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Abstract

Energy absorptions under ballistic impacts of aramid fiber-reinforced poly(benzoxazine-co-urethane) composites at
urethane mass concentrations of 0, 10, 20, 30, and 40 wt.% were investigated. The energy absorption of the composite
was investigated by subjecting eight plies of the specimen with 9 mm and .44 Magnum according to levels Il and IlIA of
the National Institute of Justice standard-0101.04. The composite having the urethane mass concentration of 20 wt.%
exhibited the synergistic behavior in energy absorption at both levels Il and llIA. The 20 wt.% of PU composite also
possessed the greatest tensile strength and modulus. The numerical prediction revealed that the ballistic limit of aramid
fiber-reinforced poly(benzoxazine-co-urethane) ballistic panel was as high as 690 m s~ '. High energy absorption capa-

bilities of the composites can be tailored for fabricating the ballistic panels in soft armor applications.
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Introduction

Energy absorptions of materials are one of the main
parameters for assessing and evaluating the armor’s
performance to withstand the penetration of projectile
during the impact incident. Among high-performance
ballistic fibers, e.g. ultra-high molecular weight poly-
ethylene (UHMWPE), aramid fibers (Kevlar'™ and
Twaron™) and carbon fibers, aramid fibers provide
relatively high-specific energy absorptions, and thus
they were commonly employed to manufacture ballistic
panels in the body armor."* High-energy absorption
materials have to possess high tensile strengths and
elongation at breaks. Materials having high tensile
modulus values also promoted lower back face
deformations.’

Fiber-reinforced polymer composites made of the
high-strength fiber-embedded polymer matrixes have
been increasingly employed in the light-weight armor
manufacturing due to the overall high strength and the
stiffness to weight ratio. An incorporation of the poly-
mer matrix offered two essential functions. During an
impact event, the yarn’s integrity remained intact due

to the presence of the polymer matrix as observed by
Lee et al. * The polymer matrix also reduced the effect
of the curvature of the projectile on the penetration in
which the damage ability of the projectile to puncture
the armor decreased.® However, the excessive interac-
tion between the polymer matrix and embedded yarns
might hinder the movement of yarns to dissipate the
absorbed energy and overall ballistic performance of
the composites reduced.” Gopinath et al.® also found
that the strong interactions between the stiff matrix and
yarns decreased the deflection of the armor, whereas
the deformation area increased. Therefore, the polymer
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matrix with the appropriate degree of flexibility and the
felicitous polymer matrix—yarn interactions are cardi-
nal for enhancing the ballistic performances of fiber-
reinforced polymer composites.

Various polymer matrices such as epoxy,®’ polyes-
ter,® vinyl ester,”'® phenolics'' and polyvinyl butyral
(PVB)-phenolic'? are generally employed for armor
manufacturing. An investigation on the ballistic
impact response of such high performance materials
was through experimental and numerical tools.
Ramadhan et al.'* have developed composite material
based on Kevlar 29/epoxy and aluminum-laminated
panels and studied its behaviors under impact loading.
Silva et al.'* investigated the impact response of Kevlar
29/Vinylester panels by a fragment simulating projec-
tile (FSP). The comparison on post-impact damage
pattern obtained from the simulation and experimental
results was carried out. Rodriguez-Millan et al.'* have
studied the impact response of ballistic helmet based on
Kevlar 29/PVB-phenolic by the experimental work and
with the help of simulation method. The developed
numerical model showed high accuracy as the results
from those two techniques were equivalent. The ballis-
tic limit value of the material to withstand the penetra-
tion of .22 caliber FSP was reported to be 686.6 m s~ .
In this work, benzoxazine resin (BA-a) which is a novel
kind of thermosetting phenolic resin was exploited as
the polymer matrix. BA-a exhibited a myriad of out-
standing characteristics, e.g. straightforward monomer
preparation with the solvent-less synthesis technique,
thermal-triggered ring-opening polymerization without
additional catalysts or curing agents required, no by-
product release during polymerization, near-zero volu-
metric shrinkage upon thermal curing, high thermal
stability, excellent mechanical properties, low melt vis-
cosity, and ability to alloy with various types of
resins.'>'® Poly(BA-a) composites reinforced with
aramid fibers provided improved ballistic performance
over the epoxy reinforced with aramid fibers with
respect to a higher damage area.'” However, poly
(BA-a) having polar functional groups could form sub-
stantial interactions to aramid fibers and the ballistic
performance of the composites decreased.'®?° To alle-
viate this problem, polyurethane (PU) having a long
nonpolar hydrocarbon chain was introduced. PU is
the most important tough engineering polymers and
can be tailored to offer a wide spectrum of properties.
They also possess the excellent flexibility. The tough-
ness of BA-a could be enhanced by alloying with PU
and the copolymer of polybenzoxazine and PU (poly
(BA-a-co-PU)) also showed the synergism in glass tran-
sition temperatures (T,), i.e. T, of poly(BA-a-co-PU)
was higher than 200C, whereas those of the parent
polymers were 165°C for poly(BA-a) and —71C
for PU.'

