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ABSTRACT

In this study, the effect of aspect ratio of graphene oxide (GO) on the properties of poly
(vinyl alcohol) (PVA) nanocomposites were investigated. The PVA/GO nanocomposites were
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prepared by a simple solution casting method. GO with 3 different lateral sizes, 0.5, 1.5 and

3 um were used. The higher the aspect ratio, the higher the Young's modulus obtained. The
effect of aspect ratio on Young’s modulus was in agreement with the Halpin-Tsai model,
especially when GO was highly aligned in uniaxially drawn nanocomposites. Similar to the
Young's modulus, the barrier properties increased with increasing GO aspect ratio. On the
other hand, the highest glass transition temperature as well as the highest thermal decom-
position temperature was achieved for the GO of the lowest aspect ratio.

GRAPHICAL ABSTRACT

KEYWORDS

Graphene oxide; poly (vinyl
alcohol); aspect ratio;
mechanical properties;
thermal properties; barrier
properties;

reinforcement effect

Young’s modulus
Barrier properties

Thermal decomposition temp.
Glass transition temp.

1. Introduction

In recent years, two-dimensional graphene com-
posed of sp>-bonded carbon atoms has been one of
the most attractive materials in nanotechnology in
view of the excellent properties, such as the Young’s
modulus of 1 TPa and ultimate strength of 130 GPa
[1], thermal conductivity of 5000 W/mK [2], and
electrical conductivity of 6000S/cm [3]. Graphene
has been synthesized either by bottom-up processes,
such as epitaxial growth on single-crystal SiC [4], or

top-down processes of separation/exfoliation of
graphite or graphite derivatives [5, 6]. Due to the
high availability and low cost of graphite, top-down
processes starting from graphite have often been
used. Hummers method [7] is one of the most
widely known top-down processes of graphene.
Graphene oxide (GO) has been obtained through
the process of Hummers method [8, 9]. Several oxy-
gen containing functional groups, such as hydroxyl,
carbonyl, carboxyl and epoxy groups, on the surface
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of GO enable GO to exfoliate in water or other
protic solvents [10, 11]. So far, many works have
been conducted on GO reinforced polymer
nanocomposites and improvements in mechanical
properties have been reported [12-18].

Previously, we have used poly (vinyl alcohol)
(PVA), which is well-known as a water-soluble poly-
mer, as a matrix for GO reinforced polymer nano-
composites [13, 14]. The PVA/GO nanocomposites
were prepared by a simple casting of a PVA/GO
aqueous suspension. GO was dispersed at the nano-
scale in PVA matrix with strong interactions
between filler and matrix, mainly by hydrogen
bonding. As a result, the nanocomposites showed
remarkable enhancement in their properties even at
a small amount of GO up to 1% w/w. For example,
the Young’s modulus and tensile strength increased
by 100% and 45%, respectively, with only 1% w/w
GO loading. Poly (methyl methacrylate) (PMMA), a
hydrophobic polymer, was also used as a matrix for
GO reinforced nanocomposites [15]. The PMMA/
GO nanocomposites were also prepared using water
as a processing medium. In the mechanical tensile
tests, GO played a role in the crack pinning for the
nanocomposites. Therefore, the elongation at break
of PMMA was maintained and the nanocomposite
showed the remarkable increase in toughness.
Besides, the thermal decomposition temperature of
the nanocomposite was increased by 28 °C with only
1% w/w GO. Furthermore, the barrier properties of
the nanocomposite with 10% w/w GO was found to
be almost impermeable.

The properties of polymer composites depend on
several factors, such as dispersibility of fillers, inter-
face adhesion and morphology of fillers [19, 20].
Sumita et al. [21] conducted the research on the size
effect of filler of nylon 6 composites filled with
ultrafine and micron-sized silica particles. They
showed that the nanocomposites reinforced by
nano-sized silica particles exhibited higher rigidity
and superior yield strength compared to the compo-
sites reinforced by micron-sized silica particles.
Nanocomposites have often achieved superior prop-
erties over macro or micro sized filler reinforced
composite because of the large specific surface area,
short interparticle distance and so on [22, 23]. It is
well-known that not only the size but also the aspect
ratio of fillers has a large effect on properties of
composites as shown in the Halpin-Tsai model [24].
There are several reports conducted on the effect of
aspect ratio of clays, graphene and carbon nanotube
on properties of polymer composites [25-33]. For
example, Weon et al. [25] investigated the effect of
aspect ratio and orientation of clay on properties of
nylon-6 nanocomposites. It was revealed that higher
aspect ratio and unidirectional orientation of clay
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resulted in significant increase in the Young’s
modulus, tensile strength and heat distortion tem-
perature of the nanocomposites. In addition to the
effect of aspect ratio, that of surface functionality of
graphene nanoplatelets (GNPs) on mechanical prop-
erties were reported by Chong et al. [32] They
showed that the reinforcement effect of GNPs sig-
nificantly decreased by agglomeration due to the
reduced aspect ratio. It was obvious that, in order to
discuss the effect of aspect ratio on the properties of
the nanocomposites, high dispersibility and favor-
able interactions should be achieved. In this study,
we prepared PVA/GO nanocomposites with three
different-sized GO. The effect of aspect ratio of GO
on the properties of the nanocomposites were
investigated.

