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Abstract
Due to an increase in the need for improvement of impact resistance of conventional composites, hybrid composites 
are evolved. This research article presents the dynamic characteristics of a novel two-component hybrid composite 
plate under transverse impact loading. The multilayered hybrid composite laminate is fabricated using woven fibreglass 
fabric as skin material and thermoplastic polycarbonate sheet as the core. High strength, medium viscous epoxy matrix 
is used for bonding the skin and core materials. The hand layup followed by a compression molding technique is used 
for producing the laminate. The test samples are impacted with a minimum energy of 45 J to a maximum energy of 60 J 
to obtain rebound, penetration and perforation phenomenon at room temperature. Load–energy–displacement–time 
curves are plotted to understand the transient behaviour of the composite plates. Results are compared with the pure 
counterparts available in the literature in terms of impact resistance. It is inferred that the novel multilayered laminate 
being in lightweight about 19.17% as compared to conventional laminate presented by Evci and Gülgeç (J Compos Mater 
48:3215–3236). Further, the novel composite has provided less damage area with 16.66% of enhanced impact resistance 
in terms of energy required for complete perforation. The investigation revealed the possibility of replacing conventional 
materials with hybrid laminates in structural, defense and automotive applications, where impact resistance and light 
weight has much importance.
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1 Introduction

The composites are exploited as elements of multi-
disciplinary systems. In addition to this, there is a huge 
demand for these composite in the defense sector as an 
armour solution [1]. The ease of manufacturing, improved 
performance in terms of strength and flexible yet light-
weight are the considerations for having a wide spectrum 
of their applications [2]. Understanding the performance 
of composites under impact loads is always a challenging 
task for the researcher as it involves various parameters. 
Unlike medium and high-velocity impact scenarios, trans-
verse impact under low velocity leaves an unavoidable 

and notable loss of strength with barely visible damage, 
which in turn taken the attention of researchers to develop 
newer materials with hybridization technique. According 
to Kretsis et al. [3] types of hybrid composites include: (1) 
interply/multi-layer (layer-by-layer) hybrids, (2) intraply/ 
commingled (yarn-by-yarn) hybrids, (3) intimately/ran-
domly (fiber-by-fiber) mixed hybrids, (4) sandwich like 
hybrid composite structures. The employment of com-
posites exposes to transverse dynamic impact loads are 
taken cautiously as impacts may occur during manufac-
ture, normal operations, maintenance and so on [4]. Full-
composite body structures, especially in automotive and 
aviation applications, are becoming a proper replacement 
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for current metal ones. For this reason, damage to such 
structures subjected to impact is a crucial case study in 
current research [5].

Apart from conventionally used kevlar material, low-
cost glass-reinforced polymer composites are also in use. 
But due to the dearth of plastic deformation mode, they 
exhibit poor resistance to take in the impact energy. The 
brittle nature of glass-reinforced polymers makes them 
very susceptible even for low-velocity impact loads. To sur-
pass the energy absorption potential of conventional com-
posites, materials with high strain to failure and tough-
ness are used in conjunction with base composites. This 
approach leads to the development of hybrid composites. 
For instigating hybrid composites, the research commu-
nity took a step in combining materials having high stiff-
ness with materials possessing high toughness. A trade-off 
between structural accomplishment and toughness could 
be achieved in hybrid composites with acceptable load-
bearing capacity and enhanced energy absorption [6].

Numerous works have been reported over the investi-
gation of the dynamic response of composites with differ-
ent effecting parameters such as materials, laminate pro-
cessing and test conditions over a wide variety of material 
combinations. Which includes Fiber type [7–9], total fiber 
content or fiber volume fraction [10], resin type [11],stack-
ing arrangement [12–16], reinforcement geometry [17], 
weaving density and curing pressure [18], sandwich con-
struction [19], ambient temperature [20], laminate thick-
ness [21, 22], impactor nose diameters and nose shapes [4, 
23], Hybridization [24–30].