In this research, the soft ballistic armor from poly-
mer composite having a protection level 111 was devel-
oped. Poly(BA-a-co-PU) was employed as the
functional polymer matrix for enhancing the ballistic
performance in terms of the energy absorptions of
aramid fiber-reinforced polymer composites. The
aramid fiber-matrix interactions in the composites
were optimized through the PU mass concentrations
from 0 to 40 wt.%. The tensile properties of the poly
(BA-a-co-PU) composites were also characterized.
Aramid fiber-reinforced poly(BA-a-co-PU) composites
were subjected to the ballistic impacts of 9 mm full
metal jacketed (FMJ) at a velocity of 367 + 9.1 m/s
and .44 magnum semi-jacketed hollow point (SJTHP)
bullets at a velocity of 436 + 9.1 m/s. Energy absorp-
tions under ballistic impacts, energy dissipation mech-
anisms, and failure modes of aramid fiber-reinforced
poly(BA-a-co-PU) ballistic composites were also
numerically investigated using a commercial simulation
program (ANSYS AUTODYN) and compared with
the experimental results. In addition, the ballistic
limit of the poly(BA-a-co-PU) composites was also
numerically estimated.

Experimental

Materials and resin preparations

BA-a, urethane prepolymer (PU), and aramid fibers
were used to prepare ballistic composites. BA-a resin
is based on bisphenol-A, aniline, and para-
formaldehyde. Bisphenol A (polycarbonate grade)
was supplied by the PTT Phenol Co., Ltd. Para-
formaldehyde and aniline were purchased from
Merck Company and Panreac Quimica SA Company,
respectively. Urethane prepolymer was prepared from
toluene diisocyanate (TDI) and polyether polyol.
Polyether polyol with a molecular weight of 2000 g
mol ™' and toluene diisocyanate were obtained from
IRPC Public Company Limited. Aramid fibers possess-
ing a plain weave pattern having 3360 dtex (50% ends)
in warp and 3360 dtex (50% picks) in weft direction
and an areal density of 340 g m 2 were employed as
reinforcing fibers. Aramid fibers were purchased from
Thai Polyadd Limited Partnership.

BA-a was synthesized from bisphenol A, aniline,
and paraformaldehyde at a molar ratio of 1:2:4 based
on the solvent-less technology.”® The three reactants
were continuously mixed at 110°C for approximately
40 min to yield a light yellow, low viscosity liquid
monomer that solidified at room temperature. The
obtained solid monomer was pulverized into fine
powder and kept in a refrigerator for future use. PU
was prepared from toluene diisocyanate and polypro-
pylene glycol (M, = 2000 g mol™"). The two reactants
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were directly mixed and vigorously stirred in a four-
necked round-bottomed flask under a nitrogen stream
at 60°C for 40 min to yield a light-yellow liquid prepol-
ymer. The molecular structures of BA-a and PU are
shown in Figure 1(a) and (b), respectively.

Preparation of polymer matrixes and ballistic panels

The BA-a and PU binary mixture at PU mass concen-
trations of 0, 10, 20, 30, and 40 wt.% were prepared as
functional matrixes for fiber-reinforced ballistic com-
posites. BA-a monomer was thoroughly mixed with
PU at 80C until a homogeneous mixture of the polymer
matrix was obtained. The compositions of the polymer
matrix were denoted according to the PU mass concen-
tration of xwt.% as follows: poly((100—x)BA-a-co-
xPU). The hand lay-up procedure was employed to
fabricate the laminated ballistic panels. Aramid fibers
were pre-impregnated with the prepared copolymer
matrix at a temperature of 120C. The weight fraction
of the fiber was kept constant at 65-70 wt.%. The pre-
pregs were then molded employing a compression
molder at a temperature of 200C under a pressure of
10 MPa for 2 h.

Specimen characterization

In order to determine the energy absorptions of aramid
fiber-reinforced poly(BA-a-co-PU) specimens at PU
mass concentrations of 0, 10, 20, 30, and 40 wt.%,
the composite panels with eight plies having dimen-
sions of 150 x 150 x 2.97 mm® were manufactured.

(a)

N=—C=—=0

The ballistic test was performed at Office of Logistics,
Royal Thai Police, Bangkok, Thailand. The specimens
were mounted on a metal frame. Four sides of the
panels were clamped and placed 5 m in line to the
gun barrel. The ballistic tests of the composite panels
were performed at the center of the panels by impacting
with 9 mm FMJ projectiles at a velocity of 367 + 9.1 m
s~' and .44 Magnum SJHP bullets at a velocity of 436
+ 9.1 m s~ according to NIJ Standard-0101.04 at pro-
tection levels II and IIIA, respectively.>® The ballistic
test setup as suggested by N1J is shown in Figure 2. The
setup mainly consisted of a gun barrel, a specimen
holder and two sets of chronographs which were used
to determine the velocity of the bullet by measuring the
time of bullet travelling through the distance of chro-
nograph. The first chronograph in front of the speci-
men was employed to measure the impact velocity of
the bullet before impacting the specimen. The other
chronograph was placed behind the specimen to mea-
sure the residual velocity of the bullet after penetrating
the specimen. The energy absorption by the composite
specimen was determined by the difference of an initial
kinetic energy and a final kinetic energy according to
equation (1)

1 1
Eg=5mVi—smV; (M

where E, is the energy of absorption (J). m; is the mass
of a projectile (g). Vs and V, are striking and residual
velocities (m s '), respectively. It should be noted that

Figure 1. (a) Bisphenol A-based benzoxazine monomer (b) TDI and polypropylene glycol-based urethane prepolymer.

