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Abstract: Poly(vinylidene fluoride) (PVDF) and its copoly-
mers are promising candidates for energy-harvesting devices
because of their flexibility, environmental friendliness, light-
weight, and high halogen and acid resistance. However, the
relatively low piezoelectricity limits their applications. The
piezoelectricity of PVDF and its copolymers highly depends
on the polar B-phase, while the non-polar a-phase is the most
common one. As a result, the B-phase formation and a- to -
phase transformation have attracted much attention in
recent years. Stretching is a widely used method to induce
the a- to B-phase transformation for the improvement of
piezoelectricity. In this work, the influences of the para-
meters during stretching on phase evolution and piezoelec-
tricity are discussed and summarized. Besides, nontraditional
stretching methods are also introduced and discussed. This
work will provide important information for preparing high-
performance piezoelectric polymer films.

Keywords: PVDF, mechanical stretching, nontraditional
stretching
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PVDF
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poly(vinylidene fluoride)
X-ray diffraction

* Corresponding author: Liangke Wu, College of Aerospace
Engineering, Chongging University, Chongqing 400044, China,
e-mail: wuliangke@cqu.edu.cn, tel: +86-02365102510

* Corresponding author: Huiming Ning, College of Aerospace
Engineering, Chongging University, Chongqing 400044, China,
e-mail: ninghuiming@cqu.edu.cn

Yang Wang, Ning Hu: College of Aerospace Engineering, Chongging
University, Chongging 400044, China

Dan Lei: AECC Guizhou Honglin Aero-engine Control Technology Co., Ltd,
Guiyang 550025, China

Rongkun Ma: Shanghai Road and Bridge (Group) Co., Ltd., Shanghai
200433, China

Alamusi Lee: School of Mechanical Engineering, Hebei University of
Technology, Tianjin 300401, China

v drawing speed

Ts stretching temperature

R elongation ratio

F(B) relative fraction of the B-phase
X, crystallinity degree

TCD tip-to-collector distance

1 Introduction

As potential energy-harvesting materials, poly(vinylidene
fluoride) (PVDF) and its copolymers have great advantages
such as excellent processing ability, corrosion resistance to
acids and alkali, flexibility and thermal stability. PVDF
possesses at least five polymorphs, among which the B-
phase is the most important one due to its high piezoelec-
tricity. In the initially prepared PVDF films, the non-polar
a-phase usually dominates, which does not contribute to
piezoelectricity. In order to obtain high-piezoelectric PVDF
films containing a high content of the B-phase, a number of
methods including stretching, nanofiller addition, poling,
and heat treatment have been developed [1-5].

The addition of fillers is widely used to improve the
piezoelectricity of PVDFs. In 2020, Chamakh et al. added
ZnO star-like fillers (d = 2.5 pm) into PVDF and investigated
its effects on the structural and physical properties. The
B-phase fraction increases from 44.1 to 66.4% after the addi-
tion of 10 wt% ZnO microparticles [6]. Compared to micro-
fillers, nanofillers have unique advantages due to their
large specific area. In recent years, various nanofillers
(carbon nanotubes, vapor-grown carbon fibers, graphene,
graphene oxide [GO], metal nanowires, ionic liquid, etc.)
have been utilized as reinforcing agents. The enhancement
mechanism includes nucleate agents and the interaction
between the molecular chains and the nanofillers [4,7,8].
The effects of poling include a- to f-phase transformation
and the realignment of dipole moments. In the prepared
films without poling, the dipole moments are randomly
distributed; thus, the total piezoelectricity is extremely
weak or does not exist because of the mutual offset of
the dipole moments. During the poling process, the applied
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high electric field can force the dipole moments to align
along the electric field direction, thus inducing piezoelec-
tricity [9-11]. Heat treatment can affect the crystallization
process, and thus, proper heat treatments can also result in
high B-phase [12,13].

Compared with the above-mentioned methods, stretching
has obvious advantages in the a- to B-phase transformation.
Phase transformation needs external energy to overcome the
energy barrier between the phases. In the poling process,
although there is stress applied to the molecular chains, it is
an order lower than that of stretching, and thus not enough
external energy can be provided. Limited by the breakdown
strength, the poling electric field cannot be higher than the
ultimate value (usually lower than 150 MV/m); therefore,
stretching is a more efficient method to promote crystal
phase transformation [14,15]. It should be noted that the
piezoelectricity not only depends on the fraction of the elec-
tric active B-phase, but also the alignment of the dipole
moments is also very important. Therefore, the crystallo-
graphic plane orientations should be carried out by high
electric poling or other methods, which is not discussed in
detail due to the length limit. In some reports, the enhance-
ment of B-phase is considered equal to the enhancement
of piezoelectricity, while the following processes are not
mentioned.

Traditional mechanical stretching has the advantages
of low cost, simple, and practicable. Different from tradi-
tional mechanical stretching, the simultaneous poling and
stretching process has also been developed. In addition, the
stretching process also exists in electrospinning, which has
characteristics of simplicity, low cost, and beneficial to
small diameters. But the promotion of electrical instabil-
ities within a charged fluid jet and a long jet path in solvent
evaporation readily result in nanofibers and ultra-fine
fibers. To solve this problem, researchers have developed
a technology similar to electrospinning, namely melt electro-
writing (MEW), which is distinct from electrospinning as the
electrical instability is suppressed due to precisely placed
fibers, which can keep a fluid column against breaking at
low flow rates. However, it might require high pressure to
extrude the material when the filler content is high, which
are not achievable by pneumatically driven MEW printers,
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or lead to nozzle clogging [16,17]. In this work, the influences
of stretching parameters on the phase transformation of
PVDF and its copolymers are discussed in detail and summar-
ized. Our work will provide a solid foundation for the devel-
opment of perfect piezoelectric polymers and composites.

