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ABSTRACT: Samples containing the three crystalline
phases of poly(vinylidene fluoride), «, B, and v, have been
obtained under distinct crystallization conditions. Samples
containing exclusively unoriented g phase have been ob-
tained by crystallization from dimethylformamide (DMF)
solution at 60°C. Oriented B phase has been obtained by
uniaxial drawing, at 80°C, of an originally « phase sample.
Samples containing exclusively « phase have been obtained
by melting and posterior cooling at room temperature. Sam-
ples containing both « and vy phases have been obtained by
melt crystallization at 164 °C for 16 and 36 h. Presence of the
crystalline phases in each sample were confirmed by Fourier
transform infrared spectroscopy (FTIR), differential scan-

ning calorimetry (DSC), wide-angle X-ray scattering
(WAXD), polarized light optical microscopy (PLOM), and
scanning electron microscopy (SEM). Infrared absorption
bands identifying unequivocally the presence of 8 and vy
phases in a sample are presented. It is shown that solution
crystallization at T < 70°C always results in the 8 phase,
regardless of the solvent used. Melt temperatures of the
respective phases have also been determined. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 100: 3272-3279, 2006
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INTRODUCTION

Poly(vinylidene fluoride) PVDF, has been extensively
investigated during the last three decades mainly be-
cause of its unequaled properties. PVDF can be easily
processed, and has excellent mechanical properties,
high chemical resistance, good thermal stability as
well as high pyro and piezoelectric coefficients. These
properties provide a wide range of scientific as well as
technological applications,' from simple protective
coatings for pipes and buildings to transducer devices,
detectors, ferroelectric memories, etc. Recently, PVDF
has also found several applications in biomedicine.
However, technological improvement of these devices
depends on film processing techniques of which the
properties are well known, optimized, and reproduc-
ible. This requires a better understanding of the effect
of processing on the type of crystalline phase ob-
tained, as this determines the material properties. As
an example, we may cite the pyro and piezoelectric
applications of PVDEF, which are believed to be inti-
mately related to the polar crystalline phase, known as
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B (or I). In addition to this phase, PVDF can also
crystallize into at least two other phases: a nonpolar
one, known as « (or II) and another polar one, known
as vy (or III). Conformation and structure of these three
phases, as well as, their characteristic infrared absorp-
tion bands and the associated vibration modes are
extensively documented in the literature.* '

As to the obtainment of each phase, the o phase is
more easily obtained, always resulting from melt crys-
tallization at any temperature. For films cast from an
appropriate solution, this phase predominates if evap-
oration occurs at temperatures above 110°C® Temper-
atures between 70 and 110°C result in a mixture of «
and B and temperatures below 70°C result exclusively
in the B phase. Oriented B phase can be obtained by
mechanical drawing, either uniaxial or biaxial, of films
originally in the « phase at temperatures between 70
and 90°C. Drawing at temperatures above 120°C re-
sult in the oriented « phase.” The y phase may be
obtained (either from the melt or solution casting) by
crystallizing at temperatures near the melt tempera-
ture (T,,) of the « phase.*'°™'* Annealing at tempera-
tures close to T,, also result in the vy phase, because of
a—y solid state phase transformation.'”'** A great
number of works have been published on the obtain-
ment and characterization of the different PVDF
phases, showing many conflicting results. Recent
works'>™'? have shown that low-temperature solution
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crystallization (T < 70°C) results in « or vy phase or
even a mixture of these, depending on the type of
solvent used, contradicting results obtained by other
authors who state that under these conditions the 3
phase should predominate.®>” These divergent results
occur largely because the main characterization tech-
nique employed is FTIR and some characteristic ab-
sorption bands of the 8 and vy phases either coincide or
are so close to each other that they can not be distin-
guished. In addition, some authors still confuse the
melt temperature corresponding to each phase.'®2%*!

The aim of this study was to show in an unequivocal
way which infrared absorption bands are characteris-
tic of each phase, and how each processing technique
may lead to a single phase or a mixture of phases. To
this end PVDF films at the different phases were ob-
tained through distinct processing techniques and
characterized by FTIR spectrometry, differential scan-
ning calorimetry (DSC), Wide-angle X-ray diffraction
(WAXD), and optical and electronic microscopy. Melt
temperatures of the three crystalline phases were also
determined.

