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a b s t r a c t

A 3D representative volume element (RVE) model was developed to analyze the effective

thermal expansion coefficient (CTE) of carbon nanotube reinforced aluminum (CNT/Al)

composites. The influences of geometric configuration, orientation and volume fraction of

CNTs on CTE of the CNT/Al composites were investigated. The results show that the

orientation of CNTs significantly influences the stress and strain distributions around

CNTs, and when CNTs are parallel to the load direction, the constraint effect of CNTs on

the matrix is the largest. Furthermore, the configuration of CNTs also plays an important

role in reducing thermal expansion behavior of CNT/Al composites, and the bundled

configuration exhibit the lowest CTE. In particular, with the increase of the number of

CNTs in each bundle, the CTE decreases and then tends to be unchanged. When the vol-

ume fraction of CNTs is 5%, and the number of CNTs in each bundle is 25, the CTE of the

composite reaches 5.12 � 10�6/�C, which is 76% lower than the CTE of the matrix. A linear

decrease of the CTE of CNT/Al composites is observed as the CNT volume fraction in-

creases. Overall, this work establishes a comprehensive understanding of factors affecting

the CTE, and the obtained findings could provide a good theoretical basis for designing low

CTE CNT/Al composites.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Metal matrix composites have high stiffness and strength,

excellent thermal stability and strong designability, which are

widely used in the aerospace, automobile structure, thermal
ang).

by Elsevier B.V. This
and electrical transmission, electronics etc. [1e4]. However,

for the ceramic reinforced metal matrix composites, to

enhance the mechanical and physical properties of compos-

ites, increase of the volume fraction and size of the ceramic

reinforcements, the application of thesematerials is restricted

by their difficulty to machine. Carbon nanotube (CNT) has
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extremely low thermal expansion coefficient (CTEz0/K), su-

periormechanical strength and thermal conductivity. It is one

of the ideal reinforcements for the preparation of the high-

performance composites with high thermal conductivity and

tailored CTE.

Comparedwith ceramic/metal composites, a superior class

of composites can be prepared by adding a small amount of

CNTs to the metal materials. For example, the modulus of

aluminum matrix composites with 3 vol.% CNTs can reach

90 GPa and the strength can reach 600 MPa, which is equiva-

lent to the properties of aluminum matrix composites with

20e25 vol.% SiC [5]. Yang et al. [6] reported that increased CNT

content (up to 4.5 wt%) improved themechanical properties of

CNT/Al composites, and 4.5 wt% CNT/Al composites exhibited

the largest hardness and tensile strength, which was 2.3 and

2.4 times higher than that of starting Al, respectively. In

addition, the dispersion, particularly non-uniform dispersion

of the CNTs in the matrix plays a crucial role for mechanical

and thermal properties of the composite [7,8]. Because the CTE

varies inverselywith the Young'smodulus, CNThas a very low

or even negative CTE, in the range �2 � 10�5- 0.5 � 10�5 K�1

depending on the CNT characteristics [9]. Therefore, it is ex-

pected that the combination of CNTswithmetalmaterials will

make it possible to fabricate composites with low CTE.

Owning to the difficulty in incorporating a high content of

CNTs into the aluminum matrix, most research efforts have

focused on the composites within 5wt%CNTs [10e12]. Several

studies have reported that the CTE decreased significantly

with the increase of CNT content in Al matrix [6,11e16], and

this is because CNTs effectively constrains the thermal

expansion of Al matrix [17]. Liu et al. [11] showed that the CTE

decreased by about 9.3% and 29%, respectively, for the 1.5

vol.% and 4.5 vol.% CNT/2009Al composites.

In addition, most of published data showed that the CTE of

CNT/Al composites varies greatly even with the same CNT

content: a 17% decrease for 4.5 wt% CNT/Al composites [6], a

12% reduction for 1.28 vol.% CNT/2024Al composites [18], a

30% decrease for 2 wt% CNT/Al composites [15], and a 30%

decrease for 5 wt% CNT/Al composites [16]. Particularly, Tang

et al. [17] reported the most significant reduction in CTE by

65% of CNT/Al composites with 15 vol.% single-walled carbon

nanotubes. Moreover, the CNT/Al composites with aligned

CNTs exhibited much lower CTE compared with those with

randomly oriented CNTs [13]. This indicates that CNTs,

especially the aligned CNTs could effectively constrain the

thermal expansion of the aluminum matrix.

