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A B S T R A C T

The effect of layering structures on mechanical and thermal hybrid bacterial cellulose (BC) sheet/Kevlar rein-
forced epoxy composites was investigated. The BC sheet was extracted from Nata de Coco and used as green
reinforcement material hybrid with Kevlar reinforced epoxy composites. The BC/Kevlar reinforced epoxy com-
posite was fabricated by using hand lay-up technique equipped with vacuum bagging system and the BC sheets
and Kevlar layers were laminated into different layered structures. The performance of the hybrid BC/Kevlar
reinforced epoxy composites was characterized through tensile test and low velocity impact according to ASTM
D3039 and ASTM D7136, respectively. The thermal performance of the hybrid composites was characterized by
using dynamic mechanical analysis (DMA) test. Tensile test on BC sheet composites with Kevlar and epoxy
demonstrated that the addition of BC sheet in BC/Kevlar could not withstand the tensor stress by reducing the
tensile stress and Young's modulus. The one layer of Kevlar which was replaced with three to six BC sheets had
increased the ability to absorb impact force. The storage modulus (E0) and Tan δ were significantly dependent on
the number of BC sheets and its layering structure. The highest value of E0 was observed when BC sheets were
arranged alternately with the Kevlar layers. Different damage mechanisms associated with the number of BC
sheets and its layered-structure suggested that the BC sheet was functioning as an impact energy absorber as well
as strengthening fibers. This study will upsurge interest in BC reinforced composites and the development of new
ideas in automotive, marine and bullet applications.
1. Introduction

Conventional reinforcements such as glass fiber, Kevlar and carbon
fiber have been widely used in the fabrication of structural polymer
composite due to their numerous benefits, such as high strength, thermal
stability and corrosion resistance [1]. From that, Kevlar had attracted
noticeable attention and was reported to enhance various performances
for structural applications. Furthermore, Kevlar has been reported to
have some disadvantages, including non-recyclability, high cost, energy
consumption, and a carcinogenic tendency [2]. Worldwide, researchers
have developed biodegradable and renewable reinforcement for the
composite structure to mitigate negative environmental consequences [3,
4, 5, 6]. Additionally, biodegradable and renewable reinforcements are
less expensive than synthetic fibers and can be used in place of synthetic
reinforcements. One of the most popular natural fiber reinforced polymer
composites is plant lignocellulosic from the main component of plant cell
alim).
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walls like kenaf fiber [7, 8], sugar palm fiber [9, 10], bamboo [11, 12]
and oil palm empty fruit bunch (OPEFB) fiber [13, 14]. These fibres are
abundant with renewable characteristics and comes with unique me-
chanical and thermal performances [15, 16].

The ability to hybridized the two or more fibers or reinforcements in a
single matrix by the hybridization of BC and Kevlar has increased per-
formance, economies, and environmental benefits while maintaining the
excellent mechanical performance of composites. Because BC sheets are
biodegradable and lighter than Kevlar, it is feasible to balance more
appealing performance features and the cost of composite systems when
this material is used in automobiles, aerospace, or any other structural
systems [15, 17, 18, 19, 20]. Intriguingly, it was reported that some
specific bacteria can synthesize cellulose called bacterial cellulose. To
remove the extractable fraction in cellulosic fiber, the pre-treatment
associated with special solvent, chemicals and techniques is crucial.
This method may cause slight damages to the fiber structure of cellulosic
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surface. In this regard, Nata de Coco which is BC produced from
fermentation of coconut water called has a lot to offer. This BC is a white
gelatinous cellulose, which is produced from the fermentation of Aceto-
bacter aceti Xylinum sp. by using fruit juice as a medium. Nata de Coco is
one of the most famous desserts in Asian countries, including the
Philippines, Indonesia, Vietnam and Taiwan. It has high water content,
which exceeds 90% with low calorific value, and has high fiber content.
From the cell of Acetobacter bacterial BC, fibril with the length of several
μm and width of 70 nm–100 nm are secreted [21]. Additionally, BC has a
higher crystallinity and mechanical strength than plant cellulose, which
has increased its use in biomedical and other related fields [22]. Many
types of biocomposite based on PLA [23], starch [24], epoxy [25], PVA
[26] have been fabricated by using BC as the biomaterial. These bio-
composites are used in the treatment of wounds, burns, tissue regener-
ation, skin substitutes, food packaging and electronic devices.

