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ABSTRACT: Ab initio molecular dynamics simulations of
shock loading on poly(p-phenylene terephthalamide) (PPTA)
reveal stress release mechanisms based on hydrogen bond
preserving structural phase transformation (SPT) and planar
amorphization. The SPT is triggered by [100] shock-induced
coplanarity of phenylene groups and rearrangement of sheet
stacking leading to a novel monoclinic phase. Planar
amorphization is generated by [010] shock-induced scission
of hydrogen bonds leading to disruption of polymer sheets, and
trans-to-cis conformational change of polymer chains. In
contrast to the latter, the former mechanism preserves the
hydrogen bonding and cohesiveness of polymer chains in the identified novel crystalline phase preserving the strength of PPTA.
The interplay between hydrogen bond preserving (SPT) and nonpreserving (planar amorphization) shock release mechanisms
is critical to understanding the shock performance of aramid fibers.
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B INTRODUCTION

Aramid fibers, such as Kevlar and Twaron, are of great interest
due to their outstanding ratio of strength per weight and
thermal resistance.”” There are numerous applications of these
fibers that include bulletproof vests and helmets, turbine
engine fragment, containment structures, cut resistant gloves,
etc.’™® Compositional and structural studies of aramid fibers
suggest that these materials derive their exceptional properties
from crystalline domains of poly(p-phenylene terephthala-

structures, on the mechanical properties.'*”'%**** Never-
theless, in order to understand the intrinsic ability of aramid
fabrics to withstand shock loading, the response of its most
basic constituent, PPTA crystals, needs to be investigated
explicitly first. The shock response of the intricate bond-
hierarchy-stabilized PPTA structure can be modeled accurately
by first-principles methods.”**

B METHODS

mide) (PPTA) polymers, highly oriented along the fiber
7~ Figure la illustrates the aramid fiber structure. While
aramid fibers display exceptional performance, their develop-
ment and improvement have been historically empirical and
based on trial and error.'”"” Recent investigations on the effect
of defects on the performance of fibers have been instrumental
in understanding intrinsic deformations and failure mecha-
24716 However, there is a startling lack of shock
investigations on PPTA and aramid fibers.'”'® Since the
main application of these fibers is in shock and impact
protection, such studies are required for understanding the
intrinsic stress release mechanisms of PPTA.

Atomistic simulations are key to understanding shock
damage microscopically and to enable atomistically informed
continuum  simulations.'”~>' Recent simulations have high-
lighted the influence of defects, and the arrangement of chain

axis.
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In this work, we investigate the shock response of PPTA using
the multiscale shock technique (MSST) with the PBE
functional and emgirical DFT-D to incorporate van der
Waals interactions.”®>® The MSST equations of motion are
integrated numerically with a time step of 10 au (~0.242 fs)
for up to S ps. MSST simulations are performed perpendicular
to PPTA chains along the [100] and [010] crystallographic
directions, at several particle velocities in the range 0.24—4
km/s. This range of particle velocities probes the different
expected response regimes of the PPTA crystal to shock
loading, i.e., from very weak shock (elastic response) to strong
shock (cross-linking response). The PPTA crystal structure is
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Figure 1. (a) Schematics of an aramid fiber microstructure, composed
of elongated, highly crystalline fibrils where PPTA polymer chains are
aligned along the fibril length forming stacked PPTA sheets. (b)
Structure of PPTA sheet with in-plane hydrogen bonding indicated by
orange dotted lines. (c) PPTA crystal oriented along [010],
highlighting the PPTA sheet stacking structure. (d) PPTA crystal
oriented along the polymer chain, [001] (fibril length). Gray, white,
red, and blue spheres correspond to carbon, hydrogen, oxygen, and
nitrogen atoms, respectively.

highly anisotropic along the low index crystallographic
directions [100], [010], and [001]. Covalent bonding between
monomers forms long polymer chains along the [001]
direction (shown in Figure 1b). In-plane hydrogen bonding
along the [010] direction forms polymer sheets (hydrogen
bonding is indicated by the dotted lines in Figure 1b). In the
[100] direction, PPTA sheets are stacked in ABAB arrange-
ment and interact by weaker van der Waals interactions
(shown in Figure 1lc,d). Therefore, distinct types of bonding
exist in each direction of the crystal, i.e, covalent along the
chain axis, hydrogen bonds within sheets, and van der Waals
between different sheets. This bond hierarchy leads to highly
anisotropic mechanical properties; i.e., high tensile strength
and modulus along the chain axis contrast with the
corresponding compressive properties and with the mechanical
properties along other directions. This anisotropy of
mechanical properties requires a careful consideration in the
design of the fibers.””””" The manufacturing process of
commercial fibers, such as Kevlar and Twaron, take advantage
of the PPTA crystal structure by producing highly aligned
polymer chains along the fiber axis.

