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Abstract

Using non-aqueous Pechini method, Pb(Zry¢5Tigs5)O3 powders were prepared at low temperature by one-step pyrolysis process. The
polymeric gels and powders were characterized using a range of techniques, such as DTG, XRD, SEM, Raman spectroscopy, and laser particle size
distribution. The perovskite phase was formed at about 350-400 °C and some oxocarbonate impurities can be detected in all samples after
calcining at 400-850 °C by one-step pyrolysis process. Phase pure and porous Pb(Zrg ¢5Tig05)O3 ceramics were obtained without pore formers
from the powders by one-step pyrolysis process at 500 °C for 4 h. The relative densities were 87%, 91% and 94% for the ceramics sintered at 1100,
1150 and 1200 °C for 2 h, respectively. The porous ceramics sintered at 1200 °C for 2 h have homogeneously dispersed pores and fine-grain

structures with an individual grain size of 0.7-2 pm.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid solutions of lead zirconate (PZ) and lead titanate (PT)
in different proportions have found many important applica-
tions due to their piezoelectric and ferroelectric properties. In
particular, the composite with a Zr:Ti molar ratio of 95:5,
Pb(Zr(.05Tig05)O03 (PZT 95/5) is of great essence because of its
great potential as a source of pulsed power for neutron
generator through shock-wave compression [1,2].

The conventional way to prepare PZT is on the basis of the
solid-state reaction among ZrO,, PbO and TiO, at a
significantly high processing temperatures (>1200 °C). Such
high processing temperature would bring about several
disadvantages: firstly, the overall procedure may not be under
controllable and reproducible manner in some circumstances;
secondly, the particle sizes are generally large (larger than
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1 wm), with a broader size distribution; thirdly, impurities
could be introduced in the ball milling and drying process
which will affect the properties of the final product. Alternative
approaches based on the wet chemistry, which can produce
powders with homogeneous composition and size distribution,
have been developed recently. The wet chemical methods
include sol-gel, coprecipitation, hydrothermal synthesis and
Pechini method [3-8]. For PZT 95/5 powders, the coprecipita-
tion [9—-11] and Pechini method [12] have been employed. One
attractive character of the Pechini method is its lower operation
temperature and hence the minimum possibility to phase
segregation [8]. The objective of this method is the
immobilization of metallic ions in a rigid polymer network.
The metallic ions were dispersed in the polymer network at the
atomic scale without precipitation and phase segregation. This
process allows a complete control over the product stoichio-
metry, even for more complex oxide powders [13].

In the previous study [12], we have prepared PZT 95/5
powders by Pechini method in an aqueous solution. However, for
some mixed oxides, there are a few insoluble metallic precursors.
For the process of Pechini method, the presence of large amount
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of water would be unfavorable to the polymerization reaction of
CA and EG, an equilibrium reaction.

R—OH + R'COOH « R'COOR + H,0

It could decrease the molecular weight of polyesters formed
by CA and EG and we have presented the effect of the molecular
weight of the polyesters on the evolution of phase behavior and
morphology of the powders using aqueous Pechini method [12].

In this study, we present the experimental procedure using
non-aqueous system from a simple Pechini method and
introduce a one-step pyrolysis process at low temperature to
synthesize well-crystallized PZT 95/5 powders. Furthermore,
porous PZT 95/5 ceramics were synthesized from the
chemically prepared powders without pore formers.

2. Experimental procedures
2.1. Sample preparation

Lead nitrate (Pb(NOs3),, >99.0%), zirconium oxynitrate
(ZrO(NO3),-2H,0, 2>99.0%) and titanium n-buthoxide
(Ti(O-"Bu)y, >99.0%) were used as metallic cation sources.
Citric acid (CA, AR) and ethylene glycol (EG, AR) were used
as chelating agent. All chemicals were purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.

PZT 95/5 powders and porous ceramics were prepared as
summarized in Fig. 1. The molar ratio of EG:CA:Pb:Zr:Ti is
800:200:20:19:1. Initially, CA was transferred to the EG/Ti
solution and stirred at 40 °C to get a clear solution and then kept
stirring at 80 °C for another hour. Next, The metallic
compounds were added until the system became transparent.
Subsequently, the clear solution was heated to 140 °C and kept
at this temperature for additional 2h, to promote the
polymerization of CA and EG. Whenever the polymerization
occurs, the inorganic—organic hybrids became viscous accom-
panied with a color change from colorless to yellow. Finally, the
gels were calcined by one-step pyrolysis process at 350-850 °C
for 4 h in static air on an Al,O3 boat followed by natural furnace
cooling to room temperature.

