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Abstract

Ceramic Matrix Composites (CMCs) have found numerous applications in aerospace,
automotive and space vehicles due to their light weight and ability to withstand extreme
temperatures. To develop a design criterion for CMCs, elastic properties at different scales
need to be evaluated. In this research, elastic properties of CMCs are evaluated at the micro-
and meso-level using representative volume element (RVE) in the Ansys Material Designer
module. These properties are then validated using various analytical models including
Rule of Mixture (ROM), the Chamis Model and the Mori–Tanaka Model. In-plane elastic
properties (E11 and G12) of numerical models are in close agreement with the analytical
models at both micro- and mesoscales. However, for out of plane properties (E22, G23),
Mori–Tanaka Model provides the highest and the Chamis Model provides the lowest.

Keywords: ceramic matrix composite (CMC); representative volume element (RVE); rule
of mixture (ROM)

1. Introduction
Ceramic matrix composites are becoming increasingly popular in extreme environ-

ments due to their high thermal stability. The wide use of CMCs in aerospace, defense,
space exploration and astronautics is because of its lightweight and outstanding mechanical
properties [1,2]. Despite its excellent mechanical and thermal characteristics, the major
prevailing issue is its complex geometry, which yields difficulties for the researcher to
predict the fracture and failure mechanism precisely and accurately inside the structure at
various levels of mechanical modeling [3].

The evaluation of constitutive properties at the micro- and mesoscale level is important
in the designing phase of the material as it helps to understand the material’s behavior
at different levels. It also predicts deformation as well as failure mechanisms under
various loading (tensile, shear, compressive and thermal) types [4]. So correctly evaluating
stress state enhances and improves structural reliability, particularly in unexpected and
extreme environments and establishes a safety border. It is also essential to estimate
constitutive properties during multi-level temperature ranges, like in aerospace, where
materials must undergo different levels of temperature. Also in FEM, a reliable and accurate
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stress distribution analysis can only be performed when constitutive properties of materials
are accurately calculated [5].

In CMCs, as the base material and matrix material have different properties and due
to several manufacturing processes, the final property of the CMC changes due to the
manufacturing process and porosity inside the fiber and matrix. To evaluate the micro-
and meso-mechanical properties of CMCs during multiscale modeling, the concept of
representative volume element (RVE) has been widely used in recent years as it can provide
an average estimate about the mechanical properties of composites using homogenization
methodology which is based on bridge mechanics principle. This saves a lot of resources
and computation time and performing simulations at the micro-level becomes infeasible
and complex due to an extremely large number of elements [6].

Another challenging aspect of CMCs during experimentation is the calculation of
out-of-plane properties due to insufficient specimen dimensions in the transverse direction.
Due to the alignment of fiber orientation with the length and width of direction and stan-
dard sizing of the specimen while using equipment like a universal testing machine, the
in-plane properties are easier to measure in comparison with out-of-plane properties like
interlaminar shear stress and out-of-plane thermal expansion [7]. Out-of-plane properties
become a challenging task in experimentation because of low reinforcement in the trans-
verse direction, as it mainly depends on the matrix, which is weaker when compared with
fiber, and the complex setup for an interlaminar shear test and delamination can also lead
to failure [8].

To overcome these challenges, the concept of multiscale analysis is being applied
where simulation is being performed in two stages, on the micro- and mesoscale. To
effectively evaluate constitutive properties of the unidirectional fiber composites at the
microscale level, various RVE types like square, diamond, hexagonal and random fiber
distribution models, along with analytical models like Rule of Mixture (ROM), the Chamis
Model and the Mori–Tanaka Model are being studied by researchers. The elastic properties
obtained at microscale are then transformed to mesoscale modeling [9].

