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a b s t r a c t
The polymer nanocomposites (PNCs) have shown substantially enhanced mechanical properties compared to the conventional polymers without nano-ﬁllers. However, the dominating deformation mechanism of PNCs and the inﬂuence of nanoparticles (NPs) on the mechanical response remain elusive,
especially at large deformation. In this study, we used coarse-grained (CG) molecular dynamics (MD)
model to investigate the large deformation mechanism of polyethylene (PE)-based PNCs at glassy state.
Spherical NPs are modeled by the Lennard-Jones (LJ) sites placed on spherical shells and interact with PE
polymer through LJ potential. We found that NP/polymer interaction strength between NP and polymer
as well as NP volume fraction are the key factors that determine the mechanical properties of PE PNCs.
The addition of NPs affects the mechanical behaviors of PNCs under tension and compression differently.
PNCs deform afﬁnely during compression and can be reinforced by adding NP – as long as the interaction
strength of NP/polymer is higher than the polymer/polymer strength. However, PNCs are very susceptible
to localized deformation upon tension as NP addition could introduce non-uniform stress distribution in
the PE matrix and reduce the number of polymer/polymer entanglements. The localized deformation during tensile loading can be inhibited when the volume fraction of NPs is sufﬁciently large and when NP/
polymer interaction strength is much higher than polymer/polymer interaction strength.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Polymer nanocomposites (PNCs) are an emerging class of materials obtained by dispersing nanoparticles (NPs) in a polymer
matrix. The PNCs often show substantially enhanced rheological
[1], optical [2], electrical [3,4], thermal [5,6] and mechanical
[1,3,7–15] properties compared to the conventional polymers
without nano-ﬁllers.
Understanding of the fundamental deformation mechanism of
PNCs is of primary importance since the mechanical properties of
PNCs can be tailored by altering controllable factors, such as NP
loading volume fraction and polymer molecular weight. Some of
available explanations for the reinforcement mechanism by NP
addition include: an effective increase of nano-ﬁller diameter by
the glassy polymer crust around the ﬁllers [10,16,17]; formation
of ﬁller network by long polymer chains [18]; nano-ﬁller clustering
and percolation [19,20]. Experimental investigations of these
microscopic mechanisms often encounter difﬁculties such as preparing PNCs with uniformly distributed NPs with desired shape
and size and collecting conformational information during
⇑ Corresponding author. Tel.: +1 8037779105.
E-mail address: jhsong@cec.sc.edu (J.-H. Song).
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mechanical deformation. To circumvent these difﬁculties, computational simulation-based approaches provide feasible ways to
clarify the origin of the microscopic reinforcement mechanism,
especially atomistic and coarse-grained molecular dynamics
(CGMD) simulations. CG model can reduce the total degrees of
freedom of the polymer system, and speed up the simulation by
100 times compared to full atomistic model. It enables us to model
system up to the length scale of micrometer and time scale of
microsecond. Meanwhile, the polymeric behaviors at ﬁne scales
can be captured in contrast to conventional continuum
approaches. The mechanical response of PNCs mainly depends
on: NP characteristics such as shape, size, aspect ratio, volume fraction, orientation in polymer matrix; polymer matrix characteristics
such as the cross-link density, chain entanglement, degree of polymerization; interaction type and strength between the NPs and
polymers [21]. These factors have been investigated in the past
decade on their effects on the mechanical behavior of PNCs
[22–36].
The NP-induced chain alignment and orientation as well as the
limited extensibility of chain bridges formed between neighboring
NPs at large deformation have been claimed to be the main reinforcement mechanism, as revealed by an idealized model of a polyethylene (PE) polymer melt and ﬁller [22]. It has also been found
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that particle shape has signiﬁcant effects on the mechanical properties of PNCs. The tensile strength is enhanced with increasing
particle shape anisotropy and the NPs of sheet shape can most
obviously improve the mechanical properties [23]. Others discovered that rod-like inclusions enhanced the mechanical properties
by increasing the number of NP–polymer entanglement [24].
End-grafting polymer chains to NPs has been demonstrated to alter
the elastic constants and yield properties of the glassy PNCs, but
only weakly affects the strain hardening modulus [25]. Strong
nanoparticle/polymer interaction has also been shown to result
in an increased local viscosity [26,27,30,31,33,35]. Gersappe [36]
studied the failure mechanism of PNCs using MD simulations; they
claimed that the mobility of the nano-ﬁllers rather than their surface area determined their effects on the toughness of the PNCs.
While the toughness was signiﬁcantly improved by the nano-ﬁllers
above the glass transition temperature Tg, no enhancements on
toughness have been observed by the addition of NPs below Tg
[36]. NPs have been found to serve as entanglement attractors,
altering the topological constraint network particularly at large
deformation [32], but was reported not affecting the polymer–
polymer primitive path (PP) network signiﬁcantly in another work
[21].
Despite of the extensive experimental and computational studies over the decades, there is still no consensus on the dominating
deformation mechanism of PNCs and how NPs modify the mechanical response of PE polymer, especially at large deformation. PNCs
often exist in a glassy state, and are generally subjected to loading
and/or repeated cycles of deformation. Systematic experimental
and computational studies are relatively scarce on the modiﬁcation
of mechanical behaviors by adding NPs to polymers in the glassy
state. Therefore, our focus in this study will be on clarifying the
modiﬁcation mechanism of glassy PE by the addition of NPs using
MD simulation. We employ a CG model to describe the PE polymers and spherical NPs. In particular, we will investigate the
effects of the volume fraction and the interaction strength between
PE polymers and NPs through combined mechanical measurements and topological structure analysis to elucidate the deformation mechanism of glassy PNCs.
2. Simulation
In this study, we used a CG model that was taken previously to
model PE polymer [37,38]. In this model, each CH2 group is treated
as a bead and has a corresponding mass. The CH3 group at the end
of the chain and CH2 group in the middle are represented by the
same bead (Fig. 1a). Adjacent beads are connected through stiff
harmonic bonds of bond length r. Bending deformation is
described by a harmonic function in the cosine of the bond angle
h, and torsional deformation is represented by a third order polynomial in the cosine of the dihedral angle /. Non-bonded beads

