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Abstract: Hybrid composites with high strength to weight ratio are very important in structural applications. An extensive
research is being carried out to enhance the mechanical properties of composites by incorporating micro and nanoscale
reinforcements. The nanoreinforcements provide unique strengthening mechanisms that result in an overall high mechanical
performance of composites. In order to investigate the effect of nanoreinforcements on the mechanical properties of fiber
reinforced composites a novel multiscale composites of Kevlar fibers and carbon nanotubes in epoxy matrix were prepared in
this research. A combination of hand layup and vacuum bagging technique was used to manufacture multiscale composites.
Nanotubes at three different concentrations, i.e. 0.33wt%, 0.66wt% and 0.99wt% were incorporated after their
functionalization through ultraviolet ozone-treatment to improve their interfacial interaction with epoxy matrix. The
microstructural and mechanical property characterization of multiscale composites was performed by optical and electron
microscopy, and tensile, hardness and interlaminar shear testing. An increase of ~45% in tensile strength was noted by
incorporating 0.99wt% of nanotubes while the improvements of ~60% in hardness and ~13% rise in interlaminar shear strength
were observed. The improved mechanical performance owes to the uniform dispersion of nanotubes along with their adherence
to nanotubes promoting anchoring effect between fibers and matrix.
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1. Introduction

The advent of nanotechnology has revolutionized the field
of composites by introducing a novel class of
nanocomposites, which contain the reinforcement with one of
its  dimensions less than 100nm. Among all
nanoreinforcements, carbon nanotubes (CNTs) are one of the
most widely investigated, which is due to their exceptional
mechanical properties: elastic modulus of ~1.8TPa and
tensile strength of ~110GPa [1]. CNTs both single walled
carbon nanotubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTs) are made up of rolled graphene sheets
in the form of cylinders with their ends capped by
hemisphere of fullerene; their aspect ratio can be greater than
~1000 with diameter in nanometer size [2]. In manufacturing

polymeric matrix composites (PMCs) containing CNTs, the
uniform dispersion of CNTs has been the major issue, which
has been resolved by the availability of various
functionalization techniques such as fluorination, acid-
treatment, reactive plasma and ultraviolet ozone-treatment
[3].

In addition to nanocomposites containing single
reinforcement, a type of hybrid composites, i.e. multiscale
composites have also gained attention in recent years, which
contain at least two reinforcements with their sizes at two
different scales [4]; typically nanometer size reinforcements
are used along with traditional micrometer size fibers of glass,
carbon and Kevlar. In comparison to composites containing
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glass and carbon fibers, the composites containing Kevlar
fibers are less investigated with nanoreinforcements. Kevlar ®
is the trade name of para-aramid fibers, which have
characteristic anisotropy: strong covalent bonding between
molecular chains offers a high longitudinal strength whereas
hydrogen bonding between the amide linkages results in
relatively weak transverse strength. In particular, Kevlar fibers
have high impact resistance due to their fibril failure. The
fibrils break individually and absorb a considerable amount of
energy before the final failure takes place; this molecular level
energy dissipation mechanism is the cause of high impact
strength of Kevlar fibers [5]. However, Kevlar fibers have poor
interfacial interaction with the matrix due to their low surface
energy and chemically stable structure. The surface
modification techniques are therefore used to counter this
problem and acquire an optimum interfacial interaction [6, 7].

CNTs are added in PMCs alone or in combination with
other nanometer-scale and micrometer-scale reinforcements to
study their individual and combined reinforcing effect [4-8].
The addition of CNTs in epoxy causes an increase in tensile
strength of composites up to a certain extent [9] while their
addition with micrometer-size fibers like carbon fiber or glass
fibers results in the significant rise [10-15]. In addition to
tensile strength, CNTs also play an important role in increasing
the shear strength of traditional composites. In a study [16], it
was observed that interlaminar shear strength of glass fiber
epoxy matrix composites increased after the addition of NH,-
CNTs due to improved interfacial bonding. Likewise 8%
improvement in shear strength was also observed in carbon
fiber epoxy matrix composites containing CNTs [17]. In
addition to shear strength, the impact strength of composites
also increased with the addition of CNTs. In a report [18], the
addition of CNTs in limited quantity of 0.5wt% has shown
35% rise in impact strength of Kevlar fiber epoxy matrix
composites. Other nanoreinforcements like cork powder and
nanoclay are also reported to improve the impact strength of
Kevlar fiber epoxy matrix composites [19, 20].

