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ABSTRACT

In this study, the hybrid nanofiller of montmorillonite (MMT) and multi-walled carbon nan-
otube (MWCNT) were incorporated into shape memory epoxy (SMEP) at different loadings.
The fillers were dispersed in the SMEP resin by sonication. Tensile and flexural proper-
ties were analyzed at room temperature (RT) and high temperature (HT). Field emission
scanning electron microscopy (FE-SEM) was used to analyze the microstructure of fractured
samples. The tensile results revealed that at RT, the hybrid filler nanocomposite exhibits
a ductile behavior meanwhile at HT, the nanocomposite exhibits a brittle behavior. The
sample with the hybrid filler loading of 3wt% MMT and 1.0 wt% MWCNT produced max-
imum performance with an increase of 32.5% in the ultimate tensile strength (UTS) and
20.9% in Young’s modulus at RT. The trends of the UTS and modulus obtained in the HT
tensile test were almost similar to the RT tensile test despite yielding lower value. The RT
flexural test revealed an increasing flexural strength as the filler loading increased with a
maximum of 176% increase for hybrid filler of 3wt% MMT and 1.0 wt% MWCNT. This trend
was also observed for the flexural strength at HT. From FE-SEM, it was observed that the
SMEP nanocomposite containing 3 wt% MMT and 1.0 wt% MWCNT was well dispersed and
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interact with each other, producing a synergetic reinforcement towards the performance.
This study demonstrates the tensile and flexural reinforcement effect of MMT and MWCNT
hybrid nanofiller. Findings from this study can be utilized to select the optimum loading for

mechanical requirements in various applications.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Shape memory polymers (SMP) have the ability to be “fixed
“at temporary shapes and to recover their “stored” perma-
nent shape upon reaction to certain stimuli [1,2]. In contrast to
shape memory alloy such as nickel-titanium alloy, SMP pos-
sess many advantages such as light weight, flexibility, high
elastic deformation, high shape recovery, and low recovery
temperature. The rapid development of SMP in the last decade
is attributed to its low manufacturing cost, effortless fabri-
cation processing, excellent structural versatility, and high
potential in various industrial applications [3,4]. These advan-
tageous characteristics enable SMP to be used in countless
fields and industries including clothing, space structures [5,6],
morphing aircraft [7], medical devices [8], and many other
applications [9].

Shape memory effect (SME) in polymer is not an elemental
property and is often induced by external stimuli such as heat
[10], electricity [11], magnetic field [12], light [13], microwave
[14], or solution [15]. To date, the most utilized method of
actuation is thermally induced SMP, which is mostly trig-
gered by heat [16-22]. Thus far, several types of polymers such
as polyethylene [23], polyurethane [24], ethylene-vinyl [25],
polystyrene [26-28]|, poly(ether esters) [29,30], and acrylates
[31] have been reported to possess shape memory properties in
various applications. Recently, shape memory epoxy polymer
(SMEP) has attracted the research community [32-34] because
of a few compelling properties such as excellent thermal sta-
bility, good processing ability, superior mechanical properties,
and high shape fixity and recovery as well as fast recovery
response. Interestingly, the thermomechanical properties of
SMEP can be adjusted in a large order by varying the formula-
tion [35-40]. Despite its numerous advantages, there are some
major limitations of SMP properties that pose great challenges
toits extensive utilization [41]. Traditional epoxy matrix resins
are mostly brittle in nature, have relatively low strain at break,
low cycle durability, and lack of functionalities. Thus, SMP
composites are extensively studied to improve the properties
of SMEP in order to meet the requirements for commercial
applications [42,43].

Reinforcements are commonly accomplished through the
incorporation of fillers or fibers into the epoxy matrix.
Nanofillers have gained more attention due to its higher sur-
face contact compared to fibrous type reinforcements and
conventional fillers. The property improvements of nanofillers
have exceeded the achievements of pure epoxy or epoxy
composite with macro filler. Moreover, only a small amount
of nanofillers are required to obtain improved properties.
Nanoparticles with excellent mechanical properties can sig-
nificantly reinforce nanocomposite with a minimal amount

of 0.006 w.t% [44]. Additionally, the incorporation of functional
fillers not only enhances the properties of SMEP, but also acti-
vates additional triggering methods [45] such as electrical,
microwave [14], light [46], and water [47].

Out of many nanofillers that have been studied, carbon
nanotube (CNT) has been extensively utilized due to its excel-
lent mechanical, thermal, and electrical properties [48-50].
Since the discovery of multi-walled CNT (MWCNT) by lijima
[51] and the single-walled CNT (SWCNT) [52], the interest in
CNT nanocomposite skyrocketed. CNT has been used in vari-
ous application such as including aerospace, semi-conductor,
automotive and remote sensor. The inclusion of CNT in poly-
mer matrix give rise to unique properties such as enhanced
electrical properties [53], light sensing [54,55] and electromag-
netic absorption [56]. CNT can be found in various structural
forms. SWCNT consists of a single layer graphene that is in
a cylindrical shape while MWCNT consists of more than two
layers of graphene sheet forming a concentric tube either sep-
arately, which is mostly capped at the end, or continuously
form a single sheet of graphene. MWCNT is easily obtained due
to its stable structure and low manufacturing cost, making it
the common choice of selection. By the virtue of its high aspect
ratio and excellent properties, only a small amount of MWCNT
could improve the mechanical properties of SMEP without sig-
nificantly affecting the shape memory properties of SMEP. A
mechanical threshold which in the minimum amount to be
added for improved polymer/CNT nanocomposite was esti-
mated to be as low as 0.001 wt% [57].

