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A significant shrinkage of about 17% of poly(vinyliedene fluoride) (PVDF) fibrous membranes processed
by electrospinning is reported and analyzed for the first time in this article. Such shrinkage leads to a
time dependent curl of the membrane, probed by image analysis and tensile test measurements. Crys-
talline structure of PVDF is analyzed through X-ray diffraction and FTIR analyses while solvent evapo-
ration is monitored by weight lost measurements. The electrospinning process induces a crystal structure
change of PVDF from non-polar a phase to polar b phase exhibiting piezoelectric properties. The curl was
modeled taking into account the bimorph structure of the polymer membrane deposited onto the
aluminum substrate with the electric field acting on the PVDF through the piezoelectric effect. Besides,
just after the processing, the membranes exhibited a nearly 15% weight loss ascribed to the evaporation
of the solvents entrapped within the solid fibrous membranes. The piezoelectricity of the b-phase
together with solvent evaporation may be responsible for the observed contraction inducing the curl, the
second mechanism of evaporation being predominant.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Electrospinning is a simple and versatile method to produce
ultra thin fibers from polymer solutions or melt [1e4]. In this
process, a charged jet undergoes an intense elongation through
electrostatic forces leading to a drastic narrowing of the polymer
jet. Concurrently, the solvent usually evaporates during this stage,
leaving a solid fiber after traveling an air path of few centimeters.
The diameter of these fibers vary between 10 nm and 10 mm. Due to
its high aspect ratio, electrospun fibers and their corresponding
membranes are very attractive for awide range of applications such
as tissue engineering, military protective clothing, filter media,
nanosenors, high performance batteries etc [5,6]. The extremely
fast transition from solution to solid and the elongation involve
intense non-linear process that supposes to govern the polymer
structuration within the fiber. Recently, S. Tripatanasuwan et al. [7]
have shown that a slow evaporation rate of water on PEO jet leads
to increase the elongation of the jet that become thinner. Changes
in crystalline state of nylon-6 and nylon-12 have been noticed by
. Bossard).
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tuning the evaporation kinetic during the electrospinning [8]. The
evaporation kinetic is also most likely at the origin of the observed
porous nanofibers and flat ribbons in electrospinning [9,10]. Such
extremely fast solidification is responsible for structural, physical
and mechanical properties (tensile modulus, surface functionali-
zation, porosity, etc.) of polymer fibers.

Poly(vinylidene fluoride) (PVDF) is one of the widely used
polymer because of its remarkable chemical, electrical and me-
chanical properties. Because of its piezoelectric and ferroelectrics
properties PVDF has been used for transducers, nonvolatile mem-
ory and energy storage [11e16]. PVDF is a semi-crystalline polymer
with a complex structure. It can have four possible conformations
namely a, b, g and d [16e20]. The a structure having TGTG form (in
trans-gauche) is the dominant phase observed for PVDF. The d form
is the polar analog of the a phase while the b and g phases have
TTTT (planar zigzag) and GTTT conformations respectively. Among
the four conformations, a is non-polar whereas b, g and d are polar,
for which the b-phase has the largest spontaneous polarization per
unit cell. Hence, the b-phase attracts technological interest, for its
ferroelectrics, pyroelectric and piezoelectric properties. A lot of
research effort has been invested in optimizing PVDF toward
yielding materials with high b-phase content. This phase can be
obtained from a or g-phase by drawing and poling at high electric
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field. The conditions under which the b-phase can be induced
depend strongly on the processing, thermal or mechanical treat-
ments that the polymer undergoes [21e25]. Several authors
investigated the optimal conditions for this conversion. Electro-
spinning is one of the methodswhere the PVDF converts to b-phase
in situ [24,25].

In this article, the electrospinning process has been used to
produce PVDF fibrous membranes and we report for the first time
unusual shape changes of the so-formed membranes during and
after their processing. Such shape changes, combining significant
shrinkage and curl were observed and characterized during the
first 2 h following the start of the electrospinning process up to 10 h
after processing.
2. Experimental details

2.1. Materials

Poly(vinylidene fluoride) (PVDF) homopolymer Kynar 301F was
obtained from Arkema in dry powder form. N,N dimethylforma-
mide (DMF) and acetone were purchased from Sigma Aldrich. All
the materials were used as received without further purification.
2.2. Methods and characterizations

Polymer solutions at the concentration of 17.7 wt% were pre-
pared by dispersing PVDF in a mixture of DMF and acetone (40:60
v/v). The solutions were homogenized by heating at 80 �C with
constant stirring for 2 h. Prior to process the solutions by electro-
spinning, the clear solutions of PVDF were cooled down to room
temperature.

