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ABSTRACT: A significant increase in the melting temperature of knotted fibers of poly(vinylidene fluoride) (PVDF) was detected by
differential scanning calorimetry. The melting peak partially returned to the original peak after the fibers were unknotted. Knotted
PVDF fibers were observed with an optical microscope at crossed-nicol conditions. The knotted portions of the fibers showed bire-
fringence even above the melting temperature of the fibers before knotting. The dependence of the physical properties of PVDF under
applied stress was estimated in order to investigate the influence of knotting. The fracture temperature of PVDF fibers increased with
applied stress below 1 MPa and decreased above 10 MPa because the applied stress increased the melting temperature of PVDF
crystals, but strong stress mechanically broke the fibers. The X-ray diffraction patterns of the PVDF fibers under different stress were
divided into the peaks of - and f-phase crystals and amorphous. The peak area of the f-phase crystal increased and that of the
amorphous decreased with applied stress. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000~000, 2012
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INTRODUCTION

Weaving fibers into cloth inevitably tangles fibers together. The
stress induced by the entanglement of the fibers can change
their physical properties, such as the increase in the melting
temperature, which raises the mechanical strength of the fibers.
The dependence of phase transition temperature on applied
pressure can be predicted by the Clausius-Clapeyron equation,

as follows:
OP AH
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where P, T, H, and V stand for pressure, temperature, enthalpy,
and volume, respectively, and the subscript “eq” indicates equi-
librium conditions.

There have been many researches on the changes in melting
temperatures induced by pressure, and the increase in the melt-
ing temperatures of fibers at 100 MPa were reported to be 20°C
for nylon 6, 70°C for poly(ethylene tetrafluoroethylene),” 11—
13°C for polypropylene,” 20°C for low-density-polyethylene,*
and 16°C for high-density-polyethylene.’

In this study, we prepared knotted poly(vinylidene fluoride)
(PVDF) fibers and detected a significant increase in their melt-
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ing temperature by differential scanning calorimetry (DSC).
Using Clausius-Clapeyron equation and the AV reported by
Santos et al.° the relation between the increase in the melting
temperature of PVDF and pressure can be approximated as AT
= 0.170 B where the units of Tand P are °C and MPa, respec-
tively. The increase in melting temperature induced by knotting
was much greater than that estimated by the Clausius-Cla-
peyron equation, and it was suggested that some structural
changes in the PVDF crystals induced by the stress of knotting
might increase the melting temperature.

It is known that there are at least four crystal forms of PVDEF: o
B 7y and & phases.”™"® PVDF forms mainly a-phase crystals in
films prepared by melt pressing or solution casting, but the o-
phase crystals can be transformed into f-phase crystals by me-
chanical deformations such as stretching.''

There have been many researches on the changes of the crystal
structure induced by mechanical deformation. Du et al.'?
carried out X-ray diffraction (XRD) and small and wide angle
X-ray scattering measurements for the PVDF fibers stretched at
various temperatures and stretching rates and ratios. They con-
firmed the transition of crystal structure from «- to f-phase,
and estimated the relation between the stretching conditions
and the change of the crystal structure.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38493


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

ARTICLE

Lund and Hagstrom'' prepared PVDF fibers by melt-spinning
and drawing and measured the melting behavior and stress—
strain curves in addition to XRD. They discussed the melting
behavior of their fibers prepared by melt-spinning and drawing
based on the change of the crystal structure from o- to ff-phase
estimated by the XRD.

As mentioned above, we detected a significant increase in the
melting temperature of PVDF fibers induced by knotting. To
estimate the influence of the applied stress induced by knotting
on the crystallization behavior of fibers of PVDE, XRD was car-
ried out for the PVDF fibers under stress. The XRD patterns
were separated into peaks of crystals and amorphous regions,
and the changes in crystal structure induced by the applied
stress were discussed to explain the increase in the melting
temperature.

EXPERIMENTAL

All the PVDF fibers used in this study were products of Kureha
Gosen. Fibers with different diameters were used in this study,
but the data for the fibers with a diameter of 64 pum (#1100)
are shown in this article, unless the diameter of the sample is
otherwise described.

