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1 Introduction

The modern battlefield involves threats not only from the enemy combatants but
also includes continuous friction and low-velocity impact hazards from the civilian
populace, and it is intensified as conflict matures [14]. Carr et al. have reported
that such a dynamic state of circumstances in the battlefield renders major causal-
ities due to the generation of lethal fragments compare to those caused by a bullet
[14]. The importance of protection was realized through the outnumbered causal-
ities during World War I and various other conflicts around the world [77]. In the
recent years, the new avenue of materials has been extensively exploited based on
natural armor design strategies imitating the interdigitating hierarchal structures of
natural species like mollusk shells, lotus leaves, spider silk, etc. These structures
are exploited due to their multifunctional ability and high mechanical properties
compared to their constituent material composition, lightweight, and multi-hit capa-
bilities. [4, 23]. Though, a number of such natural structures have been studied exten-
sively but imitating those hierarchies in synthetic materials at a various length scale
are yet to achieve. However, among various reported studies on natural architecture,
layer by layer assembly of nacreous structure has been widely explored due to their
high mechanical properties like high strength as well as high toughness in addition
to their multi-hit capabilities. Mollusk shells are regarded as layered structure with
calcite (rhombohedral) or aragonite (orthorhombic) (95–99%) and organic materials
(0.1–5%) like proteins and polysaccharides [34].
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Thoughvariousmaterials and combinationof the processwere exploited to biolog-
ically mimicking the hierarchical architecture of nacre and its emulation in commer-
cially available systems have been least reported. In recent years, fiber-reinforced
composites have been extensively exploited for the development of efficient ballistic
material due to their high strength, stiffness, and specific strength [3]. The ballistic
response of fiber-reinforced composite utilizes thermoset and thermoplastic as a
polymer matrix. Though thermoset has demonstrated superior tensile, shear, and
compressive strength but low-temperature storage, hot/wet stability, and long curing
process curtails its exploitation as fiber-reinforced polymer matrix [9, 15–17]. In
the recent years, thermoplastic are preferred widely as matrix over thermoset due
to their ability to recycle, relatively easy processing into different shapes and sizes
as well as long shelf life [45, 69]. Apart from thermoplastic, a number of fibers
have been employed for the development of ballistic composite including E-Glass,
S-Glass, aramid (Kevlar®-29,49, 129), Nylon 66, poly (p-phenylene benzobisoxa-
zole) (Zylon®), etc. [19, 36, 76]. Among all the class of lightweight fibrousmaterials,
aramid fiber has been gleaned as a prominent example of laboratory experimentation
to commercialization. Aramid fiber is a long polymer chain of poly-paraphenylene
teraphthalamide that exhibits extraordinary mechanical properties like high strength
to weight ratio, high modulus, and toughness with excellent dimensional stability
[31, 47, 67].

In the current study, we have demonstrated the utilization of resin transfer
molding technique (resin-fiber-infused technique) for fabricating high-performance
reinforced polycarbonate composite to mimic the natural nacreous design strategies.
Though, various combinations of thermoplastic and high-performance fiber have
been exploited [3, 8, 25, 26, 28, 68], but the elucidation of polycarbonate for ordi-
nance velocity range has been least reported in the context of layered natural armor
exoskeleton. In addition to ballistic efficacy, we have also discerned the thermal
attribute of developed composite and demonstrated that fiber reinforcement had
eclipsed the thermal characteristics of polycarbonate in addition to its mechanical
property (impact characteristic). The thermal stability of the composite was also
evaluated on the basis of the linear approximation of Arrhenius equation at the onset
temperature of degradation and in the region of degradation.

