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1. Introduction

Carbon fiber reinforced polypropylene (CF/PP)
composite materials, as lightweight and high-strength mate-
rials, have extensive application prospects in fields such as
aerospace, automotive industry, and construction engineer-
ing. However, factors such as fiber type, content, length,
distribution, orientation, and shape can all influence the me-
chanical properties of the material. Since fiber orientation
affects the stress transfer between fibers and the matrix as
well as the internal stress distribution of composite materi-
als, selecting the appropriate fiber orientation can maximize
the utilization of fiber strength and stiffness, thereby signif-
icantly improving the overall performance of composite ma-
terials. In recent years, research on fiber orientation mainly
falls into two categories: one utilizes theoretical models to
determine the elastic modulus of fiber composite materials,
emphasizing the importance of fiber orientation averaging
factors in accurately predicting material performance; the
other focuses on experimental and finite element methods to
explore the influence of fiber orientation distribution on the
mechanical properties of composite materials.

Some researchers study the mechanical properties
of composite materials through theoretical models.
Shokrieh et al. [1] used a modified Halpin-Tsai method and
Mori-Tanaka laminate analogy (MT-LA) analysis method
to calculate the elastic modulus of nanoparticle-reinforced
composite materials. They found that the new coefficient in
the modified Halpin-Tsai equation is influenced by the vol-
ume fraction and stiffness ratio of the matrix and reinforcing
material, further expanding the model's applicability. Mon-
tazeri et al. [2] investigated the effects of adding multi-
walled carbon nanotubes (MWNT) and surface modifica-
tion on the mechanical properties of composite materials.
By incorporating orientation and exponent shape factors
into the Halpin-Tsai equation, they calculated the Young's
modulus and tensile strength of MWNT/epoxy resin com-
posite materials, with results close to experimental values.
Yeh et al. [3] proposed an improved Halpin-Tsai equation
to evaluate the Young's modulus and tensile strength of
MWNT/phenolic composite materials by introducing a ran-
dom orientation factor and an exponent shape factor into the
equation. It was found that the improved Halpin-Tsai equa-
tion agrees well with experimental values in terms of tensile
strength and Young's modulus. Hassanzadeh-Aghdam et al.

[4] proposed a new Halpin-Tsai micromechanical model
considering the random dispersion, undulation, and agglom-
eration of carbon nanotubes (CNTSs). They found that uni-
formly distributed and straight CNTs have a more signifi-
cant reinforcing effect, providing new insights for the design
of nanotube-reinforced composite materials, and discussed
the influence of interface effects on composite material
properties. Harichandra et al. [5] used the Halpin-Tsai
model, fiber orientation averaged Mori-Tanaka model, as
well as mixture rule model and Hashin-Shtrikman constraint
to determine the elastic modulus of short fiber composite
materials. The results indicate that fiber orientation averag-
ing factors are crucial for accurately predicting the elastic
properties of composite materials. Yu et al. [6] studied the
influence of fiber orientation distribution on the multiscale
tensile properties of ultra-high-performance concrete
(UHPC). They calculated the elastic properties of UHPC
considering fiber orientation using a two-step mean-field
homogenization method and predicted the tensile strength
of UHPC under different fiber contents and orientation ten-
sors.

Some scholars directly investigate the influence of
fiber orientation distribution on the mechanical properties of
composite materials through experiments and finite element
methods. Gukendran et al. [7] analyzed the effects of six dif-
ferent orientations including 0°, 15°, 30°, 45°, 60°, and 75°
on the mechanical properties of jute fiber composite materi-
als. By measuring the tensile strength, bending strength, and
impact strength of jute fiber composite materials, it was
found that the composite material with a 30° orientation of
fibers exhibited better performance. Noman et al. [8] studied
the mechanical properties of laminated composite materials
with different carbon fiber orientations under tensile loading
using finite element analysis methods. By simulating lami-
nated structures of carbon fiber/epoxy resin composite ma-
terials with orientations of 0°, 30°, 45°, 70°, and 90°, the
effects of fiber orientation on von Mises stress, total defor-
mation, and equivalent elastic strain of composite materials
were analyzed. The results showed that the composite ma-
terial with a 0° orientation exhibited superior mechanical
strength. H.S et al. [9] investigated the mechanical proper-
ties of glass fiber reinforced plastic (GFRP) composite ma-
terials under different fiber orientations (0°, 45°, and 90°).
Composite samples with different orientations were pre-
pared using hand lay-up technique and subjected to axial



