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Carbon nanotube/carbon fibre
Carbon nanotube (CNT)–hybridized carbon fibre (CF) composite is a new generation composite, where
CNTs grow radially on carbon fibres to form a hybrid reinforcing phase. To evaluate the bridging effect
of this new reinforcing phase, a numerical method is proposed to theoretically investigate the pullout
of a hybrid fibre. There are two finite element models developed in this method, which are applied to
simulate a single CNT pullout from the matrix at microscale and the pullout of the hybrid fibre at mac-
roscale. The bridging effect of the CNTs during the hybrid fibre pullout is simulated by spring elements in
the macroscale finite element model, where the properties of spring elements are obtained from the
microscale finite element simulation. The numerical results indicate that the apparent interfacial shear
strength of the hybrid fibre and the specific pullout energy can be significantly increased due to the addi-
tional bonding of the CNT–matrix interface. A parametric study indicates that the bridging effect of the
hybrid fibre can be further enhanced by improving the interfacial bonding between CNT and matrix
and increasing the size or length of CNTs. This study provides a new numerical method to simulate
the multiscale CNT/CF hybrid fibre pullout.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) are the finest and strongest fibres
with a nanoscale diameter and length ranging from micro- to
millimetres [1]. CNTs are widely used in many areas, such as elec-
tronics, nano-electro-mechanical devices and medical applications.
In the past few years, studies have been carried out to better
understand the mechanical performance of CNT-reinforced com-
posites. It showed that a small quantity of nanotubes added to a
polymer matrix can increase the stiffness and strength of the com-
posite [2,3]. For example, dispersing 1 wt% of CNTs to a matrix
material results in up to 42% increase in the stiffness of the com-
posite [2]. However, directly dispersing CNTs to the resin has diffi-
culty in controlling the alignment and orientation of the CNTs and,
therefore, there will be difficulties in controlling the quality of the
produced CNT-based composites.

A recent development of CNT composites is through chemical
vapour deposition (CVD) to grow CNTs radially on micro-fibres,
such as carbon fibres, and to use these hybrid fibres to develop
superior 3D composites, carbon nanotube (CNT)/carbon fibre (CF)
hybrid composites [4]. CNT/CF hybrid composites combine the
advantages of both the carbon fibres and the carbon nanotubes.
Because traditional fibres only provide in-plane reinforcement,
delamination can easily occur since there is no reinforcement in
the direction of the z coordinate (through-thickness direction) to
resist crack initiation and propagation. Since the CNTs align in mul-
ti-directions in the matrix, they can provide reinforcement to the
matrix in different directions as a 3D reinforcement. Due to the
extremely high tensile strength, stiffness and the increased interfa-
cial area, it is expected that the fracture toughness of the new com-
posites with the hybrid 3D reinforcement will be increased
substantially.

The performance of a composite critically depends on the inter-
facial properties between the reinforcing phase and the matrix
phase. Interfacial shear strength is a key parameter to determine
the efficiency of load transfer from the polymer matrix to the
fibres. Recent results have shown the improvement of the interfa-
cial strength between the fibres and matrix by growing CNTs on
the surfaces of carbon fibres [4–8]. A single fibre pullout test is
one of the widely used techniques to quantify the interfacial
strength. A few studies have been carried out to understand the
mechanical performance of CNTs reinforced composites using the
single fibre pullout test [9–11].

In comparison to experimental research, theoretical and numer-
ical analysis can provide additional insight into the reinforcing
effect of CNTs-based nanocomposites, which can assist the further
development and design optimisation of composites. Several
numerical studies have been carried out on the CNT pullout
[12–15], but no numerical study on CNT/CF hybrid fibre pullout
has been reported. It is due to the complexity of pullout process
of the hybrid fibre and the two different scales of the CNTs and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compscitech.2013.11.020&domain=pdf
http://dx.doi.org/10.1016/j.compscitech.2013.11.020
mailto:wenyi.yan@monash.edu
http://dx.doi.org/10.1016/j.compscitech.2013.11.020
http://www.sciencedirect.com/science/journal/02663538
http://www.elsevier.com/locate/compscitech


Y. Jia et al. / Composites Science and Technology 91 (2014) 38–44 39
the fibre–matrix. Kulkarni et al. [16] and Nie et al. [17] developed
two similar multiscale models to evaluate the effect of interfacial
strength on the elastic modulus of hybrid fibre reinforced polymer
composites. They firstly modelled a nanocomposite formed by a
single CNT–matrix and numerically predicted the overall mechan-
ical properties of the nanocomposite. The second step is to con-
sider the nanocomposite as an equivalent matrix and use it to
form a single carbon fibre nanoreinforced laminated composite.
No CNT/CF hybrid fibre pullout was studied in these two papers.

