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Abstract: Carbon/carbon (C/C) composite materials are widely used in aerospace structures operat-
ing in high temperature environments based on their high performance thermal and mechanical
properties. The C/C composite material has a yarn architecture in which fiber bundles in different
directions cross each other, and it is also divided into architecture types, such as 3-D orthogonal, 4-
D in-plane, and 4-D diagonal, according to the arrangement of the fiber bundles. The thermo-me-
chanical performance of the carbon/carbon composite material may vary depending on the yarn
architecture, and the material properties are also tailored according to constituent materials, such
as fiber and matrix, and manufacturing parameters, such as yarn size, yarn spacing, and fiber vol-
ume fraction. In this paper, three types of geometric models are defined for repeating unit cells
(RUCs), according to the yarn architecture of the C/C composite material, and the effective stiffness
was predicted by applying the iso-strain assumption and stress averaging technique. In addition,
the thermo-mechanical characteristics according to the yarn architecture and fiber volume fraction
of RUC were compared and evaluated.

Keywords: carbon/carbon composite materials; yarn architecture; repeating unit cell;
effective stiffness; manufacturing parameters; fiber volume fraction

1. Introduction

Carbon/carbon (C/C) composite material is a type of composite material applied with
carbon fiber and carbon matrix. The carbon material has high stiffness and strength as
well as excellent thermal and chemical stability in high temperature environments. Based
on these high-performance thermo-mechanical properties, it is widely used as a material
for aerospace structures, such as throat nozzle of solid rocket systems operated in a high-
temperature environment, nose tips, and leading edges in high performance aerospace
vehicles [1-3].

The C/C composite material has a yarn architecture according to fiber bundles in dif-
ferent directions cross each other. Typical C/C composites according to yarn architecture
are divided as follows: 3-D orthogonal, 4-D in-plane, and 4-D diagonal composite. The ‘n-
D’ means the number of fiber bundle directions. The thermo-mechanical properties of the
C/C composite material can be tailored according to the yarn architecture, the type of con-
stituent materials (fiber and matrix), and manufacturing parameters, such as yarn size,
yarn spacing, and fiber volume fraction. In the preliminary design stage of the aerospace
structure, it is possible to select the constituent materials and manufacturing parameters
of the composite material. Therefore, if the thermo-mechanical properties of C/C compo-
site materials that change according to various materials and manufacturing parameters
can be predicted, it will be possible to reduce the excessive testing cost required to obtain
material properties, as well as satisfy the thermo-mechanical performance and optimize
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the structure weight. For this reason, several studies have been conducted on the predic-
tion of thermo-mechanical properties of C/C composite materials according to the yarn
architecture, type of constituents, and manufacturing parameters [4-7].

Chou and Ishikawa [8] studied analytical models such as the mosaic model, fiber
undulation model, and bridging model to predict the mechanical properties of two-di-
mensional plane weave composite materials. Ko et al. [9] proposed a fabric geometry
model (FGM) for predicting the effective stiffness for a three-dimensional braided com-
posite material based on classical laminate theory and the energy method. Pastore and
Gowayed [10] suggested a modified FGM to predict the elastic properties of the textile
composite. Ma et al. [11] studied the fiber inclination model (FIM) using a repeating unit
cell (RUC) of three-dimensional braided textile. Foye et al. [12] predicted the mechanical
properties of plain weave, satin weave, and braided composites by using the concept of a
sub-cell in the repeating unit cell. Xu et al. [13] suggested the method of effective proper-
ties prediction through macro- and micro-scale finite element modeling and analysis of
biaxial and triaxial braided composites. Naik et al. [14-16] proposed a technique for pre-
dicting thermo-mechanical properties by considering the geometrical configuration of the
fiber bundle structure of various types of two-dimensional CFRP (carbon fiber reinforced
epoxy) textile composite materials such as plane weave, satin weave, twill weave, and
braiding. Delneste et al. [17] studied a technique for predicting effective stiffness using an
inelastic finite element model defined for a C/C composite material with a 4-D diagonal
yarn architecture. In addition, the mechanical properties of the C/C composite materials
were evaluated in each direction and compared with the 4-D C/C ring structure test re-
sults. Sharma [18] conducted a study to predict the effective stiffness of 4-D in-plane C/C
composite materials through finite element analysis. In this case, a finite element model
of a 4-D in-plane unit cell was created, and the effects of matrix cracking and fiber bun-
dle/matrix interfacial cracking were examined using cohesive interaction. Wang et al. [19]
conducted a study to predict the effective properties and coefficient of thermal expansion
(CTE) of axial braided C/C composite materials. In this case, a finite element model for
RVE (representative volume element) was created by considering the 4-D in-plane yarn
architecture, and the characteristics of effective mechanical properties and CTEs accord-
ing to braiding manufacturing parameters were evaluated. Rao et al. [20] evaluated the
mechanical properties of C/C composite materials having a yarn architecture of 3-D or-
thogonal, 3-D plain weave, and 4-D in-plane types. A finite element model was defined
for each repeating unit cell, and mechanical properties were predicted through finite ele-
ment analysis applying periodic boundary conditions [21].