tensile testing. The results showed that the sample with a 0°
orientation exhibited the best tensile performance. Aravinth
et al. [10] studied the mechanical properties of sisal fiber
reinforced composite materials. By changing the fiber direc-
tion, length, and volume fraction, 18 composite materials
were prepared and subjected to mechanical testing. The re-
sults showed that the composite material had higher strength
when using long fibers (60 cm) at a 45° orientation and 35%
volume fraction. S. et al. [11] investigated the effect of fiber
orientation on the tensile properties of unidirectional carbon
fiber/epoxy composite materials through experimental and
theoretical studies. Tensile tests were conducted on five dif-
ferent orientations (0°, 30°, 45°, 60°, and 90°) of carbon fi-
ber reinforced epoxy composite materials. The results
showed that the composite material exhibited the maximum
tensile strength at a 0° orientation, while the minimum ten-
sile strength was observed at a 90° orientation. Furthermore,
based on four common failure theories (maximum stress,
maximum strain, Tsai-Hill, and Tsai-Wu), the tensile stress
of the composite material was predicted, revealing certain
errors between predicted and experimental results at 30°,
45°, and 60° orientations. Shweta et al. [12] prepared mixed
composite materials of carbon fiber, glass fiber, and natural
jute fiber, and studied the influence of fiber orientation on
various mechanical properties. The results showed that the
combined use of carbon fiber and glass fiber could enhance
the tensile, bending, shear, and hardness properties of com-
posite materials, and fiber orientation also affected the per-
formance of composite materials. Kumar et al. [13] investi-
gated the mechanical properties of basalt fiber-reinforced
epoxy composites. Composite plates with fiber orientations
at 45°, 60°, and 90° were fabricated using hand lay-up tech-
nigue. The results revealed that the mechanical properties of
the 90° bidirectional basalt fiber-reinforced composite were
superior to those of the 60° and 45° fiber orientations. Upen-
dra et al. [14] studied the influence of fiber orientation on
the mechanical properties of natural fiber-reinforced epoxy
resin composites using finite element analysis. They estab-
lished composite models with various orientation angles
such as 0°, +22.5°/-22.5°, 45°/-45°, +67.5°/-67.5°, and 90°,
and conducted tensile and bending tests. The findings
demonstrated that fibers exhibited minimum stress at 0° and
90° orientations, highlighting the significant impact of fiber
orientation on the mechanical properties of composites. V.
et al. [15] investigated the effect of fiber orientation on the
tensile strength of thin composite materials. Experimental
results indicated that the 0/90° orientation exhibited the
highest tensile strength, while the 30/60° and 45/-45° orien-
tations showed lower tensile strength. Different failure
modes were observed under various orientations, confirm-
ing the importance of fiber layout on composite perfor-
mance. Moreover, as the fiber orientation increased from 0°
to 45°, the tensile strength exhibited a decreasing trend, em-
phasizing the crucial role of fiber orientation in composite
material design and application.

Despite extensive research on the influence of fiber
orientation on composite material properties, attempts to in-
corporate different fiber orientation parameters into theoret-
ical models are scarce. Existing studies mainly introduce a
random orientation factor into the Halpin-Tsai model to pre-
dict the elastic properties of composites. However, this fac-
tor remains constant and fails to reflect the impact of differ-
ent orientation angles on performance. In this study, based
on the random orientation factor, the Mori-Tanaka method
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was employed to obtain transversely isotropic mechanical
property data of composites instead of experimental data.
This facilitated the determination of the directional factor
values, and an orientation angle factor was introduced to im-
prove the Halpin-Tsai equation. A modified exponential
shape factor relationship with volume fraction and orienta-
tion angle factor was established. This approach enables the
prediction of the four elastic constants (axial modulus, trans-
verse modulus, axial shear modulus, and transverse shear
modulus) of fiber-reinforced composites with different ori-
entation angles. It not only avoids the cost and time con-
sumption of experimental studies but also holds significant
implications for understanding the relationship between the
microstructure and macroscopic properties of composites.

