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ABSTRACT: We propose a structure model of a poly(vinyl alcohol) (PVA) film during uniaxial stretching in
water. In addition to the relaxation of microfibrils and the extension of interfibrillar amorphous regions shown in
our previous paper, it was described that the strain-induced crystallization takes place in the interfibrillar extended
amorphous regions, which bear the increasing stress with strain, by conducting simultaneously the tensile stress
strain measurement with the wide-angle X-ray diffraction (WAXD) measurements for the film stretched in water.
Furthermore, we examined the dissolution behavior of the PVA film in water by using in-situ WAXD and small-
angle X-ray scattering. It was concluded that the dissolution of crystallites in the lamellar stacks, which are
considered to be precursors of the microfibrils formed with film stretching, softens the system, as shown with the
stress-strain measurement in water above 333 K, leading to the ineffective amorphous chain extension of PVA
molecules.

1. Introduction For elucidating the development of the orientation of PVA
molecular chains in amorphous regions with strain, we have
investigated the structure changes in a PVA film during uniaxial
deformation in water without molecular chain relaxation by
using simultaneous measurements of small-angle X-ray scat-
tering (SAXS) and the tensile stresstrain relationship.
Consequently, we could construct the structure model describing
fthe continuous structure changes of the PVA film during uniaxial
deformation in water. This structure model includes the elastic
expansion of the interlamellar amorphous regions, lamellar
breakup, fibrillation, and extension of interfibrillar amorphous
regions according to the film stretching.

In this article, we present a further detailed structure model
of the PVA film uniaxially stretched in water. This final version
of the structure model contains the strain-induced crystallization
in the interfibrillar amorphous regions confirmed with the

Poly(vinyl alcohol) (PVA) has been widely used in various
industrial applications, such as high-quality polarizers, high-
strength fibers, and so dnin the past decade, PVA has been
promising as a substrate of polarizers used in liquid crystalline
displays, which have been widely applied to televisions and
monitors of cellular phones. PVA films are very suitable to the
application to polarizers because they possess high ability o
PVA—iodine complex formation in the film microstructute.

When PVA films are soaked in a K}/lagueous solution,
adsorbed iodines are one-dimensionally aligned along with the
orientation of PVA chains by the film drawing, followed by
the formation of PVA-iodine complexes, which show extremely
high ability of dichromatic performance. The structure model
of the PVA—iodine complex proposed by Miyasaka e2aand
Takamiya et al?, who suggested that polyiodine ions are

surrounded with the aggregates of extended sequences in th w:gggen?g;sitrrsrﬁggndfr?: Vl‘j'rﬁ:;(?glgéeef;(r'ﬁgﬂg:\ﬁrgﬁtr'tcr’]gr_
PVA molecular chains, seems to be reasonable compared to 9 )

other models previously proposed, such as the helix nfsdel more, we have investigated the dissolving behaviors of the PVA
However. the mechanism for the f,ormation and orientation 6f film in water for elucidating the role of crystallites on the stress
the iodiné complexes has not been revealed in spite of variousStrain behaviors. It is expected that this structural study on the

microstructure of the PVA film must lead to the development
efforts. of a polarizer with high dichromatic performance
It was suggested that P\VfAiodine complexes are formed in P 9 P ’
amorphous regions in PVA films, when the films are soaked in 2 Experimental Section
a K/l aqueous solution with a relatively low iodine concentra- 2.1. PVA Films. The PVA films made by Kuraray Co. (Vinylon)

. . . .
tion, SUCh. as that_ used in th? preparatlon Of. pola_rlzers. with the degree of polymerization of 2400 were used in this study.
Therefore, it is very important to investigate the orientation of 1ha triad tacticity (hm = 0.21, mr = 0.50, rr = 0.29) was

the molecular chains in the film microstructure, especially in determined in solution state B NMR spectroscopy. The films
the amorphous regions, because the high dichromatic perfor-also had a high degree of saponification, which is larger than 99

mance of the polarizers should be attributed to the Pibdine mol %. The thickness of the PVA films was 0.075 mm. The films
complexes with a high degree of orientation in amorphous were rinsed in ionized water for further purification.
regions. 2.2. Tensile Testing.The stressstrain curves for the films in

water were obtained by a tensile testing apparatus (AUTO GRAPH
AG-100E; Shimadzu Corp.) with a special designed homemade

