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Effect of heating temperature on dielectric
properties of Pb(Zr,Ti)O3; [PZT] fibers
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Ferroelectric Pb(Zrq 53Tig.47)O3 fibers were reproducibly fabricated by sol-gel technique
using triethanolamine (TEA) complexed alkoxide. The phase transition from pyrochlore to
perovskite took place about 400°C and a stable single perovskite phase was obtained at
550°C. PZT gel fibers spun through nozzle were heat-treated at 700°C, and at 1000°C for 1 h
to certify the effect of heat-treatment temperature on the electrical properties. The PZT
fibers had elliptical cross sections with diameter of 72 um-92 um, and dense
microstructure was obtained by heating at 1000°C. In the PZT fibers heat-treated at 1000°C,
a distinguishable relative permittivity peak and a pyroelectric current peak were observed
at their Curie temperature. The P-E hysteresis loops of the crystalline PZT fibers were also
observed. © 2001 Kluwer Academic Publishers

1. Introduction A series of successful routes for sol-gel derived
PZT(Pb(zr,Ti)Q) has been reported that has perovskitefiber fabrication using the nitrogen-doner stabilization
structure, high curie point and spontaneous polarizaagent, as like ethylenediamine [11], isopropylamine
tion. For its ferroelectric and pyro-piezoelectric prop-[12] and alkanolamine [13] to control hydrolysis re-
erties, many reports on the sol-gel derived PZT powderaction of metal alkoxides have been proposed. Es-
and thin films have been published, but few reports orpecially for titanium alkoxide 8-diketone and alka-
the fibrous one. A fibrous form is preferred geometrynolamine have been generally used to control rapid
for the reduction of heat capacity and the increase ohydrolysis reaction because the electronegativity of Ti
responsivity in small scale devices. Generally speakatom is low and the partial charge of Ti atom is large
ing, fiberization of the functional ceramics, not nec- (§riy = +0.60). It has been reported in past papers [14,
essarily to PZT, will expand their utility in the micro 15] that triethanolamine (TEA) has two important ef-
device such as sensors. However, conventional melfects; (1) The addition of TEA to the alcoholic solu-
processing routes to fibers cannot be used because tdns of alkoxides suppress their hydrolysis giving ho-
incongruent melting and volatility of Pb at high tem- mogeneous, stable sols without the occurrence of gel
perature. Therefore, some kinds of ferroelectric oxideformation or precipitation. (2) The presence of TEA en-
fibers have been prepared from metal alkoxide solutionbances the solubility of the alkoxides and metallic salts
by sol-gel processing, namely LiNRQL], BaTiO3[2],  such as lead acetate trihydrate into alcoholic solutions.
PbTiO; [3-6], PZT [7, 8] and PLZT [9] fibers. These Details of the effect of TEA on the PbTior PZT
fibers are attractive for many applications, such as sersolution synthesis procedure are reported elsewhere
sors, hydrophones and transducers [9, 10]. Howevef6, 8].

most of studies on these functional fibers have been In this paper, we investigated the electrical proper-
limited to only the processing procedures because diies including ferroelectric and pyroelectric properties
the difficulty in fabrication of crack-free fibers, and in of PZT fibers derived from TEA-stabilized sol, and
electrical characterization due to their extremely smalkthe heat-treatment temperature effect on their electri-
electrical output signal. cal properties.
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Methanol Iso-propanol The frequency dependence of permittivity and dissipa-

Titanium iso-propoxide Zirconium n-butoxide 2.2. Electrical measurements
Triethanolamine Triethanolamine tion factor at room temperature were obtained using an

impedance analyzer (YHP 4194A) at a frequency in the
<_[ Lead acetate trihydrate ]_’ range of 1 kHz to 4Q MHz. For the extremely small out-
Dissolving / Dissolving / put signals (capacitance less than 1 fF for each fiber),
Hvdration Hvdration bundles of thirty fibers cut by 3 mm long were used in
«—| HNO;+ Methanol . .. .
‘ }_’ order to amplify the electric signals for electrical char-
» acterization in this work. A silver paste (Screen Print
t amm%‘:;;f;mm 7095, Dupont) was painted to both ends of the fibers
[ PZT Precursor Sol ] and then heat-treated at 48Dto set them and ensure
r—__ Concentration : electrical contact. Areas of fiber cross sections were