Arguably the most researched natural product, nanoclay
can be obtained in large amounts at a low cost. The large sur-
face area and strong adsorption provides a variety of benefits
to epoxy polymers such as enhancing mechanical proper-
ties, thermal stability, and barrier properties [58-60]. Typical
types of nanoclay are montmorillonite (MMT), hectorite, mica,
and bentonite; however montmorillonite is the most widely
used nanoclay for various applications. Nanoclays were first
reported in the 90 s as “hybrid” materials instead of nanocom-
posite when Usuki et al. [61] and Okada et al. [62] published
their work on polyamide-6 filled with nanoclay, which inter-
estingly kick-started the method of incorporating nanofillers
into the polymer matrix as reinforcements.

The simultaneous presence of MWCNT and MMT in the
polymer matrix could provide the advantages of both types
of nanofillers and activate a multifunctional material. The
interaction of hybrid nanoparticles in 3D hierarchical hybrid
structures consisting of various 1D and 2D nanoparticles can
be illustrated through the schematic diagram in Fig. 1.

Figure 1a) shows a phase-separated composite where
the fillers stay in the same range as the traditional micro-
composite. Fig. 1b) shows disordered and loose fillers in the
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Fig. 1 - 3D structures consisting of 1D Nanoclay and 2D Carbon Nanotube nanomaterials.

polymer matrix where some of the CNT and nanoclays did
not take partin the formation of the hybrid network due to the
lack of interaction between them. This interaction is mostly a
point-to-point contact. Meanwhile, Fig. 1c) shows a compact
formation of nanofillers in which these fillers are connected
through face-to-face contact through strong =-m interaction
[63]. The dispersion of nanofillers in the polymeric matrix in
order to obtain the exfoliated nanofiller remains one of the
difficulties in producing nanocomposite. Zare found that the
distance between nanoparticles and polymer changes affected
the tensile strength of interphase layer by a power func-
tion [64]. When the filler size is analogous to polymer chain,
the interaction between nanoparticle and polymer matrix
at atomic scale produce a third phase between them called
the interphase. The properties of interphase determine the
stress transfer from the polymer to the nanoparticles and
thus affecting the mechanical properties [65]. Although var-
ious studies have been done on the effect of infusing either
MWCNT or MMT into the polymer matrix, the effect of the
hybrid presence of both nanofillers are rarely reported espe-
cially on SMEP matrix. These limited studies have shown
disparity in the number of optimal percentage loading to max-
imize the improvement in mechanical properties. Other than
that, interface region also plays an important role in deter-
mining the mechanical properties of nanocomposite.

Sun et al. studied the effect of CNT loading using nanoclay-
like filler as a dispersion agent for CNT via strong electrostatic
affinity between those two fillers and found that a low CNT
content results in increasing modulus, strength, and strain at
failure [66]. On the other hand, Zhao et al. used clay-supported
CNT to improve the thermal and mechanical properties of

poly (vinyl alcohol) [67]. The study showed that the thermal
and mechanical properties of the polymer were enhanced by
the incorporation of the nanofillers. Meanwhile, Kim et al.
used functionalized clay and MWCNT to reinforce the elec-
trical and mechanical properties of poly (L-lactide) [68] and
reported an improvement in the mechanical properties for the
hybrid nanocomposite as compared to pure resin. Ayatollahi
et al. conducted a research on the effects of MWCNT and nan-
oclay on the mechanical properties of epoxy nanocomposite
[69]. They reported that different nanofiller content produced
various modification to the mechanical properties and that
0.5% MWCNT produced the maximum improvement over neat
€poxy.

A more recent study by Mehmet et al. on the mechani-
cal properties of individual CNT and nanoclay nanocomposite
as well as the hybrid nanocomposite in epoxy showed a
lower improvement in flexural compared to the individual
filler nanocomposites [70]. They concluded that the amount
of nanofiller used was excessive and that the effect of the
filler loading need to be studied to maximize the hybridiza-
tion reinforcement effect. Per contra, Hosur et al. showed that
the improvement in terms of the mechanical and thermome-
chanical properties of hybrid CNT and MMT nanocomposite
was higher than that of the individual filler nanocomposite at
a low hybrid filler content [71]. In another study, similar find-
ings were obtained by Zeng et al. at lower hybrid filler content
[72]. However, only a few researchers studied the effects of
different MWCNT and MMT filler contents on the mechanical
properties of epoxy polymer.

