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ABSTRACT: The shock response of polyethylene polymer modified by nanoparticles (NP) is investigated using a coarsegrained molecular dynamics simulation. The us-up Hugoniot
analysis yields a linear relationship under the range of particle
velocity investigated, in agreement with previous simulation
and experimental results. NP addition improves the mechanical
properties of the composites, as reflected by the increased
Young’s modulus and yield strength especially in the case of
shorter chain length of polymer. This is directly related to the
increased shock impedance with NP volume fraction, as demonstrated by the enhanced pressure in the shocked state,
slightly reduced microscopic deformation, and increased shock

velocity. The layered structure with alternate soft and hard
regions, with NP addition only in the hard regions, leads to
significantly enhanced microscopic deformation in the soft
regions. It is also important that the shock impedance difference between the soft and hard region to be large enough to
facilitate the energy absorption through plastic deformation in
C 2015 Wiley Periodicals, Inc. J. Polym. Sci.,
the soft regions. V
Part B: Polym. Phys. 2015, 53, 1292–1302

INTRODUCTION A shock wave is a stress wave which propa-

mental understanding of the relation among chemical compositions, microstructures, and behaviors of the polymeric
materials under shock-wave loading.

gates through a medium at a supersonic speed. Different
from a strong compressive elastic wave, its passage causes
permanent and irreversible changes of atomic configuration,
accompanied with abrupt and significant changes in the
materials state variables (e.g., pressure, mass density, temperature, etc.).1,2 The material at the shock front is subjected
to high strain rates and the structural changes are often
achieved either by viscous flow in a fluid or by plastic flow
in a solid, in contrast to the acoustic wave-induced isentropic
changes.
Polymer and polymer-based composites have been investigated for a wide range of engineering applications including
high strain rate condition, for example, shock-wave loading.3–5 In particular, recent experimental and computational
studies have demonstrated that polyurea, which falls into the
class of elastomeric copolymers, have great potentials for the
dispersion/attenuation of the shock waves resulting from the
blast and/or ballistic impact loading.6,7 Even though the
nature of shock attenuation in nanosegregated polyurea has
not been fully understood, these discoveries open window
onto the design of novel material systems based on polymer
nanocomposites (PNCs) with either shock mitigation or
shock resistance capacities. This, in turn, requires a fundaC 2015 Wiley Periodicals, Inc.
V
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Molecular-level computational techniques have been used to
analyze the shock-wave propagation and interaction phenomena in dense fluids and crystalline solids.8–11 It has been
found that the energy dissipation is dominated by viscous
processes in fluids and plastic deformation processes in solids. Molecular dynamics (MD) simulations using reactive
force potentials have been used to explore the shock
response of energetic materials.12–15 In these studies, shock
impact has been observed to facilitate the formation of hotspots and the initiation of chemical reactions.
Among the molecular level simulations of shock impact on
polymers,6,16–27 van Duin et al.19 studied the decomposition
of the poly-dimethylsiloxane (PDMS) polymer through the
ReaxFF-MD simulation and its temperature, pressure and
chemical environment dependence, where the initiation and
process of the degradation was observed. Quantum MD techniques has been used to investigate the principal Hugoniot up
to 790 GPa of warm dense polystyrene (PS), which is characterized by dissociation and ionization transition under the
extreme conditions. Mattson et al. conducted both density
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functional theory (DFT) based and classical MD simulations of
shock impacted polyethylene (PE) and poly(4-methyl-l-pentene) polymers, where both reactive (ReaxFF,28 AIREBO29)
and nonreactive (OPLS,30 exp-631) forces fields are considered.
It was found that both polymers are well described by the
exp-6 and ReaxFF while only DFT serves as a reliable method
for shocks above 50 GPa.18,20 This work was later extended to
include low-density polymer foams using nonequilibrium MD
simulations and good quantitative agreement with experiment
has been found.21 The DFT simulation performed by Wang
et al.22 observed qualitatively good agreement with experimental data for PS under pressures between 22 and 790 GPa.
A MD simulation study was conducted for the PVT behavior
up to 100 kbars of four polymer (poly(dimethylsiloxane), 1,4poly(butadiene), np-Estane, and a pure model Estane), and
found consistency with the experimental static and dynamic
compression data available in the literature.23 Chantawansri
et al. used QM and classical force-field based MD to calculated
the principle shock Hugoniot curves for numerous amorphous
polymers including poly(methyl methacrylate) (PMMA), PS,
polycarbonate (PC) as well as both the amorphous and crystalline forms of PE. The results from DFT show better agreement with available experimental data than classical force
field.24 Grujicic et al.6,26 investigated the effect of various
microstructural features on the shock wave-front structure
and dynamics of polyurea. It has been found that atomic lateral motions, hydrogen-bond breaking/generation, and permanent densification are the main contributors to the observed
superior shock-mitigation capacity of polyurea. Relatively
fewer work can be found on the shock responses of PNCs.
Luo et al.25 used nonreactive full atomistic MD simulations to
study the dynamics response of phenolic resin and its carbonnanotube (CNT) composites under shock impact. Different orientations of the CNTs with respect to the shock loading directions have been tested. However, no significant effect of the
short CNTs has been found to improve the dynamic response
of the composites under shock impact.
In this work, we will investigate the dynamic response of
polyethylene (PE) polymer nanocomposites to shock wave
loading, with the aim to elucidate the influence of microstructural modification of polymers on their shock mitigation
or resistance capacities. The nonreactive force field based
MD will be used as the previous studies have demonstrated
it can accurately capture the shocked polymer behaviors
until moderate pressures. We will focus on the influence of
nanoparticle (NP) loading volume and different layered
structures of the PNCs. The microscopic deformation mechanism of the PNCs will be clarified by combined slip vector
and morphology analysis.

