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ABSTRACT: The effect of lithium iodide (Lil) on the mechanical strength, properties, and molecular orientation of poly(vinyl
alcohol) (PVA) fibers spun by wet spinning and then heat-stretched was studied. The stretchability of Lil-PVA fibers was improved,
and the rupture during stretching was suppressed compared to PVA fibers. In addition, the tensile strength and elastic modulus of
the thermally stretched fibers have been significantly improved. It was also found that the addition of Lil improves the molecular
orientation of PVA. This was achieved because Lil reduced the hydrogen bonds between the molecular chains of PVA, resulting in
reduced crystallinity. Most of the Lil in the fiber could be removed by a coagulation bath and washing during the spinning process.
This means that Lil is eventually removed, and the heat-treatment strengthens the hydrogen bonds, resulting in excellent mechanical
strength.

H INTRODUCTION infrastructure facilities, as an alternative to metals and ceramics
due to their lightweight properties.”’>* However, CF and AF
are very expensive, and GF has a weight problem. Moreover,
these fibers have no established disposal method and can
hardly be recycled.”>™>" In view of current environmental
issues, this is a major challenge that needs to be addressed.
Therefore, this study aims to develop high-performance fibers
with excellent mechanical properties, low cost, and low
environmental impact by using lithium iodide (Lil) as an
additive for PVA fibers.

Recently, some research has focused on the use of the PVA
fiber as a reinforcing fiber in FRPs, and its low cost makes it a
promising candidate.”® In addition, the PVA fiber is extremely
lightweight, making it excellent for FRPs. Nishikawa et al.
mixed PVA fibers with polypropylene and molded them by
injection molding.”” They reported that this greatly improved
the mechanical properties of polypropylene. This research

This paper reports on the effect of lithium iodide (Lil) on the
mechanical strength and molecular orientation of poly(vinyl
alcohol) (PVA) fibers. PVA is a water-soluble synthetic
polymer with hydroxyl groups that exhibits chemical resistance,
alkali resistance, biodegradability, and biocompatibility.' > Tt is
suitable for various applications such as clothing, food
packaging films, biomaterials, and fibers, and it is widely
used in our daily lives.””™"" In particular, a PVA fiber is a
highly effective material that can be used for infrastructure
equipment that requires high reliability because it can be mass-
produced at low cost and has high mechanical strength as a
crystalline polymer.>''™"* PVA fibers are used as cement
reinforcement because they have good adhesion to cement
matrixes.”'” Research to improve adhesion by modifying their
surface has been conducted frequently in recent years.'”'®
However, PVA fiber is not the only high-performance fiber
that has been developed in recent years. The textile industry
has developed many high-performance fibers such as carbon Received:  May 11, 2023 o
fiber (CF), glass fiber (GF), and aramid fiber (AF)."" 7" A Accepted: August 2, 2023
great deal of research has been conducted on fiber-reinforced Published: August 31, 2023 B mmmmmmmmmmm

o

plastics (FRPs) with high strength and high modulus using !
these materials.””>> These FRPs are used in many fields,
including the automotive and aerospace industries, ships, and
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shows promise for the application of the PVA fiber as a
reinforcing fiber. Similar results have also been reported for
composites of polypropylene and GF.** However, the use of
GF increases weight. PVA fibers have lower mechanical
properties than CF, however, comparable stren§th to GF can
be achieved with perfect molecular orientation.””*”*"

Many studies have attempted to increase the strength of
PVA fibers, including syndiotactic poly(vinyl alcohol) (PVA
with alternating stereochemistry).”> >* However, researchers
have reported that orientation by advanced stretching is
difficult for syndiotactic PVA because strong hydrogen bonds
between PVA molecules inhibit high molecular orientation.”"
Also, with the development of gel spinning and other methods,
high-strength PVA fibers are available in the market. Many
studies have been conducted on these fibers.>”*® However,
these spinning methods use organic solvents and raise
concerns about cost and environmental impact. Therefore,
there are issues that need to be addressed. The PVA fiber was
developed by Sakurada et al. using only water as a solvent. This
method does not require acid or organic solvents for wet
spinning and does not generate toxic gases in the production
process.”’

