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Abstract: This work investigates the dynamic impact response of Kevlar/oil palm empty fruit bunch
(EFB) hybrid composite structures with/without gamma radiation under low velocity impact (LVI) and
compression after impact (CAI) test. The layering pattern Kevlar/oil palm EFB/Kevlar (K/OP/K) was
applied in this work. Irradiation with gamma ray with various doses were applied from 25-150 kGy.
LVI results shows that hybrid Kevlar/oil palm EFBs (Kevlar/OPEFB) that were not irradiated have
greater impact resistance as compared to irradiated hybrid Kevlar/OPEFB. It was also observed that
the hybridization of Kevlar/OPEFB with gamma irradiation helped to improve the compressive
residual strength of the composites. It was found that Kevlar/OPEFB hybrid composites with the
layering sequence K/OP/K can withstand up to 35 J of impact energy, with the optimum gamma
radiation dose at 50 kGy.
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1. Introduction

There are various applications that have been using hybrid composites as the main component in
the system, for example aircraft and cars [1]. Hybrid composites are divided into several categories,
those combining the natural and synthetic materials, natural/natural composites, synthetic/synthetic
composites, and natural/synthetic composites. Currently, there has been a demand for replacing or
minimizing the use of synthetic fiber with natural fiber either by hybridizing the reinforcements with
natural-natural fiber or natural-synthetic fibers. Natural fibers that are commonly used in hybrid
composites are jute, oil palm empty fruit bunch (EFB), kenaf, and sugar palm, etc.

Composite strength can be enhanced using several methods, such as hybridization and fiber
surface treatment. Further, radiation on the materials can also affect the composite strength. Exposure
to ionizing radiation through using Electron Beam Machine (EBM) and gamma radiation is one of the
alternatives to enhance the properties of the composites. Exposure to gamma radiation offers several
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benefits, such as continuous operation, less atmospheric pollution and minimal time required for the
treatment [2].

In developing new composite materials, the characterization of the materials is important.
The characterizations are usually undertaken by conducting physical and mechanical tests, such as the
tensile, flexural and compression tests. However, hybrid composites can also be characterized using
impact studies. There are few tests related to the impact tests, which are the 1zod and Charpy tests.
However, in this work, focus is given to the low velocity impact (LVI) test, sometimes known as the
drop weight test [3].

Matrix-fiber cracking, fiber breaking, delamination and perforation are the most common damages
experience from the LVI test [4,5]. It is crucial to identify the mode of failure during an LVI event.
Identifying the mode of failure will provide information about the impact and the composite’s
residual strength.

A previous study was undertaken on the impact properties of hybrid composites made from oil
palm EFB (OPEFB) and modified unplasticized poly (vinyl chloride) using Izod impact testing [6].
It was found that the impact strength of the composites was affected by the PVC-U. Sivakumar et al. [7]
studied the LVI response of short OPEFB fiber-reinforced metal laminates. The composites were
fabricated based on the various weight percentages of OPEFB fiber. Charpy tests on the flatwise and
edgewise of the composites were conducted during this work. It was found that the flatwise impact
properties displayed better impact resistance compared to the edgewise impact properties.

Channabasavaraju et al. [8] did not managed to justify the LVI damage on the Kevlar composites
because further examination was needed to examine the damages. Therefore, suitable methods need
to be used to examine the impact damage on the Kevlar composites.

There have been various studies on the LVI damage on hybrid composites. The purpose of
conducting impact studies is to evaluate the effect of hybrid structures on the response of LVI [9].
Ying et al. [9] investigated the LVI response on carbon-aramid/epoxy hybrid composites. It was found
that the damage area on aramid fabric when aramid fabric acts as the impact surface were bigger
compared to others. Gustin et al. [10] studied the LVI response of a combination of Kevlar/carbon fiber
sandwich composites and found that the composite performance increased when the Kevlar fiber acted
at the outer surface of the composites. The Kevlar composites had improved significantly by absorbing
the maximum energy.

Other researchers have also investigated the impact resistance of hybrid composites made from
glass fibers and Kevlar fibers. The authors of [11] concluded that the addition of Kevlar fiber to
glass fiber improved the composite capability of the carrying load, energy absorbed and damage
area. The results proved that Kevlar has better resistance towards impact loading due to the ability of
Kevlar fiber to absorb more energy. It was found that the damage pattern of Kevlar fiber has a smaller
damage area compared to glass fiber. There is also other research on hybrid aramid-glass fiber/epoxy
composites [12]. However, in this work the LVI behavior was studied on water immersion ageing
woven aramid-glass fiber/epoxy composites. From this research, the author concluded that the water
absorption did not affect the absorbed energy. Ismail et al. [13] studied the LVI response of hybrid
kenaf-Kevlar composite laminates. From their studies, the authors concluded that the different types
of fiber combination exhibited different results in the LVI event. The factor of thickness influenced the
impact dynamics of the hybrid composites.