SIMULATION SETUP

A coarse-grained (CG) model of the PE polymer, which is
used in our previous work,32,33 is adopted in this study. In
this model, bond stretching, bending, and torsional deformations of the chains are described in terms of bond length r,
bond angle h, and dihedral angle u, as
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FIGURE 1 Snapshots of the PNC samples with nanoparticle
volume fraction of (a) 0%, (b) 11%, (c) 20%, (d) 26%, and (e)
31%. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Eb 5kb ðr2r0 Þ2

(1a)

Eh 5kh ðcos h2cos h0 Þ2

(1b)

Eu 5c0 1c1 cos u1c2 cos 2 u1c3 cos 3 u1c4 cos 4 u

(1c)

where kb, kh, h0, and ck (k 5 0,.,4) are the potential parameters and can be found in our previous studies.32,33 The Lennard–Jones (LJ) 12-6 potential parameterized by e and r is
used for the pairs of beads not interacting through the
stretching, bending, and torsional deformation, with a cutoff
distance of 2.5r. The NPs having the radius rNP 5 1.5r interact among themselves and with polymer beads through the
modified LJ interaction,
"
12 
6 #
r
r
ELJ 54e
2 ij
(2)
rij 2rEV
r 2rEV
where rEV 5rNP 2 r2 for NP/polymer interaction and rEV 52rNP
2r for NP/NP interaction.34
The PNC samples for the shock test consists of 10,000 chains
each having 10 beads or 200 chains each having 500 beads
with varying number of NPs up to a volume fraction / of
31% (Fig. 1). The chain length lc 5 500 is used in order to
create a polymer system with interchain entanglement yet
not significant self-entanglement considering the size of the
simulation box. The samples are generated using the
excluded volume algorithm at 500 K,35 and quenched down
to the 200 K. This is followed by an equilibration at 200 K
for 1E7 time steps with a time step size of 1 fs, using the

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2015, 53, 1292–1302

1293

FULL PAPER

WWW.POLYMERPHYSICS.ORG

JOURNAL OF
POLYMER SCIENCE

FIGURE 2 Snapshots of the PNC samples with layered structures. The layers with NPs have a thickness of 20 Å and around 20–80
Å interlayer distance from (a) to (d) at the left column, and have a thickness of 50 Å and around 50–200 Å interlayer distance from
(a)–(d) at the right column. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Langevin thermostat under the microcanonical ensemble
(NVE) condition. The final dimension of the PNC samples is
approximately 750 Å 380 Å 380 Å with shrink-wrapped
boundary condition (BC) in the x direction and periodic BC
in the remaining directions. Samples with layered structures
are created from the PNCs with NP loading fraction of 31%,
having the layer thickness of around 20 Å and 50 Å and
varying interlayer distance (Fig. 2).
Tensile and compressive loading tests are conducted at 200 K
by deforming the simulation box in the x direction at constant
strain rate of 1E10 s21, while the lateral dimensions (in y and
z directions) are controlled by the barostat to keep the stress
components in these directions at constant 1 bar. The loading
continues until a true strain of 100% is reached. All the MD

