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A systematic study was carried out to investigate the effect of solvent type and temperature on the
formation of the a and b phases from solution cast PVDF. Three solvents with different boiling points
were used: N,N, dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP) and hexamethylphosphor-
amide (HMPA). Infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) revealed that the
type of phase formed depends on the crystallization rate of PVDF, which in turn is determined by the
evaporation rate of the solvent. Low rates result predominantly in the trans-planar b phase, high rates
predominantly in the trans-gauche a phase and intermediate rates in a mixture of these two phases,
regardless of solvent and temperature used. Since evaporation rate of the solvent is intimately related to
temperature, PVDF films can be obtained predominantly in either one of these phases, or a mixture of
these, by an adequate choice of the evaporation temperature range for a given solvent. The possible
solubility curves of the two polymorphs a and b of PVDF were sketched. The formation of different types
of spherulites, associated with the two different PVDF polymorphs, could be verified by surface micro-
graphs of the cast films.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

PVDF is a widely investigated semicrystalline polymer because
of its broad spectrum of applications [1,2]. A fascinating charac-
teristic of this polymer is its polymorphism, i.e., the possibility to
form different crystalline structures. Depending on the crystalli-
zation conditions this polymer may present at least four different
well-known crystalline structures: the orthorhombic a, b and
d phases, and the monoclinic g phase. The nonpolar a phase, most
readily obtained from the melt, has a trans-gauche conformation
(TGþTG�). The polar b phase, with improved pyro and piezoelectric
properties, has an all trans planar zigzag conformation (TTT). The
polar g phase, obtained from high-temperature crystallization, has
a conformation intermediate between that of the a and the b pha-
ses, consisting of a sequence of three trans linked to a gauche
(TTTG�TTTGþ). The d phase is a polar version of the a phase and is
obtained by polarizing an originally a-phase sample in a high
electric field (1.25 MV/cm) [3]. The a crystal has a dipole moment of
1.2 D normal to the chains and of 1.02 D in the direction of the
chains. The b crystal has a dipole moment of 2.1 D essentially
normal to the chain direction. Conversion between the distinct
þ55 1633615404.
orio Jr.).
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PVDF phases may occur by convenient thermal, mechanical or
electric treatments.

In certain applications it may be very important to obtain
a specific polymorph under controlled and reproducible conditions.
Therefore, in recent years many investigations have been con-
ducted regarding the effect of solvent type, humidity, concentra-
tion, temperature, substrate, and the addition of PMMA on the
formation of the polymorphs of solution cast PVDF [4–14]. Some of
these studies dealt with the production of membranes, using sol-
vent mixtures and phase inversion techniques [11,15]. However, the
effect of solvent type and temperature on the formation of the PVDF
polymorphs has been the subject of much controversy and little is
known on how to control the formation of a specific crystalline
phase through convenient choice of solvent and crystallization
temperature. In a previous work [16] it has been demonstrated that
the type of predominant phase strongly depends on the evapora-
tion temperature of the solvent. Temperatures below 70 �C
provided exclusively the b phase. At increasing temperatures for-
mation of the a phase commenced and became predominant above
110 �C. However, only one solvent, dimethylacetamide (DMA), was
used in that work and the indicated temperatures were specific for
this solvent.

The objective of the current work is to verify the effect of the
solvent properties and temperature on the formation of each
crystalline phase of PVDF, utilizing several solvents with distinct
boiling points. Since different boiling points result in different
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Fig. 1. DSC curve of the PVDF resin used.

Table 1
Properties of the solvents used

Solvent Formula Density at
20 �C (g/mL)

Boiling point,
Tb (�C)

Dipole moment
at 20 �C (D)

Vapor pressure
at 25 �C (Pa)

Acetone C3H6O 0.786 56.2 2.85 24 280
DMF C3H7NO 0.944 153 3.86 490
NMP C5H9NO 1.033 202 4.09 45
HMPA C6H18N3OP 1.03 235 5.54 9.3
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evaporation rates and, consequently, in different crystallization
rates of PVDF, this work also verified the effect of crystallization rate
on the formation of the PVDF polymorphs. The results provided
important information about the relationship between solvent type
and crystallization temperature range required to produce pre-
dominantly and reproducibly a specific crystalline phase of PVDF.

