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ABSTRACT: We have investigated structural changes in a poly(vinyl alcohol) (PVA) film during uniaxial
stretching in water by conducting simultaneously the tensile stigisain measurement with small-angle X-ray
scattering (SAXS) using our newly developed drawing apparatus for the in situ SAXS measurements. 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
deformation. Beyond the strain of 70%, the molecular chains in the intermediate amorphous region are relaxed
with the lamellar breakup. Above 180% strain, the structural transition of the lamellar structure to the microfibrillar
one takes place, as suggested by appearance of the transversal streak with an intensity maximum on each streak
and the mechanical transition. 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 decrease. 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 region is considered to be an origin of the strain-induced hardening,
which occurs above 180% strain up to a break, because most of the microfibrils are relaxed with strain.

1. Introduction reasonable compared to other models previously proposed, such

Recently, liquid crystalline displays (LCD) have been widely @S the helix modet> A similar model was proposed by
used in various industrial applications such as televisions, 'akamiya etal., who suggested that polyiodines are surrounded

monitors of cellular phones, and so on. Poly (vinyl alcohol) with the aggregates of extended syndiotactic sequences in the

(PVA) has been promising as a substrate of polarizers used inP VA chains®
LCD. PVA films are very suitable to the application to polarizers ~_ PVA films are extremely swollen with water, allowing the
because they possess a high ability of PMadine complex  film to be drawn up to a high draw ratio as high as&times
formation in the film microstructuré.When PVA films are ~ depending on the molecular weight of films. The molecular
soaked in a KIA aqueous solution, adsorbed iodines are one- chains highly orient to the stretching direction, with the film
dimensionally (1-D) aligned along with the orientation of PVA  stretching in a highly drawing regime. Polyiodine complexes
chains by the film drawing, followed by the formation of PvA ~ absorbed in the amorphous regions are considered to be highly
iodine complexes, which show an extremely high ability of oriented to the polymer chain direction associated with the film
dichromatic performance. stretching. The higher dichromatic performance is attained when
About 10 years ago, Miyasaka et al. systematically investi- the draw ratio is higher. Therefore, the formation of polyiodine
gated the microstructure of PVAAodine complexes in the complexes should be closely related to the microstructure of
films.2 They also proposed a structural model of a PMadine PVA films in the course of dravx_/ing in water, e;peqially to thgt
complex, on the basis of their experimental result that PVA  in the amorphous region, leading to the detailed investigation
iodine complexes are preferentially formed in the amorphous ©Of the microstructural changes in PVA films associated with
region rather than the PVA crystalline phase, upon soaking PVA the film stretching in water.
films in Kl/l, aqueous solution at relatively low iodine For a structure model of PVA films in water, Miyasaka et
concentrations usually used in the preparation of polarfzérs. al. also proposed theéDbuble network modehs schematically
In their model, the one-dimensional arrays of polyiodines are shown in Figure 2.7
surrounded to some extent with extended PVA amorphous They supposed that the PVA film consists of microfibrils, in
chains. Extension of PVA films remarkably enhances the PVA  which the crystalline lamellar and the amorphous region
iodine complex formation, implying that the model of the PYA  alternatingly stack, with the amorphous region between micro-
iodine complex proposed by Miyasaka et al. seems to be fibrils (not shown in Figure 1). Moreover, they assumed that
the amorphous layer in the lamellar structure contains tie chains
*To whom correspondence should be addressed. E-mail: thatinterconnect crystallites. As there are two networks in their
tsukasa_miyazaki@gg.nitto.co.jp. Telephone:81-72-621-0265. Fax:  model, a polymer chain network and a fibrillar network, it is
+81-72-621-0316. : : referred to as a double-network model. Prior to their studies,
Core Technology Center, Nitto Denko Corporation. - .
* Department of Polymer Science & Engineering, Kyoto Institute of the similar model was proposed by Apostolov and Fakirov for
Technology. other polymer systenfsWe previously reported the micro-
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Figure 1. Schematic diagram of a structural model for the PVA film
stretched in water. The amorphous region between the microfibrils is
not shown in the figure.

structure of PVA films dried in an air oven after stretching in
water? The network model similar to the one proposed by
Miyasaka et al. could explain our obtained results well.