simulations are performed using the large-scale atomic/molecular massively parallel simulator (LAMMPS).36
The shock simulation adopts the projectile-wall geometry
(Fig. 3).8,37 The loading direction is along the direction of
the longest dimension of the sample. A shock wave is created by superimposing a velocity –up to the thermal velocities after equilibration. A reflective wall boundary condition
is set at x 5 0, which mimics impact with an infiniteimpedance flyer plate. A timestep size of 1 fs is used
throughout the MD simulation. The main quantities measured during the simulation are the stress component in the x



direction pxx , the shear stress s5 12 pxx 2 12 pyy 1pzz , the
density profile q, and the transverse velocity magnitude vt 5
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
vy2 1vz2 which is an indicator of the transformation from
uniaxial kinetic energy to thermal energy. The shock velocity
us can be obtained from the balance of mass flux in a steady


one dimensional shock: q0 us 5q us 2up , where q0 is the initial density of the unshocked material and q is the final
(shocked) density.2
Among the available techniques to characterize the atomiclevel plastic deformation, the slip vector analysis is commonly used for polymeric systems. The slip vector of the ath
bead is originally developed for crystalline materials but has
been applied to the plastics deformation analysis in amorphous materials7,25:


(3)
sa 5max xab 2Xab

FIGURE 3 Schematic illustration of the shock-wave loading
simulation; PNC beads are colored by the magnitude of vx.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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which is the relative vector that has the maximum relative
displacement of bead a with respect to its bth neighbor that
is within the cutoff distance of rc 52:5r, xab and Xab denote
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cess (q; vx ; vt ; pxx ; s) are obtained via 1D binning method;
that is, averaging the quantities over beads residing within
equal-sized “bins” along the shock direction.
RESULTS AND DISCUSSION

FIGURE 4 True stress (r) -true strain (e) curves of PNCs of (a)
lc 5 10 and (b) 500 with different NP volume fraction under uniaxial loading at a strain rate of 1E10 s21. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

the relative vector between bead a and b in the current and
preshocked states, respectively. The scalar slip of bead a is
sa 5jsa j. The main quantities computed during the shock pro-

Mechanical Behavior
Figure 4 demonstrates the tensile and compressive true
stress - true strain curves of the polymers and PNCs. The
pure PE polymer systems of chain length (lc ) 10 and 500
respond differently to uniaxial loading, but generally exhibits
the mechanical response of experimentally tested systems
qualitatively38 and agrees with previously reported simulation results of PE.34,39–42 Under both tension and compression, the PE initially shows a linear elastic behavior, which
transits to a nonlinear elastic response up to the yield point.
The estimated yield stress (rY ) is 16.5 MPa and 114.0 MPa
under tension at a strain of around 8% for the systems of
chain length 10 and 500, respectively. The yield stress under
compression are slightly higher: 31.9 and 147.8 MPa. Computed elastic moduli (E) of polymers of lc 5 10 are 0.32 and
0.38 GPa under tensile and compressive conditions, respectively, whereas the elastic moduli for the polymers of
lc 5 500 are 1.62 and 2.08 GPa. It is thus obvious that
increasing chain length can improve the mechanical properties (yield strength and elastic modulus) of the PE polymers.
The interchain interactions such as the existence of more
entanglements in the systems of larger chain length might
be responsible for such behaviors. The polymers experience
strain softening after yielding, followed by a stress plateau
under both tensile and compressive loading. However, strain
hardening after the stress plateau can only be observed in
the systems of lc 5 500.
The addition of NPs significantly alters the mechanical
responses of PE polymers, especially for the system of
smaller chain length. In our previous studies,33 NP addition
with weak NP/polymer interaction deteriorates the general
mechanical behavior of the PE polymer matrix, and even
facilitate NP agglomeration. The effect is more significant
with increasing volume fraction of the NPs. Therefore, strong