The CTE of CNT/Al composites is influenced by various

factors, such as the microstructure, distribution and orienta-

tion of CNTs, and interface, etc. To predict the CTE of CNT/Al

composites, the widely used models are the rule of mixtures

(ROMs) and Turner's model. Unfortunately, the experimental

results are not often consistent with those predicted by the

theory models. The reason is that most of the theory models

only consider the influence of filler content and simplified

shapes of fillers, ignore the effect of microstructure, such as

interface, distribution or orientation of CNTs in matrix, and

complex defect structures, etc.

Finite element (FE) analysis is increasingly applied to predict

the properties of composites and accelerate design of new

composites. Through FE simulation with a limited experiments
for verification, the properties of the composites can be pre-

dicted accurately and effectively, where the traditional sole

mechanical testing cannot or hardly work [19,20]. Yang et al.

[21] have investigated the influence of the angle of graphite on

thermal properties of graphite reinforce Cu matrix composite,

and reported that the thermal conductivity of composite can be

improvedwith the addition of graphitewhich has the improved

orientation distribution. The result of the simulated thermal

conductivity is as same as the measured thermal conductivity.

However, up to now, the influence of CNT configurations on the

CTE of CNT/Al composites has seldom comprehensively

analyzed in literatures yet. Therefore, in order to achieve high

prediction accuracy of CTE of CNT/Al composites, a thorough

understanding the influence of CNT configurations on the CTE

is necessary.

As well known, alignment of CNTs into a metal matrix is

very challenging and the configurations of CNTs depend on

the preparation route. Although, several typical CNT config-

urations may simultaneously exist in the matrix, and various

processing techniques have been explored for fabrication

CNT/Al composites with layered [22,23], bundled [24], direc-

tionally aligned [5], and mostly randomly arranged configu-

rations of CNTs. In this work, a 3D representative volume

element (RVE) with five typical CNT configurations was

established to study the CTE of CNT/Al composites. In order to

offer an accurate representation of real configuration, the

anisotropy, volume fraction of CNTs, and interface were

considered.
2. Computation of the effective CTE

The effective CTE of all RVE can be calculated using following

expression:

aij ¼
εijdij

DT
i and j ¼ x; y; z (1)

where dij is the Kronecker symbol and if i ¼ j, then dij ¼ 1, else

dij ¼ 0. DT is the temperature difference loading from the

reference temperature. εij is the average strain component of

the RVE in the corresponding direction, and the average strain

can be calculated by:

εij ¼ 1
V

� Z
vc
ε
c
ijdvc þ

Z
vm
ε
m
ij dvm þ

Z
vi
ε
i
ijdvi

�
(2)

where, V is the total volume of CNT/Al composites, εcij, ε
m
ij and

ε
i
ij are the local variations of strain in CNTs, matrix and

interface, respectively. Similarly, vc, vm and vi are the local

volumes of CNTs, matrix and interface, respectively.

In the elastic regime, the thermo-elastic properties of the

matrix and interface are considered isotropic, and the elastic

strain is related to the stress by the Generalized Hooke's law:

s0
ij ¼ ½D�i0 j0k0 l0ε0ij (3)

where, s0ji and ε
0
ij are the stress and strain components, i in-

dicates the direction normal to plane, and j indicates the di-

rection of component. ½D�i0 j0k0 l0 is the fourth-order elasticity

tensor.
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ε
0
ij ¼ ½C�i0 j0k0 l0s0

ij (4)

where, ½C�i0 j0k0 l0 is the compliance matrix of ½D�i0 j0k0l0 .
In contrast, the thermo-elastic properties of CNTs are

considered anisotropic along the axis and radius directions,

and CNTs are assumed to be transversely isotropic, as shown

in Fig. 1. E11 ¼ E22 ¼ Er, n31 ¼ n32 ¼ nar, n13 ¼ n23 ¼ nra,

G13¼ G23 ¼ Ga, where r and a stand for “radius” and “axis”

directions of CNTs, respectively. Thus, while nar has the

physical interpretation of the Poisson's ratio that character-

izes the strain in the plane of isotropy resulting from stress

normal to it, nra characterizes the axis strain in the direction

normal to the plane of isotropy resulting from stress in the

plane of isotropy. In general, the quantities nar and nra are not

equal and are related by nar
Ea

¼ nra
Er
. The stress-strain laws reduce

to

½ε�c¼

2
6666664
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ε33
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3
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¼
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7777775
¼ ½C�ci0 j0k0 l0 ½s�c