interaction is described by the Lennard-Jones (LJ) 12–6 potential
with a cutoff distance of 2.5r, where r is the interatomic distance
at which the LJ potential equals to zero. The functional form and
parameters of the force ﬁeld are listed in Table 1. These parameters
have been calibrated by comparing with the density of real PE at
500 K extrapolated from the results obtained by Richardson et al.
[37,39].
For the coarse-graining of NPs, we adopted the approach used
by Patra and Singh [40]. In this approach, each NP is represented
by a rigid body containing 90 beads placed on the surface of a
sphere which has a diameter of 4r (17.12 Å) (Fig. 1b). The bead
of the NP is of equal mass as that of the PE chain. Compared with
the single smooth sphere of bead description of the NP, this
method enables us to capture the certain roughness of the NP surface. The interaction between the bead of the NP and PE chain is
described by the LJ potential in Eq. (4) with cutoff distance
rc = 2.5r. Any pair of beads from two different NPs also interacts
through the LJ potential yet with only the repulsive part, which
is actually equivalent with the Weeks–Chandler–Andersen potential. Since each NP is modeled as a rigid body, there is no interaction between the pair of beads from the same NP.
A total of 25 PE polymer chains each having 1000 beads and
varying number of NPs are generated at 500 K for tests. The initial
density is chosen to be around 0.5 g cm3. For the simulation
model, we ﬁrst randomly distribute the centers of the NPs in the
simulation box, and then placed the beads of the NPs on the surface
of the NP sphere. Amorphous PE is then generated using the
excluded volume method [41]. The position of a new bead, ri+1, is
generated by ﬁxing bond length, bond angle and choosing a random dihedral angle, with the constraint of periodic boundary condition. If the new bead is located outside the NPs, the total energy
change, DU, from adding the new bead is computed by summing
all new interactions. The probability computed from this energy
change, exp(DU/kBT), is compared with a random number
between 0 and 1. The new bead is accepted only if the probability
is larger than the random number; otherwise a new proposed position for the bead is generated. If repeated 50 trials fail to ﬁnd an
acceptable position for the new bead, the chain is shortened by
one bead and the process starts afresh by attempting to generate
a new ri, and if successful a new ri+1. If again an acceptable ri+1 cannot be found, the chain is shorted by two beads until a proper conﬁguration can be found. The process stops when all the beads of
the PNC system have been determined.
The PE polymer and PNC samples prepared are relaxed under
NPT condition for 500 ps at 500 K and with an applied isotropic
pressure of 1 bar using MD simulation. A Nose/Hoover barostat
and thermostat [42,43] are applied to keep the pressure and temperature constant, respectively. Conﬁgurations at lower temperature are generated by gradually cooling the samples from 500 K
step-wisely and with the effective cooling rate of 5E10 K s1.

