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In this study an attempt was made to explore the possibility of substituting 3D E-glass
fabric with eco-friendly basalt fabric along with the modification of resin using MWCNTs, a
material system about which very limited information exists. The study involved comparing
the mechanical properties of two sets of composites. The first set was comprised of 3D
orthogonally woven E-glass-reinforced epoxy composites, basalt-reinforced epoxy
composites, and hybrid 3D E-glass orthogonally woven/basalt-reinforced epoxy
composites while the second set of composites was the same as the first but
prepared with resin modified with Multi Walled Carbon Nanotubes (MWCNTs). All the
composites were fabricated by hand lay-up and compression molding techniques. To
modify the resin for the second set of composites, MWCNTs were dispersed into the
epoxy resin with acetone as a surfactant by magnetic stirring and ultra-sonification.
Mechanical tests included tensile, flexural, and low velocity impact strength which were
evaluated as per standards. Scanning electron microscopy (SEM) was employed to study
the fractured surfaces. Results showed that resin modification did not yield any positive
results on the mechanical properties of the composites. The highest tensile (364.4 MPa)
and flexural strength (345.3 MPa) was obtained for 3D E-glass composites followed by
basalt composites and hybrid 3D E-glass/basalt composites while the highest impact
strength of 198.42 kJ/m2 was exhibited by the hybrid 3D E-glass/basalt composites. SEM
micrographs showed de-bonding between the modified matrix and fiber which was seen
as one of the primary causes for relatively poor performance of the composites prepared
with modified resin. Fiber breakage, matrix cracking, fiber pull-out, and delamination were
the other modes of failure. Results suggest that hybridization with basalt fibers is a much
safer, more cost effective, and eco-friendly option over resin modification.
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INTRODUCTION

With the growing concerns of environmental issues and the
depletion of limited resources due to the overuse of synthetic
and environmentally harmful materials has led to the recent
advancement in biodegradable materials (Girijappa et al., 2019;
Neuba et al., 2020). In foresight of such perilous times, the
government has taken initiatives to preserve the balance of
nature by implementing policies to make the best use of
natural and renewable resources (Bajwa and Bhattacharjee,
2016; Papageorgiou, 2018). To accomplish such a goal, it is
necessary that the manufacturers be provided with a plethora
of environmentally friendly materials to choose from as
substitutes for their current choices. Researchers have been
actively working toward the production of green composites
by experimenting with resins and fibers obtained from nature,
and by making use of naturally derived materials (Väisänen et al.,
2017; Peças et al., 2018; Souza et al., 2020; Vinod et al., 2020;
Yorseng et al., 2020). They have attempted to replace the
conventional materials used for the matrix and reinforcement.
Not only are these composites beneficial to the environment but
also drastically lower the cost of rawmaterials and manufacturing
(Santos et al., 2020). Pure green composites are produced by
combining biofibers and natural resins. Such composites can be
disposed of at the end of the life span without harming the
environment (Ramesh et al., 2020). Even though such
characteristics are necessary, the demand for durability and
superior performance of their synthetic alternatives is high,
making it essential to find an intermediate entity. Therefore,
hybrid composites have been developed for this purpose, which
infuse the best of both of the available alternatives. This has been
achieved by combining natural fibers and synthetic fibers in
synthetic matrices (Asim et al., 2019; Mochane et al., 2019;
Ricciardi et al., 2019).

In case of natural fiber-reinforced polymer matrix composites,
comparable properties can be brought about with the use of the
right configuration of reinforcement and matrix. Based on its
origin, natural fibers may be classified into three different
categories–plant, animal, and mineral-based fibers. Some
commonly used plant fibers include Flax fibers, bamboo fibers,
banana fibers, Kenaf fibers, Areca fibers, Sisal fibers, Borassus
fruit fibers, Grewia Serrulata bast fibers, Coconut Coir fibers,
Acacia Nilotica fibers, and Jute fibers (Mohammed et al., 2015;
Mahesha et al., 2017; Nayak et al., 2020b; Heckadka et al., 2020;
Shenoy et al., 2020). Animal based fibers include silk obtained
from butterfly larvae and spiders, and wool obtained from alpaca,
angora, qiviut, and chicken feathers (Sanjay et al., 2018). One of
the more popular mineral fibers is basalt, which has recently
gained popularity as composite reinforcement. An optimal
combination of mechanical properties can be forged by
combining synthetic as well as natural fibers. This involves
manipulation of the stacking sequence of fibers in the case of
woven mats. Bio-based materials not only refer to natural fibers
but also to polymers (George et al., 2020).