A homemade electrospinning setup was used to prepare PVDF
fibers. It consists of a dual high voltage power supply (�30 kV, iseq
GMBH Germany), a syringe pump (KDS Scientific model 200) and a
fiber collector for the substrate, i.e. a rectangular aluminum foil.
During electrospinning a constant flow rate of 0.02 ml min�1 was
maintained with an electric potential difference of 12 kV between
the electrodes. The relative humidity and the temperature of the
electrospinning chamber were 45e50% HR and 30 �C, respectively.
A D300 Nikon digital camera was used to capture the images at the
interval of 15e20 min to observe qualitatively the curl and the
contraction of PVDF membranes induced during the spinning
process (see Fig. 4 and the supplementary movie 1). To better
characterize the observed shape changes and their possible origins,
the following methods and procedures were followed:

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.polymer.2013.05.049.-(ii)

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.polymer.2013.05.049.
Fig. 1. FESEM images of PVDF electrospun fibers. (a) and (b) shows fibers collected
- 1 h after the starting time t0 of the electrospinning process, a
square sample was cut from a processed membrane and the
time evolution of its weight was recorded using a Mettler
Toledo AG245 balance interfaced with a personal computer.

- 2 h after t0, three rectangular slender strips were cut from the
same membrane in order to analyze quantitatively both (i) the
natural (stress free) membrane curl and contraction and (ii) the
force required to restrain the contraction:
(i) The two first strips were cut perpendicularly to quantify

any possible in-plane anisotropy. They were fixed at one of
their extremities to a support. Their natural curl and
contraction was observed by positioning the Nikon digital
camera perpendicular to the thickness of the strips (see Fig.
3(a) and supplementarymovie 2). To analyze quantitatively
the recorded shape changes, the centerlines of the strips
were detected from the recorded 2D images using a stan-
dard skeletonization of the strips followed by a smoothing
procedure of the resulting skeletons [26]. The in-plane
contraction εcontraction of the strips could then be estimated
from the initial l2h and actual l curvilinear lengths of the
centerlines, i.e. εcontraction ¼ (l�l2h)/l2h. Besides, to analyze
the curl of the strips after the first 2 h, somematerial points
of the centerlines were also ascribed a local Frenet basis,
allowing the calculation of the initial k2h and actual k local
curvatures of the strips. From the knowledge of the strip
thickness e, current local maximal bending strain εbending
could then be estimated as εbending ¼ ejk�k2hj/2.

(ii) The third strip was mounted into a micro-tensile testing
machine equipped with a maximal load cell of 5 N. The strip
was fixed into the tensile grips the positions of which were
kept constant during the measurements. Then, the time
evolution of the tensile force required to restrain the in-
plane contraction of the tested strip was recorded.

After processing, membrane morphology was observed by
scanning electron microscopy using Zeiss ultra 55 FESEM. A thin
layer of platinum was sputtered onto the membranes before ex-
amination purposely. Besides, X-ray diffraction pattern of samples
extracted from the initial PVDF powder and the processed mem-
branes were recorded using PanAlytical X’pert Pro powder X-ray
diffractometer using Cu Ka radiation (1.5406 A). Similarly, FTIR
spectra were collected using a Perkin Elmer FTIR spectrometer. The
samples were placed on top of the ATR set and scanned from 2000
to 650 cm�1.

3. Results and discussion

3.1. Microstructures of the processed membranes

Fig. 1 shows FESEM micrographs of PVDF electrospun mem-
branes at two different magnifications. The membranes network
on static collector or randomly oriented membrane at different magnification.

http://dx.doi.org/10.1016/j.polymer.2013.05.049
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Fig. 4. Photographs (a), (b), (c), (d),(e) and (f) showing contractions of electrospun
membranes taken at different time intervals during the electrospinning process. A
video of the process is attached in the electronics version of the article.

Fig. 2. X-ray diffraction of PVDF powder and nanofibrous mesh.
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structure is highly porous (average porosity f z 75% measured by
the Archimedes Method) with interconnected pores having an
average diameter of 2e10 mm and with wavy fibers displaying
planar random fiber orientation and fiber diameter ranging from
150 nm to 5 mm. It is interesting to notice that the fibers also exhibit
rough surfaces.

Fig. 2 shows X-ray diffraction pattern of PVDF powder and
electrospun membrane. The presence of peaks for the powder
sample at 2q ¼ 17.86�, 20.1� and 26.8� which correspond respec-
tively to the (100), (110) and (021) reflection planes, confirms that
the initial PVDF powder are predominantly in the a-phase. In
contrast, the electrospun membranes exhibit different peaks. In
particular, the presence of peaks at 2q ¼ 20.6� which correspond to
the (110) and (200) planes confirms the presence of b-phase in the
electrospun fibers [24,26].

