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SiC fiber-reinforced silicon matrix (SiC¢/SiC) composites are of significant interest for the aircraft engine. The thermal conductive
behaviors of [0-90-0]s SiC¢/SiC composites along in-plane and out-of-plane (thickness) directions were reported in this paper. The
thermal conductivity of the SiC¢/SiC composite was tested by using the steady-state measuring apparatus. Then, the thermal
conductivity of the SiC matrix was predicted by finite element analysis (FEA). The representative volume element (RVE) models of
SiC¢/SiC composites were built, and FEA was used to investigate thermal conductive behaviors. It was found that the thermal
conductivity along the fiber radial direction was greater than it was in the axial direction in the SiC¢/SiC composite and that the
thermal conductivity of the out-of-plane direction is lower than that of the in-plane one. The thermal conductivity of the SiC¢/SiC
composite in the in-plane direction at room temperature was 31.1 Wm 'K ' and 28.5 Wm 'K, and the thermal conductivity in
the thickness direction was 24.9 Wm™'K™'. The experimental thermal conductivity showed a good agreement with the thermal

conductivity of FEA.

1. Introduction

SiC fiber-reinforced SiC matrix (SiC¢/SiC) composites have
been widely used in many fields including aerospace and
aircraft, nuclear energy, and other fields due to their ex-
cellent properties, such as their high specific strength and
stiffness, high-temperature resistance, high mechanical
strength at high temperatures, and outstanding corrosion
resistance [1]. SiC/SiC composites are used in high thermo-
structural applications with long-time exposures compared
with other ceramic matrix composites (CMCs) [2]. These
composites are often used as ideal hot-end components, and
their temperature distribution under high-temperature
conditions needs to be predicted during design. There-
fore, the accurate evaluation of the thermal conductivity of
the SiC¢/SiC composite is of great significance in un-
derstanding and designing SiC¢/SiC composites.

The thermal conductivity of SiC¢SiC composites is
anisotropic, due to their fiber architecture. There are many
methods for measuring the thermal conductivity of

anisotropic materials, such as the steady-state thermal
reflectivity method [3], the transient plane source method
[4, 5], the hot wire method [6], the steady-state protection
hot plate method [7], and other steady-state methods [8, 9].
Zhang et al. [10] used three methods to measure the an-
isotropic thermal conductivity of CMCs. The thermal
conductivity of the 200 mm x 200 mm X 15mm sample in
thickness was measured by the steady-state method, then,
the sample was cut into very thin strips, and the in-plane
thermal conductivity was measured after recombination.
The thermal conductivity of the 50 mm x 50 mm x 15 mm
samples was measured by the transient plane source (TPS)
method. The hot wire method was used to measure the
equivalent thermal conductivity in the plane perpendicular
to the hot wire, and the thermal conductivity in the in-plane
direction and the thickness direction was calculated by the
formula. By comparison, the maximum deviation of the
steady-state measurement method compared with the
transient measurement of thermal conductivity was 18.1%.
With the development of numerical research, the
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representative volume element (RVE) model was proposed
for the CMC composite, and thermal conductivity was
studied by numerical methods based on the RVE model.
Through the comparison of experimental and numerical
results, it was verified that the RVE model numerically
predicts the thermal conductivity of CMC feasibility.
Penide-Fernandez and Sansoz [11] measured 40 samples
with a thickness of 0.55mm and an area of 40 mm? by the
TPS method, obtained the thermal conductivity with a two-
dimensional braided ceramic fiber, and then compared the
thermal conductivity obtained by the FEA with the exper-
imental results. It is proposed that the accuracy of material
geometry can effectively obtain the anisotropic thermal
conductivity by FEA. Kai Dong et al. [12] used the steady-
state method to measure the in-plane thermal conductivity
of CMCs and the TPS method to measure the thermal
conductivity in the thickness direction. Then, they used the
FEA to compare the FEA results and the experimental
measurement results. The experimental result showed
a good agreement with those of FEA.

