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Abstract: Needled carbon/carbon composites contain complex microstructures such as irregular
pores, anisotropic pyrolytic carbon, and interphases between fibers and pyrolytic carbon matrices.
Additionally, these composites have hierarchical structures including weftless plies, short-cut fiber
plies, and needled regions. To predict the effective elastic properties of needled carbon/carbon
composites, this paper proposes a novel sequential multiscale method. At the microscale, represen-
tative volume element (RVE) models are established based on the microstructures of the weftless
ply, short-cut fiber ply, and needled region, respectively. In the microscale RVE model, a modified
Voronoi tessellation method is developed to characterize anisotropic pyrolytic carbon matrices. At
the macroscale, an RVE model containing hierarchical structures is developed to predict the effective
elastic properties of needled carbon/carbon composites. For the data interaction between scales, the
homogenization results of microscale models are used as inputs for the macroscale model. By compar-
ing these against the experimental results, the proposed multiscale model is validated. Furthermore,
the effect of porosity on the effective elastic properties of needled carbon/carbon composites is
investigated based on the multiscale model. The results show that the effective elastic properties of
needled carbon/carbon composites decrease with the increase in porosity, but the extent of decrease
is different in different directions.

Keywords: needled carbon/carbon composites; multiscale method; representative volume element
model; elastic properties

1. Introduction

As a lightweight advanced material, carbon/carbon (C/C) composites have high
strength-to-density and stiffness-to-density ratios, low thermal expansion, and excellent
wear resistance [1–3]. During the fabrication of C/C composites, the chemical vapor
infiltration method is usually used due to its low cost and the fact that it does little dam-
age to the mechanical properties of carbon fibers [4,5]. In the aspect of the carbon fiber
preform, the 2D carbon cloth, 3D braided structure, and needled structure are the three
main types of preparing C/C composites. Among these preforms, 2D carbon cloth has
low interlaminar shear strength and out-of-plane tensile strength and thus is applied in
structures that sustain only an in-plane stress field [6]. The 3D braided preform can be used
to produce complex near-net-shape composites, but it costs a lot [7]. Therefore, the needled
preform becomes a moderate choice for preparing high-performance C/C composites.
So far, needled C/C composites have been widely used as some structural components
in the field of aerospace and aviation, such as rocket nozzles, throat liners, and aircraft
brake disks [8–10]. Elastic properties are important criteria for evaluating the vibration of
structural components and are also the foundation for analyzing the damage behaviors of
needled C/C composites [7,11]. Thus, it is crucial to establish the relationship between the
microstructures and elastic properties of needled C/C composites.
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Currently, experimental, analytical, and numerical methods are commonly used to
solve some issues about the relationship between microstructures and mechanical prop-
erties of composites. Among them, the experimental method is the most reliable and
convincing, but it needs special equipment, a long period, and cannot be cost-effective [12].
Thus, the analytical and numerical methods become alternative and sought-after in many
research fields. The analytical method mainly includes Eshelby’s theory [13–15], boundary
theory [16,17], and empirical formula [18]. Although these theories have been developed
for many years, they cannot continue to be used to obtain local stress/strain distributions
in composites and are not applied in complex composites. Compared to the analytical
method, numerical modeling is accepted to obtain more accurate results for the needled
C/C composites with complex microstructures.

Efforts have been made in the numerical calculation of the effective elastic properties
of needled C/C composites. Xu [6] and Tan [19] established a hierarchical multiscale
model to predict effective elastic properties based on the microstructural characterization
of needled C/C composites. Meng [10] considered the effects of needled fibers to develop a
fiber-based representative volume element (RVE) model for estimating the elastic constants
of needled C/C composites. Xie [20] constructed four typical RVE models to predict the
effective elastic properties of needling and un-needling regions. Meanwhile, a periodic
RVE model including needling and un-needling regions was built. However, these models
are established based on the assumption of the isotropic pyrolytic carbon and neglecting
the effect of the interphase between the fiber and matrix.

In this paper, a multiscale model is proposed with the consideration of microstructures
of needled C/C composites. At the microscale, RVE models of the weftless ply, short-cut
fiber ply, and needled fiber region are constructed by considering interphases and the
morphology of the pyrolytic carbon, respectively, where the Voronoi tessellation method is
modified to characterize the pyrolytic carbon morphology. At the macroscale, a macroscale
RVE model is established to predict the effective elastic properties of needled C/C compos-
ites. The data interaction between the two scales is achieved by the sequential multiscale
calculation method. Compared to the experimental results, the proposed multiscale model
is validated. Based on this model, the effect of porosity on the effective elastic properties of
needled C/C composites is further explored.

2. Experimental Procedure and Microstructural Analysis

The carbon fiber preforms provided by Jiangsu Tianniao High Technology Co., Ltd.
(Yixing, China) have a needling density of 27 punch/cm2 and a fiber volume fraction of 33%
in this paper. The preform is alternately stacked with 0◦ weftless plies, short-cut fiber plies,
and 90◦ weftless plies to a certain thickness, and then fixed by the needling technique in
the stacked direction, as shown in Figure 1. During the needling process, short-cut carbon
fibers of about 50~100 mm in length are introduced into the stacked direction by the needle
plate to achieve the stitching of the preform.
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In each ply, 12K PAN-based T700 carbon fibers are used, so the weftless, short-cut
fiber ply and needled fiber region have the same fiber diameter. The scanning electron
microscope (SEM) is used to obtain plenty of microstructural images of weftless plies, of
which a representative image is given in Figure 2a. According to these SEM images, the
ImageJ software is employed to obtain the statistical distribution of the fiber diameter, as
shown in Figure 2b. The results show that the fiber diameter obeys the Gauss distribution,
and the average fiber diameter is about 7 µm. Thus, this manuscript utilizes the average
value to calculate the effective elastic properties of needled C/C composites.

C 2024, 10, x FOR PEER REVIEW 3 of 19 
 

Figure 1. The microstructural illustration of needled carbon/carbon composites. 

In each ply, 12K PAN-based T700 carbon fibers are used, so the weftless, short-cut 
fiber ply and needled fiber region have the same fiber diameter. The scanning electron 
microscope (SEM) is used to obtain plenty of microstructural images of weftless plies, of 
which a representative image is given in Figure 2a. According to these SEM images, the 
ImageJ software is employed to obtain the statistical distribution of the fiber diameter, as 
shown in Figure 2b. The results show that the fiber diameter obeys the Gauss distribution, 
and the average fiber diameter is about 7 µm. Thus, this manuscript utilizes the average 
value to calculate the effective elastic properties of needled C/C composites. 

 
Figure 2. (a) The SEM image of the weftless ply and (b) the distribution of the fiber diameter. 

