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The phase separation of poly(vinyl alcohol) (PVA) in dimethyl sulfoxide/water mixtures was investigated
by using light scattering techniques in terms of the degree of polymerization and stereo-regularity.
Atactic (at-) and syndiotactic (st-) PVA, the degrees of polymerization (P) being 17900 and 1980,
respectively, were used as test specimens. The analysis was mainly performed in comparison with previous
results obtained for at-PVA (P = 2000) whose degree of polymerization is similar to that (P = 1980) of st-PVA,
but lower than that (P = 17900) of at-PVA used in the present work. The phase separation occurred rapidly
when the content of dimethyl sulfoxide in the mixed solvent was 50—70vol%. This tendency was found to be
significant for st-PVA with high stereo-regularity, but to be almost independent of the degree of
polymerization of at-PVA. The logarithm of scattered intensity from at- and st-PVA solutions increased
linearly with time in the initial stage of the phase separation. If this phenomenon could be analysed within the
framework of the linear theory of spinodal decomposition proposed by Cahn (J. Chem. Phys., 1965, 42, 93) the
phase diagram of st-PVA was classified into four regions: (I) a homogeneous sol region, (II) a sol region under
spinodal temperature, indicating only spinodal decomposition, (IIT) a gel region under the spinodal curve,
indicating simultaneous advance of both gelation and spinodai decomposition, and (IV) a gel region above the
spinodal line, independent of liquid—liquid separation. On the other hand, for at-PVA, region II could not be
observed and region I'V existed only in a very narrow temperature range, which is similar to the result observed
for at-PVA (P = 2000) solutions in previous work. The drawability of the dried gel film was affected by the
composition of the solvent mixture and by quenching temperature of the solutions, but it was hardly affected
by the stereo-regularity. This interesting phenomenon is discussed in terms of morphology of gels and films, as
studied by crystallinity, X-ray diffraction, birefringence and small angle light scattering under Hv polarization
condition. As the results show, it turned out that the greatest significant drawability is related to a continuous
tissue with honeycomb-like structure associated with rapid phase separation of PVA solutions due to
thermodynamic instability. © 1997 Elsevier Science Ltd.

(Keywords: phase separation; poly(vinyl alcohol); dimethyl sulfoxide)

INTRODUCTION

The production of high modulus and high strength
poly(vinyl alcoho!) (PVA) films and/or fibres has been
extensively investigated and good results have been
obtained by drawing of dried gel films prepared by
crystallization from semi-dilute solutions in H,O and
dimethyl sulfoxide (Me,SO) mixtures' '°. According to
their reports, the drawability of PVA gel films was
discussed in terms of the degree of polymerization (P),
co-solvent composition (Me,SO/H,0 by volume), con-
centration of solution and quenching temperature of
solution. The co-solvent of Me,SO and H,O mixtures

*To whom correspondence should be addressed

has one of the interesting characteristics that the solvent
mixtures ranging from 50 to 70vol% Me,SO do not
freeze at —100°C'"'2. Through a series of experimental
results, it was found that the co-solvent composition and
the quenching temperature of the solutions prepared
from the co-solvent cause a significant effect on the
drawability of films obtained by drying the swollen gels
prepared from the solution. Sawatari er al’ have
reported that the dried gel films of atactic (at-) PVA
with P of 2000 and 4400, prepared from the solution
whose content of Me,SO in the mixed solvent is 70 vol%,
assure facile drawability and the films are
more transparent than films prepared from solutions
with other compositions. The transparency indicating
a random array of crystallites that are much smaller
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than the wavelength of an incident He—-Ne gas 1aser beam
was more pronounced at the gelation temperature’. Based
on these results, they pointed out that the deformation
mechanism of at-PVA dry gel films is quite different from
ultradrawing of ultra-high molecular weight polyethylene
(UHMWPE) films prepared by gelation/crystallization
from dilute solutions. Namely, the UHMWPE film is
composed of large crystal lamellae, and the drawing
mechanism is associated w1th crystal transformation from
a folded to a fibrous type'> '®. In contrast, small angle
X-ray scattering and unusual Hv light scattering from
drawn at-PVA films indicated that the preferential
orientation of the b-axes (crystal chain axes) of PVA
films is due to the rotation of crystallites around its own
axes perpendicular to the chain axis rather than the crystal
transformation”.

In a previous paper®, phase separation of at-PVA with
P = 2000 in Me,SO/H,0 mixtures was investigated by
elastic scattering on the basis of the concept that the
correlation between the transparency and facile draw-
ability of PVA films is attributed to the relative rates of
the phase separation associated with spinodal decomposi-
tion. Actually, a plot of the logarithm of the scattered
intensity against time yielded a straight line in the initial
stage of the phase separation and deviated from the linear
relationship in the later stage. However, the peak position
of the curve of the growth rate of concentration
fluctuation against scattering vector shifted slightly
towards the scattering centre with increasing difference
between the measurable temperature and spinodal tem-
perature defined by Cahn’s theory'"'®. This phenomenon
could not be explained m terms of the concept of pure
spinodal decomposition'”!. At the later stage, an X-type
pattern could be observed under the Hv polarization
condition, indicating the existence of a rod-like texture,
the optlcal axes being oriented parallel or perpendlcular to
the rod axis?. From this viewpoint, a question can arise as
to whether or not the phase separation of PVA solutions is
clearly attributed only to pure spinodal decomposition
even in the time scale range assuring the linear relationship.

Another interesting question is why the greatest
significant drawability could be realized by using dry
gels prepared by immediately quenching solutions at

—50°C°. Such rapid phase separation is obviously
thought to be due to the independence of nuclear
growth®. Inc1dentally, when the solutions stored for the
period assuring the linear relationship was quenched at
—50°C, drawability of the resulting dry gel films was
somewhat lower than that of dry gels prepared without
the storage period.

As one approach to the analysis of the two questions,
this paper deals with the kinetics of the phase separation
of at-PVA and syndiotactic (st-) PVA solutions prepared
from a co-solvent of Me,SO and H,O as well as the
morphology and mechanical properties of the resulting
films. The P of at-PVA and st-PVA are 17900 and 1980,
respectively. The results were compared with previous
data for at-PVA (P = 2000) solutions.

EXPERIMENTAL

at-PVA (P =17900) powder and st-PVA (P = 1980)
powder were used. The degree of hydrolysis of the at-
PVA was 98%, while that of st-PVA was 99.4% and the
syndiotactic diad content was 61.2%. Mixtures of
Me,SO and H,O were used as solvents for the at-PVA
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and st-PVA. When the content of Me,SO in the mixed
solvent was 70vol%, the co-solvent formation was
desrgnated as havmg a 70/30 composmon accordmg to
the prev1ous papers™®. As discussed in the previous
paper’, two different co-solvents with 70/30 and 50/50
composition were used in the present experiments. The
solutions were prepared by heating the well-blended
polymer/solvent mixture at 105°C for 40 min, and the
solution was quenched in a water bath at a constant
temperature. After standing for five days in the water
bath at a constant temperature, the test-tube containing
the solutions was tilted. When the meniscus deformed,
but the specimen did not flow under its own weight, we
judged that the solution had gelled. As described in the
previous paper®, the lowest temperature at which the
onset of gelation occurred within five days was defined as
the gelation temperature. Furthermore, the gelation time
was determined at a fixed temperature based on the same
judgement as described above. The time-dependence of
scattered intensity and that of photon correlation
measurements were performed by the elastic and
inelastic light scattering technique using a He-Ne
gas laser (DLS-700 produced by Ohtsuka Electric Co.).
Both methods were explained in detail in the previous
paper®.

