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Abstract

Modern industry has become increasingly reliant on composite materials for a variety of
applications, and the nuclear industry is no exception to this. Among the materials being
researched as Enhanced Accident Tolerant Fuels, ceramic matrix composites such as SiC-
fiber-reinforced SiC (SiC¢/SiC) figure as some prime candidates due to their excellent high
temperature performances. SiC¢/SiC so far shows adequate nuclear, mechanical and
chemical properties; still, the thermal properties need further investigation.

The thermal behavior of a material is an important factor for its performance as a nuclear
fuel cladding, i.e. the first barrier encapsulating the fuel pellets. Many features determine the
resulting properties of composite materials, such as matrix and fiber reinforcement
properties and orientation, void fraction, and pore morphology. This study establishes a
methodology to study the physical properties of composite materials and applies it to
SiC¢/SiC. A FEM model is used to characterize the thermal properties of a fundamental
SiC¢/SiC element, referred to as a “unit cell”, with the objective of accurately predicting the
thermal properties of this complex class of materials where experimental data is often
difficult to obtain. The unit cell is built based on data acquired with high-resolution
tomographic microscopy performed at the TOMCAT beamline of the Swiss Light Source.
By using phase-retrieval prior to tomographic reconstruction, the pores, fibers and matrix
that compose the material can be distinguished in the data analysis. The separated
information is processed to obtain geometrical information about the individual pores and
fibers, which is then used to parametrize them as cylindrical objects. This allows
constructing a FEM model of a cubic unit cell that is used to extract the effective thermal
properties of SiC¢/SiC. The analysis scheme includes steady-state and dynamic thermal
transport simulations, which yield directional effective thermal conductivity and diffusivity
values, respectively. Both modes of analysis show isotropic thermal conductivity values in
the range of 71 W/m/K at room temperature, more than three times that of currently
employed nuclear cladding materials.

Combining these results with the data on the larger structural features of the material will
lead to realistic results on the macroscopic thermal properties.
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1 INTRODUCTION

The reality of climate change creates an ever-growing need for a restructuring of the energy
industry, with low-carbon sources at its core. Despite having an excellent safety and
operational record [1], nuclear energy is not endorsed everywhere as public opinion has been
deeply influenced by the nuclear accident that took place in Fukushima, Japan, in March
2011, triggered by a catastrophic combination of an earthquake and tsunami.

After extended exposure to high temperature, the cladding material (a Zr alloy by the name
of “Zircaloy”) underwent the well-known breakaway oxidation that leads to an increase of
hydrogen production, which caused the explosion in the reactor building.

In order to prevent or reduce the production of combustible gas in accidental conditions, a
branch of the research on nuclear materials focuses on alternative materials for fuel and
cladding, called “Accident Tolerant Fuels” (ATFs) [2]. This line of research has received
renewed support after the Fukushima accident. This line of research has received renewed
support after the Fukushima accident. There are several ATF concepts for both new fuels
and fuel claddings [1], [3]. They can be categorized as “evolutionary”, when they try to
improve on currently employed materials (e.g. Cr-coated Zr cladding), or “revolutionary”,
when they propose to replace mature solution with a breakthrough materials (e.g. SiC¢#/SiC,
a ceramic matrix composite (CMC) consisting of a SiC matrix reinforced by SiC fibers).
This study is part of a research project for the thermophysical characterization of SiC¢/SiC,
a revolutionary ATF cladding concept with a particularly complex internal structure
compared to metallic claddings. In the broader context of composite material research, this
study also aims to establish a methodology for the physical characterization of composite
materials based on a combination of tomography and Finite Element Method (FEM)
modelling. While SiC has a history of use in the nuclear industry [4] and adequate nuclear
and mechanical properties, its thermal properties are still under investigation. In particular,
thermal conductivity of the cladding material is a key property in determining the efficiency
with which heat can be transferred from the nuclear fuel pellets to the cooling water. The
thermal conductivity of monolithic SiC is very high, up to 400 W/m/K depending on the
microstructure and purity [5], however in the case of the composite SiC the introduction of
fibers generates a complex network of intra/inter yarns porosity and various interfaces which
significantly affect the thermal properties.

Detailed information on the internal structure could greatly improve our understanding of
SiC¢/SiC composites. In this study, synchrotron tomographic microscopy at the TOMCAT
beamline of the Swiss Light Source (SLS) is employed to reconstruct the internal features of
this material in high resolution. The results are processed to create a microscopic sample of
the material, referred to as the “unit cell”, which is characterized with a FEM model. Two
modes of analysis are proposed: the steady state analysis, where the unit cell’s equilibrium
under fixed thermal loads is studied, and transient analysis, which is modelled after a laser
flash experiment, where the propagation of a thermal pulse in the unit cell is measured. Both
methods are aimed at reconstructing the effective thermal conductivity of the material.