*To whom correspondence should be addressed: e-mail \ater path for the investigation of the films in water. Water

tsukasa_miyazaki@gg.nitto.co.jp; R81-72-621-0265; Fax81-72-621-

0316. temperature was regulated with a temperature controller in the range
T Nitto Denko Corporation. of 278-353 K. Rectangular-shaped specimens of gauge dimensions
* Kyoto Institute of Technology. 30 x 20 mn? in the dried state were examined.
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Figure 1. Stress-strain curve and typical 2-D WAXD patterns collected during uniaxial deformation in water at 298 K. Each pattern was obtained
in 15 s from the point indicated by each arrow.

2.3. Simultaneous StressStrain/WAXD Measurements. Si- For four films we repeated the simultaneous experiments under
multaneous stresstrain/WAXD experiments were performed with  the same experimental conditions, so as to confirm that the structural
the WAXD apparatus at BL40B2 beamline of SPring-8 (Japan variations observed at the X-ray beam position are representative
Synchrotron Radiation Research Institute, Hyogo, Japan). The of the observed bulk mechanical properties in the stregwin
wavelength of X-rays was turned at 0.1 nm for the WAXD experi- curve simultaneously measured. In these four experiments, the
ments at BL40B2. The beam size was 0.8 mrfi.5 mm, allowing similar structural parameters were obtained with the data analysis
the examination over a relatively large area rather than a local areaof the 2-D WAXD patterns as described in the next section during
of the film. The camera length of the WAXD apparatus was 190.4 uniaxial deformation, indicating that the structural parameters
mm. The CCD detector system bearing an image intensifier was obtained at the X-ray beam position are representative of the
used to allow a rapid scan of two-dimensional (2-D) WAXD observed bulk stressstrain relationship.
patterns from the samples during uniaxial stretching in water. The
calibration of the scattering angle was carried out using diffraction 3. Results

from a regular structure in a polyethylene film and the Si powder . .
purchased from the National Institute of Standards and Technology. 3.1. Slmultgneous StressStra!n/WAXD Measu_rements.
A stress-strain curve and typical 2-D scattering patterns

Our newly developed stretch machine was used in the simulta- " > . T e A
neous WAXD and stressstrain experiments at BL4A0B2 beamline.  Obtained simultaneously during uniaxial deformation in water
The stretch machine was described in our previous paper in detail. at 298 K are shown in Figure 1. Each arrow drawn from the
Therefore, only an outline about this stretch machine is described 2-D patterns to the stresstrain curve in the figure indicates
here. This stretch machine allows a film sample to be stretched the strain at which the 2-D pattern was obtained.
symmetrically in the lateral direction, which assures that X-ray beam  The stress strain relationship completely follows the stress
atlw?yﬁ_ |IIurr,\1/||nates thethsame tposmo? of the Samﬁle %“';'r?g El'mh strain behavior indicated in our previous paper, similar to the
stretehing. loreover, Tis Instrument equips a water bath WhICh o of 5 cross-linked rubber with an ability of strain-induced

can be jacked up and down so as to enclose and disclose the film o S . .
specimen. The water bath has holes for the beam path, which arecrystallization. The strain-induced hardening occurs at the strain

covered with two polyimide windows with a thickness of 28. of about 200%, as shown in our previous paper.
The gap between the two polyimide windows is 1 mm, in which In the 2-D scattering pattern of the undeformed film, a circular
water and the film are placed. The temperature of water can be scattering pattern with a homogeneous intensity distribution
controlled in a range from room temperature to 373 K using a along the circle is observed at the scattering anglepfabout
temperature controller with an accuracy-b1 K. The length and  12.3, which can be identical to the Debye ring from the (101)-
the width of the film are 30 and 20 mm, respectively. (107 doublet of the PVA crystallite? This circular diffraction
Ea?r]]e Zs_‘ge\clt/%jx%reg;{‘tg% Sv%gidggiﬁ niurgpé&mi’;] (g/‘; Sg\%’;; m;r;]). concentrates on the transversal direction with strain, resulting
in a high degree of orientation of crystallites above the strain