The purpose of this paper is to develop a numerical method to
simulate the pullout of a single CNT/CF hybrid fibre. The interfacial
bonding between the hybrid fibre and the matrix, and the bridging
effects of the hybrid fibre on the composite are able to be theoret-
ically examined by using this method. The bonding and debonding
behaviours between the carbon fibre–matrix interface and
between the CNT–matrix interface are described by cohesive laws.
In addition, the effect of relevant parameters of CNTs on the hybrid
fibre pullout behaviour is discussed.

2. Numerical method for hybrid fibre pullout

CNTs can be radially grown on the surface of carbon fibres and
then embedded in an epoxy matrix to produce CNT/CF hybrid fibre
reinforced composite, as shown in Fig. 1(a) [11]. During the hybrid
fibre pullout, there are two types of interfaces, carbon fibre–matrix
interface and CNT–matrix interface. As the pullout force is applied
to the carbon fibre, both shear and tensile load can be transferred
to the CNTs. The stresses in the CNTs will be transferred to the ma-
trix through CNT–matrix interface. As the pullout force increases,
cracks initiate and propagate along both interfaces of carbon fi-
bre–matrix and CNT–matrix, which leads to the debonding of the
carbon fibre–matrix interface and CNT–matrix interface.

To numerically simulate the complicated hybrid fibre pullout, a
few assumptions are made to simplify the problem:

(1) It is assumed that the CNTs are uniformly grown on the car-
bon fibre and they are ideally aligned in the radial direction.
As shown in Fig. 1(a), CNTs are densely distributed on the
fibre, and therefore, the assumption of the uniform CNTs dis-
tribution is acceptable. Due to the large amount of CNTs, the
effects of the curvature and the direction misalignment of
individual CNTs are almost impossible to simulate and there-
fore, these effects are neglected in this theoretical study.

(2) All the CNTs are assumed to have identical geometry
(including the radius and the length) and mechanical
Fig. 1. (a) SEM image of hybrid fibres with CNTs [11]; and (b) a schem
property. The bonding and debonding behaviour of the
interfaces between individual CNTs and the matrix is also
assumed to be the same. Based on this assumption, the
bridging effects of all the CNTs are identical and only a single
CNT pullout study is needed.

(3) Possible matrix damage during the hybrid fibre pullout is
neglected in this numerical study.

Based on these assumptions, an idealized hybrid fibre pullout
problem is illustrated in Fig. 1(b).

During the single CNT/CF hybrid fibre pullout, there are two
physical phenomena, which occur at two different scales: CNT
pullout at microscale and carbon fibre pullout at macroscale. To
overcome the difficulties in the simulation of the multiscale prob-
lem, a numerical method is proposed to deal with the two pullout
processes explicitly but in two separate finite element models. A fi-
nite element model at microscale is applied to simulate a single
CNT pullout from the matrix and another finite element model at
macroscopic scale is applied to simulate the pullout of the hybrid
fibre. The bridging effect of the CNTs during the hybrid fibre pull-
out is simulated by using equivalent spring elements in the macro-
scale hybrid fibre pullout model, where the spring elements’
property is obtained from the microscale CNT pullout simulation.
2.1. Finite element model for CNT pullout at microscale

Some numerical methods have been developed to study the
CNT–matrix interface by using the molecular dynamic (MD) meth-
od and the finite element method. Examples on the study of using
the MD method can be found in [12,15,18,19], where the bonded
and nonbonded potentials are represented in terms of the force
constants and the change in distance among the atomic bonds.
However the length of the CNT in the MD models is limited to
the range of 4–10 nm because of the intensive computational
requirements in the MD simulation [13,15,16,20]. Due to this lim-
itation, applying MD method to study the pullout of CNTs with the
length in several micrometres is unachievable. On the other hand,
CNTs have been described as a continuum solid beam or shell
subjected to tension, bending, or torsional forces by applying con-
tinuum mechanics [14,20,21]. In this way, the nanoscale dimen-
sion in the thickness direction of the CNTs is not explicitly
involved in the models. The nano- and the microscales problem
becomes a single microscale problem. In the current study, the
continuum mechanics is applied to treat CNTs as membranes.
atic diagram of the idealized CNT/CF hybrid fibre pullout problem.
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The finite element method is used to simulate the single CNT pull-
out at microscale, which is described below.