The powder was cold isostatically pressed at 100 MPa into
disks and was sintered at 1100, 1150 and 1200 °C for 2h in a
sealed Al,O;5 crucible with PbZrO; atmosphere powders.

2.2. Sample characterization

Derivative thermogravity (DTG) in air was performed on a
TA TGA 2950 from 25 to 1000 °C at a heating rate of
20 °C min_l, with an air flow rate of 200 mL min~'. Fourier
transform infrared spectrum (FTIR) in the range of 400-
4000 cm ™' was recorded using KBr pellets on a Nicolet-
60SXR-FTIR spectrometer with spectrum resolution of
4cm™'. A standard Raman spectrometer (Nicolet Almega
Dispersive Raman) was used with the 532 nm line of an
Nd:YVO04 DPSS laser as an excitation source at a power level of
60 mW (40% of maximum power (150 mW)) and with a CCD
(charge-coupled device) detector. Spectra were registered in the
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Fig. 1. Flowchart for the PZT 95/5 powders and ceramics.

range from 100 to 2000 cm ™' at room temperature (18 °C). The
powders and ceramics were characterized by X-ray diffracto-
metry (XRD, X’Pert PRO MPD) to identify the various phases
formed, using Cu Ka radiation (A = 1.5406 A) at 40 kV and
35 mA from 20° to 80° of 26. The average crystallite dimension
was estimated from the most intense diffraction peak by means
of the Scherrer equation. Scanning electron microscopy
equipped with energy dispersive spectroscopy (EDS) was
applied to obtain the microstructures of the powders (SEM,
JEOL JSM-5800) and ceramics on fresh fracture faces (SEM,
JEOL JSM-5610LV). Particle size distribution of the powders
was measured by a laser-diffraction granularity tester
(MASTERSIZER 2000). Prior to experiment, powders were
ultrasonicated in water for 40 min. The densities of fired pieces
were determined by the water displacement method.
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Fig. 2. DTG curve of polymeric gel. The dot line indicates the decomposition
steps.

3. Results and discussions
3.1. DTG of gels

In the DTG experiment of the gels (Fig. 2), there are totally
five weight loss steps in the temperature range of 25-800 °C.
The first one appears in the temperature range of 25-153 °C
with a weight loss of 14.2% and the corresponding temperature
on DTG curve is at 128 °C. It could be most likely attributed to
the elimination of water, formed during the condensation of CA
and EG. The second step ranges from 153 to 221 °C, with a
corresponding weight loss of 15.8% and a temperature of
205 °C on DTG curve. We attribute such process to the
elimination of free EG (tg(EG), 198 °C) entrapped in the gel.
For the third one, a weight loss of 48.6% with a temperature
range of 221-375°C was observed and the transition
temperature on DTG curve is at 276 °C. We attribute this
procedure to the decomposition of the macromolecular chain,
as formed by CA and EG. The macromolecular chain
decomposes to some CA derived chelated cations and some
small molecules such as CO,, H,O and other gases.
Additionally, a few unreacted CA (with EG or metallic ions)
decomposes in this stage. As suggested by Tsay and Fang [14],
the fourth step in the temperature range of 375-636 °C with a
weight loss of 13.5% could be attributed to the decomposition
of the CA derived chelated cations, such as citraconic acid
chelated structures. The perovskite phase PZT 95/5 powders are
formed in this thermal process directly from some special CA-
cations chelated structure without any intermediates. The
highest decomposition happens in the temperature range of
636-797 °C, which is a slow process with a weight loss of
1.2%, indicating the complete elimination of organic matters in
the powders. It should be mentioned that some carbonates still
remain in the powders even though most organic compounds
has been consumed (see later).

Noteworthy that the data obtained from DTG are deviated
from the actual transition temperatures taking into account of the

different decomposition conditions between DTG and the actual
process. On the one hand, the amount of the gels used in the
thermal analysis is small (about 1mg), and thus thermal
conduction is easier and therefore the decomposited products
have little effect on the remaining gels (the gels could be coated
by produced carbon in nature process). On the other, the flowed
atmosphere takes the gas products from the system. Normally,
the metallic ions are chelated by carboxyl group of free CA and
partially polyesterized CA. The chelated structures would have
special thermal properties. Unfortunately, we could not
distinguish its contribution because the gels have a majority
of organic matters.

