Available online at www.sciencedirect.com

SCIENCE@DIRECTO Egsas

ot LS
ELSEVIER Journal of the European Ceramic Society 25 (2005) 3323-3334

Vi

www.elsevier.com/locate/jeurceramsoc

PZT prepared by spray drying: From powder synthesis to
electromechanical properties

F. Bezz#P1, A.L. Cost&P*, D. Piazz&P, A. Ruffini#?, S. Albonett#P, C. Galas$iP

2 CNR-ISTEC, Institute of Science and Technology for Ceramics, National Research Council, 1-48018 Faenza, Italy
b Faculty of Industrial Chemistry, University of Bologna, 1-40126 Bologna, Italy

Received 22 February 2004; received in revised form 2 August 2004; accepted 15 August 2004
Available online 19 November 2004

Abstract

A PZT niobium-doped material (PZTN) was developed from precursor powders obtained by spray drying of water solution of Zr and
Pb nitrates, Ti isopropoxide and Nb—ammonium complex. The thermo-oxidative process as well as the phase evolution were analysed. The
morphology of powders was investigated as a function of the spray-drying conditions. The stoichiometry of the systems was checked at
each stage of the process and no fluctuation was detected. The obtained powders had a spherical, hollow and porous structure and were
transformed into a pure perovskite phase at850rhe samples, sintered at 11@for 2 h in air showed 98% relative density at densification
temperature of 100C lower than following the conventional mixed oxide route. The green and final densities were improved by introducing
a grinding step and high pressure cold isostatic consolidation. Some sintered samples were fully densified by hot isostatic pres€ing (1100
300 bars) post-treatment, obtaining pore free structures. The electrical characterisation showed comparable or better properties than those
obtained with the mixed oxide method.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction limited at the droplet level and chemically homogenous
powders can be obtained by breaking the solution into
Non-conventional processing of PZT bulk materials at- small droplets. These methods include solution aerosol
tracts attention for the relevant technological benefits of re- processes, freeze—drying and emulsion drying, the only
ducing the reaction and sintering temperature and improving requirement being the availability of stable solutions of
chemical homogeneity. Several chemical routes have beerthe starting cations. In particular the chemical synthesis
investigated to enhance homogeneity, purity and microstruc-of niobium-doped compositions is limited by the diffi-
ture of the material and to better control the stoichiometry. culty of finding commercially available niobium soluble
Among these, methods based on precipitation—filtration, suchsalts!® Methods like spray pyrolisi¢-16or two-stages ther-
as coprecipitatiolr® and hydrotherméat® or sol-get-12 mal processes by spray-dryiigZ® are worthy of further
synthesis, were extensively applied even if they can in- investigation.
duce the segregation of the components during the pre- The solution spray drying is a solvent vaporisation method
cipitation or gelation process. The segregation can be very promising for the synthesis of multi-component systems
based on metal oxid€d:22 The solution is atomised into
T small droplets and injected into the hot chamber of the dryer.
Corresponding author. . . .
E-mail addressannacosta@istec.cnr.it (A.L. Costa). The powder is then thermally treated until the desired phase
1 Now at ENEA, Centro di Ricerche Nuovi Materiali (Faenza), Italy. is formed. Furthermore the spray-drying is a widely applied
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technique in the ceramic industry and so suitable of industrial drated niobia forming more soluble yellow peroxo-niobium
application. complexes® Zirconium & 0.1 M) and lead £ 0.2 M) ni-

The possible morphologies of particles derived by solution trate solutions were prepared by dissolution of the respec-
aerosol techniques have been reviewed by Messing%t al. tive salts in nitric acid solution& 0.1 M). The acid environ-
Typically, the powders consist of hollow, shell-like aggre- ment insures the solubility of hydrated cations as reported
gates of submicrometric primary particles due to the surfacein literature?® The titanium solution % 0.15M) was pre-
precipitation as a consequence of the solute concentrationpared by dissolution of T{OCH(C{J2]4 (97%) in nitric acid
gradient during the condensation s#p. (=2 M) and B0, (=0.35 M). The precursor solution of the