2. Experimental
2.1. Materials

GO aqueous suspensions (1% w/w) with three dif-
ferent-sized GO were supplied by Mitsubishi Gas
Chemical. Inc. (Tokyo, Japan). NanoGRAX,
NanoGRAX-1 and NanoGRAX-2 refer to the aque-
ous suspensions of GO with average size of 3, 1.5
and 0.5 um, respectively, according to the manufac-
turer. The size of GO was controlled by ultrasonica-
tion. The PVA powder “Gohsenol NH-18" was
supplied from Nippon Synthetic Chemical Industry
Co., Ltd. (Osaka Japan). The degree of polymeriza-
tion was 1800, and the degree of saponification was
higher than 99%.

2.2. Sample preparation

The PVA powder was dissolved in water at 90 °C.
The PVA solution (5% w/w) and the GO aqueous
suspension (1% w/w) were mixed together under
stirring for 1day. The homogeneous suspension of
PVA/GO was cast into a petri dish and dried at
room temperature followed by vacuum drying at
40°C for 48h [13]. The uniaxially drawn nanocom-
posites were prepared by drawing the as-cast nano-
composite films in an oven at 160°C to draw ratio
of 3, which was the maximum draw ratio [14].

2.3. Characterization

The atomic force microscopic (AFM) analysis was
performed in tapping mode with a silicon cantilever
probe (NanoNavi Station/E-sweep, Seiko
Instruments Inc., Chiba, Japan). The sample was
prepared by spin-coating of diluted GO aqueous
suspension on a silicon wafer.

A field emission scanning electron microscope
(FE-SEM) (JEOL, JSM-6700F) was used at an
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Figure 1. AFM height images and height profiles of (a) GO-L, (b) GO-M and (c) GO-S.

accelerating voltage of 10kV. The cross sections of
PVA/GO nanocomposites were observed. X-ray
diffraction was carried out with an X-ray diffract-
ometer (RINT2100, Rigaku, Tokyo, Japan). The Ni-
filtered CuKo radiation beam was operated at 40 kV
and 20 mA. The scanning speed was 1.0 degree/min
and the 20/0 scan data were collected at 0.02 degree
intervals. The crystallinity (X.) of PVA was
determined using the following equation:

Ac

Xc=——+
(Ac + Aa)

x 100 1
where Ac is the area of the crystalline regions and
Aa is the area of the amorphous region.

The mechanical properties of the nanocomposites
were measured using a tensile tester (Autograph
AGS-1kND, Shimadzu Co., Kyoto, Japan). The ini-
tial length of the specimen was 20 mm, and the
crosshead speed was 2mm/min. More than ten
specimens were tested. The toughness (K), which is
defined as the area surrounded by the stress
(0)-strain (&) curve, was calculated using the follow-
ing equation:

K= Jesma-ds/p(]/g) 2

=0

where ¢ is stress (Pa), ¢ is strain (%) and p is dens-
ity (g/m’). The density was determined by floatation
using tetrachloride (1.5842g/cm®) and benzene
(0.88g/cm®) at 30°C. Fragments of films were
placed in the mixture and allowed to settle for
2days. The volume of the pycnometer was cali-
brated with distilled water (0.99565 g/cm3 ).

The swelling ratio was measured by immersing
the square specimens (2cm X 2cm) in distilled
water (30°C). The swelling ratio was defined as the
weight gain of the specimens by using the equation
as follows:

w
Swelling ratio = <—) 3
wo

where, W, and W are the weight of the specimen
before and after swelling, respectively. The weight of
the specimens was measured every 10min for the
first 60 min and every 30 min for the rest. The speci-
mens were immersed in water for 300 min in total
till they reach the equilibrium of swelling. The
diffusion coefficient of water (D) was calculated
using the following equation [34]:

D- n<%>2(m2/s) 4

where Q is the slope of the linear approximation
obtained by plotting the swelling ratio versus the
square root of the swelling time and r is the
thickness of the specimens.

