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Molecular modeling of the time-dependent shock response in polyurea
with Hugoniostat and explicit impact simulations
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Molecular dynamics simulations are applied to study the shock response of the hard and soft phases of

nanostructured polyureas. Shocks are modeled using both a nonequilibrium explicit impact method and a
quasistatic Hugoniostat method. These methods subject systems to different strain rate histories, resulting in
dissimilarities in the transient evolution of the thermodynamic state of the material during shock loading.
Once materials are compressed into glassy states, both Hugoniostat and impact simulations display similar

Eyring-like relaxation of the residual shear stress corresponding to a logarithmic slowdown in plastic deformation
post-shock. The slowly relaxing shear stress makes the prediction of post-shock densities and shock speeds
sensitive to total simulation time. While Hugoniostats can efficiently resolve the steady-state limiting Hugoniot,
our results indicate that this is unlikely to be realized in experiments over the timescales during which shocks
transit real microstructures. Instead, real shocks will travel at transient shock speeds governed by the dynamic
stress relaxation of the relevant phases, which can be predicted by explicit impact simulations.

DOI: 10.1103/p577-s387

L. INTRODUCTION

Polyurea is an elastomer valued for its high mechanical
toughness, chemical resistance, and energy dissipation [1-3].
These qualities have popularized its usage as a lightweight
protective spray coating for applications necessitating im-
pact and blast mitigation, including structures [1,2], personal
protective equipment [4], and dampers for automotive and
aerospace vehicles [5]. In the recent literature, there has been
increased interest in the study of polyurea for attenuating
shock waves [6—18], supersonic disturbances that adiabati-
cally drive materials to nonequilibrium thermodynamic states
as they propagate. Despite widespread commercial use of
polyurea, the molecular mechanisms controlling its high-
rate mechanical behavior are not fully understood. Bespoke
structural tailoring of polyurea for relevant applications, to-
gether with the synthesis of other nanostructured polymers
for the purposes of impact mitigation, requires an improved
understanding of how the morphology of polyurea contributes
toward shock dissipation.

Characterization of polymer microstructures during shock
impact is difficult due to the inherently short time and length
scales associated with experiments. As a result, computational
modeling and simulation methods, such as molecular dynam-
ics (MD), have been relied upon to provide a molecular-level
interpretation of the mechanics of soft materials under shock
[19-24].

Methodologies for shock simulation typically belong to
one of two groups. The first, which we refer to as explicit im-
pact methods, simulates a piston striking a sample to produce
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a propagating shock wave [25-29], similar to plate impact
experiments. These methods are computationally expensive
because they require long simulation boxes to resolve and
measure the steady fronts of rapidly propagating shock
fronts. They are also limited in their total time evolution
since they must end once the transiting front crosses the
simulation cell.

The second set of methods, which we refer to as equilib-
rium methods, do not model impact explicitly. Rather, they
aim to simulate material in the steady post-shock state for a
specific impact strength. This is done by using the Rankine-
Hugoniot conservation relations to control the pressure and
temperature of the material. These methods, such as the
multiscale shock technique (MSST) [30] and the uniaxial
constant-volume [31] or constant-stress Hugoniostats [32],
can be used to measure the shock Hugoniots of materials using
much smaller system sizes and enable simulations to reach
much longer timescales [32].

Several multiscale MD simulations have been conducted
using explicit and equilibrium impact methods to investi-
gate the shock response of polyurea, citing the mechanics,
composition, and chain architecture of its nanoscale mor-
phology as key factors governing its dynamics [9-11,14—18].
Despite recent progress, accurately capturing the impact of
the phase-segregated morphology of polyurea during shock
loading remains a nontrivial task. Atomistic-scale models can
capture local representations of the morphology [9,10], but
struggle to model larger-scale bulk microstructures due to
the prohibitively slow kinetics of molecular self-assembly.
Conversely, coarse-grained representations have been used to
model microphase separation at mesoscopic time and length
scales [3,11,13,14,33-35], but forgo the ability to explore the
influence of atomistic mechanisms such as hydrogen bonding
and w—m stacking.
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An alternative approach to characterizing the shock re-
sponse of multiphase materials is through the use of mixture
models [36—46]. Early methods made predictions for the
equations of state of simple mixtures by interpolating their
pressure-volume Hugoniots at constant pressures based on the
volume fraction of each component, finding fair agreement
with experimental data for semicrystalline polyethylene and
binary metal composites and alloys [36,38]. More recently,
Jordan et al. [45] have developed a mixture model capable
of predicting shock equations of state for multi-component
composites with varying material classes such as metallic
alloys and polymer matrix composites. Their predictions fall
within an accuracy of the experimental data similar to that of
mesoscale models, bypassing the need to directly prepare and
characterize high-fidelity microstructures. To reduce the prop-
agation of errors, these models require precise measurements
of the shock equations of state of the constituent phases and
an improved understanding of how the properties of individual
phases influence those of the bulk composite.

A recent MD study by Manav et al. [15] validated the
use of mixture models to predict the shock Hugoniot of
polyurea. The authors created representative volume elements
to separately model the mechanically dissimilar constituents
within the nanophase-segregated morphology of polyurea.
This enabled them to individually characterize the bulk solid
mechanics of the glassy and rubbery component phases. Using
different composition-based mixing rules [38,47], they were
able to compute equations of state for polyurea under qua-
sistatic uniaxial compression and high-rate shock impact that
were in good agreement with those of experiments [12,15].

