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ABSTRACT

The use of ferroclectric pelymer films as pyroefectric sensors and ultrasonic transducers has
atizacted considerable interest. Polymer-based 0-3 nanocomposites, consisting of nanocrys-
talline calcium and lanthanum modified lead titanate (PCLT) powder embedded in a vinylidene
fluoride-trifluoroethylene (polyvinylidenefluoride (PvDF)-triflworoethylene (TRFE)} copolymer
matrix, also have shown good potential in pyroclectric and piezoelectric applications. The di-
electric permittivity and loss in these composites are important parameters characterizing their
performance, In this study, the zelative permittivity and loss of PCLT/PYDI=TRFE nanacompos-
ites with various volume fractions of ceramic have been measured as function of frequency
and temperature. The copolymer and nanccomposites exhibit a dielectric relaxation at the
ferroelectric-to-paraelectric phase transition and another relaxation near room temperature (at
~1 MHz), The influence of the room temperature relaxation on transducer performance is
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discussed.

1 INTRODUCTION

15 copolymers of vinylidene fluoride (vDF) and tetrafluorocthy-

lenc (T7F) have attracted considerable interest because of their use
in pyroelectric sensor and ultrasonic transducer applications, see [1-3]
and references therein. When the copolymer undergoos a ferroelectric
to paraelectric phase transition in the crystalline regions at the Curie
temperature T, there is a large increase in the permittivity, an abrupt
change in the crystal laitice spacing and a less of remanent polatization
[4-6]. In addition to the dielectric rclaxation near 7, which is inde-
pendent of the measurement frequency; there is a low temperatute 3
relaxation asctibed to the local motiens of short all-trans segments in
the non-crystalline regions [5]. In this study, the complex permittivity
of PCLT/PVUE-TRFE 0-3 nanocomposites is measured and compared to
that of PYDE-TRTE,

2 FABRICATION OF
NANOCOMPOSITES

The rvDE-TREE 70-30 mol% copolymer supplied by Piezetech Co.
has a Curie temperature of 105°C upon heating and a melting tem-
perature of 152°C as determined by differential scanning calotimetry
{see Figurc 1). The proceduze for preparing PCLT powder by a sol-gel
method has been described in our previous report 7], The powder used
in this study was anniealed at 850°C. It has an average crystaliite diam-
eter of 50 nm (determined by X-ray diffraction) and an average particle
diameter of 200 nin (determined using a particle size analyzer). The

copolymer pellets were dissolved in methyl ethyl ketone (MEK), and a
suitable amount of PCLY nanocrystalline powder was blended into the
copalymer solution to form a mixture. The mixfure was placed in an
ultrasonic bath in order to disperse the powder, The mixture was then
pouted onto a glass plate, and a composite sheet was formed after the
solvent had evaporated. The sheet was placed in an oven at 120°C for
2 h to remove the solvent completely. The dried composite sheet was
cut into small pieces and then compression molded at 200°C inte films
~{0.2 mm thick. By using different amounts of PCLT powder, com-
posifes with ceramic volume fraction ¢ ranging from 0.15 to 0.51 were
fabricated. The ¢ value was calculated from the measured density p of
the composites

p=dp.+ {1 dlpy (1}
where p, and gy, are the density of the ceramic and copolymer phases,
respectively. The ceramic volume fraction calculation is based on the
assumption that the volume of interface layer is much smaller than the
volume of polymer matrix and their densities are almost the same. It
is not possible to compare with the velucs expected from the amounts
used because the ceramic powder that settled on the bottom after ultra-
sonic agitation had been discarded.

3 PHASE TRANSITIONS IN THE
NANOCOMPOSITES

The phase transitions in the composites were studied by a differential
scanning calorimeter (Dsc). Composites with various ¢ were subjected
to a first heating from room temperatute to 200°C, followed by cooling
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Figure 1. psc endotherms for PCLT/IPVDE-TRER composites. {a) heating
run (b} cooling run.

to room temperature at a rate of 10°/min, The first heating wiped out
the thermal history of the samples; then a second heating and cooling
cycle at 10°/min was carried out to obtain the cndotherms, Figures
1{a) and (b} show the DsC endotherms of PCIT/PYDE-TRFE in the sec-
otid heating and cooling cycle. Both the copolymer and the composites
exhibit peaks in the vicinity of the Curle, melting and recrystallization
temiperatures of the copolymer indicating that the phase transitions of
the copolymer phase are not suppressed in the composites. Itis nofed
that the Curie transition shows thermal hysteresis: T.. ~ 105°C upon
heating and ~65°C upon cooling,

A slight shift of the Curie transition peak towards lower tempera-
tures with increasing ¢ is observed in the compasites. Latour ef al. [8]
suggested that defects played an important role in the Curie transition;
increasing defect concentration reduced the stability of the ferroeloc-
tric phase and caused a lowering of the Curie tempcrature. Hence, the
Curic temperature shifts observed in the composites may be ascribed
to the inceease in defect concentration caused by the addition of PCLT
powdet. Similar shift i also observed in the melting peaks, presumably
also due to the same reason.