Due to the growing interest of fabricating advanced
composites to cater the needs of aerospace and automotive
industries, there is an urgent need to investigate the true
effect of incorporating CNTs in Kevlar fiber epoxy matrix
composites on their mechanical properties so that the
research on multiscale composites containing CNTs could be
realized in engineering industry.

In the present work, the effect of MWCNTSs on the
mechanical properties of Kevlar fiber epoxy matrix
composites was explored. MWCNTs were functionalized
through ultraviolet ozone-treatment and subsequently
added in epoxy at three different weight fractions. A
combination of hand layup and vacuum bagging
techniques was used to manufacture composites. The
fabricated composites were mechanically characterized for
tensile, hardness and shear testing while microstructural
characterization was performed by optical and electron
microscopy to observe the proper impregnation of Kevlar
fibers with epoxy resin and observe the dispersion quality
of MWCNTs. Finally the mechanical property results were

discussed in relation with microstructural evolution of the
composites to acquire a better understanding of the
combined reinforcing effect of nanometer size, i.e.
MWCNTs and micrometer size, i.e. Kevlar fibers in
multiscale composites.

2. Experimental
2.1. Materials

Plain-woven Kevlar fabric was used as the micrometer-
size reinforcement (Figure la). MWCNTs were procured
from Chengdu Organic chemicals, China; the diameter of
MWCNTs was ~40nm with length of 50-200pum and a purity
level >95% (Figure 1b). Aradur® 5052 epoxy resin having a
viscosity of 40-60mPas at 25°C (ISO 12058-1) with a curing
agent Aradur® 5052 was used in the present investigation.

Figure 1. (a) SEM micrograph of Kevlar fabric and (b) SEM micrograph of
MWCNTs used for the manufacturing of multiscale Keviar fiber epoxy matrix
composites containing MWCNTE.

2.2. Manufacturing

Ultraviolet-ozone  treatment  was  performed to
functionalize MWCNTSs, which were exposed to ultraviolet-
ozone environment for 2h at an external oxygen pressure of
1bar. After functionalization, MWCNTs were added in epoxy
resin and ultrasonication was carried out for 30min to
disperse MWCNTs in epoxy. Curing agent was later added in
the epoxy resin containing MWCNTs. A combination of hand
layup and vacuum bagging technique was used to fabricate
composites. For hand layup, the mold was cleaned with
acetone, which was followed by the application of polyvinyl
acetate as mold releasing agent. Kevlar fabric was cut in
required dimensions and the mixture of epoxy and hardener
containing MWCNTs was applied on the fabric using a
brush. Impregnation of three layers of the fabric was
performed with epoxy, which were subsequently stacked in
the mold followed by smoothening with a manual roller. Peel
ply, breather and vacuum bag were placed over the fabric
layers to seal down the setup using the tacky tape. The
vacuum bag was cut, taped down and a small hole was
pierced to insert the vacuum hose. The vacuum pump was
connected with the sealed mold containing fabric layers and
operated for 3h. Later vacuum pump was removed and the
mold was sealed again and left for 24h in vacuum.
Subsequently, the composite samples were removed carefully
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and cured in vacuum oven at 50°C for 12h and at 100°C for
4h. Three composite samples containing 0.33wt%, 0.66wt%
and 0.99wt% MWCNTs were prepared while one composite
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sample without MWCNTs was manufactured for comparison.
A schematic diagram of manufacturing multiscale composites
is shown in Figure 2.
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Figure 2. Schematic diagram of the fabrication of multiscale Kevlar fiber epoxy matrix composites containing MWCNTS.

2.3. Characterization

Optical images of the composites were acquired using a
metallurgical microscope (IMM-901 METKON). The samples
were mounted, ground and polished for observing the
microstructures. Scanning electron microscopy (SEM) was
performed on the fracture surfaces of composite samples
containing 0.99wt% of MWCNTs. SEM images were captured
in a field emission gun scanning electron microscope (MIRA3
TESCAN) in a secondary electron imaging mode at an
accelerating voltage of 5kV. The samples were placed on stubs
and sputter-coated with carbon to make them conductive using a
sputter coating machine (Q150 QUORUM).

