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Abstract

We have investigated the microstructure of the poly(vinyl alcohol) (PVA) films using small- and wide-angle X-ray scattering (SAXS and
WAXS, respectively) techniques. The samples were uniaxially drawn in water or KI/I, aqueous solution and then dried in an air-oven at
333K for 1h prior to SAXS and WAXS measurements. It was found that for the films drawn in KI/I, solution PVA chains in the
microfibrillar structure are more extended upon the film drawing compared to the case of the films drawn in pure water, which is resulted
from the correlation function analysis on the SAXS data. Adsorbed iodines into the film were anticipated to act as junction points between the

microfibrils via the formation of the PVA-iodine complexes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(vinyl alcohol) (PVA) has been widely used in various
industrial applications, such as high quality polarizers, high
strength fibers and so on [1]. In particular, PVA films are very
suitable to the application to polarizers, because they have
high ability of PVA-iodine complex formation in the film
microstructure. When PV A films are soaked in KI/I, aqueous
solution, adsorbed iodines are one-dimensionally aligned and
surrounded with PVA chains with the film drawing, followed
by the formation of PVA-iodine complexes, which show
extremely high ability of dichromatic performance.

About ten years ago, Miyasaka et al. systematically
investigated the microstructure of PVA in the presence of
water or PVA-iodine complexes in the films [2]. They
proposed a structural model of PVA films swollen with
water, so-called ‘Double network model’ as schematically
shown in Fig. 1. They supposed that the PVA film consists
of microfibrils in which the crystalline lamellar and
amorphous region alternating stacks, and the amorphous
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region between microfibrils (not shown in Fig. 1). More-
over, they assumed that the amorphous layer in the lamellar
structure contains tie chains that interconnect crystallites.
As there are two networks in their model, polymer chain
network and fibrillar network, it is referred to as a double
network model. They also proposed a structural model of a
PVA-iodine complex, based on their experimental result
that PVA-iodine complexes are preferentially formed in the
amorphous region rather than the PVA crystalline phase,
upon soaking PVA films in KI/I, aqueous solution at
relatively low iodine concentrations [2,3]. In their model,
the one-dimensional arrays of polyiodines are surrounded
with some extent of extended PVA amorphous chains.
Extension of PVA films remarkably enhances the PVA-
iodine complex formation, implying that the model of the
PV A-iodine complex proposed by Miyasaka et al. seems to
be reasonable compared to other models previously
proposed, such as the helix model [4,5]. A similar model
was proposed by Takamiya et al. who suggested that
polyiodines were surrounded with the aggregates of
extended sequences in syndiotactic PVA chains [6].
Furthermore, Miyasaka et al. reported that Young
modulus of PVA films become high upon soaking in KI/I,
aqueous solution with a relatively low iodine concentration
[2,7]. It can be therefore concluded that PVA-iodine
complexes should act as junction points in the network of
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Fig. 1. Schematic diagram of a structural model for the PVA film swollen in
water. The amorphous region between the microfibrils is not shown in the
figure.

PVA chains in an amorphous phase [7]. It is expected that
the increase of the junction points in the network leads to
various microstructural changes and properties of polymers
with the film drawing. In particular, many molecular chains
may be effectively extended associated with the increase in
the number of junction points in the fibrillar network in film
drawing processes, because it is expected that the number of
chains carrying the applied load increases with increasing
the junction points.

Note here that the iodine concentration in the film can be
widely controlled with the iodine concentration in solution.
This fact implies that the control of the number of the
junction points in the microfibrillar network can be
conducted by externally changing the iodine concentration
in solution. Since this procedure hardly alter the micro-
structure of PVA films, this promisingly leads to the
development of polymers with various extents of mechan-
ical toughness. Therefore, in this article, we focus on and
clarify the roles of the iodines adsorbed into PVA films as
junction points in the microfibrillar network, such that PVA-
iodine complexes contribute to the effective extension of the
PVA chains in the film drawing process.

