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Abstract

Polymer films and membranes of poly(vinylidene fluoride co-
hexafluoropropylene), PVDFHFP, have been prepared by thermally induced
phase separation (TIPS), allowing the tuning of microstructure and
morphology. The obtained microstructure is explained by the Flory-Huggins
theory, depending on polymer concentration and solvent evaporation
temperature. The formation of a porous membrane is attributed to a spinodal
decomposition of the liquid-liquid phase separation. The effect of the
processing conditions on the morphology, degree of porosity, degree of
crystallinity and crystalline polymorph, thermal, dielectric and piezoelectric
properties of the PVDF-HFP polymer were evaluated. The crystalline phase and
degree of crystallinity depend on the processing conditions and further



influence the dielectric and piezoelectric response. The piezoelectric coefficient
is correlated with the S-phase content and decreases with decreasing polymer
concentration in the initial solution at a given evaporation temperature.

Introduction

Significant advances are being made in scientific and commercial areas for the
development of membrane technologies [1]. Polymeric membranes are being used for a
variety of areas, including microfiltration (MF) [2], ultrafiltration (UF) [1,2], reverse
osmosis (RO) [1,2], nanofiltration (NF) [3], hyperfiltration [3] and gas separation [2]. The
applications of membrane technologies cover almost every industrial sector including fuel
cell technologies [4], lithium-ion batteries [1,5] and membrane distillation (MD) [6].

Each application imposes specific requirements for the membrane material and structure
in terms, of porosity and pore size [2], anti-fouling properties, mechanical strength and
chemical resistance [1], the final properties of the polymer membrane depending strongly
on processing parameters [7,8].

The most commonly used technique to produce membranes is phase separation of
polymer solutions by phase inversion [2]. This separation can be accomplished by
different methods including thermally induced phase separation (TIPS) [9], controlled
evaporation of solvent [10], precipitation from the vapour phase [11], immersion
precipitation (IP) [12] and air-casting [13]. Currently, most of the commercial membranes
for microfiltration and ultrafiltration [14] are produced by phase inversion methods [14],
mainly due to its simplicity and flexible production scale.

TIPS has become one of the main methods used for polymer membrane preparation [15],
as it shows some advantages in comparison to traditional phase separation processes: it
can be applied to a wide range of polymers [9]; can be used to generate dense and porous
films, the latter with isotropic, anisotropic or asymmetric microstructures with an overall
porosity as high as 90%; and it is more flexible than wet or dry-casting, since it depends
primarily on heat transfer rather than multi-component mass transfer [9].

Poly(vinylidene fluoride) (PVDF) has received much attention as a membrane material
due to its outstanding properties such as high mechanical strength, thermal stability,
chemical resistance and high hydrophobicity, when compared to other polymer materials,
such as polysulfone (PSU), polyethersulfone (PES) and polyimide (PI) [16].

PVDF membranes have been extensively applied in ultrafiltration and microfiltration [17],
and are currently being explored as candidates in membrane contactor [18] and
membrane distillation applications [19]. PVDF dissolves in common organic solvents,
from which porous PVDF membranes can be produced by phase inversion [20].

Besides PVDF, there are other fluoropolymers that can be used as membrane materials,
such as  poly(vinylidenefluoride-co-hexafluoropropylene) (PVDFHFP) and
poly(vinylidenefluoride-trifluoroethylene) (PVDFTTrFE) [20]. PVDF-HFP has drawn
much attention [1,21] and seems to be more promising than PVDF for membrane
applications. The addition of the amorphous phase related to the hexafluropropylene
(HFP) group to the main VDF blocks increases the fluorine content, leading to a more
hydrophobic material [1], soluble in more solvents and with lower degree of crystallinity
[22].



Microporous membranes of PVDF-HFP have been prepared by phase inversion from
acetone/water/PVDF-HFP solutions with degrees of porosity between 70 and 90% [23].