2. Experimental

The PVDF powder used was Foraflon F4000HD from Elf Ato-
chem. The melt temperature and crystallinity degree of the as-
received resin were obtained by calorimetric measurements using
a Q100 differential scanning calorimeter (DSC) from TA In-
struments in N2 atmosphere and heating rate of 10 �C/min. The
degree of crystallinity was calculated from the melt enthalpy, using
an equilibrium melt enthalpy of 104.6 J/g for the a phase [17]. The
organic solvents used were: acetone (Merck, 99.7%), N,N-dime-
thylformamide (DMF, Merck, 99.5%), N-methyl-2-pyrrolidone
(NMP, Mallinckrodt, 98%) and hexamethylphosphoramide (HMPA,
Fluka, 98%). These solvents were chosen because of their distinct
boiling points (Tb) and for being, with the exception of acetone,
good solvents of PVDF [18]. Acetone is considered as a good
swelling agent of PVDF, because at 60 �C it swells and partially
dissolves PVDF; however, at lower temperatures precipitation
occurs. Thermogravimetric analyses of the solution were carried
out in a 2950 TGA HR V5.4A equipment from TA Instruments, in the
temperature range between 30 and 250 �C and at a heating rate
of 10 �C/min. Infrared spectra (FTIR) were obtained using a Perkin–
Elmer Spectrum 1000 spectrophotometer with resolution of
2 cm�1 and diaphragm diameter of 2 mm. Scanning electron
micrographs (SEM) were obtained using a Philips XL30-FEG
microscope.

PVDF was dissolved in the different solvents at 60 �C for 6 h
under continuous agitation using a magnetic stirrer in a hermeti-
cally sealed glass flask. Initial concentration of the solution was
5 wt%. The acetone solution, even after stirring at 60 �C for 12 h, did
not become homogeneously transparent. The solutions were af-
terwards kept at a specific temperature, denominated the solvent
evaporation temperature, Ts, for 30 min, sufficient for reaching
thermal equilibrium. After this period the solution was spread on
a previously cleaned glass substrate kept on a hot plate at tem-
perature Ts. The whole system remained at this temperature for
30 min in a closed hood provided with exhaustion. This time was
sufficient for complete evaporation of the solvent and formation of
sustainable films with approximate dimensions of 3 cm� 4 cm�
5 mm. Tss used were 30, 40 and 50 �C for the acetone solution and
60, 80, 100, 120 and 140 �C for the DMF, NMP and HMPA solutions.
These temperatures were chosen to avoid reaching the boiling
points of the solvent and the onset of polymer melting. Next, the
films were removed from the substrate by immersing in distilled
water, and then kept at 60 �C for 12 h in an oven for drying and
removal of possible solvent residues. The heating plate used was
constructed in our laboratory and allows temperature control with
maximum variation of 2 �C in a 36 cm2 area. Films were maintained
in the center of this region.

3. Results

The DSC curve (heating) of the PVDF resin used is shown in Fig. 1.
The melt endotherm has a peak at 168 �C, with onset at approxi-
mately 140 �C. This onset temperature was used as limit for Ts. The
degree of crystallinity was calculated as 49%. The predominant
crystalline phase in this resin was a, as verified by FTIR.