TDI: toluene diisocyanate.
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specimen dimension
150x150 mm?

Figure 2. The ballistic test setup with two sets of chronographs to determine striking and residual velocities of projectiles.

a non-fragmented projectile and the conservation of
energy are assumed for this measurement.

To illustrate the ballistic performance enhancement
of the functional polymer matrix, the neat aramid
fabric having the same dimensions as aramid fiber rein-
forced poly(BA-a-co-PU) was prepared and subjected
to a .44 Magnum SJHP bullets at a velocity of 436 +
9.1 m s~ at the protection level of IIIA. The bulge
formation and damage areca of those panels
were compared.

The tensile test of the eight plies samples was carried
out according to ASTM D3039 using a universal test-
ing machine, Instron model 5567. The total length,
gauge length, and the thickness of the specimens were
150, 70 and 3 mm, respectively. A constant cross-head
speed for the test was 2 mm min~'. The reported tensile
strength, the modulus, and the elongation at break
values of the specimens were averaged from five repet-
itive measurements.

Computational studies on the ballistic behavior of
the composites

The ballistic performance of aramid fiber-reinforced
poly(BA-a-co-PU) ballistic panels was evaluated numer-
ically with a commercial ANSYS AUTODYN. Aramid
fiber-reinforced poly(BA-a-co-PU) composite was simu-
lated as the orthotropic material in which the material
properties differ along the three orthogonal planes. In
ANSYS AUTODYN, the orthotropic equation of state
(EOS) allows a nonlinear EOS to be used in coupled
with an orthotropic stiffness matrix. The composite lam-
inates reinforced with aramid fabrics having a plain

weave pattern were assumed to have identical properties
in the fiber directions but different properties from each
other through the thickness direction. It was also
assumed that materials were homogeneous. Four edges
of the panels were constrained for the movement. An
initiation of failure resulted from the excessive tensile or
shear stress and/or strain.

A 9 mm FMJ projectile made of a copper jacket
with a lead core was modeled following the strength
models of Steinberg-Guinan. The material properties
of the projectile were obtained from the standard
ANSYS AUTODYN material library as shown in
Table 1.>* The geometry of the projectile, the compos-
ite panel, and the mesh creation are shown in Figure 3.
The simulation was performed under the same condi-
tions as in the experimental work to have an accurate
comparison. In order to validate the input properties of
the materials, the deformation of the panel observed
from the experimental and numerical results was com-
pared as this procedure was widely used for material
properties validation.'*?> Moreover, energy absorp-
tions of 8-ply poly(80BA-a-co-20PU) composite
panels having dimensions of 150 x 150 x 2.97 mm’®
were numerically predicted and compared with the
values from ballistic impact experiments. The 8-ply of
the specimens was employed to ensure the perforation
so that the residual velocity of the projectile can be
measured. The failure characteristics, deformation pat-
terns, and energy dissipation mechanisms of the ballis-
tic panel were deduced from the simulated
ballistic impacts.

The ballistic limit of the composite system based on
NIJ protection level IIIA was numerically estimated
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Table |. Material properties for 9 mm projectile.”*

Material: Lead core Value Property Value
Density 11,340 Kg m™' Equation of state Shock EOS linear
Shear modulus 8600 MPa Gruneisen coefficient 2.74
Plasticity Steinberg Guinan strength Parameter Cl 2006 m s~
Initial yield stress 8 MPa Parameter S| 1.429
Maximum yield stress 100 MPa Parameter quadratic S2 Osm™'
Hardening constant 110 Failure
Hardening exponent 0.052 Maximum equivalent plastic strain 2
Derivative dG/dP I
Derivative dG/dT —9.976 MPa°C™!
Derivative dY/dP 0.0009304 Melting temperature 760 K
Material: Copper jacket Value Property Value
Density 8450 kg m™! Equation of state Shock EOS linear
Shear modulus 3000 MPa Gruneisen coefficient 2.04
Parameter Cl 3726 ms™!
Parameter S| 1.434

copper

~ specimen
8.13 mm
thickness
9 mm FMJT

projectile

< >

150 mm

Figure 3. (a) The mesh formation of a copper jacket and (b) a lead core of a 9 mm FM] bullet (c) Front view and (d) side view of the
aramid fiber-reinforced poly(80BA-a-co-20PU) panel.
FMJ: full metal jacketed.
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Table 2. Energy absorption abilities of aramid fiber-reinforced poly(BA-a-co-PU) composites at various PU mass concentrations

according to the NIJ protection level II.

