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ABSTRACT: The influence of the solvent-evaporation
rate on the formation of a and b crystalline phases in so-
lution-cast poly(vinylidene fluoride) (PVDF) films was
systematically investigated. Films were crystallized from
PVDF/N,N-dimethylformamide solutions with concentra-
tions of 2.5, 5.0, 10, and 20 wt % at different tempera-
tures. During crystallization, the solvent evaporation rate
was monitored in situ by means of a semianalytic bal-
ance. With this system, it was possible to determine the
evaporation rate for different concentrations and temper-
atures of the solution under specific ambient conditions
(pressure, temperature, and humidity). Fourier-Transform
InfraRed spectroscopy with Attenuated Total Reflectance
revealed the b-phase content in the PVDF films and its

dependence on previous evaporation rates. Based on the
relation between the evaporation rate and the PVDF
phase composition, a consistent explanation for the dif-
ferent amounts of b phase observed at the upper and
lower sample surfaces is achieved. Furthermore, the role
of the sample thickness has also been studied. The ex-
perimental results show that not only the temperature
but also the evaporation rate have to be controlled to
obtain the desired crystalline phases in solution-cast
PVDF films. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
116: 785–791, 2010
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INTRODUCTION

Mainly in view of their piezo- and pyroelectric prop-
erties, poly(vinylidene fluoride) (PVDF) and some of
its copolymers are used in several practical device
applications.1,2 PVDF has a relatively simple chemi-
cal composition, lying between those of polyethylene
and of polytetrafluoroethylene, which not only pro-
vides its molecular chain with high flexibility but
also leads to some stereochemical constraints. The
large difference in electronegativity between fluorine
and hydrogen leads to a permanent electric dipole
moment of the monomer unit that is approximately
perpendicular to the chain axis. PVDF can be made

piezo-, pyro-, and ferroelectric with an adequate
sequence of processing steps. It is a semicrystalline
polymer with at least four crystalline phases,
the amount of which depends on the particular
preparation conditions and which are usually la-
beled as a, b, c, and d.3

The nonpolar a phase is kinetically favored and
may be obtained directly from the melt. In the a
phase, the chains adopt a helical trans-gauche
(TGþTG�) conformation, allowing a larger separa-
tion between fluorine atoms.4 Although more diffi-
cult to obtain, the polar b phase is the most interest-
ing from a technological point of view because of its
strong piezo-, pyro-, and ferroelectric properties, as
the chains adopt a planar zig-zag (all-trans or TTTT)
conformation with a dipole moment of 2.1 D (Debye
units, 1.0 D ¼ 3.33564 � 10�30 C m) per monomer
unit. Investigations of the crystallization process and
of its dependence on temperature, on time, and on
the nature of the solvent indicate that the b phase is
thermodynamically more favorable. Conversion
from the a into the b phase may achieved along
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several routes that include mechanical stretching,5,6

application of high electric fields in the solid state,7

quenching directly from the melt,8 and crystalliza-
tion from solution at low temperatures.9

Preparation of a PVDF sample normally leads to
more than one crystalline phase, in addition to an
amount of amorphous phase. Significant efforts have
been made to obtain a specific polymorph under re-
producible, well-controlled conditions. For sample
preparation from solution, for instance, the overall
morphology may be controlled by adjusting the tem-
perature, the type of solvent, the ambient conditions,
and the solution concentration.9–14 Gregorio and
Borges10 studied the effect of solvents with different
boiling points at several different temperatures on
the formation of the a and b phases during crystalli-
zation from solution. The amount of crystalline
phases in PVDF was found to depend on the crystal-
lization rate, which in turn depends on the solvent
evaporation rate. Low evaporation rates favored for-
mation of the b phase, whereas high rates resulted
mainly in the a phase.

