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ABSTRACT. 

 The unique potential of graphene oxide (GO) was exploited in the nanocomposites by a simple uniaxial 

drawing (up to 3 times) of poly (vinyl alcohol) (PVA)/GO nanocomposites with a small amount loading 

of GO. From X-ray diffraction images, the PVA crystallites were found to be oriented parallel to the 

drawn direction. At the same time, exfoliated GO platelets were found to be aligned parallel to the film 

surface. Compared with the properties of the as-cast nanocomposites, those of the uniaxially drawn 

nanocomposites were found to be remarkably enhanced. For the mechanical properties, not only the 

Young´s modulus and tensile strength, but also the toughness of the nanocomposites increased by the 

uniaxial drawing. It was revealed that 260 % increase of the toughness was achieved for the drawn 

nanocomposite with 1 % w/w GO loading. Significant suppression of the swelling in water brought the 

excellent barrier properties against water, which exceeded that of the conventional high-barrier polymer, 

such as poly (vinylidene chloride). We revealed that this simple, fast and environmentally friendly 

process of uniaxial drawing exploit the excellent properties and high aspect ratio of GO in the 

nanocomposites. 
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TEXT.  

1. Introduction 

Among the composites materials, polymer nanocomposites have attracted a great deal of attention due 

to their high performances. The remarkable enhancements in various properties by the incorporation of a 

small amount of nanofillers have often been reported, therefore, they have been expected as alternatives 

for pure polymers or conventional micro-filler composites. Since Toyota Central R&D Labs., Inc. first 

reported the development of the nanocomposites composed of nylon 6 and clay,1–4 many kinds of 

nanofillers were incorporated in polymer matrices.5–9 In recent years, one of the most highly attractive 

nanofillers is graphene.10,11 Graphene is a single atom thick layer of carbon which shows extremely high 

performances in its properties, such as mechanical, thermal and electronic properties.12–15 In order to 

produce good interactions between graphene and polymer matrices, chemical modification of graphene 

has been widely conducted and rich varieties of graphene derivatives have been developed.11 Chemically 

modified graphene derivatives are often processed from graphene oxide (GO), which is prepared during 

the chemical preparation of graphene through the oxidation of graphite.16 GO possesses 

oxygen-containing functional groups on the base plane of graphene, thus GO shows hydrophilic 

affinity.17,18 Therefore, aqueous process for the preparation of nanocomposites can readily achieve the 

nano-dispersion of GO.19 

In our previous study, we selected poly (vinyl alcohol) (PVA), well known as a water soluble polymer, 

as a matrix and prepared PVA/GO nanocomposites using a simple casting method through the aqueous 

medium.20 We revealed that the GO platelets were highly exfoliated and nano-dispersed in the polymer 

matrix, and the as-cast PVA/GO nanocomposites showed the excellent properties. So far, several 

researches on PVA/GO nanocomposites have been reported which provided several methods of using 

water as a processing medium.21–24 Zhao et. al. prepared the nanocomposites with high content of GO 
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using layer-by-layer assembly and showed the remarkable increases in elastic modulus and hardness.24 

The high content PVA/GO nanocomposite was also prepared by vacuum-assisted self-assembly.25 Both 

of these techniques brought the layered nanocomposites.26,27 The strong interaction between polymer 

and filler were produced by these processes with the high in-plane alignment of GO, which results in the 

extremely high stiffness of the composites. Polymer nanocomposites reinforced by highly aligned 

layered nanofillers with high content were often investigated as artificial models of nacre, which is the 

composition of highly aligned inorganic aragonite platelets and protein. It was reported that the high 

stiffness comparable to that of nacre was achieved by layer-by-layer process of PVA/clay 

nanocomposites.26 However, it is difficult to control the amount of the fillers by these methods, and the 

filler content has no choice but to be high, and intrinsically these are time/cost consuming process. 

