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Abstract
This study aims to explore the improvement in the mechanical characterization of epoxy resin (EPR)
based hybrid nanocomposite, reinforced with multi-wall carbon nanotube (MWCNT), zirconium dioxide
(ZrO2), and yttrium oxide (Y2O3) nanoparticles (NPs). The intercalation behavior of the �llers in the
composites was studied by monitoring the change of X-ray diffraction (XRD) patterns. The effect of
different components on tensile properties of �lled EPR PNCs was investigated. Results show that there
was a remarkable improvement in the mechanical properties of hybrid nanocomposites at small loading
levels of MWCNT. The addition of MWCNT at 0.1 has increased the composite Young’s modulus, 28.38%
in comparison with pure EPR. The reduction of elongation at break for EPR upon incorporating MWCNT is
due to the high agglomerates of MWCNT in the PNCs. The low-weight fraction of CNTs (0.1 wt.%) was
found to be effective in enhancing the toughness by 18.13% in comparison to pure EPR. Furthermore, the
optimized hybrid EPR reinforced MWCNT shows a higher Young’s modulus value of 2492.06 MPa upon
loading 1 wt.% NPs. The reduction of the tensile strength of the EPR PNCs is due to NPs agglomeration.
The present study illustrates that the mechanical and structural properties of bulk EPR can be tailored by
incorporating a very low nano-�llers concentration.

1. Introduction
Polymer nanocomposites (PNCs) have drawn intense attention from scientists working in various
disciplines due to signi�cant improvement in the performance of the composites because of the
structure, surface area, and side effects of nanoparticles (NPs) [1, 2]. Carbon nanotubes (CNTs) are
commonly employed as reinforcements in polymeric matrices to form PNCs due to an exceptionally high
aspect ratio and low density, as well as high strength and stiffness. [3, 4]. CNTs are an allotrope of carbon
that can be classi�ed depending on the number of graphene walls in their structure into single walled
(SW-), double walled (DW-), and multi walled (MW-) CNTs [5]. It has been well reported that the low
loading of CNTs improves the PNCs strength by as much as 25% [6]. The dispersion quality of the CNTs
and the interfacial adhesion between the polymer host and the CNTs are the two most important aspects
of optimizing the reinforcing effects of CNTs in PNCs [7–9]. Because of their high aspect ratio and strong
van der Waals attraction, CNTs typically form agglomerates, resulting in inhomogeneous dispersion in
polymer matrices [10]. Pras et al. [11], reported that the CNT dispersion state has an outstanding effect on
the CNT releasing potential in the PNCs, the mechanical properties were enhanced when the carbon
nanotubes are well dispersed. The improvements in the properties of homogeneously dispersed CNTs in
PNCs come from interactions at the molecular scale between CNTs and host polymer chains, in�uencing
the physical and material properties of the host matrix [12].

PNCs, on the other hand, have superior mechanical and physical properties over the host pure resin
partially due to the large interfacial area between NPs and resin, which produced some unexpected
properties not found in conventional polymer composites. [13]. Generally, there are three basic
mechanisms of interfacial load transfer between the host matrix and the reinforcement phase, which are
micro-mechanical interlocking, strong chemical bonding, and weak van der Waals bonding [14, 15].
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Epoxy resin (EPR) is the most popular thermosetting material, having epoxide groups on its molecules
[16]. EPR nanocomposites are widely used in many sectors such as electronics, civil, marine, and
aerospace industries, because of their low cost, super adhesiveness, lightweight, excellent corrosion
resistance, and minimum shrinkage during curing [17, 18]. Numerous studies have been conducted to
explore the mechanical toughness of EPR composites [19–21]. Inorganic additives, such as silica (SiO2)
and alumina (Al2O3) have been used to enhance the toughness of EPR without sacri�cing their basic
properties, but the presence of high loading inorganic particles increases the apparent viscosity of the
matrix, resulting in poor dispersion and processing di�culties [22, 23]. Saravanan et al. [24], reported that
the alumina particles in hybrid EPR PNCs act as ‘chariot’ for the CNTs to homogenous dispersion and
improve the host matrix synergetic properties. In this study, the mechanical properties of EPR based
hybrid nanocomposite reinforced with low concentrations of MWCNT, zirconium dioxide (ZrO2), and
yttrium oxide (Y2O3) NPs have been investigated. This research aims to obtain the optimal composition
of hybrid PNCs with a maximum level of mechanical properties, to be applicable in diverse applications.
To ensure the high disperse of NPs within the epoxy matrix, high-power sonication was used.

