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ABSTRACT: Atactic and syndiotactic-rich poly(vinyl alco-
hol) fibers were prepared by gel spinning using ethylene
glycol as a solvent. The mechanical properties of the fibers
were independent of the degree of polymerization, although
they were dependent on syndiotacticity. The amounts of tie
molecules and the difference between the amounts of hy-
drogen bonds and microvoids determine the mechanical
properties. The mechanical properties depended on the ori-
entation of the segments in the amorphous parts. The entan-

gled segments produced in the amorphous parts as a con-
sequence of the difficulty of drawing were considered to
form the voids and cracks, which grow to a banded
structure. © 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 86:
1970-1977, 2002
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INTRODUCTION

Several studies'"® and many patents’ on the prepara-
tion of high-performance poly(vinyl alcohol) (PVA)
fibers by gel spinning have been reported since the
first patent was issued in 1984.'° For commercial atac-
tic PVA (a-PVA), fibers with Young’s modulus of
50-70 GPa and tensile strength of 1.8-2.8 GPa were
prepared with ethylene glycol gel,*'° dimethyl sulfox-
ide (DMSO)/water mixture gel,” and the hydrogel of
PVA crosslinked with boric acid'? by using a-PVAs
with degrees of polymerization (DP) of 1700-5000. For
syndiotactic-rich PVA (s-PVA), fibers with Young's
modulus of 29-50 GPa and tensile strength of 1.9-2.5
GPa were prepared with the DMSO/water mixture
gel,* the hydrogel prepared with neutralization of hy-
drochloric acid solution,® and the N-methylmorpho-
line-N-oxide/water mixture gel” by using the s-PVAs
of the DPs of 1000-12,900 and s-diad contents of 58—
64%. Polyethylene film with higher Young’s modulus
(216 GPa) and tensile strength (6 GPa) than those of
PVA described above can be prepared from dekalin
gel.'! Given PVA’s melting point of about 240°C,
which is higher than that of polyethylene (140°C), the
preparation of the high-performance PVA fiber com-
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parable to the polyethylene fiber is required. In this
study the effect of the increase in molecular weight on
the structure of the fibers prepared by gel spinning is
described first because high molecular weight poly-
ethylene is used for the preparation of the high-per-
formance fiber. Second, the effect of syndiotacticity on
the structure is described because s-PVA is more crys-
tallizable than a-PVA. Ethylene glycol was used as a
solvent, given that the solutions of PVA in ethylene
glycol formed gels easily and were considered to have
the potential capacity to form high-performance PVA
fiber.

EXPERIMENTAL

The samples used are shown in Table I. Samples a-
PVA-1, a-PVA-2, and a-PVA-3 were kindly supplied
by Unitika Chemicals Co. (Japan). Sample a-PVA-2b
was a fractionated PVA obtained from the PVA pre-
pared by the polymerization of vinyl acetate followed
by saponification. Sample s-PVA was prepared by the
polymerization of vinyl trifluoroacetate followed by
saponification. The DP was estimated by viscometry
for acetylated PVA.'? Syndiotacticity was determined
by 'H-NMR" and IR spectra. The degrees of sapon-
ification were greater than 99.5%.

An a-PVA was dissolved in ethylene glycol at 150°C
and extruded in methanol, at —30°C, through a spin-
ning machine kept at 80-100°C; s-PVA was dissolved
at 180°C and extruded through a spinning machine
kept at 100-120°C. The apparatus is shown in the
previous study.* The prepared filaments were drawn
with a hand-operated stretching apparatus at 200°C
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TABLE I
PVA Samples
Syndiotacticity
(s-diad %)
PVA DP NMR IR
a-PVA-1 1900 522 49
a-PVA-2a 4200 52 49
a-PVA-2bP 4040 52° 49
a-PVA-3 7000 53% 50
s-PVA 4930 59 —

@ Estimated values from IR data.
® Fractionated sample.

for a-PVA and 220°C for s-PVA. The drawing rate was
2 mm/s for 10-mm samples and 1 mm/s for 5-mm
samples. The modulus and tensile strength of the fil-
aments were measured with a Shinko Tsushin TOM-5
tensile tester (Japan) at about 25°C and 65% relative
humidity. The birefringence of the filament was esti-
mated with a Nippon Bunko (Japan) polarizing micro-
scope equipped with a Bereck-type compensator. The
calorimetric measurement of the filament was per-
formed with a Mac Science DSC 3200 (Japan). The rate of
temperature increase was 20°C/min.