Generally, the alignment of the filler with high aspect ratio has a critical effect on the properties of 

composites.28,29 For example, the alignment of the layered particles in the direction parallel to the film 

surface can produce the significant barrier properties.30 In this study, orientation control of the PVA/GO 

nanocomposites was done by the uniaxial drawing of the as-cast nanocomposites. The casting method 

enables to control the GO content to be 0–1 % w/w. GO is expected to align parallel to the film surface 

by the simple uniaxial drawing. The effects of the uniaxial drawing on the structure and properties of the 

nanocomposites were investigated. This is an attempt to maximize the excellent properties of GO with a 

minimum content of GO. 
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2. Experimental 

2.1 Materials  

GO aqueous suspension (1 % w/w) was supplied from Mitsubishi Gas Chemical, Inc. (Tokyo, Japan). 

GO in the aqueous medium was synthesized from graphite using the method based on Hummers’ 

method.31 PVA powder (“Gohsenol NH-18”, Nippon Synthetic Chemical Industry Co., Ltd., Osaka, 

Japan) was used with a degree of polymerization of 1,800 and a degree of saponification greater than 

99 %. 

2.2 Sample preparation 

The PVA/GO nanocomposites were prepared by solvent casting method. The details of the 

nanocomposite preparation are described in our previous report.20 The as-cast nanocomposites were put 

into an oven at 160 ºC for 15 min, subsequently, uniaxially drawn. The draw ratio was fixed at 3 times 

and the thickness of the drawn films was 60 μm. 

2.3 Characterization 

X-ray generator (RINT2100, Rigaku, Tokyo, Japan) was operated at 40 kV and 20 mA. X-ray 

diffraction profiles were obtained by irradiating the samples by Ni-filtered CuKα radiation. The 

scanning speed was 1.0 degree/min, and the 2θ/θ scan data were collected at 0.02 degree intervals. X-ray 

diffraction images were taken with a flat camera. 

The cross section of the uniaxially drawn PVA/GO nanocomposite wiht 1 % w/w GO loading was 

observed using a field emission scanning electron microscope (FE-SEM) (JEOL, JSM-7500F) at an 

accelerating voltage of 2 kV and emission current of 10 µA. Osmium tetroxide was deposited on the 

sample surface prior to observation. 

 Tensile test of the drawn PVA/GO nanocomposites were performed using Autograph AGS-1kND 

(Shimadzu Co., Kyoto, Japan). The cross head speed was 2 mm/min and the initial length was 20 mm. 
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More than 10 specimens were tested for each sample. The toughness (K) was calculated using the 

following equation: 

 (J/g)                                                          (1) 

where, σ is stress (Pa=J/m3), ε is strain (-). and ρ is density (g/m3). 

The dynamic mechanical analyses were performed using a dynamic mechanical analyzer, DVA-220S 

(ITK Co., Ltd., Osaka, Japan). A heating rate of 6 °C/min with a frequency of 10 Hz was employed 

under nitrogen flow. 

Differential scanning calorimetry (DSC) was carried out using a differential scanning calorimeter 

(DSC-220CU, Seiko Instruments Inc., Chiba, Japan). The melting points (Tm) of the nanocomposites 

were determined as the endotherm peak temperature. The thermal decomposition temperature (Td) was 

measured with a thermogravimeter (TG/DTA-220CU, Seiko Instruments Inc., Chiba, Japan). The Td was 

defined as the temperature at which the substance had a 5 wt% thermal weight loss. DSC and TG were 

performed under nitrogen flow with a heating rate of 10 °C/min. Thermal diffusivity (α) was obtained by 

Thermowave Analyzer TA3 (Bethel Co., Ltd., Ibaraki, Japan) under periodic laser heating. The α of 

in-plane direction was measured at room temperature. 

The swelling ratio was determined by immersing the specimens in distilled water at 30 ºC and was 

defined as the weight gain of the specimens as follows: 

Swelling ratio=W/W0                                                               (2)  

where, W0 and W is the weight of the specimen before and after swelling, respectively. Then the 

diffusion coefficient of water (D) was determined using the following equation:32,33  

2

4
QrD π  =  

 
 (m2/s)                                                               (3) 

where Q is the initial 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. 

max

0
/K d

ε= ε

ε=
σ ε ρ= ⋅∫
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3. Results and Discussion 

     

 

Figure 1. (a) Equatorial X-ray diffraction profiles of the uniaxially drawn PVA film, PVA/GO 

nanocomposites and annealed GO (160 ºC, 15 min); (b) X-ray diffraction images of the uniaxially 

drawn PVA film and PVA/GO nanocomposite with 1 % w/w GO loading; (c) FE-SEM image of cross 

section of uniaxially drawn PVA/GO nanocomposite with 1 % w/w loading. The result of 2D Fast 

Fourier Transform was superimposed in the lower left corner. 