2 Influences of the parameters of
stretching on the a- to B-phase
transformation

2.1 The a-to B-phase transformation
mechanism during stretching

During the stretching process, the transformation process
from a-crystal to B-crystal of PVDF by mechanical stretching
isrevealed and is summarized schematically in Figure 1. The
a spherulite of PVDF with folded chains can be readily
obtained under conventional processing conditions (Figure
1a). When mechanical drawing is applied on the polymer,
the transition starts from the middle of the spherulite,
where the molecular chains are first extended along the
drawing direction (Figure 1b). With the deformation of the
a-phase, the conformation is formed in the emerged B-phase
gradually (Figure 1c). More and more extended chains
formed with the evolution of the deformation of PVDF;
therefore, the a-phase transforms into the B-phase under
large deformation (Figure 1d). The above is the recrystalliza-
tion process inside PVDF during stretching [18]. The recrys-
tallization process is also affected by the temperature, as
discussed in Section 2.2.1.

Compared to non-stretched films, the stretched films
usually contain a much higher content of B-phase F(B) [19]. The
a- to B-phase transformation mechanism during stretching can
be described as follows: (1) The applied stress along the
stretching direction forces the spherical crystal into a micro-
fiber-like crystal and (2) the fiber-like structure is beneficial for
the formation of the TT conformation (B-phase) than the TGTG'
conformation (o-phase). However, the effect of stretching on the
crystallinity degree varies with specific processes. Both
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Figure 1: Schematic drawing of the transformation process from a-crystal to B-crystal of PVDF by mechanical stretching [18].
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increment [20,21] and decrement [22,23] have been reported. The
increment in the crystallinity degree after stretching may be
attributed to the alignment of molecular chains along the
stretching direction, and thus, the microcrystalline zone is
formed, resulting in the formation of the crystal structure. In
contrast, stretching may also destroy the current crystal struc-
ture and lead to the formation of a semi-crystal zone, which
reduces the crystallinity [22-25]. In the stretched films, the mole-
cular chains mainly align along the stretching direction. There-
fore, it is good to work at the 31 mode after subsequential poling.

The parameters of mechanical stretching include the
stretching temperature (T,), elongation ratio (R), and
stretching speed (v). Besides, the addition of nanofillers
can also affect phase evolution, as discussed in Section 2.2.

2.2 Influences of stretching parameters on
the phase transformation

2.2.1 Stretching temperature (T;)
Temperature is an extremely important factor affecting

phase transformation. In some reports, the samples are
kept at a certain temperature for a short time before and/
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or after stretching for preheating or eliminating internal
stress [26]. Mun et al. stretched the PVDF hollow fiber mem-
branes by 1.5 times for 60 s. Before stretching, the films were
kept in distilled water at 60°C for 60 s. After stretching, the
annealing process at 50-120°C was applied. It was found that
the relative fraction of the B-phase F(B) reached 68.9% and
the crystallinity degree was 44.4% when the stretching tem-
perature was 60°C. However, the tensile strength was the
lowest [27]. Temperature above 100°C may reduce phase
transformation efficiency. When the temperature is above
120°C, the transformation will not occur even when the elon-
gation ratio is higher than 4. The crystallinity degree may
increase significantly, and the crystal-amorphous interphase
region may be reduced because of the increase of the thick-
ness of the crystalline layer induced by the stretching process
[28-30]. Kim et al stretched the PVDF hollow fiber mem-
branes at a temperature from 30 to 90°C. It was found that
60°C is the right temperature, at which the relative fraction of
the B-phase F(B) may reach 70%. Lower or higher tempera-
tures lead to lower F(B) [31]. Sencadas et al. investigated the a-
to B-phase transformation during the stretching process at
different temperatures (80-140°C). They studied the stress—
strain relationship for the samples stretched at 80°C, as
shown in Figure 2(a). With the increase of R, the samples
undergo three stages subsequently: yielding, necking, and
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Figure 2: (a) Stress (o)-strain (¢) curve for an original a-PVDF sample uniaxially stretched at 80°C. Scanning electron microscopy (SEM) micrographs obtained
from samples stretched at 80°C: (b) R=1, (c) R =3, (d) R =4, and (e) R = 5. F(B) as a function of stretching ratio R (f) and stretching temperature T (g) [32].
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strain hardening. The maximum stress existed at the post-
yield softening and a plastic plateau before rupture (R = 8).
With stretching, the crystal structure and the phase transfor-
mation proceed. For larger deformation, the microscopic
deformation mechanism is characterized by the transition
from the spherulitic structure to the microfibrillar structure
accompanied by the destruction of the lamellar morphology.
As mentioned above, PVDF with folded-chain a-spherical
crystals can be easily obtained under conventional processing
conditions. During stretching, necking and thickness reduction
occur in the films. Foldable a-spherical crystal is extended
along the stretching direction and gradually spreads toward
the unstretched area, ie., the fragmentation of the crystalline
area inside the PVDF matrix. As the deformation occurs, the
area of the extended chains expands laterally from the middle
of the spherulite. Accompanied with it, the a spherical struc-
ture transforms into a microfiber structure, and small blocks
of lamellae are torn away from the original lamellae to form a
fibrillar structure, which is corresponding to the -phase. This
mechanism induces all-trans planar zigzag conformation into
the crystals. Overall, the stretching process is the destruction
and reorganization of the internal crystalline region, as shown
in Figure 2(b)-(e). For all the samples, F(B) increases with R
and reaches a plateau near 5. In contrast, F(B) decreases with
temperature, as shown in Figure 2(f)-(g). The temperature
increment may decrease the viscosity, leading to the matrix
being more ductile [32].

