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High-strength and high-modulus poly(vinyl
alcohol) by the gel-ageing method
Part II The effect of the gel pressing temperature
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Shinshu University, Ueda, Nagano 386, Japan
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It was reported in our previous paper that a relatively high-strength and high-modulus
drawn poly(vinyl alcohol) (PVA) film could be obtained from aged gel sheet. In this paper,
the effect of pressing temperature, at which the original PVA/dimethylsulphoxide/water gel
was pressed into the gel sheet, on the tensile properties (modulus and strength) of the finally
obtained drawn film is reported. The properties of the drawn films are discussed in relation
to the structure of the undrawn films and the gel sheet, by birefringence and molecular
orientation measurements, differential scanning calorimetry, and X-ray diffraction methods.
As a result, the content of the low melting-temperature crystal component in the pressed
gel is shown to be the most effective factor affecting the properties of the drawn film.
 1998 Chapman & Hall
1. Introduction
A new method for preparing high-strength and high-
modulus poly(vinyl alcohol) (PVA) film was proposed
previously [1]. In this method, the PVA gel that is
prepared by chilling a PVA solution (10 wt%) in
a mixed solvent of dimethylsulphoxide (DMSO) and
water (DMSO:water"80 :20 (vol/vol)) at !34 °C
for 1 day is pressed into a gel sheet. For ageing, it is
then stored in water at 10 °C for several months. This
aged gel sheet is dried and then drawn at 200 °C. The
highest achievable tensile strength and the modulus of
the drawn film were 2.8 and 72 GPa, respectively. This
method is called the gel-ageing method.

Another type of PVA, with a higher average mole-
cular weight value than the PVA material used in the
previous paper, was selected as the next PVA material
in this series of our work. The average degree of
polymerization of the materials was 2600 in the pre-
vious paper and 5000 in this paper. We hoped that
even such a small increase in molecular weight would
result in higher tensile properties, as the high-strength
and high-modulus fibres could be produced from
ultra-high molecular weight polyethylene [2]. How-
ever, the effect of the molecular weight could not be
discussed in this paper.

In the previous paper, the original bulk gel was
moulded into the gel sheet at 70 °C [1]. This tem-
perature almost corresponded to the peak of the
DSC melting endotherm. It is noted that the en-
dotherm of the gel before moulding had another
* Author to whom all correspondence should be addressed.
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higher temperature peak. In the present work, the
original gel was pressed at various temperatures be-
tween 60 and 90 °C, corresponding to the broad
melting range of the gel, to study the effect of the
pressing temperature on the tensile properties of the
final product of the drawn film.

2. Experimental procedure
2.1. Sample preparation
The PVA material used was a product of Unithica
Chemical Co. (P-5000) with an average degree of poly-
merization of 5000. A solution of PVA in a mixed
solvent of DMSO/water (vol/vol"80 : 20 (5 wt%))
was prepared in a flask at 120 °C for 1 h. The solution
was subsequently kept at 70 °C for 24h. It was then
poured into a stainless steel container which had been
previously cooled at 0 °C. After keeping the container
at 0 °C for 5min, it was stored in a refrigerator at
!34 °C for 24 h to transform the solution into the gel,
termed the original gel. The gel sheet was moulded
from the original gel thus obtained, aged, dried, and
drawn by the same method as described in the pre-
vious paper [1]. The pressing of the original gel was
performed at four temperatures: 60, 70, 80 and 90 °C.
The gel-ageing temperature was selected as 10 °C. The
solvent for ageing was water. It should be noted that,
in the previous paper, the gel was pressed at 70 °C and
aged at 10, 30 and 50 °C, in water and in the mixed
solvent.
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2.2. Measurements
Density, tensile properties, differential scanning calo-
rimetry (DSC), X-ray diffraction, and birefringence
measurements were performed as described in the
previous paper [1].

The molecular orientation of the b-axis (the fibre
axis) with respect to the drawing direction of the film
was described by the following orientation function

F
#3
"(3Scos2 hT!1)/2 (1)

where h is the angle between the b-axis and the draw-
ing direction, and Scos2 hT defines the average value
of cos2 h. The function was evaluated according to
Hibi et al.’s method [3]. The orientation function of
a transition moment whose axis has an angle h

+
with

the b-axis is represented by the following equation
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Following Hibi et al.’s method, we used a transi-
tion moment corresponding to the infrared band of
1145 cm~1, whose h

+
value was reported as 81 ° 25 @.