2. Materials and methods
2.1. Materials

Carbon fiber, as a high-performance reinforcement
material, possesses high linear elastic modulus and strength.
On the other hand, polypropylene, as a thermoplastic poly-
mer, has good processability, chemical stability, and low
cost. By combining carbon fiber with polypropylene, the
specific strength and specific modulus of the composite ma-
terial can be significantly improved. In this study, carbon
fiber is the reinforcing phase, while polypropylene serves as
the matrix material. Furthermore, it is assumed that the ma-
trix phase is linear elastic and isotropic, while the carbon
fiber phase is linear elastic and transversely isotropic. The
elastic constants of each component are shown in Table 1
[16].

Table 1
Material mechanical properties parameters
Material parameters PP CF
Young's modulus, GPa 1.40 -
Poisson's ratio 0.35 -
Axial Young's modulus, GPa - 230
Transverse Young's modulus, GPa - 15
Axial Poisson's ratio - 0.20
Axial shear modulus, GPa - 15
Transverse Poisson's ratio - 0.07

2.2. Improved Halpin-Tsai model

The traditional Halpin-Tsai model [17] is a semi-
empirical formula used to predict the mechanical properties
of fiber-reinforced composite materials. This model takes
into account the interaction between the fiber and the ma-
trix, allowing for accurate prediction of the key mechanical
properties of fiber-reinforced composite materials.
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where E represents the elastic modulus, V represents volume
fraction, 7 represents the relationship parameter between
the fiber, matrix, and shape factor, and & represents the
shape factor. The superscript f denotes the fiber, while m



represents the matrix.

To investigate the influence of fiber orientation on
the elastic constants of the composite material, Cox [18] in-
troduced a parameter « to account for the randomness of
discontinuous fibers. If the fiber length is greater than the
specimen thickness, it is assumed that the fiber orientation
is random in two dimensions, and the parameter ¢ is set to
1/3. If the fiber length is much smaller than the specimen
thickness, it is assumed that the fiber orientation is random
in three dimensions, and the parameter ¢ is set to 1/6 [3].
Cox's research demonstrated that the value of ¢ can repre-
sent the degree of fiber orientation. However, Cox's research
was limited to the case of randomly oriented fibers in two
dimensions. Building upon Cox's work, this study further
determines the value of ¢ for unidirectional fibers in two
dimensions (which needs to be calculated and will be pro-
vided in the next section). In order to differentiate from
Cox's random orientation factor, in this study, « is referred
to as the orientation factor. Thus, the traditional Halpin-Tsai
equation can be modified as follows:
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Since the carbon fiber used in this study as the re-
inforcement material is transversely isotropic, the carbon fi-
ber-reinforced polypropylene composite material will have
five elastic constants. By expanding Egs. (3) and (4), the
formulas for axial Young's modulus, transverse Young's
modulus, axial shear modulus, and transverse shear modu-
lus can be obtained by Egs. from (5) to (12), while the axial
Poisson's ratio can be calculated using Eq. (17), which is not
discussed in this paper. Combining Egs. (5) and (9), (6) and
(10), (7) and (11), (8) and (12), Egs. from (13) to (16) cor-
responding to the four shape factor equations can be de-
rived.
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here G represents the shear modulus, v;, represents the ax-

ial Poisson's ratio. The subscript 11 represents axial, 22 rep-
resents transverse, 12 represents axial shear, and 23 repre-
sents transverse shear.