In order to investigate the mutual influences of T; and
R, Ting et al. investigated the influences of biaxial stretching
on the piezoelectricity of PVDF thin films by varying the
stretching ratio and temperature. From SEM images, the
uniformity in the biaxial direction is confirmed. However,
the high stretching ratio (R = 4 x 4) can induce porosity and
cracks, though it shows better surface chain orientation and
smoothness. To avoid crystal defects, the elongation ratio is
suggested to be set in between R =3 x 3and R = 4 x 4. The -
phase fraction F(B), crystallinity degree and piezoelectric
coefficients (ds; and ds3) of the samples decrease with the
temperature for all samples (R=2x2,R=3x3, R=4x4,R=
5 x 5) when the temperature is above 80°C [33]. Li et al
studied the transformation from a- to B-crystal of the
PVDF membrane that is carried out under the conditions
of different stretching temperatures, stretching rates, and
tensile elongation. The stretched films were characterized
by Fourier transform infrared (FTIR) spectroscopy and X-
ray diffraction (XRD) to analyze quantitatively the trans-
formation from a- to p-crystal. The results indicate that
low temperature is conducive to the formation of the p-
crystal and the stretching temperature around 100°C
is suitable for the transformation under stretching.
With the increase of the tensile elongation, the relative
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crystallinity would also increase and achieve a max-
imum value when R is above 3. However, the stretching
rate has less effect on the transformation from a- to p-
crystal [34]. Debili et al. analyzed the stretched films under
different temperatures (75, 80, 90, 100, and 110°C) with R = 4
by FTIR and XRD techniques. It was observed that a rela-
tively low temperature (80 and 75°C) induces higher B-
phase, while at higher temperatures, the transformation is
not sufficient. It is because the semi-nanocrystalline biphasic
(a + PB) system is formed in the samples stretched at Ts >
80°C. In contrast, the single nanocrystalline B-phase is formed
when Ty < 75°C [34]. The addition of nanofillers also affects
the crystal structure in the prepared films. Lee investigated
the influences of temperature on the crystal structure and
thermal properties of PVDF-HFP/CNF (0.2 wt%) by uniaxially
stretching the films (R = 4.5) at 50, 75 and 100°C, respectively.
The SEM images confirm the orientation of the CNF and the
PVDF-HFP matrix. In the SEM images, the aggregation of CNFs
in the matrix is observed in the undrawn samples. When the
samples are drawn at 50°C, the PVDF molecular chains align
along the stretching direction partially, and it is improved in
the samples drawn at 75°C. The samples drawn at 100°C show
partial melting of the matrix and wrapping in the CNFs, as
shown in Figure 3(a)—(d) [21].

Guo et al. investigated the stretching-induced phase
evolution of PVDF/Gr composites by X-ray scattering. The
results show that the a- to f-crystal transformation is based
on the orientation evolution of molecular chains and it
would not occur when R is less than the threshold value
of 1.5. It is concluded that the o- to B-phase transformation
goes through an indirect approach via the intermediate
state of stretching-induced fragmentation and recrystalli-
zation process, rather than a direct evolution, as shown in
Figure 4. When T is 30°C, the adequate concentrated stress
on the crystal phase results in the B-phase formation from
the initial recrystallization. While in stretched films at
160°C, the a- to B- phase transformation is hindered, which
is attributed to the worse compatibility of PVDF and Gr and
the high chain mobility at a higher temperature [35]. It is
different from most reports in which stretching is carried
out from 60 to 100°C, so the effect of temperature is highly
dependent on the specific process.

2.2.2 Elongation ratio (R)

The elongation ratio is another decisive factor in the
stretching process. Generally, F(B) increases with the elon-
gation ratio due to the formation of the fiber-like structure
of B-phase molecular chains by the applied stress [36]. It
may also cause problems such as structural defects and
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Figure 3: SEM images of CNF/PVDF-HFP composite films at various stretching temperatures: (a) undrawn, (b) drawn at 50°C, (c) drawn at 75°C, and

(d) drawn at 100°C [21].

decrease of crystallinity [23,37]. During the stretching pro-
cess, the molecular chains are forced to be elongated, and
thus, the B-phase is preferred (a(a) = 0.496 nm; a(B) =
0.858 nm). Zhou et al. prepared PVDF/PMMA blend films
by biaxial stretching and investigated the effects of the
PMMA content and elongation ratio on the crystallinity
degree and the B-phase fraction. The results show the pre-
sence of the B-phase in the initial crystallized PVDF/PMMA
blend films, while F(B) decreases in the pre-heating pro-
cess. During biaxial stretching, F(B) shows an increasing
trend and reaches the maximum value of 93% in PVDF/
PMMA (30 wt%) with an elongation ratio R = 2 x 2. It is
remarkable that both the reduction of the PMMA content
and the increase of the stretching ratio improve the crystal-
linity degree. The interaction between —C=0 groups (PMMA)
and —CH, groups (PVDF) can also induce B-phase formation.
Compared to uniaxial stretching, the stress distribution is
more uniform, leading to the uniform distribution of the B-
phase fraction [38]. Chang et al investigated the phase trans-
formation of PVDF by a micro-testing machine. It was found
that the phase transformation increases with the elongation
ratio until 4 and then stays at a plateau. Therefore, for PVDF
films, the elongation ratio R = 4 is enough for the a- to B-
phase transformation [39]. Ji et al. prepared PVDF hollow
fiber membranes by a green melt-spinning and stretching
process without an organic solvent and low-molecular-weight
diluent. The effect of elongation ratio was investigated by

