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In this study, the effect of defects on the interfacial mechanical properties of graphene/epoxy composites

has been investigated by using molecular dynamics simulations. Three common types of defects with

different concentrations, i.e., single-vacancy, double-vacancy, and Stone–Wales, were considered. Two

typical separations, i.e., normal separation and shear separation, were conducted to evaluate the

graphene/epoxy interfacial cohesive strength and interfacial shear strength, respectively. The pull-out

energy and corresponding forces during the whole process were determined. It was found that the

vacancy defects, including single-vacancy and double-vacancy, would degrade the interfacial

mechanical properties. In contrast, the Stone–Wales defect could enhance the interfacial strength,

especially the interfacial shear strength. Besides, the effect of graphene agglomeration on the graphene/

epoxy interfacial shear stress was also investigated. The results showed that the interaction between

graphene sheets was much stronger than that between graphene and polymer. Additionally, the

graphene agglomerated structure was found to weaken the graphene sheet and epoxy interfacial load

transfer, which agreed with the observations in previous experimental results in the literature.
1. Introduction

Due to its extraordinary, outstanding physical properties, gra-
phene (Gr) has been widely used as a ller to enhance the
mechanical, thermal, and electrical properties of epoxy based
composites.1–4 For example, the Yong's modulus of neat epoxy
could be enhanced about 33% by Gr at a low weight fraction of
0.1%.1 However, the experimental mechanical property values
of Gr/epoxy were still far lower than those predicted by theo-
retical analysis and simulations.5–7 This can be ascribed to some
assumptions in the analysis and simulations, such as the well
dispersed nature of Gr in the matrix without agglomeration and
the perfect Gr sheets without any defects, which may affect the
interfacial load transfer from Gr to the polymer matrix.

The interfacial mechanical properties between the Gr and
the polymer matrix is important for determining the overall
mechanical performance of composites.8,9 Since it is complex to
quantitatively evaluate the interfacial properties by experiment,
molecular dynamics (MD) have proved to be a practical method
to investigate the interfacial mechanical properties of polymer
matrix and Gr sheets.

Some studies by using MD method have proved that the
chemical functionalization has inuence on the interfacial
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mechanical properties between Gr and polymer. For example,
Lv et al.10 evaluated that the interfacial bonding properties
could be improved with the chemical functionalization of Gr
when pulling the Gr out from the polymer matrix. Ding et al.11

found that the interfacial shear strength between graphene
oxide and polymer was much stronger than that between Gr and
polymer. Liu et al.12 showed that Gr graed with polymer chains
could improve the shear strength while degrade the cohesive
strength.

However, most of the existing researches focused on the Gr
without any defect. The defects13 in the Gr sheets such as single-
vacancy (SV), double-vacancy (DV) and Stone–Wales (SW) are
inevitable during the synthesis process as well as manufacturing.
Many experimental and simulation studies14–18 have showed that
the defects have a remarkable impact on the mechanical prop-
erties as well as other physical properties of the pristine Gr sheet.
Moreover, some researches have been conducted to evaluate the
effect of defects on the shear strength between carbon nanotube
(CNT) and polymer. For example, Yang et al.19,20 showed that the
vacancy defect would degrade the shear strength between CNT
and polyethylene while the SW would enhance it, which was
attributed to the stronger absorbed energy between the SW
defective Gr and polymer. Similar results21 were obtained for
CNT–epoxy nanocomposites by the introduction of SW defect
and adatoms. More recently, Yang et al.22 have rstly observed
that the defect controlled by the high energy carbon ions could
improve the shear strength of CNT/polymer derived ceramic
interface while the measured fracture strength was observed to
decrease marginally.
RSC Adv., 2017, 7, 46101–46108 | 46101
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Fig. 1 Molecular model of (a) epoxy resin (DGEBA), (b) curing agent
(TETA) (blue balls are hydrogen atoms, purple balls are oxygen atoms,
lilac balls are nitrogen atoms, yellow balls are carbon atoms in epoxy,
respectively).

