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High electrostriction and relaxor ferroelectric behavior in proton-irradiated
poly (vinylidene fluoride-trifluoroethylene ) copolymer
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Effect of proton irradiation on polyinylidene fluoride-trifluoroethylenes6/44 mol % copolymer

has been studied using a Mach—Zehnder heterodyne interferometer, polarization hysteresis loop and
dielectric constant measurements. The electrical-field-induced strain response of the copolymer after
proton bombardment follows a quadratic electrostriction relationship. The electrostrictive coefficient
at 5 kHz is similar to that obtained with a bimorph-based strain sensor, but at a much lower electric
field. The polarization hysteresis after proton irradiation is reduced considerably and the dielectric
constant exhibits typical relaxor behavior, which is suggested as the cause of the observed results.
© 2004 American Institute of Physic§DOI: 10.1063/1.1715151

High-performance materials capable of converting elecof 56/44 RVDF-TrFE) was used to roughly estimate the
trical energy to mechanical energy or vice versa are needeglectronic energy loss of a 3-MeV proton in the copolymer
for a wide range of demanding applications. The search foas 1.54 eV/A. The proton doses corresponding to 40
new materials *and for new processe8capable of enhanc- and 100 Mrad were calculated to be 2580 and
ing the performance of existing materials has attracted &.35x 10" ions/n? approximatively, and were used in the
great deal of attention. Electroactive polymers are of particuproton irradiation treatments of the\EFDF-TrFE) copoly-
lar interest because of the low cost and easy processing, amders. Taking into the account the density of the copolymers
the ability of polymers to be tailored to different applica- and calculating the electronic energy loss of 3-MeV protons
tions. It was recently reported that under electron irradiationn the copolymer films, it was estimated that copolymer films
treatment, a massive longitudingbarallel to the applied with a thickness of about 20@m can be penetrated by the
electric field electrostrictive strain can be induced in poly- 3-MeV protons. We report results obtained with a proton
(vinylidene  fluoride-trifluoroethylene [P(VDF-TrFE)]  irradiation dose of 6.3810' ions/nf. These films gener-
copolymers’® Subsequent studies showed that the copolyated the highest longitudinal strain in present study.
mers also possess other good features, which makes them a After irradiation, a chromium/goldCr/Au) electrode
very competitive candidate for a wide range of electrome-with thickness of about 0.km was sputtered on both sur-
chanical application$!° In this letter, we report the results faces of the film. The dielectric behavior of the copolymers
of a preliminary study on proton irradiation of WDF-TrFE) ~ was measured with an impedance analyzeiP 4194
56/44 mol% copolymer. Electrostrictive strain, dielectric equipped with a temperature chamiPelta 9023. The po-
constant, and polarization hysteresis loop measurementarization hysteresis loops were measured with a modified
show that proton irradiation also improves the electromeSawyer—Tower circuit at a frequency of 10 Hz. The electric-
chanical properties of the copolymers. field-induced strain was measured with a Mach—Zehnder

The random copolymer(RDF-TrFE) used in this study, heterodyne interferometéModel SH-120, B. M. Industries,
obtained from Piezotech, Saint Louis, France, has a mongsrance.'? The low cutoff frequency for the strain measure-
mer ratio of 56/44 mol %. Thin filmsabout 25um thickk  ment is around 3 kHz. The high-end frequency is 10 kHz,
were prepared by compression molding at 190 °C. The prowhich is limited by the Trek 610D high-voltage amplifier
ton irradiation experiments were performed on a TandetrofiTrek Inc). The strain measurement setup was first calibrated
4120-LC accelerator(High Voltage Engineering Europa using a commercial lead zirconate titanate ceramic sample.
B.V., Netherlands Since copolymer films irradiated with 40 Hence, all the strain measurements were performed accu-
and 100 Mrad electrons exhibited the best performance, praately at a frequency of 5 kHz, and the driving electric field
ton dosages equivalent to these electron dosages weggplied to the copolymer films was less than 40 MV/m.
choserf. Proton dose in ions/frcould be converted to rad by Figure 1 shows the field-induced strain at room tempera-
multiplying the electronic energy loss at the sample surfacgure. The electrostrictive strain is about 0.15% at a field of 35
in eV/m/ion first, and then dividing by the density of the Mv/m, comparable to the electron-irradiateMPF-TrFE)
material in kg/ni and the factor of 6.2410"° eV/kg (1 rad  copolymers films at similar field levels. The strain versus
is equal to 6.2% 10'® eV/kg)." The density of 1690 kg/M  electric field for the fresh copolymer films is presented in
Fig. 4(b). As can be seen, the field-induced strain without