Some properties of the solvents used are presented in Table 1.
Acetone is considered as a good swelling agent of PVDF [18] and

at room temperature (20 �C) the interaction energy between the
polymer chains is higher than the polymer/solvent interaction
energy. Thus, the crystalline region of PVDF remains practically
intact and only swelling results, as the solvent manages to pene-
trate the amorphous region. At increasing temperature the
interaction energy between polymer chains decreases and the
solvent manages to penetrate the crystalline region, causing com-
plete or partial dissolution. In the current work the PVDF/acetone
solution was kept at 60 �C for 12 h under stirring in a hermetically
closed glass vessel. After this period of time the solution still did not
show complete transparency. The solutions with the other solvents,
considered good solvents of PVDF [18], after 6 h stirring at 60 �C
showed to be completely transparent, confirming complete
dissolution of the polymer.

Results of thermogravimetric (TG) analyses of the solvents used
at 5 wt% solution are shown in Fig. 2. The aim of these analyses was
to observe the evaporation behavior of the different solvents as
a function of temperature. Acetone was not analyzed, because it is
not good solvent of PVDF, as will be shown next. Evaporation of
DMF, NMP and HMPA starts at approximately 30, 40 and 50 �C,
respectively. The derivative of the TG curves, i.e., DTG, provides the
variation of the evaporation rate of the solvent as a function of
temperature, as shown in Fig. 3.

As expected, solvents with higher Tb start evaporating at higher
temperature and present lower evaporation rate at a given tem-
perature. In the film forming process the evaporation rate of the
solvent is proportional to the crystallization rate of the polymer. So,
at a given temperature the crystallization rate of PVDF will be
inversely proportional to Tb and directly proportional to the vapor
pressure of the solvent used.

Figs. 4–7 show the infrared spectra (FTIR) of the films crystal-
lized at different temperatures and from different solvent solutions.
The characteristic bands of the a and b phases are indicated in the
figures.

The crystalline phases of PVDF can be characterizedby theinfrared
absorption bands between 400 and 1000 cm�1 [1,10,16,19–22].
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Fig. 3. Variation of the evaporation rate as a function of temperature for the three
solvents: (a) DMF, (b) NMP and (c) HMPA.
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Fig. 4. Spectrum of the films cast from acetone solution.
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Fig. 5. FTIR spectra of the films cast from DMF solution at different temperatures.
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Fig. 2. Results of thermogravimetric analyses of the solvents: (a) DMF, (b) NMP and (c)
HMPA. Solutions at initial concentration of 5 wt% and mass of z27 mg. Heating rate of
10 �C/min.
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Fig. 6. FTIR spectra of the films cast from NMP solution at different temperatures.
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Fig. 7. FTIR spectra of the films cast from HMPA solution at different temperatures.
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Fig. 8. SEM micrographs of the surface of the films cast from acetone solution at 30, 40
and 50 �C.
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The bands at 485 and 879 cm�1 are attributed to the amorphous
phase of PVDF, and can therefore not be used to identify any of the
crystalline phases. The bands at 408, 532, 614, 764, 796, 855 and
976 cm�1 are associated with the a phase of PVDF. The bands at 444
and 510 cm�1 are characteristic of the b phase and those at 431, 512,
776, 812 and 833 cm�1 are related to the g phase. The 840 cm�1 band
is common to the b and g phases; a sharp and well-resolved band
indicates the b phase, whereas a broad band indicates the g phase.
This broad band is due to overlapping with the 833 cm�1 band which
frequently appears as a shoulder [22,23].

Films crystallized from acetone solution at 30, 40 and 50 �C
presented very similar spectra, of which a representative is shown
in Fig. 4. All spectra showed predominance of the a phase with
a minor amount of the b phase. Since the PVDF resin used presents
almost exclusively the a phase, it is very likely that the polymer
crystals were only partially dissolved by acetone and part of the
resulting a phase is the original phase itself. The crystalline part
dissolved by acetone likely crystallized as a mixture of a and b,
resulting in a minor part of the latter. So, since acetone is not a good
solvent of PVDF, little and imprecise information can be obtained
regarding the type and amount of phase formed during crystalli-
zation from acetone solution.

