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Abstract

Although carbon nanotubes (CNTs) have displayed great potential for

enhancement of multifunctional properties of a polymer matrix, still incorpo-

ration of CNTs with the polymeric matrices requires further improvement in

terms synthesis, processing, functionalization etc. In this study, we decorated

the surfaces of multi-walled CNTs (MWCNTs) by zirconium dioxide (ZrO2)

nanoparticles to fully utilize former's remarkable mechanical properties, and

then MWCNT/ZrO2-based hybrid epoxy nanocomposites (MNCs) were synthe-

sized via a novel ultrasonic dual mixing (UDM) technique. The fracture

strength and toughness of prepared MNCs were studied using a 3-point (3-P)

single edge notch bending test. The surface morphology and fracture mecha-

nisms were examined through field emission scanning electron microscope

images of the fracture surfaces of samples of MNCs. Apart from experimental

investigations, the mechanics of materials (MOM) and finite element

(FE) models were also developed to predict the effective elastic properties of

two- and three-phase MNCs. The mechanical response of MNC-based beams

was studied using 3-P bending test via FE simulations and the numerical pre-

dictions are found to be in good agreement with the experimental results with

maximum discrepancy of ~6% at 1 wt% loading of hybrid nanofillers. Our

results also reveal that the fracture toughness of MNCs is improved by ~31%

compared to the neat epoxy when 1.0 wt% loading of MWCNT/ZrO2 hybrid

nanofillers is used to fabricate MNC.
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1 | INTRODUCTION

Polymer nanocomposites are excellent structural engi-
neering materials that have lightweight and desired func-
tional properties, and their structures can be used in a
wide variety of applications. In the last decade, hybridiza-
tion of different nanofillers having different properties
embedded into the conventional polymer matrix pro-
vided excellent opportunities to the researchers for

developing a high performance and low-density polymer-
based multifunctional nanocomposites with improved
properties.[1–3] Epoxy resin act as a high-performance
polymer matrix and finds unique application in aeronau-
tical, automotive, and aerospace industries due to its
excellent mechanical and adhesive properties.[4,5] How-
ever, the cross-linked structure of epoxy resins insists
poor resistance for crack propagation and poor toughness
that limit their application where high fracture strength
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and low-temperature toughness are sought.[6,7] The frac-
ture strength and toughness of nanocomposite materials
mainly depend on two important aspects: dispersion of
nanofillers inside the matrix and filler-matrix interfacial
bonding interaction.[8,9] In recent years, many concerted
efforts have been made to increase the fracture strength
and toughness of epoxy-based nanocomposites.

After the discovery of carbon nanotubes (CNTs) by
Iijima in 1991, they became ideal candidate for reinforce-
ments in conventional polymers due to their incredibly
high tensile strength and stiffness that dramatically
improve fracture strength, toughness, and mechanical
properties of resulting polymer nanocomposites.[10–12]

However, the homogenous dispersion and good

interfacial interaction of CNTs with the surrounding
matrix are major challenges to fabricate high-
performance polymer nanocomposites.[13,14] This is pri-
marily due to the enormous specific surface area (SSA) of
CNTs (1000 m2/g and more) that creates strong attractive
forces known as van der Waals forces between them
which lead to the formation of clusters of CNTs.[15] Dif-
ferent techniques like shear mixing,[16] ultrasonic
mixing,[17] planetary centrifugal mixing,[18] and chemical
functionalization and hybridization of CNTs[11] can be
used to obtain uniform cluster free dispersion of low con-
centration CNTs into the polymer matrices. Among all, a
high-frequency ultrasonication mixing technique along
with the axial flow impeller called ultrasonic dual mixing

TABLE 1 Previous studies on fracture toughness (FT) of MWCNTs or ZrO2-based epoxy nanocomposites using SENB test

References Matrix
Nanofiller loadings
(wt%) Process technique Key findings

[17] Epoxy 0.5 and 1 wt% of
MWCNTs

Ultrasonic mixing The dispersion of CNTs depends on ultrasonic
parameters such as amplitude and time. Maximum FT
was obtained at 0.5 wt% of MWCNTs sonicated for
2 hours at 50% amplitude.

[18] Epoxy 0.1, 0.5, 1, 2, 3 and 5 wt
% of CNTs
functionalized by
melamine

Planetary centrifugal
mixing

Significant improvement about 95% in FT of epoxy
nanocomposites was observed for 2 wt% MWCNT.
The cluster of CNTs created defects inside
nanocomposite sample and decreased its mechanical
properties.

[19] Epoxy 1 and 3 wt% MWCNTs Sonication Respective FTs of 1 and 3 wt% of MWCNT-composites
are found to be 1.29 and 1.62 times that of pure epoxy.
Sonication and stirring time influence the dispersion
of MWCNTs in epoxy.

[20] Epoxy Silica nanoparticles
(0.0-0.6 wt%) and
MWCNTs (0-0.18
wt%)

Ultrasonic bath,
mechanical mixing
and degassing

Maximum FT was obtained with loading 0.18 MWCNTs
and 6.0 wt% silica nanoparticles in the epoxy matrix.
Toughening mechanism such as pull-out of the CNTs
and void initiation as well as growth influence the FT
of nanocomposites.

[21] Epoxy 0.1, 0.5, and 1 wt%
MWCNTs

Sonication, and
degassing

FT increases up to 0.5 wt% of MWCNTs, then decreases.
MWCNT agglomerates at 1 wt% of MWCNTs in the
nanocomposites.

[22] Epoxy 0.1 to 1 wt% of
MWCNTs

Calendaring and shear
mixing

Shear mixing induced by the calendaring approach
improves the dispersion of MWCNTs. FT increases at
low concentration of MWCNTs.

[23] Epoxy APTES modified
nano-ZrO2

(1-5 wt%)

Sonication and
mechanical mixing

At 3 wt% of APTES modified ZrO2, FT increased by 53.3
and 39.4% at RT and 90 K, respectively, as compared
to neat epoxy. Further increasing the loading contents
leads to the formation of cluster of ZrO2 nanoparticles.

[24] Epoxy ZrO2 nanoparticles
(1-5 wt%)

Sonication and
mechanical stirring

Nano-ZrO2 particles were prepared by a modified sol–gel
process. Maximum FT was achieved at 2 wt% of
nano-ZrO2 in the epoxy matrix.

