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ABSTRACT: The crystal lattice modulus of poly(vinyl alcohol) was measured by X-ray
diffraction using films which were prepared by gelation/crystallization from solution and
elongated in a silicon oil after evaporating solvent. The measured crystal lattice modulus of
specimen with Young’s modulus 13—20 GPa was in the range 200—220 GPa. These values were
lower than that for polyethylene measured by using ultradrawn films. To check the morphology
dependence of the measured crystal lattice modulus of poly(vinyl alcohol), a numerical
calculation was carried out by considering molecular orientation and crystallinity. In this
calculation, a three-dimensional model was employed, in which oriented crystalline layers are
surrounded by oriented amorphous phase and the strains of the two phases at the boundary are
identical. The theoretical results indicate that the difference between the crystal lattice modulus as
measured by X-ray diffraction and the intrinsic value becomes less pronounced and Young’s
modulus of a sample becomes lower when a series coupling between crystalline and amorphous
phases is predominant. A series of numerical calculations for the system with low crystallinity
and orientational degree of amorphous chain segments indicates that the real value of the crystal

lattice modulus is slightly higher than 200—220 GPa measured by X-ray diffraction.
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Since 1974, the preparation of polymeric
fibers and films with high-strength and high-
modulus has been extensively investigated for
flexible polymers by gel-state spinning,’ ultra-
drawing of dried gel films?*? ultradrawing of
single-crystal mats,* and two-step drawing of
single-crystal mats.’ This research is based on
the assumption that the theoretical Young’s
modulus and tensile strength of polymeric
materials could be realized if the chains are
fully aligned and if the specimen is almost
completely crystalline. Results of interest have
been obtained for polyethylene and poly-
propylene whose Young’s moduli at 20°C are

* To whom all correspondence should be addressed.

higher than 200 GPa** and 40 GPa,®” respec-
tively. These values are nearly equal to their
crystal lattice moduli as measured by X-ray
diffraction technique. Although the theoretical
Young’s modulus of polyethylene is one of the
highest among crystalline polymers, the range
of application is limited by its low melting
point. Therefore, it is important to achieve
ultradrawing of other crystalline polymers
such as polyamide, polyester, and poly(vinyl
alcohol) (PVA).

Among these polymers, PVA has been
reported as a well-known polymer whose
crystal lattice modulus measured by X-ray
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diffraction technique is slightly higher than for
polyethylene. A question, however, arises as
to whether or not the crystal lattice modulus
measured by X-ray diffraction is equal to
the intrinsic crystal modulus, if derived from
measurements on a specimen with a low
degree of molecular orientation and low
crystallinity. PVA gels with molecular weight
<7x10* have the ability to form a film
by evaporating the solvent, and interesting
results have been reported by Watase et al.®*°
and Yamaura et al.'®!! For example, Watase
et al. have reported that the modulus of the
gels prepared by freezing/thawing for aqueous
atactic PVA solution is higher than that of a
gel prepared at temperatures above 0°C and
increases by repeating the freezing/thawing
cycle. Yamaura et al.!! studied the charac-
teristics of dilute PVA solutions containing
dimethyl sulfoxide (Me,SO) and water (H,O)
and the properties of gels prepared from the
solutions. They reported that turbidity of
solution and the melting point of the resultant
gels are dependent upon the composition of
Me,SO/H,0. Hyon et al.'? produced high
modulus PVA fibers by drawing of gels
prepared by crystallization from semi-dilute
solutions containing 70 vol% Me,SO, on the
basis of a reported by Farrant!3 that solvent
mixtures ranging from 50 to 75vol% Me,SO
do not freeze even at —100°C because of
hydrating. The resultant tensile strength and
Young’s modulus of the drawn fiber reached
2.8 and 80 GPa, respectively.

This paper deals with estimation of the
crystal lattice modulus in the direction of the
molecular chain axis by X-ray diffraction
technique. PVA fibers prepared by the similar
method prepared by Hyon et al. were used as
specimens in order to check whether the stress
within a specimen is everywhere the same as
the external applied stress.