Thanomsilp et al. [8] conducted experimental analysis 
to find the impact resistance of commingled yarn fabrics 
based hybrid composites. The plastic deformation is the 
significant element behind the enhancement of energy 
absorbed by the hybrid laminates. The differences are 
thought to be related to the differences in the bonding 
between the thermoplastic fibers and the thermosetting 
matrix. Park et al. [13, 14] carried experimental investiga-
tion on glass, aramid fabric for transverse impact loading 
with different stacking sequences. The authors inferred 
that, the damage occurred as huge local stress produced 
near to the point of impact over the impacted side of the 
sample. The rear side positioning of aramid layer result in 
higher layer separation area and higher impact energy. The 
energy dissipation begins in the aramid layers via plastic 
deformation located at rear side, whilst by placing the ara-
mid layers at the front end experience partial deformation 
due to restriction towards deformation from subsequent 
layers. It signifies that the absorption phenomenon gov-
erned by extent of deformation at rear end. Hosur et al. 
[15] employed plain weave glass and twill weave carbon 
fabric for hybridization. It was concluded that, by aligning 
high strain to failure material like glass at the bottom in 

the layup sequence could produce better impact resist-
ance. Zulkafli et al. [16] studied the dynamic performance 
of banana/glass reinforced polypropylene composite. The 
study pointed that, incorporation of glass fibers in natural 
fiber system results in higher absorption rate of energy 
with enhanced impact resistance. Salehi-Khojin et al. [20] 
experimentally investigated on effect of temperature on 
hybridization of kevlar/fiber glass laminate put through 
transverse impact energy. It was recognized that, the influ-
ence of temperature on total incipient energy required for 
fully perforating the sample will be very little by devel-
oping a composite with plain weave fabric architecture, 
with respect to unidirectional and crossply composites. 
According to Gustin et al. [24] different modes of failure 
are the result of variation in peak forces when a kevlar/car-
bon sandwich composite is subjected to transverse impact 
loading. This is due to differences in in-plane tensile and 
interlaminar shear properties for individual sample type. 
The author pointed that, laminates developed with kevlar 
exhibit tensile failure modes, implied by bending at the 
impactor boundary and slitting around the impact center. 
Sevkat et al. [25–27] examined the effect of hybridization, 
impactor geometry for low velocity impact tests. From 
their analysis it was stated that, hybrid composites with 
glass layers at the outer surface has shown better proper-
ties and slowed down the gathering of damage compared 
to their counterparts. Highest contact force & maximum 
deflection for an impact event decreases with an increase 
in stiffness of the composite by increasing the stiffer fib-
ers. Malingam et al. [28] studied the effect of hybridiza-
tion on kenaf/glass fiber composite. The author noticed 
that, aligning glass fibers at the outermost layers leads to 
impoved specific energy absorption. Kaya [31] bring off 
the comparison between non-hybrid and intraply hybrid 
composites made of carbon/E-glass/polypropylene for 
damage resistance under low velocity impact scenario. 
There is no positive hybridization was observed in terms 
of energy absorption whereas the damage area of hybrid 
composites is smaller correlate with non-hybrid compos-
ites. Ying et al. [32] carried out experimental study on 
interply, intraply and sandwich like interply hybrid com-
posites made of twill weave carbon and aramid fabrics. 
The samples are tested under same impact energies and 
concluded that interply hybrid samples having high stiff-
ness carbon fabric at the impact side has highest damage 
tolerance along with impact resistance as compared with 
all other set of samples. Isa et al. [33] performed experi-
mental study to perceive the influence of different kinds 
of fibers and their hybrid combinations. It was observed 
that positive hybridization effects were observed in terms 
of density and hybridization improved the tensile and spe-
cific in-plane tensile strength enhancement over the pure 
counter parts.
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From the literature study it is convinced that, the exis-
iting composites madeup of thermoplastic resin sys-
tem undergoes specific heat treatment process and hot 
extraction which in turn affects the properties of devel-
oped compoistes. Also, the fabrication of thermoplastic 
composite becomes costlier due to sophisticated setup. 
Whereas by adopting thermoset system leaves a brittle 
kind of composite. To conquer the above challenge and 
to produce better product with the advantage of both the 
resin systems, a composite with the combination of multi-
ple class of systems is to be considered.

The present work represents the attempt made in 
understanding the dynamic performance of multilayered 
hybrid laminate made with a different class of constituents 
i.e., woven fibreglass fabric, thermoplastic sheet reinforced 
with epoxy matrix. Incipient energies are chosen to see 
the rebound, penetration and perforation phenomenon. 
The materials and methods with information on dynamic 
impat test setup is described under the heading of experi-
mental work in Sect. 2. Results and discussion are reported 
in Sect. 3. Characteristic study of impact resistance and 
damage phenomenon of novel composition is elucidated 
on comparison with conventional laminate from literature 
study. Load versus deflection, load versus time, energy ver-
sus time, plots are considered for understanding the lami-
nate behaviour for dynamic loading. Damage mechanism 
is elucidated with photographic images captured from 
a rapid-I vision measuring system. The outcomes of the 
research work are revealed under conclusions in Sect. 4.