SEM, as shown in Figure 5. It is obvious that with the increase
of the elongation ratio, the micro-structure of PVDF becomes
fiber-like, which is preferred to form the B-phase [40]. Ozka-
zanc et al. investigated the effects of the elongation ratio on
structures stretched at a constant speed (0.005 mm/s) at 155°C
(a temperature much higher than that usually reported). It
was found that with the increase of the elongation ratio, the
specific volume in the amorphous phase decreases [41,42].
The crystallinity degree may increase with the elongation
ratio [43,44]. Wang et al fabricated high-piezoelectric PVDF
films (reverse piezoelectric coefficient: —37 pC/N) by mechan-
ical stretching of the initial crystallized films coated on
stretchable poly(vinyl alcohol) substrates with a speed of
80 pm/s at 110°C. The AFM images show that the stretching
process results in parallel strip-like structures along the
stretching direction, indicating the formation of the extended
B-phase. R = 3 is sufficient for phase transformation, while
higher R (5) may cause problems such as higher roughness
and crystal defects [44]. For biaxial stretching samples, the
increase of F(B) has also been observed in biaxial stretching,
and a maximum value of 84% is reached at R = 4 x 4 [33]. The
phase transformation during the stretching process begins
from the middle of a-spherulite and then extends to the neigh-
boring spherule with the increase of the elongation ratio. F(B)
increases with the elongation ratio until 3 and then stays at the
plateau, indicating R = 3 is enough for sufficient o- to p-phase
transformation [34]. Jain et al. investigated F(B) and X, under
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Figure 4: Schematic diagram of the PVDF/Gr structure evolution induced
by tensile deformation [35].

different stretching conditions by XRD, differential scanning
calorimetry (DSC), and FTIR techniques. It was found that
both the crystallinity degree X. and F(B) increase with the
stretching temperature until 80°C and then decrease [45].

In summary, for sufficient stretching, R should be at least
3, and in most cases, it exceeds 4. Combined with a moderate
temperature, the effects of stretching can be improved. As is
well-known, the crystal structure is highly related to the tem-
perature. During stretching, the high temperature can increase
the mobility of molecular chains, which makes the stretching
more easy and prevents the fracture. However, the ultra-high
temperature may result in a decrease in crystallinity degree
and B-phase fraction [44,45].

2.2.3 Speed (v)

Speed is also a key factor affecting phase formation. In the
current research, the conclusions about the drawn rate on
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the phase evolution in the reports vary greatly due to dif-
ferences in experimental techniques and environments.
Magniez et al. developed high-B-phase PVDF fibers by a
melt-spinning method through unidirectional stretching
at 120°C with different elongation ratios (1.25, 1.5, and
1.75). It was found that the B-phase fraction increases
with the elongation ratio regardless of the flow rate.
When the elongation ratio remains unchanged, the B-phase
fraction decreases with the flow rate [46]. In contrast, for
hard elastic films prepared by casting or hot pressing
methods, when they are subjected to uniaxial stretching,
a low stretching rate may lead to insufficient initial layer
separation, while an excessively high stretching rate may
lead to the destruction of the crystalline region inside the
PVDF. However, there is currently significant controversy
on the impact of the stretching rate on the internal phase
transition and crystallinity of the film. Lei et al. investigated
the crystalline morphology and microstructure during the
stretching of PVDF hard elastic films under room tempera-
ture at different strain rates (0.003-0.034 s ™). It was found
that the B-phase content decreases with the strain rate when
it increases from 0.003s™" (39.8%) to 0.017s™ (9.8%) but
increases with the strain rate to 0.0345s " (26.3%). In other
words, when the strain rate is below 0.003 s7, it is not suffi-
cient to separate the initial lamellae. When the strain rate is
>0.003s7%, the lamellae separation occurs, leading to the
lower B-phase content. For a higher faster rate (such as
0.034s7Y), the stress can induce sufficient fragmentation
and reorganization of thinner crystals, leading to higher -
phase content [47]. In other reports, the higher the strain
rate, the higher the phase transformation, which is comple-
tely different from other published reports [48,49]. Li et al
studied o- to B-phase transformation under different condi-
tions (T, R, and v). In their experiments, the speed (0.06, 3, 6,
12, and 60 mm/min) has little impact on the transformation,
which is completely different from other reports [18]. Regarding
crystallinity, it was reported that speed can have a signifi-
cant effect on it. Lee and Cho stretched PVDF/CNF films (T; =
125°C, R = 4) at various speeds and measured their crystal-
linity. It was found that with the increase of the tempera-
ture, the crystallinity degree decreases gradually (100%

in": 50.5%; 5,000% min % 40.2%) [50]. Tang et al also
reported similar results [51].