Compression after impact (CAI) testing is important, especially in evaluating new materials.
Several research projects have been conducted using CAI test. Aktas et al. [5] studied the behavior
of CAI on laminated composite plates due to LVI at high temperature. The tests were conducted on
composites made of glass/epoxy composites. From the results, it can be concluded that the impact
testing temperature and impact energy affect the composite CAI strength. It was found that at
an impact testing temperature of 100 °C the composite CAI strength reduced drastically, while at
a 20 °C impact temperature, the CAI strength of the composite experienced minimum reduction.
Martin et al. [14] analyzed the CAI behavior of tufted carbon/epoxy laminated composites. It was
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found that the damage area was reduced for composites made from tufting reinforcement when
compared to non-tufted laminates.

A study on CAI has been performed on hybrid composites consisting of Kevlar/carbon fiber [10].
In this work, the reduction in compressive strength when replacing the carbon fiber layers with
the Kevlar or hybrid layers was determined. As well as studies of CAI on synthetic fiber,
Rubio-Lopez et al. [3] conducted research on biodegradable composites made from flax/PLA.

Previous studies show that there are limited studies on the impact damage properties on
Kevlar/OPEFB hybrid composite using LVI and CAI testing. Further, very few studies focus on
the effect of radiation dose on the impact performance of hybrid composites. Natural fiber hybrid
composite has the potential to be used in medical applications, transportation and the military industry;
therefore, in this research, the effect of the gamma radiation on the LVI and CAI response of the
Kevlar/OPEFB hybrid composites was investigated.

2. Materials and Methods

Kevlar fibers woven mat orientated in 0/90° with a thickness of 1 mm were supplied by ZKK
Sdn. Bhd (Selangor, Malaysia). The OPEFB mat with random orientation and a thickness of 7 mm
were supplied by HK Kitaran Sdn. Bhd, Pulau Pinang, Malaysia. The epoxy resin/hardener used were
Zeepoxy HLOO2TA and Zeepoxy HL002TB which also provided by ZKK Sdn. Bhd. The mixing ratio
between the epoxy resin and the hardener was 2:1. The properties of the OPEFB and Kevlar fiber are
shown in Table 1.

In fabricating the samples, the hand lay-up technique was used. A mold made of carbon steel with
dimension 300 mm x 200 mm was used, as shown in Figure 1. The mold was covered with glazing
wax as the release agent.

Table 1. Physical and mechanical properties of Kevlar and oil palm empty fruit bunch (OPEFB) fiber.

Young’s Modulus  Elongation at Break

. . 3
Properties  Density (g/cm?) (GPa) (%) Reference
Kevlar 1.44 70 3.6 [15]
OPEFB 0.7-1.55 1-9 8-18 [16]

Figure 1. Carbon steel mold.

The hybrid composite comprised of the OPEFB fiber mat and woven Kevlar fiber was layered
together. The layer of OPEFB fiber was sandwiched in between the layer of Kevlar fiber (K/OP/K)—the
layering pattern of the hybrid composite pattern is shown in Figure 2. After the fabrication process,
the mold was closed to remove the access to resin and left at room temperature for 24 h for the curing
process. Later, the mold was removed from the compress machine and left at room temperature for
24 h for the curing process. After the curing process, the composites were then post-cured in the oven
with temperature of 80 °C for 3 h.



Coatings 2020, 10, 646 40f 15
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Figure 2. The layering pattern of the hybrid composites.

After drying, the hybrid composites were cut into dimensions of 100 mm x 150 mm before they
underwent the gamma irradiation process at 25, 50 and 150 kGy. The thickness of the hybrid composites
tested were 7 mm + 0.5 mm. The size of samples for both the LVI test and the CAI test were 100 mm
X 150 mm with 7 mm thickness. The irradiation machine model used was JS 10000 IR219 (Nordion,
Kajang, Malaysia). For the irradiation process, the Cobalt-60 radioactive material was used to irradiate
the hybrid composites. The exposure time depended on the machine activity source.