B RESULTS AND DISCUSSION

The shock Hugoniot curves of the PPTA crystal along the
[100] and [010] directions are presented in Figure 2a,b.
Corresponding pressure plots are displayed in the Supporting
Information, Figure S2a,b. Discontinuous changes in shock
Hugoniot curves correspond to transitions between different
shock response regimes. For shock direction [100] we observe
discontinuity at U, = 2.07 km/s and U, = 2.66 km/s. The
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former corresponds to a PPTA structural phase transformation
(SPT), and the latter corresponds to cross-linking of the
polymer chains. Along [010], a first discontinuity at U, = 0.4
km/s indicates a transition from the elastic regime to the
plastic regime and the second discontinuity at U, = 3.24 km/s
is related to polymer chain cross-linking.

For weak shocks, the PPTA crystal response shows a highly
anisotropic elastic compression regime along different
directions. For shock along [100], we observe high volume
reduction leading to compaction of the polymer sheets and
conformational changes in the PPTA polymer chains. The
volume is reduced up to 29% at 2.07 km/s. The distance
between PPTA sheets is reduced from 4.6 t03.9 A. For elastic
shock along [010], we observe a relatively low volume
reduction up to 6% at 0.4 km/s before plasticity is triggered.
In unshocked PPTA, the two phenylene groups are arranged at
opposite dihedral angle with the amide group as shown in
Figure 1b (label for dihedral is given in Figure S3). The
dihedral angle for unshocked PPTA is 26°. In the elastic
regime, the dihedral angle evolution as a function of time is
shown in Figure 2i for shock along both [100] (in blue) and
[010] (in red) directions. In the case of the [100] direction,
the dihedral angle reduces from 26 to 16° at 2.07 km/s. In
contrast, the dihedral angle along [010] remains unchanged.
Animation movies for the elastic process are in the Supporting
Information (movie S1 for the [100] direction and movie S2
for the [010] direction).

For strong shocks, we observe cross-linking of the PPTA
polymer chains with the formation of new bonds between
chains, which drastically changes its chemical structure. A
similar phenomenon was reported for ethane clusters under
impact resulting in polymerization.”’ We have quantified this
process by monitoring the integrity of the PPTA backbone,
where all carbon atoms have sp® hybridization. Figure 2k shows
the fraction of sp” carbon present in the system as a function of
time in both cases. For the [100] direction, we observe a
drastic drop in the fraction of sp* carbon at U, =342 km/s. A
similar behavior is observed for the [010] direction at U, = 3.7
km/s. Animation movies for the cross-linking process are
provided in the Supporting Information (movie S3 for the
[100] direction, movie S4 for the [010] direction).

PPTA displays an intriguing shock response in the
intermediate shock regime of 1.44 < U, < 324 km/s along
[010]. We observe a plastic response characterlzed by (i) a
massive scission of hydrogen bonds, (ii) rotation of whole
polymer chains, (iii) independent rotation of phenylene and
amide groups, (iv) change in the conformation from trans-to-
cis (movie SS), and (v) misalignment of polymer chains. All
these mechanisms are illustrated by movie S6. The trans-to-cis
conformational change, shown in Figure 3a,b, has a particular
deleterious effect on the PPTA crystal, which distorts and
stresses the polymer backbone, affecting its ability to
regenerate hydrogen bonding with neighboring molecules in
the sheets. This shock release mechanism is akin to the shock
induced trans-to-gauche isomerization reported for self-
assembled hydrocarbon monolayers.”> All the listed plastic
mechanisms act to destabilize the polymer sheets as shown in
Figure 2g. Figure 2j shows up to an 80% drop in the number of
hydrogen bonds. This plastic response effectively destroys the
long-range order of the crystalline alignment of the polymer
chains leading to a planar amorphous phase, where polymer
chains are weakly bonded by van der Waals interactions and
contain both trans and cis conformations. The disordered
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Figure 2. Shock Hugoniot curves along [100] (a) and [010] directions (b), respectively. PPTA structure in elastic (c), transformation (d), and
cross-linking (e) regimes for shocks along [100] direction and (f=h) along [010] direction, respectively. Chains undergoing structural or trans—cis
transformation are highlighted. (i—k) Analysis of structural changes in different regimes by the evolution of dihedral angle between phenylene and
amide groups in the elastic regime, fraction of hydrogen bonds preserved in the plastic/transformation regimes, and fraction of sp” preserved in the

cross-linking regime.
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Figure 3. trans (a) and cis (b) conformations of a PPTA polymer
chain. PPTA crystals have 100% trans conformation; 20% of polymer
chains transform to cis during shock along the [010] direction, leading
to a planar amorphous phase. (c) Radial distribution function of
polymer chain center of mass in the (001) plane for crystalline (C),
planar amorphous (A), compressed crystalline (c-C), and transformed
(T) systems. The insets show the corresponding center-of-mass
configurations.
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arrangement of the polymer chains is quantified by the radial
distribution function, g(r), of their center-of-mass positions
shown in Figure 3c. Sharp peaks in g(r) are lost in the planar
amorphous phase, indicating lack of crystalline arrangement.