It is a normal method that established an RVE model for
predicting CMCs thermal conductivity by FEA [13-16]. The
FEA method needs the thermal conductivity of the fibers,
interface layer, and matrix. The fact is that the thermal
conductivity of a matrix changes and is hard to measure. The
manufacturing process of CMCs includes hot pressing (HP),
spark plasma sintering (SPS), and nonsintering techniques
including chemical vapor infiltration (CVI), reactive melt
infiltration (RMI), and precursor infiltration and pyrolysis
(PIP) [17]. The properties of CMCs are related to the
manufacturing process, and there are certain differences in
the thermal conductivity of SiC¢/SiC composites prepared by
different processes. SiC/SiC composites have different levels
of pores and other impurities in the SiC matrix due to
different manufacturing processes. Cho and Kim [18]
studied the effects of different grain sizes, lattice oxygen
content, and a-SiC content on the thermal conductivity of
SiC ceramics, and it can be seen from the comparison of
measurement results that the thermal conductivity of SiC
ceramics is between 55 W/(mK) and 225 W/(mK). Li et al.
[19] studied the property changes of SiC ceramic materials
by combining stereolithography with reactive melt perme-
ation technology. The results show that the higher the
concentration of phenolic resin solution during the
manufacturing process, the higher the thermal conductivity
of the sintered SiC ceramic. Wang et al. [20] established an
RVE model for a SiC¢/SiC composite. Then, they studied the
effect of porosity on the calculation of effective thermal
conductivity of continuous SiC fiber-reinforced SiC matrix
composites by the finite element method. Therefore, the
thermal conductivity of the SiC matrix must be obtained
before using the FEA method to predict the thermal con-
ductivity of any SiC/SiC composites. However, present
studies have rarely considered differences in the thermal
conductivity of the SiC matrix for using the FEA method.

The proportions of components in the manufacturing
process of SiC¢/SiC composites, fiber-weaving methods, and
manufacturing processes will affect the thermal conductivity
of CMCs. Presently, some research reported the thermal
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conductivity of some SiC¢/SiC composites, but it is not
enough to know the law of thermal conductivity of SiC¢/SiC
composites. Pek et al. [21] used the time-domain thermal
response rate (TDTR) method to measure the thermal
conductivity distribution of SiC¢/SiC composites and ob-
tained the thermal conductivity at 1000°C as 29 Wm™'K™' by
taking the weighted average. Hye-gyu and Wooseok [22]
established an RVE model for 3D braided SiC¢/SiC com-
posites and predicted thermal conductivity using the finite
element method.

In this study, the thermal conductivity of laminated [0-
90-0]s SiC¢/SiC composites in-plane and out-of-plane di-
rections was measured by the steady-state method. An
improved FEA thermal conductivity prediction method was
proposed. The improved FEA method needs to measure the
thermal conductivity in one direction. First, the thermal
conductivity of the SiC matrix was predicted, and then, the
anisotropic thermal conductivity of SiC¢/SiC composites was
predicted. Comparing the experimental results with the
numerical simulation results, the feasibility of the method
combining experiment and numerical simulations was
verified for predicting the thermal conductivity of the SiC¢/
SiC composite. There are two methods to research the
thermal conductivity of composites, experiment and FEA
methods. Generally, experiment methods need to fabricate
the special sample, but the sample is hard to make. The FEA
method needs the geometry model and the thermal con-
ductivity of the fibers, interface layer, and matrix. The
thermal conductivity of the SiC matrix is uncertain, due to
the impurity like Si and others and voids. Combining these
two methods in this paper can simplify the experiment and
predict the thermal conductivity of CMCs more accurately.
In addition, the anisotropic thermal conductivity of a SiC¢/
SiC composite fabricated by the melt infiltration (MI)
method was reported.

2. Material and Experimental Procedure

2.1. Composite Material. In this study, the samples of
a square plate with a thickness of 3.5mm and a length of
110mm were fabricated by the melt infiltration (MI)
method. The volume fraction of the SiC fibers added in the
SiC matrix is 24%, and the average diameter of fibers is
10.9 ym. By counting the SEM results, the average interface
layer thickness is 0.3 ym. The interface layer, which connects
the fiber and matrix, plays an important role in determining
the properties of the composites. Pyrolytic carbon (PyC) and
hexagonal boron nitride (h-BN) are considered the effective
interface layers for SiC¢/SiC composites thanks to their
layered microstructure. However, the PyC interface layer is
easily oxidized in the oxidizing atmosphere even at lower
temperatures, resulting in the degradation of the mechanical
properties of SiC¢/SiC composites. The BN interface layer
will effectively improve the oxidation resistance of SiC¢/SiC
composites [23]. A thin boron nitride (BN) interphase
produced was deposited first on the surfaces of SiC fibers by
the chemical vapor infiltration (CVI) process. The coated
SiC fibers were then wetted with phenolic resin to transform
into SiC prepregs. The prepregs obtained green bodies via
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thermal curing of the phenolic resin. The green bodies were
subsequently pyrolyzed to convert the phenolic resin into
a carbon source, which was used for the following silicon
infiltration process to form a SiC matrix by reaction of
carbon with silicon.