EXPERIMENTAL
PVA powder was used; the sample had
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polymerization of 17900 and a 98 mol% hy-
drolysis. The Me,SO/H,O composition was
set to be 70/30 to assure high drawability of
PVA film based on reports by Hyon et al.'?
The solutions were prepared by heating the
well-blended polymer/solvent mixture at 105°C
for 40 min. The homogenized solution was
poured into an aluminum tray kept at tem-
perature >100°C and then the tray was placed
in a cold bath set at temperatures < — 100°C,
thus generating a gel. The gel kept at
temperature < —100°C for Sh was immersed
in a water bath at 20°C for a week to remove
Me,SO. The gel was dried to evaporate water
under ambient conditions. When the content
of water within a film was less than 500%, the
dry gel film was cut into strips of length
25mm and width 10mm. The strip was
clamped in a manual stretching device in such
a way that the length to be drawn would be
10 mm. The specimen was elongated manually
at room temperature. After strethcing, the
sample was fixed by the stretcher and dried to
evaporate residual water for 2—3 days from
the dry gel under ambient conditions. The
dried gel specimen was elongated to the maxi-
mum draw ratio (10 times) again manually in
a silicon oil bath at 190°C. Elongation in a
silicon oil was done to avoid dehydration
perfectly. Actually, slight dehydration was
confirmed for elongation in a hot oven under
nitrogen above 130°C.

The density of the films was measured by
pycnometry with p-xylene and carbon tetra-
chloride as the medium. Before the measure-
ments were made, silicon oil on the film
surface was removed by lens paper and then
the specimen was cut into fragments. The
fragments were immersed in ethanol to remove
residual silicon oil in an ultrasonic washing
instrument and subsequently vacuum-dried
for 1 day. Crystallinity was calculated by
assuming the densities of crystalline and amor-
phous phases to be 1.345 and 1.268 gem™3,
respectively.’* The density measurements to
determine determine crystallinity were carried
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out several times to check the reproducibility
of the values, since the difference of densities
between crystalline and amorphous phases is
not significant.

The crystal lattice modulus of the (020)
plane was observed by X-ray diffraction with
a scintillation counter and a 12kW rotating-
anode X-ray generator (Rigaku RDA-rA
operated at 200mA and 40kV). The X-ray
beam was monochromatized with a curved
graphite monochromator. Crystal strain was
given by a constant-strethcing apparatus de-
scribed elsewhere.!® The intensity distribution
for the (020) plane was measured with point
focusing using a system in which the incident
beam was collimated by a circular collimator
2mm in diameter, and the diffractioh beam
was detected by a square slit with dimensions
0.9%x0.9mm. The specimen was mounted
horizontally in the strethcing clamps of the
apparatus. The intensity distribution was
measured with a step-scanning device at a step

interval of 0.1°, each at a fixed time of 40's, in
the range 73—77° (twice the Bragg angle).

RESULTS AND DISCUSSION

Figure 1 shows examples of the relationship
between external applied stress and crystal
lattice strain to know scattered values of
the crystal lattice modulus of PVA due to
differences of the samples used in the present
experiment. The plots showed a linear rela-
tionship expect in the range of smaller lattice
strain. This is probably due to non-uniform
transmission of the drawing force within the
specimen at initial elongation. It may be
noted that the crystal lattice modulus ranges
from 190 to 220GPa and the values for
most of the specimens are 200—220 GPa. The
corresponding Young’s moduli of specimens
were also estimated by the bulk strain measur-
ed simultaneously, which is listed in Table I.
All values in Table I are slightly lower than
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Figure 1. Stress—strain relationship for the (020) plane for drawn PVA films.
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Table I. Morphology and mechanical properties of drawn PVA films
Crystal lattice Young’s Crystallinity Sec'ond-o.rder
. modulus modulus orientation
Specimen )
% of amorphous
GPa GPa chain segments
A 200 20.0 55 0.527
B 210 7.5 55 0.0504
C 220 13.5 — —
D 220 13.0 — —
E 220 15.0 — —
F 190 15.0 — —

