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A B S T R A C T   

It is very crucial to understand the fracture mechanism of the polymer nanocomposites (PNCs) on the molecular 
level. In this work, the effect of the shape and size of nanofillers on it has been investigated in details by adopting 
a coarse-grained molecular dynamics simulation. First, the fracture energy of PNCs is found to be much higher 
for rod fillers than for sheet fillers and sphere fillers. Then it is reduced with increasing the nanofiller size much 
faster for sphere fillers than for sheet fillers and rod fillers which results from their interface and network. To 
better understand it, the bond orientation degree is characterized which can reflect the elongation. By calculating 
the stress contribution of matrix chains and nanofillers, the stress borne by matrix chains gradually decreases 
with the increase of nanofiller size for sphere fillers and sheet fillers while it is nearly same for rod fillers. In 
addition, the stress borne by sphere filler is gradually reduced with the nanofiller size while it borne by rod fillers 
and sheet fillers rises. The former is closely related to the number of the interfacial beads which bear the high 
stress while the latter is attributed to the stress contribution by the bond/angle energy. Furthermore, the number 
of voids is quantified which first increases and then decreases with the strain which reflects the generation and 
coalescence of voids. Meanwhile, the voids prefer to nucleate in the matrix which is a weak region at the strong 
interfacial interaction. Last, the maximum number of voids gradually increases with the nanofiller size for sphere 
fillers and sheet fillers while it is nearly unchanged for rod fillers which is consistent with the matrix region. In 
summary, this work could provide a further understanding how the nanofiller shape affects the fracture prop
erties of PNCs.   

1. Introduction 

Filled polymer nanocomposites (PNCs) are ubiquitous engineering 
polymers demonstrating the high tensile strength, deformability and 
toughness [1–3]. The remarkable reinforcement can be realized by 
adding a large amount of nanofillers into the matrix which however 
gives rise to a complex mechanical behavior. The mechanical property 
of PNCs correlates intimately with its structural evolution during the 

deformation which will be influenced by many parameters (such as the 
size, volume fraction, grafting modification of nanofillers [4,5], the 
polymer-nanofiller interaction [6,7] and so on). Although this structural 
evolution plays a key role in determining the mechanical properties, a 
fundamental understanding of the fracture mechanism on a molecular 
scale has not been achieved yet. 

Crazing is a unique mode of failure for PNCs during the tensile 
deformation where a strong dilatational component induces a rapid 
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volume gain before failure. During the fracture process, nanovoids first 
appear and then grow into a microcavity which finally induces the 
breakage of materials [8,9]. Accompanied by it, the slippage and 
extension of polymer chains happen. This process will dissipate a large 
amount of energy which is very important for their use in load-bearing 
applications. Thus, the nucleation and growth of nanovoids are key steps 
in uncovering the fracture mechanism. Recently, intensive studies have 
been devoted to address this fundamental question with the aim of 
realizing better performance. For instances, the development of crazes is 
related to the kinetics of the local plastic deformation by adopting 
constitutive equations [10]. Three stages of the rearrangement process 
of fillers are revealed during craze formation and propagation in glassy 
PNCs [11]. The small-angle X-ray scattering (SAXS) is a powerful tool for 
detecting nanovoids in the matrix during the fracture process. Currently, 
Zhang et al. [12–15] explored the formation of nanovoids in the carbon 
black filled styrene-butadiene rubber for the first time. However, the size 
of the detected nanovoids ranges from 20 to 30 nm which is larger than 
that (less than 10 nm) of the most initial ones. Thus, the nucleation and 
the evolution process of nanovoids is very difficult to be accurately 
recorded in experiments. With the development of the computer tech
nology, molecular dynamics (MD) simulation becomes very powerful in 
characterizing the microstructural evolution during the tensile defor
mation which provides the access to elucidate the fracture mechanism at 
the molecular level. By adopting MD method, the initial voids are re
ported to preferentially form in the region of high chain ends density 
[16] or the low elastic modulus [17]. For example, nanovoids appear in 
the matrix for the attractive polymer-filler interaction while they are 
created at their interface for the repulsive interaction [18]. In addition, 
the void formation and the failure in rods filled PNCs can be predicted by 
the voronoi volume [19]. Meanwhile, nanorods incorporated into the 
crazes rapidly orient themselves to match the direction of the polymer 
fibrils while they in bulk regions remain randomly oriented. Moreover, 
the broad distribution of the tensile force in glassy polymers is reported 
to imply the fibril breakdown and the ultimate strength of craze [20]. 
During the fracture process, the amounts of the dissipated energy can be 
roughly divided into three types of rapid motion: cavitation, plastic yield 
and bridge rupture [21]. By investigating the failure modes in glassy 
polymer films confined between two solid surfaces, three modes of 
failures are revealed (few cavities, many single bridges, one large 
bridge) which depends on the degree of confinement [22]. By tuning the 
polymer chain length, the failure mode of crazes changes from disen
tanglement to scission. Meanwhile, the breakdown through scission is 
governed by large stress fluctuations [9]. In a regime of strong 
polymer-filler interactions, the small fillers are the most effective at 
reinforcing the matrix by surrounding the polymer chains [23]. Ger
sappe attributed it to the high mobility of small fillers which can dissi
pate the deformation energy via an improved release of local tension 
[24]. However, in conflict with it, the reinforcement is nearly inde
pendent of the mass of fillers which will affect its mobility [25]. There is 
no consistent conclusion of the role of the filler dynamics on the rein
forcement mechanism. In addition, the high cross-linking density can 
inhibit the growth of cavities which enhances the brittle behavior. In the 
grafted fillers filled PNCs, the optimal fracture property is realized at the 
mediated grafting density [26,27]. Furthermore, by modifying the 
interaction strength between the nanoparticles and the inner block of 
diblock copolymers, the cavitation process and strain-softening behavior 
of glassy PNCs can be largely manipulated [28]. 