Recently, Saari et al. added lithium bromide (LiBr), which
improves the ductility of PVA fibers and increases their
strength by reducing the hydrogen bonding network.”®
Similarly, they reported that adding Lil and LiBr to a PVA
aqueous solution reduced hydrogen bonding in PVA more
than LiBr alone.® This may result in a higher ductility
enhancement effect than LiBr.

In this study, we added Lil to a PVA solution and spun fibers
by a wet spinning method. Wet spinning is a fiber-forming
process in which the polymer solution is extruded into a
chemical bath that solidifies the filaments. We chose this
method because it can produce fine and uniform fibers with
high molecular orientation. We then heat-stretched the fibers
at different temperatures and ratios and investigated how Lil
affected their molecular orientation and mechanical properties.

B EXPERIMENTAL SECTION

Materials. PVA was provided by Kuraray Co., Ltd (Tokyo,
Japan). The degree of polymerization was 1700, and the degree
of saponification was 99.8 mol %. Lil was purchased from
Sigma-Aldrich (USA) and used without further purification.
Sodium sulfate (Na,SO,) was purchased from Kanto Chemical
Co., Ltd (Tokyo, Japan). Methanol was purchased from
Nacalai Tesque (Kyoto, Japan). Distilled water was used
throughout the experimental system.

Sample Preparation. The PVA solution was prepared by
dissolving PVA in distilled water at 95 °C using a magnetic
stirrer at a PVA concentration of 16 wt %. Lil was then added
and stirred until the PVA was completely dissolved; the
amount of Lil added was 0.1 molar ratio to the hydroxyl group
of PVA. The amount of Lil added was determined according to
the report by Saari et al.*®

PVA Fiber Spinning. Wet spinning was performed using a
tabletop wet spinning machine (Nakamura Service Co., Ltd.,
Hokkaido, Japan). Figure 1 shows the schematic diagram of
the spinning apparatus. A PVA/Lil solution was discharged
from a solution tank kept at 90 °C into a coagulation bath
filled with a saturated sodium sulfate solution. The diameter of
the discharge nozzle was 0.2 mm. Primary stretching was
performed at this stage, with a draw ratio (DR) of 4 for the
fiber. After spinning, the fibers were washed with methanol,

Drawing
Spinning

Solution
tank
(90°C)

Coagulation bath
Na.S0.(45°C) (@

Figure 1. Schematic diagram of the wet spinning machine.

which does not dissolve PVA, to remove sodium sulfate and
Lil. The fibers with nothing added were designated as pure
PVA fibers, while the fibers with Lil added were designated as
Lil-PVA fibers.

Secondary Stretching and Heat-treatment. Secondary
stretching was performed by heat-stretching to improve the
orientation and mechanical properties of PVA fibers using a
tensile tester with a thermostatic chamber (Shimadzu
Corporation Co., Ltd., Kyoto, Japan). After reaching the
specified fiber temperature, the fiber was left to stand still for 2
min before stretching. The distance between the chucks was 10
mm. When stretching, the fibers were bundled and secured at
both ends with polyimide tape. After stretching, the fiber was
quenched by spraying it with ethanol and left in place for 1
min. The secondary extension multipliers were 4X, 5X, 6X, and
7X. The final drawing ratio was the combined ratio with the
primary drawing ratio, which was 16X, 20X, 24X, and 28X.
Heat treatment was then performed in order to induce
crystallization. The respective conditions and sample names
are summarized in Table 1. In the sample names, P4 indicates
the pure PVA fiber with a primary stretch only; PL4 indicates
the Lil-PVA fiber; P16 indicates the pure PVA fiber stretched
16X, and PL16 indicates the LiI-PVA fiber stretched 16X. For
fibers stretched 20X or more, all fibers were spun with the
addition of Lil. P20 indicates the draw ratio, 120—1.0 indicates
the temperature and speed during heating and stretching, and
the temperature of heat treatment is shown in parentheses. If
the heat treatment is performed at 150 °C, there are two heat
treatment time points indicated by —1 and —6 after the
temperature in parentheses. To avoid the effects of moisture,
the samples were stored in a vacuum desiccator because PVA is
hygroscopic.

