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ABSTRACT: Trifluoroethylene addition and thermal treatment induced crystal phase transition in a series of poly(vinylidene fluoride-co-
trifluoroethylene) [P(VDF-co-TrFE)] containing varied TrFE molar ratio (6, 9, 12, and 20 mol %) prepared from the hydrogenation of
poly(vinylidene fluoride-co-chlorotrifluoroethylene have been investigated by means of Fourier transform infrared spectral (FTIR), X-
ray diffraction (XRD), and differential scanning calorimetry (DSC) analyses. The comprehensive applications of the three techniques
could distinguish «, f and y phase of P(VDF-co-TrFE) very well. The multipeak fitting technique of DSC is successfully applied to calcu-
late the percentage of different phases in the samples, which allows us to investigate the phase transition process of P(VDF-co-TrFE) pre-
cisely. It is found that the crystal phase of P(VDF-co-TrFE) films is turned from o + y phase (6 mol % TrFE) to a + 7 + f phase (9 and
12 mol % TrFE) to f phase (20 mol % TrFE) at high temperature, and from o + 7 phase (6 mol % TrFE) to y + f phase (9 mol %
TrFE) to f phase (>12 mol % TrFE) at low fabricated temperature. Both the fabrication conditions and TrFE addition are responsible
for the crystal phase transition of the hydrogenised P(VDF-co-TrFE). © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION trans-gauche conformation (TGTG')], f phase [in all-trans pla-
nar zigzag conformation (TTTT)], y phase [in a conformation
of three trans linked to one gauche (TTTG)], and 6 phase (in a
polar version of a phase) depending on the fabrication condi-
tions.'"* The piezoelectricity, pyroelectricity, and ferroelectricity
properties of PVDF are believed to be intimately related to the
polar f crystalline phase. Typically, neat PVDF always has to go
through mechanical stretching process or high temperature
. . h 1 i he fa i f f-phase.'>'® With
P(VDF-co-TrFE) by the existence of a Curie temperature at ! erma.t.r catment to induce the ormatll on o ﬁ.p ase .lt
. . . the addition of over 17 mol% TrFE units via direct polymeriza-
which the crystals undergo a ferroelectric-to-paraelectric phase . .
. . .. .13 tion process, P(VDF-co-TrFE) chains prefer all-trans conforma-
transition in a wide range of the VDF composition ratio. . . . 17 . 18-20
. .. . .. tion and unit cell of f phase directly.”” Yagi et al. have
The piezoelectricity, pyroelectricity, and ferroelectricity proper- . . . .
. . investigated the molecule conformation and crystalline form of
ties of these polymers are reported to be closely related to their . -,
lecul . . d chai King i | P(VDF-co-TrFE) over the entire range of composition by means
molecular conformation and chain packing in crystals. of X-ray diffraction (XRD) and infrared spectroscopy. Pure
It has been well known that PVDF homopolymer could crystal-  PTrFE was found to be a stereo-irregular containing ~50% of
lize into at least four distinct phases including o phase [in inversely added monomeric units and adopt a 3/1-helical

Since the initial study about the strong piezoelectricity and
pyroelectricity properties of poly(vinylidene fluoride) (PVDF)
and its copolymer poly(vinylidene fluoride-co-trifluoroethylene)
[P(VDE-co-TrFE)] in the 1970s,"™ PVDF and P(VDF-co-TrFE)
have attracted considerable interests for their various device
applications such as electromechanical sensors and aculators.’
Several years later, excellent ferroelectricity was disclosed in
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conformation. The addition of less than about 85 mol % VDF
could result in trans or trans-like conformation while higher
VDF concentrations would yield TGTG' conformation in the
copolymers.'®?' Mechanical stretching process, external elec-
tric-field polarization, and thermal treatment have been
reported to exhibit significant influence on the final crystalline
phases of these polymers as well.*7¢

In the previous investigation, Fourier transform infrared (or
Raman spectra) and XRD have been the most frequently used
tools to characterize the crystal phase and chain conformation
of P(VDEF-co-TrFE)."*'**! However, as for the precise char-
acterization of these three phases associated with the three basic
conformations, divergent results are always obtained because
neither the bands in FTIR spectra nor the diffraction reflection
peaks in XRD spectra could be definitively assigned. Besides,
compared with well-known o and f§ phases, y phase associated
with TTTG conformation has rarely been investigated because
of the difficulty in the fabrication and characterization of pure
7 phase. Meanwhile, the fact that conformation of both the f
and y phase has the TTT segments makes it even more difficult
to distinguish y from f phase. Differential scanning calorimeter
(DSC) has also been applied in some work to study the crystal
phase evolution of PVDF or P(VDEF-co-TrFE).!721:22:25:32-35
However, so far no method is able to precisely identify and cal-
culate the exact percentage of the three crystal phases in the
samples with more than one type of crystal phases.