In this study, needled carbon/carbon composites are prepared by the isothermal 
chemical vapor infiltration (ICVI) method [21,22]. When the gaseous precursor passes 
through the interior of the heated porous needled preform in the ICVI process, it will un-
dergo the pyrolysis reaction to deposit pyrolytic carbon on the surface of the carbon fibers 
to realize the densification [4,23]. Figure 3 gives the schematic diagram of the ICVI device, 
where the red color indicates the heating elements, and the thermal couple is used to 
measure the temperature in the chamber. Before the carbon deposition, the fiber preform 
with the size of 100 mm × 100 mm × 10 mm is fixed using a porous graphite mold and 
placed in the center area of the chamber. A gas-tightness check is required to ensure an 
oxygen-free environment. During the densification, methane is used as the precursor, ar-
gon serves as the protective gas, the infiltration temperature is 800 °C~1200 °C, the infil-
tration pressure is 8~12kPa, and the infiltration time is 80~120 h. 

 

Figure 2. (a) The SEM image of the weftless ply and (b) the distribution of the fiber diameter.

In this study, needled carbon/carbon composites are prepared by the isothermal
chemical vapor infiltration (ICVI) method [21,22]. When the gaseous precursor passes
through the interior of the heated porous needled preform in the ICVI process, it will
undergo the pyrolysis reaction to deposit pyrolytic carbon on the surface of the carbon
fibers to realize the densification [4,23]. Figure 3 gives the schematic diagram of the ICVI
device, where the red color indicates the heating elements, and the thermal couple is used
to measure the temperature in the chamber. Before the carbon deposition, the fiber preform
with the size of 100 mm × 100 mm × 10 mm is fixed using a porous graphite mold and
placed in the center area of the chamber. A gas-tightness check is required to ensure an
oxygen-free environment. During the densification, methane is used as the precursor, argon
serves as the protective gas, the infiltration temperature is 800 ◦C~1200 ◦C, the infiltration
pressure is 8~12kPa, and the infiltration time is 80~120 h.

Figure 4 gives some details about the microstructures of needled carbon/carbon com-
posites. It is found that needled fibers pass through the weftless and short-cut fiber plies in
Figure 4a, where ts is the thickness of the short-cut fiber ply, tu is the thickness of the weftless
ply, and DF is the diameter of the needled region. Based on the abundance of microstruc-
tural images, the average thickness of weftless and short-cut fiber plies, and the diameter of
the needled region can be determined by measurement. In Figure 4b, the short-cut fiber ply
lies between the 0◦ and 90◦ weftless ply, and many pores exist in the weftless and short-cut
fiber ply. Figure 4c presents the morphology of the pyrolytic carbon under the polarized
light microscope. It is found that the pyrolytic carbon grows outward around the fiber.
By measurement, the extinction angle of the pyrolytic carbon is about 21◦, which proves
that the pyrolytic carbon is high-textured. According to Refs. [24,25], the carbon plane of
the high-textured pyrolytic carbon is parallel to the fiber axis, which makes the pyrolytic
carbon anisotropic. Figure 4d–f are grayscale histograms corresponding to Figure 4a–c,
respectively. Based on these histograms, pore locations can be determined accurately.

The Archimedes drainage method is easy to operate for measuring the porosity, and it
is convenient, safe, and environmentally friendly. However, it cannot be used to determine
the pore volume distribution and is applied to samples attacked by water. Because the
pore shape and distribution have little effect on the elastic properties of composites [26–28],
the Archimedes drainage method is adopted to obtain the total porosity of needled C/C
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composites. According to the standard of ASTM-C20, the measured porosity was 8.9% by
the Equation (1).

Vp =
m1 − m0

m1 − m2
(1)

where m0 and m1 denote the mass of the dried and water-infiltrated sample, respectively;
m2 is the mass of the sample in the water.
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Figure 4. (a) Microstructures of needled carbon/carbon composites, where ts is the thickness of
the short-cut fiber ply, tu is the thickness of the weftless ply, and DF is the diameter of the needled
region. (b) Short-cut fiber ply lies between the 0◦ and 90◦ weftless plies. (c) The pyrolytic carbon
morphology under the polarized light microscope. (d–f) The grayscale histograms of (a–c) are
presented, respectively.

The tensile moduli of needled carbon/carbon composites in both directions (perpen-
dicular to and along the needled fiber) are tested according to ASTM C1275-95 [23], where
the specimen size is 75 mm × 6.5 mm × 3.5 mm and the gauge length is 15 mm, as shown
in Figure 5. The CMT5340-30kN universal testing machine is used, and the loading speed
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is 0.5 mm/min during the static tensile process. To ensure the accuracy of the test results,
the number of specimens in each direction is five.

C 2024, 10, x FOR PEER REVIEW 5 of 19 
 

The tensile moduli of needled carbon/carbon composites in both directions (perpen-
dicular to and along the needled fiber) are tested according to ASTM C1275-95 [23], where 
the specimen size is 75 mm × 6.5 mm × 3.5 mm and the gauge length is 15 mm, as shown 
in Figure 5. The CMT5340-30kN universal testing machine is used, and the loading speed 
is 0.5 mm/min during the static tensile process. To ensure the accuracy of the test results, 
the number of specimens in each direction is five. 

. 

Figure 5. The schematic diagram of the tensile test of needled C/C composites. 

3. Multiscale Modeling Scheme 
Needled carbon/carbon composites consist of carbon fibers, pyrolytic carbon, pores, 

and interphases between the fibers and matrices, and there are different microstructural 
characterizations among the different plies. In the weftless ply, the carbon fibers are uni-
directionally distributed, so the composite in this ply exhibited very high modulus and 
strength in the fiber axis direction. In the short-cut fiber ply, the carbon fibers have a ran-
dom distribution in space, which makes the composite generally show isotropic material 
properties. In the needled region, the carbon fibers come from the short-cut fiber ply and 
are aligned along the needle direction. In this paper, a sequential multiscale method is 
proposed to accurately calculate the effective elastic properties of the needled C/C com-
posite. This method is a bottom-up calculation method to achieve the prediction of effec-
tive properties of composites by bringing homogenization results of microscale models 
into the macroscale model, as shown in Figure 6. 

Figure 5. The schematic diagram of the tensile test of needled C/C composites.

