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Abstract
A significant improvement in fiber-reinforced polymeric composite materials can be obtained by incorporating a very
small amount of nanofillers in the matrix material. In this study, an ultrasonic liquid processor was used to infuse carbon
nanofibers into the polyester matrix which was then mixed with a catalyst using a mechanical agitator. Both conventional
and carbon nanofibers-filled glass fiber-reinforced polyester composites were fabricated using the vacuum-assisted resin
transfer molding process. Low-velocity impact tests was performed at 10 J, 20 J, and 30 J energy levels on conventional as
well as 0.1–0.3 wt% carbon nanofibers-filled glass fiber-reinforced polyester composites using Dynatup8210. The morphology of fractured specimens was examined using digital photographs and optical microscopy. There was an increase in
the peak load for the nanophased glass fiber-reinforced polyester composites compared with the conventional one. The
absorbed energy of nanophased glass fiber-reinforced polyester composites was less than that of conventional one at
different energy levels. The extent of damage was more pronounced in the conventional glass fiber-reinforced polyester
composites compared to nanophased ones. Failure mechanisms comprised of indentation, debonding, delamination,
matrix cracking, and fiber fracture. The extent of damage was pronounced in conventional composite compared to
nanophased ones.
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Introduction
Fiber-reinforced polymeric matrix composites have
become attractive structural materials in many areas
of engineering due to their high speciﬁc strength and
stiﬀness to weight ratios.1 Incorporation of inorganic
particulate ﬁllers has proved to be an eﬀective way of
improving mechanical and other physical properties of
these materials. However, typical ﬁller content needed
for the signiﬁcant enhancement in properties can be as
high as 10–20% by volume, when the ﬁller is micron
size. Processing of composites often becomes diﬃcult at
such high particle volume fractions due to the higher
density of the inorganic ﬁller compared with that of the
resin and increased density of the resultant material.2 In
this aspect, nanoparticle-ﬁlled ﬁber-reinforced polymer
matrix composites are attractive as they can enhance
properties that are sometimes even higher than the conventional ﬁlled polymer composites at lower volume

fractions in the range of 1–5%. These nanoscale materials provide the opportunity to explore new behavior
and functionality beyond those found in conventional
materials. It has been established that the addition of a
small amount of nanoparticles (<5 wt%) to a matrix
system can increase mechanical, thermal, and barrier
properties of the pure polymer matrix without compromising the weight or processability of the composite.3,4
The carbon nanoﬁbers (CNFs) have proved to be
eﬀective reinforcements in neat polyester resin to
improve the mechanical behavior of the resin.5,6
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Higher surface area, especially when reactive, is one
of the most promising characteristics of nanoparticles
due to their ability of creating better interface in a composite. An interphase of 1 nm thickness represents
0.3% of the total volume of polymer in the case of
microparticle-ﬁlled composites, whereas it can reach
30% of the total volume in the case of nanocomposites.7 Contributions made by the interphase modiﬁed
by low nanoﬁller loading provides possibilities of
enhanced performance by inﬂuencing the properties
of the matrices. A signiﬁcant improvement in the tensile
performance of polypropylene composites in terms of
stiﬀness, strength, and toughness was reported with a
low nanosilica content of about 0.5% by volume.8
Improvements in mechanical, electrical, and chemical
properties have resulted in major interest in nanocomposite materials in numerous automotive, aerospace, electronics, and biotechnology applications.9
Dispersion of nanoparticles in the matrix is one of the
most important parameters in fabricating CNF-infused
composites. Good dispersion of nanoparticles can be
achieved through processing techniques, such as solution blending, shear mixing, in situ polymerization,
ultrasonic cavitation, and high pressure mixing.10–16
Damage from low-velocity impact is usually not a
concern in metallic structures due to ductile behavior
of metals. However, laminated polymeric composites,
being relatively brittle undergo severe subsurface damages in terms of ﬁber fracture, ﬁber–matrix interface
debonding, and delamination even when there is no visible eﬀect on the surface under low-velocity impact.17–19
Stiﬀness and strength of composites in through-thethickness direction are poor as no ﬁbers are present in
that direction. There are so many realistic situations like
tool drops, runway debris, bird strikes, hailstorms, and
ballistic loading, which induce considerable damage to
the composite structures. Low-velocity impact is considered potentially dangerous mainly because: (a) its
contact duration is long enough for the entire structure
to respond to the impact and as a result, more energy
can be absorbed elastically and (b) it can degrade the
residual properties of the material and grow undetected
under service loads leading to sudden failure of the components. The worst scenario occurs when the damage is
at subsurface levels. It is known that the residual compressive strength, which is the most aﬀected mechanical
property, is reduced by 50%.20,21 Understanding the
causes for the formation of damages and improving the
damage resistance characteristics of composites are very
important.
Several researchers have successfully adopted the
relation of absorbed energy and composite dent criteria. A higher energy absorption capability results
from larger deﬂection, extended damage zone, and a
larger amount of ﬁber pullout in woven composites