In this article, we present the preliminary results on the
structural changes in PVA films during uniaxial stretching in
water for elucidating the structural model in the stretched PVA
films in further detail by using simultaneous measurements of
small-angle X-ray scattering (SAXS) and the tensile stress
strain relationship. It is expected that this study leads to the
development of a polarizer with high dichromatic performance.

2. Experimental Section

2.1. PVA Films. The PVA films made by Kuraray Co. (Vinylon)
with the degree of polymerization of 2400 were used in this study.
The triad tacticity fhm = 0.21, mr = 0.50, rr = 0.29) was
determined in solution state Bi NMR spectroscopy. The films
also had a high degree of saponification, which is larger than 99
mol %. The thickness of the PVA films was 0.075 mm.

2.2. Tensile Testing.The stressstrain curves for the films in
water were obtained by a tensile testing apparatus (AUTO GRAPH
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uniaxial stretching in water. The calibration of the scattering angle
was carried out by using diffraction from a regular structure in
collagen obtained from chicken tendon.

2.4. Newly Developed Stretch Machine for SAXS Measure-
ments. Simultaneous SAXS and stresstrain experiments were
performed at the BL40B2 beamline with our newly developed
stretch machine. A schematic drawing of the stretch machine is
shown in Figure 2a. This stretch machine allows a film sample to
be stretched symmetrically in the lateral direction, which assured
that the X-ray beam always illuminated the same position of the
sample during stretching. A load cell is mounted on one side of
the shaft. The load cell and an encoder linked to a motor allowed
us to measure a stresstrain curve during uniaxial stretching of
the film. The film width used in this experiment was 20 mm. The
initial length of the film of 30 mm can be extended up to 270 mm,
indicating that the film can be stretched up to 800% strain.
Moreover, this instrument is equipped a water bath that can be
jacked up and down so as to enclose and disclose the film specimen,
respectively, as shown in Figure 2a. The water bath has holes for
the beam path, which are covered with two polyimide windows
with a thickness of 2%im. The gap between the two polyimide
windows is 1 mm, in which water and the film is placed, as
schematically shown in Figure 2b for the top view of the water
bath.

The gap of 1 mm was determined by taking account of two
factors: the absorption of X-rays by water is increased for a larger
gap, while the smooth stretching of the film in the gap is limited
for a shorter gap. The temperature of water can be controlled in a
range from room temperature to 373 K by using a temperature
controller with an accuracy of 1 K. The selected stretching speed
was 5 mm/min (17% strain/min). Two-dimensional SAXS patterns
were accumulated every acquisition period of 15 s by using the
CCD detector along with a drawing. Therefore, a 2-D SAXS pattern
is attributed to an averaged structure during deformation in 15 s.
The 2-D SAXS pattern measured for water was subtracted as a
background noise without transmittance correction because the
transmittance of the samples in water is identical to that of water
background. To analyze structures parallel and perpendicular to the
stretching direction, the 2-D SAXS pattern was sector-averaged
respectively along the longitudinal and transversal directions within
a sector angle allowance- 5 deg. This obtained 1-D profile

AG-100E, Shimadzu Corp.) with a specially designed homemade (scattering intensityl(g) as a function of the magnitude of the

water bath for the investigation of the films in water. Rectangular-
shaped specimens of gauge dimensions<116 mn? in the dried
state were examined.

2.3. SAXS MeasurementsSAXS experiments were performed
with the SAXS apparatus at BL40B2 and BL45XU beamlines of

SPring-8 (Japan Synchrotron Radiation Research Institute, Hyogo,

scattering vectoq defined byq = (4x/1) sin 6/2 with A and 6
being the wavelength of X-rays and the scattering angle, respec-
tively) was further subjected to the so-called Lorentz correction,
i.e., g?l(q) is plotted as a function af. It is well-known that the
above Lorentz correction is only applicable to isotropic systems.
However, this correction can be conventionally applied to partially

Japan). The wavelength of X-rays was turned at 0.1 and 0.09 nmoriented systems, as suggested by Ruf&ri fact, this correction

for the SAXS experiments at BL40B2 and BL45XU, respectively.