The study of predicting thermo-mechanical properties of general carbon/epoxy tex-
tile composite materials was conducted based on a semi-numerical method based on ge-
ometric modeling according to the fiber yarn architecture. However, in the case of car-
bon/carbon composite materials, thermo-mechanical properties were predicted and eval-
uated mostly based on finite element analysis. The finite element analysis has the ad-
vantage that more detailed analysis is possible considering the porosity that exists at the
matrix or fiber bundle interface. However, it has the disadvantage that it requires a lot of
time and cost to perform repeated analysis in consideration of various manufacturing pa-
rameters, such as the type of constituent material, the diameter of the fiber bundle, and
the fiber volume fraction. In the initial design stage of aerospace structures, it is necessary
to appropriately select the types of constituent materials and manufacturing parameters
for the purpose of optimizing structural performance and weight. In this case, it would be
more effective to predict and evaluate the thermo-mechanical properties using a semi-
numeric method that is relatively suitable for iterative analysis.

In this paper, we define a geometric model for the repeating unit cell of C/C compo-
site materials with three types of fiber yarn architecture, such as 3-D orthogonal, 4-D in-
plane, and 4-D diagonal type, and predict thermo-mechanical properties using the semi-
numerical method based on the stiffness averaging technique. The effective mechanical
properties and coefficient of thermal expansion of the C/C composite materials were
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predicted by applying the stiffness averaging technique based on the iso-strain assump-
tion on the repeating unit cell. In addition, the thermo-mechanical performance of the C/C
composite material was compared and evaluated according to the change of manufactur-
ing parameters, such as the type of yarn architecture and the fiber volume fraction.

2. Yarn Architectures of Multi-Directional C/C Composites

The carbon/carbon composite materials have various types of architectures from 1-
dimension to n-dimension, as shown in Figure 1, depending on the application method of
unidirectional fiber tow, tape, woven cloth, etc. [3]. Due to the multiformity of these ma-
terials, the mechanical properties of the materials can be readily tailored as required. This
is a characteristic similar to the case of a typical textile composite material that can be
manufactured in various ways with two-dimensional and three-dimensional weaving and
braiding composite materials.

1-D 2-D
Figure 1. Multiformity of carbon/carbon composite materials.

In this paper, three types of carbon/carbon composite materials were considered: 3-
D orthogonal type, 4-D in-plane type, and 4-D diagonal type. First, the 3-D orthogonal
type has an architecture in which fiber bundles are arranged orthogonally to each other
in three directions, as shown in Figure 2. Figure 3 shows the yarn architecture of the 4-D
in-plane type. It has a structure in which three different in-plane direction fiber bundles
cross each other and the other fiber bundle is arranged in a direction perpendicular to the
plane. The 4-D diagonal type has an architecture in which four fiber bundles are crossed
in different diagonal directions, as shown in Figure 4.

Figure 2. Yarn architecture of 3-D orthogonal C/C composites.
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Figure 4. Yarn architecture of 4-D diagonal C/C composites.

Carbon/carbon composite materials have different thermo-mechanical characteristics,
depending on the type of yarn architectures. First, thermo-mechanical properties may
vary depending on the orientation of different fiber bundles for each yarn architecture. In
addition, thermo-mechanical properties can be tailored even when manufacturing param-
eters, such as the diameter of the fiber bundle and the fiber volume fraction, are changed.
In this paper, the thermo-mechanical properties of C/C composite materials according to
the type of yarn architecture were predicted. In addition, the thermo-mechanical proper-
ties according to the change of the fiber volume fraction for each fiber yarn architecture
were analyzed.