3?§vl\11:igogh%erg?gre0f a3 025D uvs\;'r&g)](éhep;t((:erl?q (ﬁéicgtrrizlgtg% \;\gtk;ﬁ of 200%, as shown in Figure 1. This transversal sharp diffraction

averaged structure during deformation in 15 s. The 2-D WAXD May be originated from the oriented amorphous phase or so-
pattern measured for water was subtracted as a background nois€alled mesophase. However, the radial peak position of the
without transmittance correction because the transmittance of thediffraction remains nearly constant with strain, and the degree
samples in water was identical to that of water background. of orientation derived from the azimuthal intensity profile is
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Figure 2. Orientation distribution function of the molecular chains

during uniaxial deformation in water. The open and closed circles were
obtained by using eqgs 1 and 3 in the text, respectively.

relatively high (see Figure 2) compared to that of the molecular
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Figure 3. Typical example of the peak decomposition of an azimuthally
integrated intensity profile for a 2-D WAXD pattern of an undrawn
PVA film in water. Points are experimental data. Lines are the best
fitting curves.

chains observed genera”y in amorphous or mesophase Compotion factors are obtained with the fwhms of the fitted Pearson

nents. Furthermore, in infrared absorption spectra for PVA films,
the crystalline absorption band of 1142 thwas assigned by
Tadokoro et af. We have investigated the orientation of this

band by polarized infrared absorption spectroscopy for a wetted

thin PVA film in the fixed end, which was pulled up in air
after stretching in water. Unpublished work in our laboratory
has shown a high degree of orientation of this crystalline band
in this film. Therefore, it was confirmed that the crystallites in
the film stretched in water orient to the stretching direction,
indicating that this transversal shape diffraction in the 2-D
WAXD patterns with a large strain is attributed to the orientation
of crystallites.

The degree of orientation of the crystallites increases with
strain, attributed to the lamellar orientation, as indicated with
the simultaneous stresstrain/SAXS measurements in our
previous workl We evaluated the degree of molecular orienta-
tion by two methods. One of these two methods is the
examination of the second-order moment of the orientation
distribution function of the molecular chains. We calculated the
second-order moment of the orientation distribution function
by using the 1-D peak intensity distribution of this crystalline
diffraction along the azimuthal angle, as follows:

3¢os o[- 1
2

2
3cofo—1

[P,(cos¢) = 1)

whereg is the angle between the normal to the (101)jif)dnes
and the molecular chain axis. The averaes’ ¢Lis calculated
by integrating the intensity of specifi@2liffraction peak along
the ¢, as follows:

foﬂlzl(zﬁ) co¢ ¢ sing d¢
S 1@ sing

Here, I(¢) is the 1-D intensity distribution along with the
azimuthal angle after the subtraction of the background intensity.
The second method for estimating the orientation of the
molecular chains is the examination of the full width at half-
maximum (fwhm) of the azimuthal profile fitted with an

[tos ¢p[= (2

VII function by using the following equation:

_ 180 fwhm

F 180

®3)

Figure 2 shows the orientation factors evaluated with the two
methods during film stretching. A common trend of the
development of the molecular chain orientation obtained with
two methods is also shown in Figure 2. A substantial increase
in the degree of molecular chain orientation is observed at the
initial stage of deformation below about 50% strain, indicating
that the orientation of the crystallites is attributed to the lamellar
orientation associated with film stretching shown in the previous
stress-strain/SAXS measurements. Above the strain of about
50%, the increase in the orientation factor levels off. The
following another substantial increase in the orientation factor
is also observed at the strain of £5200%.

