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Abstract

Thermal conductivity is one of the most significant criterion of three-dimensional carbon fiber-reinforced SiC matrix
composites (3D C/SiC). Represent volume element (RVE) models of microscale, void/matrix and mesoscale proposed
in this work are used to simulate the thermal conductivity behaviors of the 3D C/SiC composites. An entirely new pro-
cess is introduced to weave the preform with three-dimensional orthogonal architecture. The 3D steady-state analysis
step is created for assessing the thermal conductivity behaviors of the composites by applying periodic temperature
boundary conditions. Three RVE models of cuboid, hexagonal and fiber random distribution are respectively devel-
oped to comparatively study the influence of fiber package pattern on the thermal conductivities at the microscale.
Besides, the effect of void morphology on the thermal conductivity of the matrix is analyzed by the void/matrix mod-
els. The prediction results at the mesoscale correspond closely to the experimental values. The effect of the porosities
and fiber volume fractions on the thermal conductivities is also taken into consideration. The multi-scale models men-
tioned in this paper can be used to predict the thermal conductivity behaviors of other composites with complex
structures.
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1 Introduction

Carbon fiber reinforced SiC matrix composites (C/SiC)
have received increased attention across a number of
disciplines in the fields of aerospace, high-speed vehi-
cles, and thermo-structure construction due to their high
thermal resistance, high specific stiffness and strength
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and lightweight [1]. The main challenge many research-
ers face is that 3D C/SiC composites could experience
complicated mechanical and thermal conditions in huge
temperature variation environments. Results from earlier
studies demonstrate a strong and consistent association
between the fatigue of the composites and the non-uni-
form thermal distributions [2—4]. To avoid potential fail-
ure and improve the utilization of the composites, it is
essential to investigate the thermal conductivities of the
3D C/SiC composites.

Carbon fiber fabrics need to be prepared as reinforce-
ment of 3D C/SiC composites at first. There are various
manufacturing processes to produce three-dimensional
fabric structures as preforms for textile composites.
Traditionally, the textile preforms can be produced by
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weaving, knitting, braiding, stitching and needle-punch-
ing. Weaving is the most widely used textile manufac-
turing technology and its process is suitable for making
woven fabric textiles. Weaving offers a relatively low cost
for mass production. Knitting is ideal for manufactur-
ing components with complex shapes. A wide variety of
complex net shape structures can be produced by the
knitting process. Braiding is the most suited textile pro-
cess for making highly complex, long and slender compo-
nents that require high levels of conformability, torsional
performance and structural integrity. Stitching is the sim-
plest way of fabricating textile preform. However, it can
cause significant in-plane fiber damage that may result in
the degradation of in-plane mechanical properties of the
composites. Needle-punching can inexpensively and pro-
duce complex net-shape preforms.

During the last decade, there has been a surge of inter-
est in the investigation of the thermal conductivities of
composites [5-7]. A considerable amount of literatures
have been published on predicting the thermal conduc-
tivities of unidirectional (UD) composites by various the-
oretical models. Different formulas of Parallel and series
[8], Charles [9], Bruggeman [10], Pilling [11], and Hatta
and Taya [12] have been established to calculate the
thermal conductivities of UD composites on the basis of
many idealistic hypotheses. However, the main disadvan-
tages of those formulas are that they are no longer suit-
able for other composites due to complex architectures
and inhomogeneity of the composites.

Recently, a growing number of publications have
focused on the finite element methods to obtain the
thermal properties of various composites. Liu et al. [13]
established a finite volume numerical model at three
scale levels to predict the thermal conductivities of plain
woven C/SiC composites based on 3D geometric recon-
structions. The central cylinder and four 1/4 cylinders
in the unit cell model of woven yarn, which is consisted
of carbon fibers and SiC matrix, were built to obtain
the thermal properties of the yarns. Dong et al. [14, 15]
developed the multi-scale finite element analyses meth-
ods to investigate the thermal conductive behaviors of
plain woven and 2.5D angle-interlock woven composites.
At the microscale, they assumed that the fibers in the
matrix impregnated fiber yarns were in hexagonal array
distributions. Xu et al. [16] constructed fiber-scale and
yarn-scale models to calculate the thermal conductivities
of plain woven C/SiC composites. The effect of tempera-
tures, thermal conductance and porosity were also stud-
ied. They selected the models with four semi-circles to
calculate the properties of the yarns. Hassanzadeh-Agh-
dam et al. [17] delivered a new version of the semi-empir-
ical Halpin-Tsai (H-T) model to investigate the influence
of coating carbon nanotube on the effective thermal
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conductivities. The results showed that the coating signif-
icantly enhanced the nanocomposites’ transverse thermal
conductivities of CF-reinforced hybrid nanocomposites.