Fig. 1. Schematic illustration of the CG model of (a) PE polymer and (b) NP employed in the MD simulation.
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Table 1
Functional form and parameters of the force ﬁeld for the CG PE.
Type of interaction

Potential form and parameters

Bond

Eb ¼ kb ðr  r 0 Þ2
kb = 2000 kJ mol1 Å2, r0 = 1.53 Å

(1)

Angle

Eh ¼ kh ðcos h  cos h0 Þ2
kh = 520 kJ mol1, h0 = 112.813°

(2)

Torsional

E/ ¼ c0 þ c1 cos / þ c2 cos2 / þ c3 cos3 / þ c4 cos4 /
c0 = 8.832 kJ mol1, c1 = 18.087 kJ mol1, c2 = 4.88 kJ mol1, c3 = 31.8 kJ mol1
 
 6 
12
 rrij
ELJ ¼ 4e rrij

(3)

Non-bonded

(4)

e/kB = 57 K, r = 4.28 Å, kB is Boltzmann constant, rij is the distance between bead i and j

Tensile and compressive loading is conducted at 200 K by deforming
the simulation box in the x direction at constant strain rate of
1E9 and 1E10 s1, while the lateral dimensions (in y and z directions) are controlled by the barostat to keep the pressure at constant 1 bar. The loading continues until a true strain of 100% is
reached. A timestep size of 1 fs is employed throughout the MD
simulation. All the MD simulations are performed using the
large-scale atomic/molecular massively parallel simulator (LAMMPS) [44]. The snapshots for visualization are generated using
visual molecular dynamic (VMD) graphics package [45].
Once we get the MD results, the Z1 algorithm [46,47] is
employed to investigate the effects of NPs on the topological conﬁnement/constrain of PE polymer matrix. The Z1 code extracts the
primitive paths (PP) network through a direct topological procedure. The concept of PP introduced by Doi and Edwards [48,49]
is the shortest path between chain ends without violating the
chain uncrossability. The Z1 code replaces each PE polymer chain
by a connected path of inﬁnitesimally thin, impenetrable and tensionless straight lines while keeping the ends of all PE polymer
chains ﬁxed in space. The total contour length of these multiple
disconnected paths is minimized through an iterative solution procedure, without altering chain-uncrossability. Each path then converges to the PP, which is the shortest path for each chain. A single
PP can be characterized by its conformational properties such as PP
length hLppi, number of interior kinks (or entanglements) per chain
hZi, and the end-to-end distance hR2ee i1=2 . Note that the tube diameter happi can be obtained by hR2ee i1=2 /hLppi.
3. Results
The effects of NP/polymer interaction strength enp and NP volume fractions w on the glass transition temperature, mechanical
behaviors, and polymer topology of PNCs are investigated by the
CG model in this section. PNCs with 25, 50, 75, and 100 NPs have
volume fractions w of around 7.5%, 12.5%, 16.5%, and 21.5%, respectively. The ratio of NP/polymer and polymer/polymer interaction
strength enp/epp varies from 0.2 to 25.
3.1. Glass transition
Glass transition arises from the failure of a system to achieve
full thermodynamic equilibrium during continuous cooling and is
a kinetic phenomenon determined by the temperature dependence
of characteristic structural relaxation processes in the system.
Glass transition temperatures Tg can be estimated from the change
of thermal expansion coefﬁcient. Fig. 2a shows the average density
of the PNC with 50 NPs obtained at various temperatures ranging
from 25 K to 475 K. As the samples steadily cooled down, the densities are observed
  to gradually increase. Thermal expansion coef~
~ is the speciﬁc volume, can be obtained
ﬁcient, a ¼ V1~ @@TV , where V
P
by measuring the slope of the density-temperature curve [50–54],