Using equilibrium shock simulations, Manav ef al. [15]
were also able to measure an increasing disruption of aromatic
carbon arrangements and hydrogen bonds in the glassy phase
with stronger shocks, indicating significant shock induced
plasticity. Given the inherent strain rate sensitivity of polyurea
[48] and the artificial loading conditions imposed by equi-
librium shock simulations, it is unclear whether these plastic
rearrangements are comparable to those produced by propa-
gating shock waves in explicit impact simulations. Previous
studies have reported good agreement for the shock equa-
tions of state predicted by equilibrium and impact methods
[30-32,49,50]. However, recent work by Lecoutre et al. [49]
found that their equilibrium shock simulations induced only
a static residual shear stress representative of purely elastic
deformation rather than a transient deviatoric stress relaxation
typically produced by plastic shocks.

In this study, we leverage the models of Manav et al.
[15] to investigate the shock induced plastic deformation of
two linear homopolymers with distinct chemistries. We create
atomic-scale representative volume elements of the “hard”
glassy and “soft” rubbery nanodomains within polyurea and
verify that our models reproduce the equilibrium Hugoniot
shocks of previous studies [15]. Comparing equilibrium and
explicit impact shocks, we find that both methods induce
a similar time-dependent shear stress relaxation in the hard
and soft phases. The stress relaxation curves of both phases
are fit to a single-barrier stress-activated Eyring model, sug-
gesting that both hard and soft phases exhibit similar glassy
mechanics under shock compression despite showing glassy
and rubbery behavior under ambient conditions, respectively.

TABLE I. OPLS interactions and functional forms.

Interaction type Functional form

Bond E =K,(r —ry)?

Angle E = Ky(6 — 6p)?

Dihedral E = %Kl[l + cos(¢)] + %Kz[l — cos(2¢)]
+3K3[1 + cos(3p)] + 2Ku[1 — cos(4¢)]

Improper E = K;[1 + d cos(ng)]

Non-bonded E =4e[(o/r)'? — (0 /r)°] r<r.

Electrostatic E =Cqqj/er r<re.

This logarithmically slow plasticity corresponds to the gradual
densification of our models, which is resolved on signif-
icantly longer timescales than those of shock propagation
within the nanoscale microstructure of polyurea. This results
in noticeably larger shock velocities measured during impacts
compared to those from equilibrium shock simulations.

II. METHODS

A. Atomic potential and integration

Polyurea is modeled using the OPLS-AA (Optimized Po-
tentials for Liquid Simulations — All Atom) force field [51].
Past studies using this force field have validated the stress-
strain relation of polyurea with experiments under uniaxial
compression up to pressures of approximately 10 GPa [12].
Reactivity and rearrangement of chemical bonds are typically
not prevalent within polyurea for shocks of this magnitude
[52] and, thus, are not considered in our simulations.

The functional forms for the bonded and non-bonded in-
teractions for the force field are given in Table I. Bonded
interactions are made up of bond stretching, angle, and di-
hedral energy terms. Non-bonded interactions are modeled
with a Lennard-Jones (LJ) potential and a Coulomb poten-
tial. For non-bonded interactions between atoms less than 4
bonds apart, 1-2 and 1-3 interactions are excluded, while 1-4
interactions are weighted by a factor of 0.5. LJ interactions are
truncated at a cutoff distance r. = 10 A. Long-range Coulomb
interactions are computed using a particle-particle/particle-
mesh (PPPM) scheme [53] with an equivalent short range
cutoff of r.. We use a k-space grid spacing of 3.825 A for
all systems, which results in a relative RMS error in the
electrostatic force of 10~ per-atom. Atoms are parameterized
for OPLS-AA using LigParGen and the 1.14*CM1A charge
model [54-56], with the parametrization of different atom
types listed in Ref. [57].

Molecular dynamics (MD) simulations are performed us-
ing the LAMMPS simulation code [58]. A velocity-Verlet
integrator with a timestep of 1 fs is used for equilibration
and equilibrium shock simulations, while a shorter timestep
of 0.1 fs is used for explicit impact simulations to ensure
stability. Initial equilibration of small samples used in equi-
librium simulations is conducted in the NPT ensemble using
a Nosé-Hoover thermostat and barostat with time damping
parameters equal to 100 and 1000 fs, respectively. Explicit im-
pacts are performed in the NVE ensemble to model adiabatic
shock conditions similar to those of experiments. Systems
have periodic boundary conditions that span all three axes.
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FIG. 1. Molecular structures used to model the composition of hard (a) and soft (b) phases within nanophase separated polyurea. Grey,
red, blue, and white beads represent carbon, oxygen, nitrogen, and hydrogen atoms, respectively. Representative bulk hard (c)/soft (d) phase
systems composed of 125 hard/soft molecules equilibrated at ambient conditions. Longer systems for explicit impact simulations (e) and (f)

were constructed by replicating (c) and (d) 20-fold along the x axis.

B. Model chemistry and preparation

Polyurea 1000 is the target polymer chemistry that
we intend to model for this study. This block copoly-
mer is synthesized through bulk polymerization of 80 wt%
of an oligomeric amine and 20 wt% of a multifunc-
tional isocyanate curative [6]. A typical commercial variant
uses poly(tetramethylene oxide) di-p-aminobenzoate (n =
14) (Versalink P-1000, Evonik) and auritoneimine-modified
diphenylmethane diisocyanate (Isonate 143L, Dow) as com-
ponents. Due to the proprietary nature of Isonate 143L, which
includes an undisclosed combination of difunctional and tri-
functional isocyanates among other additives, prior modeling
studies have assumed the use of difunctional 4,4’-methylene
bis(phenyl isocyanate) (MDI) as an alternative isocyanate
[3,12,15]. Given that the average functionality of Isonate 143L
is relatively similar at 2.1 [59], these models have shown good
agreement of viscoelastic and high-rate mechanical behavior
with experiments.

