
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 21 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

The Journal of Adhesion
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

Macroscopic Behavior of Carbon Nanotube (CNT)-Reinforced Composite
Accounting for Interface Cohesive Force
L. Y. Jianga

a Department of Mechanical and Materials Engineering, The University of Western Ontario, London,
ON, Canada

Online publication date: 12 March 2010

To cite this Article Jiang, L. Y.(2010) 'Macroscopic Behavior of Carbon Nanotube (CNT)-Reinforced Composite Accounting
for Interface Cohesive Force', The Journal of Adhesion, 86: 3, 273 — 289
To link to this Article: DOI: 10.1080/00218460903466633
URL: http://dx.doi.org/10.1080/00218460903466633

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218460903466633
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Macroscopic Behavior of Carbon Nanotube
(CNT)-Reinforced Composite Accounting
for Interface Cohesive Force

L. Y. Jiang
Department of Mechanical and Materials Engineering,
The University of Western Ontario, London, ON, Canada

The large aspect ratio of interfacial area per unit volume at CNT=matrix interfaces
may significantly influence the macroscopic behavior of CNT-reinforced compo-
sites. The property of interfaces is governed by the cohesive law, which is determ-
ined from both van der Waals forces and chemical covalent bonds. This nonlinear
cohesive law is incorporated in the micromechanics model in the current work to
study the mechanical behavior of CNT-reinforced composites. It is found that
carbon nanotubes can improve the macroscopic behavior of the composite at small
strain, but tend to weaken the composite at relatively large strain because of the
interface softening behavior or debonding. The increase of interface adhesion
caused by the creation of chemical covalent bonds may significantly improve the
composite behavior at large strain.

Keywords: Carbon nanotubes (CNTs); Chemical bond; Interfacial cohesive law;
Nanocomposite; van der Waals force

INTRODUCTION

Since the discovery of carbon nanotubes (CNTs) by Iijima [1], these
novel materials have triggered extensive research interests in their
properties. Existing studies have shown that the Young’s modulus of
CNTs is on the order of 1 TPa [2–5] and their tensile strength is extra-
ordinarily high [6–8]. These superior mechanical properties make
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CNTs very promising candidates as ideal reinforcements for
nanocomposites [9–13]. However, recent studies on the performance
of CNT composites reported both encouraging results and moderate
improvements of CNTs in the polymer matrix [14–18]. The discrep-
ancy of the mechanical properties of CNT composites from expectation
needs further investigation.

Since the CNT-reinforced composites in general possess a large
amount of interfaces due to the small size of carbon nanotubes, the
interface behavior and the interfacial load transfer efficiency may sig-
nificantly influence the macroscopic properties of composites. Some
efforts have been made to assess the load transfer ability through
the CNTs=matrix interface using experimental and atomic simula-
tions [16,19–24] and continuum-based models [25–27]. These studies
shed light on understanding the behavior of CNT=matrix interfaces,
but do not provide a direct link between the CNT=matrix interface
and the macroscopic properties of the nanocomposites.

It is difficult to incorporate the interface behavior directly into the
continuum modeling of nanocomposite properties. Based on the van
der Waals force only, Jiang et al. [28] established a nonlinear cohesive
law for CNT=polyethylene matrix interfaces, in which the normal
cohesive stress was derived directly in terms of the interface opening
displacement. The properties of the interface cohesion, such as the
cohesive strength and total cohesive energy, are expressed in terms
of the parameters in the Lennard-Jones (LJ) potential, carbon atom
area density for CNTs, and molecular volume density for the matrix.
Such an approach from the basis of the atomic study avoids any
assumed phenomenological cohesive laws, and accurately accounts
for the van der Waals force in the continuum model. This nonlinear
cohesive law has been incorporated in the micromechanics model by
Tan et al. [29] to study the effect of the interface behavior upon the
macroscopic properties of CNT-reinforced composites. Their study
indicated that CNTs can indeed improve the mechanical behavior of
a composite at small strain, but such improvement disappears at rela-
tively large strain or may even weaken the composite. It is also found
that the increase of interface adhesion between CNTs and polymer
matrix may significantly improve the composite behavior at large
strain.