3. Multiscale Modeling Scheme

Needled carbon/carbon composites consist of carbon fibers, pyrolytic carbon, pores,
and interphases between the fibers and matrices, and there are different microstructural
characterizations among the different plies. In the weftless ply, the carbon fibers are
unidirectionally distributed, so the composite in this ply exhibited very high modulus
and strength in the fiber axis direction. In the short-cut fiber ply, the carbon fibers have
a random distribution in space, which makes the composite generally show isotropic
material properties. In the needled region, the carbon fibers come from the short-cut
fiber ply and are aligned along the needle direction. In this paper, a sequential multiscale
method is proposed to accurately calculate the effective elastic properties of the needled
C/C composite. This method is a bottom-up calculation method to achieve the prediction
of effective properties of composites by bringing homogenization results of microscale
models into the macroscale model, as shown in Figure 6.
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To obtain the effective properties of models at different scales, numerical homoge-
nization methods are used, which are suitable for dealing with composites with complex
microstructures. Given that the composite consists of N-phase components and the volume
occupied by the nth component is Vr, the average micro-field variable (strain, stress, etc.)
for each phase is expressed as follows:

⟨f⟩r =
1
Vr

∫
Vr

frdV, (2)

where f denotes the micro-field variable and ⟨·⟩ denotes the effective property. Since the

total volume of the composite satisfies the equation V =
N−1
∑

r=0
Vi, the effective property of

the composite is as follows [29]:

⟨f⟩ = 1
V

∫
V

fdV =
N−1

∑
r=0

1
V

∫
Vr

frdV =
Vr

V

N−1

∑
r=0

1
Vr

∫
Vr

frdV =
N−1

∑
r=0

Vr

V
⟨f⟩r =

N−1

∑
r=0

cr⟨f⟩r, (3)

where cr denotes the volume fraction of the rth component that satisfies the equation
N−1
∑

r=0
cr = 1.

Based on the numerical homogenization method, the average stress and average
strain of the RVE model are expressed as follows in the post-processing of the software
Abaqus2020.

〈
σij
〉
=

1
V

Nele

∑
k=1

Ve

(
Nint

∑
s=1

σij(yI) · J(yI) · W(yI)

)
=

1
V

Nint

∑
s=1

σij(yI) · IVOL(yI), (4)

〈
εij
〉
=

1
V

Nele

∑
k=1

Ve

(
Nint

∑
s=1

εij(yI) · J(yI) · W(yI)

)
=

1
V

Nint

∑
s=1

εij(yI) · IVOL(yI), (5)

where V is the RVE model volume, Nele is the number of elements, Nint is the number
of integration points, Ve is the elemental volume, J(yI) and W(yI) are the Jacobian matrix,
and weight at the integration point yI in the element e, respectively, and IVOL(yI) denotes
the volume of the integration point yI, satisfying the equation IVOL(yI) = Ve·J(yI)·W(yI).
According to Hooke’s law, the effective stiffness of the composite is as follows:

〈
Cijkl

〉
=

〈
σij
〉

⟨εkl⟩
(6)

3.1. Ply Models Considering the Interphase and Pyrolytic Carbon Morphology

To accurately characterize the microstructures of needled C/C composites at the
microscale, the interphase between the fiber and matrix and pyrolytic carbon morphology
should be considered. According to our previous work [30], the thickness and modulus of
the interphase are 0.163 µm and 5.84 GPa, respectively. The Poisson’s ratio of the interphase
is assumed to be 0.35, which is the same as the Poisson’s ratio of the matrix. For the
pyrolytic carbon, it has a feature of growing outwards around the fiber. In addition, pores
are distributed in pyrolytic carbon matrices. To numerically characterize the pyrolytic
carbon matrix, the treatment of transferring the pore–matrix system into an equivalent
matrix is performed. Combining the Voigt and Reuss methods, the effective property of the
equivalent matrix is calculated by Equation (7) [31].

⟨C⟩em = 0.5 × (⟨C⟩V + ⟨C⟩R) = 0.5 ×
(
(V0C0 + V1C1) +

(
V0C−1

0 + V1C−1
1

)−1
)

(7)
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where the subscripts em, V, R, 0, and 1 represent the equivalent matrix, Voigt method, Reuss
method, pyrolytic carbon, and pore.

3.1.1. Weftless Ply

The fibers in the weftless ply show a unidirectional distribution, which belongs to a
kind of unidirectional fiber-reinforced composite system. The main methods currently used
to create RVE models for unidirectional fiber-reinforced composites include the random
sequence adsorption algorithms [32,33], Monte Carlo methods [34,35], and nearest neighbor
algorithms [36]. Among these methods, the nearest neighbor algorithm can maximize the
use of space and ensure the randomness of fiber distribution to estimate the RVE model
with a fiber volume fraction above 50%. Generally, the actual fiber volume fraction in
unidirectional composites is lower than the maximum fiber volume fraction obtained by
the nearest neighbor algorithm. Therefore, a modified random fiber removal algorithm is
used in this study to establish the RVE model for the weftless ply. This algorithm consists of
two main steps: (1) constructing the RVE model with the maximum fiber volume fraction
based on the nearest neighbor algorithm, and (2) removing some fibers arbitrarily from the
generated fibers to reach the target fiber volume fraction. The detailed completion process
of the random fiber removal algorithm can be seen in Ref. [30].

For the morphology of the pyrolytic carbon matrix, a Voronoi tessellation method is
used [31]. In this method, a fiber is considered as a seed in a Voronoi cell. Let l0 represent
a reference fiber, l1 is any fiber except the reference fiber. If a matrix element p lies in a
Voronoi cell whose seed is the reference fiber, the distance between this element and the
reference fiber needs to meet Equation (8).

d(p, l0) < d(p, l1). (8)

If two endpoints of a fiber are defined as P0(x0, y0, z0) and P1(x1, y1, z1), respectively,
and the center point of the matrix element is M(xm, ym, zm), the distance d can be calculated
by the Equations (9) and (10):

λ =

→
P0M·

→
P0P1∣∣∣∣ →

P0P1

∣∣∣∣2
(9)

d =

√
(xm − λx1 + (λ − 1)x0)

2 + (ym − λy1 + (λ − 1)y0)
2 + (zm − λz1 + (λ − 1)z0)

2 (10)

Based on Equations (8)–(10), the equivalent matrix is partitioned into some Voronoi
cells by selecting the elements. Figure 7 gives the RVE model of the weftless ply and the
morphology of the equivalent matrix after treatment, where the model size is L1 × L2 × L3
= 56 µm × 56 µm × 42 µm [37].
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3.1.2. Short-Cut Fiber Ply

The short-cut fiber ply is composed of carbon fiber webs, interphases, pyrolytic carbon
matrices, and pores, in which the pores and pyrolytic carbon are homogenized into an
equivalent matrix. The carbon fibers are obtained by cutting long fibers into short fibers
with a certain length. The short fibers in the short-cut fiber ply have a random distribution,
so the short-cut fiber ply can be regarded as an isotropic composite. In this section, the
random sequential adsorption algorithm is used to establish the RVE model of the short-cut
fiber ply [38]. According to Ref. [31], the model length is larger than two times the fiber
length for random fiber-reinforced composites. Thus, the model size of the short-cut fiber
ply is selected as L × L × L = 84 µm × 84 µm × 84 µm, as shown in Figure 8a. In addition,
a Voronoi tessellation method is applied to characterize the morphology of the pyrolytic
carbon. The process of the Voronoi tessellation method has been given in Section 3.1.1.
Figure 8b gives the illustration of the partitioned equivalent matrix. It is found that each
fiber only has a Voronoi cell, and each element in this cell is the nearest to this fiber. It is
worth noting that the material orientation of each Voronoi cell is the same as that of the
carbon fiber in this cell, in order to characterize the anisotropic pyrolytic carbon.
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3.1.3. Needled Fiber Region