Nakagaito et al. (2005) [27] impregnated BC pellicles sheets with
phenolic resin to produce high-strength composites. The recorded
composites' Young's modulus is higher than microfibrillated cellulose
(MFC)-based composites, at 28 GPa compared to 19 GPa, respectively.
This is due to exceedingly fine, pure, dimensionally uniform ribbon-like
cellulose microfibril bundles arranged in a network of fairly straight,
continuous alignment and the planar orientation obtained from the
compression of BC pellicles into sheets. In order to increase the me-
chanical performance of glass fibre reinforced epoxy composites, Vu
et al. (2017) had extracted BC as a green filler from Nata de Coco using a
suspension in ethanol method [28]. The result shows that the BC
loading at 0.3 wt.%, presented a critical role in boosting initial and
propagation interlaminar fracture toughness by 128.8% and 1110%,
respectively. Also, at 0.3 wt.%, the fatigue life of BC/glass fibre rein-
forced epoxy composites was enhanced by up to 12 times compared to
an unmodified composite with BC as green filler. Montrikittiphant et al.
(2014) [29] fabricated BC sheet reinforced PLA composites by lami-
nating two thin PLA films onto a BC sheet. The tensile strength and
modulus achieved 125 MPa and 6.9 GPa at a BC sheet loading of 65
vol.%.

Juntaro et al. (2012) a dried and well-consolidated BC sheet in PU
resin, followed by UV crosslinking process for curing the composites
[30]. Another study shows that the fabricated composites with the
addition of BC in the form of pellicle or sheet networks may act as
reinforcement in the mechanical structures of the composites. This by
achieving optimum tensile strength and modulus at 151 MPa and 11.6
GPa at BC loading of 51 vol.%. To the best of our understanding, minimal
studies have applied more than one sheet of BC as reinforcement or
embedded with polymers, especially inter-layers with Kevlar. The me-
chanical performance of BC sheet reinforced epoxy laminated composites
of 11 BC sheets has previously been studied. Still, the goal of this study
was to evaluate the reinforcing effect of BC with wood-derived cellulose
nanofibers [31]. In this work, BC sheet produced from Nata de Coco
(Acetobacter xyllinum) was hybridized with Kevlar fabrics as reinforce-
ment in epoxy composites. The hybrid composites were fabricated by
using hand lay-up technique equipped with vacuum bagging system and
the BC sheets and Kevlar layers were laminated into different layered
Figure 1. (a) Nata de Coco jelly used in this study,
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structures. The performance of the composites was characterized through
tensile test, low velocity impact test and DMA test.

2. Methodology

2.1. Materials

Nata de Coco (Figure 1 (a)) is a jelly-like food product that is pro-
duced by the fermentation of coconut water by using Acetobacter xylinum
bacteria that was supplied by a local manufacturer in Selangor, Malaysia.
Acetone used for cleaning was supplied by MERCK, Malaysia. Kevlar29
was purchased from Tazdiq Engineering Works, Malaysia, while Epox-
yAmite 100 resin (Part A) and 102 medium hardeners (Part B) were
supplied by DK Composites Sdn. Bhd., Malaysia. The mix ratio by volume
between Part A and Part B was 3A:1B. The mixed specific gravity was
1.11 g/c.c with 650 cP of viscosity, 22 min of pot life and the cure time of
the mixture was between 10 to 15 h.

2.2. Preparation of BC sheet

The raw Nata de Coco sample preparation process began by cleaning
the raw sample, which included washing, soaking and rinsing with
distilled water to remove any impurities. The washing and rinsing pro-
cess was repeated twice daily until the pH of the rinsing water reached
neutral (pH 5 to pH 7). Following that, the Nata de Coco was soaked in
distilled water for 24 h to complete the cleaning process. These steps
were repeated at room temperature for 1–2 weeks to neutralize and
stabilize the pristine Nata de Coco. Then, the Nata de Coco was cut into
300 mm � 150 mm squares of an appropriate size to fit inside the oven
cavity (as shown in Figure 2 (a)),. The wet sample (Figure 1 (b)) was
slowly oven dried at 60 �C for 3–5 days. To prevent overheating of the
sample, the oven temperature and sample condition were monitored
continuously. Daily weights of the sample were taken during the drying
process until its weight remained constant, indicating a density of 1.7 g/
cm3 to 1.8 g/cm3. The constant weight indicated that the bacterial cel-
lulose sheet was successfully dried. Finally, as illustrated in Figure 2 (b),
the dried BC sheet was sealed in a zipped plastic bag and stored in a
desiccator to prevent moisture absorption.

