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Tough and strong bioinspired nanocomposites
with interfacial cross-links†
Ning Liu,a Xiaowei Zeng,b Ramana Pidaparti*a and Xianqiao Wang*a
Strength and toughness are two mechanical properties that are generally mutually exclusive but highly
sought-after in the design of advanced composite materials. There has only been limited progress in
achieving both high strength and toughness in composite materials. However, the fundamental underlying mechanics remain largely unexplored, especially at the nanoscale. Inspired by the lamellar structure
of nacre, here a layered graphene and polyethylene nanocomposite with tunable interfacial cross-links is
studied via coarse-grained molecular dynamics simulations in order to achieve both high strength and
toughness. Our simulations indicate that, as the cross-link density increases from 0 to about 25%, strength
and toughness of the nanocomposite experience a surprising 91% and 76% increase respectively. This
strengthening mechanism can be well explained by the extent of increased nonbonded contacts between
polymer chains (van der Waals interaction) during the stretch and exceptional stretchability of each
polymer chain (dihedral interaction) due to interfacial cross-links by comparing nanocomposites with and
without cross-links. As the strength of cross-links increases, both mechanical strength and toughness of
graphene-based polymer nanocomposite increase as expected. This may be attributed to the intra-chain
bond and angle interactions among polymer chains, which may be negligible for nanocomposites with
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weak cross-links but play a key role in enhancing both strength and toughness for nanocomposites with

DOI: 10.1039/c6nr06379a

strong cross-links. Overall, our ﬁndings unveil the fundamental mechanism at the nanoscale for toughand-strong polymer composites via interfacial cross-linking as well as oﬀer a novel way to design bio-
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inspired nanocomposites with targeted properties via tunable interfacial cross-linking.

1.

Introduction

In general, strength and toughness are mutually exclusive for
conventional materials.1 Toughness, the ability of a material to
absorb energy and plastically deform without fracturing,
requires the material to dissipate the high local stress by deformation. As a result, hard materials tend to be brittle while
materials with low strength tend to be tough. One example is
the increasing strength but decreasing toughness of conventional metals under low temperatures.2 On the other hand,
achieving both high strength and toughness is essential for
most structural materials; a material with high degrees of both
strength and toughness is therefore a highly sought-after commodity. However, in many cases, the enhancement of strength
is often accompanied by a subsequent decrease in toughness.
For example, the strength of metals is improved by grain

a

College of Engineering, University of Georgia, Athens, GA 30602, USA.
E-mail: xqwang@uga.edu, rmparti@uga.edu
b
Department of Mechanical Engineering, University of Texas at San Antonio,
San Antonio, TX 78249, USA
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c6nr06379a

