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nanotube (CNT) nanocomposites and to analyze the influence of CNT orientation
and volume fraction on their mechanical behavior. A finite element numerical
model was developed by considering different CNT orientations (horizontal,
inclined, vertical, and random), with volume fractions ranging from 1.39% to
5.58%. The numerical results were compared with analytical micromechanical
models commonly applied to short fiber reinforced composites. The findings
demonstrate that both CNT orientation and volume fraction have a significant
influence on the elastic modulus of the nanocomposite. Increasing the CNT volume
fraction leads to a progressive enhancement of the Ec. Horizontally aligned CNTs
exhibit the highest elastic modulus (E.=4799.14 MPa), followed by randomly
oriented, inclined, and vertically oriented CNT configurations. The predictions
obtained using the finite element method show good agreement with the Halpin-
Tsai analytical model. For the horizontal CNT configuration, the results are also
consistent with the Cox and Lavngood-Goettler models for certain volume
fractions. These results highlight the critical role of CNT orientation and content in
enhancing the mechanical properties of polymer/CNT nanocomposites and
contribute to the optimization of modeling approaches and material design
strategies for these advanced materials.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

In recent years, polymer nanocomposites reinforced with carbon nanotubes (CNTs) have attracted
considerable attention in the fields of polymer science and engineering because of their
outstanding mechanical and physical properties, including high strength, enhanced stiffness, low
density, and excellent thermal and electrical conductivity [1-4]. These remarkable characteristics
make CNT/polymer nanocomposites promising materials for advanced structural applications
requiring improved mechanical performance and lightweight design.

The accurate prediction and characterization of the mechanical behavior of nanocomposites
remain challenging. Although experimental approaches provide valuable information, they are
often associated with high costs, complex preparation procedures, and time-consuming testing
processes [5]. Therefore, numerical and analytical approaches have become essential tools for
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predicting and optimizing the effective properties of composite materials [6-12]. Among these
approaches, representative volume element (RVE) based modeling combined with continuum
mechanics has been widely adopted to investigate the influence of nanoscale reinforcement
parameters on the macroscopic behavior of nanocomposites [13-15]. Recent advances in the
modeling of nanostructured and microstructure materials have highlighted the importance of
appropriate theoretical frameworks for accurately describing their mechanical behavior. In
particular, several studies have emphasized the necessity of considering size-dependent effects and
advanced elasticity theories to capture the physical response of materials at small scales. These
developments provide valuable insights into the influence of material architecture, scale effects,
and reinforcement mechanisms on the effective properties of advanced composite systems [16, 17].

Several researchers have investigated the mechanical behavior of CNT-reinforced polymer
nanocomposites using numerical and analytical approaches. Hassanzadeh-Aghdam et al [18].
evaluated the effective elastic properties of polymer nanocomposites containing regular and
randomly distributed CNTs using finite element analysis based on representative volume element
(RVE) modeling. Kassa and Arumugam [19]. proposed a numerical methodology supported by
experimental validation to predict the elastic properties of CNT-reinforced polymer
nanocomposites. Zaccardi et al [20]. developed a multiscale modeling approach to evaluate the
mechanical properties of epoxy reinforced with single-walled carbon nanotubes (SWCNTs). Chwat
and Muc [21]. analyzed the effects of CNT arrangement patterns, including square and hexagonal
distributions, on the elastic properties of CNT/epoxy nanocomposites using finite element
modeling. Omari et al [22]. examined the effects of particle size ratio and reinforcement orientation
on the elastic modulus of polymer matrices. Imani Yengejeh et al [23]. reviewed experimental and
modeling approaches for CNT-reinforced composites, emphasizing the influence of CNT geometry,
size, and orientation on their elastic behavior. Moradi et al [24]. developed a finite element-based
micromechanical model to investigate the effects of CNT dispersion and agglomeration on the
elastic, thermoelastic, and viscoelastic properties of polymer nanocomposites, demonstrating that
CNT distribution strongly affects the overall composite performance.