In the single CNT pullout, a two-dimensional axisymmetric
model at microscale was developed using a single cylindrical CNT
embedded in a semi-infinite matrix. A pullout displacement was
applied on the top of the CNT in the axial direction, as shown in
Fig. 2(a). In this study, a 24 nm diameter carbon nanotube is
embedded in an epoxy matrix with the embedded length
LCNT = 2.6 lm, which is consistent with the experiment by Cooper
et al. [22]. The Young’s modulus of CNT was taken as ECNT = 1.1 TPa
with the wall thickness = 0.34 nm, and epoxy matrix with
Em = 3.4 GPa was used in this study. Membrane elements (MAX1)
were used in commercial finite element package Abaqus to repre-
sent the cylindrical CNT. Membrane elements can be used to rep-
resent a thin surface in space which offers strength in the plane
of the element without bending stiffness [23]. In addition, the axi-
symmetric cohesive elements (COHAX4) were used to define the
cohesive zone between the interface of the CNT and the matrix.

2.1.1. Cohesive law
Cohesive zone modelling is a commonly used technique to

investigate the failure governed by crack or debonding propaga-
tion [24–26]. Namilae and Chandra [14] used the results of CNT
pullout from MD simulation to evaluate cohesive zone model
parameters. Their traction-displacement plots were obtained by
averaging the pullout load with the applied displacements and
dividing by the corresponding area. Unfortunately, these trac-
tion-displacement plots were unable to show the complete fail-
ure of the interface. Therefore the traction-displacement plots
used in their cohesive zone were redefined by extrapolating
curves to complete failure. Liu et al. [13] also proposed a cohe-
sive interface model based on MD simulation results. However
their MD model needs to be further verified against experimental
results.

In the current study, a cohesive zone model was adopted from
Tvergaard [27] and Chaboche et al. [28]. Their interface debonding
model has been used extensively and it is capable of capturing the
progressive decohesion of the interface. The interfacial debonding
during a CNT pullout is a pure mode II fracture problem. Therefore
the mode II cohesive law [28] can be simplified as

Tt ¼
27u3

t

4d3
t

� 27u2
t

2d2
t

þ 27ut

4dt

 !
smaxðCNTÞ ð1Þ

where ut is the tangential separation, dt is the complete tangential
separation, and smax(CNT) is the interfacial crack initiation stress
(a)
Fig. 2. (a) A schematic diagram of a single CNT pullout model; a
under shear loading condition as shown in Fig. 2(b). Correlating to
energy-based fracture mechanics, the fracture energy release rate
GIIc is the area under the traction–separation curve.

2.2. Finite element model for CNT/CF hybrid fibre pullout at macroscale

The physical problem of the CNT/CF hybrid fibre pullout was
treated as a cylindrical carbon fibre embedded in a semi-infinite
matrix and attached with the CNTs (Fig. 1(b)). The radius of the
fibre is denoted as RCF and LCF is the total embedded fibre length.
As the model developed in carbon fibre pullout [29], a pullout dis-
placement was applied uniformly on the top surface of the fibre in
the axial direction. It is assumed that the normal stress along the
carbon fibre does not exceed its material ultimate strength, so
the carbon fibre will not break before it is pulled out. The plastic
behaviour in the fibre will not be considered in this paper.

Due to the symmetry of this problem, a two-dimensional axi-
symmetric model was constructed. The radius and depth of the
matrix in the model are much larger than the dimensions of the
fibre so as to treat the matrix as a semi-infinite body. The model
contains a total of 5149 four-node quadrilateral elements. A very
fine mesh with the smallest elements (CAX4) of 1 lm � 1 lm were
used in the area around the interface as shown in Fig. 3(b). A small
number of four-node, axisymmetric cohesive elements (COHAX4)
were used to define the cohesive zone. Nonlinear spring elements
(SPRING1) were used to model the bridging effect of CNTs in the
CNT/CF hybrid fibre pullout, as shown in Fig. 3(a). In the pullout
simulation, the spring elements were elongated and the spring
forces resisted the pullout of the carbon fibre [30,31]. The nonlin-
ear spring elements’ properties were obtained from the pullout
curve from the microscale CNT pullout simulation. Since the spring
elements are used to simulate the force of CNTs applied on the car-
bon fibre, the debonding of CNT–matrix interface will not be
explicitly simulated in the hybrid fibre pullout model. Therefore
the debonding only occurs between the carbon fibre and matrix
interface, which is assumed to initiate at the carbon fibre–matrix
interface and propagate longitudinally along the carbon fibre.

