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and the mixture was sonicated for another 10 min in an ice bath.

The mixture was kept in a vacuum oven for 30 min at room tem
perature, after which it was spin coated using a Desk-Top Precision
Spin Coater model G3P-12. Spinning speeds of 900 rpm to
12,000 rpm were used on all the epoxy systems for 60 s. The film
was then left on the stationary substrate for 3 min before curing
at room temperature for 24 h, after which it was post-cured at
80 "C for 2 h to produce films with thicknesses of 30-70 pm.

2.3. Characterization technique

A transmission electron microscope (TEM)model Philips CM12
was used to observe the morphology of the GNP and MWCNT
nanofillers. The tensile properties of the epoxy thin-film compos
ites were determined using an Instron 3366 according to the ASTM
D882-02 standard test method at a crosshead speed of 1 mm/min.
For each tensile sample, five strip specimens with a width of
10 mm and length of 150 mm were prepared and used for mea
surement. The fracture surfaces on the tensile specimens were
examined using a field emission scanning electron microscope
(FE-SEM Zeiss SUPRA 35VP) at an acceleration voltage of 10 kV.
All specimens were vacuum coated with gold prior to examination
to avoid charging.The epoxy thin-film composites were tested to
measure their electrical conductivity using a Gwinstek ICR 817
meter at a voltage of 1 V and frequency of 1 kHz. A square-shaped
thin film with a dimension of 30 x 30 mm was prepared and used
for the measurement.

3. Results and discussion

3.1. Particulate filler characterization

Two types of nanofillers, GNP and MWCNTs, were used in this
study. Fig. 1 shows TEM images of the GNP and MWCNTs. The
TEM image in Fig. 1(a) shows that the as-received GNP particles
are superimposed on top of each other and look wrinkled in a man
ner similar to crumpled thin paper, indicating that the GNPformed
clusters or aggregates (8). In addition, the TEM insert image in
Fig. 1(a) shows that the single layer of GNP has a flalcy shape and
a relatively smooth planar structure with large dimensions
(4.1 pm X1.3 pm). The TEM image in Fig. '1(b)shows the MWCNTs,
with an average length of a few hundred microns and diameters in
the range of 5-50 nm. The TEM insert image in Fig. 1(b) shows that
the MWCNTs are randomly organized and aggregated owing to
inter-molecular Van der Waals interaction to form entanglements
in certain areas f 16j.

3.2. Tensile properties

l-ig. 2 shows the average tensile strength, tensile modulus, and
elongation at breaks in the unfilled epoxy and epoxy thin-film
composites with GNP and MWCNT nanofillers at different filler
loadingsand sonication times. Fig. 2(a) and (b) show that the addi
tion of GNP resulted in a decrease in both tensile strength and ten
sile modulus. This decrease was attributed to an aggregation of
GNP that resulted in a deterioration of the final nanocomposite's
tensile properties. The decrease in the epoxy's tensile strength
and tensile modulus with the addition of nanofillers, specifically
graphene, has been reported in previous works [22.2'i\. The rein
forcement effects of nanofiller in a polymeric matrix are theoreti
cally governed not only by filler content within the hosting
system but also by fillerdispersion, filler-matrixadhesion, particle
dimensions, and voids (i 5,24]. Fig. 2(c) shows that increases in the
GNP loading caused the epoxy thin-film composite to become
more brittle, resulting in a decrease in the elongation at break.
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Fig.2. Tensile properties of unfilled epoxy and epoxy thin film with different fillers
loading and sonication time: (a) tensile strength, (b) tensile modulus and (c)
elongation at break.

However, a slight enhancement in both the tensile strength and
tensile modulus could be observed in all of the GNP/epoxy thin-
film composites sonicated for 20 min compared to the GNP/epoxy
thin-film composites sonicated for 10 and 30 min. Sonication for
10 min was found to be insufficient for good GNP dispersion. This
result was in agreement with the findings reported by Taurozzi
et al. [19] on the low input energy required for shorter sonication
times. Meanwhile, the longer sonication times could cause GNP
damage. These two conflicting mechanisms may have explained
why the GNP/epoxy thin-film composites with identical filler load
ings displayed different tensile properties at different sonication
times. In a previous study on the effect of sonication time on the
mechanical properties of MWCNT-filled epoxy resin ;24i, the ten
sile strength of 0.5% MWCNT loading has been shown to increase
when Che sonication time is increased from 0.5 h to 2 h. A further

increase in sonication time results in a deterioration in the tensile

strength owing Co possible filler damage caused by the long sonica
tion time.
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