Fig. 2 Gr/epoxy nanocomposites of (a) normal separation interface
model and (b) shear separation interface model; (c) representative
molecule DEGBA cured with TETA; (d) pristine Gr sheet.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
0/

20
25

 3
:2

6:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Although there have been some pioneer simulation works as
described above, there is few investigations on the effect of the
defects on interfacial mechanical properties of Gr/epoxy nano-
composites, especially on the cohesive strength and shear
strength. The mechanisms of enhancement or degradation
effect on the interfacial mechanical properties caused by the Gr
defects is still not well understood. Thus, it is of great signi-
cance to investigate the effect of defects on the interfacial
mechanical properties of Gr/epoxy composites.

Besides, the agglomeration of Gr due to the lager surface
area was another obstacle to improve the mechanical properties
of polymer-based composites. To understand the degrade effect
caused by Gr agglomeration was also a critical issue. Using MD
simulations, Rahman et al.23 found that the in-plane elastic
modulus of well dispersed Gr/polymer nanocomposites was
higher than that of the agglomerated one. Ding et al.11 also has
showed that a well dispersion state of graphene oxide sheets
could enhance the interfacial properties between the polymer
and graphene oxide. However, little work has been reported to-
date on the effect of Gr agglomeration on interfacial mechanical
properties. Additionally, the agglomeration of Gr may form
more complex interface types in the Gr/polymer composites.
Therefore, it is also necessary to investigate the effect of Gr
agglomeration on the interfacial mechanical properties
between Gr and epoxy considering the different interface types.

In this study, we have conducted a series of pull-out MD
simulations to investigate the effect of defects on the interfacial
mechanical properties of Gr–epoxy nanocomposites. Three
common types of defects, i.e., SV, DV and SW were randomly
dispersed in Gr sheets, respectively. Two separation modes i.e.,
the normal separation and the shear separation, were con-
ducted to evaluate the cohesive strength and shear strength,
respectively. Moreover, the effect of Gr agglomeration on the
shear strength was also studied by different pull-out manners.

2. Computational methods
2.1 Molecular models of Gr/epoxy nanocomposites

The molecular models of Gr/epoxy nanocomposites were rst
constructed by a commercial soware, Material Studio (Accel-
rys). A representative molecular method proposed by Yu et al.24

was used to build the initial cross-linked epoxy model. In this
model, six molecular chains of bisphenol A diglycidyl ether
(DGEBA) resin were linked by one molecular chain of triethy-
lenetetramine (TETA) curing agent, as shown in Fig. 1. The
method has been used to successfully obtain the thermal and
mechanical properties23,25–27 of cross-linked epoxy, and the
simulation results agreed well with experimental observations.

To evaluate the interfacial properties of Gr/epoxy compos-
ites, two representative interface models were conducted. One is
the normal separation, which was constructed to obtain the
cohesive strength by applying z-axis displacement to the Gr, as
shown in Fig. 2a. Another is the shear separation, which was
conducted to obtain the shear strength by applying x-axis
displacement to pull out the Gr from epoxy matrix, as shown
in Fig. 2b. The molecular model of cross-linked epoxy and
pristine Gr sheet were shown in Fig. 2c and d. The molecular
46102 | RSC Adv., 2017, 7, 46101–46108
congurations of the above models were listed in Table 1. To
investigate the effect of defects on the interfacial mechanical
properties of Gr/epoxy nanocomposites, Gr sheets with three
common types of possible defects, including SV, DV, and SW
were constructed, as shown in Fig. 3. The SV and DV defects
were formed by removing one carbon atom and two adjacent
carbon atoms on the pristine Gr sheet, respectively. The SW
defect was created by rotating one of the C–C bonds by 90�,
transforming four hexagons into two pentagons and heptagons
(5-7-7-5). The concentration of defects ranged from 0% to 13%,
and the three types of defects were randomly located on the Gr
sheets, respectively. For the vacancy defect, the concentration
was dened as the number density of atoms removed from the
Gr sheet. For a SW defect, which did not involve any removed or
added carbon atoms in Gr sheet, the concentration was dened
by considering two defected atoms.