PVDF pellets purchased from Aldrich with weight average mo-
lecular weight of 530,000 were also used for DSC measurements
in order to estimate the influence of crystallinity on the melting
behavior. The crystallinity of these pellets is lower than that of
the fiber samples supplied from Kureha Gosen, because the
polymer chains in these pellets contain more head-to-head and
tail-to-tail bonds than those in the sample supplied from Kur-
eha Gosen. The PVDF films made by hot-pressing the pellets
were cut into strips, and were stretched to prepared PVDEF
fibers.

Although we investigated various conditions to knot fibers, only
the data for 100 filaments of PVDF knotted by applying 1.0 kg
by overhand knot are shown in this paper, unless otherwise
described. The shape of the DSC curve of knotted fibers was
essentially independent of the applied force above 0.2 kg, and
the number of knotted filaments between 100 and 1000 fila-
ments. DSC was also carried out for fibers knotted by fisher-
man’s knot, but there were no obvious difference between the
fibers knotted by overhand knot. The DSC measurements were
carried out with a DSC-60 instrument from Shimadzu. The
heating rate was fixed at 20°C/min. About 1 mg of the samples
were put into aluminum pans, and measured under nitrogen
atmosphere (100 ml/min). The temperature was calibrated with
the melting temperature of indium.

Optical micrographs were taken with a Labpho-Pol from Nikon
equipped with a hot stage. Fibers were observed at crossed-nicol
conditions with 100x magnification. One end of the fiber was
fixed, and the other end was tied to a weight to apply stress.
The applied stress was calculated from the diameter of a fiber
measured by an optical micrograph assuming that the cross sec-
tion of the fiber is a circle.

The fracture temperature of PVDF was measured by applying
different stresses in a constant temperature oven (DN43H,
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Figure 1. The DSC curves of PVDF fibers. “Knotted” and “free” indicate

the results for fibers with and without knotting. “Unknotted” fibers were
first knotted, and then unknotted before the measurement.

Yamato Scientific) heating at 5°C/min. Both ends of a sample
fiber were tied to aramid fibers. One aramid fiber was fixed,
and the other fiber was tied to a weight.

The PVDF fibers were wound to an aluminum plate by applying
different stresses to prepare samples for XRD measurements,
which were conducted with a RINT 2200 X-ray diffractometer
from Rigaku using CuKo radiation with wavelength of 0.154
nm as the X-ray source. The voltage and current of the X-ray
tube were 40 kV and 40 mA, respectively. The intensity of the
diffracted X-ray was scanned at a rate of 4.0°/min at room
temperature.

RESULTS

Figure 1 shows the DSC curves of the PVDF fibers, where
“knotted” and “free” indicate the results for fibers after and
before knotting. Fibers defined as “unknotted” were first knot-
ted and then unknotted before the measurement. The melting
temperature of the PVDF fibers increased by ~10°C after
knotting.

If this increase had been caused purely by the applied pressure,
the Clausius-Clapeyron equation would predict the applied
pressure to be 60 MPa, which is an unrealistically high pressure
for a knot. We also knotted other fibers, such as polypropylene,
polyethylene terephthalate, and nylon 6 in the same procedure,
but the increases of their melting temperatures were less than
2°C. These results suggest that structural change of the PVDF
fibers induced by knotting increased its melting temperature.

The DSC curve of the unknotted PVDF has a broad endother-
mic peak around the melting temperatures of free and knotted
fibers. This result indicates that the unknotted PVDF only par-
tially reversed to the original structure.

To confirm the increase in the melting temperature induced by
knotting, optical microscopy at crossed-nicol condition was car-
ried out for the knotted fibers. Optical micrographs of the knot-
ted fibers were taken by heating as shown in Figure 2. While
the entire fiber appeared bright at 120°C, only the knotted por-
tion of the fiber can be seen at 170°C, and the other portions
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Figure 2. Optical micrographs of knotted fiber at crossed-nicol condition.
The micrographs were taken by heating on a hot plate.

were dark. This result indicates that the crystals in the knotted
portion melted at higher temperature than those in other
portions. This behavior supports the results of DSC, which indi-
cated that the increase in the melting temperature was induced
by knotting.