reported by Sakurada et al. (250 GPa)'® and
Nakamae et al. (235GPa).!” This discrepancy
is probably due to the following two cases.
The first is uncertainty in the linearization of
the stress—lattice strain plots in the range of
smaller lattice strain in this experiment and in
the large lattice strain for the results of
Sakurada et al. The second is variation of
crystallinity and orientation of the b-axes (the
crystal fiber axes). According to Sakurada’s
experiment, the Young’s modulus of PVA
fiber prepared by dry spinning was about
11 GPa, which is lower than for the specimens
prepared from gels in this experiment except
specimen B. This is due to poorer orientation
of the b-axes of their specimen in comparison
with the specimens used in the present study.
As an example, the X-ray diffraction pattern
(through view) from specimen A is shown in
Figure 2. The diffraction spots indicate a high
degree of crystallite orientation.

In order to verify the above two concepts,
the crystal lattice modulus as measured by
X-ray diffraction and Young’s modulus of a
sample were calculated by considering the
effects of orientation factors of crystal and
amorphous chains and crystallinity. In the
calculation, a previously introduced model
was employed,'® in which oriented crystalline
layers were surrounded by oriented amor-
phous phases and the strains of the two phases
at the boundary are identical as shown in
Figure 3. This model was first proposed by
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Figure 2. X-Ray diffraction pattern (through view) from
drawn PVA film.

Hibi,'® which is thought to be a realistic
representation of the morphology of crystal-
line polymers with a low degree of molecular
orientation and low crystallinity. In this
model, volume crystallinity X, is represented
by Su? using the fraction length 6 and u and
external stress is applied in the X direction.
The orientation factor F,, (2</<4, 0=
n<4) and G, (2=<I, n<4) of crystallites
must be estimated from the orientation distri-
bution functions of the reciprocal lattice
vectors of crystal planes by the method of
Roe and Krigbaum??2!; orientation factors
00 (2=1=4) of amorphous chain segments

Polym. J., Vol. 25, No. 4, 1993
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Figure 3. Composite structural unit of a semicrystalline
polymer whose crystals are surrounded by the amorphous
phase.

must be estimated by subtracting crystalline
contributions from total birefringence. For
the test specimens, the orientation distribution
functions of the reciprocal lattice vectors of
the crystal phases are too sharp to estimate
orientation factors F,y, and Gy, Actually,
F,oo and F,,, were almost unity and the
other factors F,05, Faoz, Fioas G2025 Gao2s
and G40, were almost zero within experi-
mental error. Thus, the above values are
employed in the present paper.

The orientation of amorphous chain seg-
ments was estimated by subtraction of the
crystal contribution from the total birefrin-
gence, assuming simple additivity proposed by
Stein for biaxially oriented films.?? The values
associated with biaxial orientational effect are
scattered and this is not so significant. Thus,
the second-order orientation factor of amor-
phous chain segments is calculated by assum-
ing an uniaxial orientational mode. To obtain
the above conclusion, the calculation was
carried out by utilizing the values of bond-
polarizabilities proposed by Clement,?3 the
crystal structure by Nitta et al.,* and the
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values of crystalline and amorphous densities
as 1.345 and 1.269 gcm ™3, respectively.

The parameters to calculate the second-
order orientation factors of the amorphous
chain segments are obtained as follows:

crystalline indices

n,=1.737 (a-axis)

n,=1.717 (c-axis)

n, = 1.827 (b-axis, molecular axis)
amorphous indices

n; =1.750 (parallel to molecular axis)

n, =1.662 (perpendicular to molecular
axis)

(n —n,)=0.088 (intrinsic briefringence)

To calculate mechanical properties, the
fourth-moment orientation factor of the
amorphous chain segments must be estimated.
Unfortunately, this moment cannot be ob-
tained from birefringence measurements and
therefore was estimated by assuming a com-
mon function. In this paper, if 68 denotes
the angle between an amorphous chain and
stretching direction, the mean fourth-power
of direction cosine {cos*8) was calculated
from an inversely superposed Gaussian type
function G(0) as follows?>

"/ZG(H)cos“ 0 sin6do
(cos* 0y =2 T 0))
f G(0)sin0do
0
where
G(0) =exp(—02/20%) +exp{ — (0 —n)*/26%}

()

The values of {cos*#) can be obtained
graphically from the experimental values of
{cos? 0 for amorphous chain segments, since
the relation of {cos? ) versus {cos* ) can be
calculated by varying the parameter ¢. Thus,
the fourth-order orientation factor F3g, can
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be obtained.