- — at60°Cfor 7days  confirmed through direct SEM observations. The rela-
[__Fibor Spinning | tive permittivity change with temperature of the fibers
v was obtained using precision LCR meter (YHP 4284A).
[ PzTGelFiber | The heating rate was3°C/min. P-E hysteresis loops of
the fibers were obtained using RT6000HVS in silicon
oil bath at room temperature. Pyroelectric current was
measured using a picoammeter (YHP 4140B pA me-
ter) connected to the electrodes, while the sample was
heated up rapidly at a heating rate4e£3°C/min from
room temperature to 54Q. Before the measurement,

The procedure for producing PbeggsTip 47)O03 [PZT] fjhceeslggﬁéefi\év%sorf)ozlgi\a/l}cl‘rgbln silicon oil bath with

fibers in this study is briefly illustrated in Fig. 1. '

Methanol was used as an alcoholic medium in this

sol-gel processing. In the present procedure, th@. Results and discussion

PZT precursor solution was prepared simply by mix-3.1. Sol-gel transition

ing lead acetate trihydrate [Pb(GEOO), - 3H,0], and thermal evolution

triethanolamine [TEA, N(gHsOH)s], titanium iso-  Fig. 2 shows FT-IR spectrum of the PZT gel pow-

propoxide [Ti(OP¥)4] and zirconium normal butoxide ders prepared by drying the precursor solution. An in-

[Zr(OBuU")4] at room temperature. HN{was added to  tense peak ascribable to acetyl group was observed at

the precursor solution to ensure condensation and hyt410 cnt. The band around 3400 cthand a shoul-

drolysis reaction. der around 1700 crt are due to the absorbed water.
The obtained solution was concentrated in a bottleThe peak at 1570 cnt is assignable to the shifted peak

(1.5 cm in diameter and 5 cm in height) capped withof lead acetate trihydrate at 1550 Tt This shifting

five holes (0.5 mm in diameter) at 8D for 7 days has been reported as an indication of the formation of

S0 as to reach to a spinnable viscosity. The spinnabilTi-O-Pb(OAc) chain [4],

ity was empirically examined by drawing method with

a glass rod. The gel fibers were obtained by extrusion OR

the concentrated precursor solution through a spinneret o

with one 200um diameter hole at a pressure of 1 Mpa. RO—Ti—OPb(OAc)

Then the fibers were dried for 2 days at room tempera- |

ture and 3 days at 12Q. Obtained gel fibers were cut OR

by 2 cm long and set on platinum substrate for heat-

treatment. To certify the effect of firing temperature,

two samples were prepared as shown in Table I. Sam-

ple A was heat-treated at 70D for 1 hr in air, and

sample B was at 100C for 1 h in Pbatmosphere.

The fibers were heated up at a ratetdd.5°C/min to

600°C, and then a#5°C/min over 600C. Phase anal-

ysis for the fibers were performed using X-ray diffrac-

tion (XRD) analysis. A field emission scanning electron

micrograph (FE-SEM) was used for microstructural

analysis.

Figure 1 Flow diagram for PZT fiber processing.

2. Experimental procedure
2.1. Sample preparation
and characterization

Transmittance (A.U.)

TABLE | Samples prepared for this study

Heat treatment Keeping 4000 35Ioo ' 3oloo ' 25‘00 ' 2o|oo ' 15|oo ' 10'00 l stlso
Sample temperaturé€) time (h) Atmosphere Composition

-1
A 700 1 in air PZT(53/47) Wavenumbers (cm™)

B 1000 1 in Pb
Figure 2 FT-IR spectrum of the dried PZT gel powders.
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Figure 3 Viscosity change of PZT sol at 8Q as a function of time.
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2 Figure 5 FT-IR spectra of the PZT gel powders at different heat-

%0 - temperature.

Fig. 5 shows FT-IR spectra of the PZT gel powders at
different heat-temperature. A peak around 1410tm
by acetyl group is weaken as temperature goes up, and
then disappeared at 58D. The N-C bond by TEA-
alkoxide reaction at 1100 cm is found even at 55@
[ 1 , [ , , indicating the combustion of TEA compounds con-
0 100200 300 400 500 600 700 tinues after pyrochlore-perovskite phase transition at

Temperature (°C) 450°C. The X-ray diffraction (XRD) patterns of the

PZT gel powders at different heat-treatment tempera-
ture are shown in Fig. 6. Pyrochlore phase at°850
and a mixed phase of pyrochlore and perovskite were
bserved at 45@. As heating temperature increased to
50°C, the pyrochlore phase disappeared and transited
to single perovskite phase.