The degree of crystallinity (X) was estimated from
the density (d) of the filament measured by a floatation
method with the benzene-carbon tetrachloride system
by using the following equation'®:

1/d=X/1.345+ (1 — X)/1.269

The X-ray diffraction patterns were recorded with a
flat camera in a Shimadzu X-ray reflection apparatus
XD-610 (Cu-K, X-ray, 30 kV, 30 mA; Shimadzu,
Kyoto, Japan). An X-ray intensity of 020 reflection was
measured with a Rigaku Denki (Japan) Rotaflex Ru-

TABLE 1I
Spinning Conditions
Polymer
concentration Maximum
Sample (%) Spinnability® draw ratio®
a-PVA-1 6.3 G 29
4.5 G’ 29
3.6 N —
a-PVA-2a 4.5 G 26
3.6 G’ —
2.7 N —
a-PVA-2b 4.5 G 27
a-PVA-3 4.5 G 22
3.6 G’ 21
2.7 N —
s-PVA 4.5 G 26
2.7 G 26

2 G, good; G', good but thickness was slightly irregular; N,
no.
P The diameters of gel fibers after drying were 318-364
pm for a-PVA and 250-280 um for s-PVA.
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Figure 1 Dependencies of Young’s modulus on draw ratio
for different a-PVA samples: @, a-PVA-1; [, a-PVA-2a; O,
a-PVA-2b; @, a-PVA-3.

200B wide-angle goniometer (40 kV, 150 mA, scan
speed = 10°/min). The crystalline orientation factors
were estimated by the RAD system. Microscopic Ra-
man spectra were taken with a Renishaw System-3000
(Ion Laser Tech. Co., USA), exciting with the 514.5 nm
line of an Ar" ion laser (25 mW) under stress, to
examine the behavior of tie molecules with drawing.
The microscope used was an Olympus BHSM (Olym-
pus, Lake Success, NY) with an objective lens of X20.
The surface and cross-sectional structures of the fibers
were observed with a polarizing microscope (Op-
tiphoto-Pol type 104; Nippon Kogaku Co., Japan) by
immersing in tricresylphosphate and a scanning elec-
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Figure 2 Dependencies of strength at break on draw ratio
for different a-PVA samples: @, a-PVA-1; [, a-PVA-2a; O,
a-PVA-2b; ®, a-PVA-3.
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Figure 3 Dependencies of birefringence on draw ratio for
different a-PVA samples: @, a-PVA-1; [, a-PVA-2a; O,
a-PVA-2b; @, a-PVA-3.

tron microscope JEOL JSM-T220A (Nippon Denshi
Co., Japan) by deposing gold powder.

RESULTS AND DISCUSSION
Molecular weight dependency

Table II shows the spinning conditions and maximum
draw ratios of the gel fibers after drawing. In a-PVA-3
the solutions with concentrations greater than 4.5%
were yellow as a result of the degradation of PVA
chains, given the long time required for dissolving.
The diameters of fibers were independent of molecu-
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Figure 4 Relationships between Young’s modulus or
strength at break and birefringence for different 2-PVA sam-
ples: @, a-PVA-1; [, a-PVA-2a; @, a-PVA-3.
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Figure 5 Dependencies of peak temperature in DSC curve
on draw ratio for different a-PVA samples: @, a-PVA-1; [],
a-PVA-2a; O, a-PVA-2b; @, a-PVA-3. —, lower peak temper-
ature; — — —, higher peak temperature.

lar weight and dependent on polymer concentration.
The maximum draw ratio decreased with increasing
molecular weight, which suggests that the molecular
segments cannot be uncoiled easily with increasing
molecular weight. This behavior is different with that
of polyethylene. The properties and structures of the
fibers prepared from the solution of polymer concen-
tration of 4.5% were investigated. Figures 1-3 show
the relations of the Young's modulus, strength at
break or birefringence, and the draw ratio, respec-
tively. The maximum Young’s modulus, strength at
break, and birefringence increased slightly with in-
creasing molecular weight, although the correspond-
ing draw ratios decreased with increasing molecular
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Figure 6 Dependencies of heat of fusion (AH) on draw
ratio for different a-PVA samples: @, a-PVA-1; [, a-PVA-2a;
O, a-PVA-2b; ®, a-PVA-3.



