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Abstract

Sol-gel derived PZT(53/47) fibers with different PbO contents in the spinning sol were sintered with various buffers. Fiber
stoichiometry, phase content and microstructure as well as the physical properties of the fibers were investigated. A fully densified
microstructure was obtained for fibers 40 mm in diameter sintered as low as 900 �C via (1) an excess PbO content in the spinning

sol of 6 mol% or higher and (2) a careful control of the sintering atmosphere by a PbZrO3/PbO buffer. Enhanced porosity was
found only for fibers with lower PbO content in the spinning sol or for fibers sintered with PbZrO3/ZrO2 or PbZrO3 buffer,
respectively. The densification of PbO-deficient fiber batches is dominated by solid state sintering, while liquid phase sintering is

promoted by excess PbO in the system. TEM investigations confirmed the homogeneous nature of the PZT fibers devoid of
compositional gradients. Typical dielectric permittivities are in the range of 600–1000, the ferroelectric hysteresis loops are well
pronounced with remanent polarization values of about 12 mC/cm2 and coercivities between 1.2 and 1.4 V/mm. Strains of 0.10%
were obtained.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Multifunctional ceramic/polymer composites with
integrated PZT fibers as the piezoactive constituent
offer a high potential for sensoric and actoric
applications.1�5 Much effort has been directed towards
the development of ultrasonic medical applications in
the high frequency range as well as for the detection of
forces, strains or vibrations.5�8

Most preparation routes for PZT fibers are different
compared to the processing of conventional PZT mixed
oxide materials.9�12 In terms of their densification char-
acteristics PZT fibers differ from PZT bulk ceramics of
the same nominal composition due to their significantly
increased surface to volume ratio. This fact plays an
important role for the understanding of the effects of
the processing parameters upon the development of the
fiber microstructure.
As reported PZT fibers have been prepared from
mixed-oxide powders, with fiber diameters in the range
of 100 to 500 mm.13�17 These rather thick fibers show
very good piezoelectric properties with coupling coeffi-
cients kt of about 55%; however, some applications are
limited due to the large diameters or limitations in fiber
lengths. As an important advantage, these fibers provide
easy handling similar to bulk ceramics prepared from
mixed oxide powders.

In contrast, this research is focusing on thin sol-gel
derived PZT fibers. The sol-gel process accounts for
small fiber diameters down to 20 mm as well as for the
preparation of batches of single fibers up to 0.5 m in
length. Furthermore, sintering temperatures can be kept
as low as 900 �C due to the fact, that the elemental dis-
tribution in the dried gel fiber is quite homogeneous.
The high surface/volume ratio in PZT fibers requires a
careful control of the PbO partial pressure during sin-
tering. In order to compensate PbO losses and achieve a
100% PZT yield, two different experimental techniques
were pursued:
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1. The PbO level in the spinning sol was varied

around the nominal stoichiometry of
(PbO)1.00+z

.(Zr0.53Ti0.47)O2 with z=0.00, thus
covering PbO-deficient (z=�0.06) and PbO
excess (z=+0.14) batch compositions.

2. A well-defined PbO partial pressure was

established during sintering via different buffer
systems.

The optimum sintering parameters for the PZT fibers
will be identified through the combined effects of (1)
buffer system variations, (2) variations of the PbO con-
tent in the spinning sol, and (3) of sintering experiments
with different soaking times respectively. The micro-
structural development of PZT(53/47) fiber batches is
derived via quantitative image analysis while the fiber
nanostructure has been investigated through TEM
studies. All batches are fully characterized in terms of
di- and ferroelectric properties.

While this paper is directed towards optimization of
sintering of undoped PZT(53/47) fibers, a companion
paper18 will discuss a similar approach for ‘‘soft’’ PZT
fibers in the system PZT–SrKNb.19
2. Experimental

2.1. Preparation of sol-gel derived PZT(53/47)-fibers

PZT fibers were synthesized via a sol-gel process20

with an oxidic bulk composition given by
(PbO)1+z

.(Zr0.53Ti0.47)O2 with z=�0.06, +0.02, +0.06
and +0.14 respectively. The resulting spinning mass has
a solid content of 62–63 wt.%. The spinning mass was
melted and extruded to fibers with diameters between 50
and 150 mm. The fibers were pyrolyzed in two steps
(300, 600 �C) to prevent cracking during the removal of
the organic ingredients.7

The pyrolyzed fibers were sintered at 900 �C in closed
alumina crucibles. The heating rate was 1.25 K/min for
all sintering experiments; the sintering time was 5 h, if
not specified otherwise. The cooling rate was carried out
with the furnace characteristics.