The improvement of the adhesion between CNTs and polymer
matrix may be realized by the creation of new chemical bonds at the
interfaces. Frankland et al. [22] have predicted that the shear strength
for the CNT=matrix interface can be enhanced by more than an order
of magnitude with the artificial formation of cross-links involving less
than 1% of the carbon atoms on the CNTs using molecular simulation.
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It should be mentioned that the new interfacial chemical bonds are
usually created through the functionalization of the surfaces of the
CNTs [30–33] by introducing sp3 hybridized sites for some carbon
atoms on the CNT surface. Accounting for these chemical bonds at
the CNT=matrix interfaces, Jiang [34] established a cohesive law for
the opening deformation mode of the interfaces. In addition to the
parameters [28] in the cohesive law, the material constants of the
carbon nanotube and polymer matrix, the parameters in Brenner
potential describing the chemical bond potential energy, and the
chemical bond density all contribute to the interface adhesion.

The objective of this paper is to incorporate the nonlinear cohesive
law [34] accounting for both van der Waals force and chemical bond
effects at CNT=polyethylene matrix interfaces in the micromechanics
study of CNT-reinforced composite behavior. It provides an assess-
ment on how the improved interfacial adhesion influences the
macroscopic properties of nanocomposites.

THE NONLINEAR COHESIVE LAW FOR INTERFACE OF
CNT/MATRIX

For CNT composites, one of the major differences in behavior from the
conventional composites is the fact that the interface of CNT=matrix
has a much larger surface area per unit volume, i.e., S=V ¼ 2

R0
with

R0 being the nanotube radius. It is expected that interfaces may play
a significant role in the macroscopic behavior of nanocomposites;
therefore, it is essential to incorporating the interface effect via an
interfacial cohesive law. Currently, we assume that the interface
interaction is governed by both covalent chemical bonds and van der
Waals forces. It has been verified by Jiang et al. [28] that the CNT
radius effect upon the interfacial cohesive law is negligible. Thus,
we neglect the effect of CNT radius and study the interaction between
a graphene (i.e., an infinite plane of carbon atoms) and polymer matrix
to develop the interfacial cohesive law for simplicity. Figure 1 shows
the deformation configuration of the system, in which the graphene
is parallel to the polymer surface with h denoting their total normal
separation distance. The graphene is a flat structure consisting of
sp2 hybridized carbon atoms with area density (number of carbon
atoms per unit area of CNT) of qc¼ 3.82� 1019m�2, and the polymer
matrix is assumed to be polyethylene (PE) with repeating �CH2�
units of volume density (number of polymer molecules per unit vol-
ume) qp¼ 3.1� 1028m�3 [29]. The new chemical bond is assumed
to form between a carbon atom, i, of graphene and a carbon atom, j,
from the polyethylene matrix due to the depletion of a hydrogen atom
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from the polymer chain, i.e., the carbon atoms i and j stick out to form
a new sp3 C�C bond with bond length hc. The formation of such new
covalent C�C bonds between functionalized CNT and PE polymer
matrix has been observed by Shofner et al. [33] through the Raman
spectra of a composite sample containing fluorinated CNTs in the
PE matrix. Mylvaganam and Zhang [31] also used quantum mech-
anics to predict that covalent bonding between an alkyl radical and
a nanotube is energetically favorable. The density of carbon atoms
involved in forming the covalent new bonds is assumed to be q. In this
situation, the creation of a new sp3 C�C bond is equivalent to applying
force to each carbon atom, which can be determined from the chemical
bond potential. This covalent bond force will cause the atom motion or
the local deformation of both the graphene and the polymer matrix.
The deformation of graphene around the atom i is modeled as a
clamped circular plate with radius Rg subjected to a concentrated force
(i.e., the covalent force F), and the polymer matrix deformation around
atom j is modeled as a half-infinite medium subjected to uniformly dis-
tributed force (F=pRp

2) on a carbon atom with radius Rp. When the
system is in equilibrium without applied external loading, the equilib-
rium separation distance between the graphene and polymer surface
is h¼h0, and the covalent bond length is hc¼hc0.