2. Experimental Details
Commercial epoxy resin (EPR) (Quick-mast 105) produced by Don Construction Products was used as a
host matrix, and Polyoxypropylenediamine provided by the same company was used as the hardener or
curing agent. Multi-wall carbon nanotube (MWCNT) with purity > 99 wt.%, outer diameter 13–18 nm, and
length 3–30 µm, is purchased from Cheap Tubes Inc. The high purity zirconium dioxide (ZrO2), and
yttrium oxide (Y2O3) NPs both with a particle size of 50 nm were purchased from Merck Company. All the
additives were used as reinforcement for hybrid PNCs.

Different EPR PNCs were prepared by incorporating MWCNT with concentrations of 0.1 and 0.2 wt.%, and
a mixture of ZrO2/Y2O3 NPs with concentrations of 0.25, 0.50, 0.75, 1.0, 1.25, and 1.5 wt.%. The high
shear-mixing and ultrasonic methods were used to achieve high homogeneous dispersion of NPs
throughout EPR. This process caused a reduction in EPR viscosity and NPs aggregate size. Air bubbles
were eliminated by placing the PNC samples in a vacuum for 45 minutes, followed by adding a �xed
amount of hardener in the volume ratio of 1:3 and stirring the mixture for 2 min. The obtained viscous
homogeneous solution was then slowly cast into the appropriate molds according to ASTM standards to
get the desired shape for mechanical testing. After consolidation at room temperature for 24 hours, the
samples were cured in the oven at 70°C for 4 hours to remove the moisture contents and to reduce the
residual stresses formed through the hardening process. The cross-linked structures formed during the
curing process. The schematic diagram of the preparation stages of the EPR nanocomposites is
elucidated in Fig. 1. The dimensions of dog-bone and rectangular specimens of pure EPR and that of the
PNCs are illustrated in Fig. 2.

The tensile test and three-point bending test were conducted to characterize the mechanical properties of
the prepared nanocomposites. The bending and tensile tests were conducted according to ASTM D790
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and ASTM D638-02a, respectively, on a Testometric universal testing machine with a 100 kN maximum
load. The loading rate for the tensile test was 10 mm/min, while for the bending test the load was applied
at a rate of 5.3 mm/min perpendicular to the sample. The span between two supports in a three-point-
bending �xture was 80 mm as shown in Fig. 2-a. WinTest analysis universal testing software was utilized
to control testing. A minimum of �ve samples were tested for each PNC and the average values were
reported. It should be noted that the toughness value of each specimen was calculated using numerical
integration based on the trapezoid method.

The change in the structural properties of EPR upon incorporating different �llers was studied using X-ray
diffraction (XRD) with X’pert PRO PANalytical diffractometer equipped with a Cu-Ka radiation (λ = 1.5406
Å) operated at 45 kV and 40 mA. The scanning speed and step sizes were 1°/min and 0.1°, respectively.
The diffraction patterns were collected over generated angles between 5° and 75°.

3. Results And Discussion

3.1 MWCNT reinforced EPR
The tensile tests were conducted to determine the tensile strength, modulus of elasticity, and toughness
of the system. The tensile stress-strain curves for pure EPR and EPR reinforced MWCNT is presented in
Fig. 3. We can note the increase in the stress of PNCs upon incorporating MWCNT concentrations,
whereas the strain is reduced for both components. The stress-strain curves of the PNCs specimen
incorporated 0.2 wt.% MWCNT reveal rather brittle compared to other specimens, which could be due to
agglomerations of the MWCNTs due to the van der Waals attraction between adjacent nanotubes. The
agglomerations and entangle of CNTs in different PNCs have been reported by many researchers [25, 26].
Wang et al. [27] reported that the aggregation of CNTs has a negative effect on the synchronous
enhancement of the PNCs. The tensile stress-strain curve was used to derive some of the most important
mechanical properties such as ultimate tensile strength, elongation at break, Young’s modulus, and
toughness of the present system.