Despite these significant contributions, the combined influence of CNT orientation and volume
fraction on the elastic modulus of polymer/CNT nanocomposites remains insufficiently explored.
In particular, a systematic investigation of different CNT orientations within a finite element
representative volume element (RVE) framework is still needed to better understand their effect
on stress transfer mechanisms and the overall mechanical response of nanocomposites. The results
of this study provide valuable insights into the design and optimization of CNT/polymer
nanocomposites by clarifying the relationship between CNT orientation, volume fraction, and
elastic performance. Furthermore, the proposed finite element-based numerical framework
provides an efficient predictive tool for optimizing CNT alignment and designing lightweight, high-
performance polymer nanocomposites for advanced engineering applications.

This study aims to predict the elastic modulus of a CNT/polymer nanocomposite material and to
investigate the influence of CNT volume fraction and orientation on the elastic modulus (E.) using
numerical modeling. Carbon nanotubes were considered as reinforcement, and multiple
representative volume elements (RVEs) were constructed to represent different CNT orientations
(horizontal, vertical, inclined, and random) and various volume fractions. Finite element numerical
simulations were performed using Cast3M software [25,26]. Finally, the numerical results obtained
from the RVE-based simulations were compared with analytical micromechanical models to
evaluate the accuracy and reliability of the proposed approach.

2. Analytical Models for Short Fiber Composites
2.1 Voigt (1889) and Reuss (1929) Models

The Voigt and Reuss models are the simplest micromechanical models based on the rule of
mixtures. The Voigt model assumes that each constituent undergoes the same deformation (iso-
deformation condition), leading to an expression for the elastic modulus (E.), as given in Eq (1) [27,
28].
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E. = Ef. Vi + Epy. Vi (1)

Where; Eg, Virespectively denote the characteristics of the fibers (longitudinal elastic modulus and
volume fraction), Em and V, respectively represent the properties of the matrix (elastic modulus
and volume fraction). The Reuss model provides an expression for the elastic modulus (E.), as given
in Eq (2) [27,28], assuming that all phases are subjected to the same stress (iso-stress condition).

_ Eft. E.,
E,. Vf + Eft. Vin

Where; Eg: transverse fiber elastic modulus.
2.2 Hori and Onogi Model (1951)

Hori and Onogi proposed the following equation for the elastic modulus (E), as given in Eq (3) [29,
30].

E. (2)

E.= (E1-E2)1/2 (3)
where the variables E; and E; are specified according to the Voigt model Eq (1) and the Reuss model
Eq (2).

2.3 Cox Model (1952)

The Cox elastic stress transfer model represents a classical approach for analyzing short fiber-
reinforced composites. It assumes that both the fibers and the matrix behave elastically, while the
fiber-matrix interface efficiently transfers stress without yielding or interfacial slippage, as given
in Eq (4) [31,32].

E, = EflVfr]l + VnEm (4)

The parameters used in Eq (4) are calculated based on the formulations proposed by Cox, as given
in Egs. (5-7) [31].

tanh (%
m=1- —m (5)
2
E friln (’r—")

r

T .

Where 1, is the fiber length efficiency factor, B is the shear-lag parameter, 1 is the fiber length, Gn, is
the matrix shear modulus, Ej is the longitudinal modulus of the fiber, r is the fiber radius, ry is the
effective matrix radius, Vris the fiber volume fraction, Vy, is the matrix volume fraction, and E, is
the matrix Young’s modulus [31].

2.4 Halpin-Tsai Model (1968)

The Halpin-Tsai semi-empirical model provides an analytical framework for estimating the Young’s
modulus of short fiber-reinforced composites, whether the fibers are aligned or randomly
distributed. When the fiber volume fraction (V¢) remains low compared with the overall composite
volume, the Halpin-Tsai equation takes the following form, as given in Eq (8) [33 -37].

