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ABSTRACT: In this study, the graphene nanoplatelets (GNP)/carbon fabric (CF)/epoxy
(EP) hybrid laminated composites were fabricated via electrophoretic deposition (EPD)
followed by hand lay-up assisted vacuum bagging technique. GNP were dispersed in
two different colloidal suspensions, i.e., distilled water (DW) and N-dimethyformamide
(DMF), and the effect of EPD GNP onto CF surface were investigated. The finding
indicated that the electrophoretic mobility (EM) of GNP is slightly slower in DMF due to
the higher viscosity of DMF (0.92 mPa.s) compared to DW (0.89 mPa.s). Zeta (£) potential
of GNP were slightly higher in DMF, revealing the non-polar behaviour of GNP being
easily dispersed in DMF due to its low polar and hydrogen-bonding strength. However,
the higher current intensity was observed for the GNP-DW suspension, implying higher
dielectric constant of DW adequate for effective deposition of GNP onto CF surface as
confirmed via field-emission scanning electron microscopy (FESEM). The GNP-DMF/
CF/EP composites exhibit the highest flexural properties compared to GNP-DW/CF/EP
composites. These findings proved the colloidal dispersibility of GNP in DW and DMF
suspensions, respectively used in EPD govern the flexural properties of GNP/CF/EP
hybrid laminated composites.
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1. INTRODUCTION

Advanced structural fibre such as carbon fibres (CF) with their exceptional
mechanical properties have been extensively used as reinforcements in high
performance structural composite applications. However, there are some limitations
with advanced composites due to the compatibility between CF and matrix. A non-
polar, stable and smooth graphitic surface of CF result in weak adhesion and poor
bonding formed between CF and matrix. Many attempts have been highlighted on
enhancing material properties via developing graphene nanoplatelet (GNP) based
hybrid composites due to the fact that hybrid fibre-GNP structures can considerably
improve the composite performance.'

Several methods have been used to create hybrid fibre-GNP structures such as
electrophoretic deposition (EPD), chemical vapour deposition (CVD), dipping
and spraying.** The EPD, dipping and spraying methods involve the liquid phase
medium and are based on physical interactions between filler and the fibre surface.
Among these methods, EPD has shown to be effective for deposition of GNP onto
CF surface due to low cost, process simplicity, uniformity of deposits and lower
applied voltage requirements.’

The aim of the present work is to investigate the effect of different suspensions
for distilled water (DW) and N-dimethylformamide (DMF) on the dispersibility
and stability of GNP in colloidal suspension. Quantitative estimation of GNP
suspension stability in different suspension (DW and DMF) was performed by
measuring electrophoretic mobility (EM) and the zeta (§) potential of the GNP
suspension with different pH values. The relationship between the current
intensity and the morphology of deposited GNP-DW and GNP-DMF were further
investigated and correlated with the flexural properties of GNP/CF/EP hybrid
laminated composites.

2. EXPERIMENTAL

2.1 Materials

GNP with an average flake-like particle diameter and thickness of 15 pm and
11-15 nm, respectively were supplied by Skyspring Nanomaterials, United
States. Figures 1(a and b) display the field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM) images of the as-received
GNP. The FE-SEM image reveals the morphology of the GNP showing smooth
thin layers of graphene sheets stacked on top of each other. As shown from TEM
image, there are few darker black shades in the structure of GNP, proving that
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GNP are wrinkled at certain areas due to GNP form aggregates. Figures 1(c and
d) show the digital and FESEM images of CF and CF filament, respectively.
The plain-weave CF (3000-multifilament) was supplied by Fiber Glast
Developments Corporation, United States. Epoxy resin, D.E.R.™ 332 with a
density of 1.16 g cm™ and curing agent, polyetheramines D-230 with a density
of 0.946 g cm™ were supplied by Penchem Technologies Sdn. Bhd., Malaysia.
N-dimethyformamide (DMF), concentrated nitric acid (HNO,) of 65 % and
potassium hydroxide (KOH) were supplied by Merck Sdn. Bhd., Malaysia.

_ Stacked

Figure 1: [Illustrations of (a, ¢) FESEM, and (b, d) TEM images of GNP (with
magnifications of 2.5KX for (a) and 1.0SMX for (b). Illustration (c) shows
digital image of CF, and (d) is FESEM image of CF filament with magnification
of 5KX.