In summary, the impact of the stretching rate on the
crystal phase transition and crystallinity of thin films is
controversial in current reports. As PVDF is a thermo-
plastic material, the ductility and elastic modulus of the
film are usually temperature dependent. At room tempera-
ture, the film has low ductility and low internal molecular
activity, and the phase transition of the film will start only
when the tensile rate reaches a certain threshold. When
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Figure 5: (a) Schematic description of the preparation process of the melt-spinning hollow fiber membranes. (b) The prepared nascent hollow fibers.
The SEM images of the prepared hollow fiber membranes with different elongation ratios: (c) R = 1, outer surface; (d) R = 2, outer surface; (e) R = 3,
outer surface; (f) R = 1, inner surface; (g) R = 2, inner surface; and (h) R = 3, inner surface [40].

the stretching temperature is higher, the mobility of mole-
cular chains in PVDF is higher and the stretching rate has
little effect on the phase transformation; however, if the
stretching rate is very high, the crystallinity degree will
decrease significantly.

2.2.4 Nanofiller addition

The addition of nanofillers is a widely used method to
prepare PVDF-based composites with a high B-phase frac-
tion [52-55]. The nanofillers mainly work in the initial
crystallization stage as nucleate agents, which is beneficial
for the direct formation of the p-phase. As a result, the
relative B-phase fraction F(B) is quite high in the prepared
films containing a high content of nanofillers [20]. Thus,
the o- to B-phase transformation is not so obvious in the
subsequent stretching process. While for those samples
containing lower nanofillers (<threshold value), there is
an improvement, which is attributed to the stress concen-
tration (the stretching force tends to be centralized in the

nanofiller/PVDF interface). In contrast, when a neat PVDF
film is stretched, the stretching force only works on the
molecular chains [22]. Mishra et al. investigated the effects
of mechanical stretching on the p-phase formation in
PVDF/rGO and PVDF/GO composites. The maximum F(B)
reaches about 85% (PVDF/GO(0.5 wt%), R = 2, F(B) = 86%;
PVDF/rGO(1 wt%), R = 2, F(B) = 84), accompanied with dra-
matically improved dielectric properties. Compared to non-
stretched films, it is more than a 10% increase. This behavior
is attributed to the strong interaction between PVDF and GO
or rGO, ie., the maximum stress is applied during the
stretching process. The dielectric constant (highly related
to the piezoelectricity) also increases with the addition of
nanofillers [23]. He et al. prepared PVDF/organosilicate (OS)
composites containing 2 and 4 wt% OS and investigated the
effects of added nanofillers. Based on previously published
reports, it was concluded that the improvement effect of OS
is induced by the electrical interfacial interactions between
the positively charged OS surface and the partially negative
—CF, bonds of the PVDF molecular chains, as shown in
Figure 6 [20]. Yu and Li stretched PVDF/Ni composites at
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120°C and investigated the effects of the stretching ratio on
the dielectric properties. The results indicated that the addi-
tion of Ni particles can strengthen the interaction between
Ni particles and the polymer matrix, and thus, the samples
containing more Ni nanofillers exhibit a higher rupture
ratio and stretching-induced percolation threshold [56]. The
stretching process realigns the molecular chains and the
added nanofillers attribute to the space-charge accumulation
at the two-phase boundary during the stretching process [56].
Jahan et al. explored the polar phase transformation and the
crystallinity degree of PVDF/CaCOs/clay composites affected
by the CaCO; fraction and elongation ratio. It was confirmed
that the addition of fillers could improve the formation of the
B-phase. For stretched (T: 90°C, R: 4-5) samples containing
high filler contents (>2wt% clay), the p-phase predominates
regardless of R, and the a-phase even disappears. It means
that the added fillers play a significant role in the B-phase
formation during the stretching process because of its
nucleate effect, which can hinder polymer mobility during
melt crystallization, and therefore, more extended chain f-
crystals are more easily formed. The added fillers may lead
to the decrease of the crystallinity degree, which plays a
negative role in piezoelectricity improvement [43].
Molecular weight (M,,) is important for PVDF’s proper-
ties. Mrlik et al. systematically studied the effects of main
parameters such as molecular weight, initial sample thick-
ness, stretching and poling. It was found that the highest
degree of B-phase (90%) was realized with a moderate
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molecular weight (M,, = 275kDa) and the highest axial
elongation (500%). In the low elongation ratio (<500%)
stretching, the piezoelectric charge coefficient ds; is highly
dependent on the M, while with higher elongation ratio,
the M,, does not affect it obviously [57]. As mentioned above,
the stretching parameters and the nanofiller addition both
have significant influences on the phase transformation
and piezoelectricity. Furthermore, they also have co-effects
between them. For example, in the stretching of composites,
the addition of nanofillers may result in crystal defects
(sometimes even visible) more easily than pure PVDF films,
so the elongation ratio should be lower. While the phase
transformation mechanism in the stretching still remains
not so clear, it calls for more efforts from the related
researchers.