3/1+ V. 5/1+42n:V,
E.=E, |~ ny Vs 42 NrVy 8)
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where En, is the Young’s modulus of the matrix, Eris the Young’s modulus of the fiber, V;is the fiber
volume fraction, n; and n; are the longitudinal and transverse reinforcement factors, respectively,
and ¢ is the fiber geometry parameter related to the fiber aspect ratio, which is defined as:
[
=2- (9)
¢ d
Where (1) is the fiber length and (d) is the fiber diameter.

The longitudinal and transverse reinforcement factors are calculated as follows:

nL = Ef (10)

nr =g, (11D

For the calculation of the reinforcement factors, (En) was used in the longitudinal factor (1), while
(Er) was used in the transverse factor (nr).

2.5 Ning Pan Model (1996)

The difficulty of controlling fiber orientation in three dimensions is one of the main reasons why
three-dimensional random fiber composite models are rarely used in practice. In this case, the
polar and azimuthal angles do not influence the fiber orientation. Therefore, Eq. (12) [38] is derived
from the normalization condition.

v, v,
E3P =Efﬁ+Em( ——f) (12)

Where Ey, is the Young’s modulus of the matrix, Eris the Young’s modulus of the fiber, V:is the fiber
volume fraction.

2.6 Piggot Model (1980)

Piggott proposed a theoretical model for estimating the elastic modulus of fiber-reinforced
composite materials with randomly oriented fibers in three dimensions. His approach accounts for
the statistical distribution of fiber orientations within the matrix and the contribution of each
orientation to the overall stiffness of the composite, as expressed in Eq (13) [39].

5

Where Etis the elastic modulus of the fiber, E,, is the elastic modulus of the matrix, V¢ is the fiber
volume fraction, and Vy, is the matrix volume fraction.

2.7 Lavngood and Goettler Model (1987)

Lavngood and Goettler developed a micromechanical model to estimate the effective elastic
modulus (Ec) of randomly oriented short-fiber composites. For two-dimensional random fiber
distributions, they proposed the Reuss type expression given in Eq (14) [40].

24.E,.E,

1

= (14)
¢ (7.E,+17.E))

Where E1 an E; are calculated as follows [40]:
Ey = Ep + Vi (Ef — Epn) (15)
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Em and E; signify the Young's modulus of the matrix and the fiber, respectively; V; represents the
volume fraction of the fiber; R signifies the ratio of the transverse modulus of the fiber to that of
the matrix.

B {2V;(R -1+ (R +2)}
My, =R) + (R +2)}

Em and Es signify the Young's modulus of the matrix and the fiber, respectively; V¢ represents the
volume fraction of the fiber; R signifies the ratio of the transverse modulus of the fiber to that of
the matrix.

(16)

E,

3. Critical Length (L)

The reinforcement of nanocomposites with discontinuous fibers is contingent upon their critical
length (Lc). The critical length represents the shortest fiber length capable of enduring the
maximum stress applied at its midpoint. The critical length is determined using Eq. (17) [41,42].

Lc _ O'f
df ZKTmy

In where dr denotes the average CNT diameter and or denotes their tensile strength; tmy denotes
the matrix shear stress, which is approximately 60 to 80 MPa (or about half of the yield strength),
and K denotes the load transfer efficiency. The value of K is taken as 1 for df =0.08 pm and os
=60GPa [43]. assuming an effective adhesion contact between the polymer matrix and the CNTs.
Based on these parameters, the calculated critical length is (L = 30 pm ). This value represents the
theoretical critical length required for efficient stress transfer and is considered only as a reference
parameter. It does not correspond to the actual CNT length used in the numerical model. In the
present study, the CNTs introduced in the RVE have an average length of (0.3 pm = 300 nm) [44-
46] and an outer diameter of (0.08 um) [44,47], corresponding to an aspect ratio of (L/D = 3.75).
The use of shortened CNTs allows a realistic representation of CNT distribution within the RVE and
enables the investigation of the effects of CNT orientation and volume fraction on the effective
elastic modulus of the nanocomposite.