[25] Epoxy MWCNTs,
G1O/MWCNTs, and
EGO/MWCNTs

Sonication and
high-speed
mechanical stirring

EGO-CNT/EP shows 85.1% enhancement in FT as
compared to neat epoxy. Strong interfacial interaction
and crack bridging mechanism maximize the
utilization of CNTs in the filler network and dissipates
more energy.
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(UDM) technique is the best approach to break the clus-
ters of CNTs which provides their uniform dispersion in
the matrix. The previous attempts to study the fracture
toughness of MWCNTs or ZrO2-based epoxy
nanocomposites prepared by using different techniques
are presented in Table 1.

The contradictory results listed in Table 1 show that
how the mechanical properties and fracture toughness of
nanocomposites primarily depend on the materials
processing, dispersion level and amount of nanofillers.
For instance, a homogenous dispersion of MWCNTs in
the epoxy matrix was achieved with a loading of 0.5 wt%
of MWCNTs using UDM technique; after increasing the
CNT loading contents from 0.5 wt% to 1 wt%, clusters of
CNTs were formed.[26] Therefore, UDM technique can be
considered as a feasible technique to modify surfaces and
hybridization of small fraction of nanofillers, especially
MWCNTs. Different types of nanoparticles such as
SiO2,

[20] Al2O3,
[27] ZrO2,

[21] and TiO2
[11] are extensively

used to modify the surfaces of CNTs. Among them, ZrO2

nanoparticles improved the overall properties such as
high strength and toughness, high wear resistance as well
as good chemical resistance of nanocomposites.[23]

Ahmad et al.[28] reported that the radial surface modifica-
tion of MWCNTs by ZrO2 nanoparticles not only reduces
the strong van der Waals force of attraction between adja-
cent MWCNTs but also breaks their cluster that enhances
dispersibility, interfacial bonding, and mechanical perfor-
mance of hybrid nanocomposites. Therefore, it is an
attractive nanofiller along with MWCNTs that can
enhance the mechanical strength and fracture toughness
of polymer nanocomposites. Thus, it is very exciting to
study the combined effect of UDM technique and surface
modification of MWCNTs by ZrO2 nanoparticles for
processing of MWCNTs- ZrO2 based hybrid epoxy
nanocomposites (MNCs).

Not only experimental techniques, but also the ana-
lytical and numerical micromechanical approaches were
developed by numerous researchers to study the mechan-
ical behavior of nanocomposites. Micromechanics model-
ing is a reliable technique to determine the overall
mechanical properties of complex and heterogeneous
composite materials through analytical and numerical
simulations considering small representative volume ele-
ment (RVE) of the bulk composite material.[8,29] Various
analytical and numerical micromechanical techniques
have been established to study the micromechanical
behavior of nanocomposites.[30–32] For instance, Liu and
Chen[33] studied the effective mechanical properties of
CNT-based composites by employing the continuum
mechanics approach and finite element (FE) method.
Moradi-Dastjerdi and Aghadavoudi[34] used MD simula-
tions and Halphin-Tsai approach to estimate the

mechanical properties of nanocomposites and studied the
static analysis of sandwich plates reinforced by defective
CNTs. Shokri-Oojghaz et al[35] modified Eshelby-Mori-
Tanaka approach to estimate the effective mechanical
properties of CNT-based nanocomposites and examined
the effect of CNTs on the static response of
nanocomposite sandwich cylinders. To harness the
extraordinary mechanical properties of CNTs, the frac-
ture properties of CNT-based composite were studied by
several researchers. For instance, González and
LLorca[29] examined the fracture behavior of a fiber-
reinforced composite beam using 3-point (3-P) notch
bending test and they validated experimental results with
predictions by multiscale model based on an embedded
cell approach and FE model. Pinho et al.[36] measured
the fracture toughness of a carbon-epoxy laminated com-
posite by employing compact tension and compression
tests. Ayatollahi et al.[21] studied the effects of MWCNTs
on fracture toughness of MWCNT/epoxy nanocomposite
under bending and shear loading conditions.

To the best of current authors' knowledge, there is no
single experimental/numerical study available in the lit-
erature to investigate the mechanical and fracture prop-
erties of hybrid nanocomposite containing MWCNTs and
ZrO2. Moreover, there is no concerted effort has been
made in the literature on the use of both UDM and sur-
face modification techniques to prepare nanocomposite.
The combined effect of both ultrasonic waves and surface
modification is necessary for homogenous dispersion of
CNTs and better CNT-epoxy interfacial bonding, respec-
tively, that may enhance the load-bearing capacity of
resulting nanocomposite. This provided the motivation
for the current work and it is very exciting to investigate
the fracture strength and toughness by performing single
edge notch bending (SENB) tests through experimental
as well as numerical tests. In the present work, both
experimental and numerical studies were performed to
determine the mechanical and fracture properties of
MNCs, and results were analyzed and validated.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials used

In the current study, we used commercially available
cam coat 2071 epoxy resin with aliphatic amine hardener
(HY951) manufactured by Champion Advanced Mate-
rials Pvt. Ltd, India because HY951 hardener offers excel-
lent mechanical and structural properties. A general-
purpose Bisphenol-A based medium viscosity epoxy resin
primarily used in coating and fabrication process. The
powder form of MWCNTs (pristine, purity >99%, and
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density of 2 gcm−3) of average diameter 25 nm and length
10 μm, and ZrO2 nanoparticles (purity 99.9%, density
6 gcm−3, and melting point 2715�C) were used. The ZrO2

nanoparticles with average particles size 25 nm were
used to modify the radial surfaces of MWCNTs that
enhanced the dispersion quality of the latter in the epoxy
matrix.