 

3.1 Characterization 

Figure 1a shows the equatorial X-ray diffraction profiles of the uniaxially drawn PVA film, PVA/GO 

nanocomposite (1 % w/w) and annealed GO. The annealed GO was prepared by drying the aqueous 

suspension and dried in an oven at the same condition of drawing (160 ºC, 15 min). Due to the 
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increasing of the crystallinity of PVA by annealing, both PVA film and the nanocomposites showed 

sharp peaks. On the profile of GO, the characteristic peak of 001 reflection appeared clearly at 2θ =10.1 

º corresponding to the interlayer distance of 8.8 Å, which is larger than that of graphite oxide (6.7 Å).34 

Compared to the interlayer distance of natural graphite (3.35 Å), that of graphite oxide and of GO were 

relatively large. This shows the presence of the oxygen containing functional groups which were located 

between the interlayers of graphite oxide and of GO.35 In addition, the appearance of the 001 reflection 

indicates that GO formed graphite (graphite oxide) like structure during the drying process, mainly by 

van der Waals force, while it was exfoliated in the aqueous suspension. 

 X-ray diffraction images were taken in order to assess the orientation in the uniaxially drawn PVA 

film and PVA/GO nanocomposites (Figure 1b). The peak assigned to 101/101 reflection of PVA 

appeared clearly for both the PVA film and the nanocomposites. The uniaxially drawn samples showed 

equatorial arc patterns, indicating that the PVA crystallites were oriented parallel to the drawn direction. 

The alignment of GO was observed as bright lines in the FE-SEM image as shown in Figure 1c. The 

result of 2D Fast Fourier Transform was superimposed in the lower left corner. Previously, we showed 

that GO platelets were partially aligned parallel to the film surface in the as-cast nanocomposites.20 In 

the case of the uniaxially drawn nanocomposites, GO platelets were found to be almost fully aligned 

parallel to the film surface in the overall structure. It is well known that the orientation of the polymer 

crystallites and the alignment of the filler, especially the filler with high aspect ratio, being the large 

effect on the properties of the nanocomposites. 36,37 

-
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Figure 2. Stress (σ) - strain (ε) curves of the uniaxially drawn PVA film and PVA/GO nanocomposites. 

 

3.2 Mechanical properties 

Figure 2 shows the stress (σ) – strain (ε) curves of the uniaxially drawn PVA film and PVA/GO 

nanocomposites. The Young’s modulus (E) of the drawn nanocomposite increased with increasing of 

GO content, and it was found to be 160 % higher than that of drawn PVA film with only 1 % w/w GO 

loading (Supplementary Table 1). For the tensile strength (σmax), the nanocomposite with GO 0.5 % w/w 

showed the highest value of 392 MPa, which was 37 % higher than that of drawn PVA film 

(Supplementary Table 1). On the other hand, for the elongation at break (εmax), the drawn 

nanocomposites moderately decreased with increasing of the GO content. 

Figure 3a-d show the E, σmax, εmax and K values of the drawn nanocomposites and the as-cast 

nanocomposites20 as a function of GO content. It was obvious that the E and σmax values remarkably 

increased by the drawing (Figure 3ab). The E and σmax values of the drawn PVA film were found to be 

89 % and 202 % higher than those of the as-cast PVA film, respectively. These correspond that the PVA 

crystallites in the drawn film were highly oriented as shown above. In the drawn nanocomposites, the 

effective stress transfer was achieved by the highly oriented PVA crystallites and highly aligned GO.  
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Figure 3. (a) Young’s modulus (E), (b) tensile strength (σmax), (c) elongation at break (εmax) and (d) 

toughness (K) of the uniaxially drawn PVA/GO nanocomposites and the as-cast PVA/GO 

nanocomposites as a function of GO content. 

