Journal of

Materials Chemistry C
View Article Online

Open Access Article. Published on 19 October 2020. Downloaded on 11/5/2020 12:01:12 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

PAPER

Cite this: DOI: 10.1039/d0tc04310a

View Journal

Multiscale understanding of electric polarization
in poly(vinylidene fluoride)-based ferroelectric
polymers†
Nan Meng, ab Xintong Ren, b Xiaojing Zhu, b Jiyue Wu,
Feng Gao, d Han Zhang, b Yaozu Liao, a Emiliano Bilotti,
Michael J. Reeceb and Haixue Yan *b

b

Bin Yang,

*c

b

Poly(vinylidene fluoride) (PVDF) and PVDF-based copolymers with trifluoroethylene (PVDF-TrFE) have
attracted considerable academic and industrial interest due to their ferroelectric properties, which are only
present in very few polymers. However, the underlying fundamentals of molecular ordering and induced
polarizations are complex and not fully understood. Herein, PVDF, PVDF-TrFE and their blends, prepared
using melt extrusion and hot pressing, have been selected to obtain controlled case studies with welldefined chain ordering and microstructures. Impedance analysis and terahertz time-domain spectroscopy
(THz-TDS) are exploited to investigate electric polarization in PVDF-based polymers at diﬀerent length
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scales. The extruded ferroelectric films show in-plane chain orientation and higher domain wall density
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low frequencies (Hz to MHz), as concluded from the higher dielectric constants and more prominent high
electric field polarization switching features. However, the domain walls cannot respond at high
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frequencies, which leads to lower dielectric constants in the extruded films at THz frequencies.

compared to hot pressed films with randomly-distributed polymer chains, which favors the polarization at

Introduction
Poly(vinylidene fluoride) (PVDF) based polymers are candidate
materials for applications in sensors and actuators,1,2 energy
harvesting and storage3–5 and non-volatile memory devices6,7
because of their good dielectric, piezoelectric and ferroelectric
properties. PVDF exhibits a complex structure with multiple
crystalline polymorphs (a-, b-, g- and d-phase) along with the
existence of amorphous regions arising from its semi-crystalline
nature. The crystallographic data and the spontaneous polarization
(Ps) calculated using a model of rigid dipoles for the different
crystalline phases are summarized in Table 1.8,9 Of the four crystalline forms, the a-phase is non-polar due to the self-cancellation
of dipoles arising from antiparallel adjacent chain packing,
a
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while the other three structures are polar. The b-phase shows
the highest dipole moment (m = 7  1030 C m) perpendicular to the
chain axis (c-axis) and the best ferroelectric performance9 with a Ps
of 0.13 C m2. PVDF crystallizes into the a-phase when cooled from
the melt. The b-phase is usually obtained after post-treatments of
the as-formed a-phase, like solid-state drawing,8 solid-state pressure
deformation10 and/or electric field poling (4500 kV mm1).8
Poling at relatively low electric fields (B170 kV mm1 11,12) can
only transform the a-phase into the d-phase. The g-phase is usually
obtained via solvent crystallization,13 or via re-crystallization at
temperatures slightly above melting point14 or via the addition
of fillers such as carbon-based materials.15
To achieve better dielectric and ferroelectric properties, the
fundamental physics of crystalline polymorphism, dipole rotation
and macroscopic ordering of molecules still need to be clarified.
The anisotropy of the polarizability of PVDF-based materials at low
frequencies (Hz to MHz) has been well studied,16–20 where films
with in-plane distribution of polymer chains (c-axis) show relatively
high dielectric constant (11–14 at 100 Hz) and low coercive field
(30–70 kV mm1 measured at 10 Hz), compared to films with
randomly distributed polymer chains (dielectric constant: 7;
coercive field: 260 kV mm1), since the CH2–CF2 dipoles can
respond easily to an applied external electric field. However, the
dielectric polarization of PVDF-based polymers at high frequencies
of terahertz (THz or 1012 Hz) arising from the contribution of local
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Crystallographic data and spontaneous polarization of PVDF with diﬀerent crystalline phases.8,9