This journal is © The Royal Society of Chemistry 2016

refinement and consequent restrictions of dislocation
motions.3–6 On the other hand, the ability to relieve high local
stress is also weakened by these treatments, leading to a
decrease of toughness.
There has been only limited success in conventional
materials with respect to attaining both high strength and
toughness. One example is the introduction of high-density
twin boundaries in metals,7,8 which is a complicated and
material-specific process. Another example is the synthesis of
bulk metallic glass-based composites with an introduced crystalline dendrite phase,9,10 which is an expensive synthesis
process. In a word, a general and widely applicable mechanism
to develop strong and tough materials is still diﬃcult to find.
It is interesting however that some natural materials, such as
nacre, exhibit remarkable strength and toughness, which
provide inspiration for fresh ideas. Composed of 95 vol% of
layered aragonite platelets and 5 vol% organic materials which
serve as glues, nacre exhibits much higher fracture toughness
(10 MPa m1/2) than pure aragonite (0.25 MP m1/2).11 Moreover,
the strength of hydrated nacre (80 MPa) is still comparable to
that of aragonite (160 MPa).11 Both stiﬀ and soft components
in a layered structure are necessary to achieve the high
strength and toughness found in nacre. Although the highly
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mineralized layers contribute to its high strength, nacre would
be quite brittle without the ability to dissipate strain. Thus the
interlayer shearing of the organic glue layers generates inelastic deformations which can remove high local stress,12
resulting in such high toughness.
Inspired by the extraordinary strength and toughness of
nacre, plenty of eﬀorts have been made to synthesize corresponding biomimetic materials. One successful example is graphene-based artificial nacre nanocomposites. The interface
strength of the aforementioned composites is dramatically
increased, leading to good load transfer and thus impressive
mechanical properties. The underlying mechanism can be
attributed to strong interfacial interactions which can be categorized into two diﬀerent types: non-covalent bonding and
covalent bonding. Non-covalent bonding includes hydrogen
bonding,13,14 ionic bonding15–17 and π–π interactions.18,19
Covalent bonding, called cross-linking hereafter in this work,
shows great robustness compared with non-covalent bonding
and has been utilized to connect diﬀerent graphene sheets in
many composites.20–27 There are plenty of publications
adopting this strategy to fabricate graphene-based composites
which show enhanced performance in terms of Young’s
modulus,28–31 glass transition temperature31 and especially
fracture strength25–29 and toughness.25–27 Cheng et al.26 synthesized reduced graphene oxide (r-GO) sheets cross-linked
with highly π-conjugated long-chain polymers made of 10,12pentacosadiyn-1-ol (PCDO) monomers. The tensile strength
and toughness of the abovementioned material can be as high
as 156.8 MPa and 3.94 MJ m−3 respectively. Cui et al.25 utilized
dopamine as an organic-matrix to develop graphene-based
nanocomposites. The tensile strength and toughness of resultant materials are 204.9 MPa and 4.0 MJ m−3 respectively. Wan
et al.27 developed an artificial nacre based on graphene oxide
and chitosan, the strength and toughness of which can be up
to 526.7 MPa and 17.69 MJ m−3, respectively. In addition to
mechanical properties, interfacial covalent bonds also play an
important role in thermal conductivity of graphene–polymer
nanocomposites. Wang et al.32 investigated the thermal transport across graphene–polymer interfaces, with a focus on the
eﬀects of grafting polymer chains to graphene surfaces. It was
found that end-grafted polymer chains could significantly
enhance interfacial thermal transport and the underlying
mechanism was considered to be the enhanced vibration
coupling between graphene and polymer.
Despite the successful synthesis of artificial nacres by
adopting a cross-linking strategy to improve performance, the
corresponding mechanism of how the cross-links influence
the nanoscale behavior of the polymer-graphene nanocomposites remains largely unexplored. Compared with full
atomistic molecular dynamics, coarse-grained molecular
dynamics (CGMD) is an ideal method to study the mechanical
properties of the polymer-graphene nanocomposites due to its
high computational eﬃciency and the wide range of spatial
and temporal scales involved in the nanocomposite system.
Therefore, coarse-grained molecular dynamics simulations are
adopted in this paper to investigate the mechanism by which
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cross-links influence the strength and toughness of polymergraphene nanocomposites.