For controlling the PbO partial pressure during sin-
tering, various PbO buffers were employed including (1)
PbZrO3(Chempur)/PbO(Alfa Aesar) (90/10 wt.%), (2)
PbZrO3/ZrO2(Alfa Aesar) (92/8 wt.%) and (3) pure
PbZrO3. The latter was used as a standard puffer sys-
tem. For comparison, sintering experiments devoid of a
buffer system were also conducted.

2.2. Composite preparation

For the ferroelectric characterization 1–3-composites
with fiber contents of 20–30 vol.% were prepared by
aligning fibers parallel and infiltrating them with an epoxy
resin. The fiber composites were diced perpendicular to
the fiber orientation into thin discs, ground and
polished down to a thickness of about 500 mm. For the
microstructural and ferroelectric characterization gold
electrodes were sputtered onto the surfaces of the
samples (SCD 040, Balzer).

2.3. Microstructural characterization of the fibers

The chemical composition of the fibers was char-
acterized by microprobe analysis (CAMECA SX 50).
Phase analysis of the sintered fibers was conducted
with powder X-ray diffractometry (Philips 1710).
Scanning electron microscopy (SEM) (Hitachi S-800)
was carried out on fibers and 1–3 composites. The
residual porosity and the grain size distribution of
the fibers were derived from polished and chemical
etched composite surfaces via quantitative image
analysis.

A Philips Tecnai F 30 transmission electron micro-
scope operating at 300 kV acceleration voltage was
employed for analysis of the nanoscale microstructure
of PZT fibers. The preparation of TEM cross-section
specimens21 of PZT fibers via argon-ion beam thinning
was severely impaired due to the non-uniform thinning
behavior of the perowskite phase(s), percolation of
nanopores and local amorphization of PZT due to
radiation damage accumulated during argon ion beam
bombardment. The problem was bypassed by utilizing
crushed PZT fiber grain suspensions instead which
worked sufficiently for conventional electron microscopy
and small probe microanalysis.

2.4. Mechanical testing

The tensile strengths of PZT-monofilaments were
tested in a uniaxial tensile testing apparatus (Zwick,
Germany) with a constant crosshead speed of 1.5
mm/min. The sample preparation and the measure-
ments were conducted according to the European
prestandard for tensile strength determination of
ceramic filaments.22

2.5. Ferroelectric and electromechanical testing

Poling of the composites was performed with 5 kV/
mm at 80 �C for 2 h and cooling down in the electric
field. Dielectric permittivities �r and �33 were evaluated
before and after poling, respectively, the dielectric loss
tan d was measured after poling. Ferroelectric measure-
ments were carried out with a simple current–voltage
converter, the strain–voltage dependence was measured1

with an apparatus described elsewhere.23
1 By the courtesy of R. Steinhausen, Martin-Luther-University,

Halle, Germany.
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3. Results and discussion

This paragraph is organized as follows: first, the
effects of the PbO content in the spinning sol on the
microstructure of the pyrolyzed fibers is discussed in
Section 3.1. The complete characterisation of sintered
PZT fibers with various lead contents in the spinning sol,
sintered with a PbZrO3 standard buffer system is descri-
bed in Section 3.2, while Section 3.3 refers to the effects
of various buffer systems on sintering of PZT fibers.

3.1. Pyrolyzed PZT(53/47) fibers: Microstructure and
phase content

Following a two-step pyrolysis for 12 h at 300 and
600 �C respectively, all pyrolyzed PZT-fibers show a
typical core-shell structure (Fig. 1a). The grains in the
outer region form a dense shell with grain sizes between
0.5 to 1 mm (arrows in Fig 1a), whereas the core region
consists of fine-grained agglomerates with grains sizes
between 100 and 150 nm and a high amount of porosity.