The effect of PVDF-HFP concentration for the development of hollow fiber membranes
has been studied in the system N, N-dimethylacetamide (DMA¢)/ poly ( ethylene
glycol)/(PEG)/PVDF-HFP, and it was verified that internal and external pore sizes
decreased with increasing copolymer content [24].

PVDF-HFP membranes were also produced from PVDF and propylene carbonate (PC) or
dimethyl sulfoxide (DMSO) solutions, the gelation occurring at relatively low
concentrations and the miscibility area of the ternary diagram being larger for DMSO [25].

Taking into account the reported literature for production of membranes based on PVDF-
HFP, a systematic approach to the modification of PVDF-HFP microstructure is still
needed. Thus, the present work is devoted to the preparation of membranes from the
PVDF-HFP/N,N dimethylformamide (DMF) solution by TIPS. Membranes with different
microstructures have been obtained and characterized.

Experimental

Materials

Poly(vinylidene fluoride-co-hexafluropropylene) P(VDFHFP) (Solef 21216; M,, =
600,000 g/mol; 12wt. %HFP ) was
supplied by Solvay. N,N-dimethylformamide (DMF, 99.5%) was supplied by Merck.

Membrane preparation

The polymer was dissolved in DMF at room temperature under constant magnetic stirring
until a homogeneous solution was obtained. The PVDF-HFP polymer concentration in
solution ranged from 5wt. % to 20wt. %. After total polymer dissolution, the solution was
placed on a clean glass substrate and spread by blade coating with a thickness of 100u m,
followed by isothermal evaporation in an air oven at temperatures from room to 100°C.

Sample characterization

The morphology of the PVDF-HFP membranes was obtained by scanning electron
microscopy (SEM) (Cambridge, Leica) with an accelerating voltage of 15 kV . The samples
were previously coated with a thin gold layer using a sputter coating (Polaron, model
SC502 sputter coater).

The porosity of the membranes was determined from the membrane ( p,,, ) and pristine
polymer densities ( pp, = 1.77 g/cm? ) [26] using a pycnometer:
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where p,, is the water density, m, is the mass of pycnometer with water, m, is the mass of
pycnometer with water and the membrane and m; is the mass of the dry membrane.



The degree of porosity was then calculated from [26]:
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Contact angle measurements (sessile drop in dynamic mode) were performed at room
temperature in a Data Physics OCA20 device using ultrapure water ( 3 mL droplets) as the
test liquid. At least 3 measurements on each sample were performed in different sample
locations and the average contact angle was calculated.

The polymer crystalline form was identified by Fourier Transformed Infrared
spectroscopy (FTIR) at room temperature with a Jasco FT/IR-4100. FTIR spectra were
collected in attenuated total reflectance mode (ATR) from 4000 to 600 cm™! after 32 scans

with a resolution of 4 cm~1.

Melting temperature and degree of crystallinity were determined by differential scanning
calorimetry (DSC) with a Mettler Toledo 821e apparatus. The samples were cut from the
central region of the membranes, placed in 50u L crucibles and heated from 50 to 200°C
at a rate of 10°C/ min, under an argon atmosphere. The degree of crystallinity ( y. ) was
calculated from the enthalpy of the melting peak ( AH; ) based on the enthalpy of a 100%
crystalline sample, through the following equation:

AH;

= J 3
xAH, + yAHp )
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where x is the weight fraction of the a phase, y is the weight fraction of the 8 phase
determined from the FTIR
measurements (Fig. 2a), AH,, is the melting enthalpy of pure crystalline a-PVDF and AHg
is the melting enthalpy of pure crystalline S-PVDF which are reported to be 93.04 J/g and
103.4 J/g, respectively [27,28].

Dielectric measurements were performed using a Quadtech 1920 LCR precision meter.
The real part of the dielectric function ( &’ ) and the dielectriclosses ( tan § ) were obtained
at room temperature in the frequency range of 20 Hz to 1 MHz with an applied voltage of
0.5 V. Circular aluminum electrodes of 5 mm diameter were vacuum evaporated onto both
sides of each sample. The error associated with the dielectric measurements is ~ 2%,
mainly due to the geometrical factors.

