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ABSTRACT: Poly(vinyl alcohol) (PVA) gels can be easily prepared by either the freeze-thawing (FT gel) method or by the cast-drying

(CD gel) method. Although the resulting nanostructured networks of the FT and CD gels are similar, their physical properties are

quite different; while CD gels are transparent and elastic, FT gels are opaque and less elastic. Moreover, the tear energy of the FT gels

is much greater than that of the CD gels, which is a direct result of micrometer-scale differences in their network structures. In order

to control the distribution of microcrystallites on nano- and micrometer scales, FT gels were prepared from PVA solutions with dif-

ferent water contents. As a result, the gel gradually became more transparent as the initial water content was decreased; and accord-

ingly, the tear energy decreased. Tear resistance was improved in the case of FT gels by repeating the number of FT cycles, whereas

with CD gels, this was achieved by increasing the gelation temperature. These results indicate that the microscopic network structures

are characterized by a micrometer-scale bundled-polymer (fibril), which determines the tear energy of FT gels. Simple methods to

control the fibril network structure of FT gels using a unidirectional freezing method are presented herein, with the swelling and

mechanical properties of modified FT gels discussed in terms of their multiple-scale network structures. VC 2014 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2015, 132, 41356.
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INTRODUCTION

The low toxicity, excellent mechanical strength, and high bio-

compatibility of physically crosslinked poly(vinyl alcohol) gels

(physical PVA gels) makes them ideally suited for use as a bio-

material; and as such, there have been numerous studies into

their practical applications across a variety of fields and into a

variety of methods for their preparation.1,2 Among these meth-

ods, the preparation of physical PVA gels by repeated freeze-

thawing (FT gel) has been extensively studied for practical

application in the healthcare and medical fields.3,4 More

recently, a simple method to prepare PVA gel by cast-drying has

also been developed (CD gel).5 In order to better understand

the network structure produced by these methods on multiple-

scales, physical PVA gels have been subjected to scattering and

thermal measurement experiments6–12 using X-ray diffraction

(XRD), Fourier-transform infrared, and differential scanning

calorimetry (DSC) techniques. As a result of XRD measure-

ment, CD gel is known to consist of a swollen amorphous net-

work of PVA that is physically crosslinked by microcrystallites,

and is therefore similar to FT gel. From the literature,2,11 there

is little difference between the CD and FT gels in terms of the

average size of microcrystallites, D, and average distance

between microcrystallites, L. Although the nano-scale network

structures of the FT and CD gels are similar, the CD gels are

transparent and elastic in nature, whereas the FT gels are opa-

que and less elastic. The most plausible reason for these differ-

ences is that the larger-scale distribution of microcrystallites,

that is, from sub- to micro-micrometer order, differs between

the two materials.13

It should be noted, however, that these observations of the

minute structures were mostly obtained from dried or half-

dried gels.5,8 This has been the case because it is difficult to

analyze the network structures of fully-swollen hydrogels when

their water content, w, is high, as in the case of CD and FT gels

(where w> 80% of the total weight). More recent experi-

ments,14 conducted by adding water incrementally to a CD

film, have revealed that the magnitude correlation of D and L

between samples is not affected by w; and thus, the network

structures of the swollen gels can be qualitatively evaluated from

the D and L of in their dried or half-dried state. Moreover, it

was confirmed that the insights gained into the network struc-

tures by scattering measurements correlate well with the gel’s
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macroscopic properties, such as the swelling behavior of PVA

gels. This can be explained by the fact that the swelling ratio is

reflected by the average network structure, and so the macro-

scopic volume exaggerates microscopic conformations at a

molecular level.15 In other words, a small difference in the net-

work structures can induce a change in the macroscopic vol-

ume. Therefore, both the nano- and micrometer-scale network

structure can be inferred by simple measurements of the swel-

ling and mechanical properties.

In this article, the mechanical behavior of physical PVA gels pre-

pared by different methods (i.e., CD, FT and a CD-FT compos-

ite) is assessed through tear tests in water at room temperature.