The analytical models provide a better understanding of how the elastic properties of
unidirectional carbon fibers can be estimated. Voigt in 1910 gave an equation to calculate
the maximum stiffness and then in 1920 Reuss proposed an equation to find the minimum
stiffness of the composite. Later, based on the equations of Voigt and Reuss, the Rule of
Mixture model was developed by a researcher, but this model was not sufficient to accu-
rately estimate the out-of-plane shear modulus. Halpin–Tsai equations are another classical
mechanic model which can better optimize the composites properties based on volume
fraction and the aspect ratio of fibers given by Halpin and Tsai in 1969. Then, Chamis
proposed a model based on the ROM which significantly improved the estimates and can
calculate the out-of-plane properties, as well utilizing the concept of volume fractions and
fiber orientation. For enhancing predicted values of strength and stiffness of composites,
the Mori–Tanaka Model is also used, which can estimate the elastic properties by focusing
on the interaction between the fiber and the matrix. It is often used by researchers where
it is necessary to consider the effect of reinforcement on the strength and stiffness of the
composite. To better respond to the microstructural complexities in woven designs while
predicting the elastic properties, a self-consistent (SC) model was developed which treats
the fiber and the matrix as the single phase. The Generalized self-consistent (GSC) model is
the extension of self-consistent model which was developed to estimate the engineering
constant for more complex anisotropic geometries. To provide insights of transfer of loads
between woven composites to see the behavior of the fiber and matrix under stress, RVE-
based full-field homogenization was then proposed to be used in recent homogenization
software packages [10,11].
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Now for mesoscale modeling, the main issue is effective derivation of the geometrical
parameter of tows of woven twill composites and the yarn and fiber volume fractions. Accu-
rate morphology of the woven twill can be evaluated by using various optical microscopy,
SEM or CT tomography. Based on the results of morphological assessment, exact values
of geometrical parameters can be computed, which can be used to perform mesoscale
mechanical modeling to evaluate the constitutive elastic properties of the composite which
can be used for macroscale modeling of the laminated model to effectively evaluate the
failure mechanism using fracture and failure models like progressive failure analysis (PFA),
cohesive zone element (CZM), extended finite element analysis (XFEM) and the virtual
crack closure technique (VCCT) [12].

The objective of the paper is to develop a methodology which integrates the numerical
and experimental approaches to evaluate the thermo-mechanical reliability of CMCs under
elevated temperatures and loading conditions. Starting from the evaluation of one or
two constitutive properties from the experimental tests followed by an evaluation of the
morphology of the geometrical parameters of the woven twill using optical microscopy
techniques. Then, we conducted an evaluation of the fiber and matrix properties based on
the literature, the manufacturer’s data sheet or morphological assessment. The next step
was the evaluation of microscale constituent properties using the analytical (ROM, Chamis
and M-T) and micromechanical modeling of hexagonal RVE in the ANSYS v2024/R2
material designer module. Based on the micromechanical elastic properties and geometrical
parameters of woven twill calculated using morphological assessment, we designed and
developed mesoscale RVEs to calculate the final constitutive properties of mesoscale twill
RVEs. The last step was the comparison of mesoscale RVE elastic properties with the
experimental values at the first step of the methodology.

2. Materials and Methodology
The ceramic matrix composite is prepared using liquid phase infiltration, the base ma-

terial used is carbon fiber and the matrix is SiC. The properties used to perform micro- and
mesoscale modeling in the discussion ahead are shown in the tables below, Tables 1 and 2:

Table 1. Carbon fiber properties.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Carbon Fiber 294,000 14,700 14,700 25,000 5400 25,000 0.2 0.2 0.45

Table 2. Matrix SiC properties.

Constraints E (MPa) G (MPa) v

Matrix 53,500 21,800 0.2258

3. Analytical Models
A few classical models including Rule of Mixture (ROM), the Chamis Model and

the Mori–Tanaka Model are presented to compute the micromechanical properties for the
unidirectional fiber composite.