For excess-PbO pyrolyzed fibers little variations of
the PbO, the ZrO2, and the TiO2 content across the fiber
diameter were found via microprobe analysis (not
shown here). These, however, were within the statistical
data scattering of typically 2–3 wt.% and did not allow
for a correlation between the compositional variations
and the observed core–shell–mesostructure of the fibers.

In contrast, PbO-deficient pyrolyzed fibers showed a
significant variation of the PbO content across the dia-
meter (Fig. 1b). The PbO content decreased from 71
wt.% at the edge of the fiber to about 65 wt.% in the
center, whereas the ZrO2 and the TiO2 contents
increased from 19 to 22 wt.% and 11 to 13 wt.%,
respectively, in the same direction. The compositional
variations for PbO-deficient pyrolyzed fibers seem to be
related to the larger fiber diameter of about 100–150 mm
as compared to the lead-rich fibers with diameters of
Fig. 1. (a–c) Microstructure of pyrolyzed PZT fiber with an understoichiometric PbO content of z=�0.06 in the spinning sol; (a) core/shell

mesostructure, (b) compositional line scans across fiber cross-section via electron microprobe, (c) precipitation of small PbO crystallites on the fiber.
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only 30–50 mm. For the PbO-deficient pyrolyzed batches
reducing conditions during the first pyrolysis step
(300 �C) can be supposed for the central fiber regions
causing a reduction of PbO to metallic lead. The latter
has a much higher vapour pressure and, as a con-
sequence, can easily diffuse to the fiber periphery. Dur-
ing the second pyrolysis step (600 �C), this metallic lead
can be reoxidized again. This reoxidation causes the
formation of PbO microcrystallites at the fiber surface
(Fig. 1c), as observed by SEM investigations. As a net
effect an increase of the relative PbO content was
detected close to the fiber surface of PbO-deficient fibers
(Fig. 1b), which did not occur for the much thinner
PbO-excess fibers.

Phase analysis via X-ray diffraction (Fig. 2) showed,
that for excess-PbO pyrolyzed fibers no crystalline sec-
ondary phases (e.g. PbO), were observed within the
detection limit. In contrast, PbO-deficient pyrolyzed
fibers did reveal small amounts of PbO which is related
to the aforementioned formation of PbO crystals at the
fiber surface. Additional secondary phases, such as
ZrO2 or PbTiO3, were not observed. (Fig. 2).
3.2. Sintered PZT fibers (I): PbO variations in the
spinning sol

3.2.1. Phase content of sintered PZT fibers
After sintering with a PbZrO3 standard buffer system,

all sintered fibers showed pure PZT in the XRD dif-
fractograms, independently of the PbO-content in the
spinning sol (Fig. 3). Within the detection limit of the
diffractometer, no crystalline secondary phases such as
ZrO2, PbTiO3, or PbO could be observed. Apparently
the small amount of PbO detected on the surface of the
PbO-deficient fibers after pyrolysis (see Section 3.1) had
evaporated during sintering.

From the broad (200)/(002) and (310)/(301) peaks
displayed in Fig. 3 the coexistence of the rhombohedral
and tetragonal phase has been established for all sin-
tered batches investigated.

The homogeneity of the batches and the lack of crys-
talline secondary phases even for the excess-PbO batch
with z=+0.14 emphasize that the combined effects of
(1) excess PbO in the spinning sol as well as (2) the
partial pressure of PbO established in the crucible allow
for complete transformation to PZT when employing
the PbZrO3 standard buffer system.

It should be noted that whenever an excess-PbO
source is offered during sintering [either through the
PbO content of the spinning sol and/or a PbO-rich buf-
fer system exhibiting a higher PbO partial pressure than
the PbZrO3 standard buffer (see also Section 3.3)] an
excess PbO-level of 2–3 mol% as compared to the nominal
PZT composition is established in the sintered fibers as
determined via ICP-AES analysis. As discussed in Section
3.2.3 a noncrystalline PbO-rich secondary phase has been
identified for excess-PbO sintered batches via TEM.