For the opening mode separation of the interface, i.e., an opening
displacement [ur] beyond the global equilibrium distance, h0, which

FIGURE 1 A schematic diagram of a graphene parallel to the surface of a
polymer with a covalent carbon-carbon bond.
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is equivalent to a stretch of chemical bond length [uc] beyond hc0,
Jiang [34] established the following cohesive law for CNT=polymer
interfaces:

Ucohesiveð½ur�Þ ¼ ð1� qÞUvdWð½ur�Þ þ qqcðUchð½ur�Þ þ Ugð½ur�Þ þ UPð½ur�ÞÞ
¼ ð1� qÞUvdWð½uc�Þ þ qqcðUchð½uc�Þ þ Ugð½uc�Þ þ Upð½uc�ÞÞ

ð1Þ

rintð½ur�Þ ¼
@Ucohesiveð½ur�Þ

@½ur�
¼

@Ucohesvieð½uc�Þ
@½uc�

1þ @hgð½uc�Þ
@½uc� þ @hpð½uc�Þ

@½uc�

: ð2Þ

The cohesive energy, Ucohesive, in Eq. (1) is the energy stored per unit
area consisting of four parts: the energy due to van der waals force,
UvdW; the energy due to covalent chemical bond, Uch; and the strain
energy of both graphene, Ug, and polymer matrix, Up, which was dis-
cussed in detail by Jiang [34]. rint is the normal cohesive stress.

Based on the LJ 6–12 potential for van der Waals force, the cohesive
energy UvdW due to the van der Waals force was developed by Jiang
et al. [28], as

UvdW ¼ 2p
3
qpqcer

3 2r9

15ðh0 þ ½ur�Þ9
� r3

ðh0 þ ½ur�Þ3

 !

¼ 2p
3
qpqcer

3

 
2r9

15ðhc0 þ ½uc� þ hgð½uc�Þ þ hpð½uc�Þ9

� r3

ðhc0 þ ½uc� þ hgð½uc�Þ þ hpð½uc�ÞÞ3

!
;

ð3Þ

where
ffiffiffi
26

p
r is the equilibrium distance between the atoms, e is the

bond energy at the equilibrium distance, and they take the values
e¼ 0.004656 eV and r¼ 0.3825 nm for carbon atoms of the CNT and
the �CH2� units of polyethylene [23]. hg and hp are the maximum
vertical displacements occurring at the center of the clamped plate
and the center of the carbon atom forming the covalent bond in the
polymer matrix.

The cohesive energy, Uch, due to the covalent bond was determined
from the second generation Brenner potential [35],

Uchð½uc�ÞÞ ¼ ð1þ Q

ðhc0 þ ½uc�Þ
ÞAe�aðhc0þ½uc�Þfcðhc0 þ ½uc�Þ

� Bij

X3
n¼1

Bne
�bnðhc0þ½uc�Þfcðhc0 þ ½uc�Þ; ð4Þ
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where Bij is a bond order function and fc(hc0þ[uc]) is a continuous
cutoff function. These functions and the other parameters in the above
equation are given in [35] and discussed in detail by Jiang [34]. The
change of covalent bond length [uc] results in a force acting on each
individual carbon atom in the covalent bond, which is determined from
the derivation of the potential energy, Uch,

Fð½uc�Þ ¼ � @Uchð½uc�Þ
@½uc�

: ð5Þ

According to this covalent force and the assumed deformation
models of graphene and polymer matrix as shown in Fig. 1, hg([uc])
and hp([uc]) in Eq. (3) are derived by Jiang [34] as

hgð½uc�Þ ¼
Fð½uc�ÞR2

g

8pD
; hpð½uc�Þ ¼

ð1� n2mÞFð½uc�Þ
2pEmRp

; ð6Þ

where D¼ 1.3787 eV is the bending rigidity of graphene given in [36]
from the interatomic potential, Em¼ 0.9GPa and n¼ 0.33 are Young’s
modulus and Poisson’s ratio of polyethylene, respectively [23]. Mean-
while, the strain energies in the cohesive energy (1) for the graphene
and polymer matrix are derived as