The swelling ratio and crystallinity are also measured, as these

can easily have an influence over any differences observed in the

network structures between samples. In addition, a novel prepa-

ration method for physical PVA gels is explored by controlling

the polymer networks of FT gels via a unidirectional freezing

method. A possible mechanism underlying the tear propagation

behavior is then inferred in terms of the network structure, as

characterized by the size, number, and distribution of micro-

crystallites, which have been reported by literature.2,10,11,14

EXPERIMENTAL

Sample Preparation

PVA powder, the raw material used in this study, was kindly

supplied by Kuraray Co. and used without any further purifica-

tion (Catalogue number: PVA117). Its average degree of poly-

merization was 1700, and the average degree of hydrolysis was

between 98 and 99 mol %. The powder (PVA117) was mixed

with deionized and distilled water (Milli-Q water) at a concen-

tration of 15 wt % and dissolved with stirring at a temper-

ature> 90�C for more than 2 h. The resulting PVA pre-gel

solution (15.0 g) was then decanted into an 85 mm diameter

petri dish filled with polyethylene at room temperature.

Using this same PVA aqueous solution; FT, CD, and CD-FT com-

posite gels were all prepared. To prepare the FT gels, the solution

in the petri dish was covered with a lid and sealed with Parafilm

to prevent evaporation of water, and then left in a freezer at

around 220�C for between 7 and 24 h. After this, it was placed

in a temperature-controlled container at 4�C, and subjected to

four freeze-thaw cycles in total. The gels were then immersed in a

large amount of pure water until they reached an equilibrium

state, thus resulting in physical PVA gels (FT gels). To prepare the

CD gels, the Petri dish solution was left uncovered to dry in air at

room temperature (�25�C) until the weight became almost con-

stant. This dried gel though still contained some residual water

[wres 5 6 6 1 wt %, evaluated by Thermo Gravimetry Analyzer

(TGA4000; PerkinElmer)], and was subsequently soaked in a large

amount of pure water to obtain a PVA cast gel, which is hereafter

referred to as a CD gel. As for the CD-FT composite gels, FT gels

were prepared after the PVA solution was dried to a final water

content ranging from 85 wt % to wres. This water content was

controlled by leaving the 15 wt %-PVA solution (w 5 85 wt %) in

air at room temperature until the desired value was reached.

In the preparation of the FT gels, a unidirectional freezing

method was utilized.16–19 In this, the PVA solution was

encapsulated in a mold consisting of a set of parallel acrylic

plates separated by 40 3 50 mm silicone rubber spacers. These

spacers were stamped from a 60 3 70 mm sheet 1 mm in thick-

ness, and then adhered to an acrylic plate. The PVA solution was

poured into this silicone rubber frame, with a second acrylic

plate used to enclose the stamped space filled by PVA solution.

The resulting mold was then connected to a position-controlled

stepper motor and immersed in a 50 vol % ethanol water solu-

tion. The temperature of this solution was regulated at 220�C
with the longitudinal immersion of the mold controlled at a con-

stant velocity of 0.01 mm�s21. Once the entire mold was sub-

merged, it was held there for 1 h, and then removed and left at

4�C in air. This FT treatment was repeated four times. After gela-

tion, the acrylic plates were carefully removed from the gel, thus

forming a thin-plate anisotropic FT gel.

Measurements of Swelling Ratio and Crystallinity

The as-prepared gels were immersed in large quantities of pure

water at room temperature and left for over 48 h in order to

reach their swelling equilibrium state. After the samples were

removed from the water, any residual droplets of water on their

surface were wiped off using Kimwipes, and the weight of the

swollen sample, Wt, was measured at room temperature. After

this measurement, the sample was dried at 60�C for more than

24 h, and the dried weight, Wd, was obtained. The swelling

ratio, as defined by Wt/Wd, was then calculated.

The crystallinity was measured using a DSC (DSC8000; Perki-

nElmer), which was also used to determine the heat required to

melt the microcrystallites in a PVA cast gel, DH. The measured

temperature range was set at 25–250�C, and the heating rate

was 10�C�min21. The crystallinity was calculated from the value

of DH using literature data for the heat required to melt 100%

crystalline PVA20 (DHPVA 5 138.6 J�g21).

Measurement of Tear Force and Tensile Strength

The tear force21 was obtained by a trouser tear test in water.

