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Abstract

The influence of short-term water absorption on the mechanical properties of
Multi-Layer Graphene (MLG) and Multi-Walled Carbon Nanotubes (MWCNTS)
reinforced epoxy hybrid nanocomposites were studied. Water absorption test was
conducted by immersing specimens in water at room temperature for 96 hours.
The lowest water absorption was 0.4% in the case of 0.1 wt% MLG-epoxy. The
highest improvement of Young’s modulus and tensile strength were observed in
the case of 0.1 wt% MLG-epoxy, where the value increased to 72.4% and 58%
respectively. After water immersion, Young’s modulus and tensile strength
dropped 6.7% and 29% compared to the dry samples. The fracture toughness of
0.1 wt%-epoxy increased up to 113% for dry samples. After water exposure, the
fracture toughness increased to 125% due to the plasticisation effect of the resin
matrix. Findings showed that MLG has great influence in enhancing the
mechanical performances of epoxy nanocomposites than MWCNTS. It was also
observed that synergistic effects are not effective to produce significant
improvement in mechanical properties of produced hybrid nanocomposites at the
concentration of 0.1 wt%.

Keywords: Carbon nanotubes, Epoxy, Graphene, Mechanical properties, Water
absorption.
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1. Introduction

Epoxy is a widely used thermoset material in aerospace, automotive and marine
applications owing to its superior mechanical properties, thermal stability, solvent
resistance and ease of processing [1-4]. Polymer composites with carbon nano-
fillers have many potential applications, which include thermal management,
electronics, fuel cells and transportation [5, 6]. Mechanical properties of the
polymer can be improved with the addition of carbon-based filler such as graphene
and Carbon Nanotubes (CNTSs) [7, 8]. Graphene, a single layer of graphite, is a
material that chemically stable and electrically conducting membrane one atom in
thickness [9]. Recently, graphene has gained interest from industry because of its
outstanding properties, that include high surface to volume ratio, high aspect ratio,
extremely low electrical resistivity, high thermal conductivity and high mechanical
strength and modulus [10-12]. Wei et al. [13] commented that their excellent
properties have fascinated research in recent years with ever-increasing scientific
and technological impetus. Based on our previous research, a significant
improvement in Young’s modulus and fracture toughness was observed in the case
of 0.1 wt% MLG-epoxy system [14]. The increase in stiffness and restriction in the
movement of polymer chains by 0.1 wt% of MLG has been reported in another
publication [11].

CNTSs, on the other hand, were discovered accidentally by ljima in 1991 [15].
CNTs were formed at the cathode during sputtering of graphite by an electronic arc
and derived nanotubes were identified as Multi-Walled Carbon Nanotubes
(MWCNTSs). Carbon Nanotubes (CNTs) are known as one of the stiffest
engineering fibres [16, 17]. Based on studies by Inam and Luhyna [18], these
materials have great potential as nano-fillers for aerospace application due to their
unique combination of chemical and physical properties event at very small size.
CNTs have tensile strengths significantly higher than steel and carbon fibre,
electrical conductivity similar to silver and platinum and capable of carrying higher
current densities than copper. They also have better thermal conductivity than
diamond and lower density than aluminium [19]. The hybrid nanocomposite is
normally used to suit requirements and to offset the disadvantages of one
component by the addition of another [18]. Previous research in this area was
focusing on properties of hybrid micro-composites in which, dispersed second
phase nanoparticles are added to the epoxy matrix. In this research, we prepared
hybrid nanocomposites based on multi-layer graphene, multi-walled carbon
nanotubes and epoxy matrix, which then exposed to water immersion (96 h).