The elongation was carried out for the at- and st-PVA
dry gel films prepared by quenching solutions at —80°C, in
which the concentratlons of the former and latter solutions
were | and 10gdl , respectively. For abbreviation, the
unit of gdl™' is termed %. The strips were clamped into a
manual stretching device in such a way that the length to
be drawn was 26 mm. Draw ratios were determined in the
usual way by measuring the displacement of ink marks
placed 2 mm apart on the specimen prior to drawing. The
at-PVA film was placed under nitrogen at 160°C and
elongated manually to a draw ratio of A = 7 as the first
stage. Immediately after stretching, the stretcher with the
sample was quenched to room temperature. Elongation to
draw ratios beyond A = 7 was performed at 180°C in the
second stage. This is due to the fact that the suitable
temperature to realize the facile drawability shifts to a
higher value as the draw ratio increases. The specimens
were somewhat yellowed by carbonization. As for the st-
PVA specimens, the drawings at the first and second
stages were done at 180 and 200°C, respectively.

The density of the films was measured by pycno-
metry in a medium of p-xylene and carbon tetrachloride.
Before the measurements were made, the specimen was
cut into fragments and vacuum-dried. The crystallinities
of at- and st-PVA films were calculated, by using the
intrinsic densities of crystalline and amorphous phases,
to be 1.345 and 1.269, respectively®® on the basis of the
assumption that the intrinsic densities are constant,
independent of elongation. The density measurements
were carried out several times to check the reproducibility
of the values, since the difference in density between
crystalline and amorphus phases is not large.

The characteristics of the films were estimated by X-ray
analysis and load elongation. These methods have already
been described elsewhere’.

RESULTS AND DISCUSSION

Morphology and mechanical properties of the at- and st-
PV A films with different drawability

In the previous paperﬁ, phase separation of at-PVA
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(P = 2000) in solutions with different Me,SO/H,0 com-
positions was investigated by elastic light scattering
techniques. In the initial stage of the phase separation
for both the solutions, a plot of the logarithm of scattered
intensity against time exhibited a straight line described
within the framework of a linearized spinodal decom-
position. However, no definite scattering peak from either
solution, characterizing the latter stage of spinodal
decomposition, was observed as a function of the
scattering vector. Accordingly, Matsuo es al® have
pointed out that the phase separation of the at-PVA
(P = 2000) is quite different from pure spinodal decom-
position of amorphous polymer solutions'® and liquid—
liquid phase separation of amorphous polymer blends®?!,
as have been reported generally. As another important
conclusion, it was confirmed that the gradual progression
of phase separation of at-PVA solutions prepared from
Me,SO/H,0 mixtures, the compositions being 50/50 and
70/30, hampered facile drawability of the resulting films.
That is, when at-PVA solutions stored for a few hours at
20°C were quenched at —50°C and were vacuum-dried at
the same temperature, the tensile strength and Young’s
modulus of the drawn films become slightly lower than
those of drawn films which were prepared by immediately
quenching the solutions with the same composition as
—50°C and vacuum-dried at the same temperature.

Based on the preliminary results for at-PVA (P =
2000)°, the molecular weight-dependence of drawability
of at-PVA films was investigated using specimens with
P = 17900 as a function of the Me,SO/H,0 composi-
tion and the temperature of quenching solutions. The
five kinds of compositions, 40/60, 50/50, 60/40, 70/30
and 80/20, were chosen as mixed co-solvents, and the
quenching temperatures were set at —80, —40, —10 and
20°C. At the 90/10 and 20/80 compositions, the gelation
did not occur at 20°C. The films prepared under the
various conditions were stretched under nitrogen at
160°C up to the maximum draw ratio and cooled down
to room temperature immediately, in order to seek the
best condition assuring significant drawability without
carbonization. This condition is different from such an
elongation one described in the Experimental section
where specimens were somewhat yellowed by carboniza-
tion. The drawn films were clearly transparent without
carbonization. Figure 1 shows each maximum draw ratio
and the corresponding birefringence, Young’s modulus
and tensile strength obtained for the films prepared
under the indicated conditions. The maximum draw
ratio could be realized by the elongation of films
prepared by quenching at-PVA solution with the 60/40
composition at —80°C. This suggests that the molecular
orientation and mechanical properties are strongly
affected by the facile drawability, and the greatest
significant drawability can be realized by the control of
two factors: the content of Me,SO in the mixed solvent
and quenching temperature of the solution. The same
phenomenon was confirmed for at-PVA with P = 2000
in the previous paper.

To give generality to the above experimental results,
similar experiments were tried for st-PVA. Unfortu-
nately, the amount of st-PVA furnished was too small to
carry out the experiments for films prepared from
solutions with various Me,SO contents. Thus, detailed
measurements were mainly limited to st-PVA films
prepared from solutions with three compositions: 70/30,
60/40 and 50/50. The greatest significant drawability

16 0042
Tger
o 20°C
_ o-10 § o
g L]
E |4} ©-40 ~ 0040} I
< ®-80 LI 0 o
] 3 e °
= ° ©° [
e © ° b o o
x 12k © 4 g 0038} 4
13 ° P g ® ©°
E ° ° © @ o o
o o Tge!
HE 4 oosel o 20ec]
= © o-10
0-40
®-80
8 00341 { { 1 1
30, 60 6 70 8 40 80 6 70 8
% % % % % % B0 %o Fo 20
40 1.0,
r Toel
o 20°C
S o-1o = [ ]
T 35+ ©-40 . . £ o8} e o -
© e-80 ° Y] ° ° .
o
B bt 8 8 = © 8 [
3 8 2 0sl o o o $ |
3 301 . 3 g °
= ° 2 ° Tge!
[ (o]
% o © % ° o 20°C
3 o o- -
251 — o 041 1o
< = ©0-40
®-80
20 02

L I3 Il | |
T

Me,S0/ H,0 Composition (v/v)

40 50 6 70 8
% % % % %
Me,SQ/H,0 Composition (V/v)

Figure 1 Maximum draw ratio, the corresponding birefringence,
Young’s modulus and tensile strength for drawn films prepared by the
indicated compositions of Me,SO/H,0

could be realized for specimens prepared under the same
condition as at-PVA.

Figure 2 shows the change in appearance of at- and
st-PVA films prepared by quenching solutions with the
70/30 composition at the indicated temperatures, under
scanning electron microscopy (SEM). The fibrillar texture
shows honeycomb-like structure, the size of the holes
becoming smaller as the quenching temperature decreases.
The same tendency was observed for the 40/60, 50/50 and
60/40 compositions. In spite of the drastic changes of
fibrous structure, the crystallinities of at- and st-PVA films
slightly decreased from 20.4 to 19.8% and from 22 to
21.4%, respectively, as the quenching temperature was
lowered from 20 to —80°C. Incidentally, it was confirmed
that hole size for the 60/40 and 70/30 compositions were
smaller than those for other compositions at gelation/
crystallization temperatures <—10°C. This indicates that
the dense network structure plays an important role in
assuring high drawability, since inner stress within the film
is transmitted smoothly in the stretching direction.