The characterization of the unit cell is one step in an extensive study of the material. This
includes macroscopic simulations to evaluate the response at characteristic lengths of the
cladding thickness, and the development of an experimental setup for the thermophysical
characterization of tubular samples, which will be used to validate the results of the
simulations.

2 MATERIALS AND METHODS

2.1Sample characteristics

The material under investigation is CMC SiC, reinforced by Hi-Nicalon Type S (HNS) SiC
fibers, deemed to be of nuclear-grade fibers which present high thermal stability, high creep
and oxidation resistance [6]. The mean diameter of the fibers is 13 um, they are covered with
a Pyrolytic Carbon (PyC) coating of about 30 nm to mechanically separate them from the
matrix. In the first step of the production, the fibers are shaped into a cylindrical preform
with two non-interlocked layers: a first layer of helical wound fibers at a + 45° angle with
the tube’s axis and a second layer of 2D braided fibers again with a + 45° angle with the
tube’s axis. Afterwards, the SiC matrix is densified by Chemical Vapor Infiltration (CVI)
before applying internal and external smoothing surface treatments. More details on the
manufacturing process are given by Braun et al. [7]. The final product is a dense solid tube
with reinforcement having a certain level of porosity, evaluated at 6.1% for the sample
characterized in this study. This material design is jointly developed and produced by CEA
with the support of Framatome. Advances in recent years have enabled the production of a
new generation of CVI-SiC¢/SiC composites exhibiting a lower porosity. A picture of the
analyzed sample is shown in Figure 1.

Figure 1: SiCy/SiC sample analyzed in this study.

2.2Synchrotron tomographic microscopy

Synchrotron tomographic microscopy at the TOMCAT beamline of the Swiss Light Source
was used to investigate the internal structure, with the additional use of propagation-based
phase contrast [8]. With this technique, it is possible to increase contrast exploiting not only
X-ray absorption differences, but also the phase shift induced on the beam by interfaces in
the sample, allowing to reconstruct even small density variations in the materials. The
feasibility of discriminating between fiber and matrix in this material has already been
reported in literature [9]. Leveraging on phase contrast is crucial to clearly differentiate the
matrix, the fibers and the pores in the material, as seen in Figure 2. In this study, we consider
the results of the scans taken at a 10x magnification at the beamline, which corresponds to a
pixel size of 0.65 pm/px. These scans were performed with a photon energy of 25 keV and
ameasurement time per projection of 300 ms. For each scan, 1001 projections were acquired.
This resolution allows to fully reconstruct the fibers and the majority of the pores, but it may
not resolve sub-micron features at the matrix-fiber interface.



r% ? LSl BN S e
Figure 2: Tomography reconstruction image of the SiCy/SiC sample. A contrast-enhanced close up shows the fibers and
the pores clearly.
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The open-source software Fiji was used to process the images [10]. A selected square region,
with a side of ca. 100 um, was cut out for 150 images in the stack, and the contrast adjusted
to maximize the visibility of the fibers. The segmentation was performed with the Trainable
Weka Segmentation tool in the Fiji toolset [11]. This plugin is based on the Weka machine
learning package, and it allows to apply machine learning to the task. By manually
populating three classes with the regions in the image corresponding to pores, fibers and
matrix, a classifier is trained to automatically separate the three materials in the image.
Multiple training parameters can be specified, concerning edge detection, noise reduction
and membrane reconstruction. The training has been repeated multiple times, by correcting
the errors in the segmentation, until no noticeable improvement in the result was visible. The
segmentation produces an image in three colors, one for each class entered by the user, which
can then be further decomposed with Fiji into three separate binary images, containing the
individual data for each class (Figure 3).



Figure 3: Example of the application of the WEKA segmentation. The input image is processed by the machine learning
algorithms, which classify the pixels as belonging to pores (red), fibers (green) or the matrix (magenta). The resulting
tricolored image can then be split into three binary images with information solely on one specific phase.

2.3Reconstructing 3D objects

The objective of the image processing is to prepare data sets that can be used to create a unit
cell of SiC¢/SiC, which can be processed in FEM simulations. In our approach, pores and
fibers are replaced with parametrized 3D shapes. Both pores and fibers in the material,
specifically inside a fiber bundle, are very elongated and exhibit little variation in the
diameter, as shown in Figure 4. For these reasons, cylinders are deemed adequate
representations of pores and fibers.