Because of the myriad of conditions and parame-
ters affecting the formation of distinct phases in
PVDF, a fine control is still lacking. Most authors
have concentrated on the temperature as a single pa-
rameter to exert control, but in this article, we show
that the evaporation rate may play an even more im-
portant role. To this end, we systematically investi-
gated the crystallization of PVDF in N,N-dimethyl-
formamide (DMF) solutions. The evaporation rate,
R, at various concentrations was determined in situ
at different crystallization temperatures and solution
concentrations. The influence of the evaporation rate
on the resulting crystalline phases and on the phase
distribution across the sample thickness is also
discussed.

EXPERIMENTAL DETAILS

Solutions were prepared by dissolving PVDF pow-
der (SolvayV

R

, 1000LD706S10) in N,N-DMF (Roth
99.9%) to concentrations of 2.5, 5.0, 10.0, and 20.0
wt % (close to the critical concentration). A homoge-
neous, transparent solution was achieved by dissolv-
ing PVDF at 60�C for 6 h in a hermetically sealed
glass flask, under continuous stirring with a mag-
netic stirrer. The solution was kept at the intended
crystallization temperature for 30 min, which was
sufficient for thermal equilibrium. Then, it was de-
posited by means of drop-casting onto a previously
cleaned glass substrate on a temperature-controlled
hot plate. The evaporation rate of the solvent during
crystallization was determined in situ with lever sys-
tem for force (weight) transmission from the hot
plate to a semianalytic balance (Kern, model 440-

21A) at a resolution of 0.001 g. The system was
arranged so as to minimize the influence of air flow
on the balance during the measurement, and it was
calibrated for detecting masses to an accuracy of
60.01 g and could keep the temperature within
61�C of the intended temperature.
Fourier-Transform InfraRed spectroscopy with

Attenuated Total Reflectance (FTIR-ATR) of the films
were taken with a spectrometer (Bruker Optics,
model Alpha) with resolution of 4 cm�1. The sample
was pressed with a controlled pressure onto a Ge
(Germanium) crystal, minimizing the effect of sur-
face wrinkling and porosity. All the experiments
were performed at room temperature (approxi-
mately 22�C), at a relative humidity between 15 and
25% and at atmospheric pressure between 1009 and
1023 mbar.

RESULTS AND DISCUSSION

Influence of the solution concentration on
the solvent evaporation rate

The evaporation rate of a solvent depends not only
on intrinsic characteristics, such as boiling point and
viscosity, but also on external factors including tem-
perature, pressure and concentration of the vapor
phase. Figure 1(a) shows the time dependence of
the mass loss (i.e., the transition from the liquid to
the vapor (gas) phase) per area for different tem-
peratures of the solvent DMF. The mass loss
decreases practically linearly at a given tempera-
ture, which indicates a constant evaporation rate
(R) that increases with temperature as shown in
Figure 1(b). For pure DMF, R lies between �4.2 �
10�4 kg s�1 m�2 (at 60�C) and �4.1 � 10�3 kg s�1

m�2 (at 120�C). The inflection of the curves near
zero mass in Figure 1(a) indicates that the evapora-
tion is faster in some areas than in others. There-
fore, the evaporation rates quoted here are average
values for an area of approximately 20 cm2. Never-
theless, the strong inflection means that the experi-
mental result came close to the ideal situation of
uniform evaporation.
For a molecule to leave the surface of a material,

the normal component of its velocity must result in
a kinetic energy that is larger than the intermolecu-
lar bonding. Evaporation is favored at increased
temperatures (i.e., at higher average kinetic energies
of the solvent molecules) and results in a loss of in-
ternal energy from the solution. However, in our
experiment, the internal energy was replenished by
the heating system, which kept the temperature
constant.
The evaporation process of a solvent from a poly-