Furthermore, Ft.
can be estimated through the

dichroic ratio, D
1145

, as follows
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, k
1145,E

and k
1145,o

are the absorption coefficients at 1145 cm~1 measured
by an incident infrared ray oscillating parallel and
perpendicular, respectively, to the drawing direction
of the film.

3. Results and discussion
3.1. Drawn films
The tensile properties of drawn films are shown as
functions of the gel-pressing temperature in Figs 1
and 2. The highest achievable values for both the
modulus and the strength are somewhat lower than
those reported for a PVA of DP"2600 in the pre-
vious paper. The strength data in Fig. 2 show no
significant variation with either the pressing temper-
ature or the ageing time during ageing, except that
the value for the unaged gel pressed at 70 °C is higher
than the other values (this will not be discussed in this
paper). Contrary to the strength, the modulus is
shown to be a variable function of both factors, except
for the gel pressed at 70 °C. This characteristic figure is
a very important one for the following discussion. The
finally obtained modulus values after 30 day ageing
are on almost the same level (60—65 GPa). The in-
crease in the modulus up to this final level cannot be
realized without ageing for the gels which are pressed
at 60, 80, and 90 °C, while the modulus of the gel
pressed at 70 °C reached this level without ageing.
This suggests the possibility that the most necessary
factor for the gel to become a high-strength and high-
modulus material by our procedure is the temperature
at which the original gel was pressed into the sheet,
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Figure 1 The tensile modulus, E, of the drawn film prepared from
the gel sheet which was moulded by pressing at the given pressing
temperature, ¹

1
, and then aged in water for the given ageing time.

Ageing times were (C) 0, (h) 10, (n) 30, and (]) 60 days.

Figure 2 The tensile strength, r
"
, of the same drawn films as those

in Fig. 1 as a function of pressing temperature, ¹
1
.

rather than the ageing temperature, although for the
gel which was pressed at unsuitable temperatures (60,
80, and 90 °C), ageing is an indispensable process.

In Fig. 3, the birefringence, *n, data of the drawn
films are shown as a function of the pressing temper-
ature. The change in *n with ageing is very analogous
to that in the modulus shown in Fig. 1. In general, *n
is mainly dependent on the degree of crystallinity, X

#
,

and the degree of molecular orientation. In the case of
PVA, *n is an increasing function of both factors,
because the birefringence of the crystal phase is larger
than that of the amorphous phase. The intrinsic bire-
fringence values for the crystal and amorphous phases
have been reported by Hibi et al. [4] to be 51.8]10~3

and 43.8]10~3, respectively. Therefore, which of the
factors produces the *n change is the next question. In
Figs 4 and 5, the orientation factors, F

#3
, of the crystal-

lite estimated from the IR measurements and the



Figure 3 The birefringence, *n, of the same drawn films as those in
Fig. 1 as a function of pressing temperature, ¹

1
.

Figure 4 The orientation function, F
#3

, of the crystal b-axis for some
of the drawn films in Fig. 1. ¹

1
is the pressing temperature. For key,

see Fig. 1.

Figure 5 The crystallinity obtained from the density measurement,
X

#
, for some of the drawn films in Fig. 1. ¹

1
is the pressing

temperature. For key, see Fig. 1.
crystallinity, X
#
, from the density measurement are,

respectively, shown as functions of the pressing tem-
perature. These results indicate that most of the *n
change can be attributed to the change in the crystal-
linity. The very analogous variations with ageing time
are represented in Figs 1, 3, and 5. The change in the
orientation factor is, however, shown to be slightly
attributed to the *n change for the film from the gel
pressed at 60 °C. It is believed that the orientation
factor of the amorphous molecules generally changes
in accordance with the factor of the crystal phase.
Therefore, the orientation factor of the molecule is
not very different between the crystal phase and the
amorphous one.