The piezoelectric d;5 coefficients were then measured using a d;; meter APC YE2730A.

The PVDF-HFP was first poled by corona discharge at a controlled temperature inside a
home-made corona chamber with the following parameters: applied voltage of 10 kV at a
constant current of 20u A; constant distance of 2 cm between the sample and the tip;
poling time 30 min . The poling conditions were further optimized by varying poling
temperature from 80 to 120°C and then cooled to room temperature under the applied
electric field [29].

Results



The membrane thickness varied between 9 — 764 m depending on polymer concentration
(Fig. 1) and was independent of the evaporation temperature.

SEM images showing the microstructural evolution of the PVDF-HFP samples prepared
by solvent evaporation at room temperature and varying initial polymer concentration
from 5 to 20wt. % are presented in Fig. 2 a )-d).

The membranes show a porous morphology evolving from large pore sizes of ~ 7.5y m
(Fig. 2a) to lower pore sizes of ~ 2u m (Fig. 2d), the pore size decreasing with increasing
initial polymer concentration in the PVDF-HFP/DMF solution.

In particular, Fig. 2a) shows a three dimensional particulate morphology with macro voids
or finger-like pores, suggesting a precipitation situation dominated by liquid-
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Fig. 1. Membrane thickness as a function of polymer concentration for the different
evaporation temperatures.
liquid demixing in the phase diagram [30]. The inset of Fig. 2a, shows that the particulate
morphology is the spherulitic structure characteristic of PVDF [31].

The degree of porosity of the PVDF-HFP membranes is plotted in Fig. 3 as a function of
initial polymer concentration.

Regardless of initial polymer concentration, the membranes show high degrees of porosity
between 56% and 78% for 15 and 10wt% of PVDF-HFP, respectively, which is in line with
the degree of porosity obtained in similar systems (PVDF-HFP/DMF/clay) [32]. The high



degree of porosity is due to the low evaporation temperature, the polymer chains have
reduced mobility and prevent the polymer from occupying the free space left by the
evaporated solvent [33]. These effects will be later discussed relative to the phase diagram
of PVDF-HFP/DMF system.

The effect of the solvent evaporation temperature on membrane morphology is shown in
Figs. 2 e-f). The presence of pores is not observed for membranes with 20wt. % of initial
polymer concentration with solvent evaporation temperatures of 50°C and 100°C, Fig. 2¢)
and 2f), respectively. The morphology of these membranes is characterized by a dense and
compact microstructure. Increasing solvent evaporation temperature above of 40°C
increased polymer chain mobility, making them able to occupy the free space left by the
solvent during evaporation, which results in a compact microstructure. Further,
increasing temperature leads to increased solvent evaporation rate and favors polymer
diffusion and spherulite growth [34]. The spherulite size increases with increasing
evaporation temperature for a given polymer concentration (Figs. 2a, 2e) and f). At solvent
evaporation temperatures above 40°C, the morphology of the membranes is independent
of the polymer concentration.

Fig. 3 presents the variation of porosity as a function of polymer concentration in the
PVDF-HFP/DMF system at room temperature, which varies between 55 and 75%. One
important parameter for the development of membrane applications is the hydrophobicity
of the membranes, which can be assessed through measurement of the contact angle. The
contact angle as a function of initial polymer concentration and for the different
evaporation temperatures is illustrated in the Fig. 4. For membranes up to 10wt. % initial
polymer concentration with solvent evaporation at room temperature, a water contact
angle above 125° is measured, which is related to the large pore size and irregular surface
[35]. Increasing initial polymer concentration leads to a strong decrease of the contact
angle to ~ 85° due to the smoother and more compact morphology (Fig. 1) [36].

Increasing solvent evaporation temperature leads to a strong decrease of the water contact
angle to values around 85°, which increases up to ~ 95° for increasing initial polymer
concentration, associated with increased roughness in this compact morphology, related
to the larger spherulite sizes (Fig. 2) as discussed in [37].