2.2 Fabrication of Hybrid Laminated Composites

GNP suspensions (0.05 mg ml) were prepared by dispersing GNP in DW and
DMF suspensions, respectively. The suspensions were ultrasonicated individually,
using a Hielscher-UP200S Ultrasonicator for 20 min to form a stable suspension.
The EPD of GNP in different suspensions (DW and DMF) were performed at
their control pH (6.59 and 6.45) with the presence of fixed applied voltage (20 V)
and deposition time (5 min) based on optimised condition achieved from previous
work.® Figure 2 schematically illustrates the EPD of GNP onto the CF surface.
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Both the electrodes (stainless steel and CF) were fixed in parallel (at a distance
of 1.5 cm). The current was recorded as a function of deposition time. In the
EPD process, the migration direction of the filler in suspension during EPD was
controlled by the filler surface charge, where the positively charged filler was
attracted to the cathode electrode and vice versa.> The GNP-coated CF (120 mm
height x 120 mm length) dispersed separately in DW and DMF were both dried at
room temperature (24 h) followed by drying in the oven at 100°C (24 h) and 153°C
(24 h), respectively.
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Figure 2: Schematic illustration of EPD GNP onto CF surface.

The fabrication of 3-ply GNP-coated CF (CF-GNP/EP) and the controlled sample
(CF/EP) hybrid laminated composites were performed via hand lay-up assisted
vacuum bagging technique. Three pieces of GNP-coated CF and controlled
samples (120 mm height x 120 mm length) were used. Pre-calculated amounts
of CF, EP and GNP were weighted with the ratio of CF to EP fixed at 60:40. The
EP and the curing agent were mixed at 100:32 ratio prior to hand lay-up process.
The hybrid laminated composites were then fabricated via hand lay-up method
and then consolidated for about 45 min using vacuum bagging technique. The
fabricated composite was left overnight at room temperature and then subject
to a post-curing process where the composite was heated at a temperature of
80°C (2 h) and then post-cured at 125°C (3 h).

2.3 Characterisations

FESEM (Zeiss-SUPRA-35VP) and TEM (Philips-CM12) were used to examine
the morphology of the GNP. Also, FESEM was used to observe the surface
morphology of the CF filament and the GNP-coated CF. The Zetasizer-nano
analysis & potential and electrophoretic mobility (EM) of the GNP-DW and GNP-
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DMF were measured using the Zetasizer-Nano Instrument (Nano-ZS-ZEN3600,
Malvern, UK). The pH of GNP suspension was adjusted between 2 and 12 by the
addition of suitable quantities of aqueous HNO, and KOH solutions, respectively.’
Flexural test of the hybrid laminated composites was conducted following ASTM
D790-02 using universal testing machine (Instron 3366, United States).

3. RESULTS AND DISCUSSION

3.1  Electrophoretic Mobility and Zeta Potential

Figure 3 displays the results for the EM and & potential as a function of pH for the
GNP dispersion in the DW and DMF suspensions, respectively. It can be observed
from Figure 3(a) that the EM of GNP-DW and GNP-DMF become more negative
and travel rapidly as the pH increases and this observation may be associated with
deprotonation of the functional groups. The EPD of GNP-DW and GNP-DMF
suspensions at their control pH exhibits EM of —=2.75 pm.cm/V.s (pH = 6.59) and
—1.38 um.cm/V.s (pH = 6.45), respectively. The findings demonstrated the EM
of GNP-DMF was slightly slower compared to GNP-DW probably due to the
higher viscosity of DMF (0.92 mPa.s) compared to DW (0.89 mPa.s). A previous
study reported that an increased in suspension viscosity, limiting the EM of filler
in suspension.’

The & potential for the GNP-DW and GNP-DMF suspensions is shown in
Figure 3(b). Theoretically, the & potential of filler is dependent on the pH of the
filler suspension as the pH affects the degree of ionisation as well as the stability
of the suspension.® Both the GNP-DW and GNP-DMF suspensions have strongly
negative & potential values as pH of the suspension increased and formed stable
dispersions in the pH range of 6—12 with the highest mean & potential value of
—54.2 mV and -57.9 mV, respectively at pH = 12. The observation showed that
the deprotonation of the functional group is intensely associated with the pH of the
suspension, leading to the highly negative & potential and subsequently improved
the stability of GNP-DW and GNP-DMF suspensions.’ At the control pH of 6.59,
the GNP-DW suspension shows a negative mean & potential of —35.0 mV. The
mean  potential of GNP at their control pH was slightly higher in DMF which was
—37.4 mV. The finding revealed that the non-polar behaviour of untreated GNP is
easily dispersed in polar aprotic solvent (DMF) compared to polar protic solvent
(DW) possibly due to their low polar and hydrogen-bonding strength.'
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Figure 3: Illustrations of (a) electrophoretic mobility, and (b) & potential of GNP in
different suspensions (DW and DMF) observed for pH 2—-12.