Ave. energy
Impact Residual absorption/
Mass ratio of Sample velocity  velocity Impact Residual Energy Ave. energy thickness
poly(BA-a-co-PU)  number (ms~') (ms') energy (J) energy (J) absorption (J)  absorption (J) (] mm~")
100-co-0 | 358.08 327.30 789.20 659.36 129.85 106.68+24.77  37.17+8.86
2 365.59 340.36 822.65 713.03 109.63
3 360.11 341.45 798.18 717.60 80.58
90-co-10 | 375.75 345.21 869.01 733.49 135.52 130.69+5.35 45431091
2 380.62 352.95 891.68 766.75 124.93
3 376.14 346.55 670.82 739.20 131.62
80-co-20 | 364.76 333.15 818.92 683.14 135.79 135.54+8.26 48.394+2.95
2 357.11 322.79 784.93 641.31 143.62
3 362.50 332.80 808.81 681.70 127.10
70-co-30 | 356.32 332.11 781.46 682.40 99.06 116.16£18.05  40.20+5.86
2 360.97 329.18 801.99 666.95 135.04
3 357.14 330.10 785.06 670.69 114.38
60-co-40 | 355.88 330.18 779.53 671.01 108.52 122.95+13.56  42.54+5.26
2 363.07 333.96 811.35 686.46 124.89
3 354.68 322.17 774.29 638.85 135.44

PU: polyurethane.

from the 25-ply ballistic panel having dimensions of
150 x 150 x 8.13 mm>. The aramid fiber-reinforced
poly(BA-a-co-PU) ballistic panel having the optimum
ballistic performance was employed. The specimen
dimensions resembled the ballistic panel utilized in
the actual light weight body armor. The failure charac-
teristics and deformation patterns of the ballistic panel
were deduced from the simulated ballistic impacts. The
ballistic limit was determined by varying impact veloc-
ities of the projectile until the sample was perforated.
The reported value was the maximum impact velocity
of the projectile in which the ballistic panel was par-
tially penetrated.

Results and discussion

The energy absorption ability of aramid
fiber-reinforced poly(BA-a-co-PU) composites

The energy absorptions of aramid fiber-reinforced poly
(BA-a-co-PU) composites having eight plies with vari-
ous PU mass concentrations from 0 to 40 wt.% were
evaluated. The composite panels were subjected to the
complete penetration by 9 mm FMJ bullets at velocities
of 367 + 9.1 m s~ ! according to NIJ Standard-0101.04
at the ballistic protection levels II. At the protection
level 1I, the energy absorptions increased from 106.7
+ 24.8 J of poly (100BA-a-co-0PU) composite rein-
forced with aramid fibers to 130.7 + 5.4 and 135.5 +
8.3 J of the aramid fiber-reinforced poly(90BA-a-co-
10PU) and poly(80BA-a-co-20PU) composites,

respectively (Table 2). The favorable effect of PU in
aramid fiber-reinforced poly(BA-a-co-PU) composites
was clearly evidenced. The enhancement in the energy
absorption of the poly(80BA-a-co-20PU) composite
specimen was ~27% greater than the energy absorp-
tion of the poly(100BA-a-co-OPU) specimen. For poly
(70BA-a-co-30PU) and poly(60BA-a-co-40PU) compo-
sites reinforced with aramid fibers, the energy absorp-
tions reduced to 116.6 4+ 26.1 and 123.0 & 13.6 J which
accounted to be 9% and 16% greater than that of poly
(100BA-a-co-0PU), respectively. The maximum syner-
gistic effect in the energy absorption was observed at
the composite specimen with the PU mass concentra-
tion of 20 wt.%. A considerably strong interfacial
adhesion between the pure poly(BA-a) and aramid
fiber was formed as previously reported.'® It was attrib-
uted to the formation of the polar interaction between
carboxyl and ether groups of aramid fibers and hydrox-
yl groups of the pure poly(BA-a).>® Therefore, the pro-
jectiles could penetrate easily and the fiber failure was
dominant. Aramid fiber-reinforced poly(70BA-a-co-
30PU) and poly(60BA-a-co-40PU) composite speci-
mens delaminated more readily and excessively due to
their weak adhesion interaction. Consequently, less
energy absorptions by the composites were observed.
In the latter case, the delamination of the composite
laminates was a major failure mechanism.