Measurements. Thermal analysis was performed by
differential scanning calorimetry (DSC) to investigate the
thermal transitions and crystallization behavior of PVA fibers
(DSC6200, Seiko Instruments, Tokyo, Japan). About 10 mg of
each sample was placed in an aluminum pan, sealed with a
sealer, and measured under a nitrogen atmosphere at a
temperature increase rate of 10 °C/min. An empty pan was
used as the reference material. Samples were heated from 25 to
350 °C. Crystallinity X was calculated from the value of heat
of fusion AH determined from the DSC heating curve using
the following eq 1, where AHis the heat of fusion (152 J/g) in
a perfect crystal of pure PVA.***

Xe = 2 o 100(%)

AH; (1)
The surface and shape of the spun PVA fibers were observed
with a scanning electron microscope (SEM) (TM3030plus,
Hitachi, Tokyo, Japan).
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Table 1. Sample Name and Preparation Conditions

primary draw  secondary draw
sample name ratio ratio

P4 4
PL4

P16

PL16

P20-120-1.0(120), P20-120-1.0(150)
P24-120-1.0(120), P24-120-1.0(150)
P28-120-1.0(120), P28-120-1.0(150)
P20-180-1.0(120), P20-180-1.0(150)
P24-180-1.0(120), P24-180-1.0(150)
P28-180-1.0(120), P28-180-1.0(150)
P20-180-1.5(120), P20-180-1.5(150-1)
P24-180-1.5(120), P24-180-1.5(150-1)
P28-180-1.5(120), P28-180-1.5(150-1)
P20-180-1.5(150-6), P20-180-1.5(190)
P24-180-1.5(150-6), P24-180-1.5(190)
P28-180-1.5(150-6), P28-180-1.5(190)

N AN s

draw drawing speed drawing temperature
ratio (mm/s) (°C) heat treatment
4 90 °C one night
4 90 °C one night
16 0.5 120 90 °C one night
16 0.5 120 90 °C one night
20 1.0 120 120 °C
24 one night, 150 °C 1 h
28
20 1.0 180 120 °C
24 one night, 150 °C 1 h
28
20 15 180 120 °C
24 one night, 150 °C 1 h
28
20 15 180 150 °C 6 h, 190 °C S min
24
28

Figure 2. SEM images of PVA fibers. (a) Pure PVA DRI16, (b) Lil-PVA DRI16, (c) Lil-PVA DR20, (d) Lil-PVA DR24, and (e) Lil-PVA DR28.

Tensile tests were performed at room temperature using a
tensile testing machine (Series 3360, Instron, USA) connected
to a 5 N load cell. Each fiber was tested individually and fixed
between chucks by fixing both ends to a sand paper. The
distance between chucks was 12 mm, and the tensile speed was
set at 0.2 mm/min. Three measurements were taken for each
sample, and the average value was calculated.

Two-dimensional wide-angle X-ray diffraction (2D-WAXD)
was measured using an X-ray diffractometer (XRD) (Smart
Lab, Rigaku Corp., Tokyo, Japan) equipped with an imaging
plate. 45 kV, 200 mA Cu Ka radiation was applied to the fiber
samples. The exposure time for each sample was 2700 seconds.
The crystalline orientation of the PVA fiber was calculated and
quantitatively evaluated by using the azimuthal distribution in
the [101] plane. The orientation degree A was calculated by
the half-width method using the following eq 2.”*

32625

360 — W,
A="—""hlf 100
360 (2)

where W, is the half of the maximum value of the peak, ie.,
the half-width.