3. Geometric Model of Repeating Unit Cell (RUC)
Geometric Modelling

Since the yarn architecture of the carbon/carbon composite material has a repeated
pattern, the unit cell can be defined as a representative volume element (RVE) or a repeat-
ing unit cell (RUC). Figures 5-7 shows a geometric model of the RUC in the jamming



Aerospace 2022, 9, 461

5 of 20

condition according to the yarn architecture of the carbon/carbon composite material. The
jamming condition means that there is no gap between the adjacent fiber bundles.

In the case of 3-D orthogonal and 4-D diagonal type, the dimension of RUC was as-
sumed to be 1.0 X 1.0 X 1.0 mm?, and the dimension of 4-D in-plane RUC was assumed
to be 1.0 x 1.0 x 0.75 mm?3. The fiber bundle diameters inside the RUC were assumed to
be the same, and the size of the diameter was determined considering the jamming con-
dition between adjacent fiber bundles. The maximum fiber bundle diameters satisfying
the jamming condition for the three types of yarn architecture (3-D orthogonal, 4-D in-
plane, 4-D diagonal) are 0.5 mm, 0.25 mm, and 0.354 mm, respectively, and the fiber vol-
ume fractions (V) were 58.9, 41.5, and 68.0%, respectively.

4 Matrix

Figure 6. RUC of 4-D in-plane C/C composites in jamming condition.
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Figure 7. RUC of 4-D diagonal C/C composites in jamming condition.

4. Thermo-Mechanical Properties Prediction of C/C Composites
4.1. Effective Stiffness Prediction Method

In this paper, in order to predict the thermo-mechanical properties according to the
yarn architecture of carbon/carbon composite materials, the stiffness averaging method
based on the iso-strain assumption is applied. This method has been proposed for pre-
dicting the effective stiffness of general textile composite materials, and the suitability of
the prediction method was verified through comparison with the specimen test in several
previous studies [15,22-24].

Fiber bundles in the repeating unit cell (RUC) were classified by direction and de-
fined as a total of n fiber bundles. A complete cylindrical yarn was regarded as one fiber
bundle, and a local coordinate system (1-2-3), as shown in Figure 8, was applied to indicate
the direction of the fiber bundle with respect to the global coordinate system (X-Y-Z).
Where 6 means an angle of rotation in the counterclockwise direction with respect to the
X-axis within the X-Y plane of the global coordinate system, and f means an angle of
rotation in the Z-axis direction with respect to the X-Y plane. Table 1 shows geometric
parameters of fiber bundles according to the yarn architecture of the carbon/carbon com-
posite material. The fiber bundle ID are defined as Figure 9.

D

Figure 8. Coordinate systems of the fiber bundle in RUC.
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3-D Orthogonal 4-D In-plane 4-D Diagonal

Figure 9. Fiber bundle ID according to yarn architectures.

Table 1. Geometric Parameters according to Yarn Architectures of C/C Composite.

. Complete
Yarn Architecture FlberIl]))undle YaEn Length [ dB 1 [ dB 1
Count [mm] °8 °8
3D 1 1 1.000 0 0
Orthogonal 2 1 1.000 90 0
3 1 1.000 0 90
1 2 1.000 0 0
4-D 2 2 0.707 45 0
In-plane 3 2 0.707 -45 0
4 2 0.750 0 90
1 1 1.732 45 35.3
4-D 2 2 0.866 135 35.3
Diagonal 3 2 0.866 225 35.3
4 2 0.866 315 35.3

The stress and strain relationship considering the thermo-mechanical properties of
the carbon/carbon composite material can be expressed as the following equation based
on the effective stiffness determined by the yarn architecture.

{6} = [Copr] ({8} = {a34T) M

where 6, §, and @ mean the average stress, average strain, and average coefficient of
thermal expansion (CTE) of the RUC, respectively, and C.r; and AT mean the effective
stiffness matrix of the RUC and the ambient temperature change. The average strain of
the RUC can be expressed as follows through the iso-strain assumption, which assumes
that the fiber bundle and matrix are in a state of uniform strain. In general, the iso-strain
assumption tends to evaluate the mechanical properties higher than the iso-stress as-
sumption [19]. If necessary, a weighted average model (WAM) that includes both the iso-
stress and iso-strain assumptions can be applied. However, in this paper, the iso-strain
assumption was applied to compare and analyze the thermo-mechanical properties ac-
cording to the yarn architecture of C/C composites under the same conditions.

