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ABSTRACT.  

Polymer nanocomposites are well known to show high performances by the addition of a small 

amount of nanofiller. However, the brittleness has often been reported as a general issue of the 

nanocomposites. In this study, we revealed the excellent toughening effect of poly (vinyl alcohol) 

(PVA)/montmorillonite (MMT) nanocomposites by controlling the alignment of MMT by drawing. 

The PVA/MMT nanocomposites with 5 wt% MMT loading was prepared and then drawn by uniaxial 

drawing, roll drawing and simultaneous-biaxial drawing. The drawn nanocomposites, where MMT 

was highly aligned parallel to the film surface, showed excellent enhancement in the mechanical 

properties and barrier properties. It is noteworthy that not only the Young’s modulus and the tensile 

strength, but also the elongation at break and the toughness remarkably increased for the drawn 

nanocomposites. For example, the simultaneously-biaxially-drawn nanocomposite showed the 

toughness of 17 times higher than that of the as-cast nanocomposite. Furthermore, the swelling ratio 

was comparable to that of surface fluorinated PVA film.  
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1. Introduction 

Clay reinforced nylon 6 nanocomposite by Toyota Central R&D Labs., Inc. was the first major 

success with polymer nanocomposites.1-6 Since then, many researchers have actively engaged on 

polymer nanocomposites all over the world. Nanocomposites, in which a small amount of nanofillers 

are incorporated, show remarkable improvement in materials’ properties compared with those of 

virgin polymers or conventional micro-fillers incorporated composites. The works on 

nanocomposites have spread to a wide variety of polymer matrices as well as to a various nano-

fillers, such as nano-fibers and nanocarbons.7–15 Clay has often been used as one of nano-fillers to 

improve not only mechanical properties and thermal properties, but also fire retardancy and barrier 

properties of polymer materials by taking advantage of its sheet-like geometry with high aspect ratio. 

16-20 

Montmorillonite (MMT) is a clay which has been extensively used as a filler for polymer 

nanocomposites. A single layer is composed of silicon tetrahedral – aluminum octahedral – 

silicon tetrahedral sheet stacking with the thickness of only 1 nm and it possesses very high aspect 

ratio in the range of 10–1000.21 Due to its hydrophilic nature, hydrophobic monomers and/or polymers 

cannot be intercalated into the layers, or the layers cannot be exfoliated individually in polymer 

matrices. As for the nylon6/clay nanocomposites shown above, MMT was organically modified with 

cationic surfactant, such as alkyl ammonium cations, to improve the dispersibility in the polymer 

matrices. 1-6 Similarly, organified MMT has often been incorporated into polymers, including 



polyolefins, polyester, epoxy and so on. 6 On the other hand, MMT is known to highly swell in water 

and form stable aqueous suspensions with monolayers.22 It has been reported to be well dispersed as 

fully exfoliated monolayers in the hydrophilic polymers, such as poly (vinyl alcohol) (PVA)22–25 and 

poly (ethylene oxide)26,27 and cellulose28,29 without any organic modification. 

In our previous study, we revealed the stress transfer system in the PVA/MMT nanocomposites by 

the ‘X-ray diffraction method’.30 The stress on the PVA/MMT nanocomposites was shown to be 

transferred quite effectively to MMT. As a result, the Young’s modulus and the tensile strength 

significantly increased by the incorporation of even small amount of MMT. On the other hand, as a 

common issue for polymer nanocomposites, the elongation at break and toughness decreased due to 

the brittleness of rigid fillers. It is well known that the dispersibility of fillers and the interfacial 

interaction between filler and polymer matrix are important factors to achieve the high performance of 

the nanocomposites. In this regard, MMT was highly exfoliated and highly dispersed at nano-level in 

PVA, in addition, the strong interfacial interactions of hydrogen bonds were formed between MMT 

and PVA. 

