Accepted Manuscript
polymer

Crystallization kinetics and enhanced dielectric properties of free standing lead-free
PVDF based composite films

Nan Meng, Rui Mao, Wei Tu, Katarzyna Odolczyk, Qi Zhang, Emiliano Bilotti, Michael
J. Reece

PII: S0032-3861(17)30569-4
DOI: 10.1016/j.polymer.2017.06.009
Reference: JPOL 19742

To appearin:  Polymer

Received Date: 14 April 2017
Revised Date: 25 May 2017
Accepted Date: 5 June 2017

Please cite this article as: Meng N, Mao R, Tu W, Odolczyk K, Zhang Q, Bilotti E, Reece MJ,
Crystallization kinetics and enhanced dielectric properties of free standing lead-free PVDF based
composite films, Polymer (2017), doi: 10.1016/j.polymer.2017.06.009.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.polymer.2017.06.009

ACCEPTED MANUSCRIPT

PVDF BTO 0.5 vol. %

BTO 5 vol. %

s

: Spherulites

. Banded spherulites

0.08
30 4 —=— As-extruded
—e— Stretched at 100 °C
—a— Stretched at 120 °C
wisd . {0040
o= == —§ "
p ¥
0 T T T T T T 000
0 2 4 6 8 10

vol. % BTO

Displacement (C/mz)

e BTO
e —=— PVDF
—e— BTO 0.15 vol.%
0.1/~ BTO0.5vol.%
" |+—BTO 5vol.%
—— BTO 10 vol.%
0.0 T T T T
-0.2 T T
-300 -150 0 150

Electric field (kV/mm)



Crystallization Kinetics and Enhanced Dielectric Poperties of Free Standing

Lead-free PVDF Based Composite Films

Nan Mend, Rui Mad, Wei T, Katarzyna Odolczyk Qi Zhand, Emiliano Bilotti™ 2 Michael J.
Reecé %’
! School of Engineering and Materials Science, andelds Research Institute, Queen Mary
University of London, Mile End Road, E1 4NS Londai
% Nanoforce Technology Ltd., Joseph Priestley Buidifueen Mary University of London,
Mile End Road, E1 4NS London, UK
% School of Aerospace, Transport and Manufacturingan@eld University, College Road,
MK43 OAL, Cranfield, UK
Queen Mary University of London,
School of Engineering and Materials Science,
Mile End Road E1 4NS, London, UK
Tel: +44 (0)20 7882 8872; E-mail: m.j.reece@gmuiilac

Key words: PVDF Composites; Crystallization kinetics; Didlex
Abstract: Ferroelectric composites, integrating dielectricacaic fillers with mechanically

flexible polymers, are promising materials for flae electronic applications. Plenty of research
has demonstrated the enhanced dielectric and fectde properties of composite materials.
However, the mechanisms responsible for these eehamnts are not completely understood.
Herein, we used typical dielectric materials, poaiyylidene fluoride) (PVDF) and BaTiO
(BTO), to study the effect of a dielectric fillendhe crystallization, phase transformation and
dielectric properties of PVDF. The crystallizatiohp-PVDF was not affected by the presence
of BTO particles, but small amounts of BTO (< 3.v&) made PVDF crystallize into larger

spherulites. This is linked to crystallization Kicestudies, which showed that BTO acted as a



nucleation agent for large full ring banded sph&gslwhen its content was less than 1 vol. %.
Furthermore, solid state drawing in the presend®Tdd particles promoted the formation [bf
PVDF with more pronounced preferred crystallineeotation at high drawing temperatures
(120 °C). The dielectric and ferroelectric propestiwere enhanced with BTO filling. The
100 °C oriented drawn PVDF tape exhibited a dielegermittivity of 14 (100 Hz) and remnant
polarization of 0.080 C/A{10 Hz), which increased to 23 and 0.095 €/mespectively, after
filling with 5 vol. % BTO; neither resulting in higdielectric loss tangent (~ 0.02) nor obvious
current leakage. Moreover, the coercive field desee from 80 to 50 kV/mm with increasing