2. Methodology and models
In this study, a layered graphene and polyethylene nanocomposite is studied as shown in Fig. 1. For the polymer part,
a simple coarse-grained chain model is adopted to reproduce
the atomistic structure of polyethylene.33,34 Each bead represents a CH2 group in the middle or a CH3 group at the end
of the polymer chain. Adjacent beads are connected by harmonic bonds. Three-body bending interactions are represented by
a harmonic function of the cosine of the bond angle θ. Fourbody torsion deformations are describe by a third order polynomial function of the cosine of the dihedral angle ϕ.
Nonbonded interactions are captured by the LJ 12-6 potential
with a cutoﬀ of 2.5σ, where σ is the interatomic distance at
which the LJ potential equals to zero. The corresponding
forms and parameters of the potential field are listed in
Table 1.
With respect to graphene sheets, we follow the coarsegrained model from Ruiz et al.35 describing the relevant structure and interactions. In this model, the hexagonal lattices of
graphene are maintained, in which each bead represents four
atoms of the atomistic lattice. Interactions between adjacent
beads are captured by the Morse bond potential. Three-body
bending deformations are described by a harmonic function
of the bond angle θ. Four-body torsion interactions are represented by a harmonic type dihedral function of the dihedral
angle ϕ. With respect to the nonbonded interactions, a LJ 12-6
potential is adopted with a cutoﬀ of 2.5σ. The corresponding
forms and parameters of the model are listed in Table 2. Note
that the interactions between polymer and graphene beads are
determined by Lorentz–Berthelot mixing rule.36
In order to create the computational model for the
graphene–polyethylene nanocomposites, a self-avoiding walk
(SAW)37 algorithm is adopted. A simulation box sized
10.00 nm × 10.00 nm × 11.76 nm is chosen. First, eight
graphene sheets of size 3.88 nm × 11.76 nm are pre-distributed
in a staggered style. The distance between adjacent layers of
graphene is set to be 2.5 nm. Subsequently, 382 polymer
chains with 100 beads each are inserted into the remaining
spaces using the SAW algorithm. Then graphene–polyethylene
nanocomposite samples are relaxed under NVT ensemble for
400 ps at temperature 200 K in order to make the model physically reasonable. The time step is set to be 1 femtosecond for a
good balance between computational eﬃciency and accuracy.
Note that if there are no extra explanations, the time step is
fixed at 1 femtosecond for all simulation runs. Fig. 1 shows
the configuration of the nanocomposites after the previous
relaxation. Subsequently, cross-links between beads in the
polymer matrix and graphene fiber beads are generated when
the distance between the two kinds of beads is smaller than
0.43 nm, which is close to the equilibrium distance between
polymer beads and graphene beads. The density of cross-links
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The initial conﬁguration of the graphene–polyethylene composites. (a) Top view, (b) front view, (c) side view, and (d) perspective view.

Table 1
PE

Functional form and parameters of the force ﬁeld for the CG

Table 2 Functional form and parameters of the force ﬁeld for the CG
graphene

Type of interaction

Potential form and parameters

Type of interaction

Potential form and parameters

Bond

Eb = kb(r − r0)
kb = 2000 kJ mol−1 Å−2, r0 = 1.53 Å
Eθ = kθ(cos θ − cos θ0)2
kθ = 520 kJ mol−1, θ0 = 112.813°
E∅ = c0 + c1 cos ∅ + c2 cos2 ∅ + c3 cos3 ∅
c0 = 8.832 kJ mol−1, c1 = 18.087 kJ mol−1,
c2 = 4.88 kJ mol−1, c3 = −31.8 kJ mol−1
 12  6 
σ
σ

ELJ ¼ 4ε
rij
rij
ε
¼ 57 K, σ = 4.28 Å, kB is Boltzmann constant,
kB
rij is the distance between bead i and j.

Bond

Vg_bond = D0(1 − e−α(d−d0))2
D0 = 196.38 kcal mol−1, α = 1.55 Å−1,
d0 = 2.8 Å
Vg_angle = kθ(θ − θ0)2
kθ = 409.40 kcal mol−1 rad−2, θ0 = 120°
Vg_dihedral = k∅(1 − cos(2∅))
k∅ = 4.15 kcal mol−1
 6  12 
σ
σ

Vg nb ¼ 4εLJ
rij
rij
εLJ = 0.82 kcal mol−1, σ = 3.46 Å, rij is the
distance between bead i and j.