In this study, the presence of hybrid MMT and MWCNT at
different filler loadings are studied in relation to the mechan-
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ical properties of the resulting hybrid SMEP nanocomposites.
Firstly, the hybrid nanocomposite were prepared by dispersing
the MMT and MWCNT with ultra-sonication into the epoxy
solution. Then, the mechanical behavior of the fabricated
nanocomposite were evaluated through a series of tensile and
flexural tests at different temperature values above and below
its Tg (~ 56 °C). Finally, we present the synergetic effect of MMT
and MWCNT through the morphological analysis of the tensile
fracture surface of the nanocomposites.

2. Materials and method
2.1. Materials

The materials used to fabricate the shape memory poly-
mer consist of a hard and a soft segment epoxy. Diglycidyl
ether bisphenol-A aromatic diepoxide monomer, EPON 826
was used as the hard segment while aliphatic diepox-
ide, Neopentyl glycol diglycidyl ether (NGDE) as the soft
segment. The materials were obtained from Hexion (Ger-
many) and TCI America (USA), respectively. The curing agent
used were poly(propylene glycol)bis(2-aminopropyl)ether (Jef-
famine D230) obtained from Huntsman (USA). The chemical
structures of the SMEP matrix formulation are shown in Fig. 2.

The SME are obtained due to the difference in the chemical
structure of both the hard and soft segments of the epoxies.
The curing agent used in this formulation contain an amine
group, -NH2, which reacts with both the segments to cre-
ate a crosslink between the epoxies. The connection occurs
at a net-point which can be attached to either EPON 826 or
NGDE end chain [73]. Nanomer 1.31PS is a Montmorillonite
(MMT) clay modified with 15-35% octyadecylamine and 0.5-
5% aminopropyl triethoxysilane obtained from Sigma-Aldrich
Chemistry (USA). MMT are originally hydrophilic due to the
presence of counter-ions Na* and Ca?* on the surface, result-
ingin a difficulty to disperse in the epoxy polymer matrix [74].
Through surface modification, the counter-ions are replaced
with organic cations which makes it hydrophobic, thus, com-
patible with the epoxy matrix. MWCNT used in this study
was obtained from ZKK Sdn Bhd (Malaysia). MWCNT pro-
duced by the carbon vapor deposition (CVD) process produced
high purity (more than 97%) containing 8-15 nanotube layers
with diameters and length in the range of 12nm-15nm and
3 um-15 pm, respectively.

2.2 Sample preparation

In order to examine the effect of the nanofiller addition
to SMEP, both neat SMEP and hybrid SMEP were fabricated
according to the following procedure. The details of the
SMEP matrix formulation were obtained from Table 1 in
Xie and Rousseau [36]. EPON826, NGDE, and Jeffamine D230
were weighed according to the prescribed molar ratio of
0.0.1:0.01:0.01. EPON826 was heated at 60 °C for 10 min before
being gradually mixed with the other two solutions. The mix-
tures were hand-stirred for 5min until a clear mixture was
obtained. Then, the mixture was poured in an aluminum mold
with a dimension of 300 mm x 300 mm and was put under a
vacuum condition with a pressure of 100 kPa at 65 °C for 30 min

Table 1 - Hybrid nanocomposite label according to
nanofiller content.

Label MMT %, (wt %) MWGCNT %, (wt %)
NEAT 0 0
1IMTO5NT 1 05
1IMT1.0NT 1 1.0
1IMT15NT 1 15
3MTOSNT 3 0.5
3MT10NT 3 1.0
3MT15NT 3 15
SMTO5NT 5 05
5MT1.ONT 5 1.0
SMT15NT 5 15

to remove any bubble formed in the mixture. The mixture was
then pre-cured in isothermal stepwise manner to prevent bub-
ble formation in which the temperature was raised 10°C and
maintained or 5 min until it reached 100 °C. Then, it was cured
at100°C for 1.5h and subsequently post-cured at 130°C for 1 h.

The fabrication of hybrid nanocomposite was conducted
as follows. Initially, MMT were dried in a thermal oven at
100°C for 24h. Then, the nanofillers were weighed precisely
using a weighing machine according to the weight percent-
age of the final matrix mixture. The amounts used for MMT
were 1%, 3%, and 5% weight percentage of the mixture. Mean-
while, the amounts of MWCNT used were 0.5%, 1.0%, and 1.5%
weight percentage of the mixture. Then, the nanofillers were
added into the pre-weighed Jeffamine D230 solution. The cur-
ingagent was used as the dispersing medium to obtain a better
dispersion as indicated in a previous study [75]. The solution
of nanofillers and Jeffamine D230 were hand-stirred to dis-
perse the nanofillers. The mixture was then sonicated using
a 650W ultrasonic cell crushed noise isolating chamber at
50% amplitude with 3.0s start time and 1.0s pause time. The
remaining procedures were the same as the procedures con-
ducted for neat SMEP. Fig. 3 shows the fabrication flow of the
hybrid MWCNT/Nanoclay SMEP. In the discussion section, the
hybrid filler SMEP was labelled according to its filler content
combination as shown in Table 1 below.