The films crystallized from DMF solution (Fig. 5) contain pre-
dominantly the b phase for Ts� 80 �C. At 90 �C the evaporation rate
of the solvent is 4.1 mg/min (Fig. 3), which is assumed to be
approximately the rate necessary for the onset of a phase forma-
tion. At increasing Ts the amount of formed a phase increases up to
Ts¼ 140 �C where this phase becomes almost exclusive. These re-
sults are similar to those obtained in previous works, where DMF or
DMA was used as solvent [10,16]; Tb of these solvents is very close
(DMA has Tb¼ 165 �C and DMF has Tb¼ 153 �C). Films prepared
from NMP (Fig. 6) contain predominantly the b phase at Ts� 100 �C.
Above this temperature formation of a phase will start. The amount
of a phase increases as temperature is increased; however, even at
140 �C there is still a large amount of b phase present. It can be seen
from Fig. 3 that NMP evaporates at the required rate for a phase
formation of 4.1 mg/min only close to 120 �C. At this temperature
there is already a certain amount of a phase in the sample (Fig. 6),
indicating that in this case the required evaporation rate is likely
a little lower. In the samples prepared from HMPA (Fig. 7), at all
temperatures only the b phase was formed. In fact, this solvent
reaches the evaporation rate of 4.1 mg/min only above 140 �C
(Fig. 3). In Figs. 6 and 7 a weak band at 812 cm�1 can be seen, which
also appears in Fig. 5 at the temperatures of 60 and 80 �C, however,
less intense. The appearance of this band might indicate the exis-
tence of a small amount of g phase or that this band is common to
the b phase. It should be pointed out that weak bands like these
ones are frequently related to small inclusions of a specific crys-
talline phase in the sample and of which the detection depends on
the sample region that is analyzed and on the diameter of the
spectrophotometer diaphragm used [23]. Small diameters, of the
same order of the inclusions, allow determination of the existence
of these inclusions, as well as detection of closely lying bands, like
those at 833 and 840 cm�1 of the g phase. Spectra of the films
crystallized from HMPA solution (Fig. 7) also display a broad band
near 990 cm�1, characteristic of HMPA, indicating incomplete sol-
vent removal from the samples, even after 12 h at 60 �C in an oven.

Surface micrographs of the samples crystallized at different
temperatures and from different solvents are shown in Figs. 8–13.
Micrographs were obtained from the free surface of the samples,
i.e., opposite to the surface in contact with the glass substrate.

The films crystallized from acetone solution displayed similar
morphology at the three temperatures: 30, 40 and 50 �C. A repre-
sentative micrograph is shown in Fig. 8. PVDF is known to present
a morphology consisting of spherulites when crystallized from
solution or from the melt. However, the morphology of acetone cast
films consists of randomly interlinked lamellae, indicating that
acetone penetrated into the amorphous phase of PVDF and
destroyed the typical spherulitic structures of this polymer. Since
likely only a small part of the crystalline region was dissolved and
little crystallization occurred during solvent evaporation, no new
spherulites were formed. This result confirms the results obtained
from FTIR, i.e., acetone did not completely dissolve PVDF and no
predominant crystalline phases were formed during solvent
evaporation. Therefore, acetone will not be used in the in-
vestigation of the effect of solvent and temperature on the crys-
talline phases formed. However, the assumption made in a previous
work [10] is confirmed, i.e., when a good swelling agent is used in
solution crystallization of PVDF only part of the crystalline region
will be dissolved and the resulting crystalline phases will be
a mixture of the phase present in the resin and of those formed
during solvent evaporation.