During the needling process, some fibers of the short-cut fiber ply are brought into
the stacking direction by the needle plate, so that the needled fibers exhibit unidirectional
distribution. In addition, the length of the short-cut fibers is generally between 3 and
25 mm, which is larger than the needle thickness. Therefore, the needled region can be
regarded as a unidirectional composite. In this region, the fibers are tightly arranged and
exhibit a square or square-hexagonal distribution. The previous results [39] showed that
the RVE model constructed based on the square-hexagonal arrangement is closer to the
experimental results. Thus, the RVE model with hexagonally arranged fibers is established,
as shown in Figure 9. To avoid the poor convergence caused by the contact or too small
distance between fibers, the minimum distance between fibers is defined as 0.07d (d denotes
the fiber diameter) in this section. According to the calculation, the RVE model size of the
needled fiber region is L1 × L2 × L3 = 13.72 µm × 7.82 µm × 42 µm.
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3.2. Macroscale Model

Needle density is the number of needle punches per square centimeter and can be
calculated by the following equation:

Dn =
Dp × f

v
, (11)

where Dn denotes the needling density, Dp is the implantation density of the needle on
the needle plate (punch/cm), f is the needling frequency (punch/min), and v denotes the
fabric speed (cm/min) of the machine. Considering the complexity and randomness of
the needling process, this paper assumes that the needling density and the implantation
density are equal, and the other parameters are defaulted to 1. Proximity to the actual
microstructure is achieved by randomly generating the location of the needled fiber region,
but it is necessary to ensure that there is no overlap between the needle punches. Figure 10
represents the schematic diagram of the macroscale model of needled C/C composites,
where hd is the needling depth, tu is the thickness of the weftless ply, ts is the thickness
of the short-cut fiber ply, H is the thickness of the macroscale model, and L is the length
of the macroscale model. The values of L and H are determined in Section 5.1 by the
parameter investigation.

C 2024, 10, x FOR PEER REVIEW 10 of 19 
 

hd is the needling depth, tu is the thickness of the weftless ply, ts is the thickness of the 
short-cut fiber ply, H is the thickness of the macroscale model, and L is the length of the 
macroscale model. The values of L and H are determined in Section 5.1 by the parameter 
investigation. 

 
Figure 10. The macroscale model of needled C/C composites. 

4. Material Property, Ply Parameters, and Boundary Conditions 
The material, component information, and boundary conditions need to be deter-

mined before calculating the effective elastic properties of needled C/C composites. In ad-
dition, the ply parameters containing the fiber volume fraction and porosity of each part, 
the thicknesses of the weftless and short-cut fiber plies, and the diameter of the needled 
region also need to be defined. 

4.1. Material Property 
Needled C/C composites consist of carbon fibers, pyrolytic carbon, pores, and inter-

phases between fibers and matrices. According to Hill’s law, the inner continuity of the 
RVE model needs to be ensured when using the average stress/strain method [40]. There-
fore, pores are considered soft materials with very low stiffness to disregard the effects of 
pores on the effective elastic properties of needled C/C composites [41]. Table 1 lists the 
material properties of each component. 

Table 1. Elastic constants of each component [6,42–44]. 

 
Elastic Modulus Shear Modulus Poisson’s Ratio 

EL 

(GPa) 
ET 

(GPa) 
GLT 

(GPa) 
GTT 

(GPa) 
νLT νTT 

T700 237 15.8 23 15 0.01 0.37 
Pyrolytic carbon 27 13 9.18 4.81 0.47 0.35 

Pore 2.5 × 10−5 2.5 × 10−5 1.0 × 10−5 1.0 × 10−5 0.25 0.25 
Interphase 5.84 5.84 2.16 2.16 0.35 0.35 

4.2. Ply Parameters 
The weftless ply has a surface density of 240.5 g/m2, the short-cut fiber ply has a sur-

face density of 120 g/m2, and the density of the needled preform is 0.44 g/cm3. By deriva-
tion, the fiber volume fraction in the weftless ply is as follows: 

Figure 10. The macroscale model of needled C/C composites.

4. Material Property, Ply Parameters, and Boundary Conditions

The material, component information, and boundary conditions need to be determined
before calculating the effective elastic properties of needled C/C composites. In addition,
the ply parameters containing the fiber volume fraction and porosity of each part, the
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thicknesses of the weftless and short-cut fiber plies, and the diameter of the needled region
also need to be defined.

4.1. Material Property

Needled C/C composites consist of carbon fibers, pyrolytic carbon, pores, and inter-
phases between fibers and matrices. According to Hill’s law, the inner continuity of the RVE
model needs to be ensured when using the average stress/strain method [40]. Therefore,
pores are considered soft materials with very low stiffness to disregard the effects of pores
on the effective elastic properties of needled C/C composites [41]. Table 1 lists the material
properties of each component.

Table 1. Elastic constants of each component [6,42–44].

Elastic Modulus Shear Modulus Poisson’s Ratio

EL
(GPa)

ET
(GPa)

GLT
(GPa)

GTT
(GPa) νLT νTT

T700 237 15.8 23 15 0.01 0.37
Pyrolytic carbon 27 13 9.18 4.81 0.47 0.35

Pore 2.5 × 10−5 2.5 × 10−5 1.0 × 10−5 1.0 × 10−5 0.25 0.25
Interphase 5.84 5.84 2.16 2.16 0.35 0.35

4.2. Ply Parameters

The weftless ply has a surface density of 240.5 g/m2, the short-cut fiber ply has a
surface density of 120 g/m2, and the density of the needled preform is 0.44 g/cm3. By
derivation, the fiber volume fraction in the weftless ply is as follows:

Vfw =
ρsurface_w

ρ0
Vf0, (12)

where Vf0 represents the fiber volume fraction in the needled C/C composites, ρsurface_w is
the surface density of the weftless ply, and ρ0 is the density of the needled preform. The
needled fibers come from the short-cut fiber ply. Before needling, the proportion of fibers
in the short-cut fiber ply to the volume of the short-cut fiber ply is

Vfs0 =
ρsurface_s

ρ0
Vf0, (13)

where ρsurface_s is the density of the short-cut fiber ply. For the needled preform, the needle
plate starts to work when one short-cut fiber ply and one weftless ply are stacked. Thus, if
the effect of needled fibers is considered, the actual fiber content in the short-cut fiber ply is
expressed as

Vfs =
Vfs0 × ts × L0 × L0 − (ts + tu)× π ×

D2
f

4 × Vfn

(ts × L0 × L0 − ts × π ×
D2

f
4 )

(14)

where Vfn is the fiber volume fraction in the needled fiber region, the value of which is 75%
in this study [6]; DF is the diameter of the needled region; and L0 is the side length of the
region containing a single needled fiber region, one short-cut fiber ply, and one weftless ply
in the direction perpendicular to the needled fiber. Equation (15) is used to obtain the value
of L0, and ND is the needling density.