was adopted in many cases of uniaxial syst&n$.As mentioned

The camera length of the SAXS apparatus was about 1500 mmbelow, in our case, we must continuously investigate the structural
and 2000 mm, respectively. On both experiments, the CCD detectorparameters of the film at low strains including the isotropic one
system bearing an image intensifier was used to allow a rapid scanand at relatively large strains during uniaxial deformation. In
of two-dimensional (2-D) SAXS patterns from the samples during particular, the main features of the structural changes of the film
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Figure 2. (a) Schematic drawing of the newly developed stretch machine for in situ SAXS measurements during uniaxial deformation of PVA

films in water. (b) The top view of the water bath.
(b) p CDV
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Figure 3. Two-dimensional small-angle X-ray scattering pattern for
the same film in air and in water. The patterns obtained in air and in Figure 4. Typical example of the 1-D correlation function for the film
water were corrected for the air scattering and the water scattering swollen in water at the swelling time of 150 s.

background, respectively.

during uniaxial stretching are shown in low strain regions.
Therefore, the same correction should be used for all data, including
that obtained in the isotropic state and in strained ones for excluding
systematic errors.

For the preliminary and convenient examination of the samples
swollen with water before drawing or at relatively low strains, a
different stretching apparatus was used at BL45XU. Continuous
stretching is not available with this apparatus. Instead, several fixed
positions are provided for the sake of sample cramps, which enables
2-D SAXS measurements at selected strains by manually drawing
the sample in water.
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3.1. Swelling Behavior of PVA Films with Water. First, 1 1
we performeq the p_reliminary study on the swelling behavior (') ’ 5.0 ' ".)0 . 1;0 . 260 . 2;0 . 3(;0
of the PVA films with water at the BL45XU beamline. The Time (s)

ty_plcal e?(amples Of the_ 2"_3 SAX_S patterns of the same f'l_m Figure 5. One-dimensional correlation function results for the film
without film stretching in air and in pure water are shown in  swollen in water as a function of the swelling tinigax anddm, indicate
Figure 3. For the undeformed samples, a circular scattering the positions of the first maximum and the first minimum in the 1-D
pattern with a homogeneous intensity distribution along the correlation function, respectivelghmax — dmin is the difference between
circle is observed in air and in water, as expected from the POth Positions.

randomly oriented stacks of the crystalline lamellar embedded
in an amorphous matrix. However, the long period derived from
the scattering pattern substantially increases in water compare
with that in air, indicating that the film sample is swollen with
water.

We examined azumuthally integrated 1-D scattering profiles
as a function of the swelling time. Data acquisition time was
1.5 s. The correlation function analySiss adopted to quanti-
tatively analyze the lamellar structure in the swollen film. The
correlation functiony(r) is calculated from the scattering
intensity as

3. Results
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Omax Omin, @nd their differencedtax — dmin), with the swelling
(}ime for the film swollen with pure water.
dmax iINncreases immediately on the immersion of the film in

water, whilednyin remains constant, implying that the increase

in the long period is attributed to the extensiondgfx — dmin.

It is naturally inferred thatyin and dmax — dmin Should be

assigned to the crystalline and the amorphous layer thickness,

respectively, and that only the amorphous regions are swollen

with water on the basis of the same increasing trend.@k

and dmax — dmin. There are two reasons why the above

assignments are reliable.

o First, we examined the wide-angle X-ray scattering profile
Jo Teofa) cos@rr) dg of the PVA film in water. It was concluded that the scattering

v(r)= 0 (1) profile from the crystalline region is not affected with water

when the scattering profile of water is merely subtracted from

wherelco(q) is the Lorentz-corrected intensity, which is given the whole scattering profiles. These indicate that the crystalline

by multiplying the observed intensity bg2, and Q is the region must not be swollen with water and not be dissolved in
invariant defined as water. Other authors were led to the same concluSié#This
indicates thatdmi, should be assigned to be the crystalline
o thickness.
Q= fo leo{d) da @) Second, for PVA films in water, if only the amorphous region

is swollen with water while the crystalline layer does not absorb
The typical example of the correlation function is shown in water, the electron density deference between the two phases