Currently, natural fiber-reinforced polymermatrix composites
have been able to achieve mechanical properties on par with or
sometimes even greater than glass fiber-reinforced polymer

matrix composites (Shaker et al., 2020). This could be easily
worked out with the help of hybridization, wherein synthetic
fibers are introduced along with natural fibers, and an optimal
stacking sequence is used. Hybridization can impart the positives
of both the alternatives to the resultant composite. Many natural
fibers such as bamboo fibers, areca fibers, Borassus fibers, and
basalt fibers have been used with E-glass fibers because of their
light weight, low cost, and biodegradability (Girijappa et al.,
2019).

In the research conducted by Patel et al. (2020) on basalt-glass
hybrid composites, they reported that a pure basalt fiber-
reinforced polyester composite panel possessed the highest
tensile as well as flexural strength of 333.8 MPa and 361 MPa,
respectively. The all glass composite possessed the second highest
flexural strength of 328 MPa and the lowest tensile strength of
191.6 MPa. The hybrid composites followed two separate
stacking sequences, either with basalt fiber or glass fibers on
the outer layers. Both the panels reported similar flexural
strengths of 199 MPa and 204 MPa whereas the panel with
glass fiber on the outer layers produced a higher tensile
strength (264.6 MPa) in contrast to the panel with basalt fiber
on the outer layers. Abd El-Baky et al. (2020) studied the
influence of hybridization on flax fiber-reinforced epoxy
composites with glass and basalt fibers. The non-hybrid glass
fiber composite panel reported the highest tensile strength of
264.43 MPa, preceding the glass and basalt hybrid panel, which
had a tensile strength of 225.99 MPa. This was higher than the
tensile strength of the non-hybrid basalt composite panel
(184.74 MPa). The non-hybrid glass fiber composite panel also
reported the highest flexural and impact strength of 272.73 MPa
and 261.56 kJ/mm2, respectively. The hybrid glass/basalt panel
had a flexural and impact strength of 194.54 MPa and 212.41 kJ/
mm2, respectively. Overall, the hybrid panel was seen to possess
properties intermediary to the two extremes i.e., non-hybrid glass
and basalt panels. They concluded by calling hybridization a way
to achieve comparable properties at a lower cost and weight in
contrast to the non-hybrid panels. Andrew and Ramesh (2015)
studied the residual strength and compression after impact
properties of glass-basalt hybrid composites. They subjected
the non-hybrid glass and basalt panels and the hybrid glass
basalt panel to a low velocity impact under an impact energy
of 2.17 J. The impacted specimens were then subjected to
compression tests and a comparison was drawn between the
panels. They reported that the GFRP laminate possessed a
maximum impact stiffness of 501.64 N/mm which was far
higher than the basalt and hybrid counterparts. They
concluded by saying that basalt was not an effective
replacement for glass fiber laminates, especially in a
configuration where basalt was used as a skin layer in a
hybrid. Fiore et al. (2011) studied the influence on the
mechanical properties of GFRPs by the virtue of hybridization
with uniaxial basalt fiber layers. Every lamina out of six available
laminas in the glass fiber-reinforced composites were
subsequently replaced by basalt fibers and the effect was
studied. An increment of 118% in flexural modulus was
observed in the composite panel where the outer layers were
of basalt (19.5 GPa). Similarly, 45% higher tensile strength than
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GFRP was reported in the same panel (210.3 MPa), and a 70%
increase in tensile modulus (14.1 GPa) from the GFRP.

The properties of polymer matrix composites can also be
manipulated through the addition of reagents and fillers
(Hemath et al., 2020). The reagents consist of coupling agents
which basically help in the interfacial adhesion of two dissimilar
materials, in this case the multi-walled carbon nanotubes
(MWCNT) and the matrix. Fillers, on the other hand, are one
kind of reinforcement which are added in a very small amount to
the matrix. These can be either natural or synthetic (Dinesh et al.,
2020; Setty et al., 2020). In the case of synthetic fillers, the most
widely used fillers are MWCNTs, which are also known as nano
fillers. The addition of a filler to the polymers can bring about a
change in the properties of the matrix resulting from the filler-
filler and filler-matrix connection at a nano or micro level
(Korayem et al., 2014; Yang et al., 2014; Ismail et al., 2018).