3.2. One-step pyrolysis process

For Pechini method, the normal pyrolysis process includes a
two-step thermal decomposition to obtain powders. At first,
most of organic matters pyrolyze at a lower temperature, such
as 300-500 °C, to obtain a polymeric precursor. Then, the
polymer precursor calcines at a higher temperature, like 500—
900 °C, to form a certain phase structure. The few remaining
organic matters would decompose completely in the second
step. In this study, we have utilized a one-step pyrolysis process
to prepare PZT 95/5 powders, preventing the introduction of
impurities and simultaneously making the overall process
become power and time economic.

3.3. FTIR of gels and powders
Fig. 3 displays the FTIR spectra of the gels and the powders

by one-step pyrolysis process under static atmosphere at 350—
850 °C for 4 h. Four bands related to carboxylate stretching
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Fig. 3. FTIR of polymeric gels and PZT 95/5 powders by one-step pyrolysis
process at different temperatures for 4 h. (a) Gels, (b) 350 °C, (c) 400 °C, (d)
500 °C, (e) 700 °C and (f) 850 °C, respectively.
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modes at 1735, 1635, 1454 and 1379 cm ™! can be observed in
the gels (Fig. 3(a)) [15,16]. The band at 1735 cm ™! could be
assigned as the C=O stretching mode of the ester which was
formed by polymerization of CA and EG. The 1635 and
1454 cm™! bands could be assigned to asymmetric COO™
stretching mode for a unidentate complex and a bridging
complex, respectively, formed from the chelation of CA and
lead or zirconium ions. The 1379 cm ™' band could be assigned
to symmetric COO™ stretching mode from the chelation of CA
and lead or zirconium ions. The bands of 1635 and 1379 cm ™!,
with Av=256cm !, suggest that the gels contain one
unidentate group in the structure [17,18]. The other bands at
1500-850 cm™" and 3500-2600 cm™' are attributed to the
polymeric network and OH, CH, and CH groups, respectively.
The band at about 3435 cm ™' is attributed to the water adsorbed
in the powders. The bands below 600 cm ' are assigned to
metal oxygen stretching mode from the chelation of CA and
metallic ions.

When the gel is calcined at 350 °C for 4 h, the bands at
13801750 cm ™' disappear and two new bands occur at 1635
and 1406 cm™'. The band at 1635 cm™' is attributed to the
COO™ stretching in unidentate metallic complex formed
between CA and metal ions [16]. This band is still present in the
powders even after calcination at 850 °C for 4 h, suggesting that
the strong chelating ability provided by the a-hydroxylic acid
groups of CA can stabilize different metal ions simultaneously
within one molecule or complex [19]. The band at 1406 cm s
attributed to the carbonates derived from metallic-CA chelates
as secondary phases. Decomposition of the precursor upon
rapid heating yields an oxocarbonate compound and the crystal
structure of the oxocarbonate is unknown [20]. As the calcined
temperature increases, this band shifts to low wavenumber and
the transmittance intensity of carbonates decreases. The lower
temperature and inert atmosphere hinder the decomposition of
carbonates [21]. The band at the range of 550-560 cm ! is
attributed to the absorption of PZT 95/5 structure.

FTIR results suggest that bonding between CA and the
metallic ions begins to collapse below 350 °C and the derived
carbonates are observed. Furthermore, it is important to note
that the PZT 95/5 phase is detected even after calcined at lower
temperatures, below 350 °C.

3.4. Raman of powders

Raman spectra of powders prepared by one-step pyrolysis
process at 500 °C for 4 h are shown in Fig. 4, showing the PZT
perovskite phase developed with tetragonal structure. The room
temperature Raman spectrum contains all of the essential
features of tetragonal polycrystalline solids prepared by
conventional ceramic techniques. The peaks at wavenumber
around 136.88, 206.38, 282.14, 336.14, 530.79 and
657.40 cm™' are identified as A;(1TO), E(Q2TO), B, +E,
A1(2TO), E(3TO) and A(3TO), respectively. The other modes
denoted in Fig. 6 are weak in comparison with the soft mode,
and partially overlap with each other. All the Raman modes are
assigned, according to the literature results [22-26].
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Fig. 4. Raman spectrum at room temperature for PZT 95/5 powders by one-step
pyrolysis process at 500 °C for 4 h.

