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ABSTRACT: Recent nanoscale ballistic tests have shown the
applicability of nanomaterials for ballistic protection but have raised
questions regarding the nanoscale structure−property relationships
that contribute to the ballistic response. Herein, we report on
multimillion-atom reactive molecular dynamics simulations of the
supersonic impact, penetration, and failure of polyethylene (PE) and
polystyrene (PS) ultrathin films. The simulated specific penetration
energy (Ep*) versus impact velocity predicts to within 15% the
experimentally determined Ep* for PS. For impact velocities less than
1 km s−1, a crazing/petalling failure mode is observed due to chain
disentanglement, transitioning to fragmentation coupled with large
amounts of adiabatic heating at velocities greater than 1 km s−1.
Interestingly, the high entanglement density of PE provides enhanced
penetration resistance at low velocities, whereas increased adiabatic heating in PS promotes greater penetration resistance at elevated
velocities. By understanding nanoscale mechanisms of energy absorption, nanomaterials can be designed to provide superior
penetration resistance.
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The structure−property relationships of high-velocity
impacts of polymers are highly complex due to strain

rate sensitivity, length-scale dependence, pressure and temper-
ature sensitivity, and complex morphologies. Polymers have
been well investigated for ballistic application due to their
ability to absorb large amounts of energy at high strain rates1,2

and the potential for reuse due to their self-healing properties.3

Polymers also exhibit size-scale dependent properties, and
ultrathin polymer films have been observed to have one of the
highest specific penetration energies (Ep*) recorded to date.2

However, the nanoscale understanding of the driving
mechanisms behind the high impact resistance of polymers is
not well understood.
As material systems approach the nanoscale, the structure−

property relationships are not well-known. Nanoscale materials
exhibit size-dependent behaviors that vary from their macro-
scale counterparts. Nanoscale experiments have proven
difficult to conduct, and in situ observation of nanoscale
dissipation mechanisms is difficult or impossible, resulting in a
large knowledge gap. This gap in understanding is com-
pounded during ballistic and blast scenarios as shock waves
travel through the material at high strain rates and pressures,
possibly inducing phase transitions (e.g., glass transition,
melting, etc.), disassociating bonds, and catastrophically
damaging the material. Development and unification of novel
experiments and simulation techniques to address these

knowledge gaps and enhance ballistic-resistant materials is a
goal of this work.
Microparticle ballistic testing via Laser-Induced Particle

Impact Testing (LIPIT) has shed light on the perforation and
fracture behavior of many different types of materials subjected
to high-velocity impacts.4−12 For thermoplastic polymers, the
impact response has been well studied in PS8,9 and
polycarbonate (PC).10,11 Entanglement density (ρe) was
found to enhance the Ep* in both PS9 and PC11 systems,
with PC exhibiting an overall higher Ep* due to a larger ρe.
However, the molecular mechanisms (i.e., chain scission,
disentanglement, chain friction, etc.) that lead to the
dominance of one energy absorption mechanism over the
other are still unknown.
MD simulations of high-velocity impacts on carbon-based

materials are rather limited, but a few fundamental works
exists, mostly involving impacts on graphene sheets13−17 or
polymer thin films.18−20 For example, the ballistic penetration
was studied for poly(methyl methacrylate) (PMMA) to
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compare Ep* and local failure mechanisms of polymers,
graphene, and metals.19 However, bond scission was not
accounted for in PMMA. Additionally, the effect of geometrical
factors of the films (cross-sectional area, thickness) and
projectile (diameter) was studied and shows that above the
ballistic limit, Ep* scales as expected with the projectile
diameter. However, near the ballistic limit, the Ep* scales with
the projectile circumference as tearing occurs along the
projectile rim. With further advances of the LIPIT technique,
MD simulations are expected to be a valuable tool to answer
foundational questions regarding energy absorption, partic-
ularly in materials under shock.
In this study, large-scale simulations via reactive MD are

