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1|Introduction    

The continuous advancement of industries across fields such as aerospace, marine engineering, power 

generation, automotive manufacturing, petrochemicals, medicine, and others has led to a significant increase 
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  in demand for structural materials with improved performance in engineering applications under various 

loading and environmental conditions. Therefore, designers have always been compelled to develop new 

materials with unique characteristics and superior capabilities. 

Over the last two decades, nanoscience and nanoengineering have experienced remarkable growth, and 

research in this field spans a wide range of material systems and applications. Composite materials reinforced 

with nanoscale phases are among the practical products of nanotechnology that have gained considerable 

importance and are among the active research areas. Worldwide interest in nanoparticle-reinforced composite 

materials has motivated many research centers, scientific institutions, and companies to investigate their 

potential capabilities and practical applications. In the development of advanced composite materials, the 

reinforcing agent has shifted from the microscale toward the nanoscale. These composite materials exist in 

various forms, including nanoparticle-reinforced nanocomposites (e.g., silica nanoparticles), nanoplatelet-

reinforced composites (e.g., graphite), and Carbon Nanotube (CNT)-reinforced composites [1]. 

Nanocomposites have attracted the attention of many researchers because they provide a platform for 

designing materials with superior, often novel and multifunctional, properties. Among nanoparticles, CNTs 

have received more attention than other nanoparticles due to their excellent mechanical, thermal, and 

electrical properties, as well as their low density and high aspect ratio (length-to-diameter ratio). Previous 

studies have shown that adding only 1 wt.% of CNTs to a polystyrene matrix increases the elastic modulus 

of the resulting nanocomposite by 36–42%. At the same time, its mechanical strength improves by up to 25% 

[2]. 

Shokrieh et al. [3] fabricated epoxy-matrix nanocomposite specimens containing CNTs with weight fractions 

of 0.1%, 0.5%, and 1%. Experimental reports indicated that the thermoelastic coefficient of the epoxy-matrix 

nanocomposite reinforced with 0.1%, 0.5%, and 1 wt.% CNTs decreased by 6%, 21%, and 23.7%, 

respectively, compared with the pure polymer. Kalmolah et al. [4] also investigated the thermoelastic 

coefficient of polybenzoxazine-matrix nanocomposites reinforced with CNTs. Stern and Marom [5] 

experimentally examined the effect of multiwalled CNTs on the fracture resistance of epoxy-matrix 

nanocomposites under out-of-plane shear loading (Mode III fracture) in comparison with tensile loading 

(Mode I fracture). The results showed that, in both loading conditions, increasing the nanotube content to 1 

wt.% enhanced the fracture resistance relative to pure epoxy. However, the maximum Mode I and Mode III 

fracture toughness values were obtained for nanocomposites containing 0.5 wt.% and 1 wt.% nanotubes, 

respectively. 

Theoretical studies conducted on CNT-reinforced composite materials can generally be classified into three 

major categories: atomic modeling [6], multiscale modeling [7], and micromechanical modeling [8], [9]. Sahu 

et al. [10] investigated the mechanical properties of unidirectional CNT-reinforced polymer-matrix 

nanocomposites using a micromechanical finite element approach and a square Representative Volume 

Element (RVE). The results showed that adding 3.6 vol.% CNTs to the polymer matrix increased the Young's 

modulus of the nanocomposite by 33%. In addition, Wan et al. [11] used a micromechanical finite element 

model to study the effects of CNT length and the interphase between the nanotube and the resin on the 

mechanical properties of the nanocomposite. They reported that the reinforcing effect of long nanotubes in 

the nanocomposite was greater than that of short nanotubes. Karimi et al. [12] investigated the elastoplastic 

properties of a polymer-matrix nanocomposite based on several microscale parameters. Their examination of 

nanotube length revealed that nanotubes with lengths ranging from 10 to 300 nm had a significant effect on 

the Young's modulus of the nanocomposite. 

In contrast, neither shorter nor longer lengths had a substantial influence. Esbati and Irani [13] evaluated the 

factors affecting the mechanical properties and failure mechanisms of polymer nanocomposites reinforced 

with pristine and functionalized CNTs. They found that, depending on factors such as the distribution, 

distortion, and functionalization of CNTs, the strength of polymer nanocomposites may either decrease or 

increase relative to the pure polymer. 
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Using the finite element micromechanical method, Hammerrand et al. [14] estimated the elastic modulus, 

shear modulus, and Poisson's ratio in the longitudinal and transverse directions for epoxy-matrix 

nanocomposites reinforced with straight CNTs. Their reports indicated that the elastic properties obtained 

from the two modeling approaches were very similar. Zhang and He [15], employing the analytical 

micromechanical concentric-cylinder model, estimated the longitudinal Young's modulus of CNT-reinforced 

epoxy-matrix nanocomposites. The results clearly demonstrated that the nanocomposite's mechanical 

properties were not affected by the nanotube aspect ratio. Mehrdad Shokrieh et al. [16] considered a RVE 

consisting of a surrounding polymer matrix and a CNT core, both rectangular prisms with square cross-

sections. Mahmoudi and Vakilifard [17] developed and extended a three-dimensional analytical 

micromechanical model based on a unit cell for extracting the mechanical, thermal, and electrical properties 

of piezopolymer nanocomposites reinforced with CNTs. Tsai et al. [18] also considered CNTs as transversely 

isotropic materials. Using molecular dynamics simulations, they obtained five elastic constants for CNTs with 

different radii. Tserpes and Papanikos [19] presented three-dimensional finite element models for armchair, 

zigzag, and chiral single-walled CNTs to investigate the effects of diameter and wall thickness on the elastic 

modulus of CNTs. Ressi and Meo [20] used molecular mechanics to propose a finite element model for 

evaluating the mechanical properties of CNTs. Ansari et al. [21] studied the mechanical properties and 

buckling behavior of CNTs through molecular dynamics simulations. The elastic properties of CNT-

reinforced composites were predicted through micromechanical analysis by Tserpes and Chou [22]. Han and 

Elliott [23] investigated the effects of the volume fraction of single-walled nanotubes on the mechanical 

properties of polymer-matrix nanocomposites. They showed that when the interaction between CNTs and 

the polymer matrix is strong, the interphase effects must be considered in modeling these materials. 