Figure 3 shows the time-dependence of light transmis-
sion of gels prepared from 1% at-PVA solution by
gelation/crystallization at the indicated temperatures
and stored at 20°C, in which the (a), (b) and (c) parts
correspond to 50/50, 60/40 and 70/30 compositions,
respectively. The decrease in transmission became more
pronounced as the gelation/crystallization temperature
increased. In particular, for 50/50 and 60/40 composi-
tions, the drastic decrease at storage times <3h was
observed for the gels prepared at 20°C and consequently
the gels whitened. Furthermore, when solutions were
quenched at 20°C and the resulting gels were stored for
more than 8h at 20°C, Hv light scattering patterns
could be observed. The patterns were of X-type,
indicating the existence of rod-like textures, the optical
axes being oriented parallel or perpendicular to the rod
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at-PVA
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Figure 2 Scanning electron micrographs of at- and st-PVA films

prepared by quenching solutions with the 70/30 composition at the
indicated temperatures

axis. For the 70/30 composition, the transmission of
the scattered beam through the gels, which were
prepared at 20°C and maintained at the same tempera-
ture, became most intense among all the gels. However,
the transmission gradually decreased with time, and a
very small X-type pattern appeared after 20h. This
implies that the morphology of the gels is sensitive to
gelation/crystallization temperature. In particular, for
the gels prepared by quenching at —10 and —40°C, the
morphology seems to be preserved during storage at
room temperature. No Hv scattering pattern from the
gels appeared. Also, the scattering pattern could not be
observed for dried gel films. The same tendency was also
confirmed for the gels prepared at —80°C. Thus, it was
found that at-PVA fibrous tissue showing honeycomb-
like structure in Figure 2 does not exhibit any optical
anisotropy.

Based on the results in Figures 1--3, we shall briefly
refer to the morphology of gels and resulting films. For
the gels prepared at 20°C, the scattering could not be
observed at gelation times <3h. However, the X-type
pattern appeared gradually after the gelation time. In
this process, a very weak broad overlapped X-ray
diffraction from (101) and (101) planes also could be
observed, which is not shown in this paper. Accordingly, it
is evident that anisotropic rods were preformed with
the further gradual development of gelation/crystallization
accompanying molecular alignment in the polymer rich
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Figure 3 Time-dependence of light transmittance of gels by quenching
1% at-PVA solutions at the indicated temperatures, in which (a), (b) and
(c) correspond to 50/50, 60/40 and 70/30 compositions, respectively. All
patterns were observed at room temperature

phase. In contrast, when the gels were prepared by
quenching solutions at lower temperatures (<10°C),
immobilization of PVA chains by rapid gelation/crystal-
lization did not allow the formation of ordered structure
with optical anisotropy, but provided a random array of
crystallites whose size was much smaller than the
wavelength of an incident He—-Ne gas laser beam.

Phase separation of the at- and st-PV A solutions by
elastic light scattering

Apart from the instantaneous gelation at —10 and
—40°C, it is of interest to consider the advance of gradual
phase separation of the solutions at 20°C in relation to
the appearance of anisotropic rods. Accordingly, the
time-dependence of scattered intensity was measured
during the isothermal phase separation process of the
solutions at various scattering angles. Figures 4 and 5
show the change in the logarithm plots of the scattered
intensity against time at various g observed for 1% at-
and st-PVA solutions with 70/30 composition, where
the magnitude of the scattering vector, g, is given by
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q = (4mn/))sin(6/2), A, 9, and n being the wavelength of
light in solution, the scattering angle and the refractive
index of the solvent, respectively. The refractive index
n was carefully measured by an Atago-2T (indexmeter
produced by Alago Co.). The logarithm of the scattered
intensity increased linearly with time in the initial stage of
phase separation, indicating the possibility of successful
analysis of the linear theory of spinodal decomposition
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Figure4 Change of the log scattered intensity against time at various ¢
values measured for 1% at-PVA solutions with the 70/30 composition
at various temperatures

proposed by Cahn'’. With time, the logarithm of
scattered intensity tends to deviate from the linear
relationship, as has been observed for the later stage
of spinodal decomposition of amorphous polymer
blends®®*!. The deviation shifts to shorter time scale as
the temperature increases. This tendency was the same for
both at- and st-PVA solutions. Comparing the behaviour
in Figures 4 and 5 with the previous results for at-PVA
(P = 2000) (see Figure 1 of ref. 6), it turns out that the time
scale of the deviation is almost independent of molecular
weight and only depends on the stereo-regularity. That is,
the deviation for the at-PVA (P = 2000) occurred at the
same time scale for the at-PVA (P = 17 900), but occurred
at a time scale longer than for the st-PVA (P = 1980).

If the linear relationship reflects the initial stage of
spinodal decomposition as pointed out by Cahn!’, it is
well known that the change in elastic scattered intensity
in Figures 4 and 5 can be given by®

I(q,1) = 1(g,1 = 0) exp[2R(q)1] (1)

where I(q, t) is the scattered intensity at the time, ¢, after
initiation of the spinodal decomposition, and R(q) is the
growth rate of concentration fluctuation given as a
function of ¢; R(q) is given by

82f + anz} (2)

R(q) = _chz{‘a?
where D, is the translational diffusion coefficient of the
molecules in solution, f is the free energy of mixing, c is
the concentration of solution, and & is the concentration-
gradient energy coefficient defined by Cahn and Hilliard'®.
A linear relationship in the plot of In(7) versus ¢t at fixed ¢
was also obtained for at- and st-PVA solutions with other
concentrations at various temperatures.

Through a series of experimental results concerning
the phase separation of at- and st-PVA solutions, a
question can arise as to whether or not phase separation
of PVA solutions is always attributed to the spinodal
decomposition, if the linear relationship depicted in
Figures 4 and 5 can be observed. To pursue the detailed
discussion, first the spinodal temperature, 7T,, was
estimated for at-PVA (P =17900) and st-PVA

—
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Figure 5 Change of the log scattered intensity against time at various ¢ values measured for the 1% st-PVA solutions with the 70/30 composition at

various temperatures
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(P = 1980) according to the linear Cahn’s the:ory17 The
treatment was described in the prev1ous paper in detail®.