3.2.2. SEM investigations of sintered PZT fibers
As depicted in Figs. 4a,b, both, (1) PbO-deficient

fibers as well as (2) batches exhibiting moderate excess-
PbO levels up to z=+0.02, exhibit a similar gross
microstructure consisting of a dense shell and a porous
core. This core-shell mesostructure corresponds to that
of the pyrolyzed fibers (Fig. 1a) indicating that for PbO-
deficient batches or such fibers exhibiting a small excess-
PbO level the pre-established microstructure cannot be
overcome during sintering.

The porous core consists of idiomorphic grains of
about 1 mm in size, the grains are connected by sintering
necks. A bimodal grain size distribution with maxima
between 1 and 3 mm was obtained from polished sur-
faces. The equiaxed grain morphology introduces a pil-
low-like fiber surface structure characterized by
networks of 120� dihedral angles. Only little porosity
could be found, intergranular defects such as cracks and
pores have not been detected.

In contrast, excess-PbO PZT fibers with z5+0.06 did
not reveal a correlation between the PbO content and
Fig. 2. XRD diffractograms of pyrolyzed PZT fibers at 600 �C with

different PbO contents in the spinning sol. Only for PbO-deficient

fibers has free PbO been detected as a secondary phase.
Fig. 3. XRD diffractograms of PZT fibers sintered at 900 �C with

different PbO contents in the spinning sol. No secondary phases were

found.
2488 R. Hansch et al. / Journal of the European Ceramic Society 24 (2004) 2485–2497



the observed fiber microstructure. As shown in Fig. 4c,d,
both samples achieved full densification. The grains
exhibit a polyhedral shape with grain sizes up to 2 to 3 mm.
Notches at grain boundaries and triple points were less
pronounced as compared to PbO-deficient fibers. No
core-shell effects as identified in PbO-deficient batches
were observed, indicating, that the sintering mechan-
isms in the excess-PbO batches were strong enough to
overcome the pre-established fiber-microstructure after
pyrolysis and result in dense fibers with large grain sizes.

Both, fiber porosity and average grain sizes were
determined as a function of the PbO content from
polished fiber cross sections (Fig. 5). Porosity decreases
with increasing PbO content in the spinning sol. The
volume fraction of the porosity varies between 8 vol.%
for PbO-deficient fibers and <1 vol.% for fibers with a
Fig. 4. Fracture surfaces of sintered PZT fibers; (a) PbO-deficient fibers (b) fibers with z=+0.02 excess PbO, (c) fibers with z=+0.06, (d) fibers

with z=+0.14. Fibers with PbO deficiency and z=+0.02 excess PbO exhibit a composite mesostructure consisting of a dense shell and a porous

core built of 1 mm sized PZT grains. In contrast fibers with an excess PbO content z>+0.02 were fully densified devoid of a core/shell meso-

structure. Typical grain sizes are up to 2–3 mm.
Fig. 5. The effect of excess PbO in the spinning sol on fiber porosity

(left) and average grain size (right). As expected, grain sizes increase and

porosity decreases with increasing PbO content in the spinning sol.
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PbO excess z5=+0.06. The average grain size scales
with the PbO content of the spinning sol. For PbO-
deficient fibers an average grain size of about 1 mm was
found within a monomodal grain size distribution,
whereas for PbO excess fibers average grain sizes
between 1.4 and 1.8 mm were found.

As expected, fiber fracture surface structures vary
significantly with the PbO content of the spinning sol.
PbO-deficient fibers are characterized consistently by an
intercrystalline fracture mode, while PbO excess fibers
show a mixed mode behavior with transcrystalline frac-
tures of up to 50%. Most transcrystalline fractures were
found for fibers with large grain sizes as well as in the
outer region of the fibers.

3.2.3. TEM investigations of sintered PZT fibers with
varied PbO content in the spinning sol

The TEM results corroborated the general micro-
structural features of sintered PZT fibers as derived
from XRD and SEM investigations. The fiber micro-
structure is free of pores and homogenous two-phase
(Ft, Fr) perowskite.

Z-contrast imaging with a high-angle annular dark
field (HAADF) detector as well as EDS line scans
across individual PZT grains performed in STEM mode
did not reveal compositional gradients. Typically, PbO-
deficient batches were devoid of non-PZT secondary
phases at grain boundaries and triple grain junctions
(Fig. 6).