Recently, the synthesis methodology of TrFE-containing PVDEF-
based fluoropolymer has undergone a rapid improvement along
with the significant achievement obtained in PVDF-based ferro-
electric relaxor as high electric energy storage dielectrics. For the
disadvantages of TrFE as comonomer, such as the poor controll-
ability of the copolymer composition due to varied reactivity
ratios of different monomers, the difficulty during the transpor-
tation and storage of TrFE monomer, and the relatively poor
sources of TrFE,>® a more convenient chemical route, involving
the copolymerization of VDF and chloridetrifluoro ethylene
(CTFE) followed by the subsequent hydrogenation of P(VDE-
co-CTFE) to convert CTFE units into TrFE units, is disclosed to
synthesize TrFE-containing copolymers.”” More recently, an
environmentally friendly and controllable P(VDF-co-CTFE) hy-
drogenation route named atom transfer chain transfer reaction
is reported by our group in an effort to avoid the use and pro-
duction of high toxic chemicals (such as tributyltin hydride and
tributyltin chloride).”® Our previous study has demonstrated
that VDF and TrFE units are mostly in head-head connection
in the hydrogenated copolymer, which is responsible for the sig-
nificant difference in the thermal and dielectric properties
between the direct-copolymer and hydrogenized copolymer.*
However, the systematic investigation of thermal treatment and
composition influence on the crystalline properties of P(VDEF-
co-TrFE) with head-head VDEF-TrFE connection are still
unknown, although both the composition and the crystalline
conditions are well recognized as dominate roles on the phase
transition of P(VDF-co-TrFE).?”* This promotes us to develop
a more powerful and facile method, DSC peaks fitting technique
combined with FTIR and XRD, to precisely evaluate how the
composition and fabrication conditions affect the crystal phase

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37975

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

Table I. Fabrication Conditions of P(VDF-co-TrFE) Films with Different
TrFE Molar Ratios

TrFE content (mol%)

Fabrication conditions 6 9 12 20
As-casted at 44°C Al A2 A3 A4
As-casted at 100°C B1 B2 B3 B4
Annealed at 200°C C1 c2 C38 C4
Quenched in ice-water D1 D2 D3 D4
Quenched in Nx(l) + hexane El E2 E3 E4
Quenched in liquid Nx(|) F1 F2 F3 F4

transition of indirectly polymerized P(VDEF-co-TrFE) in this
work.

EXPERIMENTAL SECTION

Materials

P(VDF-co-CTFE) containing varied CTFE molar ratio (6, 9, 12,
and 20 mol %) was purchased from Solvay Solex and SynQuest
Laboratory (America). All the other chemicals were obtained
from commercials and used as received. P(VDF-co-TrFE)s with
altered composition were synthesized by a full hydrogenation
process of P(VDF-co-CTFE) following the procedure described
in literature.’® The structure of P(VDF-co-TrFE)s was confirmed
by 'H- and ""F-NMR.

Fabrication of P(VDF-co-TrFE) Films

The films about 10~20-um-thick were prepared via casting the
polymer solution in dimethylformamide (DMF) onto glass sub-
strate or a quartz slide. The subsequent thermal processing tech-
niques were used as follows to fabricate six series corresponding
samples with varied TrFE content as listed in Table I. A and B
series samples are as-casted P(VDEF-co-TrFE) films at 44 and
100°C, respectively, without any further thermal treatment.
Films numbered from 1 to 4 correspond to the samples with
TrFE molar content from 6 to 20 mol %. C series samples are
annealed films prepared via heating the untreated film at 200°C
for 4 h followed by cooling to ambient temperature gradually in
12 h. D, E, and F series samples are quenched films prepared
via heating the as-casted films at 200°C for 4 h followed by im-
mediately quenching into ice-water bath, hexane-liquid nitrogen
bath, and liquid nitrogen, respectively.