Unit cella

Space group

Molecul-ar chain

Naa

m per repeat unit per chaina (C m)8

Psa (C m2)

a = 4.96 Å
b = 9.64 Å
c (c.a.) = 4.96 Å
b = 901
a = 8.58 Å
b = 4.91 Å
c(c.a.) = 2.56 Å
a = 4.96 Å
b = 9.58 Å
c (c.a.) = 9.23 Å
b = 92.91
Essentially the same to a-phase

P21/c-C2h

TGTG 0

2

4  1030 > c-axis;

Non-polar

30

3.4  10

8c-axis

Cm2m-C2v

TTTT

2

7.0  1030 > c-axis

0.130

Cc-Cs

T3GT3G 0

2

Similar to a-phase

0.055

P21cn

TGTG 0

2

Similar to a-phase

0.067

c.a.: chain axis; Na: number of chains in a unit cell; m: dipole moment; Ps: spontaneous polarization calculated on the model of rigid dipoles.

structures is rarely characterized and thereby not fully understood.
The coherent terahertz time-domain spectroscopy (THz-TDS) can be
implemented to detect the collaborative motions of large molecules,
for instance, the intramolecular and/or intermolecular vibrations of
polymer chains with molecular weights exceeding several hundreds
of atomic mass units (equivalent to g mol1).21–23 Accordingly, in
this work, the THz-TDS spectroscopy combined with impedance
analysis was utilized to characterize the real part of the dielectric
permittivity and loss tangent and investigate the structural dependence of dielectric properties. Three different polymeric materials
have been studied – PVDF, PVDF-TrFE and their blends with a mass
ratio of 50/50 – as well as different processing methods – melt
extrusion and hot pressing, which enabled the tailoring of chain
ordering and microstructures.

Experimental
Film preparation
The PVDF (average molecular weight 530 kg mol1) and PVDFTrFE (molar ratio of VDF/TrFE 75/25) used in this work were
purchased from Sigma Aldrich Chemical Co and PiezotechArkema, respectively. The extruded PVDF (melting temperature:
B160 1C) and PVDF-TrFE (melting temperature: B150 1C) films
were prepared using a Xplore Micro compounder MC-15-HT
(Xplore Instruments BV, The Netherlands). They were extruded
at 200 1C and 190 1C, respectively, and collected at room temperature with a film die of 200 mm thickness. The extruded blends of
PVDF/PVDF-TrFE 50/50 wt% were also extruded at 200 1C. The hotpressed PVDF and PVDF-TrFE films were compression molded at
200 1C and 180 1C, respectively, for 5 minutes using a Collin hot
press P300E (COLLIN Lab & Pilot Solutions GmbH, Germany). The
hot-pressed blends were also prepared at 200 1C for 5 minutes. The
pellets of PVDF/PVDF-TrFE 50/50 wt% were firstly extruded into
strands before cutting into pellets.
Structure characterization
X-ray diﬀraction (XRD, X’Pert Pro, PANalytical, Almelo, The
Netherlands) in the 2y range of 5–701 with Cu/Ka (l =
0.15418 nm) radiation was used to characterize the crystalline
polymorphs. Differential scanning calorimetry (DSC, DSC 25,
TA Instruments, Asse, Belgium) with a temperature range of
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25–200 1C and a heating rate of 10 1C min1 was used to analyse
the thermal properties. Fourier-transform infrared spectroscopy
(FTIR) (Tensor 27, Bruker Optik GmbH, Ettlingen, Germany) was
used to complement and validate the phase identification of the
polymer films both qualitatively and quantitatively. The preferred
orientation of the polymer chains was characterized using twodimensional X-ray diffraction (2D-XRD) ring patterns (Kappa
ApexII Duo, Bruker AXS GmbH, Karlsruhe, Germany), which were
obtained using Cu/Ka (l = 0.15418 nm) radiation with the incident beam normal to the surface of polymer samples. The
morphology of film surface was characterized using scanning
electron microscopy (SEM) (FEI Inspector-F, The Netherlands).
Ferroelectric and dielectric properties measurement
The ferroelectric properties were tested using a triangle waveform at a frequency of 10 Hz on a ferroelectric hysteresis tester
(NPL, Teddington, UK) with a maximum applied voltage of
10 kV.24 Electrodes were prepared using gold sputtering with a
diameter of 2 mm. The frequency dependent dielectric permittivity
in the range of 100 Hz to 100 MHz was measured using an
impedance analyzer (4294A, Agilent, Santa Clara, CA) with an
applied voltage of 0.5 V at room temperature. The THz-TDS spectra
(TeTechS Ltd, Ontario, Canada) were measured using a transmission mode from 0.5 THz to 2 THz at room temperature with an
extremely low humidity o0.3%, controlled through a nitrogen
purge. The parameter extraction involves a transmitted Fourier
transformed pulse waveform recording the temporal response of
the THz reference pulse as a function of time delay. More details
about the set-up of THz-TDS can refer to our previous work.25