3.2 Current Profile of EPD

Figure 4 displays the current profile versus deposition time for GNP in different
suspensions (DW and DMF) with the presence of fixed applied voltage (20 V)
and deposition time (5 min). The finding shows that at the fixed applied voltage of
20 V and deposition time of 5 min, the current intensity of GNP-DW and GNP-
DMF suspensions demonstrated an increased trend in the current intensity. The
GNP-DW and GNP-DMF suspensions reveal rapid movements due to their higher
EM, shown in Figure 3(a), along with better dispersion and stability as supported
via their highly negative & potential, as in Figure 3(b).
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The current intensity of GNP-DW is higher compared to GNP-DMF suspension.
The finding implies that the advantage of using DW with higher dielectric constant
(78.54) compared to DMF (36.70), indicating that the use of lower applied voltage
(20 V) within 5 min is adequate for improvement in the current intensity, leading
to effective deposition of GNP. In contrast, the use of organic solvent such as DMF
with lower dielectric constant compared to DW restricts the ions charge on the
fillers due to inadequate dissociative power and therefore higher applied voltage is
required for enhancement in the deposition of the various fillers.?
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Figure 4: Current as function of deposition time via EPD of GNP-DW and GNP-DMF
suspensions with the presence of fixed applied voltage (20 V) and deposition
time (5 min).

3.3  Morphologies of Deposited CF Fabric

The FESEM images reveal the non-uniformly deposited GNP-DW onto CF with
the CF surface almost completely covered with GNP, shown in Figures 5(a and b).
The morphology of deposited GNP-DW reveals flake-like structure with wrinkled
and aggregated at certain areas, suggesting the higher EM of GNP-DW, as in
Figure 3(a), accelerating aggregated GNP onto CF. It is believed that the constant
applied voltage (20 V) and deposition time (5 min) were sufficient to facilitate the
movements of GNP-DW in the direction of electric fields. Therefore, the higher
EM of GNP-DW due to lower viscosity of DW (0.890 mPa.s) compared to DMF
(0.920 mPa.s), contributing to the higher deposition of the GNP-DW onto the CF
surface.
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The deposited GNP-DMF onto CF demonstrated uniformity with slightly lower
deposition of GNP, shown in Figure 5(c and d). Theoretically, the non-polar
behaviour of untreated GNP being easily dispersed in polar aprotic solvent (DMF)
compared to polar protic solvent (DW) is due to their low polar and hydrogen-
bonding strength, contributing to dispersibility and stability of the GNP-DMF
suspension. It is hypothesised that the presence of fixed applied voltage of 20
V and deposition time of 5 min were insufficient to facilitate the lower EM of
GNP-DMF suspension, shown in Figure 3(a). The finding revealed the lower
EM of GNP-DMF suspension due to the higher viscosity of DMF (0.920 mPa.s)
compared to DW (0.890 mPa.s), restricting the EM of the GNP-DMF suspension.
Additionally, the lower dielectric constant of DMF (36.70) in comparison with
DW (78.54) limits the ions charge on the GNP-DMF probably due to insufficient
dissociative power, resulting in the slightly lower deposition of the GNP-DMF
onto the CF surface.’