In this study, we focus on the alignment of MMT platelets and the orientation of PVA crystallites. It 

has been reported that the drawing of polymer nanocomposites with high-aspect-ratio-filler largely 

affected the orientation of polymer crystallites and the alignment of the fillers, resulted in the 

remarkable changes in the structures and the properties of the nanocomposites, such as crystallinity, 

mechanical properties and barrier properties.31-35 Here in, we controlled the alignment of MMT 



platelets and the orientation of PVA crystallites by three kind of drawing method, uniaxial drawing, 

biaxial drawing and roll drawing. The effect of the drawing on the structure of the nanocomposites 

were examined in detail, and the effect of the alignment of MMT on mechanical properties and barrier 

properties of the nanocomposites were investigated. 

 

2. Experimental Section 

2.1. Materials  

PVA was supplied from Nippon Synthetic Chemical Industry Co., Ltd. with its commercial name 

“Gohsenol NH-18”; the degree of polymerization was 1,800 and the degree of saponification was more 

than 99%. MMT was supplied by Kunimine industries, Co. Ltd. with its’ commercial name “Kunipia-

G”. All the materials were used as received. 

 

2.2. Sample preparation 

MMT was stirred in ion-exchanged water for 1 day, and then PVA powder was added to the MMT 

aqueous suspension and dissolved at 90 ºC under stirring. The MMT content was controlled to be 5 

wt%. The PVA/MMT aqueous suspension was casted into a petri dish. After dried at room temperature, 

the nanocomposite was taken out and was dried at 40 ºC for 48 h in vacuum. The thickness of the 

resulted nanocomposite was ca. 250 μm. The as-cast (AC) nanocomposite was drawn by uniaxial 

drawing (UD), roll drawing (RD) and simultaneous biaxial drawing (SBD). The conditions of the 

drawing processes were summarized in Table 1. 

 



Table 1 Drawing conditions. 

Drawing method Temperature Speed Original length 

ºC mm/min mm 

Uniaxial 120 90 90 

Roll 120 90 90 

Simultaneous biaxial 140 30 30 

 
 
2.3. Characterization 

X-ray diffraction was carried out with an X-ray diffractometer (Rigaku, RINT2100). The specimen 

was irradiated by Ni-filtered CuKα radiation beam (wavelength=1.5418 Å) operated at 40 kV/20 mA. 

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

diffraction images were taken using a synchrotron radiation at the beam line of BL-24XU of SPring8 

at the Hyogo Beamline. The X-ray beam (wavelength=1.2399 Å) was irradiated in through, edge and 

end direction of the specimen. The beam size was 250 μm and the radiation time was 30 min.  

The cross section of the nanocomposite was observed using a field emission scanning electron 

microscope (FE-SEM) (JEOL, JSM-6700F) at an accelerating voltage of 10 kV. Pt/Pd was deposited 

on the sample surface prior to the observation. 

The tensile properties were evaluated by tensile test using a tensile tester (Shimadzu Co., Autograph 

AGS-1kND). The initial length was 20 mm and a cross head speed of 2 mm/min was employed. The 

number of tested specimens was more than ten. The toughness (K) was determined as the area 

surrounded by the stress–strain curve. It was calculated using the following equation: 



K= max

0
dε

ε= ε

ε=
σ ⋅∫  /d  (J/g)                                               (1) 

where, σ is stress (Pa), ε is strain (%) and d is density (m3/g). Dynamic mechanical analyses were 

performed by a dynamic mechanical analyzer (ITK Co., Ltd., DVA-220S), under nitrogen flow. A 

heating rate of 6 °C /min was employed with a frequency of 10 Hz. The same analyzer was used to 

measure the humidity dependence of the storage modulus. The relative humidity (RH) was changed 

from 15%RH to 90%RH at a rate of 1%RH/min in the air atmosphere at 60 ºC.  