Ugð½uc�Þ ¼
Fð½uc�Þ2R2

g

16pD
ð7Þ

Upð½uc�Þ ¼
8ð1� n2mÞFð½uc�Þ2Rp

3p2Em
: ð8Þ

For the case when the covalent bond density q¼ 0, Eqs. (1) and (2)
are reduced to the ones derived by Jiang et al. (28) considering van
der Waals force only, in which the interface has a rather high
cohesive strength (rintmax ¼ 478MPa) as compared with the Young’s
modulus of polyethylene (�0.9GPa) but a very low cohesive energy
(Utotal

cohesive ¼ 0:107Jm�2). When the covalent bonds are created, the poor
bonding between CNTs and polymer matrix is expected to be
improved. For different covalent bond densities, the normal cohesive
stress for the interface versus interface opening displacement is
plotted in Fig. 2 for comparison. Unlike the case considering van der
Waals force only (q¼ 0%), the interface demonstrates hardening beha-
vior, then softening behavior and hardening behavior again due to the
introduction of chemical bonds. The cohesive stress increases rapidly
at small opening displacement, reaches the first maximum value at
½ur�1cr (for example, ½ur�1cr ¼ 0:0593nm for q¼ 5%, which is very close
to the critical separation distance for considering van der Waals force
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only, i.e., 0.0524nm [28]), and then gradually decreases as [ur]
increases. This first hardening process is governed by both van der
Waals force and covalent bonds, and the first maximum stress
(479MPa for q¼ 0.5%, 481MPa for q¼ 1%, 485MPa for q¼ 2%, and
497MPa for q¼ 5%) increases slightly compared with the cohesive
strength accounting for van der Waals force only (478MPa q¼ 0%).
It should be mentioned that in this process, the van der Waals force
plays a significant role as the first maximum stress and the critical
interface separation are close for all these cases. However, this cohes-
ive stress does not decay to zero in the softening process as in [28]
when considering van der Waals force only (i.e., q¼ 0%). When [ur]
reaches a special value ½ur�2cr (q¼ 5% for example in the figure, which
depends on the chemical bond density), the softening behavior is over
with the increase of cohesive stress until the second maximum value
when [ur] reaches its third critical separation ½ur�3cr (which corresponds
to the critical value for the covalent bond length, hcr

c , associated with
the maximum covalent bond force) as expected. After this point, the
interface may experience the softening behavior again due to the
decrease of covalent bond force. This second hardening process and
beyond are not completely drawn in this figure since when this critical
½ur�3cr is reached, the total interface separation is too large and may be
far beyond where the polymer chain remains adhered to the rest of

FIGURE 2 The cohesive law for CNT=polymer matrix interface established
from van der Waals force and chemical bonds.
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the polymer up to the breaking point. Once the polymer chain breaks,
the cohesive stress will drop to zero and complete debonding occurs.
For example, in the displacement-controlled experiments, the stress-
strain curve may drop vertically to zero at a real critical interface
opening displacement ½ur�cr. It should be mentioned that in this pro-
cess, the covalent bond force dominates the interaction mechanism
of the interface over the van der Waals force. ½ur�2cr acts as a transition
point between the softening zone and the second hardening zone. With
the increase of the density of chemical bonds, the softening zone
becomes shorter, while the second hardening zone gets longer.

A MICROMECHANICS MODEL WITH CNT/MATRIX
INTERFACE EFFECT

For simplicity, we consider a linear elastic polyethylene matrix rein-
forced with dispersed CNTs that are aligned and straight fibers, with
identical radius, R, and infinite length. The fiber volume fraction is
denoted by f.

Representative Volume Element (RVE)

The macroscopic stress, �rr, and strain, �ee, of the nanocomposite rep-
resent the collective, homogenized behavior of fibers and matrix. They
are distinguished from the microscopic stress, r, and strain, e, in fibers
and matrix, which are nonuniform due to the material inhomogene-
ities and satisfy their own constitutive laws, respectively,

em ¼ Mm:rm; ef ¼ Mf :rf ; ð9Þ

where the superscripts ‘‘f’’ and ‘‘m’’ represent the fiber and polymer
matrix, and M is the compliance tensor matrix. To determine the
constitutive relation between stress, �rr, and strain, �ee, for the compo-
sites, choose a representative volume element (RVE) consisting of
nanotubes, matrix, and nanotube=matrix interfaces. The volume of
the RVE is V, composed of matrix volume Vm and CNT volume Vf,
and the volume fraction of fiber is defined as f ¼ Vf

VfþVm : Considering
the interface effect, the macroscopic stress, �rr, and strain, �ee, of the
composites can be determined by the average theorem [37,38], as

�rr ¼ frf þ ð1� f Þrm ð10Þ

�ee ¼ f ef þ ð1� f Þem þ f eint: ð11Þ
The additional term feint in Eq. (11) accounts for the CNT=matrix

interface effect, which is related to the displacement discontinuity

280 L. Y. Jiang

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



(jump) [u]¼um�uf across the CNT=matrix interface Sint and
expressed as

eint ¼ 1

2Vf

Z
Sint

ð½u� � nþ n� ½u�ÞdA; ð12Þ

where um and uf are the displacements at the interface from the
matrix and CNT side, respectively, and n is the unit normal vector
on the interface pointing into the matrix.