2.3. Composite fabrication technique

The hybrid composite fabrication started by cutting the BC sheet and
Kevlar fabric according to the size of 30 cm (L) � 30 cm (W). Then the
ceramic slab was carefully cleaned to remove dirt and dust by using
acetone on its surface. The surface is sprayed with a silicone release agent
for composite ease removal and to avoid any stacking with the com-
posites. Part A and Part B were mixed using the given weight ratio,
3A:1B, followed by stirring the resin mixture until the color changed
from light white to clear yellow. The resin mixture was applied by evenly
brushing it in one direction on the first layer of composite materials,
either BC sheet or Kevlar fabric. The composite layer was moistened with
epoxy resin and carefully placed on the ceramic slab to avoid voids
(b) the BC sheet formed and (c) Kevlar fabric.



Figure 2. (a). Oven drying process and (b) Dried BC sheet sample.
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between the slab surface and layer. A roller was also used to remove any
voids by rolling them up and down throughout the sample surface. This
process was repeated until the required number of composite layers was
obtained. The next step was to install a vacuum bagging system, as
demonstrated in Figure 3 (a) and Figure 3 (b), respectively.

To begin, a layer of peel ply was placed on top of the sample, followed
by a perforated release fabric and breather fabric to trap and hold excess
Figure 3. (a) Schematic diagram of composi
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resin during the vacuum process. After carefully spreading a vacuum
bagging film over the sample, it was tapped to the sealant tapes sur-
rounding it. It was critical to stretch the plastic film evenly to avoid
wrinkles on the surface of sample when the vacuum pump was applied.
After 2 h of vacuum process, the vacuum bagging systemwas left at room
temperature for an additional 24 h Table 1 shows the specification and
corresponding layering of BC and Kevlar for the composites structure.
te preparation and (b) the actual set-up.



Table 1. Specification and corresponding layering of BC sheet and Kevlar reinforced epoxy composites.
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2.4. Characterizations

The tensile test was performed using Instronmodel 5569A (USA) with
a capacity of 50 kN test machine according to ASTM D3039. The di-
mensions of the samples were 250 mm (L) x 160 (W) mm. The gauge
length was 200 mm, with a crosshead speed of 5 mm/min applied for the
test. The tensile stress (σ), strain (ε) and Young's modulus (E) was
calculated according to Eq. (1), Eq. (2) and Eq. (3), respectively [32]. For
each sample, seven repetitions were performed and the average was then
reported.

σ¼ F
A
�
N
�
m2� (1)

where, F is a force and A is cross-sectional area of sample.

ε¼ΔL
L

� 100ð%Þ (2)

where, ΔL is total elongation and L is original length of sample.

E¼ σ
ε
�
N
�
m2� (3)

where, σ is tensile stress and ε is strain of sample.
The low velocity impact test was conducted following ASTM D7136

by using a CEAST 9350 machine with the tup holder mass of 4.3 kg
and tup nominal mass was 1.2 kg. The dimension of sample was 50 mm
(L) � 50 mm (W). The impact tests were conducted at room temperature
under different impact energy values that ranged from 3 J, 6 J and 9 J
from a 4.3 kg indenter collision. It has a 20 mm diameter hemispherical
impact head and was released at an initial velocity of 1.8 m/s. Testing
started when the hydraulic actuator dropped an impactor with a round
nose tip of about 20 mm in diameter. Impact resistance was studied by
examining the condition of a tested sample and its curves in the force
versus time or f-t (f-t) plot, velocity versus time (v-t) plot and force versus
4

impact displacement (f-d) plot. Different curves in these plots demon-
strated indenter penetration, impact absorption, impact resistance and
bounced-back effect. From the v-t plot, kinetic energy (Ek) of the indenter
and impact force (F) can be calculated according to Eq. (4) and Eq. (5),
respectively [33]. Where m, v, d is mass, velocity and displacement,
respectively. For each sample, three repetitions were performed and the
average was then reported.

Ek ¼ 1
2
mv2f �

1
2
mviv2ðJÞ (4)

¼ Ek

d
ðJ=mmÞ (5)

DMA 8000 from PerkinElmer instrument was used for the evaluation
of dynamic mechanical thermal behaviors of the BC/Kevlar composite.
Specimens of size 30 mm (L) x 10 mm (W) were used for the DMA under
three-point bending mode at an oscillation frequency of 1 Hz. The tem-
perature was ramped from 30 �C to 100 �C under a controlled sinusoidal
force with a heating rate of 5 �C/min. The Tan δ, storage modulus (E’)
over loss modulus (E”) was calculated according to Eq. (6) [34].