Rathore et al. (2016) studied the mechanical performance of
MWCNT-filled glass/epoxy composites focusing on the optimal
content of the CNT required. The epoxy was modified by
dispersing CNT effectively by sonication. A total of 0.1%wt of
MWCNT samples reported 32.8% and 11.5% increment in
flexural strength and flexural modulus. This is validated by the
SEM images which show that 0.1%wt of MWCNT has the best
dispersion in the polymer matrix. Venkatesan et al. (2019)
studied the effect of CNT addition as a filler in epoxy
composites and glass fiber-reinforced epoxy composites. They
varied the percentage of CNT in the resin at 1%, 3%, and 5%, and
subjected the fabricated composites to impact tests. The results
reported were in support of CNT-filled glass fiber-reinforced
epoxy composites which reported a heavy increase in impact
strength when 1% (w/w) CNT was filled in the epoxy resin. CNT
is known to form agglomerates if not dispersed properly.
Chaudhary et al. (2018) performed a study on the effect of
CNT on the ILSS of plain-woven glass fabric and epoxy
composites. They found CNT to be decremental toward the
interlaminar properties if agglomeration took place within the
matrix of the composite.

From the referred literature, so far, the usage of MWCNTs in
E-glass composites has had a positive effect on the mechanical
properties of PMCs. Also basalt composites and basalt-based hybrid
composites have shown promising results. But, limited information
exists with regard to mechanical properties of hybrid 3D E-glass/
basalt-reinforced epoxy composites. Also, there appears to be a
knowledge gap with the use of MWCNT in such composites.
Therefore, a proposal of a composite system that could leverage

between the increase in properties through the addition of a
synthetic, eco-friendly, cost-effective, and non-toxic filler through
hybridization with a natural fiber reinforcement was seen to be
necessary. This research work involves a systematic approach
toward improving the properties of a 3D E-glass orthogonal
fiber-reinforced epoxy composite. One method employed to
achieve this was hybridization with a natural fiber using a fixed
compression ratio and another method included the modification
of the epoxy resin by dispersingMWCNTs using ultrasonic mixing.
Subsequently, a combination of both was explored in this research
in order to study the interactions of both the modification
techniques. Hence, the effect of these modification techniques on
the tensile strength, flexural strength, and impact strength were
investigated.

MATERIALS AND METHODS

Materials
For the fabrication of composites, 3D E-glass orthogonally woven
fabric with an areal density of 1830 gsm procured from Fibermax
Composites, Greece and plain woven basalt fabric of an areal
density of 300 gsm procured from Composites Tomorrow, were
used. Epoxamite slow curing resin A103 along with its designated
hardener were selected for this study and were imported from
Smooth-On Inc., USA. Multi Walled Carbon Nanotubes
(MWCNTs) of a diameter in the range of 6–9 nm and a
length in the range of 5–10 µm were supplied by ZKK Sdn.
Bhd., Selangor, Malaysia.

Fabrication of Composites
Composites were fabricated by hand lay-up and compression
molding techniques. The laid up composite laminates were
pressed into the molding machine with a compression factor
of 1.4 to achieve a target fiber volume fraction of around 50%
(Nayak et al., 2020a). Pressing of laid up composite laminates
helps in better consolidation, improved bonding between the
constituents, and also helps in reducing the void content. For lay-
up, an open mold consisting of two mild steel (MS) plates were
used. The lay-up was done on one of theMS plates while the other
was placed over the lay-up. The lay-up with the two MS plates
were later moved to the compression molding machine where it
was pressed. To achieve the required thickness, precise machined
spacer blocks were placed between the two MS plates before
pressing.

TABLE 1 | Designation and compositional details of composites.

Description Designation
of the composite

Stacking sequence Thickness (mm)

3D E-glass/epoxy composite EGC 3G 4
Basalt/epoxy composite EBC 18B 4
3D E-glass/basalt/epoxy composite HGB G6BG 4
3D E-glass/modified epoxy composite MEG 3G 4
Basalt/modified epoxy composite MEB 18B 4
3D E-glass/basalt/modified epoxy composite MHC G6BG 4