2.3. Characterization

2.3.1. Tensile test

Tensile test was conducted at two different temperatures:
below Tg at room temperature (RT) around 25°C and at a
high temperature (HT) well above Tg around 80°C. The sam-
ples were cut from the plate using water jet cutting into a
dumbbell shape according to ASTM D638 type V dimension
[76]. For the RT tensile test, the INSTRON 5567 Universal Test-
ing Machine with a 30kN load capacity was used. Meanwhile,
for the HT tensile test, the SHIMADZU AG-X plus Universal
Testing Machine with a 20kN load capacity was used fitted
with the SHIMADZU TCE-N300-CE Thermostatic Chamber to
control the temperature at 80+ 1.5°C. Both tests were con-
ducted at a crosshead speed of 1 mm/min. Five samples were
tested for each hybrid combination and the most represen-
tative curve was plotted for analysis. The load and extension
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Fig. 3 — Fabrication of Hybrid MWCNT/Nanoclay SMEP.

response were recorded while the stress, o, and strain, ¢, were
calculated using the following equations;

(1)

ot =

>

(2)

o

&t =

where F the load is applied in Newton and A is the minimum
cross sectional area of the sample in mm? while e is the exten-
sion of upon loading and L is the initial length, both in mm.

2.3.2.  Flexural test

Flexural test was also conducted at two different temperatures
at 25°C (RT) and 80°C (HT). The samples were cut from the
plate using water jet cutting according to ASTM D790 with the
recommended span-to-depth ratio of 16:1 [77]. The RT flex-
ural test was conducted using the INSTRON 5567 Universal
Testing Machine with a 30kN load capacity. Meanwhile, the
HT flexural test was conducted using the INSTRON 5509 Uni-
versal Testing Machine with a 20kN load capacity with the
INSTRON 3119-407 Environmental Chamber for temperature
control at 80+3°C. At least five specimens were tested for
each hybrid combination. The tests were conducted with a
crosshead speed of 16.67 mm/min until 20% strain elongation
was achieved or until the specimen started to slip from the
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clamp, whichever comes first. The force and deflection data
was recorded, and a representative curve was plotted. The load
and extension response were recorded, and the stress, o, and
strain, ¢, were calculated using the following equations;

3FL

0= 2pa2 )
6ed

& = 1 (4)

where F is the load applied in Newton, L is the support span in
mm, b and d were width and thickness of the sample respec-
tively, both in mm while e is the deflection of beam, in mm.

2.3.3.
(FESEM)
FESEM was used to evaluate the characteristics of the fractured
surface. Nova NanoSEM 30 Series from FEI Company was used
to evaluate the dispersion level of MWCNT and MMT hybrid in
the epoxy matrix of SMEP nanocomposites. The fractured sur-
faces were examined at 10kV accelerating voltage and coated
in gold particle prior to SEM in order to make the organic mate-
rial electron conducting thus reducing the electrostatic charge
generated when the electron beam hit the material.

Field emission scanning Electron microscopy

3. Results and discussion
3.1. Tensile properties

The tensile test is a destructive test process that supplies
the mechanical information about the tensile strength, yield
strength, and ductility of materials. The test measures the
force required to break the materials to the extent where
the specimen stretches or extends to the breaking point [78].
The stress-strain curve of a tensile test is usually analyzed
to obtain the ultimate tensile strength and the elongation
strain at its breaking point as well as calculating the ten-
sile modulus, known as Young’s modulus. Composites are
commonly anisotropic materials which display different ten-
sile properties in different axis. Assuming a well dispersed
nanoparticle in the nanocomposite, the materials are consid-
ered as anisotropic material. Most plastics will show one of
four basic types of materials: brittle, stiff and strong, stiff and
tough, and soft materials as indicated by their strass-strain
curve [79]. The tensile modulus is a measure of flexibility in the
axis of strain measurement. It is measured along the linear-
elastic region of the stress-strain curve by dividing the force
distributed over the samples’ cross-sectional area and the rel-
ative change in the length over the initial length.

3.1.1. Room temperature

Fig. 4 above shows the stress-strain curve of the SMEP and
hybrid SMEP nanocomposite calculated from Eq.s (1) and (2).
Initial observation in Fig. 4 (a)-(c) shows that the material
exhibited a stiff and strong behavior. The tensile curves of all
samples showed a similar trend, which can be divided into
three parts. The first part is a quasi-linear response towards
the load where the stress increased as the strain increased.
The second stage is a non-linear response where the curve

peaked at a maximum value, known as the ultimate tensile
strength (UTS) and beyond that point, the stress decreased
as the strain increased. The third part is where the materials
started to flow shown by the decays in the stress to a plateau
before the sample breaks.