The crystalline phase of the polymer is relevant for the different applications of this
electroactive polymer [20] and can be determined by FTIR. Table 1 shows the most
relevant vibration modes of PVDF-HFP and Fig. 5 shows the FTIRATR spectra of the
membranes.



Fig. 2. Surface images of the PVDF-HFP membranes prepared from the PVDF-HFP/DMF
solution: solvent evaporation at room temperature with 5 wt.% PVDF-HFP (a), 10wt. %
PVDF-HFP (b), 15wt. % PVDF-HFP (c) and 20wt. % of PVDF-HFP (d). Microstructures of
the sample with 20wt. % PVDF-HFP with solvent evaporation at 50°C (e) and 100°C (f).

In particular, Fig. 5a) shows the FTIR-ATR spectra for the sample prepared from 20wt. %
PVDF-HFP in the PVDF-HFP/ DMF system for the different solvent evaporation
temperatures, and Fig. 5 b) shows the spectra for the samples
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Fig. 3. Degree of porosity as a function of PVDF-HFP initial concentration in the PVDF-
HFP/DMF system prepared by solvent evaporation at room temperature.
obtained at 100 °C solvent evaporation temperature for different initial polymer contents.

Most relevant bands (Table 1) are clearly identified in all the spectra, indicating no
significant variations in the polymer structure. The arrows in Fig. 5 represent the
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Fig. 4. Contact angle as a function of PVDF-HFP concentration for the different
evaporation temperatures.

Table 1
Vibration modes characteristics of the PVDF-HFP polymer where vg is symmetric
stretching, v, is antisymmetric stretching, § is scissoring, w is wagging, t is twisting, r is
rocking, CCC § is skeletal bending of C(F) — C(H) — C(F) and CCC§' is skeletal bending of
C(H) — C(F) — C(H).

Wa_v 1e number ( Vibration modes Ref
cm™t)

611 - C — F-wagging modes [38]
613 CF, (&) and CCC 6§’ [39]
615 a-phase [27]
760 a-phase [40]
762 CF,(6) and CCC§ [39]
765 a-phase [41]
766 a-phase [42]




794 CF; stretching [40]
795 a-phase [40]
796 CF; stretching [38]
798 CH, (1) [39]
834 CH, () [39]
836 Amorphous region [40]
838 B phase [43]
839 Amorphous phase [42]
841 y-phase [42]
853 a-phase [40]
871 amorphous phase [43]
877 CC (v, ) and CCC 6 [39]
879 Amorphous phase [42]
974-976 a-phase [40,42,43]
977 Z(;E?;s; e(lf[iiléi )tO TGTG-(T: trans and G: gauche) [38]
978 CH; (1) [39]
1062 C-C skeletal vibration [40]
1063 symmetrical stretching mode of CF, [43]
1069 CF, (vs) and CH, (w) [39]
1148 symmetrical stretching mode of CF, [43]
1151 CC(v,) and CF, (vs) [39]
1173 Symmetrical stretching mode of CF, [44]
1179 Symmetrical stretching mode of CF, [43]
1185 CF,(vg) + CH,(t) [39]
1197 ;igflnpmetric stretching vibrations of the —CF, [42]
1200 —CF, groups [44]
1202 Asymmetrical stretching of —CF, — [40]




1203 giz?pmetrical stretching vibrations of the CF, [43]
1212 a-phase [40]
1214 CF,(v,) + CHy(w) [39]
1976 Z};glllrlrjletric stretching vibrations of the —CF, [42]
1295 CF,(v,) and CF,(r) [39]
1382 symmetrical stretching mode of CH, wagging [43]
1384 a-phase [40]
1386 CH3(8) + CHy(w) [39]
1390 CH; groups [44]
1400 —C — F — stretching [40]
1401 CH,(5), CH,(w), and CC (v, ) [39]
1402 - CF groups [44]
2924 CH, (v5) [39]
2082 CHg (vs) [39]
3025 CH, (v,) [39]