Figure 4 for the film in water at the swelling time of 150 s. increases, and consequently, the scattering invariant also
The position of the first maximumdgay in the 1-D increases. The scattering invariant increases in the same trend

correlation function corresponds to the long period (lamellar asdmax anddmax — dmin, @s shown in Figure 6, indicating that

periodicity), while the position of the first minimund;,) very the electron density difference between the lamellar crystalline

closely corresponds to the lamellar crystalline thickness or the and the amorphous region increases in water. We attempt to
intermediate amorphous region thicknés¥ Figure 5 shows estimate the increase in the scattering invariant on the asseBE)/-
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Figure 6. Invariant of the scattering intensity from the film swollen
in water as a function of the swelling time.

tion that only the amorphous region is swollen with water, while
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The same tensile testing device was also used to investigate
the elastic-recovery properties of the stretched samples at
different stages of the deformation process. The film sample is
stretched step-by-step with a constant speed of 10 mm/min. After
each step, the stretching speed is inverted and used to contract
the sample until a stress of zero is achieved. The remaining
strain at this point represents the plastic pagt,of the total
strain, ¢, and the difference between the total and the plastic
strains give the elastic pak..2°21 The test sample is extended
again by using the same strain speed up to the initial strain value
before contracting, whereupon another step is performed again
under the constant strain speed. This allows the same test sample
to be used for more than one cycle.

Figure 8a presents the result of a step-cycle test for the PVA
film in water. For comparison, the result of the continuous

the crystalline region does not absorb water. The scattering stretching run indicated with a dashed line is also included. It

invariant can be described as follows,

QU ¢l — ¢ (s — o)’ ®)

Here, ¢, pe, andp, are the crystallinity of the polymer, the
electron density of the crystalline, and the amorphous layer,
respectively. By using eq 3, the ratio Qffor the fully swollen
state of the film toQo for the dried state can be described as

follows,
g _ Y { _ pa+ A= 1}2 4
Qo (o — p)A e+ ML — g2 L A @

Here, 1 is the swelling ratiop. and p, are normalized with
the electron density of water. The swelling ratio is defined by
the ratio of the amorphous region thickness swollen with water

to the dried one. The electron density of the swollen amorphous
region is assumed to be the averaged value with that of water

according to the swelling ratio. For the amorphous layer
thickness in the fully swollen staté,is about 2.5, as shown in
Omax — dmin In Figure 5. In a previous paper, we estimated the
crystallinity of the film to be 0.34.As shown in Figure 6Q/Qq

is about 7, consistent with the value of 6.2, calculated using eq

4 with 1 = 2.5 andp. = 0.34. These indicate that our conclusion
that only the amorphous region is swollen with water, while
the crystalline region does not absorb water, can explain well

the increase in the scattering invariant in the swollen state of

the film compared to the one in the dried state.
The scattering invariant of the fully swollen film with water
was examined for 30 min in water, and it was found that the

scattering invariant remains constant, indicating that the crystal-

line regions are not swollen with water in the experimental time
scale at least. The swelling with water is saturated in 2 or 3
min on the immersion of the film in water, as shown in Figures
5 and 6. In the following sections, the tensile stretching of the
film will be performed after 3 min on the immersion of the
film in water for the examination of the films in the equilibrated
state.
3.2. Tensile Testing of PVA FilmsA typical stress-strain

is found to agree with the series of steps, indicating that the
interruption by the cycles does not affect the stretching
properties. Strobl et al. suggested that various mechanical
transition points are deduced from the compositiosainde,
carried out at various;’'s described as the true strain (Hencky
strain)2%21 The results of this composition are shown in Figure
8b. At a relatively low straing. is substantially larger thagp.
However e, becomes constant aboweof about 1 (corresponds

to the nominal strain of about 180%) while the increaseiis
facilitated. It was suggested that the onset of the constant elastic
part corresponds to the onset of fibrillation processes in many
semicrystalline polymer®:-24 As shown in Figure 7b, the strain-
induced hardening occurs near by this nominal strain of 180%,
also indicating that the structural changes such as the structural
transition of the lamellar structure to the microfibrillar one must
occur at the critical strain of 180% as an origin of the strain-
induced hardening.