HIGH-PERFORMANCE GEL-SPUN PVA FIBERS

Endo =—

0.5 cal/s/g

N NS t L N L L ] L . L N

150 200 250 300

Temperature (°C)

Figure 7 Difference in DSC curves between two kinds of
fibers prepared from a-PVA of low and high degree of
polymerization: (a) a-PVA-1; (b) a-PVA-3. Draw ratio = 20.

weight. The drawing of molecules is considered to be
carried out effectively at lower drawing ratio for the
higher molecular weight sample attributed to greater
degrees of entanglement. These facts suggest that the
PVA fibers have few extended and more coiled tie
molecular segments between crystallites and the
folded segments projected from crystallites. The frac-
tionated sample a-PVA-2b has a higher maximum
Young’s modulus than that of unfractionated sample
a-PVA-2a. This might be attributed to the absence of
lower molecular weight molecules in the fractionated
sample. On the other hand, the fractionated sample
has a lower maximum strength at break, which might
be attributed to the presence of higher molecular
weight molecules in the unfractionated sample.
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Figure 8 Dependencies of Young’s modulus on draw ratio
for a-PVA-2a (O) and s-PVA (@).
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Figure 9 Dependencies of strength at break on draw ratio
for a-PVA-2a (O) and s-PVA (@).

Figure 4 shows the relationships of Young’s modu-
lus or strength at break and the birefringence. Linear
relations are established; that is, the fiber of higher
birefringence has higher Young’s modulus and
strength at break. Figures 5 and 6 show the relation-
ships between the peak temperatures in DSC curves or
the heat of fusion (AH) estimated from DSC curves
and the draw ratio, respectively. The DSC curves of
the higher molecular weight samples have two endo-
thermic peaks in which a peak at the lower tempera-
ture is identical with the peak of the lower molecular
weight samples, as shown in Figure 7. In Figure 5 both
kinds of peaks are plotted against the draw ratio. The
peak temperatures corresponding to the lower tem-
perature are plotted on a curve. The higher peak tem-
perature appears to increase with increasing molecu-
lar weight, which suggests that two kinds of crystal-
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Figure 10 Dependencies of birefringence on draw ratio for
a-PVA-2a (O) and s-PVA (@).
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Figure 11 Dependencies of peak temperature in DSC curve
on draw ratio for a-PVA-2a (O) and s-PVA (@).

lites are present in the PVA fibers. The crystallites
corresponding to the high peak temperature are con-
sidered to be the crystallites attributed to syndiotactic-
rich segments.* The dependency of maximum Young’s
modulus on molecular weight is considered to be
attributed to the presence of the peak temperature.
The AH increases with increasing draw ratio and is
independent of molecular weight. This suggests that
the degree of crystallinity is identical for the samples
at a draw ratio and independent of molecular weight.

Syndiotacticity dependency

In s-PVA the minimum concentration required for
spinning was 2.7%. The temperature required for co-

35 T T T T
-1 90
8
1 80
2
S =
g {70 g
ey
hy ©]
N 460 ©
()]
o
[o2}
8]
150 ©
! ! ! ! I
15
0 5 10 15 20 25 30
Draw Ratio
Figure 12 Dependencies of heat of fusion (AH) and crys-

tallinity determined from the AH on draw ratio for a-PVA-2a
(O) and s-PVA (@).
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Figure 13 Dependencies of crystallinity determined from
density on draw ratio for a-PVA-2a (O) and s-PVA (@).

agulation ranged between the room temperature and
—78°C. Fibers with diameters of 250-280 wm were
prepared. The properties and structures of the fibers
prepared with use of the solution of 4.5% concentra-
tion were investigated. Figures 8-10 show the relation-
ships between the Young’s modulus, strength at break
or birefringence, and the draw ratio, respectively. The
results for a-PVA-2a are shown in the figures for com-
parison. The maximum Young’s modulus and
strength at break for s-PVA are greater than those for
a-PVA. The dependency of birefringence on draw ra-
tio was similar for both kinds of PVA. The plots of
Young’s modulus and strength at break, respectively,
against draw ratio are not on straight lines. Figure 11
shows the relationship between the peak temperature
in the DSC curve and the draw ratio. It is known that
s-PVA has a higher melting temperature than that of
a-PVA at a draw ratio, given the presence of more
intermolecular hydrogen bonds, as reported in previ-
ous studies.*® Figure 12 shows the relationship be-
tween the AH or crystallinity estimated from the AH
with use of the heat of fusion of PVA crystal (37.27
cal/g) and the draw ratio. Because the heat of fusion

TABLE 111
Orientation Factors of Heat-Drawn Fibers®
Je (%)

Original Draw An X  Half- Integration fa
sample  ratio (X10%) (%) width width Mean (%)
a-PVA-2a 1 096 252 — — — —
15 4348 442 965 95.9 96.2 692
25 5043 448 96.6 95.9 963 95.1

s-PVA 1 0.81 20.8 — — — —
15 4548 519 96.3 95.7 96.0 71.8
25 51.58 59.0 96.0 95.4 957 978