Based on the above works, even though the effect of the nanofiller 
shape on the dynamics property and the fracture property has been 
investigated [25,29,30], a fundamental understanding of the fracture 
mechanism has not been clearly identified yet. In experiments there are 
lots of the factors which affect the fracture behavior which is very 
difficult to isolate the effect of the nanofiller shape on it [4,31,32]. To 
uncover this fracture mechanism of PNC with different shapes and sizes, 
it is very important to understand the nucleation and evolution process 
of voids during the fracture process which has not been investigated to 

our knowledge. In this work, we adopted a coarse-grain model to 
investigate their fracture behavior at the molecular level by tuning the 
size and shape of nanofillers. The change of the microstructure inside the 
system is analyzed carefully in details with respect to the strain which 
presents a clear understanding of the fracture mechanism. We focused 
on the following two questions: (1) Depending on the size and shape of 
nanofillers, how the matrix chains and nanofillers contribute to the total 
stress respectively and the inner mechanism. (2) Where the nucleation of 
voids preferentially occurs and what the evolution process of voids is 
during the tensile process. 

2. Simulation models and methods 

To perform the simulation work, we adopted the classical coarse- 
grained model of the nanofillers filled PNCs with different shapes and 
sizes. The bead-spring model [33] is adopted to simulate the polymer 
chain which consists of thirty beads. Each system contains 800 chains. 
As shown in Fig. 1, three kinds of nanofiller shapes are considered in this 
work, namely sphere filler, rod filler and sheet filler. It is noted that the 
diameter and the mass of each polymer bead are denoted by the symbols 
σ and m respectively. When mapping the coarse-grained model to real 
polymers, the interaction parameter ε is set to be about 2.5–4.0 kJ mol� 1 

for different polymers [33,34]. Meanwhile, one polymer bead with a 
diameter 1σ is roughly about 1 nm which roughly corresponds to 3–5 
repeating units of polybutadiene [35–37]. Although the chains are 
rather short compared to real chains, they can display the static and 
dynamic characteristic behavior of long chains. In total, our simulation 
falls within a parameter rage in experiments which can capture the 
typical polymer system. 