Excess-PbO batches exhibited an intergranular non-
crystalline PbO-rich secondary phase (Fig. 7a). Small
probe microanalysis from the non-crystalline phase
(Fig. 7b) showed substantial Si and Pb concentrations
along with various amounts of Al, K, Ca, S, and Cl
impurities. Through ICP analysis the origin of these
impurities could be traced to intrinsic impurities of the
precursors employed for spinning sol synthesis. In some
cases HREM images obtained from amorphous regions
did reveal nanocrystalline PbO particles embedded in
the amorphous phase (Fig. 7c).

3.2.4. SEM and TEM investigations of fibers with
varied sintering times

Sintering experiments at 900 �C with varying holding
times were performed for fiber batches as a function of
the excess PbO content. Extending the holding times
beyond 15 min for fiber batches with z=+0.02 did not
result in a decrease in porosity. Their microstructure
compares to that from fibers with only 5 min holding
time at the same temperature. Grain growth did not set
in before a holding time of 60 min. Sintering necks are
abundant, however, the residual porosity is still of the
order of 15%.

In contrast, for fiber batches with z=+0.14 the den-
sification at 15 min holding time is almost complete with
a residual porosity <1% (Fig. 8). Grains are faceted
with grain sizes of approx. 1.5 mm, 120� dihedral angles
are commonly observed in the grain boundary network.

The fast sintering kinetics of these PbO-excess PZT
fibers along with the TEM evidence of a PbO-bearing,
intergranular non-crystalline phase strongly suggests a
liquid-phase sintering mechanism similar to observa-
tions from mixed oxide PZT systems.9�12,24,25 Accord-
ing to Atkin and Fulrath26 liquid phase formation will
not occur below a threshold level of z=+0.035 PbO.
This is in good agreement with our sintering experi-
ments from PZT fibers, where excess-PbO batches with
z=+0.02 batches still follow a solid state sintering
process, while substantial liquid phase sintering was
observed for z=+0.06 batches.

3.2.5. Measurements of the tensile strength of sintered
PZT fibers

The tensile strength of sintered PZT fibers was deter-
mined from stretched and coated fibers. Fiber stretching
was realized by separating the fibers before sintering
from each other; the coating was applied through a
mixture of 7 vol.% polyvinylalkohole (PVA) and water.
Compared to uncoated fibers with tensile strength of
about 82 MPa, the fiber tensile strength was sig-
nificantly enhanced by the PVA-coating to mean values
of about 125 MPa. Nevertheless, the tensile strength
data for both, the uncoated and the coated fibers,
showed considerable data scatter up to 80%. This is
primarily due to the sensitivity of the fibers against
shear stress. For stretched and coated fibers a maximum
tensile strength up to 149 MPa was measured; this value
agrees well with the typical tensile strength level (75
MPa) reported for PZT bulk ceramics.27
Fig. 6. Triple grain junction devoid of secondary phases from a

sintered PbO-deficient PZT fiber (TEM, BF, 300 kV).
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3.2.6. Dielectric properties
For the calculation of the dielectric properties of the

fibers, the capacitances of 1–3 composites containing
the fibers, were measured: In Fig. 9 the �r values the
unpoled fibers are depicted as a function of the PbO
content of the spinning sol. Typical �r values for the
fibers are between 600 and 1000; these values agree well
with the data for bulk ceramics with comparable stoi-
chiometry.28,29 From Fig. 9 there might be a tendency of
increasing �r with increasing PbO content, but the
scattering of the data is too high for an unambiguous
correlation. From SEM investigations it is known, that
with increasing PbO content the porosity is decreasing;
this should be accompanied by an increase in the
dielectric permittivity. Nevertheless, with increasing
PbO content the grain size is increasing drastically, too,
and this should favour the opposite tendency, namely a
decrease in the dielectric permittivity.

The substantial data scattering can be used as a qual-
ity indicator for both fibers and composites. The main
reason for scattering may be due to fiber fractures dur-
ing composite preparation caused by the nonoptimized
fiber geometry. Also note that small fiber fractions only
could be accomplished for those composites. Unfortu-
nately, fiber fractures within the composite cannot be
detected unambiguously; therefore, the reasons for the
strong data scattering are not clear yet and requires
further investigations.