with small weaving angles.22 It was reported that the
maximum impact force, absorbed energy, and damaged
area increased with an increase of the impact energy.23
The delamination area was directly related to the
impact energy absorption. The maximum force,
energy at the maximum force, and penetration energy
were observed to increase in response to low-velocity
impact with increasing thickness of carbon–fabric/
epoxy laminates.24 Hosur et al.25 have studied the
low-velocity response and ultrasonic non-destructive
evaluation (NDE) of woven carbon/epoxy-nanoclay
composites. They found an increase in the peak load
and absorbed energy with increasing impact energy and
reduced impact damage giving rise to higher stiﬀness
and resistance to the damage progression in case of
nanophased laminates. Iqbal et al. also reported signiﬁcantly improved impact damage resistance and damage
tolerance of carbon ﬁber-reinforced plastics (CFRP) in
the form of smaller damage area, higher residual
strength, and higher threshold energy level due to the
addition of nanoclay.26
To the best of author’s knowledge, studies on the
eﬀect of CNF on the impact response of woven
E-glass/CNF-polyester nanocomposites have not been
performed. Hence, the objective of this research work is
to improve glass ﬁber-reinforced polyester matrix composite (GRPC) impact properties with uniform dispersion of CNF. Low-velocity impact investigations were
performed on E-glass/CNF-polyester composites to
determine the maximum load, absorbed energy, deﬂection at maximum load, energy at maximum load, and
time at maximum load. The damage progression of
these composite laminates was also assessed through
the digital images and optical microscopy (OM) micrographs in this study.

Experimental
Material selection
Commercially available B-440 premium polyester resin
and styrene from US Composite Inc. (West Palm Beach,
FL, USA), heat-treated PR-24 CNF from Pyrograf
Products Inc. (an aﬃliate of Applied Sciences Inc.,
Cedarville, OH, USA), and plain weave E-glass ﬁber
from Fiberglasssite (Kingsville, MD, USA) were used
as matrix, thinner, nanoparticle, and reinforcement,
respectively, in the current study. Polyester resin contains two parts: part-A (polyester resin) and hardener
part-B (MEKP, methyl ethyl ketone peroxide).

Sample preparation
In this study, sonication was performed in a glass
beaker using a high intensity ultrasonic irradiation
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Figure 1. Flow chart of sample fabrication.

(Ti-horn, 20 kHz Sonics Vibra Cell, Sonics
Mandmaterials Inc., USA) for 90 min adding
0.1–0.3 wt% CNF and 10 wt% styrene to polyester
resin. The addition of styrene at this stage eases the
fabrication of composite panels using the VARTM process.27–29 The mixing process was carried out in a pulse
mode of 30 s on/15 s oﬀ at an amplitude of 50%. To
reduce the void formation, desiccation was carried out
using a Brand Tech Vacuum system for about
90–120 min. Once the bubbles were completely removed
from the mixture, 0.7 wt% MEKP catalyst was mixed
using a high-speed mechanical stirrer for about 2–3 min
and vacuum was again applied for about 6–8 min to
degasify the bubbles produced during the catalyst
mixing. Both conventional and nanophased E-glass/
polyester-CNF composites were manufactured by the
VARTM process. Vacuum was maintained until the
end of cure to remove any volatiles generated during
the polymerization process. The panels were cured for
about 12–15 h at room temperature and then thermally
post cured at 110 C for 3 h in a Lindberg/blue mechanical convection oven. The overall sample fabrication
procedure is presented in Figure 1. The ﬁber volume
fraction for the nanophased GRPCSs fabricated by
the VARTM process was found to be 56%. The
void content (3–4%) was also within a reasonable
limit in these composites.6

Scanning electron microscopy
Scanning electron microscopy (SEM) studies were carried out to examine change in the microstructure due to
addition of CNFs using JEOL JSM 5800. The samples

Figure 2. Experimental setup for low-velocity impact test
(Dynatup 8210).30

were positioned on a sample holder with a silver paint
and coated with gold to prevent charge build-up by the
electron absorbed by specimen.

Low-velocity impact characterization
Impact tests were conducted on the 100 mm 
100 mm  3 mm thick composite samples according to
the ASTM D-3763 standard using an impact drop tower
device—DYNATUP model 8210 manufactured by
GRC Instruments DYNATUP, as shown in
Figure 2.30 This mechanical testing system equipped
with Impulse data acquisition system, version 3
(Impulse, v.3) can acquire 8192 data points. Impact
energy and velocity can be varied by changing the
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mass and height of the dropping weight of this machine.
Heights were adjusted depending on the desired energy
level. The height of the indenter is calculated using the
equation E ¼ mgh, where E is the impact energy, m is
the mass of the impactor, g is the acceleration due to
gravity, and h is the drop height. The height is the distance between the tip of the indenter and the top surface
of the sample held between the pneumatic clamps. The
specimen was held with clamped edge conditions in the
ﬁxture placed at the bottom of the drop tower that provides a clamped circular support span of 75 mm in diameter. The weight of the crosshead was maintained at
6.62 kg and it was guided through two smooth guide
columns. The impacted end is ﬁtted with an instrumented tup of 15.56 kN capacity that records the
transient response of the specimens. Samples were
impacted with 12.5-mm diameter instrumented tup
having hemispherical end.
Transient response of the samples includes velocity,
deﬂection, load, and energy as a function of time. Three
samples were impacted at 10 J, 20 J, and 30 J for each
type of laminate. The machine is also ﬁtted with a velocity detector that measures the velocity of the tup just
before it strikes the specimen. It is also ﬁtted with pneumatic rebound brakes that prevent multiple impacts on
the specimen. Data acquisition system records load
versus time data for each test. Along with this data
and the velocity at impact data, the software calculates
deﬂection, specimen velocity, and energy absorbed by
the specimen.
The data are analyzed in terms of peak load and
absorbed energy. The absorbed energy is calculated as
the diﬀerence of the total energy (at the end of the
event) and the energy at peak load. Polymeric composite materials generally do not demonstrate plasticity5,6,31 or show very little plasticity32 during
deformation under applied mechanical load at room
temperature. As composite laminates are brittle in
nature and responds elastically until the load reaches
its maximum, most of the energy is absorbed through
the elastic deformation and through various failure
modes. If the impact energy is higher, additional
energy is absorbed by the material in damage creation
with a small amount of energy lost in friction between
the material and impactor.25 Therefore, total absorbed
energy can be divided in two parts: (a) energy absorbed
at peak load signiﬁes the part of absorbed energy until
load reaches the maximum without failure and (b) part
of total energy absorbed in damage creation or delamination energy.33 The energy loss in the damage creation of delamination process can be explained
through three diﬀerent mechanisms: (a) permanent
deformation in the contact zone; (b) structural
damage, such as delaminations, matrix cracking, and
ﬁber breakage; and (c) residual vibrations of the