In the MD simulations, an ab initio force eld, polymer
consistent force eld (PCFF)28 based on CFF91 with additional
parameters was used to describe all the inter- and intra-atomic
interactions for the nanocomposites. This force eld has been
widely used in previous studies to investigate the mechanical
and thermal properties of Gr reinforced epoxy composites.5,29,30
This journal is © The Royal Society of Chemistry 2017
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Table 1 Material configuration of the normal separation and the shear
separation interface model

Conguration
Unit cell
dimension (Å) Atom number

Interaction
force type

Normal separation
interface model

a ¼ 36.4 b ¼ 37.14
c ¼ 39.22

5370 Normal

Shear separation
interface model

a ¼ 36.1 b ¼ 37.5
c ¼ 73.13

10 200 Shear

Fig. 3 Types of defects studied in this work (a) single-vacancy (SV), (b)
double-vacancy (DV) and (c) Stone–Wales (SW) defect.
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Assuming there is no covalent chemical bonding between Gr
and epoxy, the interfacial bonding strength was mainly domi-
nated by van der Waals (vdW) interaction, which was expressed
as the 9-6 Lennard-Jones (LJ) potentials in PCFF. The 9-6 LJ
potential is described as Eij ¼ 3[2(d/rij)

9 � 3(d/rij)
6], where rij is

the distance between atom i and j, 3 and d are the energy and
distance constants, respectively. The LJ potential parameters
between different types of atoms are calculated by using the
sixth power mix rules (i.e., 3ij ¼

�
2 ffiffiffiffiffiffiffi

3i3j
p

di
3dj

3���di6 þ dj
6�; dij ¼��

di
6 þ dj

6Þ=2�1=6). The cutoff distance for the calculation of van
der Waals (vdW) interactions was 1.0 nm in the present simu-
lations. The Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)31 was used to conduct all the molecular
dynamic simulation, and the velocity-Verlet method was used to
integrate the equation of motion. The main steps involved in
the pull-out simulations for composites containing Gr sheet
with or without defects are as follows:

2.1.1 Step 1-equilibration. At the beginning, total potential
energy of the composite system was minimized by using
a conjugate gradient algorithm. The system was then relaxed in
a canonical NVT ensemble (i.e., constant number of atoms,
volume and temperature) for 100 ps (Dt¼ 0.25 fs), during which
the temperature was increased from 1 K to 300 K at a rate of
3 K ps�1, kept at 300 K for 50 ps (Dt ¼ 0.25 fs), and then cooled
down to 1 K at the same rate. Subsequently, the system was
relaxed in an isothermal–isobaric NPT ensemble (i.e., constant
number of atoms, pressure and temperature) at 1 K and 1 atm
for 100 ps (Dt ¼ 0.25 fs). The purpose of this step was to achieve
a stress-free state. Thereaer, the system was nally relaxed in
the NVT ensemble for a further 100 ps (Dt ¼ 0.25 fs) at
a temperature of 1 K.

2.1.2 Step 2-pull-out simulation. Followed by the equili-
bration, the pull-out simulations were conducted to determine
This journal is © The Royal Society of Chemistry 2017
the cohesive strength and shear strength of the pristine
(defective) Gr/epoxy interface. The Gr sheet was pulled out at
a velocity of 0.0001 Å fs�1 until it was completely pulled out
from the epoxy matrix. Followed by previous studies,29,32 the Gr
sheet was treated as a rigid body during the pull-out process, the
reason for the treatment was that the stiffness of Gr sheet is
much higher than that of polymer matrix, there is no obvious
temperature variation and the pull-out velocity was compara-
tively fast in the MD simulations. The periodic boundary
conditions (PBCs) were applied in the all directions, except the
x/z-axis, i.e., the pull-out direction of Gr sheets.