mer solution can be divided into two stages.15 In the
first stage, the solution is rich in solvent, and the
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mass of the solvent decreases linearly. It is fast
because the solvent evaporation rate is high, being
practically the same as for the pure solvent, regard-
less of the (relatively small) fraction of polymer.
During this fast regime, the solvent concentration at
the air–solution interface and the solvent diffusion
coefficient are high, and the evaporation rate is
dominated by the solvent diffusion coefficient. In the
second stage, the diffusion coefficient decreases sig-
nificantly with the decrease in the weight fraction of
the solvent. The diffusion coefficient decreases
because of the microstructure evolution through
phase separation. Diffusion becomes very slow, with
an insufficient availability of solvent to sustain con-
stant evaporation at the air–solution interface, which
results in a loss of the linearity. The reduction in sol-
vent fraction or increase in concentration close to the
air interface also causes the partial vapor pressure of
the solvent to decrease. This decrease leads to a
growing reduction of the evaporation rate and thus
to the observed deviation from the linearity. In this

regime, evaporation is limited by the diffusion of
solvent to the interface. The higher the initial con-
centration of the solution, the longer is the second
evaporation stage. The transition from the first to
the second stage is characterized by a time tc at
which the evaporation rate starts to decrease. tc
decreases with the increase of the initial concentra-
tion of the solution.
A typical example of the behavior discussed above

is illustrated in Figure 2, which depicts the mass loss
per area (mass–density loss) for PVDF/DMF solu-
tions with different concentrations at 80�C. A linear
behavior is observed at low concentrations, but devi-
ations are apparent at higher concentrations. Com-
parison with Figure 1(a), where inhomogeneities in
the evaporation area were inferred, indicates that
other factors than the concentration also affect the
evaporation rate.
Figure 3 shows the time derivative of the PVDF þ

DMF 20 wt % curve from Figure 2. At times below
about 140 s, the evaporation rate is constant, which
indicates that the diffusion of solvent in the solution
is sufficient to compensate the mass loss due to sol-
vent evaporation (first stage). At longer times, the
evaporation rate begins to decrease, as the effect
from an increased concentration becomes larger than
the solubility effect. Then, solvent diffusion de-
creases considerably because of an increased phase
separation (second stage). A turning point appears
in Figure 3 at a time of almost 1000 s, which results
from a decrease in the evaporation area. At times
above 1000 s, two factors contribute to a decrease of
the evaporation rate, namely the increase in concen-
tration and the decrease in evaporation area. The lat-
ter was also observed by visual inspection of the so-
lution during the crystallization process at times
around 1000 s.

Figure 1 Time dependence of the DMF mass–density loss
at different temperatures (a) and temperature dependence
of the DMF evaporation rate (b). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 2 Mass loss per area of a PVDF þ DMF solution
for different concentrations at a temperature of 80�C.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The aforementioned results show that the PVDF
solution reached the saturation of 23 wt % at tc
¼ 140 s, i.e., the initial concentration was very close
to the critical concentration, above which phase sep-
aration could occur. If we take 23 wt % as the critical
concentration, for distinct concentrations tc is esti-
mated as 735 s at 2.5 wt %, 720 s at 5.0 wt %, and
588 s at 10.0 wt % for a crystallization temperature
of 80�C. The results in Figure 2 illustrate that R
remains constant below tc (concentration lower than
23 wt % of PVDF) but is concentration dependent.

Figure 4(a,b) represents the behavior of the evapo-
ration rate during the first stage for solutions with
different concentrations. Between 60 and 120�C, the
relative decrease of the evaporation rate with con-
centration was always practically the same. The
evaporation rate for the polymer solution with the
highest concentration (20% of PVDF) is 60–70% of
the evaporation rate for pure DMF at all tempera-
tures. However, the evaporation rate is much higher
at higher temperatures. For instance, R ¼ �1.5
� 10�4 kg s�1 m�2 at 120�C, close to four times the
value at 60�C. At low temperatures, the solvent dif-
fusivity is practically constant, which means that the
rate of sample crystallization is uniform throughout
the bulk. In contrast, the 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 poly-
meric solution. Hence, the evaporation rate is lower
than for the pure solvent because not enough sol-
vent reaches the solution/air interface. Thus, the so-
lution concentration at the top surface increases at
high temperatures, which favors thin-layer crystalli-
zation at the surface, yet another factor for decreas-
ing the evaporation rate.