2. Experimental

The PVA films made by Kuraray Co. (Vinylon) with the
degree of polymerization of 2400 were used in this study.

The triad tacticity (mm=0.21, mr=0.51, rr=0.28) was
determined by solution state 1H NMR spectroscopy. The
films also had a high degree of saponification, >98 mol%.
The films were subjected to uniaxial drawing in pure water
or in aqueous solution of 0.05 wt% KI/I, (KI:12 =5:1) up to
a desired draw ratio in 3 min, followed by drying in an air-
oven at 333 K for 1 h. The thickness of the undrawn film
was 0.075 mm, and the thickness of the drawn films was
0.02-0.05 mm depending on the draw ratio. Only a small
amount of iodine (<3 wt%) was adsorbed in the films
drawn in KI/I, aqueous solution, which was determined by
X-ray fluorescence spectroscopy. Light brown colored PVA
film was obtained when the film was soaked in KI/I,
aqueous solution without drawing the film, indicating that
iodine was adsorbed in the film, but no complex was formed
because the iodine concentrations were too law. When the
films were drawn in KI/I, solution, they changed the color
from light brown to light blue during extension, showing
that a small amount of the complex was formed in the films
[2]. The uniformity in coloring of the film in the film
thickness direction was confirmed with optical microscopy.

The structure of the dried films was analyzed by small-
and wide-angle X-ray scattering (SAXS and WAXS,
respectively) techniques. SAXS experiments were per-
formed with the SAXS apparatus on BL40B2 beamline at
Spring-8. The wavelength used was 0.1 nm or 0.15 nm. The
camera length of the SAXS apparatus was about 1000 mm.
WAXS experiments were conducted using laboratory
equipments with a pinhole camera on the rotating anode
X-ray generator. The wavelength used was 0.154 nm. The
camera length of the WAXS camera was 70 mm. On both
experiments, imaging plate X-ray detector systems were
used for the measurements of two-dimensional (2-D)
scattering patterns from the samples. The exposure time
was 30 min for WAXS measurements. For SAXS measure-
ments, the exposure time was 5-10 min even on the
synchrotron SAXS camera for the detailed analysis
mentioned below.

3. Results and discussion

Fig. 2(a) and (b) shows the typical examples of the 2-D
SAXS patterns of the films drawn in pure water and KI/I,
aqueous solution, respectively. Here, q denotes the
magnitude of the scattering vector and defined by g=
(47t/A)sin 0 with A and 26 being the wavelength of X-ray and
scattering angle, respectively. Fig. 3 shows corresponding
2-D WAXS patterns of the same films. Here, we could not
identify the scattering from the structure of polyiodine or
PV A-iodine complex in the 2-D SAXS patterns for the films
drown in KI/I, solution. It may be ascribed to a small
amount of the iodine in the films. As a matter of fact, 2-D
SAXS patterns for the films drawn in KI/I, solution are
essentially the same as those for the films drawn in pure
water.
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Fig. 2. Two dimensional small angle X-ray scattering patterns for the films drawn in pure water (a) and in KI/I, solution (b) with the draw ratio (DR) indicated

in the figures. The arrow indicates the draw direction.

The stack of crystalline lamellar phase is preferentially
repeating in the draw direction upon drawing and the
tendency is more exaggerated with increasing the draw ratio
as shown in the 2-D SAXS patterns. Two crystalline peaks
((101), (101) doublet and (200), the latter peak appears to be
a shoulder peak of the former) appear to the equatorial
direction in the 2-D WAXS patterns. This is consistent with
the lamellar orientation observed in the SAXS patterns with
the film drawing.