The voids are an important component in the com-
posites, and have an essential influence on the thermal
conductivities of various composites. More recently,
studying voids has received continuing concern in mod-
eling and analyzing. The methods can be classified into
three categories, randomly selecting elements [18], build-
ing precise geometrical models [19], and constructing
equivalent models [8]. Wei et al. [20] used a random
function to select elements in the finite element models
as void elements to study the effect of voids. They found
that the random distribution of void defects had a little
effect on the thermal conductivities, while void volume
fraction significantly affected on thermal conductivi-
ties. Xu et al. [16] built a model with relatively precise
locations, distributions and geometrical parameters to
study the effect of porosity on thermal conductivity. Liu
et al. [13] and Dong et al. [8] developed the void-matrix
equivalent models to reflect the thermal properties of the
matrix consisting of the voids. In addition, Wei et al. [21]
and Zhou et al. [22] comparatively discussed the shapes,
locations and arrangements of voids, and they found that
the morphologies had almost no influence on thermal
conductivity. In a whole, it can be found that multi-scale
modeling methods are usually used to investigate the
thermal properties of the composites at present. How-
ever, different composite forming processes lead to fiber
package patterns, porosity and fiber volume fractions,
few attentions have focused on the multi-scale finite ele-
ment models that predict the thermal conductivities of
3D orthogonal C/SiC composites while simultaneously
taking the fiber package patterns of microscale, poros-
ity and fiber volume fractions into consideration. The
effects of porosity, voids shapes, arrangements and sizes
on thermal properties are unclear, limiting the 3D C/SiC
composites application.

In the present work, the 3D orthogonal C/SiC com-
posites are firstly woven by the flexible-oriented woven
process and infiltrated via chemical vapor infiltration
(CVI). Multi-scale modeling and finite element analyses
are created to study the thermal conductivities of the
composites. The local fiber volume fractions of yarns, the
porosity and the geometrical parameters of each yarn,
the thickness of interphase, and the sizes of mesoscale
models are captured by X-ray computed tomography.
In order to study the effect of fiber package pattern on
the properties of yarns, the microscale models, includ-
ing cuboid, hexagonal and fiber random distribution are
developed. Besides, the effects of voids shapes, arrange-
ments and sizes on thermal properties are comparatively
analyzed by the void/matrix models. At the mesoscale,
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the actual void morphology model, an equivalent model
with void/matrix, and equivalent model with randomly
selecting elements in the matrix are respectively built.
The results from three mesoscale models are compared
with the experiment values. Lastly, the effects of porosity
and fiber volume fraction are also analyzed.

2 Flexible-Oriented Woven Process and Materials
Shan et al. [23, 24] innovatively proposed the flexible-
oriented woven process (FOWP), based on the additive
manufacturing principle. This process provides a com-
pletely new method to fabricate near-net-shape textile
preforms with desired structural parts and required com-
plex structure. The entire process is shown in Figure 1(a).
In the present study, A PAN-based T300 3K carbon fiber
(Nippon Toray, Japan) is used to fabricate the preform
with a 3D orthogonal structure, shown in Figure 1(b). In
addition, the guide sleeves are all replaced by fiber yarns.
Subsequently, the preform is impregnated with a pyro-
lytic carbon (PyC) interphase and SiC matrix by means of
a CVI process. The fiber volume fraction of the compos-
ites is approximately 46.9%.

The carbon fiber is considered as a transversely iso-
tropic material [25], and the thermal conductivity is
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Figure 1 Scheme of flexible-oriented woven process and material parameters [2, 27]: (@) Flexible-oriented woven process, (b) Tomography
of the preform, (c) Thermal conductivities of SiC matrix
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shown in Table 1. The property of the void is treated as
the air [15]. Similarly, the interphase, voids, and SiC
matrix are all viewed as isotropic materials. The thermal
conductivities of SiC matrix are temperature depend-
ent [2, 26], shown in Figure 1(c). Moreover, the thermal
properties of carbon fiber, PyC interphase and voids are
all independent of the temperature [16, 27], shown in
Table 1.