Nayak et al.’ reported that the weak fiber-matrix
adhesion is advantageous for ballistic applications.
Weak adhesion facilitated the effortless debonding of
fibers from the matrix and resulted in an additional
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Table 3. Energy absorption abilities of aramid fiber-reinforced poly(BA-a-co-PU) composites at various PU mass concentrations
according to the NIJ protection level IllIA.
Ave. energy
Impact Residual absorption/
Mass ratio of Sample velocity  velocity Impact Residual Energy Ave. energy thickness
poly(BA-a-co-PU)  number (ms~') (ms') energy (J) energy (J) absorption (J)  absorption (J)  (J mm~")
100-co-0 I 422.18 383.13 2160.22 1779.08 381.14 355.77+24.11 120.85+7.36
2 424.16 388.31 2180.53 1827.51 353.02
3 419.98 385.87 2137.76 1804.62 333.15
90-co-10 I 430.13 387.56 2242.34 1820.45 421.88 3929+14.2 138.8+4.7
2 424.09 386.57 2179.81 1811.16 368.64
3 420.01 380.09 2137.96 1750.95 387.01
80-co-20 I 424.68 382.87 2185.88 1776.66 409.22 399.83+10.13  148.08+3.75
2 424.66 385.01 2185.67 1796.58 389.09
3 425.10 384.20 2190.21 1789.03 401.18
70-co-30 I 418.98 379.68 2127.60 1747.18 380.41 378.95+17.52  130.52+6.03
2 417.82 376.73 2115.83 1720.14 395.69
3 416.01 37855 2097.54 1736.80 360.74
60-co-40 I 413.98 375.11 2073.69 1702.56 371.13 366.40+19.51 131.48+9.95
2 425.00 390.08 2189.18 1844.21 344.97
3 423.48 384.35 2173.54 1790.43 383.12

PU: polyurethane.

energy absorption mechanism through the fiber pull-
out.” The results from our ballistic test of the aramid
fiber-reinforced  poly(80BA-a-co-20PU) composite
revealed that an appropriate adhesion between the
poly(BA-a-co-PU) matrix and the reinforcing aramid
fibers provided an enhancement in the ballistic perfor-
mance as a result from the synergistic
energy absorption.

The ballistic performance of aramid fiber-reinforced
poly(BA-a-co-PU) specimens at the PU mass concen-
trations of 0-40 wt.% was also evaluated at the NIJ
ballistic protection level IITA as displayed in Table 3.
The composite panels were impacted by .44 Magnum
SJHP bullets with the velocities of 436 +£ 9.1 ms~'. The
energy absorption of the aramid fiber-reinforced poly
(100BA-a-co-0PU) composite was 355.7 + 24.1 J. With
an addition of 10 and 20 wt.% of the PU, the values
increased to 392.9 £+ 14.2 and 399.83 £ 10.13 J, respec-
tively. When PU mass concentrations of 30 and 40 wt.
% were employed, the energy absorption values
dropped to 379.0 4+ 17.5 and 366.4 4+ 19.5 J, respective-
ly. From the result, the maximum synergy in the energy
absorption of the aramid fiber-reinforced poly(80BA-a-
co-20PU) composite was observed at the protection
level ITI-A as well as that observed at the protection
level 1I. In comparison to the fiber-reinforced epoxy
composite, the energy absorption by the 8-ply aramid
fiber-reinforced poly(80BA-a-co-20PU) composite was
found to be greater than that of a 16-ply fiber-
reinforced epoxy composite (12 plies of aramid/epoxy
plus 4 plies of glass fiber/epoxy). The energy absorption

of the fiber-reinforced epoxy composite was 369 J,
whereas its thickness was 7.6 mm higher than the thick-
ness of the poly(80BA-a-co-20PU) composite.” The
results suggested that the copolymer of polybenzoxa-
zine and PU could be employed as the ballistic fiber-
embedded polymer matrix that provided the better or
comparable ballistic performance in terms of the
energy absorption when compared to the conventional
epoxy resin.

Currently, there has been limited report on utiliza-
tion of a copolymer as a binder for the development of
a ballistic armor. The enhancement on the ballistic pro-
tection capability has focused mainly on the develop-
ment of the hybrid composites,”?” the particles with
high energy absorption filled in the polymers compo-
sites,”®?” and the honeycomb structures.>® The energy
dissipation of the armor panel could be enhanced effec-
tively by optimizing the adhesions between the polymer
matrix and the reinforcing fibers. High-energy absorb-
ing ballistic panels could be potentially employed for a
light-weight armor manufacturing since the number of
plies and thickness of the panel could be reduced with-
out compromising the ballistic performance. Although
aramid fiber reinforced-pure poly(BA-a) composite
exhibited the lowest ballistic performance among
other aramid fiber-reinforced poly(BA-a-co-PU) com-
posites, Kevlar ™™M-reinforced poly(BA-a) composites
were reported to show a higher energy absorption
than the neat bisphenol A-based epoxy composites
reinforced with Kevlar™ fibers at the same fiber con-
tent. At the complete penetration of the projectiles, the
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Figure 4. Comparison on the bulge formation of (a) the aramid fiber-reinforced poly(80BA-a-co-20PU) composite and (b) the neat

aramid fabric.

pure poly(BA-a) composite showed a larger delami-
nated area due to a better fiber-matrix delamination
process, while a very small delamination was observed
in the epoxy composites.'”