Angle
Dihedral
Nonbonded

2

is quantified by the percentage of graphene beads that are
cross-linked to polymer chains. In the current work five
diﬀerent targeted densities, namely 0%, 6.25%, 12.5%, 18.75%
and 25% are chosen. For each density, graphene beads are
selected to form cross-links with polymer beads nearby. The
bonded interaction between cross-linked beads are captured
by the following expression,
Eb

cr

¼ kb

cr

ðr  r 0 Þ2
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ð2:1Þ

Angle
Dihedral
Nonbonded

where kb_cr is the stiﬀness of the cross-link, r is the distance
between two cross-linked beads and r0 is the equilibrium distance of the cross-link. With respect to r0, it is fixed to be
0.37 nm which is close to the equilibrium distance between
polymer beads and graphene beads with respect to nonbonded
interaction. On the other hand, the stiﬀness of cross-links kb_cr
can be altered. If there are no extra explanations, kb_cr is equal
to 2000 kJ mol−1 Å−2 by default, equal to that of the bonds in
the polyethylene chains. After the generation of cross-links,
the nanocomposites are annealed in order to remove residual
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stress inside samples. Towards this end samples are heated up
to 500 K over 1400 picoseconds using the NVT ensemble and
then cooled down to 200 K in another 1400 picoseconds using
the NPT ensemble where the pressure is set equal to 100 KPa.
Subsequently, uniaxial tensile tests are performed on the
annealed samples in order to study the mechanical properties
of strength, toughness, and Young’s modulus of the composites. Periodic boundary conditions are applied on all three
directions. Next, the sample is relaxed for 400 picoseconds
under NPT ensemble in which the temperature is 200 K and
the pressure is 100 KPa. Note that the cross-links are broken if
they are stretched farther than 0.38 nm. After the relaxation,
the sample is elongated 0.004 strain for every 10 picoseconds
along the loading directions while the pressure on the lateral
directions is kept at 100 KPa. The environmental temperature
is controlled at 200 K, below the glass transition temperature
of polyethylene,38 during the tensile test.

3. Results and discussion
3.1

Eﬀect of cross-link density

Motivated by the tough-and-strong natural nacre, a lamellar
graphene–polyethlyene nanocomposite model as shown in
Fig. 1 is created to extend the previous research in the pursuit
of tough-and-strong materials by introducing the cross-links at
the graphene–polymer interface, which is hypothesized to play
a significant role in the overall mechanical behaviour of the
newly-created nanocomposites. As expected, Fig. 2 shows the
stress–strain curves for samples with diﬀerent cross-link densities, which can be divided into four stages similar to the
stress–strain reponses shown by cross-linked collagen fibrils.39
At the Stage I, the stress increases monotonically as the strain
increases. In this stage, a uniform deformation is observed.
Then, at the Stage II the stress drops from the first peak, indicating that polymer chains start sliding each other and similar
phenomena also occurs between polymer chains and graphene
sheets. In other words, the friction inside the nanocomposites
changes from a static type to a dynamic type. Subsequently, at
the Stage III, the diﬀerence in stress–strain curves for nano-