3 Multi-scale Modeling

Multi-scale modeling and finite element analyses have
been used to investigate the properties of composites
[28-31]. Figure 2 illustrates the analytical procedures
and some of the research results of the multi-scale mod-
eling for predicting the thermal properties of the 3D C/
SiC composites, and the downscale method is used to

Table 1 Thermal properties of constituent materials
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Figure 2 Multi-scale analyses framework of 3D C/SiC composites

calculate the equivalent thermal conductivity. In the
framework of multi-scale analyses, the representative
volume element (RVE) models are usually constructed
owing to the spatial periodicity of the composites [32]. In
this study, microscale, void/matrix and mesoscale RVE
models are respectively developed. Microscale RVE mod-
els are structures containing a certain number of straight
fibers within a given domain. The properties of the yarns
are calculated by the microscale model. The voids exist
inevitably during the matrix infiltration process and criti-
cally affect the properties of the composites [33]. Void/
matrix equivalent models are built to obtain the proper-
ties of the SiC matrix with the voids. The mesoscale RVE
model consists of fiber yarns and matrix, there are three
kinds of RVEs in the 3D orthogonal structure: interior
RVEs, surface RVEs and corner RVEs. Since the internal
RVE plays a decisive role in the performance when the
size is relatively large, only the internal RVE geometry is
adopted to calculate equivalent performance. The mate-
rial parameters of the mesoscale are obtained from the
microscale and void/matrix models. The thermal proper-
ties of entire composites are reflected by the mesoscale
RVE model.

3.1 Microscale Modeling

The fiber yarn materials parameters of the mesoscale
model are from the microscale RVE models. The fiber
package pattern and local fiber volume fractions of
the yarns have great significant influence on the ther-
mal properties of the fiber yarns. X-ray tomography
technology (Sanying Precision Instruments Co., Ltd,
Tianjin, China) is used to define the fiber volume frac-
tions of the yarns by extracting the outline of the yarns.
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Three RVE models of cuboid, hexagonal and fiber ran-
dom distribution are respectively developed. The Ran-
dom Sequential Expansion method (RSE) algorithm
[34] is applied to generate the fiber random distribution
models. Figure 3 shows the finite element models of
three RVE models.

Numerous X-ray images recording the yarns’ geomet-
rical parameters are processed to determine the local
fiber volume fractions. The diameter of the carbon fiber
is about 7 pm [15, 31]. The local fiber volume fractions
are calculated by Eq. (1). Assumed that each yarn along
different directions shares the same fiber volume frac-
tions. The local fiber volume fractions of the yarn are
55%. Therefore, the geometrical parameters of the cuboid
model are 8.4 X 8.4 X 8.4 um, and the side lengths of the

Fiber yarn

Cross-section

(a) (b) (©)
Figure 3 Finite element models of the microscale: (a) Cuboid RVE,
(b) Hexagonal RVE, (c) Fiber random distribution RVE
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hexagonal and fiber random distribution are respectively
15.6 X 9 X 5 pm, and 52 X 52 X 5 pm.

2
né)iber, (1)

Vf=N‘

where vfis the local fiber volume fractions of the yarns,
N stands for the numbers of the carbon fiber, which is
defined by the materials manufacturers, r4,, is the radius
of the carbon fiber, and A represents the area of each
yarn.

3.2 Void/Matrix Modeling

The porosity in composites is one of the critical manu-
facturing defects because it leads to variations in the
thermal properties of the composites. The locations and
distributions of the voids within the composites are irreg-
ular and random. Xu et al. [16] and our previous research
[35] established a relatively accurate geometrical models
of the voids. However, those precise models can't reflect
the effect of the porosity on the thermal properties of the
3D C/SiC composites.

In order to perform research into the effect of poros-
ity defects on thermal properties, it is necessary to deter-
mine the morphological characteristic of the voids. In this
work, X-ray technology is used to obtain the geometrical

()
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(b)
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parameters of the voids. The void/matrix RVE models
are developed to obtain the thermal conductivities of
the ceramic matrix including the voids. In order to sys-
tematically study the effect of void shapes, distributions,
and locations on the thermal conductivity, six models
are respectively built, shown in Figure 4. In addition, the
void/matrix models with void volume fractions of 0, 5%,
10%, 15%, and 20% are respectively established to investi-
gate the effect of porosity on the thermal conductivity of
the composites. All the models share the same geometri-
cal parameters. The sizes (length x width X height) are
3 X3 X3 mm.