Aramid fabric with various numbers of plies is com-
mercially utilized as an energy absorption panel in a
soft body armor to confront a penetration of projectile
based on NIJ Standard at test level 1I-A to IIIA. In this
experiment, ballistic performances in terms of perfora-
tion resistance and depth of deformation on the back
face of aramid fiber-reinforced poly(80BA-a-co-20PU)
composite and the neat aramid fabrics at 25 plies were
compared. The center of specimens was impacted by
.44 Magnum SJHP at the velocities of 436 £ 9.1 m s~ .
The deformations of primary yarns by the fibril break-
age due to the stretch of fiber by tensile force until
exceeding the maximum strength of the composite
were obviously noticed on the impact side of the
aramid composite, whereas cone formation on the
rear side of the aramid composite took place due to
the secondary yarn’s failure as can be seen in
Figure 4. In comparison to the aramid fabric, the
aramid composite can maintain its structural integrity
with some delamination at the edge of the panel. From
back sides of Figure 4(a) and (b), no perforation on
both the aramid fiber-reinforced poly(80BA-a-co-
20PU) and the aramid fabric was noticed. However,
the depth of the bulge observed on the back side of
the aramid fiber-reinforced poly(80BA-a-co-20PU)
composite (20 mm) after impacted was 45% less than
the value of the neat aramid fabric (44 mm). It was
attributed to the inter-layer interaction and yarn-to-

yarn friction.*'*? With the presence of poly(BA-a-co-
PU) binder, a frictional contact between the projectile
and aramid fiber-reinforced poly(80BA-a-co-20PU)
composite was higher than that of the neat aramid
fabrics. Therefore, the yarn slippage in the aramid
fiber-reinforced poly(80BA-a-co-20PU) composite was
significantly reduced, resulting in a lower bulge forma-
tion depth and a greater structural integrity. Therefore,
our findings suggested that the ballistic performance in
terms of the trauma depth could be enhanced by 45%
by incorporating the poly(80BA-a-co-20PU) matrix to
the neat aramid fabrics. Moreover, the damage on the
tip of projectile after impacting the specimens was
observed as illustrated in Figure 5. It is clearly seen
that the aramid composite could destroy the projectile
into fragments, indicating that the aramid composite
could potentially destroy the tip of projectile. In addi-
tion, a classical mushroom shape deformation of the
projectile was noticed from the aramid fabric specimen
and the projectile impact energy was totally absorbed.

Tensile properties of the aramid fiber-reinforced poly
(BA-a-co-PU) composites

The energy absorption by a ballistic panel during an
impact of a projectile was attributed to several mecha-
nisms including tensile failures, matrix cracking, delam-
ination, and shear plugging. Tensile failures of primary
yarns under an impact point and the surrounding
secondary yarns were reported to be the main contrib-
uting mechanism for high energy absorptions.™
Therefore, the tensile properties of the eight plies
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Figure 5. Projectile fragment after penetrated specimens (a) the aramid fiber-reinforced poly(80BA-a-co-20PU) composite and

(b) the neat aramid fabric.

Table 4. The tensile properties of the aramid fiber-reinforced
poly(BA-a-co-PU) composites at various PU mass
concentrations.

Young’s Tensile

Mass ratio of modulus strength Strain at
poly(BA-a-co-PU) (GPa) (MPa) break (%)
100-co-0 11.2+0.8 392.7+£34.0 4.7+0.2
90-co-10 17.3£1.1 413.5+£22.4 4.5+0.3
80-co-20 22,9405 446.6+48.3 4.3+0.1
70-co-30 20.7+2.2 418.1+41.9 4.3+0.3
60-co-40 16.7+3.4 374.8+34.9 4.7+0.5

PU: polyurethane.

aramid fiber-reinforced poly(BA-a-co-PU) composites
were primarily evaluated.

The effect of PU mass concentrations on the tensile
properties of the aramid fiber-reinforced poly(BA-a-co-
PU) specimen was investigated. The results are shown in
Table 4. With an addition of PU in the aramid fiber-
reinforced poly(BA-a-co-PU) composites, the modulus
values significantly enhanced from 11.2 + 0.8 GPa of
the poly(BA-a) composite to 17.3 + 1.1 and 22.9 £ 0.5
GPa of the poly(90BA-a-co-10PU) and poly(80BA-a-co-
20PU) composites, respectively. The modulus value then
slightly decreased to 20.7 £ 2.2 and 16.7 + 3.4 GPa

when the PU mass concentrations in the composite
specimens were 30 and 40 wt.%, respectively. The syn-
ergistic behavior in the tensile modulus of the aramid
fiber-reinforced poly(80BA-a-co-20PU) composite was
two times higher than the tensile modulus of the poly
(BA-a) composite reinforced with aramid fibers. The
synergistic behavior in the flexural modulus of aramid
fiber-reinforced poly(80BA-a-co-20PU) having the same
number of ply was previously reported by Rimdusit
et al.'” The tensile strength of aramid fiber-reinforced
poly(80BA-a-co-20PU) composite (446.6 + 48.3 MPa)
was 54 MPa higher than the tensile strength of the pure
poly(BA-a) reinforced with the aramid fibers (392.7 +
34.0 MPa). The tensile strength of the Kevlar 29/epoxy
composite®® (167.2 MPa) was also lower than the tensile
strength of our aramid fiber-reinforced poly(80BA-a-co-
20PU) composite at the value of 446.6 + 48.3 MPa. The
aramid fiber-reinforced poly(80BA-a-co-20PU) compo-
sites also exhibited greater tensile modulus (22.9 £+ 0.5
GPa) and tensile strength (446.6 + 48.3 MPa) than
those of Kevlar/epoxy composite having the values of
12.7 + 1.1 GPa and 291.1 + 12.5 MPa, respectively.*
The results indicated the potential use of our aramid
fiber-reinforced poly(80BA-a-co-20PU) as an energy
absorption material.

