, and &g are the
radial and tangential irradiation deformation, respectively.
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FIGURE 3
Dimensional variation of the kernel and coated layers.

The irradiation creep rate of PyC layers along the radial
direction can be written as follows, and the creep rate along other
directions can be expressed by Formula 12.

écr,r = K[Gl - Ve (02 + 03)](1)) (12)

where @ is the neutron flux (x10** n/m?), and v, is the Poisson

ratio (the value is 0.5 for both dense and bulffer creep rates). K is

the creep constant (m*n~"-MPa":s™"), which can be expressed as
follows:

K =2K,[1+2.38(1.9-p,)], (13)

Ko = 1.996 x 107% — 4.415 x 10T + 3.6544 x 107°T?%, (14)
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FIGURE 4
Variation of the amount of gas released from a TRISO particle
with neutron flux.

where T is the temperature (°C), and p, is the initial density
(g/cm’?).

The SiC layer is the main protective screen for resisting the
fission gas release. The elastic modulus, thermal conductivity,
and thermal expansion can be written as follows:

Egic = (432 x 10° — 0.0741 x 10°T + 1.541

x 107'T? - 5.4 x 107*T?) exp (-3.12P),  (15)
&w=<058_15%4x1m+12Wx1W_13%8x1W>U_PL
T T? T
(16)
a=3.438x 107 +1.194 x 107°T - 2.057 x 10°°T%,  (17)

where P is the porosity with a value of 0.05, and T is the
temperature. The Poisson ratio is 0.13.

Fission gas release and failure probability
of SiC layer

The UO, kernel reacted with the buffer layer, and CO was
produced. The production amount of CO was calculated by the
Proksch model used in the literature (Besmann et al., 2014).

o 2

F- , 18
F (1.211 x 1010)108500/T (18)

where O/F is the release amount of CO, and T is the
temperature (K).

Recoil release and diffusion release were considered the main
release mechanisms for fission gas release, including Xe, Kr, and
He. Recoil release will be the predominant mechanism at low
temperatures, and the release portion of fission gas can be
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calculated from the following empirical equation (Besmann
et al.,, 2014):

1S

f— Eva, (19)

where fis the fission gas release portion, S is the superficial area of
fuel particle (m?), V is the volume of fuel particle (m?), and a is
the mean recoil range of fission gas atoms (m), and the mean
recoil ranges of Xe and Kr are 3.98 pm and 5.68um, respectively.
The main mechanism of fission gas release at high
temperatures is diffusion release. The Booth classical diffusion
model was employed in this study to compute the final release of
fission gas from loose pyrolytic carbon through the gap by the
diffusion mechanism. The effective diffusion coefficient of fission
gas atoms within the fuel grains can be set from the following
empirical relation (Miller and Petti, 2009; Zhang et al., 2020):

19164
D, = 6.66454 x 107 exp(—T),

(20)
where D, is the effective diffusion coefficient of fission gas atoms
within the fuel grains.

Demonstration problems
Geometry and boundary conditions

The performance of the TRISO particles was simulated by
establishing a 1/8 characteristic sphere unit. The fission gas
release, internal pressure, and stress distribution on the coated
layers were calculated. Figure 1 shows the calculation model
and boundary condition. Fast neutron fluence and burnup
were set to increase linearly with irradiation time, and the
values reached 18x10%° n/m” and 19% FIMA (fissions per
initial metal atom), respectively, at the end of life. The
temperature on the outer particle surface was set at 1200 K,
which was similar to the literature. The structure size of the
TRISO particle was set as follows: the diameter of the UO,
kernel was 800 um, and the thicknesses of the buffer, IPyC,
SiC, and OPyC layers were 100 um, 30 um, 40 pm, and 30 pm,
respectively.

Typical residual pores

A TRISO particle was fabricated, and the microstructure
was examined by SEM. The microstructure of the TRISO
particle is shown in Figure 2. Different kinds of residual
pores were found in the SiC layers, including spheres,
ovoids, and tetrahedrons. The average diameter of the
residual pore was about 2 um, but the largest one reached
4-5 pm. A residual pore may be the source of cracks in the
layer. Stress concentration occurred during operation time. In
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FIGURE 5
Contour plots of the tangential stress for a TRISO particle with different re

end of operation time.

end of the operation time, (C,D) are ovoid pores at the beginning and end of the operation time, (E,F) are the tetrahedral pores at the beginning and

sidual pore sizes. (A,B) are the spherical pores at the beginning and

order to show the influence of residual pores, the size of the
residual pore was amplified, and the size of the residual pore
with different shapes was set to 5 um in the calculated model.
To investigate the influence of residual pores on the
performance of TRISO particles, residual pores with
different shapes were created in the middle part of the SiC
layer in the model.