Fig. 2 Stress–strain curves during the uniaxial tensile tests for samples
with diﬀerent percentages of cross-links.
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composites with and without cross-links become pronounced.
For nanocomposites without cross-links, the stress fluctuates
around a plateau value, implying the facile formation and
breakage of van der Waals interactions caused by the sliding
between polymer chains and between polymer chains and
graphene sheets. However, the stress of the cross-linked
samples keeps increasing and the increase of stress becomes
more noticeable as the cross-link percentage increases, indicating that the existence of interfacial bonds hinders the sliding
between polymers and graphene sheets and thus enhances the
load transfer from polymer chains to graphene sheets. Finally,
at the Stage IV, the stress decreases to zero due to strain localization and formation of voids in the polymer phase. Note that
the fluctuations in the stress–strain curve for the cross-linked
samples are larger than those in samples without cross-links.
In order to clarify the origin of these increased fluctuations,
the correlation between the number of broken cross-links and
the stress–strain curve is shown in Fig. S1 (see ESI†). It is
evident that sharp drops in the stress–strain curves occur
when peaks appear in the curve denoting broken cross-links.
Thus, it can be concluded that the breaking of cross-links
leads to the sharp drops in the stress–strain curves. Fig. 3
shows various configurations during the tensile tests for
samples with and without cross-links. For samples both with
and without cross-links, the fracture starts in the polymer
phase rather than at the interface of the graphene fibers and
polymer matrix, which is caused by the strong van der Waals
interactions at the graphene–polymer interface. During tensile
tests, the polymer chains are unfolded and stretched along the
loading direction, confirmed by the zoomed-in snapshots of
the fracture domain. On the other hand the graphene sheets
undergo much smaller deformation compared with the
polymer matrix. When cross-links are present, the polymer
chains are more stretched which can be seen from the comparison of Fig. 3(i) and ( j), which leads to the increase of
toughness.
Fig. 4 shows the mechanical properties, namely Young’s
modulus, ultimate strength, and toughness, versus cross-link
density. The Young’s modulus is calculated by applying a
linear fit to the stress–strain curves when strain is lower than
4%. The maximum stress during the tensile tests is taken as
the ultimate strength and the area bordered by the curve and
strain axis is considered as the toughness. Note that in order
to calculate the toughness accurately, the individual fracture
strain is taken as the upper limit for the area integration. In
order to eliminate artifacts, tensile tests were performed on
five independent samples for each cross-link density and the
corresponding results were averaged. From Fig. 4 it can be
seen that Young’s modulus only increases by 11% as the crosslink density increases from 0 to approximately 24%. On the
other hand, strength and toughness experience a surprising
91% and 76% increase respectively at the same time. However,
according to recent publications,40–42 too many cross-links
linked to CNTs or graphene sheets may destroy their unique
configurations and weaken their mechanical properties.
Consequently, the mechanical properties of composites
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Fig. 3 Top view of the graphene–polyethylene composites during tensile tests without cross-links when strain is (a) 0% (b) 50% (c) 150% (d) 200%;
composites with cross-links (23.69 percent) when strain is (e) 0% (f ) 50% (g) 150% (h) 200%; zoomed-in snapshots for the sample marked by (i) blue
( j) red ellipse.

Fig. 4 Mechanical properties (Young’s modulus, ultimate strength, and toughness) versus the density of cross-links for the composite (each point is
the average of 5 runs).

cannot be improved anymore after the crosslink density is
beyond a critical value. Therefore the intense improvement in
terms of strength and toughness due to the increasing density
of interfacial cross-links may not hold beyond a critical value.
Here, we restrict our model to the density of cross-links
ranging from 0% to 25%. Inspired by the relations between
density and mechanical properties of porous materials,43–45

This journal is © The Royal Society of Chemistry 2016

power-laws are used to fit the measured simulation data as
shown in Fig. 4 (see Table S1 in ESI† for details), which can
provide empirical guidelines for the synthesis of artificial
nacres. The dramatic enhancement by cross-links with respect
to strength and toughness are also in accordance with results
from recent publications. For example, after cross-linking with
highly π-conjugated long-chain polymers made of 10,12-penta-
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cosadiyn-1-ol (PCDO) monomers, the strength and toughness
of so-called artificial nacres can reach 106.6 MPa and
2.52 MJ m−3, which are much higher than the 95.4 MPa and
0.37 MJ m−3 shown by pure graphene oxide papers without
cross-links.26 When the density of cross-links is further
improved by chemically reducing graphene oxide, the resultant
products become even stronger (129.6 MPa) and tougher
(3.91 MJ m−3). Similar trends can also be found in other artificial nacres such as reduced graphene oxide and polydopamine (rGO-PDA)25 and reduced graphene oxide and polychitosan (rGO-CS).27 It is worthwhile to mention that in references mentioned above, the graphene-based artificial nacres
are mainly composed of graphene oxide while the samples in
our paper are mainly composed of polymer chains, which
make our simulations not comparable to the above experimental results quantitatively. However, the general trends of
both toughness and strength versus the cross-link density are
in accordance with experimental results, indicating that the
underlying mechanism may be the same. The molecular mechanism of the role of interfacial cross-links in toughness and
strength of graphene-based nanocomposites remains elusive,
which is worthwhile to be explored.
How does the existence of cross-links enhance both toughness and strength at the same time? In order to clarify the
origin, polymer chains and graphene fibers that are crosslinked are selected and displayed in Fig. 5. The same com-
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ponents in the sample without cross-links were also selected
as a control. Results indicate that the cross-linked polymer
chains tend to be more stretched when compared with the
sample without cross-links, thus increasing the overall strain
energy. In addition to the configuration of a single chain, the
existence of cross-links also influence relative positions
among diﬀerent polymer chains as shown in Fig. 6. Fig. 6
shows the morphological evolution of exactly the same two
polymers for samples with and without cross-links. Before
deformation the two polymer chains are bound together,
while during the tensile test the selected polymers behave
diﬀerently due to the existence of cross-links. For uncrosslinked nanocomposites, the two polymers are separated
during the tensile test but remain coiled as shown in
Fig. 6(a–c). However, the two polymer chains with cross-links
are stretched out and still attached to each other as shown in
Fig. 6(d)–(f ), thus increasing the inter-chain(van der Waals)
energy. The aforementioned findings can be further confirmed by the energy evolution of the structure during deformation, which is shown in Fig. 7. Both bond energy and
angle energy experience small fluctuations while both van der
Waals energy and dihedral energy increase significantly.
van der Waals energy increases linearly at the beginning of
deformation for samples both with and without cross-links.
During this period, the energy diﬀerence between samples
with and without cross-links can be seen as negligible. In the