The measured tensile properties of aramid fiber-
reinforced poly(BA-a-co-PU) composites were in
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Table 5. Materials properties of the aramid fiber-reinforced poly(80BA-a-co-20PU) composite.

3 Young modulus, kPa

Poisson’s ratio

Density, g cm™
Equation of state P E) Ey E33 V2 V)3 V3|
Orthotropic 1.5 2.3x 107 2.3 % 107 1.5 x 10° 0.07 0.698 0.075
Strength Shear modulus, kPa Failure Tensile failure strain

G, Gy Gs €n En €33
Elastic 3x10° 1.5 % 10* 1.5 x 10* Material stress/strain 0.07 0.07 0.02

agreement with the ballistic performance. The aramid
fiber-reinforced poly(80BA-a-co-20PU) composite pro-
vided the best ballistic performance and exhibited the
synergistic behavior in the ballistic energy absorption,
the tensile modulus, and the tensile strength. In addi-
tion, the aramid fiber-reinforced poly(80BA-a-co-
20PU) demonstrated the conformity between the struc-
tural integrity and the ballistic energy absorption. The
measured modulus values of the ballistic panel were
further employed for numerical investigations.

The comparison on experimental measurements
and simulation results of aramid fiber-reinforced
poly(BA-a-co-PU) composite panels

An energy absorption of aramid fiber-reinforced poly
(80BA-a-co-20PU) was also predicted by a hydrocode
simulation and compared to the value determined from
the experimental result. The simulation on ballistic test
was conducted by impacting a 9 mm FMJ bullet at the
velocity of 436 9.1 m s~ for one shot at the center of
the 8-ply aramid fiber-reinforced poly(80BA-a-co-
20PU) ballistic panel having dimensions of 150 x 150
x 2.97 mm°. The conditions employed in the numerical
investigation were equivalent to the actual experimen-
tal setup. The material properties of aramid fiber rein-
forced poly(80BA-a-co-20PU) composite are presented
in Table 5. It was also assumed that the materials were
homogeneous. An initiation of failure was triggered
from the excessive tensile stress and/or strain or shear
stress and/or strain. The predicted energy absorption of
the aramid fiber-reinforced poly(80BA-a-co-20PU)
composite was 402 J. This value was quite similar to
the measured energy absorption of 399 J. The differ-
ence was only 0.75%. Therefore, the numerical model-
ing of the projectile and the ballistic panel and various
material parameters utilized in the simulation
were validated.

The ballistic panel composed of the 25-ply aramid
fiber-reinforced poly(80BA-a-co-20PU) composites
was experimentally impacted test. Hence, the ballistic
impact on the 25-ply aramid fiber-reinforced poly
(80BA-a-co-20PU) composites having dimensions of
150 x 150 x 8.13 mm? and areal weight density of

1.067 g cm ™ were simulated under the same conditions
for the energy absorption prediction. The hole forma-
tion and fiber breakages under the impact point and the
deformation of primary yarn regions on the impact side
of the composite were observed from both the numer-
ical results and the actual experimental measurements
as illustrated in Figure 6. These results further corrob-
orated the validation of material parameters employed
for the numerical investigations. Therefore, the simula-
tions were additionally exploited for predicting the fail-
ure mechanisms of the composite under the ballistic
impact and the ballistic limit.

The theoretical investigation on the time-dependent
stress distribution and material deformations in the
thickness direction during the ballistic impact of
the aramid fiber-reinforced poly(80BA-a-co-20PU)
are illustrated in Figure 6. At the precise moment of
the projectile impact, an exceedingly intense stress
around the impact point was generated. The maximum
stress recorded at approximately 17 ps was as high as 1
x 10° kPa as indicated by the red region. The radial
cone on the back side from fiber failures due to the
excessive shear stress and/or strain was subsequently
formed as observed in Figure 7(a). At this stage, the
deformation of the composite was localized at a limited
area. The shape of deformation of the composite panel
changed as the projectile penetrates through the speci-
men at 90 ps. The concentrated stress wave was then
propagated along the plane of the panel and through
the transverse direction along the panel thickness,
resulting in a stretching of the unbroken yarns and a
pyramidal shape deformation (by plain weave design of
fabric) as noticed in Figure 7(b) and (c). The stress was
further propagated and hence the global deformation
in the composite was obviously observed (Figure 7(d)).

The ballistic limit and the failure mechanisms of the
aramid fiber-reinforced poly(80BA-a-co-20PU)
composite panel

The ballistic limit of the 25-ply aramid fiber-reinforced
poly(80BA-a-co-20PU) composites with the dimen-
sions of 150 x 150 x 8.13 mm® was predicted using
the simulation technique by varying an impact velocity
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Figure 6. The comparison of the material deformations on the impact side of the 25-ply aramid fiber-reinforced poly(80BA-a-co-
20PU) composite panel from (a) the theoretical simulation and (b) the actual experimental measurement.