used to study the physically based molecular mechanisms
involved in the penetration and failure of amorphous PE and
PS thin films during supersonic (0.5 to 1.5 km s−1) and
hypersonic (2−5 km s−1) impacts. Fully atomistic systems
consisting of several million atoms allow for the enhanced
description of frictional forces between chains that are critical
in capturing stresses involved in chain pullout. The use of the
Adaptive Intermolecular Reactive Bond Order (AIREBO21)
potential captures the dynamic scission of bonds along the
polymer backbone, distinguishing between failure via chain
pullout and chain scission. Due to the large-scale (relative to
typical MD scales) nature of the simulations and the small-
scale and high-rate (relative to typical ballistic experiments)
nature of LIPIT, the incommensurability in length- and time-
scales typically observed between experiments and MD is
highly reduced to produce a first-of-its-kind comparison
between the two methods. In fact, identical impact velocities
and similar size-scales, with a model film thickness of ∼6 nm
compared to a minimum film thickness of ∼60 nm for LIPIT,
are compared between the two methods. Simulations of this
magnitude come with considerable cost, mainly computational
resources (processors) and time. The set of simulations
presented herein, each consisting of approximately 9 million
atoms and 1440 processors (2.3 GHz), utilized a total
computation time of over 1.2 million central processing unit
(CPU) hours.
Thin films of PE and PS are constructed, equilibrated, and

impacted in a complex series of simulations, totaling over 20 ns
of simulation time. Interactions between the projectile (30 nm
diameter) and films are described by a 12−6 Lennard-Jones

potential. Carbon−carbon and carbon−hydrogen interactions
are described by the AIREBO potential. Complete details of
the simulations are discussed in the Supporting Information,
along with a brief comparison of other atomistic potentials
(i.e., Modified Embedded Atom Method [MEAM]22). The
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)23 was used for all simulations. PS and PE thin
films with molecular masses (Mn) of 52.1 kg mol−1 and 14 kg
mol−1 (chain backbones consisting of 1000 carbon atoms),
respectively, were simulated, and the dispersity was not
considered in this work. The polymer types and molecular
weights were chosen to provide a comparison between
structurally different systems. Because PE lacks bulky side
groups, the monomeric friction coefficient (MFC) is several
orders of magnitude less than PS (4.15 × 10−13 vs. 1.56 × 10−8

Ns m−1).24 Additionally, PS has a lower ρe due to its low
molecular weight and large entanglement length (see Figure
5). Thus, comparison is made between a highly entangled
system with weak entanglements (PE) and a highly viscous
system with few entanglements (PS). Complete analysis of the
film cross section (density, density distribution, Voronoi
volume, thickness, and entanglement density) is discussed in
the Supporting Information.
The films described above were then subjected to a range of

high-velocity impacts (0.5 to 5 km s−1) at 300 K, and the
absorbed energy, fracture response, and thermal histories were
recorded. Identified from previous works, the glass transition
temperatures (Tg) for PE and PS are approximately 255 K25

and 370 K,26 respectively. Thus, at impact, PE is in a rubbery
phase while PS is in the glassy phase. All the films studied here
were constructed with a target thickness of 6 nm. The Ep*
versus projectile impact velocity (Vi) is depicted in Figure 1a.
For a baseline comparison, the Ep* for an idealized inelastic
collision (momentum conservation) is also plotted. Ep* is
defined as the loss of kinetic energy (KE) of the projectile
normalized by the mass of the film contained within the
projectile impact area and is used to compare dissimilar
materials. Interestingly, at Vi below 1 km s−1, PE exhibits a
higher capacity to absorb energy compared to PS, nearly twice
as much. At higher impact velocities (>1 km s−1), PS begins to
exhibit higher energy absorption, suggesting different molec-
ular mechanisms of energy dissipation for the two polymers in
each velocity regime.