On the other hand, the crystalline peak intensity seems to
decrease with strain below the strain of 200%, typically shown
in the three patterns at the strains of 53%, 132%, and 204% in
Figure 1. For the conventional determination of the apparent
crystallinity index of the film during uniaxial deformation,
simply, we examined azimuthally integrated 1-D scattering
profiles as a function of the strain without further data
corrections such as the weighting of girfior uniaxially oriented
systems, wherep is the azimuthal angle from the stretch
direction, because we must continuously investigate the structure
changes of the film at low strains including the isotropic one
and at relatively large strains during uniaxial deformation
without systematic errors. These simple azimuthally integrated
1-D profiles were examined in many cases for determining the
crystallinity index in films?~11 The typical example for the 1-D
scattering profile of the undeformed film is shown in Figure 3.
For determining of the apparent crystallinity index, the peak
decomposition procedure was performed on these 1-D profiles
obtained during uniaxial deformation in water. A 1-D scattering
profile is decomposed into two crystalline peaks ((101)§101
and (200) planes) and one amorphous halo in the examined
region. The peak type was chosen to be Gaussian.

The typical fitting result is also including in Figure 3. In the
peak fitting procedure, the position and fwhm of the amorphous

appropriate fitting function. We fit the azimuthal scattering peak must be floated because these parameters are required to
profile at the radial scattering maximum of the crystalline peak describe the development of the oriented amorphous components
intensity with Pearson VII function by using the multiple peak with strain. Other parameters (positions, heights, and fwhms of
fitting module of Origin Pro version 7.5, which is also used for the two crystalline peaks and height of the amorphous peak)
the various peak decompositions of the 1-D scattering profiles are also floated in the fitting routine. The apparent crystallinity
derived from 2-D WAXD patterns, as described below. Orienta- index, f, is thus determined as follows:
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f.= _& 4) 24
S At A,
whereA. is the integrated area underneath the crystalline peaks

and A, is the integrated area of the amorphous peak.
By using X-ray scattering method, the accurate crystallinity

22
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index of dried PVA films can be estimated with such the method 181 ]
proposed by Sakuradd.We could not apply this method to I

our case for the data in the limited range. However, for dried 6p, T
films we indicated that the crystallinity index in the film could 0 100 200 300 400 500
be qualitatively estimated using the data in the limited range, Strain (%)

such as that shown in Figur?l_iThiS is probably due to week  Figure 4. Apparent crystallinityfs, for the PVA film during uniaxial
crystalline diffraction intensities out of range in 2-D WAXD  deformation in water at 298 K. These crystallinity indexes were

patterns obtained for the PVA films used in these studies. determined with the azimuthally integrated 1-D scattering profiles for

Furthermore, the total scattering profile from the system, the 2-D WAXD patterns of the film shown in Figure 1. The inset
. . . . . indicates the peak height around the main crystalline peak with strain.
lot(20), is described with the following equation

- ‘ strain, whereas it begins to increase with strain above the 200%
10((26) = Tva(26) + luatef20) + 1in(26) ) strain, indicating that the strain-induced crystallization occurs
. . ) above the strain of about 200%. The inset in Figure 4 indicates
wherelpya(20), lwaie(20), andlin(20) are the scattering profile peak height around the main crystalline peak with strain.

gtgngrei\c/:ter?nilgﬁzlfj'thtehﬁtv/gfmvgﬁetgﬂ|er2c:ﬁ§u£§br323 Vf/g?erThe peak height increases above the strain of 200% with strain
despite the decrease in the scattering volume associated with

molecules in the system, respectively. For the determination of . . S
the apparent orvstallinity index bv X-rav diffraction. the film stretching, also clearly indicating the occurrence of the
scatte?ig rofile);rom on?/ the PVAymoIeczles in the s ,stem strain-induced crystallization. Therefore, we conclude that the
gp y YN, sirain-induced crystallization occurs above the strain of about
lpva(26), must be extracted from the observed total scattering , 30, “\yatase et al. reported that the strain-induced crystal-
profile, l10((26). Strictly speaking, we must consider the interfer- lization takes place for a PVA gel swollen with watéiThe
(rannecriIte;?liitnrt;iﬁznbgfilf:?zta(tztgir?anr;g]EiIzeo??/vbatzz::tbeagzlgyrf)huen d strain of about 200% is consistent with the one above which
( éa)) from that of the PVA filgn*l? and waterl((26)) %S the strain-induced hardening takes place, as shown in this study
dggtgribed in the Experimental Section. We assumte thé interfer-and the previous one, indicating that the strain-induced harden-
peri o . ing in the stressstrain curve must be associated with the strain-
ence term to be negligible. For the film undrawn in pure water, induced crvstallization
the crystallinity index determined by using this convenient X-ray Below t?]/e strain c;f about 200%. the decrease in the

method described above was -226%, whereas the one crystallinity may be ascribed to the unfolding of the crystalline
determined by a similar X-ray method for the dried film is ys ity may . g ot the crystall
chains with the lamellar breakup prior to the fibrillation, which