vibrational bands at 760,974,1148,1295 and 1384 cm™! which show higher variation
depending on sample preparation procedure. The peaks at 760,974 and 1384 cm™?!
correspond to a phase crystals, which increase with increasing solvent evaporation
temperature [20]. The vibrations bands at 1148 and 1295 cm™! are assigned to
symmetrical stretching mode of CF, and CF,(v,) and CF,(r), respectively. Further, the
vibration band at 838 cm™! is characteristics of the f-phase. At a given polymer
concentration (Fig. 5a), the vibration bands at 1148 and 1295 cm™! increase with
increasing solvent evaporation temperature and polymer/solvent ratio (Fig. 5b).

The specific bands at bands at 760 cm™*! and 838 cm™?! allow quantification of the a and
phase contents following the procedure presented in [20]. The phase
content was calculated from the FTIR spectra by applying [20]:

X A
F(B) == 4
Xo+Xp  (Kp/Ky)Ag + Ag

4)

where, F(f) represents the f-phase content; 4, and Az the absorbencies at 760 and
838 cm™?, corresponding to the a and g phase material; K, and K are the absorption
coefficient at the respective wave number and X, and Xz the degree of crystallinity of each
phase. The value of K, is 6.1 x 10* and K is 7.7 x 10* cm? /mol [20].



It is observed that the electroactive f-phase content decreases with increasing solvent
evaporation temperature for a given initial polymer concentration, and also decreases with

increasing polymer fraction in the initial
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Fig. 5. FTIR-ATR spectra for a) samples prepared from 20wt% PVDF-HFP initial polymer
concentration with solvent evaporated at different temperatures and b) samples prepared
after solvent evaporation at T = 100°C for different initial polymer concentration in the
PVDF-HFP/DMF system.

Table 2
B-phase content of the PVDF-HFP membranes as a function of the preparation conditions.

Samples B-phase /% + 2%

5/95, T =100°C 75
10/90, T = 100°C 66
15/85, T =100°C 22
20/80, T =100°C 16
20/80, T=50°C 24
20/80, T = 25°C 79

PVDF-HFP/DMF solution The evaporation rate is very important and affects the
crystalline phase of PVDF and copolymers [20]. For low evaporation temperatures,
crystallization is slow due to lower polymer chain mobility, which leads to nucleation of
the electroactive f-phase [20] due to strong polar interactions. For higher evaporation
temperatures, above 50°C, the evaporation rate is high, leading to crystallization of the
material in the a-phase (Table 2). Regarding membranes evaporated at 100°C with
different polymer concentrations, a decrease in the S-phase content with increasing
polymer content in the initial solution (Table 2) is observed. This depends on the sample
thickness (Fig. 1) and is explained by the solvent diffusion. Chinaglia et al., concluded the
polymer concentration affects the diffusivity of the solvent in the dispersed phase at high



temperatures, and the evaporation rate grows faster than the solvent diffusivity through
the polymeric solution [45].

Fig. 6 shows the DSC heating scans for the samples prepared from 20wt% PVDF-HFP
initial concentration for different solvent evaporation temperatures as well as for the
samples prepared after solvent evaporation at 100°C with different initial polymer
concentrations. Independently of solvent evaporation temperature and initial polymer
concentration, the melting behaviour is similar and characterized by a broad melting peak
in the range 120 to 145°C.

The large melting peaks observed in Fig. 6 are due to the melting of the crystalline phase
of the polymer. The differences observed in the shape of the peaks is attributed to the
existence of more defective crystals and/or the different crystalline phase present in the
PVDF-HFP polymer. The characteristic features of the materials obtained from the DSC
scans of Fig. 6, melting temperature ( T, ) and degree of crystallinity ( y ) calculated after
Equation 3, are summarized in Table 3. The melting temperature is similar, within
experimental error, for all samples except for sample evaporated at room temperature
(Fig. 6a), and also in line with the values reported in the literature for samples prepared
with 12wt% of HFP [46]. Therefore, it is concluded that solvent evaporation temperature
and initial polymer content in the solutions does not influence the melting temperature of
the samples, hence leading to similar crystalline characteristics [45].