(17)

4. Finite Element Modeling
4.1 Objective

In this study, the influence of short CNT orientation on the effective elastic modulus (E;) was
investigated using a representative volume element (RVE). The numerical simulations were
performed using the finite element method (FEM) implemented in Cast3M through the GIBIANE
programming language [48,49]. The random fiber orientations used in each model are summarized
in Table 1 below.

(a)
(d)

(e)

Fig. 1. The models of RVEs : (a) horizontal fibers, (b) vertical fibers,(c) inclined fibers,(d,e,f and
g) random fibers
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Vf=0,0139
Vf=0,0279

V/=0,0418
Vf=0,0558

Fig. 2. RVEs (a) for volume fraction (1.39%,2.79%,4.18 % and 5.58%)

Table 1. Distribution and orientation of Carbon Nanotubes Fibers.

RVEs Percentage CNTs fibers
(d) 62.5%H, 18.75%V, 18.75%I
(e) 62.5%V, 18.75%H 18.75%]
§3)] 62.5%]I, 18.75%V, 18.75%H
(8 33.33%H, 33.33%V, 33.33%l

Vf=0,0139

Vf=0,0279

Vf=0,0418
Vf=0,0558
Fig. 3. RVEs (b) for volume fraction (1.39%,2.79%,4.18 % and 5.58%)

Two parameters were considered in this investigation. The first parameter was the CNT
orientation. Seven orientation configurations were analyzed, resulting in seven representative
volume elements (RVEs), as illustrated in Figure 1. The second parameter was the CNT volume
fraction. For RVE models (a), (b), and (c), four volume fractions (1.39%, 2.79%, 4.18%, and 5.58%)
were investigated, as shown in Figures (2-4). Models (d), (e), (f), and (g) correspond to four RVEs
containing randomly distributed short CNTs with the same volume fraction (V). Each RVE includes
a random mixed orientation of horizontal (H), vertical (V), and inclined (I) CNTs with different
relative proportions. In the present study, the term “random orientation” refers to this mixed and
controlled combination of the three prescribed CNT orientations and does not represent a
continuous statistically random orientation distribution in three-dimensional space. This approach
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allows the effects of CNT orientation and spatial distribution on the effective elastic modulus (E)
to be systematically investigated.

Vf=0,0139
‘e V/=0,0279

Vr=0,0418
Vf=0,0558

Fig. 4. RVEs (c) for volume fraction (1.39%,2.79%,4.18 % and 5.58%)

4.2 Materials and Characterizations

The nanocomposite is made up of a polymer matrix reinforced with short carbon nanotube fibers
and is widely used in various sectors, notably medical devices and electronics [50, 51]. Tables 2
and 3 provide a summary of the main mechanical properties of the polymer/CNT nanocomposite.

Table 2. Mechanical properties of the polymer [52]

Constituent Young’s modulus (GPa) Poisson's ratio (v) Density (kg/ m3)

Polymer 3.2 0.3 950

Table 3. characterizations constants of carbon nanotubes (CNTs) [53]

El(GPa) E2=E3(GPa) G12=G13(GPa) ng(GPa) V13=V12 V23

2100 420 790 130 0.1716 0.595

4.3 Representative Volume Element (RVE)

A representative volume element (RVE) was employed to model the CNT/polymer nanocomposite.
The geometrical dimensions of the RVE are presented in Table 4. Figure 5 illustrates a
representative RVE containing vertically aligned CNTs embedded in the polymer matrix. The
dimensions of (1.8x 0.6 x1.2 um ) define the computational cell used in the present parametric
study. These dimensions were selected to accommodate the (0.3 pm) CNT inclusions, together with
the prescribed volume fractions and orientation configurations.