The ultimate tensile strength (UTS) of Neat SMEP was
recorded at 34.3 MPa. The lowest UTS was obtained by 3MT
0.5N T at 26.07 MPa (a decrease by 23.9%) while the highest was
3MT 1.0NT at 45.47 MPa (an increase by 32.5%). For the low
filler content, i.e., 0.5 wt% MMT, the increase in MWCNT con-
tent saw an increase in the UTS. This can be attributed to the
reinforcing effect of MMT and MWCNT in the nanocomposite.
The high surface area of nanofiller provides a more efficient
stress transfer to the filler, thus strengthening the materials.
This correlate with the model developed in [80] where low
filler content produces lowest tensile strength independent
of the interphase properties. For the hybrid filler SMEP with
3wt% MMT, the inclusion of 1.0 wt% MWCNT resulted in the
highest UTS compared to 0.5 wt% and 1.5 wt% MWCNT. This is
probably due to the agglomeration that occurred at high filler
content. The amount of filler in 3MT 1.5N T nanocomposite
reached the threshold amount for the effective reinforcement
of the hybrid nanofiller. A poor interfacial adhesion is obtained
between polymer and nanofiller which cause aggregation and
produce nanocomposite with lower tensile strength as pre-
dicted in [80]. This produced lumps or clusters of nanofillers
which were held by strong Van der Walls force [81] and pre-
vented the wetting of the nanofiller by epoxy, thus disabling
the stress transfer to the nanofiller. This led to a stress con-
centration area which is highly susceptible to material failure
at the same area. Similar observations were reported in a pre-
vious study [82].

On the other hand, the variation of the tensile strength of
hybrid SMEP with 5wt% MMT showed a reverse trend from
those with 3wt% of MMT. This behavior was unexpected and
probably caused by the uneven dispersion of nanofillers in the
SMEP matrix. The uneven dispersion is caused by the agglom-
eration where the materials appear as non-homogenous and
exist in a two-phase system: the matrix phase and the
nanofiller phase [83]. Fig. 4 (d) shows the obtained modulus
for the hybrid SMEP nanocomposite varied with the nanofiller
contents. The Young’s modulus of Neat SMEP was calculated
as 7.43GPa. The trend of Young’s modulus followed the cor-
responding UTS trend which saw 3MT 1.0NT recording the
highest Young’s Modulus among the nanocomposites at about
9.0 GPa which translated to an increase of approximately 20.9%
from Neat SMEP. Meanwhile, the lowest Young’s modulus was
recorded by 3MT 0.5NT at 6.22GPa which corresponds to
approximately 16.2% decrease compared to Neat SMEP.

3.1.2. High temperature

Fig. 5 shows the stress-strain curve calculated according to
Eq.s (1) and (2). Graph in Fig. 5 (a)-(c), clearly show a brittle
behavior of the material at 80°C. The increase in the strain
showed a corresponding increase in the stress up to the fail-
ure point. However, note that the stress was significantly lower
than the test conducted at the lower temperature. This is due
to the material transition from the glassy state to the rub-
bery state when exposed to a temperature above Tg, leading
to a drastic drop in the modulus [84]. The change of modu-
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Fig. 4 - RT tensile response of SMEP and hybrid MMT/MWCNT SMEP nanocomposite (a) Variation of Stress-Strain curve for
hybrid SMEP with 1% MMT (b) Variation of Stress-Strain curve for hybrid SMEP with 3% MMT (c) Variation of Stress-Strain
curve of hybrid SMEP with 5% MMT (d) UTS and Young’s Modulus of SMEP and hybrid SMEP nanocomposites.

lus for each material was more than two order of magnitude
compared to its properties at room temperature. The trend
of Young’s modulus obtained at high temperature was almost
similar to the modulus at room temperature. This shows that
the change in modulus is primarily due to the change in mate-
rial properties and does not significantly affect the reinforcing
effect of the hybrid nanofillers. However, the trend in the UTS
for hybrid SMEP with 5% MMT shows a different behavior than
the tensile test at RT. This is probably due to the high concen-
tration of nanofiller which increased the extent of anisotropy
in the polymer producing various properties [85]. As compared
to the tensile test at RT in Fig. 4 (d), the increase in the strength
of the hybrid nanocomposite for 5% MMT shows that the rein-
forcement effect of hybrid MMT and MWCNT were enhanced
at an elevated temperature. From Fig. 5 (d), we can see that
the UTS of the hybrid filler SMEP at an elevated tempera-
ture behaved differently compared to the behavior at room
temperatures. The corresponding stress was significantly less
than that observed in the room temperature tensile test. The
UTS for Neat SMEP was 1.209 MPa with a Young’s Modulus
of 0.039MPa. The highest UTS was obtained by 3MT 1.0NT
at 1.811MPa, approximately 49% increase compared to Neat

SMEP, while the lowest was 3MT 0.5NT at 1.363 MPa, corre-
sponding to an improvement of 12%. This implies that only a
small force was required to deform the SMEP at an elevated
temperature.