A) B)
* 3

Figure 4: Three dimensional renderings of the internal features of the material: A) pores; B) fibers.

Two Python scripts were developed to reconstruct the pores and fibers as individual objects
and to measure their geometrical characteristics. This provides dimensions, position and
orientation values with which equivalent cylinders can be created.

The first script analyzes a stack of images, to group together voxels belonging to the same
object, be it a pore or a fiber. To start, it analyzes the first image in the stack, and groups



together adjacent voxels, creating the first set of individual objects. Then, it continues to the
next image, where the process is repeated. The script then checks for the presence of
overlapping objects in the two images. If there are any, they are condensed into a single
entity. The two object lists are cross-checked multiple times, to ensure that bifurcating pores
are reconstructed correctly. Once this step is finished, the script continues loading and
processing the next images in the stack until there are no more, and the pores and fibers are
reconstructed fully as 3D entities, represented by a collection of Cartesian coordinates for
voxels they are made of.

The second script analyses the 3D objects with singular value decomposition, returning the
main orientation. The determined direction is then used to measure the length, width, and
orientation angle of the object, as well as end points that would serve as extremities of the
central axis of a cylinder.

2.4FEM model

The system is modelled and meshed with GMSH, an open-source 3D mesh generator [12].
The results of the analysis code can be used to build an input file, which instructs the software
on how to build a cube for the SiC matrix body and cylinders for pores and fibers. The
volumes for the latter features are then subtracted with a Boolean operation from the cube,
to avoid overlapping volumes of different bodies. The resulting mesh is shown in Figure 5.
It should be noted that the smaller, spherical pores, of less than 100 voxels in size (ca. 3 pm
in diameter if approximated as spheres), are not modelled directly as cylinders. Instead, they
are homogenized in the matrix material, and treated as a reduction in the density and thermal
conductivity of the matrix based on Loeb’s relation [13]:

k= kpn(1l—vp),
)
where k,, is the thermal conductivity of the matrix material and v,, is the pore volume
fraction.

Matrix Fibérs Pores

Figure 5: Mesh structure of the FEM simulation. Three main materials make up the system: SiC matrix (modelled as a
cube with some volumes removed), SiC fibers (modelled as cylinders) and pores (modelled as cylinders).

Table 1: Physical parameters of the matrix, fibers and pores (assumed air filled) that are used in the FEM model of the
SiCy/SiC unit cell (data extracted from Ref [5], [14]).

k[W/m/K] plkg/m’] ¢ [/kg/K] @ 300 K




Matrix 90 3215 692
Fibers 18.4 3100 692
Pores 0.024 1.225 1004

For the FEM simulation, the open-source multiphysical solver Elmer is used [15]. The three
materials that make up the unit cell are defined in the software with the parameters shown
in Table 1. The densities and thermal conductivities of the SiC matrix and fibers were taken
from [5] and [14] respectively. It should be noted that the specific heat of the matrix and
fibers is based on an interpolation of the experimental values found in the 1970 data book
[16]. The best fitting interpolation is found to be the root fit polynomial shown in equation

(2):

1 1
cp(T) =02-T—-179.0-T2 +896.9- T3 — 2271.5,

)
where ¢, is the specific heat expressed in W/m/K and the temperature is expressed in K.
This fit shows very good agreement with the reference data, with an R-squared value of
99.4% and no evidence of overfitting within the reference data range.
Individual bodies are defined for each fiber and pore, while a single body is created for the
matrix. The solver is called to solve equation “HeatSolverVec” in Elmer. This new solver
for the heat equation is designed to include the master-slave system with the Discontinuous
Galerkin method to treat heat transfer at an interface [17]. This method allows to impose a
virtual heat transfer coefficient a at an interface, which is used to model a resistance to heat
flow. The heat transfer coefficient is enforced as a boundary condition between the matrix
and the fiber material, and it is set equal to 10 W/m/K. This is consistent with the available
data on the thermal conductivity of a PyC coating [18], [19], and it reflects the impeding
nature of the interface. Indeed the PyC structure consists of parallel layers of graphene
planes, whose thermal conductivity is very high in-plane (hundreds of W/m/K) but much
lower out-of-plane (ca. 10 W/m/K). Given that the PyC interphase is deposited parallel to
the fibers, the conductivity through the interface would conform to the lower values.
It should be noted that with the small scale of the simulations, phonon ballistic phenomena
may play an important role, given the phonon mean free path of ca. 523 nm in 3C-SiC [20].
The accuracy of these simulations could thus be improved by implementing a model for
these phenomena, as Lee et al. do with the use of the Extended Finite Element Method [21].
Introducing models for poor matrix-fiber contact, as in Klett et al. [22], could complement
the model nicely, by including more features that can cause phonon scattering and by
allowing to account for any unresolved structure at the fiber-matrix interface.
The pores are assumed to be air-filled at atmospheric pressure. For this reason, it is important
to determine the active modes of heat transfer through them. By calculating the Rayleigh
number Ra, it is possible to determine whether the condition for stability of convection is
met. For parallel infinite planes, this occurs for Ra > 1708 [23]. This number can be
calculated with equation (3):