The dependence of the melting temperature of PVDF fibers on
the diameter of the filaments and the stress applied to the fibers
is shown in Figures 3 and 4. The melting temperature of PVDF
fibers with a diameter of 39 pm was ~20°C higher than that of
the fibers with larger diameters. However, no clear relation
between the melting temperature increases induced by knotting
and their diameters was observed for the fibers used in this
study. The melting temperature was almost independent of the
weight used to apply stress between 1 and 4 kg.

To investigate the dependence of crystallinity on the melting
behavior of PVDE, DSC curves of PVDF fibers with lower crys-
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Figure 3. Melting temperature of knotted PVDF fibers with various
diameters.
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Figure 4. Melting temperature of PVDF fibers knotted using different
weights.

tallinity were measured as shown in Figure 5. The heat of fusion
of the sample purchased from Aldrich was lower than that of
the sample supplied from Kureha Gosen, which indicated the
former sample had lower crystallinity. Knotting increased the
melting temperature of the fibers with a higher crystallinity by
about 30°C. However, the increase in the melting temperature
of the fibers with lower crystallinity was only 2°C, which can be
explained by the Clausius-Clapeyron equation. These results
indicate that high crystallinity is necessary for the drastic
increase in melting temperature by knotting.

To elucidate the dependence of melting behavior on the stress
applied to fibers, the fracture temperature of PVDF fibers was
determined by applying different weights. The fracture tempera-
ture of PVDF fibers slowly increased with applied stress below 1
MPa, and decreased above 10 MPa as shown in Figure 6. The
increase in the fracture temperature can be explained by the
increase in the melting temperature of the PVDF crystals
induced by the applied stress. The decrease in the fracture tem-
perature above 10 MPa does not necessarily imply the decrease
in the melting temperature, because high stress applied to fibers
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Figure 5. The DSC curves of PVDF fibers. (a) free fibers comprised of
PVDF with low crystallinity, (b) knotted fibers comprised of PVDF with
low crystallinity, (c) free fibers comprised of PVDF with high crystallinity,
and (d) knotted fibers comprised of PVDF with high crystallinity.
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Figure 6. Fracture temperature of PVDF fibers applied different stresses.

mechanically fracture weak fibers just below their melting
temperature.

The birefringence of PVDF fibers under various stresses and
temperatures was calculated from the color of the optical micro-
graphs obtained at crossed-nicol conditions. The data at 16 and
41 MPa shown in Figure 7 are shifted vertically in order to
show the data clearly. The birefringence of fibers with higher
applied stress decreased at higher temperatures, which indicates
that the crystals induced by higher stress had higher melting
temperature.

The XRD measurements were carried out to elucidate the crys-
tal structure of PVDF under stress. Figure 8 illustrates the XRD
patterns of the PVDF fibers with a diameter of 39 um under
different stress conditions. The peak angles of XRD patterns of
PVDF crystals assigned by Du et al.'* are depicted with broken
lines in the figure. The intensities of the peaks assigned to -
phase crystals decreased, but those assigned to f-phase crystals
slightly increased with applied stress.

To estimate the details of the crystal structure, the obtained pat-
terns were divided into three peaks for the a-phase crystals, one
peak of f-phase crystal, and broad amorphous peak assuming
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Figure 7. Temperature dependence of birefringence of PVDF fibers under
applied stresses. The data points are vertically shifted as indicated in the
figure.
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Figure 8. XRD patterns of PVDF fibers with diameter of 39 um under

different stress. Broken lines indicate the peak angles of XRD patterns of
PVDF crystals reported by Du et al.

24

Gaussian distributions. Figure 9 shows a typical XRD pattern
and separated peaks assigned as shown in Figure 8.