In this study PZT niobium-doped powder was synthe- chosen PZTN composition was obtained by adding dropwise
sised by spray drying of the precursor solution, followed the solution of titanium to the niobium solution until hydrated
by thermal treatment and characterisation. The stoichiom- titania solubilised. Then the zirconium and lead nitrate solu-
etry was carefully controlled at the different stages of the tions were added to the mixture following the expected stoi-
preparation and the morphology of the spray-dried agglom- chiometric ratios.
erates was correlated to that of the as-sprayed raw mate-
rials. The densification was optimised and microstructure 2.2. Powder Synthesis, calcination and densification
and piezoelectric properties were investigated. They are dis-
cussed in comparison with the properties of the same ma-  powders of the composition Bhed(Zro.s2 Tio.48)0.976
terial produced by the conventional “mixed oxides” pro- Nbg O3 (PZTN) were prepared by spray drying the pre-
cedure. Hot isostatic pressing of as-sintered samples wascyrsor solution (PS) followed by calcination (SD method).
also performed in order to eliminate the residual voids that The as prepared PS, kept under stirring, was sprayed and
can be a consequence of the morphology of the as-sprayedjried in the laboratory spray drier (Mod. SD-05, Lab-Plant
powders. Ltd., Huddersfield, England) and the spray-drying parameters

were optimised taking into account morphology of the pow-
ders and yield of the process. Two batches of powder were

2. Experimental procedure produced in the same conditions, the first resulting in a slight
defect of titanium in comparison to stoichiometric compo-
2.1. Precursor solutions (PS) sition, in the following indicated as 1, and the second with

the exact composition within the calculated absolute error,

Aqueous solutions of Nb—ammonium complex (AD/1440: indicated as 2. The processing conditions are schematically
NbyOs5 25.6%, CBMM-Companhia Brasileira de Metalurgia summarised irfrig. 1
e Minerg@o), ZrO(NG)2-nH20 (99%, Aldrich), Pb(NQ)2 For the mixed oxide method (MO), the homogeneous
(99%, Fluka) and Ti[OCH(CHk)2]4 (97%, Aldrich) were pre- chemical grade oxide mixture (PbO, ZrdiO, and NOs)
pared separately in order to study the stability over time and was calcined in air at 850C for 4 h and wet ball milled for
the morphology of the precursors separately sprayed. Thel00 h with zirconia milling medi&’ The cold pressing per-
niobium precursor was dissolveg 0.04 M) in a nitric acid formance of all the powders was improved by wetting with
solution (Carlo Erba Reagenti, 65wt.260.4 M) adding hy- a dilute PEG 400 (Merck) solution followed by granulation.
drogen peroxide (Polichimica, 35wt.% 0.3 M). The ad- The powders were uniaxially (75 MPa) and isostatically (150
dition of hydrogen peroxide promotes the solubility of hy- and 400 MPa for MO and SD powders, respectively) pressed

batch batch
1 2
powder A powder B powder C powder D
T(°C) T(°C) T(°C)
4 o A o same thermal 4 o

400 ____S?_«’i_k_lp_%}l_me 2h 550 ___S_'ia_k_'_"}:} time 4h | reamment of powder B 8001 _soaking time 4h

(100°C/h) +
200" 2h (100°C/h) (100°C/h)

grinding for 100h

(100°C/h)

time time time

Fig. 1. Thermal treatments and processing conditions.
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in disks (height 4mm and diameter 14 mm). The samples 3. Results and discussion

were then sintered at 900-110D (1200°C for MO sam-

ples) for 2 h. In order to avoid the loss of PbO, that is very 3.1. Precursor solution and powder synthesis

fast at temperatures over 100D, all the sintering processes

were done in a PbZrpack. To increase the density the The efficiency of the synthesis by spray drying a solution
pre-sintered sample was hot isostatically pressed at4@00 is strongly limited by the maximum concentration of the salts
for 2h at 30 MPa (HIP apparatus QIH 15, FPS, Sweden, Ar in the precursor solutions. In this case, as the four salts show