The fiber architecture was cross-ply [0°-90°-0°]s. Figure 1
shows an SEM image of the local section of the SiC¢/SiC
composites. The direction of the white arrow is the out-of-
plane direction in the image. The SEM image shows the fiber
architecture with whole [0°-90°-0°]. Fibers between white
dashed lines are horizontal, and other fibers are perpen-
dicular to the image. Figure 2 shows a schematic of the
architecture of the sample. The architecture is cross-ply [0-
90°-0°]s. L is a thickness direction, and 0° and 90° are in-
plane directions.

2.2. Experimental Apparatus. The SiC¢/SiC composite has
hard processing performance rates, but measuring the an-
isotropic thermal conductivity with normal measuring
methods needs processing it to standard shape and size. To
measure the thermal conductivity of the sample, a one-
dimensional steady-state thermal conductivity measure-
ment device was designed. In this study, all the testing works
were conducted in the self-designed apparatus based on
ASTM C201-93 [24]. The measurement was divided into the
thermal conductivity in the out-of-plane direction (the
thickness direction) and the in-plane direction. The heat
flow loading direction was different along in-plane and
thickness, so there were two heating chambers to be
designed for the sample. The device measuring the thickness
direction has already been calibrated by room temperature
thermal conductivity using the flash method, and the device
measuring the out-of-plane direction has been amended. As
shown in Figure 3(a), the apparatus is used for measuring the
thermal conductivity of the in-plane direction, and
Figure 3(b) shows the heating chamber for measuring the
out-of-plane direction. The apparatus mainly consists of
a personal computer, an adjustable DC power supply,
a converter, a water pump, a voltmeter, a temperature
monitoring instrument, a circulating cooling water system,
and two heating chambers. These chambers were composed
of aluminum silicate fiber ceramic fiber insulation, which
can effectively prevent the heat from diffusing into the
outside air.

The schematic of chambers is shown in Figure 4(a),
which was used for measuring the in-plane direction. Two
samples were fixed in the chamber. The heating unit
comprised a heat strip clamped between sample A and
sample B, and the two sides of the sample were clamped
using copper plates. The water-cooled plate was arranged on
the other side of the copper plate, and the heat generated by
the heat trip was taken away by circulating water. The
current during the experiment was displayed by an ad-
justable DC power supply, and the voltage was measured in
an electric heat strip with a voltmeter attached to the im-
mediate end of the sample. The temperature distribution of
the sample surface was measured by using 12 thermometers
during heating. There were 4 thermometers on the upper
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FIGUure 1: SEM image of the sample.

FIGURE 2: Schematic of the architecture of the sample.

surface of sample A and sample B and the lower surface of
sample A. Thermometers were evenly arranged along the
center line. Figure 4(b) shows the measurement of the out-
of-plane direction. The sample was fixed in the chamber.
Sample and heating unit aluminum of the same size was
champed by using the guard board and copper board. There
was a thermometer on the upper and lower surfaces and
surface of the guard board. Each thermometer was in the
center.

During sample assembly, all contact surfaces along heat
flow were coated with thermal grease, eliminating contact
gaps and reducing errors. The loading unit is adjusted until
the results of the thermometer have no influence on the
sample. During the measurement, the current and voltage of
the DC power supply were adjusted to the output power, so
the heating unit produced heat flow. The heat flows out of
the sample from the heating unit to the cold plate.

During the measurement, the heat transfer rate was
constant. The heat transfer rate was determined by the
voltage and the current at the contact position between the
heating part and the sample. The calculation formula of the
heat flux g on the heating interface was

UI
=7 (1
where q was heat flux, W/m?; U was the voltage between heat
strip, V; I was the current intensity, A; and A was the area of
heating, m”.