Weight (%)
s
T

70 L

=
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Figure 4 DTA-TG curves for the dried gel fibers.

where R denotes alkyl group and Pb(OAc) denotes Ieaa
acetate, Pb(OC4COO0).

A small peak around 1100 crh shows N-C bond of
TEA, and the band over the low wavenumber range
(500-700 cm?) is assignable to formation of Ti-O 3.2. Shapes and microstructures
bonds from the accelerated polycondensation reactioRig. 7(a) shows the fractured cross section of a PZT gel
promoted by acidic catalyst in sol-gel transition state fiber dried at 120C for 3 days. The cross sections of gel
Viscosity change of PZT sol at 8C as a function of fibers have elliptical shapes. It has been reported that
time is shown in Fig. 3. Atfirst state (0—10 h), almost nothe shape of nozzle and the viscosity of the concentrated
difference was observed. After 14 h, the viscosity of thesolution have no effect on the cross-sectional shape of
samples drastically increased and reached to spinnabtke fiber, the only factor that affects its shape is the
viscosity as concentration and volatilization of solventshrinking ratio of the gel fiber during spinning [16].
proceeds. Fibers were successfully drawn when the sdherefore, the elliptical shape of cross section of the
lution viscosity reached to about“.6p. PZT fibers is assignable to large organic content in-

DTA-TG curves for the dried gel fibers are shown cluding TEA in the precursor solution. The average di-
in Fig. 4. Small endothermic peaks observed a0 ameter of the gel fibers was 136n and their surfaces
110°C are attributed to evaporation of absorbed wa-were very smooth due to their high organic content. Af-
ter and alcohol. Large weight loss of about 20% ac-ter heat-treatment procedure, the fibers show crystalline
companying a sharp exothermic peak around°290 surfaces and cross sections ((b)—(d) in Fig. 7). The aver-
should be due to the drastic removal of acetyl groupsgge diameters of the fabricated PZT fibers werg 82
and bonded alkyl groups. Some combustion loss (abodbr sample A (heat-treated at 7@ for 1 h, in air),
10%) accompanying small exothermic peak aroundand 72um for sample B (heat-treated at 10@for
450°C seems to be due to the combustion of TEA. 1 h, in Pb atmosphere). The calculated shrinkage ratios
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Figure 8 XRD plots of PZT fibers; (a) Sample A (sintered at 7GCor
1 h, in air), (b) Sample B (sintered at 10@for 1 h, in Pb atm).

. . XRD patterns for sample A and B are illustrated in
2 N N 1 N . . .
60 50 40 30 20 Fig. 8. Both samples showed perovskite single phase,
20 and relatively improved crystallinity was observed in
sample B compared to that of sample A. Crystal ori-
Figure 6 XRD patterns of the PZT gel powders at different heat- entation could not be found in both samples in spite of
treatment temperature. the high possibility of crystal orientation due to stress

to the average diameter of dried gel fibers were 33%§grad|entwh|ch might be formed during fiber spinning.

and 48% for sample A and B, respectively. Therefore,

condensation of PZT fibers is found to continue in the3.3. Electrical properties

temperature range of 700—1000C. The microstruc- Fig. 9 shows the relative permittivity and tarof the
tures of the sample A and B are shown in Fig. 7(e) andibers as a function of frequency at room temperature.
(f) respectively. The average grain size drastically in-The measured relative permittivity shows remarkable
creased from 0.2m of sample A to 0.8im of sample  dependence upon heat-treatment temperature. The per-
B. Many pores which is observed in interior of samplemittivity of sample A is much lower than that of sam-

A significantly decreased in sample B. ple B. From the porosity dependence of permittivity