2  Experimental work

2.1  Materials and methods

The multilayered hybrid laminates are prepared from 
305  g/m2 plain weave fibreglass fabric made of glass 
yarns with 30 yarns/inch in the warp direction and 24 
yarns/inch in weft direction were used as a skin and 
0.9 mm thin thermoplastic polycarbonate sheet as core 
and high strength, medium viscous epoxy resin appro-
priate for hand layup method. The E-Glass fabric is pro-
cured from Om industrial fabrics, Ahmedabad,Gujarat, 
India. Whereas, general purpose  carboron® polycarbon-
ate sheets are taken from a local supplier. Lapox ARL-135 
epoxy resin with suitable hardner was procured from Atul 
pvt ltd, Vadodara,Gujarat,India. The closer number of yarns 
in warp and weft directions assured similar mechanical 
properties in principal directions. The mechanical charac-
teristics of the constituent materials [9, 34] are reported in 
Table 1 and the basic information regarding novel hybrid 
composite laminate is documented in Table 2.

2.2  Fabrication of hybrid composite

A match mold die madeup of M.S.plates are prepared at 
institute laboratory in different sizes. Additional weights 
(M.S.plates) of uniform thickness and same size as of mold 
setup are kept over the match plate to apply a constant 
pressure of 0.05 kg/cm2. The wetted constituent layers 
with resin are arranged symmetrically as presented in 
Fig. 1. The laminates are allowed to cure at room temper-
ature for 8 h followed by a temperature of 60 °C for 4 h 
as per the guidelines provided in technical data sheet of 
epoxy resin. The thickness of the laminate is measured as 
5 mm ± 0.1 with a total constituent volume of 55%. Test 
samples of size 100 × 150mm2 are obtained from cured 
laminates with the help of in-house abrasive water jet 
machining.

2.3  Dynamic impact test setup

The dynamic impact test was accomplished using Instron 
drop weight impact test rig, CEAST 9350 equipped with 
the data recording system. A hemispherical tup having 
12.7 mm nose radius and 5.26kgs of self-weight was con-
sidered for experimentation according to ASTM standard 
D 7136 [35]. According to the standard implied in the test 
conditions, the minimum energy required to impact the 
test sample should be 6.7 J/mm. Hence central impact 
test normal to the sample was carried at different incipi-
ent energies as per the thickness of the test sample to see 
the major phenomena of rebound, partial penetration and 

Table 1  Mechanical characteristics of constituent materials [9, 34]

Property/material Fiberglass Polycarbonate Epoxy

Density (g/cc) 2.56 1.2 1.1
Tensile strength (MPa) 3500 63 65
Tensile modulus (GPa) 72 1.5 3.1
Elongation (%) 2.5 60 5.5
Poisson’s ratio 0.22 0.34 0.32
Glass transition Temperature 

(°C)
210 148 80

Table 2  Basic information of composite laminate

Laminate designation G8PC1G8

Density (g/cc) Present work 1.56
Evci and Gülgeç [1] 1.93

Thickness (mm) 5 ± 0.1
Fiber volume (%) Glass 35.69

Polycarbonate 18.90
Total fiber volume (%) 54.59
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complete perforation. The test setup is equipped with the 
pneumatically controlling system for resitriting the impac-
tor from rebounding. At each energy level minimum of 3 
samples are tested and their corresponding load, deflec-
tion and energy data is collected with respect to time. The 
impact test rig shown in Fig. 2 is used for conducting all 
the experiments.

3  Results and discussion

Investigation on transverse dynamic impact perfor-
mance of hybrid composite has been conducted at dif-
ferent incipient energies. The impact damage assess-
ment in different energy zones which are namely 
rebound, penetration and perforation are interpreted, 
which are detailed extensively in earlier research works 
[4, 18, 23]. The recorded data of load, displacement, 
energy and time from the data acquisition system is 

noted and average of data set is used to plot the graphs 
as shown in Figs. 3, 4 and 5. The incipient energy is the 
potential energy stored in the impactor by virtue of its 
position, weight and energy available with spring-mass.