Referring to Fig. 1(b), the CNTs are aligned in the matrix at an
inclination angle of 90� with respect to pullout direction. There-
fore, the vertical resistance force applied on the fibre FCNTð90�Þ is
transferred from the horizontal force FCNTð0�Þ, the direct CNT pullout
force along the CNT’s axial direction. This force transition is esti-
mated through a frictional pulley model. In this case, the CNT is
treated as a flexible string passing over a frictional pulley, and
therefore a snubbing friction model can be derived to relate the
pullout force to the fibre inclination angle [32],
(b)
nd (b) cohesive law used for the single CNT pullout model.



Fig. 3. (a) A schematic diagram of the CNT/CF hybrid fibre pullout model using spring elements to simulate the resistance of the CNTs; and (b) axisymmetric finite element
model for a single CNT/CF hybrid fibre pullout with a fine mesh around the interface.
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Fig. 4. Single CNT pullout curve from the microscale finite element simulation.

Y. Jia et al. / Composites Science and Technology 91 (2014) 38–44 41
FCNTð90�Þ ¼ FCNTð0�ÞefU ð2Þ

where FCNTð0�Þ is the CNT pullout force from the microscale finite ele-
ment simulation, FCNTð90�Þ is the pullout force of inclined CNT with
the pullout direction U = 90�, and f is the snubbing friction coeffi-
cient [32]. In the hybrid fibre pullout, the pullout force FCNTð90�Þ from
Eq. (2) was applied to define the nonlinear properties of the spring
elements. Since the CNTs are highly flexible, the snubbing friction
coefficient can be assumed as a small value f = 0.1 [33]. Some stud-
ies have shown that this simple frictional pulley model (Eq. (2)) is
able to represent the effect of fibre pullout angle on the pullout load
[32,34,35].

2.2.1. Simulation of CNT effect in macroscale finite element model
In this study, the length and number of CNTs were estimated

based on the experimental results obtained by Zhang et al. [36].
The length of CNTs (LCNT) grown on the carbon fibre was estimated
at 6.5 lm. The number of CNTs grown on the carbon fibre was cal-
culated based on the CNT population density estimated from the
experiment. Based on the assumption of uniformly distributed
CNTs, the number of CNTs grown on the carbon fibre per unit
length can be calculated as 1760 tubes/lm. It was also assumed
that there were 100 layers of CNTs, which means there were 100
spring elements in the macroscale finite element model uniformly
distributed along the carbon fibre–matrix interface (LCF = 100 lm
with element size 1 lm � 1 lm). Therefore, the total number of
CNTs distributed on each layer was estimated as 1760 tubes, which
was represented by a single spring element. It is worth noting that
CNT breaking or detaching from the carbon fibre, which may occur
in practice, can be considered in this model by cutting of the non-
linear force–displacement curve of the spring elements. Due to
length limitation, it was not presented in the paper.

3. Results and discussion

3.1. Single CNT pullout simulation

A comparison study between a finite element simulation at
microscale and an experimental single CNT pullout test was carried
out. Fig. 4 shows the simulated single CNT pullout curve. The
numerical results were compared with the experimental results
from Cooper et al. [22]. In this study, the maximum pullout force
FmaxðCNTÞ and the total CNT pullout energy WCNT were found to be
6.845 lN and 1.63 � 10�12 J, respectively, which agree well with
the experimental results ðFmaxðCNTÞ ¼ 6:8� 1:7 lN and WCNT = 1.6 �
10�12 J) with these fitted parameters smax(CNT) = 36 MPa, dd(CNT) =
140 nm, dt(CNT) = 410 nm. The pullout force–displacement curve is
used to define the nonlinear properties of the spring elements in
the hybrid fibre pullout simulation.
3.2. CNT/CF hybrid fibre pullout