Residual lithium concentrations were measured using the
Metalloassay Lithium LS Kit (Metallogenics, Chiba, Japan), a
lithium assay kit for measuring lithium concentrations in serum
and plasma.”” For the measurement, Lil-PVA solution was
diluted to the specified value, PVA fiber solution, dissolved in
hot water, and chromogenic solution were added to a 96-well
plate. The absorbance was measured at 550 nm main
wavelength and 600 nm secondary wavelength using a
microplate reader (Infinito 200pro M Nano Plus, Tecan
Japan, Kanagawa, Japan).

https://doi.org/10.1021/acsomega.3c03280
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Figure 3. DSC heating curves of PVA fibers. (a) DR4 and (b) DRI16.
B RESULTS AND DISCUSSION 1000
As shown in Figure 2, SEM images of PVA fibers revealed that ~—DR28 (a)
there were white substances around the fiber, which were dried —DR24
800 I proo
Table 2. Melting Point and Crystallinity of Stretched PVA -
Fibers”
600 F
melting point (°C) crystallinity (%) g
P4 236 + 0.2 362 + 0.3 :
PL4 227 + 0.1 283 + 0.2 § a00 }
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Figure 4. Heat-stretched PVA fivers. (a) Pure PVA and (b) Lil-PVA.
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Figure 5. Stress—Strain curve of the nondrawing fiber (PL4).

sodium sulfate used in the spinning process to coagulate the
polymer solution into solid fibers. The sodium sulfate solution

32626

Figure 6. Stress—Strain curves of PVA fibers stretched at 120 °C, 1.0
mm/s. (a) Heat-treatment at 120 °C for one night and (b) heat-
treatment at 150 °C for 1 h.
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Table 3. Tensile Strength and Young’s Modulus of Fibers
Stretched at 120 °C, 1.0 mm/s”

tensile strength (MPa)  Young’s modulus (GPa)

Table 4. Tensile Strength and Young’s Modulus of Fibers
Stretched at 180 °C, 1.0 mm/s”

tensile strength (MPa)  Young’s modulus (GPa)

P20-180-1.0(120) 176 + 16.5 4.0 + 043
P24-180-1.0(120) 246 + 31.1 5.9 + 039
P28-180-1.0(120) 370 + 88.0 6.9 + 0.90
P20-180-1.0(150) 242 + 388 4.8 + 043
P24-180-1.0(150) 309 + 60.5 6.3 + 0.10
P28-180-1.0(150) 460 + 76.2 7.6 £2.0

?(+ standard error).

P20-120-1.0(120) 251 + 13.4 3.5 + 040
P24-120-1.0(120) 308 + 38.4 4.1 £ 0.55
P28-120-1.0(120) 639 + 67.9 9.7 + 0.60
P20-120-1.0(150) 180 + 21.6 3.0 + 0.070
P24-120-1.0(150) 424 + 62.0 5.9 + 0.76
P28-120-1.0(150) 509 + 44.5 5.4 + 0.60
?(+ standard error.)
600
—DR28 (@)
&
=
~
w
w
<
o
v
0.3
Strain / -
800
wDR28
(b)
g
=
~
a
o
=
v
0 A A
0 0.1 0.2 0.3
Strain / -

Figure 7. Stress—Strain curves of PVA fibers stretched at 180 °C, 1.0
mm/s. (a) Heat-treatment at 120 °C for one night and (b) heat-
treatment at 150 °C for 1 h.

did not affect the physical properties of the fiber. The surface
of the fiber was very smooth, indicating that no problem
occurred during spinning. However, we observed that none of
the PVA fibers were perfectly cylindrical in shape, which is a
common phenomenon in wet spinning (Figure S1). In solution
spinning methods such as wet spinning, the fiber shape
depends on the solidification rate, which can vary depending
on various factors such as temperature, concentration, and
viscosity. Ideally, circularly shaped fibers have higher strength

than non-circular ones because they have less stress
concentration and more uniform load distribution. Therefore,
this shape irregularity was a problem not only for our study but
also for other studies involving solution spinning of PVA and
acrylic fibers.""** We calculated fiber diameters from SEM
images and obtained average fiber diameters for each drawing
ratio, DR16 [24.0 um], DR20 [20.0 ym], DR24 [16.0 um],
and DR28 [13.0 um] with small variation (Table S1).