Results and discussion
Structure determination
Fig. 1 shows the structural characterization for the films using
X-ray diﬀraction (XRD) and diﬀerential scanning calorimetry
(DSC). PVDF films mainly crystallize into a-phase, as concluded
from the presence of peaks at 17.81, 18.41 and 20.01, resulting
from the reflections of (100)a-PVDF, (020)a-PVDF and (110)a-PVDF,
respectively, and the absence of b-phase characteristic peaks at
20.81 (110)/(200)b-PVDF and 36.51 (020)/(101)b-PVDF (Fig. 1a).26
The PVDF-TrFE films show strong peaks assigned to the reflections
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Structural characterization of films processed via melt-extrusion (Ex) and hot-compression (HP): (a) XRD and (b) DSC.

of (110)/(200)b-PVDF-TrFE, which is at a lower angle of 20.01 compared to 20.81 of b-PVDF due to the enlarged inter-chain lattice
spacing arising from the incorporation of another large fluorine
atom in the TrFE unit.27 The blends of PVDF/PVDF-TrFE 50/50
wt% exhibit superimposed peaks at 17.81, 18.41 and 20.01, which
confirms the presence of both a- and b-phase. Fourier-transform
infrared spectroscopy (FTIR) can also be used to confirm the
crystalline phases (Fig. S1 and Table S1, ESI†). All of the peaks
reflected from the (hk0) crystal planes (parallel to c-axis) can be
clearly seen in both the extruded and hot-pressed films. However, the peaks at 26.61 (021)a, 38.91 (002)/(131)a, and (111)/
(201)b-PVDF-TrFE are only evident in the hot-pressed films, and not
in the extruded films, which highlights the high degree of inplane orientation of c-axis (polymer chains) and out-of-plane
distribution of CF2 dipole moments in the extruded films.28,29
Fig. 1b shows the DSC data for the polymer films (summarized
in Table S1, ESI†). The hot-pressed and extruded PVDF films
showed similar main melting temperature peaks (B157 1C). The
extruded PVDF-TrFE has a sharper Curie transition peak (Tc) at a
higher temperature (B122 1C) compared to HP films (B115 1C),
which is consistent with the temperature dependence of dielectric
permittivity showing slightly diﬀuse Curie transition in the hotpressed films but narrower transition peaks in the extruded films
(Fig. S2, ESI†). The Tc of PVDF-based ferroelectric polymers can be
predicted from the dipolar energy (WD), which is determined by
the saturation polarization (Po) linked to the dipole moment in a
monomer (m) and the primitive cell volume at 0 K (n0K),30 as shown
in eqn (1), where kB is the Boltzmann constant.

Tc ¼

WD n 0K Po2
¼
¼
kB
kB

0P
12
n
mi
Bi¼1 C
C
n 0K B
@ n 0K A
kB

¼

m2
kB n 0K

(1)