Table 1 shows the results. The previous data for the at-
PVA (P = 2000) are included in this table. Incidentally,
the values of Dy, (= D D (8%f/8c?)), listed in Table 2, are
efficiently estlmated by obtalmng an 1nteroept atg* =0in
the plot R(q)/q* versus ¢° by assuming pure spinodal
decomposition. Because of the positive values of D. by
definition, the values of D,,, take negative values
characterizing unstable regions, leading to spmodal
decomposition. The small values of 02R(¢)/0¢" =g, -
hence Dapp(azR(q) /0¢* lg=gm = 8Dapp) indicate no appear-
ance of a scattering maximum of intensity at the initial stage

of spinodal decomposition. To observe a distinct scattering
maximum in the linear spinodal decomposition regime, it
is evident that the value of D,,, must be usually two to
three orders of magnitude greater. Here, it is seen that
the spinodal temperature, T, listed in Table 1, shifts to
higher value as the concentration of solution increases.
This tendency is more pronounced for the 50/50
composition. This indicates that the phase separation of
the 50/50 composition is more significant than that of the
70/30 composition when both solutions have the same
concentration. The spinodal temperature, T, of the at-PVA
solutions shifted to higher value with increasing molecular
weight, when the co-solvent with the same composition

Table 1 Spinodal temperatures of several kinds of PVA solutions prepared with 70/30 and 50/50 compositions (°C)

Concentrations (gdl™")

Me,SO/H,0 PVA specimens 0.5 1 1.2 2 3 5 10

70/30 st-PVA (P = 1980) 38.3 419 — 45.0 47.8 — -
at-PVA (P = 2000) — 20.7 — — - 30.3 34.6
at-PVA (P = 17900) 255 30.5 33.2 — —- — —

50/50 st-PVA (P = 1980) 55.1 59.1 — 65.5 — — —
at-PVA (P = 2000) - 234 — — — 312 36.8
at-PVA (P = 17900) 36.7 40.7 41.2 — — — —

Table 2 Values of Dy, for at- and st-PVA solutions (units: —D,

x 107 Bem?s7!)

at-PVA with 70/30 composition

at-PVA with 50/50 composition

Temperature
0

0.5%

1.0%

1.2%

0.5%

1.0%

1.2%

12.5
15.0
17.5
20.0
22,0
25.0
27.0
30.0
325
35.0
38.0
38.5

25.0
28.0
30.0
33.0
35.0
38.0
40.0
43.0
45.0
48.0
50.0
53.0
58.0
60.0

1.18
0.826

0.493
0.298

0.5%

1.04
0.768

0.397
0.219

1.0%

0.875

0.510
0.352

2.0%

5.23
2.94
2.11
1.53

4.29

2.50

1.45

0.512

2.90
222
1.75
1.03

1.80
1.46

0.835
0.459

0.5%

1.50
1.02

0.534
0.366

1.0%

2.20
1.90

0.889

0.411
2.0%

4.41
3.09
2.51
1.65

5.56
4.13
3.10
1.85

3.26
2.10
1.47
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was chosen. Furthermore, it is seen that the 7, value of the
st-PVA with P = 1980 was higher than those of the at-PVA
with P = 17900 and 2000. Such an interesting phenom-
enon is due to the fact that the stereo-regularity causes
much more significant effect on the progression of phase
separation rather than an increase in the degree of
polymerization. The crystallinity of the resulting st-PVA
films was slightly higher than that of the at-PVA films.
Figures 6a and 6b show the concentration dependence
of spinodal temperature (7,) and gelation temperature
for the st-PVA with 70/30 and 50/50 compositions,
respectively, in which the dashed and solid curves
correspond to spinodal and gelation temperatures,
respectively. The dashed (spinodal) curve was drawn to
follow the plotted point of T, while the solid (gelation)
curve was drawn to follow a number of data for gelation
temperature. At temperatures above the solid curve, the
sol-gel transition cannot occur, while at temperatures
below the solid curve, the gelation rate becomes faster as
the temperature decreases. As can be seen in Figure 6, the
phase diagram can be classified into four regions: (I) a
homogeneous sol region, (II) a sol region under the
spinodal temperature, indicating only spinodal decom-
position, (IIT) a gel region under the spinodal curve,
indicating simultaneous advance of both gelation and
spinodal decomposition, and (IV) a gel region above the
spinodal temperature, independent of liquid-liquid
separation. This diagram is similar to the result by
Komatsu et al. for aqueous PVA solutions®®, but is
different from the previous results observed for at-PVA
(P = 2000) in a Me,SO/water mixture as co-solvent®.
Figure 7 shows the phase diagram for at-PVA
(P =17900). It is seen that the spinodal points and
sol—gel transition curves divided the phase diagram into
three regions. Namely, region II, indicating only
spinodal decomposition, could not be observed. Such a
phase diagram is essentially the same as that for at-PVA
(P = 2000), discussed in the previous paper®.
Considering the series of experimental results in
Figures 4-7, in addition to the previous results for at-
PVA (P = 2000)°, it may be expected that the dynamics
of the sol—gel transition of PVA solutions is strongly
affected by the stereo-regularity rather than by molecular
weight. To check this, more detailed information on the
gelation and spinodal decomposition must be obtained
in terms of the morphological aspects. Accordingly, light
scattered patterns under Hv polarization condition were
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Figure 6 Spinodal and gelation temperatures versus concentration for
st-PVA solutions: (a) 70/30 composition; (b) 50/50 composition. Solid
curves show the gelation temperature versus concentration, and dashed
curves show the spinodal line

observed as a function of temperature. The logarithmic
plots of scattered intensity at 6 = 90° as a function of
time are presented as a reference. Figure 8 shows the
results for the 1% st-PVA solutions with 70/30 composi-
tion at 40°C and with 50/50 composition at 55°C, while
Figure 9 shows the results for the 1% at-PVA solutions
with 70/30 composition at 20°C and with 50/50
composition at 27°C. For the st-PVA solution with 50/
50 composition, 40°C is the temperature associated with
the simultaneous advance of both gelation and spinodal
decomposition, and 55°C for the 50/30 composition,
associated with spinodal decomposition only, as shown
in Figures 6 and 7. In the former case, Hv light scattering
showed an indistinct circular type, indicating the
formation of random array crystallites smaller than the
wavelength of the incident beam, in the time scale
showing the straight line of In(/) versus time (¢). In the
latter case, the scattering showed an X-type pattern,
indicating the formation of anisotropic rods composed
of crystallites in the time scale showing the straight line of
In(I) versus t. The existence of crystallites was confirmed
by X-ray diffraction measurements, in which the sample
preparation was carried out according to the same
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Figure 7 Spinodal and gelation temperatures versus concentration for
at-PVA solutions: (a) 70/30 composition; (b) 50/50 composition. Solid
curves show the gelation temperature versus concentration, and dashed
curves show the spinodal line
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Figure 8 Change of In(7) at @ = 90° and Hv light scattering patterns
with time measured for the 1% st-PVA solutions with 70/30
composition at 40°C and 50/50 composttion at 55°C
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Figure 9 Change of In(Z) at 8 = 90°C and Hv light scattering patterns
with time measured for the 1% at-PVA solutions with 70/30
composition at 20°C and 50/50 composition at 27°C

process as the measurements in Figures 8 and 9. A weak
broad overlapped intensity distribution from the (101)
and (101) planes was observed during the periods of
about 10—50min for the 50/50 composition and about
90—130 min for the 70/30 composition, corresponding to
each end of the linear portion of In(7) versus t. For the at-
PVA system, Hv light scattering patterns cannot be
observed except as indistinct small spots, which is an
artefact due to reflection of the incident beam in the time
scale showing a straight line in the plot of In(7) versus 1.
Even so, a very weak broad overlapped X-ray diffraction
intensity distribution from the (101) and (101) planes was
observed during the periods of about 80—120 min for the
50/50 composition and about 180—220 min for the 70/30
composition, corresponding to each end of the linear
portion of ln( ) versus t. This tendency is almost the same
as the prev1ous results for at-PVA (P = 2000)%.