G—3D E-glass fabric; B–basalt fabric.
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Six different types of composites of 300 mm × 150 mm ×
4 mm were fabricated, the details of which are presented in
Table 1. Of the six composites, three were fabricated with
epoxy modified with 0.5% wt. MWCNTs. CNTs have a high
tendency to form agglomerates, due to their high surface energy.
These clumps hinder efficient stress transfer and induce micro-
defects in the composite matrix (Jen and Wang, 2012). To get a
better dispersion, the following method was utilized. First,
MWCNTs were added to acetone in the ratio of 1:15 and
mixed thoroughly using a magnetic stirrer at room
temperature. The mixture was then sonicated using a
sonicator probe. The process of stirring and sonication was
repeated with the addition of resin. Acetone was removed
from the modified epoxy by heating the mix at 70°C (Nor
et al., 2019). The polymer epoxy resins used for fabrication are
relatively viscous and hence possess a damping property, which
can result in the attenuation of ultrasonic waves (Ma et al., 2010).
This is the reason why low viscosity solvents such as water,
ethanol, and acetone are used. The MWCNTs are known to have
a weaker interaction with the matrices in which they are
dispersed. However, the ultrasonic waves produced through
sonication act as impulses, which result in the removal of
agglomerates and nanoparticles from the surface of the
MWCNTs. This causes an increased interaction between the
polymer matrix and MWCNTs.

Figure 1 schematically shows the resin modification and
fabrication of composites with modified resin. For the other
three laminates, the epoxy resin was directly mixed with the
hardener in the ratio of 28.4:1. During the hand lay-up, the resin
was applied on the fabrics by a brush. The curing of all composites
was carried out at room temperature under pressed conditions
for 24 h.

Hybrid composites were fabricated by replacing one middle
layer of 3D E-glass fabric by six layers of basalt fabric and thus the
areal density of all the composites was maintained. Hybrid
composites were fabricated with 3D E-glass fabric as skin
reinforcement since the material system being studied here
was for impact application and current literature suggested the
use of synthetic reinforcement on the outside for such
applications (Yahaya et al., 2014; Salman et al., 2016; Salman
et al., 2017; Nayak et al., 2020c); hence the effect of the stack
sequence on the mechanical properties was not an objective here.

Mechanical Testing of Composites
Tests for mechanical properties such as tensile and flexural
strength were conducted on a Zwick Roell Universal Testing
Machine (UTM) (Model:Z020). The tensile test was carried out as
per ASTMD3039 (ASTM, 2017) at a constant cross head speed of
2 mm/min whereas the flexural test (3 point) was carried out as
per ASTMD7264 (ASTM, 2015) at a constant cross head speed of

FIGURE 1 | Graphical representation of fabrication methodology for composites with modified epoxy.
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1 mm/min. Charpy impact tests were conducted on a Zwick Roell
Pendulum impact tester (Model: HIT 50P) as per ISO 179-1 (ISO,
2010) where the specimen were subjected to an energy of 22 J. For
each of the tests, five samples were used and an average was
arrived at. Specimen for all the tests were prepared using a jig saw
cutter.

Scanning Electron Microscopy
A Scanning Electron Microscope (SEM) (Zeiss EVO 18 Special
Edition) was used to study the damaged surfaces of the tested
specimens. The specimens were sputtered with gold and
palladium prior to scanning. An accelerating voltage of 15 kV
was employed, and the machine was operated under both variable
pressure and high vacuum mode.

RESULTS AND DISCUSSION

Tensile and Flexural Strength
The tensile strength of a composite is the maximum tensile stress
it can withstand before any failure. The variation in tensile
strength among various composites is presented in Figure 2.
EGC composites were seen to possess the highest tensile strength
of 364.4 MPa, preceding the EBC and HGB composites at
346.3 MPa and 348.3 MPa, respectively. MEG was seen to
have a tensile strength of 253.8 MPa which was about 30%
lower than EG. Similarly, MEB and the MHC were seen to
possess tensile strengths of 44% and 37% (194.6 MPa and
218.2 MPa) lower than the EBC and HGB composites. It can
be observed that the tensile strength values of the HGB and EBC
are very close, i.e., 348.3 MPa and 346.3 MPa, respectively, and
are closer to the tensile strength of the EGC (364.4 MPa) than
pure 3D E-glass composites since, the glass fabric had been
replaced by layers of basalt fabric. In addition to this, basalt
fibers, as natural fibers, do not harm the environment when
disposed off after its life cycle.