In some applications, the contact between polymeric materials and the liquid
environment is unavoidable and may lead to catastrophic failure. The failure is
caused by the liquid absorption and swelling of the polymer matrix as it interacts
with the penetrating liquid environment [20]. The liquid absorption can be reduced
by using carbon base nano-fillers such as Multi-Layer Graphene (MLG) and Multi-
Walled Carbon Nanotubes (MWCNTS). According to Sumfleth et al. [21], the
addition of hybrid nano-fillers improves dispersion states of MLG and CNT in the
polymer matrix and help to improve the physical properties of hybrid
nanocomposites as the synergistic effects become active. A remarkable synergetic
effect between MGPs and MWCNTSs on the enhanced mechanical properties and
thermal conductivity of these composites was also demonstrated in other
publications [22, 23]. Although various studies have been carried out on
mechanical properties of hybrid composites, there is an obvious gap in the literature
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in discussing the effect of short-term water exposure on the mechanical properties
hybrid nanocomposites. The objective of this research is to determine whether the
hybrid nanocomposites could have a remarkable synergistic effect both for dry and
immersed samples.

2. Methodology

2.1. Materials

Multi-Layer Graphene (MLG) of 12 nm average thickness and 4.5 um average
lateral size with a surface area of 80 m?/g and purity 99.2% was purchased from
Graphene Supermarket, USA. Multiwalled carbon nanotubes (MWCNTSs) supplied
by S. Elements, Waalre, Netherlands was used as second filler. The inter-shell
spacing between tubes is between 0.344 nm to 0.36 nm and the carbon bond length
is 0.144 nm. The epoxy and hardener used in this research are Miracast 1517A and
Miracast 1517B supplied by Miracon Sdn. Bhd., Seri Kembangan, Malaysia. The
epoxy has a density of 1.13 g/cm?® while the hardener has 1.1 g/cm? density. This
epoxy system is a standard resin for composite industry and has low viscosity. The
low viscosity of the hardener helps to improve the dispersion state and the fast
curing to prevent the reinforcement agglomeration. The gelation time of the resin
was 40 min at Room Temperature (RT).

Composites preparation

Epoxy resin was thoroughly mixed with hardener at a ratio of 2: 1 and was vacuum
degassed for 10 minutes. The mixture then poured into moulds for curing at room
temperature for 12 h. Then, the post-curing process at 120 °C was carried out on
the samples for another 14 h. For hybrid samples, the MLG (0.05 wt%) and
MWCNTSs (0.05 wt%) were taken and dispersed in epoxy at room temperature for
10 minutes. The reinforcement dispersed epoxy and hardener were then vacuum
degassed separately for another 10 minutes. Next, the hardener was mixed in epoxy:
hardener ratio of 2 : 1. Following thorough hand mixing for 10 minutes, vacuum
degassing was carried out for another 10 minutes. The resin was poured into moulds
and cured at room temperature for 12 h followed by post-curing at 120 °C for 14 h
as recommended by the supplier (Miracon Sdn. Bhd.) to ensure complete
crosslinking. The similar procedures were carried out for 0.1 wt%-MLG epoxy and
0.1 wt%-MWCNTS epoxy.

2.2.Characterization of composites

Rectangular specimens with dimensions 80 x 10 x 4 mm were immersed into water
at room temperature for 96 h. There is no standard to determine the duration of
immersion, however, 96 h can be considered as short-term immersion based on
available studies [12, 24]. As reported by Faruk et al. [25] and Alamri and Low
[26] in their publications, several studies have longer immersion time such as 150
days and 130 days. The weight was measured using 0.001 mg weighing balance.
Before weighing process, the surface of the specimen was wiped with tissue paper.
The water absorption percentage was calculated based on the weight increase in the
samples. Equation (1) was used to measure the water absorption in the specimens,
where W;is the weight of specimen at time t (i.e., after immersion in the water) and
W, is the initial weight of the sample, i.e., before placing in water.
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We=(W- W) x <2 (1)
0

A tensile test was performed using Victor Universal Testing Machine (Victor VE
2302). Five specimens were tested for each composition. The displacement rate for
the tensile tests was kept to 1 mm/min. Tensile test properties were carried out
according to 1SO 527 with a specimen thickness of 3 mm. Figure 1 shows the
illustration of samples used in the tensile test, impact test and fracture toughness test.

