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Poly(vinyl alcohol) (PVA) shows a high melting point
of over 200°C. Therefore, PVA is useful as an engineer-
ing material from a practical viewpoint. Kanemoto et al.
attempted to prepare high tenacity and high modulus
materials by drawing PVA samples of high degrees of
polymerization.! ® Another specific property of this
polymer is that it is hydrophilic due to the existence of
OH groups. Therefore, it is important to examine the ef-
fect of moisture absorption on the physical properties of
PVA fibers. It has been reported that the Young’s modu-
lus and tensile strength of a PVA fiber are lowered by
absorption of moisture, whereas the tensile elongation is
increased.* However, this report did not clarify the de-
gree of polymerization or the fine structure on the sam-
ples used. Further, there has been no report on the rela-
tion between the mechanical properties and the molecu-
lar weight of wet samples.

Recently, a method was introduced for spinning PVA
with a low degree of polymerization, and such a fiber has
since been marketed.’? The purpose of this study was to
clarify the dependence of the fine structure of PVA fibers
on the degree of polymerization and the effect of mois-
ture absorption on their mechanical properties.

EXPERIMENTAL

Materials

Two PVA fibers with degrees of polymerization of 500
and 1750, respectively, were used (S500 and S1750;
kindly supplied by KURARAY Co., Ltd.,).

Tensile Properties

Tensile properties were measured using an Instron
tensile tester (Instron Japan Co., Ltd.). The tensile
speed (5 mm min~!) was adjusted to minimize volatiliza-
tion of absorbed water during measurements. The meas-
urements were made immediately after removing the
samples from a desiccator. Wet samples were prepared
by being kept in 100% humidity in the desiccator at 20C
for 48 h.

For the calculation of tensile stress, fibers were hard-
ened with optical-setting resin (D-800; Toa Gousei Co.,
Ltd.) and cut perpendicular to the fiber axis with a mi-
crotome (HM360; Carl Zeiss Inc.), and then the cross-
sectional areas were measured using a digital micro-

scope (VH6200; KEYENCE Co., Ltd.).

Young’s moduli of dried samples were calculated from
the gradient over strain 1% after the drawing of a waved
shape of the sample itself. Young’s moduli of wet sam-
ples were calculated from the initial gradient of the
stress—strain curves.

Moisture regain
The moisture regain was calculated by eq 1,

Moisture regain (%)=(W,/W4—1) X 100 @8]

where W, is the weight of the water-absorbed sample
obtained by keeping the sample in an incubator- hu-
midistat at 20°C for 48 h and Wy is the weight of the
dried sample after vacuum drying at 100°C for 24 h.

X-Ray Diffraction

X-Ray diffraction intensity curves were obtained at a
scanning rate of 1° (26)/min and in the scanning region
of 260 =5—40° with a diffractometer (Rigaku Denki Co.,
Ltd.) using Cu-Koa radiation. The crystallinity was esti-
mated from the X-Ray diffraction intensity curves,
which were measured using fibers cut in lengths of
about 1 mm and randomly arranged. The degree of crys-
talline orientation on the (101) plane was calculated us-
ing the X-Ray diffraction intensity curves, which were
measured while the yarn was fixed in a holder.

Birefringence
Birefringence(An) was calculated by eq 2,

An=R/d (2)

where R is the retardation and d is the diameter of a
sample. Birefringence was measured 10 times for each
sample.

Dynamic Loss Tangent (tan 8)

The dynamic loss tangent was measured on a dynamic
viscoelastometer (RHEOVIBRON DDV-01 FP; ORIEN-
TIC Co., Ltd.) at a frequency of 110 Hz and a heating

rate of 5°C min L.
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Table I. Tensile properties of PVA fibers

S ) Strength/MPa Elongation/% Young’s modulus/MPa
ample
P dry(o)*® wet(o)? wet/dry dry(o)*® wet(o)? wet/dry dry(o)*® wet(o)* wet/dry
S500 138£27.5 971225 0.70 16.3+3.2 15.7£1.0 0.96 4013+110 66781 0.17
S1750 774+55.9 755+79.8 0.98 10.2+1.1 13.1+1.7 1.28 4916+587 2358+414 0.48
* Standard deviation.
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Figure 1. Stress—Strain curve of PVA fibers.
Temperature(°’C)
Table II. Fine structure of PVA fiber Figure 2. Temperature dependence of tan § for PVA.
Sample S500 S1750
Degree of crystallinity/% 54 56 .
Degree of orientation/% 89 90 formed by the absence of the intermolecular hydrogen
Half width(X-Ray diffraction patterns) /° 1.7 1.7 bond in the crystalline region.® This means that the

RESULTS AND DISCUSSION

Figure 1 shows the stress—strain curves of the dried
and the wet samples. The initial gradient of both dried
samples is very small due to the wavy shape of these
samples. The deformation of the dried S500 changed
from elastic-type to ductility-type with elongation, while
the dried S1750 showed almost no ductility deformation.
The gradient of both wet samples continuously increased
with elongation. And the curve of the wet S500 was com-
paratively gentle up to the point of rupture, while the
curve gradient of the wet S1750 increased above the
strain of 3%.