The intrinsic elastic compliance of poly-
(vinyl alcohol) is given by Tashiro er al.2®
using the B matrix in the normal coordinate
treatments to save great amount of computer
memory in the determination of the compli-
cated crystal structure. They are given as
follows:

Se(1072/GPa) =

6.87 —398 —0.03 0 0 —5.04
—3.98 1090 —0.08 0O 0 0.73
—0.03 —0.08 035 O 0 0.07

0 0 0 9.28 —0.68 0

0 0 0 —0.68 6105 0
-5.04 073 007 O 0 27.59

A3)

where S$3 and S5% denote the elastic com-
pliances of the crystal units in the directions
of chain .axis (b-axis) and c-axis, respectively.
From the value of S53 in eq 3, the theoretical
modulus is calculated to be 287.4 GPa. Calcu-
lation was carried out by using the crystal
structure of Nitta et al.** except for assuming
the molecular chains of syndiotactic configu-
ration instead of atactic configuration. This
value is lower than for polyethylene (313 GPa)
calculated by Tashiro et al.?® using the same
method as in the case of PVA. According to
their paper,?® the calculated value of the
crystal lattice modulus of PVA along the
chain direction without taking into account
the intermolecular hydrogen bonding is 287.2
GPa, almost the same as values considering
hydrogen bonds. This indicates that the crys-
tal lattice modulus in the chain direction is
hardly affected by inter-chain bonding and is
affected by the plane’s area of a unit cell. If
the calculations by Tashiro et al. are correct
in terms of relative quantities (not absolute
values), the crystal lattice modulus of PVA is
lower than that of polyethylene. The ratio
of S35 of PVA and polyethylene becomes
0.916=(287/313) in the theoretical aspect. The
ratio of the crystal lattice moduli as measured
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by X-ray diffraction becomes 0.889—0.978
(=200/225—220/225), which is in the range
of the theoretical case. Here, two questions
arise as to whether intra-chain hydrogen
bonding causes significant effect on increase
in the theoretical value of the crystal lattice
modulus and whether the molecular chain of
atactic configuration gives lower value of the
crystal lattice modulus than that calculated
for syndiotactic configuration. However, these
questions still remain unsolved. Apart from
the results by Sakurada et al.'® the values
of crystal lattice modulus of PVA should be
lower than that of polyethylene.

The elastic compliances S323 of the amor-
phous phase needed in the calculation are not
precisely known. Following our crude approx-
imation discussed elsewhere,?” on the basis of
the concept of Nomura et al.,?® elastic
compliances S{ and S35 were estimated by
double differentiation of Lennard—Jones po-
tential energy functions, while the compliance
S3% was estimated assuming that the modulus
along the chain axis is proportional to the
number of molecular chains in the unit area
perpendicular to the chain axis. Thus, we have

19 =535 =(p./p.)* S5}
833 =(p./P.)S55

where the compliances S¢, corresponds to S&°

v

at §=0 in the same notation in the previous
paper.