Swelling ratio was determined by immersing the specimen in distilled water at 30 ºC and was defined 

as the weight gain of the specimen as follows: 

Swelling ratio=W/W0                                                   (2) 

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

permeation behavior was measured based on ASTM method of 96B. The specimen was placed over 

the top of a cup filled with distilled water at 30 ºC with the relative humidity of 30%RH. 

 

3. Results and Discussion 

3.1. Structure 

Figure 1 (a) shows the SEM images of MMT from cross section. The layered structure of MMT was 

observed. The X-ray diffraction also confirmed the existence of the MMT interlayer. Figure 1 (b) 

shows the X-ray diffraction profiles of MMT, PVA/MMT nanocomposite and AC PVA film. On the 

profile of MMT, the 001 and 005 reflections were clearly observed at 2θ = 7 ˚ and 28 ˚, respectively.36 

The weak diffraction peak of the 060 reflection was appeared at 2θ of 62 ˚. As shown in the schematic  



  

 

 

 

 

Figure 1 (a) SEM image of MMT from cross section; (b) X-ray diffraction profiles of AC PVA 
film, PVA/MMT nanocomposite and MMT; (c) schematic model of MMT crystal. 

 

model of MMT crystal in Figure 1 (c), the 001 and 005 reflections derived from MMT interlayer while 

the 060 reflection was perpendicular to the interlayer (Figure 1 (c)). In the profile of PVA/MMT 

nanocomposite, 101/101 reflection of PVA clearly appeared at 2θ of 20 ˚. The 001 and 005 reflections 

of MMT was not observed in the profile of the nanocomposite, indicating that the silicate layers of 

MMT were intercalated or exfoliated and nano-dispersed in PVA matrix.25 The crystallinity of the 

a b 

c 



PVA film and that of the PVA/MMT nanocomposite were found to be 28% and 33%, respectively. 

Since MMT was highly dispersed in PVA, MMT served as a crystallization nucleus for PVA. 

 
Figure 2 X-ray diffraction images of AC PVA film and AC, UD, RD and SBD PVA/MMT 
nanocomposite with an X-ray beam irradiated from through, edge, end and edge/end 
direction (draw ratio = 3). The contrast was controlled for better view.  



Figure 2 shows the X-ray diffraction images of the AC PVA film and the AC, UD, RD and SBD 

nanocomposites. The X-ray beam irradiated from through, edge and end directions. In order to observe 

the weak reflections at higher diffraction angle, the images of the nanocomposites were piled up with 

two different contrasts. In the images of AC samples, the diffractions from PVA and MMT appeared 

as homogeneous Debye-Scherrer rings in both through and edge/end direction. The homogeneous 

Debye-Scherrer rings attributed to the random orientation of PVA crystallites and the random 

alignment of MMT platelets. Similar to the AC samples, the diffractions from MMT appeared as 

homogeneous Debye-Scherrer rings in the through direction of all the drawn nanocomposites, showing 

the random alignment of MMT. The typical fiber diffraction pattern was observed for the UD 

nanocomposites in the through direction. The 101/101 reflection of PVA was clearly shown as the 

equatorial arc pattern. This pattern indicates that PVA crystallites were oriented to the drawn 

direction.32 The diffraction pattern of the RD nanocomposites also indicated the orientation of PVA 

crystallites, while the degree of orientation was much lower than that of the UD nanocomposites. Only 

the SBD nanocomposites showed random orientation of PVA in the through direction among the 

drawn nanocomposites. Since the tensile stress was applied biaxially simultaneously at the same rate, 

polymer chains as well as MMT platelets distributed homogeneously in random pattern.  