Figure 7. Time-dependent evolutions of the stress distribution and the panel deformations after impacting the 9 mm FM] projectile
onto the 25-ply aramid fiber-reinforced poly(80BA-a-co-20PU) composite.

FMJ: full metal jacketed.

of a 9 mm FMJ bullet until the perforation on the panel
was achieved (Figure 8(a)). The predicted ballistic limit
of the aramid fiber-reinforced poly(80BA-a-co-20PU)
composite panel was determined to be 690 m s
which was higher than the values of the system sum-
marized in Table 6. Moreover, the ballistic limit of the
specimen was experimentally investigated to be greater
than 650 m s~'. The projectile velocity higher than 650
m s~ cannot be produced. The high ballistic limit of
the aramid fiber reinforced poly(80BA-a-co-20PU) sug-
gested that the poly(BA-a-co-PU) polymer matrixes
could be employed to enhance the ballistic performance
of fiber-reinforced polymer composites for soft body
armor applications.

The failure modes of the 25-ply aramid fiber-
reinforced poly(80BA-a-co-20PU) panel impacted by
a 9 mm FMJ projectile having an impact velocity of

800 m/s, which exceed the ballistic limit velocity of
the sample, obtained from this numerical technique
are shown in Figure §(b). Apparently, the composite
panel could not withstand the projectile as noted by
the complete penetration. The failure of upper
layer of the composite was characterized by stretching
and shearing of the fibers adjacent to the impact
point which caused a shear plugging of material.
The latter layer suffered from stretching and breakage
of the primary yarn due to the excessive stress
and strain values. At the final stage, the hole deforma-
tion observed on the back side of the panel was
localized in a limited area. For perforation case, no
secondary yarn failure was noticed in contrast to the
case of partial penetration where obvious secondary
yarn failure was clearly seen (as shown in Figure).
Moreover, a stress wave distribution in the in-plane
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Figure 8. (a) The theoretical ballistic limit determination, (b) the failure mechanisms and (c) the stress distribution of the 25-ply
aramid fiber-reinforced poly(80BA-a-co-20PU) composite after subjected to an impact by a 9 mm FM] projectile having an impact

velocity of 800 m/s.
FMJ: full metal jacketed.

Table 6. Comparison on ballistic limit of the present study and some literatures.

Ballistic
Composite system Thickness (mm) Projectile Type of analysis limit (m s~ ') Ref.
Aramid fiber reinforced 8.13 9 mm FMJ Numerical 690 This study
poly(80BA-a-co-20PU) composite
3D angle interlock Kevlar/ No data specified 9 mm FMJ Numerical 470 36
polypropylene laminate
Kevlar® 29/PVB-phenolic 9.5 I.1 g FSP Numerical 610 37
PVB-phenolic/aramid fiber/kenaf fiber No data specified .22 caliber FSP Numerical 665 38
Kevlar 29/PVB-phenolic No data specified .22 caliber FSP Experimental 686.6 12
Kevlar 29/PVB-phenolic 8 mm 9 mm FMJ Experimental 680 39

direction on the rear side of the composite panel
after penetrated by the projectile was studied as
illustrated in Figure 8(c). A much intense stress was
located around the perforation region adjacent to the
fragment of projectile as the stress value was approxi-
mately 1 x 10° kPa. It is also clearly seen that a much
lesser stress distribution in the secondary yarn region
was formed.

Conclusions

We have successfully demonstrated that the copolymer
of polybenzoxazine and PU at the PU mass concentra-
tion of 20 wt.% are the effective polymer matrix
for enhancing the ballistic performance in terms
of the energy absorptions for fiber-reinforced
polymer composites. The aramid fiber-reinforced
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poly(80BA-a-co-20PU) composite exhibited the syner-
gistic behaviors in the energy absorption according to
NIJ Standard-0101.04 at protection levels IT and ITIA.
In addition, the tensile strength and modulus of the
composite formulation exhibited the greatest values
of 446.6 + 48.3 MPa and 22.9 + 0.5 GPa, respectively.
The optimal adhesion of the aramid fiber and the poly
(BA-a-co-PU) matrix plays an important role in the
synergistic behavior and the ballistic performance of
the composite. Three main failure modes including
shear plugging, fiber failure and conical deformation
were observed in the aramid fiber-reinforced poly
(BA-a-co-PU) composites. The energy absorptions,
failure modes, and composite deformation mechanisms
observed from the experimental results and the simu-
lation results were in good agreement. The numerical
ballistic limit of the 25-ply aramid fiber-reinforced poly
(80BA-a-co-20PU) specimen was as high as 690 m s~
at the NIJ protection level IIIA. Our results suggested
that the appropriate composition of poly(BA-a-co-PU)
could enhance ballistic performance of the fiber-
reinforced polymer composites so that the aramid
fiber-reinforced poly(80BA-a-co-20PU) composite is
the promising candidate for ballistic impact resistance
applications.
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