The average ultimate tensile strength and the elongation at break for pure EPR and its PNCs reinforced
with MWCNT were shown in Fig. 4. The values plotted are the average of at least �ve specimens tested,
and the error bars show the standard deviation error for each PNC. The ultimate strength of EPR was
increased upon incorporating MWCNT. The maximum tensile strength was observed to be 48.87 MPa for
the EPR/0.1 MWCNT sample, increasing around 23% in comparison to pure EPR (39.73 MPa), which may
be attributed to the interlocking mechanism between MWCNTs and EPR matrix [28]. The further increase
in the MWCNT contents leads to a reduction in the tensile strength of PNCs due to the possibility of
MWCNT agglomerations in the matrix. On the other hand, the elongation at break of EPR decreased
gradually with increasing MWCNT contents, leading to a decrease in the toughness of the matrix. Zakaria
et al. [29], also found that adding both graphene nanoparticles (GNP) and MWCNT to EPR made it more
brittle, resulting in a reduction in the elongation at break.
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Figure 5 displays the variation of Young’s modulus, and toughness (area under the stress-strain curve) of
EPR PNCs reinforced with MWCNTs. Young’s modulus of EPR increases with increasing MWCNT
contents. These increases are 28.38% and 19.08% upon the addition of 0.1 and 0.2 wt.% of MWCNT in
the resin, respectively. A strong interaction between the nano-�llers and the polymer matrix even at low
�ller loading conditions may be responsible for this improvement in tensile properties. Salah et al. [30]
also reported an increase in Young's modulus and a decrease in elongation at break for polycarbonate
reinforced with low-weight fractions of CNTs.

The higher average toughness was achieved for the EPR/0.1 MWCNT sample, by increasing around
18.13% in comparison to pure EPR. This improvement is explained due to the good dispersion of MWCNT
in the composite at this loading, which provides an effective load transfer from the EPR matrix to
MWCNT [29]. The reduction of the toughness of the EPR/0.2 MWCNT sample is most likely owing to a
decrease in the elongation at break as a result of the agglomerations of MWCNTs as depicted in Fig. 4.
The aggregations and agglomerations of MWCNT limit the load transfer from the matrix to the additives.

The effect of adding MWCNT on the bending strength at a peak, bending strain at a break, and bending
modulus were also studied using the 3-point bending test. Table 1 tabulated all these parameters for pure
EPR and its PNCs reinforced with different concentrations of MWCNT. It was found that the addition of
0.1 wt.% MWCNT signi�cantly improves the bending strength and bending modulus compared to pure
EPR.

Table 1
Bending strength at a peak, bending strain at a break, and bending modulus for pure EPR and its PNCs

reinforced with MWCNT.
MWCNT
wt.%

Bending strength at a peak
(MPa)

Bending strain at a break
(mm)

Bending modulus
(MPa)

0 81.91 ± 1.28 17.83 ± 1.23 2716.87 ± 59.07

0.1 95.29 ± 1.91 15.57 ± 2.13 3128.86 ± 60.93

0.2 94.92 ± 0.87 12.14 ± 3.20 3055.40 ± 47.54

The reduction in bending strain at break of the reinforced EPR was also observed in the previously
published studies for different �llers incorporated in the EPR matrix. Rostam et al. [31] studied the
bending properties of EPR incorporated with different content of CaTiO3 NPs. They also reported a
reduction in the de�ection at peak and an increase in the �exural strength at a peak. The further
increasing the MWCNT content caused a reduction in bending properties, which is probably due to the
agglomerate formation [32].

X-ray diffraction (XRD) analysis was performed to determine the structural characteristics of EPR
reinforced MWCNT. The XRD patterns for pure EPR and its PNCs reinforced with MWCNT are shown in
Fig. 6. The presence of two broad diffraction peaks at around 20° and 43° indicates that the cured EPR
matrix is amorphous in nature. The XRD patterns for PNCs reinforced with MWCNT exhibit the
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broadening in the characteristic peaks of EPR and a decrease in their intensity indicating the intercalation
of MWCNT between EPR matrix, which signi�cantly in�uences the mechanical properties of the matrix
[33]. The XRD pattern for EPR reinforced 0.1 wt.% MWCNT exhibits moderate interactions between the
MWCNTs and EPR matrix, as a consequence of the reduction in the XRD peaks intensity, thus the addition
of 0.1 wt.% of MWCNT to EPR provides the mechanism for stress transfer at the interface between
MWCNTs and EPR that is manifest in the large increases in the mechanical properties of this compound.
McClory et al. [34], also demonstrated that the addition of just 0.1 wt.% MWCNTs in polyurethane resulted
in signi�cantly enhanced stiffness, strength, and toughness of the matrix due to strong interfacial shear
stress between MWCNTs and polyurethane chains.