Figure 5 shows the arrangement of the thermometers
measuring the temperature thermal conductivity of the in-

plane. The position next to the heating unit was the starting
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A-PC F-Temperature monitoring instrument

B-DC power supply G1-Heating chamber of out of plane direction
C-Converter G2-Heating chamber of thickness direction
D-Water pump H-Water poll

E-Voltmeter
(a) (b)

FIGURE 3: Thermal conductivity measurement apparatus.
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FIGURE 4: Schematic of the chambers: (a) in-plane measurement; (b) out-of-plane measurement.
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FIGURE 5: The PT100 probes on the sample in-plane direction.
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point, the position next to the copper board was the end-
point, and four thermometers were arranged evenly along
the center line of the sample surface. In addition, the four
thermometers were also arranged on the lower surface of
a sample. As shown in Figure 6, the aluminum plate was
a heating unit, and the area of the aluminum plate is the
same as the size of the sample. One side of the aluminum
plate was pasted with a heating film, and a groove was
present in the surface which was connected with the sample;
the thermometer was in the groove. During the sample
assembly process, the aluminum plate was filled with
thermal grease to eliminate the influence of the gap on the
measurement.

When measuring the thermal conductivity in the
thickness direction, the electric heating film generates
a stable heat transfer rate along the thickness direction. At
the same time, it keeps the guard temperature equal to the
temperature of the sample surface of the heating side. The
heat transfer rate flows through the aluminum plate to
generate a uniform heat flux. After the uniform heat flux
flowed through the sample, a difference in temperature
between the surface of the hot side and the cold side of the
sample was generated. The heat was taken away from the
water wall. The thermal conductivity in the measured
thickness direction was calculated according to Fourier’s law
using the following equation:

qé
LAY @
where A, was the thermal conductivity of in-plane,
Wm'K™'; § was the thickness of the sample, m; and At was
the temperature difference, °C.

When measuring the thermal conductivity in the in-
plane direction, the heating unit generated a stable heat
transfer rate and uniform heat flux along the in-plane di-
rection. The uniform heat flux equally flowed into sample A
and sample B. A difference in temperature was generated
along with the heat flux in samples. The heat is taken away
through the water-cooled wall. After heating reached
a steady state, a stable temperature field would be formed in
the sample, at which time the temperature data were
recorded. When heating reached a steady state, all the heat
entering the sample was lost. Ideally, the whole heat flowed
past samples along the direction of the heat flux, forming
a uniform temperature gradient in the sample along the
direction of the heat flux. In the actual measurement, the flat
sample will have heat dissipation on the other four faces, so
the surface temperature of the sample will decrease. The
measurement temperature will be smaller than the idealistic
temperature, and the resulting temperature gradient will
make the experimental measurement of thermal conduc-
tivity larger. When heat dissipation is too large, the mea-
sured thermal conductivity result will have a large error, and
surface heat dissipation cannot be ignored at this time. To
correct the temperature experiment error caused by surface
heat dissipation, the measured thermal conductivity was
corrected. Considering that the sample was a square plate,
the area of the heat dissipation surface in the direction of the

FIGURE 6: The heating plate of aluminum.

surface is much smaller than that of the heat dissipation faces
in the thickness direction. To simplify the analysis, we only
consider the heat dissipation from the heat dissipation faces
in the thickness direction. If there is no heat dissipation on
the surface of the sample, the temperature of the sample
along the x position on the surface will be uniform. The
temperature distribution along the x position can be
expressed by the temperature at the center section of the thin
plate, and the thermal conductivity of the sample along the
direction of the surface can be calculated through the surface
temperature distribution. If the surface had heat dissipation,
the surface temperature at any x position would be lower
than the medial temperature. The thermal conductivity of
the sample should be calculated according to the medial
temperature distribution of the center section of the sample.
Heat dissipation at any location can be determined by the
difference in temperature between the surface and the inside
of the sample. To simplify the analysis, the following as-
sumptions are made about the thermal conductivity of the
plate when measuring the thermal conductivity within the
sample surface:

(1) The heat loss density on the surface of the plate
decreases linearly along the x-direction

(2) The temperature of the upper and lower faces in the
thickness direction of the plate is equal

Based on the above hypotheses, the heat conduction of
the plate in the in-plane direction can be regarded as one-
dimensional steady-state heat conduction along the central
section of the plate. Figure 7(a) shows a schematic diagram
of the in-plane direction heat conduction of a single-sided
thin plate. The temperature of the upper and lower faces of
the plate is f,,,, and the temperature at the center of the plate
is tpnia- The temperature distribution in the plate can be
further simplified as one-dimensional heat conduction with
heat dissipation. Figure 7(b) shows a schematic diagram of
heat transfer in the plate. The heat dissipation on the upper
and lower surfaces of the plate is added to one-dimensional
heat conduction as an internal heat element. At any x po-
sition, the equation for heat conduction is written as follows:

Pty @
mid s 0 (3)

A2 T

where @; is the total heat lost from the surface, W.