Characterization

'H- and ""F-NMR spectra were recorded on a Bruker (Advanced
II) 400 MHz spectrometer instrument with acetone-dg as sol-
vent and tetramethylsilane as an internal standard. DSC analysis
was conducted on a NETZSCH DSC 200 PC (NETZSCH, Ger-
many) in nitrogen atmosphere at a heating rate of 10, 5, or
2.5°C/min for the first circle. XRD results were obtained on a
RIGAKU D/MAX-2400 (Rigaku Industrial, Japan). The wave-
length of the X-ray was 1.542 A (Cu Ko radiation, 40 kV and
100 mA) and the scanning velocity was 4°/min. FTIR spectros-
copy was carried out on a Tensor 27 (Bruker Corporation,

Germany) with a resolution 1~0.4 cm™".
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Figure 1. FTIR spectra of Sample C2 [9 mol % P(VDF-co-TrFE) film
annealed at 200°C]. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

RESULTS AND DISCUSSION

Characterization of P(VDF-co-TrFE) with Different

Crystal Phases

FTIR and XRD are mostly used techniques to determine the
crystalline structure and morphology as well as the conforma-
tion of the polymer chains in the crystalline regions of PVDE-
based fluoropolymers.''**"*! Comparing with neat PVDF, the
introduction of TrFE makes the crystalline properties of result-
ant copolymer more complicated. It is well recognized that the
FTIR absorbance peak at 1284~1290 cm ' corresponds to the
trans isomer sequence with four or more than four units (char-
acteristic of 8 structure),”'®'® the absorbance peak at 614 cm ™
is attributed to the trans-gauche sequence (TG) of o phase, and
the band at 510 cm™" is assigned to TsG conformation’ corre-
sponding to y phase, respectively. Therefore, o phase could be
clearly identified by the FTIR absorption bands at 530, 614,
765, 795, and 976 cm™'. However, the identification of y and f8
phases on FTIR is rather difficult for their similar polymer
chain conformation and close characteristic absorption bands at
510, 810~840, and 1284~1290 cm™'. As a matter of fact, none
of these peaks could be applied to distinguish one type of crys-
tal phase from the other one precisely, especially when the sam-
ples have the combined crystal phases. FTIR spectrum of sample
C2, P(VDF-co-TrFE) film with 9 mol % TrFE is fabricated at
100°C and then cooled gradually after an isothermal at 200°C
for 4 h, is presented as an example in Figure 1. The existence of
o phase crystal could be clearly indentified by the sharp peak at
614 cm™ ', while the existence of y or  could hardly be deter-

mined just by peaks at 510 and 1290 cm ™.

XRD faces the similar problem as FTIR for the characterization
of these three crystalline phases. It has been reported that the f§
crystalline phase in the semicrystalline P(VDE-co-TrFE) has an
orthorhombic unit cell in which the lattice a and b axes are per-
pendicular to the polymer chain and their ratio is close to /3.
Thus, the lattice has a quasi-hexagonal structure, resulting in
the overlap of the (110) and (200) reflections.*® The single
reflection peak suited at 20 = 19.7° is considered to be from
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the ferroelectric § phase associated with the all-trans conforma-
tion and represents the Bragg diffraction of (110)/(200) of f
phase. However, the Bragg diffraction of (110)/(200) of y and «
phases is very close at 26 = 20° as well. Although 26 = 18.7° is
supposed to represent nonferroelectric phases, associated with o
or y phase, the reflection at 20 = 17.7° and 26.8° are only from
the Bragg diffractions of (100) and (021) of the nonpolar «
phase, respectively.*! In other words, « phase of P(VDF-co-
TrFE) of C2 (Figure 2) could be clearly identified on XRD spec-
tra by Bragg diffractions at 17.7° and 26.8°, whereas § and 7y
phases could hardly be distinguished from Figure 2.

DSC curves of sample C2 at enhanced heating rate from 2.5 to
20°C/min is taken as an example as shown in Figure 3. Only
two clear endothermic peaks are observed on the DSC curve
obtained at the heating of 20°C/min. As the heating rate
decreases from 20 to 2.5°C/min, the endothermic peak at
167.4°C is divided into two independent peaks at about 165
and 170°C gradually. Apparently, the original broad peak
obtained at high heating rate is the combination of these two
peaks. However, the low heating rate leads to the shifting of
endothermic peak to lower temperature as well as lower fusion
enthalpy. In order to separate the overlapped peaks obtained at
the heating rate of 20°C/min, multipeak fitting technique has
been used as shown in Figure 3. The magenta curves are corre-
sponding to the fixed individual peaks, while the well coincided
green line with the original DSC curve is the fitted results.