(5)

where, Gr ¼ Er =2ð1þnrÞ. Therefore, there are only 5 indepen-

dent material parameters to calculate the stiffness of CNTs.

In micro-scale, CNTs are often randomly distributed in the

RVE, and the effect of the CNT orientation should be consid-

ered. Here, a local coordinate system O123 is adopted and is

attached to CNTs. In the FE calculation, the thermo-elastic
Fig. 1 e Orientation vector of a spatially oriented CNT.
tensor of CNT should be transformed from its local coordi-

nate system to the global coordinate system. A convenient

and practical way of parameterizing the orientation of a CNT

in a 3D space is using two angles [25], as it is shown in Fig. 2.

The stress-strain relationship in the global coordinate

system can be obtained by the rotation transformation of the

stress-strain relationship in the material local coordinate

system.

In Fig. 2, p is a unit vector representing the CNT orientation,

which can be expressed as p ¼ ðcos q; sin q cos 4; sin q sin 4Þ.
Where q and 4 are the Euler angles as shown in Fig. 2. x, y and z

are the three directions of the global coordinate. We denoted

ui and u0
j as the unit vectors of the global coordinate (o; x; y; and

z) and local coordinate (o,1;2; and 3), respectively. A relation-

ship between them can be constructed as follows [25]:

ui ¼Tjiu
0
j (6)

Then, transformation matrix Tji is expressed in terms of

the angles from the local coordinate system unit base vector

to the global coordinate system, which is obtained as:

Tji ¼
2
4 cos 4 cos q �sin 4 cos 4 sin q

sin 4 cos q cos 4 sin 4 sin q

�sin q 0 cos q

3
5 (7)

Therefore, for the case of perfectly aligned CNTs, we ob-

tained the elastic tensor ½C�ijkl and effective CTE tensor aij of

CNTs in the global coordinate from the local coordinate sys-

tem. They can be given by [26]:

½C�cijkl ¼Teifjgkhl½C�ci0 j0k0 l0 ; where Teifjgkhl ¼ Tei5Tfj5Tgk5Thl (8)

ac
ij ¼Teifja

c
ef ; where Teifjgkhl ¼ Tei5Tfj (9)

In the FE code ABAQUS, the thermal elastic tensors can be

transformed from their local coordinate to the global coordi-

nate by activating the ‘Material Orientation’ option.
Fig. 2 e Angles to describe a CNT orientation in a 3D

configuration.
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Fig. 3 e Schematics of RVE with five configurations of CNTs: (a) randomly arranged, (b) evenly oriented, (c) layered, (d)

bundled, (e) networked.
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3. Finite element analysis

In this work, the fully coupled temperature-displacement

analysis was created for simulation of the thermal expan-

sion behavior of CNT/Al composites. The geometrical models

of CNT/Al composites are shown in Fig. 3, including five

typical CNT configurations, namely randomly arranged,

evenly oriented, layered, bundled and networked.

Fig. 3 illustrates the microstructure of 3D CNT/Al com-

posites, consisting of Al matrix, CNTs and interfaces. The

light-blue, red and deep-sky-blue in Fig. 3 represent Al ma-

trix, CNTs and interfaces, respectively. In the figure, the red is

the CNT and the blue is the interface. CNTs are one-

dimensional nanomaterials with hollow cylinder formed by
Table 1 e Material properties used in the finite element
analysis [28,29,30,31,32].