In the measurement, the water wall could be regarded as
an isothermal wall, so the surface of the sample in contact
with the water wall was also an isothermal wall. At x=1L, it



could be known tyiq=tur Ps=0. According to the as-
sumption, ®; = 26k (L — x)Ldx (k; is a constant, k; >0).
Then, the temperature distribution at the central section can

be obtained:
R Ul k L2 x @
W A W ’

where A, is the thermal conductivity of in-plane, Wm™'K™";
to is the sample’s temperature at the original in the middle
section, “C.

Equation (5) can be obtained by transforming equation
(4). At x=0, equation (5) satisfies the one-dimensional
Fourier law, which is the thermal conductivity when mea-
suring temperature f,. As x increases, the thermal conduc-
tivity calculation needs to subtract the second term on the left
side of equation (5). Otherwise, the measured thermal con-
ductivity will be too large. This formula shows that there is
heat loss on the surface of the sample. With an increase of x,
the difference in temperature at the central section of the
sample will increase due to heat dissipation, so the correction
value of the measured thermal conductivity will also increase.
The thermal conductivity calculation does not need to sub-
tract errors due to heat loss only at the beginning of heating.
With the accumulation of heat loss along the heat flux di-
rection on the surface, the difference in temperature between
any two points along the heat flux direction will increase:

UI dx 2 X dx
A= Cp ) 5
x= 8L dt,, o < X z) dt, )

At any x position, it can be considered that the one-
dimensional energy conservation equation could be satisfied
in the Z direction. According to Assumption 2, the surface
temperature at any X position and the medial temperature
can satisfy the following equation:

K(L=x) g

= tmid - 4\
1

(6)

sur

The surface temperature distribution at any x position
can be described:

3
Ul k (sz_x>_k(L—x)8'

3 41,

A @

According to the above analysis, the thermal conduc-
tivity at x=0 was calculated by equation (7). The temper-
ature at the x=0 position was different when the heating
power was different, and the result was the thermal con-
ductivity of the sample at different temperatures. According
to the temperature distribution, equation (7) is fitted with
the experimental measurement temperature distribution.
Finally, the thermal conductivity at f, was measured. The A
value, that is, the thermal conductivity of t,, is measured by
fitting to obtain different heating powers. During the
measurement process, the sample temperature is considered
to have reached a steady state when the temperature changes
very little with time.
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2.3. Thermal Conductivity Testing. Figure 8 shows the
measurement of the sample surface temperature at different
heating powers in the 0° and 90° directions and the fitting
result of equation (7). The x =0 position in the figure is the
location of the heat strip. As x increases, the closer it is to the
sink source, the lower the temperature. Due to the sur-
rounding thermal insulation during the measurement, the
heat flow in the sample can be seen as flowing out in the x
direction from the position of the heating band to the water
wall. According to Fourier’s law of thermal conductivity, the
temperature of the sample gradually decreases in the di-
rection of heat flow. Since the thermal conductivity of the
two samples is basically the same and the temperature at the
sink source of the sample is the same water temperature, the
heat flows evenly into the two samples and then flows out
from the sink source. It can be seen from the measurement
results that the temperature is basically the same at the same
x position of the sample. Heat loss along the thickness of the
sample accumulates along x during the experiment, while
the heat loss at the x=0 position is zero. Therefore, the
thermal conductivity at the x=0 position is the accurate
thermal conductivity of the sample, and the thermal con-
ductivity of the sample at the corresponding temperature
can be obtained by fitting the measurement result with
equation (7).