Our previous study has shown that the melting temperature of
p phase is obviously lower than that of « and 7 phase in neat
PVDE while the melting point of o-PVDF is slightly lower than
7-PVDE*? Therefore, the three endothermic peaks observed in
sample C2 at elevated temperature could be attributed to the
melting temperature of f§, o, and y phases successively. That
means the crystalline region of Sample C2 is composed of three
mixed phases. Thus, DSC multipeak fitting technique could suc-
cessfully distinguish the three crystalline phases from each other

10 15 20 25 30 35 40 45 50 55 60

260(%)

Figure 2. X-ray diffraction spectra of Sample C2 [9 mol % P(VDF-co-
TrFE) film annealed at 200°C]. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 3. DSC of Sample C2 [9 mol % P(VDF-co-TrFE) film annealed at
200°C] obtained at elevated heating rate indicated by the numbers on the left
side of the above picture. The result obtained at 20°C/min is fitted by the ori-
gin multipeaks fitting technique: the inner black curve comes from the origi-
nal measured data. The green curve represents the fitting line while the
magenta ones correspond to the separation results. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

with the assistance of FTIR and XRD. Most importantly, the in-
tegral of the fixed individual peaks of DSC curve could help to
estimate the percentage of each crystal phase in the samples
possessing multicrystalline phases.

Phase Dependence of P(VDF-co-TrFE) on Fabrication
Conditions

It has been well studied that the crystalline structure of PVDEF-
based semicrystalline polymers is strongly dependent on crystal-
line conditions, such as solvents and substrates utilized in solu-
tion cast process, crystalline temperature and thermal treat-
ment.”> For example, thermal treatment, such as annealing at a
temperature between the Curie temperature and melting point
of P(VDF-co-TrFE), has been widely applied to fabricate films
with improved ferroelectric phase.*>*%*>** More interests have
been focused on the ferroelectric-to-paraelectric (F-P) transition
of copolymers rather than their crystalline phase transi-
tion,’**>**** although their electric phase transition is very de-
pendent on the crystal phase properties.

The IR spectra of P(VDF-co-TrFE) with 6 mol % TrFE ther-
mally treated in different ways are shown in Figure 4. o phase
in major could be observed in all the samples characterized
with absorption bands at 530, 613, 764, 797, and 975 cm ™. As
the treatment temperature decreases, the characteristic absorp-
tion bands of o phase become sharper and more typical. The
small peak at 511 cm™' indicates the presence of § or 7 phase.
Figure 5 presents the XRD spectra of sample Al, Bl, Cl, D1,
El, and F1. Bl, C1, D1, El, and F1 all show Bragg diffraction at
17.7°, 18.7°, and 26.8°, indicating the existence of o phase.
Instead, Al has the Bragg diffraction at 18.7°, characteristic of
nonferroelectric phase associated with a or y phase.

DSC thermograms of these samples are shown in Figure 6.
The peaks at 120~140°C are attributed to the well-known F-P
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Figure 4. FTIR of P(VDF-co-TrFE) (6 mol % TrFE) films fabricated under
various conditions: Al: as-casted at 44°C; Bl: as-casted at 100°C; Cl:
annealed at 200°C; DI1: quenched in ice-water; El: quenched in

N,(I)+hexane; F1: quenched in liquid N,(I). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

transition or Curie temperature, which will not be discussed in
this work. The broad melting peak of Al could be separated
into two endothermic peaks at 161.9 and 168.8°C with multi-
peak fitting technique as discussed above, corresponding to the
melting temperature of « and y phases, respectively. The mixed
crystalline phase characteristic of Sample Bl and C1 are much
clearer with two obvious peaks, which are separated as well to
investigate the percentage of each phase in the crystalline region.
The peaks at 161.4°C of Bl and 163.1°C of Cl correspond to
the melting point of o phase while the second peak at 168.4°C
of Bl and 168.3°C of C1 corresponds to the melting point of y

| 6 mol% P(VDF-co-TrFE)|

10 20 30 40 50 60
20(%)