Table I shows the Young’s modulus, tensile elonga-
tion, and tensile strength of the dried and the wet sam-
ples. The Young’s modulus of the dried S1750 is about
double that of the dried S500. The crystallinity, crystal-
line orientation, and half-width of the (101) diffraction
peak (namely, the crystal size) of both dried samples, ob-
tained from X-Ray diffraction measurements, were com-
parable, as shown in Table II. However, the molecular
mobility in the crystalline region® 8 of the dried S1750
differed from that of the dried S500, as shown in the
temperature dependence of tand (Figure 2). The o peak
related to the molecular motion in the crystalline region
appeared at around 2007 in the dried S1750 and at
around 170C in the dried S500. This means that the mo-
lecular mobility in the crystalline region of the dried S
1750 was more suppressed than that of the dried S500.
In other words, there is a little of the disordered region
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Young’s modulus of the crystalline region of the dried S-
1750 is higher than that of S500. This was one of the
reasons for the higher Young’s modulus of the dried S-
1750. The birefringences of the dried S1750 and S500
samples were 2.79X1072 and 3.21X 102, respectively.
Since the crystallinity and the crystalline orientation of
both 81750 and S500 are comparable, as mentioned
above, S1750, which has a low birefringence, also has a
lower degree of amorphous chain orientation than does
S-500.% This means that the higher Young’s modulus of
S-1750 cannot be explained on the basis of the amor-
phous chain orientation. As seen in Figure 2, the magni-
tude of the B peak related to the segmental motion in
the amorphous region was lower in $1750 than in S500.
This indicates that the amorphous chains of S1750 are
constrained more than those of S500. Therefore, this is
another cause of the higher Young’s modulus of the
dried S1750. S1750 had a lower degree of orientation of
the amorphous chain than did S500, as mentioned
above. Therefore, the smaller number of chain ends and
many entanglements probably suppress the mobility of
the amorphous chains in the dried S1750.

The Young’s moduli of the wet samples were lower
than those of the dried ones. The Young’s moduli of S-
1750 and S500 decreased when wetting by 52% and 83%,
respectively. The moisture regain of S1750 was lower
than that of S500 in the whole range of relative humid-
ity, as shown in Figure 3. This was due to the difference
of the moisture regain in the amorphous region, because
water molecules do not absorb in a PVA crystal.’* This
indicates that the amorphous chains of S1750 are more
strongly constrained in comparison with S500. There-
fore, the Young’s modulus of S1750 will show a small de-
crease with wetting.
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Figure 3. Isothermal sorption diagrams of PVA.

The tensile elongation of the dried S1750 is smaller
than that of S500. This means that a stress concentra-
tion occurs at the short scale of plastic deformation in
the former fiber. The stress concentration may occur at
four possible regions:, i.e., at a defect in a crystal, at a
boundary between the crystalline and amorphous re-
gions, at the chain-end in the amorphous region, or at an
entanglement point. The defect in the crystal of S1750 is
smaller than that of S500, as described above. If this re-
sult is correct, stress concentration in S1750 is difficult
to occur, and the tensile elongation should be larger
than S500. However, the opposite was the case. We
therefore cannot explain the difference in tensile elonga-
tion between the two fibers by the defect in the crystal.
The crystallinity was almost the same in both samples.
This means that the quantity of the boundaries between
the crystalline and the amorphous regions were also
probably the same. Therefore, we also cannot explain
the difference in tensile elongation based on the inter-
face. Furthermore, the number of chain ends of S1750 is
smaller than that of S500 because of the higher molecu-
lar weight of the former. This means that the stress con-
centration related to the chain ends may occur less read-
ily in S1750, so that the tensile elongation of S1750
should be larger than that of S500. Here again, however,
the opposite was the case. Therefore the difference in the
number of chain ends cannot explain the smaller tensile
elongation of S1750. Conclusively, the large number of
entanglements in the amorphous region most likely
causes the small tensile elongation in S1750, which act
as the stress concentration points.

The birefringence of both samples decreases with wet-
ting, as shown in Figure 4. This indicates that the in-
itially oriented amorphous chains were slightly relaxed
with wetting. The decrease of the birefringence of S1750
was smaller than that of the wet S500. This indicates
that the amorphous chains in S1750 relaxed less readily
due to the existence of many entanglements. Further,
the tensile elongation of S1750 slightly increased with
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Figure 4. Dependence of birefringence on moisture regain.

wetting. This may have been due to the relaxation of the
stress concentration at the entanglement points, and to
the rearrangement of the amorphous chains parallel to
the elongation direction during extension. In contrast,
the tensile elongation of S500 decreased with wetting.
This means that the amorphous chains of the wet S500
can easily slip past each other due to the plasticity origi-
nated by the moisture. This was the reason for the de-
crease in tensile elongation by wetting in the S500 sam-
ples.

The tensile strength of S1750 did not change by wet-
ting, whereas that of S500 decreased by about 30%.
These results were attributed to the increase in the ten-
sile elongation, even decreasing the Young’s modulus in
S1750, whereas both the tensile elongation and Young’s
modulus decreased in S500.
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