0413 i i
ggn/wo ’ arveyg I\(/:vki]thn:ﬁg cbaeseagf ?r?; ;;I)rarliitsvz;/taelru?-rﬁ; ;Jirggs ?ﬁ; was suggested with the long period decrease above 70% strain,
P : that is to say, the relaxation of the interlamellar amorphous

this convenient data correction is applicable to the investigation regions with strain, as described in our previous work.

of the apparent crystallinity in the samples in water. The The transversal crystallite sizk, can be evaluated with the

difference between the crystallinity of the PVA film swollen crystalline peak width of (101)(10oublet in the transversal

with water and that of the dried one examined by a similar X-ray 1-D scattering profile by using the following Scherrer equation:
method may be also due to the dissolution of unperfect or gp y 9 9 q '

smaller crystallites in water, as described in the next section.

However, it should be noticed that thiscan only be used to = __09% (6)
compare samples within this experiment only for qualitative (A26) cosb,,

trends and that the value df differs from the absolute

crystallinity of the PVA samples in water. whereA26 is the fwhm of the crystalline peak in radian and

In general, X-ray experiments on hydrated specimens are 6, is half of the peak angle. For this estimation, the transversal
often complicated by severe secondary radiation damage. In ourl-D slice in the direction perpendicular to the stretching direction
previous study, we investigated the sample degradation of theof the 2-D WAXD patterns are plotted and decomposed into
film in water for 30 min every acquisition period of 30 s two crystalline peaks and one amorphous peak, such as that
(accumulation time of 1.5 s) by examining the scattering carried out for the determination of the with eq 4. The
invariant in SAXS patterns at BL45XU (light source; undulator) evaluated crystallite sizes with strain are shown in Figure 5.
of SPring-8. For 30 min, the scattering invariant remains Below the strain of about 200%, the substantial decrease in the
constant, indicating that the X-ray radiation does not affect the transversal crystallite size with strain also indicates the lamellar
lamellar structure in the film in water. Therefore, in this study, breakup and the consequent fibrillation. On the other hand, the
we can infer that the X-ray radiation in the simultaneous constancy of the crystallite size of about 5.5 nm from the strain
measurements does not affect the structure parameters in thef 200% to a break may be ascribed to the contribution of the
film, such as the crystallinity index, because the flux of the new crystallites produced with the strain-induced crystallization
incident X-rays at BL40B2 (light source; bending magnet) used as well as the completion of fibrillation. This also indicates that
in this study is reduced to about 2 orders lower compared to the average fibrillar width is about 5.5 nm, whereas the
the one at BL45XU. interfibrillar distance is about 7 nm, which was calculated with

Figure 4 shows the crystallinity index of the film with strain.  the peak position in the transversal streak scattering in our
Below the strain of about 200%, the crystallinity decreases with previous SAXS study.
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SFF—— T T T T3 swelling of gels investigated by Takigawa et&l!® However,

‘I’ this swelling behavior may be simply explained with the
crystallinity decrease below 200% strain and the strain-induced
crystallization above the strain of 200% described in this study.
In our previous work for the swelling behavior of the PVA

i ‘{’% % ﬁ, % b film by SAXS, it was also confirmed that only amorphous
[ i}%%ﬁ) ‘{’% m% ‘% regions are fully swollen with water, whereas the crystalline

~

[=>]

domains do not absorb water. Therefore, the increase in the
degree of film swelling with water up to 200% strain should be
P S attributed to the increase in the amorphous fraction associated
0 100 200 300 400 500 with the decrease in crystallinity with strain, whereas the
Strain (%) contraction of the film above 200% strain must be attributed to
Figure 5. Transversal crystallite sizé,, for the PVA film during the increase in the volume fraction of crystallites, which is due
uniaxial deformation in water at 298 K by using the diffraction of the to the strain-induced crystallization above 200% strain, as shown

(101)(102 doublet oriented to the direction perpendicular to the draw jp Figure 4.
direction.