Note that the materials exhibited a larger elongation at
break compared to the tensile test at room temperature. This is
because above Tg, the micro Brownian movement of polymeric
chain reduced the modulus, thus increasing the molecular
mobility [86]. Hence, the tightly packed structures of rigid poly-
mer loses its packed arrangement and deforms easily. The
elongation might also be caused by the evolution of the linkage
state of the matrix [87]. Post-curing of the SMEP matrix may
have occurred at this temperature prior to the decomposition
process. A minor softening of the matrix might occur at this
temperature enabling the resin to penetrate the nanofiller and
reducing the void content inside the matrix [88]. These proper-
ties are suitable for applications such as morphing structures
or biomedical sutures which prefer lower shaping force to
shape the materials [2,89,90]. However, a significant consid-
eration is required to ensure that the materials do not reach
its breaking point as the materials exhibit brittle failure and do
notshow any yieldingbefore break at an elevated temperature.
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Fig. 5 - HT tensile response of SMEP and hybrid MMT/MWCNT SMEP nanocomposite showing brittle properties (a) Variation
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nanocomposites.

3.2 Flexural properties

Flexural test measures the force required to bend a beam
of materials and determine the stiffness of a material. The
stress-strain curve are obtained to measure the flexural
strength and flexural modulus. Flexural test is generally appli-
cable for both rigid and semi-rigid materials, either resin or
laminated composite materials [78,91]. During bending, the
surface where load is applied experiences a compressive force
while the surface opposite of the applied load experiences a
tensile force. Flexural modulus is a measure of stiffness to
bending when a force is applied perpendicular to the sample in
a three-point bending test. Similar to the tensile modulus, this
is measured along the linear-elastic region of the stress-strain
curve.

3.2.1. Room temperature

The behavior of SMEP and hybrid filler SMEP nanocomposite
upon flexural test at RT are shown in Fig. 6. Note that the
sample tested did not yield during the tests, owing to the
nanocomposite’s ability to withstand a large enough deflec-
tion that it slipped off the anvil before yielding. In the instance

that this situation occurred, the test was halted. The load and
displacement data were recorded, and the stress-strain was
calculated according to Eq.s (3) and (4). The general analy-
sis of the stress-strain curve shows an initial elastic response
followed by a plateau akin to a perfectly plastic response. Anal-
ogous response was recorded for the SMEP and hybrid filler
SMEP nanocomposites. The ultimate flexural strength was
defined as the maximum stress in its respective stress-strain
curve. The flexural strength of Neat SMEP was recorded at
26.53 MPa with a modulus of 1.12 GPa. From Fig. 6 (a)-(c), it can
be seen that all the hybrid SMEP nanocomposites performed
better than Neat SMEP with its properties varying depending
on its filler content.

For the hybrid filler with 1 wt% MMT, there was an increase
in the flexural strength as the content of MWCNT increased.
The increase in the flexural strength can be explained by the
incorporation of higher dispersed MWCNT inside the SMEP
matrix which inhibits the mobility of the polymer chain under
flexural load [92]. The highest flexural strength was obtained
with hybridization of 3wt% MMT and 1.0 wt% MWCNT into
the SMEP matrix at 73.41MPa. This rendered an increase
of 176% in the flexural strength compared to Neat SMEP.
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Fig. 6 - RT flexural behavior of SMEP and hybrid MMT/MWCNT SMEP nanocomposites (a) Variation of Stress-Strain curve
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Stress-Strain curve of hybrid SMEP with 5% MMT (d) UTS and Young’s Modulus of SMEP and hybrid SMEP nanocomposites.

The performance is devoted to the fact that the dispersion
of MMT and MWCNT in the SMEP matrix was better than
other hybrid nanocomposites. As established in the litera-
ture, the high aspect ratio of MWCNT was among the crucial
factors to improve the flexural strength [93]. On the other
hand, the aspect ratio of MMT also affect the strength of
nanocomposite according to a model developed in [94]. This
model describe a proportional relation between MMT aspect
ratio and strength of nanocomposite. A high aspect ratio
indicate a good extend of intercalation/exfoliation of MMT
platelets in nanocomposite. The uniform dispersion of MMT
and MWCNT filler provided a uniform distribution of stress
and reduced the sites of stress concentrations in the SMEP
matrix. The comparison of the flexural modulus is plotted
in Fig. 6 (d). For the hybrid filler with 1wt% MMT, the incor-
poration of 0.5wt%, 1.0wt%, and 1.5wt% MWCNT yielded
1.51GPa, 2.05 GPa, and 2.51 GPa, respectively. Similarly, for the
hybrid filler with 3wt% MMT, the hybridization with 0.5 wt%,
1.0wt%, and 1.5wt% MWCNT yielded 2.43 GPa, 2.85GPa, and
2.24 GPa, respectively. Meanwhile, the flexural modulus for
the hybridization of 5wt% MMT with 0.5wt%, 1.0wt%, and
1.5wt% MWCNT produced 2.20GPa, 1.87 GPa, and 2.06 GPa,
respectively.