The 060 reflection of MMT in the edge/end direction were focused on the meridional direction for 

all the drawn nanocomposites. Since the (060) plane is perpendicular to the layer as shown in Figure 

1 (c), the alignment of MMT platelets were revealed to be parallel to the film surface. Regarding the 



orientation of PVA, the diffraction patterns of the drawn nanocomposites indicated that the PVA 

molecular chains took a planar zig zag conformation in the drawn nanocomposites as reported in 

previous literature. 37-40  

Figure 3 shows the SEM image of the cross section of the (a) AC and (b) SBD PVA/MMT 

nanocomposites. MMT were observed as bright portions. The 2D fast Fourier transformed (2D-FFT) 

image was superimposed in the corner of Figure 3. The random alignment of MMT platelets were 

observed in the AC nanocomposites, while it was highly aligned parallel to the film surface in the SBD 

nanocomposites. These results were in good agreement with the results of the X-ray diffraction images 

shown above. Furthermore, in comparison to the AC nanocomposite, the dispersibility of MMT in the 

drawn nanocomposite was revealed to be higher than that in the AC nanocomposites. It was suggested 

that the degree of exfoliation was enhanced by the shearing stress applied by the drawing.  

      
Figure 3 SEM image of the cross section of (a) AC and (b) SBD PVA/MMT nanocomposite. 
The 2D fast Fourier transformed image of the SEM image was superimposed on the upper 
right corner of the figure.  

a b 



3.2. Mechanical properties 
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Figure 4. Stress-strain curves of (a) AC (//=⟂), (b) UD (//), (c) UD (⟂), (d) RD (//), (e) RD (⟂), 
and (f) SBD (//=⟂) PVA/MMT nanocomposites. The direction of the applied stress was parallel 
(//), perpendicular (⟂) and parallel=perpendicular (//=⟂) to the drawing direction. For 
comparison, the curve for the AC PVA/MMT nanocomposite was superimposed in each 
figure; (g) Schematic illustrations of failure mode in AC and drawn PVA/MMT nanocomposite 
during tensile test. 
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Table 2 Mechanical properties of AC PVA film and AC and drawn PVA/MMT 
nanocomposite. 

 
 

Young’s 
modulus 

Tensile 
strength 

Elongation 
at break 

Toughness 

GPa MPa % J/g 

PVA AC 
// =⟂ 

- 3.2 92 81 47 

 
 
 
 
 
 
 
 
PVA/MMT 

AC 
// = ⟂ 

- 4.2 110 4.1 1.7 

UD //   ×1.5 4.3 124 23 15 

×3 6.2 214 18 21 

UD ⟂  ×1.5 3.4 103     3.1 0.9 

×3 4.6 119     1.4 0.3 

RD //  ×1.5 6.0 184 39 21 

×3 8.2 366 20 16 

RD ⟂ ×1.5 4.2 111 14 4.8 

×3 4.0     89     3.9 1.3 

SBD  
// = ⟂ 

×1.5 5.3 122 14 9.7 

×3 8.3 245 19 28 

 

Figure 4 (a) shows the stress–strain curves of the AC PVA film and AC nanocomposite. The AC 

PVA film showed a typical curve for the conventional crystalline polymer, that was, the maximum in 

the curve was followed by yielding. On the other hand, a sharp increase in the stress followed by a 

brittle fracture was observed in the curve of the AC nanocomposite. The Young’s modulus, tensile 

strength, elongation at break and the toughness obtained from these stress-strain curves were 



summarized in Table 2. The Young’s modulus and the tensile strength of the nanocomposite increased 

by 31% and 20%, respectively. The PVA/MMT nanocomposite was effectively reinforced by strong 

interactions, such as hydrogen bonding, at the interface between MMT platelets and the PVA 

matrix.25,41 These favorable interactions and the high dispersibility of MMT in PVA brought the 

excellent stress transfer, resulted in the high mechanical properties of the nanocomposite. However, 

the toughness of the nanocomposite drastically decreased compared with that of the AC PVA film. 