Chains in molten polyurea self-assemble as the urea-rich
segments segregate to form hydrogen bonds and undergo w -
stacking [14,59]. This results in the formation of microphase
separated nanostructures consisting of “hard” domains
interspersed in a “soft” matrix. Under ambient conditions, the
hard phase is below its glass transition temperature (7) and
possesses the mechanical response of a brittle glass, while

the soft phase is slightly above its 7, and exhibits rubber-
like behavior. We create representative volume elements of
the hard and soft phases using a strategy similar to that of
Manav et al. [15]. The block copolymer chemistry of polyurea
is first spliced into two separate components for populating
our bulk models. The representative hard molecule, shown
in Fig. 1(a), is effectively a diphenyl-methane diisocyanate
end-functionalized with two methyl 4-aminobenzoates. This
arrangement suppresses artificial hydrogen bond formation
caused by ending the hard domain molecule at an oxygen
atom [15]. The soft molecule, shown in Fig. 1(b), is com-
posed of the remainder of the poly(tetramethylene oxide)
di-p-aminobenzoate molecule, resulting in a repeating chain
of four carbons and one oxygen atom.

To create initial configurations, both hard and soft
molecules are replicated 125 times within separate simulation
boxes. These systems are annealed at a pressure of 1 atm and
temperatures of 800 and 500 K for the hard and soft phases,
respectively, which are above the individual glass transition
temperatures of each composition [15]. Annealing is con-
ducted long enough so that the molecules can diffuse several
times their size and randomize their initial configurations. The
systems are then quenched at a rate of 25 K/ns down to 300 K,
resulting in amorphous microstructures. The systems are equi-
librated at 300 K and 1 atm for 10 ns, achieving equilibrium
densities of pp,q = 1.2004 g/ cm? and pgor = 0.9352 g/ cm’.
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FIG. 2. (a) Temperature 7" and (b) normal stress o,, vs relative
density po/p Hugoniots for hard and soft phases compared with
those from Manav ef al. [15].

The cubic simulation box lengths were 4.57 and 6.19 nm
for the hard and soft models, respectively, as visualized in
Figs. 1(c) and 1(d).

For explicit impact simulations, larger simulation cells are
required to resolve and measure propagating shock waves.
For sample preparation, we switch to the NVT ensemble to
prepare for the constant volume conditions present during
impact simulations. Equilibrated models at 300 K are first
isotropically deformed to their equilibrium densities. Systems
are then replicated 20-fold along the x axis to create the
longer systems (91.8/123 nm for the hard/soft phase) visu-
alized in Figs. 1(e) and 1(f). System sizes were chosen to
enable the measurement of shocks across time and length
scales on the order of those of shocks propagating through
realistic polyurea nanostructures [59]. The configurations are
annealed again at 800 and 500 K for the hard and soft phases,
respectively, and subsequently quenched to 300 K at 25 K/ns.
This is followed by a brief equilibration to thermalize the
systems at 300 K prior to simulating impact.

C. Hugoniostat shock methodology

To perform equilibrium shock simulations, we use the uni-
axial constant-stress Hugoniostat method of Ravelo et al. [32].
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FIG. 3. Shock velocity u, vs particle velocity u, Hugoniots for
hard and soft phases compared with those from Manav et al. [15].

A barostat applies a uniaxial strain compression to the system
to establish a specified normal stress oy, while an ergostat
regulates the internal energy of the system to satisfy the
Rankine-Hugoniot jump conditions. The barostat and ergostat
operate on user-specified timescales that must be tuned to
enable the evolution of the stress tensor and temperature in a
manner similar to the evolution imposed by a transiting shock
front. Our choices of barostat and ergostat frequencies vary
by system and shock intensity to induce an appropriate strain
rate. Our methodology follows the prescription of Ravelo
et al. [32] and system specific parameters are provided in
Ref. [57].

Target normal stresses o, for the Hugoniostat are chosen
within the range of 0.01 to 10 GPa, far below the values
expected to lead to bond scission [52]. The Hugoniotstat also
requires specifying a quiescent state (Py, po, Ep), which
we take to be the equilibrium thermodynamic state of the
system at 7 =300 K and P = 1 atm. Simulations at each
target stress are run for 20 ns, a sufficiently long time for
thermodynamic quantities to reach steady values. Statistics
from the final 5 ns of the simulation were used to evaluate
the Hugoniot state for each shock pressure.

To verify the shock response of our models during Hugo-
niostat shocks, we compare our results with those published
by Manav et al. [15]. Figures 2 and 3 plot the shock Hugo-
niots of our hard and soft phases with those of Manav et al.
[15]. The comparison yields strong agreement between the
curves for both hard and soft phases. In Fig. 2, we plot the
temperature and normal stress as a function of relative density
for both phases. The quiescent states of both systems lie at
the rightmost point where 7 = 300 K and o,,¢ = | atm.
Compressive shocks cause the material to densify, raising the
temperature and stress of the material in a nonlinear manner.
The stiffness of the “hard” phase relative to the “soft” phase
is apparent given its faster rise in stress under compression.