aAuthor to whom correspondence should be addressed: electronic maiProton irradiation i_s more than one Orde_r of magnitude
xzzhao@whu.edu.cn smaller than that with proton irradiation. This result demon-
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§8.0x10“‘ = () 7] strain response is also found in the proton-irradiat@¢CH=-
w4 0x10™ [ O _ TrFE) copolymer films with a proton dose of 2.58
: i . X 10" ijons/n?, equivalent to 40 Mrad. Thus, the present
0.0 . ( . | , L results are also significant in that the proton-irradiated
0.0 5 ox10%  4.0x10"  6.0x10" P(VDF-TrFE) copolymer is a viable candidate for actuator
' £ (Vz/‘mz) ' and transducer applications up to 10 kHz.

The polarization hysteresis loops ofMDF-TrFE) 56/44
FIG. 1. Strain versus electric field curves @ nonirradiated(b) proton- Mol % copolymer films measured at room temperature before
irradiated, andc) strain versus square of electric field for proton-irradiated gnd after ion bombardment are shown in F|g 2. As can be
PVDF-TIFE) 56/44 mol % copolymer samples. seen in Fig. 2a), the copolymer film before proton irradia-
tion exhibits a well-defined ferroelectric polarization hyster-
strates that, similar to electron irradiation, proton irradiationesis loop with a coercive field of 50 MV/m and a remanent
also improves the electromechanical behavior ¥BF- polarization of 6.3uC/cn?. On the other hand, the copoly-
TrFE) copolymers. Since polarizatid? versus strair mea-  mer film irradiated with a dose of 6.3510'" ions/nf shows
surement at high frequencies is very difficult, if not impos-a narrower hysteresis loop and a much lower remanent po-
sible, we were unable to calculate the electrostrictye larization. This indicates a transition from more crystalline to
constant 6=QP?), but we did calculate the electrostrictive amorphous phase. The defects induced by high-energy elec-
M constant 6= ME?) based on strain measurements. As cartron irradiation in the irradiation process such as the dangling
be seen in Fig. (t), the strain is almost linearly proportional bonds and crosslinkings can reduce the stability of the ferro-
to the square of electric field, indicating a roughly electros-electric staté3 Thus, the decrease of the crystal ordering can
trictive effect. Therefore, th& constant obtained from Fig. be interpreted by the lattice defects and reduction of the crys-
1(d) is Mgx=1.83x10 8 m?/V2 for the proton-irradiated tallinity in irradiated copolymer films.
sample, which is comparable ¥ =2.83x 10" '8 m?/V? of Although many authors studied the radiation chemistry
the electron-irradiated sampi®and is significantly higher of fluoropolymers, most research has been conducted on the
than theM value M ,,=3.26x 10 1° m?/V?) for an unirra-  effects of radiation on the mechanical and sol/gel behavior of
diated copolymer film. Apparently, the electrostrictive strainfluoropolymers, with very few papers providing a detailed
response of the(®DF-TrFE) copolymers is enhanced mark- mechanism for the reaction$® To emphasize the effect of
edly through high-energy proton irradiation. Restricted byproton irradiation, we further focused the study on ferroelec-
the mechanical resonance of the bimorph based strain senstiic characteristics of the irradiated copolymers using weak-
previously reported strain measurements were performed &eld dielectric constant measurements. The dielectric con-
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