15.8kV X680 'S0.8sm

X600  S59.0rm 15.8kV X30.8K 1.0@sm

Figure 7 SEM micrographs of PZT fibers; the cross sections and surface of fibers (a) dried’ &t {20sintered at 70, (c) and (d) sintered at
1000 C; and the microstructures of fibers (e) sintered at@dand (f) 1000C.
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Figure 9 The relative permittivity and loss tangent changes of PZT fibers
as a function of frequency at R.T.; (a) Sample A (sintered at Cdor
1 h, in air) (b) Sample B (sintered at 10@for 1 h, in Pb atm).
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Figure 10 Relative permittivity as a function of temperature for PZT

fibers, (a) Sample A (sintered at 7@for 1 h, in air), (b) Sample B
(sintered at 100CC for 1 h, in Pb atm).
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Figure 11 Hysteresis loops of PZT fibers; (a) Sample A (sintered at
700°C for 1 h, in air), (b) Sample B (sintered at 10@for 1 h, in Pb

atm).
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reported before [17, 18], the reasons of the low permitFigure 12 Pyroelectric current density of PZT fibers (Sample B (sintered
tivity of sample A should be; (1) a decreased dipole mo-At 1000C for 1 h, in Pb atm)).

ment efficiency at unit volume due to relatively small

grain size, (2) an increased depolarizing field due tdoop could not be obtained and the Pr values was too
relatively low density and large porosity from small high in the fibers. This may be due to; (1) high organic
concentration rate (33%). Sample A showed larger tawontent that remained in fibers by insufficient burnout.
8 than those of sample B in low frequency region im- Large amount of TEA (b.p=271°C) used for stabi-
plying occurring of space charge polarization due tolization of solution may cause the large leakage current
high porosity. Fig. 10 shows relative permittivity as a density resulting largeP; value than bulk ceramics.
function of temperature for (a) sample A and (b) sam-(2) non-switching linear response due to space charge
ple B. A sharp permittivity peak was observed in sam-polarization [19] that is originated from pores reside in
porous microstructure due to high organic content of
of PZT(53/47) ceramics, while sample A showed low starting solutions.
For the poled sample BE, =20 kV/cm, at 150C
Ferroelectric hysteresis loops for sample A andfor 2 h), a large pyroelectric current was observed
B were observed in the range of electric field of (Fig. 12). Pyroelectric current of sample A could not
~=+140kV/cmas showninFig. 11. Atypical ferroelec- characterized because electrical breakdown occurred
tric hysteresis loop was observed in sample B, whileduring poling procedure. The range of temperature in
which pyroelectric current was detected was@5
460°C. A distinguishable pyroelectric current peak that
have been reported in many ferroelectric bulk ceram-
were obtained in sample B. In spite of large appliedics, BaTiQ [20], PZT [21], Sk_xBaxNb,Og [22, 23],
electric field which is enough to obtain saturated polarwas also observed in this study. The pyroelectric cur-
ization state in PZT bulk ceramics, saturated hysteresieent peak is located at 398, that is almost same

ple B at 396C which is vicinity of the reported,

permittivity values and an broad peak.

electrical breakdown occurred arount80 kV/cm
in sample A. The remnant polarization; P, of
41 pClen? and the coercive field-E. of 61 kV/cm
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temperature with the permittivity peak as shown inis much lower than those of the fibers heat-treated at
Fig. 10. There were three steps in increasing rate of py1000C. In the fibers heat-treated at 1000 evident
roelectric current. Very small pyroelectric current waspyroelectric peak was observed at vicinity of the curie
detected until temperature reached toX72region |  temperature. P-E hysteresis loops of the fibers were also
in Fig. 12). In region Il, 170C-350C, there was a observedinboth samples sintered at’Z®and 1000C,
slow increase in pyroelectric current, and then a drasbut the sample heat-treated at 70Ghowed electrical
tic jump in region 1ll, 350C-398C. As heating up breakdown at low electric field. The fibers heat-treated
above 398C the current started to drop, and disap-at 1000C showed square-shaped hysteresis loop and
peared around 46C by depolarization. large P. and E.. A large pyroelectric current was also
Pyroelectric coefficient was derived from the mea-observed in the fibers heat-treated at T@Ghe mea-
sured current density through following equationssured pyroelectric coefficierp (nC-cm=2-K~1) in-

[22,23]; creased up to 76.5 around 3@8 The increased elec-
: trical properties of the fibers heat-treated at @O0
ip = (dPs/dT) - (dT /dt .
p = (dPs/dT) - (dT /clt) compared to those heat-treated atTD® attributed to
p = |(dPs/dT)|[C-cm2.K™] the large grain size and decreased porosity.
where,
ip: pyroelectric current density Rleferences .
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