For this, the samples were first cut into a rectangular shape

[0.5–0.6 mm (CD gel), 2.0 mm (FT gel) in thickness, 75 mm in

length and 30 mm in width] and an initial slit (25 mm in

length) was made in the center of one of the short sides, from

which the tear propagated. The force generated during deforma-

tion was measured using a double leaf spring with four active

strain gauges so as to maintain the accuracy of the measure-

ments. In this test, the rate of separation of the grips holding

the gel was held constant at 0.1 mm�s21. The tear energy, G, is

defined as the fracture energy released per unit area of crack

surface growth (J�m22), which was obtained here by dividing

the tear force by the gel thickness.

For a tensile strength test, the gels in their equilibrium states

were cut using a dumbbell cutter (JIS K-6251-8), and the

dumbbell shaped test samples (0.5–0.6 mm in thickness, 50 mm

in total length, the central parallel portion width and length

being 8.5 mm and 16 mm, respectively) were used to obtain

stress–strain (r2e) curves in air for their respective gels by a

uniaxial loading test. The rate of elongational stretch between

grips was 1.0 mm�s21, which was somewhat fast to prevent dry-

ing. The forces generated during deformation were measured

using a tensile tester (INSTRON 5965; Instron Japan Co). Using
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a food dye, two markers were applied to the gel by hand in the

gauge section (the central parallel portion). Images of the gel

and markers were captured during the tests by a video camera

and saved to a computer, from which the distance between the

markers was analyzed to determine the strain. From the meas-

ured values of force and elongation, the nominal stress, r, and

strain, e, were calculated; and from this, the breaking stress was

obtained.

The initial tensile strength was evaluated using the data in the

low strain region below about e 5 0.2. The data was plotted in

log–log scale, and a solid line with slope 5 1 was fitted to the

linear region by the least-square plot.

RESULTS AND DISCUSSION

Tear Energy

Figure 1(a) shows the variation in G with time for both FT4

and CD gels. From this, it is evident that in the case of the CD

gel, G exhibits a steady propagation after first peaking during

the initial stage. This larger peak is attributed to the initial frac-

ture energy required to initiate propagation in the vicinity of

the slit end, a region in which the polymer network is rein-

forced due to the turbulence induced by cutting the slit. In the

case of the FT gel, however, G exhibits a stick-slip behavior and

the average G is much larger (roughly ten-times) than that of a

CD gel in the flat region. Pictures of typically fractured gels by

the tear tests are presented in Figure 1(b), in which a character-

istic fracture pattern is observed. This appearance of stick-slip

behavior in the fracture pattern of FT gel corresponds visually

to the oscillatory tear curve. These results indicate that it is the

microscopic network structure, as-characterized by the fibrils,

that determines the tear energy of the FT gels. The appearance

of stick-slip behavior and the large tear energy results from the

formation of a micrometer-scale network of fibril (bundled-

polymer) and from the network inhomogeneity on a microme-

ter-scale.

Improved Tear Resistance

There are several factors that can affect the fracture force of

hydrogels; such as the degree of crosslinkings, total concentra-

tion of polymer, and fracture velocity; all of which need to be

examined to fully understand the tear mechanism. As shown in

Figure 2(a), the G of CD gels increases with gelation tempera-

ture, Tgel, from 25 to 60�C. This suggests that a change in Tgel

affects the network structures, especially with regards to the

size, number, and distribution of microcrystallites, determined

at gelation. According to the literature,11 the growth of micro-

crystallites is enhanced by reducing the water content (i.e.,

evaporating bound water) of polymers with an increase in Tgel.

In actuality, the present results shown in Figure 2(b) are con-

sistent with the preliminary result;11 in which Wt/Wd was

reduced and the crystallinity increased with increasing Tgel. The
Figure 1. (a) Tear energy, G, of FT and CD gels during a tear test with a

pulling velocity of v 5 0.1 mm�s21. (b) Fractured surfaces of FT (left) and

CD (right) gels. The data of CD gel is reproduced with permission from

Figure 3(a) of Soft Matter, 8, 8129 (2012) (Copyright 1997 The Royal

Society of Chemistry). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 2. Effects of the drying temperature on (a) the tear energy, G, and

(b) the swelling ratio, Wt/Wd and the crystallinity of CD gels.
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measurements were conducted on three different samples except

30�C, which were prepared using the same method and at the

same time. Furthermore, in the case of FT gels, the swelling ratio

decreased and the crystallinity increased with an increasing num-

ber of repeated cycles and subsequent increase in G (Figure 3).