The expanded Lennard-Jones (LJ) potential is employed to describe 
the nonbonded interactions between all beads interactions [33], as 
follows 

UijðrÞ¼

8
<

:

4εij

h� σ
r � Δ

�12
�
� σ

r � Δ

�6i
þ C r � Δ < rcutoff

0 r � Δ � rcutoff

(1)  

where C is a constant to guarantee that the potential energy is contin
uous everywhere. r is the distance between two interaction sites. rcutoff 
stands for the distance (r � Δ) at which the interaction is truncated and 
shifted so that the energy is zero. The interaction range is offset by Δ to 
account for the excluded volume effect for two interaction sites. Here, Δ 
is chosen to be ðD1 þD2Þ=2 � σ where D1 and D2 are diameters of two 
interaction sites. The polymer-polymer interaction parameter and its 
cutoff distance are εpp ¼ 1:0 and rpp ¼ 2:5 respectively. The polymer- 
filler interaction parameter and its cutoff distance are εpn ¼ 3:0 and 
rpn ¼ 2:5 which aims to model a long-ranged attractive attraction. The 
filler-filler interaction parameter is εnn ¼ 1:0 with its cutoff distance 
rnn ¼ 2:5. It is noted thatε is the pair interaction energy scale and σ 
defines the length scale of our model. Since it is not our aim to study a 
specific polymer chain, all parameters are simplified by setting ε and σ 
equal to unit. Thus, all the simulated quantities are dimensionless. 

The stiff harmonic potential is used to describe the bond energy 
between the adjacent beads in the polymer chain, rod filler and sheet 
filler, given by 

Fig. 1. Cartoons of nanofillers with three kinds of shapes: sphere filler, rod 
filler and sheet filler. 
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Ubond ¼Kðr � r0Þ
2 (2)  

where K is equal to 1000 (ε=σ2) and r0is set to be 1σ. These parameters 
can guarantee a certain stiffness of the bonds while avoiding high- 
frequency modes and chain crossing. Meanwhile, it is reported that 
the harmonic potential is proved to be efficient in modeling polymer 
systems [38,39]. 

Following the work [29,30], the angle energy of the rod filler and the 
sheet filler is enforced by a bending potential, given by 

Uangle¼Kðθ � θ0Þ
2 (3)  

where θ is the bending angle formed by three beads, K is set to be 1000. 
θ0 are set to be 180� for the rod filler and 90� or 180� for the sheet filler 
respectively. This setting can be sure to obtain the nanofillers with 
different shapes. 

After determining the force field parameters, the simulations are 
started from a nonoverlapped configuration of all the polymers and the 
nanofillers into a large box [40–42]. Then, the simulation system is 
compressed for 20000τ under the NPT ensemble where the temperature 
and the pressure are fixed at T* ¼ 1:0 and P* ¼ 0:0 respectively by using 
the Nose-Hoover temperature thermostat and pressure barostat 4. 
Further equilibration is performed under the NVT ensemble with T* ¼

1:0 which is above the glass transition temperature Tg (� 0.5) for 
20000τ. It has been checked that each chain has moved at least 2Rg. 
During the simulation process, three-dimensional periodic boundary 
conditions are adopted to eliminate edge effects. The equations of mo
tion are integrated by using the velocity-Verlet algorithm with a time 
step δt ¼ 0:001τ where τ is the LJ time (τ ¼ σ

ffiffiffiffiffiffiffiffiffi
m=ε

p
). The equilibrium 

number density of polymer beads is nearly 0.85 which corresponds to 
the density of polymer melts. After that, the structure and dynamics data 
are collected for the structural and dynamical analysis. At present, there 

exist two typical approaches to simulate the fracture behavior of PNCs. 
For the first method, the polymer chains are clamped by using two rigid 
walls. The polymer failure is induced by the pure tensile strain by fixing 
the bottom wall and moving the top wall away from the bottom one. At 
this case, periodic boundary conditions are applied in the lateral two 
directions of the walls [22,25]. For the second method, the tri-axial 
deformation is exerted on the polymer to induce the failure. The 
length of the simulation box in one direction is extended while it in other 
two dimensions is held fixed which results in a positive effective stress in 
all directions [19,43]. In this case, the rigid walls are removed and pe
riodic boundary conditions are applied in three directions. We adopted 
the second method to simulate the occurrence of the voids in this work. 
The strain rate is set to be α ¼ 0:01=τ which is adopted by Gao et al. [44]. 
It is noted that the strain rate (109 s� 1) is much larger than that in ex
periments. The average stress-strain curve is calculated by indepen
dently deforming each system along x, y and z directions respectively. 
All simulations have been performed by using the large scale atom
ic/molecular massively parallel simulator (LAMMPS) [45]. As stated in 
the introduction, the nucleation and evolution process of voids is a key 
factor which determines the fracture properties of PNCs. Thus, we first 
introduced the definition of voids which is a prerequisite to uncover the 
fracture mechanism. The simulation box is first divided into the small 
cubic sub-cells of size δ. After that, whether the polymer beads or 
nanofiller beads are within these small sub-cells will be checked which 
depends on their positions. If there are no beads within sub-cells, they 
are considered to be unoccupied which acts as voids. Otherwise, they are 
occupied by beads which are not belong to voids. At this moment the 
position and the number of sub-cells are obtained. Furthermore, the 
unoccupied sub-cells are considered to belong to the same void if they 
share a common face (namely they are neighbors). Finally the number of 
voids is obtained from these analysis. For the size δ of the sub-cell, it is 
chosen to be about 1.5σ in this work to meet that there is no voids in the 