From poled composites the permittivity was measured
again. As can be seen from Table 1, �33 after poling is
Fig. 7. Analytical TEM investigations from a multigrain junction in sintered PbO excess PZT fiber (crushed grain suspension); (a) low-magnification

BF image; (b) EDS spectrum collected from the glassy phase with a X nm probe; (c) HREM image of PbO microcrystalls dispersed through the non-

crystalline phase, displaying the encircled region in (a) at higher magnification.
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lower compared to the initial value of the unpoled state.
This effect can be attributed to a decrease in the domain
wall contributions to the permittivity after poling.

3.2.7. Ferroelectric and electromechanical properties
Hysteresis measurements were carried out at a fre-

quency of 50 Hz. In Fig. 10 typical hysteresis loops with
increasing applied field strength are shown. The char-
acteristic ferroelectric properties from these measure-
ments were summarized in Table 2. For all samples,
good ferroelectric properties were obtained with a
remanent polarization of about 10 mC/cm2 and a coer-
civity of about 1.2–1.3 V/mm. Again, no unambiguous
correlation could be established between the ferro-
electric properties and the PbO content of the spinning
sol, i.e. the microstructure of the fibers. This may be
again due to the counteracting effects of increasing grain
sizes and decreasing porosities with increasing PbO
content.

Electromechanical hysteresis loops were obtained
from selected composites, too. As can be seen from
Fig. 11, typical strains of up to 0.10% could easily be
obtained with voltages of 6 V/mm, i.e. about three times
of Ec. The coercivities from the strain–voltage measure-
ments correspond well with those of the ferroelectric
ones, as a tendency the latter seem to be somewhat
higher.

3.3. Sintered PZT fibers (II): variations of the buffer
system

In order to address the effect of different PbO partial
pressures in the sintering atmosphere, 90:10
PbZrO3:PbO, 92:8 PbZrO3:ZrO2, and pure PbZrO3
Fig. 8. Polished and etched surfaces of z=+0.14 excess PbO PZT fibers sintered at 900 �C with a PbZrO3 buffer. The microstructural development

is displayed at sintering times of (a) 5 min; (b) 10 min; (c) 15 min; (d) 60 min (note different scale).
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buffers were employed for sintering of both, PbO-defi-
cient and PbO-excess fiber batches and compared to the
‘‘no buffer’’ sintering experiments.
3.3.1. Microstructural assessment of PZT fibers sintered
with different buffers systems

All sintered excess-PbO batches are devoid of crystal-
line secondary phases, irrespectively of the buffer system
employed. The fibers consist of homogenous PZT
defined by a Zr/Ti-ratio close to the morphotropic phase
transition (not shown here). For the PbO-deficient batch
(z=�0.06) the sintering experiments yield homogeneous
PZT for all buffer systems, too. No crystalline second-
ary phases such as unreacted ZrO2 or PbTiO3, or excess
PbO from the buffer systems used could be identified
within the XRD detection limit. The relatively broad
(200)/(002)- and (310)/(301)-peaks suggest the coex-
istence of both, the rhombohedral and the tetragonal
perowskite phase (Fig. 12) in the sintered PbO-deficient
batch.

In contrast, PbO-deficient fibers sintered without any
buffer system did not convert to homogeneous PZT,
containing unreacted ZrO2 as an additional phase. As a
consequence, the ZrO2 level of the PZT crystals is shif-
ted towards lower ZrO2 concentrations compared to the
initial ZrO2 content thus reducing the amount of the
rhombohedral phase. This causes a relative increase of
the tetragonal, PbTiO3-rich phase, which is expressed in
the clear splitting of (200)/(002)-, (210)/(201)-, and
(310)/(301)-interferences in the corresponding diffracto-
grams (Fig. 12).
Table 1