The higher Tc in extruded PVDF-TrFE is ascribed to an
enhanced dipole moment arising from a more regular and highly
orientated chain packing.6 This is confirmed by the morphology
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characterization and 2D-XRD patterns (Fig. S3, ESI†), which
show that the extruded PVDF-TrFE films exhibited well aligned
lamellae, with the polymer chains (c-axis) oriented along the
extrusion direction. Similar results were also observed in the
extruded blends (Fig. 1b and Fig. S3, ESI†), with a higher
Tc (B128 1C) compared to hot-pressed films (B119 1C). The Tc
of the blends is higher compared to pure PVDF-TrFE, suggesting
the formation of polar crystals with higher polarity in the blends.31
Ferroelectric properties
Fig. 2 shows the ferroelectric displacement (D–E) hysteresis loops
(10 Hz) of the polymer films along with the original plots of the
current–electric field (I–E) loops. The I–E and D–E loops measured at
120 kV mm1 were used to compare the hot-pressed and extruded
films, since the hot-pressed films (thickness: B80 mm) could only be
tested at low electric fields (o130 kV mm1) due to the limited
applied voltage of the ferroelectric tester (10 kV), while the ferroelectric properties of the extruded films can be measured at
320 kV mm1. Both the hot-pressed and the extruded PVDF films
present weak ferroelectric switching at 120 kV mm1, while
the extruded PVDF films show clear ferroelectric switching at
320 kV mm1 with a remnant polarization (Pr) of 0.067 C m2
and a coercive field (Ec) of 100 kV mm1 (Fig. 2a). The extruded
PVDF-TrFE films show higher switching current density compared to
the hot-pressed PVDF-TrFE films at the same field of 120 kV mm1
(Fig. 2b), which indicates a higher domain wall density in the
extruded PVDF-TrFE films linked to their highly ordered chain
packing. The extruded PVDF-TrFE shows a Pr of 0.108 C m2 and
an Ec of 50 kV mm1 at 320 kV mm1 (Fig. 2b). The higher Pr in the
extruded PVDF-TrFE is a result of highly crystalline b-phase (B74%
in Table S1, ESI†) compared to the extruded PVDF films (B42% in
Table S1, ESI†). Simulation studies reveal that the dipole moment of
monomers will experience a 50% increase when separate chains are
put together to build up a crystal due to the local electric field
produced by neighbouring chains,32,33 which contributes to an
enhanced Ps. Therefore, the highest values of Pr can be roughly
estimated with respect to Ps and degree of crystallinity (Z) using
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Fig. 2 The ferroelectric properties, current–electric field (I–E) loops and displacement–electric field (P–E) loops measured at 120 kV mm1 and 320 kV mm1
of (a) pure PVDF, (b) PVDF-TrFE and (c) 50/50 blended films processed via melt-extrusion (Ex) and hot-compression (HP).

Pr = Ps  Z, and the values for PVDF and PVDF-TrFE are 0.080 C m2
and 0.118 C m2, respectively. These values coincide with the
measured values of the extruded films. The high degree of
in-plane chain (c-axis) orientation confines the CH2–CF2 dipole
moments in a plane parallel to the external electric field and eases
the alignment of dipoles along electric field. The blends show
intermediated ferroelectric properties, with a Pr slightly higher than
the value of 0.083 C m2 calculated by rules-of-mixtures.
Frequency dependence of dielectric permittivity
Fig. 3 shows the frequency dependence of dielectric spectra in
the frequency range of 1 kHz–100 MHz (Fig. 3a–c) and 0.5–2.5 THz
(Fig. 3d–f). No difference was observed in the THz-TDS spectra
during the 901 rotation of samples (Fig. S4, ESI†). The dielectric
permittivity is strongly dependent on the frequency of the alternating electric field, being linked to the response time of the
different polarization mechanism, which include electronic
polarization (1015–1018 Hz), vibrational or atomic polarization
(1012–1015 Hz), dipolar orientation polarization (Bbetween
100 Hz to a few GHz) and interfacial polarization.34 Below
1 kHz, there can be a significant influence of conductivity on
the frequency dependence of dielectric permittivity.35 Particularly
for ferroelectric materials, the spontaneous polarization gives rise
to either local polar structures or long range domains, which
contributes to the dielectric permittivity.36 The hot-pressed PVDF
and extruded PVDF films mainly crystallized into a-phase, therefore, the dielectric polarization of PVDF (PPVDF) can be written as:
PPVDF = ZPdip.C + (1  Z)Pdip.A + Pe. + Pat.