In practical applications, fiber-reinforced compo-
site materials often consist of fibers with different orienta-
tions. These different orientations can significantly affect
the mechanical properties of the composite material, which
the Halpin-Tsai model does not consider. In order to more
accurately describe the mechanical behavior of the compo-
site material, an orientation degree factor is introduced as
part of the improved Halpin-Tsai model. This allows for a
better description of the distribution of fibers in the compo-
site material and more accurate prediction of the material's
mechanical properties. Therefore, this study improves the
Halpin-Tsai model to predict the elastic constants, such as
axial Young's modulus, transverse Young's modulus, axial
shear modulus, and transverse shear modulus, of CF/PP
composite materials under different fiber orientations and
volume fractions. The improved model, as shown in equa-
tion (18), modifies the shape factor to an exponential shape
factor. By substituting Eq. (18) into Egs. (3) and (4), the im-
proved Halpin-Tsai model is obtained

(a9+bv fyeov +d) (

(18)

gij: i,j:1,2,3);

where grepresents the orientation degree, and a, b, ¢, and d
are constants.

2.3. Mori-Tanaka model

The Mori-Tanaka model [19] is a theoretical model
used to calculate the mechanical properties of multiphase
composite materials. This model takes into account the in-
teraction between the matrix and inclusions, as well as the
effects of inclusion shape, distribution, and volume fraction
on the overall performance of the composite material. To



accurately describe the behavior of composite materials, the
model introduces the concept of a Representative Volume
Element (RVE) and recognizes that the strain experienced
by individual inclusions may differ from the macroscopic
strain applied to the composite material. To address this is-
sue, the method transforms the problem of multiple inclu-
sions into a single inclusion problem, where the far-field
strain acting on the inclusion is the average strain of the
composite material, as shown in Fig. 1.

ant

Fig. 1 Mori-Tanaka model: conversion of a multi-inclusion
problem into a single-inclusion problem

In a multiphase composite material, the macro-
scopic stress o and macroscopic strain ¢ have the following
relationship:

o=L:¢. (19)

Hill and Law proposed that the overall properties
of composite materials are related to the moduli and volume
fractions of each phase material:

L=t Yo (L -L):A, (20)

where A; is the strain concentration factor, cs is the volume
fraction of inclusions, and Ls is the elastic modulus of each
phase material (s =1, 2, ..., N), with s = 1 representing the
matrix phase.

The mechanical behavior of each phase material is
determined by the following expression:

o,(x)=L, & (x).

The strain concentration factor As is defined as:

(21)

(22)

Since the Mori-Tanaka method is based on the con-
cept of a sparse solution, which considers the multiphase
material as an inhomogeneous medium with no interaction
between phases, it approximates the isolated inclusions
(s=2,3,...,N) being embedded in a matrix (s = 1) in a ro-
tating manner. It assumes that the strain in the matrix is
equal to the total strain ¢ of the material, while the strain in
each phase is given by:
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(23)

where Ts is the concentrated tensor of the sparse solution.

The sparse solution considers the interaction be-
tween two phases (s = 1 and s # 1). The overall elastic mod-
ulus can then be expressed as:

L=g+ig(g—gy1. (24)

In the sparse solution, inclusions are considered as
isolated, non-interacting phases. However, in the Mori-
Tanaka method, the strain in the matrix (s=1) is not the
same as the total strain €, but an unknown strain &;. There-
fore, the strain in the inclusion phase is given by:

e =T,:¢. (25)

By substituting Eq. (25) into Eq. (26) and expand-

ing, we obtain Eq. (27):

&= CS Zé‘s y (26)
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e=.cT, :sl—|:01I+ZCSTS]sl. 27)
By transforming Eq. (27), we get:
N -1
gl:{cll +ZCST{| iE. (28)
$=2

By combining Eqgs. (28), (25), and (22), we obtain
Eq. (29):

A =T :|:cl| +iCsTs :ll' (29)

Finally, the effective stiffness tensor of the compo-
site material, calculated using the Mori-Tanaka method, is
given by Eg. (30):