Films crystallized at 60 �C from DMF solution displayed
spherulites with average diameter of 3 mm, whereas those crys-
tallized from NMP and HMPA solutions presented average di-
ameter of 2.5 mm. Sample porosity showed to be proportional to
solvent boiling point, i.e., the lower the evaporation rate of the
solvent the higher the sample porosity. At 80 �C the spherulite
diameter in the DMF cast films decreased to 2.7 mm and porosity
was reduced. In the NMP cast films the spherulites maintained
practically the same size and in the HMPA cast films they increased
to 3 mm. In both cases porosity was slightly reduced and remained
proportional to the boiling point of the solvent. At 100 �C the film
crystallized from DMF solution showed lower porosity, spherulites
with average diameter of 5 mm and radial lamellae between the
spherulites. This was the temperature at which the FTIR spectra
started indicating the formation of the a phase (Fig. 5, 100 �C), and
these radial lamellae are therefore likely related to this phase. So,
from now on the spherical structures will be denominated as
b spherulites and the radial lamellae as a spherulites. The films
crystallized from NMP and HMPA solutions presented only
b spherulites with average diameter of 4 mm and high porosity still.
At this temperature no radial lamellae were seen between the
spherulites. At 120 �C the film crystallized from DMF solution
presented predominantly a spherulites, with average diameter of
6–7 mm, few b spherulites and practically no porosity. NMP cast
films presented 7–8 mm b spherulites with some a spherulites
between these. The FTIR spectrum of this film indeed shows the
beginning of the formation of the a phase (Fig. 6, 120 �C). The
HMPA cast films only presented 6–7 mm b spherulites, in agree-
ment with the results obtained by FTIR (Fig. 7). The NMP and
HMPA cast films remained porous. At 140 �C the DMF cast samples
contained only a spherulites of approximately 12 mm, the NMP



Fig. 10. SEM micrographs of the surfaces of films cast at 80 �C from DMF (a) NMP (b)
and HMPA (c) solutions.

Fig. 9. SEM micrographs of the surfaces of films cast at 60 �C from DMF (a) NMP (b)
and HMPA (c) solutions.
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ones a mixture of a and b spherulites of about 10–12 mm and the
HMPA ones only b spherulites of about 12 mm. The DMF cast
sample presented almost no porosity and the NMP cast sample
little porosity. The HMPA cast sample remained very porous and
the spherulites presented small voids on the surface. All these
results are in agreement with FTIR results.

The increase in temperature and, consequently, increase in
crystallization rate, resulted in slightly larger spherulites. This fact
can be explained in terms of the PVDF crystallization rate, which
has a maximum close to 145 �C [28] and therefore we are in the
region where the crystallization rate increases with increasing
temperature (between 60 and 140 �C), due to the increase
in growth rate and reduction in nucleation rate. This results in
an increase in spherulite size as crystallization temperature
increases.
4. Discussion

The mechanism behind solution crystallization of polymers is
very complex and still little is known on molecular level. The
crystallization rate is intimately related to the evaporation rate of
the solvent, which in turn depends on the boiling point (which is
proportional to the intensity of the dipole moment of the molecules)
and on the temperature at which crystallization occurs. The results
obtained in this work indicate that the resulting crystalline phase
depends on the crystallization rate. Low rates result predominantly
in the trans-planar b phase, high rates predominantly in the trans-
gauche a phase and intermediate rates in a mixture of these two,
regardless of the solvent or temperature used. Low crystallization
rates favor the trans conformations and high rates favor the gauche
conformations. Such behavior was previously suggested by Tashiro



Fig. 11. SEM micrographs of the surfaces of films cast at 100 �C from DMF (a) NMP (b)
and HMPA (c) solutions.

Fig. 12. SEM micrographs of the surfaces of films cast at 120 �C from DMF (a) NMP (b)
and HMPA (c) solutions.
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[1]. To confirm this tendency, a sample was crystallized from DMF
solution at 140 �C, under the same previous conditions, however,
covered with an 80 cm3 glass bell jar. In this manner, the solvent
evaporated in a saturated atmosphere, reducing the evaporation
rate. The FTIR spectrum of this film is shown in Fig. 14. For com-
parison sake, the spectrum of the sample crystallized under the
same conditions but without the bell jar (same spectrum of Fig. 5,
140 �C) was also included. The micrograph of the film surface is
shown in Fig. 15.