Figure 5: FESEM images of GNP in (a and b) DW, and (¢ and d) DMF suspensions,
respectively with the presence of fixed applied voltage (20 V) and deposition
time of 5 min (magnification of 100X for (a and ¢) and 1KX for (b and d).
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3.4  Flexural Properties

Figure 6 exhibits representative flexural stress-strain behaviour and flexural
properties of CF/EP hybrid laminated composites with GNP dispersed in different
suspensions (DW and DMF) deposited onto CF at fixed applied voltage (20 V)
and deposition time (5 min). Based on the flexural properties behaviour, it was
obvious that the deposition of GNP in different suspensions (DW and DMF) onto
the CF demonstrated significant trends in the flexural properties of CF/EP hybrid
laminated composites, suggesting improved interfacial interactions between fibre
and matrix with reinforcing effects of the fillers."!
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Figure 6: [Illustrations of (a) representative flexural stress-strain, and (b) flexural
properties of CF/EP hybrid laminated composites with GNP-DW and GNP-
DMF deposited onto CF at fixed applied voltage (20 V) and deposition time
(5 min).
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Representative flexural stress-strain behaviour of CF/EP laminated composites
with GNP dispersed in different suspensions (DW and DMF) deposited onto CF
surface at fixed applied voltage (20 V) and deposition time (5 min) are shown
in Figure 6(a). The flexural stress-strain behaviour of CF/EP hybrid laminated
composites with different fillers demonstrates different slopes which were affected
by different modulus.'? In particular, the flexural stress-strain curves display
slightly linear deformation trend of stress to maximum value (associated with the
flexural strength of CF/EP hybrid laminated composite) followed by the non-linear
deformation trend with irregularities of curves, indicating the initiation of crack
growth due to random fibre breakage and therefore decreases the flexural stress as
fibre breakage through thickness increased. The curves show that after the crack
onset, the irregularities in the flexural stress-strain curves with a yielding-like
behaviour is observed as the delamination length increases likely due to bridging
effect of filler.” For the control sample, delamination occurs due to the cracking
of the EP related with bridging of CF that acts as resistance against delamination
propagation at the crack surface. Similar mechanism was observed when fillers
were added onto CF/EP hybrid laminated composites with the filler also bridging
the crack surface as well as increasing resistance against crack growth.!!

As revealed in Figure 6(b), the deposition of GNP-DW and GNP-DMF onto the
CF significantly improved the flexural properties of CF/EP hybrid laminated
composites. The flexural strength and modulus of the control sample (CF/
EP laminated composite) displayed 202 MPa and 18 GPa, respectively. When
compared with control sample, the findings showed that the flexural strength and
modulus of different CF/EP hybrid laminated composites deposited with GNP-
DW suspension (CF-GNP-DW/EP) exhibited an improvement of approximately
14% (231 MPa) and 22% (22 GPa), respectively whereas, the other CF/EP hybrid
laminated composites deposited with the GNP-DMF suspension (CF-GNP-DMF/
EP) demonstrated 19% (241 MPa) and 100% (36 GPa) improved in flexural strength
and modulus, correspondingly. Based on these findings, it was apparent that the
flexural properties of CF-GNP-DMF/EP were higher compared to CF-GNP-
DW/EP. An improvement in the flexural properties of CF/EP hybrid laminated
composites with deposited GNP-DMF onto CF may be associated with the EPD
suspension parameters (GNP size, EM, & potential, dielectric constant, viscosity
and colloidal stability) that influenced the dispersibility and stability of GNP in
the liquid medium and subsequently govern the flexural properties of GNP/CF/EP
hybrid laminated composites.
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4. CONCLUSION

This study confirms that the dispersibility and stability of GNP in the liquid
medium (with and without the presence of applied voltages) were influenced
by those related to the suspension such as GNP size, EM, & potential, dielectric
constant, viscosity and colloidal stability. The EM of GNP-DMF was slightly
slower compared to GNP-DW due to the higher viscosity of DMF (0.92 mPa.s)
compared to DW (0.89 mPa.s). The current intensity of the GNP-DMF suspension
was lower than GNP-DW suspension probably due to the lower dielectric constant
of DMF (36.70) compared to DW (78.54) and therefore limits the ions charge on the
GNP-DMF due to insufficient dissociative power. The morphology observation of
deposited GNP-DMEF onto CF surface demonstrated uniformity with slightly lower
deposition of GNP-DMF compared to GNP-DW, which subsequently influenced
the final properties of the CF/EP hybrid laminated composites. However, the GNP-
DMF/CF/EP hybrid laminated composites exhibits the highest flexural properties
compared to GNP-DW/CF/EP hybrid laminated composites. These findings
proved that the colloidal dispersibility of GNP in DW and DMF suspensions,
respectively used in EPD, govern the flexural properties of GNP/CF/EP hybrid
laminated composites.
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