In Fig. 3, we plot the shock velocity u, versus the particle
velocity u, for both phases. Given the lack of a physically
propagating shock wave in Hugoniostat simulations, these
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values are extracted using the following Rankine-Hugoniot

relations:
Oxx — P()
Uy = vy, | ———, (D
Vo —V

y = /(0 — Po)(vo — ), 2)

where vy and v are the pre- and post-shock specific volumes
of our system. u increases linearly with increasing u,, in both
phases with curves deviating from linearity for weaker shocks,
as expected for shocks of this magnitude within polyurea
[6,7]. The higher stiffness of the hard phase under shock is
reflected in the higher shock speeds u, in the hard phase
relative to the soft phase at the same u,,.

D. Shock impact methodology and analysis techniques

Explicit impact simulations are performed using an ap-
proach similar to that of O’Connor et al. [22], where a rigid
slab of atoms acts as a piston and impacts the material. Other
methods for simulating shock impacts have been used in the
literature [25-29], but He et al. have shown that barring ma-
terial very close to the piston, these techniques produce the
same shock behavior [20]. After equilibration, atoms within
1 nm of the simulation box boundaries along the x axis are
constrained to act as rigid slabs, with their interactions, forces,
and velocities removed. The left slab is prescribed to compress
the material at a constant velocity u,, while the right slab
is fixed, generating a propagating shock front through the
material. We vary u,, between 0.25-1.75 km/s, covering the
range of typical flyer plate experiments.

To monitor the evolving thermodynamic state during shock
propagation, we subdivide the system along the propagation
axis into bins of width Ax =1 nm and compute thermo-
dynamic quantities averaged across all atoms within each
subsystem. The local stress tensor of each bin is computed,
including both thermal and virial contributions. The equa-
tion used by LAMMPS is

Noin |: pairs

mu;uj + 5 Z(ri,lfj,l +ri2fi2)

triples
1
+ 3 Z (riafin +riafio+rizfiz)

quads
+3 D Ginfin + riafia + risfis + riafia)

+ Kspace(r;, fj)i| , 3)
o

where Vi, is the volume of the bin, o indexes the atom within

a bin, u is the velocity of the atom, and f; is the force on the

atom « along j. Stresses and other thermodynamic variables

are calculated every 0.1 ps.

The ¢ — x plot in Fig. 4 shows an example of the normal
stress o, (x, 1) as a shock propagates through a hard-phase
sample. The color indicates the local stress at each position
and time. The interface between the leftmost black and purple
regions is where the piston contacts the material and travels
at a constant speed u, = 1 km/s. The boundary between the
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FIG. 4. Position-time (x — t) diagram of normal stress o,, for a
20x1x1 replicated hard phase system with u#, = 1 km/s. The dashed
white line corresponds to the atomic configuration above the plot at
t =5 ps, where the piston and shock front travel towards the right.
Atoms are colored by their coordination.

purple and rightward black regions is the location of the shock
front propagating at a velocity u, into quiescent material. As
it travels, it raises the normal stress o,, from 1 atm under
ambient conditions to &5 GPa behind the front. After the
shock front strikes the stationary right-end slab, it reflects
and propagates back into the material before being reflected
again off the piston as indicated by the boundaries between the
purple and pink regions and pink and yellow regions, respec-
tively. We do not analyze data after the initial reflection at the
opposing end of the system. A corresponding visualization of
the system at# = 5 ps indicated by the dotted red line is shown
above the main plot, where the yellow and purple regions
represent the shocked and quiescent material, respectively.

ug is measured by tracking the position of the shock front
over time. A Savitzky-Golay filter is used to smooth out and
numerically compute the first derivative of the binned u,(x)
data in the material at each time frame. The front position is
determined as the maximum in the first derivative and u; was
determined using a linear least-squares fit of the front position
versus time.

To compute the shock Hugoniots for direct shock simu-
lations, we evaluate the thermodynamic state of the material
behind the shock front for each u,. Figure 5 plots the temper-
ature T and normal stress oy, profiles of the hard (left) and
soft (right) phase materials for increasing distance behind the
shock front xpr for each u,,. Material within 15 nm of the pis-
ton is omitted from the analysis since its proximity to the rigid
piston causes it to deviate from the bulk response [20]. The
stress evolution slows around xgr ~ 15 nm behind the front
in both phases. Both density p and particle velocity u, also
reach somewhat steady values over this distance. However, the
temperature continues to exhibit a gradual increase beyond the
shock front, indicating continued heating in the material after
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FIG. 5. Temperature 7 and normal stress o, of shocked hard
(opaque symbols) and soft (translucent symbols) phase material at
increasing distance behind the shock front xgr for all u),.

the initial rise at the front. From these profiles, we measure
the post-shock state by averaging over material in the range
xpr € [20, 30] nm for the hard phase and xgr € [15, 25] nm
for the soft phase.

III. RESULTS AND DISCUSSION

A. Strain rates

Given that polyurea is known to display a rate-sensitive
mechanical response [48], it is worthwhile to compare the
strain rate histories imposed by the Hugoniostat and explicit
impact methods. This also allows us to verify that we have
calibrated the Hugoniostat time constants to produce loading
rates consistent with impact simulations.

For explicit impacts, we compute the strain rates imposed
by the shock front by fitting a cubic spline to the engineering
strain curve €,,(¢f) and taking a numerical derivative with
respect to time. Figure 6 plots both the strain [(a) and (b)]
and the corresponding strain rate profiles [(c) and (d)] as a
function of time. The strain follows a sigmoidal shape that
can be described by an amplitude € and a rise time ¢#,. This
is related to the width of the shock front A ~ f.u,. Stronger

shocks induce larger strains and propagate at faster u,, leading
to shorter rise times and higher strain rates [60]. The sigmoidal
strain profile results in a peaked strain rate history with a peak
rate that scales as ~¢/f.. Away from the front, the strain rate
gradually decreases back towards zero as the material tends
toward steady state.