Fig. 2. RDF of (a) sphere fillers, (b) rod fillers and (c) sheet fillers for different sizes. (T*¼1.0, ϕ ¼ 10.3%).  
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unstrained system. Our size of the sub-void is comparable with that of a 
simulated bead which is adopted in the previously published work [16]. 

3. Results and discussion 

3.1. Fracture property 

In experiments, it is necessary to add the nanofillers into the polymer 
matrix for reinforcing the mechanical property [4,31,32]. The 
commonly used nanofillers has different shapes and sizes such as carbon 
black, silica, carbon nanotube, graphene and so on. Thus, in this part we 
mainly investigated the effect of the shape and size of nanofillers on the 
fracture properties of PNCs. Before discussing the fracture behavior of 
PNCs, it is useful to characterize the dispersion state of nanofillers by 
calculating the inter-nanofiller radial distribution function (RDF) in 
Fig. 2. It is noted that the volume fraction of nanofiller is about ϕ ¼
10.3% and the polymer-filler interaction εpn is set to be 3.0 for each 
system. The details of the simulated systems for different shapes and 
sizes of nanofiller can be referred to Table SI. From Fig. 2(a), the peak at 
r ¼ diameter (D) stands for the direct contact aggregation of sphere 
fillers while it at r ¼ Dþ 1 reflects that sphere fillers aggregate sand
wiched by one polymer layer. These two kinds of structures coexist for D 
¼ 1σ. Then the peaks are shifted to a large value with the increase of D. 
Meanwhile, the direct contact aggregation of sphere fillers disappears 
which is reflected by the inexistence of the peak at r ¼ D. Sphere fillers 
mainly form the sandwiched structure via one polymer layer. Even 
though there appears a low peak at r ¼ 1σ in Fig. 2(b), the rod fillers 
aggregation is mainly bridged through one polymer layer which is 
proved by the high peak at r ¼ 2σ. Meanwhile, the dispersion state of rod 
fillers is similar for different aspect ratio α. Then we tuned to the 
dispersion state of sheet fillers in Fig. 2(c). It presents that the height of 

peaks is gradually reduced with the increase of the size (S) of sheet 
fillers. It is noted that the number of sheet fillers is reduced with 
increasing S which leads to the large distance between them. In total, the 
dispersion state of nanofillers is relatively uniform in the matrix which 
can be observed directly from the snapshots in Fig. S1. This can isolate 
the effect of the shape and size of nanofillers on the fracture property. 
Then, the tri-axial deformation is performed to characterize the fracture 
property and analyze the change of the microstructure within the system 
during the tensile process. First, the stress is calculated with respect to 
the strain for different systems in Fig. 3. It is found that the stress first 
increases linearly with the strain and then reaches the maximum value 
quickly. After that it gradually drops to zero. The transition strain at the 
maximum stress is about 0.10. It is noted that the evolution process of 
voids with the strain is directly related to the stress-strain behavior 
which is affected by the shape and size of nanofillers. To quantitatively 
analyze the fracture property, the maximum stress, the elongation 
(strain at stress ¼ 0.0) and the fracture energy (area formed by 
stress-stain curves and the x axis) are calculated which are listed in 
Table SII. All the PNCs exhibit the reinforcement effect compared with 
the pure system. For sphere fillers in Fig. 3(a), the maximum stress 
gradually deceases with increasing the D while the elongation is nearly 
unchanged. Thus, it leads to the gradual decline of the fracture energy. 
For rod fillers in Fig. 3(b), the maximum stress exhibits a limited in
crease with increasing the aspect ratio αwhile the elongation is reduced. 
Interestingly, the fracture energy is similar for them. For sheet fillers in 
Fig. 3(c), the maximum stress first shows a weak increase and then de
creases with increasing the S while the elongation gradually declines. As 
a result, the fracture energy is gradually reduced. In general, the inter
facial polymer beads can help to build the polymer-filler network. To 
better characterize it, the number of the interfacial polymer beads (Np) 
is calculated which is shown in Fig. S2(a). It is found that the Np is 