The correlation function analysis [8] is adopted to
quantitatively analyze the lamellar structure oriented to
the draw direction. The correlation function +y(r) is
calculated from the scattering intensity as

— .[000 I (q)cos(gr)ydg
Q

where I...(g) is the Lorentz-corrected intensity, which is
given by multiplying the observed meridional intensity by

v(r)

(a)

DR=1 DR=2

(b)

DR =1 DR=2

DR = 4.7

g* and Q is the invariant defined as

0= JO Lor(q)dg

A typical shape of the correlation function is shown in
Fig. 4 for the film drawn in pure water with the draw ratio of
5.7. The position of the first maximum (d,,,x) corresponds to
the long period (lamellar periodicity), while the position of
the first minimum (d,,;,) very closely corresponds to the
lamellar crystalline thickness or the intermediated
amorphous region thickness. Fig. 5 shows dax, dmin and
their difference (dyax—dmin) With the draw ratio for the films
drawn in pure water and KI/I, aqueous solution.

We estimated the crystallinity index of the drawn films
from the 2-D WAXS patterns in order to determine whether
the d,,i, value corresponds to the crystalline or amorphous
thickness from the correlation function. The azimuthally
integrated intensity profile of 2-D WAXS patterns versus

20 deg

Fig. 3. Two dimensional wide angle X-ray scattering patterns for the films drawn in pure water (a) and in KI/I, solution (b) with the draw ratio (DR) indicated in

the figures. The arrow indicates the draw direction.
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Fig. 4. Typical example of the one dimensional correlation function for the
meridional slice of a 2-D SAXS pattern for the film drown in pure water
with a draw ratio of 5.7.

the scattering angle is used for this analysis. Fig. 6(a) shows
the azimuthally integrated intensity profiles for the films
undrawn in pure water and in KI/I, aqueous solution. These
profiles seem to be perfectly identical, attributed to a small
amount of iodine in the films undrawn in KI/I, solution.
However, for the drawn films with a high draw ratio
(Fig. 6(b)), for the films drawn in KI/I, solution the profiles
are different from those of the films drawn in water in the
range of about 260 =27-35°, which is due to the scattering
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Fig. 5. Draw ratio dependence of d,.x (long period), dy,;, (identified to the
amorphous region thickness) and d,,x—dmin (identified to the crystalline
thickness) for the films drawn in pure water (O) and in KI/I, solution (@)
derived from the one dimensional correlation function typically shown in
Fig. 4.
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Fig. 6. (a) Azimuthally integrated intensity profiles of 2-D WAXS patterns
for the films undrown in water (solid line) and in KI/I, aqueous solution
(dashed line), (b) for the films drown in water (solid line) and in KI/I,
aqueous solution (dashed line) with the draw ratio of 7.

peak localized at about 26 =30°, as indicated by an arrow in
this figure. The scattering peak localized in this range is
thought to be originated from the mean bond length between
the iodine atoms in polyiodine complexes aligned parallel to
the draw direction, as shown in the layer lines in the
meridian direction in Fig. 3(b). However, for the range
below 26 =27°, differences in the scattering profiles can be
negligible. Therefore, we estimate the crystallinity of the
samples with the peak decomposition method on the
scattering profiles in the range of 20=15-27° for
convenience.

In peak fitting procedure, only one fixed parameter is the
full width at half maximum (FWHM) of the amorphous
peak, which can be evaluated from the meridian slice of the
2-D WAXS pattern for the fully drawn film because no
crystalline reflection appears in the meridian. Other
parameters (positions, heights and FWHMs of the two
crystalline peaks and position and height of the amorphous
peak) are floated in the fitting routine. The crystallinity
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index, f; is thus determined as follows:

DA
e = Sa + 4,

where A, is the integrated area underneath the crystalline
peaks and A, is the integrated area of the amorphous peak. A
typical example of the peak decomposition is shown in
Fig. 7. The peak positions of (101),(101) reflection and
(200) reflection are 20=19.9 and 260 =23.6°, respectively,
agreed with the previous reported values [9]. Fig. 8 shows
the crystallinity index, f. of the films drawn in pure water
and KI/I, aqueous solution with the draw ratio. This f. can
only be used to compare samples within this experiment
only for qualitative trends, and it should be considered that
the value of f. differs from the absolute crystallinity of the
PVA samples. For example, the accurate crystallinity of
PVA films can be estimated with the method proposed by
Sakurada et al. [10-12]. Their method could not be
applicable to our limited data, as described above. However,
for the film undrawn in pure water, the crystallinity index,
34% determined using our convenient X-ray method
described above is well consistent with the value, 32%
determined by the density obtained with the floating
method. Note here that other determination methods of the
crystallinity such as the density measurement method are
not applicable, because a small amount of iodine adsorbed
in the sample drawn in KI/I, solution may overestimate the
measured density value depending on the draw ratio.