3.3 Mesoscale Modeling

One of the strengths of the mesoscale RVE model in
this study is that it represents a comprehensive consid-
eration of the complex geometrical structures and the
existence of the voids. The X-ray computed tomography
reconstruction is applied to capture the geometrical
parameters of the 3D C/SiC composites, the homogeni-
zation modeling approach is used in the mesoscale. The
mesoscale RVE model consists of yarns and interphase
along x, y and z direction, voids and SiC matrix. Sup-
posing that the yarns and interphase are all straight in
the model. Based on the periodicity of the composites
and X-ray images, the sizes (length x width X height) of

7
4

Figure 4 Finite element models of the microscale RVE: (@) Cylinder-center, (b) Cylinder-center-corner, (c) Cylinder random, (d) Sphere-corner, (e)

Cylinder-corner, (f) Sphere-random
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the mesoscale RVE model are 2.83 X 2.83 x 0.98 mm.
The cross-section of three directions yarns is assumed
as rectangular. The geometrical parameters are shown
in Table 2. The fiber volume fraction is 47% under the
geometrical parameter.

In order to investigate the effect of voids defects on
the thermal conductivity of the 3D C/SiC composites,
three RVE models are respectively built. The first model
consists of yarns along three directions, interphase, SiC
matrix and relatively precise shapes and locations of the
voids, shown in Figure 5(a). The second model contains
yarns along three directions, interphase and SiC matrix,
shown in Figure 5(b). It is worth mentioning that the

Table 2 Geometrical parameters of the mesoscale RVE model

Sizes of x Sizesofy Sizesofz Thickness of
yarn (mm) yarn (mm) yarn (mm) interphase (mm)

Porosity (%)

Val-  1.32x0.33 1.32x0.33 1.17 % 1.07 0.03 24
ues
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material parameters of the SiC matrix is dependent on
the void/matrix models. The third model is composed of
yarns along three directions, interphase and SiC matrix.
Here a random function is employed to select elements
from the matrix set as the void elements until the void
volume fractions satisfy the threshold values. It must be
noted that those elements which are identified as void
defects are not moved away from the finite element
model, but those material parameters of those elements
are considered as air. The void defects in the matrix set
are highlighted as “black’, as shown in Figure 5(c).

The computer-aided-engineering (CAE) software
SOLIDWORKS (ver. 2015) is used to build the mesoscale
RVE model. Then, the model is translated to another
powerful pre-processing for finite element meshing
software Hypermesh (ver. 2013) to obtain a good qual-
ity mesh. Due to the periodic temperature boundary
conditions mentioned in the next section requiring the
corresponding nodes to be paired, the grids should be
periodic spatially. Duplicating 2D grids along the oppo-
site surfaces is carried out. The 3D grids are meshed on

(©)
Figure 5 Finite element model of mesoscale RVE model: (a) Mesoscale model with actual voids distribution (blue), (b) Mesoscale model with void/
matrix equivalent model (red), (c) Mesoscale model with random void distribution elements (black)
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the basis of 2D grids. Therefore, the yarns, voids and
matrix respectively are discretized by DC3D4, DC3D8
and DC3D8 of ABAQUS thermal solid elements. In addi-
tion, the yarns are viewed as transversely isotropic enti-
ties and the material orientations are assigned by three
local coordinates. After checking the mergence, the pre-
sent mesh size of the mesoscale model was set as approx-
imately 0.05. The whole model displayed contains 136035
elements and 73999 nodes.

4 Finite Element Analyses

4.1 Periodic Temperature Boundary Conditions

In order to obtain continuous temperature and uniform
heat flux distribution, the periodic temperature boundary
conditions (PTBC) are commonly used to calculate the
thermal properties of the RVE models [36]. Figure 6 shows
the illustration of the node locations and node numbers
of the PTBC in a cuboid cell. As is shown in Figure 6, P,._,
P, P,, P, P,,and P_are pairs of periodic nodes on the
opposite parallel surfaces and these linked lines are par-
allel to three coordinate axes, respectively. According to
the PTBC, the constraint equations can be applied on the
nodes of the faces, edges and vertexes [37]. In the present
study, the constraint equations of edges are taken as an
example here. The cases of faces and vertexes can be con-
cluded by reference to the edge equations.

For the edges excluding vertexes, twelve edges can be
classified into three groups, Edges IX, X, XI and XII (dark
red) are parallel to x axis. Edges V, VI, VII and VIII (dark
blue) parallel the y axis. Edges I, I, IIl and IV (green) are
parallel to z axis. The constraint equations are summarized
as:

Ty —1T1—Tr =0,
Ty —Ty — T, =0,
Tx —Tix —Ta =0,

Ty — Ty — T2 =0,
Tyy —Tvig — T2 =0,
Txi — Txny — Ta =0,
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where T is the temperature, 1, etc. are the vertexes
which corresponds to the point A, etc. in Figure 6, and ,
etc. are the edges. Eq. (2) can be applied by defining the
linear multi-point constraint equations in ABAQUS.