i.e. Fig. 2a. A noticeable decrease of the expansion coefﬁcient, i.e.
slope of the temperature–density curve, indicates that glass transition is occurring. Tg estimated from the intersections of two linear
ﬁtting lines are marked by small circles in Fig. 2a. They generally
fall in the range of 200–300 K, in agreement with the results from
various potential models of PE at similar cooling rates [50,53,54]
and the experimentally observed values 250 K [37,55,56]. We
also investigated the inﬂuence of NP loading fraction and NP/polymer interaction strength on Tg. When the strength of NP/polymer
interaction is lower than or comparable with polymer/polymer
interaction, the addition of NPs has negligible effects on Tg
(Fig. 2b). The inﬂuence of NP addition becomes signiﬁcant at
enp = 5epp, more as NP volume fraction w increases. As NP/polymer
interaction strength further increases (enp = 25epp), glass transition
becomes less noticeable (quite ﬂat curves), Tg is not computed in
these cases.
3.2. Deformation with constant strain rate
Fig. 3 shows PNCs with various NP/polymer interaction strength

enp and NP volume fraction w under tension at 200 K at the true
strain rate of 1E10. Tensile and compressive true stress – true
strain curves of the PNCs are demonstrated in Fig. 4. The deformation temperature is below the glass transition temperature Tg for
all the samples. The pure PE polymer system generally exhibits
the mechanical response of experimentally tested systems qualitatively [57] and agrees with previously reported simulation results
of PE [14,22,25,37,38]. Under both tension and compression, the PE
initially shows a linear elastic behavior, which transits to a non-linear elastic response up to the yield point. At the strain rate of 1E10,
the estimated yield stress is 159.0 ± 7.7 MPa under tension at a
strain of 7.5% and 251.7 ± 12.7 MPa under compression at a strain
of 10%. Computed elastic moduli are 2.18 ± 0.01 GPa and
2.76 ± 0.09 GPa under tensile and compressive conditions, respectively. The material experiences strain softening after yielding, followed by a stress plateau in the strain range 40–60% under tension
and 40–50% under compression. Further deformation leads to continuous strain hardening until the strain level of 100%. Compared
with the strain rate of 1E10, the material exhibits a lower yielding
stress at a strain rate 1E9. However the plateau is shortened especially in the tensile case (Fig. 4). Since the mechanical responses of
the system are quite similar between the strain rate of 1E10 and
1E9, the radial distribution function and PP analysis in the following sections are performed on the results obtained at the 1E10
strain rate.
The estimated mechanical properties for the PNCs at the strain
rate of 1E10 are plotted in Fig. 5. Besides elastic modulus and yield
stress, it is also of interest to examine the inﬂuence of NPs on the
mechanical behaviors of PNCs in terms of strain-hardening modulus GR [14,25,58]. GR is usually deﬁned as the slope of the true
stress r vs. k2  k1, r = GR(k2  k1), where k = L/L0 and L is the
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Fig. 2. (a) Average density of the PE polymer/PNCs with 50 NPs at a pressure of 1 bar as a function of temperature and (b) effects of NP volume fraction and NP/polymer
interaction strength on the glass transition temperature Tg.

Fig. 3. Snapshots of (a) PE polymer, (b) PNC with enp = 0.2epp and w = 12.5%, (c) PNC with enp = 25epp and w = 12.5%, (d) enp = 25epp and w = 21.5%, deformed to 40%.

length of the sample in the deformation direction and L0 is its original length. GR is computed in all cases even when post-yield
strain-hardening regime is replaced by strain-softening at certain
NP/polymer interaction strength and volume fraction, and will take
on negative values in these situations. For the systems where
strain-hardening exists, estimated GR fall in the same the range
as previously computed values for polystyrene (PS) and polycarbonate (PC) [58].
The addition of NPs alters the mechanical responses of PE polymers in various ways depending on the NP/polymer interaction
strength enp and NP volume fraction w. When enp is weaker or comparable with epp (enp = 0.2epp and enp = epp), NP addition deteriorates the general mechanical behavior of the PE polymer matrix,
as reﬂected from the lower elastic modulus E, yield strength rY
and disappearance of strain hardening regime which is apparent
in the case of tensile loading (Fig. 4). The PNCs are further weakened by larger NP volume fraction, again, more signiﬁcantly under
tension than compression. When enp = 5epp, i.e. the NP/polymer
interaction strength is higher than polymer/polymer interaction,
the mechanical properties of PNCs are enhanced by NPs, as shown
by the increased elastic modulus and yield stress. Interestingly,
though NP addition improves the mechanical behaviors of PNCs
under compression during the entire deformation, it weakens the