structure. Impact loading is performed through the
thickness of the laminate and the transverse stress,
strain, and failure of the ﬁber-reinforced composite largely depend on the reinforced matrix in it. The tensile
strain of the matrix varies over a wide range starting
from 1.5% to 70%. However, the corresponding composite transverse fracture strain to failure is limited to
0.2–0.9%.34 This phenomenon can be explained in
three diﬀerent ways: (a) strain magniﬁcation due to
stiﬀ ﬁbers that occupy most of the volume of a composite. Hence, the actual strain of the matrix between
the ﬁbers has to be higher than the nominal strain
obtained for the composite; (b) stress magniﬁcation
because of the localized stress concentrations in the
matrix caused by the ﬁbers; and (c) residual stresses
reducing the transverse strain-to-failure because internal matrix stresses are stored due to curing of the
matrix at high temperature.35 A tri-axial stress state
develops in the ﬁber reinforced composite due to the
diﬀerence in the ﬁber and matrix Poisson’s ratios.
Matrix plasticity is inhibited and ﬁnally the load-bearing ability is reduced. This eﬀect might be magniﬁed
due to nonuniform ﬁber distribution and thermal residual stresses in the matrix. Though the plain resin usually shows a brittle fracture behavior at a very low
tensile strain, it may demonstrate considerable plastic
deformation in uni-axial compression or in pure
shear.36 However, composites containing such brittle
matrices can exhibit considerable plastic deformation
at the microscopic level.37

Photographic evaluation
All the low velocity impact tested specimens were
photographed using a high resolution digital camera.
Pictures of the impacted front and back surfaces were
taken and examined using naked eyes.

Fracture morphology study by optical microscopy
The morphology of fractured samples was studied by
an Olympus DP72 OM. Both conventional and 2 wt%
CNF-loaded samples tested at 30 J were sectioned
along the impacted zone using a cutter. A small portion
from the impacted zone was cut from these sections and
ground appropriately to study the fracture morphology
of the tested sample using OM.

Results and discussion
SEM study
Figure 3(a) and (b) show the SEM micrograph of acidetched 0.2 wt% CNF-loaded polyester and woven
glass-reinforced polyester laminates with 0.2 wt%
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Figure 3. SEM micrograph of (a) acid-etched 0.2 wt% CNF-loaded polyester; (b) 0.2 wt% CNF-loaded GRPC laminates; (c) bridging
effect at the interface region of the long glass fiber, CNF, and the resin; and (d) 0.2 wt% CNF-loaded polyester matrix stacked with glass
fabric on fractured laminate.
SEM: scanning electron microscopy; CNF: carbon nanofibers

CNF, respectively. It was found that the resin was distributed uniformly over the fabric and the interfacial
bonding between matrix and ﬁber was very good.6 It
is clear that the interfacial bonding between the nanophased polymer matrix and glass ﬁber was enhanced
due to the presence of CNF.5,6,31 From the SEM micrograph taken at higher magniﬁcation as shown in
Figure 3(c), excellent bridging eﬀect in the interfacial
region of the long glass ﬁber, CNF, and matrix was
observed. CNF has high aspect ratio that can prevent
crack generation and propagation resulting in
improved performance. Residual resin on the fractured
glass ﬁber as shown in Figure 3(d) indicates better
adhesion due to the addition of CNF.38 Thus, it is evident from these micrographs that CNF are anchored
with both resin and ﬁber promoting excellent interfacial
bonding between the matrix and ﬁber. From our recent
study6,31 it was observed that excellent ﬁber–matrix
interfacial bonding and resistance to crack generation
and propagation by the stiﬀer and stronger CNF
resulted in higher strength in nanocomposites