Fig. 1  Schematic representa-
tion of multilayered laminate 
 [G8PC1G8]

Fig. 2  Instron CEAST 9350 drop weight impact test rig

Fig. 3  Load (N) versus displacement (mm) curves of multilayered 
laminate

Fig. 4  Load (N) versus time (ms) graphs for multilayered laminate
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3.1  Load–energy–displacement–time plots

Figure 3 presents load versus displacement graphs of lami-
nates subjected to central transverse impact loads with 
a hemispherical steel tup. The increase in load is shown 
with the ascending portion followed by a descending 
portion. The tangent drawn for an imaginary straight 
line during ascending provides the stiffness of the lami-
nate also known as transverse bending stiffness [18]. The 
maximum load recorded before the start of the descend-
ing portion is referred to as peak load. The closed type of 
curve represents the rebound phenomenon, the partially 
opened describes the penetration and open curve with its 
end portion parallel to transverse displacement defines 
the complete perforation of the composite [1]. It is clear 
that with the increase of impact energy the load-carrying 
capability gets decreasing, while the transverse displace-
ment increases. The rebound phenomenon is shown by 
composite laminate for energy levels of 45 J and 50 J are 
witnessed with the close type of curves, whereas impact 

with 60 J resulted in complete perforation of the samples. 
In between partial perforation/penetration is noticed. The 
initial load drop also referred to as hertzian force which 
occurs due to matrix cracking, followed an inversely pro-
portional trend with incipient energies as shown in Table 3. 
The immediate rise and drop of load in the graph stipu-
lates delamination at interfaces of constituent layers. The 
laminate impacted at 45 J has shown maximum peak load. 
After peak load in all the energy levels, the displacement 
increased while the load getting decreased [36].

Figures 3, 4 and 5 presents the specific behaviour of 
hybrid composite laminate and in good agreement with 
the literature studies [2, 15, 21]. The graphical representa-
tion of load and energy values in respect to corresponding 
time, reveals the qualitative information of failure mecha-
nism along with the transverse strength of the laminates 
[31]. In general, there is no delamination present in woven 
fabric reinforced composites [15], but due to the presence 
of thermoplastic sheet, the said delamination is noticed as 
shown in laminate impacted with 45 J. The same is spotted 
in load versus time graph with sudden drop and rise peaks 
as shown in Fig. 4. The time taken to attain peak load is 
in decreasing trend with increasing incipient energy. The 
decrease in the stiffness of the hybrid laminate results in 
reduced time to reach peak load [37]. The load versus time 
graphs permit to note two load thresholds, namely hertz-
ian load/first damage load and maximum/peak load.

The incipient energy versus time curves is shown in 
Fig. 5. The dynamic energy absorption process could be 
categories into three regions as separated by a dashed line 
in the graph. These regions are distinguished based on the 
type of damage appears during impact phenomenon. 
Indentation, dent formation, matrix cracking and delami-
nation kind of failure modes fall into region 1, whereas 
fibre fracture at in-plane and through-thickness direction, 
transverse displacement of a striker in penetrating the 
test sample is marked in region 2 with the rapid increase 
of curves. At last region 3 indicates the constant energy 
lines specifying the end of impact event [32]. The derived 

Fig. 5  Energy (J) versus time (ms) plots for multilayered laminate

Table 3  Direct impact parameters of multilayered laminate

Multilayered 
laminate

Energy zone Impact 
energy (J)

Peak load(N) Hertzian load (N) Hertzian failure 
energy(J)

Peak displace-
ment (mm)

Total dis-
placement 
(mm)

G8PC1G8 Rebound 45.0 6728.99 2668.39 1.30 8.06 5.89
50.0 6164.38 3418.64 2.39 8.42 11.70

Penetration 52.5 6195.32 2018.70 1.96 7.74 12.84
55.0 6334.54 3434.11 3.03 7.41 13.47

Perforation 60.0 6535.63 2892.69 1.56 7.55 18.48
Average Present 6391.70 2886.50 2.04

Evci and Gülgeç [1] 7868.70 1967.50 0.816
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energy parameters listed in Table 4 are determined using 
energy versus time curves.

3.2  Damage evaluation

Impact test parameters such as displacement, load and 
energy at considered incipient energies with respect to 
time are recorded from the data acquisition system and 
are listed in Table 3. Total transverse displacement of the 
impactor is increasing with increasing incipient energy 
while the peak displacement shows a gradual decline. 
The hertzian load, peak loads are closely concerned with 
material property. It is seen that, on comparison of the 
average values of hertzian load, peak loads and hertzian 
energy of hybrid multilayered composite laminate with 
the details provided by Evci and Gülgeç [1] there is an 
increase in hertzian load and corresponding energy along 
with a decrease in peak load. This result could be under-
stood from the material properties of constituents. Due to 
week in-plane properties of polycarbonate, the peak load 
decreased. whilst due to its strong transverse properties 
and ductile nature the energy, applied load required for 
initial failure are increased.