In this work, LVI tests were conducted using a drop weight impact tester model IMATEK IM10
(IMATEK, Serdang, Malaysia), with IMATEK software used to process the results. A striker with a
weight of 5.101 kg was dropped from chosen heights with gravitational acceleration of 9.82 ms™2.
Table 2 shows the impact height and impact energy for each sample. A total of 84 samples were
tested, where 3 repetitions were conducted for every joule (1040 J) with different heights (0.2-0.8 m)
of specific radiation dose (0-150 kGy).

The CAI tests were then conducted to determine the post-impact properties, especially the residual
compressive strength of the impacted hybrid composites. The tests were performed according to
ASTM D7137 [17] using an anti-buckling Boeing CAI fixture. Figure 3 shows the 300 kN load cell
universal testing machine, model Shimadzu AGX (Shimadzu, Kuala Lumpur, Malaysia), used in the
test. A compressive load at a displacement rate of 1.25 mm/min was applied until the samples failed.

Table 2. Experimental design for low velocity impact (LVI) testing.

Radiation Dose (kGy)  Energy Level (J)  Impact Velocity (ms=1)  Height (m)

10 1.98 0.2
15 243 0.3
20 2.80 0.4
0,25, 50, 150 25 3.13 0.5
30 343 0.6
35 3.71 0.7
40 3.96 0.8

Figure 3. Shimadzu AGX ultimate testing machine.
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3. Results and Discussion

Force—displacement analysis was conducted to obtain information on the damage progression
on the samples. The diagrams obtained represented the typical behavior of the damage impact for
laminated specimens and agree with Reis et al. [18]. From the graph, the closed curve indicates that
the striker did not penetrate the specimen during testing. However, an open curve shows that the
striker had penetrated the specimen. The maximum impact energy is shown at the highest tip of the
curve while the end of the curve shows the absorbed energy [13]. The maximum displacement is
achieved when there is the bounce phenomenon between the striker and the samples. During this
event, the sample transfer the excess impact energy back to the striker elastically [13]. Figure 4a—d
show the force—-displacement at 10 J until 25 ] for various samples with different radiation doses. At 10,
15,20 and 25 ] from Figure 4a—d the force-displacement curve were still closed, which indicates no full
penetration damage in the sample. The specimens that were irradiated and not irradiated showed
the same trend. This implies that the specimens being irradiated and not being irradiated are able to
withstand at force 10, 15, 20 and 257J.

Figure 5a—c represent the force—displacement curve at energies of 30, 35 and 40 J, respectively.
The curve remained closed, which indicated no full penetration damage in the sample at energy 30
and 35 ] for both the irradiated and non-irradiated specimens. The closed curve implies that the
incident energy was fully transferred to the specimens after maximum displacement was achieved [13].
From the results, it was found that the impact resistance for all specimens, including the non-irradiated
and irradiated specimens, were up to 35 ] of impact energy. This shows that the hybrid between
Kevlar/OPEFB has a better impact resistance when only Kevlar/epoxy was used [18]. The hybrid
composites Kevlar/OPEFB also have higher impact resistance compared to the hybrid composites
kenaf/Kevlar. The laminates of kenaf/Kevlar withstand an impact energy below 30 J [13].

Force vs Displacement for 10 J
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Force vs Displacement for 15 J
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Force vs Displacement for 25 J
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Figure 4. Force-displacement graphs for energy at (a) 10], (b) 15], (c) 20 J and (d) 25].

The open curves show that the specimens that were irradiated with gamma radiation became
fully penetrated at energy 40 J, as shown in Figure 5c. The open curve shows that, after the maximum
displacement, the incident energy did not fully transfer to the specimens. The specimens transferred the
impact energy back to the impactor elastically after it reached maximum displacement [13]. This result
implies that at 40 J the energy applied exceeded the maximum allowable energy to the specimens.
The results agreed with the hybrid kenaf/Kevlar, where the hybrid composites failed as impact energy
approached 40 J [13]. However, the samples that were not irradiated still showed a closed curve,
which indicated that the samples at 0 kGy were not fully penetrated even at an energy level of 40 J.
This implies that the hybrid Kevlar/OPEFB samples that were not irradiated had a higher impact
resistance compared to irradiated hybrid Kevlar/OPEFB.

In previous studies there has been evidence that gamma irradiation to the materials enhances the
mechanical properties due to the improved fiber-matrix adhesion. However, in the impact event in
this study, the results obtained show that the hybrid composites that were exposed to gamma radiation
have lower impact resistance compared to the hybrid composites without exposure to gamma radiation.
It was reported by Yahaya et al. [19] that poor fiber-matrix adhesion absorbs more energy under impact
loading due to delamination and debonding damage. The result of crosslinking will produce brittle
resin [20]. This implies that irradiated hybrid composites have lower impact resistance compared to
non-irradiated hybrid composites.