The fracture toughness (Kic) was obtained using a Single Edge Notch Three-
Point Bending (SEN-TPB) specimen (ASTM D5045). The displacement rate used
was 1 mm/min. The dimensions were 3 x 6 x 36 mm?® with a crack length of 3 mm
at the centre of the sample. Kic was calculated using linear fracture mechanics by
following relationship Eq. (2). The calibration factor used is presented in Eq. (3).

Pmax(gf)
16= i)z (2)

where f (a/w) is the calibration factor for the samples, which is given as:

[(2+2){0.0866-+4.64(2)?+14.72(3)3-5.6()*]
(1_5)3/2

)= 3)
Charpy impact toughness test was carried out according to ISO 178 with

dimensions of 80 x 10 x 4 mm. The impact toughness was obtained using equation

(3), where m is mass of hammer (kg), g is standard gravity (9.81 ms2), h is the

length of the hammer (m) and is sample thickness (mm). Thus;

mgh (cos - cosa

wt

Impact strength =

The average surface roughness R, was measured using portable Surface
Roughness Tester (Mitutoyo SURFTEST SJ-210) and comply with 1SO1997
standard. R, is commonly adopted in general engineering practice. This
standard gives a good narrative of the height variations in the surface of
measured specimens.

Fig. 1. Hlustration of samples (a) tensile,
(b) impact strength, and (c) fracture toughness Kic.
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3. Results and Discussion
3.1. Maximum water absorption

Figure 2 shows the maximum water absorption of the nanocomposites. The highest
absorption was observed in the case of Monolithic Epoxy (ME), with 2.5%. For 0.1
MWCNTSs-epoxy nanocomposites, the water absorption was 1.6%. For 0.05 wt%
MLG-0.05 wt% MWCNTSs the water absorption was 1.5%. The lowest value was
observed in the case of 0.1 wt% MLG-epoxy nanocomposites, where 0.4% of water
absorption was recorded. Composites that contained fillers with high aspect ratio
can impede and alter the diffusion path of penetrating molecules. A similar trend
could be observed in the case of hybrid nanocomposites and 0.1 wt% MLG-epoxy
nanocomposites. The fillers create a tortuous path for permeants to travel [27] and
as a result, the maximum water absorptions were decreased for all nanocomposite
systems. The tortuosity path created by the filler particles in a polymer force caused
the water molecule to travel further around the filler particles. Tortuosity, also
causing a physical blocking effect as the filler forces the diffusant to take a more
indirect, or additional path through the composite materials [28].

Including model by Cussler et al. [29] and Fredrickson and Bicerano [30],
there are numerous models that have been proposed to show the effect of
nanofillers in reducing water permeability through polymers. The degree of
tortuosity imposed is dependent upon the anisotropy and orientation of the filler
particles with respect to the direction of diffusion [31]. In addition, at room
temperature graphene is practically impermeable to all molecules as mentioned
by several researchers [27, 32, 33]. Water clustering and agglomeration effects
can occur to influence moisture barrier properties of polymer nanocomposites.
Tan and Thomas [32] have reported that water clustering causes a reduction in
water diffusivity and tends to occur in hydrophobic polymers and in the
neighbourhood of nano-platelets. However, in our case, water clustering effect
was not observed. In our research, the agglomeration effect can be ruled out as
there is no evidence from SEM analysis. It is apparent that in this research, water
entering nanocomposites through capillarity and caused plasticisation.
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Fig. 2. Water absorption test.
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3.2.Force versus time graph