Properties Parameter CNTs Aluminum Al4C3

Elastic

properties

E1 ¼ E2 (MPa) 298000 69000 72000

E3 (MPa) 952000 69000 72000

n12 ¼ n21 0.419 0.35 0.33

n13 ¼ n23 0.165 0.35 0.33

n31 ¼ n32 0.425 0.35 0.33

G12 (MPa) 105000 25555 27068

G13 ¼ G23 (MPa) 408000 25555 27068

CTE a1 ¼ a2 (10
�6/�C) 0 21.5 7.6

a3 (10
�6/�C) �12 21.5 7.6
curling graphite structure composed of six rings. Therefore,

both of CNTs and interfaces are hollow cylinders. For

simplicity, CNTs are simulated as a transversely isotropic

solid cylinder with 10 nm diameter and 200 nm length,

respectively, and each RVE includes 100 CNTs. As well

known, the in-situ formation of interface (Al4C3) would occur

on the outer surface of CNTs due to the interaction of C atoms

with Al matrix, and the Al4C3 regions on the CNT surface can

reach ~750 nm in length with a thickness of ~5 nm [27].

Therefore, the interface between CNT and surrounding ma-

trix is modeled as a hollow cylinder with a thickness of 3 nm

and of the same length as that of CNT, and the perfect
Fig. 4 e Unit cell model containing six boundary surfaces.

https://doi.org/10.1016/j.jmrt.2022.04.042
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Fig. 5 e Stress distributions of CNT/Al composites: (a) randomly arranged, (b) evenly oriented, (c) layered, (d) bundled and (e)

networked.
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bonding between the interface and CNT has been assumed.

The size of the RVE was 400 nm � 400 nm � 400 nm, and the

volume fraction of CNTs is 3% for CNT/Al composites. Due to

the difficulty in dispersing CNT in Al alloys, the volume

fraction of CNTs in composites is usually selected under 5%

or so. Some investigations have reported that the good

comprehensive properties could obtained for CNTs volume

fraction of about 3% [1,6,12]. CNTs are assumed to be linearly

elastic and transversely isotropic, while the matrix and
interfaces are assumed to be linearly thermoelastic and

isotropic. The normalized thermoelastic properties used in

the finite element analysis are given in Table 1 [28e32].

The geometry is meshed by 4-noded linear tetrahedral

heat transfer elements (DC3D4), and the mesh size of 5 nm is

selected for all the calculations. RVE with the periodic

displacement boundary conditions under a uniform tem-

perature change loading can be used to calculate the effective

CTE [33]. In the process, the boundary surfaces of the

https://doi.org/10.1016/j.jmrt.2022.04.042
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Fig. 6 e Stress distributions of Al matrix: (a) randomly arranged, (b) evenly oriented, (c) layered, (d) bundled and (e) networked.
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neighboring cell should satisfy the strain continuity and the

temperatures distributed at the opposite parallel node pairs

must be uniform. Fig. 4 shows the unit cell model containing

six boundary surfaces. Using three concurrent edges of the

RVE to indicate the axes of the Cartesian coordinate system

xyz, the applied periodic boundary conditions are written as

follows:
8<
:

udcgh � uabfe ¼ l1εx ¼ l1axDT
vcbfg � vdaeh ¼ l2εy ¼ l2ayDT
wabcd �wefgh ¼ l3εz ¼ l3azDT

(10)

where u, v and w are the displacements along x, y and z di-

rections, respectively. udcgh is the displacement of each

node on the boundary surface Sdcgh, etc. l1, l2 and l3 are the

lengths of RVE along x, y and z directions, respectively. DT

https://doi.org/10.1016/j.jmrt.2022.04.042
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Fig. 7 e Strain distributions CNT/Al composites: (a) randomly arranged, (b) evenly oriented, (c) layered, (d) bundled and (e)

networked.
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is the temperature difference loading from the reference

temperature.
4. Results and discussion

4.1. Stress and strain distributions

Fig. 5 shows the stress distributions along the z direction with

DT ¼ 1�C. It can be observed that the compression stress
(negative values) is localized in the matrix, while CNTs and

interface underwent the tensile stress. The absolute stress

values of CNTs are obviously higher than those of matrix and

interface layer, and the tensile stress of CNTs parallel to the z

axis is the highest. This is attributed to the anisotropy of CNTs

and the mismatch of CTE between the matrix and CNTs.