2.2 The calculation of interfacial properties

The interfacial interaction mechanical properties between Gr
and epoxy matrix can be evaluated by the interfacial energy DE,
pull-out energy Epullout and pull-out force Fpullout. The interac-
tion energy was calculated from the different between the
potential energy of the nanocomposite and the potential energy
of epoxy matrix and the Gr ller, as follow:33,34

DE ¼ Etotal � EGr � Eepoxy (1)

where Etotal was the total energy of the composites, EGr and
Eepoxy denoted the potential energy of Gr and epoxy, respec-
tively. Since the pull-out energy is the work required by applying
a shear force to pull the graphene out from the polymer matrix,
the interfacial mechanical properties, i.e., interfacial shear
strength can be obtained from the pull-out energy. The most of
the carbon atoms in the graphene are electrically neutral and no
covalent bonds are formed between graphene and polymer
matrix, the interaction energy between graphene and matrix
was mainly attributed to the vdW interaction, thus, the pull-out
energy Epullout can be estimated from the potential energy
difference between the initial and complete pull-out state:30,34,35

Epullout ¼ Ecurrent
pullout � Einital

pullout (2)

where the superscripts “current” and “initial” respectively
indicated the current pull-out state and the state before the pull-
out simulation started. The pull-out force Fpullout was obtained
by summing up the pull-out direction component of forces on
all the atoms in the Gr.32

For normal separation, the cohesive strength si can be
calculated from the following equation:

si ¼ Fz-max

wL
(3)

where si is the cohesive strength, Fz-max is the maximum pull-
out force in the separation direction, w, L are the width and
length of the Gr, respectively.

For shear separation, the shear strength si can be calculated
from the pull-out energy as follows:

Epullout ¼
ðL
0

2wðL� xÞsidx ¼ wsiL
2 (4)

si ¼ Epullout

wL2
(5)
RSC Adv., 2017, 7, 46101–46108 | 46103
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where w, L are the width and length of the Gr, respectively. xwas
the distance of Gr during the pullout process. The values si were
obtained from three independent simulations on the same
condition, and the nal value was the average of all calculated
values.
3. Results and discussion
3.1 Validation of MD model

To validate the molecular models and PCFF potential, the
cohesive strength and shear strength between the pristine Gr
and cross-linked epoxy were rst calculated. Fig. 4 shows the
snapshots of the normal/shear separation pull-out process of
the pristine Gr from the epoxy matrix, respectively. The pull-out
force Fpullout and pull-out energy Epullout during the pullout
process were calculated, as shown in Fig. 5. For the case of
normal separation, the pull-out force increased linearly at rst,
and reached a maximum of about 180 kcal mol�1 Å�1 at around
1 Å separation, beyond which it reduced gradually and went to
zero, which agreed with previous studies.12,36 For the case of
shear separation, it can be observed that the pull-out force can
be divided into three stages during the whole process. The pull-
out force increased in the rst stage, then oscillated around
a stable value in the second stage, and nally decreased in the
third stage, which also had the same trend with previous
studies.23,37 The length of the rst and the third stage was about
1.0 nm, which was close to the cutoff distance of vdW interac-
tion. The pull-out energy Epullout for the two separation ways
increased gradually as the Gr was pulled out from the epoxy
matrix. The variation of energy during the whole pull-out
process was found to be equal to the variation of the vdW
energy, which indicated the interfacial bonding strength was
mainly dominated by vdW interaction.

Based on the calculated pull-out force, pull-out energy and
eqn (2)–(5), the cohesive strength and shear strength between
the pristine Gr and epoxy were 962.77 MPa and 111.10 MPa,
respectively. The results showed that the interfacial cohesive
Fig. 4 Snapshots of the pull-out process for (a) normal separation mod

46104 | RSC Adv., 2017, 7, 46101–46108
strength was much higher than the interfacial shear strength,
implying that the shear separation failure may be generated
more easily compared with the normal separation. The value of
cohesive strength in present study agreed with the simulation
results by other researchers12,29,36 (i.e., �730 MPa). The differ-
ence was due to the different polymer matrix type and the unit
cell sizes. Besides, the cohesive strength (i.e., 962.77 MPa)
between Gr and polymer was much larger than that (i.e., 479
MPa) between carbon nanotube (CNT) and polymer,38 indi-
cating that the Gr had a better enhancement effect than CNT in
the polymer nanocomposites.1 For the case of shear separation,
the calculated shear strength for the present model was also
consistent with the previous studies10,32,39 (i.e., �100 MPa).
Additionally, the results indicated that the interfacial shear
strength between Gr and epoxy was much larger than that of
CNT/epoxy (40.68 MPa).40 In the later discussion, these cohesive
strength and shear strength values between pristine Gr and
epoxy will be used as the reference. Hence, these results
conrmed the validity of the PCFF potential and present
molecular models to calculate the interfacial bonding strength
between Gr and polymer.
3.2 Effect of defects on the interfacial properties