Hugoniostat simulations vary the length L, of the x axis
of the simulation cell to simulate shock loading. Thus, we
compute an engineering strain rate via é,, = (dL,/dt)/L.(0),
computing the time derivative using a Savitsky-Golay fil-
ter. Figure 7 plots the strain rate during the first 1.25 ps
of Hugoniostat shock simulations for all shocks. For both
phases, the systems exhibit an overdamped decay in the strain
rate. The transient strain rate of Hugoniostat simulations is
controlled by our choice of barostat and ergostat parame-
ters, which we vary for each prescribed normal stress o,
via the methodology prescribed by Ravelo et al. [32] (see
Ref. [57]). This process should give strain rates of a similar
magnitude to impact simulations of similar shock strength.
This is true for the maximum strain rates for soft phases, with
both methods producing rates ranging between ~10~4-1073
for u, = 0.25-1.75 km/s. However, peak strain rates in hard
phase simulations are notably larger for Hugoniostat shocks
than for explicit impacts. The Hugoniostat gives a peak rate
~2 x 1073 at u, = 1.5 km/s compared to ~6 x 10~* for the
explicit impact at a similar u,. We attribute the larger strain
rate of Hugoniotstat shocks to the overdamped relaxation of
the barostat employed. The lack of inertia in the barostat
results in a nearly instantaneous peak strain rate that mono-
tonically decays, while real impacts result in a pulse shape
that gradually ramps up and then ramps down the strain rate.
Since the Hugoniostat only displays the ramp down portion
of this profile but must reach the same compression over a
similar timescale, it will tend to display a higher initial strain
rate.

B. Normal stress evolution

The different strain rate profiles imposed by Hugoniostat
and explicit impact methods induce different paths through
thermodynamic state space during loading. We measure these
paths by plotting the parametric curve o, (¢) versus po/p(t)
for material undergoing shock. For a steady shock front, the
trajectory along the waveform is constrained to a path called
the Rayleigh line [61]. In o, - p~! space, the Rayleigh lines
are linear.

Figures 8(a) and 8(b) plot the shock trajectories for ex-
plicit impacts. Trajectories follow the expected linear path
from the quiescent state to the Hugoniot curve indicated by
a red dashed line. The symbols in Fig. 8 are spaced at regu-
lar time intervals and show that the material transits rapidly
up the Rayleigh but slows its ascent as it approaches the
Hugoniot. We also observe a slight deviation from linear-
ity, with trajectories displaying a negative curvature towards
their final Hugoniot states. This indicates that the materi-
als display a time-dependent mechanical response. At early
times, they have a stiffer mechanical response, following a
steeper Rayleigh line, before relaxing as systems approach
their Hugoniot states. The slope of the Rayleigh lines is
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FIG. 6. [(a) and (b)] Engineering strain €,, and [(c) and (d)] strain rate é,, vs time ¢ for hard (left) and soft (right) phase systems imposed

by shock waves during explicit impacts for varying particle velocity u,,.

proportional to the shock speed u;, which we find increases
linearly with u,,.

The thermodynamic paths produced from Hugoniostat
simulations are more complex and do not follow a straight
Rayleigh line. Figures 8(c) and 8(d) plot the evolution of
the normal stress with respect to density for all Hugoniostat
shocks, along with the developed Hugoniot curves for each
system. For all shocks, we observe that the loading profiles
shown in Fig. 7 result in nonlinear trajectories. This is un-
surprising, as our Hugoniostat method does not subject the
material to the loading profile imposed by a steady structured
shock and does not need to satisfy the strict conservation re-
lations imposed on a physically propagating shock. Although
Hugoniostat shocks are not linearly constrained within phase
space, the multiscale shock technique developed by Reed et al.
[30] is an alternative equilibrium shock method that forces
systems to evolve along the Rayleighu line.

C. Shock Hugoniots

To compare the shock responses for both methods, we
first plot the Hugoniot temperatures 7 and normal stresses

Oxx Versus up, in Fig. 9 for both hard and soft systems. Both
methods produce nearly identical thermal and normal stress
responses over the full range of u,,. Soft phases show a slight
enhancement of o, and depression in T post-shock, giving
a first indication that less plastic relaxation has occurred on
the timescale of the explicit impact simulations than for the
longer Hugoniostat simulations. Below, we verify this claim
and show that it is a significant effect.

Despite predicting similar o, and T at fixed u),, Fig. 10(a)
shows the methods give markedly different shock veloci-
ties ug versus u,. At all velocities, explicit impacts have
ug systematically elevated above Hugoniostat predictions. In
addition, explicit impacts only resolve a linear u; o u, Hugo-
niot relationship, whereas Hugoniostat simulations resolve
lower speeds and nonlinear deviations for weak shocks. From
Eq. (1), uy depends on both the jump in normal stress and
specific volume of the material. Given that we observe sim-
ilar oy, for both methods in Fig. 9, the systems must be
compressed to different densities. This is indeed shown in
Fig. 10(b), with Hugoniostat simulations resulting in small
(~5%) but significant increases in density relative to explicit
impacts.
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FIG. 7. Engineering strain rate €,, vs time ¢ for hard (top) and
soft (bottom) phase systems from Hugoniostat simulations for vary-
ing normal stress o,,. The time axis is truncated to 1.25 ps from the
total 20 ns of simulation time to highlight initial transient region.