In order to further check such a process-induced phase trans-
formation, FTIR spectra of both the initial PVDF powder and the
electrospun fibers were analyzed. Fig. 3 shows the presence of a
unique absorption peaks for the powder at 762, 975 and 1383 cm�1,
confirming the presence of pure a-phase [27,28]. In case of elec-
trospun fibers, the peaks recorded at 840 cm�1 (CH2 rocking) and
1278 cm�1 (CF out-of-plane deformation) confirms the presence of
b-phase in the electrospun fibers [29]. Therefore, it is established
from the X-Ray diffraction and FTIR spectroscopy that some of
initial PVDF powder which is mainly in the a-phase converts to b

conformation during the electrospinning process. The conversion
from non-polar a-phase to piezoelectric b-phase may be due to
large elongational strains induced by high electrostatic potential
Fig. 3. FTIR spectra of PVDF powder and electrospun nanofiber membrane. The peaks
correspond to a phase are marked as þ and peaks correspond to b phase are marked as
* symbol.
applied during the electrospinning process, leading to fewer de-
fects and smaller domainwall motion barrier in the nanofibers [24].
3.2. Shape changes of the membranes during processing

The macroscopic curl and contraction of the PVDF membrane
during processing is pointed out in Fig. 4, showing photographs of
the aluminum substrate with electrospun membranes collected at
different time steps (the video of the process is available in the
supporting document). Fig. 4(a) shows the image of the flat sub-
strate at the beginning of the process, i.e. without fibers. The
gradual change of the color of the substrate indicates the pro-
gressive deposition of fibers onto the surface as the collecting time
increased. After nearly 20 min from the start of the experiment, the
aluminum foil together with the PVDF membrane started to curl, as
shown in Fig. 4(b). As the time progressed, more and more fibers
were collected and the curl of the substrate and the membrane was
enhanced, as emphasized in Fig. 4(bee). Thereafter, the adhesion of
the membrane on the aluminum foil was progressively lost, finally
leading to a substantial isotropic in-plane shrinkage of the mem-
brane of nearly 11% after the first 2 h.

One of the possible origins of (i) the curl and (ii) the shrinkage
highlighted during the processing could be related to the piezo-
electricity of the PVDF membrane and to the driving electrical field
applied onto the electrospun membrane perpendicular to them (e3
direction, see Fig. 5):

� In case (i), as the PVDF membrane was stuck onto the aluminum
substrate, its in-planeshrinkagewas restrained leading to internal
Fig. 5. Schematic of bimorph of Al foil and PVDF electrospun membrane with knife
edge clamping configuration. The bimorph is in the xy-plane and the electric field (E3)
is along the z-direction. (b) Magnified graphic shows the x, y and z components of the
piezoelectric coefficients.
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in-plane contraction stresses. Thus, the “membrane þ substrate”
system could behave as a piezoelectric bimorph with one active
element (i.e. the piezoelectric PVDF membrane) and one passive
element (i.e. the aluminum substrate).
Fig. 6. 2D pictures (① to ⑤) taken at various time t > t0 þ 2 h and showing qualitatively the
of the contraction εcontraction of centerlines of the two strips. Graph (b): time evolution of thei
to restrain the contraction of the third strip.
Assuming a strong influence of the piezoelectric effect induced
by the electric field, the bimorph could bend, as observed in Fig. 4,
with a maximal out-of-plane piezoelectric deflection of which the
the magnitude Dlpiezo can be estimated as [32,33]:
curl and the contraction of the two slender stress free strips. Graph (a): time evolution
r maximal bending strain εbendingmax. Graph (c): time evolution of the tension T required



Fig. 7. Weight loss of the electrospun membrane with time due to evaporation of remaining solvent.
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where L is the in-plane length of the bimorph (z100 mm), r ¼ h0/h,
h and h0 being respectively the membrane and substrate thick-
nesses (a typical value r z 1 can be used in our case), d31 is the
piezoelectric coefficient of the PVDF perpendicular to the electric
field (z15 pm V�1 [30,31]), V is the voltage used during the pro-
cessing and k is the ratio of the in-plane Young moduli of the
aluminum substrate EAl (¼70 GPa) and the polymer membrane Em.
Accounting for the Young modulus EPDVF of dense PVDF (z2.5 GPa)
and assuming a planar random fiber orientation within the PVDF
membrane, a reasonable estimation of Em is (1�f) EPVDF/
3 z 200 MPa [34], so that k z 350. Thus, a rough estimate of the
magnitude of the maximal out-of-plane deflection induced during
the processing by piezoelectric effects should be Dlz 0.12mm: it is
one to two orders of magnitude lower than the deflection Dlexp
recorded during the membrane processing, as emphasized in Fig. 4
(Dl z 10e20 mm).