2.2 | Preparation of polymer
nanocomposite

MWCNTs and ZrO2 nanoparticles having same weight
percent (0.5 wt%) were added with 80 mL of acetone (sol-
vent) in a glass vessel. The obtained mixture then soni-
cated for 30 minutes with a pulse rate of 5 seconds ON
and 5 seconds OFF at an amplitude of 60% followed by
the mechanical mixing process. During sonication, ZrO2

nanoparticles interact and stick on the surfaces of
MWCNTs; prepared MWCNT/ZrO2 mixture was then
dried in an oven at 80�C for 10 hours. The functionalized
MWCNTs with ZrO2 nanoparticles (hybrid nanofillers)
were mixed in epoxy resins and 60 mL acetone was added
into the adhesive mixture and then manually stirred by a
glass rod. A titanium alloy (Ti-6Al-4V) tip of 13 mm
diameter of an ultrasonic processor (power output
750 W) at an amplitude of 75% was introduced into the
adhesive mixture which generated an ultrasonic wave of
constant frequency (20 kHz). The ultrasonic waves of
high intensity propagated via ultrasonic processor inside
the adhesive mixture created some vacuum bubbles due
to high- and low-pressure cycles. During high pressure
cycles, these bubbles cavities violently collapsed and gen-
erated intense shock waves that resulted in de-
agglomeration of MWCNTs clusters and enhanced their
dispersion quality in the adhesive mixture. The ultrasonic
processor was applied for 30 minutes at an interval of
10 seconds ON and 10 seconds OFF, and external cooling
was employed by submerging the ice cubes around the
vessel to maintain the temperature of slurry. The
obtained mixture was kept for 24 hours in a hot air oven
at 70�C to vaporize the acetone (solvent). Then, 10 wt%
of aliphatic hardener (curing agent) mixed homoge-
neously through axial flow impellor in the adhesive mix-
ture and consequently, vacuum degassing process was
carried out to remove air bubbles from MNC mixture as
shown in Figure 1. The details of chemical composition
and process parameters used for fabrication of hybrid
nanocomposite are described in Table 2. Finally, the
specimens were prepared by pouring bubble-free
MWCNT/ZrO2 hybrid epoxy adhesive into the silicon
rubber mold and curing was performed at 50�C for
12 hours. Similarly, other specimens of varying wt% of

MWCNT/ZrO2 hybrid nanofillers (0-2 wt%) were pre-
pared by following the same steps.

2.3 | Fracture toughness test

Fracture toughness test was carried out according to
American Society for Testing and Materials (ASTM-D
5045-99) standard.[37,38] Rectangular shaped 3-P SENB
specimens of MNC, as per ASTM standard dimensions,
were prepared as shown in Figure 2. A notch was created
according to the ASTM-D 5045-99 standard dimension
with the help of a goldsmith hacksaw blade having a
thickness of about 300 μm by slowly drawing to avoid
heat generation followed by the tapping with an ultra-
sharp carbon steel razor blade placed in the notch.

Mode I fracture toughness (KIc) of MNC specimen of
dimension 55 × 12.5 × 6.25 mm3 with a pre-crack length
of 6.25 mm was determined using a 3-P SENB test. The
test was conducted using universal testing machine at a
crosshead constant speed of 10 mm/min at ambient con-
ditions. Figure 3 represents the SENB experimental test
setup for mode I fracture specimens. Note that at least
five independent tests were carried out to obtain the reli-
able experimental findings using averaged values of KIc.
The mode I critical stress intensity factor (KQ) was deter-
mined using the following relation (7):

KQ =
P

B
ffiffiffiffiffi
W

p f xð Þ ð1Þ

where P is the maximum applied load, B is the thickness
of specimen, W is the width of specimen, a is the
precrack length, and f(x) is the geometry factor which
can be calculated by using the following relation:

f xð Þ=6x1=2
1:99−x 1−xð Þ 2:15−3:93x+2:7x2ð Þ½ �

1+ 2xð Þ 1−xð Þ32
ð2Þ

where x = a
w:

Specimen dimensions should also satisfy the follow-
ing size criteria:

Ba W −að Þ>2:5
KQ

σy

� �2

ð3Þ

where σy is the yield stress of material and value of KQ can
be considered equivalent to K1c; where K1c is the fracture
toughness.[38] Further, the morphology of fracture surfaces
of specimens of MNCs and distribution of MWCNTs as well
as ZrO2 nanoparticles in the epoxy matrix were studied via
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field emission scanning electron microscope (FESEM); this
was done by placing prepared gold-coated fracture surfaces
of specimens of MNCs into Supra55 Zeiss field emission
scanning electron microscope.

3 | MICROMECHANICS AND FE
MODELING

3.1 | Mechanics of materials model

Mechanics of materials (MOM) approach was first devel-
oped by Kundalwal and Ray[39] to predict the effective

elastic properties of transversely isotropic polymer compos-
ite materials and it is further modified herein to study the
effect of interphase on the mechanical properties MNCs.

3.1.1 | Two-phase MOM approach

This section describes the interaction of MWCNTs
with the epoxy matrix and estimates the effective

FIGURE 1 Ultrasonic dual mixing process and preparation of specimens of MNCs [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Chemical composition and process parameters used for preparation of MNCs

Chemical composition of MNCs
Process parameters used for UDM
technique

Specimens Epoxy (gm) MWCNT (gm) ZrO2 (gm)
Aliphatic
hardener (wt%)

Power output
Amplitude

750 W
75%

Neat epoxy 50 10

0.5 wt% MWNC 50 0.25 0.25 10 Frequency 20 kHz

1.0 wt% MWNC 50 0.5 0.5 10 Pulse ON/OFF 10 seconds
ON/OFF

1.5 wt% MWNC 50 0.75 0.75 10 Impellor speed 350 rpm

FIGURE 2 Schematic diagram of SENB specimen [Color

figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 SENB experimental test setup for mode I fracture

specimens [Color figure can be viewed at wileyonlinelibrary.com]
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elastic properties of two-phase MNC by developing an
analytical MOM micromechanics model. Figure 4
shows a schematic diagram of a circular RVE of two-
phase MNC. While developing MOM model, we
assumed that a perfect bonding exists between uni-
formly aligned MWCNTs and epoxy matrix, and the
resulting MNC demonstrates homogenous and line-
arly elastic behavior. Further, iso-field conditions and
rules of mixture (ROM) were used develop MOM
models. The relationship between the stress and
strain of corresponding phases of two-phase MNC can
be written as:

σrf g6× 1 = Cr½ �6× 6 ϵrf g6× 1 r=mwcnt,m,andnc ð4Þ

where σr denotes the stresses, ϵr denotes the strains, and
Cr denotes the elastic constants. The superscripts mwcnt,
m, and nc represent MWCNTs, epoxy matrix, and
nanocomposite, respectively.

The iso-field conditions and rules-of-mixture can be
expressed as:

σmwcnt
11

σmwcnt
22

εmwcnt
33

σmwcnt
23

σmwcnt
13

σmwcnt
12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

=

σm11
σm22
εm33

σm23

σm13

σm12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

=

σnc11
σnc22
εnc33

σnc23

σnc13

σnc12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

ð5Þ

and

vmwcnt

εmwcnt
11

εmwcnt
22

σmwcnt
33

εmwcnt
23

εmwcnt
13

εmwcnt
12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

+ vm

εm11
εm22
σm33

εm23

εm13

εm12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

=

εnc11
εnc22
σnc33

εnc23

εnc13

εnc12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

ð6Þ

In Equation (6), vmwcnt is the CNT volume fraction
with respect to the MNC RVE (see Figure 4) and vm = 1
−vmwcnt.