Our results show that explicit impacts are not resolving
identical post-shock states on the relatively short timescales
on which they can be simulated. Further, these differences
lead to large differences in the predicted shock speeds. Hugo-
niostat simulations resolve post-shock states for times ~10 ns,
which was found to be sufficient for the material states to
converge, while impact simulations are limited by the size
of the sample to times ~10 ps. As such, material in explicit
impacts likely lacks sufficient time to mechanically relax to a
higher density post-shock state such that the transiting front is
not fully developed.

D. Shear stress relaxation

For glassy polymers, relaxation is controlled by the coop-
erative plastic rearrangement of polymer backbones, which
often occurs slowly through activated creep mechanisms. To
quantify plastic relaxation in the post-shock state, we measure
a deviatoric shear stress T = oy, — 3(0yy + 0;.) We track the
time evolution 7(¢) by measuring the stress at fixed distances
behind the transiting front. Figure 11 plots t versus time
elapsed in the post-shock state for all explicit impact simu-
lations. 7 increases rapidly and peaks near the center of the
front at t = 0. The peak value of 7 increases with increasing
normal load o,,, exceeding the yield stress of the quies-

cent materials. This is a manifestation of the enhanced yield
strength of glassy polymers under pressure and at high rates
[62]. Behind the front, the shear stress rapidly decreases, but
the rate of decay slows continually, displaying a logarithmic
decay. Figure 12 plots 7(¢) for all Hugoniostat shocks. The
shear stresses peak at higher values than for explicit impacts,
consistent with the higher strain rates measured in Fig. 7.
Despite this, 7(¢) shows the same form of logarithmic decay
as observed in explicit impacts, indicating that both simulation
protocols are resolving qualitatively similar plastic relaxation
processes.

To model and compare stress relaxation across systems and
conditions, we fit 7(¢) to a stress-activated Eyring model. The
relevant expression derived by Guiu and Pratt is [63]

T
() =1 — v In (1 + —Ot>, %)
Ty
which predicts a logarithmic decay of the initial stress 7y with
a characteristic Eyring stress scale:

kgT
Ty =
1% V.

The activation volume V, describes the susceptibility of the
relaxation mechanism to the shear stress r. For fitting, we
fixed 7o = 7(t = 0), while ty and 7y are optimized using
the Levenberg-Marquardt algorithm [64]. Results from both
Hugoniostat and impact simulations can be modeled by fits to
Eq. (4) and are plotted as dashed curves in Figs. 11 and 12.
This indicates that the plastic relaxation of both phases during
shock can be understood as a single stress-biased thermally
activated process.

The fit values for 7y and 7y are plotted versus oy, in
Fig. 13 for all systems. Both parameters increase with oy,
and we obtain roughly similar values for the hard and soft
phases. Both hard and soft systems show Eyring stresses
Ty ~ 50-150 MPa. These are close to typical yield stresses
for glassy polymers, suggesting that the stress relaxation
in both shock-compressed phases is mediated by the same
local plastic rearrangements that mediate yield in glassy poly-
mers. Thus despite the hard and soft phases displaying glassy
and rubbery properties in equilibrium, respectively, both ex-
hibit similar glassy mechanics when immobilized under high
pressures.

The localized scale of the plastic relaxation process is
supported by plotting the activation volume V, = ty /kgT in
Fig. 14. Our data suggest that soft systems might display
smaller V, than hard systems, which would make sense given
the greater flexibility of the soft-domain molecules, but these
differences are subtle and too noisy for us to report with con-
fidence. What is clear is that both domains rapidly converge
to a small V, ~ 0.1 nm® or less above oy, ~ 2 GPa. This
corresponds to a length scale ~0.46 nm, which is of the size
of 1-2 monomers of the chain backbone.

Our analysis shows that both simulation methods produce
the same thermomechanical response and stress relaxation in
both polymer phases. To directly visualize this, we compare
relaxation curves from both methods for shocks of similar
normal load o, in Fig. 15. The explicit impact data are
horizontally shifted in time so that their initial 7y coincides
with the same stress value on the corresponding curve from

; &)
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explicit impact shock simulations and varying normal stress o, for [(c) and (d)] Hugoniostat shock simulations. Red and blue curves represent
the shock Hugoniots from explicit impact and Hugoniostat simulations, respectively. Dotted lines on the left panels represent the Rayleigh

lines connecting the quiescent and shock Hugoniot states.

Hugoniostat simulations. We find that the relaxation curves
show overlapping stress relaxation when different methods
share the same o, T, and T states.

For any practical atomic simulation, the Hugoniostat
Hugoniot states in Figs. 9 and 10 represent much more re-
laxed systems compared to those of explicit impacts due to
an underlying difference in the simulation timescales. Instead,
they indicate the influence of the residual shear stress on the
apparent shock response of these polymers. T decays loga-
rithmically and as a result converges much slower behind the
front compared to the hydrostatic pressure or temperature.
This residual 7 prevents the material from compacting to a
higher density.