L0 =

√
100
ND

. (15)

The fiber volume fraction of needled C/C composites is 25%. According to
Equations (12)–(15), the fiber volume fraction in the weftless ply is 41.4% and the fiber vol-
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ume fraction in the short-cut fiber ply is 11.2%. By the optical images at different locations,
the average thickness of the weftless ply is 0.28 mm, the average thickness of the short-cut
fiber ply is 0.34 mm, and the average diameter of the needled region is 0.6 mm. In addition,
the porosity in the short-cut fiber ply is 10.3%, the porosity in the weftless ply is 4.1%, and
the porosity in the needled fiber region is 3.1% based on SEM images using the image
processing technique [45], as shown in Table 2.

Table 2. Geometrical parameters of each part of needled C/C composites.

Weftless Ply Short-Cut Fiber Ply Needled Fiber
Region

Fiber volume fraction 41.4% 11.2% 75%
Porosity 4.1% 10.3% 3.1%

Thickness or diameter 0.28 mm 0.34 mm ϕ 0.6 mm

4.3. Boundary Conditions

Generally, it is assumed that the composites consist of representative cells arranged
periodically [46]. Thus, periodic boundary conditions are used to constrain the freedom
of the two opposite nodes on the boundary of the RVE model at different scales to ensure
displacement and force continuity. When the displacement in the periodic boundary
conditions is constrained, the force constraint condition is automatically satisfied [47].
For two opposite nodes in the RVE model, the displacement boundary condition can be
expressed as

uj+
i − uj−

i = εik(xj+
k − xj−

k ), (16)

where the subscripts i and k denote the direction and are defined as 1, 2, and 3. The
superscript j is the jth node pair on the opposite surfaces. u and ε are the displacement and
average strain. To realize the displacement boundary condition in Equation (16), the linear
multipoint constraint equation [38] is used in this study, as shown in Equation (17).

a1uN
i + a2uM

j + . . . + anuZ
l = 0, (17)

where uN
i is the nodal displacement of node N at the degree of freedom and an is the

coefficient that constrains the relative motion of the nodes. To further implement the
periodic constraints in the Abaqus software, reference points need to be introduced for
defining the external loads, as shown in Equation (18).

uj+
i − uj−

i = u
RPj
i (18)

where the superscript RP denotes the reference point. In this paper, three reference points
(RP1, RP2, and RP3) are introduced, where RP1 is used to impose tensile deformations in
three directions, and RP2 and RP3 are used to impose three shear deformations, respec-
tively. If a degree of freedom is constrained, this degree of freedom is deleted to avoid
over-constraint.

5. Results and Discussion

Needled C/C composites have hierarchical structures containing weftless plies, short-
cut fiber plies, and needled fiber regions. To validate the proposed multiscale model,
the model’s effectiveness at different scales needs to be investigated. In addition, the
relationship between porosity and the elastic properties of needled C/C composites is
quantitatively characterized. It is worth noting that the following slash symbol indicates
that the value of the variable is the same on both sides of the symbol.
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5.1. Model Validation

(i) Microscale models;

Before validation, mesh sensitivity needs to be determined. The mesh size has a
significant effect on computational convergence and accuracy. For microscale models, the
previous study [48] showed that the mesh size Le = L/45 (L is the maximum side length of
RVE) can provide a very close result and acceptable computation cost. Thus, the microscale
models are meshed using this mesh size in this paper. The computation time of each model
is about 20 min.

The weftless ply and the short-cut fiber ply are regarded as unidirectional C/C com-
posites and short-cut C/C composites, respectively. Thus, experimental results of the
unidirectional C/C composites and short-cut C/C composites are used to verify the pro-
posed methods. According to the experimental results from Refs. [30,31], the transverse
elastic modulus of unidirectional C/C composites is 7.37 GPa; and the elastic modulus of
short-cut C/C composites is 8.14 GPa. Based on the proposed methods in this paper, the
predicted transverse effective elastic modulus of unidirectional C/C composites is 7.58 GPa,
and the predicted effective elastic modulus of short-cut C/C composites is 8.80 GPa. The
results show that the maximum relative error for these two materials is 8.11%, which is in
good agreement with the experimental results.

To validate the RVE model of the needled region, the Halpin–Tsai method, which has
now been widely used to evaluate the elastic properties of composites with unidirectional
fiber distribution [49,50], is used. The results of the needled model and Halpin–Tsai method
are given in Table 3, where the property in the 2–3 plane is isotropic. It is found that the
predicted results of the proposed model agree with the Halpi–Tsai results, which indicates
that the proposed model can predict the elastic properties of the needled fiber region.

Table 3. Comparison between the RVE model and Halpin–Tsai results.

Properties Model (GPa) Halpin–Tsai (GPa) Err

E11 162.32 174.96 7.22%
E22/E33 11.46 11.43 0.26%
G12/G13 6.79 7.19 5.56%

G23 5.38 4.15 29.64%

(ii) Macroscale model

Before validating the macroscale model, the mesh size and model size need to be
determined by the parametric study. For the mesh sensitivity analysis, the macroscale
model size is kept as L × L × H = 5 mm × 5 mm × 1.24 mm, while the mesh size is set
to 0.1 mm, 0.15 mm, 0.2 mm, 0.25 mm, and 0.3 mm, respectively. The effects of the mesh
size on the effective elastic properties of the macroscale model are given in Figure 11. The
results show that when the mesh size exceeds 0.25 mm, the elastic properties tend to be
stable. The relative error in Figure 11d is the average relative deviation between the five
realizations of RVE models and the average value, which is expressed as follows:

Error =
max

(
ϕi −

1
n

n
∑

i=1
ϕi

)
1
n

n
∑

i=1
ϕi

, (19)