compared to conventional one. The resin sticking to
the ﬁber surface in the nanophased ﬁber reinforced
composite gives rise to a signiﬁcant plastic deformation.
The plastic deformation enhances mechanical properties signiﬁcantly in the nanophased composites.6
For a better understanding, the SEM micrographs of
the fractured surfaces of the conventional and 0.2 wt%
CNF-loaded GRPC are illustrated in Figure 4. For
conventional composite shown in Figure 4(a), the surface of the ﬁber was clean and no matrix adhered to the
ﬁber. The fracture surface of the matrix was ﬂat, and
some cracks were seen in the matrix side near the ﬁber–
matrix interface. Resin appears not to protrude from
the surface of ﬁbers. These results indicate that the
interfacial bonding between the ﬁber and matrix was
weak. The fracture surface of the nanophased composite (Figure 4 (b)) shows that the surface of the matrix
was rougher than that of neat composite. CNF was
observed to be randomly but uniformly distributed in
the matrix. The resin appears to cling to ﬁbers well. The
strengthened matrix held the glass fabrics together.
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Figure 4. Fracture morphology of (a) conventional; and (b) 0.2 wt% CNF-loaded GRPC.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites

The protrusion of the resin from the surface of the
ﬁbers accounts for the increase in fracture toughness
of the samples.

Low-velocity impact characterization
Low-velocity impact behavior of the conventional and
nanophased glass-reinforced polyester composites
(GRPC) was evaluated with an instrumented impact
testing machine at diﬀerent energy levels ranging from
10 J to 30 J. The load and energy versus time graph for
each test was constructed after testing samples of different wt% CNF-loaded laminates as well as the conventional one. The average values were taken to ﬁnd
the peak load, absorbed energy, deﬂection at peak load,
energy at peak load, and time taken to the peak load
for each set of samples. In every set, three specimens of
each type were tested. Load–time analysis was the most
signiﬁcant and determining parameter to realize the
eﬀect of diﬀerent weight percentages of CNF loading
and the corresponding response to the low-velocity
impact.
Transient response. The specimens were impacted at 10 J,
20 J, and 30 J, respectively. Load and energy versus
time responses of conventional composites and 0.1–
0.3 wt% of CNF-loaded nanocomposites at these
three energy levels are shown in Figures 5–8. As
expected, there was an increase in the peak load as
the energy levels were increased. In the load–time–
energy plot for neat samples, a smooth rise up to the
maximum load was evident for 10 J and 20 J indicating
an elastic response up to that point. At 30 J, loading
oscillations were observed till the load reached the peak
value in case of conventional GRPC. Not many oscillations were observed till the load reached the peak
value in case of 0.1–0.2 wt% GRPC, and some oscillations were observed till the load reached the peak value

in 0.3 wt% GRPC. These oscillations are qualitative
indications of creation and propagation of damage in
the material.30 If damage occurs, there will be a load
drop and redistribution of load carried by the damaged
portion to the neighboring areas. This phenomenon is
indicated by the increase in load after a drop. Presence
of signiﬁcant oscillations in the case of neat and
0.3 wt% samples indicate that there was a relatively
higher volume of damage occurrence in these materials.
Time taken to reach the maximum load was decreased
with the increasing energy levels. The initial knee found
in the load–time–energy plot was due to the inertia
eﬀect of the tup and the sample. The impact data for
all type of samples are summarized in Table 1. Data in
Table 1 indicate that the absorbed energy increased
with the energy levels. Absorbed energy is deﬁned as
the energy at peak load deducted from the total energy.
As the composite materials are brittle in nature, it was
assumed that energy up to the peak load is due to the
elastic deformation of the sample and that beyond peak
load is spent in creating and propagating damage.
Comparisons of low-velocity impact responses. The load–
time response of conventional GRPC and 0.1–
0.3 wt% CNF-ﬁlled GRPC (CNF-FGRP) samples at
10 J energy levels are shown in Figure 9. The slope of
the load–time curve (contact stiﬀness) was increased
slightly with the addition of CNF. The peak load was
signiﬁcantly higher for 0.2 wt% CNF-FGRP sample
compared with the conventional and other wt% of
CNF-loaded samples. It was observed that the peak
loads were 2.26, 2.41, 2.79, and 2.43 kN for the conventional, 0.1 wt%, 0.2 wt%, and 0.3 wt% CNF-loaded
GRPC samples, respectively. At 10 J energy level, no
oscillation was observed till the load reached the peak
value. The loading and unloading portion of the load–
time curve was relatively smooth and symmetric indicating the presence of progressive damage.
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Figure 5. Load and energy versus time responses of conventional GRPCs.
GRPC: glass fiber-reinforced polyester composites
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Figure 6. Load and energy versus time responses of 0.1 wt% CNF-FGRP composites.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites; CNF-FGRP: CNF-filled GRPC

The load–time responses of conventional GRPC and
0.1–0.3 wt% CNF-FGRP samples at 20 J energy levels
are shown in Figure 10. The slope of the load–time
curve increased slightly with the addition of CNF.

The 0.2 wt% CNF-loaded GRPC sample had the highest peak load among other samples. The peak loads
were 3.50, 3.72, 3.97, and 3.69 kN for the conventional,
0.1 wt%, 0.2 wt%, and 0.3 wt% CNF-FGRP
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Figure 7. Load and energy versus time responses of 0.2 wt% CNF-FGRP composites.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites; CNF-FGRP: CNF-filled GRPC
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Figure 8. Load and energy versus time responses of 0.3 wt% CNF-FGRP composites.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites; CNF-FGRP: CNF-filled GRPC

samples, respectively. Time taken to reach the peak
load was 3.08, 3.16, 3.09, and 3.17 msec for the conventional, 0.1 wt%, 0.2 wt%, and 0.3 wt% CNF-loaded
GRPC samples, respectively.