4.2 Governing Equations

The 3D steady-state finite element analyses are conducted
on the RVE models to obtain the temperature and heat
flux. The governing equations are described as:

T

+ (key + kyx) w3y

2T 2T
— t kpy—
dy? 072

2T 92T
+ (kyz + kzy) 99 + (kny + kz")iaxaz =0.

2T

kxx w

+ kyy

Where T is the temperature, x, y and z stand for the dif-
ferent directions, k,,, k,,, k., K, Ky, ks K,y K,y and &, are
the thermal conductivity along various directions, which
can be considered as being transversely isotropic for the
carbon fiber and isotropic for the matrix. Next, the thermal

conductivity can be calculated by Fourier’s Law [13]:
qii = ki VTj;. (4)

Where g;;, k; and T;; are heat flux density, the thermal
conductivity and temperature gradient in ii direction
(ii=xx, yy and zz), respectively.

In conclusion, the procedures of calculating thermal
conductivity of the 3D C/SiC composites are summa-
rized as follows:

I. The PTBC is applied to the RVE models through
the finite element software ABAQUS.

Ty — 11 — Ty =0,
Ty — Ty — T5 =0,
Txn—Tix —Ta =0,

(2)

He z G,
I
| oP,. P:;o
E ! o 1 ¥ b
T All 7
Y 1,7
fx-__.lt___————7IV-/ ——————— e
|
D/‘,___/_A/__;IX____EQI___C
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AL”Z r B
Al
a »

Figure 6 |llustration of periodic temperature boundary conditions
for the cubic unit cell

II. 3D steady-state finite element steps are carried out
to obtain the heat flux density and temperature
contour.

III. The effective thermal conductivity of the RVE
models is calculated by Eq. (4).

4.3 Finite Element Method

Admittedly, there are two categories of thermal analy-
ses: steady state and transient state. In the steady state
analyses, the heat flux is measured to obtain the thermal
conductivities. For the transient state steps, the thermal
diffusivity is first achieved and then the thermal con-
ductivities are calculated. In this work, the steady state
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analyses are applied to acquire the thermal conductivities
of each RVE model. Although the steady state steps do
not directly simulate the experimental processes, it does
provide a valid benchmark for the thermal diffusivity
calculations in parallel with a transient solution. In addi-
tion, the steady state analysis confirms the integrity of the
model’s volumetric continuum generated from the mor-
phological data.

It is well known that the contact property existed at the
interfaces between two different materials has a signifi-
cant influence on the final thermal conductive values [8,
14]. This paper doesn'’t focus its attention on the interface
thermal contact behaviors. In addition, the effect of the
convection and radiation are ignored. Therefore, the ‘sur-
face-to-surface’ contact is defined between two different
materials. The thermal contact resistance with no pres-
sure is defined among the yarns, interphase and matrix.
The values of contact thermal conductivity are assumed
to be about 2.4 x 107 W/m/°C [26, 38], and wouldn’t
change as temperature increases.

5 Results and Discussion

5.1 Microscale RVE Model

Here the effect of fiber package pattern on the thermal
conductivities of the microscale is firstly discussed.
The thermal conductivities of cuboid, hexagonal and
fiber random distribution RVE models with 55% fiber
volume fraction at different temperature points are
shown in Figure 7(a). It can be inferred that there is a
transition point at temperature of 100 °C. The values
will increase slightly from room temperature to 100
°C. When the temperature is above 100 °C, the thermal
conductivities will decrease with increasing tempera-
ture. Since the thermal conductivity of the resin matrix

T T T T T T

16 L . —BW— Cuboid-lLongitdinal
Ve T —8@— Cuboid-Transvere
~. Hexagonal-Longitudinal
14k S~ —&— Hexagonal-Transvere | |
~ Random-Longitudinal

“~..,. —*— Random-Transvere
~——

‘\..\

Thermal conductivity (W/m/C)
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(a)

Thermal conductivity (W/m/C)
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is always greater than fibers under the imposed bound-
ary conditions, the SiC matrix plays a leading role in
the heat transfer process. The thermal conductivities
of the matrix reached the maximum at the temperature
of 100 °C, which induces the thermal conductivities of
the C/SiC composites appear a maximum value at the
temperature of 100 °C, as shown in Figure 7(a). In addi-
tion, since the thermal conductivity of the SiC matrix
is higher than the thermal conductivity of the fiber, the
heat is mainly transferred through the matrix, which is
continuously distributed in the longitudinal direction
of each model, and the overall distribution is more uni-
form. Therefore, the equivalent thermal conductivity is
independent of the fiber distribution, and the longitu-
dinal thermal conductivities of three models are almost
same. However, the transverse thermal conductivities
of hexagonal RVE are slightly larger than the cuboid
and fiber random distribution RVE. Therefore, it can be
concluded that the fiber package pattern has little effect
on the thermal conductivities of the microscale models.