where ϕ denotes the predicted elastic properties of each realization, and n denotes the
number of realization of models. According to the results in Figure 11d, it is found that the
mesh size does not have a significant effect on the predicted results of the macroscale model,
in which the maximum relative error is 1.89%. Therefore, considering the computational
efficiency, the model mesh size is chosen as 0.25 mm.
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When exploring the effect of model length (L) on the effective elastic properties of the
macroscale model, the model thickness (H) is 1.24 mm, the mesh size is 0.25 mm, and L is
set to 1.9 mm, 5 mm, 10 mm, 15 mm, and 20 mm, respectively. The results in Figure 12a–c
show that the effective elastic properties of the macroscale model are kept unchanged when
L exceeds 10 mm. Figure 12d demonstrates the relative error of the macroscale model with
different L. The results show that the effects of the model length on the relative error can
almost be disregarded. Therefore, the macroscale model length is selected as 10 mm in
this paper.
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While investigating the effect of the model thickness (H) on the effective elastic prop-
erties of the macroscale model, the length of the model is 10 mm, the mesh size is 0.25 mm,
and the thickness varies from 1.24 mm to 6.20 mm. The variation of the effective elastic
modulus of the macroscale model with the thickness is given in Figure 13a. The results
show that when the model thickness is more than 3.72 mm, the effective elastic modulus
almost remains unchanged. In Figure 13b, the effective shear modulus of the macroscale
model increases with the increase in the model thickness but remains stable when the
model thickness exceeds 3.72 mm. Figure 13c shows the variation in the Poisson’s ratio
with the model thickness. It is found that the effective Poisson’s ratio remains unchanged
when the model thickness exceeds 3.72 mm. In addition, the results in Figure 13d show
that the model thickness does not have a significant effect on the relative error. Thus, the
model thickness is 3.72 mm in this paper.
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According to the above parametric investigation, the macroscale model size of the
needled C/C composite is 10 mm × 10 mm × 3.72 mm, and the mesh size is selected as
0.25 mm. The computation time is about 1 min. Based on the proposed multiscale model of
the needled C/C composite, the in-plane (the direction perpendicular to the needled fiber)
modulus is 26.05 GPa, and the out-of-plane (the direction along the needle fiber) modulus
is 17.38 GPa. By the in-plane and out-of-plane tensile tests, the average in-plane tensile
modulus of the needled C/C composites is 27.62 ± 8.32 GPa and the average out-of-plane
tensile modulus is 19.04 ± 5.24 GPa. According to Equation (20), the predicted relative
error for the in-plane tensile modulus is 5.68% and that of the out-of-plane tensile modulus
is 8.72% The results show that the proposed multiscale model for needled C/C composites
is reliable in predicting the effective elastic properties.

Error =

∣∣Rexp − RfE
∣∣

Rexp
(20)

where Rexp and RFE are the experimental and predicted results, respectively.
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5.2. Effects of Porosity

Needled C/C composites contain plenty of irregular pores. These pores are not
conducive to the improvement of the elastic properties of needled C/C composites. To
quantify the effect of porosity on the elastic properties of needled C/C composites, this
section explores the relationship between the porosity and the effective elastic properties of
each model. In Figure 14, the effective elastic and shear moduli of each model decrease with
the increase in porosity, showing a linear relationship with the porosity. When the porosity
in the needled region increases from 0.017 to 0.059, the E11 of the needled region decreases
by 2.56%, E22/E33 decreases by 7.05%, G12/G13 decreases by 8.36%, and G23 decreases by
10.65% in Figure 14(a1,a2). When the porosity of the weftless ply changes from 0.023 to
0.078, the E11 decreases by 1.45%, E22/E33 decreases by 6.74%, G12/G13 decreases by 6.76%,
and G23 decreases by 7.72% in Figure 14(b1,b2). When the porosity of the short-cut fiber
ply varies from 0.058 to 0.197, the elastic modulus of the short-cut fiber ply decreases by
15.3% and the shear modulus decreases by 15.29% in Figure 14(c1,c2). When the porosity
of the composite varies from 0.05 to 0.17, E11/E22 of the composite decreases by 5.1%,
E33 decreases by 9.28%, G12 decreases by 10.26%, and G13/G23 decreases by 11.85% in
Figure 14(d1,d2). From the above analysis, it is shown that the porosity has little effect on
the elastic properties along the fiber direction in the needled region and the weftless ply is
small, while it has a significant effect on the remaining elastic properties. The pores cause
an equal decrease in the elastic modulus and shear modulus of the short-cut fiber ply, which
is because the fibers and pores show a random distribution in the needled C/C composites.
In the macroscale model, the porosity has less effect on the E11 and E22, which is because
these two directions are the fiber directions of the 0◦ and 90◦ weftless plies, respectively.
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6. Conclusions

In this paper, a multiscale model is proposed to predict the effective elastic properties
of needled C/C composites. At the microscale, the microstructures of the weftless ply,
the short-cut fiber ply, and the needled region are analyzed to establish the RVE model of
each ply. Meanwhile, the matrix region is divided by the modified Voronoi tessellation
method to realize the numerical characterization of the pyrolytic carbon morphology and
its anisotropic properties. At the macroscale, the homogeneous properties of the microscale
model are introduced into the macroscale model by the sequential multiscale calculation
method to predict the effective elastic properties of needled C/C composites. Considering
that the needling process is complex and random, the macroscale model size is determined
by parametric investigation. In addition, by exploring the effect of porosity on the effective
elastic properties of different scale models, it is found that the effective elastic properties
of each model decrease with the increase in porosity, but the extent of decrease in each
direction is not consistent, while the porosity causes the same extent of decrease in the
elastic and shear moduli of the short-cut fiber ply.

Author Contributions: Conceptualization, Methodology, Software, Writing—original draft, J.G.;
Writing—review & editing, Funding acquisition, Visualization, X.C.; Writing—review & editing,
Formal analysis, H.H.; Writing—review & editing, W.T.; Validation, W.L.; Writing—review & editing,
Supervision, L.Q. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant Nos.
52302115) and the Fundamental Research Funds for the Central Universities (No. D5000220523).

Data Availability Statement: The data presented in this paper are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.



C 2024, 10, 85 17 of 18

References
1. Kim, H.-G.; Ji, W.; Kwon, H.J.; Yoon, S.; Kim, J.-I.; Bae, S.; Cho, N.C. Full-scale multi-physics numerical analysis of an isothermal

chemical vapor infiltration process for manufacturing C/C composites. Carbon 2021, 172, 174–188. [CrossRef]
2. Chowdhury, P.; Sehitoglu, H.; Rateick, R. Damage tolerance of carbon-carbon composites in aerospace application. Carbon 2018,

126, 382–393. [CrossRef]
3. Rao, M.V.; Mahajan, P.; Mittal, R.K. Effect of architecture on mechanical properties of carbon/carbon composites. Compos. Struct.

2008, 83, 131–142. [CrossRef]
4. Li, H.; Hou, X.; Chen, Y. Densification of unidirectional carbon–carbon composites by isothermal chemical vapor infiltration.

Carbon 2000, 38, 423–427. [CrossRef]
5. Li, A.; Deutschmann, O. Transient modeling of chemical vapor infiltration of methane using multi-step reaction and deposition

models. Chem. Eng. Sci. 2007, 62, 4976–4982. [CrossRef]
6. Xu, Y.; Zhang, P.; Lu, H.; Zhang, W. Hierarchically modeling the elastic properties of 2D needled carbon/carbon composites.