With increasing time, the plot of In(7) versus ¢ deviates
from the straight line and the corresponding X-type
light scattering pattern becomes more distinct. As
discussed before, the formation of rods with optical
anisotropy is probably associated with the gradual
development of gelation/crystallization in the polymer-
rich phase. Thus, the deviation from the straight line
in the In(f) versus ¢t plot is quite different from the
concept of the later stage of spinodal decomposition of
amorphous polymer blends?. That is, the further growth
of concentration fluctuations associated with uphill
diffusion for polymer blends is significant in the later
stage of the spinodal decomposition and finally the
concentration profile becomes similar to that of nuclea-
tion growth. Such a further growth of concentration
fluctuation, however, is suppressed for PVA solutions
because of immobilization of the PVA chains associated
with crystallization.

As can be seen in Figures 8 and 9, the plot of In(I)
versus t for the 50/50 composition of st-PVA solution at
55°C deviates from linearity after 70 min, while it is linear
up to 120min for the same composition of at-PVA
solution measured at 27°C. This means that 60min
corresponds to the final period of the initial stage,
assuring a straight line of In(7) versus t for the st-PVA
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solution at 55°C. On the other hand, 60 min for the at-PVA
solution still corresponds to the initial stage of the quasi-
spinodal decomposition at 27°C, although 27°C is lower
than the measurable temperature (55°C) for the st-PVA
solution. The same tendency could be observed for the
70/30 composition. These phenomena suggest that the
progression of the phase separation of st-PVA solutions
is faster than that of at-PVA ones.

As discussed before, the appearance of an X-type light
scattering pattern and the weak broad overlapped X-ray
diffraction from the (101) and (101) planes were observed
during the process of phase separation of st-PVA
solutions for the 50/50 composition at 55°C. Here, it
should be noted that, if the phase diagrams in Figure 6
are correct, the phase separation at region II of the st-
PVA solution at 55°C must be dependent upon only the
progression of the spinodal decomposition. However,
the Hv light scattering showing an X-type pattern and
the weak, broad X-ray diffraction indicated the existence
of anisotropic rods in the solutions. This is in contra-
diction with the general concept of the initial stage of
spinodal decomposition. To check the origin, the growth
rate of concentratlon ﬂuctuatlon R(q) is plotted against ¢
instead of R(g)/q" versus ¢* for obtaining the spinodal
temperature T, listed in Table 1. Figures 10 and 11
showed the results for the st- and at-PVA solutions. The
maximum growth rate R(g,,) of concentration fluctua-
tion increases with decreasing measurable temperature.
The value of the scattering vector, ¢, shifts slightly
towards the scattering centre with increasing difference
(Ty — T) between the measurable temperature, T, and
spinodal temperature T. This tendency has already been
confirmed for at-PVA (P = 2000) These phenomena
are quite different from the principle of spinodal
decomposition for amorphous polymer solutions pro-
posed by van Aartsen'® Accordxng to his theory, the
value of ¢,; increases w1th increasing difference (7 — T),
if the range of molecular interaction associated with
the mean square radius of gyration based on the
concept of Debye and Woermann?®® is independent of
temperature. Thus, the shift of R(gy,) to a lower value of
g on increasing the difference (T — T') justified the earlier
conclusion that neither the linearized theory of the
spinodal decomposmon proposed by van Aartsen' nor
the theory of Cahn' is applicable for at-PVA (P = 17900)
and st-PVA (P = 1980) solutions, since the phase separa-
tions for the st-PVA solutions with 1 and 2% concentra-
tions are attributed to the advance of spinodal
decomposition and gelation, as shown in the phase
diagrams in Figures 6 and 7. For the 0.5% st-PVA
solutions whose phase separation is thought from the
phase diagram, to be due to pure spinodal decomposition
the shift of R(q,) towards the scattering centre 1§
in contradiction to the theory of van Aartsen'®. This
contradiction is probably due to the definition of gelatlon
in the Experimental section, which cannot be applicable to
the dilute solutions. Actually, at the macroscopic level, we
could observe the gels locally in the 0.5% solutions at
temperatures lower than T defined by the phase diagram
in Figure 6, indicating the simultaneous advance of
gelation and spinodal decomposition. Of course, it was
impossible to observe a definite light scattering peak as a
function of g characterizing the later stage of spinodal
decomposition under depolarization and V, polarization
conditions?’. Following Cahn’s theory'’, the concentra-
tion fluctuation relating to equation (1) at the proper long
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time ¢ can be rewritten approximately as follows:

(IC(g, 1) = Col*) ~ {|Cgm: 1) = Col*) o< exp[2R(gm)1]

3)

where |C(q, t) — Cy| is the concentration fluctuation at ¢.
Equation (3) suggests the existence of a scattering peak
at 0, from the relationship g, = (4mn/X)sin(0,/2).
Actually, the scattering peak has been observed at a
later stage of spinodal decomposition for amorphous
blend films?*?!. No appearance of the scattering peak at
the later stage of phase separation of PVA solutions is
thought to be due to the very broad curve of R(g) against
g. In this case, a clear scattering peak cannot be observed
at 0. Accordingly, a question can arise as to whether or
not equation (2) associated with the linear Cahn’s theory
is applicable for the analysis of the linear relationship of
In(1) versus t in Figures 4 and 5. If the llnear relationship
does not follow the linear Cahn theory'’, equation (1)
must be rewritten as follows:

I(g,1) = I(g,t = 0)exp[Q'(q, 1)] (4)
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Figure 10 Variations of growth R(g) of spinodal decomposition with ¢
measured for the 1% at-PVA solutions

To satisfy the linear relationship of In(Z) versus 1,
Q'(g,t) must be described as Q(g, #), indicating variable
separation of ¢ and ¢. In this case, however, Q(q) is not
equivalent to 2R(g) and another theoretical representation
must be proposed. Presumably, simultaneous advance of
gelation/crystallization and spinodal decomposition must
be taken into consideration.

Returning to Figure 2, close observation reveals that
the size of holes of the honeycomb-like structure within
the dry gel films becomes smaller with decreasing
gelation/crystallization temperature, but the size within
each specimen is almost constant. Such honeycomb-like
structure is thought to be related to continuous tissue,
characterizing spinodal decomposition. Although the
size at —80°C was obviously within the limits of the
characteristic wavelength for the polymer solvent
system, which can be estimated by usmg the distance
of molecular interaction 30-300A%, any scattering
ring, however, could not be observed under depolariza-
tion V, polarization conditions in spite of careful cover
of the incident beam. If the honeycomb-like structure
was already preformed in a swollen state, the spinodal
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ring must be observed for swollen at-PVA gels. However,
any scattering ring could not be observed. This essential
fact remains an unresolved problem, as discussed before.
In spite of the non-appearance of a spinodal ring,
however, the honeycomb-like structure implies spinodal
decomposition associated with rapid phase separation at
temperatures < — 40°C. If the phase separation was
related to nucleation growth, it may be expected that
such rapid phase separation could not be realized.