TABLE 1 Mechanical Properties of the Pure PE Polymers and PNCs
Elastic Modulus E (GPa)
volNP
0%
11%
20%
26%
31%

3

lc

Density q (g/cm )

Compression

Tension

Yield Strength rY (MPa)
Compression

Tension

10

0.66

0.38

0.32

31.9

16.5

500

0.78

2.08

1.62

147.8

114.0

10

0.64

1.29

0.84

92.8

57.1

500

0.73

3.33

2.24

236.3

139.5

10

0.61

1.96

1.23

135.3

93.8

500

0.66

3.85

2.58

270.4

178.1

10

0.58

2.62

1.65

175.2

116.7

500

0.62

3.87

2.65

263.8

183.9

10

0.56

2.44

1.86

164.7

126.8

500

0.59

3.90

2.45

262.6

164.4
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observed with further increasing the volume fraction / to
31%. In comparison, both the elastic modulus and yield
strength are only improved slightly in the case of lc 5 500
with / increasing from 11% to 31%, even though reinforcement can be perceived by a NP loading at / 5 11% as compared with pure polymers. It is possible that NPs can create
more interchain entanglements/attachments in the case of
shorter chain length because of the stronger NP-polymer
interaction compared with polymer–polymer interaction.
This strengthening mechanism might not be as important for
systems with longer chain length where the intra and interchain entanglements are already quite pronounced. A summary of the mechanical properties under both compressive
and tensile loading for the PNCs with different chain length
and NP volume fraction is listed in Table 1.

FIGURE 5 x-t diagram of the PE polymers of lc 5 500 under shock
at up 5 3 km s21, colored based on pxx. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

NP/polymer interaction strength (eNP ) is used in this study:
eNP 510ePP , where ePP represents the interaction strength
between polymer beads (monomer). The strengthening effect
can be obviously observed in the case of lc 5 10, with significantly increased elastic modulus and yield strength up to
volume fraction / 5 26% under both tensile and compressive deformation. No apparent reinforcement effect can be

Shock Response
Influence of Chain Length and NP Loading Volume
The pure polymers and PNCs are subjected to shock-wave
loading along the x direction at various particle velocity (up )
in the range of 0.53 km s21. Figure 3 shows representative
shocked configuration of the polymers at up 5 3 km s21, colored by the magnitude of vx. The traditional x-t diagrams
typically used for shock impact analysis to illustrate wave
propagation and interaction is shown in Figure 5, demonstrating the steady propagation of shock-wave in the polymers until it reaches the free surface to generate a release
fan. The achievement of the steady-wave condition can be
ascribed to the balance between the continuous supply of

FIGURE 6 The profiles of velocity along the shock wave direction (vx), density (q), stress (pxx), and transverse velocity (vt) of the
PNCs of lc5500 under shock-wave loading at up 5 3 km/s at 5 ps. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

1296

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2015, 53, 1292–1302

JOURNAL OF
POLYMER SCIENCE

WWW.POLYMERPHYSICS.ORG

FULL PAPER

The wave profiles where the shock are initiated at the same
position (the wall) and recorded at the same time (5 ps)
reveals that the PNCs of higher volume fraction / leads
those of lower / for both systems of chain length 10 and
500. The shock wave propagation in the system of lc 5 500
is also faster than that of lc 5 10. From the continuum point
of view, the plastic shock wave propagation speed would
increase with bulk modulus. The tensile/compressive deformation tests has demonstrated the increased Young’s modulus and yield strength for the PNCs with increasing /,
especially at lc 5 10, which indicates improved stiffness of
the materials. It is thus expected that shock speed in PNCs
with larger / is higher. Interestingly, even though the reinforcement by NP addition at lc 5 500 is not pronounced as
revealed by the compressive/tensile deformation tests [Fig.
4(b)], the differences in the shock speed of PNCs having various / can be clearly perceived. It is also noticeable that