The draw ratio of the film is shown as a function of
the pressing temperature in Fig. 6. The ratios of all the
films are at a high level, ranging from 15—18, regard-
less of both pressing temperature and ageing time.
These draw ratios are somewhat smaller than that of
23 of the drawn films having the highest achievable
modulus and strength in the previous paper. The latter
drawn film had almost the same values of birefrin-
gence and crystallinity as the highest achievable values
in this paper. Thus, there is no significant difference in
the mechanical properties between the films obtained
in the previous paper and this one, although the lower
strength value in this paper may be due to the slightly
larger number of defects introduced in the drawn
films. The latter is partly supported by the fact of the
lower draw ratio. However, the difference cannot be
discussed as directly relating to the difference in the
molecular weight between the two PVAs, because the
effect of the polymer concentration of the initial solu-
tion on the properties of the gel is still an unsolved
problem for us.

The highest achievable values of *n in the previous
and this paper are both about 50]10~3, correspond-
ing to the intrinsic birefringence of the PVA crystal
phase [4]. The fact that such a high value was ob-
tained in the film where the crystallinity is substan-
tially lower than 100% indicates the underestimation

Figure 6 The draw ratio of the same drawn films as those in Fig. 1
as a function of pressing temperature, ¹

1
. For key, see Fig. 1.
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Figure 7 DSC traces of the drawn films from the gel sheets (— — —)
before ageing and (——) after ageing for 60days. The numbers in
the figure represent the gel-pressing temperature, ¹

1
.

of the intrinsic birefringence. Recently, rather higher
birefringence (59]10~3) has also been reported for
the drawn films of a PVA with a higher syndiotacticity
[5].

Why the films drawn from the insufficiently aged
gels which were pressed at 60, 80, and 90 °C have
relatively low crystallinity is the main problem that we
have to solve.

DSC curves in Fig. 7 show the melting endotherms
for the drawn films from the gels pressed at various
temperatures. All of the curves have a similar shape:
a main peak at around 250 °C and a smaller shoulder
at 238 °C. No significant dependency of the curve
shape on the gel-pressing temperature can be seen, nor
on the ageing time. The melting temperature (the
higher component) and the heat of fusion, *H, esti-
mated from the whole melting endotherm, are plotted
against the pressing temperature in Figs 8 and 9,
respectively. Neither figure is analogous to Fig. 1.
The *H curves in Fig. 9 should have been similar
to the crystallinity curves estimated by the density
measurements (in Fig. 5). The molecular orientation
2334
Figure 8 Melting temperature, ¹
.
, obtained from the higher

melting-peak temperature of the DSC trace of the drawn films (see
Fig. 7). For key, see Fig. 1.

Figure 9 Heat of fusion, *H, obtained from the DSC trace of the
drawn film is shown as a function of pressing temperature, ¹

1
. *H is

estimated as the whole area of the melting endotherm. For key, see
Fig. 1.

relaxation must have occurred during the heating run
in a DSC pan, as is often the case with such very highly
drawn films. The scattering of the data in Fig. 9 is due
to the different degrees of relaxation between the sam-
ples during measurements. The degree of relaxation
depends on the strain which is forced on the samples
when they are packed into the DSC pans. This is one
of the reasons why we estimated the crystallinity from
the density in Fig. 5.

The two-peak shape of the melting endotherm be-
comes more apparent in Fig. 7, compared with the
corresponding data in the previous paper, because the
higher melting-temperature peak shifts to a higher
temperature. The ¹

.
values from the higher melting-

temperature peaks plotted in Fig. 8 are around 250 °C,
which are amongst the highest melting temperatures
ever found in the films and fibres produced from



atactic PVA. Such a high melting temperature is not
a prerequisite for high-strength and high-modulus
materials, because of the possibility of containing
large-sized crystallites and/or the highly constrained
crystalline molecules, even before drawing. If the crys-
tallites are constrained or of a large size, their drawing
process will induce lower molecular orientation or
introduce defects into the films.