Based on a series of experimental results, it is evident
that the phase separation is quite different from the
concept of pure gelation associated with formation of a
homogeneous infinite network from interpenetrating
coils in the original solutlon As pointed out by
Labudzinska and Ziabicki®, the gelation of PVA
solutions is thought to be "due to retarded phase
separation. Namely, PVA solutions observed at elevated
temperature are thermodynamically unstable at the
gelation temperature and tend to incur phase separation.
In such supercooled solutions, compact molecular
aggregates may be formed and these connect to the
heterogeneous network system (polymer-rich phase). It is
likely that appearance of the continuous polymer-rich
phase, indicating spinodal decomposition, causes the
development of gelation/crystallization. A similar phe-
nomenon was also confirmed by Wellinghoff es al.*
for atactic polystyrene in carbon disulfide. This indicates
that gelation can be realized by the extreme immobiliza-
tion of polymer chains without cross-linking joints. Of
course, by immobilization of PVA chains in the polymer-
rich phase, some hydoxy! groups form hydrogen bonds
as in the polymer-rich phase, i.e. gels, and so a cross-
linked structure is formed. An increase in the amount of
cross-linked structure by hydrogen bonding promotes
gelation/crystallization. This phenomenon was confirmed
by high-resolution sohd state '*C nuclear magnetic
resonance spectroscopy’ ..

Considering the theoretlcal background for an inhomo-
geneous binary mixture composed of small molecules
at the incompressible limit, the diffusion equation may be
given approximately as'®

) >
6—‘;=D (af;)vzc—zu KV (5)

When the second term on the right-hand side in equation
(5) is neglected, equation (5) reduces to a diffusion
equatlon satlsfymg the second law of Fick, in which

D (9*f/8¢%) is the diffusion coefﬁcwnt In a spinodal
decomposition system, D (8*f/8¢c?), corresponding to
apparent diffusivity D, takes a negative value as listed
in Table 2. At the later stage of spinodal decomposition,
however, D (8*f / dc?) is independent of Dy
Gelation mechanism of the at- and st-PV A solutions by
inelastic light scattering

In addition to the analysis of the spinodal decom-
position by elastic light scattering, it is of interest to
consider that the diffusion coefficient for gels with a
single phase assuring an equilibrium state reflects the
fluctuation of refractive index associated with thermal
fluctuation of cross-linking joints. Thus, Tanaka and
co-workers’>®® determined the elastic modulus of
polyacrylamide gels as a function of temperature from
the measurements of magnitude of scattered intensity
and also determined the diffusion coefficients of the gel
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from the characteristic time of concentration fluctuation
of the polymer network. They pointed out that the
diffusion coefficient is related to the ratio of the
appropriate elastic modulus and a friction coefficient,
based on the solution of linear equations associated with
the second law of Newton.

Apart from their estimations™””, inelastic light
scattering measurements were applied to PVA gels to
obtain the diffusion coefficient in a typical simple system
assuming the second law of Fick. In such a complicated
system as PVA gels, the same treatment as used by
Tanaka and co-workers’>*® is impossible, since the
random motions in PVA gels cannot be assumed. The
measurements were carried out to obtain the diffusion
coefficient of PVA gels in the process of very slow phase
separation. Here, we must emphasize the assumption
that the equilibrium state in solution is maintained
during the photon counting period of S—15min and the
system is uniform in spite of the existence of anisotropic
rods. Without this assumption, we cannot pursue the
following discussion. The evaluation of the data was
done by the histogram and cumulative methods for
determining the distribution of decay rate of T' from the
observed correlation function®’

The left-hand columns in Figure 12 show an example
of the auto-correlation function A(r) at 45°C plotted
against decay time for a 1% st-PVA solution with 70/30
composition, and the right-hand columns show the
corresponding diffusion coefficients. The indicated
times, 515 and 1026 min, are from the point when the
sample was set at 45°C. The sample was prepared in the
same way as that used for the measurements of In(7)
versus t by elastic light scattering. The solid curves in the
left-hand columns are also auto-correlation functions
recalculated from the histogram, and the calculations
were carried out by assuming a unimodal system. The
recalculated curves are in good agreement with the
experimental results. The adoption of a unimodal system
was decided on the basis of a preliminary finding that,
although a bimodal-like or a trimodal-like distribution
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Figure 12 Left-hand columns: auto-correlation function A(r) against
delay time at 515 and 1026min for the 1% solutions of 70/30
composition measured at 45°C. Plots are the experimental results and
curves were recalculated from the histogram obtained assuring a
unimodal system. Right-hand columns: distribution of diffusion
coefficient D calculated by the histogram method. The curve was
drawn to follow the points calculated for the centre of gravity of the
distribution of the diffusion coefficient
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gave a complicated histogram with one or two small
peaks in addition to the main peak for the distribution of
decay rate I, the auto-correlation functions recalculated
from the complicated histogram were almost equal to
those in Figure 12. Incidentally, analysis according to a
bimodal-like or trimodal-like distribution is thought to
be meaningless because of the broad molecular weight
distribution of the present st-PVA with M, /M, = 3.1
and the at-PVA with 3.5. To estimate the diffusion
coefficient, it is important to check that the plots yield a
linear relatlonshlp, thus assuring the definition of D by
I' = Dg’. The linear relationship was confirmed at time
>6h. As shown in the lower columns, the mean values
(D,s) estimated as the centre of gravity of the distribu-
tion curve are in good agreement with those of Dy,
calculated by the cumulative method. In the time scale
<6h, however, the phase separatlon was too rapid to
measure I' at various values of ¢° assuming that the
equilibrium state of PVA solution was maintained
during the measurement at various & values. This is due
to the dlfﬁculty in checking the linear relationship of T’
against ¢* in the time scale <6h.

Here, it should be noted that the diffusion coefficient at
1026 min is lower than that at 515min. This implies
further immobilization of st-PVA chains owing to the
progression of gelation/crystallization with time. The
same tendency was also observed for at-PVA. This
means that the gels become stiffer with time.

Viscosity of the at- and st-PV A solutions

Figures 13 and 14 show specific viscosity 7, plotted
against temperature for the st- and at-PVA solutions,
respectively, with 50/50 and 70/30 compositions at the
indicated concentrations. Measurements were carried
out after 15min when the polymer/soivent mixture was
well blended at 105°C for 40 min in an Ubbelohde type of
capillary viscometer which had been set at the measuring
temperature. The indicated temperatures >60°C were
chosen to avoid rapid gelation during the measurements.
Actually, at the indicated concentrations, the gelation
temperature in an Ubbelohde type of capillary visc-
ometer was a little bit lower than that defined in the
Experimental section. This is evident in comparison with
the phase diagrams shown in Figures 6 and 7. In Figure
13, it is seen that for the 1% st-PVA solution, the value of
nsp for the 70/30 composition is higher than that for the
50/50 one in the given temperature range. At other
concentrations, the values for the 50/50 composition
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Figure 13  Specific viscosity 7, against temperatures measured for the
1, 2 and 3% st-PVA solutions of 50/50 and 70/30 compositions
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are also the same as those for the 70/30 one within
experimental error. At the 1% concentration, the mixed
solvent with 70/30 composition is thought to be a
good solvent for st-PVA chains in comparison with
that of the 50/50 composition, if viscosity depends on
the radius of gyration and the overlap concentration
of chains. Judging from the experimental results in
Figures 6 and 10, the gelation mechanism by quenching
the 1% solutions is in contradiction with the reported
concept that the frequency of contact of the mean
radius of gyration of st-PVA chains plays an important
role in the gelation®®. The contradiction suggests the
fact that gelation of st-PVA solution as discussed before
is not due to formation of a homogeneous infinite
network from interpenetrating coils, but to phase
separation of the solutions owing to thermodynamical
instability.