Sahu et al. [10] proposed a finite element model based on a square RVE to extract the mechanical properties 

of CNT-reinforced composites. Griebel and Hamaekers [24] used molecular dynamics simulations to predict 

the elastic modulus of polyethylene-matrix nanocomposites reinforced with single-walled CNTs. The results 

of their study showed that for continuous CNTs, the longitudinal elastic modulus of the nanocomposite 

agreed well with that predicted by the micromechanical rule-of-mixtures model. Joshi and Upadhyay [9], using 

the Finite Element Method (FEM) and considering a RVE composed of three phases, including a straight 

CNT, matrix, and interphase, evaluated the elastic modulus of unidirectional nanocomposites. In this 

numerical micromechanical model, the interphase was assumed to be a coating layer of specified thickness 

located on the nanotube's outer surface. Variations in the elastic modulus of the interphase within the range 

of 0.5 to 5.5 times the elastic modulus of the matrix were considered to represent soft and stiff interphases, 

respectively. The effects of nanotube volume fraction and length, interphase thickness, and the elastic 

properties of the interphase and matrix on the Young's modulus of aligned nanotube-reinforced 

nanocomposites were analyzed. 

Wang and Liu [25] proposed a numerical micromechanical model based on the meshfree method to predict 

the elastic behavior of nanocomposites containing straight CNTs. In this approach, a three-dimensional 

cylindrical RVE was considered, in which both the CNT and matrix were modeled as isotropic materials. The 

influence of the matrix elastic modulus on the mechanical properties, including elastic moduli and Poisson's 

ratios in the longitudinal and transverse directions for unidirectional nanocomposites, was numerically 

investigated. The results indicated that the longitudinal elastic modulus increased linearly with increasing CNT 

volume fraction, whereas the transverse elastic modulus increased nonlinearly. 

Pan et al. [26] combined the Mori–Tanaka micromechanical model with the rule of mixtures to investigate 

the effects of agglomeration and waviness of CNTs on the effective elastic properties of polymer-matrix 

nanocomposites. Their results showed that the mechanical properties of the nanocomposite are sensitive to 

nanotube waviness and agglomeration when dispersion within the polymer matrix is non-uniform. Imani 

Yengejeh et al. [27] conducted a comprehensive review of theoretical and experimental methods for 

determining the effective properties of CNT-containing nanocomposites. A major part of their review 

focused on the micromechanical modeling of nanocomposites using RVEs. Karimi et al. [28] used the FEM 
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  to investigate the effect of nanotube/resin interfacial debonding on the mechanical behavior of 

nanocomposites. 

Research has also been conducted on the mechanical behavior of structures made of CNT-reinforced 

nanocomposites, including bending, buckling, and vibration analyses. Vodenitcharova and Zhang [29] 

investigated the bending and buckling behavior of nanocomposite beams reinforced with single-walled CNTs 

using the Airy stress function. The buckling of CNT-reinforced nanocomposite plates under uniaxial 

compressive loading and thermal loading was developed by Shen et al. [30]. He obtained the properties of the 

nanocomposite plate using the modified rule of mixtures. He also showed that the use of linearly graded 

CNTs as the reinforcing phase in nanocomposites increases the critical bending load. Torabi et al. [31] studied 

the thermal buckling of composite conical shells reinforced with functionally distributed CNTs. The results 

showed that the nanotube volume fraction and the distribution of CNT type through the thickness direction 

have a significant effect on the thermal stability of conical shells made of nanocomposite materials. 

Zhu et al. [32] extended the FEM to investigate the bending and free vibration behavior of CNT-reinforced 

nanocomposite plates. They used the modified rule of mixtures to estimate the composite plate's properties. 

In another study, Lei et al. [33] developed a mesh-free method for buckling analysis of CNT-reinforced 

nanocomposite plates based on the first-order shear deformation theory. They also employed the modified 

rule of mixtures in their study. Jafari Mehrabadi et al. [34] used the first-order shear deformation theory to 

present a biaxial buckling analysis of CNT-reinforced nanocomposite plates. They concluded that the critical 

biaxial buckling load increases with both the thickness-to-width ratio and the CNT volume fraction. Shaat et 

al. [35] presented a size-dependent analysis of bending, buckling, and vibration of nanoplates based on the 

modified couple-stress theory, incorporating surface stress effects. They also derived an analytical solution 

for static bending using couple stress theory. 

Malekzadeh and Shojaei [36] studied the buckling analysis of multilayer plates reinforced with CNTs. They 

investigated the effects of CNT volume fraction, thickness-to-length ratio, different nanotube distributions, 

and various boundary conditions on the critical buckling load of multilayer plates. Mahmoudi Mehr et al. [37] 

used the couple stress theory to investigate size-dependent effects on the buckling and vibration analysis of 

piezoelectric nanocomposite plates. Ansari et al. [38] studied the vibration and buckling behavior of 

functionally graded CNT-reinforced composite plates under thermal loading. The mechanical and thermal 

properties of this nanocomposite were determined using the rule-of-mixtures approach. Furthermore, Farzam 

and Hassani [39] presented a mechanical and thermal buckling analysis of functionally graded CNT-reinforced 

nanocomposites using the isogeometric method based on the modified couple-stress theory. In their analysis, 

the nanocomposite's material properties were considered temperature-dependent. 

The objective of the present study is to investigate the buckling behavior of beams made of CNT-reinforced 

nanocomposites. For this purpose, the equivalent mechanical properties of the CNT-reinforced 

nanocomposite are first obtained using the analytical micromechanical Mori–Tanaka model equations. These 

properties include the elastic modulus, Poisson's ratio, and shear modulus. Subsequently, these mechanical 

properties are introduced as input data into the finite element software ABAQUS in order to analyze the 

buckling behavior of the nanocomposite beam. The effects of nanotube volume fraction, geometry, and 

dispersion state on the effective properties of CNT-reinforced nanocomposites are analyzed. Finally, the 

buckling behavior of nanotube-reinforced nanocomposite beams is investigated and discussed. 

2|Modeling of Carbon Nanotube-Reinforced Nanocomposite 

Beams 

For any mechanical behavior analysis of structures, it is first necessary to determine the material's effective 

properties. Therefore, in this section, the Mori–Tanaka micromechanical model for extracting the mechanical 

properties of CNT-reinforced nanocomposites is first presented. Then, the modeling procedure for the 

buckling behavior of a nanocomposite beam made of this nanocomposite material is described. 
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2.1|Mori–Tanaka Micromechanical Model 

In this section, the Mori–Tanaka micromechanical model is presented for determining the mechanical 

properties of equivalent nanofiber, aligned CNT-reinforced, and randomly oriented CNT-reinforced 

nanocomposites. 

In previous studies, an equivalent solid continuum material, referred to as the interphase, has been used to 

model van der Waals interactions between nanotube atoms and the polymer matrix in micromechanical 

modeling. Fig. 1 illustrates a schematic representation of the RVE of a polymer-matrix nanocomposite 

reinforced with a straight CNT, together with the interphase. As shown in Fig. 1.(a), the CNT is surrounded 

by an interphase with constant thickness. Fig. 1.(b) presents the longitudinal cross-section of this RVE. 

a. 

 

b. 