EXPERIMENTAL
Materials and sample preparation
The following processing techniques have been used:

i. Films of 3 and 15 um thickness were obtained by
solution casting. A PVDF (FORAFLON F4000-
Atochem)/dimethylformamide (Merk, 99.5%)
solution was spread on a clean glass substrate
by means of a metallic blade. Initial solution
concentration was 20 wt % PVDEF. Solvent evap-
oration was carried out at 60°C on a tempera-
ture-controlled hot plate inside a fume hood.
After complete evaporation of the solvent,
within 60 min, the system was immersed in
distilled water at room temperature (25°C) al-
lowing facile removal from the substrate. This
sample was denominated as sample A.

ii. Sample A was melted at 220°C for 10 min on the
glass substrate and left to cool at room temper-
ature, resulting in sample B.

iii. Sample B was uniaxially drawn at 80°C at draw
ratios (relation between initial and final sample
length) of 3 and 4. The draw velocity used was 3
mm/min.

iv. Sample B was melted at 220°C for 10 min, sub-
sequently quenched (20°C/min) at 166°C, and
left to crystallize isothermally for 16 and 36 h.
After this period the sample was quenched in an
ice-distilled water bath.

Characterization techniques

FTIR spectra were obtained in a Perkin-Elmer Spec-

trum 1000 spectrometer with resolution of 2 cm™.
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Figure 1 FTIR transmission spectra of sample B (a), of
sample B drawn at 80°C with ratio of 3 (b) and 4X (c) and of
sample A (d).

Spectra were taken under scanning with a diaphragm
of 2 mm diameter. Calorimetric measurements (DSC)
were carried out in a TA Instruments Q100 equipment,
at a heating rate of 10°C/min. Wide-angle X-ray dif-
fraction (WAXD) was done in a Rigaku Rotaflex RU-
200B diffractometer. Optical microscopy images were
obtained in a Leica DMRXP optical microscope with
polarized light and in a Philips XL30-FEG scanning
electronic microscope.

RESULTS
IR spectroscopy

FTIR spectra of sample B undrawn, and at a draw ratio
of 3 and 4 are shown in Figure 1(a—c). Sample B,
melted and subsequently cooled to room temperature,
shows the characteristic spectrum of the a phase, with
well-defined absorption bands at 408, 532, 614, 764,
796, 855, and 976 cm ™~ !. As draw ratio increases the
intensity of the characteristic a phase bands decreases
and that of the bands at 445, 510, and 840 cm ™},
characteristic of the B phase, increases. This was as
expected; several investigation have reported that
drawing of a phase samples at 80°C causes a—f3
transformation.”?? Even at a draw ratio of 4, the 532,
614, 764, and 976cm ™! bands can still be seen, indicat-
ing that the o phase continues to be present in the
sample. The same figure also shows the spectrum of
sample A [Fig. 1(d)]. The 510 and 840 cm ' bands,
characteristic of the 8 phase, can be clearly seen, how-
ever virtually no considerable band corresponding to
the a phase. Hence, it seems evident that the solution
crystallized sample at 60°C presents almost exclu-
sively the B phase. This result corroborates those ob-
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Figure 2 FTIR transmission spectra of sample B (a) and of
sample B after melting and crystallization at 166°C for 16 h
(b) and 36 h (c).

8923 and will be confirmed

tained in previous works
by X-ray diffraction and DSC.