Thermal decomposition temperature (T;) was
measured by a thermogravimeter (TG) (TG/DTA-
220CU, Seiko Instruments Inc., Chiba, Japan) under
nitrogen flow with a heating rate of 10°C/min. Ty
was defined as a temperature of 5% w/w thermal
weight loss. Dynamic mechanical analysis (DMA)
was performed by a dynamic mechanical analyser
(DVA-220S, ITK Co., Ltd.,, Osaka, Japan) under
nitrogen flow. A heating rate of 6°C/min was
employed with a frequency of 10 Hz.

3. Results and discussion
3.1. Morphology of GO

Figure la-c shows the AFM height images and the
height profiles of three kinds of GO sheets. The GO
with average size of 3, 1.5 and 0.5um was termed as
GO-L, GO-Mand GO-S, respectively. In addition to
the size-controlled GO, some fragments were observed
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Figure 2. SEM images of (a) PVA/GO-S nanocomposite, (b) PVA/GO-M nanocomposite and (c) PVA/GO-L nanocomposite (GO
content = 1% w/w); (d) X-ray diffraction profiles of GO, PVA and PVA/GO nanocomposites (GO content = 1% w/w).

for all the samples. Judging from the height profiles,
the average thickness was 1.0 + 0.5nm in all cases.

3.2. Structure of PVA/GO nanocomposites

Figure 2a-c show the SEM images of the cross sec-
tions of the PVA/GO nanocomposites with 1% w/w
GO loading. It was revealed that GO sheets,
observed as light lines, were homogeneously dis-
persed in PVA for all the nanocomposites. Figure
2d shows the X-ray diffraction profiles of the PVA
and PVA/GO nanocomposites with 1% w/w GO
loading. The X, of the nanocomposites were higher
(35%) than that of neat PVA (28%). There was no
significant difference in X, with respect to the aspect
ratio of GO.

3.3. Mechanical properties of PVA/GO
nanocomposites

So far, a number of micro-mechanical composite
models have been proposed to describe the

macroscopic mechanical properties of composites
[24, 25, 35, 36]. Among them, the Halpin-Tsai
model [24] or the modified Halpin-Tsai model
[16,37,38] (Equations (5)-(10)) have widely been
used for the estimation of Young’s modulus:

14+ Vi
E, = A, m 5
1+ 21V,
cl — T fEm 6
1_’7TVf
3 5 31+ &V, 51+ 254V,
= Ey+3E. = (22T g,
8 8 81—mVy 81—npVy
7
E_
E
N, =4 8
Z+é
E_
En
Nr =% 9
B +2

where E,/, E., , and Ejx are Youngs modulus
of a composite with fillers oriented parallel,
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perpendicular and random with the loading direc-
tion, respectively. E¢ and E,, are Youngs modulus of
fillers and matrix, respectively. Vi, is volume fraction
of fillers. £ depends on morphology of fillers and is
given by Equation (10) for 2D platelet fillers [16,
37]:

OCf E 10

where oy is the maximum aspect ratio of fillers. This
model clearly shows that the aspect ratio is one of
the important factors for the enhancement of mech-
anical properties of nanocomposites.

Figure 3a-c shows the stress-strain curves of
PVA and PVA/GO nanocomposites. The Young’s
modulus, tensile strength, elongation at break and
toughness obtained from these curves were shown
in Figure 3d-g. It is obvious from the data that the
aspect ratio of GO affects the Young’s modulus of
the nanocomposites. The higher the aspect ratio, the
higher the Young’s modulus of the nanocomposites.
The effect of aspect ratio was clearly apparent in the
Young’s modulus of uniaxially drawn nanocompo-
sites with 1% w/w GO, where GO sheets were
highly oriented parallel to the film surface [14].
From the Halpin-Tsai model, the E, of the uni-
axially drawn PVA/GO-S nanocomposite is 10%
higher than that of PVA/GO-L nanocomposite
when the filler content is 1% w/w. As shown in
Figure 3h, The Young’s modulus of PVA/GO-L
(18.3GPa) was 11% higher than that of PVA/GO-S
(16.6 GPa) for the uniaxially drawn nanocomposites,
which was in good agreement with the Halpin-Tsai
model. The aspect ratio didn’t affect the tensile
strength of the as-cast isotropic nanocomposites
while that of the uniaxially drawn nanocomposites
with low content less than 0.5wt% showed a similar
trend to the Young’s modulus (Figure 3i). It was
assumed that the orientation of GO significantly
enhanced the effect of the aspect ratio on the tensile
strength of the nanocomposites. The reason of the
decrease in the tensile strength of the uniaxially
drawn nanocomposites with 1% w/w GO-L can be
explained by the embrittlement as mentioned below.