This characteristic shear stress relaxation exhibited by our
models has also been observed in several other MD shock
simulations of glassy polymers [22,49]. However, it is un-
clear whether this Eyring-like stress relaxation is unique to

high-rate shock impacts or simply representative of conven-
tional glassy creep at elevated pressures and temperatures.
To investigate this, we also perform similar measurements
of the shear stress at thermodynamic states comparable to
shocks when subjected to quasistatic loading. It is not pos-
sible for quasistatic loading to exactly reproduce the states
along the shock Hugoniot. Therefore we simulate systems at
shear stresses and temperatures similar to those of the shocked
states in Fig. 15 for u, = 1.5 km/s. We take our cubic models
at their equilibrium densities under ambient conditions and
perform a uniaxial strain compression at a true strain rate of
107 fs~! until the shear stress reaches a value of 0.8/1.1 GPa
for the hard/soft phase. Afterwards, the temperature is raised
to 526 and 517 K for the hard and soft phases, respectively.
This produces quasistatic states with 7 and t comparable to
those generated ~1 ps behind the shock front. These results
are plotted as squares in Fig. 15, and show a comparably slow
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FIG. 9. (a) Temperature 7 and (b) normal stress o, Vs particle
velocity u,, for the hard and soft phases from Hugoniostat (blue) and
explicit impact (red) shock simulations.

stress relaxation. Fitting the stress to Eq. (5) results in vol-
umes of V, = 0.07/0.10 nm? for the hard/soft phase, which
is comparable to a few monomers’ volume. This suggests
that the same local monomeric rearrangements mediate the
terminal stress relaxation of these highly pressurized glassy
polymers when subjected to either quasistatic or high-rate
shock loading.

E. Molecular plasticity

The localized scale of plasticity inferred by the Eyring
model is directly corroborated by measurements of atomic
rearrangements on the molecular scale. To quantify local irre-
versible shear transformations during deformation, we use the
method formulated by Falk and Langer [65] to compute the
nonaffine squared displacement D2 . a metric that represents
local atomic deviations from affine deformation. A cutoff
radius of 1 nm is used to compute the atomic deformation
gradient tensor for each atom. Figure 16 plots the nonaffine
squared displacements D2 versus the distance behind the
shock front for all explicit impact shocks. In the quiescent

material at xgr < 0, there is a nonzero baseline value of Drznin
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FIG. 10. (a) Shock velocity u, and (b) density p vs particle ve-
locity u,, for the hard and soft phases from Hugoniostat and explicit
impact simulations.

in each phase that corresponds to the equilibrium aging of the
glass. At the front, the plasticity rapidly peaks as the material
is deformed above its yield strength by the shock. Beyond
this point, D2, subsequently decays with increasing distance
behind the front and appears to eventually reach a steady state
associated with the aging of the glass at elevated pressures and
temperatures post-shock.

To illustrate the correspondence between the shear stress
relaxation and local atomic nonaffine squared displacements
behind the front, we simultaneously overlay shear stress re-
laxation curves t(xgr) for u, = 1.75 km/s in Fig. 16. The
initial sharp decline in 7 coincides closely with the decrease
in D2, behind the front. As the stress relaxation transitions
towards its terminal logarithmic rate, we observe a corre-
sponding stabilization in the rate of plastic rearrangements.
While not explicitly shown, we have found that these trends
persist across all u,, for both phases. These similarities in the
characteristic time and length scales of these curves further
highlight the role of local molecular rearrangements in the
plastic relaxation of these glassy polymers.

Several previous studies have suggested that the shock-
induced disruption of directional bonds in the hard phase may
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FIG. 11. Shear stress T vs time ¢ elapsed since shock for all
explicit impact shocks. Dashed black lines illustrate fits of data to
Eq. (4).

be related to energy dissipation in polyurea [9,10,15]. Using
a pure hard phase constituent model, Manav et al. [15] found
that increasing shock pressure resulted in increased hydrogen
bond dissociation and the distortion of phenyl rings partici-
pating in 7—7m stacking. However, it is unclear whether these
processes are dynamic and/or coupled to the transient plastic-
ity observed in our models. To investigate the time-dependent
nature of these directional bonds, we probe for changes in
the coordination of hydrogen bonds across timescales using
both Hugoniostat and explicit impact simulations. To quan-
tify changes in structure, we compute the radial distribution
function of oxygen and hydrogen atoms g(r)o.y that form
hydrogen bonds within the hard phase, whilst the coordina-
tion of intramolecular species is omitted from the calculation.
Figure 17 compares the g(r)o.y curves from Hugoniostat and
impact shocks with similar impact strength u, ~ 1.5 km/s.
The equilibrium structure is also characterized and plotted
for reference with shocked states. The leftmost peak, at r ~
1.9 A, represents the coordination of oxygen and hydrogen
atoms that form hydrogen bonds between intermolecular urea
groups. For strong shocks with both methods, we observe
both a decrease in the peak height and position relative to
the equilibrium structure. This indicates the breaking of these
directional bonds as the hard phase is compacted during load-
ing. We find that this occurs very rapidly over a subpicosecond

Oxx (GPa)

. Hard
1

2000 6000 8000 10000

t (fs)

0 2000

FIG. 12. Shear stress 7 vs time ¢ elapsed since shock for all
Hugoniostat shocks. The original data are smoothed by applying a
Savitsky-Golay filter to yield the plotted curves. The time axis is
truncated to 5 ps from the total 20 ns of simulation time to highlight
the initial transient region. Dashed black lines illustrate fits of data to
Eq. (4).

timescale, with g(r)o_g curves remaining relatively unchanged
when sampled across longer time intervals. This shows that
hydrogen bond rearrangement is rapid and only active during
the initial compression imposed by the shock and does not
contribute to long-term stress relaxation.