Figures 3(a) and (b) show the force versus time curves for all nanocomposite
systems. Samples reinforced with 0.1 wt% MLG-epoxy have the highest value of
force followed by hybrid composite and 0.1 wt% MWCNTs-epoxy. For samples
exposed in water, the time to failure increased compared to unexposed samples.
This is due to plasticisation effect on nanocomposites and the change from brittle
to ductile failure, which can be associated with resin plasticisation by water
sorption and cross-link breaking [34]. Water had penetrated into the resin and
plasticiser effect is observed [20, 35]. Water diffused along the particle-matrix
interface degrades the interfacial bond strength hence, contributing to the loss of
structural integrity [36].
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Fig. 3. Force-time curves of:
(a) dry samples (b) samples after water exposure.
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3.3. Tensile properties

Figure 4 shows the Young’s modulus of nanocomposites before and after water
exposure. It can be seen that monolithic epoxy recorded the lowest Young’s
modulus with just 0.87 GPa, compared to other dry samples. The Young’s modulus
increased from 0.87 GPa to 1.4 GPa (increased 61%) in the case of 0.1 wt%
MWNTs-epoxy. For hybrid samples, the Young’s modulus increased by 70%. The
highest improvement of Young’s modulus was in the case of 0.1 wt% MLG-epoxy
nanocomposites, where the value increased by 72.4%. After water exposure, the
Young’s modulus decreased for all nanocomposite systems. Compared to dry
samples, the Young’s modulus of monolithic epoxy decreased 9%. For hybrid
samples, the Young’s modulus decreased by 5.4% and in the case of 0.1 wt% MLG-
epoxy, the Young’s modulus dropped 6.7%.

Figure 5 shows the tensile strength of dry and immersed composite samples.
Monolithic epoxy recorded the lowest tensile strength compared to nhanocomposites
tested in dry condition. A remarkable improvement was achieved in the case of 0.1
wt% MLG-epoxy, where the tensile strength improved by 58%. This was attributed
to the large aspect ratio of the graphene sheets and the strong interfacial adhesion
between graphene and epoxy matrix [37].

For hybrid nanocomposite samples, the tensile strength increased by 29%,
which is half of what has been achieved in 0.1 wt% MLG-epoxy system. After
water exposure, the tensile strength for all specimens slightly decreased compared
to samples tested in dry condition. The tensile strain of all nanocomposite systems
is presented in Fig. 6. For dry samples, the highest tensile strain value was observed
in the case of monolithic epoxy, followed by 0.1 wt% MWNTSs-epoxy, hybrid
samples and 0.1 wt% MLG-epoxy. After water exposure, the tensile strain
percentages increased for monolithic epoxy and all nanocomposites. For instance,
the tensile strain of monolithic epoxy increased from 3.6% to 4.1%. Figure 7 shows
fracture toughness of dry and immersed samples. The highest fracture toughness in
both cases were observed in the case of 0.1 wt% MLG-epoxy. After water exposure,
the fracture toughness increased for all samples. This is due to the plasticization
effect, which leads to ductile failure in the matrix.
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Fig. 4. Young’s modulus of dry and immersed samples.
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3.4.Surface roughness

The surface roughness of nanocomposites is shown in Fig. 8. For dry samples, 0.1
wt% MLG-epoxy nanocomposites recorded the highest surface roughness with 1.8
pm followed by hybrid nanocomposites with 1.7 pm. After water exposure, the
surface roughness slightly increased for all nanocomposite systems. Hybrid
nanocomposites recorded an increase of 26%. In the case of 0.1 wt% MLG-epoxy,
the surface roughness increased 46%. A high contact area between polymer and
nanofiller maximises stress transfer from the polymer matrix to nanofillers. From
the results obtained, 0.1 wt% MLG-epoxy shows better reinforcement than 0.1 wt%
MWCNTs-epoxy simply because of their high aspect ratio, which is between 600-
10000 [28, 38]. In the case of 0.1 wt% MLG-epoxy, when cracks formed, it deflects
much, and rest of the fractured surface indicates the presence of deep surface
notches, which is responsible for the increasing of R, value. Apart from that, MLG
also has a higher contact surface area compared to MWCNTS as reported in the
literature [39, 40].
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Fig. 8. Average surface roughness of dry and immersed samples.