Substituting Equation (4) into Equations (5) and (6),
the strain and stress vectors of MNC can be written in
terms of the respective strain and stress vectors of the
phases; as follows:

σncf g= C1½ � εmwcnt
� �

+ C2½ � εmf g ð7Þ

εncf g= V1½ � εmwcnt
� �

+ V 2½ � εmf g ð8Þ

Also, the relations among the stresses and strains in
the CNT and matrix phases given by Equation (5) can be
written as:

C3½ � εmwcnt
� �

− C4½ � εmf g=0 ð9Þ

The matrices appeared in Equations (7) to (9) are
given below:

C1½ �= vmwcnt

Cmwcnt
11 Cmwcnt

12 Cmwcnt
13 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

2
666666664

3
777777775
,

C2½ �=

vmCm
11 vmCm

12 vmCm
12 0 0 0

Cm
12 Cm

11 Cm
12 0 0 0

Cm
12 Cm

12 Cm
11 0 0 0

0 0 0 Cm
44 0 0

0 0 0 0 Cm
44 0

0 0 0 0 0 Cm
44

2
666666664

3
777777775
,

C3½ �=

1 0 0 0 0 0

Cmwcnt
12 Cmwcnt

22 Cmwcnt
23 0 0 0

Cmwcnt
13 Cmwcnt

23 Cmwcnt
33 0 0 0

0 0 0 Cmwcnt
44 0 0

0 0 0 0 Cmwcnt
55 0

0 0 0 0 0 Cmwcnt
66

2
666666664

3
777777775
,

C4½ �=

1 0 0 0 0 0

Cm
12 Cm

11 Cm
12 0 0 0

Cm
12 Cm

12 Cm
11 0 0 0

0 0 0 Cm
44 0 0

0 0 0 0 Cm
44 0

0 0 0 0 0 Cm
44

2
666666664

3
777777775
,

FIGURE 4 Cross-sections of the RVE of two-phase MNC

[Color figure can be viewed at wileyonlinelibrary.com]
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V1½ �=

0 0 0 0 0 0

0 vmwcnt 0 0 0 0

0 0 vmwcnt 0 0 0

0 0 0 vmwcnt 0 0

0 0 0 0 vmwcnt 0

0 0 0 0 0 vmwcnt

2
666666664

3
777777775
,

V 2½ �=

1 0 0 0 0 0

0 vm 0 0 0 0

0 0 vm 0 0 0

0 0 0 vm 0 0

0 0 0 0 vm 0

0 0 0 0 0 vm

2
666666664

3
777777775
,

Making use of Equations (8) and (9), we can express
the strain vectors {εmwcnt} and {εm} in terms of the
nanocomposite strain {εnc} and then, using them in Equa-
tion (8), the constitutive relation between the states of
stress and strain at a point in the MNC can be obtained
as follows:

σncf g= Cnc½ � εncf g ð10Þ

in which

Cnc½ �= C1½ � V 3½ �−1 + C2½ � V 4½ �−1 ð11Þ

V3½ �= V1½ �+ V2½ � C4½ �−1 C3½ � and V 4½ �= V2½ �+ V1½ � C3½ �−1 C4½ �
ð12Þ

3.1.2 | Three-phase MOM approach

In order to improve the mechanical performance of
MNC, each of its constituents must be utilized
completely. This is only possible by enhancing interac-
tion between the CNTs and the surrounding matrix. The
only technique to improve fiber-matrix interaction is the
surface modification of CNTs before they infused in the
matrix. In this study, ZrO2 nanoparticles act as an inter-
mediate phase that helps in surface modification of
MWCNTs by interacting with both MWCNTs and the
surrounding epoxy matrix. Figure 5 represents schematic
diagram of RVE of three-phase MNC. For three-phase
MNC, we can write the following constitutive relation:

σrf g= Cr½ � εrf g;r=mwcnt, i,p,andnc ð13Þ

In Equation (13), the superscripts mwcnt, i, p, and nc
denote MWCNTs, ZrO2 nanoparticles interphase, epoxy
matrix, and nanocomposite, respectively. For satisfying
iso-field conditions and rules-of-mixture, the perfect
bonding conditions between the MWCNTs and neighbor-
ing phases can be expressed as

σmwcnt
11

σmwcnt
22

εmwcnt
33

σmwcnt
23

σmwcnt
13

σmwcnt
12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

=

σi11
σi22
εi33

σi23

σi13

σI12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

=

σp11
σp22
εp33

σp23

σp13

σp12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

=

σnc11
σnc22
εnc33

σnc23

σnc13

σnc12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

ð14Þ

and

vmwcnt

εmwcnt
11

εmwcnt
22

σmwcnt
33

εmwcnt
23

εmwcnt
13

εmwcnt
12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

+ vi

εi11
εi22
σi33

εi23

εi13

εI12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

+ vp

εp11
εp22
σp33

εp23

εp13

εp12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

=

εnc11
εnc22
σnc33

εnc23

εnc13

εnc12

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;
ð15Þ

In Equation (15), vmwcnt, vi, and vp represent the vol-
ume fractions of MWCNTs, ZrO2 nanoparticles, and
epoxy matrix, respectively, present in the MNC RVE.
Substituting Equation (4) into Equations (14) and (15),
we can obtain the following relations:

σncf g= C1½ � εmwcnt
� �

+ C2½ � εi
� �

+ C3½ � εpf g ð16Þ

εncf g= V1½ � εmwcnt
� �

+ V2½ � εi
� �

+ V3½ � εpf g ð17Þ

C4½ � εmwcnt
� �

− C5½ � εi
� �

=0 ð18Þ

FIGURE 5 Cross-sections of the RVE of three-phase MNC

[Color figure can be viewed at wileyonlinelibrary.com]

RATHI AND KUNDALWAL 7

http://wileyonlinelibrary.com


C5½ � εi
� �

− C6½ � εpf g=0 ð19Þ

The matrices appeared in Equations (16)−(19) are
given below:

C4½ �=

Cmwcnt
11 Cmwcnt

12 Cmwcnt
13 0 0 0

Cmwcnt
12 Cmwcnt

22 Cmwcnt
23 0 0 0

0 0 1 0 0 0

0 0 0 Cmwcnt
44 0 0

0 0 0 0 Cmwcnt
55 0

0 0 0 0 0 Cmwcnt
66

2
666666664

3
777777775
,

C5½ �=

Ci
11 Ci

12 Ci
13 0 0 0

Ci
12 Ci

22 Ci
23 0 0 0

0 0 1 0 0 0

0 0 0 Ci
44 0 0

0 0 0 0 Ci
55 0

0 0 0 0 0 Ci
66

2
666666664

3
777777775
,

C6½ �=

Cp
11 Cp

12 Cp
13 0 0 0

Cp
12 Cp

22 Cp
23 0 0 0

0 0 1 0 0 0

0 0 0 Cp
44 0 0

0 0 0 0 Cp
55 0

0 0 0 0 0 Cp
66

2
666666664

3
777777775
,

V 1½ �=

vmwcnt 0 0 0 0 0

0 vmwcnt 0 0 0 0

0 0 1 0 0 0

0 0 0 vmwcnt 0 0

0 0 0 0 vmwcnt 0

0 0 0 0 0 vmwcnt

2
666666664

3
777777775
, V2½ �=

vi 0 0 0 0 0

0 vi 0 0 0 0

0 0 0 0 0 0

0 0 0 vi 0 0

0 0 0 0 vi 0

0 0 0 0 0 vi

2
666666664

3
777777775

and

C1½ �=

Cmwcnt
11 Cmwcnt

12 Cmwcnt
13 0 0 0

Cmwcnt
12 Cmwcnt

22 Cmwcnt
23 0 0 0

vmwcntCmwcnt
13 vmwcntCmwcnt

23 vmwcntCmwcnt
33 0 0 0

0 0 0 Cmwcnt
44 0 0

0 0 0 0 Cmwcnt
55 0

0 0 0 0 0 Cmwcnt
66

2
666666664

3
777777775
, C2½ �= vi

0 0 0 0 0 0

0 0 0 0 0 0

Ci
13 Ci

23 Ci
33 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

2
666666664

3
777777775
, C3½ �= vp

0 0 0 0 0 0

0 0 0 0 0 0

Cp
13 Cp

23 Cp
33 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

2
666666664

3
777777775
,

TABLE 3 Mode I fracture toughness of samples of neat epoxy

and MNCs

Wt% of MWCNT/
ZrO2 hybrid
nanofillers
in MNCs

Force (N)/
extension
(mm)

Fracture
toughness
(MPa�m1/2)

Neat epoxy 83.550/0.31511 1.27329

0.50 wt%. 106.967/0.36239 1.6225

1.0 wt% 109.967/0.38969 1.6759

2.0 wt% 90.048/0.32973 1.372

FIGURE 6 Schematic diagram of rectangular RVE of MNC

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Force vs extension curves of neat epoxy and MNCs

by using 3-P SENB tests [Color figure can be viewed at

wileyonlinelibrary.com]
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V3½ �=

vp 0 0 0 0 0

0 vp 0 0 0 0

0 0 0 0 0 0

0 0 0 vp 0 0

0 0 0 0 vp 0

0 0 0 0 0 vp

2
666666664

3
777777775

ð20Þ

Using Equations 17 to (19) and expressing the local
strain vectors in terms of the nanocomposite strains, and
then using them in Equation (16), the stiffness matrix of
the three-phase MNC can be obtained as follows:

Cnc½ �= C1½ � V 5½ �−1 + C7½ � V 6½ �−1 ð21Þ

and

C7½ �= C3½ �+ C2½ � C5½ �−1 C6½ �, V4½ �= V 3½ �+ V 2½ � C5½ �−1 C6½ �,

V5½ �= V1½ �+ V4½ � C6½ �−1 C4½ � and V 6½ �= V4½ �+ V1½ � C4½ �−1 C6½ �
ð22Þ

Using two- and three-phase micromechanical models,
the effective elastic coefficients of two- and three-phase
MNCs can be obtained, respectively. With the help of
these effective elastic coefficients, we developed the FE
model and performed numerical 3-P single edge notch
bending test using the ANSYS software.

3.2 | FE modeling

In this section, FE models were developed using commer-
cially available software ANSYS 16.0. to develop numerical
models validating the effective elastic properties of MNCs
predicted by MOM approach. As mentioned in the previous
section, MNC was treated as a homogenous transversely
isotropic material. Therefore, FE models of RVE of homoge-
nous transversely isotropic MNCs were developed for evalu-
ating the five independent elastic coefficients (C11, C12, C23,
C33, and C44) of two- and three-phases MNCs. First, the FE
models were developed for two-phase MNCs in which
MWCNT was considered as a fiber and the epoxy was used
as a matrix. Then, solid interphase of ZrO2 nanoparticles
was incorporated between a MWCNT and the matrix to
develop the three-phase FE model. Using the elastic proper-
ties of MWCNTs, ZrO2 interphase, and epoxy matrix, FE
models of RVE (with its axis of transverse isotropy being
aligned with the three-axis shown in Figure 6) of MNCs
were developed to estimate the effective elastic coefficients.
Based on the principal material coordinate system (1-2-3),

an appropriate boundary conditions were applied on the
corresponding surface of RVE.

The dimensions of RVE for FE model are represented
by l, a, and b as length, width and height, respectively.

The relationship between the average stresses �σmnc
ij

n o
,

the effective elastic coefficients Cmnc
ij

h i
, and the average

strains �εmnc
ij

n o
can be expressed as:

�σmnc
11

�σmnc
22

�σmnc
33

�σmnc
23

�σmnc
13

�σmnc
12

8>>>>>>>>>>><
>>>>>>>>>>>:

9>>>>>>>>>>>=
>>>>>>>>>>>;

=

Cmnc
11 Cmnc

12 Cmnc
13 0 0 0

Cmnc
12 Cmnc

22 Cmnc
23 0 0 0

Cmnc
13 Cmnc

23 Cmnc
33 0 0 0

0 0 0 Cmnc
44 0 0

0 0 0 0 Cmnc
55 0

0 0 0 0 0 Cmnc
66

2
666666664

3
777777775

�ɛmnc
11

�ɛmnc
22

�ɛmnc
33

�ɛmnc
23

�ɛmnc
13

�ɛmnc
12

8>>>>>>>>>>><
>>>>>>>>>>>:

9>>>>>>>>>>>=
>>>>>>>>>>>;
ð23Þ

The average stresses �σmnc
ij

n o
and the average strains

�εmnc
ij

n o
under the application of stress or strain field on

the RVE of MNC are defined as:

�σmnc
ij

n o
=

1
V

ð
σmncf gdV , �εmnc

ij

n o
=

1
V

ð
εmncf gdV ð24Þ

where V is the volume of MNC RVE and stress/strain with
an overbar represents the average quantity. While per-
forming FE simulations, we used MWCNT, ZrO2

nanoparticles, and epoxy as a fiber, interphase and matrix,
respectively, with assigned elastic properties. FE models of
nanocomposite provide its homogenized and effective
mechanical response on the application of loadings. There-
fore, the combined effect of MWCNTs with ZrO2

nanoparticles has been accounted in the resulting
nanocomposite in terms of their elastic properties. The elastic
stiffness matrix (Equation (23)) shows that the particular
elastic constant of MNC at a point in its RVE can be esti-
mated by any of three normal stresses and strains. Thus,
three such elastic constants at a point may be calculated with
only one FE simulation. Hence, to estimate the effective elas-
tic constants, appropriate loading and boundary conditions
are required to impose on the faces of RVE ofMNCs.[40]

4 | RESULTS AND DISCUSSIONS

In this section, we determined the mode I fracture tough-
ness of MNCs by performing 3-P SENB test, and the frac-
ture mechanisms of broken samples were investigated via
FESEM. Further, the estimated values of effective elastic
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properties of two- and three-phase MNCs were deter-
mined by using MOM and FE approaches. The effect of
ZrO2 nanoparticles as an interphase on the effective elas-
tic properties of MNCs was also examined. The estimated
effective elastic properties by MOM model were used for
numerical simulations of mode I fracture toughness test.
Finally, the results of fracture toughness of MNCs were
obtained by performing 3-P SENB test using both experi-
mental and numerical techniques and validated with
each other.

4.1 | Fracture toughness

In the first, 3-P SENB tests on samples of neat epoxy as
well as MNCs (with 0.5 wt%, 1 wt%, and 2 wt% of
MWCNTs) were carried out and their fracture mecha-
nisms were studied. The typical force vs extension curves
of mode 1 fracture toughness test of specimens of neat
epoxy and MNCs are shown in Figure 7 which reveal the
linearly elastic and brittle behavior of fracture of speci-
mens. It is noted that the force-extension curves are lin-
ear and met the requirement of ASTM D5045-99
standard. As expected, the neat epoxy specimen was frac-
tured at a very small deflection when the load was
applied using universal testing machine at a constant
speed of 10 mm/min. This is primarily due to the less
resistance offered by the epoxy during the crack propaga-
tion and fracture. However, when we increase the load-
ing contents of MWCNT/ZrO2 hybrid nanofillers up to
1 wt%, the MNC specimens show linear enhancement in
the elastic response, which is highest at 1 wt% of
nanofillers contents. Further increase in loading of
nanofillers, instead of showing higher elastic response,
the MNC specimens break at low deformation value dur-
ing the fracture tests. By adding more MWCNT contents,
the viscosity of adhesive mixture increases which makes
the degassing process difficult. Thus, voids were created
inside the MNC sample due to which its elastic response
was affected resulting in lowering the mechanical proper-
ties. The experimental fracture test results as a function
of MWCNT/ZrO2 hybrid nanofillers loading in MNCs are
listed in Table 3.

The fracture toughness of neat epoxy specimens pre-
pared by UDM process was found to be around
1.273 MPa�m1/2. Further, with an increase in loading con-
tents of nanofillers from 0.5 to 1.0 wt%, the fracture
toughness of MNCs was remarkably increased from
27.4% to 31.6%, respectively, as compared to the neat
epoxy as shown in Figure 8. The improvement in fracture
toughness properties of MNCs is due to the homogenous
dispersion and good interfacial interaction of MWCNT/
ZrO2 hybrid nanofillers with the surrounding epoxy

matrix which enhanced the load-bearing capacity of
MNC samples by resisting the propagation of cracks dur-
ing their fracture. Further increase in the loading of
MWCNT/ZrO2 hybrid nanofillers in MNC up to 2 wt%
resulted in the decrease in its fracture toughness. This is
attributed to the higher loading contents of MWCNTs
which agglomerate together by nonbonded van der Waals
force of attraction between them and forms their clusters.
It is also revealed that during the application of force, the
fracture is inferred along all the direction of initial crack
and the existing experimental studies also demonstrated
the similar trend of results.[41] Thus, the plastic deforma-
tion and crack bowing are two main high energy dissipa-
tion mechanisms which are responsible for improving
the fracture toughness of MNC specimens having 1.0 wt
% hybrid nanofillers.[42] The schematic sketches showing
the toughening and strengthening mechanisms inside the
MNC are shown in Figure 9. For neat epoxy (Figure 9A),
there is a very less resistance for crack propagation,
therefore, the fracture toughness is lower. But when we
introduced the ZrO2 nanoparticles as shown in
Figure 9B, due to the crack pinning and deformation,
they deflect the direction of crack propagation in
nanocomposite; thus, higher driving force is required for
fracture. In Figure 9C, the incorporation of MWCNTs in
the epoxy matrix results in the increase in the fracture
toughness of nanocomposite due to the crack bridging
and pull out mechanisms. Whereas, the functionalization
of MWCNTs by ZrO2 nanoparticles enhanced the disper-
sion of resulting hybrid nanofillers in the MNC and pro-
vide their strong interfacial bonding with the
surrounding epoxy matrix. Therefore, a high resistance is
offered for a crack propagation in the MNC, and due to
the crack bridging and pinning mechanism, a very large
amount of driving force is required that can rupture the
MWCNTs (Figure 9D). Thus, the assistance of MWCNTs
by ZrO2 nanoparticles exhibits higher fracture toughness
of MNCs.[43]

4.2 | FESEM and TEM analysis

To understand the mode I fracture mechanisms of the
broken samples, the TEM and FESEM images of
MWCNT/ZrO2 hybrid nanofillers and fracture surfaces of
neat epoxy/MNCs, respectively, are shown in Figure 10.
The TEM image of MWCNT decorated by ZrO2

nanoparticles is shown in Figure 10A. It can be clearly
observed that the ZrO2 nanoparticles are strongly bonded
with the radial surface of MWCNT via intrinsic interac-
tions and produced a new MWCNT/ZrO2 hybrid
nanofiller. The TEM image shows that the diameter of a
MWCNT is nearly 20 to 30 nm but its length difficult to
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calculate because the endpoints of a MWCNT are not
observable in TEM image. In Figure 10B, it is undoubt-
edly displayed that the fracture surface of neat epoxy
shows a very smooth and clear pattern indicating the
brittle behavior of neat epoxy without showing any resis-
tance for crack initiation. However, with the addition of
small amount of nanofillers (0.5 wt%) in the epoxy
matrix, the fracture surface becomes rough as shown in
Figure 10C and at higher magnification (Figure 10D),
fracture surface shows numerous circuitous, deep cracks
and distribution of MWCNTs segment (marked by red
dotted circle). This evidently shows that the generated
circular holes on the fracture surfaces are mainly due to
the pulling of MWCNTs during the fracture test. This
may be due to the poor interfacial interaction between
MWCNTs and epoxy matrix, which makes it easier for
MWCNTs to come out from the epoxy matrix.