The small residual deviation shown in Figure 9 suggests that the
obtained peaks were successfully separated into the assigned
peaks. The other XRD patterns were also successfully divided
into peaks of a- and f-phase crystals and amorphous. The
changes in the peak area ratios and full width at half maximum
(FWHM), that fit the experimental data best, are shown in Fig-
ure 10. The peak area ratio of the f-phase crystals increases in
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Figure 9. A typical XRD pattern and separated peaks. Thick and thin
lines indicate the measured pattern, and separated peaks assigned as
shown in Figure 8, respectively. Broken line illustrates the residual
deviation.
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Figure 10. Parameters determined by fitting XRD patterns measured for
fibers with different diameters under different stress.

fibers with smaller diameter under higher stress. The peak of
p-phase crystals in the fibers with diameters of 39 um was
independent of the applied stress. However, those in the fibers
with diameters of 64 and 135 pm became broader between 0
and100 MPa, and constant between 100 and 300 MPa. The peak
ratio of the amorphous regions decreased slightly with applied
stress in the fibers with diameter of 39 pum, and those in the
fibers with diameters of 64 and 135 um decreased more steeply
between 100 and 300 MPa.

DISCUSSION

Figures 1 and 2 clearly show a significant increase in the melting
temperature of PVDF crystals induced by knotting. The fracture
temperatures in Figure 6 and the temperature dependence of
birefringence in Figure 7 indicate the increase in melting tem-
perature of PVDF crystals induced by applied stress. Consider-
ing these results, the melting temperature of PVDF fibers can be
drastically increased by applying stress such as knotting the
fibers.

The change in the crystal structure of PVDF induced by stress
was analyzed by XRD. For the fibers with diameters of 64 and
135 um, the peak area of the f-phase crystals increased, and
those of the a-phase crystals and amorphous decreased, but the
peak of the f-phase crystals became broader under applied
stress. The results of XRD suggest that the a-phase crystals and
the amorphous regions were changed into f-phase crystals, but
the quality of the S-phase crystals was not high, and there were
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many defects in the f-phase crystals induced by the applied
stress. It has been reported that the S-crystals of PVDF have
higher melting temperature than a-crystals.'”™'> The highly ori-
entated f-crystals of PVDF may play important roles in the
increase in the melting temperature of PVDE although more
detailed mechanism of the increase in the melting temperature
should be clarified in the future study.

The independence of the melting temperature of knotted fibers
and the dependence of the crystal structure of PVDF on the
applied stress seem to be contradictory at first sight. While the
fibers were being knotted, the weights gave stress to the fibers.
However, the weights were removed after knotting. Some stress
at the knots remained after the removal of the knots, but the
knots might be unable to maintain the strong stress, and allow
the relaxation of the strong stress. On the other hand, the fibers
were kept being stretched by being wound to an aluminum
plate.

Three fibers with different diameters were used in this study,
and some differences were detected between the fibers with a di-
ameter of 39 pm and those with diameters of 64 and 139 um as
shown in Figures 3 and 10. The fibers with small diameters are
strongly drawn during their fabrication. The strong elongation
stretching the polymer chains in fibers can change the melting
behavior of the polymer chains.'®'”

The elevated melting temperature of fibers with small diameters
was also reported by Lund et al.'' They spun PVDF fibers with
different melt draw ratios, and measured their melting behavior
by DSC. Whereas there were no distinct differences between the
DSC curves of the fibers with different melt draw ratios of 42
and 84, a melting peak appeared ~20°C higher than the origi-
nal melting peak of the fibers with melt draw ratios of 251.

CONCLUSIONS

The increase in the melting temperature of poly(vinylidene fluo-
ride) (PVDF) fibers by knotting was measured by DSC and op-
tical microscopy under crossed-nicol conditions. The melting
temperature of the PVDF fibers with high crystallinity was
increased ~10°C by knotting, which cannot be explained solely
by the effect of applied pressure on the melting temperature in
the Clausius-Clapeyron equation.

The DSC measurements for the PVDF fibers with different
crystallinity indicate that high crystallinity is indispensable to
the increase in the melting temperature induced by knotting.
The XRD patterns showed that high stress to the fibers induced
the increase in f-crystals and decrease in amorphous structure,
which may contribute the increase in the melting temperature
by knotting.

This change in the melting temperature and crystal structure
influence the physical properties of PVDF fibers. The fracture
temperature of PVDF fibers increased by applying stress below
1 MPa, while it decreased above 10 MPa, for the applied stress
broke the fibers mechanically. Although the detailed mechanism
of the increase in the melting temperature should be elucidated
in future study, the results in this paper indicate that knotting
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can play important roles in some practical properties of PVDF
fibers.
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