An overall decrement was seen in the values of tensile strength
of the CNT modified epoxy composites. Sonication may have
caused the long polymer chains to break into smaller chains
thereby reducing the strength of the matrix (Rokita et al., 2005;
Paulusse and Sijbesma, 2006). The drop in strength of the
composites prepared with modified resin could be primarily
attributed to the poor strength of the matrix. Probe sonication
is known to damage the structure of CNTs and can be seen as a
reason for the poor performance of resin modified composites
(Gou et al., 2012; Huang and Terentjev, 2012). A drop in strength
could also be due to the poor interfacial properties between the
glass fibers, basalt fibers, and the modified matrix. A weak fiber-
matrix interface results in weak interfacial adhesion leading to
poor stress transfer among the constituents, causing failure
phenomena such as matrix cracking, fiber de-bonding, and
relative movement of fibers all resulting in premature failure
of the composites (Rizal et al., 2018). The effect of a poor fiber-
matrix interface was more prevalent between modified resin and
basalt fibers when compared to glass fibers which explains the
significant drop in tensile strength of MEB composites when
compared to that of EBC composites. On the other hand, though
there was a drop in tensile strength for MEG composites over
EGC composites (about 30%); the drop was less when compared
with the drop in tensile strength of MEB composites over EBC
composites (44%) which can be attributed to the relatively higher
tensile strength of the glass fibers. The improved performance of
the MHC composites can again be attributed to the presence of
E-glass fibers along with basalt fibers.

The flexural strengths of the composites are shown in
Figure 3. The modulus of rupture, i.e., flexural strength, was
used to evaluate the bending strength of the composite. EGC
composites reported a maximum flexural strength of 345.3 MPa,
followed by EBC and HGB. Like the tensile strength results, a
detrimental trend in flexural strength was observed as well. The
flexural strength decreased by about 40%, 44%, and 39% for
MEG, MEB, and MHC, respectively when compared to EGC

FIGURE 2 | Tensile strength of different composites.
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composites. It can be inferred that even though EGC was superior
to all other combinations in terms of flexural strength, EBC was
not too far behind in its performance. Dalinkevich et al. (2009)
compared basalt fibers with E-glass and S-glass fibers and
reported similar findings. This further promotes the appeal of
substituting synthetic fibers with natural ones.

Figure 4 shows the lateral view of a failed flexural test
specimen. Delamination was not visible in the case of EGC
composites (Figure 4A) while excessive delamination was seen
among the basalt plies of the HGB and MHC composites
(Figures 4B,C). This delamination can be seen as the primary
reason for the poor performance of composites with basalt fabric.
Though delamination was not visible as seen in composites with

basalt plies, the layers appeared to have lost adherence in the case
of MEG composites as shown in Figure 4D. Ineffective bonding
between individual laminae can cause such delamination and can
be overcome by using either coupling agents or treating the
basalt fabric using chemical or physical means (Dhand et al.,
2015). In the case of the hybrid composites (HGB), the effect of a
poor fiber-matrix interface was compounded due to the presence
of a different material in the 3D E-glass fabric. As seen with the
tensile properties, the addition of CNT to the epoxy did not
prove to be beneficial for the flexural properties of the composite.
Poor fiber matrix-fiber interfacial properties along with
ineffective bonding among the basalt layers and with the glass
fabric results in the dismal performance of the modified resin

FIGURE 3 | Flexural strength of different composites.

FIGURE 4 | Lateral view of failed flexural specimens. (A) EGC, (B) HGB, (C) MHC, (D) MEG.
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composites when compared to the composites fabricated with
unmodified resin.

Impact Strength
Impact strength is the maximum energy that can be absorbed
when the composite panel is subject to a sudden impact. It is
usually measured in terms of intensity of energy absorbed
(kJ/m2). Impact properties of composites are influenced by the
mechanism of energy absorption and dissipation in materials.
Figure 5 presents the average impact strength for each of the
investigated composites. HGB was seen to have the highest impact
strength of 198.42 kJ/m2 followed by EBC while EGC was reported
to have the lowest strength of 118.65 kJ/m2. Despite the fact that
resin modification moderately improved the strength of the E-glass
composite by 19%, basalt and hybrid composites encountered a
decrease of 17% and 36%, it can be concluded that the modification
of resin had the lowest significance in the enhancement of energy
absorption. Also, it can be observed that a change of fibers had a
significant influence on the impact properties of the composites
with unmodified resin while in the case ofmodified resin the change
of fibers had the least influence on the impact properties of the
composites.

Traditionally 3D E-glass composites have been known to
outperform other synthetic fibers due to the presence of
binder yarn (Khatkar et al., 2020).