Ray = LL(1, —Typ) - 23,

3)

where the parameters represent:
e g : gravity of Earth = 9.81 m/s?

B : thermal expansion coefficient (K1)
v : kinematic viscosity (m?/s)
a : thermal diffusivity (m?/s)
T : surface temperature (K)
Tins - quiescent temperature (K)



e x : characteristic length (m)
Table 2: Rayleigh number for various characteristic lengths.

x [pm] 1 10 100 1000

Ra, 5.6e-9 5.6e-6 5.6e-3 5.6 !

For a temperature difference of 50 K, which is more than expected for these small pores, the
Rayleigh number is calculated and tabulated for various characteristics lengths in Table 2. It
is shown that the critical value is reached for x = 6731.3 um. Given that the maximum width
and length of the analyzed pores are respectively 39 pm and 298 um, convection can be
considered negligible. Thus, heat transfer is modelled solely with conduction and radiative
heat transfer, the latter using diffuse grey radiation.

2.5Modes of analysis

Based on the usual practices described in [24]-[26], two modes of analysis of the unit cell
are proposed. The first mode is a steady state analysis of the thermal equilibrium. A heat
flux boundary condition of 10> W/m? is set on one side of the cubic unit cell (leading to
approximately 1 W of total power on that surface), while on the opposite side the temperature
is fixed at 273 K. All other surfaces are made adiabatic. By measuring the average
temperature at equilibrium on the two surfaces and rearranging Fourier’s law of heat
conduction, it is easily possible to calculate the thermal conductivity with equation (4):
ky = qx 2_;

4)
where k, is the thermal conductivity along the x-axis, g, is the heat flux term, Ax is the
distance between the two surfaces and AT is the temperature difference.

The second mode of analysis is a simulated laser flash experiment. Laser flash is a well-
established technique to measure the thermal diffusivity of a material. A thermal pulse is
initiated on one side of the unit cell, and on the opposite side the evolution of temperature in
time (i.e. the thermogram) is recorded. Based on the theory developed by Parker et al. [27],
it is possible to derive the thermal diffusivity @ of a material with the half-rise time t1 of the

2
q = 1.38L2
o w2ty |
2
(5)

where L is the distance between the heated surface and the rear-surface (where the
thermogram is recorded). The knowledge of the density p and the specific heat ¢, of the
material allow the determination of the effective thermal conductivity with equation (6):

k = apcy,

thermogram, by using equation (5):

(©)

3 RESULTS AND DISCUSSION



Figure 6: Volumetric rendering of the results obtained with a steady state simulation of the thermal behavior of the unit
cell, with several highlighted temperature isosurfaces. The cutout section shows the thermal barrier behavior of the pores
and fibers.

Table 3: Results of the steady-state (SS) and laser flash (LF) simulations of the thermal behavior of the SiCy/SiC unit cell.
The thermal conductivity is evaluated along the three main axes of the cell.

X Y Z

SS: key[W/m/K] 70.8 71.6 71.1
LF: keyg[Wm/K] 723 723 73.1

The results of the simulations are tabulated in Table 3 and rendered in Figure 6 with
ParaView [28]. The two modes of analysis employed provided consistent results, and both
show that the behavior along the considered directions is isotropic. The small differences
between the two sets of simulations might be caused by the difference in maximum
temperature obtained within them (482 K for the SS mode, 460 K for the LF), which leads
to slightly different values for the specific heat. Also, a sensitivity study was conducted to
determine the influence of the heat transfer coefficient o on the effective thermal
conductivity of the unit cell. The results show that it ranged between 69.6 W/m/K and 74.1
W/m/K, showing how little this parameter affects the overall properties of the material in
this specific simulation. Thus, for the microscopic unit cell, the results show thermal
conductivities more than three times higher than those of Zr-based claddings and other ATF
concepts such as FeCrAl [29], [30] providing additional margin to accommodate the
expected decrease under irradiation.
Overall, the thermal barrier effect from pores and fibers is identified in the volumetric
rendering, with a reduction of the conductivity of the matrix material between 20.4 % and
21.3 %. It is possible to compare these results with the upper bound of the rule of mixtures,
which assumes the material’s components to act as parallel thermal resistances, with
equation (7):
kepr = kmVim + vy + kpvy =57.1 —,
7)