The effect of the three kinds of defects on the interfacial prop-
erties of Gr/epoxy are discussed in this section. As described in
the previous section, both the normal separation and shear
separation were considered. For the case of normal separation
mode, the cohesive strength between Gr–epoxy and the
maximum force in z-axis required to separate the Gr from epoxy
are calculated according to the concentrations of different
defect type, as shown in Fig. 6. In case of the vacancy defects,
including SV and DV, the results revealed that both the
maximum force in pullout direction and the corresponding
cohesive strength of the Gr–epoxy decreased as the defect
concentrations in the Gr sheet increased. Since the bonded
energy of the epoxy and Gr didn't change remarkably, the non-
e (b) shear separation mode.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Variation of the pull-out force F and pull-out energy Epullout for the nanocomposite containing pristine Gr during the pull-out process (a)
normal separation mode (b) shear separation mode.
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bonded energy, that is, the vdW interaction between the Gr and
epoxy matrix completely contributed to the interaction energy.
According to the expressions, the vdW interaction energy would
decrease as the increased number of removed carbon atoms in
the Gr, resulting in the decrease of the cohesive strength. Unlike
the vacancy defect, the existence of SW defect enhanced the
cohesive strength and the maximum pullout force. It can be
observed that the cohesive strength increased from 962.77 to
the 991.16 MPa when the SW defect concentration was 3%. The
enhancement effect in the cohesive strength indicated that the
interaction energy between SW defective Gr and epoxy was
stronger than that between pristine Gr and epoxy.

For the case of shear separation mode, the similar results
had been found that the vacancy defects (SV and DV defect)
could degrade the shear strength while the SW defect had
a reinforcement effect on the shear strength and the corre-
sponding pull-out energy, as shown in Fig. 7. Comparing to the
cohesive strength, the shear strength showed a more sensitive
Fig. 6 Variation in (a) cohesive strength si and (b) the maximum force F

This journal is © The Royal Society of Chemistry 2017
relationship with the vacancy defect, for example, the maximum
decrease in the shear strength was about 31% (111.10 to 76.61
MPa) while the result in cohesive strength was about 17% (962.77
to 821.73 MPa) at SV defect with a concentration of 13%.
Furthermore, the SV defect had a more signicant decrease effect
on shear strength and the pullout energy than the DV defect at
the same defect concentrations, for instance, the shear strength
decreased to 102.31, 93.65 MPa for a defect concentration of 8%
of SV and DV, respectively. Previous simulations have indicated
that the energy per missing atom for a DV was much lower than
that for SV,13 thus, the DV defect was thermodynamically
preferred than SV defect. The SW defect showed a positive effect
on the shear strength, of which the maximum increase was about
4% at a concentration of 5%.Meanwhile, the corresponding pull-
out energy increased with the existence of SW, indicating
a stronger adhesive effect compared with the pristine Gr.

The above results agreed with some previous works.19–22,41

However, the mechanism of the enhancement in shear strength
z-max in z-axis according to concentrations of different defect types.