3.2. Undrawn films
Fig. 10 shows the DSC traces of the undrawn films
prepared from the gels pressed at the four temper-
atures. The melting temperature and the heat of fusion
from Fig. 10 are illustrated as functions of the pressing
temperature in Figs 11 and 12, respectively. These
results do not show any resemblance to the behaviour
observed in Fig. 1. Very little dependence of these
properties on the pressing temperature and ageing
time can be detected. Only a slight difference can be
observed in the nature of the melting point shift with

Figure 10 DSC traces of the undrawn films from the gel sheets
(— — —) before ageing and (——) after ageing for 60 days. The num-
bers in the figure represent the gel-pressing temperature, ¹ .
1

Figure 11 Melting temperature, ¹
.
, obtained from the melting-

peak temperature of the DSC trace of the undrawn films (see Fig. 9).
For key, see Fig. 1.

Figure 12 Heat of fusion, *H, obtained from the DSC trace of the
undrawn film shown as a function of pressing temperature, ¹

1
. For

key, see Fig. 1.

ageing time between the high-temperature region
above 80 °C and the low region below 70 °C of the
pressing temperature; the shift was positive for the gels
pressed at 60 and 70 °C and negative for those pressed
at 80 and 90 °C.

Although the *H data from DSC in Fig. 9 are
scattered, the crystallinity of the undrawn films is
lower than those of the drawn films, compared to the
data in Figs 9 and 12. In general, the unfolding of the
chains from the chain-folded crystallite and the sub-
sequent reorientation occur during drawing to trans-
form the initially randomly oriented crystallites to
the highly oriented structure. Through the trans-
formation, the melting temperature and heat of
fusion increase. This induces increases in the crystal-
linity, crystallite size and molecular packing order
in the crystallite. The structure of the film before
drawing is the key factor on which the finally obtained
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structure of the drawn films depends. The difference in
the structure between the undrawn films cannot be
detected from their melting temperature and heat of
fusion data.

The aged gel sheet was dried with its edge fixed by
a rectangular wooden flame. Therefore, the dried film
thus obtained must have caused a type of molecular
orientation in the film plane during drying, because
the shrinkage force causes the rotation of the crystal-
lites during drying. X-ray diffraction photographs
of the two dried films before drawing are shown
in Fig. 13. The orientation mode found from these
photographs is the same as that found in the previous
paper [1]. The orientation was analysed to be com-
posed of the two orientation modes [1]. They were the
usually observed mode when the film is strongly de-
formed by rolling [6] and the other mode which is
caused by a mild force, such as the shrinkage force [1].
The change in the mode with ageing was not detected
in all in the gel sheets pressed at different pressing
temperatures.
2336
3.3. Gels
Fig. 14 shows the DSC traces of the four gel sheets
pressed at each pressing temperature and their orig-
inal gel. The DSC endotherm of the original gel is
composed of the two major components correspond-
ing to the two major peaks of the endotherm: the high
and low melting-temperature peaks above and below
68 °C, respectively. One of the pressing temperatures
(70 °C) coincides with this critical temperature. From
the DSC endotherms of the gel sheets before ageing,
three groups are found according to their pressing
temperatures: gel sheets pressed at 60 °C and 70 °C,
and those at 80 and 90 °C. The DSC endotherm of the
gel pressed at 60 °C has a very large high melting-
temperature component around 75 °C and a small
low-temperature component. The gel sheet pressed at
70 °C has a similar endotherm with that of the original
gel. The endotherms of the two gel sheets pressed at
80 and 90 °C, respectively, became smaller than that
of the original gel, and in each of the endotherms
the low-temperature component is smaller than the
Figure 13 X-ray diffraction photographs taken with the incident beam perpendicular (through view) and parallel (edge view) to the film plane
of the dried gel sheet before drawing. The photograph of the edge view is set so that its vertical line is parallel to the film plane. The
gel-pressing temperature and the ageing time are as follows: (a) 70 °C and 0 day, (b) 90 °C and 0day.



Figure 14 DSC traces of the original gel and the gel sheets (— — —)
just after pressing and (——) after ageing in water for 60 days. The
numbers shown in the figure are the pressing temperatures.

high-temperature one. These results can be explained
by relating the pressing temperature to the melting
behaviour of the original gels. The 60 °C pressing
temperature is a suitable temperature for recrystalliz-
ation from the original low-temperature component
to the high-temperature one on pressing. The 70 °C
pressing temperature is a little higher than the temper-
ature range for recrystallization, but the melted orig-
inal low-temperature component could recrystallize
into the original one when the gel was recooled. Con-
trary to 70 °C, the 80 and 90 °C temperatures are too
high for the melted low component, but not too high
for the melted high component to recrystallize to the
original components on cooling.