Figure 1. Specific ballistic penetration energy (Ep*) versus the projectile impact velocity (Vi) for amorphous PE and PS systems each with chain
lengths of 1000 carbon atoms (500 repeat units). (a) Comparison of the simulated results to a baseline inelastic collision and to LIPIT
experiments9 (red circles) on a PS thin film with a similar molecular weight. (b) Comparisons of the Ep* versus the Vi for PE and PS compared
with MD simulations19 of PMMA, Al, and MLG.
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Figure 1a also compares the simulated and experimentally
determined (via LIPIT)9 Ep* for PS with similar molecular
masses (52.1 vs 51 kg mol−1). Remarkably, the simulations
predict the experimentally determined Ep* to within an average
error of 15%. The simulated increase of the Ep* versus Vi
curves follow similar trends observed in the experiments but
slightly underpredict the simulated Ep*. This suggests that the
simulations are capturing the correct physical mechanisms
during penetration but underpredict the magnitude of energy
absorption. Several factors could explain the observed
discrepancy: First, while the impact velocities are identical,
due to the smaller diameter projectile used for the simulations,
the total KE of the projectile is less than that of the
experiments. While velocity (strain rate effects) dominates the
thin film response, a change in total KE by scaling only the
projectile mass would affect the overall inertial response of the
thin film. This could explain why the slopes of the two curves
are similar but shifted along the y-axis. Additionally, the
projectile diameter is very close to the craze diameter, possibly
limiting the formation of mature crazes. Second, the simulated
thin films are about 10 times thinner than experiments, which
could induce free surface and confinement effects such as chain
alignment near the surface. Considering these factors, our
results compare favorably and highlight the use of such
simulations as a predictive design tool for ballistic resistant
materials.
The impact response expanding into the hypervelocity

regime, along with a comparison to other materials, is
illustrated in Figure 1b. Both films display the capacity to

absorb a remarkable amount of energy due to a high strain rate
dependency. The Ep* is compared with MD simulations19 of
aluminum (Al), multilayered graphene (MLG), and PMMA
and shows that PS and PE can approach the energy absorption
capacity of pristine MLG at impact speeds greater than 4 km
s−1.
Figure 2 illustrates the failure modes for PE and PS impacted

at low (0.75 km s−1), intermediate (1.5 km s−1), and high (3
km s−1) velocity. The reader is also referred to the Supporting
Information for additional atomic snapshots at different
velocities and time frames. Most notably, the failure response
changes from a crazing/petalling at low Vi to a fragmentation-
like failure at high Vi. At low Vi, a cone-like shape is observed
bending around the projectile and is especially noticeable in PE
(Figure 2a). In PE, widespread chain disentanglement and void
formation are clearly seen as chains are stretched and pulled
from entanglement clusters. Notably, bond scission is not
observed, as confirmed by other MD simulations of PE.25 Due
to the lack of bulky side groups in PE, the MFC is small, and
chain stress remains below the maximum tensile strength,
causing preferred disentanglement. The slow pullout of chains
allows for more film bending, spreading the impact duration
over a longer time period and larger distance, resulting in the
higher values of Ep* for PE at low Vi.
For the fracture of PS at low Vi (Figure 2d), the cone-like

shape is still visible but to a lesser extent. However, a more
brittle-like failure occurs via interchain decohesion. Petalling
has been observed in brittle materials such as PS and graphite.5

The PS simulated here has an entanglement density 3 orders of

Figure 2. Snapshots of the ballistic failure modes for amorphous polyethylene impacted at (a) 0.75 km s−1, (b) 1.5 km s −1, and (c) 3 km s−1 and
amorphous PS impacted at (d) 0.75 km s−1, (e) 1.5 km s−1, and (f) 3 km s−1. At increased velocity, the failure mechanisms change from
disentanglement (PE) and decohesion (PS) to fragmentation. Atoms are colored by volumetric atomic strain.
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magnitude less than the simulated PE (Figure 5) resulting in a
lack of craze formation and an inability to sustain large
amounts of chain stretching. Thus, the impact duration is
much shorter compared to PE. Again, bond scission is not
observed at low Vi for PS.
Figure 2b,c and e,f depict the failure modes for PE and PS at

