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ABSTRACT

Energy harvesting is a promising concept that can be used in the development of smart textiles to solve one of
the major issues: energy supply. Producing PVDF piezoelectric fibers is a possible way. However, to ensure the
piezoelectric character and lead an electromechanical conversion its B phase is needed. The modification of
crystalline phases is linked to the processing parameters. In-situ Raman spectroscopy measurements are made on
a spinning device used for new synthetic fibers developments or small productions. The content of the crystalline
phases o and B is measured for the first time at key points of such process.
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1. INTRODUCTION

Among the portable electronic devices located near or on the body and used to provide
intelligent services such as monitoring different signals (heart rate, temperature, etc.), some of
them can be integrated to a greater or lesser extent into textile structures in order to develop
smart textiles with high added value. One of the main challenge to ensure the development of
the smart textile market is to guarantee the power supply of the various electronic components
integrated into the textile. Currently, electrical energy is provide by the use of batteries that
have a number of disadvantages. One of the alternatives is to develop textile energy
harvesting systems. Several effects or phenomena may be involved independently or jointly to
ensure energy production. Thus, in recent years the literature mentions the development of
textile systems using: i) electromagnetic waves (development of solar cells based on the use
of photovoltaic effect [1], development of textile antennas for radiofrequency energy recovery
harvesting operating on various bands [2], ii) heat (development of textiles based on the
pyroelectric effect [3] or thermoelectric textiles exploiting the Seebeck effect [4],
i) movements (development of triboelectric textiles [5] or piezoelectric textiles [6]).

Polyvinylidene fluoride (PVDF) is commonly used in studies related to the development of
piezoelectric energy harvesting textiles. It is a polymorphic polymer with five different
crystalline phases, i.e., o, B, v, ¥y, 0 and €. Among them, the three main ones are the a-
(apolar), B- and y-phases (polar). Piezoelectricity of PVDF is related to the presence of polar
crystalline phases and in particular by the B-phase. In one hand, numerous strategies have
been conducted to obtain this latter, i.e., Uni-axial stretching, crystallization under high
pressure or high temperature, incorporation of nanofillers, high voltage polarization, etc. In
other hand, several methods can be used to evaluate the presence of B-phase into PVDF:
differential scanning calorimetry (DSC), dynamic or thermal mechanical analysis (DMA or
TMA), X-ray diffraction (XRD) and spectroscopy measurements (FTIR, NMR, Raman).
However, these characterizations are performed post-mortem: i.e: after the final stage of the
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production process. Among all these tests, Raman spectroscopy is a very interesting analytical
tool that provides valuable structural information on various materials, including polymers
and that can also be used to made in-situ measurements [7].

In this study, PVDF multifilament yarns dedicated to the development of energy harvesting
fabrics are produced by melt spinning. A first trial was performed with five different drawing
ratios and the fibers were characterized by post-mortem analyses (DSC, FTIR and Raman
spectroscopy measurements). During a second series, on-line measurements were performed
by using Raman RXN2 spectrometer from Kaiser Optical Systems. These tests confirm post-
mortem measurement but give also complementary informations and in particular on the
location of the a—p transformation during the spinning process.

2. EXPERIMENTAL
2.1 Materials

Polymer - PVDF homopolymer grade, Kynar®705 (Arkema, France) in pellet form was used.
The following characteristics were given by the supplier: the melt flow index (MFI) is
25 g.10min™ under a load of 2.16 kg at 220°C, the melting temperature T, is 173°C and the
density is 1.76.

Melt-Spinning of the multifilaments - Two series of PVDF fiber processing were carried out
on a Spinboy 1 (Busschaert Engineering, Belgium) spinning pilot to produce multifilament
yarns. In the first trial, filaments with different theoretical drawing ratios (DR) from 1.25 to 6
were produced while in the second one dedicated to in situ characterization by Raman
spectroscopy, only two drawing ratios were kept, i.e.: 1.25 and 4. PVDF dried pellets were
introduced in the feed hopper. The single-screw extruder has the role of melting the polymer
and conveying it to the spinnerets (2x40 holes of 1.2 mm diameter) at the temperature of
225°C through a volumetric pump to ensure a defined flow. The resulting multifilament yarn
was cooled down by fresh air and coated with spin oil. Then it was drawn between two hot
rolls (Alimentation roll - R; (110°C) and drawing roll - R, (90°C)) by adjusting their
rotational speeds to reach the desired drawing ratio. Finally, multifilament yarns were wound
on bobbins. The spinning process and the 6 different laser positions (A-F) during on-line
Raman measurements are represented on the Figure 1.
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pellets

