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Seeding effects on crystallization and
microstructure of sol-gel derived PZT fibers
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Dense and fine micro-structured lead zirconate titanate (PZT) fibers were successfully
fabricated by sol-gel process from lead acetate dehydrate, zirconium normal butoxide, and
titanium isopropoxide. An addition of perovskite seed particles (2 wt%) can lower the
formation temperature of the perovskite phase and a single-phase perovskite PZT fiber can
be obtained by heat-treating the precursor fiber at 500°C. Crystallization of perovskite
phase was improved with the seed content. The diffraction peaks of (200) and (002) in the
PZT fiber with 6 wt% seed was better split than in the PZT fiber without seed, which
indicates that the tetragonality of PZT fiber was increased by adding seed particles. Seed
particles also affected microstructure development of the PZT fibers. © 2000 Kluwer
Academic Publishers

1. Introduction this study, perovskite PZT seed particles were added
Lead zirconate titanate, PZT, and long fibers are atin amorphous gel fibers to prepare dense and fine-
tractive for actuator and sensor applications in composgrained PZT fibers at low temperature. The crystalliza-
ite materials because they provide increased anisotropyon behavior of the PZT precursor fibers was investi-
and specific strength over monolithic PZT ceramics agjated using X-ray diffraction and Deferential scanning
well as excellent flexibility. Many researchers have triedcalorimetry (DSC) analysis. Seeds effect on micro-
to fabricate the PZT fibers by extrusion, [1, 2] impreg- structure development are also discussed.
nation, [3] and sol-gel process [4—7]. Although extru-
sion can provide meter length fibers with various cross-
sectional geometries, it has disadvantages: diameters 8f Experimental procedure
the fibers are limited to approximately 10@n anditis Two different types of PZT fibers were prepared.
hard to yield fine grain and high density, and produceThese were PZT fibers with and without seed par-
fibers with cross-sectional dimensions below criticalticles. The starting materials used to prepare the
flaw sizes. precursor fiber were lead (ll) acetate dehydrate,
The sol-gel process is the most promising one, as iPb(CHCOO), (High Purity Chemical Co., Japan), ti-
can meet the demands mentioned above, i.e., dense, hanium iso-propoxide (Nakarai Chemical Co., Japan)
mogeneous micro-structured and mechanically stron@nd zirconium n-butoxide (High Purity Chemical Co.,
PZT fibers. Several research works have been made ttapan). The atomic ratio of the starting solution was
develop PZT fibers by the sol-gel process. YoshikawéPb : Zr: Ti=1:0.52:0.48. No excess lead was intro-
et al. [5] fabricated fine-scale PZT fibers using a spin-duced in the 52/48 PZT composition. The sol-gel pro-
ning methodology and applied the method to polarizecess for precursor fibers in this study is illustrated in
fibers in a continuous manner and investigated dielecFig. 1. Lead solution was prepared by dissolving lead
tric and mechanical properties of the fibers. Kitaokaacetate dehydrate in 2-methoxyethanol. Titanium iso-
et al. [7] developed single-phase perovskite lead lanpropoxide and zirconium n-butoxide were mixed in iso-
thanum zirconate titanate, PLZT, fibers 5-20@ in  propyl alcohol. The solution of Pb, and the solution
diameter and 20 cm in length to apply the fibers to op-of Ti and Zr were mixed and refluxed at®D. In the
tical modulating devices. case of fibers with seed particles, 2, 4, and 6 wt% of
Since an addition of perovskite seed particles causeBZT seed particles (Sakai Chemical Co., Sakai, Japan)
an increase in the number of nucleation sites for thevere added to the mixed solution with Pb, Ti, and Zr.
pyrochlore-to-perovskite phase transformation, usindgrhe solution was hydrolyzed by adding acetic acid,
seeds would reduce the temperature at which the pe€H3;COOH, for catalyst and water, and then, condensed
ovskite phase appears. In this regard, the effect of peiby refluxing at 60C for 24 h. In order to control the
ovskite seeds has been extensively studied in the fieldgscosity of the precursor solution, isopropyl alcohol,
of sol-gel derived ferroelectric thin film applications which was involved in the solution, was removed from
[8-10]. However, there have been no attempts to fabthe solution through evaporation. Viscosity of some of
ricate PZT precursor fiber with perovskite seeds. Inthe solutions increased gradually.
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Figure 1 Flowchart of sol-gel process for the precursor PZT fibers.