2 Materials and Experimental Details

Polycarbonate (PC) (MFI= 10.5 g/10min, viscosity 22 cp, LEXANgrade 143R)was
purchased from SABIC Innovative Plastics India Pvt Ltd, India. Aramid fiber was
obtained from the Naval Materials Research Laboratory (NMRL), DRDO, Amber-
nath, India. The composite was fabricated via a resin-fiber-infusion technique, as
illustrated in Fig. 1 [59]. The fabrication method includes transferring the desired
dimension of polycarbonate at aramid fabric (placed over metallic mold plate),
ensuring proper interaction between fabric and polycarbonate film. This process
was further repeated until the required dimension and thickness is not achieved. The
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Fig. 1 Processing technique for fiber-reinforced layered polycarbonate composite (FRL PC
composite)

layered stacks were placed inside the vacuum bag, as illustrated in Fig. 1, followed
by the increasing temperature at 2°C/min till 285°C (melting temperature of poly-
carbonate). The layered stacks of polycarbonate and aramid have been allowed to be
held until the complete infusion is not achieved (the time was optimized for 20 min).
The curing process was performed in the oven followed cooling to room temperature
before demolding [7]. The standard operating procedure utilized in the current study
has been provided in Table 1. The impact property of developed composites was
conducted as per ASTM standard D256, while thermomechanical properties were
evaluated by dynamic mechanical analysis (TA Q800-USA) under the condition 2

Table 1 Standard operating
procedure for developing
polycarbonate layered
composite

Conditions Operations

Reinforcement Aramid fiber (223GSM)

Matrix Polycarbonate (250GSM)

Required dimension 150 mm × 150mm

Targeted fiber volume fraction 57%

Weight of uncured composite 218.72 g

Curing condition Ramp from ambient to 285 °C
at the rate of 5 °C/min

Dwell time 20 min at 285 °C
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Fig. 2 Ballistic test setup

°C/min heating rate from room temperature to 200 °C. Thermal properties of devel-
oped layered composites have been evaluated by differential scanning calorimetry in
addition to temperaturemodulated conditions (TAQ200-USA). Thermal gravimetric
analysis was also conducted to understand the degradation phenomenon (TA Q50-
USA. Field emission scanning electron (FESEM)microscopewas utilized to conduct
the fracture surface analysis for the samples (FESEM, Carl-Zeiss, Germany).

2.1 Ballistic Experiment

Ballistic efficacy of layered polycarbonate/aramid composite was assessed by
inhouse small arm ballistic facility of Defence Metallurgical Research Laboratory,
DRDO, Kanchanbagh Hyderabad, India as elucidated in Fig. 2. 7.62 × 39 mm mild
steel core projectile was fired at the distance of 10 m from the muzzle end of the gun
[60].

3 Results and Discussion

The development of nacreous structure in nature is a slow process and involves
the absorption of minerals and organic matter for intermittent deposition in brick
and mortar architecture [18, 49]. The imitation of such slow growth process with
analogous environmental stimulus in laboratory is not apparent, but the extensive
effort has been employed to mimic natural exoskeleton in artificial materials [65, 66,
71–74, 81]. Self-assembly and sequential deposition are widely exploited method-
ology for developing a natural armor system in artificial materials in terms of nano
and micro-dimensionality. Yao et al. have reported the vacuum filtration or water
evaporation technique to mimic the nacreous structure in chitosan and montmo-
rillonite bionanocomposite film [79]. They have demonstrated that the incorpo-
ration of nacreous architecture in hybrid building block has rendered augmented
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Young’s modulus and ultimate tensile strength in addition to enhanced fire retar-
dancy. In another study, Cheng et al. have demonstrated the cross-linking of two-
dimensional graphene oxide sheets with π-conjugated long-chain polymers made
of 10,12-pentacosadiyn-1-ol (PCDO) monomers via a conjugated cross-linking
method. Graphene oxide sheets in this study have been considered as a brick, while
PCDO is gleaned from being a mortar phase in artificial nacre [20]. The developed
composite avails comparable organic content to the natural nacre in the composite
in addition to the distinct organic and inorganic phase with excellent tensile and
toughness.

It has been observed that most of the work mainly focuses on an emulation of
analogous mollusk architecture at nano or micro-dimension, but we have demon-
strated that even macroscopic mimicking of such structure possesses the ability to
demonstrate enhancedmechanical property [75]. In this abstraction, we have demon-
strated the hypothesis of mollusk layered assembly architecture where polycarbonate
has been considered as a soft organic phase, while aramid fiber is contemplated as
a hard rick structure. The macroscopic exoskeleton of developed composite layered
fiber-reinforced composite has been elucidated in Fig. 3 a–d. Figure 3b delineates the
intact layered architecture analogous to the nacreous structure reported by Yao et al.
and Cheng et al. in the previously elaborated study, while Fig. 3c renders intermittent
alternative assembly of polycarbonate and aramid fiber. The thermal and mechanical

Fig. 3 Layered assembly of polycarbonate and aramid fiber a top view of the composite, b cross-
sectional view, c cross-sectional view at highermagnification, and d cross-section viewof reinforced
fiber
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property of the developed composite has been elaborated in a later section in addition
to the ballistic efficacy against high-speed muzzle velocity.