In sharp contrast to the shock response along [010], the
intermediate shock regime along [100], between U, = 2.07
km/s and U, = 2.66 km/s, leads to a pressure-induced SPT
that preserves the integrity of the PPTA polymer sheets and
the trans conformation of the polymer chains. SPT is a
common shock release mechanism in strongly bonded
materials.””> The evolution of PPTA during the SPT is
illustrated in movie S7. Results indicate that for some polymer
chains the phenylene group attached to the carbonyl end of the
amide group reverses its orientation with respect to the amide
group, making both phenylene groups coplanar. This
conformational change induces displacement of polymer sheets
in both [010] and [001] directions and the stacking
rearrangement propagates to neighboring polymer sheets as
illustrated in the movie S7. Since these simulations are
computationally costly, the shock response is simulated up to
4.88 ps. During this short time period the identified
transformation is incomplete for the particle velocities
considered here. Please see Figure 2d for a partially
transformed system at U, = 2.2 km/s.

To uniquely identify the structure of the transformed phase,
we perform global energy minimization by sampling the phase
space using the Bayesian optimization method. Bayesian
optimization method pseudocode is provided in Table SI,
and the result is shown in Figure S4. The dimensionality
reduction and Bayesian optimization process is described in
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detail in Supporting Information. We evaluate the energy
landscape of PPTA in the compressed state as a function of
individual polymer chains displacement in the [010] and [001]
directions. The calculated energy landscape is shown in Figure
4a. Energy values are plotted as a function of reduced
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Figure 4. (a) Energy landscape of the compressed system as a
function of polymer chains’ reduced displacement in [010] and [001]
directions. Reduced displacements are calculated using Godel
encoding (see the Supporting Information). (b) Predicted new
phase of PPTA under shock along the [100] direction. All the
phenylene groups in polymer chains are coplanar in this PPTA phase.
(c) Unshocked PPTA monoclinic primitive unit cell. (d) Predicted
new phase PPTA monoclinic primitive unit cell.

displacements, Ay and Az, corresponding to the [010] and
[001] directions, calculated using Godel encoding (see the
Supporting Information). The predicted structure is further
verified by the meta-GGA method (see the Supporting
Information, Figure SS). The predicted structure displays the
previously described rotation of one phenylene group. The
phenylene group attached to the carbonyl (oxygen) end of an
amide flip its orientation and becomes coplanar to the
phenylene group attached to the amine (nitrogen) end of an
amide (geometry shown in Figure 4b). Symmetry analysis of
the predicted structure indicates that it belongs to the same
monoclinic space group as the original PPTA crystal P2,/c.
Figure 4 shows the primitive cells of the original and
transformed systems. The primitive cell of the transformed
system shows 90° rotation of the hydrogen bonded PPTA
sheets and coplanarity of the phenylene groups. Given the
similarity in space group, the g(r) of the transformed structure,
shown in Figure 3c, contrasts with the g(r) of the crystalline
structure. We observe a new peak at 2.8 A indicating the highly
compact stacking.

The predicted anisotropic shock response of PPTA along
the independent directions perpendicular to the polymer chain
axis offers a framework to understand the outstanding behavior
of aramid fibers and its failure mechanism. Our results show
that the SPT induced by shock in [100] preserves the in-plane
hydrogen bonding which is linked to the observed strength of
PPTA. In contrast, the complete breakdown of hydrogen
bonding for shock in [010] shifts the failure mechanism from
chain rupture to chain pullout, as identified in polyethylene
fibers.'* This process is expected to significantly reduce the
tensile strength of PPTA. The effect of hydrogen bonding in
the PPTA crystal is similar to f-sheet crystal domains in silk.**
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Considering our results, each randomly oriented fibril may
present a widely different shock response; i.e., a [100] oriented
fibril will outperform [010] oriented fibril under compressive
shock. The latter arguably will lose its strength in the plastic
regime which starts at modest particle velocities of U, ~ 0.4
km/s. This loss of strength linked to hydrogen bond disruption
may explain the fibrillation failure process identified as a major
failure mode in Kevlar fibers."> Fibrillation of aramid fibers
under impact is a predominant failure mechanism that is not
well understood.

B CONCLUSION

In conclusion, we used ab initio molecular dynamics of shock
loading based on the multiscale shock technique to describe
the response of PPTA crystals to shock loading of different
intensities. The results revealed a highly anisotropic shock
response involving a hydrogen bond preserving structural
phase transformation, for shock along [100], and planar
amorphization, for shock along the [010] direction. These two
distinct shock release mechanisms may help in the under-
standing of the outstanding performance displayed by aramid
fibers and their failure mechanisms, which involve a fibrillation
failure process. Our results suggest that the strengthening of
aramid polymers produced by the drawing process, which
results in highly aligned crystalline domains along the fiber axis,
could be significantly enhanced if the superior shock
performance of the PPTA [100] direction could be further
explored in novel fiber processing and fabric design.
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