Tan δ
E"
E'

(6)

3. Results and discussion

3.1. Tensile properties

Table 2 shows the tensile stress, tensile modulus and strain of the BC
sheet/Kevlar reinforced epoxy composites. The highest tensile stress was
observed for K/K/K composites sample with 331 MPa, followed by BC/
K/BC/K/BC and the lowest one was BC/EP composites, which were 266
MPa and 25 MPa, respectively. It was observed that in general the
incorporation of BC sheet in hybrid composite reduced the tensile stress

http://D3039
http://D7136


Table 2. Tensile properties of hybrid BC sheet/Kevlar reinforced epoxy
composites.

Sample Tensile Stress
(MPa)

Young's Modulus
(GPa)

Elongation at
Break (%)

BC 167.64 (1.13) 12.78 (0.54) 5.20 (0.30)

K 231.56 (1.09) 14.51 (0.31) 33.64 (0.31)

BC/EP 24.59 (1.07) 3.77 (0.25) 2.25 (0.20)

K/EP 104.16 (3.17) 2.69 (0.22) 36.58 (0.29)

K/K/K 331.38 (2.52) 10.22 (0.24) 19.88 (0.15)

K/BC/K 194.89 (2.25) 5.52 (0.35) 23.61 (0.30)

BC/K/BC/K/BC 266.23 (3.36) 8.13 (0.23) 20.92 (0.19)

K/3BC/K 161.17 (3.52) 4.91 (0.25) 19.42 (0.31)

2BC/K/2BC/K/2BC 166.32 (3.57) 5.83 (0.41) 38.73 (0.50)

K/6BC/K 167.76 (1.37) 5.42 (0.29) 18.21 (0.33)

3BC/2K/3BC 118.87 (1.39) 5.83 (1.10) 31.56 (0.90)

(*) ¼ Standard deviation.
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and Young's modulus properties. However, the presence of BC sheet
could increase the elongation at break of the hybrid composites. The five
composites, which were 2BCK2BCK2BC, 3BCK3BC, KBCK and
BCKBCKBC, showed higher elongation at break than that of KKK (20%)
composite with 39%, 31.56%, 24% and 21%, respectively. Furthermore,
the BCKBCKBC composites had higher tensile stress than the KBCK
composite sample because an effective layering design of balance (BC/K/
BC/K/BC) designed between the outer layer of the composite BC sheet's
skin and a continuous layer of Kevlar performed as a core and tendon for
the composite structure, rather than layering from the K/BC/K. The
possibility of individual BC sheets inhibited the microcrack propagation
into the composites' core at the outer surface, the composites' effective
layering and structural design avoided sudden and rapid crack growth.
Additionally, an optimum loading of epoxy matrix acted as a binder of
the BC sheet and Kevlar, efficiently transfer the load to the core structure
and providing rigidity and shape to the structure. This resulted to the
enhancement of the mechanical performance of composites [15].

Besides, results found that the hybrid composites for K/3BC/K, 2BC/
K/2BC/K/2BC, K/6BC/K and 3BC/2K/3BC showed tensile stress around
118 MPa and 160 MPa, tensile modulus from 4.9 GPa to 5.8 GPa.
However, the elongation at break for composite sample 2BC/K/2BC/K/
2BC achieved the highest elongation at break. Based on the results, each
layer consisted of two sheets of BC contained in the composite led to
higher elongation at break. This was due to the ductility enhancement
when the layering design placed two sheets of BC on each layer that
supported and prolonged the plastic deformation for the composite
failure. Besides, the synergistic effect of the BC sheet was observed when
the BC sheet was placed as a skin or outer layer for the composite
structure and Kevlar as a core. This was observed at composite samples
BC/K/BC/K/BC and 3BC/2K/3BC for better elongation at break and
tensile modulus as compared to composite sample K/BC/K, whereby
Kevlar was an outer layer. Overall, compared with tensile properties of
K/K/K reinforced epoxy composites, the composite sample with BC sheet
as an outer layer showed a better result; it was either for tensile stress,
tensile modulus or elongation at break, especially for BC/K/BC/K/BC
composites.
3.2. Low velocity impact properties