Tensile tests were performed on a universal tensile testing
machine (WDW-30 JINAN). The gauge length of each
sample was kept as 60mm, while width and thickness were
12mm and 0.65mm, respectively. Tabs were applied at both
ends of the samples; 100mm length of each side of tensile
sample was clamped in the grips and the strain rate was kept
at lmm/min during tests. For statistical analysis, the tensile
test was performed on five specimens, which were cut from
each composite and their average was taken to achieve
reliable results.

Hardness testing was performed on Vickers hardness
testing machine (HV-1000Z). Specimens from the composite
materials were mounted for hardness testing. At least five
values of each of the composite specimen were taken. The
dwell time was kept at 10s and the load was 5kg. Diagonal
length of indent was observed under optical microscope of
the hardness testing machine and the hardness values were
calculated using the following expression:

HV=1.8544 P/d*

where P is the load applied and d is the diagonal length of the
indent.

Interlaminar shear test was performed on universal tensile
testing machine (WDW-30 JINAN). Specimens with a gauge
length, width and thickness of 60mm, 12mm and 0.65mm,
respectively were cut for interlaminar shear testing from the
composites and clamped from both sides in the tensile testing

machine. A strain rate of lmm/min was applied during shear
test.

3. Results and Discussion
3.1. Microstructural Observation

3.1.1. Optical Microscopy

The optical micrograph of multiscale 0.99wt% MWCNT
Kevlar fiber epoxy matrix composite is shown in Figure 3. It
can be seen that Kevlar fibers are properly impregnated with
epoxy. No indication of the presence of porosity was noted.
Individual fibers in a tow can be seen; the diameter of single
Kevlar fiber is ~12um while individual tow contains ~300
Kevlar fibers.

Figure 3. Optical micrograph of multiscale Kevlar fiber epoxy matrix
composite containing 0.99wt% MWCNT5.

3.1.2. Scanning Electron Microscopy

SEM images of multiscale Kevlar fiber epoxy matrix
composite containing 0.99wt% MWCNTs at two different
magnifications are shown in Figure 4. Epoxy resin can be seen
in-between the fibers indicating proper impregnation of the
fibers. In image at low magnification, MWCNTSs could not be
identified, however in image at high magnification, MWCNTs
can be seen on the fibers and in the matrix. However, images at
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still higher magnifications were acquired to clearly reveal
MWCNTs, as shown and discussed further below.

Figure 4. SEM micrographs of multiscale Kevlar fiber epoxy matrix
composites containing 0.99wt% MWCNTS indicating impregnation of Kevlar
fibers in epoxy matrix.

3.2. Mechanical Characterization

3.2.1. Tensile Properties

Tensile properties of multiscale Kevlar fiber epoxy matrix
composites containing MWCNTs are shown in Figure 5. It
can be seen that the systematic rise in the loading of
MWCNTs from 0.33wt% to 0.99wt% increased tensile
strength of the composites. The reference composite without
MWCNTs showed a value of 104+10, which increased to
110+8MPa after adding 0.33wt% MWCNTs demonstrating a
rise of ~5.7% rise. Further increases in MWCNT loadings to
0.66wt% and 0.99wt% increased the tensile strength values
to 132+6MPa and 149+7MPa showing ~27% and ~45%
improvements, respectively.

A similar rising trend was observed in elastic modulus of
the composites as noted in tensile strength values. AN
increase of ~12% in tensile modulus was observed with the
addition of 0.33wt% MWCNTs (4.0+0.1GPa) in comparison
to reference composite (3.6+0.1GPa). Further rise in the
contents of MWCNTs increased the elastic modulus values to
4.140.1GPa and 4.3+0.1GPa showing improvements of
~13% and ~17%, respectively.