L:LiJrLZNZ“cS(LS—Ll):TS}:LicSTS}1 (30)

Where T1=1, and when the inclusions have the
same shape, Ts can be expressed by the following equation:

T=[+P(L L) (31)

The Mori-Tanaka method provides a solution ap-
proach, considering the three-dimensional space of fiber ori-
entation represented by ellipsoids. This study investigates
the influence of different fiber orientations and volume frac-
tions on the elastic constants of CF/PP composite materials
within a two-dimensional plane. Assuming a unidirectional
distribution of fibers in the matrix, with orientation degrees
represented as shown in Fig. 2, and cylindrical fiber shapes,
the Mori-Tanaka mechanical model is utilized to establish
Representative Volume Element (RVE) models for various
orientations and volume fractions. By loading in the x-axis



direction and calculating the stiffness matrix of fiber-rein-
forced composite materials, the elastic constants of the com-
posite materials are obtained. These values are then substi-
tuted into Egs. (13)-(16) to compute the shape factor values
of each elastic constant at different fiber orientations and
volume fractions. Formula (18) is employed to fit the mod-
ified exponential shape factor using the corrected values.
Subsequently, the corrected exponential shape factor is ap-
plied to Egs. (3) and (4) to derive the improved Halpin-Tsai
model.

24

Fig. 2 Axis plot of fiber orientation degree

The value of the orientation factor a in Egs. (13)-
(16) is set to 24. This value is determined through the Mori-
Tanaka method for obtaining the elastic constants of com-
posite materials. It was found that when a is greater than or
equal to 24, the shape factor values exhibit similar trends
with varying orientation degrees at different volume frac-
tions. Even when a is 1024, the change in shape factor val-
ues is minimal. When « is less than 24, the shape factor val-
ues of the transverse elastic modulus do not show a clear
pattern with varying orientation degrees at different volume
fractions, making it impossible to fit a surface. This may be
attributed to the less pronounced effect of orientation de-
grees on the transverse elastic modulus when « is less than
24. Hence, « is chosen to be 24.

3. Results and discussion
3.1. Axial elastic modulus

The variation of the axial elastic modulus with dif-
ferent orientation angles and volume fractions is depicted in
Fig. 3. Firstly, for all given orientation degrees, the axial
elastic modulus increases with increasing volume fraction.
This indicates an increase in material rigidity at higher fiber
contents, as fibers typically possess higher elastic moduli
than the matrix material. Secondly, for the same volume
fraction, the dependency of the composite material's axial
elastic modulus on the fiber orientation angle follows a U-
shaped trend. The axial elastic modulus is highest in the 0°
direction (where the fiber direction aligns with the loading
direction), reflecting the high stiffness of fibers along their
axial direction. As the orientation angle increases, the axial
elastic modulus gradually decreases, reaching its lowest
value at 60° orientation, and slightly increasing at 90°
(where the fiber direction is perpendicular to the loading di-
rection). This indicates lower stiffness of fibers in non-axial
directions. These results are consistent with the trends re-
ported in reference [11], validating the accuracy of this
study.

Observing Fig. 4 reveals a certain relationship be-
tween the aspect ratio factor of the axial elastic modulus and

312

4.5%10*

soxwo bt =— 5%
- \ - - 10%
£ 3.5%10* ' A 15%
> a - 20%
Z3.0x10* | S
= N
=] \
=} 4 - .
£ 2.5X10" A
[S) Q . '\
© .