In order to reduce computation time and lower model
difficulty, the cuboid RVE model is used to study the
effect of fiber volume fractions on the thermal conduc-
tivities. To determine the influence of fiber volume frac-
tions of the microscale on the thermal conductivities, the
cuboid RVE models with fiber volume fractions of 45%,
50%, 55%, 60%, 65%, 70% and 75% are built, respectively.
The results related to different fiber volume fractions are
shown in Figure 7(b). It can be concluded that both longi-
tudinal and transverse thermal conductivities decrease as
fiber volume fractions increase. Notably, the longitudinal
thermal conductivities decrease by 28.03% when the fiber
volume fractions increase from 45% to 75% at room tem-
perature. Similarly, the transverse thermal conductivities

—m— Longitudinal
—&— Transverse -

&)

45 50 58] 60 65 70 75
Fiber Volume Fractions (%)

Figure 7 Thermal conductivities of microscale models: (a) Thermal conductivities of cuboid, hexagonal and random RVE models, (b) Thermal

conductivities of cuboid RVE with different fiber volume fractions
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decrease by 67.04%. The fiber volume fractions of the
microscale RVE models have great effect on the trans-
verse thermal conductivities than the longitudinal ones.

5.2 Void/Matrix RVE Model

From the information of X-ray images, the distribution
and shape of the voids are irregular. In order to investi-
gate the effects of void sizes, locations and shapes on the
thermal conductivities of the void/matrix RVE models,
six models containing of different void morphological
characteristics are respectively developed in 3.2, includ-
ing cubic models of cylinder-center, cylinder-center-cor-
ner, cylinder random, sphere-corner, cylinder-corner, and
sphere-random. It must be emphasized that each model
shares the same void volume fraction. Figure 8(a) shows
the variations of the thermal conductivities with different
voids characteristics. It can be found that the results of
thermal conductivities agree well with each other, which
demonstrates that the morphological characteristics of
voids have little influence on the thermal conductivities.
Hence, the cylinder-center cubic model is used to calcu-
late the thermal conductivities with different void volume
fractions.

To determine the effect of porosity on the thermal con-
ductivities, void/matrix RVE models with porosities of 10%,
20%, 24%, 30%, 40% and 50% are established, respectively.
The thermal conductivities associated with different poros-
ities and temperatures are shown in Figure 8(b). It can be
obviously seen that there is a transition point at tempera-
ture of 100 °C. From room temperature to 100 °C, the ther-
mal conductivities of void/matrix models slightly increase.
The values begin to decrease when the temperature is
above 100 °C. As for the longitudinal heat transfer process,

22 T T T T T
u Cylinder-center
®  Cylinder-center-corner
Cylinder-corner
20T ®  Shpere-corner I
Cylinder-random
< Sphere-random

Thermal conductivity (W/m/C)
N
©

Porosity (%)

(a)
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the heat is mainly transferred through the SiC matrix. And
since the nonlinearity of the thermal conductivity of the
SiC matrix with temperature, there is also a transition point
at temperature of 100°C in Figure 8(b). More importantly,
the thermal conductivities of void/matrix RVE models
decreases with increasing porosity. The voids are effective
in lowering the thermal conductivities of the model. In par-
ticular, the thermal conductivities of the void/matrix RVE
model decrease by 38.68% when the porosity increases
from 10% to 50% at the temperature of 100 °C.

5.3 Mesoscale RVE Model

Accordingly, the thermal properties of matrix and fiber
yarns in the mesoscale RVE model are from the void/
matrix and microscale models, respectively. A Hot Disk
TPS 2500S Thermal Constants Analyzer (Goteborg, Swe-
den) based on the transient plane source method is used
to measure the thermal conductivity of the composites.
The sample size is 20 mm X 16 mm X 5 mm, which is
machined through the in-plane and out-of-plane direc-
tions. The temperature and response time of the tensor
are recorded to calculate the thermal conductivities of
the samples. The numerical results, in which the proper-
ties of the matrix are obtained from the void/matrix RVE
model, and experimentally determined values are shown
in Table 3. The data reveal a close coincidence between
the two sets of the values, which validates the accuracy of
the mesoscale RVE models. Furthermore, the numerical
and experimental results indicate that the in-plane and
out-of-plane thermal conductivities increase moderately
from room temperature up to 100 °C. When the temper-
ature is above 100 °C, there is an opposite trend between
the in-plane and out-of-plane thermal conductivities.
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Figure 8 Thermal conductivities of void/matrix: (a) Thermal conductivities of the model with different morphological characteristics of voids, (b)