3.5. XRD of powders
To investigate the phase development with calcination

temperatures, Fig. 5 shows XRD patterns of PZT 95/5 powders
by one-step pyrolysis process at 400-850 °C for 4 h in static air.
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Fig. 5. XRD patterns of PZT 95/5 powders by one-step pyrolysis process at
different temperatures for 4 h. (a) 400 °C, (b) 500 °C, (c) 600 °C, (d) 700 °C, (e)
800 °C and (f) 850 °C, respectively.
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Table 1
The mean crystallite size from XRD results and size distribution parameter of
PZT 95/5 powders calcined at different conditions by one-step pyrolysis process

Calcination temperatures (°C)

400 500 600 700 800 850
Mean size (nm) 36 36 36 28 51 63
Diso) (um) 4305 2.021 5.768

It could be concluded that the perovskite phase of PZT 95/5 is
predominant in the sample with some carbonates remained after
calcination at 400 °C for 4 h, indicating incomplete decom-
position of the gels to PZT 95/5 powders induced by the low
temperature. Comparing with our previous results, the non-
aqueous Pechini method in this study shows its advantage that
more intense and sharper diffraction peaks of PZT 95/5 appear
even for the powders calcined at 400 °C for 4 h [12]. To
eliminate the secondary phase, higher calcination temperatures
are applied using one-step pyrolysis process. The results
(Fig. 5(b—f)) showed that the higher calcination temperature
dose not reduce the amount of carbonates evidently. Blanco
Lépez et al. [21] have reported the complete elimination of
BaCOs3 at 1000 °C was not sufficient.

By applying the Scherrer formula to the peak at about 30.7°,
the mean crystallite sizes of PZT 95/5 powders are shown in
Table 1. When the powders are obtained by one-step pyrolysis
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Fig. 6. DTG curves of PZT 95/5 powders by one-step pyrolysis process at
different temperatures.

process at 400, 500 and 600 °C for 4 h, the calculated mean
crystallite sizes are almost the same irrespective of calcination
temperatures, which means the crystallite does not grow
obviously in this temperature range. When the gels are applied
at higher temperatures, there is a trough at 700 °C and then the
calculated mean crystallite sizes increase while calcining at 800
and 850 °C. The decrease of mean crystallite sizes at 700 °C
could result from the complete decomposition of the remained
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Fig. 7. SEM micrographs and size distribution of PZT 95/5 powders by one-step pyrolysis process at different temperatures for 4 h. (A) 500 °C, (B) 700 °C and (C)

850 °C, respectively. The scale bar in SEM is 2 pum.
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organic matters (see later). Therefore, we could get small and
well crystallized powders at 700 °C by one-step pyrolysis
process.

3.6. DTG of powders

Fig. 6 shows the DTG curves of PZT 95/5 powders by one-
step pyrolysis process at differnent temperatures. The rapid
weight loss occurs before 400 °C which is attributed to the
decomposition of the remained organic matters among the
powders. In the temperature range of 30-1000 °C, the weight
loss is 2.4%, 0.95% and 0.34% for powders calcined at 500, 700
and 850 °C for 4 h, respectively.

3.7. SEM and size distribution of powders

Microstructure and particle size distributions of PZT 95/5
powders calcined at 500, 700 and 850 °C for 4 h by one-step
pyrolysis process are shown in Fig. 7. The tested values are
listed in Table 1. Fig. 7 shows wide distribution of particle
diameters. After calcination at 500 and 700 °C for 4 h, the
powders are agglomeration composed of primary particles of
particle size about 100 nm. When the gels calcined at 850 °C
for 4 h, the powders are still agglomeration but the particle size
increases to about 200-300 nm. It indicates that the powders
have been partially sintered at this temperature. The order of

particle size calcined at different conditions, D s, corresponds
with the calculated results from XRD well (Table 1).