 

Therefore, the nanocomposites were revealed to show remarkable increase in the E and σmax values by 

the drawing. 

As previously mentioned, the εmax value of the as-cast composite decreased abruptly with the GO 

loading, however, that of the drawn nanocomposite was hold even after the incorporation of GO. Finally, 

the εmax value of the drawn nanocomposite with 1 % w/w GO loading was found to be higher than that 
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of the as-cast nanocomposite (Figure 3c). Therefore, as shown in Figure 3d, it was revealed that the 

toughness (K) of the drawn nanocomposites tended to maintain higher value. For example, compared to 

the as-cast nanocomposites, the K value of the nanocomposites increased 170% and 260 % with 0.5 % 

w/w and 1 % w/w GO loading, respectively. Generally, the interface between filler and matrix often 

causes the initial crack due to the high stress concentration at the filler edges. The as-cast PVA/GO 

nanocomposites showed large decrease in εmax value which was caused by the random alignment of GO 

with its anisotropic morphology.20,38 On the other hand, for the drawn PVA/GO nanocomposites, the 

stress concentration at the interface was decreased by the parallel alignment of GO and the crack 

propagation in the direction perpendicular to the film surface was also prevented by the aligned GO 

platelets. Wang et. al.39 showed the fracture mechanism in the epoxy/clay nanocomposite. They revealed 

that the clay layers, which aligned perpendicular to the direction of the crack propagation, hindered the 

crack propagation. Therefore, it was assumed that the aligned GO was also acted as a barrier against the 

crack propagation. 

Figure 4 shows the temperature dependence of the storage modulus (E´) and the mechanical tanδ of 

the uniaxially drawn PVA film and PVA/GO nanocomposites. The dispersion at above 100 ºC, the main 

dispersion at 73 – 82 ºC and the lower temperature dispersion (approximately 0 ˚C) in the mechanical 

tanδ is so-called αc dispersion, αa dispersion and β dispersion, respectively. The intensity of both αa and β 

dispersions were found to be suppressed by the addition of GO. These suggest that the mobility of PVA 

molecular chains in amorphous region was largely restricted by the aligned GO platelets, which 

functioned as the excellent reinforcement with their rigid structure. In addition, the peek temperature of 

the αc dispersion, which was attributed to the PVA crystal relaxation, was found to be increased by the 

incorporation of GO. Previously, we reported that GO largely affects the amorphous region than the  
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Figure 4. Temperature dependence of storage modulus (E´) and mechanical tanδ of the uniaxially drawn 

PVA film and PVA/GO nanocomposites.  

 

crystalline regions of the PVA matrix for the as-cast nanocomposites. 20 On the other hand, in the drawn 

nanocomposites, the reinforcement effect of GO was revealed to be effective not only for the amorphous 

region but also for the crystalline regions. 

From the results of the E´, it is clear that the nanocomposites maintained the high E´ within the whole 

temperature range (-150 – 200 ˚C), and the decrease of E´ value with temperature over the glass 

transition (Tg) was effectively suppressed. This result also supported that the highly aligned GO platelets 

largely suppressed the mobility of PVA molecular chains for the drawn nanocomposites. 

In addition, the αa dispersion in the mechanical tanδ, corresponding to the Tg of the PVA matrix, as 

well as the αc dispersion, shifted to higher temperature for the nanocomposites with the increasing of the 

GO content.40 The Tg of the uniaxially drawn nanocomposites with 1 % w/w was found to be 9 ºC higher 

than that of uniaxially drawn PVA film, and 20 ºC higher than that of as-cast PVA film (Supplementary 

Table 2). 
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Figure 5. (a) DSC thermograms of the uniaxially drawn PVA film and PVA/GO nanocomposites; (b) 

Thermogravimetric traces of the uniaxially drawn PVA film and PVA/GO nanocomposites; (c) Glass 

transition temperature (Tg) and thermal decomposition temperature (Td) of the uniaxially drawn PVA 

film and PVA/GO nanocomposites. 