Figure 9 shows the thermal conductivity of the sample
decreases with an increase in temperature. Because the
thermal conductivity of the SiC matrix decreases with
temperature, while the thermal conductivity of SiC fiber
increases with temperature, the overall impact on the
thermal conductivity of the sample is smaller than that of the
SiC matrix. Due to the difference in thermal conductivity of
the SiC matrix, fiber, and interface layer, the thermal con-
ductivity of the sample is different in the thickness direction
and the 0° and 90° directions in the plane. The thermal
conductivity of the material in the thickness, in-plane 0°, and
in-plane 90° directions at room temperature is 24.9 W 'K/,
28.5W 'K, and 31.1 W 'K, respectively.

3. Finite Element Analysis

Numerical models have been widely applied to predict the
properties of composites at hierarchical levels. In this paper,
numerical models based on RVE were built at the micro-
scale. Figure 10 shows the numerical models of the SiC¢/SiC
composites in different scales. The sample was raised using
[0-90-0]s configurations, and [0-90-0] was crossed with 3
unidirectional [0°]s. Therefore, the thermal properties of the
entire component model were sampled as [0-90-0] ply. Its
thermal conductivity could be calculated unidirectionally.
The unidirectional thermal conductivity was calculated as
the material parameters of the microscale model. The mi-
croscale model consisted of SiC fibers, the silicon matrix, and
the BN interface layer.

In this study, the RVE model was the hexagonal unit cell,
which consisted of four-quarter circles and rings. The
geometric parameters of the hexagonal unit cell were as
follows: /; and I, were the edge lengths of the hexagonal unit
cell. The fiber diameter d of the microscale RVE model was
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FIGURE 7: The schematic of thermal conduction of sample in the in-plane direction.
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FIGURE 10: Schematic diagram of the sample: (a) sample; (b) 0°-90°-0° ply; (c) RVE model of subplyer.

defined. After checking for convergence, the numbers of
nodes and elements were found to be 487065 and 101520:
nd’

As shown in Table 1, the side lengths of the RVE model
were [ and 1, the fiber diameter was d, the volume fraction
of the fiber in the sample was Vj and the thickness of the
interface layer between the fiber and the matrix was d.
Table 1 shows the relevant dimensions of the RVE model.

During the sample fabrication, the SiC matrix contains
voids and impurities such as Si, so the thermal conductivity
of the SiC matrix was uncertain. In this research, the thermal
conductivity of the SiC matrix was predicted, and the result
is shown in Table 2. As shown in Figure 11, the SiC fibers
were distributed in the SiC matrix randomly. Choosing an
area along the out-of-plane direction builds a numerical
model, and then, we predicted the thermal conductivity of
the SiC matrix according to the thermal conductivity of out-
of-plane directions by experiment. Figure 12 shows the
temperature distribution, and its temperature gradient is
nonuniform because the thermal conductivity of SiC fibers
and the BN interface layer is less than that of the SiC matrix.

The thermal conductivity of the SiC fiber, BN interface
layer, and SiC matrix can be regarded as isotropic, and its
parameters are shown in Table 2.

The calculation ignores the thermal resistance of contact
between different materials in the RVE model and only
considers the influence of the thermal conductivity on the
temperature field of the RVE model. The temperature dis-
tribution of the RVE model was calculated using FEA, the
temperature distribution of the elements in the grid was
calculated according to equation (9), and the heat flow
density was calculated according to equation (10). According
to the geometric characteristics of the RVE model, the
thermal conductivity of the RVE model in the x, y, and z
directions was calculated, respectively. When calculating,

TaBLE 1: Specifications of the RVE model in the SiC¢/SiC composite
sample.

Thickness of the
interface layer (ym)
d Vi 5 L L
10.9 24.0% 0.3 19.7 20.0

Fibers (ym) Unit cell (um)

TaBLE 2: Thermal conductivity of the sample’s constituents.

SiC fibers [25] BN interface layer [26] S1C~
matrix
t=27°C, 4.75 t=27°C, 42.7
TC (Wm™'K™") £=100°C, 5.66 0.58 e
t=200°C, 6.13 t=127C, 406

FIGURE 11: Image of fiber distribution.

the wall conditions on both sides of the same direction were
uniform wall temperature, the temperature difference be-
tween the two sides was 1°C, and the heat flow through the
wall surface was obtained after calculation; the thermal
conductivity of the RVE model in different directions was
calculated by the result (2):
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FIGURE 12: The temperature of the SiC¢/SiC composite.
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FIGURE 13: Result of numerous (a) temperature distributions and surface heat flux distributions in the axis direction and (b) temperature
distributions and surface heat flux distributions in the radius direction.
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where A, A, and A, was conductivity in the elements x, y,
and z directions,

{a} = -Al{a}, (10)

where {q} was the heat flux vector in x, y, and z directions, {1}
was the thermal conductivity matrix in x, y, and z directions,
and {a} was the thermal gradient vector in x, y, and z
directions.