{e}m = (& )

where {¢},, means the strain of the m™ fiber bundle and matrix with respect to the global
coordinate system. The range of index “m*“ is determined according to the type of yarn
architecture of the RUC. In the case of fiber bundles, the index is determined to be the
same as the fiber bundle ID defined in Figure 9 and Table 1. In the case of the interstitial
matrix, the number next to the highest index of the fiber bundle is determined. For exam-
ple, the index range of 3-D orthogonal type is m =1 to 4. Additionally, the indices of the
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fiber bundle and the interstitial matrix are defined as m =1 to 3 and m = 4, respectively.
The stress and strain of the fiber bundle and matrix in the local coordinate system defined
in Figure 9 can be expressed as Equations (3) and (4).

{0} = [C'lm({ehn — {@'}nAT) ©)
{ehm = [Tlnle}m (4)

where [C'],, means a stiffness matrix of the mt fiber bundle and matrix in the local coor-
dinate system and can be obtained through the inverse of compliance matrix [S'],,. Equa-
tion (5) shows the form of the compliance matrix for a 3-D orthotropic material. In the case
of a fiber bundle assumed to be a transversely isotropic material, material properties have
a relationship of Ej, = E33,Gy, = G31,V12 = V43. In addition, in the case of a matrix as-
sumed to be an isotropic material, material properties have a relationship of E;; = E,, =
Es3,Giy = Gyg = G3q,V13 = Va3 = Vy3. [T],, means a coordinate transformation matrix of
the mt fiber bundle and matrix and is defined as Equations (6) and (7) through 6 and S
according to the direction of the fiber bundle.

1/Ey4 —Vo1/E2;  —V31/E33 0 0 0
—Vi2/E14 1/E, —V32/E33 0 0 0
(S, = —Vi3/Eyn —Va3/Ea 1/E33 0 0 0 )
m 0 0 0 1/G,5 0 0
0 0 0 0 1/G4, 0
0 0 0 0 0 1/G2d
at, az, az; ai2013 ai10a13 a1101p |
a%l a%z a%l Q2023 Az3031 1037
a3, a3, a3s Q3033 Q33dszq asz1As;
(azzas33 (azzas, (azias3;
2a,.a 2a;,0 2a,5a
[T]n = 7722751 3272z B33 tayaz;) +ax033) +ayas) (6)
(aszaq3 (ai1a33 (azqaq;
2a41a 2a.,a 2a,3a
st 12732 13733 +az3a12) +ag3a31) +asaq)
(ai2023 (ai3az; (ar1az
2a41a 2a.,a 2a43a
| ©rT 12722 13523 tai3a5) +a41a53)  +012050)]

cos(8) cos(B) sin(@) cos(B)  sin(B)
[aij] = —sin(6) cos(6) 0 7)
—cos(8)sin(B) —sin(8)sin(B) cos(B)

The average stress of the repeating unit cell, {g},, can be expressed as Equation (8)
based on the stress averaging technique. Here, {c},, means the stress in the global coor-
dinate system of the m™ fiber bundle, and it can be obtained by transforming the stress in
the local coordinate system as in Equation (3) through Equation (9).

{E}m = Z%:l Vm{a}m (8)
{o}m = [TIhi{o}m 9

where V,,, means a volume fraction of m® fiber bundle and matrix. Based on Equations
(1)-(9), the effective stiffness matrix and effective thermal expansion coefficient of the
RUC can be expressed as Equations (10) and (11). A simple example of the process of
calculating the effective stiffness matrix is presented in the Appendix A.

[Cers] = Zmas (VT L€ Ton[TTom) (10)

[@] = [Ces] ™ (EMs Gl TTRIC Tl 1)) (11)
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4.2. In-House Code

A MATLAB in-house code was developed based on the method for predicting the
effective stiffness and thermal expansion coefficient of the carbon/carbon composite ma-
terial introduced in Section 4.1. The input parameters are the mechanical properties of the
constituent material (fiber and matrix), the dimensions of the RUC according to the yarn
architecture, and other geometric parameters, and, based on this, the effective stiffness of
the RUC is calculated. From the calculated effective stiffness, the thermo-mechanical
properties of the carbon/carbon composite material are output. The flowchart of the in-
house code is shown in Figure 10.