So far, rigid fillers such as nanocarbons have often been incorporated in polymer matrices, expecting 

the strong reinforcement effect. The enhancement in the Young’s modulus and the tensile strength has 

often been reported, however, rigid fillers have brought the brittleness and have resulted in abrupt 

reduction of the toughness. It is well known that the agglomerates of fillers or poor interfacial 

interactions can cause crack initiation on polymer composites. Though many efforts have been made 

to improve the dispersibility of fillers in polymer matrices as well as the interfacial interactions, it is 

rare to obtain the increase in the elongation at break and the toughness by the incorporation of rigid 

fillers.  

Figure 4 (b)-(f) show the stress–strain curves of the drawn PVA/MMT nanocomposites. The stress 

was applied to the direction parallel (//) or perpendicular (⟂) to the orientation. The elongation at break 

tend to decreased for the perpendicular direction of the UD and the RD nanocomposites. Since the 

PVA molecular chains uniaxially oriented parallel to the drawn direction, the physical interactions 

brought by the entanglements of polymer chains were reduced for the perpendicular direction of the 



UD and the RD nanocomposites. Therefore, dissociation of the interaction between the polymer chains 

could easily occur so that the toughness drastically decreased. Only the RD nanocomposites with the 

drawn ratio of 1.5 showed the large increase in the elongation at break. Due to the low orientation 

degree of PVA as shown above, it was assumed that the favorable rate of entanglement of the PVA 

molecular chains were remained in the RD nanocomposites at the drawn ratio of 1.5. Therefore, the 

stress transfer was successfully achieved together with the toughening effect of the aligned MMT 

explained below. 

The stress-strain curves for the parallel direction of the drawn nanocomposites showed quite unique 

behavior. It is noteworthy that not only the Young’s modulus and the tensile strength but also the 

elongation at break were increased by drawing. As a result, the drawn nanocomposites showed strong 

enhancement in the toughness. The SBD nanocomposites with the drawn ratio of 3 showed the highest 

toughness, that was 17 times higher than that of the AC nanocomposites. 

In the AC PVA/MMT nanocomposite, where MMT platelets were randomly aligned, the anisotropic 

morphology of MMT platelets caused the sharp defects due to the high stress concentration at the edge. 

The failure mode of the nanocomposite was schematically illustrated in Figure 4 (g). The defects led 

to early and low-energy fracture of the nanocomposite, which brought the drastic decrease in the 

elongation at break and the toughness.42,43 As shown above, MMT platelets aligned parallel to the film 

surface in the drawn nanocomposites. Therefore, the interfacial area which was perpendicular to the 

applied stress, was decreased by drawing. Accordingly, the stress concentration at the platelet edge, 



which caused the crack initiation, decreased in the drawn nanocomposites. In addition, the parallel 

orientation of the MMT platelets provide an effective barrier for the dominant deformation which 

caused by the cracks advancing perpendicular to the film surface.44 The formation of the micro-cracks 

between the aligned MMT platelets and the ‘damage zone’45,46 at the interface partially absorb the 

stored strain energy and dissipating the deformation energy.47,48  

Another toughening mechanism can be explained by the sacrificial bonds (hydrogen bonds and van 

der Waals interaction) and the stretching of hidden length at the interface.49,50 Under the stress applied 

to the PVA/MMT nanocomposites, cleavage of the sacrificial bonds occurs, at the same time, the 

hidden length of PVA was released at the interface. Therefore, favorable slippage of parallel-aligned 

MMT enhanced the energy dissipation in the nanocomposites, resulted in the highly balanced 

mechanical properties. 

 

   

Figure 5. Temperature dependence of (a) storage modulus and (b) tanδ of AC and SBD 
PVA/MMT nanocomposite; (c) Relative humidity dependence of storage modulus of AC and 
SBD PVA/MMT nanocomposite at 60 ˚C. 
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Figure 5 shows temperature dependences of (a) the storage modulus and (b) the mechanical tanδ of 

the AC and the SBD nanocomposites. The SBD nanocomposite drawn by 3 times showed 109 Pa order 

of storage modulus even in high temperature up to 200 ˚C, while it was drastically decreased at around 

60 ̊ C for the AC nanocomposites. The intensities of mechanical tanδ of the SBD nanocomposites were 

lower than that of the AC nanocomposite. In addition, the main dispersion in the tanδ, the so-called αa 

dispersion (approximately 61 ˚C), and the β dispersion (approximately -5 ˚C) was shifted to higher 

temperature by drawing. It was revealed that the aligned MMT platelets suppressed the molecular 

motion of PVA in the amorphous region, thus the glass transition temperature of the PVA matrix 

increased. 