FIGURE 7 Shear stress profiles 2s(x) of PNCs of lc5500 with
different NP volume fraction at (a) up 5 0.5 km/s and (b)
up 5 2.5 km/s; 2sH and 2smax are estimated and marked for
u 5 20%. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

linear longitudinal momentum to the system and the
molecular-level deformation taking place at the shock front.
The shocked, unshocked and release fan regions are colorcoded based on the value of pxx .
The shock front can be easily identified from the jump in the
velocity vx, stress pxx, and transverse velocity vt profiles
(Fig. 6). The shock front in the vx and pxx profile shows a
rapid increase up to a plateau. The rounding up between the
quick rise and the plateau can be attributed to plastic deformation and viscoelastic behaviors in metallic glass and polymeric materials.43 The shock front becomes less steep and
its width increases with reduced shock strength in these
profiles. However, the elastic precursor is not clearly identified in our simulations, as in other numerical and experimental studies. Note that the lack of elastic precursors has
been subjected to a long-term debate. Different explanations
on the origins of such behaviors of polymeric materials has
been proposed: no definite yield point, similar elastic and
plastic wave velocities, collective contribution of ratedependent viscoelasticity, plasticity, and work-hardening.43,44

WWW.MATERIALSVIEWS.COM

FIGURE 8 The Hugoniot us-up and 2sH-pxx relation of the PNCs
of lc 5 10 and 500 with different NP volume fraction under
shock-wave loading (filled symbols represent lc 5 500 and
unfilled for lc 5 10). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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strengthening effect by adding NPs is more obvious at
lc 5 10. From the 2sH- pxx relation in Figure 8 it can also be
seen that the influence of particle volume fraction is not
very pronounced for lc 5 500: the values of pxx at / 5 20 and
31% are very close; whereas a shift to the positive value can
be seen at lc 5 10.
For polymeric materials where no definitive structure features such as dislocation is available to indicate its plastic
deformation, the shear stress (2s) relaxation has been used
to characterize the elastic-plastic transition,25 as presented
in Figure 7. At low shock strength such as up 50:5 km=s
[Fig. 7(a)], the shear stress relaxation is absent, thus the
deformation is assumed mainly elastic. In Figure 7(b), the
shear stress quickly rises to a peak value, 2smax , at shock
front and it then gradually reduces to a more stable value,
2sH . The plastic deformation in the shocked region is indicated by 2smax > 2sH, that is, shear stress relaxation. In our
studies, 2sH is obtained by averaging the shear stress over
the shocked region except the shock front.

1298

FIGURE 9 Slip profiles s(x) of PNCs with different NP volume
fraction and chain length at (a) up 5 0.5 km/s, (b) up 5 2.5 km/s
and (c) total and separated slip profiles for the polymer and NP
beads in the PNC of / 5 31% and lc 5 500 at up 5 2.5 km/s.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The shock velocity us as a function of particle velocity up,
commonly referred to as the us 2up Hugoniot for the polymers and PNCs is demonstrated in Figure 8(a). A linear
dependence between us and up across the investigated range
of particle velocities is observed. A similar linear relationship
has also been reported.45,46 The comparison between our
simulation results and the experimental results on the
shocked linear PE (dashed line)46 demonstrated a general
good agreement except for the slight shift of us in the positive direction. Comparison with previous full atomistic simulation also shows consistency.20,24,27 The slight differences
could be caused by the different chain length, density, the
molecular model (coarse-grained vs. full-atomistic) and force
fields. The curvature widely existent for polymeric systems
at low shock strength is not well captured in our computation, partly due to the few particle velocities investigated at
the low pressure range. The phase transition that usually
occur in the pressure range of 20–30 GPa featured by a volume change is also beyond the range of particle velocities
under investigation. Even though a shift in us to higher values can be observed with increasing /, the slope of the line
that describes the us 2up relation generally remains the
same or only increases slightly.

transverse velocity of the shocked state, which is an indicator of the transformation from uniaxial kinetic energy to
thermal energy, is higher for PNCs with
 higher
 /. From the
continuum balance equation q0 us 5q us 2up and also the
density profiles, it is quite obvious that densification effect
during shock process is reduced with increasing /. This indicates less pronounced plastic deformation, and thus more
kinetic energy is very likely to transform into thermal
energy. The less significant influence of NP volume fraction
on pxx shown in Figure 6 might be resulted from the little
effect of NPs in the plastic regime for lc 5 500. This can be
observed from the uniaxial loading in Figure 4, where the