The degree of crystallinity, on the other hand, shows a stronger dependence on the
processing conditions (Table
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Fig. 6. DSC scans for the samples prepared with 20wt% initial polymer concentration
evaporated at different temperatures a) and for the samples prepared after solvent
evaporation at T = 100°C for different initial polymer concentration content in the PVDF-
HFP/DMF system b).

Table 3
Melting temperature and degree of crystallinity of the membranes as a function of the
preparation conditions.

Samples T/ °C+1°C | x/% £ 2%




5/95, T = 100°C 134 18
10/90, T = 100°C | 135 14
15/85, T =100°C | 135 30
20/80, T =100°C | 138 35
20/80, T = 50°C 131 27
20/80, T = 25°C 140 33

3): whereas it is nearly independent of the solvent evaporation temperature, it shows a
strong dependence on the initial polymer content, the degree of crystallinity increasing for
increasing initial polymer concentration.

Decreasing initial polymer concentration leads to weaker polymer interaction during
polymer crystallization due to the larger relative solvent content. This results in a lower
degree of crystallinity [47].

Non-porous membranes are used in applications such as sensors and actuators and,
therefore, it is important to characterize the dielectric and piezoelectric properties.

The dielectric behaviour (complex permittivity) of the samples is shown in Fig. 7. For
PVDF homopolymer and its copolymers, it was reported that dielectric properties were
anisotropic with respect to different crystal orientations [48]. The dielectric behaviour (
¢’,tan § and ¢’ ) for the samples obtained after solvent evaporation at 50°C is the same as
for the samples obtained after evaporation at 100 °C, so only the dielectric results for the
PVDF-HFP membranes evaporated at 100°C are shown.

Fig. 7a) shows the variation of ¢’ for the samples with different polymer concentration
evaporated at 100°C, as a function of frequency.

All PVDF-HFP membranes show similar behaviour of ¢’ as a function of frequency. The &’
decreases with increasing frequency due to slower dipole mobility. The differences
observed in Fig. 7a) between membranes are correlated with the degree of crystallinity
(Table 3), and thus with the initial polymer concentrations in the PVDF-HFP/DMF
system.

The values of the dielectric constant, shown in the Fig. 7a) and 7d), are similar to the values
of dielectric constant for PVDF homopolymer ( a-phase, ¢ =7 and B -
phase, ¢’ = 12) [49]. The value of ¢’ for PVDF-HFP polymer found in the literature ranges
between 9.9 and 15, depending on the experimental conditions [46].

Regarding tan § (Fig. 7b), it is observed that it increases with increasing frequency for all
PVDF-HFP membranes, which can be attributed to the a, relaxation process, i.e., micro-
brownian movement of the amorphous phase chain segments or movement of crystalline-
amorphous interphase chain segments [50].

The real part of the conductivity of the dielectric material can be calculated from the
dielectric measurements presented in Fig. 7a) after Equation 5:



o' (w) = e (W) (5)

where ¢ is the permittivity of free space, w = 2rf is the angular frequency and ¢" (w) =
¢'tan § is the frequency dependent imaginary part of the dielectric permittivity [51].

The o' (w) values for the PVDF-HFP membranes at different polymer concentrations as a
function of frequency are presented in Fig. 7c). For all PVDF-HFP membranes, the
conductivity increases with increasing of frequency in a similar way.

Fig. 6a shows that the dielectric constant depends on the evaporation temperature, i.e.,
increases with the increasing temperature and depends on the crystalline phase present in
the polymer ( a - and B-phase). At the same polymer concentration, 20wt%, dielectric
constant increases with increasing of a-phase ( T =50°C,a phase =76% and T =
100°C, a-phase = 84% ).