2.3 Nontraditional stretching

In recent years, besides traditional mechanical stretching,
several novel methods have been developed to improve
the stretching effects [58,59]. Zhang et al. proposed a pro-
cess combination of simultaneous biaxial stretching and
solid-state shear milling (S°M). Compared to traditional
uniaxial stretching, both the relative fraction of the B-
phase and the total content of B-phase increase as shown
in Figure 7 [24].
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Figure 6: Schematic illustration of the proposed interfacial interaction between PVDF and OS for the improvement of B-phase content in PVDF [20].
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Compared to uniaxial stretched films, the biaxial stretched
films exhibit more balanced properties. Lu et al. applied simul-
taneous biaxial stretching on PVDF films and investigated its
effects on the crystal structure, dielectric properties, and
mechanical properties. It attributes to the applied stress
during stretching, which forces the alignment of the PVDF
molecular chains into the crystals and transforms to the B-
phase conformation. As a result, both F(B) and X, increase
(unstretched samples: F(B) = 39%, X, = 43%; stretched sam-
ples (R = 3.5 x 3.5): F(B) = 46%, X. = 55%). Compared to
uniaxially stretched samples, F(B) is much higher, which
may be caused by the higher stretching temperature and
stretching rate [60]. Some researchers suggest that the effect
of biaxial stretching is reflected in two aspects: (1) the par-
allel orientation of PVDF crystals reduces the dielectric loss
from the o relaxation in a crystal and (2) the biaxial
stretching constrains the amorphous phase in PVDF-HFP
and thus the migration loss from impurity ions is reduced
[61]. Yang et al. explored the semi-crystalline structure—di-
electric property relationship and the electrical conduction
in a biaxially oriented PVDF film under high electric fields
and high temperatures. In the work, the film is stretched
first along the axial (or extrusion) direction, followed by sub-
sequent stretching using tenter clips along the transverse

direction. They found that biaxially oriented PVDF films
exhibited a DC breakdown strength as high as biaxially
oriented polypropylene films [62]. Kang et al developed a
CO, laser-heated drawing process to prepare PVDF fibers,
as shown in Figure 8. In the experiments, the effects of
drawing stress and elongation ratio ((a) 110 MPa, R = 4.5; (b)
220 MPa, R = 5.5) were compared. The structure evolution was
observed by in situ measurement using synchrotron X-ray
radiation. Under a low drawing stress, a moderate neck-
deformation occurs, resulting in the mixture of a- and B-
phases, in which the p-phase forms within 1 ms after necking,

CO,
Laser Beam
v
D
Necking X-ray Take-up
Point Measuring Roller
Feed Roller Point

Figure 8: Schematic diagram of the apparatus for CO, laser heated-
drawing process [63].
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earlier than the o-phase. In contrast, under high drawing
stress, a steep neck-deformation occurs, resulting in only
the B-phase. Small-angle X-ray scattering images showed
that meridional streaks appear at low drawing stress, while
a four-pointed pattern appears at high drawing stress [63].

Nakamura et al. produced a-PVDF films by extrusion
with R up to 9 at 160°C (10°C lower than the melting tem-
perature Ty,) to obtain B-PVDF films. It was found that
nearly all a-phase transformed into the oriented p-phase
with increasing R, even when the drawing occurs near Ty,
The results indicate that the oriented structure and high F
(B) can be attributed to the arrangement of the crystal/
amorphous series along the drawing direction [64]. Chen
et al. prepared high-performance piezoelectric polymer
films by simple melt stretching of slightly crosslinked
PVDF solution for sensor applications. Upon controlled
temperature and stretching ratio, strong chain orientation
or extension proceeds prior to crystallization, leading to
the generation of an ultrahigh content of polar B-phase
(~96%) directly from the melt. The B-phase adopts an oriented
nanofibril morphology (with a diameter of 21.6 nm), while the
nanofibrils are further densely and parallelly aligned to fill
the film space. Attributed to such a nanoscale phase mor-
phology, the melt-stretched PVDF film shows high optical
transmittance (~90%), good flexibility, and superior mechan-
ical properties. A flexible piezoelectric device constructed on
the B-phase nanofibrils-filled PVDF film is demonstrated to

(b)

(a) Hot-compression
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have excellent electrical output in sensing dynamic pressure
(0-250kPa) and temperature variation (3.3mV/°C) with a
broad response range. Figure 9 shows a schematic illustration
on the fabrication of PVDF films by a strategy of melt
stretching at high temperature, which adopts a three-step
process [65].

2.3.1 Simultaneous stretching and poling

In most reports, the stretching and poling processes are
independent of each other. In the stretching process, phase
transformation finishes completely, and therefore, the effects
of poling on phase transformation are not so obvious [35,66].
If stretching and poling are applied simultaneously, better
piezoelectricity may be generated. Mahadeva et al. applied
sequential stretching and corona poling to fabricate piezo-
electric PVDF thin films and investigated the effects of poling
time and grid voltage on phase transformation and piezo-
electricity. It was found that the poling time and grid voltage
have no substantial influences on phase transformation,
indicating that phase transformation mainly occurs during
the stretching process. However, poling has decisive effects
on piezoelectricity due to its function on dipole moment
alignment [67]. Kumar and Perlman used the simultaneous
stretching and corona poling method to fabricate PVDF-TrFE
(PVDF/TrFE = 75:25 or 50:50 mol%) copolymer films. The

1y Ly
ME—— — o
80Co, y-ray
B i | O
Pristine PVDF Sheets Crosslinking
(c) ) - — [ — o~
+ Melt 20s™ 9 Isothermal Natural
stretching p— ‘ annealing — cooling
i . — . e
A = 5~40x 10 min Solidification |
+ 160~190 °C .
(d)¢
—_
] Annealing ) _
g Melt stretching Annealing
Q. Chains orientation & e
£ Nucleation Crystallization
] Time