Polycarbonate has been considered as a prominent commercially available amor-
phous polymer due to its high toughness and impact resistance [28, 39] and exhibits
nearly all mechanical attributes of the glassy polymer at the different combination of
time and temperature [80]. The characteristics of polycarbonate have been explored
by number ofmethodology including dynamicmechanical analysis [74, 80], positron
lifetime spectroscopy [44], dielectric [53] and nuclear magnetic spectroscopy [54].
Among various reported techniques, dynamicmechanical analysis has been observed
to be the prominent technique which possesses the ability to resolve elastic and
viscous component of polymer [64]. Dynamic mechanical analysis of polycarbonate
was studied by Illers et al. at 1 Hz frequency from torsional pendulum reported three
relaxation peaks at +155, +80 and −97 °C, subsequently corroborated as α, β, and
γ , respectively [40, 80].

Among these three relaxations, α transition is enumerated to the glass transition
temperature, while β transition is related to the small localized chain motion or
processing condition [29, 37]. γ transition in polycarbonate is a debatable point and
extensively deliberated by Yee et al. [80]. In the current study, we are mainly concen-
trated on structural and impact application of the developed composite; therefore,
the relaxation related to the glass transition is primarily focused. Figure 4a–c and
d–f elucidated the dynamic mechanical analysis of pristine polycarbonate and FRL
PC composite, evaluated by tensile and 3-point bend test, respectively. As delineated
in Fig. 4b–c and e–f, the storage (elastic component) and loss modulus (viscous
component) were observed to be augmented in FRL PC composite. In our previous
study, we have demonstrated that the peak of Tan δ (ratio of loss modulus to storage
modulus) can be associated with the α transition or glass transition temperature [77].
The corresponding peak can be rationalized to the segmental chain mobility and
increased degree of freedom due to the conformational arrangement of the polymer
chain. It is essential tomention here that the enhanced glass transition temperature for
fiber-reinforced composite (Table 2) in both the testing mode cannot be substantiated
to just polycarbonate of the composite. Although the shift in glass to rubbery tran-
sition temperature for composite emerged, due to the restricted segmental motion
polycarbonate in aramid fiber as per the concept of glass transition temperature
as isoviscous state [51]. We postulated that the diminishing peak height of Tan δ

can be contemplated to the improved working temperature since high Tan δ values
demonstrate non-reversible structural deformation in the polymeric system [64].

The dynamic mechanical response from polymeric materials involves physical
change as a function of temperature, while the thermal or heat effect can be exem-
plified via differential scanning calorimetry (DSC) and temperature modulated DSC
[63]. DSC is one of the most accepted methodologies to measure the heat flow in the
polymer system as the function of temperature and subsequently identifies its glass
transition temperature. Höhne et al. have elucidated that during the glass transition
temperature, the intrinsic attributes of polymer and measurement variables turned
into a time-dependent phenomenon, and system passes through the non-equilibrium
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Fig. 4 Dynamic mechanical analysis for pristine polycarbonate and fiber-reinforced composite
a–c tensile mode of DMA, d–f 3-point bend mode

state where classical thermodynamics is not applicable [33]. Therefore, the second-
order transition (glass transition) requires heat to pass through that non-equilibrium
relaxation stage and subsequently renders step in DSC spectra (circled region in
Fig. 5a). Although the evaluation of Tg from the step transition is subjective [63],
but in the current study, the onset temperature of the relaxation has been considered
as glass transition temperature (Table 3). Since DSC evaluates the combined effect
of heat capacity and enthalpic relaxation, therefore, its inadequacy to resolve step
transition in some systems curtails its effective utilization, as illustrated in Fig. 5a
(for fiber-reinforced PC composite). In this context, temperature modulated DSC