Table 4.RVE details

Parameter of RVE
L(um) 1.8
W(pum) 0.6
H(pm) 1.2
Diameter of CNT(nm) 80

The adopted size therefore corresponds to a representative configuration consistently used for all
analyzed cases, rather than to a critical RVE size established through a systematic convergence
study; accordingly, these dimensions should not be interpreted as a demonstrated critical RVE size.
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The conclusions of the present study are therefore limited to the modeled cell. A future RVE study
should progressively increase both the domain size and the number of independent random
realizations until the variation in the mean effective modulus and the associated dispersion fall
below a predefined tolerance.

Fig. 5. RVE with short CNT fibres oriented vertical

4.4 Calculation of The Elastic Modulus by Modeling

In this work, the effective elastic modulus (E.) of the CNT/polymer nanocomposite is calculated for
different CNT volume fractions (V) using a numerical method. The flowchart of the proposed
computational procedure is shown in Figure 6.

Start

Mesh: matrix with Mesh: matrix with Mesh: matrix with Mesh: matrix with
vertical fibers inclined fibers random fibers

|

Provide the characteristics
) Matrix : Em,vm
Fiber : E1, Er, Efs, Gri2, Grs, Gizs, Vi2,vi13,V23

!

Boundary conditions (Figure7):
Apply a prescribed displacement  to the two boundary surfaces (S1 and
S2) to model a uniaxial tensile test (along the x-axis).
Restrict the displacements UY and UZ of the two boundary surfaces (S1
and S2).

I

Determination of the total force at the nodes belonging to the surface on
the side of the imposed displacement (example S1) F,,, = X Fy

horizontal fibers

Determination of the elastic modulus E. of the total RVE:
— Fror _9 E =%
» Be

* Ay o z - Ex
With: Az the area of section S1
Ly = % ou L length along the x direction of the total RVE

END

Fig. 6. Flowchart illustrating the procedure for evaluating the elastic modulus



Benatmane et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

4.5 Loading and Boundary Conditions

In this study, prescribed displacements were applied to the two opposite faces (S1 and S2) of the
representative volume element (RVE) along the loading direction. A symmetric uniaxial tensile
loading condition was imposed by applying equal and opposite displacements to these two faces,
with (Ux=+ 8) on face S1 and (Ux =- §) on face S2. The transverse displacement components were
constrained by setting (Uy=0) and (U,=0) to prevent rigid-body motion and ensure numerical
stability during the simulations. As illustrated in Figure (7), this loading configuration produces
deformation along the (x)-direction.

Since the RVE was generated from a non-periodic random distribution of short carbon nanotubes,
the adopted constraints correspond to uniform kinematic boundary conditions rather than
periodic boundary conditions. The imposed transverse displacement constraints partially suppress
transverse displacement fluctuations and may therefore lead to a certain overestimation of the
effective elastic modulus compared with that obtained using a fully periodic homogenization
scheme. Nevertheless, because the same boundary conditions were applied to all investigated
RVEs, the relative comparisons of the effects of CNT orientation and volume fraction on the effective
elastic modulus remain consistent and meaningful.

Fig. 7. The displacement § applied to the RVE

5. Results and Discussion
5.1 The Influence of the Short Fiber Orientation on the Elastic Modulus Ec

Figure 8 presents the simulation results for the effective elastic modulus (Ec) obtained from the
three representative volume elements (RVEs a, b, and c). The results clearly demonstrate the
combined influence of CNT orientation and volume fraction on the mechanical behavior of the
CNT/polymer nanocomposite. As expected, the elastic modulus increases with increasing CNT
volume fraction for all orientation configurations, owing to the higher contribution of the stiff CNT
reinforcement and the enhanced load-bearing capacity of the composite.