@ Polymer concentration of spinning solutions: 4.7%.
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Figure 14 Raman shifts near 855 cm ™' with stress for a-
PVA and s-PVA fibers drawn 10 times at 120°C: a-PVA-2a
(O) and s-PVA (@).

of the crystal of s-PVA is considered to be higher than
that of a-PVA* the crystallinity of s-PVA is lower than
that of a-PVA at a draw ratio. Figure 13 shows the
relationship between the crystallinity determined
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from density and the draw ratio. The crystallinity of
a-PVA fiber is lower than that of s-PVA fiber at a draw
ratio, which is attributable to the presence of voids in
a-PVA fiber. If it is true, the Young’s modulus and
strength at break of a-PVA fiber are considered to be
lower because of voids at high draw ratios.

Table III shows the orientation factors of both crys-
talline (f) and amorphous (f,) regions. The f, was
calculated by using the following equation, where f,
was determined by the X-ray method and An:

An = Xf.An? + (1 — X)f,And + An,

where X is the crystallinity; An? is the birefringence of
completely oriented crystals, An is that of amorphous
regions; and Anf is the conformational birefringence.
Values of An of 5.18 X 1072 and An? of 4.38 X 102
were used for estimation.'® The crystallinity deter-
mined from the density was used. Values of Any for
polypropylene'” were used because those for PVA are
not reported. Those of the samples of draw ratios of 15
and 25 were 4.54 X 107% and 4.97 X 1077, respectively.
The crystallites are almost completely oriented for the
samples of draw ratios above 15, whereas amorphous
parts are almost completely oriented for the samples

¢)

Figure 15 Polarizing microscopic photographs of undrawn and drawn (X25) a-PVA-2a and s-PVA fibers: (a) a-PVA-2a,
undrawn, X25; (b) a-PVA-2a, drawn, X80; (c) s-PVA, undrawn, X25; (d) s-PVA, drawn, X80.
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of a draw ratio of 25. The orientations are similar for
both kinds of PVA, which is understood from the
X-ray diagrams. The orientation of the amorphous
parts is easily related with the Young’s modulus and
strength at break.

Figure 14 shows the shift of the band at 855 cm ™! in
the Raman spectrum with stress. There were no bands
other than the band that shifted with stress. Because
the samples heated at temperatures above 150°C were
unable to take Raman scattering attributed to fluores-
cence,'® the samples drawn at 120°C were used. The
frequency shift factors were —14.1 for a-PVA and —7.7
for s-PVA. The factor for high-performance polyethyl-
ene fibers is reported to be —3.6 to —4.3." The shift
factors are largely attributable to the low crystallinity.
The lower shift factor for s-PVA compared with that of
a-PVA is considered to be a consequence of more
intermolecular hydrogen bonds in s-PVA than in a-
PVA. In a-PVA the high-performance fibers similar to
polyethylene fibers were unable to be prepared, given
that PVA molecules in drawn fibers are folded to lead
the voids.

Fine structure of the fibers

Figure 15 shows the polarizing microscopic photo-
graphs of undrawn and drawn samples. Both un-
drawn a-PVA and s-PVA fibers have a smooth surface,
whereas the samples drawn 25 times have a banded
structure of the distance of 15-20 um and small black
spots, which are thought to be the voids and aggre-
gates of voids, respectively. Figure 16 shows the scan-
ning electron micrographs of the surfaces of drawn
fibers. The banded structure of the distance of about 1
pm has been found for the gel-drawn and relaxed
PVA fibers and is thought to be attributed to the
contraction strain of the deformed fiber.** The banded
structure found in the present investigation, however,
is considered to be formed as a result of the break-
down of microfibrils aligned along the fiber axis be-
cause of the drawing at high temperature.

CONCLUSIONS

The strength of the gel-spun PVA fibers prepared by
use of ethylene glycol as a solvent was independent of
the degree of polymerization. This means that the
strength is attributed to the amounts of tie molecules
rather than to molecular ends.

The fiber prepared from syndiotactic-rich PVA has
better mechanical properties than those obtained from
atactic PVA. The difference between the amounts of
intermolecular hydrogen bonds and microvoids in
each fiber determines the mechanical property, given
that the degree of molecular orientation, the enthalpy
of fusion, and birefringence are identical. The mechan-
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Figure 16 Scanning electron micrographs of surfaces of
drawn fibers: (a) a-PVA-2a; (b) s-PVA. Draw ratio = 25.

ical properties also depend on the orientation of seg-
ments in the amorphous parts.

The entangled segments produced in the amor-
phous parts of microfibrils as a consequence of the
difficulty of drawing are considered to form the voids
and cracks that grow to a banded structure.
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