The solution was then spun to the precursor fiber by
inserting the end of a wire into the viscous solution anc
pulling it upward quickly by hand under 45% relative
humidity. The resulting precursor fibers were aged ant
dried atroom temperature for 24 h with 30—60% relative
humidity. Then, the gel fibers were put in a platinum
crucible and heat-treated with PbZr@owder in air at
various temperatures. The heat treatment was carrie
out at temperatures ranging from 500 to 100@vith a
heating rate of 10C min~'. The holding time at the de-
sired temperature was fixed at 2 h. After a designed he:
treatment the fibers were cooled to room temperatur
in the furnace.

The crystalline phase of the PZT fiber was identified
by X-ray powder diffractometry (RU-200B, Rigaku Co.

et al [7]. They observed the precipitation of metallic
lead, and discussed that it resulted from the reduction of
lead ions by carbonaceous species that are produced by
acetate decomposition, because they introduced 10%
of excess lead to the precursor solution. Although why
metallic lead appeared in this study is not clear, this
phenomenon is often observed in sol-gel derived PZT
fibers or films.[4, 11, 12].

The seeded precursor PZT fiber completely trans-
formed to a single-phase perovskite when it was heat-
treated at temperature as low as SD0As is evident
in Fig. 2, at 500C, only the perovskite phase was de-
tected, and there were no unwanted peaks, which would
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Ltd., Japan). Deferential scanning calorimetry, (DSC,
DSC8270, Sinkuu-rikou, Japan) was carried out on PZTigure 2 X-ray diffraction patterns of seeded (2 wt%) PZT fibers heat-

precursor fibers to investigate the crystallization behav
ior. The microstructures of the PZT fibers were ob-
served by scanning electron microscope (SEM, JSM
6320FK, JEOL, Japan).

3. Results and discussions
PZT precursor fibers 15 to 150m in diameter and be-

treated at 300C, 500C, 700C, 800C and 1000C, respectively. The
inset is an amplified pattern of the fiber heat-treated atG00

Seed : 6 wt%

low 20 cm in length were successfully fabricated. The
surface of the precursor fiber was very smooth. Fig. Z
shows the X-ray diffraction patterns of seeded (2 wt%)32
PZT fibers heat-treated at 3@, 500C, 700C, 800C 8
and 1000C. All of the precursor fibers were amorphous ©
prior to heat treatment. At 30C, three small diffrac-
tion peaks were detected &t 2 32, 36, and 52 An
amplified trace, Fig. 2 inset, showed a small and broac
peak at 2 =29 that corresponds to a poorly crystal-
lized pyrochlore phase, and also a sharp peak at arour
20 = 31°, along with a diffraction peak ab2= 32°. The
sharp diffraction peak até2=31° can be assigned to
the perovskite (110) diffraction peak. Thus, itis consid-
ered that the perovskite phase starts to appear aC300
Three diffraction peaks ab2= 32, 36, and 52appear
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. Figure 3 DSC curves of the PZT precursor fibers with 2 and 6 wt% of
to be due to metallic lead. The appearance of metalseeq partice; the measurements were conducted in air at a heating rate
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be attributed to pyrochlore or other impurity phases.
According to other reports, the pyrochlore-to-perov-
skite transformation of sol-gel derived PZT fiber usu-
ally starts between 500 and 5% and single-phase
perovskite PZT fiber can be obtained at above°@00
[7,9]. By adding seed particles in the precursor so-
lution, it was found that the crystallization tempera-
ture from pyrochlore to perovskite was significantly
lowered. In addition, crystalline perfection and crys-
tallite size increased as the heat-treatment temperature
was raised up to 100C, although a single-phase per-
ovskite can be obtained at 5@D. In particular, the
extent of crystallization largely changed between 500

Figure 4 X-ray diffraction patterns of the unseeded and seeded (2 anc@nd 700C; the Sp”tting of diffraction peaks at around

6 wt%) PZT fibers heat-treated at 7@for 2 h.

20 =~32°, ~45° and~56° was confirmed.