3.3. In Situ SAXS Measurements during Uniaxial Defor-
mation. A stress-strain curve and typical 2-D scattering patterns
obtained simultaneously during uniaxial deformation in water
at 298 K are shown in Figure 9. Each arrow drawn from the
2-D patterns to the stresstrain curve in the figure indicates
the strain at which the 2-D pattern was obtained. The stress
strain relationship completely follows the stressrain behavior
obtained with the tensile testing device shown in Figure 7a and
b. The selected longitudinal and transversal slices derived from
the 2-D SAXS patterns are shown in Figure 10a and b with
various strains, respectively. The arrows in these figures indicate
the sequential traces of the peak position with strain for
clarification, which describe the changes of the long period and
the scattering intensity. Moreover, the long periods evaluated
from each slice by using the Bragg’s lawg/g, are shown in
Figure 11a and b. Interesting 2-D SAXS patterns and the
consequent longitudinal and transversal long periods could be
obtained at each strain region.

In the elastic region below the strain of about 70%, the
scattering intensity is enhanced in the direction parallel to the
stretching direction, indicating that the lamellar crystallites orient
perpendicular to the stretching direction. The orientation direc-

curve and the derivative of it are shown in Figure 7a and b’ tion of the lamellar is consistent with that of the films stretched
respectively, similar to the stresstrain curve of the cross-linked ~ in water and followed by air-dryin§ The detailed mechanism
rubber with an ability of strain-induced crystallization. The Of the lamellar orientation in this region will be elucidated
nominal stress was calculated from the load at each strain andn the near future when our planned wide-angle X-ray scat-
the cross section of an initial film without swelling with water. ~tering study will be performed by using the same experimental
The initial elastic region is very narrow and the defined yield S€tup.

point has not appeared. The strain-induced hardening occurs In this region, the longitudinal long period substantially
prior to the break of the film. Figure 7b indicates that the strain- increases with strain, as shown in the shift of the maximum
induced hardening occurs at the strain of about 200%. position in the longitudinal 1-D scattering profiles to a lOWp&DV
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Figure 7. Stress-strain relationship of the PVA film (a) and the derivative (b) at 298 K, using a tensile testing device (AUTO GRAPF) with a
homemade water bath.
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Figure 9. Stress-strain curve and typical 2-D SAXS patterns collected during uniaxial deformation in water at 298 K. Each pattern was obtained
in 15 s from the point indicated by each arrow.

value, which is indicated in Figure 10a by the arrow, and this assumption that the long period is proportional to the macro-
is indicated directly in Figure 11a. In addition, the increase in scopic strain of the film, the lamellar structure in the PVA film
the scattering intensity should be associated with the lamellarin water is concluded to be deformed up to 70% strain in
orientation, as mentioned above, and/or may be attributed toproportion to the macroscopic strain in the stretching direction.
dilution of the intermediate amorphous phase with strain, which In this region, the longitudinal long periods can reversibly
leads to an increase in the density difference between thedecrease, going through nearly the same path indicated in the
crystalline and the amorphous region. The inset of Figure 11ainset of Figure 11a, when the film is contracted. Therefore, it
shows an expanded view of the early portion of the longitudinal is considered that the increase in the long period with strain
long periods up to 70% strain for the detailed investigation of should be attributed to the elastic expansion of the amorphous
the substantial increase in the longitudinal long period. Becauselayers, which leads to the macroscopic elastic behavior of the
the straight line in the inset of Figure 11a is drawn on the film at a relatively low strain (Figure 8b). When the deformatieBV
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Figure 10. Selected longitudinal 1-D slices (a) and the transversal slices (b) of the 2-D SAXS patterns during uniaxial deformation in water at 298
K with the strain indicated in the figure. All data is not included for clarity. The arrows indicate the trend of the peak positions in each strain region
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Figure 11. Long periods derived from the position of the maximum in the scattering profiles in the longitudinal (a) and the transversal (b) direction
to the stretch direction in water at 298 K, using the Bragg's law/g2.« The insets in each figure are expanded views of the early portion of the

long period up to 70% strain. The solid lines in the insets are drawn on the basis of the affine deformation mechanism of the sample. The dotted
line in the inset of Figure 11b indicates the deformation with the Poisson ratio of 1/6.