Besides the us-up Hugoniot, the relation between 2s and pxx
is presented in Figure 8(b). Increasing the volume fraction /
does not change the general trend of the 2s profile, and only
increases it slightly. Interestingly, the relaxed shear stress
first increase then decrease with shock strength for the polymers and PNCs, more obviously for the systems at lc 5 10. It
is likely that stronger shock-wave loading results in more
plastic deformation in the materials so that strain energy is
released to a larger extent. The negative values in the case
of lc 5 10 might be ascribed to the significant change of
stress condition during the plastic deformation. Different
from 2sH , 2smax , not shown in Figure 8(b) demonstrates an
increase with shock strength. As the shock strength is
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FIGURE 10 The profiles of velocity along the shock wave direction (vx) of the PNCs of lc 5 10 with different layered structure under
shock-wave loading with up 5 3 km/s at 5 ps. The colored lines in Subfigs. (a–d) represent the samples in Figure 2(a–d), with the
left column in Figure 2 represented in colored solid lines and right column in colored dashed lines. The samples without NPs and
/531% are in black solid and dotted lines, respectively, for reference. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

related to strain rate (particle velocity), the increased 2smax
could be resulted from the enhanced strain and the ratedependent mechanical response of polymers and PNCs.

FIGURE 11 Slip profiles s(x) of PNCs with different layered
structures at (a) lc 5 10 and (b) lc 5 500 at up 5 3.0 km/s. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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To investigate the microscopic slip in the polymers and
PNCs, which indicates the energy absorption through plastic
deformation under shock-wave loading, the magnitude of the
slip vector for each polymer and NP bead is calculated
according to eq 3. The difference between the slip magnitude
s of shocked and unshocked material can quantify the
amount of plastic deformations associated with shock propagation. Figure 9(a) show that all polymers and PNCs exhibit
a finite slip as a result of thermal fluctuations. The slip
increases significantly in the shocked regions, and shows an
increase in the areas closer to the reflective wall. At lower
particle velocity up, the deformation is much smaller compared to that at larger up and the transition between the
shocked and unshocked region is smoother. The polymers
and PNCs of lc 5 10 have experienced slightly enhanced
deformation compared to that of lc 5 500 as the shorter
chain length leads to higher mobility [Fig. 9(b)]. NPs serve
as the high shock impedance component and result in
slightly reduced slip, associated with higher us. A further
analysis of the contribution to total slip from the polymer
and NP beads in Figure 9(c) demonstrates that the polymer
beads are slightly more mobile than NP beads. A close comparison between the relaxation of 2s and s reveals a resemblance as expected. Similar to other studies, the shock front
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FIGURE 12 Snapshots of PNCs with different layered structures at (a) lc 5 10 and (b) lc 5 500 under shock loading at up 5 3 km/s;
left column have the 20–60 structure and right column have the 50–50 structure, colored based on the magnitude of slip vector in
Å. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