Figure 2(a—c) shows IR spectra of sample B, before
and after melting and subsequent isothermal crystal-
lization at 166°C for 16 and 36 h. It can be seen that
increase in crystallization time results in a decrease in
intensity of the characteristic & phase bands (408, 532,
614, 764, 796, 855, and 976 cm ') and an increase in
those characteristic of the y phase (431, 512, 776, 812,
833, and 840 cm ). This result was also as expected
from results in the literature, which shows that crys-
tallization of PVDF for long periods and at tempera-
ture close to T,, of the a phase results in the vy
phase.®!°3 This phase may either crystallize directly
from the melt or be formed from a—y solid phase
transformation. However, it is of importance that the y
phase presents some characteristic bands very distinct
from those presented by the B phase. The 840 cm ™'
band is common to both phases, and the 512 band is
very close to the 510 cm ™' band of the 8 phase. How-
ever, the 431, 776, 812, and 833 cm ™! bands are exclu-
sively of the y phase, and the 445 cm ™! band is exclu-
sively of the B phase. Figure 3(a,b) shows the spectra
of sample A and sample B after crystallization at
166°C for 36 h. Despite containing a mixture of the «
and vy phases, and therefore still presenting several
characteristic a phase bands, the sample crystallized at
166°C evidences the clear difference between the char-
acteristic B8 and vy phase bands. It is also evident that
the 840 cm ™! band is common to the two phases (in
the case of the vy phase it can be seen as a shoulder of
the 833 cm ™' band) and can be well distinguished
from the 833 cm ™! band, exclusively of the y phase, in
a spectrophotometer with 2 cm ™" resolution. There-
fore, to distinguish unequivocally between B and vy
phase in a sample, one should look for the existence or
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Figure 3 FTIR transmission spectra of sample A (a) and of
sample B after melting and crystallization at 166°C for 36 h

(b).

not of the 431, 776, 812, and 833 cm ™! bands, exclu-
sively of the y phase. Figure 4 presents the same
spectra shown in Figure 3, however, for very thin
samples (~3 um). The 1234 cm ™' band, which can be
seen only in very thin samples due to the intense
absorption in the 1150-1250 cm ™' region, which some
authors attribute to the y phase exclusively as vy,'**""*
is common to the 8 and vy phase, and therefore should
not be considered for distinguishing these phases. In
this figure another band at 1117 cm ™' can be seen as
well, which also seems to be characteristic of the y
phase. In addition to these differences between the
absorption bands of B and vy phases, the following
should be considered. The B phase is formed from
solution crystallization at low temperature (T = 90°C),

i
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Figure 4 FTIR transmission spectra of sample A (a) and of
sample B after melting and crystallization at 166°C for 36 h
(b) for thin films (~3 wm).
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Figure 5 DSC curves of sample B (a), sample B after draw-
ing at 80°C at a draw ratio of 4 (b), sample A (c) and sample
B after melting and crystallization at 166°C for 36 h (d).

predominating at T < 70°C. It can be obtained by
drawing originally a phase samples at temperatures
below 90°C or still by ultra quenching from the melt,
only possible for very thin films.>* The vy phase, on the
other hand, is only formed by crystallization or an-
nealing at high temperatures, close to T,, of the «
phase. Therefore, it is not possible to form these two
phases simultaneously from crystallization, neither
from the melt nor from solution.

Thermal analyses

Figure 5 shows DSC curves of samples A (c), B (a), B
after drawing at 80°C with a draw ratio of 4 (b) and B
after isothermal crystallization at 166°C for 36 h (d).
The melt temperatures (represented by the endother-
mal peak) of the phases « (a) and B (b e c) are seen to
coincide at 167°C, as already reported in a previous
investigation.® The similarity of the thermograms of
sample A (c) and of sample B after drawing (b) should
also be noted, demonstrating again that the phase
obtained from solution crystallization at 60°C is in-
deed the B phase. The thermogram of sample B crys-
tallized for 36 h at 166°C (d) shows 3 endotherms, in
addition to a shoulder at 171°C. The peak at 160°C
corresponds to fusion of the a phase consisting of very
small spherulites (~8 um), crystallized from quench-
ing the sample after isothermal crystallization at
166°C. The endotherm with a peak at 179°C corre-
sponds to the fusion of the y phase crystals formed
from the melt at 166°C, which predominates in the
nonringed spherulites and which will be dealt in the
following section. The endotherm at 189°C corre-
sponds to the fusion of the y phase crystals formed
from the a—y solid state phase transformation, which
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occurs in the ringed spherulites, originally formed by
the a phase, and which will also be dealt in the fol-
lowing section. The small shoulder at the onset of the
endotherm at 179°C, with the peak at about 171°C,
likely corresponds to the fusion of the a phase crys-
tallized at 166°C for 36 h, forming the ringed spheru-
lites that did not undergo the a—vy transformation.
These results agree with those obtained in previous
work'® and confirm that the sample crystallized from
solution at 60°C consists predominantly of the S
phase. The melt temperatures of the 8 and vy phases,
sometimes confused by a few investigators,'®2%!>>
are also confirmed. Obviously, the melt temperatures
corresponding to the several PVDF phases are of the
F4000 of Atochem resin. T,, of each phase depends on
the polymerization conditions and, therefore, on the
resin used. However, in any way, the melt tempera-
tures of « and B phases virtually coincide, for « crys-
tallized from the melt at T < 140°C (T, of the « phase
increases with increasing crystallization temperature).
In the same sample, T,, of the y phase crystallized
from the melt is about 8°C higher than that of the «
phase, and T,, of the y phase formed by the a—y
transformation is about 18°C higher than that of the «
phase.