In low velocity impact properties, the penetration, impact absorption,
impact resistance and bounced-back effect of BC sheet/Kevlar reinforced
epoxy composite will be studied. The application of impact energy at 3 J
on BC sheet reinforced epoxy composite sample caused penetrations of
the impact through-thickness with splitting on the rear end face. Pene-
tration occurs in materials that cannot withstand the impact energy.
Figure 4 (a–d) shows damage patterns on hybrid BC sheet/Kevlar
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reinforced epoxy composites in terms of penetration, impact absorption,
impact resistance and bounce back. A linear increase in the muzzle ve-
locity demonstrated poor resistance of the samples but not in the case of
impact absorption (Figure 4 (b)). For example, even though K/3BC/K 3 J
sample had a linear v-t plot, Table 3 describes that this sample was able to
absorb impact without any penetration. From the v-t plot, kinetic energy,
Ek during collision was about þ3230 mJ. This positive energy implied
that work was done on the system, whereby the tested material entered
or absorbed energy. In other words, the indenter movement experienced
minimal resistance force that could not slow it down.

Strong Kevlar fabric was able to endure the impact force, but flexi-
bility in the fabric allowed this sample to slip from its holder during a
collision with the indenter. Kevlar reinforced epoxy composites sample
that showed a damage pattern in Figure 4 (c) demonstrated that the
impact resistance by the composite sample had higher rigidity than
pristine Kevlar fabric with an application of 3 J impact energy resulted in
the peak force of about 501 N. From the v-t plot, collision with the
indenter produced kinetic energy, Ek of about -2360 mJ. This negative
kinetic energy indicated that the system had worked, whereby the
composite absorbed impact energy and indenter lost its energy. In other
words, the indenter movement faced resistance force that could slow it
down.

An increase in Kevlar layers of the K/K/K composite gave better ri-
gidity with a bell-curve peak (bounced-back) in Figure 4 (d), and the
impact force was about 862 N. It caused the indenter to bounce back after
the collision. The effect of bounced-back can be observed in Figure 4 (d)
with the hysteresis curve on the f-d plot. The f-d plot demonstrates that
the elasticity in Kevlar can absorb impact energy during a collision.
Kevlar fabric may store the elastic potential energy before being released
to regain its original condition. When the impact energy was raised to 9 J,
the result showed that it increased the impact force of the K/K/K sample
to 1490 N and this sample had traits of material resistance to impact but
without the bounced-back effect. It demonstrated the plastic behavior of
Kevlar fabric under high impact energy.

Table 3 lists the impact force of tested samples and condition for BC
sheet/Kevlar reinforced epoxy composites. From Table 3, replacing one
layer of Kevlar with a BC sheet caused the impact force of K/BC/K
composite to reduce up to 41.34%. Like the K/K/K composite, this
sample showed the elastic property at low impact energy. A viscous
elastic effect was observed when the impact energy was increased to 6 J
and 9 J. BC sheet in this sample helped to absorb the impact energy
before it reached the Kevlar layer at the bottom. Additional of 2 BC sheets
in BC/K/BC/K/BC composite also resulted in the viscous elastic behavior
at 9 J impact energy. While at 3 J, this sample had elastic behavior and
demonstrated a significant increase in an impact force of about 43%. A
sheet of BC on the impacted side helped to strengthen the composite
sample.

Moreover, the role of the BC sheet as an energy absorber can also be
seen in the case of K/3BC/K, K/6BC/K, 3BC/2K/3BC and 2BC/K/2BC/K/
2BC composite samples. In each case, energy absorption gave the viscous
elasticity and reduced the impact force of around 41%–96%. When
impact energy increased from 3 J to 9 J, the trend for low-velocity impact
properties of K/K/K, K/BC/K and BC/K/BC/K/BC changed from elastic
to viscoelastic. However, such trend reversed when the thickness of the
BC phase was increased in the composites. The K/3BC/K, K/6BC/K, 3BC/
2K/3BC and 2BC/K/2BC/K/2BC composites demonstrated viscoelas-
ticity at 3 J and changed to elasticity at 9J impact energy.