This is also attributed to the increased formation of microcrystal-

lites in the network by repeating the FT process.

The G of both CD and FT gels can therefore be increased by their

respective simple treatments. The differences between CD and FT

gels, in terms of the absolute value of G and the stick-slip behav-

ior, indicate that the microscopic network structure characterized

by fibrils determines the high tear-energy of FT gels.

Mixed Network Structures

The CD-FT composite gels were expected to incorporate aspects

of the mixed network structures of CD and FT gels on

multiple-scales, and thus exhibit unique swelling and mechani-

cal properties. By decreasing w from 85 wt % to a selected

w-value, microcrystallites are formed prior to the FT process,

the extent of which being dependent on the value of w. As

shown in Figure 4(a), the gel becomes transparent as the initial

water content is reduced; and accordingly, the tear energy is

also reduced [Figure 4(b)]. This is understandable given the

decrease in Wt/Wd and increase in crystallinity that is associated

with a reduction in w [Figure 4(c)]. These results therefore indi-

cate that the network structure, characterized by micrometer-

scale fibrils, can increase the tear energy. In other words, these

fibrils can determine the tear energy of the FT gels.

Anisotropic Gels

From the results presented thus far, the large tear resistance of

physical PVA gels can be attributed to microscopic fibrils, and

thus, much greater strength can conceivably be achieved by con-

trolling their distribution. However, in order to significantly

improve the mechanical properties, conventional methods may

not be the most appropriate. Conventional FT and CD methods,

for instance, are based on the phase separation induced by the

natural solidification and vaporization of water. On the other

hand, it is possible to achieve far superior gel properties by

introducing an artificial process to control the polymer net-

works of FT and CD gels on multiple-scales.

To this end, a unidirectional freezing method was applied to con-

trol the fibril network structure of FT gels; this directional freez-

ing providing a means of orientating the fibers along the freezing

Figure 3. Effects of the number of FT cycles on the tear energy, G of FT

gels. FTn denotes the gel prepared by the FT process was repeated n times

for FTn gel.

Figure 4. (a) Pictures of CD-FT composite gels prepared using the initial

PVA solution with different water comtent, w wt %. (b) The tear energy, G

and (c) the swelling ratio, Wt/Wd as a function of w. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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direction. As a result, a micrometer-scale fibril network structure

was successfully formed in FT gels, its anisotropic nature clearly

evident in the SEM image of Figure 5. It should also be noted

that the microscopic surface patterns reflect this micrometer-scale

network, in which the fibrils are slightly connected to each other

by the amorphous network. The crystallinity of the anisotropic

gel, evaluated in the present study, was around 35%, which was

almost the same as that of the conventional FT gel.20 This result

indicated that the different properties of both gels resulted from

the different distribution of the microcrystallites introduced at

gelation. It is therefore evident that this technique produces a

microscopically aligned network structure that was not observed

in those gels produced by a conventional single process. We are

currently investigating the detailed structure of fibrils on nano-

and micrometer-scales of the anisotropic gel in its swollen state,

which will be presented elsewhere.

The tear energy of these anisotropic gels was assessed by the same

trouser tear test in water, again using a rectangular sample with an

initial slit. However, the fracture was not observed to propagate

orthogonally (?) to the aligned direction (//), but instead propa-

gated along the //-direction from the edge of the slit. As a result of

this, a uniaxial loading test was applied to this sample instead of a

trouser tear test. Figure 6 shows the nominal stress–strain (r–e)