working gas). the maximum solubility in different conditions, the concen-
tration of the multi-component solution is governed by the
2.3. Characterisation solubility of lead and zirconium nitrates in nitric acid. The

maximum concentration reachable resulted 0.2 M on lead ba-

The chemical composition of the solutions and of the sis at pH= 1. In order to control the stability of the solutions
as-sprayed and calcined powders was determined by induc-of the four starting salts the concentration ofPtZr*, Ti4*
tively coupled plasma-atomic emission spectrometry (ICP- and NB* solutions was checked during the first two weeks
AES) (Liberty 200, Varian, Clayton South, Australia). The after the preparation and the results are report&ijr2. The
powder sample was dissolved by microwave-assisted acidtitre of the PB* and NI®* solutions resulted stable within the
treatment® The thermogravimetry (TGA) and differential ~ firstweek while the Z+* and T#* solutions were stable within
thermal analyses (DTA) were carried out on the as-sprayedthe whole observed period. Table 1the molar ratios of ele-
PZTN powder at 16C/min heating rate with simultane- ments referred to solution, as-sprayed, calcined and sintered
ous thermal analyser (STA 409, Netzsch, Selb/Bavaria, Ger-samples are reported and compared to the nominal compo-
many). sition. The molar ratios of powder 2 are in agreement with

Powder morphology and microstructure of the fracture, the nominal stoichiometry while powder 1 shows a slight Pb
polished and thermally etched (900, 30 min) surfaces of  excess in comparison to the expected Ti+ Zr molar amount
the sintered materials were investigated by scanning electronand a slight defect of Ti with respect to the nominal Ti/Zr mo-
microscopy (SEM) (Leica Cambridge Stereoscan 360) cou- |ar ratio. The composition, controlled after every critical step
pled with an energy-dispersive X-ray spectrometer (EDS). of the process, resulted almost unchanged for both batches
The phases were identified by a powder X-ray diffraction (Table 1. Both powders 1 and 2 were processed in order to
technique (XRD) (Rigaku, Mod. Miniflex) in theg2range evaluate the effect of a slight fluctuation of the stoichiometry
4-64. Apparent density of sintered samples was measuredon the physical and electrical properties of the final bodies.
by the Archimede’s method in water.

The surfaces of the sintered samples were grinded, sil-3.2. Morphology
ver electroded on the major faces and poled under a field of

3kv/mm at 120°C for 40 min. An HP4194 impedance anal- In a preliminary step the titanium solution was investi-
yser was used to determine the piezoelectric constants by theyated to study the influence of the spray-drying conditions
IEEE (176-1987) resonance method. on the morphology of the powders. Four batches were spray
Pb(NOq)g ZlO(NO})z Xxn HgO
M 0.22 M 0.15
0.20 0.14
0.16
0.12
0 5 10 15
- 0 5 g 10 15
Ti[OCH(CHj3)2]4 NH4[NbO(C204)2(H20)2](H20)n
3.6
M Mo.044
3.5 i\,\{_\{
0.038
34
id 0.032 :
0 5 - 10 15 0 5 fags 10 15

Fig. 2. Molarities of PB*, Zr**, Ti** and NI¥* solutions during the first two weeks.
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Table 1

Elemental analysis at the different steps of the process

Element Nominal Solution 1 Solution 2 As-sprayed 2 Calcined (2B) Sintered (2B)
Pb 1.000 1.006-0.002 1.00@t 0.002 1.00@t 0.004 1.00Gt 0.004 1.00Gt 0.009

Zr 0.514 0.5110.009 0.52Gt 0.005 0.51 0.002 0.516t 0.002 0.52@t 0.005

Ti 0.480 0.4570.005 0.466+ 0.005 0.48G: 0.001 0.48G 0.004 0.48# 0.005

Nb 0.024 0.023:0.001 0.024£ 0.001 0.023: 0.001 0.024t 0.001 0.023t 0.001

The compositions are expressed in terms of molar ratio referred to lead. The absolute error reported depends on different procedures usedtiothef prepa
the samples for ICP and on the number of analyses performed for each sample.