Microscopy

Solution crystallized sample at 60°C presented a po-
rous structure formed by spherulites with a diameter
between 3 and 6 wm, as shown by the SEM micro-
graph in Figure 6. This structure renders whitish
translucent films becoming milky opaque when
thicker. This occurs because the cavities between the
solid /air interface reflect and refract the visible radi-
ation and even infrared in the range of 2000-4000
cm™' range, causing a slope in the spectrum base line,
as shown by Benz and coworkers.? This porosity may
be useful in PVDF membrane applications, however, it

Figure 6 SEM micrograph of sample A.
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Figure 7 SEM micrograph of sample B.

reduces mechanical strength of these films rendering
them little ductile. For this reason, sample A was
melted and cooled before drawing to avoid tearing
during the process. Another problem caused by the
high porosity of these films occurs during polariza-
tion: they break at relatively low electric fields, encum-
bering the polarization process. At present our re-
search group is making efforts to obtain porosity-free
unoriented B phase films. The size of solution crystal-
lized spherulites depends on temperature, and for thin
films may also depend on the substrate used. With in-
creasing temperature spherulite diameter increases®’
and the sample becomes less porous, however, «
phase formation increases. Samples crystallized at
140°C are transparent; however, they consist predom-
inantly of the a phase. Figure 7 shows a SEM micro-
graph of sample B, melted and cooled to room tem-
perature. Under these conditions crystallization likely
occurred between 130 and 140°C® forming ringed
spherulites with diameter between 20 and 40 um and
containing predominantly the o phase. This sample
showed to be very transparent, flexible and of excel-
lent mechanical strength, which facilitated drawing.
Figure 8 depicts a micrograph of sample B after draw-
ing at 80°C at a ratio of 4, showing the oriented fibril
structure of this sample. The 8 phase may thus either
present spherulites, when obtained from solution, or
oriented fibrils.

Figure 9 depicts a polarized light optical micro-
graph of sample B after fusion and crystallization for
36 h at 166°C, showing ringed and nonringed spheru-
lites as already described in previous works.®!%1227
The ringed spherulites are formed by melt crystalliza-
tion and contain predominantly the a phase. The non-
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Figure 8 SEM micrograph of sample B after drawing at
80°C with draw ratio of 4.

ringed spherulites, containing the y phase with small
a phase inclusions, are also formed from melt crystal-
lization, however only when this occurs at tempera-
ture close to T,, of the a phase (in the case of Atochem
F4000 resin, at T > 155°C). These spherulites lose
birefringence between 178 and 184°C, confirming that
this is the melt temperature range of the y phase
crystallized directly from the melt. When the sample
remains at temperature close to a phase T,, a solid
state a—vy phase transformation takes place in the
ringed spherulites. Part of the spherulites that experi-
enced this transformation lost birefringence only be-
tween 188 and 193°C, confirming that this is the melt
of the y phase formed from « phase transformation. A
detailed investigation on solid state a—y phase trans-
formation has been published in previous work."”