Figure 11 shows the load–time response of the conventional, 0.1–0.3 wt% CNF-FGRP samples at 30 J
energy levels. The slope of the load–time curve
increased with the CNF content. The 0.2 wt%
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Table 1. Impact data (average) for GRPC samples.
CNF-loaded Energy Impact
Peak
Deflection at
Energy to
Time to
Total
Impact
Absorb
GRPC (wt%) level (J) energy (J) load (kN) peak load (mm) peak load (J) peak load (ms) energy (J) velocity (m/s) energy (J)
Conventional 10
20
30

9.83
20.04
29.76

2.26
3.50
3.95

5.34
6.75
7.69

7.26
12.18
16.32

3.59
3.08
2.85

10.24
20.06
29.13

1.72
2.46
2.99

2.98
7.88
12.81

0.1

10
20
30

9.86
20.02
30.11

2.41
3.72
4.14

4.93
6.72
7.66

7.29
13.58
16.74

3.34
3.16
2.62

10.18
20.08
29.39

1.73
2.46
3.02

2.89
6.50
12.65

0.2

10
20
30

10.35
20.26
29.95

2.79
3.99
4.63

4.43
6.66
7.31

7.83
14.28
18.55

3.46
3.09
2.71

10.02
19.97
29.03

1.81
2.51
3.06

2.19
5.69
10.48

0.3

10
20
30

9.84
20.00
29.92

2.43
3.69
4.03

4.89
6.76
7.18

7.23
13.54
16.44

3.31
3.17
2.67

10.17
20.10
28.91

1.72
2.46
3.01

2.94
6.56
12.47

GRPC: glass fiber-reinforced polyester composites.
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Figure 9. Load–time response of the conventional GRPC, 0.1 wt%, 0.2 wt%, and 0.3% wt% CNF-loaded GRPC samples at 10 J
energy level.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites

CNF-loaded GRPC sample had the highest peak load.
The peak load was 3.95 kN, 4.14 kN, 4.63 kN, and
4.09 kN for the conventional, 0.1 wt%, 0.2 wt%, and
0.3 wt% CNF-loaded GRPC samples, respectively.
Time taken to reach the peak load was 2.85, 2.62,

2.71, and 2.67 msec for the control, 0.1%, 0.2%, and
0.3% CNF-loaded GRPC samples, respectively.
The peak load in the composite laminates slowly
increased with the impact loading till a threshold was
reached beyond which it either remained constant or
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Figure 10. Load–time response of the conventional GRPC, 0.1 wt%, 0.2 wt%, and 0.3 wt% CNF-loaded GRPC samples at 20 J
energy level.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites
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Figure 11. Load–time response of the conventional GRPC, 0.1 wt%, 0.2 wt%, and 0.3% wt% CNF-loaded GRPC samples at 30 J
energy level.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites
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Table 2. Summarized results of low velocity responses of GRPC.
10 J level
20 J level
30 J level
Composites
variation CNF-FGRP Peak load (kN) Absorb energy (J) Peak load (kN) Absorb energy (J) Peak load (kN) Absorb energy (J)
Conventional
0.1 wt%
0.2 wt%
0.3 wt%

2.26  0.11
2.41  0.13
2.79  0.13
2.43  0.15

2.98  0.13
2.89  0.15
2.19  0.13
2.94  0.18

3.50  0.21
3.72  0.24
3.99  0.25
3.69  0.32

7.88  0.35
6.50  0.33
5.69  0.28
6.56  0.45

3.95  0.23
4.14  0.28
4.63  0.26
4.01  0.37

12.81  0.78
12.65  0.81
10.48  0.66
12.47  1.03

CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites; CNF-FGRP: CNF-filled GRPC.
The values in bold in Table 2 signify that the 0.2 wt% CNF loading demonstrates the optimum properties in the FGRP composite.

reduced (when there is severe damage) with increasing
energy. For this reason, experiments were started at a
low energy of 10 J. The impact energy level was gradually increased. In the current research, impact energy
was chosen to be 10 J, 20 J, and 30 J. In the conventional samples, the ﬁrst indication of damage was even
observed at 10 J. If there was no damage in the sample,
the load–time response will be symmetric about the
peak load. The drop in the peak load is not too sharp
indicating qualitatively that the damage created is not
signiﬁcantly high so as to reduce the stiﬀness of the
laminate. This is characteristic of woven fabric composites unlike unidirectional laminates. During impact
loading, the initial damage is at the contact zone.
However, that damage is highly localized and does
not aﬀect the residual properties to a large extent. As
the impact energy is increased, the laminate undergoes
large deformation. The next failure that takes place will
be the tensile failure of the back surface due to the
ﬂexure. In the case of unidirectional laminates as the
ﬁbers are provided in only one direction, the ply will
split along the ﬁbers. This leads to the creation of large
delaminations at the interfaces immediately preceding
the last layer. However, in the case of woven fabric
composites, the plies will have ﬁbers in both the directions. In addition, they are woven together. Even if a
ﬁber tow fails in tension, the damage is localized and
will not propagate in the plane of the ply as the damage
front is resisted by not only the ﬁbers in the transverse
direction but also by the interlacing. Hence, the sharp
drop is not observed in the case of woven composites.
The extent of indentation is more noticeable in the
conventional composite compared to the nanophased
composite in this study. The impact duration will be
longer if there is no penetration in the sample. Hence,
it was found in the load–time plots of samples impacted
at 10 J and 20 J, the duration was longer than for those
impacted at 30 J.
The impact energy is deﬁned by the amount of
energy introduced on the specimen by the impactor.
The absorbed energy is the total amount of energy dissipated by composite specimen during an impact event