where k; and v; represent the thermal conductivity and the volume fraction of each phase,
respectively. These values are calculated for this specific unit cell and listed in Table 4. The
share variation of each component in a slice stack of the material is also reported in Figure
7. The rule of mixtures underestimates the thermal conductivity of this material however,
due to the fact that it does not account for the radiative heat transfer that occurs through



pores and due to the high volume fraction of fibers, which may invalidate the assumption of
non-interacting dispersed phases.

Table 4: Volume fractions and thermal conductivities of the material’s components in the unit cell [5], [14].

Pores Fibers Matrix
v [%] 3.8 41.1 55.1
k [Wm/K] 0.024 18.4 90

Area % of pores, matrix and fibers
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Figure 7: Area percentage of pores matrix and fibers for 400 slices of material, with the same size and in the same
location as those used for the unit cell reconstruction.

The thermal conductivity of SiC¢/SiC is heavily dependent on fiber type and architecture,
matrix material properties, and characteristics of the interphase. There are large variations
in the reported room temperature thermal conductivity values, but they mostly lie in the
15 —25 W/m/K range, with few above 35 W/m/K or below 10 W/m/K [1], [14], [18], [31]—
[35]. Results pertaining to this specific material are described by Duquesne et al. [33]-[35],
with values in the 28 — 32 W/m/K range. The level of porosity strongly affects these results,
as shown by Tao and Wang [32]. Figure 8 shows the area-weighted pore size distribution in
the 2D tomography slices of the sample. The variety in pores sizes is a consequence of the
complex network related to the fibrous architecture, with pores forming both inside and in-
between fiber bundles during the matrix densification process. With this cubic unit cell, with
a 100 um side, the larger pores cannot be taken into account, thus a lower thermal
conductivity is expected when considering all features; this will be analyzed with a larger
model of the material in a future study.

Lastly, due to the resolution limit, there is a lack of information on sub-micron porosity that
might be present in the sample. In this model, the SiC matrix is assumed polycrystalline,
with small grain, but if it contained unresolved porosity, the matrix thermal conductivity
could be lower than assumed [5]. Still, thermoreflectance method has been used to probe the
thermal conductivity of the various components of SiC¢SiC, and the CVI matrix shows
values around 100 W/m/K at room temperature [ 18], which justifies our assumption.
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Histogram of porosity based on pore diameter
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Figure 8: Area-weighted pore diameter histogram, showing the contribution of each class of pores to the total porosity.

4 CONCLUSION

Synchrotron tomographic microscopy has been performed in order to investigate the internal
features of a SiC¢/SiC sample, with the purpose of using the data to build a unit cell of
material for FEM simulation. Several features of interest have been highlighted and
reconstructed as individual 3D objects with a Python reconstruction code. An analysis script
has been used to measure the geometrical parameters of these 3D objects, which are then
modelled as cylinders in the SiC¢/SiC unit cell. The unit cell has been characterized with two
modes of analysis, steady state thermal analysis and simulated laser flash.

The developed methodology for the thermophysical characterization of the material with
FEM simulations shows promising results. The final thermal conductivity values obtained
in this study are higher than the usual experimental results for this material [31], but it should
be noted that they are specifically focused on a microscopic unit cell, thus excluding the
significant effect of the large pores. Furthermore, the imposition of a fixed thermal effective
thermal conductivity at interface may not be sufficient to capture the complexity of phonon
scattering at this scale. Improvements in the implementation of the interface effect with
models for poor matrix-fiber contact and phonon ballistic phenomena may strongly improve
the physical fidelity of the model. Still, if confirmed, these would be very promising values
for a nuclear fuel cladding candidate. Finally, the work provided here offers an insight on
the determination of an equivalent transverse conductivity, which is an important step in
assessing the performance of SiC¢/SiC clad fuel rods.

This study will be used as a basis to build a macroscopic model of the behavior of the
material, where the bulk properties will correspond with the values obtained with the unit
cell characterization, and the large pores will be modelled directly. The results of the
macroscopic simulation will be validated with a future experiment that is currently under
development.
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