Fig. 3. The stress-strain curves for (a) sphere fillers, (b) rod fillers or (c) sheet fillers with different sizes. (T*¼1.0).  
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gradually reduced with the increase of the nanofiller size. However, the 
falling rate is the largest for sphere fillers, the moderate for sheet fillers 
and the smallest for rod fillers. This results is consistent with the fracture 
energy. Then we intended to characterize the strength of the 
polymer-filler network which determines the maximum stress. This can 
be reflected by the diffusion coefficient of all the beads in Fig. S2(b). The 
low diffusion coefficient reflects the high strength of the polymer-filler 
network. It is found that the diffusion coefficient gradually increases 
with increasing D for sphere fillers while it decreases with increasing the 
αfor rod fillers which is consistent with the maximum stress. Interest
ingly the diffusion coefficient first decreases and then increases with 
increasing the S for sheet fillers. Even though the Np becomes less with 
increasing the nanofiller size, the mobility of the interfacial beads is also 
significantly reduced according to the previously published work [30, 

46]. Because of these two competing effects in overall diffusion co
efficients of chains, this actually explains how the maximum stress 
changes with the nanofiller size for different shapes. To further under
stand the fracture property, the bond orientation degree of matrix chains 
is characterized with respect to the strain which can reflect the elon
gation of PNCs. It is noted that the second-order Legendre polynomials <
P2 > is used to denote the bond orientation degree which is defined as 
ð3< cos2 θ> � 1Þ=2. Here, θdenotes the angle between the bond vector 
and the tensile direction. Fig. 4 presents the dependence of the < P2 >

on the strain for different shapes and sizes of nanofiller. The bonds 
present the random orientation at the strain ¼ 0.0 which leads to the <
P2 > ¼ 0.0. As the increase of strain, the < P2 > first increases to the 
maximum value. Then it is gradually reduced to 0.0 for all systems. This 
indicates the initial extension and then contraction of matrix chains 

Fig. 4. The bond orientation degree < P2 > of matrix chains for (a) sphere fillers, (b) rod fillers and (c) sheet fillers with different sizes. (T*¼1.0).  

Fig. 5. The stress contributed by (a) matrix chains and (b) sphere fillers for different filler sizes D. (T*¼1.0).  
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during the tensile process which can reflect the fracture behavior. The 
trend of the strain at the < P2 > ¼ 0.0 with the nanofiller size is similar 
to that of the elongation. Meanwhile, the mobility of the interfacial 
beads is reduced from sphere fillers, rod filler to sheet fillers [30] which 
leads to more stress concentration on the polymer-filler interface. This 
heterogeneous stress distribution will reduce the elongation of PNCs 
especially for sheet fillers. In total, the < P2 > is less than 0.08 which has 
a limited effect on the stress-strain behavior. Then, to further understand 
how the shape and size of nanofiller influence the fracture property, we 
quantified the contribution of matrix chains and nanofillers to the total 
stress, respectively. For sphere fillers in Fig. 5, it is found that the stress 
contribution of both the matrix chains and sphere fillers is gradually 
reduced with increasing the D. On one hand, the number of the inter
facial beads is gradually reduced with increasing the D in Fig. S2(a) 
which bear the high stress at the strong interfacial interaction. Thus, it 
reduces the stress contributed by matrix chains. On the other hand, the 

stress transfers from matrix chains to sphere fillers via the interface. 
However, the interface area of big sphere fillers is less than that of small 
sphere fillers at the fixed concentration which reduces the stress 
contributed by sphere fillers. For rod fillers in Fig. 6, the stress contri
bution of matrix chains shows a very weak decrease with increasing the 
α while it of rod fillers is gradually enhanced. As shown in Fig. S2(a), the 
number of the interfacial beads exhibit a very limited decrease with the 
α which is consistent with the stress contributed by matrix chains. In 
addition, it is noted that the interface area is a little reduced with the 
increase of α which seems to contradict with their stress contribution. To 
further understand it, the stress contribution of the bond/angle energy 
and others is quantified for rod fillers in Fig. 7. It is interesting to find 
that the stress contribution of the bond/angle energy is enhanced while 
it of others is nearly unchanged with the increase of the α. This indicates 
that besides the polymer-filler interface, the nanofiller structure also 
affects their stress contribution during the tensile process. For sheet 

Fig. 6. The stress contributed by (a) matrix chains and (b) rod fillers for different nanofiller sizes α. (T*¼1.0).  