widths in pxx (Fig. 6) is much narrower than that in the
shear stress (Fig. 7) and slip profiles (Fig. 9).
Influence of the Layered Structures
The layered structures are created by adding NPs to only
layers in the polymer samples (Fig. 2). Previous investigations have shown that the well-mixed structure of soft and
hard segments of polyurea facilitate the energy absorption
which enables polyurea to become a superior shockmitigating material.6,7 Therefore, we are interested in the
shock-response of PNCs with alternate soft and hard regions.
The layer thickness (d1) that has NP addition is chosen to be
20 and 50 Å, respectively. The interlayer thickness (d2)
before thermal equilibration is chosen to be approximately
20, 40, 60, and 80 Å at the layer thickness of 20 Å; and 50,
100, 150, and 200 Å at the layer thickness of 50 Å. We use
“d1–d2” to represent the sample having layer thickness d1
and interlayer distance d2, that is, the number before the
dash line represents the layer thickness and that after the
dash line represents the interlayer distance. The main purpose of these tests is to maintain the volume fraction of NPs,
/, around the same value in each subplot of Fig. 2 but vary
the layer configuration. The layers with NPs at / 531%
have higher shock impedance than the interlayer polymer
matrix and thus serve as the hard regions.
The vx profiles at selected snapshot (at 5 ps) shown in Figure 10 reveals that the velocity deviates from a plateau in
the shocked region, contrary to the cases of pure polymers
and PNCs with evenly distributed NPs (Fig. 6) at lc 5 10.
However, the peaks do not strictly correspond to either the
soft and hard regions. The shock velocity as reflected by the
propagation speed of shock front is not obviously affected by
the different layered structure. Instead, the total volume fraction of NP seems to play a more significant role. From Figure
10(a–d), the vx profiles of PNCs with layered structures shift
to that of pure polymer as / reduces. The slip profiles
shown in Figure 11 is more revealing. In the case of smaller
layer thickness, that is, 20–20 and 20–60 samples, multiple
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small peaks in slip profiles can be perceived. Their magnitude, however, is smaller than the samples with larger layer
thickness. Comparing Figures 9 and 11, it is clear that the
average slip of PNCs with layered structures is higher than
that of the pure polymer and PNCs. In the case of lc 5 500,
the shock impedance difference between the soft and hard
regions reduces and the slip profiles resemble those in
Figure 9, with only a few number of peaks.
Four representative snapshots of the layered PNCs shock
loaded at up 5 3 km s21 are shown in Figure 12, in which
each polymer bead has been color-coded according to the
magnitude of the slip vector s. The shock front is indicated by
the dash lines. Since Figure 12(a) represents samples of
lc 5 10, in which the shock impedance between the soft and
hard regions has larger difference, the soft regions can be seen
to experience larger deformation. The more deformed areas
are located near the shock front. In contrast, the samples of
lc 5 500 has more uniform deformation and deformation level
increases in the direction away from the shock front.
Even though a uniform NP addition only has little influence
on the microscopic deformation of PNCs (Fig. 9), the alternate soft and hard regions has been observed to facilitate
the deformation of soft regions (Fig. 11). The reflected shock
wave at the interface between the soft and hard regions
should be responsible for such observations.2 It is found that
with the same NP volume fraction /, the layer thickness also
plays an important role. A 50 Å thickness seems to have
more significant effects on the microscopic deformation.
However, we cannot conclude a thicker layer thickness is
more favorable as we only compare the layer thickness of 20
and 50 Å. It is possible that a 20 Å thickness is not enough
to cause a well reflection of wave at the interface.

CONCLUSIONS

NPs have been added to polymer-based materials in order to
alter their various physical and mechanical properties and

JOURNAL OF
POLYMER SCIENCE

WWW.POLYMERPHYSICS.ORG

tailor them for particular service conditions. Previous studies
have shown the NP shape, volume fraction, and NP-polymer
interaction strength play key roles in the overall behaviors
of PNCs. In this study, we investigated the shock responses
of the NP modified PE polymers of different chain length, NP
volume fraction, and layered structures using the CGMD simulations. For completeness, the mechanical responses of the
polymers and PNCs are also investigated to help explain
their thermomechanical behaviors under shock-wave loading.
Some conclusions can be drawn as below:
An evenly distributed NP in the polymer matrix yield the
PNCs with increased elastic modulus, yield strength, which is
responsible for the higher shock-wave propagation speed in
PNCs with higher NP volume fraction. In all cases, a linear
us-up relationship can be observed, with us shifted in the
positive direction as the volume fraction of NPs increases.
The PNCs with shorter chain length have higher chain mobility, and thus lower shock impedance. Despite of the different
NP volume fraction, the microscopic deformation does not
show much difference, but the relaxed shear stress increases
with increasing NP volume fraction.
In contrast to an even distribution of NPs into the polymer
matrix, the layered structure where the NPs are added to
certain layers of the polymers has been shown to have
enhanced microscopic deformation. The larger difference in
the shock impedance of the alternate soft and hard regions
facilitates the deformation in the soft regions, which should
be ascribed to the shock wave interaction at the interfaces.
Among the various layered structures with different layer
thickness and interlayer distance, an alternate arrangement
of soft and hard regions with equal volume and moderate
layer thickness (5 nm) lead to relatively high microscopic
deformation and is more favorable to be used for energy
absorption.
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Çag
26 M. Grujicic, B. Pandurangan, W. C. Bell, B. A. Cheeseman,
C. F. Yen, C. L. Randow, Mater. Sci. Eng. A 2011, 528, 3799–
3808.
27 K. R. Cochrane, M. Desjarlais, T. R. Mattsson, AIP Conf.
Proc. 2012, 1426, 1271–1274.
28 K. Chenoweth, A. C. T. van Duin, W. A. Goddard, J. Phys.
Chem. A 2008, 112, 1040–1053.
29 S. J. Stuart, A. B. Tutein, J. A. Harrison, J. Chem. Phys.
2000, 112, 6472–6486.