Note the decrease in the flexural strength and modulus for
the hybrid filler SMEP with 5 wt% MMT compared to the others.
This displeasing discovery can be attributed to the reinforce-
ment efficiency of MMT and MWCNT. The filler content has
achieved the percolation threshold where further increase in
the filler content would lead to a decreasing reinforcement
efficiency [95]. This is caused by the formation of agglom-
eration and cluster which simulated large particles in the
SMEP matrix. The agglomeration reduced the effective sur-
face area of the nanoparticle filler and formed a void space
in the matrix and effectively reduced the volume fraction of
SMEP matrix [96]. This led to a non-uniform stress transfer and
the formation of stress concentration area which resulted in
a mechanical failure when subjected to flexural load. Similar
behavior was reported in previous studies related to hybrid
composite [82,97].

3.2.2. High temperature

The flexural response of SMEP and hybrid filler SMEP
nanocomposites are shown in Fig. 7. The load and extension
data were recorded and analyzed to obtain the stress-strain
data. The flexural modulus results for the HT tests are found
tobe inconclusive. Asillustrated in Fig. 7 (a)-(c), a large amount
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of scatter were found on the response due to the fact that the
load frame employed during these tests was operating at its
absolute limit of its resolution when small loads were imposed
at an elevated temperature. At each test, the load was applied
after the temperature of the sample reached approximately
80°C to avoid the sample slipping from the anvil. The data
acquisition rates were not high enough to give a clear line of
the elastic region of the stress-strain curve. Similar behavior
was previously reported for flexural test at an elevated tem-
perature [98]. The flexural test, however, clearly indicated the
peak flexural stress which are plotted in Fig. 7(d). Note that
the maximum flexural stress mostly occurred at the begin-
ning of the test. From the data, it can be seen that the flexural
strength reduced drastically compared to the flexural stress
at room temperature. The characteristic was predominantly
caused by the SMEP matrix which crucially affected the overall
performance of the hybrid filler SMEP nanocomposites [99].
Note that the trend of the flexural strength with respect
to the filler content at an elevated temperature are almost
analogous to the trend obtained at room temperature. From
the data collected, the highest flexural strength obtained from
the test were recorded by 3MT 1.0NT at 3.82 MPa, approxi-
mately 114.9% increase from the Neat SMEP which recorded

a peak of 1.76 MPa. This can be attributed to the dispersed
distribution of nanofiller in the SMEP matrix. Macromolecular
chain plays an important role in resisting mechanical load-
ings. The motion of the macromolecular chains were hindered
by the MMT and MWCNT filler through friction interaction,
thus helping the SMEP matrix to resist the flexural loading
and ensuring improved mechanical properties [100].
Meanwhile, the lowest increment was recorded by 5SMT
0.5NT, with approximately 9.29% increment in the flexural
strength. As stated above, this is probably caused by the forma-
tion of filler cluster and agglomeration which produce a stress
concentration area and can subsequently lead to material fail-
ure when subjected to flexural loading. However, compared to
the RT flexural test, the flexural strength of the hybrid with
5% MMT at HT shows an increasing trend with increasing
MWCNT content. This shows that the reinforcement effects
of MMT and MWCNT were enhanced at an elevated temper-
ature for the hybrid nanocomposite with 5% MMT content.
Similar to the HT tensile test, in HT flexural test, only a small
stress was required to produce an equal amount of deforma-
tion on the hybrid SMEP nanocomposite. This decrement in
the flexural strength can be predominantly related to the loss
in rigidity of a tightly packed SMEP structure above its Tg. The
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Fig. 8 - FESEM images of fracture from RT tensile test of Neat SMEP (a) and (b), 3MT 1.0NT (c)-(e) and 5MT 1.0NT (f)-(j) at
different magnification levels. (a),(c), and (f) were taken at low magnification (x1000); (b) was taken at x5000 magnification in
the red circle area of (a). (d), (g), and (h) were taken at medium magnification (x10 000) in the red circle area of (c) and (f).
While (e), (I), and (j) were taken at high magnification (x50 000) in the red circle area of (d), (g), and (h) respectively.
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Fig. 9 - FESEM images of fracture from HT tensile test of Neat SMEP (a) and (b), IMT 0.5NT (c)-(e) and 3MT 1.0NT (f)-(h) at
different magnification levels. (a), (c), and (f) are taken at low magnification (x1000); (b), (d), and (g) are taken at medium
magnification (x10 000) in red circle area of (a), (c), and (f) respectively; while (e) and (h) are taken at high magnification (x50

000) in red circle area of (b), (d), and (g) respectively.

SMEP matrix softens and can be easily deformed due to the
increase in chain movement in the matrix.

3.3.  Morphological analysis

The efficiency of MMT and MWCNT as the hybrid nanofiller
in SMEP matrix is fundamentally determined by the degree
of dispersion in the matrix as well as the interaction and
interfacial bonding with the matrix. Therefore, morphologi-
cal analysis is crucial for the determination of the dispersion
and interaction of the nanofiller and SMEP matrix.

