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Relaxor ferroelectric behavior and structural
evaluation in electron-irradiated P (vinylidene
fluoride-trifluoroethylene) copolymer blends
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The effect of high-energy electron-irradiation on binary ferroelectric blends of
poly(vinylidene fluoride-trifluoroethylene) 56/44 and 80/20 mol% has been studied in a
broad dose ranging from 0 to 120 Mrad. It was found that the blends transformed from a
normal ferroelectric to relaxor ferroelectric, obeying the Vogel-Fulcher law, after a proper
electron dose by dielectric constants and loss measurements. X-ray diffraction shows
significant changes in the ferroelectric-to-paraelectric phase transition behavior from
all-trans to trans-gauche conformation after irradiation. In differential scanning calorimetry
(DSC) thermograms, the Curie temperature and melting temperature decrease with the
dose, indicating that there exists a strong lattice coupling between the two copolymers.
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1. Introduction

Ferroelectric copolymer blends of vinylidene fluoride
and trifluoroethylene [P(VDF-TrFE)] have come un-
der intense study in these decades [1, 2]. It has been
demonstrated that very close chemical and structural
similarities required for coexistence of two different
macromolecules within a single crystalline lattice [3,
4]. In order to improve the performances of these ma-
terials, it is an effective method by using high-energy
particle irradiation [5, 6]. Lovinger found that the fer-
roelectric to-paraelectric (F-P) phase transition could
be induced by electron irradiation at room temperature
in P(VDF-TrFE) copolymers both in intra-molecular
and inter-molecular fashions [7]. Similar behavior was
also found in P(VDF-TrFE) 65/35% by using y -rays by
Odajima et al. [8]. More recently, Zhang et al. found that
the 2.55-3.0 MeV electron irradiated P(VDF-TrFE)
65/35 and 50/50 mol% copolymers exhibit exception-
ally high electrostrictive strain (~4%) after they trans-
formed from a normal ferroelectric to relaxor ferroelec-
tric (RFE) [9, 10]. In addition, the dielectric constant of
irradiated copolymers exhibited strong frequency dis-
persion which can be fitted well by the Vogel-Fulcher
(V-F) law that holds for RFE [11, 12]. The V-F law
is an empirical relation that can describe temperature
dependence of relaxation time observed in many glass
systems and in relaxor ferroelectric ceramics. For the
polymer binary mixtures, the major endeavors are put
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onto the miscibility and cocrystallization where both
components are crystallizable in the solid states with-
out high-energy irradiation [13, 14]. So it is interesting
to study the dielectric relaxor behavior and structural
changes in P(VDF-TrFE) copolymer blends after elec-
tron irradiation.

In this paper, we employed dielectric constant and
loss measurements together with differential scan-
ning calorimetry (DSC) and X-ray diffraction to
study the properties of binary blends of P(VDF-
TrFE) copolymers 56/44 and 80/20 mol% (with con-
stituents differing by 24 mol% in their VF, con-
tents) over a broad electron dose ranging from 0O to
120 Mrad.

2. Experimental

The random copolymer of P(VDF-TrFE) (Piezotech,
France) in the present study, has a comonomer ratio,
VDF/TrFE, of 56/44 mol% in pellets form and 80/20
mol% in powder form, respectively. The ferroelectric
blends are prepared by physical blending the two
copolymers according to theoretical calculation of
the VDF and TrFE molar ratio. Equal weights of the
two copolymers are stirred in dimethylformamide
(DMF) at 70°C for 24 h in order to fully dissolved.
Thin films (about 20-30 um in thickness) are made
by solvent casting method, followed by vacuum
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drying. To remove residual solvent and improve the
crystallinity, films are directly annealed at 120°C in
oven for 12 h and then at 135°C for 2 h after casting.
The electron irradiation is carried out at about 80°C
in air condition with 3 MeV electrons using a BF-5
electron-beam accelerator in the range from 0 to
120 Mrad.

The dielectric constant and loss dependence of tem-
perature ranging from —60 to 140°C were evaluated
using an impedance/gain-phase analyzer (HP 4194A),
equipped with a temperature chamber (Delta 9023). X-
ray diffraction measurement was carried out using an
X-ray diffractometer with nickel-filter Cu K,, irradia-
tion (D8 Advance, Bruker analytical X-ray system) at
a scanning speed of 0.005° 26/s. Differential scanning
calorimetry (DSC) was performed with a Perkin-Elmer
DSC7 thermal analyzer at a heating rate of 10°C /min
from 0 to 170°C.