Fig. 5 Top view of selected graphene sheets and polymers from samples without cross-links when strain is (a) 0% (b) 122% (c) 122% (zoomed-in);
and from samples with cross-links (density is 23.69 percent) when strain is (d) 0% (e) 122% (f ) 122% (zoomed-in).
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Fig. 6 Top view of two polymers bound together from un-cross-linked samples when strain is (a) 0%, (b) 62%, (c) 122%; from cross-linked samples
(density is 23.69 percent) when strain is (d) 0%, (e) 62%, (c) 122%.

Fig. 7 Energy evolution during the entire tensile test for samples with diﬀerent cross-link density: (a) van der Waals energy; (b) bond energy;
(c) angle energy; (d) dihedral energy.

subsequent stage, van der Waals energy continues to increase
for cross-linked samples while the sample without cross-links
enters a plateau stage. This phenomenon indicates that the
existence of cross-links makes polymers slide each other
more diﬃcult and hence strengthens the cross-linked composites. Finally van der Waals energy enters a plateau period
regardless of the presence or absence of cross-links. With

This journal is © The Royal Society of Chemistry 2016

respect to the dihedral energy, the trend of energy evolution
is similar to that of van der Waals energy. In a word, the existence of cross-links causes the polymer chains more stretched
and more compact, leading to the increases in intra-chain(dihedral) energy and inter-chain(van der Waals) energy and
thus enhancing the toughness and ultimate strength of the
composite material.

Nanoscale, 2016, 8, 18531–18540 | 18537

View Article Online

Paper

Nanoscale

Published on 24 October 2016. Downloaded by University of Georgia on 22/11/2016 15:07:08.

3.2

Fig. 8 Stress–strain curves during uniaxial tensile tests for the graphene–polymer composites with cross-links (24.11 percent) when the
stiﬀness of the cross-links are diﬀerent.

Fig. 9 Mechanical properties (Young’s modulus, ultimate strength, and
toughness) versus the stiﬀness of the cross-links when the cross-link
density is about 25 percent.