Meanwhile, for CNTs parallel to the load direction and close to

the bottom of RVE, due to the constraint conditions of the

symmetry plane, the tensile stress near to the symmetry

plane is the highest, which is about 30 MPa. On the contrary,

https://doi.org/10.1016/j.jmrt.2022.04.042
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Fig. 8 e Strain distributions of CNTs: (a) randomly arranged, (b) evenly oriented, (c) layered, (d) bundled and (e) networked.
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for CNTs far from the constraint surface, the tensile stress

decreases gradually from the middle to both ends.

It is well known that the elastic modulus of CNT is much

higher than that of Al matrix, and the stress value of matrix is

almost the same in Fig. 5. However, due to the existence of

different configurations of CNTs, the stress distribution of the
matrix without CNTs and interface is very irregular, as shown

in Fig. 6. Obviously, most of the matrix underwent the

compressive stress, and the absolute values where CNTs

located is slightly higher than that of the other areas. The

absolute value of the highest stress is only 2 MPa, which is

much lower than that of CNT (see Fig. 5). What's more, the

https://doi.org/10.1016/j.jmrt.2022.04.042
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Fig. 9 e Local internal stress distributions with CNT orientations of (a) 0�, (b) 22.5�, (c) 45�, (d) 67.5 �and (e) 90�.
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configuration of CNTs has a little influence on the stress value

of thematrix, the reason is that the volume fraction of CNTs is

low.

Fig. 7 shows the strain distributions of CNT/Al composites

along the z direction for five configurations. Different from

that of the stress distribution, thematrix strain is significantly

higher than that of the CNTs and interface. It can be also

observed that after heating, the large strain gradient occurs

mainly in the CNT/matrix interface zones along the axial
direction. The reason is that the axial direction CTE of CNTs is

much lower than that of radial direction, and the constraint of

CNTs on the matrix is the largest in the axial direction.

Therefore, the maximum strain appears on the matrix at both

ends of CNTs parallel to the z direction.

Similarly, due to the deformation of CNTs is significantly

lower than that of the matrix, the difference of CNTs strain

is not obvious when the alignment direction of CNTs is

different (see Fig. 7). Therefore, Fig. 8 shows the strain

https://doi.org/10.1016/j.jmrt.2022.04.042
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Fig. 10 e Stress values along five paths.
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distributions of CNTs without interface and matrix for five

configurations. It can be clearly seen that the strain distri-

bution of CNTs without interface and matrix is also uneven,

and the arrangement direction has the greatest influence on

the strain of CNT. The strain is the highest when CNT is

arranged along the direction of the load, and the maximum

strain of CNT is about 2 � 10�5, which is only half of the

matrix strain.

4.2. Local stress and strain distributions

From Figs. 5e8, it is worth noting that the orientation of CNTs

in the matrix has a great influence on the internal thermal

stress and strain. Thus, five angles between the z axis positive

direction and CNT are selected, that is 0�, 22.5�, 45�, 67.5� and
90�, respectively. Fig. 9 shows the local internal stress distri-

bution of different CNT orientations in the RVEs. The path is

perpendicular to CNT, from point 1 to point 7, and including

positions in the matrix far from CNT and close to CNT,

interface and CNT. Points 1 and 7 are the matrix stresses far

away from CNT, points 2 and 6 are the matrix stresses near

CNT, points 3 and 5 are the interface layer stresses, and point 4

is the CNT stress. From the figures, it can be observed that the

stress of the matrix is much lower than that of CNT and not

affected by the orientation of CNT. By contrast, the inclination

angle has a great influence on the stress of CNT. The stress of

CNTwith angle of 0� is the largest (Fig. 9a), andwith increasing

CNT inclination angle, the stress decreases remarkably. When

the CNT inclination angle is 90�, the stress value of CNT rea-

ches the minimum (Fig. 9e). That is to say, when CNT is par-

allel to the load direction, the constraint effect of CNT on the

matrix is the largest.

To quantitatively compare the internal stress of the

different orientations of CNTs, Fig. 10 shows the stress

variation for different points along the five paths. It is clear

that the stress value of CNT decreases significantly with

increasing the angle between CNT and z-axis. Indeed, the

matrix stress values far away from CNT are almost the same,
as shown in points 1 and 7, and do not change with the

change of CNT arrangement angle. On the contrary, the

matrix stress values close to CNT are slightly different, as

shown in points 2 and 6. From the local amplified figure of

points 2 and 3, it can be noted that the stress value of point 2

slightly increases with the increase of the angle between the

CNT and z axis, while the stress value of the interface layer

decreases obviously (see local amplified figure of points 3).