Among the investigated configurations, the RVE containing horizontally aligned CNTs (parallel to
the loading direction) exhibits the highest elastic modulus. This behavior can be attributed to the
efficient transfer of the applied tensile load from the polymer matrix to the CNTs, which possess a
significantly higher intrinsic stiffness. When the reinforcement is aligned with the loading
direction, the axial stiffness of the CNTs is fully exploited, resulting in a more effective stress
transfer and a greater contribution to the overall composite stiffness. For example, the results for
RVE (a) show an increase of 9.66% compared to RVE (b) for Vi=0.0279 and an increase of 11.86%
for Vi = 0.0418.

Conversely, the RVE with vertically oriented CNTs exhibits the lowest elastic modulus under
horizontal tensile loading. In this configuration, the reinforcement is oriented perpendicular to the
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applied load, preventing the CNTs from effectively carrying axial stresses. Consequently, the
polymer matrix bears most of the applied load, leading to a lower overall stiffness. For instance,the
results for RVE (b) show a decrease of 3.13% compared to RVE (c) for Vi = 0.0139 and a decrease
of 4.19% for V¢ = 0.0558.The inclined orientation provides an intermediate mechanical response
because only a portion of the applied load is transmitted along the CNT axis, while the remaining
component is accommodated by the polymer matrix. Therefore, the reinforcing efficiency
decreases as the CNT orientation deviates from the loading direction. Overall, these findings
confirm that both CNT orientation and volume fraction are key parameters governing the effective
elastic modulus of CNT/polymer nanocomposites. Their combined influence is primarily controlled
by the efficiency of stress transfer across the CNT/matrix interface and the ability of the aligned
CNT network to resist the applied deformation.

[_IModel (a) ___]Model (b) [ Model (c)|

5E+03

4E+03 —

3E+03

E, (MPa)

2E+03 4

1E+03

0E+00

T T T
0.0139 0.0279 0.0418 0.0558
Vi
Fig. 8. Comparison between E.obtained

Figure 9 illustrates the influence of CNT orientation distribution on the effective elastic modulus
(Ec) while maintaining a constant CNT volume fraction (V¢ = 0.0558). Four representative volume
elements (RVEs (d-g)) with identical CNT content but different proportions of horizontal (H),
vertical (V), and inclined (I) CNTs were analyzed to isolate the effect of fiber orientation. The results
show that RVE (d), containing 62.5% horizontally oriented CNTs, exhibits the highest elastic
modulus, whereas RVE (e), with 62.5% vertically oriented CNTs, gives the lowest value. RVEs (f)
and (g), containing predominantly inclined CNTs and an equal distribution of orientations,
respectively, exhibit intermediate stiffness.

5E+03

4E+03
3E+03
©
2E+03
1E+03
OE+00 ~
d e f g

REVs

(MPa)

E,

Fig. 9. Comparison between E. obtained For V= 0.0558
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The superior performance of RVE (d) is attributed to the alignment of most CNTs with the loading
direction, which promotes efficient stress transfer from the polymer matrix to the high-stiffness
CNTs. In contrast, vertically oriented CNTs contribute less to load carrying under tensile loading
because they are nearly perpendicular to the applied stress. The inclined and uniformly distributed
orientations provide only partial reinforcement, resulting in intermediate elastic modulus
values.These results demonstrate that, even at a constant CNT volume fraction, the elastic modulus
strongly depends on the orientation distribution of CNTs. Increasing the proportion of CNTs
aligned with the loading direction significantly improves the reinforcing efficiency and the overall
stiffness of the nanocomposite.

5.2 Normal Stress Distribution
5.2.1 Normal Stress Distribution oxx

e Figures 10a, 10b, and 10c illustrate the distribution of normal stress ox within the
representative volume element (RVE (a)) for a CNT volume fraction of V¢=0.0558.

e Figures 11a, 11b, and 11c illustrate the normal stress distribution ox in the representative
volume element (RVE(b)) for a volume fraction V¢=0.0558.

e Figures 12a, 12b, and 12c illustrate the normal stress distribution ox in the representative
volume element (RVE (c)) with a volume fraction V¢=0.0558.

e Figures 13a, 13b, and 13c illustrate the normal stress distribution ox in the representative
volume element (RVE (g)) with inclined fibers for a volume fraction V=0.0558.