L o

§2.ox1o N
— AR
@ 1.5X10* [ v
— N
g
= 1.0X10" F
-

5.0X10° |

0. 0 1 1 ‘ 1 1
0 30 45 60 90

Degree of orientation/°

Fig. 3 Variation of axial modulus of elasticity with fiber ori-
entation of carbon fiber reinforced polypropylene
composites at different volume fractions

the fiber orientation angle and volume fraction. When the
orientation angle is the same, with increasing volume frac-
tion, the aspect ratio factor generally decreases while the ax-
ial elastic modulus increases. This suggests that for the same
orientation angle, a smaller aspect ratio factor corresponds
to a larger axial elastic modulus. Similarly, at the same vol-
ume fraction, the aspect ratio factor and fiber orientation an-
gle exhibit a decreasing U-shaped relationship. Therefore,
the magnitude of the aspect ratio factor can also reflect the
magnitude of the axial elastic modulus. Eq. (32) represents
the exponential relationship between the aspect ratio factor
and fiber orientation angle, fitted from the data in Fig. 4,
which can be utilized to determine the aspect ratio factor for
different fiber orientations and volume fractions.
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Fig. 4 Variation of axial modulus of elasticity shape factor
of carbon fiber reinforced polypropylene composites
with degree of fiber orientation at different volume
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Comparing the simulated values obtained from the
Mori-Tanaka model with the fitted values calculated from
the improved Halpin-Tsai model is depicted in Fig. 5. The
error rate of the axial elastic modulus is within 10% from 0°



to 60° and does not exceed 17% at 90°. Thus, the model ex-
hibits good fitting performance from 0° to 60°.
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3.2. Transverse elastic modulus

Fig. 6 illustrates the variation of the transverse
elastic modulus with fiber orientation angle under different
volume fractions. Firstly, when the volume fraction of the
fiber remains constant, the transverse elastic modulus grad-
ually increases with the fiber angle, demonstrating a nonlin-
ear influence of fiber direction on the transverse elastic
modulus. Secondly, for a fixed fiber orientation, the trans-
verse elastic modulus increases with increasing fiber vol-
ume fraction, indicating that the addition of fibers enhances
the overall rigidity of the composite material, making it
more resistant to deformation in the transverse direction.
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Fig. 6 Variation of transverse modulus of elasticity with fi-
ber orientation degree in carbon fiber reinforced pol-
ypropylene composites with different volume frac-
tions

Fig. 7 displays the relationship between the aspect
ratio factor and fiber orientation angle for different fiber vol-
ume fractions, showing a U-shaped trend. The aspect ratio
factor is significantly higher at 90°, reflecting the influence
of fiber arrangement. Moreover, the trend in Fig. 7 is sym-
metric to that in Fig. 4, indicating the symmetry between the
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axial and transverse elastic moduli. Eq. (33) represents the
relationship between the exponential aspect ratio factor and
different fiber orientations and volume fractions, fitted from
the data in Fig. 7
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Fig. 7 Variation of transverse modulus of elasticity shape
factor of carbon fiber reinforced polypropylene com-
posites with degree of fiber orientation at different
volume fractions

Fig. 8 compares the error rates of the simulated and
fitted values and shows that the maximum difference in the
transverse modulus of elasticity is 16.46% at 0°; the maxi-
mum error rate does not exceed 6.5% at 30° to 90° and be-
low 15% volume fraction. Therefore, the model fits better
at 30° to 90° and below 15% volume fraction.
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Fig. 8 Variation of transverse modulus of elasticity error
rate with fiber orientation degree for carbon fiber re-
inforced polypropylene composites with different
volume fractions

3.3. Axial shear modulus

Fig. 9 shows the relationship between the axial
shear modulus of CF/PP composite materials and the orien-
tation angle under different volume fractions. Firstly, when
the fiber volume fraction remains constant, the axial shear
modulus gradually decreases as the fiber orientation angle
increases from 0° to 90°. This indicates that the contribution



of fibers to the overall shear performance of the material is
minimal when they are perpendicular to the loading direc-
tion, and maximal when parallel. Secondly, for the same fi-
ber orientation angle, the axial shear modulus increases with
increasing fiber volume fraction, suggesting that the rein-
forcement effect of fibers enhances with their content in the
matrix.