3.8. Porous PZT 95/5 ceramics without additional pore
formers

Dense PZT 95/5 materials possess low piezoelectric
response and poor acoustic matching between the ceramics
and the media (oxide—polymer composites) due to the great
difference in density. Dungan and Storz [27] have demonstrated
that additions of an external pore former, which results in
porosity within the specimens, prevent high-voltage break-
downs at low temperature during explosive shock-wave
transformation. Recently, decreases in the hydrostatic trans-
formation pressure and increases in the range of pressure over
which the transformation occurs for ceramics that are based on
PZT 95/5, relative to increasing porosity, have been reported
[28]. The change in transformation behavior was attributed to
the enhanced magnitude and distribution of stress and strain in
the vicinity of pores. The increased porosity could enhance the
mechanical properties, hydrostatic piezoelectric voltage coeffi-
cient and hydrostatic figures of merit of ceramics [29]. Two
types of pore formers, microcrystalline cellulose (MCC) rods
and polymethyl methacrylate (PMMA) spheres, were added in
varying amounts to adjust the final densities of the PZT 95/5
ceramics in literatures [27,29-31]. The pores sizes and
distributions are strongly dependent on the species, amount
and shape of the pore formers. However, there are only few
studies on the control of pore size and distribution and the
optimal density of the PZT 95/5 porous ceramics for neutron
generator is still unclear.

In previous communication, we have presented the porous
PZT 95/5 ceramics prepared by powders from aqueous Pechini
method without additional pore formers [32]. Interestingly,
porous ceramics having various densities could be obtained by
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Fig. 8. XRD patterns of PZT 95/5 ceramics sintered for 2 h at different
temperatures from one-step pyrolyzed powders calcined at 500 °C for 4 h.
(a) 1100 °C, (b) 1150 °C and (c) 1200 °C, respectively.
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Fig. 9. SEM micrograph on a fresh fracture surface of PZT 95/5 ceramics
sintered at 1150 °C for 2 h from one-step pyrolyzed powders calcined at 500 °C
for 4 h. The scale bar in SEM is 2 pm.

sintering the powders at different temperatures. In the same
way, the porous PZT 95/5 ceramics prepared by one-step
pyrolysis process from non-aqueous Pechini method are
examined in this study.

Fig. 8 shows the XRD results of ceramics sintered at
different temperatures from powders calcined at 500 °C by one-
step pyrolysis process. XRD patterns show complete perovskite
structure of the ceramics sintered at 1100, 1150 and 1200 °C for
2 h. Itis notable to see that the impurities in the powders by one-
step pyrolysis process have been eliminated completely. The
relative densities are 87%, 91% and 94% for the ceramics
sintered at 1100, 1150 and 1200 °C for 2 h, respectively. One
could conclude that the ceramics prepared from one-step
pyrolyzed powders are porous structures. It could be attributed
to the remaining organic matters among the one-step pyrolyzed
powders. The decomposition of the remaining organic matters
produces large amount of water vapor and carbon dioxide, and
these gases escape from the green bodies forming pores in the
ceramics [32]. When increasing the sintered temperatures, the
formed pores shrink and the densities increase. The micro-
structure of the ceramic determined by SEM on a fresh fracture
surface is presented in Fig. 9. For the porous PZT 95/5 ceramics
from Pechini-type prepared powders without additional pore
formers, the dark areas in SEM micrographs are pores and the
pores are homogeneously dispersed. The sintered materials
have fine-grain structures with individual grain of 0.7-2 pwm in
size.

Furthermore, for the powders by one-step pyrolysis process
at 700 °C for 4 h, higher densities, i.e., 92%, 96% and 98% of
relative densities, were obtained after sintered at 1100, 1150
and 1200 °C for 2 h, respectively. Turning back to Fig. 6, the
powders calcined at 700 °C have less organic matters than that
of powders calcined at 500 °C. When increasing calcining
temperature for one-step pyrolysis process (>700 °C in this
study), the prepared powders could behave similarly as
sintering characters of powders from normal two-step pyrolysis
step. More dense ceramics could be obtained from powders
calcined at higher temperature.

4. Conclusions

PZT 95/5 powders were prepared by one-step pyrolysis
process from non-aqueous Pechini method. The powders were
characterized by XRD, DTG, FTIR and Raman spectra. The
results indicate that the perovskite phase was formed at about
350-400 °C by one-step pyrolysis process. Though some
oxocarbonate impurities can be detectable in the powders after
calcination, pure PZT 95/5 ceramics were obtained after
sintering the powders at 1100-1200 °C for 2 h. Additionally,
porous ceramics could be obtained after thermal decomposition
of the residue organics in the powders. The remarkable features
of this kind of ceramics are the facile adjustment of their
density by manipulation of the sintering temperatures and the
possibility to prepare porous ceramic free from the addition of
pore formers. In particular, the latter provides a convenient and
attractive way to obtain homogeneous dispersed pores and fine-
grain ceramics.
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