The stress variation of the interface layer is the same as that

of CNT. This is due to the anisotropy of CNT along the axial

and radial directions, and the different CTE of each compo-

nent during thermal deformation.

Fig. 11 shows the local strain distribution with different

arrangement angles of CNTs in RVE. Similarly, the paths

include the matrix far from and close to CNT, interface and

CNT. It is evident that the arrangement angle of CNT not only

affects the strain of CNT, but also affects that of the interface

and matrix. The strain values of CNT and interface show

obvious sensitivity to the arrangement angle of CNT. With

increasing the arrangement angle, the strains of CNT and

interface decrease.

The strain values at different points along the five paths

are shown in Fig. 12. In the same way, the path is perpen-

dicular to CNT, including positions in the matrix far from

CNT and close to CNT, interface and CNT. Points 1 and 7 are

the matrix strain far away from CNT, points 2 and 6 are the

matrix strain near CNT, points 3 and 5 are the interface

strain, and point 4 is the CNT strain. It can be seen from the

figure that the arrangement angle of CNT has a great influ-

ence on the strain values. Due to the very low CTE of CNT,

the strain of CNT is the smallest during heating. With the

increase of the angle between CNT and z-axis, the strain

values of the interface layer and CNT decrease gradually.

When the angle is 90�, the strain of the CNT and the inter-

face reaches the minimum value. The influence of the

alignment angle on the CNT strain is due to the anisotropy

of CNT along the axial and radial directions, while the in-

fluence on the interface strain is the constrain to the ther-

mal expansion by CNT. Although the interface layer is

isotropic, its deformation trend is the same as that of CNT

due to the perfect bonding between interface and CNT.

Therefore, if the alignment direction of interface layer is

along the load direction, the constrain on the deformation

behavior of matrix is the most significant, which is benefi-

cial to reduce the CTE of CNT/Al composites. Moreover,

owing to the large CTE of the matrix, the strain of matrix is

the highest and increases slightly with the increase of the

angle between CNT and z axis.

4.3. CTE of CNT/Al composites

The CTE of CNT/Al composites for five configurations is

calculated by using Eq. (1), and the variations of CTE are

shown in Fig. 13. The horizontal axis represents five configu-

rations of CNT, here, ‘1’, ‘2’, ‘3’, ‘4’ and ‘5’ represent randomly

arranged, evenly oriented, layered, bundled and networked

configurations, respectively. From the figure it is evident that

the CTE of CNT/Al composites decreased remarkably

compared with that of Al matrix. In addition, the CTE of CNT/

Al composites with bundled configuration is the lowest,
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Fig. 11 e Local internal strain distributions with CNT orientations of (a) 0�, (b) 22.5�, (c) 45�, (d) 67.5�and (e) 90�.
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followed by the evenly oriented and layered distribution.

However, the CTEs for random and networked configurations

are 16.75 and 15.58 � 10�6/�C, and the declines are not very

obvious. This indicates that CNTs could effectively constrain

the thermal expansion of the Al matrix when CNTs are well

aligned in thematrix. On the contrary, the randomly arranged

and networked configurations of CNTs cannot restrict the

expansion of the matrix in a specific direction, which leads to

high CTE. Therefore, the orientation and configuration of

CNTs are very important factors that strongly affect the CTE of

CNT/Al composites.
The CTE of bundled configuration CNT/Al composites is

11.86� 10�6/�C, which decreases by about 45% compared with

that of Al matrix. This indicates that the CNT could effectively

constrain the thermal expansion of Al matrix, thereby

resulting in a decline in the CTE of the composites.

4.4. Influence of volume fraction of CNTs

It is well known that the volume fraction of CNTs is the main

factor that affects the mechanical and thermal properties of

CNT/Al composites. Due to the lowest CTE of CNT/Al
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Fig. 12 e Strain values along five paths.

Fig. 13 e CTE comparison between RVE numerical models.