Motor Extruder Volumetric pump
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Figure 1. Melt spinning pilot and different positions of the laser (A-F) during Raman in-situ characterization
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2.2 Analyses

Post mortem measurements — Thermal characterization was conducted on a Mettler Toledo
DSC3+ differential scanning calorimeter in a nitrogen atmosphere (50ml/min) between -60°C
and 200°C at a heating rate of 10°C.min™’. Analyses were made on a given amount of knotted
fibers (10.0 £ 0.5 mg) sealed into an aluminum pan. Fourier transform infrared spectroscopy
was performed using Thermo Nicolet Nexus 470 FTIR system equipped with ATR unit. The
fibrous samples were scanned 128 times each between 400 cm™ and 4000 cm™ with a
resolution of 0.5 cm™. Post-mortem Raman measurements were carried out by means of a
Horiba-LabRam HR Evolution spectrometer with a spectral resolution of 1cm™. The 785 nm
laser with an intensity of 300 mW was used as the exciting line with a 100x microscope
objective and the scattered radiation was detected by a cooled CCD camera. The integration
time was 5s and each spectrum was recorded 3 times.

In situ Raman spectroscopy measurements - A Raman RXN2 instrument (Kaiser Optical
Systems, USA) was used for in situ monitoring during the second series of PVDF fiber
processing on the melt spinning device. The spectrometer was equipped with a laser
wavelength of 785 nm and a laser power of 400 mW and offered a spectral resolution of
2 cm™. Measurements were performed with a none contact probe provided with a lens of
10 mm focal depth. The integration time for one Raman spectrum was 45s. The Raman laser
was moved at 6 different positions. Three of them are located between the extruder and the
roller Ryo: 9 cm from the spinneret (A), 50 cm from the spinneret (B) and finally before the
zone of spin finish application (C). The last three positions are between the roll Ry and the
winding: just before R; (D), between R; and R, (E) and finally before the winding (F).

3. RESULTS AND DISCUSSION

Multifilament yarns produced with 5 different drawing ratios (from DR 1.25 to DR 6) during
the first spinning trials were analysed post-mortem. Crystalline phases of PVDF are identified
by FTIR and Raman spectroscopy. The form Il of PVDF (a) has specific IR absorption bands
at 1210, 1149, 975, 795 and 764 cm™ and Raman vibrational bands at 873 and 795 cm™. The
form 1 (B) is characterized by a Raman band at 840 cm™ and IR absorption bands at
1275 cm™ and a common band at 840 cm™ with the form III (y). The IR band at 1234 cm™ is
used to highlight the presence of this latter phase. The figure 2a and 2c show clearly that the
characteristic bands of the a-phase decrease as the drawing ratio increase. The disappearance
of the low intensity peak at 766 cm™ and the shoulder at 885 cm™ in Raman spectra from the
DR 4 is an additional sign of the decrease of the a-phase. At the same time, the intensity of
the characteristic peaks of the B-phase is greater with the increase in mechanical stresses
associated with an increase of the drawing ratios. These results confirm that mechanical
stretching is one of the effective methods for assuring o—p transformation. Shoulders at 1234
and 833 cm™ for DR 1.25 and DR 2 spectra obtained by IR spectroscopy suggest the presence
of y-phase. The monitoring of crystalline phases by studying endotherms from DSC analyzes
is tricky. The melting peaks are dependent on the grade of PVDF used, its mode of
transformation, experimental parameters [8] (DSC sample preparation: stripes, knots, bundles
of fibers, heating rate, etc.), etc. It is reported that the a- and B-phases present similar melting
temperature around 170°C whereas y-phase have higher melting temperature [9]. Based on
the different endotherms recorded during DSC experiments, it can be supposed that all fibers
are composed of a- and B-phases. Smaller crystals could be also assigned to the presence of
shoulder near the melting peak for the DR 4 and DR 5. The presence of y-phase does not seem
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to be revealed by DSC tests. DSC is therefore mainly used to calculate the crystalline
percentage (x.(%)) of the fibers.