The peak force is the maximum recorded force in an event [21]. The force increases up to a peak
value, Fiax, and is followed by a drop after the peak load [18]. The peak force represents the value that
the composite laminate is able to withstand under a particular impact level before experiencing major
damage [18]. As the impact energy increases, the peak force also increases, and this agrees with the
theory that peak force is directly related to the impact energy [18,21]. The results obtained obey the
peak force theory, as shown in Figure 6, and the results in this work show the similar tendencies with
work of Reis et al. [18].
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Force vs Displacement for 30 J
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Force vs Displacement for 40 J
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Figure 5. Force-displacement graphs for energy at (a) 30 J, (b) 35] and (c) 40 J.

Peak Force vs Impact Energy
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Figure 6. Peak force variation with impact energy and radiation dose.

The specimens that were not radiated, which is 0 kGy, have a higher peak force, 5.99 kN, compared
to the specimens that were irradiated, as shown in Figure 6. Since the peak force is directly related to
the impact energy, hence specimens that were irradiated with different radiation doses also experienced
an increase in peak force when the impact energy increased. The specimens that were irradiated have a
lower peak force compared to specimens that were not irradiated. In this work, the specimen damage
occurs at an impact energy of 40 J for irradiated specimens, while specimens without radiation were
still not fully penetrating at 40 J. However, work done by Reis et al. [18] shows that the major damage
occurred at 21 J for Kevlar/epoxy laminates. This shows that hybridizing between Kevlar/OPEFB
increased the strength of the materials.

From the impact damage results, the hybrid composites without radiation with a weak fiber-matrix
interface have better impact resistance compared to the irradiated hybrid composites. This agrees
with Yahaya et al. [19] that the impact performance is improved in composites with weak fiber-matrix
interfaces. Since epoxy is a brittle matrix, it shows lower damage resistance [22]. Unnikrishnan and
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Thachil [23] stated that cured epoxies are brittle and have poor resistance to crack initiation and growth,
suggesting that irradiation epoxies have lower impact resistance compared to epoxies without radiation
due to oven curing during the fabricating process as well as due to the crosslinking phenomena.

The results in Figure 7, show that as the impact energy increased, the absorbed energy increased.
When absorbed energy is not equal to impact energy, the penetration threshold is not yet achieved [18].
Since the penetration threshold was not achieved, major damage did not occur in the specimens,
and this shows the similar trend to this work [18]. However, this only applied at an impact energy
of 35]. At an impact energy 40 ], the absorbed energy for the irradiated specimens was closed to the
value of the impact energy. This implies that the penetration threshold had been achieved. Hence,
the full penetration occurred in the irradiated specimens at an impact energy of 40 J. However,
for non-irradiated specimens, the absorbed energy is much lesser compared to irradiated specimens.
This indicated that at 40 J, the non-irradiated specimens were not fully penetrated. These results
show that the impact resistance was at an energy level of 35 J for irradiated specimens, but the impact
resistance for non-irradiated specimens was 40 J.

Absorbed Energy vs Impact Energy

iy
: o |
i it 1l |

201 251 30

Energy Absorbed,

Impact Energy, J

0 kGy 25 kGy 50 kGy 150 kGy

Figure 7. Energy absorbed versus impact energy.

The differences in the absorbed energy and peak force for all the tested samples were analyzed
using the one-way ANOVA, as shown in Tables 3 and 4. The variance of the absorbed energy and peak
force has been decomposed between the groups (BG) and within the groups (WG). The ratio between
the mean square of BG and the mean square of WG is known as the f-value. The null hypothesis
is rejected since the p-value of the f-test was less than 0.05. From the results, the confidence level
is 95% where it shows that there is a statistically significant difference in peak force and absorbed
energy. The normal probability plot of absorbed energy and peak force are shown in Figures 8 and 9.
The fitness of the model has been validated since the normalization line is closer to the data points.

Table 3. ANOVA results of absorbed energy.

Source DF SS MS f-Value p-Value
Between the group (BG) 23 374671 162900 178.75 0.000
Within the group (WG) 48  43.74 0.911 NA NA

DE, degrees of freedom; SS, sum of square; MS, mean square.

Table 4. ANOVA results of peak force.

Source DF SS MS f-Value p-Value
Between the group (BG) 23  43.567  1.8942 14.18 0.000
Within group (WG) 48 6411 0.1336 NA NA

DE, degrees of freedom; SS, sum of square; MS, mean square.
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Figure 8. Normal probability plot of absorbed energy.
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Figure 9. Normal probability plot of peak force.