56 R. Yadav et al.

Fig. 5 aDifferential scanning calorimetry for PC and FRLPC composite, b temperaturemodulated
DSC of polycarbonate, c temperature modulated DSC of FRL PC composite, d heat capacity for
PC and FRL PC composite, and e derivative heat capacity for FRL PC composite

can provide significant insight by the virtue of its efficacy to measure reversible
(heat flow-change of heat capacity with temperature) [58] and non-reversible heat
flow (non-reversible heat flow-change of heat capacity with time) [58] separately
as discerned in Fig. 5b, c. In addition to rev and non-rev heat flow component,
Fig. 5d exhibits the heat capacity difference between the pristine polycarbonate and
fiber-reinforced PC composite which can be effectively explained on the basis of
fundamental hypothesis related to the heat capacity. The heat capacity of a poly-
meric system mainly deliberated in two components, i.e., lattice vibration (skeleton
vibration: low frequency acoustic vibration) and vibration from internal motion (high
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frequency vibration compare to lattice vibration) [30]. The contribution of internal
motion to the heat capacity is considerably higher compared to the lattice vibration at
theworking temperature of the polymer (>100K) [30]. Such atomicmotion inmacro-
molecules involves bond stretching, bond bending, torsional oscillation, flipping of
structural unit from one equilibrium to another equilibrium, and cooperative motion
[10]. Therefore, any hinderance to themotion of atom or group of atoms largely influ-
ences the characteristics of heat capacity. In this context, it can be enumerated that
the significant reduction in heat capacity of fiber-reinforced PC composite emerged
due to the restricted intermolecular and intramolecular motion of PC in the entire
temperature range. Hourston et al. have demonstrated that the temperature derivative
of heat capacity can be effectively utilized to illustrate various transitions observed
in the temperature modulated DSC [38]. Figure 5e delineates the derivative heat
capacity of the fiber-reinforced PC composite, where the first peak of the spectra
can be corroborated to the α relaxation of the polymer while the secondary peak
corresponds to the melting of the PC matrix.

Thermogravimetric analysis has been considered as another efficient technique
other than DSC and temperature modulated DSC to evaluate the thermal stability of
the polymeric system and its composite. Thermogravimetric analysis of the pristine
polycarbonate and fiber-reinforced PC composite has been delineated in Fig. 6a, b,
where Fig. 6a elucidated the loss weight fractionwith the function of temperature and
Fig. 6b demonstrates the rate of loss of weight fraction (a derivative of mass loss).
The degradationmechanism of polycarbonate and aramid fibers has been extensively
reported elsewhere [1, 12, 13, 24, 43, 46, 50, 55–57], and therefore the current study

Table 2 Structural stability in terms of temperature (obtained from DMA)

Pristine
polycarbonate
(tensile mode)

FRL PC
composite
(Tensile Mode)

Pristine
polycarbonate
(3-point mode)

FRL PC
composite
(3-point mode)

Storage modulus
(°C) onset

145.66 153.35 139.51 149.13

Loss modulus
(°C) peak
position

151.69 161.21 145.76 156.07

Tanδ (°C)peak
position

157.74 169.32 147.41 159.22

Table 3 Thermal attributes of polycarbonate and its FRL composites

Onset temperature of
degradation (°C)

Ea (kJ/mol.) T50 Ea (kJ/mol.)