Figure 5. XRD of P(VDF-co-TrFE) (6 mol % TrFE) films fabricated under
various conditions: Al: as-casted at 44°C; Bl: as-casted at 100°C; Cl:
annealed at 200°C; DI1: quenched in ice-water; El: quenched in
N,(I)+hexane; F1: quenched in liquid N,(I). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. DSC of P(VDF-co-TrFE) (6 mol % TrFE) films fabricated under
various conditions: Al: as-casted at 44°C; Bl: as-casted at 100°C; Cl:
annealed at 200°C; D1: quenched in ice-water; E1: quenched in Ny(I) +
hexane; F1: quenched in liquid N,(l). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

phase, which is consistent with results from FTIR and XRD.
When the samples are quenched from high temperature imme-
diately to low temperature, such as samples D1, El, and F1, the
two melting peaks are merged into one, corresponding to the
contribution of « phase. In addition, the melting point shifts to
higher temperature as the quenching temperature decreases,
which may be caused by the increasing of gauche conformation,
consistent with the results found by Farmer et al,*® calculating
the stability of gauche and trans conformation of VDF and tet-
rafluoroethylene (TFE) copolymer.

With the assistance of multipeak fitting technique, the percent-
age of each crystal phase in the overall crystalline region was
calculated by dividing the melting fusion enthalpy of the indi-
vidual melting peak with the overall fusion enthalpy as listed in
Table II. It seems that y phase with minor o phase is more likely
to be formed in P(VDF-co-TrFE) containing 6 mol % TrFE fab-
ricated at low temperature. The content of o phase increases as
the fabrication temperature increases. Cooling from high tem-
perature to low temperature favors the formation of o phase,
and the higher cooling rate results in more o phase in crystal-

line region. As more TrFE introduced (>9 mol %), f phase
starts to be determined. Films fabricated at low temperature
favors the formation of crystal phase with higher polarity (y or
[ phase) while high temperature leads to the various a phase
content depending on the cooling rate. All the results coincide
very well with the fact found in neat PVDF that high crystalliza-
tion temperature favors the formation of kinetically favorable
conformation (TGTG'), while the low crystallization tempera-
ture helps form TTTG conformation.*’

Phase Dependence of P(VDF-co-TrFE) on TrFE Content

It is well known that the crystal structure and phase transition
of directly polymerized P(VDF-co-TrFE) depends strongly on
VDF content. It has been reported that only trans conformation
(P phase) could be observed in copolymer with more than 40
mol % TrFE regardless of the fabrication conditions. More or
less G and G conformation defects in major f§ phase are
detected in the copolymer containing 18~40 mol % TrFE when
it is cooled from high temperature to the temperature below T..
Melt-crystallized copolymer with less than 18 mol % TrFE is
found to contain o phase and possibly y phase besides § phase
in major."” In order to investigate the exact crystal phase transi-
tion induced by TrFE of these P(VDF-co-TrFE) copolymers pre-
pared in indirect polymerization process, annealed samples con-
taining TrFE units no more than 20 mol % are taken as an
instance for discussion.

As shown in Figure 7, the characteristic bands of o phase at
530, 614, 764, and 796 cm™' are fading while the absorption
band of B or y phase at 510 cm ™' is growing as the TrFE con-
tent increases from 6 to 20 mol %. That means the introduction
of more TrFE results in the crystal phase transition of the copol-
ymer from o phase to ff or 7 phase. That confirms the result
obtained in XRD as shown in Figure 8. The characteristic dif-
fraction reflections of o and y phases at 20 = 26.8°, 18.7°, and
17.8° on XRD reduce gradually with the increase of TrFE con-
tent, while the reflection at 20 = 20° is growing and shifting
from 20.3° of sample C1 to 19.5° of sample C4. That means the
increasing TrFE content is responsible for the phase transition
from o and y phases to f§ phase.

DSC results of these four samples are shown in Figure 9. With
the assistance of multipeak fitting technique, the phase transi-
tion induced by TrFE addition could be clearly identified. As
TrFE content increases, the crystal phases of P(VDEF-co-TrFE)

Table II. Content of Various Crystal phases in the Crystalline Region (%) Obtained in the Samples with Altered Compositions and Fabricated under

Different Conditions

Percentage of various crystal phases (%)