Eﬀect of cross-link stiﬀness

In this section, the eﬀect of the stiﬀness of the cross-links on
mechanical properties is studied. Three diﬀerent values,
namely 965, 2000, and 3860 kJ mol−1 Å−2 are chosen for the
stiﬀness of cross-links with a 24.11% density and a series of
uniaxial tensile tests are performed. Their corresponding
stress–strain responses are shown in Fig. 8. It can be seen that
the stress–strain curves for the three cross-link bond stiﬀness
in the elastic regime are very close to each other. However, in
the next stage, the curves gradually deviate from each other for
diﬀerent stiﬀness values of the cross-links. When the crosslinks are softer than the bond interactions inside the polymer
chains, 965 kJ mol−1 Å−2 in the current work, the stress fluctuates around a constant value in the plastic regime. As the
cross-links becomes stiﬀer, 2000 and 3860 kJ mol−1 Å−2, the
stress keeps increasing in the plastic regime. The sharp drops
in the curves are caused by the breakage of the cross-links,
which is similar to the pattern of results demonstrated in the
previous section. As indicated in Fig. 8, both strength and
toughness increase as the stiﬀness of the cross-link increases.
Fig. 9 shows the mechanical properties of Young’s modulus,
ultimate strength, and toughness versus the stiﬀness of crosslinks, wherein each data point is averaged from five independent samples. The Young’s modulus shows little change, just
fluctuating around the value of 4.64 GPa, while the toughness
and strength increase by a factor of 4.09 and 4.25 respectively
as the stiﬀness increases from 965 to 3860 kJ mol−1 Å−2.
In order to understand how the increase of stiﬀness in the
cross-links resulted in both toughness and strength increase,
the energy evolution during the tensile test is plotted in
Fig. 10. In the elastic regime, both van der Waals and dihedral
energy increase while the bond and angle energy just shows
small fluctuations. In the following plastic regime, both intra-

Fig. 10 Energy evolution during the entire tensile test for samples with diﬀerent cross-link stiﬀness: (a) van der Waals energy; (b) bond energy;
(c) angle energy; (d) dihedral energy.
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chain (bond, angle and dihedral) and inter-chain energy
increases. Although van der Waals energy plays a major role in
energy absorption during tension, intra-chain energy,
especially bond and angle energy, starts to play an important
role in the strengthening mechanism as the stiﬀness of the
cross-link increases. The maximum amounts of the bond and
angle energy change are approximately 15% and 17% (see
Fig. S2 in ESI† for details) of the total change when the
stiﬀness of cross-links is 3860 kJ mol−1 Å−2. Whereas for a
stiﬀness of 965 kJ mol−1 Å−2, the amounts are 4% and 5%
respectively. These findings can also be reconfirmed by the
intra-chain structural distribution evolution during the tensile
test (See Fig. S4 and S5 in ESI† for details). Overall, it is the
increasing stiﬀness of cross-links that strengthens the nanocomposite’s ability to transfer loads, thus resulting in high
strain-energy dissipation capability of the polymer matrix.

4.

Conclusion

In this study, a series of coarse-grained MD simulations have
been performed to investigate the eﬀects of the density and
stiﬀness of cross-links on the mechanical properties of graphene–polyethylene nanocomposites. Firstly, simulation
results indicate that as the cross-link density increases from
0% to about 25%, the strength and toughness show a dramatic
improvement. Moreover, the increase of strength and toughness along with that of cross-link density follows a power law,
which is analogous to the relation between density and mechanical properties in porous materials. For nanocomposites
with and without cross-links, intra-chain(dihedral) and interchain (van der Waals) energy are two major sources for energy
dissipation during deformation. Cross-linked composites
experience an increase in nonbonded contacts between
polymer chains (van der Waals interaction) during the stretch
and exceptional stretchability of each polymer chain due to
interfacial cross-links. The existence of cross-links enhances
the load-transferring ability of the polymer composites, thus
improving the resistance to fracture under external loads.
Secondly, as the stiﬀness of cross-links increases, the graphene–polyethylene nanocomposites show a better performance in terms of both strength and toughness. In addition to
van der Waals and dihedral interaction, intra-chain bond and
angle interaction play an important role in enhancing strength
and toughness. These findings unveil the fundamental mechanism at the nanoscale for tough-and-strong polymer composites via interfacial cross-linking as well as provide a useful
guideline to design bioinspired nanocomposites with targeted
properties via tunable interfacial cross-linking.
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