Fig. 10 depicts the variation of the aspect ratio fac-
tor of the axial shear modulus with fiber orientation angle
under different volume fractions. The aspect ratio factor de-
creases overall with increasing volume fraction for the same
orientation angle, while the axial shear modulus increases.
Additionally, the aspect ratio factor exhibits an arc-shaped
relationship with fiber orientation angle at the same volume
fraction. Eqg. (34) represents the relationship between the as-
pect ratio factor of the axial shear modulus and fiber orien-
tation angle and volume fraction, which can be utilized to
determine the aspect ratio factor of the axial shear modulus

(-0.00759-0.1850vf ~0.00356v " —0.1048)

S, =€

(34)
800
—&— 5%
-® - 10%
mof S-o A 15%
g *'»\\‘ - 20%
3 Tt ~ee
%’700- T-e
A ..
3 A
= A
AL
5650 - A
[}
% -
- e
< T - - e -
2600 |- i
>
Lol
550 |-
1 1 1 1 1
0 30 15 60 90

Degree of orientation/°

Fig. 9 Variation of axial shear modulus of carbon fiber rein-
forced polypropylene composites with degree of fi-
ber orientation at different volume fractions
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Fig. 10 Variation of axial shear modulus shape factor with
fiber orientation degree in carbon fiber reinforced
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The maximum error rate between simulated and
fitted values for the axial shear modulus is only 0.83%, as
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shown in Fig. 11, indicating the effective prediction capa-
bility of the improved Halpin-Tsai model for CF/PP compo-
site materials' axial shear modulus.
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Fig. 11 Variation of axial shear modulus error rate with fiber
orientation degree for carbon fiber reinforced poly-
propylene composites with different volume frac-
tions

3.4. Transverse Shear Modulus

The influence of different fiber orientations and
volume fractions on the transverse shear modulus is illus-
trated in Fig. 12. Firstly, at the same volume fraction, the
transverse shear modulus initially increases and then de-
creases with the increase in fiber orientation angle. The
transverse shear modulus reaches its maximum value when
the fiber orientation angle is 45°. This is because the 45°
angle optimally utilizes the anisotropy of the composite ma-
terial due to the angle between the fibers and the loading
direction, thus enhancing the material's shear strength. This
indicates that 45° is a more ideal fiber orientation angle,
maximizing the role of fibers in the composite material. Sec-
ondly, when the fiber orientation angle is fixed, the trans-
verse shear modulus increases with an increase in fiber vol-
ume fraction. As fibers act as reinforcement, higher fiber
volume fractions result in greater overall strength of the
composite material, thus increasing the transverse shear
modulus. When the fiber orientation angle is 0° or 90°, the
transverse shear modulus remains unchanged regardless of
changes in fiber volume fraction. This is because at these
orientations, the fibers are parallel or perpendicular to the
loading direction, contributing minimally to shear defor-
mation.

Under different volume fractions, the shape factor
of the transverse shear modulus varies with the degree of
fiber orientation, as shown in Fig. 13. It can be observed that
the shape factor of the transverse shear modulus is symmet-
ric about 45° and exhibits a semi-saddle shape. This sym-
metry around 45° may be due to the arrangement of fibers
relative to the loading direction at this angle, resulting in
symmetric values of the shape factor for the transverse shear
modulus. The surface in Fig. 13 is fitted separately, as
shown in Eq. (35). Separate fitting is adopted because there
is currently no more suitable model formula than Eqg. (18),
and thus, Eq. (35) can be used to determine the shape factor
of the transverse shear modulus
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Fig. 14 shows the error rates of the values obtained
from the Mori-Tanaka model and the modified Halpin-Tsai
model, and it was found that the maximum error rate of the
transverse shear modulus was more than 10% but not more
than 15% at 0° and 90°, and the maximum error rate was
5.85% at 30° to 60° and below 15% volume fraction. There-
fore, the model fits better at 30° to 60° and volume fraction
below 15%.