Fig. 14 e CTE of CNT/Al composites as a function of CNT

volume fraction.
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composites with bundled configuration, the RVE of bundled

configuration is selected for investigating the influence of CNT

volume fraction on the CTE. In this section, the volume frac-

tion of CNTs is increased by increasing the number of bundles

in RVE. The number of CNTs in each bundle is 5, and the

bundled CNTs are uniformly dispersed in the matrix. Fig. 14

shows the CTE of CNT/Al composites with different volume

fractions of CNTs. It is observed that the CTE decreases rapidly

with CNT addition in the Al matrix. When the volume fraction

of CNTs is 5%, the CTE reaches 7.2 � 10�6/�C for the CNT/Al

composites, and the CTE of the CNT/Al composites is 66%

lower than the CTE of the matrix material.

To validate the numerical model of CNT/Al composites, the

rule of mixtures (ROM) is used for calculating the CTE of the

composites. Since the ROM cannot consider the orientation
and distribution of CNTs in the matrix, the CTE of CNT/Al

composites with randomconfiguration and experimental data

from different literatures [5,9,14,15,17,33,34] are also shown in

Fig. 14. It is clear that the CTE of CNT/Al composites with

bundled configuration is much lower than those of the

calculated theoretically and experimental. Moreover, the CTE

of CNT/Al composites with random configuration is on a

similar level with calculated theoretically and experimental

values. Also, it is worth noting that the CTEs of randomly ar-

ranged are a little lower than those calculated by ROM. The

reason is that the ROM is an approximation of a two-phase

mixture, which does not take into account the presence of

interface layer. Therefore, the FEM can consider the configu-

ration, distribution and aggregation of CNTs in thematrix, and

predict the CTE of CNT/Al composites more accurate.

4.5. Influence of bundled structure feature

CNTs are usually packed into bundles by van der Waals forces

to form a close-packed bundle or array [35e37]. Thus, the

structure feature of CNT bundle is one of the keys influencing

the thermal performance of CNT/Al composites. To investi-

gate the influence of CNT structure feature on the CTE, 5

different bundle structures were constructed, as shown in

Fig. 15. Here, a total CNT number of 200 is adopted, and CNTs

are vertically aligned for the bundle construction. Each bundle

contains 5, 10, 15, 20 and 25 CNTs, respectively. Fig. 15a and b

show the structure feature of bundled CNTs and its cross-

section, for discussion convenience, the bundled CNTs are

denoted as A, B, C, D and E, respectively. It is noteworthy that

CNTs need to keep a certain distance from each other during

establishing the RVE of bundled structure.

Fig. 16 shows the variation of CTE of CNT/Al composites

with the number of CNTs for each bundle, and the five RVEs

are calculated. With increasing the number of CNTs in each

bundle, the CTE decreases and then follows a trend towards
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Fig. 15 e Morphology of bundled structure (a) axial view, and (b) cross-sectional view.

Fig. 16 e Variation of CTE of with the number of CNTs for

each bundle.
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unchanged around a bundle number larger than 20. When the

volume fraction of CNTs is 5%, and the number of CNTs in

each bundle is 25, the CTE of the composite reaches

5.12 � 10�6/�C, which is 76% lower than the CTE of the matrix.
5. Conclusions

1) Due to the anisotropy of CNT and the mismatch of CTE

between the matrix and CNT, the orientation of CNT

significantly influences the stress and strain. When CNT is

parallel to the load direction, the constraint effect of CNT

on the matrix is the largest.

2) The configuration of CNTs in thematrix plays an important

role in reducing the CTE of CNT/Al composites, and the CTE
of the bundled configuration is the lowest compared with

that of the other configurations. In addition, with the in-

crease of the number of CNTs in each bundle, the CTE of

CNT/Al composites decreases and then tends to be un-

changed. When the volume fraction of CNTs is 5%, and the

number of CNTs in each bundle is 25, the CTE of the

composite reaches 5.12 � 10�6/�C, which is 76% lower than

the CTE of the matrix.

3) The effect of increasing the volume fraction of CNTs leads

to the decrease in the CTE of CNT/Al composites

remarkably. The CTE of CNT/Al composites with random

configuration is on a similar level with calculated theo-

retically and experimental values. Therefore, the FEM in

this work can predict the CTE of CNT/Al composites more

accurate.
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