The reinforcement effect of rigid fillers on poly-
mers can predict from the ratio of the Young’s
modulus of composites and matrix, E. and E,,
respectively [38]. This approach was introduced by
Halpin and Thomas [39] and the equation is given
as follows:

E_ 1+4nVy 1
En 1—nVy

Gao et al. [33] reported the effect of filler size on
the properties of poly (lactide acid) (PLA) by using
two kinds of GNPs, GNP-S and GNP-L with aspect

ratio of ~500 and ~2000, respectively. The PLA/
GNP-L composites showed higher Young’s modulus
and tensile strength than those of PLA/GNP-S com-
posites. It was revealed that the E/E,, of the both
nanocomposites exhibited linear increase and in
agreement with mechanical models. On the other
hand, in this study, the nanocomposites with GO-S
showed higher EJ/E, than the theoretical values
while the experimental data well fitted with the the-
oretical curve for the nanocomposites with high
aspect ratio GO as shown in Figure 3j. The similar
trend was observed for the nanocomposites with
other GO content. It was assumed that the inter-
facial interaction between PVA and GO, the align-
ment of GO and the changes in the PVA molecular
motion by GO enhanced the reinforcement effect
and further improved the mechanical properties of
the nanocomposites [16, 17, 32].

Interestingly, the elongation at break value of the
PVA/GO-L nanocomposites was lower than that of
other GO composites for all GO contents.
Therefore, the highest toughness was obtained for
GO-L, which had the lowest aspect ratio. The
increase in toughness by the low aspect ratio filler
can be explained by the release of the strain energy
and the crack pinning [40-43]. Wang et al. [42]
investigated the fracture toughness of epoxy nano-
composites with highly exfoliated clay. They
revealed that the presence of the nanoclay lead the
crack propagation along a very tortuous path, form-
ing many crazes in the nanocomposites. The forma-
tion of multiple crazes helps to release the strain
energy, which is the major toughening mechanism
in the nanocomposites. Su et al. [43] measured the
critical energy release rate for the separation of the
interface in polystyrene/gold nanoparticles nano-
composites. They revealed that the nanoparticles
prevented lateral load transfer, therefore, effectively
interfered with crack propagation. Since the number
of particles in GO-S was three times larger than that
in GO-L, GO-S, which could produce more crazes
than GO-L, resulting in the effective release of the
strain energy together with the crack pinning in the
nanocomposites.

3.4. Thermal properties of PVA/GO
nanocomposites

Figure 4a-c shows the thermogravimetric traces of
PVA and PVA/GO nanocomposites. The 5% weight
loss was determined as thermal decomposition tem-
perature (T4). Figure 4d and e show the Ty and the
glass transition temperature (T,) of PVA and PVA/
GO nanocomposites, respectively. Both Ty and T,
increased by the incorporation of GO for almost all
the nanocomposites. In general, there were two
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Figure 3. Stress—strain curves of PVA and (a) PVA/GO-L nanocomposites, (b) PVA/GO-M nanocomposites and (c) PVA/GO-S
nanocomposites; (d) Young's modulus, (e) tensile strength, (f) elongation at break and (g) toughness of PVA and PVA/GO
nanocomposites; (h) Youngs modulus and (i) tensile strength of uniaxially drawn (x3) PVA and PVA/GO nanocomposites; (j)
Theoretical fit using Equation (11) of PVA/GO nanocomposites (1 wt%).

reasons for the increase in T4 and Tj. First, GO sig-
nificantly restricted the PVA molecular motion and
prevented decomposition [12, 28-33]. Second, GO

hindered the diffusion of the volatile products gen-
erated during the decomposition [12, 28, 29].

Among the PVA/GO nanocomposites, the
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nanocomposites with GO-S showed the highest T4
and T, The storage modulus at the temperature
above Ty is often used to estimate the apparent
crosslink densities of the polymer networks [44]. As
shown in Figure 4c, the storage modulus at 93°C
(30°C above the T,) showed similar behavior to
those of T4 and Tj. This indicates that the interfacial
interactions between PVA and GO were larger for
the lower aspect ratio filler because of the higher
specific surface area.