BTO content from 0 to 5 vol. %.
1. Introduction

The ever-increasing demand for flexible electrashéwices with excellent properties, like high
energy density dielectric based capacitors, camadmressed by combining dielectric ceramic
fillers and polymer matrices® Ceramic materials (e.g. barium titanate, BTO) pssslarge
dielectric permittivity, high ferroelectric remnamolarization as well as excellent thermal
stability. However, their application is impeded their relatively low electric breakdown
voltage, extreme processing conditions and higfnsts? Meanwhile, polymers can be easily
fabricated into complex shapes and have high bdmain electric fields (e.g. PVDF, > 400
kV/mm).2 However, the intrinsic dielectric constants ofymoers are a few orders of magnitude
lower than those of ceramic materials (e.g. PMDF 10, BTO¢’ ~ 900 at 1 kHz and 25 °C).
Composite materials promise to integrate high dtale constant of ceramic particles with high

breakdown field and mechanically flexibility of gohers®’

In composite materials, inorganic fillers can a& mucleation sites for semi-crystalline
polymers®® Dillon and co-workers investigated the structure and morphology of
PVDF_nanoclay composites, where the nanoclay shoaedobvious nucleating effect,

increasing the crystallization temperattirefrom 125°C to 145°C, which is consistent with the

2



work of Priyaet al*®

. Additionally, the nanoclay promoted the crystadtion of the-phase; a
similar effect was also reported in PVDF compositeth other inorganic fillers, e.g. BTO
nanofibers:® functionalized BTO nanoparticlé$, carbon nanofibetd and functionalized
graphene sheéfs Apart from nucleation effects during crystallipax, the presence of inorganic

fillers can also influence the polymer behavioudemsolid state drawing. Het al’®

reported
that the existence of organosilicate favoured dmmétion off-PVDF during solid state drawing,
which leaded to the improved piezoelectric and elcric performance of

PVDF_organosilicate composites.

Correlated to electric properties, Tangkaut forward a multi-core model, which suggests tha
the characteristics of polymer chains at the iat®$ differ from those in the matrix due to the
adhesion between the polymer and inorganic fitérs a result, the dipoles at the interfaces
can show different behaviours in comparison withsehin the polymer matrix. The constituted
interfacial polarization efficiently enhances thielectric properties of composites materiais
Moreover, the properties of ferroelectric polymars also enhanced, especially for composites
loaded with small amounts of fillet$?! For instance, the remnant polarization of PVDFHTF
filled with 10.8 vol. % of BTO fibres increased @093 C/m from the original value of 0.047

C/n? for pure PVDF-TrFE?

Though many studies have reported that PVDF cortgg®xhibit improved dielectric and
ferroelectric properties, the reasons for theseaecdments are still not clearly understood.
Moreover, the altered crystallization of the polysand the corresponding relationship between
the structure and electric properties, due to thistence of inorganic fillers, has not been
comprehensively studied. Herein, we firstly repiwe crystallization kinetics of PVDF filled
with various amounts of BTO from 0.15 to 10 vol. &d then the impact of BTO patrticles on
the a- to B- phase transformation of PVDF during solid statawdng. Finally, the correlation

between the different crystalline features andeleetric properties was analysed.



2. Material and methods

2.1 Materials

PVDF pellets were purchased from Sigma Aldrich CisahtCo. The average molecular weight
of the PVDF was about 180 kg/mol (Mw) and 71 kg/n(in). Tetragonal BaTi@ (BTO)
particles (~ 300 nm) were purchased from Nanosiradt & Amorphous Materials, Inc. The
density of the PVDF and BTO particles was 1.78 5u@® g/cni, respectively, according to the
suppliers. All of the materials were used withoosttreatments.

2.2 Sample preparation

The PVDF_BTO composites were firstly melt-blendesing an X’plore micro compounder
(MC 15) at 21FC and 100 rpm for 10 mins and then collected uaim¢’plore micro cast film
line (Xplore Instruments, Geleen, The Netherland&lese extrusion conditions were found to
be optimum to produce good dispersion of the BT@igas and high crystallinity of the PVDF.
The volume content of BTO in the as-extruded filnas varied from 0.15 to 10 vol. %. Samples

of dimensions 5& 15 mnf were cut from the as-extruded films and solidesthiwn at 106C

and 120°C at 10 mm/min using an Instron 5900R84 machindppgal with a temperature-
controlled chamber (Instron, Massachusetts, USA)ke Thosen drawing temperatures were
appropriate to enable significant chain mobilitgldransform the polymer t®-phase. The draw

ratio of films was calculated by dividing the exd¢em by the original length.