As shown in Fig. 5, for the films drawn in pure water, the
long period d,,x is expanded linearly with the draw ratio.
Interestingly, it is found that the d.x—dnin 1S almost
constant irrespective of the draw ratio. This means that the
increase in the long period dn.« is attributed to the
expansion of d;,. In the case of the films drawn in pure
water, the f, value decreases with increasing the draw ratio,
seems to allow us to assign dp;, and dax—dmin derived from

(101)
(1017

Arbitrary intensity

15 20 25
Diffraction angle (deg)

Fig. 7. Typical example of the peak decomposition of an azimuthally
integrated intensity profile for a 2-D WAXS pattern. Points are
experimental data. Lines are the best fitting curves.
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Fig. 8. Draw ratio dependence of the crystallinity index, f. for the films
drawn in pure water (O) and in KI/I, solution (@).

the one dimensional auto correlation function analysis of the
SAXS profile to the amorphous region thickness and the
crystalline phase thickness, respectively. It is well known
that the lamellar thickness can be undoubtedly determined
by the size of the crystalline in the molecular chain
direction, which can be possibly estimated by applying
Scherrer equation to (020) reflection in the case of PVA
films. However, relatively high angle diffraction peaks such
as (020) reflection are not clearly detected for our samples,
especially with a law draw ratio, which is due to a law
crystallinity.

The assignment of d;, to the amorphous region
thickness is consistent with the fact that the amorphous
region is easily expanded but the crystalline phase is hard to
be expanded by the film drawing. As mentioned below, the
decrease in the crystallinity, f. should be attributed to
the structural change from the lamellar structure to the
microfibrillar structure associated with the lamellar breakup
with the film drawing. The small crystallinity index (20—
30%) compared to the apparent crystallinity index in the
lamellar stack ((dpax—@min)/dmax) Must be attributed to the
large amount of amorphous region between the lamellar
stacks or the microfibrils.

For the films drawn in KI/I, aqueous solution, below the
draw ratio of about 4, the expansion of the lamellar structure
is much larger than that of the films drawn in pure water and
is also attributed to expansion of d,;,, as observed in the
case of the films drawn in pure water. This indicates that
dnin may be also assigned to the amorphous region
thickness and the microfibrils in the films are effectively
expanded below the draw ratio of 4, as compared to those in
the films drawn in pure water. However, above the draw
ratio of about 4, the long period is not affected on the film
drawing by the compensation of the increase in dy,x—dmin
and the decrease in d,;,, as shown in Fig. 5.

In the case of the films drawn in KI/I, aqueous solution,
below the draw ratio of about 4, the f, value substantially
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decreases with increasing the draw ratio, followed by the
gradual increase in f. with the film drawing above the draw
ratio of about 4 as shown in Fig. 8. This behavior is
consistent with the correlation function analysis results of
the lamellar structure, because firstly d,,;, (identified to the
amorphous region thickness as mentioned above) increases
with increasing the draw ratio below the draw ratio of about
4, and then the decrease in d,;, and the increase in d,,—
dmin (identified to the lamellar crystalline thickness) are
observed with the film drawing above the draw ratio of
about 4. The increase in the crystalline thickness should be
attributed to the ‘strain induced crystallization’ by the large
orientation of the tie molecules in the amorphous region
with the film drawing [13]. Strain induced crystallization
only occurs in the films drawn in KI/I, solution, indicating
that the tie molecules in the amorphous region can be
effectively stretched and that the microfibrils in the films
drawn in KI/I; aqueous solution effectively bear the applied
stress compared to those in the films drawn in pure water at
the same draw ratio. The iodines adsorbed into the film form
the PV A-iodine complexes and are considered to play a role
of structuring the microfibrillar network through working as
junction points between the microfibrils.