(2)

where Z is the degree of crystallinity, Pdip.C and Pdip.A are the
dipolar orientation polarization in the crystalline and amorphous
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region, respectively, which are the main contribution of polarization at low frequencies (e.g. 1 kHz–100 MHz), especially Pdip.A,
since the dipoles in the amorphous regions are highly mobile.
Pe. and Pat. are the electronic and atomic polarization in PVDF,
respectively, and are not distinguished from crystalline and amorphous regions since they make fairly little contribution to the
dielectric permittivity of PVDF. At low frequencies (e.g. 1 kHz–
100 MHz), all of the Pe., Pat., and Pdip. contribute to the dielectric
permittivity. Compared to the hot-pressed PVDF films (B12 at
1 kHz), the extruded PVDF films show larger dielectric constant
(B15 at 1 kHz), which is attributed to the preferred orientation.
Polymer chains in the amorphous regions tend to show alignment
along the extrusion direction in the extruded films, which is more
ideal for dipoles to respond to the vertically applied electric field
compared to the completely random chains.37
Analogously, the dielectric polarization of hot-pressed and
extruded copolymer PVDF-TrFE (Pco) can be described in
eqn (3) with the additional ferroelectric contribution of Ps in
the unit cell and the formed local polar structures (LP) containing several unit cells and domain walls (DW) related to long
range ordered ferroelectric domains:
Pco = Z(Pdip.C + Ps + LP + DW) + (1  Z)Pdip.A + Pe + Pat.

(3)

PVDF-TrFE has smaller content of amorphous region
because of its higher Z and shows relatively low intensity of
relaxation loss peak at frequencies from 400 kHz to 100 MHz, a
relaxation process originating from the dipoles in the amorphous region (aa relaxation).37 Despite the high Z, PVDF-TrFE
exhibit similar dielectric constant compared to PVDF, being
ascribed to the additional contribution of Ps, LP and DW within
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Fig. 3 The frequency dependence of dielectric permittivity from 1 kHz to 100 MHz for: (a) pure PVDF, (b) PVDF-TrFE and (c) 50/50 blended films
processed via melt-extrusion (Ex) and hot-compression (HP). The THz-TDS spectroscopy over a spectral domain of 0.5–2.5 THz for: (d) pure PVDF,
(e) PVDF-TrFE and (f) 50/50 blended films processed via melt-extrusion (Ex) and hot-compression (HP).

the crystalline regions. A high domain wall density in extruded
PVDF-TrFE films, as indicated by the high switching current
density (at 10 Hz in Fig. 2), also contributes to an enhanced
dielectric constant.
Compared to pure polymers, the blends show higher dielectric
constant, B15 for hot-pressed and 22 for extruded films (at 1 kHz
in Fig. 3c). Blends have lower Z and higher Tc compared to
PVDF-TrFE (Table S1, ESI†). A low Z enhances Pdip.A in the
amorphous region. A high Tc is linked to a stronger polar
structure that emphasizes the Ps contribution. It is worth noting
that for each film, the extruded samples show slightly higher
dielectric loss during aa relaxation18 (insets of Fig. 3a–c), which
highlights a higher mobility of dipoles in the amorphous region
of extruded films.
The dipole relaxation does not occur at frequencies beyond
GHz, which explains the low dielectric constant for all of the
samples in the THz region (B1–3 in Fig. 3d–f) due to the
elimination of the Pdip.A. However, Pe., Pat., Ps and LP contribute
to the dielectric properties of PVDF-TrFE at high frequencies.25
The extruded PVDF-TrFE films were chosen as a model to
describe the structure and polarization specifications since
they crystallize into oriented b-phase crystals (Fig. 4) and displays lamellae bundle morphology at micro-meter scale, as
evidenced by SEM image (Fig. S3, ESI†), which consists of
lamellae crystallites and alternating interfacial and amorphous
region. The crystalline lamellae are several microns broad38
and 10–50 nm thick.39,40 Precise quantitative description of