Thermmal 94/6 91/9 88/12 80/20
treatment o B Y o B Y o B Y o B Y
A 521 0 479 0 48.2 51.8 0 100 0 0 100 0
B 70.1 0 29.9 41.8 51.9 6.3 56.3 43.7 0 0 100 0
C 83.4 0 16.6 27.0 47.6 25.4 19.9 64.3 158 0 100 0
D 100 0 0 429 571 0 17.3 82.7 0 0 100 0
E 100 0 0 459 541 0 0 100 0 0 100 0
F 100 0 0 29.8 60.2 0 15.7 84.3 0 0 100 0
Mu"ﬁ,“iﬁs WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37975
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Figure 7. Infrared spectra of annealed P(VDF-co-TrFE) films containing
different TrFE content: C1: 6 mol % TrFE; C2: 9 mol % TrFE; C3: 12 mol
% TrFE; C4: 20 mol % TrFE. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

are turned from o4y phase (6 mol %) to a+f+7y phase (9 and
12 mol %) and eventually to neat § phase in copolymer con-
taining 20 mol % TrFE. This trend could be more precisely
obtained from the percentage calculation of each crystal phases
listed in Table II. When TrFE content is as low as 6 mol %, the
crystalline region is composed of large amount of « phase with
minor content of y phase. As TrFE content increases, the
amount of f§ phase increases dramatically while that of o phase
decreases greatly. Similar trends could be observed in the B, D,
E, and F types of samples fabricated at high temperature fol-
lowed by cooling at different rate. That means high fabrication
temperature favors the formation of o phase for its highest ther-
modynamic stability unless sufficient TrFE units with steric bulk
reinforce them to form trans conformation. However, the phase

19.5

18.7]

4

C3

10 15 20 25 30 35 40 45 50 55 60
20 ()

Figure 8. X-ray diffraction spectra of annealed P(VDF-co-TrFE) films con-
taining different TrFE content: C1: 6 mol % TrFE; C2: 9 mol % TrFE; C3:
12 mol % TrFE; C4: 20 mol % TrFE. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37975

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

C4

Heat Flow(W/g)

60 80 100 120 140 160 180 200
Temp(OC)

Figure 9. DSC of annealed P(VDF-co-TrFE) films containing various TrFE
content. C1: 6 mol % TrFE; C2: 9 mol % TrFE; C3: 12 mol % TrFE; C4:
20 mol % TrFE. The inner curves (color in black, dark yellow, blue, dark
cyan) come from the original measured data. The magenta curves repre-
sent the fitting lines while the green ones correspond to the separation
results. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

transition induced by TrFE addition is in a rather different way
from o + y phase (6 mol %) to f+y phase (9 mol %) and to
neat f§ phase in copolymer containing 20 mol % TrFE as shown
in Table II if the films are fabricated at low temperature (44°C).
Apparently, the conclusion coincides very well with that
obtained in neat PVDE namely, films fabricated from solution
cast in high polarity solvents (such as DMF, DMAc, and ace-
tone) at low temperature favors the formation of y phase while
those fabricated at high temperature would result in the forma-
tion of o phase. The addition of TrFE is responsible for the for-
mation of all-frans conformation (f phase) as well as part of
the TTTG conformation (y phase). The phase transition in indi-
rect P(VDF-co-TrFE) with TrFE content less than 20 mol %
could be attributed to the combined influence of fabrication
conditions and addition of TrFE. Interestingly, the lowest TrFE
molar content (about 20 mol %) for fabricating stable /i phase
in indirectly polymerized P(VDF-co-TrFE) is much lower than
that of in directly polymerized P(VDF-co-TrFE). That may be
attributed to the different VDF/TrFE connection sequence as
described in literature,” which would be discussed in other
work.

CONCLUSIONS

Three types of crystalline phase («, f, and y) of indirectly poly-
merized P(VDF-co-TrFE) have been well distinguished by
employing FTIR, XRD, and DSC multipeak fitting techniques. o
phase could be easily indentified from the absorption bands at
530, 614, 764, 796, and 975 cm ™! on IR spectra and the diffrac-
tion reflection at 20 = 17.7° and 26.8° on XRD. f§ and y phases
can be distinguished by DSC for their different melting temper-
ature. Both the fabrication temperature and TrFE content are
responsible for the phase transition of P(VDF-co-TrFE). Low
temperature favors the formation of y phase while those

@WILEY i@l ONLINE LIBRARY
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fabricated at high temperature would result in the formation of
o phase. The addition of TrFE is responsible for the formation
of all-trans conformation (f phase) as well as part of the TTTG
conformation (y phase).
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