As shown in Figure 3, the DSC heating curve of the PVA
fiber reveals different melting peaks depending on the
composition and stretching process. In P4, the melting peak
appears at 236 °C, which is a characteristic peak of PVA due to
its high degree of crystallization.43 However, in PL4, the
melting peak was reduced to 227 °C because Lil acts as a
plasticizer that lowers the crystallization temperature and
disrupts the hydrogen bonding network of PVA.*® Figure 3b
shows a PVA fiber after secondary stretching that had a higher
melting point than that after only primary stretching. This
indicates that secondary stretching increased the crystallinity
and orientation of PVA fibers. The melting point measured
from the DSC heating curve and the crystallinity X calculated
using eq 1 are shown in Table 2.

This result is as expected and is caused by the fact that
adding Li salts to PVA reduces crystallinity: Tretinnikov et al.
reported that the addition of alkali metal salts to PVA changes
crystallinity.** Tt has also been reported by Saari et al. that
among alkali metal salts, lithium salts specifically decrease
crystallinity.*® It is known that the affinity between Li ions and
hydroxyl groups (—OH) is high.*> Therefore, the interaction of
Li ions with the hydroxyl groups of PVA inhibits the hydrogen
bonding between them, reducing its strength.

The effect of the Hofmeister series on PVA fibers was also
investigated, as it has been reported to break hydrogen bonds
and reduce crystallinity. Iodine ions, in particular, have a high
hydrogen bond-breaking capacity,* which improves the
crystallinity of the stretched fibers due to the stretching and
heat generated during the process. The aim of the Lil addition
is to suppress the hydrogen bonding during heating and
dissolving, which results in defect-free orientation during
spinning, and the subsequent removal of Lil, resulting in high-
strength fibers. To induce crystallization, heat treatment was
performed after secondary drawing, as it was found to be more
effective than simultaneous heat treatment and drawing.

Figure 4 shows the drawn fibers at different draw ratios. In
pure PVA, the number of broken fibers increased as the
drawing ratio was increased, but in Lil-PVA, no fiber breakage
was observed as the drawing ratio was increased. This indicates
that the addition of Lil suppresses hydrogen bonding in PVA
and reduces crystallinity, thereby improving the ductility of the
PVA fiber. This phenomenon is a major discovery in the
process of increasing the strength of PVA fibers during

https://doi.org/10.1021/acsomega.3c03280
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Figure 8. Stress—Strain curves of PVA fibers stretched at 180 °C, 1.5 mm/s. (a) Heat-treatment at 120 °C for one night, (b) heat-treatment at 150
°C for 1 h, (c) heat-treatment at 150 °C for 6 h, and (d) heat-treatment at 190 °C for 5 min.

Table S. Tensile Strength and Young’s Modulus of Fibers
Stretched at 180 °C, 1.5 mm/s”

tensile strength (MPa)  Young’s modulus (GPa)

P20-180-1.5(120) 316 + S3.1 74 + 0.50
P24-180-1.5(120) 588 + 72.0 9.9 + 041
P28-180-1.5(120) 842 + 76.1 16 + 0.39
P20-180-1.5(150) 352 + 45.5 5.1+ 0.36
P24-180-1.5(150) 519 + 59.1 9.0 + 0.76
P28-180-1.5(150) 1078 + 232 16 + 220
P20-180-1.5(150-6) 250 + 12.8 5.1 £ 0.70
P24-180-1.5(150-6) 434 + 184 6.2 + 1.06
P28-180-1.5(150-6) 710 + 27.3 11 + 0.81
P20-180-1.5(190) 196 + 36.0 32 + 0.60
P24-180-1.5(190) 388 + 68.3 6.7 + 1.50
P28-180-1.5(190) 668 + 18.4 9.6 + 1.20

“(+ standard error.)

drawing. Previously, Saari et al. reported that the addition of
LiBr to PVA and thermal drawing increased strength,”®
However, its drawing ratio was not very high. In this research,
we have confirmed that heat-stretching can be performed up to
8X.