Permittivities of PZT fibers with different PbO contents in the spinning

sol
PbO content in the spinning sol z
�0.06
 +0.02
 +0.06
 +0.14
�r
 770�90
 740�180
 720�130
 880�120
Fig. 9. Dielectric permittivity Er of unpoled PZT(53/47) fibers as a

function of the PbO content of the spinning sol.
Fig. 10. Ferroelectric hysteresis loops of sintered PZT fibers with different PbO contents in the spinning sol: The measurements were carried out for

different applied field strengths after 1000 cycles; PbO content of the fibers: (a) z=�0.06; (b) z=+0.02; (c) z=+0.06; (d) z=+0.14.
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These observations indicate that a small amount of
excess PbO in the initial batch composition may indeed
be sufficient to yield a 100% PZT without the need of an
additional buffer system. However, it is important to
note that complete transformation to perowskite phase
does not necessarily account for full densification of the
fibers microstructrure. Thus, it is mandatory for opti-
mization of PZT sintering parameters to consider the
effects of buffer systems.
The essence of the sintering experiments presented in
this study is summarized in Fig. 13a and b, demon-
strating the effects of different buffer systems upon the
residual fiber porosity and grain sizes as a function of
the PbO-levels in the spinning sol. The fiber porosity
and the composition of the buffer systems employed are
clearly correlated.

Independently of the amount of PbO in the spinning
sol, fibers sintered without a buffer system show the
highest porosity. PbO-deficient fibers sintered with no
buffer system exhibit a porosity of 20 vol.%, which
decreased to 8 vol.% when utilizing a PbZrO3/ZrO2 or a
PbZrO3 buffer system instead. A residual porosity of
less than 1 vol.% could be achieved with a PbZrO3/PbO
buffer.

For batches exhibiting small excess-PbO levels, the
influence of the buffer systems is comparable, although
Fig. 11. Typical electromechanical hysteresis loops for PZT fibers in a

1–3 composite. The fibers have a PbO excess of z=+0.06 in the

spinning sol.
Fig. 12. XRD diffraction patterns for PbO-deficient PZT fibers sin-

tered with various buffer systems and without any buffer (see arrow).

For all batches sintered with buffers, no secondary phases were

observed. In contrast, the fibers sintered without any buffer showed

ZrO2 as a secondary phase.
Table 2

Characteristic ferroelectric properties of PZT fibers with different PbO contents in the spinning sol
PbO content in the spinning sol z
�0.06
 +0.02
 +0.06
 +0.14
Coercivity Ec [V/mm]
 1.4�0.1
 1.2�0.2
 1.6�0.2
 1.3�0.2
Max. polarization Pmax [mC/cm2]
 24�2
 21�2
 24�2
 28�2
rem. Polarization Prem [mC/cm2]
 11�1
 8�1
 14�1
 12�1
Fig. 13. Porosity (a) and average grain size (b) of PZT fibers with

various PbO contents in the spinning sol sintered at 900 �C for 5 h

with different buffers system and without a buffer.
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somewhat less pronounced than in the case of PbO-
deficient batches. The data indicate a decreasing bene-
ficial effect of the buffer system with increasing PbO
content in the spinning sol. As a consequence, for high
excess PbO contents in the spinning sol, the PbO excess
will compensate for a lack of buffer system during
sintering and still achieve full densification.

Increased average grain sizes are obtained when using
a higher PbO content in the spinning sol (Fig. 13b).
Fibers with z=+0.02, +0.06, and +0.14, yield grain
sizes of 1.5, 1.7 and 1.8 mm, respectively. Again, the
influence of the buffer system on the grain size
decreases with increasing amount of PbO in the
spinning sol.

Rather similar fiber microstructures result from sin-
tering experiments with the both buffer systems consist-
ing of PbZrO3 only and PbZrO3/ZrO2, as shown in
Fig. 14 for the fiber batches with z=+0.02. The strong
increase of the grain size when using the PbZrO3/PbO-
buffer suggests, that the PbO excess level in these bat-
ches is too low to compensate for PbO losses under the
constraints of all PbO-deficient buffer systems
employed.

For the PbZrO3/PbO-buffer experiment grain growth
has set in for all fiber batches, indicating that the soak-
ing time can be substantially reduced in order to achieve
small grain sizes. As discussed in Section 3.2.5, the sin-
tering kinetics in PbO-saturated systems are fast
accounting for a full densification of the fiber batches
within 15 min soaking time only.
Fig. 14. Fracture surfaces of PZT fibers with a PbO excess of z=+0.02 in the spinning sol by using different buffers during sintering at 900 �C for

5 h; devoid of a buffer system (a), with PbZrO3/ZrO2 (b), PbZrO3 (c) and PbZrO3/PbO (d).
Table 3