proceeds with the volume constant of the film, it can be increasing the strain. In Figure 11b, rapid reductions of the
generally expected that the longitudinal and the transversal longtransversal long period were observed above the strain of 180%,
periods obey the affine deformation mechanism. In Figure 11b, associated with the appearance of this intense streak scattering
the transversal long period gradually decreases with strain, asin the transversal direction. The origin of this streak scattering
expected from the deformation of the sample with the longi- should be the interparticle distance between the microfibrils in
tudinal uniaxial stretching. However, the decrease in the lateral the drawn films rather than microvoids or cradkg®as shown
long period is much lower than the one expected by the affine in our previous paper for the dried films after the stretching in
deformation mechanism, which is shown in the inset of Figure water? because there is a peak in the streak scattering, as shown
11b with the solid line. in Figure 10b (the 1-D slices in this figure are Lorentz-corrected
Above 70% strain, the longitudinal long period increase is intensity profiles, but a peak can be detected in the uncorrected
followed by the decrease with strain, as shown in Figure 11a, ones).
indicating that the amorphous region can be no more extended Of course, the peak in the streak scattering may possibly
with strain. This decrease in the longitudinal long periods should correspond to an approximate intervoid distance associated with
be attributed to relaxation of the amorphous region due to the the longitudinal void growth with strain. However, the origin
lamellar breakup prior to the microfibrillation, as shown in our of the streak scattering must be the same as the one observed
previous result on the large reduction in the transversal crystallite in our previous paper for the dried films after stretching in water.
size between the draw ratios of 1 (the strain of 0%) and 2 (the If the streak scattering from the stretched film in water is
strain of 100%) for the dried film after stretching in wafen attributed to the intervoid distance, the intensity of the streak
Figure 11b, the transversal long period gradually decreases withscattering must be relatively smaller than that in a dried state
strain up to 180% strain. Through this region, substantial because of the smaller electron density difference between the
reductions of the longitudinal and the transversal scattering swollen polymer matrix and water compared with the one
intensity were observed with strain, which is mainly due to the between the dried polymer matrix and air. Nevertheless, the
decrease in the scattering volume associated with the samplantensity of the transversal streak scattering is relatively larger
stretching and/or may be due to the destruction of some lamellarthan that in a dried state, as shown in Figure 9 in this study and
crystals, as shown in Figure 10a and b. Figure 2 in our previous paper. Therefore, we concluded that
Above 180% strain, an intense streak scattering appears inthe transversal streak scattering should be attributed to the
the transversal direction in the 2-D SAXS patterns of Figure 9 interparticle distances between the microfibrils.
and in these transversal slices in Figure 10b. This streak The transition of the lamellar structure to the microfibrillar
scattering moves to a highervalue with strain, as indicated one takes place at the strain 180%, as shown in the appearance
with an upward arrow in Figure 10b, implying that the of transversal streak scattering. This strain of 180% is consistent
correlation length in the transversal direction decreases with with the one at which the fibrillation and the strain-induc&BV
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Figure 12. (a) Cross section of the film normalized with the one at the strain of 0%. The solid line and the dotted line are the cross section
calculated on the assumption of the deformation with the Poisson ratio of 0.5 and 1/6, respectively. (b) Ratio of the difference between the measured
cross section of the film and the one calculated on the assumption of the deformation with the Poisson ratio of 0.5 to the calculated one.

hardening begin to occur, as suggested with the step-cycle tesparallel to the stretching direction occurs in gels with uniaxial
and the stressstrain relationship, respectively (Figure 8a, b). strain, implying that the deformation of gels may proceed with
Whereupon, each microfibril becomes to be packed tightly alower Poisson ratio than 0.5. When a gel is stretched, the free
beyond the strain of 180%, which is indicated by the decrease energy of the gel system will change to attain a new equilibrium
in the interparticle distance between the microfibrils in Figure state under tension. The relaxation time for swelling is
11b, while the longitudinal long period continuously decreases. determined by the diffusion constant of the solvent and sample
This tightly packing of the microfibrils must be induced with  size of swelling gel systems. The swelling of the stretched gel
the onset of the networking including the microfibrils with a also takes a long time until reaching the equilibrium size. They
long range connectivity associated with the sliding between the theoretically indicated that the deformation of gels proceeds with
adjacent microfibrils. The enhancement of the macroscopic the Poisson ratio of 1/6 (osmotic Poisson ratio) if the experiment
plastic flow indicated in Figure 8b is thought to originate from is performed in a long time beyond the relaxation time of the
this sliding between the adjacent microfibrils in this region. That stress-induced swelling. The dotted line in Figure 12a shows
is to say, the network that bears the stress with the film stretchingthe deformation of the film with the Poisson ratio of 1/6,
through a long range connectivity begins to be developed indicating that the deformation at the relatively low strain can
successively with fibrillation above the strain of about 180%. be represented by the deformation with the Poisson ratio of 1/6.
Moreover, with the development of the network, the strain- Furthermore, the transversal long period decrease also follows