a Vi of 1.5 and 3 km s−1, respectively. A similar fragmentation-
like failure is observed for the two polymers at higher
velocities, with impact-face debris evident and a large back-face
fragmentation cloud visible. Minimal chain scission is observed
in PE, while PS experiences bond scission at higher Vi (≈10 at
3 km s−1). In PS, ductility is increased as the temperature rises

above the Tg, and some chain pullout is observed, but due to a
large MFC, the interchain frictional forces within some
entanglement clusters are higher than the tensile strength of
the carbon backbone, causing chains to rupture. Although
rupture of individual bonds does not dissipate high amounts of
energy (see SI Figure S4), bond rupture promotes chain
mobility as the tension in highly stressed chains is relieved
along the backbone. Impact simulations by Giuntoli et al.20

confirm that bond energy has a small direct role in the total
energy dissipation and interchain frictional forces dominate.
Figure 3 depicts the evolution of the projectile velocity, film

pressure, and film temperature as a function of the position of

Figure 3. Evolution of projectile velocity, film hydrostatic pressure, and film temperature for PE (a and b) and PS (c and d) during penetration for
an initial impact velocity of 750 m s−1 (top row) and 1500 m s−1 (bottom row). Snapshots of penetration are shown to illustrate the location of the
projectile at certain points.
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the projectile for a low (0.75 km s−1) and intermediate (1.5 km
s−1) velocity impact for PE and PS. Temperature degradation
is not captured well by the AIREBO potential (see Figure S6);
hence, the temperature and pressure analysis herein focuses on
the supersonic impact regime before temperature degradation
occurs. Indicated in Figure 3a and c, for Vi = 0.75 km s−1, the
temperature begins to slowly rise as the projectile first contacts
the thin film, and a shock wave passes through the material
causing a rapid spike in hydrostatic pressure. The pressure
spike quickly dissipates as the projectile perforates the film,
while adiabatic heating continues through chain friction, and
the projectile’s speed is reduced. This phenomenon matches
very closely to the description of the dissipation process in
LIPIT experiments for PS.8 Once the projectile has traveled
completely through the film (≈ 30 nm), the resulting curves
for PS and PE deviate as PE chains can undergo additional
pullout before the projectile completely perforates the film
(Figure 2a). Note, the pressure and temperature histories
shown in Figure 3a are not accurate once the polymer chains
begin to stretch and crazing occurs (penetration distance >30
nm) as the deformation is highly localized.
As the Vi increases, the maximum temperatures increase

(Figure 3b and d). Through adiabatic heating attributed to a
large MFC,24 PS reaches temperatures greater than PE, which
causes PS to transition into the rubbery phase. The maximum
temperature achieved for each Vi is given in Figure S5 and
shows that the point at which the PS transitions above Tg
occurs at ∼1 km s−1. This implies that chain mobility increases
and influences the energy dissipation and failure modes of PS,
confirming the assertion that PS is highly influenced by
adiabatic heating due to the increase in ductility via the
transition from the glassy state to the rubbery state.8,9

To quantify chain mobility, the mean squared displacement
(MSD) within the impact region is plotted versus Vi in Figure
4. Since the MFC and ρe are different between the two
polymers, the raw values of MSD are not a good metric to
compare the relaxation processes of the two polymers;
however, MSD is a good metric to illustrate enhanced chain
mobility in response to different impact conditions. Notably,
the MSD for both polymers increases with increasing Vi (and
Ep*), indicating a connection between chain mobility and

toughness that has been recently observed experimentally.27,28

Due to a high ρe, PE initially has a low MSD that continuously
increases with Vi. PS has an initial increase in MSD up to 1.5
km s−1, after which an elbow in the data is observed and the
MSD increases at a slower rate, suggesting that as the
temperature increases with increasing Vi, the MFC is reduced
and chain mobility is enhanced. The increase in chain mobility
observed in PS allows for a more ductile failure, which
increases the energy absorption capacity over PE at elevated Vi.
An important factor to address is the pressure achieved