Influences of the evaporation rate and of the film
thickness on the b-phase fraction

It has previously been shown that the formation of b
PVDF depends on the evaporation rate.9 Therefore, a
similar influence is expected from the sample thick-
ness. The FTIR-ATR spectra in Figure 5 were
obtained on the upper surface of thin (10–12 lm)
films prepared by means of crystallization at various
evaporation rates (R). Identical spectra were ob-
tained for the bottom surfaces of the same samples
(not shown), indicating that the crystalline phase
across the sample is uniform in thin films. One
recalls that the penetration depth of infrared (IR)
light in polymers lies between 0.1 and 5 lm,
depending on the respective wavenumber. Hence,
the maximum penetration of the IR beam is approxi-
mately half the sample thickness.
The relative b-phase fraction of each sample, F(b),

was estimated using a procedure analogous to that
of Osaki and Kotaka,16 where the IR absorption is

Figure 3 Time derivative of the curve for PVDF þ DMF
20 wt % from Figure 2. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Figure 4 The evaporation rate of PVDF þ DMF solutions
as function of temperature (a) and of solution concentra-
tion (b). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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assumed to follow the Lambert-Beer law. F(b) in a
sample containing both phases can be written as
follows:

FðbÞ ¼ Ab

1:3Aa þ Ab
(1)

in which Aa and Ab are the ratios of incident and
absorbed intensity at 765 and 840 cm�1, respectively,
and the constant factor 1.3 was obtained from the
absorption coefficient rate Kb/Ka at the correspond-
ing wavenumber.9

The relative b-phase fraction decreases sharply
with both the temperature and the evaporation rate,
as shown in Figure 6. Although a similar tempera-
ture dependence had already been observed by Gre-
gorio and Cestari,9 the results that were obtained in
the present study point to the evaporation rate as
another important factor.
For thicker PVDF films, the FTIR-ATR spectra for

the top surface are no longer with the same as those
for the bottom surface, as illustrated in Figure 7(a,b),
respectively. The spectra are identical for the top
surfaces, regardless of the sample thickness, but the
same does not apply for the bottom surfaces. For the
latter, the band at 840 cm�1, assigned to the b phase,
increases with thickness, whereas the band at 763
cm�1 (characteristic of a phase) decreases with
thickness.

Figure 5 FTIR-ATR spectrograms for the upper surface
of thin PVDF samples crystallized at different evaporation
rates, R, starting from PVDF þ DMF solutions of 2.5 wt %.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6 Fraction of b phase, F(b), as a function of the
solvent-evaporation rate and the crystallization tempera-
ture for initial solution concentrations of 2.5 wt % of
PVDF þ DMF. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 7 FTIR-ATR results for different sample thick-
nesses, after crystallization at R � –1.5 � 10�3 kg s�1 m�2

at 100�C. (a) Upper sample surface and (b) lower sample
surface. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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The change in the b-phase fraction with sample
thickness is depicted in Figure 8, for various temper-
atures (the complete spectra from which the data
were extracted are not shown). At low temperatures,
(T ¼ 60�C) and low evaporation rates, the b-phase
fraction does not depend on film thickness and is
the same at the top and bottom surfaces because of
a uniform solvent evaporation rate across the sample
volume. In contrast, at T ¼ 80�C, the fraction of the
b phase increases strongly with film thickness, being
slightly higher at the bottom surface. At 100 and
120�C, the b-phase fraction is considerably higher at
the bottom surface. This observation is attributed to
higher evaporation rates at the upper sample sur-
face, which crystallizes first, thus favoring the for-
mation of the a phase. These results are consistent
with those of Gregorio and Borges.10 The increase in
the b-phase fraction with sample thickness at the
bottom surface is explained by the low solvent diffu-
sion. If no temperature gradient in the solution is
assumed, the data in Figure 8 clearly indicate that
the temperature is not the only factor in b-phase for-
mation during PVDF crystallization.