4)

|
Shi=-g GSTI+355 42513+ 566

¢’ _ Qco
S33 - S33

According to Hibi et al.,'® the other com-
pliances can be estimated as

ao __ ao

4a=S5%5%

ao __ ao ao
Ste=—v1St

ao __ ao ___ a0 ao
S$33=S513=—31533 (6)

2511 =(2813+ S59)Q
2839=2835+ 52
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Figure 4. Poisson’s ratio dependence of Young’s mod-
ulus E against Q for drawn PVA films.

where v3% and v3} are Poisson’s ratios of the
amorphous phase and both values are as-
sumed to be equal in actual calculation. The
parameter Q was first introduced by Hibi et
al.'® to calculate the elastic compliance $2% of
oriented PVA films. The value of Q was in the
range 0.7—1.0 for the best fit between the
experimental and calculated values of Young’s
moduli. In this paper, the value was set in the
range 0.6—1.0 to give wide variation of SZS.
The numerical calculation was carried out
using specimens A and B listed in Table I,
since the orientational degrees of amorphous
chain segments are quite different from each
other. For specimen A, the molecular orienta-
tion of the amorphous chain segments is
predominant with respect to the strethcing
direction, while for B, the orientation is
almost random.

Figure 4 shows the Poisson’s ratio depen-
dence of Young’s modulus E of a specimen
against Q and 6 (or ) calculated for crystal-
linities by using the second- and fourth-order
orientation factors of crystal and amorphous

Polym. J., Vol. 25, No. 4, 1993
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lated for drawn PVA films.

phases of specimens A and B. As shown in
this graph, the Young’s modulus E depends
on Q and J (or p) but is independent of the
Poisson’s ratio. That is, the numerical calcu-
lation indicates that Young’s modulus calcu-
lated by the parameters for specimens A and
B becomes higher than 160 GPa in spite of the
considerable difference of the orientational
degree of amorphous chain segments, when a
parallel coupling model is employed (6=1).
In contrast, Young’s modulus in the case of
series model (u=1) takes values lower than
50 GPa. Judging from the values between
specimens A and B, the calculated value
of Young’s modulus becomes lower with
decreasing the orientational degree of amor-
phous chain segments. To check this tendency,
the d-dependence of Young’s modulus of a
specimen was calculated.

Figure 5 shows the d-dependence of Young’s
modulus E in bulk calculated for specimens A
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Figure 6. Poisson’s ratio dependence of the ratio E /E?,
in which E, and E? correspond to the crystal lattice
modulus measured by X-ray diffraction and intrinsic
crystal lattice modulus, respectively, for drawn PVA
films.

and B. The Poisson’s ratio is fixed at 0.39. As
shown in this figure, E depends on Q for
specimen A but is almost independent for
specimen B with almost random orientation
of amorphous chain segments. At a constant
value of Q, E in increase with 6 considerably.
The results in Figures 4 and S predict that two
specimens with the same crystallinity and
degree of molecular orientation may have
different Young’s moduli, depending on the
composite mode of crystalline and morphous
phases. This tendency was already confirmed
for cellulose.?®

Figure 6 displays the Poisson’s ratio de-
pendence of the ratio E_/E?, in which E, and
E? correspond to the crystal lattice modulus
as measured by X-ray diffraction and the
intrinsic crystal lattice modulus of PVA,
respectively. The value of E? was taken to be
287 GPa calculated by Tashiro et al. The
results in Figure 6 indicate that the values of
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E_/E? are almost independent of the Poisson’s
ratio in a parallel model and the value calcu-
lated from a series coupling model decreases
slightly with Poisson’s ratio but as a whole,
E./E? is hardly affected by Poisson’s ratio.
This tendency is also observed for Young’s
modulus E of a bulk specimen in Figure 4.
The effect of Q on E_/E? is not significant,
indicating that average elastic compliance of
the amorphous phase is hardly affected by S55
calculated from eq 6. This tendency can be
also recognized for Young’s modulus of a
bulk specimen in Figure 4. Thus it turned
out that the shear modulus, S33, of the
amorphous phase is not so effective in the
determination of E and E./E{. The values
calculated for specimen A are slightly higher
than those for specimen B but are essentially
almost equal to those for specimen B. The
slightly higher values for specimen A indicate
that the orientational degree of amorphous
chain segments causes slight increase in the
value of E_/E?. The significant effect on E_/E?
is attributed to the composite mode of crystal
and amorphous phase. The value of E /E?
is higher than 0.95 when a series model is
employed (u=1), while that is lower than 0.59
in the case of parallel model (6=1).