during impact. Phase transitions are connected to the density
of the polymer and have been shown to shift with increasing
pressure29 by the constraint of local and relative motion of
molecules, which can act to increase the yield point, shift the
Tg, and prompt a more brittle-like failure. Shift of the
degradation temperature has also been observed,30 especially
in PS and PE as the evaporation rate of degradation products is
decreased at elevated pressure. Therefore, a highly complex
relationship exists between pressure, temperature, phase
transitions, and chain dynamics during ballistic impacts. For
the highest Vi simulated in this work (5 km s−1), the maximum
pressures observed were 4.6 and 4.05 GPa for PE and PS,
respectively. These pressures are quite significant; however,
since the films are not confined, the spikes in pressure are short
and quickly dissipate. Comparatively lower pressures (∼150
MPa), which have less effect on chain dynamics, are achieved
at impact velocities of 0.75 km s−1,
Finally, to investigate the dependence on entanglements, the

Ep* is plotted versus the ρe for PE and PS along with
experimental LIPIT results for PS9 and PC11 at similar impact
velocities (∼800 m s−1). In order to provide a direct
comparison of ρe, the ρe is estimated from the molecular
weight (Mn) and entanglement length (Me) in the same
fashion as other experimental works,9,11 based on the model of
Bersted.31 For simulations, this method requires topological
algorithms,32−35 discussed in the Supporting Information, to
determine the entanglement length. Figure 5 shows that the
simulated Ep* for PS follows closely with the LIPIT results at

Figure 4. Mean squared displacement versus impact velocity within
the impact region for PE and PS.

Figure 5. Specific penetration energy versus entanglement density for
simulated impacts on PS and PE thin films compared to LIPIT
experiments of PC11 and PS.9 The uncertainties represent one
standard deviation in measured values.
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low ρe. Overall, it is evident that Ep* increases with increasing
ρe. The Ep* for PE lies between PS and PC and requires a
more detailed analysis of the effects of Me and entanglements.
The low Me for PC results in a high ρe, corresponding to the
highest Ep* values. Conversely, low Me PS results in the lowest
Ep* due to an extremely low ρe. There appears to be a
molecular structure-related dependence on the Ep* versus ρe
correlation, as the results for PS and PC have similar slopes
(assuming linearity) but are shifted along the x-axis (ρe axis).
This likely indicates different interchain forces that influence
the amount of energy dissipation during perforation and
suggests that Ep* is not only related to the ρe but also depends
on the friction coefficient related to interchain forces. This
relationship is expected to be nonlinear and highly rate
sensitive and is the subject of current ongoing work.
To conclude, ballistic impacts of PE and PS thin films are

studied via large-scale MD simulations to investigate the
dissipated energy, deformation and fracture response, and
temperature and pressure evolutions during impact. Several
factors were validated against LIPIT experiments, including
Ep*, entanglement influence, and fracture behavior. Entangle-
ment density, MFC, and chain mobility were shown to be
influential factors on the ballistic behavior but require further
investigation to establish the complex relationships. Adiabatic
heating induces large temperature rises during impact,
especially in PS, causing PS to transition into the rubbery
phase, enhancing chain mobility. PE exhibited no bond
scission during impact and deformed via mechanisms of
chain pullout (via ρe and MFC). On the other hand, PS
exhibited increasing bond scission with increasing impact
velocity (high MFC), possibly contributing to greater Ep*
values at elevated impact speeds. At hypervelocity, a regime
not yet achievable via LIPIT, large magnitudes of Ep* were
observed for both PE and PS rivalling that of MLG. In
combination with experiments, these simulations provide
insights into the underlying molecular failure mechanisms
associated with nanoscale ballistic impacts and provide a useful
simulation tool for the design and development of impact
resistance nanomaterials.
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