PNCs under tension after the yield point, as demonstrated by the
accelerated strain softening and continuous strain softening at
large tensile deformation (strain > 50%) (Figs. 4c and 5c). The softening effect becomes more obvious with increasing w. The strain
hardening elimination by NP addition can also be observed at
enp = 25epp and w = 12.5% and w = 16.5%. Only at large volume fraction at enp = 25epp and w = 21.5% the weakening effect is replaced
by the reappearance of strain hardening (Figs. 4d, and 5c). Also
note that increase of volume fraction up to w = 16.5% can generally
alter the mechanical properties signiﬁcantly. The effect is not so
obvious in most cases if w is further increased.
3.3. Radial distribution function
Radial distribution function, g(r), which a measure of the probability of ﬁnding a particle at a distance of r away from a given reference particle, is plotted for the various PNC systems at different
deformation levels in Figs. 6–8. The global maximum of the polymer–polymer g(r) appears around r = r0 (1.53 Å), corresponding
to the equilibrium bond length (Fig. 6). The second and broader
peak should be attributed to the equilibrium position of bending
ﬂuctuations, which can be approximated by 2 r0 sin(h0) = 2.55 Å.
Subsequent local maxima at characteristic radii can be ascribed
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Fig. 4. True stress-true strain curves of PNCs with (a) enp = 0.2epp, (b) enp = epp, (c) enp = 5epp, and (d) enp = 25epp, under uniaxial loading at a strain rate of 1E10 s1.

to different conformations of the 1–4 torsion angles: one ‘trans’
and two ‘gauche’ states [38]. Only slight differences could be
observed among the distributions calculated for the various systems at different deformation levels (Fig. 6).
The ﬁrst peak of the NP–NP g(r) of the PNC with enp = 0.2epp at
undeformed state is close to (4 + 21/6) r = 21.92 Å, which is the
summation of NP diameter and the distance corresponding to the
minimum energy position of NP beads interaction (Fig. 7a). This
indicates the presence of NP agglomeration/collapse behavior
which has been observed when NP/polymer interaction strength
is sufﬁciently weak [40]. A clear phase separation between the
NPs and glassy PE polymer happen at this interaction strength
(Fig. 3b). Increasing volume fraction shifts and widens this primary
peak. NPs still form separated phase but are not as closely packed
as when the volume fraction is lower. At enp = 25epp, NPs are well
dispersed into PE polymers (Fig. 3d) and the strongest peak could
be ascribed to the nearest neighbor distance of the NPs and the second-highest peak should approximately correspond to the second
nearest neighbor distance. As w increases, the average volume
per NP decreases, so is the nearest neighbor distance as reﬂected
by the maximum peak shifting to lower value (Fig. 7a).
The peaks of NP–NP g(r) shift to higher values under tension
(Fig. 7b), indicating that NPs embedded in PE matrix becomes more
separated as strain increases. Interestingly, the g(r) curve at
enp = 25epp and w = 12.5% (50 NPs) remains largely unchanged.
The PNC experiences localized deformation shortly after yield at
the PE polymer matrix (Fig. 3c). The remaining part of the PNC
away from the localized deformation area contributes little to the
total strain. Therefore, g(r) curve presents only slight difference
from that at undeformed state, especially at small radius (Fig. 7a
and b red solid curves). Such localized deformation does not occur
when w increases to 21.5% at enp = 25epp, in contrast to w = 12.5% at
the same enp. Thus the g(r) peaks simply shift to higher values

1

For interpretation of color in Fig. 7, the reader is referred to the web version of
this article.