The thickness of drawn films was about 2%, measured using a digital micrometer. Gold
electrodes were evaporated on both sides of thesfio enable dielectric and ferroelectric
measurements.

2.3 Characterization

Phase determination of PVDF was ascertained usimgrdomensional wide-angle X-ray
diffraction (1D-WAXD) patterns (X'Pert Pro, PANalgal, Almelo, The Netherlands). The two-
dimensional wide-angle X-ray diffraction (2D-WAXDing patterns were used to evaluate the
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crystalline preferred orientation of compositem| which were obtained using a single crystal
X-ray diffractometer (Kappa Apexll Duo, Bruker AXSmbH, Karlsruhe, Germany) with the

incident beam normal to the film surface.

The morphologies of the gold coated films were abtmrized using scanning electron

microscopy (SEM) (FEI Inspect-F, Hillsboro, OR, USA

The thermal behaviours (melting, crystallizatiord asothermal crystallization kinetics) of the
PVDF_BTO composites were investigated using a wffeal scanning calorimeter (DSC)
(DSC4000, PerkinElmer, Massachusetts, USA). Fompses of each composite material, about
5 mg, were directly cut from as-extruded or dravimg. Melting temperature and crystallinity
were determined using the first heating (from 28.80 °C 5 °C/min) data. The crystallization
temperature was determined using the cooling (fi@&®-25 °C, 5 °C /min) data. The enthalpy
for a fully crystalline PVDF is 104.6 Jf§.Isothermal crystallization was recorded at 15G6C

15 minutes.

The fraction of ferroelectricf-phase was determined using Fourier transform nedra
spectroscopy (FTIR) (Tensor Bruker Optik GmbH, Ettlingen, Germany) and calcetatising

Equation (1) wheré\, andA; correspond to the measured absorbance at 784ccphase) and
840 cm' (B-phase).

A

F®) = 1264, + Ag

€y,

A Precision Impedance Analyser (4294A; Agilent, thaflara, USA) was used to test the
dielectric frequency spectra at room temperatuhe fest frequency range was 100 Hz to 100
MHz. Ferroelectric properties were measured onstete(NPL, Teddington, UK) at room

temperature and 10 Hz.



3. Results and discussions

3.1 Effect of BTO addition on the PVDF crystallizaion

The 1D-XRD data of the BTO and the as-extruded dilim shown in Figure la. The BTO
powder diffraction data matches the JCPDS PDF# BB @4ata file with characteristic peaks at
20=44.9° (002) and 45.4° (200) and tetragonal strec(Eigure 1a(1)). The diffraction peaks in
Figure la(2) at @17.8° (100), 18.6° (020) and 20.0° (11Q) were assigned to the non-
ferroelectrica-PVDF. The B-phase characteristic peak &1=20.8°, (110)/(20Q) reflections,
could not be observed as an obvious peak, but eggbes a small shoulder in the pure PVDF
and composite films, which suggests tphase is the predominant crystalline phase. Our
previous studies showed that extruded PVDF cartadhy® into small amounts ¢¥-phase (~ 8

wt. %) as determined by FTIR technicfe.

Figure 1b shows the surface SEM images of the asded films. It suggests the good
dispersion of the bright white BTO patrticles (~ 3@@) in the dark grey PVDF matrix. All of
the samples displayed spherulite morphology, suggethe crystallization ofi-phase, which is
consistent with the XRD data (Figure 1a). Compssitéth BTO content of 0.15, 0.5 vol. %
crystallized into larger spherulites (diameter ~h8) compared to pure PVDF (diameter ~ 3
um). With increasing BTO content from 5 and 10 Vil no clear spherulite boundaries were
observed and the BTO patrticles started to agglamekdowever, the composites showed no
holes or pores, suggesting good compatibility betwéhe BTO particles and PVDF matrix.
There was no apparent preferred orientation irtiogldo the drawing directions for any of the

films.