3.1. Rule of Mixture (ROM)

To formulate and predict the engineering constraints for the discussed composite at the
microscale level, ROM is one of the most classical models [13]. Based on Equations (1)–(6),
the engineering constraints are calculated and presented in MPa in Table 3. The data



Eng. Proc. 2025, 111, 32 4 of 13

generated from the result of the micro level is then transferred to the RVE model of the
twill-woven composite and the mesoscale elastic properties.

E11 = Vf E f ,11 + VmEm (1)

E22 = E33 =
Em

1 − Vf

(
1 − Em

E f ,22

) =
E f ,22Em

Vf Em + VmE f .22
(2)

G12 = G13 =
Gm

1 − Vf

(
1 − Gm

G f ,12

) =
G f ,12Gm

Vf Gm + VmG f ,12
(3)

G23 =
Gm

1 − Vf

(
1 − Gm

G f ,23

) =
G f ,23Gm

Vf Gm + VmG f ,23
(4)

ν12 = ν13 = Vf ν f ,12 + Vmνm (5)

ν23 =
ν f ,23Vf Em + νmVmE f ,22

Vf Em + VmE f ,22
(6)

Table 3. Elastic properties of the micromodel at various fiber volume fractions using ROM.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 101,600 35,016 35,016 22,390 13,619 22,390 0.221 0.221 0.271
Case 02 Vf = 0.4 149,700 26,024 26,024 22,990 9898 22,990 0.215 0.215 0.315
Case 03 Vf = 0.6 197,800 20,707 20,707 23,623 7774 23,623 0.210 0.210 0.360
Case 04 Vf = 0.7 221,850 18,788 18,788 23,953 7021 23,953 0.208 0.208 0.383
Case 05 Vf = 0.8 245,900 17,194 17,194 24,292 6401 24,292 0.205 0.205 0.405

3.2. Chamis Model

To calculate the values of E11 and v12, Equations (1) and (5) are used in this model as
ROM provides less accurate calculations for transverse modulus, so this model is applied
to calculate engineering constraints [13]. To calculate E22, G12, G23 and v23, Equations
(6)–(10) are used and elastic properties obtained in MPa are presented in Table 4. These
homogenized properties are then used to obtain mesoscale modeling results using an RVE-
based approach in the material designer module and the output of the elastic properties
obtained based on the Chamis equation.

E22 = E33 =
Em

1 −
√

Vf

(
1 − Em

E f ,22

) =
E f ,22Em√

Vf Em +
(

1 −
√

Vf

)
E f ,22

(7)

G12 = G13 =
Gm

1 −
√

Vf

(
1 − Gm

G f ,12

) =
G f ,12Gm√

Vf Gm +
(

1 −
√

Vf

)
G f ,12

(8)

G23 =
Gm

1 −
√

Vf

(
1 − Gm

G f ,23

) =
G f ,23Gm√

Vf Gm +
(

1 −
√

Vf

)
G f ,23

(9)
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ν23 =
E22

2G23
− 1 (10)

Table 4. Elastic properties of the micromodel at various fiber volume fractions using the
Chamis Model.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 101,600 24,537 24,537 23,136 9299 23,136 0.221 0.221 0.319
Case 02 Vf = 0.4 149,700 20,042 20,042 23,729 7513 23,729 0.215 0.215 0.334
Case 03 Vf = 0.6 197,800 17,573 17,573 24,205 6548 24,205 0.210 0.210 0.342
Case 04 Vf = 0.7 221,850 16,675 16,675 24,419 6200 24,419 0.208 0.208 0.345
Case 05 Vf = 0.8 245,900 15,919 15,919 24,621 5908 24,621 0.205 0.205 0.347

3.3. Mori–Tanaka Model

To calculate and predict elastic properties with higher accuracy, the M-T Model is
one of the best analytical models, particularly for composite materials and to formulate
the micromechanical properties for a given composite [13], Equations (11)–(18) are used
and the properties obtained are shown in Table 5. The intermediate variables, Z1 and
Z2, are derived using Equations (17) and (18) and their values at different fiber volume
fractions are gathered in Table 6. Based upon these elastic properties of the composite on
the microscale, a mesoscale model of twill-woven RVEs in the ANSYS material designer is
simulated and the elastic properties of mesoscale modeling are generated.