To some extent, the high crystallinity in BC helped in energy dissi-
pation upon collision with the indenter. As strengthening fibres in the
BC/Kevlar composites, 3-layer and 6-layer additions of BC sheet had
increased the impact force from 41% to 197%. Extensive networks
formed by interlocking cellulose fibrils could store and release impact
energy to regain its original shape. In the plastic region, resistance to
impact could cause permanent deformation on such network structures.
Results showed that the BC sheet had excellent potential as reinforce-
ment in the Kevlar composite, reducing the number of Kevlar layers in



Figure 4. Damage pattern on hybrid BC sheet/Kevlar reinforced epoxy composites in terms of (a) penetration, (b) impact absorption, (c) impact resistance and (d)
bounce back.
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the composite. Due to the number of BC sheets and their layered struc-
tures, different damage mechanisms showed that BC sheets functioned as
an impact energy absorber. It could give crucial additional support in the
BC sheet/Kevlar composites when struck by the impactor [35].

3.3. Dynamic mechanical analysis properties

The effects of temperature on glass transition temperature (Tg) that
formed the peak of Tan δ, E0 and Tan δ for hybrid BC/Kevlar composites
are presented in Table 4. The maximum energy stored in the materials
during the oscillation cycle is represented by E0 peaks, which described
the stiffness of samples [5]. The replacement of one Kevlar layer with a
BC sheet showed a significant increase in the storage E0 and improved the
elasticity of K/BC/K composite. Elasticity in this sample explained its
comparatively low viscoelasticity. However, the thickness increase of the
BC phase improved the Tan δ peaks for K/3BC/K, K/6BC/K,
3BC/2K/3BC and 2BC/K/2BC/K/2BC composites around temperature
55 �C. The improved viscoelasticity means that these composites were
able to absorb and dissipate energy throughout their structures [36].

Table 4 shows the Tg, E0 and Tan δ versus temperature for K/K/K, K/
BC/K, K/3BC/K, BC/K/BC/K/BC, 2BC/K/2BC/K/2BC, K/6BC/K and
3BC/2K/3BC hybrid composites. The Tg of a composite can be obtained
from the peak maximum of either the E0 or the Tan δ curve. Yet to
calculate Tg value, the maximum peak in the Tan δ plot is more definite
than the imprecise positioning of tangents [37]. The higher Tg indicates
larger the cross-linked density, which then leads to higher composites
modulus value of the composites structure. Previous study stated that
Kevlar fabrics reinforced composites might increase E0 due to the stiff-
ening effect of Kevlar reinforced epoxy matrix and finally decreased the
damping curve of polymer matrix [38]. Idicula et al. (2005) [39] stated a
lower damping value related to Tg that presents a better load-bearing
properties due to improvement in interfacial adhesion between the
reinforcement with the matrix itself. The enhanced interfacial adhesion
had limited the intermolecular movement of the polymeric chain, caused
for a reduction in the damping factor. Referring to Aziz et al. (2005) [40],
the decrease of the Tan δ peak is contributed by the integration of stiff
Table 3. Impacted force and hybrid BC sheet/Kevlar reinforced e
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fibers limiting the movement of the polymer molecules. Thus, it provided
excellent damping resistance in the composite structures.

The Tg of the composites ranged from 50.39 �C to 70.26 �C. The shift
of Tg values to a higher temperature resulted from the impact when the
BC sheet was arranged alternately with the Kevlar layer. This tended to
restrict the chain mobility of the epoxy. However, the Tg of the epoxy
composites was 55 �C (Table 4), which was lower than the Tg of the BC
sheet/Kevlar reinforced epoxy composite. This was because the impact of
the increased thermal stability donated by lamination from the BC sheet
and Kevlar fabrics. From the K/K/K composite, the E0 was about 408 MPa
at maximum Tan δ. When the layer of Kevlar fabric was replaced with a
layer of BC sheet, the E0 of K/BC/K composites increased to 639 MPa
indicated 56% of increment. The three-layers of Kevlar fabrics composite
weremore rigid as compared to that of K/BC/K sample. The BC/K/BC/K/
BC composite had an E0 of 1120MPa. This value increased to 174%when
a layer of Kevlar was replaced with three layers of BC sheets. The
improved E0 implied elasticity, which was aligned with the elastic
behavior observed in the low velocity impact study for this composite.
However, three layers of BC sheet seemed to decrease the E0 of K/3BC/K
sample but it increased the Tan δ to 0.295. The 17% reduction in elas-
ticity was consistent with the increase in viscoelasticity. Previous section
in low velocity impact properties revealed similar remark, whereby
increased BC phase thickness changed the elastic-to-viscoelastic trait to
viscoelastic-to-elastic behavior with the increased impact energy.