It is believed that the impact energy is absorbed and translates
into delamination of the layers (Wisnom, 2012). In the case of
HGB composites, the introduction of basalt fabrics led to an
increase in the number of interfaces when compared to EBC
composites. Improved impact properties can be attributed to the
synergistic effect of superior impact properties of 3D fabric and
the efficient absorption of energy through the core of the
composite comprised of basalt fabric. Poor impact properties
of the composites with modified resin can be again attributed to
poor fiber-matrix interfaces. The use of basalt to achieve
hybridization can certainly be seen as advantageous. Where

the addition of CNTs provided an improvement of 19%,
hybridization achieved up to a 67% improvement from a pure
glass composite, while saving the time and energy required in
modifying the resin. Not only is it favorable in terms of
reinforcement but it is also a safe and eco-friendly alternative.

Scanning Electron Microscopy
Figure 6 shows the images of the tensile specimens of EGC,
MEG, MEB, HCB, and MHC. Figure 6A shows the fractured
surface of the EGC specimen. The structure of the 3D fabric is
seen clearly with fibers in both directions with warp and weft
standing out distinctly. The fibers appear broken, bent, and
disoriented indicating that the fiber bundles snapped due to the
tensile loading. Matrix cracking is also seen toward the bottom
right of the image. Fiber pull-out due to the tensile load is also
seen which appear as dark tiny holes among the fiber bundles.
Figure 6B shows the fractured surface of the HGB specimen. It
can be noted that the basalt fibers are of a comparatively smaller
diameter than the E-glass fibers, hence a clear distinction can be
drawn between the two in the picture. Similar to EGC in
Figure 6A, here also the fibers can be seen to have
undergone fiber snapping, as the fibers are visible out of
plane. In the direction normal to the viewing plane, there
are multiple dark spots visible, indicating fiber pull-out.
Phenomena such as fiber bending can also be seen.
Delamination can be seen which is highly visible in the
central portion of the failed surface, where the basalt fibers
are dominant indicating a weak interfacial bonding. This
validates delamination as an important cause for the lesser
tensile strength of EBC (346.3 MPa) than EGC, which had a
tensile strength of 364.4 MPa. Also, delamination is
comparatively less in EGC than EBC. Figure 6C presents the
micrograph of MEG’s fractured surface. Extensive
delamination is seen which validates the reason for the 30%
drop in tensile strength (253.8 MPa) in comparison to EGC
(364.4 MPa).

FIGURE 5 | Impact strength of different composites.
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Figure 6D shows the micrograph of the failed MEB specimen.
Disorientation among the basalt fibers is similar to what is seen in
Figure 6B, giving an indication that the basalt fibers experienced
a higher amount of relative sliding between the fibers. This
relative movement could be due to poor interfacial properties

between the CNT-modified matrix and basalt fibers in general,
resulting in the de-bonding of the basalt fibers and the modified
matrix, hence causing higher slippage. Failure mechanisms like
fiber splitting and delamination is also visible. This delamination
can be seen as a common factor in cases where basalt fibers are

FIGURE 6 | SEM micrographs for tensile specimens. (A) EGC, (B) HGB, (C) MEG, (D) MEB, (E) MHC.
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used, namely the already discussed HGB and MEB. Moreover
debris of the matrix can also be seen giving an indication of a
brittle failure of the matrix. The micrograph of the failed tensile
MHC specimen is shown in Figure 6E. As seen in the earlier SEM
micrographs, fiber snapping is visible in the case of basalt fibers.
The degree of disorientation in the case of basalt fibers is relatively
higher in comparison to the E-glass strands. Since the central
portion of the hybrid laminate, either fabricated with modified
epoxy or pure epoxy, is only basalt fiber, there is a fairly visible
amount of delamination, which is similar to Figures 6B,D. This
further confirms that the dominant failure mechanism in the case
of composite panels wherein basalt fibers are used is
delamination. Though fiber pull-out is visible, when compared
to the basalt fibers, glass fibers appear to have held themselves
together with minimal snapping of the individual fibers.