(4]

Crytsallite size (nm)

il i il i 1

3.2. Dissolution Behavior of the PVA Crystallites in Water.
For the undeformed film, the 2-D WAXD patterns were obtained

sociated with the lamellar breakup is also confirmed with the &t various temperatures in water, as shown in Figure 6. The
development of the molecular orientation shown in Figure 2. crystalline peak originated from (101)(10drystalline planes

Below about 50% strain, the crystalline orientation factor diminishes with temperature. The azimuthally integrated 1-D
substantially increases with the lamellar orientation in the SCattering profile and the apparent crystallinity index such as
direction perpendicular to the stretching direction, as mentioned those described in the previous section are shown in Figure 7
above. However, above the strain of 50% the orientation factor 21d the inset of this figure. The crystalline peak intensity and
of the crystallites levels off with strain, suggesting the relaxation the consequent crystallinity decrease gradually with temperature.
of the interlamellar amorphous chains associated with the At the temperature of 339 K, the crystallinity index is reduced
lamellar breakup (Figure 2). The subsequent substantial increasd® Néarly 0. It is well-known that crystallites in PVA films

in the crystalline orientation must be due to a high degree of swollen with water and PVA gels dissolve at a relatively low

orientation inherent to the strain-induced crystallites formed temperaturé®*-23 In fact, in the case of PVA gels swollen
above the strain of about 200%. with water, the dissolution behaviors of PVA crystallites in the

In our previous paper, we studied the degree of swelling of g€l structure have been investigated by using various experi-
the same film used in this study during uniaxial deformation in Mental techniques such as DSC, X-ray diffraction, and solid-
water with the examination of the cross section of the film on State NMR, indicating that a large amount of crystallites dissolve
the film stretching (see Figure 12a,b in ref 7). We found that Pelow 373 Ki#19-22
the degree of swelling of the film increases with strain up to  The inset of Figure 7 shows the broad distribution of the size
the strain of about 200% and then decreases with film stretching.and/or perfection of the crystallites, since there is not a distinct
We attempted to explain this behavior with the strain-induced dissolution point, consistent with the PVA gels dissolution

The relaxation of the interlamellar amorphous regions as-

327 K 333 K 339 K

Figure 6. 2-D WAXD patterns for the PVA film undeformed in water at various temperatures indicated in the figure.
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Figure 7. Azimuthally integrated 1-D scattering profiles for the 2-D

WAXD patterns shown in Figure 6. Each 1-D profile is vertically shifted
for clarity. The inset indicates the apparent crystallinity for these
profiles.
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Figure 8. Temperature dependence of the long periods of the PVA
film undeformed in water. The inset indicates azimuthally integrated
1-D SAXS profiles, which were used to determine the long periods.

behaviorst419-22 Moreover, this indicates that even at 298 K a
large amount of crystallites must dissolve in water compared
to the case of the dried film, leading to the difference between
the crystallinity of the film in water and that of the dried one
at 298 K, as indicated above. Peppas et al. also suggested th
the crystallinity of the PVA film decreases immediately in
water according to annealing conditions at even room temper-
ature??

In Figure 8, we show the change of the long period of the
PVA film in water with increasing temperature. These long
periods were determined from the azimuthally integrated 1-D
SAXS profiles with the Lorentz correction (typical examples

Macromolecules, Vol. 40, No. 23, 2007

4. Discussion

4.1. Structure Model of the PVA Film Stretched in Water.
We previously proposed the preliminary structure model of the
PVA film stretched in water, which is schematically shown in
Figure 9a, on the basis of the interpretion of the simultaneous
stress-strain/SAXS measurement results.