3. Results and discussion

3.1. Dielectric behavior

The dielectric constants of P(VDF-TrFE) blend films
were measured as a function of temperature at a rate
of 4°C/min. All the data were taken as the films were
heated up from —60°C. Fig. 1 presents the dielec-
tric constants of unirradiated and irradiated (80 Mrad)
copolymer films at different frequencies. It can be seen
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Figure 1 Dielectric constant at different frequencies versus heating tem-

perature for P(VDF-TrFE) blend films at (a) unirradiated and (b) 80 Mrad
during the heating run.
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that the dielectric constant peak becomes broadened
and decreases with the electron dose. Just as expected,
the temperature of the dielectric constant maximum 7,
shifts to lower temperature after irradiation at various
doses. It is interesting to point out that there is no obvi-
ous shifting in T, for the unirradiated copolymer films
as shown in Fig. 1a. For films irradiated with 80 Mrad
as illustrated in Fig. 1b, T, gradually moves to higher
temperatures as the frequency increases. These exper-
imental results are typical features of relaxor ferro-
electrics and the results observed here also correspond
to first-order transitions [15]. Therefore, it is reason-
able to believe that P(VDF-TrFE) blends can be trans-
formed from a normal ferroelectric to a RFE with the
high-energy electron irradiation.

The data of dielectric loss (tan §) vs temperature
were collected during the heating process as shown
in Fig. 2. It is interesting to note that a broad tran-
sition was observed at a temperature above the peak
temperature 7, of the real part of the dielectric con-
stant. As the frequency increases, this small transition
disappears at high frequency (>1 MHz). Such behavior
was also experimentally observed in electron-irradiated
P(VDF-TrFE) 68/32 mol%, which is quite similar to
what is observed in inorganic materials in which a
spontaneous RFE to ferroelectric transition was ob-
served [15, 16]. It can be interpreted that this broad
transition above 7, is another typical characteristic of
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Figure 2 Dielectric loss (tan §) vs temperature for P(VDF-TrFE) blend
films of (a) unirradiated and (b) 80 Mrad during the heating run.
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Figure 3 The fitted results between f and Ty, for irradiated P(VDF-
TrFE) blend film with the dose of 80 Mrad.

the transition between RFE and normal ferroelectric
observed in these irradiated P(VDF-TrFE) copolymer
blends.

We can use Vogel-Fulcher (V-F) law to describe the
relaxor behavior in these irradiated blend films. The
relation between the frequency f and 7, of the relaxor
ferroelectric is given by [17]:

f= foeXPm

where U is a constant related to the activation energy,
k is the Boltzmann constant, fj is a constant associated
with the relaxation frequency, and T} can be interpreted
as the freezing temperature. Applying the V-F law to
fit the experimental data of 80 Mrad in Fig. 1(b), we
obtain the results of Ty = 41.43°C, fy = 20.95 MHz
and U = 0.01021 eV, as shown in Fig. 3. It can be seen
that the experimental results are well fitted by the V-F
law.

In P(VDF-TrFE) copolymers, electron irradiation
can induce several types of defects in the crystalline
region, some of which act as random fields to the
dipoles in the crystalline regions [18, 19]. And there
are irregular changes in the interchain and intrachain
spacings due to the presence of those defects, result-
ing in a random interaction between dipoles and limit-
ing of the growth of the polar region. Therefore, the
system can be regarded as a dipolar glass [15, 20].
The observed V-F behavior of P(VDF-TrFE) blend
after irradiation can also be interpreted as a direct
consequence of freezing of the system into the polar
glass state, similar to its parent compounds. It is also
widely accepted that the frequency dispersive dielec-
tric characteristics of the relaxor ferroelectric ceram-
ics are mainly due to the nanometer-size polar regions
[17, 21]. By analogy, it is supposed that the irradiated
copolymer blends contain polar regions of different
sizes, and the distribution of both the size and polar-
ization strength of these polar regions cause the diffuse
dielectric response with frequency. The influence of
small polar region plays an important role in the RFE
transition.

0 Mrad

=

g 50 Mrad

_E- 60 Mrad

s 70 Mrad

2

> 80 Mrad

3 90 Mrad

2

£ ™ — 100 Nirad
e e+ 110 Mrad
M 120 Mrad

14 15 16 17 18 19 20 21 22 23 24
20 (deg.)

Figure 4 X-ray diffraction profiles of P(VDF-TrFE) blend films with
different dose ranging from O to 120 Mrad.