_ AH
Xe(%) = (xaAHa+xYAHY+xBAHB

) x 100 (1)

Where AH is the experimental melting enthalpy, AH,, AH, and AHg are the melting enthalpies of a 100%
crystalline sample in the a-, y-, and B-phases, respectively, %,, %,, ¥z and are the amount of the a-, y-, and p-
phases in the sample, respectively, as deduced by FTIR experiments and the method proposed by Cai et al. [10].
A value of 103.4 J.g" and 93.07 J.g™ are considered for AHy and AH, [11]. The melting enthalpy of y-phase is
assumed identical to that of a 100% a-phase.

The crystallinity, the fraction of electroactive phase (Fgea = y + B phases), the fraction of the
three principal forms of PVDF (F,, Fg and F,) and the total fraction of B-phase (Fpwwai) in the
polymer are determined by combining DSC and FTIR analyses and reported in Table 1.
Electroactive phase is estimated at 36.6% for the lowest drawing ratio and reaches 75.8% for
the highest drawing ratio. Since the complement is totally assigned to the a-phase, the latter
strictly follows the opposite trend. For fibers produced with drawing ratios lower or equal to
2, the electroactive phase seems to be mainly composed of y-phase while for drawing ratio
higher than 4 the B-phase is predominant. As illustrated in Figure d, Raman spectra are
decomposed in order to separate the contributions of the crystalline phases (a and ) and the
amorphous phase. The crystallinity, the ratio between the § and a response, the fraction of j3-
phase and the total fraction of B-phase in each sample are calculated and summarized in
Table 1. This corroborates the previously observed trends and in particular that an o—f
transformation appears as drawing ratio increase.
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Figure 2. FTIR spectra (a), DSC thermograms (b) and Raman spectra of PVDF fibers with drawing ratios from
1.25to 6 (c). An example of the Raman spectrum of fiber (DR 1.25) with the deconvolution (d).
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Table 1. Data related to the PVDF cristalline phases obtained from DSC, FTIR and Raman experiments

DSC FTIR DSC+FTIR RAMAN
Xc Fea | Fo | Fy | Fg | Fptota (%) xe | B/a | Fp | Fpotal
(%) (%) | (%) | () | ) (%) (%) | (%)
DR1.25 | 32.2 36.6 {634 |30.7| 59 1.9 20.8 | 0.17 | 14.6 3.0
DR 2 53.0 48.6 | 51.4 | 25.4 | 23.2 12.3 30.8 | 0.24 | 19.7 6.1
DR 4 57.4 62.0 | 38.0 | 12.5 | 49.5 28.4 59.0 | 2.42 | 70.8 | 41.8
DR5 554 72.0 | 28.0| 2.8 | 69.3 38.4 55.7 | 257 | 720 | 40.1
DR 6 56.7 758 | 242 | 7.3 | 68.4 38.8 63.3 | 3.25 | 76.5| 48.4

A new series of tests was conducted focusing on two drawing ratios: a low (DR 1.25) and a
higher one (DR 4). The evolution of the crystalline structure was monitored during the
process by positioning the laser associated with the Raman spectrometer at 6 different
locations on the spinning line. The Raman spectra recorded during the experiments as well
as the content of a-, - and amorphous phases calculated after spectra decomposition are
shown in Figure 3. Whatever the drawing ratio considered, no crystalline phase is
detectable before the position C. Although both trials (1% DR 1.25 to DR 6 and 2"
DR 1.25 and DR 4) were performed with the same parameters, they must be considered
independently as variations may occur. For example, sliding on the rolls can cause
constraint transfer variations, and theoretical drawing ratios can diverge. Thus, the
presence of B-phase in these new filaments produced with a DR 1.25 does not appear. As
expected , higher DR causes an increase of the crystallinity and an a—f transformation
that mainly happens at position E between the alimentation roll (R;) and the drawing roll
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Figure 3. Raman spectra of PVDF fibers recorded on-line at the 6 different positions for a DR = 1.25 (a) and for

a DR =4 (b). Evolution of amorphous, a- and B-phase at the different positions for the both DR.
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4. CONCLUSION

Raman spectroscopy was used to study the crystalline structure of PVDF fibers. This
experimental technique allow the identification and quantification of the most relevant phases
of PVDFboth during post-mortem or for the first time during on-line experiments. This opens
new perspectives for fibers optimization by controlling the evolution of the structure when
changing process parameters such as the temperatures of the different rollers, etc.
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