Table 2
Spray drier conditions for the atomisation of titanium solution

Batch

1, mixed 2, mixed® 3, co-currerft 4, co-currerft
Pump suction flow (ml/h) 650 650 170 170
Atomising air pressure (bar) A 35 12 35
Air stream temperaturéC) 220 250 220 250

Air flow fixed at 56 n¥/h. Nozzle diameter: 0.5 mm.
@ Flow configuration.

dried using different spray-drying configuratioriable 2. with the heating air flowing from the top. This arrangement
In particular two different configurations of the flow direc- causes growth of the liquid droplets as a consequence of the
tion were chosen. In the mixed flow configuration the feeding collision of partially dried particles with the ascending liquid
solution is sprayed from the bottom of the vessel and mixed droplets. In the co-current configuration, both the solution

Fig. 3. Morphologies of TI[OCH(CH),]4 solution derived powders, spray-dried in different conditions. The spray drying configurations relative to batches
1-4 are reported ifiable 2
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droplets and the heating air flow from the top of the chamber from batch 2 were filled too but with an evident collapse of a
resulting in a lower contact time and smaller mean size of part of the surface due to internal shrinkage as a consequence,
the agglomerates, even if the atomising air pressure remaingmost probably, of an higher degree of porosity. The spraying
the critical parameter to control the agglomerate size. The conditions of the single cation solutions were found to be dif-
as-sprayed powders were observed by SEM and the resultgerent from the ones used to spray the complete mixture. A
are shown irFig. 3. The change of the spray-drying config- general correlation between particle morphology and spray-
urations induced a change in the morphology of the parti- drying conditions resulted very difficult because the charac-
cles due to surface or volume precipitation. The frequency teristics of the solutions in terms of viscosity, concentration
and mode of fracture of broken agglomerates suggested theof saturation, and chemical stability are fundamental in order
prevalence of surface precipitation mechanism in the batchesto influence the precipitation mechanism and consequently
1 and 4. The processing conditions of batch 3 induced vol- the particle morphology. The spray-drying conditions also
ume precipitation that leaded to filled agglomerates with a influence the yield of the process. The latter is improved by
bimodal size distribution. This powder morphology is gen- an increase of agglomerate size and degree of dryness. The
erally required to obtain very dense material. The particles mixed flow configuration allows a more efficient drying and

Fig. 4. Morphology of PZTN precursor solution spray dried with mixed flow at pump suction flow 286 ml/h, air floR/Bgatomising air pressure 2.5 bar,
nozzle diameter 0.5 mm, air stream temperature220
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Fig. 5. Distribution of PB* (b), Zr** (c) and Tf* (d) cations in the as-sprayed PZTN precursor powder (a).

a low atomising air pressure favours large agglomerate size.latter takes place at lower temperature than the decomposi-
These conditions were therefore chosen as driving parame-ion of inorganic salts. The analysis on powder derived from
ters for the spraying of the multi-component solution. The Nb and Zr solution show a multi-step decomposition. The
morphology of the as-sprayed powder is showRim 4. As- ZrO(NGOs)2 (Fig. 6b) exhibits two endothermic peaks at about
sprayed particles resulted porous (tapped density about 309440 and 260C and an exothermic peak at about 4@0xhat
of theoretical density) and spherical, with diameter in the corresponds to the final decomposition of nitrate with a total
range of 0.5-15m. The spheres are aggregates of crystal- weight loss of about 45%. The decomposition of the peroxo-
lites (mean dimension around 100 nm) uniformly distributed niobium complexFig. 6d) starts with an endothermic peak at
throughout the volume. around 100C associated to the evaporation of the adsorbed
SEM micrograph of PZTN precursor powder togetherwith water (weight loss of about 15%) and an endothermic peak at
Pb, Zr and Ti maps are shown kg. 5. This analysis evi- 270°C with a total weight loss of about 65%. The TG anal-
dences an homogeneous distribution of elements on the surysis of the PZTN solid precursoFig. 6e) evidences a slow
face of the agglomerates. Considering the fast solvent evap-weight loss between 100 and 420 with a rapid increase
oration into the chamber, any further segregation inside the passing from about 25 to 40% up to 5@0. From the DT
particles can be excluded. This result is important in order to analysis, the endothermic peak at about A0Gs attributed
prevent the formation of secondary phases as a consequenct the water evaporation and titanium isopropoxide decompo-