induced hardening occurs, as shown in Figure 7b. the deformation with the Poisson ratio of 1/6, as shown by the
_ _ dotted line in the inset of Figure 11b, implying that the lower
4. Discussion decrease in the transversal long period with strain should be

4.1. Transversal Long Period Decrease at the Low Strain  attributed to the stress-induced swelling of the film.
Region. As mentioned above, when the deformation proceeds However, the same authors investigated the Poisson ratio of
with the volume constant of the film, it can be generally their PVA gels in solutions and showed that the PVA gels in
expected that the longitudinal and the transversal long periodsgood solvents have a Poisson ratio of about 0.5 within a wide
obey the affine deformation mechanism. However, at the low €xperimental time scale, indicating that the relaxation times of
strain, the transversal long period decrease with strain is muchthe stress-induced swelling in the PVA gels are much longer

lower than the one expected by the affine deformation mech- than the experimental time scale usually u$edle believe that
anism, which is shown by the solid line in the inset of Figure the difference in the relaxation time between our PVA film and

11b. For the further detailed investigation related to the their PVA gels used must be attributed to the initial structure
macroscopic lateral dimension of the film, we measured the Of the films because the relaxation time is determined by the
cross section of the film with strain, as shown in Figure 12a. diffusion constant of water to the fil#;?” which is predomi-
The cross section of the film at each strain is normalized with nated by the microstructure of PVA.
the one obtained at the strain of 0%. The solid line in this figure  Interestingly, the stress-induced swelling of the film is
is drawn on the basis of the affine deformation mechanism, substantially leveled off beyond the strain of ¥5M0%, as
which is the deformation with the Poisson ration of 0.5. Actual shown in Figure 12a and b. Consequently, the cross sections of
decrease in the cross section of the film is much lower than the the film above 300% strain fall on the solid line, calculated on
expected one, especially in the relatively low strain region up the assumption of the deformation with the Poison ratio of 0.5,
to the strain of 156-200%, indicating that the deformation does as shown in Figure 12a. The structural change from the lamellar
not proceed with the volume constant of the film. This lower structure to the microfibrillar one at about 180% strain
volume decrease must be correlated to water flow to the inside mentioned above must be closely related to this drastic change
of the film in the time scale of experiment. For the estimation of the swelling behavior of the film. Of course, further detailed
of water volume in the film with strain, we plot the ratio of the investigations should be required for the stress-induced swelling
difference between the measured cross section of the film andbehavior of the film used in related to the structural change
the one calculated on the assumption of the deformation with with strain.
the Poisson ratio of 0.5 to the calculated one in Figure 12b. 4.2, Reduction of the Longitudinal Long Period.Generally
This figure shows that the strain-induced swelling of the film speaking, the transition of the lamellar structure to the micro-
with water occurs up to the strain of 15@00%. fibrillar one occurs during uniaxial deformation in a variety of
Takigawa et al. investigated the swelling behavior of gels semicrystalline polymer®-45In many cases, including our case,
with the uniaxial strain in good solver%:28 They showed that ~ the longitudinal long period decreases associated with the
the stress-induced swelling in the direction perpendicular and transition of the structure. For the explanation of this decr%’aBQ/
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50F ' T T T S at 298 K, indicating that the decrease in the long period with
at 318 K the film stretching should not be attributed to a newly developed
gOr | at 298 K T structure, such as that predicted by the melting and recrystal-
% 30l ] lization model, because such a long period in a newly developed
° S structure must be very sensitive to temperature during deforma-
B a0t 1 tion 3334
§ w0l i 4.3. Strain-Induced Hardening with the Microfibrillar
= : Networking. It is concluded that the fibrillation of the initial
L L L lamellar structure only occurs during uniaxial deformation