Now, the previously proposed structure changes are reviewed
with increasing the strain. Below the strain of 70%, the
crystalline lamellae orient to the direction perpendicular to the
stretching direction, and the intervening amorphous regions are
elastically expanded with the film drawing in proportion to the
macroscopic film deformation. Beyond the strain of 70%, the
molecular chains in the intermediated amorphous regions are
gradually relaxed with the lamellar breakup, which was indicated
with the decrease in the longitudinal long period. Above 180%
strain, the structural transition of the lamellar structure to the
microfibrillar one takes place. Moreover, interfibrillar interaction
of the adjacent microfibrils decreases with the film stretching
by the pulling out of the tie chains, which are interpenetrating
to the adjacent microfibrils, leading to the macroscopic plastic
deformation of the PVA film and stress relaxation of most of
the microfibrils which is shown by the continuous longitudinal
long period decreasé:?" In the final stage of deformation, the
networking with a long-range connectivity composed of the
microfibrils and the interfibrillar extended amorphous chains
proceeds associated with the sliding between the adjacent
microfibrils with successive drawing. However, the network of
the interfibrillar extended amorphous regions is considered to
be an origin of the strain-induced hardenfig? which occurs
above 180% strain up to a break, because most of the
microfibrils are relaxed with strain.

The stressstrain/WAXD results in this study complete the
proposed structure model of the PVA film via the decrease in
the transversal crystallite size and crystallinity below the strain
of 200% and the strain-induced crystallization initiated at the
onset of the strain-induced hardening of the film. That is to
say, the decrease in the transversal crystallite size and crystal-
linity below the strain of about 200% confirms the lamellar

z’Ereakup and the consequent unfolding of molecular chains with

strain, as described in our previously proposed model. As
mentioned above, the degree of crystalline orientation levels
off in the range of 568-200% which also indicates the relaxation

of the interlamellar amorphous regions associated with the
lamellar breakup above the strain of 50%. In Figure 1, in the
stress-strain curve simultaneously obtained, a marked yield
drop expected with the relaxation of the molecular chains in

at various temperatures are shown in the inset of Figure 8) of the intermediated amorphous regions may not be observed
the 2-D scattering patterns by using the Bragg's low. These because the amorphous chains swollen with water are fully
2-D scattering patterns were gathered at BL40B2 beamline with mobile and the crystallites are easily broken in water, as
the previous described SAXS apparatédove the temperature  suggested in section 3.2. This situation is considered to be
of 338 K, the SAXS peak completely disappears in the 2-D similar to the case of the segmented elastomers composed of
scattering pattern, also indicating that the crystallites fully the crystalline blocks (hard segments) and noncrystalline mobile
dissolve below 338 K, as suggested with WAXD results. Below blocks (soft segments) with a low glass transition temperature.
the temperature of 323 K, the long period is kept at constant, In this case, a marked yield drop may not be generally detected
although the crystallinity decreases substantially below 323 K, in the stressstrain curve. However, at 298 K we can detect a
as shown in Figure 7. This indicates that below 323 K crystallites distinct yield point at about 50% strain in the expanded view
out of the lamellar stacks dissolve with temperature according of the early stage of the stresstrain relationship, as shown in

to the perfection and/or the size of the crystallites because theFigure 10, although a marked yield drop cannot be observed.
dissolution of these crystallites does not affect the SAXS  Furthermore, the occurrence of the strain-induced crystal-
intensity in a 2-D SAXS pattern and the long period change lization above the strain of about 200%, which is identical to
but monotonically reduces the crystallinity, as shown in the the onset strain of the strain-induced hardening, indicates that
inset of Figure 7. The dissolution of most of the crystallites in the strain-induced crystallization takes place in the interfibrillar
the lamellar stack should occur above 323 K, as shown in amorphous regions shown in Figure 9a because only those
Figure 8. amorphous regions bear the large stress associated with the
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Intrafibrillar —gm (i
crystallites

Intrafibrillar /

amorphous regions

Microfibrils

Crystallites in interfibrillar
extended amorphous regions

Interfibrillar extened

amorphous regions

(a) (b)

Figure 9. Schematic drawing of the structure model for the PVA film stretched in water: (a) the previous model proposed in the previous paper;

(b) the final model proposed in this study. Thick lines: interfibrillar extended amorphous chains; thin lines: intrafibrillar relaxed amorgihsus ch

8 ————p——— microfibrils rather than the strain-induced crystallization in the
| —— 208K intrafibrillar amorphous regions. This also confirms that the
323K 1 strain-induced crystallization must take place in the interfibrillar

6 233K b highly extended amorphous regions, which bear the large stress
L —— 343K ; associated with the strain-induced hardening. In turn, the

molecular chains in the interfibrillar amorphous regions are fully
extended such that the strain-induced crystallization takes place
with strain.