5.2.2 Normal Stress Distribution o,

e Figures 14a, 14b, and 14c illustrate the normal stress distribution ay, in( RVE (a)) for V¢ =
0.0558.

e The distribution of normal stress o,y within (RVE (b)) for a CNT volume fraction of Vi=0.0558
is illustrated in Figures 15a, 15b, and 15c.

e Figures 16a, 16b, and 16c illustrate the normal stress distribution gy, in (RVE (c)) for V¢ =
0.0558.

e As an example, the normal stress distribution oy, in (RVE (g)) for Vi = 0.0558 is shown in
Figures 17a, 17b, and 17c.

5.2.3 Normal Stress Distribution o,

e Figures 18a, 18b, and 18c illustrate the normal stress distribution g, in the representative
volume element (RVE (a)) for a volume fraction V¢ =0.0558

e Figures 19a, 19b, and 19c illustrate the normal stress distribution g, in the representative
volume element (RVE (b)) with a volume fraction V¢=0.0558.

e Figures 20a, 20b, and 20c illustrate the normal stress distribution o, in (RVE (c)) for V¢ =
0.0558.

e Figures 21a, 21b, and 21c illustrate the typical stress distribution g, in (RVE (g)) for V¢ =
0.0558.

11
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5.3 Comparison Between the Obtained Values and The Values Calculated Using
Analytical Models

5.3.1 The Case of A Horizontal Orientation of Short Fibers

Figure 22 compares the elastic modulus (E.) obtained from the FEM simulations with the analytical
models for horizontally oriented CNTs. The results show that E. increases with increasing CNT
volume fraction, confirming the reinforcing effect of CNTs. A good agreement is observed between
the FEM results and the Halpin-Tsai and Cox models for Vi=0.0139-0.0279, while the results are
closer to the Lavngood and Goettler model at Vi=0.0558. The differences between the numerical
and analytical predictions are mainly related to the idealized assumptions of the analytical models
compared with the actual CNT distribution considered in the FEM simulations.
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Fig. 22. Comparison of the values determined by the analytical models for short horizontal
fibers

5.3.2 The Case of a Horizontal Orientation of Short Fibers

Figure 23 compares the elastic modulus (E¢) obtained from the FEM simulations with the analytical
models for vertically oriented CNTs. The results show a linear increase in (E.) with increasing CNT
volume fraction, confirming the contribution of CNT reinforcement to the composite stiffness.
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Fig. 23. Comparison of the values determined by the analytical models for short vertical fibers

The FEM predictions are lower than those of the analytical models over the investigated range (V¢
= 0.0139-0.0558), while a relatively good agreement is observed with the Halpin-Tsai model. The
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differences can be attributed to the simplifying assumptions of the analytical models compared
with the numerical approach, which considers the actual CNT distribution within the RVE.

5.3.3 The Case of An Inclined Orientation of Short Fibers

In this case (Figure 24), the results obtained confirm those previously observed regarding the
relationship between the volume fraction and the elastic modulus. A proportional relationship is
clearly established between these two parameters: the modulus of elasticity increases
proportionally with the increase in volume fraction.for volume fraction (V) values ranging
between 0.0139 and 0.0558, the obtained results are close to the values from the Halpin-Tsai
model.

3.0E+04
2 5E+04
. 2.0E+04 /
o
0o .
<
w’  1-5E+04 —m—HALPIN-TSAT
—a&—FPiggot
Lavngood and Goettler
——Hori and Onogi
1.0E+04 + Ning Pang
—p— Numerical results
5.0E+03 +
-— C— L
T T T T T T T T T
0.01 0.02 0.03 0.04 0.05 0.06
Vf

Fig. 24. Comparison of the values determined by the analytical models for short inclined fibers.