X-ray diffraction

Figure 10 shows diffractograms of samples A (c), B (a),
B drawn at 80°C at a draw ratio of 4 (d) and B after

Figure 9 Polarized light optical micrograph of sample B
after melting and crystallization at 166°C for 36 h.
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Figure 10 X-ray diffractograms of sample B (a), sample B
after melting and crystallization at 166°C for 36 h (b), sample
A (c) and sample B drawing at 80°C at draw ratio of 4 (d).

crystallizing for 36 h at 166°C (b). Table I lists values of
26 and of interplanar spacing d corresponding to the
peaks observed in the diffractograms of Figure 10. The
spectra of sample A (c) and sample B after drawing (d)
are seen to have a well defined peak at 26 = 20.26°,
referent to the sum of the diffractions in plane (110)
and, (200) characteristic of the 8 phase,””® confirming
again the obtainment of this phase during solution
crystallization at 60°C. The diffractogram of sample B
(a) presents peaks at 260 = 17.66, 18.30, 19.90, and
26.56°, referent to the diffractions in planes,(100),
(020), (110), and (021) respectively, all characteristic of
the « phase,”?® confirming observations by FTIR. The
diffractogram of sample B crystallized for 36 h at
164°C (b) is expected to present peaks characteristic of
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a and vy phases, since observations by FTIR and DSC
of this sample indicated a mixture of these phases.
Unfortunately, as far as we know, until now no char-
acteristic diffractogram of a sample containing exclu-
sively the y phase has been obtained yet and, there-
fore, the characteristic peaks of this phase are un-
known. This is due to samples containing the y phase
that always contain a large amount of the « phase.
Even samples remaining at 130 h at 166°C still pre-
sented FTIR absorption bands characteristic of both
phases. This occurs because the nonringed spherulites,
crystallized at elevated temperatures and containing
predominantly the y phase, always present a phase
inclusions.'”'* The a—vy transformation occurring in
the ringed spherulites at high temperature seems to be
never complete. A portion of the a phase always re-
mains in these spherulites.'® This way, the diffracto-
gram presented in Figure 10(b) is expected to contain
peaks corresponding to both « and y phases. Indeed,
peaks are seen at 20 = 17.66, 18.3, and 26.56°, all
characteristic of the a phase. A somewhat more in-
tense peak can also be seen at 20 = 20.04°, resulting
likely in the superposition of the «a phase peak at
19.90° and the peak characteristic of the y phase, of
which the 26 value is unknown. At present, our group
is attempting to obtain films with as much vy phase as
possible to be able to obtain a diffractogram of this
phase.

DISCUSSION

This investigation confirms that crystallization from
DMEF solution at T < 70°C results predominantly in
formation of the B phase, results that are already
obtained in previous works.>?**?* Films crystal-
lized from DMA solution also presented the same
results.® Few authors reported obtainment of « or vy
phase during solution crystallization at T < 80°C,
depending on the solvent or substrate used*'*'*?!
Very polar liquids such as dimethylsulfoxide (DMSO),

TABLE 1
Values of 20 and Respective d Spacing Observed in the
Diffractograms of Figure 10