An increase in the fracture strain is usually observed in
epoxy matrix composites containing MWCNTs [6]. The same
observation was noticed in the present investigation that the
increase in MWCNT contents improved the fracture strain of
composites to 6.4+0.2%, 7.0£0.2% and 7.7+0.2%,
respectively (~14%, ~24% and ~36% improvements) with
rising contents of MWCNTs in comparison to reference
composite (5.6£0.3%). The flexible nature of MWCNTSs is
attributed to the increased fracture strain of the composites.
However, the presence of Kevlar fibers along with MWCNTs
are expected to increase the fracture strain in the present
study as both the micrometer and nanometer size
reinforcements elongate considerably before fracture.

In a different research investigation, iron-coated MWCNTs
were grown on Kevlar fabric and embedded in polyester
resin to manufacture composites by vacuum assisted resin
transfer molding; the composites showed an increase in
tensile strength up to ~122% and tensile modulus up to ~90%
[21]. Another work on Kevlar fiber epoxy matrix composites
containing silane-modified Fe,O; nanoparticles showed an

increase of ~29% in tensile strength by the addition of only
1.5wt% Fe,O; nanoparticles in comparison to the reference
composite without nanoparticles. Further increase in Fe,O3
resulted in decrease in tensile strength due to their
agglomeration [22]. The present research showed increase in
tensile properties with the addition of MWOCNTs. The
strengthening effect originated due to the presence of
MWCNTs in epoxy matrix, which increased the tensile
properties of matrix, and which in turn enhanced the tensile
performance of multiscale composites.
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Figure 5. Tensile properties of multiscale Kevlar fiber epoxy matrix
composites containing 0.33wt%, 0.66wt% and 0.99wt% MWCNT5: (a)
tensile strength (b) elastic modulus, and (c) fracture strain.
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3.2.2. Hardness

The systematic rise in the contents of MWCNTs in
Kevlar fiber epoxy matrix composites increased their
hardness (Figure 6). The hardness value of reference
composite without MWCNTs was found to be 14.2+0.7Hy,
which increased to 19.9+£0.5HV (~39% rise) by the addition
of 0.33% MWCNTs. On further increasing the
concentration of MWCNTs to 0.66wt% and 0.99wt%, the
hardness values increased to 21.4+0.6Hv and 22.8+0.4Hv
(~50% and ~60% rise), respectively. It can be inferred that
the hardness of the epoxy matrix increased due to the
presence of MWCNTs, as was observed in tensile
properties, which increased the hardness of the multiscale
composites. Although the hardness value of MWCNTs is
not known experimentally but it has been observed that the
incorporation of MWCNTs in epoxy matrix increases the
hardness of the composites [8]. In contrast to MWCNTs, the
hardness value of individual Kevlar fiber is available,
which was found experimentally by nanoindentation to be
1.3 £ 0.7GPa [23].
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Figure 6. Hardness values of Kevlar fiber epoxy matrix composites with and
without adding MWCNTS.

Literature reveals that the hardness of polymeric matrix
composites increases by the addition of CNTs [24]. In a
study, the hardness value of neat epoxy was reported to be
11.540.4Hv, which increased to 14.1£0.3Hv (~22% rise) by
adding 0.1wt% CNTs [8]. In a different study on carbon
fiber epoxy matrix composites, the hardness value of
21+1Hv of composites increased to 24+2Hv after adding
0.5wt% MWCNTs showing a rise of ~14%. Further rises in
the concentration of MWCNTs to 1.0wt% and 1.5wt%
uninterruptedly increased the hardness values to 28+2Hv
and 31+2Hv (~33% and ~47% rises), respectively.
However, hardness value of composite containing 2.0wt%
MWCNTs decreased to 263Hv, which was attributed to the
formation of MWCNT-agglomerates [4]. The increasing
trend of hardness in composites containing CNTs is
observed until their uniform dispersion. However, in case of
poor dispersion, a reverse trend is observed by increasing
the fraction of CNTs. Generally by increasing the
concentration of CNTs, their uniform dispersion becomes
difficult and probability of agglomeration increases [25].

The extent of loading is therefore defined by dispersion
methods and dispersion quality of CNTs.