Dielectric permittivities of two PZT fiber batches with different PbO

content in the spinning sol sintered with various buffer systems
PbO content in the spinning sol
z=+0.02
 z=+0.14
Without additional buffer
 430�60
 720�120
PbZrO3/ZrO2 buffer
 810�120
 1020�150
PbZrO3 buffer
 810�140
 970�40
PbZrO3/PbO buffer
 730�70
 1420�230
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3.3.2. Di- and ferroelectric properties of PZT fibers
sintered with different buffers

As expected, for all buffer systems increased �r-values
are obtained for fiber batches with z=+0.14 compared
to fibers with z=+0.02, as shown in Table 3. This is
due to the different residual porosity of the fibers: the
z=+0.14 batches are devoid of residual porosity and
therefore characterized by increased permittivities for all
buffers.

The PZT fibers with z=+0.14 sintered devoid of a
buffer system stand out as an exception. The strong data
scattering is probably due to the large curvature of the
fibers increasing their propensity to fracture during
composite preparation. Because of the fractures the
fiber permittivities calculated from those composites are
no longer valid. Realistic and reproducible fiber per-
mittivities can only be derived from batches sintered
with PbZrO3 buffer.

A comparison of the ferroelectric behaviour of identi-
cally prepared PZT fibers with a PbO content of
z=+0.02 sintered with different buffers is given in
Fig. 15. The shape of the hysteresis loops varies remark-
ably; best measurements were obtained for fibers sintered
with PbZrO3/PbO buffer, but—as obtained from other
measurements (not shown here)—those fibers show the
strongest ageing-effects, too. Fibers sintered with
PbZrO3/ZrO2 show hysteresis loops with high polariza-
tion values and a quite rectangular shape, too. Those
hysteresis curves are devoid of constrictions due to age-
ing effects; together with the reasonable permittivity data
this leads to the conclusion, that this combination of
PbO content in the spinning sol and buffer system should
be chosen for a further fiber optimization.
4. Conclusions

The sintering process of sol-gel derived PZT(53/47)
fibers has been optimized via interaction of (1) varying
the PbO level in the spinning sol, (2) different buffer
systems for controlling the PbO partial pressure during
sintering, and (3) variations of the soaking time. With
this new approach full densification of the fiber micro-
structure can be achieved without sacrificing a 100%
PZT yield.

Except for the highest excess PbO batch with
z=+0.14 a buffer system is mandatory for PbO-defi-
cient batches and batches with low PbO excess in
order to achieve full densification. For PbZrO3/PbO
buffers, the residual porosity is less than 1% for all
PbO levels in the spinning sol studied. For PbO-rich
buffer systems however, special care may be advised to
Fig. 15. Hysteresis loops of PZT fibers with a PbO excess of z=+0.02 in the spinning sol, sintered with various buffer systems; (a) none; (b) with

PbZrO3/ZrO2; (c) PbZrO3; (d) PbZrO3/PbO.
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prevent sticking-together of fibers, which results in
curled fiber geometries and poorly reproducible func-
tional properties. The sintering experiments confirm,
that fine-tuning of the PbO partial pressure via buffer
systems defines a necessary and highly effective tool
complementary to the conventional approach of estab-
lishing a well-defined net PbO level in the spinning sol.

Sintering experiments with different holding times
show, that at 900 �C a fully densified, homogeneous
PZT microstructure with a narrow grain size distribu-
tion centered at approx. 1 mm is obtained within 15 min
soaking time provided the PbO-level has been optimized
for both the spinning sol and the buffer system.

All fiber batches sintered with a buffer consist of per-
owskite phase, devoid of crystalline secondary phases. A
PbO-bearing non-crystalline phase was identified at triple
grain junctions from PbO excess batches by small probe
microanalysis in the TEM supporting that liquid-phase
sintering is promoted in such systems. Densification of
PbO-deficient batches is controlled by solid state sinter-
ing. A tensile strength level of 125 MPa was obtained for
PZT fibers stabilized with a thin PVA coating. PZT fibers
exhibit remanent polarization values of 14 mC/cm2 with
coercivities between 1.2 and 1.4 V/mm. The dielectric
permittivities are in the range of 600–1000. Electro-
mechanical strains in the order of 0.10% were obtained.
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