The FTIR spectra show that in the film crystallized at 140 �C
under the bell jar, a and b phases were formed with predominance
of the latter. In the absence of the bell jar only the a phase was
formed. The micrograph of the film crystallized under the bell jar
shows a morphology composed predominantly of b spherulites and
small formations of a, confirming the FTIR results. This experiment
confirms that for a same solvent and a same temperature, reduction
in the solvent evaporation rate and, consequently, the crystalliza-
tion rate of PVDF, favors the formation of the trans phase. It is also
interesting to note that the film crystallized under the bell jar
presented a band at 812 cm�1 with an intensity stronger than that
seen in the NMP and HMPA solution cast samples (Figs. 6 and 7), as
discussed previously. In addition, a band at 431 cm�1 is also seen,
considered characteristic of the g phase. Formation of this phase is
possible, considering the fact that in its conformation trans bonds
(TTTG�TTTG+) also prevail, despite previous studies [10,16,21,22,24]
showing that this phase only is formed near Tm of PVDF. Moreover,
the DSC curve of this sample (not shown) did not display the melt
endotherms corresponding to this phase, with peaks at about 179
and 188 �C [10,22]. Only one endotherm was observed with peak at



Fig. 13. SEM micrographs of the surfaces of films cast at 140 �C from DMF (a) NMP (b)
and HMPA (c) solutions.
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Fig. 14. FTIR spectra of the films cast from DMF solution at 140 �C under the bell jar (a)
and without the bell jar (b).

Fig. 15. SEM micrograph of the surface of film cast from DMF solution at 140 �C under
the bell jar.

R. Gregorio Jr., D.S. Borges / Polymer 49 (2008) 4009–4016 4015
168 �C, corresponding to the melt of the a and b crystals [10,16]. The
low evaporation rate favored the formation of the b phase, how-
ever, at high temperature it might have allowed the formation of
some gauche conformations, resulting in TGþTG� and TTTG�TTTGþ

sequences, and consequently, in the characteristic bands of the
a and g phases. However, it is most likely that the bands at 431 and
812 cm�1 are common to the b and g phases, being more intense in
the samples where the g phase, formed from the a / g phase
transformation [10], predominates. Hence, in solution crystalliza-
tion of PVDF it seems that the resulting crystalline phase is de-
termined neither by the type of solvent nor by the evaporation
temperature, but by the crystallization rate. An explanation for this
behavior might be given considering that in PVDF the b phase is
thermodynamically more favorable, whereas the a phase is kinet-
ically more favorable [1,25]. When crystallization rate is slow, the
chains can relax and form the thermodynamically more favorable
trans conformation. On the contrary, when crystallization rate is
fast, the entropically more favorable conformation does not have
sufficient time and thermal energy to form and prevail the
kinetically more favorable gauche conformation. In very thick
samples, where the solvent evaporation rate at the surface and in
the bulk can be very different, formation of different amounts of
each crystalline phase may occur throughout sample thickness.
Relative humidity and solution concentration also interfere in
solvent evaporation rate and will, consequently, influence the type
of phase formed.

The results obtained also allowed to sketch the possible solu-
bility curves of the two PVDF polymorphs, shown in Fig. 16.

The solid lines represent the solubility curves of the a and
b polymorphs and the dashed lines represent the limits of the
metastable zones of the two phases. The intersection of the two
solubility curves yields the transition temperature (Tx) between the
two forms. When an unsaturated solution with a given initial
concentration is maintained at a temperature below T1, evaporation
of the solvent will increase the concentration until it surpasses the
solubility curve of the b polymorph and reaches the metastable
zone (point P1). At this point nucleation and growth of the b phase
occur spontaneously and this will be the predominant phase. If the
solution is maintained at a temperature between T1 and Tx, con-
centration will cross the a phase solubility curve before reaching
the limit of the b metastable zone (point P2) and both forms may