3.2. X-ray diffraction (XRD)
As is well known, P(VDF-TrFE) copolymer is semi-
crystalline polymer, i.e., there are crystalline lamellae
imbedded in amorphous matrix [22, 23]. X-ray diffrac-
tion, shown in Fig. 4, is employed to study the lamel-
lar structure. The P(VDF-TrFE) has an orthorhombic
unit cell in the crystalline phase in which the lattice
a and b axes are perpendicular to the chain. Because
the ratio of the lattice constants of the unit cell along
the two axis is close to /3, the lattice has a quasi-
hexagonal structure, resulting in the overlap of the (110)
and (200) reflections. Thus the peak represents Bragg
diffractions of (110) and (200) [24]. For the unirra-
diated blend film, only a single broad reflection peak
(20 = 18.9° to 19.8°) is observed, corresponding to
the all-trans ferroelectric phase (polar phase). After ir-
radiation, the peak at low angle grows at the expense
of the broad peak of the polar phase, corresponding to
the trans-gauche paraelectric phase (nonpolar phase).
As can be seen, the relative intensity of the peak asso-
ciated with the polar phase subsides and the one as-
sociated with the nonpolar phase increases with the
dose.

We estimated the size of the coherent X-ray reflec-
tion region Dy according to the Scherrer equation
[25],

0.91
Bcos6

Dy =

where A is the X-ray wavelength (1.5406 A), B is the
full width at half-maximum (FWHM) of the reflection
peak (hkl), and 6 is the peak position. The Dy, in the
polar phase is determined by the polarization domain
size while in the non-polar phase it corresponds to the
crystallite size. Fig. 5 shows the relationship between
the coherent size Dy,;; and electron irradiation dose for
polar and non-polar phase at high and low angles, re-
spectively. The Dy, of nonpolar phase increases from
6.56 nm to about 11.23 nm after irradiation from O to
110 Mrad. The expansion in the coherent size indicates
that the partial polar domain has changed into a non-
polar phase in the crystalline region of the blend. A
reduction of the Dy,;; will occur after 110 Mrad, which
is caused by the reduction of the crystallite size due
to increased cross-linking density. The domain size of
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Figure 5 The coherent size Dgp,110 dependence on irradiation dose at
room temperature.

polar phase before irradiation is about 9.92 nm shown
in Fig. 5. This value decreases with the dose and it
is less than 3 nm beyond 110 Mrad, which indicates
the electron irradiation introduced defects in the crys-
talline region and broke up the domain size of polariza-
tion. The coherent size Dyy; of the crystalline domain
continuously changes with the irradiation dose which
reflects strong lattice spacing coupling between the two
componential copolymers. It should be noted here that
the results coincide with those obtained in electron-
irradiated P(VDF-TrFE) 68/32 mol% by Cheng et al.,
which also show two-phase coexistence and a criti-
cal domain size of about 5 nm for unstable ferroelec-
tric phase after electron-irradiation [26]. It indicates
that the lattice expansion perpendicular to the chain
and contraction along the chain, respectively, show-
ing a similar characters in the pure copolymer with
32 mol% of TrFE contents after high-energy electron
irradiation.

3.3. Differential scanning calorimetry (DSC)
The results of the DSC measurements of P(VDF-TrFE)
blends are shown in Fig. 6 from 0 to 170°C for dif-
ferent dose. The blend without irradiation exhibits four
endothermic peaks; each two peaks coincide with those
from the two copolymers [27]. These peaks represent
the F-P phase transition 7; and the melting 7, of the
crystalline region. The above phenomena are also ob-
served in Fig. 6(b) with three peaks observed during
the cooling process. We should note here that DSC re-
sults from the blend without irradiation are similar to
the blend of P(VDF-TrFE) 52/48 and 73/27 mol% pre-
sented by Tanaka and Lovinger [1, 3], which has a com-
positional difference of 21 mol% in their VF, contents.
The fact that these components are miscible in the melt
implies their compatibility in the amorphous regions,
so that the observed phase separation in the crystalline
regions is attribute to the lattice mismatch arising from
the large (24 mol%) compositional difference. It should
be point out that all theT; and T}, decrease and broaden
with the dose and there are no obvious endothermic
or exothermic peaks above 70 Mrad for the blend.
The results indicate that high-energy electro-irradiation
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Figure 6 DSC thermograms of copolymer P(VDF-TrFE) blends during:
(a) heating process and (b) cooling process.

can decrease the cocrystallization and induce an amor-
phous, cross-linked structure in the blend similar to that
in unirradiated copolymers.

There is another effective way to confirm the con-
formational changes by means of Fourier transform
infrared spectroscopy (FTIR). In order to investi-
gate the change in the chain conformation of irra-
diated P(VDF-TrFE) copolymer blends due to the
phase transition from a nonpolar to a polar phase,
FTIR measurements will be carried out and reported
later.