Frontiers in Materials 05

Results and discussion
Gap size and fission gas release
The deformation of the coated layers will cause a dimensional

change in the TRISO particle. A gap between the IPyC and the
buffer layer appeared during the irradiation process, which had
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Maximum hoop stress of the SiC layer with and without
residual pores.

been found in TRISO particles examined post-irradiation and
reported in the literature (Miller et al., 2003; Besmann et al,
2014). The gap size may increase the kernel temperature because
of the low thermal conductivity of the gap. The variation of gap
and coated layers size is shown in Figure 3. The buffer layer
shrinks rapidly at first due to the irradiation densification, which
is in agreement with the literature (Miller et al., 2003; Besmann
et al, 2014). At the same time, the IPyC layer shrinks due to the
irradiation deformation, as shown in Eqs 10 and 11. The IPyC
layer is pinned with the SiC layer, and no debonding occurs
between the two layers (Besmann et al.,, 2014). In contrast, the
IPyC layer and buffer layer debonded because of the deformation
of the two layers, and a gap was created. The gap size increased
rapidly at first because of the deformation of the buffer layer. The
maximum gap size was reached when the neutron flux reached
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FIGURE 7
Hoop stress curves of the IPyC and OPyC layers with neutron flux
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2x10* n/m? and the maximum value was about 23 um. Then the
gap size decreased with the increasing neutron flux due to the
swelling of the kernel and the deformation of the IPyC layer. This
phenomenon has been proved in previous work (Liu et al., 2019).

Figure 4 is the fission gas release of the TRISO particle. The
fission gasses of Xe, Kr, and He were calculated based on the recoil
and diffusion mechanism as shown in Eqs 19, 20. The internal
pressure was calculated by the van der Waals equation. The
amount of fission gas increased approximately linearly as the
fast neutron fluence increased. The largest amount of fission
gas was Xe. The diffusion distance of fission gas (grain size)
was set as 20 pum according to the literature (Liu et al,, 2019),
and the release amount was in agreement with the literature. The
release amounts of Xe, Kr, and He were 2.34 x 10 mol, 3.53 x
10° mol, and 2.27 x 10™ mol, respectively. The total fission gas
release amount was about 2.92 x 107* mol. Fission gas release can
increase the internal pressure of the TRISO particle, which may
cause the pressure vessel failure of the TRISO particle.

Effect of residual pore on the performance
of coated layers

Three residual pores with different structures, including
spheres, ovoids, and tetrahedrons, were found during the
fabrication process, as shown in Figure 2. The effect of

residual pores with the different structures on the
performance of TRISO particles was simulated by
establishing characteristic units with residual pores.

Figure 5 shows contour plots of the tangential stress for the
TRISO particles with different residual pore structures at the
beginning and end of operation time. Obvious stress
concentration occurred around the residual pore due to the
deformation of the coated layers during the operation process.
The tetrahedron pore suffered maximum stress due to the
stress concentration at the cusp part. The maximum stress was

—=— Non residual pore
—— Roundness pore
—— Oval pore

—— Tetrahedron pore

-50

T T
Q 2 4 6 8 10 12

Neutron flux (x10° n/m?)
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much higher at the end of operation time than at the
beginning.

Tangential stress curves of the SiC layer in TRISO particles with
different residual pore structures are shown in Figure 6. Hoop stress
has a similar variation trend for the SiC layer with and without
residual pores. Irradiation shrinkage occurred on the Pyc layer, and
that shrinkage applied compressive force on the SiC layer at the
beginning. The irradiation shrinkage and the compressive force
saturated at high neutron flux first, which decreased the hoop stress
of the SiC layer. SiC layer deformation occurred due to the swelling
and thermal expansion, and the hoop stress of the SiC layer
increased. The hoop stress increased with neutron flux, and the
maximum hoop stress reached about 8.0x10% n/m?, then the hoop
stress decreased with the increasing of neutron flux. The hoop stress
was stable when the neutron flux was greater than 8.0x10* n/m”.
This phenomenon was caused by the deformation of the Pyc layers.
The deformation and hoop stress of the coated layers is steady at
irradiation anaphase. Residual pores increased the hoop stress of the
SiC layer significantly. The SiC layer with a tetrahedron pore
possessed the highest hoop stress due to the stress concentration
at the cutting edge of the tetrahedron pore. The maximum hoop
stress of the SiC layer with a tetrahedron pore was up to 500 MPa,
which may break the SiC layer.

The hoop stress curves of IPyC and OPyC layers are shown in
Figure 7. All kinds of residual pores can dramatically increase the
hoop stress of IPyC and OPyC layers; however, the influence of
residual pore structure was limited. The maximum hoop stress of
the IPyC layers with and without a residual pore was 450 MPa
and 300 MPa, respectively, which was larger than the strength of
the IPyC layer. Larger hoop stress may cause a broken IPyC layer.
The maximum hoop stress of the OPyC layer increased from
130 MPa to 200 MPa when the residual pore appeared. The
influence of the residual pore structure on the stress condition
of IPyC and OPyC layers was minor.

Conclusion

The effect of residual pore structure on the performance of
TRISO was simulated using COMSOL software. A gap between
the IPyC and the buffer layer appeared, and the gap size increased
with neutron flux; the maximum size reached 23 um when the
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