3.5. Barrier properties of PVA/GO
nanocomposites

In general, the improved barrier properties of com-
posites have been explained by ‘torturous path’
effect [45, 46]. The diffusion path length of mole-
cules was increased due to the impervious fillers. It
is well-known that the aspect ratio as well as the
size of the filler have a large effect on barrier prop-
erties of polymer composites [47]. The high barrier
properties have often been reported for the compo-
sites reinforced with 2D fillers with high aspect ratio
such as clays and graphene [48-50]. Figure 5a-c
shows swelling ratio of (a) PVA/GO-L (b) PVA/
GO-M and (¢) PVA/GO-S nanocomposites.
Diffusion coefficient of water obtained from swelling
ratio curves of as-cast and uniaxially drawn (x3)
nanocomposites were shown in Figure 5d and e,

respectively. The nanocomposites with GO-L
showed the highest barrier properties. It was sug-
gested that the presence of GO with high aspect
ratio forced the tortuous pathway of water and
effectively suppressed the diffusion of water in the
nanocomposites.

The Nielsen model [51] and Cussler model [52]
were applied to as-cast nanocomposites and uniaxially
drawn nanocomposites, respectively. The Nielsen
model is suitable for the composites where fillers are
randomly oriented and given in Equation (12):

P, 1-V;

Pu 14 (%f) 7
where P, and P, are the permeability of composite
and matrix, respectively. On the other hand, the

Cussler model is applicable for the composites with
highly aligned fillers and given as follows:
062 sz

-1
=1
( +lVf)

As shown in Figure 5d, e, the nanocomposites

12

P

P,

13

with high aspect ratio at high content, especially for
uniaxially drawn nanocomposites, showed good
agreement with the theoretical values. However,
there was a large divergence between the experimen-
tal results of the nanocomposites with low aspect
ratio GO at low content and the theoretical values.
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Figure 5. Swelling ratio of PVA and (a) PVA/GO-L nanocomposites, (b) PVA/GO-M nanocomposites and (c) PVA/GO-S nano-
composites; Diffusion coefficient of water of (d) as-cast and (e) uniaxially drawn (x3) PVA and PVA/GO nanocomposites.

It was assumed that such a high barrier effect at low
content of GO was achieved by the confinement of
the polymer chains [49, 50, 53]. Since GO highly
dispersed in PVA and there were strong interfacial
interactions between PVA and GO, the rigidification
of PVA chains by GO could be strong. As shown
above in thermal properties, it was assumed that
GO-S restricted the molecular motion more effect-
ively than GO-L. Therefore, incorporation of GO
with low aspect ratio resulted in the significant drop
of diffusion coefficient of water of the nanocompo-
sites. The similar effect has also been suggested for
clay reinforced nanocomposites [54-56]. It was
obvious that the platelet morphology and large spe-
cific surface area of clays reduced the permeability
by prolonging the penetration pathway of gas mole-
cules more effectively than low aspect ratio fillers.
In addition, clays could restrict the molecular
motion of polymer chains and the compactness of
the polymer networks increased for the composites.
Therefore, the impenetrable crystalline domains of
the polymers, which reduced the free volume for
penetrating gas molecules, increased by the incorp-
oration of clays, resulted in the high gas barrier
properties of the composites.

4. Conclusions

The effects of GO aspect ratio on the mechanical,
thermal and barrier properties of PVA/GO nano-
composites were investigated. Young’s modulus

increased with filler aspect ratio. The effect of aspect
ratio on the Young’s modulus was in agreement
with Halpin-Tsai predictions when GO was highly
aligned in uniaxially drawn nanocomposites. On the
contrary, the elongation at break as well as tough-
ness was increased with decreasing of the aspect
ratio. It was suggested that GO with the lowest
aspect ratio released the strain energy more effect-
ively than other GO’s. In terms of the thermal prop-
erties, the nanocomposites with GO-S achieved the
highest T, and Tg. It was suggested that the molecu-
lar mobility of the PVA matrix was restricted by
GO-S more effectively than GO-L because of the
high specific surface area. The high barrier proper-
ties against water was exhibited by the nanocompo-
sites with GO of high aspect ratio due to the
tortuous pathway. The low aspect ratio GO also
showed the high barrier properties which may be
dominated by the strong restriction of the PVA
molecular motion.
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