Figure 7 illustrates the SEM micrographs of the fractured
impact specimens. A clear distinction between the warp and weft
directional fibers can be seen in Figure 7A. The presence of
orthogonal binder in the z-direction holds the fibers in place,
hence a sort of clean fractured surface is observed. In the case of
impact loading, the binder yarn promotes crack branching and
deviation from the center plane (Dahale et al., 2019). As the
impact wave propagates along the z-direction, the impact energy
is dissipated amongst the fiber layers. Therefore, delamination is
unlikely to occur amongst E-glass fiber laminates so long as the
binder yarn can provide out-of-plane damage resistance. As
observed, little to no delamination is present amongst the
fabric layers. However, multiple sites of fiber pull-out are
present which are perceived as tiny dark holes on the surface
of the laminate. A few loose, snapped fibers can be seen as well.
The snapping of fibers is a common characteristic of fractured
impact specimens. The number of snapped fibers is greater and
can be clearly seen in Figure 7B which is the SEM micrograph of
the MEG composite, indicating poor stress transfer between the
matrix and reinforcement phase. Nonetheless, delamination
occurs in the laminate. A greater extent of damage is observed
in the MEG impact specimen with regard to that of EGC. This
provides evidence to support the fact that MEG specimens can
absorb a higher amount of energy, which is in coherence with the
results seen in Figure 5. In Figure 7C (EBC composite) the
fractured surface appears to be disoriented to a much higher
degree when compared to the E-glass composites (EGC). With
impact loading, the wave is propagated through the composite,
and for the composite to be successful, the impact energy should
be dissipated through it. The energy is absorbed and is translated
into relative displacement and the damage of fibers. The extent of
damage is evident from the micrograph. Broken fibers, snapping
of fibers, and delamination between the layers is also visible. To
maintain the areal density, eighteen plies of basalt fabric were
used to fabricate the composite; this results in an increased
number of interfaces. The interfacial bonding is overcome due
to the absorption of impact energy and results in delamination.
The absence of binder yarn as well, promotes delamination
between the layers. This explains the improved performance of
the EBC composites over EGC composites.

On examining Figure 7D, which is the SEMmicrograph of the
MEB composite, similar characteristics of fiber pull-out,

delamination, and fiber snapping as of EBC are seen. The
disheveled fibers project outward resulting in a disorganized
fracture surface for MEB which made it difficult to notice the
failure features. It should be noted that certain protruding fibers
have clumps of the CNT-infused matrix coated around them,
while other fiber strands appear to have a clean skin. The
inference one can deduct from this is that there may have
been a problem of wetting with the fibers. The basalt fibers
may not have adhered well with the modified resin which led
to the reduction in performance of the MEB composites.

In Figure 7E, the 3D E-glass fabric at the bottom surface
appears to have remained intact, however due to a possible split in
the binder yarn the glass fabric at the top surface may have
unfolded when the impact load was applied. The interaction
between the glass and basalt fabrics had an important role to play
in determining the impact strength of the composite.
Characteristics such as fiber pull-out, delamination, and fiber
snapping are shown with the arrows. Delamination is the feature
most prominent between the core basalt fabric layers. Examining
the impact strength results and the SEM micrographs, it can be
inferred that, as the impact wave propagated within the
composite, the dissipated energy was largely absorbed by
the basalt layers that provided a sort of cushioning effect to
the composite. Figure 7F presents the micrograph of the
fractured surface of the MHC composites. Delamination
among the layers of glass fabric can be seen. It should be
noted that the direction of impact was from left to right of the
specimen in the image. Thus it is clear that the immediate effect of
the impact load caused layers to delaminate. Propagation of the
impact wave caused the fibers to snap which otherwise were all
held by the binder yarn. In addition to delamination and
snapping of fibers, cracking of the matrix is also visible.

Figure 8 shows magnified views of the tensile specimens of
EBC, MEB, EGC, and MEG and explains the interaction between
the matrix and the fibers. The cross section of basalt fibers in pure
epoxy can be seen in Figure 8A. The matrix seems to be very well
bonded with the fiber strand, indicating a good compatibility
between the epoxy matrix and the basalt fabric. This explains the
comparable strengths of the basalt fiber-reinforced composite
EBC. Visibly, the matrix has remained intact for the most part,
except for a few bits surrounding the fiber strand, this shows that
the matrix in itself retained its properties and the fiber-matrix
interaction also did not seem to have a negative effect on the
properties of EBC.

From Figure 8B, which is the SEM micrograph of the failed
tensile MEB specimen, one can observe a significant amount of
chips of the matrix surrounding the fiber strands. It appears that
the inclusion of MWCNTs in the epoxy matrix has caused it to
become brittle, possibly due to breakage of long polymer chains as
a result of sonication. Although the spread of the matrix seems to
be uniform in the composite, there are visibly dark areas
surrounding the fiber strands, which indicate fiber matrix de-
bonding, which is mostly concealed by the broken pieces of the
brittle modified epoxy matrix. This de-bonding can be largely
attributed to poor interfacial properties between the basalt fiber
and MWCNT-modified epoxy. This is in contrast to the case of
Figure 8A, wherein epoxy bonded very well with the basalt fibers,
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indicating that MWCNT-modified resin led to the deterioration
of the fiber matrix interfacial properties.