The relative error between the FEM results and the Halpin-Tsai analytical model was calculated
using Eq (18) to quantitatively assess the agreement between the two approaches.

Eppy — E
Error(%) = Mx100 (18)

Eyr
The average relative error was 11.78% for the horizontal orientation, 4.73% for the inclined
orientation, and 2.26% for the vertical orientation. The overall average relative error was 6.26%,
confirming the good agreement between the FEM predictions and the Halpin-Tsai analytical model.

5.3.4 The Case of Random Orientation of Short Fibers

Figure 25 represents a comparison between the obtained results and the analytical models for V¢ =
0.0558, where we note that the results obtained for four different models (d, e, f, and g) are very
close to the Halpin-Tsai model and the Lavngood and Goettler model. As for the three models (Hori
and Onogi, Nin Pang, and Piggot), they often assume ideal conditions for short fibers, such as perfect
adhesion between the fibers and the matrix, uniform distribution, and ideal transfer constraints.
These assumptions lead to a value of the elastic modulus that is much higher than that observed in
practical experiments, where fiber spacing, non-ideal adhesion, and the presence of voids and
impurities are important factors.
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Fig. 25. Comparison of the values determined by the analytical models for short random fibers
for V¢ =0.0558.

6. Conclusions

This study investigated the effect of CNT orientation distribution and volume fraction on the
effective elastic modulus (Ec) of CNT/polymer nanocomposites using a three-dimensional finite
element method (FEM) combined with a micromechanical approach. Unlike studies that only
consider the influence of CNT content, the present work focuses on the role of reinforcement
arrangement and orientation within the representative volume element (RVE). Several CNT
configurations, including horizontal, vertical, inclined, and randomly distributed orientations, were
analyzed and compared with established analytical models to evaluate the reliability of the
numerical predictions. The main conclusions obtained from this study are summarized as follows:

20

The obtained results demonstrate that CNT orientation is a key parameter controlling the
mechanical response of the nanocomposite. The highest elastic modulus values were
obtained for horizontally aligned CNTs, where the reinforcement direction is favorable for
load transfer. This configuration allows the CNTs to contribute more efficiently to carrying
the applied load due to their high axial stiffness. In contrast, vertically oriented CNTs resulted
in lower elastic modulus values because their orientation reduces their contribution to
resisting the applied deformation. The inclined and randomly distributed configurations
exhibited intermediate mechanical behavior, confirming that the orientation distribution of
CNTs can significantly modify the reinforcing efficiency even when the CNT volume fraction
remains constant.

The results also confirm that increasing the CNT volume fraction leads to a progressive
increase in the elastic modulus of the composite. This improvement is attributed to the higher
contribution of the stiff CNT phase and the increased ability of the reinforcement to transfer
mechanical loads within the polymer matrix. However, the results indicate that increasing
CNT content alone is not sufficient to maximize the mechanical performance, since the
orientation and spatial distribution of CNTs play an equally important role in determining
the effective stiffness of the nanocomposite.

The numerical predictions obtained from the FEM simulations showed good agreement with
the analytical models. In particular, the Halpin-Tsai model provided close predictions over
the investigated volume fraction range, while the Cox and Lavngood-Goettler models also
showed satisfactory agreement for specific CNT orientations and volume fractions. The
differences observed between FEM and analytical predictions are mainly related to the
idealized assumptions used in analytical models compared with the actual CNT distribution
considered in the numerical simulations.

Overall, the present study highlights the importance of controlling CNT orientation and
dispersion in the design of CNT/polymer nanocomposites. The proposed numerical
approach provides a useful framework for predicting the elastic behavior of such materials
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and can support the optimization of composite structures where improved stiffness and
mechanical performance are required.

The results presented in this work are numerical predictions cross-checked against analytical
micromechanical models. No experimental validation was performed; therefore, the reported
elastic modulus values should be interpreted as model-based estimates for the investigated
assumptions and parameter range, rather than as experimentally validated material properties.
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