Figures 1c-f show DSC temperature scans and isotiarystallization data for the as-extruded
PVDF and composite films. The values of meltiiig)(and crystallizationT;) temperatures are

listed in Table 1, which also includes the cryst#ly (X;), which was determined from the



fusion enthalpy. The PVDF and composite films ekhio fusion peaks during the first heating
DSC temperature scan (Figure 1c). The lower tenperdroader peak is due to the fusion of
smaller and/or imperfect crystdfsAs shown in Table 1, the position of the main daspeak
(Tm) was hardly altered by the addition of BTO paesc(~ 169 °C). Similarly, a crystallinity of
about 50%? typical for PVDF, was found, independent of the@Tontent. Figure 1d depicts
the cooling DSC temperature scan after first hgaftirheT. of pure PVDF was 142.1 °C, and
barely varied with addition of less than 5 vol. ¥B3 O particles. Th8. increased to 143.5 and
146.2 °C in correspondence of 5 and 10 vol. % oOBJarticles. The crystallization of semi-
crystalline polymers involves two steps, crystatiaation and crystal growth. More nucleation
sites were formed with a high content of BTO (>db. 96), which accelerated the crystallization

of the PVDF and increased thhgvalues.

Isothermal crystallization experiments were condddb understand the effect of BTO on the
crystallization of PVDF. Due to the high& of the PVDF composites containing 5 and 10 vol. %
BTO, the isothermal crystallization temperature whgsen as 150 °C. The time dependence of
X; for the as-extruded PVDF and composite films & in Figure le. For all of the samples,
the crystallinity firstly increased with time beéorreaching a plateau. During isothermal
crystallization at 150 °C, pure PVDF achieved u@88b crystallinity, which is lower than that

of the extruded films due to the onset crystalimatemperature. Compared to the pure PVDF,
the composite samples exhibited higher crystajliregardless of filler content. The crystallinity
firstly increased with increasing BTO content up3tawol. %, which is due to the nucleating
effect of BTO patrticles, then decreased at high&€OBcontent (5 vol. % and 10 vol. %),

resulting from the reduced chain mobility with glnffiller content.
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Figure 1 Crystallization features of PVDF and compositdiedi with different BTO content: (a) XRD
patterns of: (1) BTO; (2) PVDF; (3) PVDF_BTO 0.1%lv%; (4) PVDF_BTO 0.5 vol. %; (5)
PVDF_BTO 1 vol. %; (6) PVDF_BTO 3 vol. %; (7) PVDBTO 5 vol. % and (8) PVDF_BTO 10 vol. %;
(b) SEM images of extruded films; (c) first heatiD§C temperature scan; (d) cooling DSC temperature
scan; (e) crystallinity against time during isothal crystallization at 150 °C; (f) fitted Avramiselts;

and (g) schematic diagrams for spherulites crystallat 150 °C.

Another characteristic shown in Figure le is trduoed time needed to reach the plateau for the
composites with the higher BTO contents (5 and @D %). The isothermal crystallization
behaviour is well described by the Avrami equatipas shown in Equation (2), wheXgis the
relative crystallinity at a corresponding tinhewhich is equal to the absolute crystallinity,
crystallized at time, divided by the final maximum crystallinitys is a constant correlated to

the overall crystallization ratey is the Avrami exponent which describes both theleation



nature () and crystal growth geometrgif (Equation (3)). Values df andn for PVDF and the
composite films were determined by fitting the plof In[-In(1- X;)] against I using Equation
(4). The fitting curves are shown in Figure 1f dhd related crystallization kinetics parameters
are listed in Table 1, where thg, is defined as the required time to complete hélthe

crystallization, and is used to evaluate the ctystdion rate.

Xi=1-—exp(—Kt") (2)
n=n+n. 3)
In[—In(1 — Xp)] = InK + nlnt  (4)
1
In2\n
= ()

Table 1 Characteristic temperatures and thermodynamicegabbtained from the DSC data. Melting
temperaturel, and crystallinityX; weredetermined from the first heating DSC curves; aljigation
temperaturél. was determined from the cooling DSC curves andtatynity Xc.iso, Avramin andty

were calculated on the basis of DSC isothermalalization data.