Fig. 1. a. schematic representation of the RVE of a polymer-matrix nanocomposite reinforced with a straight 

and long CNT together with the interphase, and b. longitudinal cross-section of the RVE. 

 

In order to calculate the elastic properties of the interphase, the following function is used to determine the 

elastic stiffness matrix of the interphase: 

In Eq. (1), CCNT, CP, and Cidenote the elastic stiffness matrices of the CNT, polymer matrix, and interphase, 

respectively. Moreover, d represents the nanotube diameter. In the above relations, ti and η are, respectively, 

the interphase thickness and the adhesion exponent, which control the quality of bonding in the interfacial 

layer between the CNT and the polymer matrix. 

Therefore, the CNT and the interphase are first combined to form an equivalent nanofiber. The elastic 

properties of this equivalent nanofiber are obtained using the Mori–Tanaka method, considering the nanotube 

as the reinforcement phase and the interphase as the matrix phase, according to the following relation: 

𝐂i =
1

ti
∫ 𝐂p (

d
2 + ti

r
) + (

d
2 + ti − r

ti
)

η

[𝐂CNT − 𝐂p (

d
2 + ti

d
2

)]dr.

d
2
+ti

d
2

 (1) 

Cr = Ci + fn〈(C
CNT − Ci)Ar〉(fiI + fn〈Ar〉)

−1, (2) 
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  where fn and fi  are the volume fractions of the nanotube and the interphase, respectively. In addition, I is the 

fourth-order identity tensor. In the above equation, Ar is is defined as 

where S is the Eshelby tensor, the nonzero coefficients of the Eshelby tensor are given as follows. 

where vi is the Poisson's ratio of the interphase. It should be noted that the CNT is considered a solid 

cylindrical fiber. Therefore, as the first step, the elastic properties, including the stiffness tensor, of the 

equivalent nanofiber composed of a CNT and the interphase are calculated. 

2.2|Nanocomposite Reinforced with Aligned Carbon Nanotubes 

Using the elastic properties of the nanofiber obtained in the previous section together with those of the 

polymer matrix, the Mori–Tanaka method can be employed to estimate the effective elastic coefficient matrix 

of the nanocomposite reinforced with aligned CNTs. Fig. 2 presents a schematic illustration of a 

nanocomposite reinforced with aligned CNTs. 

Fig. 2. Schematic representation of a nanocomposite reinforced 

with aligned CNTs. 

Based on the Mori–Tanaka method, the stress–strain relationship in the elastic region for the nanocomposite 

is expressed as follows: 

where the elastic stiffness tensor of the nanocomposite can be written as: 

In Eq. (6), fr is the volume fraction of the nanofiber and Cm is is the elastic stiffness tensor of the polymer 

matrix. The strain concentration factor matrix is obtained as follows: 

Ar = [I + S(Ci)
−1

(CCNT − Ci)
−1

, (3) 

S2222 = S3333 =
5 − 4vi

8(1 − vi)
, 

(4) 

S2211 = S3311 =
vi

2(1 − vi)
, 

S1212 = S1313 =
1

4
, 

S2233 = S3322 =
4vi − 1

8(1 − vi)
, 

S3311 =
3 − 4vi

8(1 − vi)
, 

σnc = Cncεnc, (5) 

Cnc = Cm + fr(C
r − Cm)A1. (6) 

A1 = Â1 + [(1 − fr)I + frÂ1]
−1

. (7) 

Â1 = [I + Ŝ[Cm]−1([Cr] − [Cm])]
−1

. (8) 
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The special form of the Eshelby tensor for the cylindrical case, which is used for calculating the components 

of the tensor S, is given by: 

Fig. 3 shows a schematic representation of a nanocomposite reinforced with randomly dispersed CNTs. Based 

on the Mori–Tanaka method, the elastic coefficient tensor of a nanocomposite containing randomly oriented 

nanotubes, CRO, is given by: 

In this relation, T denotes the orientational averaging of a fourth-order tensor, which is defined as: 

where the transformation tensor Q is expressed as: 

In fact, the transformation tensor defines the relationship between the coordinate systems o − x1x2x3 and o-

x1x2xo − x1x2x3 as illustrated in Fig. 3. 

Fig. 3. RVE of a nanocomposite containing straight CNTs with random 

orientation. 

 

After substituting the equation into Eq. (11) and then substituting the result into Eq. (10), the shear modulus 

and bulk modulus of the polymer-matrix nanocomposite reinforced with randomly dispersed CNTs can be 

expressed as follows: 

s2222 = s3333 =
5 − 4vm

8(1 − vm)
 . 

(9) 

s2233 = s3322 =
4vm − 1

8(1 − vm)
. 

s2211 = s3311 =
vm

2(1 − vm)
. 

s1212 = s1313 =
1

4
.   

s2323 =
3 − 4vm

8(1 − vm)
. 

CRO = CP + fr 〈T〉. 
(10) 

T = (Cr − Cm). [I + S. ((Cm)−1. Cm − I)]−1. 

〈T〉ijkl =
1

π
∫ (∫ QipQjqQkrQlsTpqrs cosφ

π/2

0

dφ)dγ
π

0

, (11) 

Q = [

cos γ cosφ sinφ cos γ sinφ
− cosφ sin γ cos γ −sinφ sin γ

−sinφ 0 cosφ
]. (12) 

Knc = Km +
fr(δr − 3Kmαr)

3(fm + frαr)
, (13) 
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where Km and Gm are are respectively the bulk modulus and shear modulus of the polymer matrix. In addition, 

fm is the volume fraction of the polymer matrix. The coefficients δr, αr, ηr, and βr are expressed as follows: 

In the above relations, kr,  lr,  nr, mr and pr are Hill's coefficients, which are obtained from the following relation: 

It should be noted that the components of the tensor Cr are are obtained from Eq. (2). In fact, the tensor Cr 

represents the stiffness coefficients of the equivalent nanofiber, which is considered as a transversely isotropic 

material. 

Finally, the elastic modulus and Poisson's ratio of the polymer-matrix nanocomposite containing CNTs can 

be expressed as follows: 

 

3|Numerical Solution Method for Buckling Analysis 

After analyzing the equivalent mechanical properties of the CNT-reinforced nanocomposite and applying 

them to the desired structure, its buckling behavior is investigated using the FEM. 

In this study, the beam is made of a nanocomposite material containing CNTs. The beam length is 1 meter, 

and its cross-sectional area is 1.0 × 1.0. Fig. 4 presents a schematic representation of the beam in two different 

views. 

Fig. 4. Schematic representation of the beam in two views. 