The macroscopic strain, �ee, of the composite can be obtained in terms
of the macroscopic stress, �rr, via Eqs. (9)–(11) as

�ee ¼ Mm: �rrþ f ðMf �MmÞ: rf þ eint
� �

; ð13Þ

where eint and rf are to be determined from the interface cohesive law.
For a simple case of isotropic matrix containing randomly distributed,
long, and isotropic fibers subjected to a hydrostatic tension �rrI (I is the
second-order identity tensor), the macroscopic strain of the composite
is �eeI, and �ee is obtained from Eq. (13) as

�ee ¼ 1

3Km
�rrþ f

3

1

3Kf
� 1

3Km

� �
rfkk þ eintkk

� �
; ð14Þ

where Km and Kf are the elastic bulk moduli of the matrix and fibers,
respectively, and eintkk is related to the displacement jump [ur] in the
normal direction across the fiber=matrix interface via (12) by

eintkk ¼ 2
½ur�
R

: ð15Þ

For perfectly bonded interfaces, i.e., without any debonding, eintkk ¼ 0
and the average stress in the fiber rfkk is the only parameter to be
determined in terms of �rr (or �ee). Accounting for the interface effect, a
micromechanics model will be used to determine rfkk and eintkk in terms
of �rr. In conjunction with the cohesive law rint¼ rint([ur]) in Eq. (2),
Eq. (14) then gives the nonlinear stress-strain relation.

Dilute Model

Since the volume fraction of CNTs in the nanocomposites is usually
low, a dilute model, which neglects the interactions among CNTs
and is suitable for composites with low fiber=particle volume fraction,
will be used to determine rfkk and eintkk in terms of �rr. This model assumes
that each infinite CNT with interface is embedded in an infinite pris-
tine matrix subjected to a hydrostatic tension �rrI. A cylindrical coordi-
nate system (r, h, z) is used to describe the problem, and �rr, �ee, and
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rint denote the macroscopic stress and strain of the composite and the
normal cohesive stress at the fiber=matrix interface, respectively. For
the problem under this loading condition, the stresses in the fiber and
the matrix take the following form [39]:

rrr ¼ 2Cþ A

r2
; rhh ¼ 2C� A

r2
; rrh ¼ 0: ð16Þ

The unknowns C and A can be determined for both CNT and matrix
according to the regularity condition at r¼ 0, the remote boundary
condition rmrr ¼ �rr at r!1 and interface condition rmrr ¼ rfrr ¼ rint at
r¼R. Since the fibers are assumed to be very long, the stress in the
fiber direction for both fiber and matrix is given by the Reuss approxi-
mation [40],

rfzz ¼ rmzz ¼ �rr: ð17Þ

It should be mentioned that the Reuss approximation gives a lower
bound solution and underestimates the reinforcing effect of fibers.
Based on the determined stress fields in the fiber and the matrix,
the radial displacement discontinuity (jump) across the fiber=matrix
interface is expressed as

½ur� ¼
R

Em
ð2� nmÞ�rr� ð1þ nmÞrint
� 	

� R

Ef
ð1� nf Þrint � nf �rr
� 	

; ð18Þ

where Ef and nf are Young’s modulus and Poisson’s ratio of the fiber,
respectively. The average stress in the fiber is rfkk ¼ 2rint þ �rr, and
together with Eqs. (14), (15), and (18) give the macroscopic stress
and strain of nanocomposites in terms of the radial displacement jump
[ur] across the fiber=matrix interface as

�rr ¼
½ur�
R þ 1þvm

Em
þ 1�nf

Ef


 �
rintð½ur�Þ

2�nm
Em

þ nf
Ef

ð19Þ

�ee ¼ 1

3Km
�rrþ f

3

1

3Kf
� 1

3Km

� �
2rintð½ur�Þ þ �rr
� 


þ 2
½ur�
R

� �
: ð20Þ

These two equations provide the nonlinear stress-strain relation of
the CNT-reinforced composite.