Samples Tm (°C) Xc T. (°C) Xc-iso Avrami n ty2(S)

PVDF 168.3+1 50.7+2% 142.1+1 38.6+3% 3.8+0.1 331
BTO 0.15 vol.% 168.7+2 51.7+2% 141.7+1 45.4+2% 0.8+ 327

BTO 0.5 vol.% 168.9+2 52.0+3% 141.6+1 46.4+3% 1.2+0 344

BTO 1 vol.% 168.9+2 48.3+3% 142.0+2 47.9+1% 3.1+0.4 207
BTO 3 vol.% 168.8+1 50.0+4% 142.0+1 53.7+4% 3.6+0.2 240
BTO 5 vol.% 168.7+1 49.6+2% 143.5+1 38.0+2% 3.5+0.4 205

BTO 10 vol.% 168.6+1 50.4+2% 146.2+1 35.7+1% 3.2¢0. 136

The Avrami equation is built on the ideal assumpgiof: homogenous nucleation; no change in
the crystal shape; constant crystallization raté aolume of polymer; and no occurrence of
secondary crystallizatio?f. However, real isothermal crystallization is mommplicated than

this, and all of the details cannot be preciselyeaded by the Avrami equation. Consequently,
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the Avrami exponem values, shown in Table 1, are not integers (aswomédd expect) and are
highly scattered. Pure PVDF exhibited a value obuab4 and crystallized into spherulites
(Figure 2a), indicating homogenous nucleatioyx (1) and three dimensional spherulite crystals
(nc = 3). The composites samples, however, showed tfiereht behaviours. The composites
filled with the lower BTO contents of 0.15, 0.5 véb had an value of about 2, suggesting the
crystallization of two-dimensional crystals; € 2) and heterogeneous nucleatiof=(0). Then
was in the range of 3 to 4 for composites filledhwBTO contents higher than 1 vol. %,

suggesting the crystallization of spherulites< 3) and heterogeneous nucleatiof=(0).

The morphologies of the samples crystallized at AG0are shown in Figure 2, where PVDF
crystallized into spherulites, consistent with awraini exponenn of about 4 (Figure 2a). A
similar spherulite structure was maintained for toenposites filled with 0.15 vol. % of BTO
particles (Figure 2b), which is contrary to the &wi exponenn ranging from 1 to 2. This
contradiction can be explained by the larger barspdterulites formed in the PVDF_BTO 0.5
vol. % composites, the diameter of which were alsutim, with concentric rings along the
radial direction (Figure 2c inset). Banded sphé&gudiructure has been reported in various semi-
crystalline polymer§>* The BTO particles served as nucleating agentthfocrystallization of
PVDF. For composites loaded with a small contenB®O fillers (up to 0.5 vol. %), the
heterogeneous nucleus of inorganic particles peal/ehough space for the growth of the PVDF
crystals, thus forming the large ring banded spitesu The Avrami exponemt of PVDF_BTO
0.5 vol. % was less than 2, which is consistenhhe structure of the twisted lamellae in the
banded spherulites, not the spherulites themselWgh increasing BTO content, more
nucleation sites were present. In this case, th&tals influenced each other and the growth of
large ring banded spherulites was impeded. Correlpgly, the Avrami exponenh for
composites with large BTO content was in the raofg&to 4. Figure 1g schematically illustrates

the different microstructures due to varying BT Qitemt.
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Figure 2 SEM images of samples isothermally crystallizedi= °C: (a) pure PVDF; (b) PVDF_BTO
0.15 vol. %; (c) PVDF_BTO 0.5 vol. %; (d) PVDF_BTIOvol. %; (e) PVDF_BTO 3 vol. %; (f)

PVDF_BTO 5 vol. %; (g) PVDF_BTO 10 vol. %.

On the basis of thi, values (Table 1), the crystallization rate of PV&s influenced by the
addition of BTO patrticles. Despite the nucleatifiga, thety, values of composites filled with
0.15 and 0.5 vol. % BTO particles were similar hattof pure PVDF, arising from the longer
time needed to the form large ring banded spheriliVith further increasing BTO content, the
t1» values became smaller, indicating that the additod large amounts of BTO particles

facilitated the crystallization of PVDF becauseréheere more nucleation sites.

An important link exists between the isothermalstajlization studies and the morphology and
thermal behaviours of the as-extruded films. Compsdilled with less than 1 vol. % BTO
particles crystallized into large ring banded sphess (diameter ~ 5@um) during isothermal
crystallization, correspondingly, the as-extrudednposites filled with the same BTO content
crystallized into large spherulites (diameter ~ubd), almost tripling the size of the spherulites

crystallized in the pure PVDF (diameter ~u®). The introduction of a small content of BTO

(up to 0.5 vol. %) reduced the amount of nucleaiggnt, which provided enough space for the
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formation of ring banded spherulites during isothar crystallization. However, during

extrusion the crystallization of PVDF underwentidapooling and melt draw-down, inhibiting

the formation of ring banded spherulites but $&itl to the crystallization of larger spherulites

compared to pure PVDF.