Pristine polycarbonate 475.56 123.79 515.46 121.38

Aramid fiber 504.51 25.60 533.29 147.40

FRL PC composite 429.27 63.42 551.68 41.57
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mainly focused on the evaluation of thermal stability expressed in terms of temper-
ature where 50% (T50)of the mass has been lost compared to its final value in inert
environment [32]. Fiber-reinforced PC composite has demonstrated the augmenta-
tion in thermal stability (T50 = 551.68) as elucidated in Table 3. It is evident from
Fig. 6b, FRL PC composite exhibits the characteristics of thermal spectra of neither
polycarbonate nor aramid fiber. Such stimulating attributes can be predominantly
explained by more detailed elemental analysis for detailed contemplation on degra-
dation mechanism, but the activation energy can provide insight into the thermal
stability in addition to T50. Apparent activation energy from thermogravimetry data
can be obtained from linear extrapolation of Arrhenius equation (Eq. 1) assuming
degradation process as first-order kinetic with its applicability to the small extent of
degradation [22, 78]. The slop of the linear approximation plot of Arrhenius equa-
tion discern the apparent activation energy, as demonstrated in Fig. 6c–d and further
tabulated in Table 3. It is evident from the table that the available activation energy
for FRL PC composite is between the activation energy of pristine polycarbonate and
aramid fiber before the onset of the degradation process. Essentially, the decomposi-
tion process, by definition, refers to the breaking of materials by physical or chemical
means and providing initial alteration in structural characteristics for total degrada-
tion to be ensued [42]. The initiation or completion of the decomposition process
requires some form of energy, and therefore, if available energy at an instance is
comparatively smaller, then the system is gleaned from being thermally stable. In
this context, we envisioned that the developed FRL PC composite thermally more
stable beyond the onset of degradation phenomenon (475–550 °C) (Fig. 6d) compare
to both aramid and pristine PC, but its thermal stability is not comparable to aramid
during the onset of decomposition (Fig. 6c).

ln

[
ln wo

w

t

]
=

(
− Ea

R

)
1

T
+ ln ko (1)

where wo = initial weight w = weight at the time t (min) Ea = apparent activation
energy R = ideal gas constant (8.314 J/K. mol.) T = absolute temperature ko =
Arrhenius constant.

In order to further evaluate the mechanical characteristics of polycarbonate, we
have exploited the utilization of the notch impact testing technique followed by
high-velocity muzzle impact. It is widely acknowledged that polycarbonate is notch
sensitive, and sharpening the notch dimension can transform its ductile fracture
attribute to the brittle fracture characteristic [21]. It is obvious from Fig. 7 that
polycarbonate in the current study exhibits sufficiently high impact energy, but the
fiber reinforcement in PC augmented the impact energy bymany folds, and complete
fracture along the width was not observed even with the application of 22 J load
pendulum. The fracture surface of FRL PC composite has been demonstrated in
Fig. 3c, d, which clearly elucidate that fracture phenomenon is significantly eclipsed
by fiber splitting and fibril fracture without discerning the failure phenomenon of PC
particulate.
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Fig. 6 a Thermogravimetric analysis for PC, aramid, and FRL PC composite, b derivative weight
fraction of PC, aramid, and FRL PC composite, c Arrhenius approximation before the onset of
degradation, and d Arrhenius approximation beyond the onset of degradation

Fig. 7 Elucidation of impact
energy for PC and FRL PC
composite
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Polycarbonate was first instituted for the development of lightweight and trans-
parent protection equipment like safety goggles, industrial machine guards, aircraft
windscreen, and police riot shields [52]. Wright et al. have evaluated the perfora-
tion and penetration phenomenon in polycarbonate and demonstrated that five main
attributes can be realized against the subordinance velocity impact depending on
thickness of the sheet or plate, i.e., elastic dishing, deep penetration, cone cracking,
and plugging [72, 73]. Edward et al. have further reported that though a wide range
of ballistic phenomena was exploited by Wright et al., but the ductile to brittle tran-
sition was not effectively discussed [27]. They have performed an experiment on
polycarbonate by throwing the materials utilized in riots, i.e., brick (11.7± 2.5 m/s),
golf ball (24.2 ± 5.3 m/s), and ball bearing (23.2–96.2 m/s). The obtained results
were concluded as (i) the velocity achieved by the rioter was found to be lower which
do not possess the ability to produce any macroscopic damage to polycarbonate, (ii)
at the velocity greater than 50 m/s, the damage become the function of mass and
shape of the impacting the projectile. Therefore, the terminal ballistic phenomenon
in polycarbonate can be corroborated to the number factor that includes shape of
the projectile, thickness of the target, and type of the projectile and velocity of the
projectile. Polycarbonate is mainly exploited as ballistic materials in the combination
of glass (connected with polyvinyl butyral), which shattered when fired the bullet
and retard the projectile enough so that PC prevents the penetration of the projectile
[6, 35, 41, 70].