Fig. 7. The stress contributed by (a) bond/angle energy and (b) others for rod fillers with different filler sizes α. (T*¼1.0).  

Fig. 8. The stress contributed by (a) matrix chains and (b) sheet fillers for different filler sizes S. (T*¼1.0).  
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fillers in Fig. 8, the stress contribution of matrix chains exhibits a 
continuous decrease with increasing the S while it of sheet filler is 
gradually enhanced. The reduced stress contribution of matrix chains is 
attributed to the less interfacial polymer beads for the high S in Fig. S2 
(a). Similar to rod fillers, the stress by sheet fillers increases with their 
size which is attributed to more stress contribution by the bond/angle 
energy in Fig. 9(a). However, the stress contribution by others is also 
reduced with the S which is related to the small polymer-filler interface. 
In addition, it is noted than one filler with larger size bears more stress 
which is shown in Fig. S3. This is attributed to more interfacial beads 
surrounding one big filler compared with surrounding one small filler. 
Therefore, both the number of the interfacial beads (namely the 
polymer-filler interface) and the nanofiller structure determine the 
fracture property of PNCs which depends on their shape and size. 

Last we will analyze the nucleation and evolution process of voids 

during the fracture process which is a key parameter to gain more 
insight in the fracture behavior. The definition of voids can be referred 
to section 2. The change of the number of voids with the strain has been 
characterized for different shapes and sizes of nanofillers in Fig. 10. 
There are no voids at strain ¼ 0.0 for all systems. Then some single voids 
appear with the increase of the strain (<0.10) which is reflected by the 
maximum void size equal to 1 or 2 (not shown here). This indicates that 
there are one or two sub-cells within each void. Furthermore, there small 
voids gradually coalesce into large voids at the strain>0.10. This tran
sition strain (�0.10) is roughly consistent with that at the maximum 
stress in Fig. 2 which reflects that the small voids are isolated before the 
maximum stress. However, when the small voids are met each other to 
form a large one the stress begins to decrease. Then the number of the 
voids reaches the maximum value with the strain. When the generation 
rate of new voids is less than the coalescent rate, the number of voids 

Fig. 9. The stress contributed by (a) bond/angle energy and (b) others for sheet fillers with different filler sizes S. (T*¼1.0).  

Fig. 10. The number of voids as a function of the strain for (a) sphere fillers, (b) rod filler and (c) sheet filler with different sizes. (T*¼1.0).  
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begins to decline with further increasing the strain. Finally, the perco
lated voids which spans the system induces the fracture of PNCs. 
Meanwhile, the maximum number of voids is recorded for different 
shapes and sizes of nanofillers in Fig. 11. It is found that the maximum 
number of voids gradually increases with the nanofiller size. However, 
the rising slope is the largest for sphere fillers, the moderate for sheet 
fillers and the smallest for rod fillers. This result is actually contrary to 
the interfacial polymer beads Np in Fig. S2(a). To better understand it, 
we probed the positions where the nucleation of voids occurs. If the 
initial single voids can “meet” the nanofiller beads within the surface- 
surface distance� 1:0σ, these initial single voids are considered to 
generate at the polymer-filler interface. Otherwise, they generate in the 
matrix. In general, the initial voids are formed in the local weak regions 
rather than all regions. Meanwhile, the polymer-filler interface is 
considered to the strong region than the matrix at the attractive inter
facial interaction. To prove it, two systems are chosen (D ¼ 4 and S ¼
7*7) because they own a large matrix region compared with others. The 
ratio of voids which generate in the matrix to the total voids is about 
94% for D ¼ 4 and 85% for S ¼ 7*7. Thus, the nucleation of voids upon 
deformation occurs preferentially in the matrix region. In addition, the 
matrix region gradually increases with increasing the nanofiller size 
which thus improves the maximum number of voids. Last, to observe the 
voids during the tensile process, the snapshots corresponding to some 

typical strains are shown in Fig. 12 for sphere fillers (D ¼ 1), rod fillers 
(α¼13) and sheet fillers (S ¼ 7*7) respectively. This can further help to 
understand the evolution process of voids. 