The residual strengths of the impacted hybrid composites were obtained using the CAI test. From
Figure 10, in general, samples with radiation have higher compressive residual strength in radiation
dose 50 kGy compared to samples without any radiation. This may be due to the crosslinking when
radiation interacts with the material. In general, it is observed that as the impact energy increased
the compressive residual strength decreased, especially for the non-irradiated samples and irradiated
samples at 25 kGy and 50 kGy. From the analysis, it was also observed that the combination effect of
hybrid Kevlar/OPEFB with gamma radiation improved the compressive strength in hybrid samples

irradiated with 50 kGy.
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Compressive Residual Strength vs Radiation Dose
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Figure 10. Compressive residual strength of the hybrid composites.

Figure 11 displays the different failure modes of the hybrid samples that underwent CAI testing
subject to different energy levels. The samples failed through a combination of compression on the
impacted surface and buckling on the rear surface. It led to delamination, which is perpendicular to
the loading directions. Moreover, the fiber fracture and matrix cracking propagate in the area where
the stress concentration is greater, leading to complete failure.

Figure 11. Computed tomography image of failure modes after the compression after impact (CAI)
test at samples with an impacted energy of 35 .

At the back of the impacted surface, photographic images were captured using normal camera
with 0x magnification; these are shown in Figure 12. Figure 12 shows the back of the impacted surface
for hybrid samples that have been impacted with impact energy at 10, 20 and 35 J.

Figure 12a shows the damage after the CAI at 10 J. The damage observed was similar to the
damage at an impact energy of 20 J. The fiber crack damage was intensely focused at the center of the
back of the impacted surface and propagated outwards from the center of the impacted surface. Unlike
hybrid composites that were impacted at 20 J, the fiber crack was observed at the center at which the
area was impacted. The crack damage was observed to have propagated outwards from the center
of the back of the impacted surface, as shown in Figure 12b. From the observation, the crack of the
fiber could be observed around the damage area at the back of the impacted surface that had been
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penetrated at 35 ], as shown in Figure 12c. All the tested samples show similar observations, regardless
of the gamma radiation dose.

(@) (b)

(©)

Figure 12. CAl damage at (a) 10], (b) 20 J and (c) 35].

The differences in residual strength with respect to the different composite samples at 25-150 kGy
radiation doses were analyzed using ANOVA, and the results are shown in Table 5. The null
hypothesis was rejected as the p-value of the F-test was less than 0.05. It was observed that at a
95% confidence level there is a statistically difference in residual strength among the tested hybrid
composites. The normalization line is closer to the data points in the normal probability plot, as shown
in Figure 13. This normalization line validates the credibility of the model.

99.9

99

Percent
w
o

Residual

Figure 13. Normal plot for residual strength.
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Table 5. ANOVA results of compressive residual strength.

Source  DF SS MS  f-Value p-Value

Factor 23 2106.3 91580  43.68 0.000
Error 48 100.6 2.097 NA NA

DEF, degrees of freedom; SS, sum of square; MS, mean square.

4. Conclusions

This work has investigated the LVI and CAI failure response of Kevlar/OPEFB hybrid composites
with/without gamma radiation. Under LVI loadings, Kevlar/OPEFB hybrid composites managed to
withstand energy levels from 10 J to 35 ] without any penetration occurring. However, at 40 ] of
energy level, penetration occurred on all gamma irradiated sample. This shows that gamma radiation
doses from 25 kGy until 150 kGy did not affect the impact properties of the hybrid composite samples.
In general, there is no significant improvement of the impact resistance when the hybrid composites
were irradiated with gamma radiation. Under LVI loadings from 10 to 20 ], all samples managed to
absorb almost similar amounts of energy after the impact tests. However, at 35 | of impact energy,
the sample irradiated with 50 kGY absorbed the greatest energy compared to the other samples.
This shows that samples irradiated with a gamma radiation dose at 50 kGy and above experienced
more severe damage compared to other samples. This also shows that to maintain the impact properties
performance of the hybrid composites, the optimum gamma radiation dose was less than 50 kGY.
Under CAl loadings, samples that were impacted with 35 ] of impact energy experienced the most
failure modes, including the fiber-matrix breakage and delaminations. This shows that the compressive
residual strength of the hybrid composites was dependent on the impact energy tested during the LVI
event. From the LVI and CAI results, it can be concluded that Kevlar/OPEFB hybrid composites are
suitable for applications that have been exposed to gamma radiation, for example, medical applications
and the military industry. However, further and more specific investigation are needed to propose the
most suitable application for these hybrid composites.
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