E11 = Vf E f ,11 + VmEm + 2Vf VmZ1

(
ν f ,12 − νm

)2
(11)

E22 =
E11/

(
1 − ν2

m
)

1
1−v2

m
+ 2Vf

E11
Z2

[
1 + ν f ,23 −

E f ,22
Em

(1 + νm)
]
+ Vf Z1

E f ,11
Em

(
1+vm

Em
− 2

E f ,11
+

1−v f ,23
E f ,22

) (12)

G12 = G13 =
Em

2Vm(1 + νm)

{
1 + Vf − 4Vf

[
1 + Vf + 2Vm

G f ,12
Em

(1 + νm)

]−1
}

(13)

G23 =
Em

2(1 + νm) + Vf

[
Vm

8(1−ν2
m)

+
G f ,23

Em−2G f ,23(1+νm)

]−1 (14)

ν12 = ν13 = νm + 2Vf
Z1

Em

(
ν f ,12 − νm

)(
1 − ν2

m

)
(15)

ν23 = 1 − E22

E11

[
2 + 2

Vf

Vm

E f ,11

Em

(
1 − ν2

m

)
×

1 − 2
Z1

(
Vf E f ,11

(
1 − ν2

m
)
+ VmEm

(
1 − ν2

f ,12

))
E f ,11Em

− E11

Em
(1 + νm)

 (16)
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Table 5. Elastic properties of the micromodel at various fiber volume fractions using the
Mori–Tanaka Model.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 101,600 91,550 91,550 27,290 17,350.5 27,290 0.226 0.226 0.679
Case 02 Vf = 0.4 149,710 49,700 49,700 17,240 14,380.5 17,240 0.226 0.226 0.634
Case 03 Vf = 0.6 197,810 31,400 31,400 20,230 12,280.5 20,230 0.226 0.226 0.590
Case 04 Vf = 0.7 221,860 25,900 25,900 24,060 11,400.5 24,060 0.226 0.226 0.563
Case 05 Vf = 0.8 245,910 21,290 21,290 14,120 10,700.5 14,120 0.226 0.226 0.540

Table 6. Intermediate variables Z1 and Z2 at various fiber volume fractions.

Fiber Volume Fraction (Vf) Z1 Z2

0.2 18.13 103.604
0.4 19.89 91.538
0.6 22.09 79.542
0.7 23.36 73.804
0.8 24.79 67.696

Here, Z1 and Z2 are two intermediate variables:{
Z1 =

[
−2Vm

v2
f ,12

E f ,11
+ Vm

(1−v f ,23)
E f ,22

+
(1+νm)(1+Vf (1−2νm))

Em

]−1
(17)

Z2 = E f .22

(
3 + Vf − 4νm

)
(1 + νm) + VmEm

(
1 + v f ,23

)
(18)

4. Numerical Modeling Strategy
The FEA-based multiscale modeling approach is applied to obtain the elastic proper-

ties for the woven composite. The approach consists of two phases: microscale modeling
of unidirectional composite and then the transmission of microscale results to mesoscale
modeling for woven RVEs in the ANSYS material designer module [14]. The final engineer-
ing constraint obtained from the mesoscale model can be transferred to the engineering
database as composite properties for the macroscale modeling of the composite. The
strategy follows the schematics given below in Figure 1.