curve of an anisotropic gel that was elongated along the //- and

?-directions. The initial slope of this curve in the low e-range,

which corresponds to Young’s modulus, E, was found to be

0.10 MPa along the //-direction and 0.095 MPa along the

?-direction. These values are shown to be nearly unchanged

between both elongation directions, suggesting that the resistance

to uniaxial load may be isotropic. According to the literature,8,9

any increment in the breaking stress and E of a CD gel during

water exchange with drying will result in an increase in crystal-

linity. Thus, to understand the present results, it must be

assumed that the initial tensile strength is determined not by

the fibrils, but by the amorphous network. It should be noted

that this isotropic response in the initial elongation is different

from the reported results for an anisotropic gel, which was pre-

pared by controlling the stress applied during the freeze-thaw

process.22,23 This can be attributed to the micrometer-scale dif-

ferences in their network structures, as characterized by the

fibrils. More specifically, both anisotropic gels consist of the

amorphous network crosslinked by microcrystallites. The net-

work of the present anisotropic gel is composed of dense and

dilute regions of microcrystallites, and the dense region forms

bundled-polymer (fibril) aligned in one direction on a

micrometer-scale. On the other hand, the reported anisotropic

gel22,23 is composed of amorphous regions crosslinked by micro-

crystallites and elongated macropores, that is, polymer region

and pore regions, and the polymer region forms anisotropic

structure. In response to a small uniaxial stress, the amorphous

region deforms isotropically in the former gel, while the poly-

mer region deforms anistropically in the latter gel.

It should be noted that overall shape of the r–e curve is similar to that

of isotropic FT gels.17,24 This is different from that of CD gels,11,14

which shows the rubbery plateau region at the middle range of strain.

Mechanical Strengthening

By employing a unidirectional freezing method, a micrometer-scale

fibril network structure can be formed in FT gels, the anisotropic

nature of which leads to a higher mechanical performance along the

fibril direction. As shown in Figure 7, the nominal breaking stress

along the fibril was much greater than for a conventional FT gel,

which is comparable to that of a CD gel. The measurements were

conducted on two different samples for CD, four for FT gels, and

two for anisotropic FT gels (// and ?), which were prepared using

the same method and at the same time. The nominal stress is

Figure 5. SEM micrographs of a conventional FT gel (left) and an anisotropic dried FT gel (right).

Figure 6. Nominal stress–strain (r–e) curve of anisotropic gel along the

//- and ?-directions on a uniaxial loading test.
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defined as the ratio of force to the cross-sectional area of the swollen

gel before elongation. In the case of a gel, although the cross-

sectional area consists of a biphasic phase of solid (polymer) and

fluid (water), the load during elongation is supported only by the

polymer. Since the interstitial fluid has no influence on the tensile

strength, the nominal stress is not suitable for comparing the

strength of gels with different swelling ratios. The number of poly-

mer chains per unit cross-sectional area of the swollen gel depends

on Wt/Wd; the larger the Wt/Wd increases, the smaller the polymer

number per nominal area becomes. To correct for the effect of swel-

ling ratio on the elongation force, the nominal stress was divided by

(Wd/Wt)
2/3, thus giving a normalized stress. This can be used an

approximate measure of the tensile strength of a gel, thereby dem-

onstrating that the normalized breaking stress along the //–direc-

tion is much larger than in other direction. In particular, the stress

along the ?–direction was less than half as much, though it was

nevertheless comparable to the nominal stress of a CD gel. To fur-

ther explore the potential of this strengthening mechanism, the

authors are currently developing a lamination method13 and hybrid

techniques25 incorporating FT and CD gels, which shall be dis-

cussed in future publication.

CONCLUSION

Physical PVA gels in the form of CD, FT, and CD-FT composite

gels were prepared by conventional methods and evaluated by

tear energy measurement in water. In the case of CD gels, it was

found that there is a decrease in the swelling ratio and an

increase in tear energy with increasing Tgel. A similar effect was

also apparent with increasing the number of repeated free-thaw

cycles in preparation of the FT gels.

A unidirectional freezing method was applied to the preparation

of physically crosslinked PVA gels, by which an anisotropic

micrometer-scale fibril network was formed in FT gels. This

anisotropic network structure was demonstrated to enhance the

mechanical performance along the fibril direction, thereby con-

firming the viability of this method in producing a microscopi-

cally aligned network structure that have not been observed in

gels produced by conventional single processes.
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