Since the CNT Young’s modulus, Ef, or the modulus of the effective
fiber for a solid rod model in nanocomposites are much higher than
that of the polymer matrix, Em, Eqs. (19) and (20) can be simplified as

�rr ¼ Em

2� nm

½ur�
R

þ 1þ nm
2� nm

rintð½ur�Þ ð21Þ
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�ee ¼ 1� 2nm þ f

2� nm

½ur�
R

þ 1

Em
1þ nm � f

3
ð5� nmÞ

� �
1� 2nm
2� nm

rintð½ur�Þ ð22Þ

These two simplified equations will be used to determine the
constitutive relation of the CNT-reinforced composites, which are
independent of the CNT Young’s modulus.

STRESS-STRAIN RELATION FOR
CNT-REINFORCED COMPOSITE

To study the effect of the interface cohesive law on CNT-reinforced
composite, we revisit the problem studied by Tan et al. [29] where
the composite is subject to a hydrostatic tension. Figure 3 shows the
stress-strain curve for the composites reinforced with armchair
(18, 18) CNTs (radius R¼ 1.25 nm), in which the stress-strain curve
of the pure polyethylene matrix is also provided for comparison. In this
simulation, the CNT volume fraction is f¼ 5% and the chemical bond
density is q¼ 2%. A similar phenomenon as in [29] is observed. The
stress-strain curve is almost straight and is above the straight line
for the polymer matrix when the strain is less than a specific value
(14.8% for example). Once the strain reaches 14.8% and the stress

FIGURE 3 The stress-strain relationship of a CNT-reinforced polyethylene
matrix composite and a pure polyethylene matrix subjected to hydrostatic
tension.
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reaches the peak value 411MPa, both stress and strain start to
decrease due to the interface softening behavior displayed in Fig. 2.
The stress and strain start to increase again when the strain and
the stress drop to 9.8% and 242MPa. However, the stress-strain
curve for the composite is lower than the straight line for the matrix,
reflecting the weakening of the matrix. For the case studied in [29]
where no chemical bonds are involved, this weakening is caused by
the complete debonding between CNTs and matrix, which are equiva-
lent to voids. The weakening demonstrated in Fig. 3 is still caused
by the interface softening behavior, but not the interface debonding.
It is anticipated the reinforcement of CNTs may occur again if the
softening behavior is dominant over the hardening behavior of the
interface with the increase of chemical bond density. For example, if
the softening zone before the transition point ½ur�2cr shown in Fig. 2
is much shorter, the reinforcement of the matrix may occur again.
Within the deformation range and chemical bond density considered
in the current work, even at relatively large strain, the interfacial
hardening behavior can not suppress the weakening effect for the
matrix caused by the previous interface softening. For composite
subjected to displacement-controlled loading, the softening process
will become dynamic, i.e., the stress-strain curve may bypass the
unloading stage and drop vertically from 411 to 353MPa at the strain
of 14.8% as illustrated by the arrow in Fig. 3, and then gradually
increase.

Figure 4 shows the CNT size effect on the stress-strain curve with
CNT volume fraction and chemical bond density being fixed at
f¼ 5%, q¼ 1%. Before the first peak strength is reached, the bulk mod-
uli of the composite reinforced with different sizes of CNTs are very
similar. However, with the decrease of CNT radius from R¼ 1.25 nm
[armchair (18, 18)], to 0.83 nm [armchair (12, 12)] and 0.42 nm [arm-
chair (6, 6)], the peak strength increases from 408 to 421 and 464MPa,
respectively. Meanwhile, the critical strain associated with the peak
strength also increases from 14.7 to 15.3 and 17.2%. It is clearly indi-
cated in this figure that small CNTs give stronger reinforcement than
large CNTs due to more interface areas between small CNTs and
matrix at fixed volume fraction. Even after the interface softening
takes effect, smaller CNTs are still more effective than larger CNTs
as evidenced by the stress-strain curve for armchair (6, 6) being above
the others. The volume fraction effect upon the macroscopic behavior
of composite is plotted in Fig. 5 when the polyethylene matrix is rein-
forced with armchair (18, 18) CNTs. The chemical bond density is fixed
at q¼ 1%. When the volume fraction increases from f¼ 1 to 2 and 5%,
the initial bulk modulus increases with the stress-strain curve for
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f¼ 5% being higher than for the other two cases. Once the softening
behavior of the interface is in effect, the incremental bulk modulus
decreases as expected. The peak strengths for different f are found