3.5.SEM Images

Images of broken samples from tensile testing specimens were analysed using
Scanning Electron Microscope (SEM) as shown in Fig. 9. This figure shows two
distinctly different fracture surface of the epoxy sample. Smooth surface shows
direct crack propagation whereas the rough surface shows a crack deflection
mechanism. Crack bridging mechanisms were not visible in monolithic epoxy as in
Fig. 9(a). When a crack started, it moves without any deviations and produces
smooth fracture patterns.

When reinforcement was introduced, the surface roughness increased. This
phenomenon can be associated with crack deflection mechanism formed from nano-
filler reinforcement as shown in Fig. 9(b). Besides that, the improvement in surface
roughness suggests an increase in the fracture path, which improved the stiffness and
the strength of the nanocomposites. Figure 9(c) shows that the hybrid nanocomposites
samples have higher surface roughness compared to monolithic epoxy and 0.1 wt%
MWCNTs-epoxy. The samples did not show straight line brittle failure. Figure 10(d)
shows that the 0.1 wt% MLG-epoxy has wrinkles and multilayers fracture on its
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surface. Although hybrid nanocomposites caused an increase in tensile properties, the
0.1 wt% MLG-epoxy showed a more significant effect.

The uniformly-dispersed graphene can be achieved by adding a small amount
of graphene. Homogenous dispersion of graphene provides good interfacial
adhesion and resistance to crack propagation both in dry and wet condition.
Additionally, the dispersed small amount of graphene in the matrix can form a
continuous network, which could reduce stress concentration and bridge growing
cracks, thus, stabilising and stopping the crack concentration.

| Smooth fracture pattern ¥ *  Crabledofieetion

/._High surface roughness

:

2

14 o

Fig. 9. SEM images of samples after water exposure; (a) monolithic epoxy,
(b) 0.1 wt% MWCNTSs-epoxy, (c) hybrid and (d) 0.1 wt% MLG-epoxy.

4. Conclusions

In conclusion, the mechanical properties of epoxy can be improved with the
incorporation of 0.1 wt% MWCNTSs, 0.05 wt% MWCNTs-0.05 wt% MLG and 0.1
wt% MLG. The Young’s modulus of hybrid nanocomposites (0.05 wt% MWCNTSs-
0.05wt% MLG) increased up to 70%. In the case of 0.1 wi% MLG-epoxy
nanocomposites, the Young’s modulus improved 72.4%. After water exposure, the
Young’s modulus decreased for all nanocomposite systems. Compared to dry
samples, the Young’s modulus of monolithic epoxy decreased 9%. For hybrid
samples, the Young’s modulus decreased by 5.4% and in the case of 0.1 wt% MLG-
epoxy, the Young’s modulus dropped 6.7%. A similar trend was observed for tensile
and impact strength, where all nanocomposite systems showed good improvement
for samples tested in dry condition. It is worth to note that all nanocomposites were
able to reduce water absorption due to the tortuosity effect. As a result, their
mechanical properties were much better than monolithic epoxy. It can also be
concluded that synergistic effects are not that effective at a low concentration of 0.1
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wit

% to cause a significant improvement in mechanical properties of produced

nanocomposites. Graphene, however, has an impressive effect on the liquid barrier
and mechanical properties of the nanocomposites. Nevertheless, more work needs to
be carried out to fully understand the synergistic effect of MLG and MWCNTS at
higher concentration. Further investigations in the characterisations, especially the
dynamic mechanical properties are currently carried out and will be the subject of a
forthcoming paper.

Nomenclatures

f(a/w) Calibration factor

Kic Fracture toughness

R. Average surface roughness
Wo Initial weight of the sample
We Final weight of specimen in %
Wi Weight of specimen at time t

Abbreviations

CNTs Carbon Nanotubes
ME Monolithic Epoxy
MLG Multi-Layer Graphene

MWCNTs Multi-Walled Carbon Nanotubes
SEN-TPB  Single Edged Notch-Three Point Bending
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