As a result, the middle temperature between the
melting peak-temperature of the two components of
the original gel is a suitable pressing temperature in
view of the properties of the finally obtained drawn
film. The pressing temperature of 70 °C, also selected
in the previous paper, is not suitable, because it is
located a little lower than the peak temperature of the
lower component of the previous original gel. In fact,
an ageing process was required in the previous work.
The observation of the DSC melting endotherm of
the original gel is very important for the subsequent
processing of the gel.

The gel sheet just before ageing contains the solvent
with the same composition as the original one
(DMSO:water"80 :20 (vol/vol)). However, the orig-
inal solvent was almost completely exchanged with
the storage solvent of water during 1 or 2 days of
storing (ageing). Fig. 15 shows the change in the poly-
mer concentration with ageing time. The initial in-
crease signifies the exchange of the solvent. The
following gradual increase is due to the crystallization
in the gel. Therefore, the DSC curves of the aged gels
in Fig. 14 must be submitted to the melting-temper-
ature depression effect of the solvent exchange, com-
pared to those of the unaged gels. The change in the
DSC endotherm with ageing time can be most clearly
understood when the melting endotherm of the gel
sheet is divided into two components, the low melting-
temperature and the high melting-temperature com-
ponents, as shown in Fig. 14. The ratio of the heat of
fusion of the low-temperature component (*H

'%-, -
) to

that of the total heat of fusion (*H
'%-, 505

) is represented
as a function of pressing temperature in Fig. 16. This
figure is also similar to Figs 1, 3, and 5. It can be
deduced from this comparison that the chain can be so
smoothly unfolded from the low-temperature com-
ponent crystal, when the dried gel sheet is drawn at
a high temperature, that the oriented structure thus
obtained has a fairly high crystallinity. The smooth
unfolding causes a small amount of entanglement and
default. It is noted that the structural difference be-
tween the gel sheets previously described does not
reflect on the crystallinity of the drawn sheets before
drawing, because the crystallization also proceeds
during the drying process of the sheets.

The ratio of *H
'%-, -

/*H
'%-, 505

for the original gel was
evaluated to be 0.55, which was a little lower than the
value of the gel sheet pressed at 70 °C (0.62). It is
thought that the slight increase in the ratio through

Figure 15 The change in polymer concentration of the gel sheet
with ageing time. The gel sheets used were pressed at (]) 60, (n) 70,
(h) 80, and (C) 90 °C.
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Figure 16 The ratio of the area of the lower melting-temperature
component, (*H

'%-, -
) to that of the whole melting endotherm,

(*H
'%-, 505

) of the gel sheet is shown as a function of pressing temper-
ature. The ageing time is (C) 0 day and (h) 60 days. The whole
endotherm was divided into the lower and higher melting-temper-
ature components by the line (— ——) as shown in Fig. 14.

pressing indicated a substantial effect of the pressing
on the structural change. If the film was obtained from
the original gel without pressing, it is very difficult to
draw the film up to such a high draw ratio as is
obtained for the film from the pressed gel sheet. This
means an increase in the uniformity of the film thick-
ness through pressing. These results demonstrate the
advantage of our method for film forming.

4. Conclusion
It has been found that the drawn film having the
highest achievable modulus and strength by our
method can be obtained without ageing, if the gel is
moulded into the gel sheet at a suitable pressing
2338
temperature. The low melting-temperature crystal
component and the high melting-temperature one
were contained in our original gel. The content of the
low melting-temperature components was not de-
creased except when the gel was pressed at the middle
temperature of their melting temperatures. This tem-
perature is the suitable pressing temperature. The in-
clusion of the low melting-temperature component is
a necessary condition for the gel sheet to obtain the
high-strength and high-modulus properties in the final
form of the drawn film, without the ageing of the gel
sheet. The low melting-temperature crystal must have
contributed to the smooth molecular orientation
when the sheet was drawn. This means no serious
decrease in crystallinity.
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