3.2 Hybrid EPR PNCs
In order to investigate the in�uence of ZrO2 and Y2O3 NPs contents as well as MWCNTs on the tensile
strength, a series of specimens with the same processing condition but different NPs weight percent were
prepared and tested. The typical stress-strain curves under tensile loading for all hybrid EPR PNC systems
are shown in Fig. 7. We can see that the tensile strength increases signi�cantly with the increasing
amounts of NPs contents for hybrid PNCs in comparison to pure EPR.

Figure 8 depicted the graphical representation of the effect of NPs contents on the ultimate strength,
elongation at break, and Young’s modulus for all hybrid EPR PNCs. The ultimate tensile strength of EPR
PNCs and its MWCNT hybridization for all compositions show a considerable improvement compared to
the neat EPR. It is observed that EPR incorporated 1 wt.% NPs in the presence of 0.1 CNT exhibit higher
ultimate tensile strength with a value of 48.92 MP, which is 23.12% higher than that of neat EPR.

The elongation at break of hybrid EPR PNCs with different NPs loadings is shown in Fig. 8-c. It is clearly
seen that the values of elongation at break for all composites decreased with NPs loading. Indicating that
the hybrid EPR PNCs become more brittle in comparison to neat EPR. On the other hand, it is interesting
to note that the hybrid EPR PNCs exhibit improved tensile Young’s modulus for all compositions. The EPR
incorporated 0.75 ZrO2 and 0.75 Y2O3 has a 35.14% higher Young’s modulus compared to pure EPE
which is 1819.87 MPa. Whereas the hybrid EPR/0.1 MWCNT/1 wt.% NPs show an improved tensile
modulus of 33.66% higher than the pure EPR. The improvement in the tensile modulus is due to the
homogeneous dispersion of NPs at that concentration and the stress transfer of MWCNTs. However, the
further addition of NPs reduces the tensile strength and tensile modulus for all hybrid PNCs. Many
researchers have reported this phenomenon, due to the agglomeration of �llers in the host polymer matrix
due to di�culties in the dispersion of higher �ller loading [24]. Uddin and Sun [35] investigated the
mechanical properties of hybrid silica/alumina/carbon nano�bers (CNF)/epoxy composites. They
concluded that the particle dispersion in the resin is the dominant factor in deciding the amount of
enhancement in the mechanical properties of the system.

The toughness of the hybrid EPR PNCs is derived from the stress-strain curves and the results were
presented in Fig. 9. It is interesting to note that hybrid systems EPR + ZrO2 + Y2O3 and EPR + 0.1CNT + 
ZrO2 + Y2O3 exhibit maximum toughness when loaded, respectively, with 0.5 and 1 wt.% NPs. The highest
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value for tensile toughness of 161.85⋅104 J.m− 3 was achieved for EPR + ZrO2 + Y2O3 nanocomposites,
which may be due to the homogeneous stress distribution between the host EPR matrix and �llers. On the
other hand, failure occurred for some weight fractions of the hybrid EPR PNCs that were unable to
transfer the stress during loading due to agglomeration of �llers as reported by many researchers [36, 37].

The bending properties for hybrid EPR/0.1 MWCNT/ZrO2/Y2O3 PNCs with different NPs contents are
presented in Table 2. It is evident that the highest bending strength at a peak, bending strain at a break,
and bending modulus was achieved by incorporating 0.5 wt.% NPs. The highest bending strength of the
hybrid EPR/0.1 MWCNT/ZrO2/Y2O3 PNCs was 91.02 MPa, which presented an enhancement of up to
11% compared to pure EPR. Meanwhile, the increment in bending strain at a break was 19.74% compared
to the pure EPR.

Table 2
Bending strength at a peak, bending strain at a break, and bending modulus for hybrid EPR/0.1

MWCNT/ZrO2/Y2O3 PNCs with different NPs contents.