One characteristic of heat-stretching is its temperature
dependence. At low temperatures, the material may break even
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at a low drawing ratio when the stretching speed was increased.
However, at high temperatures, the material could be stretched
without a rupture even at a high drawing ratio. This behavior is
likely due to the state of the molecular chains of PVA. For
example, at lower temperatures, the molecular chains are less
mobile, and the molecular chains slide, causing cleavage during
stretching and orientation.””*®* In other words, higher
temperatures increase the mobility of the molecular chains,
thus preventing breakage during stretching. It has also been
found that the temperature and speed during stretching affect
the tensile strength and Young’s modulus of PVA fibers."*

The results of tensile testing of the fibers are shown. Stress—
strain curves for each drawing and heat treatment condition are
summarized. The values of the axes of stress in all graphs are
unified. Nominal stress (in MPa) and nominal strain are also
shown in these results.

Figure S shows the tensile test results for the fiber with only
primary stretch (PL4), where PL4 donates the ratio of final to
initial length during drawing. The tensile strength was found to
139 MPa, and its Young’s modulus was 3.2 GPa, which is
expected since no advanced stretching, involving additional
heating and cooling cycles, was performed on the fiber. These
results are being used as a reference point for comparison to
results obtained from fibers that have undergone stretching.
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Machine

direction

Figure 9. 2D-WAXD images of the PVA fiber stretched at 180 °C, 1.5 mm/s (the machine direction is in the direction of the arrow). (a) DR4, (b)

DR20, (c) DR24, and (d) DR28.

Figure S2 shows the stress—strain curves for P16 and PL16.
As can be seen, there is almost no difference between P16 and
PL16 at 16X. The addition of Lil by itself does not indicate
that it improves strength. However, by adding Lil, it is possible
to achieve more than 16X stretched, which was not possible
without lithium addition, as shown in Figure 4.

Figure 6 shows a representative nominal stress—nominal
strain curve for a fiber drawn at 120 °C, 1.0 mm/s. Table 3
shows the average values and error ranges for tensile strength
and Young’s modulus. It is noteworthy that the differences in
mechanical strength with a draw ratio (DR), which is the ratio
of final to initial length during drawing, were substantial.
Particularly for DR28, both the tensile strength and Young’s
modulus showed improvement compared to DR20. Further-
more, the fiber labeled as P28-120-1.0(120), which was
stretched at 120 °C with DR28 and heat-treated at 120 °C,
displayed the highest value of 775 MPa, serving as the
champion data with an average value of 639 MPa. This
indicates that secondary stretching, involving additional
heating and cooling cycles after primary stretching, can
enhance the strength of the fiber. It is worth noting that the
effect of secondary stretching on fiber strength is likely
influenced by the conditions of heat-treatment.

Figure 7 shows the results of the tensile test conducted on
fibers stretched at 180 °C and 1.0 mm/s. Table 4 shows the
average values and error ranges for the tensile strength and
Young’s modulus. The mechanical strength of these fibers was
found to be lower than that of fibers stretched at 120 °C, 1.0
mm/s. Notably, when the heat-treatment condition was 120
°C for one night (24 h) (P28-180-1.0(120)), the average value
was 370 MPa for DR28 and 524 MPa as champion data, which
was lower than those obtained at other conditions. This may
be due to the effect of higher temperature during stretching on
the crystals of PVA, which are affected by heat exposure.”"*>°
Additionally, the decomposition of PVA can generate volatile
products such as water, carboxyl acid, unsaturated aldehydes,
and other unsaturated compounds.”’

Figure 8 shows the results of tensile tests conducted on
fibers stretched at 180 °C and 1.5 mm/s. Table S shows the
average values and error ranges of the tensile strength and
Young’s modulus. The mechanical strength of fibers was found
to be significantly improved by increasing the drawing speed
while maintaining the stretching temperature at 180 °C. This
improvement can be attributed to two factors. First, increasing
the drawing speed reduced the exposure time of the fibers to
high temperatures, preventing thermal decomposition. Second,
high temperature and high drawing speed can suppress the
relaxation of orientation during stretching, which is a common
issue with stretched fibers. When fibers are stretched at high
temperatures, the polymer molecular chain becomes more
mobile and can easily be stretched in the direction of stress.”’
However, at high temperatures, the stretched molecular chains
also become more mobile, and some degree of shrinkage
occurs when the relaxation time of the molecular chains is
long. This results in orientation relaxation, which reduces the
fiber orientation, thereby decreasing strength and crystal-
linity."” As mentioned above, stretching speed is known to
affect the mechanical strength of fibers, and it has been shown
that fibers can attain very high mechanical strength at certain
speeds.”” Our study found that the highest value was obtained
when the fibers were stretched at a relatively fast speed of 1.5
mm/s.