Gnc = Gm +
fr(ηr − 2Gmβr)

2(fm + frβr)
, (14) 

αr =
3(Km + Gm) + kr − lr

3(Gm + kr)
. (15) 

βr =
1

5
{
4Gm + 2kr + lr

3(Gm + kr)
+

4Gm

Gm + pr
+

2[Gm(3Km + Gm) + Gm(3Km + 7Gm)]

Gm(3Km + Gm) + mr(3Km + 7Gm)
}. (16) 

δr =
1

3
[nr + 2lr +

(2kr + lr)(3Km + 2Gm − lr)

Gm + kr
]. (17) 

ηr =
1

5
[
2

3
(nr − lr) +

8Gmpr

Gm+pr
+

8mrGm(3Km+4Gm)

3Km(mr+Gm)+Gm(7mr+Gm)
+

2(kr−lr)(2Gm+lr)

3(Gm+kr)
].  (18) 

Cr =

[
 
 
 
 
 
nr lr lr 0 0 0
lr kr + mr kr − mr 0 0 0
lr kr − mr kr + mr 0 0 0
0 0 0 pr 0 0
0 0 0 0 mr 0
0 0 0 0 0 pr]

 
 
 
 
 

. (19) 

Enc =
9KcnGnc

3Knc + Gnc
, 

(20) 

vnc =
3Knc − 2Gnc

6Knc + 2Gnc
. 
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In this study, ABAQUS finite element software version 6.12 is employed. It should be noted that the modeling 

carried out in ABAQUS is three-dimensional. The boundary conditions considered for the beam are such 

that displacement and rotation are constrained at one end. In other words, a clamped boundary condition is 

assumed. Furthermore, the loading condition is defined by applying a unit pressure on the initial surface of 

the beam. Fig. 5 illustrates the boundary and loading conditions, as well as the three-dimensional model of 

the beam. 

Fig. 5. Boundary conditions and loading of the beam. 

 

For meshing the nanocomposite beam, the element type C3D20: a 20-node quadratic brick is used. The 

element size is considered to be 0.01 . This size is selected such that the results do not exhibit noticeable 

dependence on the mesh dimensions; in other words, a convergence trend is observed. It should be noted 

that the mechanical properties are extracted using the Mori–Tanaka method presented in Section 2 of this 

paper and are then assigned to the beam. Finally, after meshing the structure, the buckling behavior analysis 

is performed. 

4|Results 

4.1|Validation of the Micromechanical Model 

In this section, the results of the mechanical properties of the CNT-reinforced polymer-matrix 

nanocomposite are first presented. Subsequently, the buckling behavior of a beam made from this 

nanocomposite material is investigated, considering various geometric and material parameters. 

First, a comparison is made between the Mori–Tanaka (M–T) micromechanical method and the Eshelby 

method. The comparison concerns an epoxy-matrix nanocomposite reinforced with CNTs. These nanotubes 

are randomly dispersed within the polymer matrix. The elastic modulus of the CNTs and the polymer matrix 

are 1000 GPa and 3 GPa, respectively. In addition, the Poisson's ratio of both materials is equal to 0.3. Fig. 6 

illustrates this comparison. 
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  In this figure, the normalized elastic modulus of the nanocomposite relative to the matrix elastic modulus is 

plotted as a function of the CNT volume fraction. EEE denotes the modulus of the nanocomposite, while 

ey represents the matrix modulus. At first glance, there is clear agreement between the two methods, 

indicating the Mori–Tanaka model is accurate. From Fig. 6, it can be concluded that increasing the volume 

fraction of CNTs leads to an increase in the elastic stiffness of the nanocomposite. In other words, increasing 

the amount of CNTs can improve their properties. The reason for this behavior is that the mechanical 

properties (including the elastic modulus) of CNTs are significantly higher than those of the polymer matrix. 

Fig. 6. Comparison between the Mori–Tanaka method and the Eshelby method 

for the elastic modulus of the nanocomposite. 

 

Next, the Mori–Tanaka micromechanical model is validated using experimental data for the mechanical 

properties of an epoxy-matrix nanocomposite reinforced with CNTs. The properties of the CNTs and the 

epoxy matrix are given in Table 1. In this table, EL and ET denote the longitudinal and transverse elastic 

moduli, respectively. Similarly, vL and vT represent the longitudinal and transverse Poisson's ratios, 

respectively. The average diameter of the CNTs is 39 nm. In addition, the interphase thickness and adhesion 

exponent are considered to be 8 nm and 3.15, respectively. 

Fig. 7 shows a comparison between the longitudinal elastic modulus of an epoxy-matrix nanocomposite 

reinforced with unidirectional CNTs obtained from the Mori–Tanaka method and the experimental results 

reported by Shirasu et al.  [40]. In general, the results indicate that the elastic modulus predicted by the present 

micromechanical model is in good agreement with the experimental data. It is also observed that the 

nanocomposite's longitudinal elastic modulus increases linearly with increasing CNT volume fraction. 

Table 1. Mechanical properties of CNTs and epoxy resin. 

 

 

 

Material 𝐄𝐋 (𝐆𝐏𝐚) 𝐄𝐓 (𝐆𝐏𝐚) 𝐯𝐋 𝐯𝐓 

CNT 240 50 0.162 0.47 

Epoxy 2.5 2.5 0.34 0.34 
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Fig. 7. Comparison between the Mori–Tanaka method and experimental results for the 

elastic modulus of an epoxy-matrix nanocomposite reinforced with aligned CNTs. 

 

Another comparison is made between the Mori–Tanaka micromechanical method used in this study and the 

Simplified Unit Cell (SUC) micromechanical approach. This comparison presents the longitudinal elastic 

modulus of a shape-memory polymer matrix nanocomposite reinforced with aligned CNTs. The elastic 

modulus and Poisson's ratio of the polymer matrix are 0.622 GPa and 0.3, respectively. 

Fig. 8 compares these two micromechanical models. It is clearly observed that there is acceptable agreement 

between the two approaches. The results also indicate that increasing the amount of CNTs increases the 

nanocomposite's elastic modulus. 

Fig. 8. Comparison between the Mori–Tanaka method and the unit cell method 

for the elastic modulus of the nanocomposite. 

 

Another comparison is made between the Mori–Tanaka micromechanical method results and the 

experimental data reported in [23] for the mechanical properties of a polypropylene-matrix nanocomposite 

containing CNTs. The dispersion of nanotubes within the polymer matrix is assumed to be random. 

Therefore, the micromechanical relations developed in Section 2 are employed. 

The mechanical properties of the CNTs are given in Table 2. In addition, the elastic modulus and Poisson's 

ratio of polypropylene are 1.85 GPa and 0.45, respectively. It should be noted that the CNTs are considered 

as a transversely isotropic material, while the polymer matrix is assumed to be isotropic. The average diameter 

of the CNTs is 50 nm. Furthermore, the interphase thickness and adhesion exponent in Eq. (1) are taken as 

2.38 nm and 23.28, respectively. 
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  Fig. 9 shows the comparison between the elastic modulus of the polypropylene-matrix nanocomposite 

obtained from the Mori–Tanaka method and experimental results. The present micromechanical model 

provides acceptable accuracy compared with the experimental data. Fig. 9 also shows that increasing the CNT 

volume fraction in the polymer matrix increases the nanocomposite's elastic modulus. 