by the formation of damage inside it. It is usually
absorbed by a material in the form of elastic as well
as plastic deformations and through various failure
modes. As can be seen from Table 2, the absorbed
energy for the conventional samples at all energy
levels was more compared to the nanophased laminates, which implies that nanophased laminates were
able to absorb less energy elastically at all energy
levels. At all energy levels, the absorbed energy was
higher in case of the conventional samples, which also
mean that the damage area was also higher. At 30 J,
there was clear penetration of the samples. When this
happens, the entire kinetic energy of the tup is not
transferred to the sample. As a consequence, the
absorbed energy will be less. The absorbed energy for
all nanophased samples at 30 J was also less when
compared with the conventional samples. Atas and
Liu22 worked on the impact response of the woven
composites with small weaving angles and concluded
higher energy absorption capability resulting in a
larger maximum deﬂection, a more extended damage
zone and a larger amount of ﬁber pullout. This would
mean that the conventional samples had higher damage
than the nanophased samples. It can be concluded that
the inclusion of CNF into the samples resisted the
propagation of cracks by arresting or blunting the
crack tip due to the presence of dispersed CNF and
contained the augmentation of damage.
For better analysis of the peak load versus deﬂection, the load–deﬂection responses of the conventional,
0.1–0.3 wt% CNF-FGRP samples at three energy levels
of 10 J, 20 J, and 30 J are shown in Figure 12 (a) to (c).
From these graphs, it can be seen that the deﬂection to
reach the peak load increased with increasing energy
level and also, the total deﬂection for 30 J energy
level is more than that of 10 J and 20 J energy levels.
Impact parameters. Impact parameters in our experiment
are maximum load, absorbed energy, and deﬂection at
maximum load, energy to maximum load and time to
maximum load. It was found that the maximum load,
energy to maximum load, deﬂection at maximum load
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Figure 12. (a) Load–deflection response of the conventional, 0.1 wt%, 0.2 wt%, and 0.3 wt% CNF-loaded GRPC samples at 10 J
energy level. (b) Load–deflection response of the conventional, 0.1 wt%, 0.2 wt%, and 0.3 wt% CNF-loaded GRPC samples at 20 J
energy level. (c) Load–deflection response of the conventional, 0.1 wt%, 0.2 wt%, and 0.3 wt% CNF-loaded GRPC samples at 30 J
energy level.CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites

and absorbed energy increased with impact energy for
all types of laminates. On the other hand, time to maximum load decreases with increasing impact energy.
The 0.2 wt% CNF-FGRP showed better results
among all GRPC samples. Beyond 0.2 wt% CNF loading, higher agglomerate formation39 results in

delamination. These agglomerations may also produce
stress concentration, which might act as crack initiation
sites that can be attributed to the splitting of the laminates easily when load is applied.40 Thus, these stress
concentration areas in the interfacial region help to
debond the ﬁber from the matrix easily during loading

Downloaded from jcm.sagepub.com at OhioLink on August 12, 2014

Hossain et al.
(c)

891
5
Conventional GRP
0.1 wt% CNF-FGRP
0.2 wt% CNF-FGRP
0.3 wt% CNF-FGRP

Load, KN

4

3

2

1

0

0

2

4

6

8

10

12

14

Deflection, mm

Figure 12. Continued.

and reduce the performance of the composite. This phenomenon was clearly observed in the 0.3 wt% CNFloaded composite for all cases.
For all laminates, maximum load increased with
impact energy up to 20 J. The rate of increase in maximum load at 30 J was less pronounced. The amount of
energy absorbed was increased and the time to peak
load was decreased sharply beyond 20 J. The changing
trend was due to the partial penetration of the impactor
and back surface splitting damage. From the above
results it was found that there could be remarkable
improvement by accumulating CNF into the polyester
matrix for the glass-reinforced polyester laminates. The
damage initiation might be delayed without aﬀecting
the overall weight of the structure.
Low-velocity impact response can be characterized
by categorizing in three zones: (a) rebound, (b) on-set
of perforation, and (c) partial perforation. Partial penetration was observed in all kinds of samples tested at
30 J showing less damage eﬀect in the 0.2 wt% CNFloaded composite. As the tup tends to penetrate during
impact, energy is absorbed and dissipated from the
point of impact. Absorption of energy will depend on
delamination, matrix cracking, ﬁber breakage, ﬁber–
matrix debonding, and interface separation. On the
other hand, tensile wave speed through the composite
will dictate the rate of dissipation of energy. Tensile
wave speed through the composite in turn will depend
on the modulii of the matrix and ﬁber, ﬁber–matrix
(F/M) interface, and density of the composite. In addition to energy absorption characteristics of the