In addition to the differences observed in the mechanical
strength of fibers under different drawing conditions, the study
found that the heat-treatment conditions also have a significant
impact on the fiber strength. For instance, the fiber heat-
treated at 150 °C for 1 h (P28-180-1.5(150)) exhibited a
tensile strength of 1436 MPa and Young’s modulus of 18.9
GPa as champion data, which was about 1.5 times higher than
the highest value obtained for other conditions. This finding is
particularly interesting because heat-treatment is a crucial
process used in many polymer products to improve their
crystallinity, toughness, and water resistance.”>> Thus, the
results suggest that achieving high fiber strength requires
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Figure 10. 20 profile of PVA fibers stretched at 180 °C, 1.5 mm/s. (a) DR4, (b) DR20, (c) DR24, and (d) DR28.

optimizing not only the drawing conditions but also the heat-
treatment conditions. Furthermore, the addition of Lil to
suppress defects in molecular orientation during spinning alone
may not be sufficient to achieve high fiber strength. Saari et al.
reported that the drawing ratio of the LiBr-doped PVA fiber in
their wet spinning method was about 10X, and its elastic
modulus and tensile strength were 17.5 GPa and 177 MPa,
respectively.”® In our study, we were able to increase the
drawing ratio by a factor of 28X, resulting in a significant
increase in elastic modulus and tensile strength. This is
attributed to the fact that Lil is more effective than LiBr in
inhibiting hydrogen bonding, thereby reducing orientation
defects during stretching.

Figures S3 and S4 present a comparison of the tensile
strength and Young’s modulus of fibers subjected to different
drawing conditions. The fibers were stretched and heat-treated
at either 1.0 or 1.5 mm/s at 180 °C. There is a large difference
between the two drawing conditions. The numbers on the
horizontal axis represent different samples. ‘None’ denotes
fibers that were only subjected to primary stretching without
any subsequent heat treatment. “1” denotes fibers that were
stretched at 180 °C, 1.0 mm/s and heat-treated at 120 °C for
one night. “2” denotes fibers that were stretched at 150 °C for
1 h. “3” denotes fibers that were stretched at 180 °C, 1.5 mm/s

and heat-treated at 120 °C for one night. “4” denotes fibers
that were heat-treated at 150 °C for 1 h. “S” denotes fibers that
were heat-treated at 150 °C for 6 h. “6” denotes fibers that
were heat-treated at 190 °C for S min.

The crystalline orientation of the fibers subjected to the
drawing and heat-treatment conditions that resulted in the
highest strength was investigated using 2D-WAXD. Figure 9
displays 2D-WAXD images of unstretched and stretched fibers
at 180 °C and 1.5 mm/s. In the X-ray diffraction images, the
perpendicular direction is along the fiber axis. The stretched
fiber exhibits strong diffraction spots at the equator, indicating
that the molecular chains of PVA are oriented.

Figure 10 shows the 20 profile at the equator. The profile
exhibits a-monoclinic peaks in the (001), (101), and (200)
crystal planes, which can be attributed to PVA. These peaks are
easily identified since they have been previously reported in
various studies.”* The peak around 32—35° corresponds to
sodium sulfate adhered to the fiber during spinning (Figures
SS and S6). This residue is left over from the washing process.
As shown in Figure 9, the crystalline orientation of the PVA
fiber is greatly enhanced by heat-stretching, and the (001),
(101), and (200) equatorial spots, which are due to PVA
crystals, are stronger than in the DR4 fiber. In particular, the
equatorial spots are smaller for the DR28 fiber, indicating that
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Figure 11. Azimuthal distribution in the (101) plane of A of PVA fibers stretched at 180 °C, 1.5 mm/s. (a) DR4, (b) DR20, (c) DR24, and (d)

DR28.