RSC Adv., 2017, 7, 46101–46108 | 46105

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08243f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
0/

20
25

 3
:2

6:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and cohesive strength by SW defect was complex, as the
formation of SW defect didn't remove or add any atoms. Yang
et al.19,20 concluded from their studies that the enhancement
may be attributed to the fact that the polymer molecules were
more efficiently absorbed on the surface of the SW defective Gr.
Some other studies21 found that the SW defects can increase the
concentration of sp2 carbons near the Gr, leading to the
increase in p–p attractions at the Gr–epoxy interface. More
recently, Moon et al.41 have revealed the enhancement mecha-
nism between the SW defective Gr and polymer through
a density functional theory (DFT) simulation, an improved
adsorption energy caused by SW defect was clearly observed
using the quantum simulations. Moreover, the SW defects were
also found to increase the sliding resistance of polymer on Gr
sheet, leading to more polymer molecules absorbed onto the Gr.
It should be noted that the cohesive strength and shear strength
were evaluated using eqn (3)–(5), however, the Gr surface area
may be changed with the introduction of defect, for example,
the Gr sheet would form the wrinkled structure caused by the
SW defect, leading to the increase or decrease of the surface
area. Thus, it is difficult to calculate the wrinkled Gr area
accurately.32 All in all, the above results indicate that the
vacancy defect, including SV and DV, could degrade the inter-
facial properties of Gr–epoxy, and the SW defect could enhance
the cohesive strength and shear strength in Gr–epoxy system.
Therefore, the introduction of SW defect in Gr sheets may be
a useful way to improve the mechanical strength of Gr/polymer
nanocomposites.
Fig. 8 Pulling out (a) the single Gr sheet; (b) the whole Gr sheets; (c)
the middle Gr sheet; (d) the bottom Gr sheet.
3.3 Effect of agglomeration on the interfacial property

Based on the preceding study on the Gr–epoxy interfacial
properties, we continued evaluating the effect of agglomeration
on the interfacial property, which was commonly observed in
fabricating the Gr/epoxy nanocomposites. Followed by previous
study,11,23 a three-layer Gr/epoxy composites molecular model
was conducted to investigate the inuence of Gr agglomera-
tions. The shear separation was applied in this part.
Fig. 7 Variation in (a) interfacial shear strength si and (b) the pull-out en

46106 | RSC Adv., 2017, 7, 46101–46108
For the three-layer Gr, different kinds of pull-out manners
may happen under the practical circumstance. Thus, three
typical manners were studied, i.e., pulling out the whole Gr
sheets (Case 2), pulling out the middle Gr sheet (Case 3), and
pulling out the top Gr sheet (Case 4). The Case 1, i.e., pulling out
the single Gr sheet, was also studied as the reference. The pull-
out force and energy during the whole process for the four cases
were calculated, as shown in Fig. 8. Compared with the single-
Gr system (Case 1), it can be observed that the pull-out energy
increased whenmore Gr sheets (Case 2) were pulled out. For the
triple-Gr system, the order of the pull-out energy for different
cases was: Case 3 > Case 4 > Case 2. The pull-out energy mainly
originated from the interaction energy (vdW interactions)
between the top/bottom epoxy matrix and the whole Gr sheets
(Case 2), the top-bottom Gr sheets and the middle Gr sheet
(Case 3), the upper Gr sheet/below epoxy matrix and the bottom
Gr sheet (Case 4), respectively. The above results indicated that
the interaction energy between Gr sheets was stronger than that
between Gr and epoxy. A similar simulation result was also
found in recent study of the Gr/PVA nanocomposites system.11

Meanwhile, the corresponding pull-out forces were also calcu-
lated and found to have the same trend with the pull-out energy,
as shown in the inset in Fig. 9.
ergy Epullout according to concentrations of different defect types.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The pull-out energy profiles for different cases during the
whole process. The inset shows the corresponding pull-out force
during the whole process.
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The values of contact areas, pullout energy and the shear
strength for different Gr/epoxy nanocomposite systems were
presented in Table 2. Using the eqn (4) and (5), the calculated
shear strength for Case 1 to 4 was 111.11, 105.37, 233.24 and
181.92 MPa, respectively. It should be noted that, for the Case 2
pullout process of triple-Gr systems, the shear strength, si, can
be calculated by the follow expressions:

Epullout ¼
ðL
0

2ðwþ hÞðL� xÞsidx ¼ ðwþ hÞsiL2 (6)

si ¼ Epullout

ðwþ hÞL2
(7)

where w, L are the width and length of the Gr, respectively. hwas
the height of the Gr sheet, i.e., 0.34 nm was the distance
between two sheets. x was the distance of Gr during the pullout
process. Unlike the pullout energy and force, the shear strength
of the triple-Gr (Case 2) was weaker than the single-Gr system
(Case 1), indicating that the single-Gr could provide a better
load transfer, that is, the agglomeration of Gr structure may
weaken the interfacial performance of Gr–epoxy. Comparing the
values of the shear strength of Case 2 to 4, it can be found that
Table 2 Pull-out energy and shear strength for different Gr/epoxy
nanocomposite systems

Nanocomposites
system

Contact area,
L2(w + h) (Å3)

Pull-out energy,
Epull-out
(kcal mol�1)

Interfacial
shear strength,
si (MPa)

Single-Gr
(Case 1)

45 116.85 722.52 111.11

Triple-Gr
(whole, Case 2)

57 589.16 874.64 105.37

Triple-Gr
(middle, Case 3)

45 116.85 1517.73 233.24

Triple-Gr
(bottom, Case 4)

45 116.85 1183.97 181.92

This journal is © The Royal Society of Chemistry 2017
the interfacial strength between Gr sheets was stronger than
that between the Gr and epoxy. In other words, it was easier to
pullout the whole Gr sheets from the epoxy matrix than pulling
out the middle Gr sheet from the multilayer Gr systems. This
also can be evaluated by our recent experimental study on the
Gr/epoxy fracture, pulling out of single Gr sheet from epoxy
matrix was hard to nd on the fracture surface morphology.4

The above results could provide an explanation for some
experimental results42 that the agglomeration of Gr may limit
the mechanical properties of Gr based nanocomposites by
experiment as the theory expected.
4. Conclusion

The effect of defects on the interfacial mechanical properties of
Gr/epoxy nanocomposites were investigated by MD simulations
in present study. Three common types of defects were studied,
including SV, DV and SW. To determine the interfacial
mechanical properties, two modes, i.e., the normal separation
and the shear separation, were studied. Among the three
defects, the vacancy defects, including SV and DV, were found to
degrade both the cohesive strength and shear strength as the
defect concentration increased from 0% to 13%, which were
due to the vdW interaction energy decreased with the
decreasing number of carbon atoms. The shear strength
showed amore sensitive relationship with the defects compared
with the cohesive strength, for instance, the maximum decrease
in the shear strength was about 31% (111.10 to 76.61MPa) while
the result in cohesive strength was about 17% (962.77 to 821.73
MPa) for SV defect with a concentration of 13%. Moreover, the
SV was found to degrade the shear strength more seriously
compared with the DV at the same defect concentration. On the
contrary, the introduction of SW defect was found to enhance
the cohesive strength and shear strength, with a maximum
increase of about 3% and 4%, respectively. The underlying
enhancement mechanism can be explained by the fact that the
absorbed energy between the SW defective Gr and epoxy was
stronger than that for the pristine Gr. In addition, the existence
of SW would increase in p–p attractions at the Gr–epoxy
interface, leading to a better interfacial load transfer in Gr–
epoxy system. The above results indicate that introduction of
moderate SW defects in Gr may be a useful method to improve
the mechanical performance of Gr/polymer nanocomposites.

Besides, the effect of agglomeration on the shear strength
was also investigated, the results showed that the interaction
energy between Gr sheets was much stronger than that between
Gr and epoxy. The agglomeration of Gr would degrade the shear
strength between the Gr and epoxy compared with that when
the Gr well dispersed in matrix, which agreed with the obser-
vation from the previous experimental results in the literature.
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Appendix 1
Abbreviations and acronyms
Gr
46108 | RSC Adv., 2017,
Graphene

MD
 Molecular dynamics

SV
 Single-vacancy

DV
 Double-vacancy

SW
 Stone–Wales

DGEBA
 Bisphenol A diglycidyl ether

TETA
 Triethylenetetramine

CNT
 Carbon nanotube

PCFF
 Polymer consistent force eld

vdW
 van der Waals
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