composite, its performance under low-velocity impact
will also reﬂect the integrity of the F/M interface modiﬁed by CNF infusion into the matrix. Load curves are
to the left rising to a peak and then unloading to almost
zero load level. Energy curves generated from samples
tested at 10 J and 20 J are seen to be rising steadily and
leveling oﬀ at 10 J and 20 J, respectively. However,
energy curves of composites tested at 30 J are leveling
oﬀ at a slight lower energy level than the initial impact
energy. Once the laminate is penetrated, the dissipated
energy would be less than no-penetration condition as
the tup will still have some kinetic energy that is not
completely transferred to the sample. Load drops
during the ascending stage of the load curve are indicative of the existence of incipient damage point (IDP).
The IDP can be detected by a change of slope in the
loading portion of the load versus time curve.41 The
curve for the 0.1–0.2 wt% CNF-loaded composites suggests that there is very little IDP. However, in case of
conventional and 0.3 wt% CNF-loaded composites,
there are load drops just before reaching the peak indicating that more IDP is present in these situations.
Before IDP, the load drop indicates initial matrix
damage in the early stage of the impact event, and
after IDP the load drop indicates delamination and
F/M interface failure. As load drops are very small in
the 0.2 wt% CNF-loaded sample, there is less presence
of IDP in this case. This suggests that there is less and
slow gradual delamination and interface failure due to
the anchoring eﬀect of uniformly dispersed CNFs with
both matrix and ﬁber. This anchoring eﬀect promotes
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better interfacial bonding between ﬁber and matrix.
The maximum load point (MLP) provides the peak
value that a panel can tolerate under a particular
impact event before undergoing major damage.
Usually, at the MLP a major ﬁber breakage occurs
through the thickness42 and this breakage normally
starts from the back face (tension side) followed by a
penetration on the front face (compression side). It is
clear that at 30 J energy level, 0.2 wt% CNF-loaded
specimens can withstand higher impact load compared
to conventional, 0.1 wt% and 0.3 wt% CNF-loaded
composites (Figure 11). The load curve after MLP is
reached is denoted as the unloading curve. It is seen in
Figure 11 that unloading curves for all four categories
gradually descend with more or less smooth load drops
until contact ceases. However, there are some diﬀerences among the four unloading curves. In case of
0.2 wt% CNF-loaded composite, the rate of unloading
is relatively smoother within a wider range compared
with other samples. This behavior suggests a gradual
progression of failure in these samples. It is also

observed that there is an initial fracture region before
the load reaches the peak. This initial fracture region is
followed by minor pre-initial fracture. This two step
fracture process with 0.2 wt% CNF-loaded samples
during the loading apparently sets the stage for gradual
damage progression.43 This gradual failure mechanism
might be responsible for a kink appearance at maximum peak in the graph of load–energy and load–
time curve for the 0.2 wt% CNF-loaded sample tested
at 30 J.

Damage evaluation
The addition of CNF has moderate eﬀects on the peak
load, initial slope of the load–time graph, and absorbed
energy. However, these eﬀects are readily observed
when the damage progression is investigated by postmortem digital photography. Digital photographs of
the front and back surfaces of the conventional and
0.2 wt% CNF-loaded GRPC samples impacted at 10
J, 20 J, and 30 J, respectively, are presented in Figure 13.

Figure 13. Impacted at 30 J (a1) front surface (b1) back surface of the 0.2 wt% CNF-loaded GRPC (c1) front surface (d1) back
surface of the conventional GRPC; impacted at 20 J (a2) front surface (b2) back surface of the 0.2 wt% CNF-loaded GRPC (c2) front
surface (d2) back surface of the conventional GRPC; impacted at 10 J (a3) front surface (b3) back surface of the 0.2 wt% CNF-loaded
GRPC (c3) front surface (d3) back surface of the conventional GRPC.
CNF: carbon nanofibers; GRPC: glass fiber-reinforced polyester composites
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Damage area due to the impact loading is very crucial in determining the extent of damage. It is also very
important to know if the damage due to the impact is
localized or global as the residual strength of the composites largely depends on it. It was evident from digital
photographs that the conventional composite samples
showed severe damage in both front and back surfaces
compared to nanophased samples at all energy levels.
Kim and Chung23 concluded that the maximum impact
force, the absorbed energy, and the damaged area
increased with increase of the impact energy and the
delamination area was directly related to the impact
energy absorption. The absorbed energy is higher in
the case of conventional samples. This might be attributed to more damage area, indentation, debonding,
ﬁber fracture, and matrix cracking at all energy levels.
In addition, the CNF changed the ﬁber matrix interface
in such a manner that the damage progression was
arrested and the only way the energy spent in the creation of damage was by damaging the sample through
the thickness.
Due to the total penetration of all types of samples
at energy level 30 J, the impact tests were not performed beyond energy level 30 J. From visual assessment it was seen that the conventional samples tested
at 10 J show little damage with two-directional cracks
at the front surface. But at 20 J, there was a visible
dent at the front surface, whereas two-directional
cracks were seen at the back surface. Up to 20 J,
the damage in the laminate was basically limited to
the impact point due to contact stresses and the cracking on the back surface due to exceeding the ﬂexural
tensile stresses limits. Extensive back-face damage was
observed at 30 J showing clear penetration. At this
impact energy level, the absorbed energy increased
progressively to initiate and propagate damage areas.
It was to be noted that in all cases, where there was
extensive damage, it was restricted to the region very
close to the impact location and was symmetric. No
widespread delamination was observed in this case. As
the damage was localized, this resulted in very little
drop in the residual in-plane properties. This might be
attributed to the woven ﬁber architecture. Due to the
interlacing of the weaves, the lowermost ply in woven
fabric laminates does not split. The weave accommodates most of the energy by supporting the ﬁbers in
both directions from failing. This results in total suppression of delamination.44
In the 0.2 wt% CNF-loaded samples, the laminates
sustain the impact till 10 J without any major damage.
It was seen visually that there was no damage in the
sample at 10 J. The ﬁrst visible dent was observed at
20 J with a two small linear cracks. The damage in the
0.2 wt% CNF-loaded samples is less than the conventional samples. It appears that the incorporation of