NPs
wt.%

Bending strength at a peak
(MPa)

Bending strain at a break
(mm)

Bending modulus
(MPa)

0.00 95.29 ± 1.91 15.57 ± 1.59 3128.86 ± 60.93

0.25 87.54 ± 0.47 17.13 ± 0.36 2604.38 ± 9.27

0.50 91.02 ± 1.55 21.36 ± 0.50 2835.85 ± 19.00

0.75 82.76 ± 1.47 16.35 ± 0.99 2496.82 ± 61.34

1.00 82.23 ± 2.89 16.05 ± 0.32 2438.80 ± 75.25

1.25 79.78 ± 0.17 20.46 ± 0.66 2492.07 ± 9.54

1.50 84.04 ± 1.47 19.56 ± 0.30 2766.01 ± 37.50

Figure 10 depicted the XRD patterns for hybrid EPR PNCs with different concentrations of NPs (ZrO2 and
Y2O3). The NPs addition caused a broadening and decrease in the intensity of the EPR characterization
peaks indicating intercalation of NPs in the resin [33]. Moreover, incorporating NPs in the hybrid PNCs
leads to the appearance number of new sharp diffraction peaks in the XRD patterns, their intensity
increases with increasing NPs contents.

The crystalline peaks found in 2θ equal to 28.75, 32.05, 41.25, 49.55, and 56.25° corresponding

respectively to the crystal planes 
−
111 , (111), 21

−
1 , (220), and (130) of monoclinic ZrO2 phase,

according to JCPDS card No. 37-1484 [38]. While the other sharp peaks that appeared at 29.55, 34.05,
43.75, 48.75, and 57.85° are assigned respectively to the crystal planes (222), (400), (440), and (622) of
the cubic Y2O3 phase, according to JCODS card No. 89-5591 [39].

( ) ( )
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It has been reported that the decrease in the intensity of the EPR characteristic peaks upon incorporating
NPs makes the sample more rigid with improved mechanical characteristics [40]. The results of the XRD
analysis in this study back up the �ndings in the mechanical characterization of all systems. As a result,
a structural investigation is required to comprehend the mechanical properties of polymer
nanocomposites.

4. Conclusions
Systematic mechanical property characterizations of EPR incorporated with different concentrations of
MWCNT, ZrO2, and Y2O3 NPs were conducted to improve the mechanical properties of the matrix. Results
show that the mechanical properties of EPR composites are enhanced effectively by the addition of
�llers. For instance, the tensile strength of 0.1% MWCNT �lled EPR composites increased by 23%, and
Young’s modulus increased by 28% in comparison with pure EPR. The highest toughness value of
184.46⋅104 J.m− 3 is achieved in EPR + ZrO2 + Y2O3 at 0.5 wt.% NPs loading. To design a strong and stiff
hybrid PNCs system, the high property mismatch between the NPs and the EPR matrix should reduce by
incorporating MWCNT into the matrix, to facilitate the interfacial load transfer mechanism. Therefore, the
presence of the MWCNTs in the EPR matrix could make PNCs not only stronger but also tougher.
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Figure 1

Schematic of the preparation of the EPR nanocomposites.
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Figure 2

The dimensions of sample and experiment con�gurations of (a) tensile test, and (b) three-point bend test.
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Figure 3

Typical tensile stress-strain curves for pure EPR, and its NCs with different concentrations of MWCNT.
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Figure 4

Ultimate strength, and Elongation at break for pure EPR and its PNCs reinforced with MWCNT.
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Figure 5

Young’s modulus and Toughness for pure EPR and its PNCs reinforced with MWCNT.
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Figure 6

XRD patterns for pure EPR and its PNCs reinforced with 0.1 and 0.2 wt.% MWCNT.



Page 18/21

Figure 7

Typical tensile stress-strain curves for (a) EPR PNCs with different concentrations of ZrO2/Y2O3 NPs, (b)
EPR/ 0.1 MWCNT PNCs with different concentrations of ZrO2/Y2O3 NPs.
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Figure 8

(a) Ultimate strength, (b) Elongation at break, and (c) Young’s modulus for all hybrid EPR PNCs.
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Figure 9

Toughness as a function of NPs content for all hybrid EPR PNCs.
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Figure 10

XRD patterns for pure EPR and its hybrid PNCs with different NPs contents.