3.5. Error analysis

Among the four elastic constants mentioned above,
the maximum error occurs at 0° or 90°, but the maximum
error does not exceed 17%. Previously, polynomial fitting
was used, which required a higher order (up to 5th order)
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Fig. 14 Variation of transverse shear modulus error rate
with fiber orientation degree for carbon fiber rein-
forced polypropylene composites with different
volume fractions

and could potentially lead to overfitting. However, it was
observed that even with polynomial fitting, the model error
remained high. Therefore, exponential functions were em-
ployed for fitting, reducing the fitting coefficients and
avoiding overfitting issues. Furthermore, in reference [11],
the numerical values obtained using the maximum stress,
maximum strain, Tsai-Hill, and Tsai-Wu theories [19] were
compared with experimental results, showing a maximum
error of 17%, which is similar to the error obtained from the
fitted functions in this study. This to some extent also vali-
dates the applicability of the exponential model used in this
study.

4 Conclusion

Based on the Mori-Tanaka method, the influence
of different fiber orientation angles and volume fractions on
the elastic constants of transversely isotropic fiber-rein-
forced composite materials was studied. Building upon the
random orientation factor, the values of the directional fac-
tors were determined using an improved Halpin-Tsai model,
and an analysis of the four elastic constants of transversely
isotropic materials was conducted. Finally, a modified ex-
ponential shape factor relationship with volume fraction and
orientation angle factor was obtained.

The study shows that, at the same orientation an-
gle, the elastic constant values of composite materials in-
crease with an increase in fiber volume fraction, while the
shape factor values decrease with an increase in fiber vol-
ume fraction. At the same volume fraction, the shape factor
values of the elastic constants exhibit U-decreasing, U-in-
creasing, circular arc, and semi-saddle trends with changes
in fiber orientation angle, with smaller shape factor values
corresponding to larger elastic constant values.

By comparing the simulated values from the Mori-
Tanaka model and the fitted values from the improved Hal-
pin-Tsai model, it was found that the maximum error rate
for axial elastic modulus is 9.9% from 0° to 60°; for axial
shear modulus, it is 0.83%; for transverse elastic modulus
and transverse shear modulus from 30° to 60° with volume
fractions below 15%, the maximum error rates are 6.3% and
6.96%, respectively. Thus, the improved Halpin-Tsai model



can be used within a certain range to predict the elastic con-
stants of fiber-reinforced composite materials and provides
a general method for predicting elastic constants of compo-
site materials under different orientation angles.
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S. Zhu,S. Wu, Z. Hu, Y. Fu

STUDY ON THE EFFECT OF FIBER ORIENTATION
ON THE ELASTIC CONSTANTS OF CARBON FIBER
REINFORCED POLYPROPYLENE COMPOSITES

Summary

In order to predict the effects of different fiber ori-
entations on the elastic constants of composites, this paper
takes carbon fiber reinforced polypropylene composites as
an example, and adopts the Mori-Tanaka method to estab-
lish the Random Volume Element (RVE) model of fiber
composites with five different fiber orientations, namely, 0°,
30°, 45°, 60°, and 90°, and investigates the effects of the
fiber The effects of fiber orientation and fiber volume frac-
tion on their elastic constants were investigated to obtain the
required data by this method instead of experiment. By im-
proving the Halpin-Tsai model, the value of the orientation
factor was determined on the basis of the random orientation

(CMom

317

factor, and the original shape factor was modified to an ex-
ponential shape factor, the orientation degree factor was in-
troduced, and finally, the relationship equations between the
modified exponential shape factor and the volume fraction
and orientation degree were obtained. The results show that
for the same fiber orientation and volume fraction, the
smaller the value of shape factor, the higher the elastic mod-
ulus. The fitting errors of the four values of elastic constants
were also analyzed, and it was found that the improved Hal-
pin-Tsai model could be used to predict the elastic constants
of carbon fiber-reinforced polypropylene composites in a
certain range, thus providing a method to study the predic-
tion of the elastic constants of composites by fiber orienta-
tion.

Keywords: Halpin-Tsai model, fiber orientation, volume
fraction, Mori-Tanaka model, elastic modulus.

Received April 24, 2024
Accepted August 19, 2024

This article is an Open Access article distributed under the terms and conditions of the Creative Commons
Attribution 4.0 (CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