3.2.1. CNT/CF hybrid fibre pullout force
The debonding force of hybrid fibre (Fmax(H)), is one of the most

important parameters recorded from a pullout test, which is used
to calculate the average interfacial strength. Fig. 5 shows the case
of CNTs completely pulled out with the carbon fibre, compared
with a single carbon fibre pullout. It can be seen that the pullout
force of the hybrid fibre increases rapidly due to the bonding
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between CNTs and the matrix. It reaches the maximum debonding
force when the pullout displacement approaches 3 lm. The force
then drops quickly due to debonding in the CNT–matrix interfaces.
After the CNT–matrix interfaces have completely debonded, the
hybrid fibre pullout curve coincides with the carbon fibre pullout
curve. Fig. 5 also shows that the magnitude of the debonding force
for CNT/CF hybrid fibre (Fmax(H) = 0.39 N) is much higher than that
for the carbon fibre pullout (Fmax(CF) = 0.1 N). The debonding force
of the hybrid fibre has a significant increase of 290%. The increased
pullout force was observed before the interfacial debonding oc-
curred in carbon fibre. An et al. [9] performed an experiment of
the CNT/CF hybrid fibre pullout and reported that the debonding
force of hybrid fibre had a significant increase up to 120%. The dif-
ference may be due to the different number of CNTs and embedded
length of carbon fibre used in this study.
3.2.2. Interfacial shear strength
The interfacial shear strength (IFSS) is traditionally used to eval-

uate the interfacial bonding. In this study, the apparent interfacial
shear strength sapp was calculated from the debonding force of hy-
brid fibre, Fmax(H), and interfacial area of carbon fibre–matrix using
the following equation [37]

sapp ¼
FmaxðHÞ

2pRCFLCF
ð3Þ

The apparent interfacial shear strength increased 290% (45.5 MPa to
177 MPa). This improvement is due to the increased bonding in the
CNT–matrix interface. A significant improvement in the IFSS was
also observed in the experimental studies [7,9,10,38,39]. This
numerical study investigated an ideal case of CNTs grown on the
carbon fibre. Practically, the performance of hybrid composites is
significantly influenced by density or morphology of CNT grown
on the fibre surface, such as tangled CNTs, partial coverage of
aligned CNTs and ‘‘mohawk’’ aligned CNTs [40]. Consequently, this
predicted IFSS increase is higher than those experimental results.
Nevertheless, this study confirms that growing CNTs on the carbon
fibre can enhance the adhesion between the reinforcing phase and
the matrix, and thus improve the intralaminar fracture toughness of
the composite. In addition, applying Eq. (2) and the peak CNT pull-
out force, the shear stress at the joint of the CNT and carbon fibre
was estimated as 38 GPa, which is unusually large. Practically, the
CNT will detach from the carbon fibre if the shear strength at the
joint is lower than the shear stress, which have been observed in
experiment [9]. On the other hand, the joint shear strength can be
increased by using particular catalysts [41,42].
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3.2.3. Specific pullout energy
Specific pullout energy can be used to quantify the bridging ef-

fect of the CNTs during the hybrid fibre pullout. The specific pull-
out energy of hybrid fibre xH is defined as

xH ¼
WH

2pRCFLCF
ð4Þ

where WH is the total hybrid fibre pullout energy, which is the total
area under the pullout force–displacement curve. Fibre bridging ap-
pears behind a major crack tip in an intralaminar fracture, which
enhances the fracture resistance of fibre reinforced composite.
The magnitude of the specific pullout energy of CNT/CF hybrid fibre
(xH = 1032 J/m2) is much higher than the carbon fibre [29]
(xCF = 565 J/m2). The specific pullout energy of the CNT/CF hybrid
fibre increases by 83%. This is due to the large resistance induced
by the CNTs, which requires more energy to pull out the hybrid fi-
bre. This significant improvement of toughness was observed in the
experimental study by Garcia et al. [39], which reported a 150–
300% increase of toughness. The difference in the number and
geometry of CNTs between this study and the experiment can con-
tribute to the difference in the increase of the toughness value.
3.3. Bridging effect of CNTs in CNT/CF hybrid fibre pullout

In a single CNT pullout, the interfacial bonding of CNT–matrix
and the geometry of CNT are two main factors to influence the
CNT pullout, and therefore the hybrid fibre pullout.
3.3.1. Effect of interfacial bonding between CNT and matrix
The interfacial bonding effect is dependent on two dominant

parameters, smax(CNT) and dt(CNT), based on the cohesive law used
in the single CNT pullout simulation (Eq. (1)). In this parametric
study, smax(CNT) varies from 15 MPa to 45 MPa and dt(CNT) varies
from 0.2 lm to 0.8 lm. Fig. 6 shows the relationship between the
debonding force (Fmax(H)) of CNT/CF hybrid fibre pullout and the
interfacial crack initiation shear stress (smax(CNT)) of the CNT–
matrix interface. It clearly indicates that the debonding force of hy-
brid fibre increases almost linearly with the increase of interfacial
crack initiation shear stress in all cases. The figure also indicates
that the debonding force of the hybrid fibre pullout increases as
the complete tangential separation dt(CNT) increases. This is due to
the increased pullout force Fmax(CNT) from the single CNT pullout.
In the single CNT pullout, the CNT pullout force Fmax(CNT) increases
as the interfacial crack initiation shear stress (smax(CNT)) or
complete tangential separation dt(CNT) increases.
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3.3.2. CNT geometry effect
The effect of the CNT embedded length LCNT and CNT radius RCNT