Table 2. Mechanical properties of CNTs and epoxy resin. 

 

 

Fig. 9. Comparison between the Mori–Tanaka method and experimental results for the elastic modulus 

of a polypropylene-matrix nanocomposite reinforced with randomly distributed CNTs. 

 

From the overall comparisons presented in Figs. 7-9, it can be confirmed that the proposed micromechanical 

model has acceptable accuracy. Therefore, it is suitable for extracting the mechanical properties of 

nanocomposites. 

4.2|Parametric Study of Mechanical Properties 

In this section, the mechanical property relations of an epoxy shape-memory polymer nanocomposite 

reinforced with CNTs are derived. To account for temperature effects, the following relation gives the elastic 

modulus of the polymer matrix: 

where φf and Ee are are defined as follows: 

where T is the temperature. The remaining parameters in Eqs. (21) and (22) are given in Table 3. From Eq. 

(21), it is clear that the elastic modulus of the polymer matrix is temperature-dependent; however, its Poisson's 

ratio is assumed to be constant and equal to 0.3, as shown in Table 2. In addition, the mechanical properties 

of single-walled CNTs of the (10,10) type are provided in Table 4. 

Table 3. Properties of shape-memory polymer matrix for parametric study. 

 

 

Material ELE_LEL (GPa) ETE_TET (GPa) vLv_LvL vTv_TvT 

CNT 800 49 0.16 0.45 

EP =
1

φf
Ei

+
1 − φf

Ee

, (21) 

Ee = kT, φf = 1 −
1

1 + cf(Th − T)n
, (22) 

)4-(K fc (K) hT (MPa) iE k (MPa/K) n v 
5-2.76×10 358 813 2-2.64×10 4 0.3 
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Table 4. Mechanical properties of (10,10) single-walled CNT. 

 

 
 

In Figs. 10.(a) and 10.(b), the variations of the longitudinal and transverse elastic moduli of the shape-memory 

polymer nanocomposite reinforced with aligned CNTs versus nanotube volume fraction are shown, 

respectively.  

In these figures, the effects of considering and neglecting the interphase on the nanocomposite's elastic 

properties are also investigated. In other words, the results of the Mori–Tanaka micromechanical method are 

obtained both with and without considering the interphase between the nanotube and the polymer matrix. It 

is observed that increasing the volume fraction of CNTs in the polymer matrix leads to a linear increase in 

the elastic modulus of both aligned CNT-reinforced nanocomposites and randomly distributed CNT-

reinforced nanocomposites. 

a. 

b. 

Fig. 10. a. longitudinal, and b. transverse elastic modulus of a shape-memory polymer 

nanocomposite reinforced with aligned CNTs versus CNT volume fraction. 

 

However, as shown in Fig. 10.(b), the transverse elastic modulus of the aligned CNT-reinforced shape-memory 

polymer nanocomposite increases nonlinearly with increasing CNT volume fraction. On the other hand, as 

shown in Fig. 10, the nanocomposite's elastic modulus is higher when the interphase is included in the model 

than when it is neglected. This is because the mechanical properties of the interphase are higher than those 

of the polymer matrix. In fact, the properties of the interphase are functions of both the CNT and the polymer 

matrix properties. Therefore, it is expected that the mechanical properties of the interphase are lower than 

(GPa) LE (GPa) LG  Lv (GPa) TE (GPa) TG 

1060 442 0.162 50 17 
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  those of the CNTs but higher than those of the polymer matrix. The results clearly show that the transverse 

elastic modulus of the aligned CNT-reinforced nanocomposite is most significantly affected by the interphase. 

In Figs. 11.(a) and 11.(b), the variations of the longitudinal and transverse elastic moduli of the shape-memory 

polymer nanocomposite reinforced with aligned CNTs versus temperature are shown, respectively. In 

addition, Fig. 11.(c) presents the elastic modulus of the shape-memory polymer nanocomposite containing 

randomly distributed CNTs as a function of temperature. The temperature range is 260 K to 350 K. 

Furthermore, the effects of the interphase formed between the nanotube and the polymer matrix on the 

nanocomposite's elastic stiffness are investigated. 

The modeling results indicate that the elastic modulus decreases with increasing temperature. According to 

Fig. 11.(a), this reduction in the longitudinal elastic modulus of the aligned CNT-reinforced nanocomposite 

is very small, whereas, as shown in Fig. 11.(b), the reduction in the transverse direction is significantly more 

pronounced. The decrease in elastic modulus with increasing temperature is due to the polymer matrix's elastic 

modulus decreasing with temperature, as shown in Eq. (21). 

a. 

b. 
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c. 

Fig. 11. a. longitudinal and b. transverse elastic modulus of a shape-memory polymer 

nanocomposite reinforced with aligned CNTs versus temperature, and c. elastic modulus of 

a shape-memory polymer nanocomposite containing randomly distributed CNTs versus 

temperature. 

 

From Fig. 11, it is observed that the mechanical properties of the nanocomposite are higher when the 

interphase is considered than when it is neglected. 

Next, using the Mori–Tanaka micromechanical model, a parametric study is performed to investigate the 

effect of CNT diameter on the Young's modulus of the shape-memory polymer nanocomposite. In Figs. 12.(a) 

and 12.(b), the variations of the longitudinal and transverse elastic moduli of the shape-memory polymer 

nanocomposite reinforced with aligned CNTs versus CNT diameter are shown, respectively. In addition, Fig. 

12.(c) presents the elastic modulus of the shape-memory polymer nanocomposite containing randomly 

distributed CNTs as a function of nanotube diameter. 

The nanotube diameter is varied between 0.5 and 4 nm. Furthermore, in Fig. 12, two important parameters, 

namely temperature and interphase, are considered in evaluating the stiffness of the nanocomposite. The 

results are obtained at 298 K and 348 K. 

From the results presented in Fig. 12, it is clear that, in the presence of the interphase, reducing the diameter 

of the CNTs significantly improves the mechanical properties of the nanocomposite. This is because 

decreasing the nanotube diameter increases the surface-to-volume ratio of the nanotubes and, consequently, 

the volume fraction of the interphase, which has higher mechanical properties than the polymer matrix. As a 

result, the overall properties of the nanocomposite are enhanced. As shown in Fig. 12, without considering 

the interphase, changes in nanotube diameter do not affect the nanocomposite's effective stiffness. 

a. 
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b. 

c. 