The rationale for explaining the formation of dis-
tinct fractions of b phase is as follows: the slow crys-
tallization of a dilute solution leads to the thermody-
namically more stable form (i.e., the b phase),
whereas the fast crystallization of a concentrated so-
lution is dominated by the kinetics and yields the
metastable a phase. This less stable form crystallizes
preferentially only at high or at least moderate con-
centrations.17 During the first evaporation stage,
with practically constant evaporation rates, the
increase in concentration (and viscosity) induces a
lower polymer-chain mobility and leads to nuclea-
tion which occurs in the stable b phase when the

crystallization is slow, i.e., at low evaporation rates.
At high evaporation rates (high temperatures), there
is not enough time for nucleation of the more stable
phase and growth of the metastable phase (a) is
observed. Therefore, the nucleation of each phase
depends on the crystallization rate (or the evapora-
tion rate) during the first stage, and crystal growth
occurs during the whole evaporation process.
At low temperatures (T < 80�C) or for small sam-

ple thicknesses, phase formation depends only on
the evaporation rate, which is the same at the two
film surfaces. On increasing the temperature, evapo-
ration becomes so fast that a thin PVDF layer crys-
tallizes in the metastable (a) phase near the poly-
mer–air interface. In a thick PVDF film, solvent
diffusion in this layer is reduced and so is the rate
of crystallization throughout the sample bulk. This
leads to increased nucleation and growth of the sta-
ble b phase. Consequently, the formation of each
phase depends also on the respective position inside
the sample.
The formation of the b phase at the bottom sur-

face with increasing temperature is caused by the
crystallization at the top surface, which in turn
reduces the diffusion of the solvent and therefore
decreases the crystallization rate even at the bottom
surface. At low temperature (60�C), the evaporation
rate during the first stage is low and uniform
across the sample, which predominantly leads to
the formation of the b phase, regardless of the sam-
ple thickness. In contrast, at high temperatures, the
high evaporation rates during the first stage cause
crystallization of a thin layer at the upper surface,
thus reducing solvent diffusion through the sample
and the evaporation rate. This is the reason for
the differences in evaporation rate between the top
and bottom surfaces, with the formation of distinct
phases in different locations across the sample.
Obviously, the larger the sample thickness, the
stronger is this effect.

CONCLUSIONS

The initial evaporation rate of PVDF/DMF solutions
is more strongly influenced by the temperature
than by the solution concentration. However, at a
given temperature, the time period during which
the evaporation rate remains constant depends
strongly on the solution concentration. More con-
centrated solutions have lower evaporation rates.
The formation of the a and b phases depends basi-
cally on the evaporation rates during crystallization
even for a concentration well below saturation. Low
evaporation rates favor nucleation and growth of
the thermodynamically stable b phase, whereas
high evaporation rates yield the metastable a phase.

Figure 8 Sample thickness dependence of the b-phase
fraction at different crystallization temperatures. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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For thick samples, the evaporation rate varies along
the bulk. Consequently, the respective formation of
the two phases depends on the sample position.
The evaporation rate and the distribution of the a
and b phases in thick samples varies across the
film thickness.

It is during nucleation, when the concentration of
PVDF in the solution is still low, that the evapora-
tion rate affects the final phase. When the PVDF con-
centration increases during the process and growth
takes place, there nuclei are already in the phase
determined by the initial evaporation rate. This is
perhaps the most important conceptual difference
from earlier work. The competition in the formation
of the a and b phases does not occur during the
whole crystallization process, as the distinct, con-
stant evaporation rates during nucleation are impor-
tant for leading to different relative amounts of the
crystalline phases. The possible control in obtaining
a and b phases in the same sample, as discussed
here, may be exploited in devices where some
regions are required to exhibit rather strong piezo-
electricity (or pyroelectricity), whereas other regions
should be inactive.
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