Figure 9: Fabrication of PVDF films by melt stretching. (a) Schematic illustration of vacuum-assisted hot compression to prepare pristine PVDF sheets.
(b) Preparation of slightly crosslinked PVDF by y-ray irradiation. (c) Schematic drawing of home-made two-drum extensional rheometer and the
corresponding melt stretching process. The digital photograph of the prepared PVDF film (160°C, 40x) is also shown. (d) Thermal program [64].
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(b)

I Substrate

Adhesive layer

Figure 10: The principle in the proposed printing process of piezoelectric PVDF devices: (a) experimental results of electric poling and the mechanical
stretching process in the EPAM process and (b) extrusion results of the filament type of the PVDF polymer [69].

maximum piezoelectric constant dz; of 75:25 films reaches 48
PC/N under optimal conditions (R = 4.5, T = 60°C), which is
about 1.7 times of those fabricated by separated poling after
stretching. The enhancement is attributed to the ferroelectric
domain rotation and step rotation of molecular dipoles at
60°C in the field direction. In addition, the optimal poling
temperature for PVDF (80°C) is higher than that for PVDF-
TrFE (60°C) [68]. Both simultaneous stretching and poling
have been utilized in 3D printing techniques in recent
years. Lee and Tarbutton utilized an innovative method
electric poling-assisted additive manufacturing (EPAM) to
print PVDF filament rods under a strong electric field in
which poling and stretching are applied simultaneously.
Figure 10 shows a schematic of the preparation process. A
high electric field is applied to the molten polymer column
between the nozzle tip and the printing bed (poling) during
extrusion (stretching), which leads to molecular chain align-
ment and phase transformation to the B-phase [69]. Huan

inder roller Eront
High voltage-——_i r
rHep | I

e [

Gear1
Geared moto

Figure 11: Apparatus of SSSEP for preparing piezoelectric PVDF-HFP
films [701].

et al. developed a simultaneously stretched and static electric
poled (SSSEP) process to enhance the piezoelectricity of PVDF-
HFP films. The applied apparatus is shown in Figure 11. In this
work, the elongation ratio is kept at 4.5, equal to the tooth ratio
of Gear 1 and Gear 2, and by varying the poling temperature
and the poling electric field, different samples were prepared.
The maximum piezoelectric coefficient ds; reaches 24 pC/N
under optimal conditions (T, = 65°C, Eyax = 160 MV/m). From
the results, it can also be found that the saturation of the poling
electric field is about 150 MV/m [70]. Because of its complexity,
the application of the simultaneous stretching and poling
method is limited.

2.3.2 Electrospinning

Stretching occurs during the electrospinning process, and
therefore, usually no individual stretching is required in

P(VDF-HFP) fiber

Direction of Align dipoles

— ot

J J
Syringe pump E

Collector

Figure 12: Schematic of the synthesis of PVDF-HFP fibers by the elec-
trospinning process [71].
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the preparation of electrospun samples. Figure 12 shows
a typical electrospinning process for the preparation of
PVDF-HFP fibers [71]. The stress induced by the injection
on the mixture solution has a decisive effect on the align-
ment of the molecular chains as well as the added nano-
fillers as demonstrated by the electrospinning-hot press
method for the preparation of surface modified graphene
(SMG)/PVDF composites in Figure 13 [72]. The key para-
meters of electrospinning are the solvent fraction, tip-to-
collector distance (TCD), flow rate, and voltage setting [73].
Gee et al. applied the electrospinning method to fabricate
piezoelectric nanofiber membranes. By varying the para-
meters, the optimization setting for piezoelectricity was
determined (solvent ratio: 60 vol% DMF + 40 vol% acetone;
TCD = 16 cm; flow rate = 0.8 mL/h; voltage setting = 14 kV),
at which the B-phase fraction reaches 91.0%. Based on the
statistical analysis of the mean B-phase fraction and signal-
to-noise ratio, it is concluded that the solvent ratio and flow
rate are the two factors contributing most to the B-phase
fraction [73]. Similar to traditional stretching, the stretching
effect during electrospinning is also affected by the addition
of nanofillers. Khalifa et al investigated the synergistic
effect of electrospinning and nano-alumina trihydrate
(n-ATH) on the crystal structure and piezoelectric properties
of PVDF nanofibers. The added n-ATH can enhance the sur-
face of the electrospun droplets, which leads to the decrease
in the thickness. When the n-ATH increases to 10%, F(B)
reaches the highest value of 70.1% and the highest output
voltage of 840 mV, both of which are much higher than

SMG/PVDF solution

Lammnated in the

warp-warp

Microcapacitor

Hot pressing

<

SMG/PVDF composite

\ Electrospun
SMGPVDF
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those of pure PVDF nanofibers. When the n-ATH content
is above 10%, F(B) decreases, which may be attributed to
the dilution effect [74]. Lei et al investigated the dipole
arrangement during electrospinning. Compared with
mechanical spinning, the electrospun fibers can generate
voltage after deformation, while the mechanical-spun
fibers do not exhibit piezoelectricity. This result indicates
that although both processes can produce high-p-fraction
PVDF fibers, the applied voltage during electrospinning
can force the dipole moments along the electric field, and
thus exhibit piezoelectricity. For mechanical-spun fibers, the
dipole moments are randomly distributed, and thus the fibers
have no piezoelectricity. In other words, electrospinning
includes both stretching and poling functions [75]. Lei et al.
developed an electrospinning process to produce PVDF
membranes of desired phases by simultaneously control-
ling the collector temperature and the flow rate during
electrospinning. The a-, - or y-phase dominant PVDF nano-
fibrous membranes can be achieved by adjusting the
electrospinning parameters and heat treatment during or
after electrospinning [76]. The influences of the parameters
can be described briefly as follows: (a) the voltage can influ-
ence the nanofiber creation and the formation of the B-
phase to some extent, and an excessively high voltage may
lead to instability of jets and decrease the solvent evapora-
tion rate; (b) TCD influences the diameter of the nanofibers
(the lager the TCD, the smaller the diameter); (c) high feed
rate can lead to the formation of the B-phase and uniform
fibers, while excessively high rates create unstable jets and

Figure 13: (a) The preparation process of SMG/PVDF composites by an electrospinning-hot pressing method. SEM images of electrospun SMG

(16 wt%)/PVDF membrane at (b) low and (c) high magnification [72].