 

3.3 Thermal properties 

Figure 5a shows the DSC thermograms of the uniaxially drawn PVA film and PVA/GO 

nanocomposites. The endotherm at 227 – 232 °C assigned as the melting temperature (Tm) of PVA. Due 

to the increase in the crystallinity of PVA, the drawn nanocomposites showed sharper endotherms than 

  

c 

b a 0 
PVA/GO 1%w/w 10 -...~~ 

il 
PVA/GO 0.5%w/w ---------

-- PVA/GO 0.1%w/w 

------------------- V '\ :---............ , 
\ I ', 

····•·P.Y~t:'.'.11 \ : 
········ ········· ·.\t ··· .... 

20 ---~,~ ·., 
... ~I~ 

30 ·., 
·.1 ~ 

~ ·., 
0 ·.1 

en 40 ·.1~ ·.1 
en ·11~ .Q 50 :1 
1:: ~I~ Ol 60 :1 ·a:5 :~~ 
~ 70 - PVA/GO 1%w/w ---~,~ 

- - PVA/GO 0.5%w/w .. , 
80 ---- PVA/GO 0.1%w/w ··~~~ 

·······PVAfilm ··~~ 
90 ··-~~ ··--:-. 

100 --------~-~~--
50 100 150 200 250 300 50 100 150 200 250 300 350 400 450 500 

Temperature (°C) Temperature (°C) 

86 .----------------, 295 o 
0 
e....-84 
~ 

~ 82 
~ 
~80 
E 
2 
§ 78 

:;:; 
"iii 
C 76 
~ 

e...., 

.... •················· 
.•• o1:: .... • 

I-:' 
290 ~ 

::::i 
ro 

285 ~ 
E 
2 

•. •·o· 

0 .... •············ 

/ , ··· 

280 § 
:;:; 
"iii 
0 

275 a. E 
0 
(.) 
<I) 

270~ 
m 
E 

..._ __ ..._ __ ..._ _____ ..._ _____ ..._ _ ___. 265 1 
1.0 1-0.2 0.4 0.6 0.8 

GO content(% w/w) 



 

14 

that of the PVA film. On the other hand, there was no obvious change in Tm by the incorporation of GO 

for uniaxially drawn nanocomposites. This result suggests that GO had little effect on the PVA 

crystallites size while the crystallinity was increased and the molecular motion of PVA was suppressed 

by the incorporation of GO. 

The results in thermogravimetry showed a large difference between the PVA film and the 

nanocomposites. The thermogravimetric traces of the uniaxially drawn PVA film and PVA/GO 

nanocomposites are shown in Figure 5b. As well as Tg, it was revealed that the Td remarkably increased 

for the drawn nanocomposite (Figure 5c). The Td of the drawn nanocomposite with 1 % w/w GO loading 

showed 20 ºC higher value than that of the drawn PVA film. Furthermore, it was 27 ºC higher than that 

of the as-cast PVA film (Supporting Table 2).20 This excellent thermal resistance was achieved by nano 

dispersed and highly aligned GO with its high aspect ratio, which interrupted the volatile decomposition 

products passing through the material.26 

 

 
Table 1. In-plane thermal diffusivity (α) of the uniaxially drawn PVA film, PVA/GO nanocomposites 

and the as-cast PVA film.20  

 α (//*) α (⊥**) 

 ×10
-6

m
2
/s ×10

-6
m

2
/s 

Uniaxially drawn PVA film 0.879 0.449 

Uniaxially drawn PVA/GO 1%w/w 1.089 0.550 

As-cast PVA film20 0.405 0.405 
*//: Parallel to the drawn direction. **⊥: Perpendicular to the drawn direction. 
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The in-plane thermal diffusivity (α) of the drawn nanocomposites was shown in Table 1. The in-plane 

α value parallel and perpendicular to the drawn direction were evaluated. In the parallel direction, the α 

value of the PVA film was largely increased by the uniaxial drawing, while there was little difference in 

the perpendicular direction. In addition, for the uniaxially drawn samples, the further increase was 

observed for the nanocomposites. Pietralla et. al. showed that the α value of uniaxially stretched low 

density polyethylene (PE) increased with the draw ratio.41,42 They mentioned that, in thed polymer, the 

thermal diffusion in the drawn direction was dominated by the oriented polymer crystallites in the 

crystalline regions. It was suggested that, in the uniaxially drawn nanocomposites, in addition to the 

efficient heat transfer brought by the highly oriented PVA crystallites, the highly aligned GO also 

promoted the heat transfer and achieve the significant increase in the thermal conductivity. 
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Figure 6. (a) Swelling ratio of the uniaxially drawn PVA film and PVA/GO nanocomposites in water at 

30 ˚C; (b) Water diffusion coefficient of the uniaxially drawn PVA film and PVA/GO nanocomposites. 