of volume segregation. sition. The endothermic peaks at about 300, 450 and 600
are attributed to the decomposition of nitrates. In particular
3.3. Thermal analysis the decomposition of lead nitrate into oxides takes place with

a three steps mechanism as reported elsewfere

DTA and TG analysis of the'precursor powders of the 3Pb(NQ); — Pb(NQy) - 2PbO+ 4NO, + Op
separate cations and of the multi-component mixture are re-

ported inFig. 6. The analysis on powder derived from the (290-340C)

lead solutionFig. 6a) shows a single endothermic peak with

a weight loss of more than 20% at about 500 This corre- ~ 4(Pb(NQG)2 - 2PbO)— 2(Pb(NQ)2 - SPbO)+ 4NO; + O2
sponds to the decomposition of lead nitrate that is reported at

470°C.2° The analysis on powder derived from Ti solution (400-460°C)

(Fig. 6c) shows a single endothermic peak at 160with a 2(Pb(NQ) - 5PbO) — 12PbO+ 4NO, + O,
50% weight loss associated to the evaporation of adsorbed

water and to the decomposition of metal-organic groups. The (480-520°C)
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Fig. 6. Thermal analysis of Pb(N® (a), ZrO(NG;)2-nH20 (b); TI[OCH(CHs)2]4 (c); NH4[NbO(C,04)2(H20)2](H20), (d) and PZTN (e) solution derived
powders.

The three steps are not detectable from the graph because The morphology of the powders calcined at different tem-
the scale enlargement necessary to include the transformatiorperature are shown iRig. 8 The porous spheres are aggre-
at 470°C does not allowed the appropriate reduction. The gates of crystallites (mean dimension around 100 nm) that
peak relative to this transformation masks the formation of the are uniformly distributed throughout the volume as showed
perovskite phase at 55C, as shown by the XRD analysis.

3.4. Calcination to the perovskitic phase

The XRD patterns of the as-calcined powders is reported
in Fig. 7. At 400°C the powder is only partially crystallised
and shows traces of an intermediate RPhgphase among the
amorphous phase of precursors. On the other hand at&50

the formation of the perovskite phase is complete. The en- soocth | » oAl AN

larged peaks are due to the low crystallinity degree achieved at 550°C1h |\ J i

this temperature. The diffactogram at 8@does not change 400°C 1h -

and for this reason 55 was chosen as temperature for the ; ‘ ; ot :
formation of pure perovskite phase of the SD powder. The 4 14 24 34 44 54 64

MO powders are less reactive so that for the same soaking 26

t'me_(4 h), higher tgmperature (about 8%1) is necessary to Fig. 7. XRD pattern of the PZTN solid precursor calcined at 400, 550 and
obtain the perovskite phase. 800°C.
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Fig. 8. SEM morphologies of powders: A, calcined at 430a); B, calcined at 550C (b); C, calcined at 550C and ball milled (c); D, calcined at 80C (d)
with enlargement of the primary particles structure (e).

by SEM micrographs of powders B, C and of the powder der with a narrower size distribution shows a very good cold
calcined at 800C. The morphology of filled spheres indi- packing that allows to reach 61% relative density already at
cates that the spray-drying conditions used and the characiow pressure (150 MPa).

teristics of the precursors allow a volume precipitation. The

aggregates of powder C result partially broken due to the 3.6. Sintering

ball milling treatment. Calcination at 80C (powder D) in-

duces partial sintering that better evidences the typical struc-  The sintering parameters were modified in order to find
ture of SD particles finely subdivided into sub micron sized the optimal conditions for the full densification of the highly

crystallites. reactive spray dried powder$gble 3. The influence of the
slight lead excess in the composition and the calcining tem-
3.5. Cold consolidation perature were also considered.