F. Short timescale thermodynamics

While the Hugoniostat can more efficiently resolve long-
time relaxation behavior, it is unlikely that these relaxed states
are actually realized in real nanostructured materials during
shock impact. Scattering experiments indicate that typical in-
terdomain spacings within a typical polyurea microstructure
are of the order 5-10 nm [3]. This is comparable to the
shock width, and for u; ~ 1 km/s, a front would transit such a
domain in ~10 ps. At longer timescales, interactions between
the shock and interface boundaries will produce additional
reflected shocks that can further disrupt the local material
thermodynamic state. Thus, the transient states resolved by
explicit impact simulations on the picosecond timescale are
more representative of the material response on the nanoscale
than the steady-state response of the Hugoniostat.
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FIG. 15. Shear stress 7 vs time ¢ of shocked (a) hard and (b)
soft phase material from Hugoniostat and explicit impact shocks.
Systems are chosen for comparison between methods based upon
similar shock intensity. For the hard phase, we pick a Hugoniostat
simulation with o,, = 10 GPa and explicit impact shock with u, =
1.5 km/s. For the soft phase, we pick a Hugoniostat simulation with
oy = 8 GPa and explicit impact shock with u, = 1.5 km/s. Ex-
plicit impact data are horizontally shifted to overlap the peak shear
stress along the Hugoniostat curve. Yellow data represent 7(¢) from
quasistatic uniaxial compression simulations at comparable shear
stresses to shocks.

Given our understanding that both methods induce a
similar time-dependent plasticity, we predict that selective
averaging of transient Hugoniostat data on a shorter timescale
will also lead to a better convergence of other thermody-
namic and hydrodynamic variables with explicit impacts. To
test this, we average p and u; from Hugoniostat simulations
over t € [10, 20] ps and ¢ € [5, 15] ps for the hard and soft
phases, respectively. Figure 18 compares these data across
all shocks with those of our explicit impacts. In panel (b),
we now observe near perfect agreement between the po(u,)
curves for both methods. This supports our claim that the
discrepancies in post-shock densities in Fig. 10(b) were due
to the increased plasticity resolved in our longer Hugoniostat
simulations. Despite a better agreement in p, Fig. 18(a) still
shows that explicit impacts predict a systematically higher
ug and stiffer response. This is notable since the jump con-
ditions in Egs. (1) and (2) relate u; and u, to o, Py, v,
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FIG. 18. (a) Shock velocity u; and (b) density p vs particle
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plicit impact simulations. Hugoniostat data are time averaged across
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respectively.

and vy, all of which are now identical between both meth-
ods. However, these equations are only valid for a stationary
front in a steady state. As a result, the curves in Fig. 18(a),
computed from a transient state, do not predict the tran-
sient shock speeds of developing fronts in explicit impact
simulations.

IV. CONCLUSION

We applied molecular dynamics simulations to study the
shock response of representative volume elements of hard
and soft molecular phases within nanostructured polyurea
using both Hugoniostat and explicit impact simulation meth-
ods. Hugoniostat simulations resolve post-shock states over
durations of many nanoseconds, but explicitly impacts are
limited by system size to tens of picoseconds. Despite these
differences, we find good agreement between the temperature
and the normal stress oy, for both methods, suggesting that
these quantities rapidly equilibrate behind the shock front. In
contrast, the deviatoric stress t exhibits an Eyring-like shear
stress relaxation associated with a logarithmically decaying
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rate of stress-activated plastic deformation. The slow relax-
ation of 7 coincides with a slow compaction of the post-shock
density. Hugoniostat shocks can be simulated for sufficiently
long times to relax the shear stress t to a steady-state value.
However, explicit impact simulations are constrained to sig-
nificantly shorter timescales, leading to the measurement of
transient shocked states with significantly higher residual
shear stress.

Despite the stark differences in the chemistry and me-
chanical properties under ambient conditions between the
hard and soft phases, both systems displayed similar glassy
plasticity under strong shocks. The measured Eyring stresses
were on the order of the typical yield stress of glassy
polymers ~100 MPa, indicating that local plastic rearrange-
ments control the stress relaxation of both phases similar
to the yielding of glasses. This is further supported by the
comparable activation volumes of the hard and soft do-
mains. The length scales of plastic events are confined to
regions that are no larger than a few atoms in size. De-
spite the increased cohesion due to hydrogen bonding and
aromatic moieties in the hard phase, the influence of these
groups becomes suppressed at the high densities imposed by
shocks.

Steady shock speeds predicted by the Hugoniostat are
noticeably slower than those of propagating shocks mea-
sured in explicit impacts, even when compared on com-
parable timescales such that the post-shock values of T,
ow, T, and p are matched. We attribute this disagree-
ment to the fact that the Hugoniostat methodology uses the
steady-state Hugoniot relationships to compute u; from the
instantaneous post-shock state. This relationship cannot be
assumed to hold during the transient development of a front,
which our results show is a slow process in these glassy
systems.

For a properly parameterized Hugoniostat simulation, we
find that shocks faithfully reproduce the thermomechanics of
plastic deformation and stress relaxation behind the shock
front. Thus the Hugoniostat is an effective tool for predict-
ing the long-time damage accumulation in a PU material
after shock. However, the shock speed u; predicted by the
Hugoniostat is only accurate in the long-time limit, and this
steady-state is almost certainly never achieved in a real PU
microstructure. Indeed, shocks of this magnitude will tran-
sit the hard/soft domains on timescales ~10-100 ps, but
shear stresses relax over nanoseconds. Thus, we would ex-
pect shocks in PU to be propagated by unsteady waves that
frequently reflect and transmit at domain interfaces. Thus, if
practical shock impedances Z = pu, are needed to predict
shock scattering off heterogeneous microstructures [61,66],
the Hugoniostat is unlikely to provide an accurate value.
From just our Hugoniostat measurements, one would pre-
dict a much larger impedance mismatch than that actually
experienced by the shock given our data. This underscores
the continued need for explicit impact simulations to char-
acterize the empirical shock response of glassy polymer
systems.
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