26 d (A)
Phase o (Fig. 10a) 17.66 5.018
18.30 4.844
19.90 4.458
26.56 3.353
Phase B (Figs. 10c, 10e, and 10d) — —
20.26 4.38
Phases o + vy (Fig. 10b) 17.66 5.018
18.30 4.844
20.04 4.427
26.56 3.35
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N,N-dimethylformamide (DMF), N-methyl-2-pyrroli-
done (NMP), hexamethylphosphoramide (HMPA)
and N,N-dimethylacetamide (DMA), would result in
the y phase, whereas liquids like ethanol, cyclohex-
anone, and toluene would result in the o phase. Other
solvents like tetrahydrofuran (THF), methyl ethyl ke-
tone (MEK), and acetone would yield either y phase or
a mixture of o and vy phases. However, infrared anal-
ysis by these authors did not show the absorption
bands at 431, 776, 812, and 833 cm ™!, which unequiv-
ocally characterize the y phase. To characterize this
phase they used the 840 and 1234 cm ™! bands, which
as we have seen are common to both phases. There-
fore, likely on using strongly polar solvents, on dis-
solving the crystalline phase the phase obtained by
these authors was the B and not the y phase. When
other less polar solvents were used, dissolution of the
crystalline phase might not have occurred or dissolu-
tion might have been incomplete. Dissolution of the
PVDF crystalline regions requires polymer—solvent in-
teraction energy exceed that between the polymer
chains. When this does not occur the crystalline region
remains practically unaltered and the polymer will
swell, because of solvent penetration into the amor-
phous phase. Temperature increase may reduce chain
interaction, allowing solvent penetration into the crys-
talline region. Bottino and coworkers® investigated
PVDF solubility in several liquids. They observed that
liquids like DMA, DMF, DMSO, HMPA, NMP, tetra-
methylurea (TMU), triethylphosphate (TEP), and tri-
methylphosphate (TMP) manage to penetrate and dis-
solve the crystalline region of PVDF at 60°C. These
solvents were considered good solvents of this poly-
mer. Other liquids like THF, MEK, cyclohexanone,
and acetone were considered good swelling agents,
that is, at 60°C they manage to penetrate the amor-
phous phase, strongly swell the polymer and may
partially dissolve the crystalline phase. Others like
ethanol were considered poor swelling agents or non-
solvents. In this case, the liquids promote only slight
swelling of the polymer without practically affecting
the crystalline phase. If we look at the solvents used by
the authors in the aforementioned works*'*~'**! it can
be seen that when good solvents were used, they
stated that PVDF crystallization at 60°C resulted in the
v phase. The crystalline part of the polymer dissolved
and crystallized during solvent evaporation at 60°C.
However, we believe that the phase formed in this
case was the B phase and not the y phase. When good
swelling agents were used, they stated that an « phase
resulted, or still a mixture of a and vy, which we believe
have been « and B. In this case the liquid dissolved
only part of the original « phase of the sample that,
during evaporation at 60°C, crystallized into the
phase. The result was a mixture of the a phase, which
did not undergo dissolution, and the B phase. When
the liquid used was a poor swelling agent or nonsol-
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vent, the crystalline part originally in the a phase
remained practically intact, resulting in this same
phase.

We are convinced that solution crystallization at T
< 70°C will always result predominantly in formation
of the B phase, regardless of the solvent used, pro-
vided it is a good solvent for PVDF. As temperature
increases a phase formation increases, becoming pre-
dominant at T > 110°C. The vy phase can only be
obtained (either from the melt or from solution with a
good solvent), when crystallization occurs at temper-
atures near T,, of the a phase, or on annealing, also at
high temperature, of a sample originally in the «
phase. In the former case, application of an electric
field (~70 kV/cm) may favor formation of the vy
phase.*

CONCLUSIONS

Crystallization of PVDF from solution at T < 70°C
always results exclusively in 8 phase, regardless of the
solvent used, as long as it is a good solvent for this
polymer. Increase in temperature increases « phase
formation, becoming predominant at T > 110°C. The vy
phase is only obtained during crystallization either
from the melt or from solution at temperatures close to
T,, of the a phase, or by annealing an originally o
phase sample at these temperatures. To unequivocally
distinguish the 8 and vy phases in a sample employing
FTIR, one should attend to the presence or not of the
absorption bands at 431, 776, and 812 cm ™!, exclu-
sively of the y phase, and of the 445 cm™' band,
exclusively of the B phase. The 833 cm ™' band, al-
though exclusively of the vy phase, may be confused
with the 840 cm ™! band, which is common to both the
phases. The 1234 cm ™' band is also common to both
phases. The B phase melt temperature practically co-
incides with that of the « phase crystallized at T
< 140°C. In a same sample melt temperature of the vy
phase crystallized from the melt, forming nonringed
spherulites, is about 8°C higher than the T,, of the «
phase. Melt temperature of the y phase formed from
the a—y transformation, which occurs at high temper-
ature in the ringed spherulites is about 18°C higher
than the T,, of the a phase crystallized at this temper-
ature.
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