The same phenomenon was also observed for at-PVA
with P = 17900, as shown in Figure 14. The value for the
70/30 composition was higher than that for the 50/50 one
at concentrations <1.5%, but the difference became less
pronounced with increasing concentration and finally
the values became almost the same at concentrations
>2.5%. However, the gelation for the solutions with 50/
50 composition occurred rapidly in comparison with
those with 70/30 composition, when at-PVA solutions
with concentrations <2% were quenched at the same
temperature. This result also supports the gelation of at-
PVA solutions due to retarded phase separation. Here, it
should be noted that significant drawability of the
resulting film is affected by the characteristics of PVA
chains in dilute solutions. Namely, the frequency of
contact of the mean radius of the 1% PVA solution
causes a significant effect on drawability, since the
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maximum draw ratio at the 70/30 composition is higher
than that at the 50/50 one (see Figure I).

Morphology and mechanical properties of the at- and
st-PV A films with the greatest drawability

Through the experiments in Figures 1-14, it is evident
that one of the important factors for determining the
morphology and mechanical properties of the resulting
films can be traced to the characteristics of the phase
separation of st- and at-PVA solutions. To derive the
conclusive evidence, the deformation mechanism and
mechanical properties were estimated for at- and st-PVA
films drawn up to their maximum draw ratios, in detail.
Due to the preliminary experimental results assuring the
greatest significant drawability in Figure 1, the films were
prepared by quenching at-PVA solutions at —80°C and
vacuum-drying at room temperature. The contents of
Me, SO as co-solvent were set at 60 and 70 vol%. Before
evaporating the solvent, the resulting gels were stored for
one day at —80°C. The two-stage elongations of films
were performed by using the method described in the
Experimental section.

The left- and right-hand columns of Figure 15 show
crystallinity as a function of draw ratio of A for at-PVA
and st-PVA films, respectively, prepared from the
solutions with 60/40 and 70/30 compositions. The crystal-
linity for the at-PVA films shows a gradual increase with A
and attains a value of 40% beyond A = 12. This tendency
is almost independent of the composition. The change in
crystallinity of the st-PVA film shows almost the same
tendency, but the value reaches about 50% beyond
A = 12, indicating that the alignment of st-PVA chains
with high stereo-regularity promotes an increase in
crystallinity. The value for st-PVA films at each draw
ratio are higher than those for the at-PVA films. Even so,
the maximum value is much lower than that reported for
ultradrawn polycthylene3 This is one of the factors to
disturb the drastic improvement of the Young’s modulus
of the drawn PVA films, as will be discussed later.

To study the molecular orientation of the at- and st-
PVA films, the second-order orientation factor, Fay, of
the b-axis (the crystal chain axes) was obtained and the
results are shown in Figure 16. Fly, characterizes the
orientation distribution of the b-axes with variation
between —1/2 and 1. For random orientation, Fly, is 0,
while for complete orientation, parallel and perpendi-
cular to the stretching direction, it is unity and —1/2,
respectively. The orientation factor was estimated
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Figure 15 Change in crystallinity as a function of draw ratio X for the
at- and st-PVA films, prepared from the solutions with 60/40 and 70/30

compositions
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Figure 16 Change in the second-order orientation factor of the b-axis
as a function of draw ratio of A for the at- and st-PVA films, prepared
from the solutions with 60/40 and 70/30 compositions

directly from the orientation distribution function of
the (020) plane. At A = 4, the orientation factor for the
at-PVA is somewhat higher than that for the st-PVA, but
with increasing A the values for both specimens attained
0.98, indicating an extremely high orientational degree of
the b-axis.

The second-order orientation factor, Fiy, of the
amorphous chain segments was determined from bire-
fringence data obtained by subtraction of the crystalline
contribution from the total birefringence, assuming
simple additivity and neglecting the form birefringence
as indicated in the following equation

Atotal = XcAc + (1 - Xc)Aa (6)

where Ayya is the total birefringence of the bulk
specimen, and X is the volume crystallinity. A is the
crystalline birefringence, and A, is the amorphous
birefringence. In equation (6), A, and A, are given by

Ac = AF3y (7)
and
A, = A F5 (8)

where A and A] are the intrinsic birefringences of the
crystal and amorphous phases, respectively. The proce-
dure for evaluating the intrinsic birefringences of crystal-
line and amorphous phases is quite similar to that
described earlier®'. These values were estimated by
utilizing the values of bond polarizabilities proposed by
Bunn and Daubeny*, the crystal structure by Nitta
et al® and the values of crystalline and amorphous
densmes (l 345 and 1.269, respectively) by Sakurada et
al® 1o glve the followmg values: AZ = 0.0443 and
A2 = 0.0404*

The results are also shown in Figure 16. Before the
measurements were made, X-ray diffraction patterns
from both the specimens with A > 4 were confirmed to be
almost circular diffraction rings, indicating a uniaxial
orientation of crystallites with respect to the stretching
direction, when an incident beam was directed parallel to
the stretchlng direction (end view). It is seen that Figg is
lower than ono at each draw ratio and this tendency is
considerable at lower draw ratio A < 10. This phenom-
enon can be analysed on the basis of the change in the Hv
light scattering pattern under elongation. To explain this,
we shall refer to the change in the Hv patterns briefly,
although the patterns are not shown in this paper. In
spite of clear X-type patterns from the at- and st-PVA
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gels, the scattering from the film after the evaporation of
solvent displays indistinct circular patterns in which the
intensity decreases continuously with increasing scatter-
ing angle, but does not vary with the azimuthal angle,
indicating a typical scattering from a system composed
of a random array of crystallites that are smaller
compared with the wavelength of the incident beam.
For the present at- and st-PVA films, elongation beyond
A =4 causes development of a clear X-type pattern
whose lobes are extended in the meridional direction.
Such a similar pattern was also observed for the at-PVA
(P = 2000) as reported already in the previous paper°.
Furthermore, a small angle X-ray pattern showed a
scattering maximum in the film thickness direction,
indicating the existence of folded crystal lamellae. To
explain such unusual uniaxial orientational behaviour of
rods, one model was proposed in the previous paper’, in
which a scattering unit corresponds to a new rod-like
structure that is formed by a lateral coalescence of rods
during elongation. The model system allows one to
imagine that the new structure is mainly composed of
crystallites whose chain axes are oriented in the stretch-
ing direction and that the amorphous chain segments
play an important role in connecting two neighbouring
new structures as entanglements and/or tie molecules.
Accordingly, the orientational degree of the amorphous
chain segments becomes automatically lower than that of
the b-axes, and the orientational degree of the amor-
phous chain segments for the st-PVA (P = 1980)
becomes lower than that for the at-PVA (P = 17900),
although the b-axes for the at- and st-PVA films take the
same orientational degree. This concept can be explained
in terms of the chain length of the amorphous segments.
Namely, the extended chain length of the st-PVA is
thought to be much shorter than that of the at-PVA,
since most of the amorphous parts fill to perform
entanglement meshes and/or tie molecules.