Table 6. Measurements of Lithium Concentration®

lithium concentration (mg/mg)

Lil-PVA solution 0.30
fiber after spinning 0.05 + 0.01
fibers after washing 0.01 + 0.001

“(+ standard error.)

the crystalline orientation becomes stronger as the fiber is
stretched and the draw ratio is increased.

Figure 11 illustrates the azimuthal distribution in the (101)
crystal plane. The azimuthal distribution is used to determine
the orientation of the molecular chains of PVA fibers.”**® The
widths of the peaks at values of §# at 90° and 270° on the
equator were evaluated. The diffraction patterns reveal a
stronger orientation for fibers that have undergone secondary
stretching, indicating that secondary stretching has enhanced
the molecular orientation of PVA. Compared to DR4, the
difference is significant, with an orientation value of 73.0%,
which has now increased to over 90.0%. In particular, the
highest value of 93.7% was achieved for DR28. This indicates
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that it is possible to increase the orientation of the PVA fiber
spun with Lil by stretching while applying heat. However,
DR20 and DR24 did not show much difference in the degree
of orientation. With DR28, the range of improvement became
somewhat larger, and more advanced secondary stretching is
required to increase the degree of orientation further. Although
this study only evaluated PVA fibers stretched to a maximum
of 28X, it was confirmed that it is possible to stretch PVA
fibers to even higher stretch magnifications, which would
improve the degree of orientation.

Residual Lil in the fiber can cause certain disadvantages for
the industrial use of PVA fibers. The runoff of high
concentrations of I, Br, and other halogens into the
environment can harm ecosystems and nature.””*” Addition-
ally, several studies have been conducted on the risks of

58—60 my.:
This means that care

plasticizers in polymer products.
should be taken regarding additives and plasticizers in polymer
products. Therefore, we investigated the residual Li concen-
tration.
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Table 6 displays the Li concentration in the Lil-PVA
solution before spinning, the fiber after spinning, and the fiber
after washing. The Li concentration in the final PVA fiber was
0.01 mg/mg. The Li ion concentration of the Lil-added PVA
solution used for spinning was 0.30 mg/mg. In other words, it
was found that about 97% of the lithium was removed
compared to the amount of lithium in the solution state. This
indicates that most of the Lil can be removed by wet spinning
and washing. Therefore, PVA fibers produced by this method
can be used in many fields without any issues.

In this study, we focused on increasing strength by
improving ductility and orientation. Although a significant
improvement in mechanical strength was confirmed, there
were limitations with the current method, such as the
variability caused by manual wet spinning. However, we
found that stretching of 28X or more was possible, and the
improvement in stretchability due to the addition of Lil was
tremendous. It was not possible to obtain the mechanical
strength of high-performance fibers such as CF and GF.
However, our proposed wet spinning of the Lil-based PVA
fiber can be easily mass-produced using current equipment.
This can minimize the cost increase in industrial applications
to the greatest extent possible. In addition, wet spinning of the
PVA fiber is an organic solvent-free method with a low
environmental impact, which is one of the solutions to our
current environmental problems.

In the future, we believe that further improvement of
mechanical strength and molecular orientation can be achieved
by using mechanically spinnable equipment to enable uniform
stretching. Furthermore, the interfacial strength of PVA fibers
with a matrix resin as FRP reinforcing fibers should be
evaluated.

Bl CONCLUSIONS

In this study, we proposed a new method for producing high-
strength PVA fibers for composite applications by adding Lil to
reduce hydrogen bonds in the PVA molecular chain and
improve the spinnability of the PVA fibers. We enhanced the
mechanical strength of the PVA fibers by improving their heat
stretchability and increasing their level of molecular
orientation. We were able to remove almost all of the Lil
added to PVA through the spinning and washing processes.
This simple and effective method of increasing the strength of
PVA fibers can be achieved by simply adding Lil to the PVA
solution, which is the raw material for spinning. This
technology has the potential to provide inexpensive, light-
weight, and mechanically strong PVA fibers that can contribute
to the development of high sustainability.
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