on the apparent interfacial shear strength sapp is shown in Fig. 7.
The CNT embedded length ranges from 0.5 to 20 lm and the CNT
radius is selected from 0.005 to 0.05 lm [43]. It can be seen that
the interfacial shear strength of the hybrid fibre increases with in-
creases in both the CNT embedded length LCNT and the CNT radius
RCNT. This is due to the increased CNT pullout force Fmax(CNT)

increases linearly with increases in both the CNT embedded length
LCNT and CNT radius RCNT in the single CNT pullout. According to the
definition of Eq. (3), the interfacial area of carbon fibre is kept as a
constant, thus the apparent interfacial shear strength of hybrid
fibre will increase with the increase of the CNT size or length.

The total pullout energy WH consists of the debonding energy
from carbon fibre pullout WCF(WCF = 2GIIc(CF)pRCFLCF) and CNT
pullout WCNT(WCNT = 2GIIc(CNT)pRCNTLCNT) as WH = WCF + WCNT. The
specific pullout energy can be represented as

xH ¼
WH

2pRCF LCF
¼ GIIcðCFÞ þ

GIIcðCNTÞRCNT LCNT

RCFLCF
ð5Þ

where GIIc(CF) is fracture energy release rate from carbon fibre and
GIIc(CNT) is fracture energy release rate from CNT pullout. According
to Eq. (5), if the embedded length and radius of the carbon fibre
does not be changed, the specific pullout energy of hybrid fibre
xH should be increased by both the CNT embedded length and
CNT radius. The numerical result showed in Fig. 8 confirms these
analytical findings, which also indicates that increasing the size of
CNTs can enhance the fibre bridging effect. Garcia et al. [39] and
Wicks and Wardle [44] also reported an increase of toughness
due to the increase of CNT length in their experiment study. In prac-
tice, the size and density of CNTs grown on the carbon fibre may be
restrained during synthesis, while various size and density of CNTs
can be simulated in this study. Additionally, CNTs may be frag-
mented or detached from the carbon fibre during the pullout in
practice. CNT break occurs if the tensile stress is over its tensile
strength and detachment occurs if the shear stress at the joint is
over the shear strength. A longer CNT can contribute to both the
increase of the tensile stress in CNT and the shear stress at the joint
during a pullout of the hybrid fibre.
4. Conclusion

In this paper, a new numerical method was proposed to simu-
late the multiscale CNT/CF hybrid fibre pullout. Two finite element
models were developed to simulate a single CNT pullout at micro-
scale and to simulate the pullout of the hybrid fibre at macroscale.
The bridging effect of the CNTs during the hybrid fibre pullout was
represented by defining the properties of spring elements, which
were obtained from a single CNT pullout simulation at microscale.

The numerical results of the CNT/CF hybrid fibre pullout from a
case study show that growing CNTs on the carbon fibre has a sig-
nificant effect on the maximum pullout force. The CNTs increase
the resistance in the hybrid fibre pullout before the interfacial deb-
onding occurs in carbon fibre. Consequently, there is a significant
improvement in the interfacial shear strength. The increased spe-
cific pullout energy indicates that growing CNTs can enhance the
fracture resistance of fibre reinforced composites. Applying the
proposed numerical method for the CNT/CT hybrid fibre pullout,
the effect of CNT–matrix interfacial bonding was investigated
based on the main parameters involved in cohesive law used in
the single CNT pullout. The numerical results show that the deb-
onding force of CNT/CF hybrid fibre increases with increases in
both interfacial crack initiation shear stress and CNT complete tan-
gential separation displacement. In addition, the effect of the CNT
geometry, represented by the CNT embedded length and the CNT
radius, on the interfacial shear strength and the specific pullout
energy was investigated. The numerical results show that the
interfacial shear strength and the specific pullout energy of CNT/
CF hybrid fibre significantly increases with increases in both CNT
embedded lengths and CNT radii, which indicates that increasing
the size or length of CNTs can enhance the hybrid fibre bridging
effect.
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