� In case (ii), when the adhesion of the membrane with its
substrate is lost, the electric field applied during the processing
could also induce a free-stress in-plane strain of magnitude
εpiezo ¼ jd31Ej z 10�4%: this strain magnitude is much below
the 11% in-plane strain magnitude observed experimentally
during the membrane shrinkage.

Hence, if the piezoelectricity could induce curl and in-plane
shape change of the PVDF membrane during its processing, it is
not the major phenomenon responsible of the large shape changes
observed experimentally.

3.3. Shape changes of the membrane after processing

The time evolution of the in-plane membrane contraction
εcontraction observed after the first 2 h is illustrated in Fig. 6(a) (the
contractions of the two tested strips were found to be very similar
and were then averaged in this figure).

As revealed from this figure, εcontraction rapidly decreased down
to �6% and remained nearly constant after 10 h. Such a contraction
is accompanied with a noteworthy curl of the strips, as emphasized
from both the pictures shown in Fig. 6 and the graph plotted in
Fig. 6(b): the time evolution of the maximal bending strain
εbendingmax¼max (εbending) follows a trend similar to εcontraction, i.e. a
fast increase up to a constant plateau of about 2%. Besides, as shown
in Fig. 6(c), when restrained, shrinkage micro-mechanisms induced
a significant reacting tension T, defined as the ratio of tensile force
by the strip width, which rapidly increased up to about
0.11 N mm�1 during the first 10 h and remained approximately
constant afterwards.

Fig. 7 shows weight loss of the electrospun membrane (1 h from
the start t0 of electrospinning process) with time: a nearly 15.6%
loss of weight is observed between t0 þ 1 h and t0 þ 2 h.

Such a considerable weight loss is ascribed to the evaporation of
the solvents remaining within the fibrous membrane during and
after the electrospinning process. This unusual and delayed solvent
evaporation is presumably induced (i) by the possible heteroge-
neous nanostructure of the fibers and (ii) by the probable presence
of DMF, the boiling temperature of which being rather high
(153 �C). The presence of remaining DMF solvent can explain that
fibers are interconnected after deposition on the collecting sub-
strate. Indeed, polymer fibers are soft enough to locally merge at
their contact points.

The observed evaporation may be responsible of the very rough
surface of the processed fibers (see Fig. 1). Evaporation-induced
surface contraction is the driving effect leading to the formation
of polymer fibers during the electrospinning. This effect has been
modeled in the jet [35] but has never been observed in the fibers.
However, solvent evaporation is likely to induce a severe contrac-
tion of the PVDF fibers in their solid state. This microscale
contraction should in turn induce the various macroscale shape
changes highlighted during and after the electrospinning (see
Figs. 4 and 6):

� When the membrane sticks onto its aluminum substrate (i.e.
during the electrospinning), such a local contraction is more or
less constrained. Under such circumstances, the PDVF mem-
brane is able to develop significant shrinkage stresses, as
emphasized from Fig. 6(c), and thus to induce the macroscale
curl of the bimorph PVDF þ Al (see Fig. 4).

� When the adhesion of the membrane to the aluminum sub-
strate is lost (i.e. during or after processing), the local fiber
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contraction can freely occur up to the end of the evaporation
process. Thereby, the membrane freely shrinks, as evident from
Fig. 6(a). It also freely curls (see Fig. 6(b)), this phenomenon
being ascribed both to the possible heterogeneity of the fibrous
architecture and the different evaporation kinetic through the
membrane thickness.

Such contraction of electrospunmembranes induced by delayed
evaporation of solvent within the fibers could be harmful for many
applications and consequently has to be reduced. Recently, Na et al.
[36] have shown that an increase of the evaporation kinetic leads to
produce more homogeneous fibers by reducing the size distribu-
tion. Consequently, solvent evaporation kinetics have to be speed
up during the process. For this purpose, low boiling point solvent as
well as high temperature processing and, in a certain extent, low
pressure environment can be preferred.
4. Conclusion

Nano-fibrous PVDF membranes exhibiting piezoelectric
b-phase were successfully electrospun. However, during pro-
cessing substantial, unusual and undesirable curl and contraction
of the membranes were observed. These shape changes were
characterized and were ascribed both to the reverse piezoelectric
effect under high electrostatic field and delayed solvent evapo-
ration. The first phenomenon is active only during the processing
phase and its influence on the observed shape changes is minor.
On the contrary, the solvent evaporation is presumably the main
driving mechanisms that will be analyzed more closely in future
works.
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