Poling of the material is a critical step in the optimization of the piezoelectric response of
the samples in the electroactive phase [20,52,53], the final material response strongly
depending on processing conditions and resulting crystal microstructure structure. In this
way, the piezoelectric response, as evaluated by the d;; piezoelectric coefficient, was
optimized as a function of poling temperature and concentration as shown in Fig. 8.

Generally, the piezoelectric coefficient increases with increasing poling temperature, as
temperature increases the mobility of the molecular chains, allowing a more effective
orientation of the molecular dipoles though the interaction with the applied electric field
[54]. The maximum poling temperature used in the work is below
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Fig. 7. Electrical response for the samples obtained after solvent evaporation at T = 100°C
with different polymer concentrations in the PVDF-HFP/DMF system: a) dielectric
constant, b) tan § and c) conductivity. Insert of a) Variation of the dielectric constant as a
function of polymer concentration for at 1 kHz
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Fig. 8. a) Modulus of the piezoelectric d;5 coefficient for the membrane with 20wt% of
PVDF-HFP initial concentration and solvent evaporation temperature of 50°C as a
function of poling temperature and b) modulus of the d;; piezoelectric coefficient for the
solvent evaporation temperature of 100 °C and poling temperature of 100°C as a function
of polymer concentrations in the PVDF-HFP/DMF system.
the melting temperature, T, ~ 131 — 140 °C, in order to prevent sample degradation. Fig.
8a) shows the |d33| behaviour as a function of poling temperature for the membrane with
20wt% PVDF-HFP initial concentration and solvent evaporation temperature of 50 °C.
The observed behaviour is representative of the remaining samples studied in this work.

The piezoelectric coefficient is negative, and its modulus |d;3| increases with increasing
poling temperature from ~ 8 up to ~ 11pC/N + 2pC/N by poling at 80 and 100 °C
respectively. For increasing poling temperature up to 120°C, the |d;3| decreases to ~
9pC/N.

In this way, as temperature increases for a given poling field, the molecular chain mobility
increases, inducing better alignment of the dipolar moments with the applied electric field
and, therefore, an increase of the piezoelectric response [55]. This behaviour is hindered
close to the melting temperature due to irreversible effects on the crystalline
microstructure [56].

Fig. 8b) shows the behaviour of the |d;5| coefficient as a function of polymer concentration
in the PVDF-HFP/DMF system for solvent evaporation temperature of 100°C.

The modulus of the piezoelectric d;; coefficient decreases with increasing polymer
concentration in the PVDF-HFP/DMF system. This behavior is mainly attributed to the
different electroactive B-phase content within the PVDF-HFP polymer samples that
affects the piezoelectric properties of the polymer: the larger the f-phase content the
larger the piezoelectric response of the material [52]. The B-phase of the samples is
responsible for the piezoelectric properties. According to Fig. 8b), the | d33 | behaviour
follows the same trend as the g-phase content in the PVDFHFP, which depends on the
polymer concentration in the PVDF-HFP/DMF system.

The values of the d;; determined in this work are in accordance with the values observed
in the literature, i.e, He et al., |d53|/pC/N = 5.4 — 12.6 [57] for maximum field of 250MV/m
at room temperature and Huan et al. |d33|/pC/ N = 20 — 24[58] at poling fields from 20
to 160MV/m.



Discussion

The morphology, f-phase content and thermal properties of PVDF-HFP samples depend
on the initial polymer
concentration and solvent evaporation temperature, as shown in Figs. 2, 5 and 6. The
microstructural variations of the PVDF-HFP membranes shown in Fig. 2 are due to the
phase separation during the crystallization process, as demonstrated in the phase diagram
of Fig. 9. By solvent evaporation at room temperature, the membranes exhibit a degree of
porosity that depends on the polymer concentration, as illustrated in Fig. 3. Regardless of
the experimental conditions (PVDF-HFP concentration, 5-20 wt% and evaporation
solvent temperature, T = 25°C, T = 50°C and T = 100°C ), the membranes show p-phase
contents above 79% (Fig. 5 and Table 2). The degree of crystallinity determined by DSC
scans (Fig. 6) ranges between 11 and 35%, depending on the polymer concentration and
solvent evaporation temperature, which may be due to the deferral of the liquid-liquid
demixing process. The dielectric and piezoelectric properties are correlated with the
degree of crystallinity and S-phase content. The variation of these properties is understood
in terms of the initial position of the solution the PVDF-HFP/DMF phase diagram (Fig.