This journal is © The Royal Society of Chemistry 2020

amorphous region remains difficult, however, the thickness of
amorphous region is evaluated to be 5–20 nm.39,41 It is not
reasonable for the transition from ordered crystalline to completely random amorphous region to be abrupt. The thickness
of the necessarily existing interfacial region is theoretically
expected42 and experimentally confirmed43 to be 1–3 nm. A
high Mw, hence averagely longer chains, increases the interfacial free energy related to the crystal basal plane and gives rise
to a thicker interfacial region.38 Therefore, substantial Pdip. is
generated from the interphase or amorphous dipoles. More
importantly, the oriented crystals in extruded samples would
make some chains in the amorphous region align along the
extrusion direction, which enlarges the interfacial region and
further enhances the dielectric permittivity at low frequencies
(Hz–MHz). The all-trans chain conformation results in the
CH2–CF2 and CHF–CF2 dipoles positioning perpendicular to
chain backbone (Fig. 4) and generating Ps along b-axis in a unit
cell. The crystalline dipoles are stacked to constitute domains
in PVDF-TrFE with an average size of 20–40 nm.44,45 The
domain walls are reported to be several nano-meters wide.45
The polarization reversal of PVDF-TrFE is proposed to be
accomplished by the successive 601 rotation of crystalline dipoles
(b-axis) about chain axis (c-axis) with the domain wall progressing
through the rotation of molecular chains in the a–b plane of
lamellae crystallites.46 This highlights the importance of
in-plane orientation of chain axis and explains the large polarization
of extruded films at high electric fields (Fig. 2). The extruded films
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Fig. 4 An illustration of the structure of extruded PVDF-TrFE from micro- and nano-meter scale morphology that consists of crystalline lamellae with
amorphous/crystalline interphase and amorphous interlayers to chain configuration and unit cell.

have more defects because of the shear force working on melt
flow during processing, which contributes to a higher domain
wall density compared to the hot-pressed films and leads to
a low coercive field and high dielectric permittivity at low
frequencies (B0.1 Hz–104 Hz). However, domain walls cannot
follow THz frequencies because of their long relaxation time,47
which leads to a low dielectric constant at high frequencies in
extruded films compared to hot-pressed films. Pe. and Pat. are
due to the vibrations of electron or atoms, and they are highly
active when the frequency of applied voltage is close to the
intrinsic frequency of oscillation34 (such as the stretching,
torsion, bending, and/or wagging of consecutive chain segments) or libration.48 Consequently, the frequency dependence
spectra of dielectric permittivity at THz (Pe. and Pat. dominated)
show specific peaks (loss tangent data in Fig. 3d–f) and can be
used as a reference for the phase identification of PVDF-based
materials.25 The loss peak at about 1.50–1.60 THz is a libration
lattice mode in a-PVDF. The peaks at B0.63 THz and 2.10 THz
are generally considered as b-characteristic, which arises from
the librational lattice mode around the polymer chain c-axis
and the pure translation along the crystallographic a-axis.49–51
PVDF films showed the absence of peaks at 0.63 THz and
2.10 THz due to the main crystallization of a-phase. The hotpressed PVDF-TrFE films showed a rather broad feature over
the whole frequency range and the extruded films exhibited a
weak peak at 0.63 THz and a broad peak at B1.88 THz, which
suggests a reduced long distance order of molecular chains,49
being a result of a high content of TrFE monomer (25 mol%).
The blends clearly display characteristic b-PVDF peaks at
B0.65 THz and 2.06 THz, which demonstrates that the existence
of PVDF-TrFE promotes the formation of b-phase in PVDF.
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Conclusions
In conclusion, the structure dependent dielectric properties
of PVDF-based films were studied using THz-TDS technique
combined with impedance analysis. The crystalline structure of
films was tailored using diﬀerent materials – PVDF, PVDF-TrFE
and their blends with a mass ratio of 50/50 – and different
processing routes – melt-extrusion and hot compression. It was
observed that the extruded ferroelectric films possess in-plane
orientation of polymer chains, aligned crystalline lamellae and
higher domain wall density. This favours the polarization and
ferroelectric switching at low frequencies (Hz to MHz), leading
to higher dielectric constants and obvious ferroelectric switching
features in extruded films. However, at THz range (0.5–2.5 THz),
the extruded ferroelectric films showed lower dielectric constant
compared to hot-pressed films, being a consequence of eliminating domain wall motion at high frequencies. Moreover, the THzTDS spectra clearly show the characteristic peak of b-PVDF in
blended films, which outperforms FTIR and XRD since they
cannot distinguish between b-PVDF and b-PVDF-TrFE in the
blended films.
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