The BC sheet as a core in K/BC/K gave higher E0 with 639 MPa as
compared to the 348 MPa from the three-layered BC sheet core in K/
3BC/K. Again, higher thickness in BC phase caused the change from
elasticity to viscoelasticity. 3BC/2K/3BC sample drew 630 MPa of E0,
which was similar to that of K/BC/K. From this point of view, BC sheet as
the core in BC/Kevlar composite demonstrated a better layered-structure
to gain elasticity. Therefore, BC sheet has great potential to decrease the
number of Kevlar layers in composites with the ratio of one layered
Kevlar replaced with three layers of BC sheet.

The damping factor of a composite is affected by interfacial in-
teractions in the composite. A low damping value in a Tan δ plot repre-
sents enhanced interfacial interactions, while comparatively higher Tan δ
poxy composites condition.



(*) ¼ Standard deviation.
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value specifies the lack of interfacial adhesion [41]. Table 4 shows
composites with a comparatively thicker BC phase had higher Tan δ
than that of composites with thin BC phase. In this work, thick BC sheet
phase reduced the interfacial adhesion with Kevlar layers. Meanwhile,
a thin layer of BC sheet in between the Kevlar layers interacted better
to storage energy. Overall, the DMA properties of hybrid BC/Kevlar
composites were significantly dependent on the number of BC sheets
8

and Kevlar layers as well as their layering sequence structure. The E0 of
composites with three-layer structure of BC sheet showed the highest
value when BC sheet was arranged alternately with Kevlar layer. Such
arrangement helps for better storage energy with improved in-
teractions at the BC-Kevlar interphase. DMA analysis also confirmed
the elastic and viscoelastic behaviors observed in the low velocity
impact study.



Table 4. Tan δ and E0 of hybrid BC/Kevlar composites.

Sample Tg from
Tan δ (�C)

Tan δ Storage
Modulus
(E0) (MPa)

Storage modulus
percentage performance
of composite compared
to K/K/K composite (%)

K/K/K 63.73 0.271 408 -

K/BC/K 69.90 0.235 639 þ56

BC/K/BC/K/BC 70.26 0.223 1120 þ174

K/3BC/K 56.78 0.295 348 -17

2BC/K/2BC/K/2BC 59.49 0.344 381 -6

3BC/2K/3BC 65.97 0.298 630 þ54

K/6BC/K 50.39 0.254 205 -49

R.A.A. Rusdi et al. Heliyon 8 (2022) e09442
4. Conclusion

In conclusion, the tensile test on the BC sheet showed that it has high
tensile stress with 167.64 MPa and a Young's modulus of 12.78 GPa, but
low in the elongation at break with 5.2%. Tensile test on BC sheet com-
posites with Kevlar and epoxy demonstrates that the addition of BC sheet
in BC/Kevlar cannot withstand the tensor stress. Such interrupted phase
limits stress dissipation in the polymers and close-packed structures of BC
restrict epoxy resin to form continuous phase through-thickness on BC
sheet by reducing the tensile stress andYoung'smodulus down to 63%and
52%, respectively. The low-velocity impact study showed that BC/Kevlar
composite could endure the impact energy of 3 J–9 J during the tests.
Analysis on the f-t, v-t and f-d plots and the condition of tested samples
revealed the elastic, viscoelastic, plastic behavior of composites and
signified damage mechanisms under impact stress: penetration, impact
absorption, impact resistance bounced-back effect. Replacement of 1
Kevlar layer with 3 BC sheets in the alternating structure of BC/K/BC/K/
BC increased the impact force by 43%. High crystallinity means that BC
chains were well aligned, which were strongly held by covalent and
hydrogen bonds. Therefore, it produced strong nanofibrils that interlock
in theweb-like structure, whichwas significantly helpful to absorb impact
energy. Due to the number of BC sheets and their layered structures,
different damage mechanisms suggested that BC sheets functioned as
impact energy absorbers and reinforcingmaterials. TheDMAonBC sheet/
Kevlar composites confirmed the elastic and viscoelastic behaviors
observed in the low-velocity impact analysis. The E0 and Tan d were
significantly dependent on the number of BC sheets and Kevlar layers as
well as their layered structure. The BC/K/BC/BC composite showed the
highest E0 value when the BC sheet was arranged alternately with the
Kevlar layer. This arrangement helped to store energy better with
improved interactions at the BC-Kevlar interphase.
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