Fig. 12. A. longitudinal and b transverse elastic modulus of a shape-memory polymer nanocomposite 

reinforced with aligned CNTs versus CNT diameter, and c. elastic modulus of a shape-memory 

polymer nanocomposite containing randomly distributed CNTs versus CNT diameter. 

 

As shown above, the interphase significantly affects the nanocomposite's mechanical properties. Therefore, 

it is necessary to investigate the influence of its parameters on the nanocomposite's elastic stiffness. 

In Figs. 13.(a) and 13.(b), the variations of the longitudinal and transverse elastic moduli of the shape-memory 

polymer nanocomposite reinforced with aligned CNTs versus interphase thickness (ti ) are shown, 

respectively. In addition, Fig. 13.(c) presents the elastic modulus of the shape-memory polymer nanocomposite 

containing randomly distributed CNTs as a function of interphase thickness. 

The interphase thickness ranges from 0.1 to 1.3 nm. Furthermore, the numerical results are obtained at four 

temperatures: 273 K, 298 K, 323 K, and 348 K. 
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a. 

b. 

c. 

Fig. 13. a. Longitudinal and b. transverse elastic modulus of a shape-memory polymer nanocomposite 

reinforced with aligned CNTs versus interphase thickness, and c. elastic modulus of a shape-memory 

polymer nanocomposite containing randomly distributed CNTs versus interphase thickness. 
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  Fig. 13 shows that increasing the interphase thickness improves the nanocomposite's elastic properties. This 

is because increasing the interphase thickness increases the volume fraction of this region within the 

nanocomposite, thereby increasing its influence on the overall properties. 

Another parametric study is devoted to investigating the effect of the interphase adhesion exponent (η) on 

the elastic properties of the nanocomposite. In Figs. 14.(a) and 14.(b), the variations of the longitudinal and 

transverse elastic moduli of the shape-memory polymer nanocomposite reinforced with aligned CNTs versus 

the interphase exponent are shown, respectively. In addition, Fig. 14.(c) presents the elastic modulus of the 

shape-memory polymer nanocomposite containing randomly distributed CNTs as a function of the 

interphase exponent. 

The interphase adhesion exponent is varied between 0.01 and 95. The numerical results are obtained at four 

temperatures: 273 K, 298 K, 323 K, and 348 K. 

a. 

b. 
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c. 

Fig. 14. a. longitudinal and b. transverse elastic modulus of a shape-memory 

polymer nanocomposite reinforced with aligned CNTs versus interphase adhesion 

exponent, and c. elastic modulus of a shape-memory polymer nanocomposite 

containing randomly distributed CNTs versus interphase adhesion exponent. 

 

As shown in Fig. 14, micromechanical modeling results indicate that variations in the interphase exponent 

can significantly alter the nanocomposite's final properties. These changes may be attributed to the 

functionalization of CNTs with different groups, such as alcohol-based functional groups. A decrease in the 

interphase exponent leads to an increase in the elastic stiffness of the nanocomposite. This is because, 

according to Eq. (1), reducing the interphase exponent causes the mechanical properties of the interphase to 

become closer to those of the CNTs, which are significantly higher than those of the polymer matrix. This, 

in turn, results in an increase in the overall properties of the nanocomposite. 

4.3|Buckling Behavior Results of the Nanocomposite Beam 

In this section, using the data obtained from the micromechanical analysis in Section 2, the buckling behavior 

of a beam made of an epoxy shape-memory polymer nanocomposite reinforced with CNTs is investigated 

using the FEM. The effects of volume fraction, nanotube distribution type, temperature, and interphase 

characteristics, including material properties and thickness, on the buckling response of the nanocomposite 

beam are studied. The beam length is 1 m, and its cross-sectional dimensions are 0.1 × 0.1 m. 

In this section, the buckling behavior of the nanocomposite beam whose properties were derived in Section 

2 is presented. Table 5 shows the buckling loads of the nanocomposite beam for the first five modes at CNT 

volume fractions of 0, 1, 2, 3, 4, and 5% with the presence of the interphase. Similarly, Table 6 presents the 

buckling loads of the nanocomposite beam for the first five modes at the same volume fractions but without 

considering the interphase. 

The results of Tables 5 and 6 clearly show that increasing the CNT volume fraction increases the buckling 

load of the beam made from the nanocomposite material. This is due to the nanocomposite's increased 

stiffness with increasing CNT content. It should be noted that the elastic modulus of CNTs is significantly 

higher than that of the polymer resin. For example, Table 5 shows that the first-mode buckling load for the 

pure polymer beam (without CNTs) is 2,647,180 Pa. In contrast, for the nanocomposite beam containing 5% 

CNTs, it increases to 45,115,200 Pa. 
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  Table 5. Buckling load (Pa) of the nanocomposite beam for different nanotube 

volume fractions with interphase (nanotube/resin system). 

 

 

 

 

 

Table 6. Buckling load (Pa) of the nanocomposite beam for different nanotube 

volume fractions without interphase (nanotube/resin system). 

 

 

 

 

 

Therefore, as an important result, adding CNTs to the beam can significantly delay buckling-induced failure. 

As expected from the three-dimensional modeling of the nanocomposite beam, the buckling loads in the first 

and second modes are identical. Similarly, the third and fourth modes also coincide. 

Comparing the results of Tables 5 and 6 shows that the presence of the interphase increases the buckling load. 

This is due to the interphase's higher stiffness relative to the polymer resin, which increases the overall 

stiffness of the structure. 

The effect of temperature on the beam's buckling behavior is also significant. In Tables 7 and 8, the buckling 

loads of the nanocomposite beam for the first five modes at different temperatures (260, 280, 300, 320, and 

340 K) are presented, with and without the interphase, respectively. These results are obtained for a CNT 

volume fraction of 3%. 

The results of Tables 7 and 8 clearly show that temperature variations have a significant effect on the 

mechanical behavior of the nanocomposite beam. Increasing temperature reduces the buckling load of the 

nanocomposite beam, as it decreases the material's stiffness. For example, Table 7 shows that the first-mode 

buckling load at 260 K is 45,908,100 Pa, while at 340 K it decreases to 42,013,300 Pa. 

Finally, the effect of CNT diameter on the buckling behavior of the nanocomposite beam is investigated. In 

Table 9, the buckling loads for the first five modes at different nanotube diameters (0.5, 1.5, 2.5, and 3.5 nm) 

with interphase at 298 K are presented. In Table 10, the corresponding results without interphase at 298 K 

are shown. 

Table 7. Buckling load (Pa) of the nanocomposite beam for different temperatures with 

interphase (nanotube/resin system). 