Compos. Struct. 2015, 133, 148–156. [CrossRef]
7. Chen, X.; Chen, L.; Zhang, C.; Song, L.; Zhang, D. Three-dimensional needle-punching for composites–A review. Compos. Part A

Appl. Sci. Manuf. 2016, 85, 12–30. [CrossRef]
8. Wang, Z.; Wang, B.; Jiang, X.; Wang, X.; Sun, W.; Fang, G.; Meng, S. Effects of non-uniform needled microstructure on failure

mechanisms of 3D needled composites thick-walled cylinder under axial compression and internal pressure. J. Mater. Sci. 2023,
58, 9006–9024. [CrossRef]

9. Han, M.; Silberschmidt, V.V. Theoretical Analysis on Needle-Punched Carbon/Carbon Composites. Appl. Compos. Mater. 2019, 26,
805–816. [CrossRef]

10. Meng, S.; Song, L.; Xu, C.; Wang, W.; Xie, W.; Jin, H. Predicting the effective properties of 3D needled carbon/carbon composites
by a hierarchical scheme with a fiber-based representative unit cell. Compos. Struct. 2017, 172, 198–209. [CrossRef]

11. Fitzer, E. The future of carbon-carbon composites. Carbon 1987, 25, 163–190. [CrossRef]
12. Wang, W.; Wang, H.; Fei, S.; Wang, H.; Dong, H.; Ke, Y. Generation of random fiber distributions in fiber reinforced composites

based on Delaunay triangulation. Mater. Des. 2021, 206, 109812. [CrossRef]
13. Wang, M.Z.; Xu, B.X. The Arithmetic Mean Theorem of Eshelby Tensor for a Rotational Symmetrical Inclusion. J. Elast. 2004, 77,

13–23. [CrossRef]
14. Zou, W.; He, Q.; Huang, M.; Zheng, Q. Eshelby’s problem of non-elliptical inclusions. J. Mech. Phys. Solids 2010, 58, 346–372.

[CrossRef]
15. Trotta, S.; Zuccaro, G.; Sessa, S.; Marmo, F.; Rosati, L. On the evaluation of the Eshelby tensor for polyhedral inclusions of arbitrary

shape. Compos. Part B Eng. 2018, 144, 267–281. [CrossRef]
16. Voigt, W. Ueber die Beziehung zwischen alen beiden Elasticitaitsconstanten isotroper Korper. Ann. Der Phys. 1889, 12, 573–587.

[CrossRef]
17. Hashin, Z.A.; Shtrikman, S. On some variational principles in anisotropic and nonhomogeneous elasticity. J. Mech. Phys. Solids

1962, 10, 335–342. [CrossRef]
18. Affdl, J.C.H.; Kardos, J.L. The Halpin-Tsai equations: A review. Polym. Eng. Sci. 1976, 16, 344–352. [CrossRef]
19. Tan, Y.; Yan, Y.; Li, X.; Guo, F. Numerical Analysis of the Elastic Properties of 3D Needled Carbon/Carbon Composites. Mech.

Compos. Mater. 2017, 53, 551–562. [CrossRef]
20. Xie, J.; Liang, J.; Fang, G.; Chen, Z. Effect of needling parameters on the effective properties of 3D needled C/C-SiC composites.

Compos. Sci. Technol. 2015, 117, 69–77. [CrossRef]
21. Jia, Y.; Li, K.; Zhang, S.; Li, L.; Ren, J. Microstructure and Mechanical Properties of Multilayer-textured 2D Carbon/Carbon

Composites. J. Mater. Sci. Technol. 2014, 30, 1202–1207. [CrossRef]
22. Li, W.; Li, H.; Wang, J.; Zhang, S.; Yang, X.; Wei, J. Preparation and mechanical properties of carbon/carbon composites with high

textured pyrolytic carbon matrix. Trans. Nonferrous Met. Soc. China 2013, 23, 2129–2134. [CrossRef]
23. Li, A.; Norinaga, K.; Zhang, W.; Deutschmann, O. Modeling and simulation of materials synthesis: Chemical vapor deposition

and infiltration of pyrolytic carbon. Compos. Sci. Technol. 2008, 68, 1097–1104. [CrossRef]
24. Manocha, L.M.; Warrier, A.; Manocha, S.; Sathiyamoorthy, D.; Banerjee, S. Thermophysical properties of densified pitch based

carbon/carbon materials—I. Unidirectional composites. Carbon 2005, 44, 480–487. [CrossRef]
25. Wang, P.; Zhang, H.; Yin, J.; Xiong, X.; Deng, C.; Wu, X. Effect of pyrolytic carbon interface thickness on conductivity and

mechanical and wear properties of copper mesh modified carbon/carbon composite. Mater. Des. 2018, 154, 302–311. [CrossRef]
26. Qi, L.; Chao, X.; Tian, W.; Ma, W.; Li, H. Numerical study of the effects of irregular pores on transverse mechanical properties of

unidirectional composites. Compos. Sci. Technol. 2018, 159, 142–151. [CrossRef]
27. Drach, B.; Tsukrov, I.; Trofimov, A. Comparison of full field and single pore approaches to homogenization of linearly elastic

materials with pores of regular and irregular shapes. Int. J. Solids Struct. 2016, 96, 48–63. [CrossRef]
28. Ge, L.; Li, H.; Zheng, H.; Zhang, C.; Fang, D. Two-scale damage failure analysis of 3D braided composites considering pore

defects. Compos. Struct. 2021, 260, 113556. [CrossRef]
29. Chatzigeorgiou, G.; Meraghni, F. Elastic and inelastic local strain fields in composites with coated fibers or particles: Theory and

validation. Math. Mech. Solids 2018, 24, 2858–2894. [CrossRef]

https://doi.org/10.1016/j.carbon.2020.10.001
https://doi.org/10.1016/j.carbon.2017.10.019
https://doi.org/10.1016/j.compstruct.2007.04.003
https://doi.org/10.1016/S0008-6223(99)00122-0
https://doi.org/10.1016/j.ces.2007.01.069
https://doi.org/10.1016/j.compstruct.2015.07.081
https://doi.org/10.1016/j.compositesa.2016.03.004
https://doi.org/10.1007/s10853-023-08569-2
https://doi.org/10.1007/s10443-018-9749-2
https://doi.org/10.1016/j.compstruct.2017.03.090
https://doi.org/10.1016/0008-6223(87)90116-3
https://doi.org/10.1016/j.matdes.2021.109812
https://doi.org/10.1007/s10659-005-3192-y
https://doi.org/10.1016/j.jmps.2009.11.008
https://doi.org/10.1016/j.compositesb.2018.01.012
https://doi.org/10.1002/andp.18892741206
https://doi.org/10.1016/0022-5096(62)90004-2
https://doi.org/10.1002/pen.760160512
https://doi.org/10.1007/s11029-017-9685-5
https://doi.org/10.1016/j.compscitech.2015.06.003
https://doi.org/10.1016/j.jmst.2014.03.026
https://doi.org/10.1016/S1003-6326(13)62707-7
https://doi.org/10.1016/j.compscitech.2007.07.007
https://doi.org/10.1016/j.carbon.2005.08.012
https://doi.org/10.1016/j.matdes.2018.05.031
https://doi.org/10.1016/j.compscitech.2018.02.020
https://doi.org/10.1016/j.ijsolstr.2016.06.023
https://doi.org/10.1016/j.compstruct.2021.113556
https://doi.org/10.1177/1081286518822695