DE GRUYTER

Effects of stretching on phase transformation of PVDF == 13

Table 1: A brief summary of stretching effects on the B-phase formation of PVDF and its copolymers

Factors Positive effect

Negative effect

Remarks

Temperature Eliminate the internal stress and improve

the ductility [32]

When the temperature is above 100°C, the
phase transformation decreases or even
disappears

The appropriate T; is
usually set from 60
to 100°C

At higher temperatures, the weaker
filler-matrix compatibility and higher chain
mobility limit the phase transformation [35]

Elongation rate Increase the crystallinity
(possible) [42,46]
Improve the transformation from a- to -

phase (high speed) [47]

Speed

Decrease the crystallinity (possible) [23]

The elongation is set
from3to5

Lower phase transformation efficiency [48,49]
Decreases the crystallinity degree (high

speed) [50,51]

Nanofiller addition Improve phase transformation due to the
stress concentration on the PVDF/
nanofiller interface [20,22]

Increase the dielectric constant [22]

Reduces the crystallinity induced by phase
transformation and nanofiller re-

orientation [22,23]

Extremely lower content nanofillers (<threshold

value) may hinder phase transformation [22]

Increase the crystallinity degree [20]

The agglomeration of nanofillers at higher

concentrations results in chain confinement,
thus leading to lower piezoelectricity [23]

Simultaneous
stretching and poling

Molecular chain alignment and B-phase
formation [69]
Molecular dipole moments rotation [68]

Complicate operation

Tp > 60°C, R > 4, Epax >
150 MV/m

disruption of electrospinning; and (d) solvent fraction can
influence the solution viscosity and the nanofiber diameter,
while it may lead to electrospraying and exhibit negative
effects on the B-phase formation if the solvent fraction is too
high [77-83]. Yang et al. added GO into PVDF to prepare
nanofiber mats by electrospinning. By heating the PVDF/
GO nanofiber mat at 140°C for 1h, the PVDF/rGO mat was
produced by the reduction of GO to rGO. The p-phase con-
tent was improved with the GO (or rGO) content until 2 wt%,
and therefore, the power generation capability was increased.
Compared to PVDF/GO, the output voltage of PVDF/rGO was
higher due to fewer functional groups on the carbon atoms
[84]. In addition, it was reported that natural substances were
added into PVDF. Lee et al prepared PVDF/cellulose nano-
crystal (CNC) nanocomposite fibers (CNC content: 0, 1, and
3wt%) by dry-jet wet spinning, followed by mechanical
stretching with the drawing ratio R = 8. The fraction of
B-phase appears to be slightly higher in CNC containing
as-spun nanocomposite fibers, which may be due to the
synergistic effect of a low stretching degree and heteroge-
neous nucleation. When R = 8, all polymer chains are sup-
posed to be highly aligned and thereby the fraction of
B-phase dramatically increases. However, the PVDF/CNC
(3 wt%) composites had a 10% lower p-fraction and instead
contained more y phase because of the hindrance caused by
the defects during the B-phase formation [85]. Issa et al
studied the physicomechanical properties of electrospun

PVDF/cellulose nanofibers. It was found that the hydroxyl
groups on cellulose would force the molecular chains in
PVDF to be in the trans-conformation, during which the
cellulose particles could act as nucleation agents. Moreover,
the total crystallinity degree and the formation of B-crystals
were improved mainly by the molecular chains and crystal
orientation in electrospinning, while a little additional con-
tribution from the cellulose dispersed in the electrospun
PVDF [86].

From these studies, it is evident that electrospinning is
a suitable method to produce piezoelectric fibers or films
of low thickness.

3 Summary

The influences of stretching on phase transformation are
investigated and the results are summarized in Table 1. It is
worth noting that the parameters of stretching are not
independent of each other on the properties of the mate-
rials. As a result, during the development of a suitable
method for PVDF or its copolymers, a lot of work has to
be done before the optimization parameters can be deter-
mined. Another point noteworthy noting is that the effect
of one parameter reported in one study may differ from
that of other reports, or even be contradictory.
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4 Conclusions

Stretching is an important method to improve the a- to -
phase transformation efficiently in PVDF films. In this
work, the effects of stretching parameters (temperature,
elongation ratio, stretching speed, and nanofiller addition)
are discussed. It is worth noting that for most parameters,
there is a proper value at which the optimal effects can be
achieved. Another aspect that should be pointed out is that
the effects are clearly influenced by specific conditions. For
example, in some reports, the crystallinity degree increases
after stretching, while in others, completely different results
are observed. In addition, the nontraditional stretching method
is introduced briefly. This work can help researchers in the
piezoelectric polymer field to understand the mechanism of
phase transformation during stretching and to fabricate high
piezoelectric polymer/composite films.
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