4 DIELECTRIC BEHAVIOR

The complex permittivities for the PCI.T/PYDE-TRTE composites were
measured using a HP4194 impedance analyzer in the frequency range
of 500 Hz to 10 MHz. The samplc was placed in an oven whose temper-
ature was controlled by a computer. The temperature dependency of
the relative permittivity £’ and dielectric loss £” at 5 kHz and 1 MHz
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are shown in Figures 2 and 3, respectively. As shown in Figure 2(a), £/
for all the samples upon heating increases rapidly above 90°C and ex-
hibits a peak at ~106°C, ie. at the Curie transition temperature of the
crystalline regions of the copolymer. For the copolymer and the com-
posite at low ceramic volume fraction {¢ = 0.15) the dielectric loss &
exhibits a sharp rise above 90°C. The dielectric loss e” arises largely
from two sources, dipele relaxation and de conduction, with the latter
contribution being proportional to the de conductivity and inversely
proportional to frequency [9]. The sharp rise in & results from the
large increase in the de conductivity of the copolymer at the Curie tran-
sition [10] anc this conlribution has covered up the dipolar peak. At
¢ = (.36 and above, the de conductivity contribution to £ becomes
less important and a shallow peak associated with dipole relaxation can
now be observed near 100°C. At a froquency of 5 kHz, the (relaxation
asscciated with trans-gauche rransformations of the chain segments in
the non-crystalline regions of the copolymet ocouts at ~ — 20°C [5],
so only the high temperature tail of the relaxation peak is scen in our
temperature range. Figure 2(b) shows the results of the cooling run at
5 kHz. The peaks in ¢’ and £ have now shifted down to ~65°C, again
demonstrating the thermal hysteresis of the Curic transition.
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Figure 2. Relative permittivily =’ and dielectric Joss £ at 5 KHz of
PCLT/DVDE-TREFE composites as functions of temperature. {a) heating run.
(b} cooling run. Square, triangle, circle and cross denocte data for ¢ = 0,
0.15, 0.36 and 0.51, respectively
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Figure 3. Relative permitlivity &' and dielectric loss " at 1 MHz of

I'CLT/PVDE-TRFE composites as functions of temperature. (3) heating run.
(b) cooling run, Same legends as for Figure 2,

The results of the heating run at 1 MHz are shown in Figure 3(a). The
temperature dependence of £ 15 similar to that at 5 kHz. The peak in €’
also accurs at T, (~105°C), indicating that its temperature location is
independent of measurement frequency. At such a high frequency the
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de conductivity contribution to £/ is not significant even at high tem-
peratutes, so the &” relaxation peaks at Tt are clearly seen in all the
samplos. The relaxation has shifted to ~30°C and is also easily obsery-
able, Comparison of the heating (Figure 3(a)) and cooling (Figure 3(b})
runs shows that thermal hysteresis of the Curte transition again occurs,
and the cooling run shows a very prominent relaxation peak af ~65C.
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Figure 4. Relative permittivity =” and dielectric loss & of rc1.7/Pvne-
TREE composites at 25°C as functions of frequency f.

Figure 4 shows the frequency spectra of =’ and &” at 25°C. The 3
relaxation peak at ~1 MHz is conspicuous and its magnitude increases
as ¢ increases. Hence if the copolymer or the composite s used to fabri-
cate transducets for room temperature operation, the dielectric loss as-
sociated with the J-relaxation may lower the transducer performance.
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Figure 5. Cole-Cole plots for PCLT/PVDF-TRFE composites with various
ceramic volume fractions ¢. The dashed lines denote the fitted curves,

In order to analyze the relaxation behavior in the composites, we
choose the Cole-Cole plots [9, 11] since the relaxation in these compos-
ites is not very complicated and fits quite well to a single arc. These
plots have also been used by other workers to analyze the piezoelectric
relaxation in composite systems [12,13]. The Cole-Cole plots [9, 11] at
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Table 1. The values of a, 7 {in 1077 8}, &, and e.. for various ¢ ob-
tained from the Colz-Cole plots and Equation 2.

@ [+ T | £s | e
0 0.488]1.80(13.3| 6.28
15| 0.4853(1.65|20.3 | $.88
0.36)|0.5071.51|38.7 | 19.0
0.61|0.525)1.22|61.7 [34.43

25°C for the /3 relaxation are shown in Figure 5. The data were fitted to
the following relaxation equation [9, 11]

{51’ &y 2 Ew_} ’ + [gh + tﬁn(mx/?fi (€4 — EM)]Q —

sec(ra/2) (g — Ew) 2
: ®
The permittivity at infinite frequency ew, the permittivity at zero
frequency ¢, and the parameter o are obtained from fitting the exper-
imental data to Fquation (2). The relaxation time 7 is found from the
peak frequency f.,, of the £” #s. frequency plot
1

" 21‘T'f TH (3)
From Table 1, it can be seen that cv increases slighly with increas-
ing ¢, implying that the distribution of the relaxation time broadens
after PCLT powder is added. This is probably due to the effect of the
ceramic/polymer interface, The relaxation time 7 decreases slightly
with increasing ¢ indicating that the relaxation process is facilitated by
the presence of the ceramic powder. The much higher &’ and £ for a
composite as compared to those of the polymer arise from the presence
of ceramic particles. The ceramic particles also lead to higher e, z..
and (£, — £..) values. Therefore the increase of (g, — £..) from 7 to
27 when ¢ increases from 0 to 0.51, merely reflects the increase in the
ceramic particle content.

5 CONCLUSION

N this work, the complex dielectric pertittivity of PCLT/PYDE-TREE)
IU to 3 nanocomposites has been studied. Similar to the copolymer,
there are two dielectric relaxations in the composites. The first relax-
ation is associated with the Curie transition in the crystalline regions
and its temperature location is independent of measurement frequency
{Figures 2 and 3). The second relaxation (#3) is ascribed to the local
motions of shott chain segments in the non-crystalline regions and the
terperature at which it occurs increases with increasing frequency. At
lower frequency, e.g. 5 kHz, the 3 relaxation peak for the 70/30 PvDF-
TRFE copolymer is located at ~ — 20°C [5]. The 3 relaxation shifts
to higher temperature with increasing frequency and oceuts near room
temperature at a few MHz (Figure 4). Therefore, if we use the copoly-
mer ot the composite to fabricate ultrasonic transducers operating in
the MHz region, the dielectric loss may affect the petformance of the
transducer.
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