C 2024, 10, 85 18 of 18

30. Ge, J.; Qi, L.; Chao, X.; Xue, Y.; Hou, X.; Li, H. The effects of interphase parameters on transverse elastic properties of Carbon–
Carbon composites based on FE model. Compos. Struct. 2021, 268, 113961. [CrossRef]

31. Ge, J.; Qi, L.; Tian, W.; Chao, X.; Li, W.; Li, H. Numerical evaluation of effective elastic properties of CVI-C/C composites
considering anisotropic matrix. Compos. Struct. 2023, 306, 116561. [CrossRef]

32. Ramsden, J.J. Review of New Experimental Techniques for Investigating Random Sequential Adsorption. J. Statal Phys. 1993, 73,
853–877. [CrossRef]

33. Vyas, G.M.; Pinho, S.T.; Robinson, P. Constitutive modelling of fibre-reinforced composites with unidirectional plies using a
plasticity-based approach. Compos. Sci. Technol. 2011, 71, 1068–1074. [CrossRef]

34. Gusev, A.A. Representative volume element size for elastic composites: A numerical study. J. Mech. Phys. Solids 1997, 45,
1449–1459. [CrossRef]

35. Gusev, A.A.; Hine, P.J.; Ward, I.M. Fiber packing and elastic properties of a transversely random unidirectional glass/epoxy
composite. Compos. Sci. Technol. 2000, 60, 535–541. [CrossRef]

36. Vaughan, T.J.; McCarthy, C.T. A combined experimental–numerical approach for generating statistically equivalent fibre distribu-
tions for high strength laminated composite materials. Compos. Sci. Technol. 2010, 70, 291–297. [CrossRef]

37. Múgica, J.I.; Lopes, C.S.; Naya, F.; Herráez, M.; Martínez, V.; González, C. Multiscale modelling of thermoplastic woven fabric
composites: From micromechanics to mesomechanics. Compos. Struct. 2019, 228, 111340. [CrossRef]

38. Qi, L.; Tian, W.; Zhou, J. Numerical evaluation of effective elastic properties of composites reinforced by spatially randomly
distributed short fibers with certain aspect ratio. Compos. Struct. 2015, 131, 843–851. [CrossRef]

39. Bhuiyan, F.H.; Sanei, S.H.R.; Fertig, R.S. Predicting variability in transverse effective elastic moduli and failure initiation strengths
in UD composite microstructures due to randomness in fiber location and morphology. Compos. Struct. 2020, 237, 111887.
[CrossRef]

40. Sun, C.T.; Vaidya, R.S. Prediction of composite properties from a representative volume element. Compos. Sci. Technol. 1996, 56,
171–179. [CrossRef]

41. Tsukrov, I.; Novak, J. Effective elastic properties of solids with defects of irregular shapes. Int. J. Solids Struct. 2002, 39, 1539–1555.
[CrossRef]

42. Yu, J.; Zhou, C.; Zhang, H. A micro-image based reconstructed finite element model of needle-punched C/C composite. Compos.
Sci. Technol. 2017, 153, 48–61. [CrossRef]

43. Gebert, J.-M.; Reznik, B.; Piat, R.; Viering, B.; Weidenmann, K.; Wanner, A.; Deutschmann, O. Elastic constants of high-texture
pyrolytic carbon measured by ultrasound phase spectroscopy. Carbon 2010, 48, 3647–3650. [CrossRef]

44. Farbos, B.; Da Costa, J.P.; Vignoles, G.L.; Leyssale, J.M. Nanoscale elasticity of highly anisotropic pyrocarbons. Carbon 2015, 94,
285–294. [CrossRef]

45. Li, M.; Qi, L.; Li, H.; Xu, G. Measurement of the extinction angle about laminar pyrocarbons by image analysis in reflection
polarized light. Mater. Sci. Eng. A 2007, 448, 80–87. [CrossRef]

46. Xia, Z.; Zhang, Y.; Ellyin, F. A unified periodical boundary conditions for representative volume elements of composites and
applications. Int. J. Solids Struct. 2003, 40, 1907–1921. [CrossRef]

47. Gao, L.; Wang, C.; Liu, Z.; Zhuang, Z. Theoretical aspects of selecting repeated unit cell model in micromechanical analysis using
displacement-based finite element method. Chin. J. Aeronaut. 2017, 30, 1417–1426. [CrossRef]

48. Tian, W.; Qi, L.; Su, C.; Liu, J.; Zhou, J. Effect of fiber transverse isotropy on effective thermal conductivity of metal matrix
composites reinforced by randomly distributed fibers. Compos. Struct. 2016, 152, 637–644. [CrossRef]

49. Hine, P.J.; Lusti, H.R.; Gusev, A.A. Numerical simulation of the effects of volume fraction, aspect ratio and fibre length distribution
on the elastic and thermoelastic properties of short fibre composites. Compos. Sci. Technol. 2002, 62, 1445–1453. [CrossRef]

50. Babu, K.P.; Mohite, P.M.; Upadhyay, C.S. Development of an RVE and its stiffness predictions based on mathematical homoge-
nization theory for short fibre composites. Int. J. Solids Struct. 2018, 130–131, 80–104. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.compstruct.2021.113961
https://doi.org/10.1016/j.compstruct.2022.116561
https://doi.org/10.1007/BF01052813
https://doi.org/10.1016/j.compscitech.2011.03.009
https://doi.org/10.1016/S0022-5096(97)00016-1
https://doi.org/10.1016/S0266-3538(99)00152-9
https://doi.org/10.1016/j.compscitech.2009.10.020
https://doi.org/10.1016/j.compstruct.2019.111340
https://doi.org/10.1016/j.compstruct.2015.06.045
https://doi.org/10.1016/j.compstruct.2020.111887
https://doi.org/10.1016/0266-3538(95)00141-7
https://doi.org/10.1016/S0020-7683(01)00285-2
https://doi.org/10.1016/j.compscitech.2017.09.029
https://doi.org/10.1016/j.carbon.2010.06.002
https://doi.org/10.1016/j.carbon.2015.06.060
https://doi.org/10.1016/j.msea.2006.11.104
https://doi.org/10.1016/S0020-7683(03)00024-6
https://doi.org/10.1016/j.cja.2017.05.010
https://doi.org/10.1016/j.compstruct.2016.05.070
https://doi.org/10.1016/S0266-3538(02)00089-1
https://doi.org/10.1016/j.ijsolstr.2017.10.011

	Introduction 
	Experimental Procedure and Microstructural Analysis 
	Multiscale Modeling Scheme 
	Ply Models Considering the Interphase and Pyrolytic Carbon Morphology 
	Weftless Ply 
	Short-Cut Fiber Ply 
	Needled Fiber Region 

	Macroscale Model 

	Material Property, Ply Parameters, and Boundary Conditions 
	Material Property 
	Ply Parameters 
	Boundary Conditions 

	Results and Discussion 
	Model Validation 
	Effects of Porosity 

	Conclusions 
	References