Figure 17 shows the change in Young’s modulus as a
function of draw ratio of A for the at- and st-PVA films.
The increase in Young’s modulus with A is more
significant for the at-PVA films and the maximum
value reached 43 GPa, while that for the st-PVA films
reached 39 GPa. Considering the three results in Figures
15-17, it is obvious that the higher value for the at-PVA
film is affected by the significant orientation of amor-
phous chain segments, since the orientational degree of
the b-axis and the crystallinity for the both specimens are
quite similar to each other. Anyway, the difference of the
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Figure 17 Changein Young’s modulus as a function of draw ratio of
for the at- and st-PVA films, prepared from the solutions with 60/40
and 70/30 compositions

Young’s modulus between the at- and st-PVA films is not
so significant. Here, it may be noted that, when the at-
PVA films could be elongated by the two stages as
described in the Experimental section, the maximum
Young’s modulus reached 43 GPa. This maximum value
is higher than the value (34.7 GPa) of the at-PVA drawn
at 160°C (see Figure I). This indicates that the elongation
temperature plays an important role in improving
Young’s modulus, accompanying the improvement of
maximum draw ratio. Through the further experimental
results, we confirmed that, by the elongation of speci-
mens annealed at 220°C for several minutes, Young’s
modulus reached 80 GPa, close to the values reported by
several authors®™. However, the specimens browned,
although the X-ray diffraction pattern was not change-
able. Most of the PVA reports have never referred to the
colour of the specimens. However, if the specimens
prepared by these authors browned, a question can arise
as to whether or not the brownish PVA specimen should
be utilized as a commercial material. Anyway, Young’s
modulus of PVA is much lower than the crystal lattice
modulus (210-240 GPa)M’45 in spite of the fact that the
PVA chains are fully aligned at maximum draw ratio.
This is quite different from the results for polyethylene
whose Young’s modulus is close to the crystal lattice
modulus®. This is attributed to two factors: the crystal-
linity is less than 50% and the preferential orientation of
the b-axes is due to the rotation of crystallites indepen-
dentsof crystal transformation from a folded to a fibrous
type”.

As conclusive evidence, the greatest significant draw-
ability of PVA films is clearly related to the phase
separation of the solutions. As shown in Figure 2, the
continuous texture with honeycomb-like structure is
similar to the phase separation by spinodal decomposition
as has been observed for amorphous blend polymers®.
Thus, it may be expected that rapid phase separation of
at-PVA solutions is due to the thermodynamic instability
and subsequently gelation/crystallization occurs in the
polymer-rich phase. Consequently, the greatest significant
drawability can be realized by a continuous, uniform, fine
fibrous texture with no optical anisotropy, since such a
continuous structure can transmit inner stress smoothly
under the elongation process. To check the validity of this
concept, two kinds of gels were prepared from the 1% st-
and at-PVA solutions with 70/30 composition according
to the same method as employed for preparation of the
specimens to measure In(/) versus t in Figures 8 and 9.
After 150 min, the two gels were quenched at —80°C to
stop the further progression of phase separation. There-
after, the co-solvent was evaporated from the resulting
swollen gels. The elongation of dry films was carried out
by the same method in Figure 15. The maximum draw
ratios of the st- and at-PVA films were in the range 13—14
and Young’s moduli were lower than those in Figure 17.
The fibrous texture under SEM was similar to that of film
prepared at —10°C in Figure 2. The hole size of the
honeycomb-like structure was larger than that of the film
prepared by rapidly quenching the at-PVA solutions at
—80°C.

Through a series of experimental results, it may be
expected that rapid phase separation of polymers
probably occurs within the time scale of gel and wet
spinning speeds. Actually, the continuous structure has
been observed within mono-filaments of polyacryloni-
trile by wet spinning and within polyethylene films by
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gelation/crystallization from dilute solutions. It may be
expected that such a structure plays an important role in
carrying out gel and wet spinnings without scission of
filaments.

CONCLUSIONS

Two main conclusions can be drawn:

(M

@

Phase separation of at-PVA (P =17900) and st-
PVA (P =1980) was studied by light scattering
techniques, using mixtures of dimethyl sulfoxide and
water as a co-solvent. The logarithm of scattered
intensity against time yielded a straight line, as has
been confirmed in the initial stage of spinodal
decomposition, and started to deviate from this
linear relationship in the latter stage. In the later
stage, however, an X-type pattern, indicating the
existence of anisotropic rods, could be observed. The
maximum growth rate R(q,) of concentration
fluctuation increased with decreasing temperature.
The value of the scattering vector, ¢y, shifted slightly
toward the scattering centre with increasing differ-
ence (T, — T) between the measurable temperature,
T, and spinodal temperature 7,. These phenomena
were quite different from the principle of spinodal
decomposition of amorphous polymer solutions
proposed by van Aartsen'®. In particular, for the
1% st-PVA solution with 50/50 composition at 55°C,
whose phase diagram corresponds to a sol region
under spinodal temperature indicating only spinodal
decomposition, an X-type pattern could be observed
even in the initial stage, assuring linear plots of In(7)
versus t. Such a contradiction is thought to be due to
the criterion defined for gelation: the meniscus
deformed, but the specimen did not flow under its
own weight when the solution in a test-tube was
tilted. This indicates that, even in the region observed
as a sol, gelation occurred locally within the sol
region at the macroscopic level.

The morphology and mechanical properties of the
films prepared by quenching solutions and by
evaporating solvents can be traced to the character-
istics of the phase separation of st- and at-PVA
solutions. When the solution was quenched at
temperatures <—10°C and vacuum-dried, the
resulting films maintained transparency. Under
SEM, the tissue within the film showed honeycomb-
like structure similar to continuous tissue character-
izing spinodal decomposition of solutions due to
thermodynamic instability. The hole size of the
honeycomb-like structure became smaller as the
quenching temperature decreased, but the size
within each specimen prepared by quenching solu-
tions at various temperature was almost constant. The
hole size observed within films, which were prepared
by quenching solutions at —80°C and drying, was
within the limit of the characteristic wavelength of a
polymer—solvent system. Even so, any scattering ring
could not be observed for swollen gels and dry gel
films under V, polarization and depolarization
conditions. The appearance of honeycomb-like struc-
ture indicated that gelation of PVA solutions was not
due to formation of a homogeneous infinite network
from interpenetrating coils, but due to the phase
separation of solutions owing to thermodynamic
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instability. This indicates that further development
of gelation/crystallization is pronounced by immobi-
lization of PVA chains in the polymer-rich phase. The
draw ratio increased as the quenching temperature
decreased, when the dimethyl sulfoxide content was
set in the range 60-70vol%. The greatest significant
drawability was realized by quenching solutions at
—80°C, and the corresponding Young’s modulus took
a maximum value. Thus, it turns out that the dense
network structure plays an important role in assuring
significant drawability in order to transmit inner stress
smoothly in the stretching direction.
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