At 1.0 wt% loading of MWCNT/ZrO2 hybrid
nanofillers, the FESEM images of fracture surfaces show

some shallow cleavages and dendriform crack with high
roughness as shown in Figure 10E. The FESEM images
show clear dispersion of MWCNTs in epoxy matrix with-
out the formation of cluster of MWCNTs. Generally, it is
considered that, higher fracture toughness means more
energy required during fracture. Further, at higher load-
ing of nanofillers (2.0 wt%), the morphology of fracture
surface (Figure 10F) shows agglomeration of MWCNTs
which forms clusters in the epoxy matrix. Due to small
cluster of MWCNTs, some defects are created, which ini-
tiate crack propagation and reduce the fracture toughness
of MNCs.[44] However, it is noteworthy that at low load-
ing of nanofillers (ie, 0.5 and 1 wt%), the MWCNTs are
homogeneously dispersed in the epoxy matrix as shown
in Figure 10D,E. This is attributed to the fact that ZrO2

nanoparticles on the radial surfaces of MWCNTs act as a
spacer and enhance the dispersion quality of the resulting
hybrid nanofillers in the matrix by reducing the non-
bonded van der Waals force of attractions between the
adjacent MWCNTs. The ZrO2 assisted MWCNTs in the
epoxy matrix also obstruct the crack propagation of
MNCs and deflect the direction of propagating crack
front. Thus, the higher driving force is required which
leads to higher fracture toughness.

4.3 | Effective elastic properties of MNCs

In this section, the effective elastic properties of MNCs
were obtained using MOM and FE models. The elastic
modulus “E” and Poisson's ratio “ν” of MWCNTs, ZrO2

nanoparticles and epoxy matrix were taken from the lit-
erature, as summarized in Table 4.

The effective elastic coefficients of two- and three-
phase MNCs were determined by MOM and FE models
are shown in Figures 11–15 and the effect of ZrO2 inter-
phase on the elastic properties of MNCs is demonstrated
in Figure 16. The volume fractions of MWCNTs and ZrO2

interphase for modelling were calculated using the

FIGURE 8 Variation in fracture toughness of MNCs with

respect to nanofiller contents [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Schematic diagram showing the toughening and strengthening mechanisms of nanocomposites [Color figure can be viewed

at wileyonlinelibrary.com]
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weight percentage of MWCNTs and ZrO2 nanoparticles
obtained in our experimental work as discussed in
Section 2. Note that the volume fraction of MWCNTs var-
ies from 0.001 to 0.007, which is twice that of volume
fraction of ZrO2 nanoparticles. Axis of symmetry of two-
and there-phase MNCs is aligned with the three-axis,
therefore, only five independent effective elastic con-
stants (C11, C12, C13, C33, and C44) need to be determined.

Figure 11 illustrates the variation of the effective elas-
tic constant C11 of MNCs with respect to the CNT volume
fraction (Vf). It may be observed that the values of C11

predicted by two- and three-phase MOM models are

overestimated compared to that of predictions by respec-
tive FE models, and the effect of ZrO2 interphase on the
elastic properties increases with the value of Vf over the
entire range. The similar trends are obtained for C12 as
shown in Figure 12. The predictions of MOM and FE
models are well agreed at lower CNT volume fractions
since the transverse properties of composites are mainly
the function of matrix material. As expected, the estima-
tions by both the models differ significantly as the CNT
volume fraction increases. The values of C22 of MNCs are
found to be same to that of C11 since the axis of symmetry
is aligned along the three-axis.

FIGURE 10 A, TEM image of MWCNT/ZrO2 hybrid nanofiller; FESEM images of mode I fracture toughness of (B) neat epoxy, (C,D)

0.5 wt% of nanofillers, (E) 1 wt% of nanofillers, and (F) 2 wt% of nanofillers of MNCs [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 13 illustrates the variation of effective elastic
constant C13 of MNCs with respect to Vf. The MOM
model underestimates the values of C13 as compared to
the numerical model and this clearly indicate that the
Poisson's effect is modelled correctly by the FE model.
Such Poisson's effect occurs due to the extension-
extension coupling between the normal strain (ε11) and
normal stress (σ13) on the application of load along the
three-axis (ie, axis of symmetry). The predictions of C13

of MNCs are same as that of C23 due to the alignment of
the axis of symmetry along the three-axis.

Figure 14 illustrates the variation of the effective elas-
tic constant C33 of MNCs with respect to Vf. It can be
observed that the values of C33 increase almost linearly
with the CNT volume fraction irrespective of the consid-
eration of an interphase, that is, ZrO2 interphase. The
addition of ZrO2 interphase between MWCNTs and the
epoxy matrix enhanced the magnitude of C33 over the
entire range of CNT volume fraction. The ZrO2 inter-
phase improves the interfacial bonding between
MWCNTs and the surrounding epoxy matrix by reducing
van der Waals force of attraction among MWCNTs. The
estimated value of C33 by MOM and FE models shows
almost 100% agreement which proves the validity of
modeling of the MOM model. Note that the value of C33

was predicted by using the iso-strain condition along the
CNT direction and hence, these predictions follow the
Voigt-upper bound.