3.2.3. Interlaminar Shear Strength

Figure 7 shows the effect of MWCNTs on the interlaminar
shear strength of the Kevlar fiber epoxy matrix composite. It
has been observed that the incorporation of MWCNTs in the
composite has improved the interlaminar shear strength. The
reference sample without any MWCNTs has a shear strength
value of 23 MPa, which increased to 35 MPs by the addition
of 0.99 wt% MWCNTs. A systematic increase in the values
of ILSS is observed when the weight percentage of
MWCNTs is increased from 0.33wt% to 0.99wt%. This
enhancement in the ILSS is dominated by the anchoring and
bridging effect of MWCNTs in between the layers of
multiscale Kevlar fiber epoxy composite.
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Figure 7. Interlaminar shear stress values of Kevlar fiber epoxy matrix
composites with and without adding MWCNT5.

Figure 8. (a-d) SEM images of fracture surfaces of multiscale Kevlar fiber
epoxy matrix composites containing 0.99wt% MWCNTs at different
magnifications.
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3.2.4. Fractgraphy

Figure 8 shows SEM images of the fracture surface of
multiscale Kevlar fiber epoxy matrix composite containing
0.99wt% MWCNTs after tensile failure. Individual Kevlar
fibers are pulled out indicating fracture strain before failure,
which is the typical characteristic of tough Kevlar fibers, as
opposed to glass and carbon fibers, where fracture is of brittle
nature [8]; in contrast, Kevlar fibers fracture before absorbing
energy [26]. Moreover, Kevlar fibers do not fracture normal to
the direction of applied load. Instead, longitudinal splits are
developed within the fibers before final fracture.

Figure 9. SEM images of fracture surfaces of multiscale Kevlar fiber epoxy
matrix composites containing 0.99wt% MWCNTs at (a) low and high
magnifications showing the (b) adherence of MWCNT5 to individual Kevlar
fiber and (c) pull out phenomenon from epoxy matrix.

3.2.5. Strengthening and Toughening Effect Due to
MWCNTs

Figure 9 shows SEM images of the fracture surface of
multiscale Kevlar fiber epoxy matrix composite containing
0.99wt% MWCNTs. MWCNTs are observed within the matrix
and also on the individual Kevlar fibers. The presence of
MWCNTs in epoxy matrix is obvious, as these were dispersed
in epoxy before incorporating Kevlar fibers in MWCNT-loaded
epoxy. However, the presence of MWCNTs on individual
Kevlar fibers suggests that during fracture, MWCNTs were
pulled out of the epoxy matrix but remained intact with the
fibers. Such behavior is expected to increase the interlaminar
shear properties of the composites if the adherence of MWCNTs
with Kevlar fibers is reasonably strong. The phenomenon of
pullout is one of the toughening mechanisms of composites and
the emergence of this phenomenon in the fracture of epoxy
indicates the emergence of toughening behavior in epoxy and
the resultant multiscale composites. Finally, no indication of the
agglomerates of MWCNTs was noted at the loading of
0.99wt%, which ensures their good dispersion. It also indicates
that the functionalization process of MWCNTs by ozone-
treatment was adequate. A study on carbon fiber epoxy matrix
composites containing CNTs previously showed homogeneous
dispersion up to 1.5wt% CNT loading with simultaneous
increase in mechanical properties while further increase in the
contents of CNTs resulted in their agglomerates, which
decreased the mechanical performance of composites [4]. In the
present study, loading of CNTs was 0.99wt% and a uniform
dispersion was also achieved.

4. Conclusions

The incorporation of MWCNTSs up to 0.99wt% in Kevlar
fiber epoxy matrix composites increased the mechanical
performance of novel multiscale composites. In comparison
to reference composite without nanoreinforcement, the
multiscale composites containing 0.99wt% MWCNTs
showed the rises in tensile strength, hardness and
interlaminar shear strength up to 45%, 60% and 13%,
respectively. Uniform dispersion of MWCNTs in the matrix
is the possible reason of improvement in tensile and hardness
of Kevlar fiber epoxy matrix composites while the adherence
of MWCNTs with Kevlar fibers providing anchoring effect
between Kevlar fibers and epoxy matrix increased the
interlaminar shear strength. The presence of MWCNTs in
epoxy matrix is one of the possible schemes to increase the
mechanical properties of traditional Kevlar fibers epoxy
matrix composites wherein the increased strengthening effect
is derived from novel nanometer-scale reinforcement.
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