(Fig. 7b red1 dashed line). At enp = 0.2epp, the NPs remain a separated
phase during tensile loading but the inter-particle distance grows
with increasing strain. Upon compression, the primary peaks at
r  26 Å widens and the secondary peaks at r  31 Å disappear for
PNCs with enp = 25epp (Fig. 7c red lines). This should be attributed
to the dimension in x direction after compression is not enough for
NPs packing up to second nearest neighbor. The g(r) of PNCs with
enp = 0.2epp and w = 21.5% (100 NPs) obviously shifts to lower values,
indicating the NPs more closely packed upon compression.
The NP-polymer g(r) curves differ signiﬁcantly between PNCs
with enp = 0.2epp and enp = 25epp (Fig. 8a). When NP/polymer interaction strength is high, PE polymers pack closely on the surfaces of
NPs so the ﬁrst and strongest peak is approximately centered at
r = (2 + 21/6) r = 13.36 Å. As demonstrated by previous studies
[29], the high interaction strength can alter the chain segment orientation, making them preferably align parallel to the local NP surfaces. The second-strongest peak is most likely ascribed to the PE
polymer monomers interacting with the ﬁrst layer through LJ
potential, as the distance between the two peaks is approximately
equal to r (4.28 Å). In comparison, a polymer depletion area
around the NPs can be found when enp = 0.2epp. The density slowly
goes back to the volume density as the PE monomer is farther from
the NP center (Fig. 8a). Slight peak shifts to higher values could be
observed for the PNCs with enp = 25epp at a 50% tensile deformation
(Fig. 8b). The g(r) curves at the same NP/polymer interaction
strength remain largely unchanged upon compression as the
already closely packed polymers cannot be pushed to intrude the
NPs. In comparison, the polymer depletion region near the surfaces
of NPs at enp = 0.2epp becomes a little more populated upon compression (Fig. 8c).
3.4. Primitive path analysis
Two modes for the PP network analysis are usually considered
when it comes to PNCs with the addition of NPs into the polymer
matrix: ‘‘phantom particle limit’’ and ‘‘frozen particle limit’’
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Fig. 5. Variation of the estimated (a) elastic modulus E, (b) yield stress rY, and (c) strain hardening modulus Gs of PNCs with NP volume fraction w and NP/polymer
interaction strength enp (E0, r0, and Gs0 are the elastic modulus, yield strength, and strain hardening modulus for pure PE polymer. Left column are under compression, and
right column are under tension).

[24,29]. In the ‘‘phantom particle limit’’, the particles are considered not able to restrict PE polymer motion on the time scales relevant to reptation dynamics, but only to alter the underlying
polymer topology. Therefore, the NPs are removed from the PNCs
prior to the topological analysis. In the ‘‘frozen particle limit’, the
NPs are viewed as large and immobile objects that can anchor to
polymers and restrict their motion. In this case, Z1 code is applied
with all the NPs ﬁxed in space. In this study, we consider the
‘‘phantom particle limit’’ and focus on the NP effect on the topology
of underlying PE polymer matrix. Fig. 9 shows snapshots of the PP
network for a PNC system with enp = 5epp and w = 12.5%. The PP
network as well as the PE polymer chains is presented as the
unfolded states for clarity. The PP length, hLppi, tube diameter, happi,
number of entanglement per chain, hZi, end-to-end distance,
hR2ee i1=2 for the PNCs at different NP volume fraction and NP/
polymer interaction strength as a function of strain level are shown
in Figs. 10 and 11.
The average contour length of the PP given by the analysis, hLppi,
of pure PE at undeformed state is 199.97 Å, in good agreement with
the simulation results extrapolated to PE with 1000 monomers at
200 K [59]. The tube diameter, happ i ¼ hR2ee i/hLppi = 39.92 Å, is also
consistent with existing experimental measurement [60] and simulation results [61]. The average number of entanglement per
chain, hZi, is 6.6, showing the PE polymer is truly entangled.

Compared with available hZi values (around 10) obtained for PE
melt [59,61], our PE glass has lower density of entanglements. As
the PE polymer experiences tensile loading, hZi slightly increases
up to strain of 20%, approximately at the end of strain softening.
Afterwards, hZi decreases due to disentanglement of polymers at
large deformation. The entanglement loss, however, is not signiﬁcant as the PNC still preserves 90% of its entanglements after tensile strained to 80%. Correspondingly, the hLppi and happi increase
gradually after 20% tensile strain. Since the lateral motion of polymer chains is conﬁned in the range of the tube diameter app,
increasing happi also reﬂects chain disentanglement. During compression, the number of entanglement hZi slightly reduces up to
20% strain before regaining its original value. The difference
between PE topology changes upon tension and compression at
large strain level can be explained by the volume variation with
deformation. While the volume increases gradually during tensile
loading it remains almost unchanged during compression. Similar
tendency of hLppi and hZi upon tension and compression for the PE
polymer melts have been demonstrated in previous work [24].
NP loading leads to shorter average PP path (Figs. 10a and 11a).
Counterintuitively, the number of entanglement is reduced as well
(Figs. 10c and 11c). The effect is more obvious with larger NP volume fraction and higher NP/polymer interaction strength. As found
by Schneider et al. [62] and Li et al. [29] the polymer chains in PNCs
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Fig. 6. Polymer–polymer radial distribution function g(r) for PNCs at (a) undeformed state, (b) tensile strained to 50%, and (c) compressive strained to 50%.
Fig. 8. NP–polymer radial distribution function g(r) for PNCs at (a) undeformed
state, (b) tensile strained to 50%, and (c) compressive strained to 50%.