3.3.1. Room temperature

The micrograph of the tensile test at RT are shown in Fig. 8. The
fractured surface was coated in gold particles prior to viewing
to assist in conducting the electron particles. As previously
discussed, the mechanical characteristics of SMEP at RT dis-
play a ductile property. This can be seen from Fig. 8 (a) and (b)
where a riverbed-like pattern fracture surface was observed,
indicating that yielding occurred before the sample failed.
The rough surface was due to the crack propagation process
that occurred before the sample failed. This explains the duc-
tile behavior of the Neat SMEP at RT as discussed before.
Fig. 8 (c), (d), and (e) show the fracture surface micrograph
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of 3MT 1.0NT with increasing magnifications sequentially.
As shown in Fig. 8 (c), the hybrid nanofillers were seen to
form the agglomerate indicted by the bright white spots on
the surface. Although it was highly difficult to prevent the
agglomeration due to the long curing time, the average size of
the agglomerate was found to be less than 5p and uniformly
distributed. This is also attributed to the fact that the fillers
interact with each other providing synergetic reinforcement
at each site. This can be seen from Fig. 8 e) where individ-
ual MWCNT are found to be protruding from the layer of
nanoclay cluster and the epoxy matrix. This shows that the
polymer matrix interacts well with the MWCNT surface at
a nanometer scale due to the high electrostatic and Van der
Walls forces which result in a high interfacial shear strength of
about an order of magnitude higher than the nanocomposite
itself [81].

On the other hand, Fig. 8 (f) shows the fractured surface of
5MT 1.0 N T with a large number of agglomerates of individual
nanofillers. This can be seen from Fig. 8 (g), (h), and (i) where
large clusters of MWCNT and MMT of more than 20 pm respec-
tively were formed consisting of nanofiller of the same type.
This indicates a lack of interaction among the nanofillers, thus
decreasing the synergetic effect of the nanoparticles towards
reinforcement of SMEP nanocomposites. This findings sup-
port the results obtained from the RT tensile test discussed
previously.

3.3.2. High temperature

Fig. 9 shows the micrograph of the fracture surface from the
HT tensile test. Referring to Fig. 9 (a) and (b), contradictory
to what was observed in the RT tensile test, the fracture
surface of Neat SMEP shows a clean fracture surface with
sharp edges. Notice the depth of the fracture surface is higher
than in Fig. 8 a) and b); this is an indication of a decrease
in ductility and an inclination towards brittle failure type
which was experienced by the SMEP at an elevated temper-
ature. Fig. 9 (c), (d), and (e) show the FESEM image of 1MT
0.5NT in increasing magnifications sequentially. The white
dots in Fig. 9 (c) illustrate the state of dispersion of MMT
and MWCNT on the fractured surface. The particle showed
a good dispersed level; however, Fig. 9 (d) shows that the
nanoparticles appeared to be disassociated from each other,
indicating a lack of interaction between MMT and MWCNT.
This explains the inferior tensile performance as compared to
SMT10NT.

The micrograph of 3MT 1.0NT’s fractured surface at an
elevated temperature are shown in Fig. 9 (f), (g), and (h) in
increasing magnifications sequentially. The micrograph in
Fig. 9 (f) shows an increasing number of white dots appear and
are dispersed well compared to IMT 0.5NT in Fig. 9 (c). This
indicates a higher reinforcement effect which contributes to a
better performance, given that the MMT and MWCNT are well
dispersed within the polymer matrix. In addition to a better
filler interaction shown in Fig. 8 (e), Fig. 9 (h) displays a good
adhesion between the MWCNT and epoxy matrix as all the
nanotubes including the agglomerated MWCNT are well cov-
ered by the polymer matrix, resulting in a superior mechanical
performance.

4, Conclusion and recommendation

This study investigate the effects of MWCNT and MMT loading
on the mechanical properties of SMEP nanocomposite. It can
be concluded that:

e SMEP nanocomposites are ductile at RT where the materials
yield before breaking.

e SMEP nanocomposites exhibit a brittle behavior at HT where
the material breaks upon reaching UTS.

e Hybrid of 3wt% MMT and 1.0wt% MWCNT produces the
highest UTS among all nanocomposites with a 32.5%
improvement as compared to Neat SMEP at RT.

e The trend of UTS in HT tensile test shows similar behavior
compared to RT tensile test even though the values obtained
were a few magnitude lower.

e The flexural test at RT shows an increasing performance
with respect to increasing filler loading up to 3wt% MMT
and 1.0 wt% MWCNT, and then decreases as the filler load-
ing increases with 3M T 1.0N T recording an improvement
of 176% compared to neat SMEP.

o Inconclusive value for flexural modulus at HT due to oscil-
lating data obtained.

In summary, it can be concluded that the hybrid between
3wt% MMT and 1.0 wt% MWCNT produces a better mechan-
ical performance in terms of tensile and flexural compared
to other filler loadings. This finding can be used as an initial
measure in selecting the optimum filler loading for the hybrid
nanocomposite between MMT and MWCNT in shape memory
polymer. Further tests can be conducted in terms of thermal
and shape memory functionality to obtain deeper understand-
ing of hybrid filler SMEP nanocomposite. The shape memory
functional stability and operational fatigue can be analyzed to
reveal their potential for various applications such as actuator
or morphing application as well as biomedical devices
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