3.2 Effect of BTO patrticles on solid state drawingf PVDF films

Ferroelectrig3-phase PVDF is widely used in applications thatinexelectro-active properties.
The common method to obtain tRgphase is solid state drawing @fphase PVDF with draw
ratios ranging from 3 to 5. Figure S1 shows thesstistrain curves recorded during drawing of
the as-extruded films, at 100 °C and 120 °C. Thetating temperatures were chosen according
to the crystalline relaxation temperature of PVDFhe samples showed similar values of strain
at failure, ranging from 3 to 4.2, which shouldsficient to transformu- to p-phase”® Figure

S2 shows the morphology of drawn films, which dagpfibrilar structure and no obvious

difference exists between the 100 °C and 120 °@ufdms.

Figure 3 shows the XRD data for the drawn filmsfl&#ions from thep-phase at 20.7°
(110)/(200) are clearly present (Figure 3a(i)). For the fildrawn at 100 °C, the emergence of
the peak at 20.7° occurred with the disappearahdbeo(100) peak and a reduction in the
intensity of the (11Q)peaks. The films drawn at 120 °C clearly show cioredb reflections from
thea- andp-phases. None of the drawn films exhibited fulhsformation into th@-phase, but
the lower drawing temperature (100 °C) favoured thansformation, which is consistent with

other reported work&.%*°

The phase transformation of PVDF is induced byuhiaxial tensile deformation. Figure 3a(ii)
and b(ii) depict the 2D-WAXD patterns for the filndsawn to breaking point at 100 °C and
120 °C, respectively. Referenced to the 1D-XRD d#ta arcs displayed in Figure 3a(ii) are

attributed to the (02Q)and (110)/(20@Q) reflections in the 100 °C drawn PVDF films. The
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equatorially concentrated (hk0) arcs indicate tiat alignment of c-axis, which means the
polymer chains are parallel to the drawing directi8imilarly, all of the composite samples
exhibited diffraction arcs of (100)(020), and (110)/(20Q) The full rings from the reflections
of the BTO patrticles are progressively more obviaith increasing filler content. The degree of
crystalline orientation was evaluated using thenkder's factor ) using Equation (6), whegeis
the angle between polymer chain axis and the neferdirection (stretching direction), <éps

is defined using Equation (7) andp)(is the scattered intensity along the angleFor ideal

orientationp=0 andf=1.

f = (3<cos?p>—1)/2 (6)
%I sinpcos?pd
< cos?p >= Js (E(P) go L < (7)
JE1(p)sinpde

The degree of orientation of the a- and b-axet®ftystallites in stretched films was calculated

using the diffraction of (109) (020), and (110)/(20Q) reflections. The unit cell ofi- and -

PVDF are pseudo-orthorhombic and orthorhorfthicespectively. In this case, the degree of

orientation of the c-axis (polymer chain axis) t@nderived from the relationship that exists for

the a-, b-and c-axes in orthogonal crystallitesu@gn (8)).

fatfo+fc=0 ®
The calculated values, which represent the degree of the orientaif polymer chain axis for
PVDF and the composite samples, are listed at tiwr of each 2D-WAXD pattern. The
addition of BTO particles hardly influences thestalline preferred orientation when drawing at

100 °C.
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Figure 3 XRD data for films drawn to breaking point at {#)0 °C and (b) 120 °C: (i) 1D-WAXD and (ii)
2D-WAXD; the drawing direction is vertical with thacident beam normal to the film surface and the

orientation Herman’s factor values were listechatliottom of each ring pattern.

Apart from the (02Q)and (110)/(20Q)reflections the 120 °C drawn PVDF showed four arcs at
about 45° off the equator, which are reflectiormrfrthe (021) crystal planes. The increased
chain mobility with increased temperature leadsatesmaller effect of drawing on chain
conformation, only orienting the crystals but nbaoging the chain conformation from trans-
gauche to all-trans, thereby merely forming oridnéecrystals. The intensity of the (021)
reflection became weaker with increasing BTO amowiich is due to the reducedPVDF
content in the composites. Contrary to the conditad drawing at 100 °C, the degree of
orientation was enhanced by the presence of BT@cles. Thef value peaked at 0.94 for the