can gradually disentangle as the volume fraction of NPs increases
and a transformation from ‘‘polymer entanglements’’ to ‘‘nanoparticle entanglements’’ may occur. After polymer disentanglement,
the motion of polymer is dominated by the geometrical constraints
due to the NPs. The seemingly contradictory tendency of hLppi and
hZi with NP addition actually supports the above explanations: the
shortened PP should be primarily attributed to the obstacles from
NPs, on the other hand, NPs reduce the entanglements of the
underlying PE polymer matrix. The larger the NP volume fraction
is, the more obstacles polymers encounter and the shorter the PP
could be. NPs with higher interaction strength with polymer are
more likely to serve as NP/polymer entanglement attractors and
reduce the number of polymer/polymer entanglements. Due to
the ‘‘phantom particle limit’’ employed in the present study, the
entanglements from NP/polymer do not contribute to hZi. The average tube diameter happi also increase with NP loading. Compared
with hLppi and hZi, happi is more sensitive to NP volume fraction
than NP/polymer interaction strength.

4. Discussion and conclusion

Fig. 7. NP-NP radial distribution function g(r) for PNCs at (a) undeformed state, (b)
tensile strained to 50%, and (c) compressive strained to 50%.

It is well known that NPs can change the mechanical properties
of underlying polymer matrix, yet controversies remain on the origin of such modiﬁcation. In this study, we explore the possible
mechanism of spherical NPs on altering the mechanical response
of glassy PE polymers by means of CGMD simulation, radial distribution, and PP analysis. A wide range of NP/polymer interaction
strength and NP loading volume fraction are considered in our
study.
Pure polymers without NP addition have been reported to
exhibit elastic, yield, strain-softening, and strain hardening
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Fig. 9. Snapshots of primitive path (PP) for the unfolded PNC system with enp = 5epp and u = 12.5% (a) before deformation and (b) tensile strained to 50%. Left column
demonstrates PP network with original polymers, and right column demonstrates PP network with polymers removed (NPs are removed for clarity and each polymer chain
and PP are represented by different colors). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 10. PP length, hLppi, tube diameter, happi, number of entanglement per chain hZi, end-to-end distance, hR2ee i1=2 for PNCs with w = 12.5% (solid lines) and w = 21.5% (dashed
lines) under tension.

deformation regimes in a wide range of molecular weight, with
and without entanglements [58,63]. PNCs generally preserve the
mechanical behavior of polymers, but are altered by adding NPs

depending on the NP/polymer interaction strength and volume
fraction. In the elastic deformation regime, high NP/polymer
interaction strength can enhance mechanical properties of PNCs
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Fig. 11. PP length, hLppi, tube diameter, happi, number of entanglement per chain hZi, end-to-end distance, hR2ee i1=2 for PNCs with w = 12.5% (solid lines) and w = 21.5% (dashed
lines) under compression.

up to the yield point. NPs with low NP/polymer interaction
strength reduce the elastic modulus and yield stress of PNCs.
The corresponding reinforcement or deterioration effects are
enhanced with increasing NP volume fraction. The post-yield
behavior of PNCs shows several interesting features: (1) NP addition deteriorates the post-yield mechanical properties of PNCs
upon tension by enhancing strain softening and eliminating the
strain hardening even when NP/polymer interaction strength enp
is much higher than polymer/polymer interaction strength epp.
(2) The degradation of mechanical properties of PNCs upon tension does not exist when the PNCs undergo compression. When
the NP/polymer interaction strength is higher than polymer/polymer interaction strength, the PNCs are reinforced throughout the
compressive deformation regime. (3) At the highest NP/polymer
interaction strength enp = 25epp and largest volume fraction
u = 21.5%, the PNC under tension regains its strain hardening
regime.
Radial distribution function and PP analysis reveal the structural changes of PNCs by NP addition. NPs with low NP/polymer
interaction strength (enp/epp = 0.2) tend to collapse/agglomerate
instead of uniformly dispersing into the PE matrix (Fig. 3b), which
is indicated by NP–NP g(r) (Fig. 7a). This effectually decreases the
effective PE cross sectional area. As NPs interact only through
repulsive LJ potential, the deteriorated mechanical property for
both tensile and compressive loading is predictable. At enp = epp,
NPs distribute in the PE matrix without agglomeration. Wellentangled polymers without NPs usually exhibit afﬁne deformation (Fig. 3a) [63]. NP inclusion, though possibly increases NP/polymer entanglements, signiﬁcantly reduces the number of
entanglements in PE matrix, as revealed by the PP analysis results
(Figs. 10 and 11). This increases the possibility of localized deformation, especially in the regions where NPs non-uniformly distribute, which is responsible for the strain softening acceleration and
disappearance of strain-hardening at enp/epp = 1.