0 100 200 300 400 500 600
Strain (%)

Figure 13. Stress-strain relationship of the PVA film obtained in water
at 318 K. For comparison, the one obtained at 298 K is also included

according to the Fakirov's mechanism. Of course, the micro-
structure in the highly stretched film must be composed of the
extended microfibrils and the interfibrillar extended amorphous

in this figure. chains for bearing the large stress applied to the film in the
strain-induced hardening region. However, most of the micro-
in the longitudinal long period, several models were prop@%éél. fibrils are relaxed with strain, as shown by the longitudinal long
One of them is the melting and recrystallization model in the period decrease. The strain-induced hardening may occur with
necking regior$2-34 Another model is the dislocation mod&f® the network of the extended amorphous regions bearing the large

As the other explanation of the reduction of the long period, stress in the film, as proposed by PrevoréeR The network
relaxation of the original long period should be considered, as of these extended amorphous regions must play an important
suggested by Fakirov et al. in the deformation behavior of drawn role in structuring of the PVAiodine complexes, when the film
poly (ether ester) thermoplastic elastomré! They suggested  is stretched in a Ki4d aqueous solution for the construction of
that the stretching of the sample leads to the elimination of the a polarizer.

interfibrillar contacts because tie molecules that are interpen-

etrated to adjacent microfibrils are pulled out. 5. Conclusion

The structural transition associated with the large plastic flow First, we studied the swelling behavior of the PVA film with

by sliding between the adjacent microfibrils, such as our case, L .

. . S - water. For the PVA film in water, only the amorphous region
may be explained by the Fakirov's model. As indicated in our is swollen with water, while the crystalline layer does not absorb
previous paper, the dried films after stretching in water show ’ ry Y

the continuous long period increase with the extension of the water. Whereupon, we have investigated the structural changes

amorphous region only from the undrawn film to the highly oifrrghtl?[ F:]VA fllrrr:]s de:n?nUrr]ltlaXI?l tdeformatfdnérA)\/(vgtsr byir:he
drawn one, implying that the original structure remains es- simultaneous measurements of stresisain a y using

sentially unchanged during deformation in water with the our newly developed stretch ma_lchlne_, which allows_ a f!lm
extension of the amorphous region, and no new structure with sample to be stretched symmetrically in the lateral direction.
a different long period appears. Figure 13 shows the stress  Below the strain of 70%, the crystalline lamellae orient to
strain relationship of the PVA film in water at 318 K obtained the direction perpendicular to the stretching direction and the
with our newly developed stretch machine. For comparison, the intermediated amorphous regions are elastically expanded, with
stress-strain curve obtained at 298 K is also included in this the film drawing in proportion to the macroscopic deformation,
figure. The strain at the break increases compared with that ofas expected from the swelling of the amorphous layers. Above
the film stretched in water at 298 K, whereas the stress at thethe strain of 70%, the intermediated amorphous chains between
break deceases. This should be attributed to relaxation of thethe lamellae are relaxed with the lamellar breakup. Above the
polymer chains with higher mobility at a higher temperature. strain of 180%, the transition of the lamellar structure to the
Parts a and b of Figure 14 indicate the simultaneous obtainedmicrofibrillar one takes place. Moreover, the sliding between
structural parameters in the longitudinal and the transversal the adjacent microfibrils and the consequent networking includ-
direction, respectively, in the same manner as Figure 11a anding the microfibrils, which is considered to be an origin of the
b. The transition to the microfibrillar structure suggested from macroscopic plastic flow of the film, occurs associated with
the changes in the transversal long periods is delayed fromthe pulling out of the tie molecules interpenetrated to the
180% strain to about 300% strain, also attributed to relaxation adjacent microfibrils. Finally, the strain-induced hardening
of the polymer chains, as mentioned above. However, the initial occurs with the development of the network of the extended
and the final long periods in the longitudinal direction on amorphous regions bearing the large stress in the network
stretching the film are nearly the same as the ones on stretchingoecause most of the microfibrils are relaxed with strain.
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Figure 14. Long periods derived from the position of the maximum in the scattering profiles in the longitudinal (a) and the transversal (b) direction
in water at 318 K. For comparison, the results obtained at 298 K are also included in this figure. CDV
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