Currently, the fracture property of PNCs has been investigated which 
depends on various factors such as the shape, size and concentration of 
fillers, the polymer-filler interaction and so on.[4], [31], [32], [47–49] 
It is reported [25], [29] that rod fillers can better reinforce the PNCs 
than sphere fillers and sheet fillers which is consistent with our results. 
Furthermore, Zhang et al.12-15 adopted the SAXS method to explore the 
formation of nanovoids in the carbon black filled styrene-butadiene 
rubber for the first time. The void volume fractions are determined 
from the scattering invariant and the size of the detected nanovoids 
ranges from 20 to 30 nm. However, the most initial nanovoids with sizes 
less than 10 nm can not be detected. Meanwhile, such estimations are 
considered to be phenomenological because a large increase in scat
tering intensity near the primary beam is rather an indication of voids 
than a detection. Thus, the evolution process of nanovoids is very 
difficult to be accurately recorded. It is noted that our simulation de
scribes a common polymer system which (nanoscale) are not on the 
same scale as experiments because the sample size is much smaller in 
simulation than in experiments. The chemical properties of nanofillers 
are not completely same in experiments. However, they are same for 
nanofillers in the simulation which can better isolate the effect of the 
nanofiller shape on the fracture behavior. Furthermore, the surface 
modification of nanofillers is adopted to improve the compatibility with 
the polymer matrix because of their self-attractive interaction in ex
periments. However, it is not enough to avoid their aggregation. Thus 
external fields (such as the shear field, tensile field and so on) are used to 
break the aggregation down. However, nanofillers will aggregate again 
when the external fields are removed. Thus, the dispersion state of 
nanofillers is not in the thermodynamic equilibrium state while they 
reach the thermodynamic equilibrium in the simulation. As a result, the 
dispersion state of nanofiller in the simulation is not completely same to 
that in experiments. Thus quantitative comparison between the exper
iments and our simulation is difficult. In our simulation, by analyzing 
the stress contribution of different components and the evolution pro
cess of initial nanovoids, this work gives a clear understanding on the 
fracture behavior of PNCs with different shapes and sizes of nanofiller. 

Fig. 11. The maximum number of voids for different shapes and sizes of 
nanofiller. (T*¼1.0). 

Fig. 12. Snapshots of systems with different nanofiller shapes during the fracture process at some strains. The blue spheres denote the polymer beads, the red beads 
denote the nanofillers and the green spheres denote the voids. For better clarify, voids are shown in right side where polymer and nanofillers are omitted. (T*¼1.0). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Conclusions 

In this work, we adopted the molecular dynamics simulation to 
investigate the effect of the shape and size of nanofillers on the fracture 
property of the polymer nanocomposites (PNCs). PNCs with rod fillers 
exhibits the higher fracture energy than those with sheet fillers and 
sphere fillers. Meanwhile, the fracture energy is reduced with increasing 
the nanofiller size much faster for sphere fillers than for sheet fillers and 
rod fillers which can be reasonably explained by the polymer-filler 
interface and the polymer-filler network. To better understand it, we 
first characterized the bond orientation degree with respect to the strain 
which can reflect the elongation for different systems. By analyzing the 
stress contribution of matrix chains and nanofillers, the stress borne by 
matrix chains gradually decreases with increasing the nanofiller size for 
sphere fillers and sheet fillers while it is nearly same for rod fillers which 
closely depends on the number of the interfacial beads. In addition, the 
stress borne by sphere fillers is gradually reduced with the nanofiller size 
while it borne by rod fillers and sheet fillers rises because of the stress 
contribution by their bond/angle energy. Consistent with the stress- 
strain curves, the number of voids first increases and then decreases 
with the strain because of the coalescence of small voids into large ones. 
Meanwhile, the nucleation of voids prefers to occur in the matrix which 
is a weak region. Last, the maximum number of voids gradually in
creases with increasing the nanofiller size for sphere fillers and sheet 
fillers while it is nearly unchanged for rod fillers which depends on the 
matrix region. In summary, this work could provide a fundamental 
understanding on the fracture mechanism of PNCs on the molecular 
level by tuning the nanofiller shape. 
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