Figure 15 shows the effective elastic coefficient
(C44) of MNCs with respect to Vf. Once again, the
MOM model underestimates the values of C44 over that
of FE predictions. Results demonstrate that as the vol-
ume fraction of CNT increases, the effect of ZrO2 inter-
phase also increases. Therefore, it is noteworthy from
Figures 11–15 that the incorporation of ZrO2 inter-
phase in the nanocomposites significantly improves
their effective elastic properties. The comparison of
effective elastic constant (C33) of two- and three-phase
MNCs is shown in Figure 16 which reveals that the
incorporation of ZrO2 interphase slightly improves the
axial elastic properties of MNCs. It is well known fact
that the fiber properties play dominant role in case of
prediction of axial properties of composites and there-
fore, the effect of incorporation of interphase in MNC
is found to be insignificant.

4.4 | 3-P SENB test: Modeling and
validation

In this section, the numerical results predicted by FE
model are analyzed and compared with the experimental
data. FE simulations can be carried out in order to vali-
date the experimental results obtained by fracture tough-
ness test of V-notched fracture specimens of MNCs.
Therefore, the specimen's geometry and the loading as
well as boundary conditions were chosen similar to that
of the actual experimental test. Also, the geometric and
material properties used in the FE simulations are similar
to that of the analytical model. Figure 17 shows the FE
models of the MNC systems demonstrating FE mesh
structure and deformation while performing 3-P SENB
test. The typical force vs extension results are shown in
Figure 18 illustrating the linear elastic response of MNCs
which indicate that at a very low value of Vf (0.002 Vf),
the fracture of MNC specimen shows higher extension
curve. However, with increase in the value of Vf from
0.002 to 0.008 and the application of same force (120 N),
the MNC specimen fractures at lower values 0.454533 to
0.4277 mm, respectively, with ~ 6.27% decrement. The
reduction in extension curve by keeping all other param-
eters same, the value of Vf is mainly responsible for the
formation of local agglomeration of MWCNTs in the

TABLE 4 Elastic properties of the constituent phases of MNCs

Materials References Elastic modulus (GPa) Poisson's ratio

Epoxy resin [45] 3.5 0.33

MWCNTs [46] 1050 0.3125

ZrO2 nanoparticles [47] 200 0.28

FIGURE 11 Variation of effective elastic coefficient (C11) of

MNCs with respect to MWCNT volume fraction (Vf) [Color figure

can be viewed at wileyonlinelibrary.com]
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epoxy matrix. The mechanism behind this is the availability
of high SSA of MWCNTs and strong van der Waals force of
attraction between them that cause to form agglomerates of
MWCNTs, which eventually reduces the mobility of polymer
chains and show brittle nature. As the amount of CNT vol-
ume fraction increases the discrepancy between theoretical
predictions and experimental results increases but the trends
of themechanical properties remain the same. This is because
of the fact that at very high amount of nanofiller loading, it is
very difficult to achieve their uniform dispersion in thematrix
and the level of nanofiller agglomerations increases.[48]

The loading of 1 wt% of nanofillers (Vf = 0.004) was
chosen to validate the estimations of fracture toughness
by experimental tests with the numerical results since the
maximum value of fracture toughness was obtained with
the same CNT volume fraction. The force vs extension
curves of both experimental and numerical results at

FIGURE 12 Variation of effective elastic coefficient (C12) of

MNCs with respect to MWCNT volume fraction (Vf) [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 13 Variation of effective elastic coefficient (C13) of

MNCs with respect to MWCNT volume fraction (Vf) [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 14 Variation of effective elastic coefficient (C33) of

MNCs with respect to MWCNT volume fraction (Vf) [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 15 Variation of effective elastic coefficient (C44) of

MNCs with respect to MWCNTs volume fraction (Vf) [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 16 Effect of ZrO2 interphase on effective elastic

coefficient (C33) of MNCs with respect to MWCNTs volume fraction

[Color figure can be viewed at wileyonlinelibrary.com]
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1 wt% nanofiller loading is shown in Figure 19. The
obtained numerical results show slightly higher exten-
sion (~6%) as compared to the experimental results
when the applied load is 110 N. This variation is due to
the fact that the numerical model assumes homoge-
nous dispersion of CNTs as well as perfect bonding
between different constituents of MNCs, that is very
difficult to achieve in experiments. However, an intrin-
sic interaction of MWCNTs and ZrO2 nanoparticles via
UDM process reduces the van der Waals force of inter-
action between the CNTs and enhanced the dispersion
and interfacial interaction of MWCNTs with epoxy
matrix, which leads to the improvement in perfor-
mance of MNCs. Nevertheless, it is noteworthy that
one can enhance the dispersion and interfacial interac-
tion of nanofillers with the surrounding polymer
matrix through functionalization of nanofillers and
variation in process parameters.

5 | CONCLUSIONS

The current study reports the (a) use of a novel UDM
technique to modify surfaces of MWCNTs by ZrO2

nanoparticles which not only improves the dispersion
quality of MWCNTs, but also enhances their interaction
with the surrounding epoxy matrix and (b) mechanical
and fracture properties of MNCs using both the experi-
mental and numerical approaches. Two- and three-phase
analytical and numerical models were developed to pre-
dict the mechanical properties of MNCs. In case of three-
phase MNC, incorporation of ZrO2 nanoparticles was
considered as an interphase between a MWCNT and the
matrix. First, the effect of MWCNT/ZrO2 hybrid
nanofillers on the mode I fracture toughness and
mechanical properties of MNCs was studied via experi-
mental and numerical investigations. The fracture

FIGURE 17 FE models of

MNCs subjected to 3-P SENB

tests [Color figure can be viewed

at wileyonlinelibrary.com]

FIGURE 18 Force vs extension curve of MNCs with varying

volume fraction of MWCNTs [Color figure can be viewed at

wileyonlinelibrary.com]
FIGURE 19 Force vs extension curves of experimental and

numerical results at 1 wt% loading of nanofiller [Color figure can

be viewed at wileyonlinelibrary.com]
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toughness of neat epoxy and MNCs with different load-
ings of MWCNT/ZrO2 hybrid nanofillers (0.5 wt%, 1 wt%,
and 2 wt% of MWCNTs) was studied by performing 3-P
SENB test. The fracture surfaces of different specimens
with varying nanofillers wt% were studied using FESEM.
The maximum mode I fracture toughness was obtained
in MNCs containing 0.1 wt% of MWCNT/ZrO2 hybrid
nanofillers. The incorporation of ZrO2 interphase
improves the transverse elastic properties of MNCs and
the effect of incorporation of interphase is found to be
insignificant on the axial elastic properties. The maxi-
mum discrepancy between the numerical results and
experimental results is 6.39% at 1 wt% loading of
nanofillers. Overall, the experimental results show good
agreement with the numerical results.
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