The equatorial streak scattering is observed in the 2-D
SAXS patterns for the films with a high draw ratio.
Moreover, there is a peak in the streak scattering, as
typically observed in Fig. 2 (b) for the film drawn in KI/I,
solution at the draw ratio of 4.7. The equatorial streak seen
in the 2-D SAXS pattern can arise from a variety of sources
[14]. This scattering may be originated from the inter-
particle interference of the microfibrils, because the
scattering intensity is comparable to the meridional peaks
originated from the repeating lamellar structure whereas it is
very weak as compared to the equatorial and meridional
streak scattering observed at much lower scattering angle
for the films with a high draw ratio, which may be due to
voids or cracks with the film drawing [14]. The correlation
length related to the equatorial streak scattering is evaluated
from the Lorentz-corrected intensity profile for the
equatorial slice using the Bragg’s low. Fig. 9 shows
the draw ratio dependence of the correlation length. The
value is below about 6 nm and decreases with increasing
the draw ratio. It is noted here that the decrease in the
correlation length is more exaggerated for the films drawn
in KI/I, aqueous solution as compared to those drawn in
pure water.

The microfibril diameter can be estimated from the
crystallite size in the direction perpendicular to the draw
direction. For this estimation, the equatorial slice of the 2-D
WAXS pattern is plotted and decomposed into two
crystalline peaks and one amorphous peak, such as carried
out for the determination of the f.. The FWHM of the (101)
and (101) doublet is used to obtain the averaged crystallite
size, I, corresponded to the microfibril diameter using the
Scherrer equation
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Fig. 9. Draw ratio dependence of the interparticle distance of the
microfibrils derived from the peak position of the equatorial streak
scattering using the Bragg’s law for the films drawn in pure water (O ) and
in KI/I, solution (@).

092
¢ (426)cos 0.,

where 426 is the FWHM of the crystalline peak in radian,
0 is the peak angle. Fig. 10 shows the draw ratio
dependence of the /. for the films drawn in pure water and
KI/1, aqueous solution. As shown in Fig. 10, the microfibril
diameter estimated from the crystallite size in the direction
perpendicular to the draw direction is comparable to or
larger than the correlation length expected as the inter-
particle distance of the microfibrils, indicating that the
microfibrils must be densely packed and there must be many
crystallites, which size is larger than the microfibril
diameter, as the junction points in the fibrillar network as
shown in Fig. 1. The large reduction in the crystallite size
between the draw ratio of 1 and 2 must be attributed to the

I v I v 1 v I v ] v ) v 1 M L]
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Fig. 10. Draw ratio dependence of the crystallite size, /. for the films drawn
in pure water (O) and in KI/I, solution (@) using the diffraction of the
(101),(101) doublet oriented to the direction perpendicular to the draw
direction.
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structural change from the lamellar structure to the
microfibrillar structure associated with the lamellar
breakup. Much larger decrease in the crystallinity index
and the interparticle distance of the microfibrils is observed
before the occurrence of the strain induced crystallization
for the films drawn in KI/I, aqueous solution compared to
the films drawn in pure water, also indicating that adsorbed
iodines producing the PVA-iodine complexes act as
junction points between the microfibrils in the film and
contribute to the effective extension of the PVA chains in
the microfibrils. These PVA-iodine complexes have not
only a high dichromatic performance but also an important
role in PVA for the development of a high strength fiber.

4. Conclusion

In this study, we demonstrated that adsorbed iodines into
the amorphous region of the PVA film act as junction points
between the microfibrils via the formation of the PVA-
iodine complexes and contribute to the structuring of the
microfibrillar network. In the results, the PVA chains in the
film are effectively extended with increasing the draw ratio.
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