9).
The isothermal evaporation process can be described by the Flory-Huggins theory [59].

The Gibbs free energy fluctuations for binary systems (polymer/solvent) are described by
[60]:
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Fig. 0. Phase diagram for the PVDF-HFP/DMF system.
where n is the degree of polymerization, ¢’ is the polymer volume fraction and y,, is the
Flory-Huggins parameter for a binary mixture.

The Flory-Huggins parameter y;, in order to temperature is determined by.

X12 = ﬁ‘sz ™)

where R is the gas constant, v, is the molar volume of the solvent, T is the temperature,
and ¢ is the solubility parameter.

Through the Flory-Huggins theory (Equation 6), the phase diagram for the PVDF-
HFP/DMF system was constructed using v, = 77.4 cm3. mol~! (DMF volume molar), N =
3.5 (Solvay datasheet) and the solubility parameters (8pypr_pyrp = 17.2MPa'/2, 8§y =
24.7MPa'/?)[61,62].

The phase diagram is represented in Fig. 9 and shows the regions of stability, metastability
and instability of the polymer solution. These regions are separated by the binodal and the
spinodal lines, and the phase separation of the PVDF-HFP/DMF system can be controlled
through the initial polymer concentration and the solvent evaporation temperature.

The metastable region between the spinodal and binodal lines is referred to as the
nucleation and growth region. The phase separation occurs either by spinodal
decomposition or by nucleation and growth region (metastable region). The initial



position of the PVDF-HFP/DMF solution in the phase diagram (Fig. 9) for the preparation
of the membranes is represented by the circle.

At room temperature, for the different polymer/solvent ratios, the microstructure
formation is governed by competition between the phase separation dynamics and the
evaporation of the solvent. However, when polymer concentration is increased, the system
transits from the unstable ( 5wt% of PVDF-HFP) to metastable region ( 20wt% of PVDF-
HFP) in which the process is dominated by nucleation and growth, leading to PVDF-HFP
membranes with different degree of porosity (see of Figs. 2-3).

For a given polymer/solvent ratio ( 20/80 ) at different solvent temperatures ( 20°C and
100°C ), the system passes from the metastable region to the one-phase region
(homogeneous microstructure) and no porous microstructure is observed (Fig. 2). This is
also observed for others polymer/solvent ratios. At a given evaporation temperature (T =
100°C ), the piezoelectric coefficient depends on the polymer concentration and is related
to B-phase content and degree of crystallinity [52]. The |d33| coefficient decreases with
decreasing of the B-phase content and shows lower variation with the degree of
crystallinity of the samples.

Conclusions

Poly(vinylidene fluoride-co-hexafluropropylene) P(VDFHFP), membranes were prepared
by TIPS from DMF solutions varying initial polymer concentration and solvent
evaporation temperature.

PVDF-HFP membranes with a wide range of different morphologies and degrees of
porosity were produced.

The experimental results are correlated with the initial position of the solution in the phase
diagram for the binary system described by the Flory-Huggins theory. After solvent
evaporation at room temperature, the samples show a porous microstructure with varying
degree of porosity, attributed to the spinodal decomposition of the liquid-liquid phase
separation. These PVDF-HFP membranes present different f-phase content and degree
of crystallinity that can be controlled through the polymer concentration and evaporation
solvent temperature. These variations depend on the positions of the membranes in the
phase diagram determined by PVDF-HFP/ DMF system.

Both degree of crystallinity and S-phase content also determine the piezoelectric response
of the PVDF-HFP membranes, leading to suitable samples for applications in battery
separator membranes, sensors and actuators.
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