Thermal conductivities at different temperatures and various porosities
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Table 3 Experimentally determined and predicted thermal conductivities of 3D C/SiC composites

Temperature (°C) In-plane (W/m/°C)

Error (%)

Out-of-plane (W/m/°C)

Experiment Prediction Experiment Prediction
23 1232 14.35 1648 12.70 13.39 543
100 13.49 15.16 1231 13.79 14.18 2.83
200 13.87 14.77 6.49 13.16 13.81 4.94
300 12.16 14.00 15.13 12.64 13.06 332
400 11.69 13.22 13.09 1201 12.30 241
500 11.25 12.51 11.20 11.45 11.61 1.40
600 10.63 11.83 11.29 10.39 10.95 539
700 10.17 11.30 1.1 10.02 1043 4.09
800 9.45 10.81 14.39 9.84 9.95 112
900 9.13 10.38 13.69 9.08 9.52 4.85
1000 842 992 17.81 8.67 9.10 4.96
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Figure 9 Heat flux distribution and temperature fields of mesoscale RVE model: (a—d)

In addition, the heat flux distribution and heat fields in
the in-plane and out-of-plane directions of the mesoscale
RVE model at room temperature are shown in Figure 9,
respectively. It can be easily seen that the yarns in parallel
with the load transfer the heat while the other yarns hin-
der the heat flow. In addition, in the in-plane and out-of-
plane direction, the heat flux in the interphase is always
higher than other parts in the mesoscale RVE model. This
is simply because the interphase volume ratio is the low-
est and the thermal conductivities of the interphase are
more prominent than that of yarns and matrix. Besides
this, from the Figure 9(d) and (h), it can be concluded
that the in-plane and out-of-plane temperature fields are
uneven.

In order to comparatively study the effect of mesoscale
model with void/matrix, equivalent model and random
void distribution elements on the thermal conductivi-
ties, the predicted thermal conductivities are shown in
Figure 10. The thermal conductivity of the resin matrix
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Figure 10 Comparison of thermal conductivities of mesoscale RVE
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is always greater than fibers under the imposed bound-
ary conditions, while the thermal conductivity of the PyC
interface, although higher than that of the matrix, will
only result in a greater heat flow density at the interface
due to the lower volume fraction, as shown in Figure 9.
Considering the magnitude of the thermal conductiv-
ity values and the volume fraction of each component
of the model material, matrix plays a leading role in the
heat transfer process. So the same principle leads to the
nonlinearity of the thermal conductivity of the mesoscale
model with temperature. A comparison of the two results
reveals that there are not many differences between the
two models. This finding broadly supports that both mes-
oscale RVE models proposed in this paper can be used
to calculate the thermal conductivities of the 3D C/SiC
composites. Consequently, the mesoscale RVE model
with void/matrix equivalent model is adopted to investi-
gate the effect of porosity on the thermal conductivities
of the 3D C/SiC composites in next section.

5.4 Effect of Porosity on Thermal Conductivity

Previous researches [16, 22, 35] have reported that the
porosity has a significant influence on the thermal con-
ductivity behaviors of the composites. In this section,
five mesoscale models with cylinder-center cubic are
built to investigate the thermal conductivities with 10%,
20%, 30%, 40%, and 50% porosities at room tempera-
ture. Figure 11 shows the variations of the in-plane and
out-of-plane thermal conductivities with a change in the
porosity from 10% to 50%. It is evident that both sets of
thermal conductivities decrease with increasing poros-
ity. When the porosity increases from 10% to 50%, the
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Figure 11 Schematic of thermal conductivities with various
porosities
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in-plane and out-of-plane thermal conductivities drop by
20.19% and 17.20%, respectively. This phenomenon indi-
cates that the porosity has a great effect on the in-plane
and out-of-plane thermal conductivities.