composite filled with 1 vol. % BTO.
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Figure 4a shows the DSC heating scans for the dfdms. The values of the calculated
crystallinity and melting temperature are listed'able 2. The crystallinity values represent total
crystallinity of thea- andp-phases combined. Compared to the DSC graphs doadfextruded
samples, the drawn films exhibited only one fugi@ak, which was about 3 °C lower than that
of the main fusion peak for the as-extruded filfRgggre 1c and Table 1). This is probably
ascribed to the different crystalline phases; haweaccording to the literature the values of the
melting temperature far- andp-PVDF are possibly not differentiat8d®*3 The films drawn at
100 °C showed similar crystallinity to those of theextruded films, while the crystallinity of
the films drawn at 120 °C increased moderately,civhs linked to their more obvious strain
hardening behaviour (Figure S1 and Table 2). Anotb&ture shown in Figure 4a is the highly
asymmetric shape of the fusion peaks for the 10@ravn films, owing to the heterogeneous
distribution of crystallite size formed during driagy at the lower temperatuféwhich suggests

strong interactions between the PVDF and BTO 8ller

Figure 4b shows the FTIR data of the drawn filmise Traction offi-phase (f)) is listed in
Table 2. Films drawn at 100 °C exhibit m@rghase, which is consistent with their XRD data,
andF(f) was nearly independent of BTO content. For filmawh at 120 °C, the formation of
the B-phase was enhanced with the BTO filling. The iasee was more prominent at low

loadings (<5 vol. % BTO).
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Figure 4 (a) DSC heating scans and (b) FTIR for PVDF andpasite films drawn to breaking point at:

(i) 100 °C; (ii) 120 °C.

Table 2 Crystallinity X;, melting temperatur@,, and fraction off-phaseF(f) for samples drawn to

maximum at 100 °C and 120 °C, the drawing rateistant 10 mm/min.

Samples Drawn at 100 °C Drawn at 120 °C
X Tm(°C)  F(B) Wwt. % X Tm(°C)  F(B) wt. %

PVDF 50.3+=2% 165.5:2 86.0+4 50.7x2% 166.5+2 47.3+3
BTO 0.15vol. % 53.5+t4% 165.7t1 88.3+5 51.6+2% 167.4t1 51.4+2
BTO 0.5 vol. % 49.4+4% 166.1t+2 87.2t4 52.5+2% 166.5+2 53.9+3
BTO 1 vol. % 48.8+3% 165.2+2 86.2+4 54.0+1% 166.9t1 59.9+4
BTO 3 vol. % 48.9+t1% 166.3r1  83.2t5 54.8+1% 166.7+2  56.1+3
BTO 5 vol. % 49.2+4% 166.1+1 84.7t3 51.0£3% 166.1+2 51.0+3
BTO 10 vol. % 49.4+5% 165.2-2  85.1£5 51.1+3% 166.5+1  45.2+3

3.3 Electric properties of PVDF_BTO composites

Dielectric properties

The dielectric frequency spectra for the pure P\dDHE the composites are shown in Figure 5a-c.

In the frequency range of 100 Hz-10000 Hz, the h@swent D) of the as-extruded films

decreased with the increase of frequency, whichs@@ibed to the crystalline relaxation wof

PVDF3
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Figure 5 Frequency dependence of dielectric constantdand dielectric losslY) of pure PVDF and
composites with BTO content of 0.15, 0.5, 5, 10. it (a) as-extruded films; (b) films drawn to
breaking point at 100 °C and 10 mm/min; (c) filnmawin to breaking point at 120 °C and 10 mm/min. (d)

values ofe’ and D as a function of vol. % BTO.

Figure 5d shows the relationship between the BTQeru and the values ef andD measured

at 100 Hz and room temperature. The 100 °C drawe P¥DF and composites with low BTO
content (0.15 and 0.5 vol. %) displayed largeredilc constant compared to the as-extruded
films and the 120 °C drawn films with the same Bd@tent, which is due to the higher content
of B-phase, consistent with the reported work by Gegal. ** Composites filled with large
amounts of BTO particles (5 and 10 vol. %), howeeahibited smallet’ values in the drawn
samples in comparison with the as-extruded sampleg;h is associated with the fact that
drawing reduces agglomeration of the particles iamgtoves the distribution of high ratios of
fillers. Meanwhile, theD did not increase obviously due to the additio®®0D particles, which

proves the fact that the introduction of BTO paescdid not result in severe defects, and is also
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consistent with the DSC data that the composites @mure PVDF samples showed similar
crystallinity values.
Ferroelectric properties