FIGURE 5 The effect of volume fraction of CNTs on the macroscopic stress-
strain relationship of a CNT-reinforced polyethylene matrix composite.

FIGURE 4 The CNT size effect on the macroscopic stress-strain relationship
of a CNT-reinforced polyethylene matrix composite.

Carbon Nanotube Reinforced Composite 285

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
7
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



to be exactly the same, i.e., 408MPa, which means that the CNT
volume fraction has no effect on the composite strength as predicted
in [29]. However, the critical strain associated with the peak strength
has slight change from 15.2% for f¼ 1%, to 15.1% for f¼ 2% and 14.7%
for f¼ 5%.

It is indicated in [34] that the interface bonding increases with the
increase of chemical bond density. The interface bonding is governed
by the total cohesive energy for the interface, which is the area under
rint� [ ur] curves in Fig. 2. It is seen from Fig. 2 the that when the
interface opening is small, this cohesive energy is mainly controlled
by the van der Waals force, while lower case with the increase of inter-
face opening displacement, interface hardening reoccurs, resulting in
the increase of cohesive energy and the improvement of the interface
bonding. This interface behavior indicates that the stronger adhesion
between CNTs and matrix caused by the chemical covalent bonds may
significantly contribute to improve the mechanical behavior of CNT-
reinforced composite only at relatively large deformation. Figure 6
shows the effect of chemical bond density on the stress-strain relation-
ship of composite reinforced with armchair (18, 18) CNTs when the
CNT volume fraction is fixed at f¼ 5%. The initial bulk moduli are
almost identical for all the cases before the peak strength is reached
since this process is governed mainly by the van der Waals force. It

FIGURE 6 The effect of chemical bond density on the macroscopic stress-
strain relationship of a CNT-reinforced polyethylene matrix composite.
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is also observed in this figure that the composite strength (the peak
strength) has slightly increased from 406 to 411 and 422MPa when
the chemical bond density changes from q¼ 0 to 2 and 5%. The corre-
sponding strain for the peak strength also increases from 14.6 to 14.8
and 15.2%. With the increase of deformation, the stronger interface
bonding contributes to improve the incremental modulus, i.e., the
stress-strain curve for q¼ 5% is higher than those for q¼ 0% and
q¼ 2% at relatively large strain. It should be mentioned that for an
interface with chemical bonds, the interfacial cohesion behavior has
been changed in comparison with the interface without chemical
bonds, i.e., interface hardening is present again when the interface
opening is beyond ur½ �2cr for interfacial interaction involving chemical
bonds, as shown in Fig. 2. However, it is also observed in Fig. 6 that
chemical bonds do not affect the tendency of the overall stress-strain
relationship for the composite. Therefore, it is concluded that the
contribution of chemical bonds is to harden the interface at relatively
large deformation, and thus, to improve the mechanical behavior of
CNT composites.

CONCLUSIONS

The nonlinear cohesive law accounting for both van der Waals force
and chemical covalent bonds is incorporated in the micromechanics
model to study the macroscopic behavior of CNT-reinforced composite.
With the increase of chemical bond density, the interface adhesion can
be improved. Carbon nanotubes are found to improve the mechanical
behavior of composite at small strain. However, the composite might
be weakened at relatively large strain because of the softening beha-
vior of the interface. Whether the improvement or weakening occurs
depends on the density of chemical bonds. The increase of the interface
adhesion between CNTs and polymer matrix caused by the chemical
bonds may significantly improve the composite behavior only at rela-
tively large strain. The improvement effect upon the composite
strength and the corresponding critical strain is not significant for this
opening deformation mode of the interface. Further atomistic study or
experimental work may be needed to verify the predicted results in the
current work for the macroscopic behavior of composites considering
the effect of interfaces with opening deformation mode.
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