Figure 1. (A) module micro and (B) module meso RVE model in the ANSYS material designer module.
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4.1. Microscale Model

For the microscale modeling of a unidirectional composite, carbon fiber is used as
the base material and SiC as the matrix material. An RVE model of hexagonal shape
is generated in the ANSYS material designer module using tabular data from Tables 1
and 2, where 70% of the material is taken as carbon fiber and 30% as matrix material
while setting fiber volume ratio. The diameter of carbon fiber was 5 µm. The mesh size
varied from 0.35 to 0.7 µm and simulations were performed. Based on these results, the
optimized mesh size was taken as 0.5 µm. To compute orthotropic linear elastic properties,
a homogenized approach was applied where the RVE model was constrained on one side
and loaded on the opposite side by tensile loads in X, Y and Z directions, and shear loads
in XY, YZ and ZX directions. In this module, to compute the stiffness of unidirectional
composite, for a blocked periodic mesh, periodic boundary conditions were implemented.
After implementing the macroscopic strain on the corresponding faces, reaction forces
were calculated. The ANSYS material designer uses a full-field homogenization theory,
which integrates the stress acting on the surface of RVEs to calculate the stiffness matrix.
Finally, the stiffness matrix was inverted using Equations (19)–(22) to obtain the constitutive
properties of the material. The elastic properties obtained by the ANSYS material designer
are shown in Table 7.

σx

σy

σz

σxy

σyz

σzx


=



D11 D12 D13 0 0 0
D21 D22 D23 0 0 0
D31 D32 D33 0 0 0

0 0 0 D44 0 0
0 0 0 0 D55 0
0 0 0 0 0 D66





εx

εy

εz

γxy

γyz

γzx


(19)

Table 7. Elastic properties of the micromodel at various fiber volume fractions using the ANSYS
material designer module.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 102,000 41,844 41,844 22,421 16,290 22,421 0.223 0.223 0.301
Case 02 Vf = 0.4 150,000 32,264 32,264 23,039 12,268 23,039 0.219 0.219 0.350
Case 03 Vf = 0.6 198,000 24,594 24,594 23,674 9183.7 23,674 0.214 0.214 0.395
Case 04 Vf = 0.7 222,000 21,510 21,510 23,999 7986 23,999 0.211 0.211 0.414
Case 05 Vf = 0.8 247,000 18,903 18,903 24,328 7006 24,328 0.208 0.208 0.427

At εx = 0.01 

D11

D21

D31

0
0
0


=

1
0.01



σx

σy

σz

σxy

σyz

σxx


(20)

[C] =
[

D−1
]

(21)
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(C) =



1
Ex

−vyx
Ey

−vzx
Ez

0 0 0
−vxy

Ex
1

Ey

−vzy
Ez

0 0 0
−vxz

Ex

−vyz
Ey

1
Ez

0 0 0

0 0 0 1
Gxy

0 0

0 0 0 0 1
Gyz

0

0 0 0 0 0 1
Gzx


(22)

4.2. Mesoscale Model

An RVE of a 2 × 2 twill-woven composite is again developed in another material
designer where twill yarn properties are the homogenized properties obtained from micro-
model, as shown in Table 1, and the matrix is the same SiC used in microscale modeling.
The output of the microscale model is directly mapped onto the mesoscale model. Here, the
fiber volume fraction is 38% while yarn fiber volume fraction is 80%. The thickness of fabric
is taken as 0.2 mm and spacing between consecutive yarn is 2.11 mm. Mesh size is taken as
0.5 mm and an algorithm for the yarn shape is a lenticular shaped yarn structure [15,16]. To
compute the orthotropic linear elastic properties, again the RVE is constrained and loaded
by tensile and shear loads according to the condition already described for the microscale
model (Tables 8–11).

Table 8. Elastic properties of the mesomodel at various fiber volume fractions using the ANSYS
material designer module.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 55,700 55,700 48,100 26,500 20,300 20,300 0.261 0.222 0.222
Case 02 Vf = 0.4 57,700 57,700 42,800 31,300 18,500 18,500 0.299 0.216 0.216
Case 03 Vf = 0.6 60,600 60,600 38,300 36,500 16,800 16,800 0.336 0.210 0.210
Case 04 Vf = 0.7 61,800 61,800 39,400 39,000 16,800 16,800 0.369 0.215 0.215
Case 05 Vf = 0.8 63,000 63,000 33,800 41,800 14,900 14,900 0.372 0.202 0.202