2k y 4.2. Role of Crystallites on the StressStrain Behavior.
! Figure 10 shows the stresstrain curves of the films at various
0 f—ij water temperatures. Below 323 K, the strain-induced hardening
0 100 200 300 400 500 takes place prior to a break, whereas above 333 K the film is
Strain (%) broken without the stress ingrease. Aboye 333 K, the softening
of the system should be ascribed to the dissolution of crystallites.
Figure 10. Stress-strain curves for the PVA film in water at various  The crystallites in the film must play an important role on the
Eiﬂg‘gaéuéispgdﬁ?ﬁeg hlg nt]g'; ;'g’é‘fl altf:nbgatar\].tensne testing device grain induced hardening, although even aB :KZa. relati\{ely
large amount of crystallites dissolve, as shown in the inset of
Figure 7 (half of the crystallinity index at 298 K). In Figure 8,
the long period remains constant below 323 K, indicating that
the crystallites in the lamellar stacks do not dissolve despite a

induced crystallization in the interfibrillar extended amorphous large decrease in crystallinity below 323 K. In the case of this
regions is schematically described in Figure 9b. In our previous P VA film, there are many crystallites out of the lamellar stacks

paper, it was confirmed that the longitudinal long period Which do not affect the long period and the SAXS intensity
decrease is attributed to the microfibrillar relaxation rather than Profile, and these crystallites dissolve at a relatively low
the melting of the crystallites and recrystallizafi®r$? or the temperature compared to those in the lamellar stacks.
dislocation in the crystallitéd34with strain. Except for these In general, it is considered that the lamellar stack acts as a
mechanisms, it should be considered that the longitudinal long precursor of the microfibril on the film stretching. In this system,
period decrease may be originated from the strain-induced the only interfibrillar oriented amorphous regions bear the large
crystallization in the intrafibrillar amorphous regions in addition stress with strain. Therefore, the strain-induced hardening does
to the original crystallites rather than the stress relaxation of not take place without the development of those amorphous
the microfibrils with strain. However, the longitudinal long regions via the fibrillation of the lamellar stacks with strain. In
period decrease occurs above the strain of 70%, as describedact, we performed the stresstrain/SAXS and stressstrain/

in the previous paper, which is much lower than the onset strain WAXD simultaneous experiments for the film in water at 333
(about 200%) of the strain-induced crystallization and hardening, K, at which crystallites in the lamellar stacks are considered to
as described in this study. Therefore, the longitudinal long period be dissolving, and found that the SAXS and WAXD intensity
decrease should be attributed to the stress relaxation of theprofiles associated with the strain-induced crystallization and

Stress (MPa)
I

strain-induced hardening, whereas most of the microfibrils are
fully relaxed in this strain range.
Our newly proposed structure model including the strain-
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fibrillation do not quite appear with strain. This indicates that

the interfibrillar extended amorphous regions are not formed
in the film at 333 K and that molecular chains in the film are

not effectively extended.

It should be noticed that the extended amorphous regions may

contribute to the formation of the highly oriented P¥fodine
complexes, when the PVA film is stretched in a Kldqueous
solution with a relatively low concentration for the preparation
of polarizers. Therefore, it must be required that the PVA film
is stretched in a KI4 aqueous solution below 323 K for the
preparation of a high-performance polarizer.

5. Conclusion

In this article, we present the structure model of a PVA film
during uniaxial deformation in water. It contains the strain-
induced crystallization in the interfibrillar extended amorphous
regions formed with increasing the strain.

Furthermore, it was found that the lamellar stacks in the film
contribute to the system hardening, which is attributed to the
extension of the interfibrillar amorphous regions, as precursors
of the microfibrils formed with increasing the strain. As a result,
the system hardening induces the effective molecular chain
extension. This may contribute to a high degree of orientation
of PVA—iodine complexes, when the PVA film is stretched in
a Kl/l; aqueous solution.
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