Input Parameter

Vxzs Vyzs ny)

Figure 10. Flowchart of the in-house code.

In order to verify the in-house code applied in this paper, the effective properties of
the 3-D orthogonal C/C composite material were compared with the results obtained by
the finite element analysis (V; = 43%) [20]. In general, for effective properties prediction
through finite element analysis, periodic boundary conditions [21] should be appropri-
ately applied to the finite element model for RUC, and the stress components for each
element should be averaged over the RUC volume to calculate the stiffness matrix.

The carbon fiber bundle is assumed to be a transversely isotropic material, such as
the unidirectional composites, and the longitudinal direction of the material is defined as
direction 1 in the local coordinate system of Figure 8. In addition, the carbon matrix is
assumed to be an isotropic material. The material properties of the fiber bundle and matrix
at room temperature are given in Table 2 [20,25].

Table 2. Material properties of the fiber bundle and matrix at room temperature [20,25].

Property Constituents
Carbon Fiber Bundle Carbon Matrix
E1 [MPa] 240,900 19,000
Ex» [MPa] 19,000 19,000
Ess [MPa] 19,000 19,000
123 0.34 0.2
V31 0.20 0.2

V12 0.20 0.2
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G2 [MPa] 7060 7917
Ga1 [MPa] 23,630 7917
G12 [MPa] 23,630 7917
an [10-6/K] -0.84 8
a2 [105/K] 7.2 1.8
ass [10¢/K] 7.2 1.8

Table 3 shows the comparison between the results of the effective properties of the 3-
D orthogonal C/C composite material obtained through the finite element analysis and
the prediction results through the in-house code. The shear modulus shows an 18.3% dif-
ference compared to the finite element analysis result, but other properties show an error
of approximately 4%. Accordingly, it was confirmed that the in-house code applied in the
paper was appropriate.

Table 3. Comparison of effective properties of 3-D orthogonal C/C composites (V; = 43%).

Property FEM [20] In-house Code Difference
Ex [GPa] 54.32 51.97 -4.3%
Euw [GPa] 54.32 51.97 -4.3%
E=: [GPa] 54.32 51.97 -4.3%
Vyz 0.094 0.10 +3.8%
Vax 0.094 0.10 +3.8%
Vxy 0.094 0.10 +3.8%
Gyz [GPa] 10.40 12.30 +18.3%
Gz [GPa] 10.40 12.30 +18.3%
G [GPa] 10.40 12.30 +18.3%

4.3. Thermo-Mechanical Properties Prediction

The thermo-mechanical properties were predicted for the three yarn architectures of
carbon/carbon composites: 3-D orthogonal, 4-D in-plane, and 4-D diagonal type. First,
thermo-mechanical properties according to the yarn architecture were compared under
the condition that the fiber volume fraction of the RUC was the same. When the fiber
bundle diameters of 3-D orthogonal, 4-D in-plane, and 4-D diagonal type were set to 0.42,
0.25, and 0.28 mm, the fiber volume fraction of the RUC was the same as 41.5%. Table 4
and Figures 11-13 show the thermo-mechanical properties of the carbon/carbon compo-
site material according to the yarn architecture with the same fiber volume fraction.

Table 4. Thermo-mechanical properties of C/C composite material (V; = 41.5%).

Yarn Architecture

Property 3-D Orthogonal 4-D In-Plane 4-D Diagonal
Exx [MPa] 50,890 58,313 30,569
Eyy [MPa] 50,890 31,306 30,569
E:: [MPa] 50,890 41,880 30,576
Vyz 0.10 0.11 0.26
Vzx 0.10 0.06 0.26
Vay 0.10 0.36 0.26
G- [MPa] 12,152 10,722 19,450
Gz [MPa] 12,152 12,891 19,450
Gxy [MPa] 12,152 20,143 19,454
axx [1076/K] 2.961 1.205 2.968
ayy [10-9/K] 2.961 4.774 2.968