Table 9. Engineering Constraints of the mesomodel at various fiber volume fractions using RVEs in
the material designer based on the ROM micro result in Table 3.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 54,500 54,500 43,500 25,800 19,100 19,100 0.245 0.219 0.219
Case 02 Vf = 0.4 57,500 57,500 38,200 31,900 17,200 17,200 0.286 0.212 0.211
Case 03 Vf = 0.6 59,700 59,700 34,100 36,100 15,500 15,500 0.330 0.204 0.204
Case 04 Vf = 0.7 61,500 61,500 32,900 38,900 14,900 14,900 0.345 0.201 0.201
Case 05 Vf = 0.8 62,900 62,900 31,600 41,600 14,200 14,200 0.370 0.198 0.198

Table 10. Elastic properties of the mesomodel at various fiber volume fraction using RVEs in the
material designer based on Chami’s micro result in Table 4.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 54,200 54,200 36,600 25,200 16,800 16,800 0.209 0.236 0.236
Case 02 Vf = 0.4 56,900 56,900 32,900 30,300 15,200 15,200 0.266 0.219 0.219
Case 03 Vf = 0.6 60,400 60,400 31,000 35,900 14,400 14,400 0.318 0.204 0.204
Case 04 Vf = 0.7 61,300 61,300 30,000 38,500 13,900 13,900 0.343 0.196 0.196
Case 05 Vf = 0.8 63,000 63,000 29,500 41,500 13,700 13,700 0.365 0.189 0.189
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Table 11. Elastic properties of the mesomodel at various fiber volume fractions using RVEs in the
material designer based on the Mori–Tanaka Model results in Table 5.

Elastic
Properties

E11
(MPa)

E22
(MPa)

E33
(MPa)

G12
(MPa)

G23
(MPa)

G31
(MPa) v12 v13 v23

Case 01 Vf = 0.2 64,200 64,200 69,900 30,200 21,600 21,600 0.318 0.291 0.291
Case 02 Vf = 0.4 54,100 54,100 56,600 32,600 18,300 18,300 0.395 0.244 0.244
Case 03 Vf = 0.6 58,200 58,200 47,200 37,100 18,200 18,200 0.383 0.236 0.236
Case 04 Vf = 0.7 61,800 61,800 42,500 39,300 18,200 18,200 0.364 0.236 0.236
Case 05 Vf = 0.8 53,200 53,200 38,300 41,800 16,000 16,000 0.477 0.190 0.190

5. Results and Discussion
5.1. Fiber Volume Fraction on Longitudinal Young’s Modulus E11

The outcome of longitudinal Young’s modulus E11 at various fiber volume fractions
using the ANSYS 2024/R2 material designer and analytical models are shown in Figure 2a,b.
From Figure 2a, it is evident from graphical representation that the results of the software
are in agreement with the analytical models for the microscale model while Figure 2b
shows that for the mesoscale model, software and the analytical model are closer except for
in M-T Model, which provides higher and lower values of E11 and only meets the graph at
70% of the fiber volume.
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Figure 2. (a) Microscale E11 vs. Vf. (b) Mesoscale E11 vs. Vf.

5.2. Fiber Volume Fraction on Transversal Young’s Modulus E22 and E33

Transversal Young’s modulus is calculated using analytical models and using the
ANSYS material designer and results show a higher value of E22 using the material
designer as compared to the ROM and Chamis models at various fiber volume fractions
of the RVE model. Figure 3a shows the inverse behavior of the fiber volume fraction on
E22 for the microscale model in MPa. Figure 3b also shows the same trend for E33 for
the mesoscale model. The Mori–Tanaka Model provides the highest values of 20% fiber
volume, as compared to other models in both micro- and mesoscale modeling.
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Figure 3. (a) Microscale E22 vs. Vf. (b) Mesoscale E33 vs. Vf.
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5.3. Fiber Volume Fraction on In-Plane Shear Modulus G12

The values of G12 at various fiber volumes are quite close for the microscale model
but the M-T Model provides a fluctuating curve and meets the other predictions of the
analytical and software model only at 70% of fiber volume, which represented in Figure 4a.
However, for the mesoscale model only at 20% of the fiber volume is the value slightly
higher and further values are in agreement with the analytical and software results, as
presented in Figure 4b.
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Figure 4. (a) Microscale G12 vs. Vf. (b) Mesoscale G12 vs. Vf.