The stimulating characteristics of impact result enticed further to evaluate the
developed composite against the high-velocity muzzle impact. As elucidated earlier
that high impact velocity on developed composite was performed by 7.62 × 39 mm
steel core projectile with the velocity of 747± 15 m/s at the distance of 10 m. Before
performing the ballistic impact on the FRL PC composite, an x-ray tomographic scan
was carried out to contemplate available defects, as exemplified in Fig. 8a and scan-
ning video provided in supporting information (videoV-1) [59]. As ascertained in the
figure and video imaging of the composite sample, common laminated composite
defects like voids, interlayer, or intralayer delamination and cracks are not visu-
ally available [2]. In this context, we have postulated that the developed FRL PC
composite is dimensionally and structurally integrated and intact, which was also
observed in dynamic mechanical analysis in tension and 3-point bend mode. Later,
the analogous tomographic scan was performed after the ballistic impact (Fig. 8b
and supporting information video V-2) and the ballistic efficacy was evaluated, based
on absorbed energy (calculated as per Eq. 2) [48, 60]. The absorbed energy by the
FRL PC composite was observed to be 240.22 J (calculated from Eq. 2) for the
velocity range provided in Fig. 8b. The failure phenomenon of polycarbonate [5,
62, 72, 73], and aramid fibers have been extensively reported separately [11, 76]
failure phenomenon in the current study requires further deliberation because we
did not observe any characteristic fracture features like delamination, interfacial
debonding, intra and interlaminar fiber shear or high-temperature localized melting
under computed tomographs.
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Fig. 8 a Computed tomographic image of FRL PC composite before ballistic impact and
b computed tomographic image after ballistic impact

Eabs = 1

2
mp(V

2
i − V 2

r ) (2)

where Eabs = energy absorbed by the composite (J);mp = mass of the projectile
(kg);Vi = impacted velocity (m/s); Vr = residual velocity (m/s).

The response of the ballistic materials under low-velocity impact is primarily
limited to the elastic range of the materials without any practical damage. Whereas
the ordnance velocity (500 to 2000 m/s) impart gross deformation, localized melting
and even complete disintegration of impacted materials as observed in the current
study [62]. The comprehensive account for temperature variation becomes essential
in dynamic conditions (strain rate more than 10−2 s) for the distinctive property eval-
uation of the impacted materials. In the current study, it is believed that the failure
phenomenon in developed composite was inducedwhen the structure approached the
critical state, and its load capacity diminished. In this view, the dynamic strength of
materials is subjugated by the strength at high temperature andpressure in the shocked
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state [61]. In the current study, the developed composite demonstrated augmented
structural and thermal stability at high temperature, observed from dynamic mechan-
ical analysis and DSC studies. It is envisioned that such high-temperature stability
of layered composite essentially contributed to its ballistic performance. Primarily,
the ballistic performance of polyaramid fibers depends on the effective distribution
of impact energy via a number of factors including yarn pull out, inter and intra-yarn
friction, etc. Such phenomenological attributes of polyaramid fiberwere not observed
under the ballistic impact, therefore, it is believed that thermal characteristics of the
composite turned into compelling aspects of the developed composite.

4 Conclusions

The current study explicates the method and its validation in terms of biomimicking
the mollusk structure in engineering thermoplastic and high-performance aramid
fiber to elucidate the effect of layered architecture on its thermomechanical property.
The initial section of the study mainly focused on the thermal property of poly-
carbonate and its composite under various techniques including DSC, temperature
modulated DSC, DMA, and thermogravimetric analysis. The dynamic mechanical
analysis and DSC spectra have illustrated significant improvement in thermome-
chanical property of the FRL PC composite due to the restricted motion of localized
atom or group of atoms in addition to the impeded cooperative segmental motion.
The insight into the thermal stability was further evaluated by Arrhenius approx-
imation for thermogravimetric analysis, which rendered that the available energy
before the onset point is significantly low to trigger the decomposition phenomenon
as observed in polycarbonate. The second section of the study involves the mechan-
ical validation of developed composite, which consists of low energy impact (Izod
notch test) and high-speed projectile impact. The fracture surface of the developed
composite demonstrated the predominance of fiber splitting and fibril fracture as
a failure mechanism instead of visible failure characteristics of polycarbonate. It
is essential to note that though the current study does not elucidate the detailed
ballistic failure phenomenon, we envisioned that the utilized process for mimicking
nacreous architecture and stimulated thermomechanical property of the composite to
possess the ability to be exploited as high impactmaterial with some further structural
deliberation.
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