The heat flux and temperature along in-plane and
out-of-plane directions are extracted to describe the
variation of the thermal conductivity behaviors inside
the 3D C/SiC composites under different porosities. As
is shown in Figure 12, the Line-1 and Line-2 including
11 equal interval points are extracted from the edges
of the mesoscale RVE models along in-plane and out-
of-plane directions, respectively. In order to obtain the
heat flux distribution and temperature fields, a 20 °C
temperature gradient (20 °C in high temperature sur-
face and 0 °C in low temperature surface) is imposed
on the mesoscale RVE models. Heat flux distribution
and temperature fields are shown in Figure 12. It can
be seen that both in-plane and out-of-plane heat flux
present a normal distribution from Figure 12(a) and (b).
The heat flux values within the SiC matrix are always
larger than that in the yarns. More importantly, there
is a substantially increase at the intersection of yarns
and matrix. The heat flux will reach the maximum in
the middle of the RVE model. Additionally, the values
of heat flux along in-plane and out-of-plane directions
decrease with the increment of the porosities ranging
from 10% to 50%. As is shown in Figure 12(c) and (d),
it can be inferred that the temperature fields are almost
unchanged as porosities increase both in in-plane and
out-of-plane directions. Consequently, the porosities
have a significant effect on the heat flux distribution
and have very little impact on the temperature fields.

5.5 Effect of Fiber Volume Fraction on Thermal
Conductivities

As mentioned in Section 2, the various fiber yarns can
be used to replace the guide sleeves during the FOWDP,
i.e, 1K, 3K, or 6K fiber yarns. The fiber volume fractions
along the out-of-plane direction could be decided and
designed. Therefore, a study considering the depend-
ence of the thermal conductivities on the fiber volume
fractions along the out-of-plane direction is necessary.
Four additional mesoscale models with 5%, 8%, 10% and
12% fiber volume fractions are built by changing the geo-
metrical parameters of the cross-sections of out-of-plane
yarns. In addition, the fiber volume fractions along the
out-of-plane direction of the origin mesoscale model are
15.6%. The predicted thermal conductivities of the 3D C/
SiC composites with various fiber volume fractions are
presented in Figure 13 at room temperature. It is obvi-
ously concluded that the in-plane thermal conductivities
are always more significant than the out-of-plane thermal
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Figure 13 Schematic diagram of thermal conductivities of 3D C/SiC

composites with different fiber volume fractions

conductivities with the increment of the porosities rang-
ing from 5% to 15.6%.

Furthermore, the results show that the in-plane and
out-of-plane thermal conductivities of the 3D C/SiC
composites decrease with fiber volume fractions increase
when the fiber volume fractions are under 12%. The in-
plane thermal conductivities decrease by 7.85% when the
fiber volume fractions increase from 5% to 12%. Simi-
larly, the out-of-plane thermal conductivities descend
by just 3.14%. In contrast, there is a moderate upward
trend of the thermal conductivities along in-plane and
out-of-plane directions, where the fiber volume fractions
are more than 12%. Particularly, this phenomenon sug-
gests that the designative thermal conductivities could be
achieved by selecting appropriate fiber volume fractions
for the different directions.
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6 Conclusions

A multi-scale modeling and finite element analysis of
thermal conductivities of 3D C/SiC composites have
been carried out at temperatures ranging from room
temperature to 1000 °C in this study. The results of the
RVE models correspond closely to the experiment. In
addition, the porosity and fiber volume fraction is also
taken into consideration. The present study establishes a
relatively complete framework for predicting the thermal
conductivity behaviors of 3D C/SiC composites. The fol-
lowing conclusions are summarized:

(1) The fiber package pattern has little effect on the
thermal conductivities of the microscale models.
The simplest microscale RVE model, cylinder-
center, can be used to achieve the thermal proper-
ties of each yarn.

(2) The morphological characteristics of voids have
little influence on the thermal conductivities. The
thermal conductivities of the matrix including voids
can be calculated by the void/matrix RVE model
with cylinder-center cubic.

(3) The experimental thermal conductivity test results
are in good agreement with the corresponding mes-
oscale RVE simulation results. The porosity has a
great effect on the in-plane and out-of-plane ther-
mal conductivities. Furthermore, the designative
thermal conductivities could be achieved by select-
ing appropriate fiber volume fraction for the differ-
ent directions.

The model established in this study is based on an ide-
alized geometric structure, particularly at the mesoscale
level, disregarding the influence of real yarn conditions
and defects. This omission can introduce certain inac-
curacies in the prediction of thermal conductivity. There-
fore, more influence factors on thermal conductivity will
be considered in our future work, which includes actual
geometrical structure, processing parameters and inter-
face. Moreover, multi-scale modeling and finite element
analyses of 3D C/SiC composites can be applied in 3D
composites damage analysis.
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