Fig. 16. Solubility curves of the two polymorphs a and b of PVDF, adapted from
Ref. [26]. The dashed lines represent the limits of the metastable zones of the two
phases.
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nucleate and grow, resulting in a mixture of the a and b phases. The
closer to temperature Tx the higher the amount of formed a phase.
At the transition temperature Tx approximately equal amounts of
the two phases will form, if the nucleation and growth rate of the
two phases are similar. Temperatures between Tx and T2 also result
in a mixture of the two phases, with predominance of the a phase,
of which the amount increases with temperature. Above T2 only
a phase is predominantly formed. Solvents with different boiling
points and, consequently, distinct evaporation rates, present dif-
ferent temperatures T1, T2 and Tx. The result obtained in the present
work shows that for DMF, T1 z 80 �C, Tx z 100 �C and T2 z 130 �C.
For NMP, T1 z 100 �C, Tx z 120 �C and T2>140 �C and for HMPA
T1>140 �C. The relation between these temperatures for the three
solvents is proportional to the relation between their boiling points.
The initial concentration of the solution should affect the process,
as it also alters the crystallization rate.

In the isothermal crystallization of polymers from the melt,
crystallization kinetics is sensitive to small temperature variations.
Temperatures close to Tm of the polymer reduce the crystallization
rate by reducing the nucleation and growth of the crystallites. For
PVDF these temperatures favor the trans conformation, through
crystallization of the g phase and the a / g phase transition
[10,16,21,22,24]. When the temperature is reduced crystallization
rate increases, favoring the gauche conformation and the a phase is
predominantly formed. So, in melt crystallization the crystalliza-
tion rate also seems to determine the phase that will be formed.
Apparently low crystallization rates favor formation of the ther-
modynamically more favorable trans conformations, and high rates
favor the kinetically more favorable gauche conformations. Some
works have shown that in PVDF/PMMA blends, with 10–20%
PMMA, the b phase may be formed by quenching from the melt
[27–29]. This probably occurs because PMMA acts as a diluent and
reduces the crystallization rate of PVDF, favoring crystallization of
the trans conformation.

In the preparation of membranes by the phase inversion tech-
nique [15], where the polymer/solvent solution is spread on a sub-
strate and subsequently immersed in a nonsolvent, solvent removal
increases and, consequently crystallization of the polymer, of which
the intensity depends on the temperature of the nonsolvent.
Buonomenna et al. [11] observed that, when a 12 wt% PVDF/DMF
solution was spread on a substrate and immersed in a coagulation
bath (water), the resulting crystalline phase depended on the water
temperature. FTIR and XRD analyses revealed that at T¼ 25 �C the
b phase predominated and at T¼ 60 �C the a phase predominated.
Our results showed that in the crystallization from PVDF/DMF
solution a phase only predominates when the evaporation tem-
perature exceeds 120 �C (Fig. 5). In the work of Buonomenna et al.
the coagulation bath at 60 �C accelerated the solvent withdrawal
process and, consequently, the crystallization rate, resulting pre-
dominantly in the a phase, even at that temperature. At coagulation
at 25 �C mass transfer by diffusion of the solvent and nonsolvent
was slower, resulting in a lower crystallization rate and, conse-
quently, in predominant formation of the b phase. Therefore,
crystallization of PVDF by the phase inversion technique also cor-
roborates our results, i.e., the resulting crystalline phase depends
on solvent removal rate, which is intimately related to the
crystallization rate of PVDF.

5. Conclusions

In the solution crystallization of PVDF, the resulting crystalline
phase depends on the crystallization rate, which in turn is
determined by the evaporation rate of the solvent. Low rates favor
the formation of the trans-planar b phase, high rates result pre-
dominantly in the formation of the trans-gauche a phase and in-
termediate rates allow formation of both phases. Thus, it is possible
to produce predominantly and reproducibly a specific crystalline
phase of PVDF, by controlling the evaporation rate of the solvent, as
long as a good solvent of PVDF is used. Results also showed that
these polymorphs are likely associated with spherulites of different
lamellar structures.
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