5.4. Fiber Volume Fraction on Out-of-Plane Shear Modulus G23

For out-of-plane shear modulus G23, the M-T Model produces the highest and the
Chamis Model produces the lowest values at various fiber volume fraction for both the
micro and mesoscale model, as shown in Figure 5a,b.
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Figure 5. (a) Microscale G23 vs. Vf. (b) Mesoscale G23 vs. Vf.

5.5. Fiber Volume Fraction on In-Plane Poisson’s Ratio v12

The output of the analytical and software results is quite close for the microscale model,
but the M-T Model provides a constant value at each fiber volume fraction, as shown in
Figure 6a and for the mesoscale model the values are again in well agreement and the M-T
Model meets the other predictions at 70% of fiber volume, as depicted in Figure 6b.
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5.6. Fiber Volume Fraction on Out-of-Plane Poisson’s Ratio v23 and v13

For the microscale model, the Chamis Model provides the lowest and the M-T Model
produces the highest values of out-of-plane Poisson’s ratio while the ROM and software
results are identical, as shown in Figure 7a. For the mesoscale model, the output of the
software and analytical models is quite close but the M-T provides higher values and
only meets the other predicted models at 80% of fiber volume and the material designer
produces a slightly higher value of v13 at 70% of fiber volume, as represented in Figure 7b.
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5.7. Youngs’s Modulus Across Numerical and Analytical Models

Longitudinal and transversal Young’s moduli at the microscale level at fixed fiber
volume fraction Vf = 0.70 were compared with the analytical and numerical methods to
see the comparative results predicted by both methods. From Figure 8, both methods
accurately predict the same results for longitudinal Young’s modulus and there exists a
variation in the results of transversal Young’s modulus, where Mori–Tanaka predicts the
highest value while Chamis predicts the lowest values.
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6. Conclusions
This paper mainly focused on FEA tools and analytical models for predicting elastic

properties of CMCs at micro- and mesoscale levels. Analytical models are limited to pre-
dicting unidirectional (UD) material properties only at microscale level; however, predicted
microscale elastic properties can be used to develop a mesoscale-woven RVE model in
simulation software. The ANSYS material designer provides the facilities to develop and
predict orthogonal elastic properties of UD Hexagonal RVEs (microscale) and then transfer
these microscale properties to develop and predict orthogonal-woven RVEs (mesoscale).
In-plane woven composites properties are well aligned for analytical models and numerical
models; however, out-of-plane properties show a variation, as the Mori–Tanaka Model
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predicts higher values at various fiber volume fractions. The Mori–Tanaka Model cap-
tures matrix constraints on carbon fiber more rigorously, particularly at high fiber volume
fraction, where stress interactions become non-linear as it is highly sensitive to matrix
stiffness and interaction assumptions. On other hand, the Rule of Mixtures and Chamis
models rely on oversimplified assumptions about fiber–matrix interactions and fail to
account for three-dimensional stress transfers or microstructural geometry, they frequently
underpredict transverse and shear properties (such as E22, G12 and G23). GENOA software
is used as a reference software for the analysis of elastic properties of the composite. In
addition to the ANSYS material designer, there are some other FEA tools like Digimat
(Nastran and Patran), Altair multiscale designer (ABAQUS) and SwiftComp™ code using
TexGen4SC for geometrical modeling, to better compute the best FEA tool to predict the
elastic behavior of woven composites.
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