Increasing enp to 5epp leads to higher elastic modulus, yield
stress upon tension, yet the post-yield deterioration of mechanical
properties is more signiﬁcant. As the difference between NP/polymer and polymer/polymer interaction strength grows, the nonuniform stress distribution in PNCs can be more pronounced. In
addition, PP analysis shows that disentanglement in PE matrix is
more signiﬁcant (Figs. 10c and 11c), making the collective motion
of chains difﬁcult. Localized deformation can occur in very limited
regions in PE matrix where polymer chains are not attached to the
NP surfaces, as demonstrated by the little changes of NP–NP g(r) at
tensile strain 50% compared to the undeformed state (Fig. 7a and b)
and MD trajectories visualization (Fig. 3c). Thus the strain-softening effect is pronounced at enp = 5epp and 25epp. This localized
deformation is prevented when the NPs volume fraction is sufﬁciently large (w = 21.5%) and NP/polymer interaction strength is
sufﬁciently high (enp = 25epp), so the PE chains all attach to NPs,
which serve as cross-linkers to enable PNC deform afﬁnely
(Fig. 3d), though the polymer–polymer network break down due
to the loss of polymer/polymer entanglements. In this case, the
enhancement of PNC properties can be observed throughout the
tensile deformation regime.
Compared with tensile loading, localized deformation does not
easily occur in compression. NPs addition creates stronger entanglements than those among polymer chains without NPs, as long
as the NP/polymer interaction strength is larger than polymer/
polymer interaction. Therefore, the post-yield mechanical response
altered by NPs is in consistent with that in elastic deformation
regime (Fig. 5).
Up to now, the interesting post-yield features of PNCs have be
clariﬁed and summarized as below. In contrast to the elastic
regime where the effects of NPs are primarily determined by the
ratio of NP/polymer and polymer/polymer interaction strength as
well as NP volume fraction, the post-yield behaviors depend on
the distribution style of NPs in PE polymers (agglomerated or
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uniformly-dispersed) and loading modes besides the interplay of
above mentioned factors.
1. Adding NPs to PE polymer matrix reduces the number of polymer/polymer entanglements irrespective of the NP/polymer
interaction strength. It is more difﬁcult for polymer chains to
move collectively with fewer polymer/polymer entanglements.
NPs can also introduce unevenly distributed stress ﬁeld in PNCs.
Therefore, PNCs are susceptible to localized deformation due to
the presence of NPs.
2. PNCs have distinct post-yield behaviors upon tension and compression at moderate and high NP/polymer interaction strength,
mainly because that localized deformation more easily occurs
upon tension. Polymer chains tend to pack and attach to the
surfaces of NPs, creating NP/polymer entanglements to constrain the chain mobility. Thus only the part of polymers not
bounded by NPs deform with increasing tensile strain. Postyield strain softening is accelerated and strain hardening
regime disappears. However, PNCs under compression are more
likely to deform afﬁnely. The mechanical properties of PNCs
during compression are enhanced throughout the compressive
deformation regime by NPs with high NP/polymer interaction
strength.
3. Further increasing the volume fraction of NPs with high NP/
polymer interaction strength ensures polymer chains are well
bridged by the NPs, thus prevents localized deformation during
tension. The PNCs can be reinforced by NP addition during the
entire deformation regime.
4. NPs with very weak NP/polymer interaction strength agglomerate/collapse in the polymer matrix, reducing the effective cross
section area of PE matrix. The mechanical properties are
degraded as reﬂected by the lower elastic modulus, yield
strength, and strain-hardening modulus. The inﬂuence is more
pronounced with increasing volume fraction.
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