 

 

 

 

 

 

 

Volume Fraction (%) 0 1 2 3 4 5 

Mode 1 2,647,180 11,212,300 19,693,700 28,167,400 36,640,700 45,115,200 

Mode 2 2,647,180 11,212,300 19,693,700 28,167,400 36,640,700 45,115,200 

Mode 3 4,390,150 18,594,800 32,660,500 46,713,500 60,765,800 74,820,300 

Mode 4 4,390,150 18,594,800 32,660,500 46,713,500 60,765,800 74,820,300 

Mode 5 13,856,900 58,691,900 103,088,000 147,445,000 191,799,000 236,159,000 

Volume Fraction (%) 0 1 2 3 4 5 

Mode 1 2,647,180 10,285,800 17,860,300 25,426,600 32,989,600 40,550,800 

Mode 2 2,647,180 10,285,800 17,860,300 25,426,600 32,989,600 40,550,800 

Mode 3 4,390,150 17,058,300 29,620,000 42,168,200 54,710,800 67,250,500 

Mode 4 4,390,150 17,058,300 29,620,000 42,168,200 54,710,800 67,250,500 

Mode 5 13,856,900 53,842,100 93,491,100 133,098,000 172,687,000 212,267,000 

Temperature (K) 260 280 300 320 340 
Mode 1 45,908,100 45,673,300 45,014,000 43,407,300 42,013,300 
Mode 2 45,908,100 45,673,300 45,014,000 43,407,300 42,013,300 
Mode 3 76,135,300 75,745,800 74,652,400 71,987,800 69,676,000 
Mode 4 76,135,300 75,745,800 74,652,400 71,987,800 69,676,000 
Mode 5 240,310,000 239,081,000 235,629,000 227,219,000 219,922,000 
Temperature (K) 260 280 300 320 340 
Mode 1 45,908,100 45,673,300 45,014,000 43,407,300 42,013,300 
Mode 2 45,908,100 45,673,300 45,014,000 43,407,300 42,013,300 
Mode 3 76,135,300 75,745,800 74,652,400 71,987,800 69,676,000 
Mode 4 76,135,300 75,745,800 74,652,400 71,987,800 69,676,000 
Mode 5 240,310,000 239,081,000 235,629,000 227,219,000 219,922,000 
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Table 8. Buckling load (Pa) of the nanocomposite beam for different temperatures without 

interphase (nanotube/resin system). 

 

 

 

 

 

 

Table 9. Buckling load (Pa) of the nanocomposite beam for different nanotube diameters 

with interphase (nanotube/resin system). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 10. Buckling load (Pa) of the nanocomposite beam for different nanotube diameters 

without interphase (nanotube/resin system). 

 

 

 

 

 

The results in Table 10 show that, in the presence of the interphase, changes in the CNT diameter have a 

noticeable effect on the buckling behavior of the nanocomposite. A reduction in nanotube diameter increases 

the buckling load of the nanocomposite beam. For instance, the first-mode buckling load is 57,399,900 Pa 

for a nanotube diameter of 0.5 nm, decreasing to 42,106,000 Pa for a diameter of 3.5 nm. 

On the other hand, the results in Table 10 clearly show that in the absence of the interphase, variations in 

nanotube diameter do not affect the buckling response of the nanocomposite structure. 

Next, the effect of interphase thickness on the buckling behavior of the nanocomposite beam is investigated. 

In Table 11, the buckling loads of the nanocomposite beam for the first five modes at different interphase 

thicknesses (0.1, 0.4, 0.8, and 1.2 nm) at 298 K are presented. Table 12 presents the corresponding results at 

348 K. It is observed that variations in interphase thickness significantly affect the buckling response of the 

Temperature (K) 260 280 300 320 340 

Mode 1 41,277,800 41,062,500 40,458,100 38,991,300 37,727,100 

Mode 2 41,277,800 41,062,500 40,458,100 38,991,300 37,727,100 

Mode 3 68,456,200 68,099,200 67,096,700 64,664,300 62,567,600 

Mode 4 68,456,200 68,099,200 67,096,700 64,664,300 62,567,600 

Mode 5 216,072,000 214,945,000 211,781,000 204,104,000 197,486,000 

Diameter (nm) 0.5 1.5 2.5 3.5 

Mode 1 57,399,900 44,610,700 42,805,400 42,106,000 

Mode 2 57,399,900 44,610,700 42,805,400 42,106,000 

Mode 3 95,193,600 73,983,600 70,989,500 69,829,700 

Mode 4 95,193,600 73,983,600 70,989,500 69,829,700 

Mode 5 300,465,000 233,518,000 224,068,000 220,408,000 

Diameter (nm) 0.5 1.5 2.5 3.5 

Mode 1 57,399,900 44,610,700 42,805,400 42,106,000 

Mode 2 57,399,900 44,610,700 42,805,400 42,106,000 

Mode 3 95,193,600 73,983,600 70,989,500 69,829,700 

Mode 4 95,193,600 73,983,600 70,989,500 69,829,700 

Mode 5 300,465,000 233,518,000 224,068,000 220,408,000 

Diameter (nm) 0.5 1.5 2.5 3.5 

Mode 1 40,550,800 40,550,800 40,550,800 40,550,800 

Mode 2 40,550,800 40,550,800 40,550,800 40,550,800 

Mode 3 67,250,500 67,250,500 67,250,500 67,250,500 

Mode 4 67,250,500 67,250,500 67,250,500 67,250,500 

Mode 5 212,267,000 212,267,000 212,267,000 212,267,000 
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  nanocomposite beam. Finite element simulations indicate that increasing the interphase thickness leads to an 

increase in the buckling load of the structure. This is because the overall stiffness of the structure increases 

with increasing interphase thickness. For example, the first-mode buckling load is 41,702,300 Pa at an 

interphase thickness of 0.1 nm, increasing to 65,284,000 Pa at 1.2 nm. 

Table 11. Buckling load (Pa) of the nanocomposite beam for different interphase 

thicknesses at 298 K. 

 

 

 

 

 

 

Table 12. Buckling load (Pa) of the nanocomposite beam for different interphase thicknesses 

at 348 K. 

 

 

 

 

 

In this section, the effect of the nanocomposite beam's geometric dimensions on its buckling response is 

investigated. Table 13 presents the buckling loads for the first five modes for beam lengths of 0.5, 1, and 1.5 

m. As expected, increasing the beam length reduces the buckling load. For example, the first-mode buckling 

load is 103106000 Pa for a beam length of 0.5 m, decreasing to 12961900 Pa for a length of 1.5 m. 

Table 14 presents the buckling loads for different beam cross-sectional dimensions. The numerical results 

clearly indicate that increasing the cross-sectional area significantly increases the buckling load. For instance, 

the first-mode buckling load is 18555900 Pa for a beam with a cross-section of 0.08 × 0.08 m, while it 

increases to 39434200 Pa for a cross-section of 0.12 × 0.12 m. 