The relative humidity dependence of the storage modulus of the AC and the SBD nanocomposites 

were shown in Figure 5 (c). Compared to the AC nanocomposites, the SBD nanocomposites exhibited 

the higher storage modulus in the wide range of humidity (15%RH – 90%RH at 60 ºC) even at more 

than 80%RH at the drawn ratio of 3, suggesting that the high barrier properties against water was 

exploited to the nanocomposites by the highly aligned MMT. 

 

3.3. Barrier properties 

Figure 6 (a) shows the swelling ratio of the AC PVA film, PVA/MMT nanocomposite and the SBD 

nanocomposite in distilled water at 30 ˚C. The swelling ratio of the surface fluorinated PVA film 

reported by Nishino et al.51 was inserted as the dotted line. The AC PVA film showed high swelling 



due to its water solubility. The swelling ratio was effectively suppressed by the incorporation of MMT 

and by drawing. In the initial stage, the swelling ratio of the SBD nanocomposite was higher than that 

of surface fluorinated PVA film. The fluorinated surface strongly prevented the intrusion of water 

molecules due to its very low surface energy. However, after 150 min, the SBD nanocomposite 

suppressed the swelling ratio by 60% compared with that of PVA film and it was almost the same with 

the surface fluorinated PVA film, suggesting that the penetration pathway of water molecules was 

largely hampered by the highly aligned MMT platelets together with the strongly restricted molecular 

motion of PVA, resulting in the excellent barrier properties.  

 

          

Figure 6. (a) Swelling ratio of AC and SBD PVA/MMT nanocomposite; (b) Water vapor 
permeability of AC and SBD PVA/MMT nanocomposite. The swelling ratio of the surface 
fluorinated PVA film 51 was shown as the dotted line. The surface fluorinated PVA was 
prepared by chemical modification of PVA film surface with fluorinated silane coupling agent. 

 

a b 



Figure 6 (b) shows the water vapor permeation behavior of the SBD nanocomposite at 30 ˚C with 

that of AC PVA film and nanocomposite for comparison. As well as the swelling ratio, the water vapor 

permeability was successfully suppressed by the drawing in addition to the incorporation of MMT and 

the drawing.52,53 The final permeability of the SBD nanocomposite was 15% lower than that of the AC 

nanocomposites, confirming the strong barrier effect of the highly aligned MMT platelets in the drawn 

nanocomposites. 

 

4. Conclusions 

 The alignment control of MMT was conducted by drawing the PVA/MMT nanocomposites by UD, 

RD and SBD. The MMT platelets aligned parallel to the film surface by the drawing. In addition, the 

PVA crystallites in UD and RD nanocomposites were oriented parallel to the drawn direction. As a 

result, not only the Young’s modulus and the tensile strength, but also the elongation at break increased 

by the drawing. The toughness of the SBD nanocomposite (draw ratio = 3) was found to be 17 times 

higher than that of AC nanocomposite. Furthermore, the barrier properties of the nanocomposites 

remarkably increased due to the highly aligned MMT platelets. The SBD nanocomposite (draw ratio 

= 1.5) showed the excellent barrier properties similar to that of surface fluorinated PVA film. We 

believe that the orientation/alignment control of polymer/high-aspect-filler nanocomposites proposed 

in this study will contribute to develop a strategy for the fabrication of the high-performance polymer 

nanocomposites in a wide range of application in polymer composites science and engineering.  
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