= [10/K] 2.961 3.862 2.968
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Figure 11. Elastic and shear modulus of C/C composites (V; = 41.5%).
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Figure 12. Poisson’s ratio of C/C composites (V; = 41.5%).
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Figure 13. Coefficient of thermal expansion of C/C composites (V; = 41.5%).
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It can be seen that the thermo-mechanical properties of the C/C composite material
are determined according to the orientation of the fiber bundle when the fiber volume
fraction is the same. In the case of 3-D orthogonal and 4-D diagonal, the elastic modulus
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and Poisson’s ratio in each direction were the same because the fiber bundle arrangement
was uniform about the X, Y, and Z axes. On the other hand, in the case of 4-D in-plane,
fiber bundles in a total of three directions are arranged at 120° intervals in the XY plane
based on the X-axis, and other fiber bundles are arranged in the Z-axis direction. There-
fore, the thermo-mechanical properties in the X, Y, and Z directions were all different. In
the case of the elastic modulus, the 4-D in-plane type has the largest Ex, but considering
Ey and Ez, it can be seen that the 3-D orthogonal type has the best characteristics. In the
case of shear modulus and Poisson’s ratio, 4-D diagonal type showed higher values than
3-D orthogonal, and 4-D in-plane type showed the highest values of Gxy and vxy. In the case
of coefficient of thermal expansion, the 3-D orthogonal and 4-D diagonal types had almost
the same value, and the 4-D in-plane showed different characteristics for each direction.

Second, thermo-mechanical properties were compared for the case where the RUC
satisfies the jamming condition. In the jamming condition, the fiber bundle diameters of
3-D orthogonal, 4-D in-plane, and 4-D diagonal type were 0.5, 0.25, and 0.354 mm, respec-
tively, and the fiber volume fractions were 58.9, 41.5, and 68.0%, respectively. Table 5 and
Figures 14-16 show the thermo-mechanical properties of the carbon/carbon composite
material according to the yarn architecture in the jamming condition.

Table 5. Thermo-mechanical properties of C/C composite material in jamming condition.

Yarn Architecture

Property 3-D Orthogonal 4-D In-Plane 4-D Diagonal
(V¢=58.9%) (V= 41.5%) (Vr=68.0%)
Exx [MPa] 63,937 58,313 37,837
Eyy [MPa] 63,937 31,306 37,837
E:: [MPa] 63,937 41,880 37,848
Vyz 0.08 0.11 0.27
Vax 0.08 0.06 0.27
Vay 0.08 0.36 0.27
Gy: [MPa] 13,919 10,722 26,842
Gz [MPa] 13,919 12,891 26,842
Gxy [MPa] 13,919 20,143 26,848
axx [106/K] 2.094 1.205 1.748
ayy [106/K] 2.094 4.774 1.748
az [106/K] 2.094 3.862 1.748
70
g 60 43D Orthogonal
5 50 34D In-plane
'§ 40 B 4D Diagonal
=
§ 30
v
&g 20
E 7
%) =
0 o

Exx E yy E zz Gyz sz ny

Figure 14. Elastic and shear modulus of C/C composites in jamming condition.
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Figure 15. Poisson’s ratio of C/C composites in jamming condition.
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Figure 16. Coefficient of thermal expansion of C/C composites in jamming condition.

It can be seen that thermo-mechanical performance is affected by the different fiber
volume fractions of each RUC in the jamming condition. Although thermo-mechanical
properties change due to the difference in the maximum fiber volume fraction of the RUC
in the jamming condition, the tendency according to the yarn architecture was similar to
that when the fiber volume fraction was the same.

Figures 17-20 show the thermo-mechanical properties according to the fiber volume
fraction for C/C composite materials with three yarn architectures. Each property is
shown in the range from 30% to the corresponding maximum fiber volume fraction.
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Figure 17. Elastic modulus of C/C composites for fiber volume fraction.
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Figure 18. Poisson’s ratio of C/C composites for fiber volume fraction.
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Figure 19. Shear Modulus of C/C composites for fiber volume fraction.
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Figure 20. CTE of C/C composites for fiber volume fraction.

The elastic and shear modulus showed a tendency to increase linearly with the in-
crease of the fiber volume fraction. In the case of 3-D orthogonal type, it showed high
performance in elastic modulus compared to other yarn architectures. However, since the
shear modulus is relatively low, it can be considered suitable for structures that mainly
carry tensile/compressive loads rather than shear loads. In addition, there is an advantage



Aerospace 2022, 9, 461

18 of 20

that the range of available fiber volume fraction is relatively wide. In the case of 4-D diag-
onal type, the performance of the shear modulus was the best, and the range of available
fiber volume fraction was widest. In the case of 4-D in-plane, the longitudinal elastic mod-
ulus and the in-plane shear modulus show high performance, but the material properties
vary depending on the direction, and the range of available fiber volume fraction is small.