4. Conclusions

The binary blend of P(VDF-TrFE) 56/44 and 80/20
mol% exhibit ferroelectric relaxor character and obvi-
ous structural changes after high-energy electron irradi-
ation. It will be transformed from a normal ferroelectric
to a relaxor ferroelectric (RFE) with the coexistence of
polar and nonpolar phases. The change during the fer-
roelectric relaxation can be interpreted by the fact that
the defects induced by irradiation in the nanometer-size



polar regions, which exhibit typical characteristics
of relaxation following the Vogel-Fulcher law. X-ray
diffraction shows both the unirradiated and irradiated
blends have two peaks that closely approach those of
parent copolymers, which indicate the crystal structure
of the blend transformed from all-trans to trans-gauche
conformation. In DSC thermograms, the blends consist
of two separate ferroelectric and paraelectric phases,
exhibiting the features of the two original copolymers.
The Curie temperature and melting point decrease
of the blend become broaden and merged with the
increase of dose indicate that there exists a strong
lattice coupling between the two copolymers for their
large compositional difference (24 mol% in their VF,
contents).

Acknowledgments

This work was supported by the Centre for Smart Ma-
terials of The Hong Kong Polytechnic University. It
was also supported in part by the National Natural Sci-
ence Foundation of China under Grant No. 50125309,
Project of Education Ministry (01115), and the Hong
Kong Research Grants Council (PolyU 5147/02E).

References

1. H. TANAKA and A. 7.
(1987) 2640.

2. G. NATTA, G. ALLEGRA, 1. W. BASSI, D. SIANESI,
G. CAPORICCIO andE. TORTI,J. Polym. Sci. A3 (1965)4263.

3. H. TANAKA, A. J. LOVINGER and D. D. DAVIS, J.
Polym. Sci., Polym. Phys. Ed. 28 (1990) 2183.

4. W. W. DOLL andJ. B. LANDO, J. Macromol. Sci. B 4 (1970)
897.

5. B. DAUDIN, M. DUBUS andJ. F. LEGRAND, J. Appl.
Phys. 62 (1987) 994.

6. T. FURUKAWA, J. X. WEN, K. SUZUKI, Y.
TAKASHINA and M. DATE, ibid. 56 (1984) 829.

LOVINGER, Macromolecules 20

7. A. J. LOVINGER, Macromolecules 18 (1985) 910.

8. A. ODAJIMA, Y. TAKASE, T. ISHIBASHIandK. YUSA,
Jpn. J. Appl. Phys. 24(suppl) (1985) 881.

9. Q. M. ZHANG, V. BHARTI and X. ZHAO, Science 280
(1998) 2101.

10. X.-Z. ZHAO, V. BHARTI V and Q. M. ZHANG,Appl.
Phys. Lett. 73 (1998) 2054.

11. H. VOGEL, Z. Phys. 22 (1921) 645.

12. S. FULCHER, J. Amer. Ceramic. Soc. 8 (1925) 339.

13.J. C. WITTMANN andR. S. J. MANLEY, J. P()lym. Sci.,
Polym. Phys. Ed. 15 (1977) 1089.

14. A. M. HODGE, G. KISS, B.
WITTMANN, Polymer 23 (1982) 985.

15. Z. Y. CHENG, Q. M. ZHANG and FRED B. BATEMAN,
J. Appl. Phys. 92 (2002) 6749.

16. F. CHU, I. R. REANEY andN. SETTER, J. Amer. Cera. Soc.
78 (1995) 1947.

17. Z.-Y. CHENG, R. S. KATIYAR, X.
BHALLA, Phys. Rev. B 57 (1998) 8166.

18. U. GIEGERICH, J. WUST andB.-J. JUNGNICKEL, IEEE
Trans. Dielectr. Electr. Insul. 7 (2000) 353.

19. A. J. LOVINGER, in “Radiation Effects on Polymers,” edited
by R. L. Clough and S. W. Shalaby (ACS Symposium Series 475,
ACS, Washington, DC, 1991) Chap. 6.

20. R. PIRC andR. BLINC, Phys. Rev. B 60 (1999) 13470.

21. L. E. CROSS, Ferroelectrics 76 (1987) 241.

22. A. J. LOVINGER, Science 220 (1983) 1115.

H
K

LOTZ and J. C.

YAO and A.

23. . OHIGASHI, K. KOGA, M. SUZUKI, T. NAKANISHI,
. KIMURA and N. HASHIMOTO, Ferroelectrics 60 (1984)

263.

24. M. V. FERMANDEZ, A. SUZKI and A. CHIBA, Macro-
molecules 20 (1987) 1806.

25. B. E. WARREN, “X-ray Diffraction” (Dover Publication, New
York, 1990).

26. Z.-Y. CHENG, D. OLSON, H. XU, F. XIA, J. S.
HUNDAL, Q. M. ZHANG, FRED. B. BATEMAN, G.
J. KAWARNOS and T. RAMOTOWSKI, Macromolecules 35
(2002) 664.

27.S.S. GUO, S. T. LAU, H. L. W. CHAN, X.-Z. ZHAO
andC. L. CHOY, J. Appl. Phys. 94 (2003) 5566.

Received 20 August
and accepted 28 October 2004

1181