Figure 5 SEM photographs of the unseeded and seeded (2 wt%) PZT fibers heat-treatetdCafoB@h.
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Fig. 3 shows DSC curves of the PZT precursor fiberprimarily to CG, and KO [7, 13]. The position of the
with 2 and 6 wt% of seed particle at a heating rate ofsecond exotherm varied with seed content. The sec-
10°C min~1. For comparison, the DSC curve of the ond exotherm at around 500 gradually shifted to a
PZT fiber with no seed is also shown in Fig. 3. In lower temperature as the seed content increased. The
the DSC curves, two big exothermal peaks around 30@xotherm is observed at 50D for the unseeded fiber
and 500C and one small exothermal effect at 380 and at 490C, and 470C for the seeded (2 wt% and
were observed for the unseeded PZT fiber. The firs6 wt%) PZT fibers, respectively. It seems that the sec-
exotherm at 32QC is independent on the amount of ond exotherm at around 50D is due to the crystalliza-
seeds. Therefore, this first part of the thermal behaviotion of perovskite phase, [14] because the seeded PZT
was attributed to the evaporations of acetate and isdiber (2 wt%) heat-treated at 500 for 2 h consisted
propyl alcohol derived from the starting materials andonly of perovskite phase (see Fig. 2b). These results are
from oxidative decomposition of the organic ligands not in accordance with Kitaoket al. and with Selvaraj

Figure 6 SEM photographs of the unseeded and seeded (2 wt%) PZT fibers heat-treated @t fbd@h.
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et al. [4, 7]. They reported the crystallization tempera- SEM photographs of the unseeded and seeded
ture of perovskite phase wasb70°C and single-phase (2 wt%) PZT fibers heat-treated at 10@for 2 h are
perovskite could be obtained at above 8D0It can  showninFig. 6. Similarto the fiber that was heat-treated
be thus inferred that the perovskite seed particle caat 800C, the seeded PZT fiber exhibited a fine and ho-
lower the crystallization temperature of the PZT fiber.mogenous microstructure, as shown in Fig. 6b and c.
At about 600C, another shoulder appeared in all of The grain size of the seeded PZT fiber (about 500 nm)
the fibers, and the small third exotherm in the seedeavas one tenth of that of the unseeded PZT fiber (about
(6 wt%) PZT fiber was observed at lower temperature3 to 5um). The seeding effect on microstructure de-
than in the unseeded PZT fiber, indicating that this bevelopment as well as the transformation was obvious
havior also can be correlated with the development ofn the PZT fiber.
the perovskite phase.

To investigate the extent of crystallization of the PZT
fibers, X-ray diffraction patterns were studied. In Fig. 4,4. Conclusions
the X-ray diffraction patterns of seeded (2 and 6 wt%)Polycrystalline PZT fibers were successfully fabricated
PZT fibers heat-treated at 7@for 2 h are given, along by sol-gel process and a perovskite seed particle addi-
with the pattern of the unseeded PZT fiber. All the fiberstion. The seed patrticles accelerated the crystallization
exhibit perovskite tetragonal phase. The seeding effeaif the amorphous PZT precursor fibers. A single-phase
on the crystallization of the PZT fiber appeared clearlyperovskite PZT fiber can be obtained at temperature
in this study. As evident in thef2range of 43-45  as low as 500C. The crystalline perfection increased
and 55-57, in the unseeded PZT fiber, the diffrac- with increasing seed content. The seeded PZT fiber
tion peaks of (200) and (002), as well as of (112) andheat-treated at 100C€ consisted of homogeneous and
(211), which are known to be very sensitive to the vari-sub micrometer-sized grains. The microstructure was
ation of perovskite crystal structure, were ambiguous irmuch finer in the seeded PZT (2 wt%) than in the un-
comparison with the seeded fibers. This observed resuieeded one. It was found that dense and homogeneous
means that the tetragonality/a, of the unseeded fiber microstructure could be obtained by dispersing the per-

is not so good when heat-treating the unseeded fiber atvskite seeds into the precursor PZT fiber.

700°C for 2 h. On the other hand, the diffraction peaks
of (200) and (002) in the seeded fibers were better split

than in the unseeded PZT fiber. The crystallization ofReferences

perovskite phase in the seeded fibers proceeded bett.
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