 

3.4 Barrier properties 

Figure 6a shows the swelling ratio of the uniaxially drawn PVA film and PVA/GO nanocomposites in 
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corresponding to the DMA results, the aligned GO platelets effectively suppressed the molecular motion 
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GO loading was revealed to show the diffusion coefficient comparable to poly (vinylidene chloride) 

(PVDC), which is well known for its high barrier properties and is often used as a raw material for 

plastic wrap.20,43 In this study, regarding the nanocomposites reinforced by 1 % w/w GO loading, the 

diffusion coefficient was suppressed by 99 % by the drawing. In other words, the drawn nanocomposites 

achieved to suppress the diffusion coefficient to much lower value than that of PVDC with only 1 % 

w/w GO loading. This superior barrier property was brought by the synergetic effect of PVA and GO in 

the drawn nanocomposite. The nanodispersed and highly aligned GO platelets, together with the highly 

crystallized and highly oriented PVA, significantly prevented the penetration of water into the 

nanocomposites. 
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4. Conclusions 

By the uniaxial drawing of the PVA/GO nanocomposites, the PVA crystallites oriented parallel to the 

drawn direction. At the same time, the GO platelets highly aligned parallel to the film surface. For the 

mechanical properties, the uniaxially drawn PVA/GO nanocomposites were found to show high E and 

σmax value. In addition, the K value of the uniaxially drawn nanocomposites remarkably increased 

compared with those of as-cast nanocomposites. Furthermore, it was revealed that the drawn 

nanocomposites possess excellent thermal resistance and water resistance. 

The high aspect ratio of GO and its rigid structure was effectively applied to the nanocomposites by 

uniaxial drawing, resulting in the surprising enhancement in their properties. We revealed that the 

optimization of PVA/GO nanocomposites was achieved by this simple, fast and environmentally 

friendly process. 
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Figure captions 

Figure 1. (a) Equatorial X-ray diffraction profiles of the uniaxially drawn PVA film, PVA/GO 

nanocomposites and annealed GO (160 ºC, 15 min); (b) X-ray diffraction images of the uniaxially 

drawn PVA film and PVA/GO nanocomposite with 1 % w/w GO loading; (c) FE-SEM image of cross 

section of uniaxially drawn PVA/GO nanocomposite with 1 % w/w loading. The result of 2D Fast 

Fourier Transform was superimposed in the lower left corner. 

Figure 2. Stress (σ) - strain (ε) curves of the uniaxially drawn PVA film and PVA/GO nanocomposites. 

Figure 3. (a) Young’s modulus (E), (b) tensile strength (σmax), (c) elongation at break (εmax) and (d) 

toughness (K) of the uniaxially drawn PVA/GO nanocomposites and the as-cast PVA/GO 

nanocomposites as a function of GO content. 

Figure 4. Temperature dependence of storage modulus (E´) and mechanical tanδ of the uniaxially drawn 

PVA film and PVA/GO nanocomposites. 

Figure 5. (a) DSC thermograms of the uniaxially drawn PVA film and PVA/GO nanocomposites; (b) 

Thermogravimetric traces of the uniaxially drawn PVA film and PVA/GO nanocomposites; (c) Glass 

transition temperature (Tg) and thermal decomposition temperature (Td) of the uniaxially drawn PVA 

film and PVA/GO nanocomposites. 

Figure 6. (a) Swelling ratio of the uniaxially drawn PVA film and PVA/GO nanocomposites in water at 

30 ˚C; (b) Water diffusion coefficient of the uniaxially drawn PVA film and PVA/GO nanocomposites. 

Table 1. In-plane thermal diffusivity (α) of the uniaxially drawn PVA film, PVA/GO nanocomposites 

and the as-cast PVA film.20  
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