3 V. A. Kargin, G. P. Andrianova, I. Y. Tsarevskaya, V. I.
Goldanskii, P. A. Yampolskii, J. Polym. Sci. Part A-2: Polym.
Phys. 9 (1971) 1061–1081.
4 G. A. Samara, J. Polym. Sci. Part B: Polym. Phys. 1989, 27,
39–51.

30 W. L. Jorgensen, D. S. Maxwell, J. Tirado-Rives, J. Am.
Chem. Soc. 1996, 118, 11225–11236.

5 Y. H. Ng, L. Hong, J. Polym. Sci. Part B: Polym. Phys. 2004,
42, 2710–2723.

33 Y. Fu, J.-H. Song, Comput. Mater. Sci. 2014, 96, 485–494.

6 M. Grujicic, R. Yavari, J. S. Snipes, S. Ramaswami, J. Runt,
J. Tarter, G. Dillon, J. Mater. Sci. 2012, 47, 8197–8215.
7 B. Arman, A. S. Reddy, G. Arya, Macromolecules 2012, 45,
3247–3255.
8 D. Tanguy, M. Mareschal, P. S. Lomdahl, T. C. Germann, B.
L. Holian, R. Ravelo, Phys. Rev. B 2003, 68, 144111.
9 R. Ravelo, T. C. Germann, O. Guerrero, Q. An, B. L. Holian,
Phys. Rev. B 2013, 88, 134101.

WWW.MATERIALSVIEWS.COM

31 O. Borodin, G. D. Smith, J. Phys. Chem. B 2006, 110, 6279–
6292.
32 Y. Fu, J.-H. Song, J. Chem. Phys. 2014, 141, 054108.
34 J. Liu, S. Wu, L. Zhang, W. Wang, D. Cao, Phys. Chem.
Chem. Phys. 2011, 13, 518–529.
35 J. I. McKechnie, D. Brown, J. H. R. Clarke, Macromolecules
1992, 25, 1562–1567.
36 LAMMPS Molecular Dynamics Simulator, Available at:
http://lammps.sandia.gov. Accessed 28 June, 2014.
37 Y. Horie, L. Davison, N. Thadani, (Eds. High Pressure Shock
Compression of Solids VI: Old Paradigms and New Challenges;
Springer: New York, 2003.

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2015, 53, 1292–1302

1301

FULL PAPER

WWW.POLYMERPHYSICS.ORG

38 O. A. Hasan, M. C. Boyce, Polymer 1993, 34, 5085–5092.
39 R. A. Riggleman, G. N. Toepperwein, G. J. Papakonstantopoulos,
J. J. de Pablo, Macromolecules 2009, 42, 3632–3640.
40 H. Chao, R. A. Riggleman, Polymer 2013, 54, 5222–5229.

1302

JOURNAL OF
POLYMER SCIENCE

43 L. M. Barker, R. E. Hollenbach, J. Appl. Phys. 1970, 41,
4208–4226.
44 D. N. Schmidt, M. W. Evans, Nature 1965, 206, 1348–1349.

41 D. Brown, J. H. R. Clarke, Macromolecules 1991, 24, 2075–2082.

45 W. J. Carter, S. P. Marsh, Los Alamos National Laboratory
Report No. LA-13006-MS, 1995.

42 F. M. Capaldi, M. C. Boyce, G. C. Rutledge, Polymer 2004,
45, 1391–1399.

46 S. P. Marsh, LASL Shock Hugoniot Data; University of California Press: Berkeley, 1980.

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2015, 53, 1292–1302