Figure 8C shows a highly magnified micrograph of the failed
surface of the EGC tensile specimen. The enclosure of the fiber
strands by the matrix in this case is also very much similar to that

in Figure 8A. This again implies a good bonding between the
E-glass fibers and the epoxy matrix as the resin is comparatively
well behaved in the presence of a long polymer chain. From the
micrograph, it appears that the degree of this enclosure of the
fibers by the matrix in the case of EGC is even higher than EBC.

FIGURE 7 | SEM micrographs for impact specimens. (A) EGC, (B) MEG, (C) EBC, (D) MEB, (E) HGB, (F) MHC.
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This explains the higher tensile strength of EGC (364.4 MPa)
compared to that of EBC (346.3 MPa). To support this, there is
also no visible fiber-matrix de-bonding, instead a uniform
amount of matrix surrounding each fiber strand is observed.

Figure 8D shows the surface of the failed MEG tensile
specimen. Though the matrix spread around the fibers appears
to be uniform, there is a very high degree of fiber matrix de-
bonding visible. The degree of de-bonding is quite high when
compared with those shown in Figures 8A–C again emphasizing
the poor fiber-matrix interface with modified resin. CNT
dispersed in the resin is also seen and does not appear to be
distributed uniformly. A higher magnification SEM micrograph
(Figure 9) taken from the area between the fibers seen in
Figure 8D confirms the non-uniform dispersion of the CNTs
in the matrix. The clustering of CNTs in the cavity formed due to
fiber pull-out is also seen. The resin used in this work is a slow
curing resin and has a relatively low viscosity. This allows for
gravity segregation of the CNTs, resulting in the deposition of
CNT on the fiber surface and the formation of clusters within the

FIGURE 8 | SEM micrographs showing the interaction between the resin and the fibers. (A) EBC, (B) MEB, (C) EGC, (D) MEG.

FIGURE 9 | CNT dispersion in EGC sample.
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resin system as seen in Figure 9. The formation of clusters leads
to non-uniform stress transfer while the deposition of CNT on
the surface of the fibers results in ineffective bonding at the fiber-
matrix interface. This also can be seen as one of the reasons for the
poor performance of the composites prepared with
modified epoxy.

CONCLUSION

Three-dimensional orthogonally woven E-glass fabric reinforced
epoxy composites, basalt plain woven reinforced epoxy
composites, and hybrid epoxy composites with 3D E-glass and
basalt fabric were fabricated. Another set of similar composites
were fabricated with epoxy resin modified with MWCNTs.
Mechanical properties that included tensile, flexural, and
impact strengths of all the composites were determined and
compared. Results indicated that the tensile strength of the
three composites with epoxy resin were almost on par with
each other, the highest tensile strength (364.4 MPa) was
observed for 3D E-glass epoxy composites. Flexural strength
was the highest for 3D E-glass epoxy composites at 345.3 MPa.
Basalt composites and 3D E-glass/basalt hybrid composites
reported reduced flexural strength. The highest impact
strength was observed to be for 3D E-glass/basalt hybrid
composites which was 198.42 kJ/m2. Epoxy modification had a
negative influence over the mechanical properties of the
composites. Relatively poor bonding among the basalt layers
was seen as the major reason for the reduced strength of
basalt and hybrid composites while the expending of energy in
the delamination of successive basalt layers with better
performance of 3D fabric owing to its non-crimp nature and
the presence of binder yarn were seen as the primary reason for
improved performance of the 3D E-glass/basalt hybrid
composite. A poor fiber-matrix interface due to resin
modification was seen as the reason for the overall poor
performance of the composites fabricated with modified resin.
Delamination, fiber breakage, snapping of fibers, and fiber-matrix
de-bonding were some of the major modes of failure as seen from
SEM micrographs. From the results, it can be concluded that 3D
E-glass/basalt hybrid composites which are comparatively less
expensive, more environmentally friendly, and have reduced
health hazards show promise and have the potential to be

used as a material system for applications such as automotive
interiors and bumpers, and moderately loaded household and
office application like doors, window panes, and partitions.
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