The derived parameters in terms of various energies 
along with non-dimensional parameter i.e. ductility index 
are calculated and reported as shown in Table 4. Initia-
tion energy  (Ei) is the amount of corresponding energy 
measured from the point of peak load. Elastic energy 
defines the rebound phenomenon. which is the amount 
of energy left to impactor to bounce back after striking. 
Elastic energy is expressed as the mathematical difference 
between max energy  (Emax) and the total energy available 
at the end of the impact event  (Etotal). From the tabulated 
values it is clear that, the amount of propagation energy 
and ductility index are directly proportional to the incipi-
ent energy. The different stages of damage progress along 
with impact energy can be witnessed from the amount of 
propagation energy. The initiation energy i.e. correspond-
ing energy at peak load remains close to each other for 
tested impact energy levels. For rebound phenomenon, 
the elastic energy which is the energy given back to the 
impactor is more, unlike other energy zones.

The damage mechanism of laminate observed from 
rapid-I vision measuring system was demonstrated in 
Fig. 6 with different modes of failure. The energy applied 
by the striker over the surface of specimen will be 
absorbed in distinct modes, which consist of elastic defor-
mation and irreversible damage such as matrix cracking, 
delamination, fibre fracture/splitting [33]. In addition to 
the said, the dent formation, shear plugging is noticed in 
current damage assessment which are commonly appear 
in monolithic ductile materials. Hence, it is presumed that 
by introducing thermoplastic sheet having high strain to 
failure appends the plastic deformation kind of failure to 
the catastrophically failed brittle glass fibre reinforced 
polymers as witnessed in the present investigation. For 
the same fiber volume ratio, the woven glass fiber rein-
forced polymer discussed in literature by Evci and Gülgeç 
[1] shown complete perforation of sample at 50 J, whereas 
from the present investigation it is marked that, there is a 
substantial enhancement in the impact resistance in terms 
of damage area, growth and impact energy required to 
perforate the sample. The damage size is confined to the 
nose diameter of the impactor.

4  Conclusions

The important observations made from the present inves-
tigation on performance of multilayered hybrid laminate 
subjected to dynamic transverse impact are detailed as 
follows. The fabrication and testing of two component 
system made of thermoplastic and thermoset systems 
are done successfully. From the test results, it is witnessed 
that novel hybrid laminate could produced better results 
as compared with conventional hybrid composites and 
pure counterparts. The density of the hybrid laminate is 
reduced due to the incorporation of low-density polycar-
bonate about 19.17% as compared to pure glass fibre rein-
forced polymer. The impact energy required to perforate 
the laminate is about 60 J i.e. 16.66% of enhancement is 
noticed in energy required to perforate the hybrid lami-
nate. The damaged area is particularly confined to the size 
of the impactor unlike the spread field observed for glass 

Table 4  Impact characteristics 
of composite laminate

Initiation 
energy (J) 
 (Ei)

Max. 
energy (J) 
 Emax

Total energy at the 
end of impact (J)  Etotal

Elastic energy 
(J)  (Emax − Etotal)

Propagation energy 
(J) (Ep = Etotal − Ei)

Ductility 
index  (Ep/
Ei)

29.73 45.24 39.17 6.06 9.44 0.31
30.67 50.50 49.52 1.00 18.85 0.61
28.58 52.87 52.09 0.78 23.51 0.82
29.18 55.49 54.98 0.51 25.8 0.88
28.56 61.37 61.33 0.04 32.77 1.14
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composite. The glass fibres are brittle and stiffer hence, 
glass fibre reinforced composite is having higher bending 
stiffness as compared to glass/polycarbonate, but due to 
better stain to failure property of polycarbonate improved 
the overall toughness of hybrid laminate. Further, the 
impact resistance offered by the laminate is improved 
via, the addition of plastic deformation to brittle failure 
of glass composites. The proposed novel hybrid laminate 
could be one of the potential solutions where impact 
loading cause loss of strength and also, find its usage in 
mechanical structures, armor systems, aeronautical and 
automobile parts.
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