Figure 7 shows the J-dependence of the
ratio E /E? for two different values of Q.
E./E? decreases with increasing ¢ and is
almost independent of & and orientational
degree of amorphous chain segments. Judging
from the numerical results in Figure 7, the
crystal lattice modulus as measured by X-ray
diffraction is different from the intrinsic lat-
tice modulus when parallel coupling between
amorphous and crystalline phases is pre-
dominant, while the difference between both
moduli becomes smaller as series coupling is
predominant. Even in a series model (u=1),
however, the crystal lattice modulus as mea-
sured by X-ray diffraction is estimated to be
below the intrinsic value.

In Table I, the crystal lattice modulus is
mostly in the range 200—220 GPa and the

Polym. J., Vol. 25, No. 4, 1993
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corresponding Young’s moduli of specimens
are mostly 13.5—15GPa. This implies that
the morphology of test specimens can be
approximated as a series model because of
low values of Young’s modulus and almost
constant values of the crystal lattice modulus
measured by X-ray diffraction. If this is the
case, the slight difference between the value as
measured by X-ray diffraction and intrinsic
value is attributed to the low orientational
degree of amorphous chain segments and
crystallinity. Thus, the real (intrinsic) values
of PVA in the chain direction should be
slightly higher than 200—220 GPa measured
by X-ray diffraction. Following the numerical
calculation using the series coupling as shown
in Figure 5, the maximum value of Young’s
modulus of a specimen was estimated as less

Polym. J., Vol. 25, No. 4, 1993

than 50 GPa, in spite of the use of the intrinsic
crystal lattice modulus, 287 GPa, by Tashiro
et al. which is much higher than the observed
values.

Here it should be noted that Young’s
modulus of drawn PVA films reported by
several authors is higher than 110 GPa.?®
Surely, Young’s modulus in bulk beyond
50GPa was also confirmed for specimens
drawn in a hot oven beyond 150°C under
nitrogen.3® This is probably due to increases
in crystallinity and orientation of amorphous
chain segments. In the experiment, however,
the film was not obviously transparent but
light brown by slight dehydration because of
the existence of residual oxygen in a hot oven.

CONCLUSIONS

The crystal lattice modulus of PVA was
measured by X-ray diffraction using drawn
gel films with Young’s moduli in the range
13—20 GPa. The values were mainly in the
range 200—220 GPa. The crystal lattice mod-
ulus was slightly lower than that of poly-
ethylene!® and also lower than that of PVA
reported by Sakurada et al.'® and Nakamura
et al.'”

Numerical calculations of the determination
of the crystal lattice modulus by X-ray diffrac-
tion were carried out to investigate whether
or not the homogeneous stress hypothesis is
valid even in the test specimens with low
crystallinity and low orientational degree of
amorphous chain segments. The calculations
were based on a model in which the oriented
crystalline layers are surrounded by an an-
isotropic amorphous phases, and the strains
of the two phases at boundaries are identical.
The actual calculation was carried out using
theoretical intrinsic elastic compliance by
Tashiro et al.?% and by considering a system
with perfect orientation of crystallites and
orientation fluctuation of amorphous chain
segments. The difference between the meas-
ured crystal lattice modulus and intrinsic
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value was less pronounced as series coupling
between amorphous and crystalline phases
was more predominant and consequently the
measured modulus is close to the intrinsic
value. Even if the morphology of the test
specimens can be approximated as a series
model, the measured value calculated by given
parameters would be lower than the intrinsic
value. This is probably due to the low
crystallinity and orientation of amorphous
chain segments. Thus, the real (intrinsic)
values of PVA in the chain direction can be
expected to be slightly higher than 200—
220 GPa measured by X-ray diffraction. In
comparison with the crystal lattice modulus of
polyethylene, it turns out that the crystal
lattice modulus in the chain direction is hardly
affected by inter-chain hydrogen bonding and
is affected by the cross section area of a unit
cell perpendicular to the chain axis.
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