The ferroelectric properties of the pure PVDF amdnposites are shown in Figure 6. The
displayed P-E loops are all saturated, which wadsrdened by checking the invariance of the
position of switching current peak with increasingaximum amplitude. The as-extruded
samples displayed ferroelectric switching, whichswassociated with a field induced phase
transformation during testing, from the non-padaphase to the polai-phase. The remnant
polarization and coercive field for the pure asqedted PVDF were 0.05 C/and 115 kV/mm
(Figure 6a, b), respectively, consistent with teparted values fo§-PVDF3® Small amounts of
BTO, 0.15 and 0.5 vol. %, slightly increased themant polarization. However, larger BTO
contents, e.g. 10 vol. %, resulted in severe ctifeakage and decreased the breakdown voltage,

which is mainly ascribed to particle aggregatiod/asr the generation of defects.
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Figure 6 Ferroelectric I-E and P-E loops for pure PVDF anthposites with BTO content of 0.15, 0.5, 5,
and 10 vol. %: (a, b) as-extruded films; (c, dinBl drawn to the limit at 100 °C and 10 mm/min;fje,

films drawn to their breaking point at 120 °C arfidrm/min. The data was measured at 10 Hz.

The drawn films (Figure 6c-f) produced well defirfedroelectric behaviour. The 100 °C drawn
pure PVDF showed a remnant polarization of 0.08%°Gind a coercive fieldf 80 kV/mm.
Comparable values were observed in the 120 °C dRMBF, 0.075 C/hand 86 kV/mm. The
slightly lower remnant polarization in the 120 °@adn PVDF films is linked to the lower
contentof the ferroelectrig3-phase. It is clearly seen that the coercive fadldhe composites
decreased to about 60 kvV/mm. The interfaces betweeRVDF matrix and BTO particles may

have facilitated the nucleation of ferroelectriaxdns, which assists ferroelectric switchifig.
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For the 100 °C drawn films, the remnant polarizatd the composites filled with 5 vol. % BTO
reached 0.095 C/mthe highest value that ever reported for PVDFetlasomposite materials,
without showing any current leakage, which is dsdito the strong adhesion between PVDF

and BTO without the occurrence of particle agglaatien.
4. Conclusions

In conclusion, the PVDF/BTO composites prepare@xiyusion followed by solid state drawing
were systematically studied. The BTO particles dopromote the crystallization @fphase in
PVDF, but largern-PVDF spherulites were formed with the additionlegs than 3 vol. % of
BTO particles. A study of isothermal crystallizatioevealed that small amounts of BTO
produce a significant change in the crystallizati@maviour of PVDF; the Avrami exponemt
changed from 4 to 2 with the addition of small amsuof BTO (less than 1 vol. %), which
indicates that the crystals of PVDF were changethfthree-dimensional spherulites to two-
dimensional lamellar structure due to the nucleaéifiect of BTO on the crystallization of large
full ring banded spherulites. Additionally, in thellowing process of transforming- to B-
PVDF via solid state drawing, the rigid BTO parielproduced stress concentrating effects
along with the formation of voids and cavities, ilitetting the generation g3-PVDF with more
pronounced crystalline orientation in the case h& higher drawing temperature (120 °C).
Finally, the dielectric properties were improvedtlwithe addition of BTO, the dielectric
permittivity of 100 °C drawn films roughly increabdrom 14 to 23 (100 Hz), while the
dielectric loss remained at about 0.02 after fylivith 5 vol. % of BTO particles. The
ferroelectric properties were also enhanced by mhgwhe 100 °C drawn PVDF_BTO 5 vol. %
composites films showed a remnant polarization.698 C/nf the highest value ever reported
for PVDF based composite materials and a coerdegld 6f 50 kV/mm without the occurrence

of obvious current leakage.
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Highlights

e Poly(vinylidene fluoride)/BaTiOs; (PVDF/BTO) composite films were produced.

e Small amounts of BTO (< 3 vol. %) made PVDF crystallize into larger spherulites.

e BTO promoted the formation of B-PVDF during high temperature solid state drawing.
* The dielectric and ferroelectric properties were enhanced with BTO filling.