One of the most important factors affecting convergence and the accuracy of the buckling results is the 

proper selection of element size and, consequently, the number of elements used in the finite element model. 

This issue is so critical that even with correct modeling procedures, inaccurate results may be obtained if mesh 

density is not properly selected. Therefore, a mesh convergence study is essential for the nanocomposite beam 

analysis. 

Table 13. Buckling load (Pa) of the nanocomposite beam for different beam lengths. 

 

 

 

 

 

Interphase Thickness (Nm) 0.1 0.4 0.8 1.2 

Mode 1 41702300 46112700 54287400 65284000 

Mode 2 41702300 46112700 54287400 65284000 

Mode 3 69160300 76474600 90031600 108269000 

Mode 4 69160300 76474600 90031600 108269000 

Mode 5 218294000 241381000 284172000 341735000 

Interphase thickness (nm) 0.1 0.4 0.8 1.2 

Mode 1 38708000 42835600 50412500 60363600 

Mode 2 38708000 42835600 50412500 60363600 

Mode 3 64194400 71039600 83605500 100109000 

Mode 4 64194400 71039600 83605500 100109000 

Mode 5 202621000 224226000 263889000 315978000 

Length (m) 0.5 1 1.5 

Mode 1 103106000 28167400 12961900 

Mode 2 103106000 28167400 12961900 

Mode 3 161919000 46713500 21841300 

Mode 4 161919000 46713500 21841300 

Mode 5 489622000 147445000 69202600 
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Table 14. Buckling load (Pa) of the nanocomposite beam for different cross-sectional 

dimensions. 

 

 

 

 

 

Table 15 presents the buckling loads of the nanocomposite beam for the first five modes corresponding to 

different numbers of finite elements used in the simulation. As observed, when the number of elements 

exceeds 5000, the results show good agreement and convergence, indicating mesh-independent and reliable 

solutions. 

Table 15. Buckling load (Pa) of the nanocomposite beam for different numbers of 

finite elements. 

 

 

 

 

 

 

Table 16 presents a comparison of the buckling loads for the first five modes of a nanocomposite beam with 

a solid square cross-section and a hollow square cross-section with a wall thickness of 0.01 m. The results are 

obtained for a CNT volume fraction of 3%. 

As shown in Table 16, the buckling load of the solid square cross-section beam is higher than that of the 

hollow beam up to the fourth mode. However, in the fifth mode, the hollow square beam exhibits a higher 

buckling load compared to the solid beam. 

For the fifth mode, the buckling load is 147,445,000 Pa for the solid beam, while it increases to 166,743,000 

Pa for the hollow beam. 

Table 16. Comparison of buckling load for solid and hollow square cross-

section nanocomposite beams. 

 

 

 

 

 

Table 17 presents the buckling loads for the first five modes of a nanocomposite beam with a solid circular 

cross-section (diameter = 0.1 m, length = 1 m) and a hollow circular beam with an outer diameter of 0.1 m, 

wall thickness of 0.01 m, and length of 1 m. 

 

Cross-section (m²) 0.08 × 0.08 0.10 × 0.10 0.12 × 0.12 

Mode 1 18555900 28167400 39434200 

Mode 2 18555900 28167400 39434200 

Mode 3 31140100 46713500 64544500 

Mode 4 31140100 46713500 64544500 

Mode 5 98213900 147445000 203934000 

Number Of Elements 5312 46541 95060 

Mode 1 28427700 28167400 27871300 

Mode 2 28427700 28167400 27871300 

Mode 3 47258900 46713500 46089100 

Mode 4 47258900 46713500 46089100 

Mode 5 148482000 147445000 146287000 

Mode Solid Section Hollow Section 

Mode 1 28167400 20832400 

Mode 2 28167400 20832400 

Mode 3 46713500 27589100 

Mode 4 46713500 27589100 

Mode 5 147445000 166743000 
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  Table 17. Buckling load (Pa) comparison for solid and hollow circular 

nanocomposite beams Mode. 

 

 

 

 

 

5|Conclusion 

Reinforcement of polymer matrix nanocomposites with CNTs is a modern approach to enhancing their 

mechanical properties for advanced engineering applications, particularly in the aerospace industry. Owing to 

the exceptional properties of CNTs, such as extremely high stiffness and strength, low thermal expansion 

coefficient, and low density, these nanocomposites exhibit significantly improved mechanical performance 

compared to conventional composites. 

To analyze the mechanical behavior of structures made of CNT-reinforced nanocomposites, it is first 

necessary to determine their effective material properties. Therefore, in this study, the analytical Mori–Tanaka 

micromechanical model was first employed to extract the effective mechanical properties of CNT-reinforced 

nanocomposites. CNTs were initially modeled as aligned reinforcements, and isotropic equivalent properties 

such as Young's modulus and Poisson's ratio were obtained using homogenization relations. A continuous 

equivalent solid medium, referred to as the interphase, was introduced to model van der Waals interactions 

between nanotube atoms and the polymer matrix within the micromechanical modeling framework. 

Subsequently, the buckling behavior of nanocomposite beams was investigated using the FEM. For beam 

meshing, a 20-node quadratic brick element (C3D20) was used. 

Several comparisons were performed between the micromechanical model predictions and experimental data, 

demonstrating that the proposed model accurately predicts experimental results. The effects of various 

parameters, including CNT volume fraction, nanotube diameter, temperature, interphase thickness, and 

interphase adhesion exponent, on the longitudinal and transverse elastic moduli, as well as the isotropic 

equivalent elastic modulus, were investigated. In general, increasing the CNT volume fraction leads to an 

increase in the Young's modulus of the nanocomposite. It was also found that the transverse elastic modulus 

of the shape-memory polymer nanocomposite reinforced with aligned CNTs increases nonlinearly with 

increasing nanotube volume fraction. Furthermore, reducing the nanotube diameter improves mechanical 

properties by increasing the contribution of the interphase region. In the absence of the interphase, variations 

in nanotube length have no significant effect on the effective stiffness of the nanocomposite. Increasing the 

interphase thickness also enhances the nanocomposite's elastic properties, as a larger interphase volume 

fraction contributes more significantly to the overall material response. 

The structural analysis results indicated that increasing the CNT volume fraction increases the buckling load 

of the nanocomposite beam. Therefore, as a key finding, the addition of CNTs can significantly delay buckling 

failure in beams. The results also showed that increasing temperature reduces the buckling load because the 

nanocomposite's stiffness decreases. Moreover, finite element analysis revealed that for a solid square cross-

section beam, the buckling load is higher than that of a hollow square beam up to the fourth mode. However, 

in the fifth mode, the hollow square beam exhibits a higher buckling load compared to the solid beam. 
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