The coefficient of thermal expansion decreased slightly nonlinearly as the fiber vol-
ume fraction increased. In the case of 3-D orthogonal and 4-D diagonal types, the perfor-
mance is the same, and since they show homogeneous performance in each direction, it
can be seen that they are relatively suitable for structures under high thermal loads.

5. Conclusions

In this paper, the thermo-mechanical properties of carbon/carbon composite materi-
als applied to aerospace structures were predicted, and the characteristics according to
the type of yarn architecture and the fiber volume fraction were evaluated. Three yarn
architecture of 3-D orthogonal, 4-D in-plane, and 4-D diagonal type were considered, and
a geometric model of the repeating unit cell for each yarn architecture was defined. The
diameter of the fiber bundle and maximum fiber volume fraction were determined, con-
sidering the jamming condition of each repeating unit cell. The effective stiffness was cal-
culated through the stiffness averaging technique by applying the iso-strain assumption
to the geometric model of the repeating unit cell, and thermo-mechanical properties, such
as elastic and shear modulus, Poisson’s ratio, and coefficient of thermal expansion were
predicted for each direction. First, the thermo-mechanical properties of each yarn archi-
tecture were compared, when the same fiber volume fraction was applied. Second, the
thermo-mechanical properties according to the change of the fiber volume fraction were
evaluated for the repeating unit cell in the jamming condition. As in the results of this
paper, the thermo-mechanical properties of carbon/carbon composite materials can be tai-
lored according to the type of yarn architecture, the type of constituent materials, and the
fiber volume fraction. Therefore, if the material and manufacturing parameters are appro-
priately selected based on the thermo-mechanical characteristics studied in this paper at

the preliminary design stage of aerospace structures, optimal structural performance can
be derived.
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Appendix A

A simple example for calculating the effective stiffness matrix of 3-D orthogonal type
is as follows. First, according to Figure 9 and Table 1, the stiffness matrix on the local
coordinate system of the fiber bundle can be calculated using Equations (A1) and (A2) for
m =1 to 3. The fiber bundle is assumed to be a transversely isotropic material.

1/E14 —V21/Ez;  —Va1/Ep; 0 0 0
—V12/E11 1/E>, —V32/E>; 0 0 0
n | =Vi2/E1n —Va3/Ea; 1/E;, 0 0 0
[STm =1 0 0 1/Gys 0 0 | (A1)
0 0 0 0 1/G,, 0
l o 0 0 0 0 1/Gy,l

m
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[CTm =[S (A2)

Next, the stiffness matrix of the interstitial matrix is defined as Equations (A2) and
(A3) for m = 4. The interstitial matrix is assumed to be an isotropic material.

1E —v/E —v/E 0 0 0]
—v/E 1/E —v/E 0 0 0
—v/E —v/E 1/E 0 0 0

ST =1 ¢ 0 0 16 0 0 (A3)
0 0 0 0 1/6 0
0 0 o o o 1/6]

The volume fraction V,,, for the mt fiber bundle and matrix can be calculated accord-
ing to the geometry of the RUC, as shown in Figure 5. Assuming that the overall fiber
volume fraction of RUC with the dimension of 1.0 X 1.0 x 1.0 mm? is 43%, the diameter
of the fiber bundle is calculated as 0.4272 mm, and the volume fraction for the mt fiber
bundle and interstitial matrix can be calculated as shown in Table Al.

Table Al. Volume fraction for the m™ fiber bundle and matrix.

m Constituents Volume Volume Fraction,
[mm3] V.. [%]
1 Fiber bundle 0.139 13.9
2 Fiber bundle 0.139 13.9
3 Fiber bundle 0.139 13.9
4 Interstitial Matrix 0.584 58.4
Total RUC 1.000 100.0

In addition, the transformation matrix [T],, can be calculated using Equations (6)
and (7), according to the direction angles 6 and f of each fiber bundle defined in Table
1. Since the matrix is considered as an isotropic material, it is calculated by assuming that
the direction angles are, respectively, 0.

Finally, the effective stiffness matrix of RUC can be calculated by substituting the
volume fraction of the mt fiber bundle and matrix, the stiffness matrix on the local coor-
dinate system, and the transformation matrix into Equation (10).
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