The steady-state transfer simulations were carried out to
predict the thermal conductivity at the silicon certificate
fiber tow level (microscale). The temperature contour and
the heat flux distribution in the x, y, and z directions at room
temperature are illustrated in Figure 13.

The temperature distribution of the RVE model when
the heat conducts along the x, y, and z directions is shown in
Figure 13(a). For conduction delay along the z direction, the
model shows a more uniform temperature distribution in
Figure 13(b). When the heat is conducted along the x, y, and
z directions, the heat flux distribution of the RVE model
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FIGURE 14: Thermal conductive behaviors of a sample.

TaBLE 3: Results of thermal conductivity.

0° 90° i
Experience (Wm™'K™") 27.9 30.2 24.8
Simulation (Wm™'K™) 27.2 29.3 25.1
Deviation (%) -2.5 -3.0 1.2

along the corresponding directions. When the heat is
conducted along the x and y directions, the heat flow is
mainly concentrated in the matrix at the beginning, and the
heat flux first decreases and then increases. When conducted
along the z direction, the heat flow is evenly distributed in
the matrix. It can be seen from the calculation results that, in
the process of heat conduction, the temperature distribution
in the fiber was more uniform than that in the matrix and
that heat flow was mainly derived from the matrix. The heat
flow density was concentrated between the fibers when the
heat flow passes through the fiber, and a large temperature
difference will occur at this time.

Since the diameter of SiC ceramic fibers was much smaller
than that of single-layer CMCs, and ceramic fibers can be
considered to be uniformly distributed, the thermal con-
ductivity of single-layer CMCs was simplified as a thermal
conductivity anisotropic flat plate. The formula was

_(y+21,)
T

] (21, +1,) (11)
T

[ A, =2,
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Figure 14 shows the thermal conductivity of the nu-
merical calculation using equation (11) and experiment
results. For the thermal conductivity of a single-layer sample,
axial thermal conductivity was greater than radial thermal
conductivity. The experimental measurement sample was
laid by a single-layer material through 0°-90°-0°, which
causes the axial distribution and radial distribution of the
sample in different directions to be different, so the thermal
conductivity in different directions was different. Thermal
conductivity along fiber direction was great than the other
direction. Therefore, the thermal conductivity in 0° direction
was the largest and in the out of plane direction was the
smallest.

Table 3 shows the average value of the experimental
measurement results and the numerical simulation. It can be
seen from the results that the relative error between the
experimental measurement results and the numerical sim-
ulation results was less than 3%. In the process of sample
manufacturing, the fiber distribution cannot be guaranteed
to be uniform, and the RVE model deviates from the actual
sample, so the experimental result is the error of the nu-
merical simulation result.

4. Conclusion

In this work, the thermal conductivity of in-plane and out-
of-plane directions of [0-90-0]s SiC¢/SiC flat plates was
measured by the steady-state measurement method. In
addition, we proposed an improved FEA method to study
the thermal behavior of laminated SiC¢/SiC composites. SiC
matrix conductivity was predicted according to the thermal
conductivity in the thickness direction by FEA; then, the
thermal conductivity in the in-plane direction was predicted
by the FEA method. The main conclusions obtained in this
paper are as follows: (1) the thermal conductivity along the
fiber radial direction was greater than it was in the axial
direction. The thermal conductivity of the SiC matrix had
a significant effect on the macroscopic thermal conductivity
of the composite material. (2) The thermal conductivity
decreases with an increase in temperature. The thermal
conductivity of the SiC¢/SiC composites of the in-plane
direction at room temperature was 31.1 Wm 'K~ and
28.5Wm 'K, and the thermal conductivity in the thick-
ness direction was 24.9 Wm 'K™'. (3) The improved FEA
method was employed to effectively predict the thermal
conductivity of the SiC matrix and the SiC¢/SiC composite.
The results of the experiment showed a good agreement with
improved FEA.

In future work, the thermal conductivity of higher
temperatures of the sample will be carried out by the im-
proved FEA method.
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