CNF loading up to 0.2%, the damage progression is
eﬀectively restricted. At 30 J energy level, penetration
of the sample was observed. Even at 30 J, the damage
area in the nanophased sample is smaller than that of
the control sample. The progression of damage areas
was restricted with the infusion of CNF into the matrix.
Delamination crack preferentially propagates through
the resin-rich area, which is relatively less resistant
than the ﬁber pathway.45 Hence, the matrix modiﬁed
with the CNF might eﬀectively arrest or blunt the crack
tip due to the presence of the dispersed CNF. Thus,
CNF-modiﬁed composite performs better than conventional composite in terms of damage reduction. CNF
infused samples had rather small variation in damage
areas. In terms of minimum damage area, the performance of the 0.2 wt% CNF-loaded samples was remarkable. It is clearly observable that the progression of the
damage was restricted with the introduction of the
CNF into the composite system. It might happen due
to the dispersed ﬁller particles that acted as mechanical
interlocking between ﬁber and matrix. Finally, a mixed
mode of fracture (ﬂexural and shear) may occur under
bending-load conditions. After an initial failure of
ﬁbers at the tensile side of the specimen, cracks might
be deﬂected parallel to the ﬁbers and also to the applied
load direction. On the other hand, the initial load and
the crack arrest area are higher in nanophased composites (Figures 9–11) that lead to reduce delamination
area.38

Fracture morphology evaluation
Fracture morphology evaluated by the optical microscope for both conventional and 2 wt% CNF-loaded
samples tested at 30 J are shown in Figure 14. It is
evident from the OM micrographs that failure mechanisms in the conventional composite include delamination, matrix cracking, ﬁber breakage or pull-out,
and ﬁber–matrix debonding (Figure 14(a)), whereas
the nanophased composite failed predominantly by
delamination (Figure 14(b)). Moreover, delaminated
area is higher in the conventional composite compared
with that of the nanophased one. In essence, the total
absorbed energy, especially the delamination energy is
directly related to the amount of damage introduced
via through-thickness matrix cracking, ﬁber breakage
or pull-out, ﬁber–matrix debonding, and interface separation. It has been reported46,47 that nanoparticles
can prevent further development of delamination by
arresting crack propagation path or toughening the
matrix, which can be seen in our optical micrographs.
It is assumed that the CNF aided in reducing delamination in earlier stage by arresting or blunting the
crack tip resulting in a smaller delamination area
(Figure 14(b)).
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reduced with the decrease of absorbed energy of the
laminates. Laminates absorbed energy through
damage creations such as delamination, matrix cracking, ﬁber fracture or pull-out, ﬁber–matrix debonding
and back-face ﬁber fracture followed by the penetration. In almost all the samples loaded at 30 J, there
was clear penetration. The extent of damage was
more severe in the conventional composite in terms of
delamination, matrix cracking, ﬁber breakage or pullout, ﬁber–matrix debonding and back-face ﬁber fracture followed by the penetration. Once the laminate is
penetrated, the absorbed energy would be less than nopenetration condition as the tup will still have some
kinetic energy that is not completely transferred to
the sample. However, nanophased composites exhibited lower delamination area compared to conventional
samples even at 30 J. Clearly, the CNF aided in reducing delamination in earlier stage by arresting or
blunting the crack tip resulting in a smaller delamination area.
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Conclusions
Investigations on the response of plain weave E-glass/
polyester composites and E-glass/polyester-CNF composites to low-velocity impact loading were carried out
at 10 J, 20 J, and 30 J energy levels, respectively.
Transient response of the laminates were recorded
and analyzed. Digital photographs were taken to examine the extent of damage in conventional and nanophased composites at impacted energy levels. Optical
microscopy was also performed to evaluate the fracture
morphology. It is observed from the whole study that
the peak load increased with increasing impact energy.
The peak load was more in the nanophased composites
as compared to the conventional one. Absorbed energy
decreased with the infusion of the CNF. The 0.2 wt%
CNF-FGRP gives the highest peak load and lowest
absorbed energy compared to the conventional one.
Absorbed energy is directly correlated with the
damage area of the samples. The damage area is
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