The slightlead excess is expected to promote the formation

The process parameters, green and sintered densities aref transient liquid phase that remain as a residual intergranu-
shown inTable 3 The spray-dried powders A and B lead to lar phase after sintering. Although itis not detected in the bulk
lower values of green density (about 50% theoretical den- material, the XRD analysis of the surface of the as sintered
sity) in comparison to MO powder (about 60% theoretical samples evidences traces of lead oxide. The lead-rich inter-
density). The wet ball milling treatment carried out to crush mediate phase is evidenced by the large PbO reach Pb@/ZrO
the agglomerates improves substantially the compaction be-inclusions grown on the polished surfaces of 1 samples (and
haviour, achieving for powder C almost the same green den-not on samples 2) after thermal etching (9@0for 15) as
sity of MO powder (about 57% theoretical density). MO pow- can be noted ifrig. 9. The process of migration, vaporisa-
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Table 3
Process parameters and physical properties of sintered samples
Sample Sintering Green density Weight Linear shrinkage Sintered density Mean grain size
temperature°C) m loss (%) (%) (glon) % (um)?
1-A-1 1000 3.75 47 54 281 7.40 920 0.40
1-A-2 1100 3.75 47 5.6 231 7.93 990 0.70
1-B-1 900 4.20 53 11 38 7.33 920
1-B-2 1000 4.17 52 1.1 189 7.65 960 0.40
1-B-3 1100 4.16 52 1.4 161 7.90 990 0.70
2-A-1 1100 3.79 47 5.9 229 7.84 97 1.0
2-B-1 1100 4.08 51 0.3 198 7.83 978 0.8
2-B-Z* 1100 4.07 51 0.2 198 7.83 978 1.0
2-C-1 1100 4.58 57 2.7 183 7.91 987 0.8
2-c-A 1100 4.58 57 2.4 167 8.01 100 1.2
MO 1250 5.00 63 11 182 7.82 T 0.9

a Theoretical density: 8.006 g/ch¢JCPDS: 33-783).

b Determined by SEM photographs with the linear intercept technique.
¢ Post-annealing of 1100 (2 h).

d post-hipped.

tion and re-crystallisation of a PbO-rich liquid phase towards ~ The amorphous SD powder A results almost fully dense
the top air surfaces of lead-based perovskite was already(sample 1-A-1 and 2-A-1, 99 and 97.9% theoretical density).
noted elsewhergt The presence of this PbO liquid phase This result stresses the high reactivity of powder calcined at
gives reason of the better densification of sample 1 compared400°C that forms the perovskitic phase during sintering. The
with 2. direct synthesis of perovkite phase during sintering starting

Pb 24.5%

Pb 30.3%

0 493%

0 63.8% Zr 6.0%

Fig. 9. SEM morphologies of sample 1-B-3 after thermal etching (@for 15).
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from SD powders was detected in a previous wifkhe SD ing that is similar for the two processing procedures (SD and
powder B that forms the perovskitic phase at 560eads to MO).
a final density of 99.0 and 97.8% upon sintering at 1400

for 2 h, samples 1-B-3 and 2-B-1, respectively. 3.7. Microstructure
The grinding treatment of SD powder C increases the sin-
terability of powder calcined at 55C. A final density of SEM micrographs of fracture, polished and thermally

98.7% can be achieved at 110D for 1 h (sample 2-C-1).  etched surfaces of the sintered bodies obtained by powders
The HIP post-treatment further improves the final density to A and B are shown iifrig. 10 The calcination temperature
the theoretical density for sample 2-C-2. (400°C for sample A-1 and 550C for samples B-1 and B-
The XRD spectra recorded on sintered samples show the2) and the soaking time (2 h for samples A-1 and B-1 and
coexistence of rombohedral and tetragonal perovskite phased h for sample B-2) do not affect the mean grain size (about
with arhombohedral to tetragonal phase evolution upon heat-1.3um). In the sample A-1 it is evident the presence of ag-

10 pm

Fig. 10. SEM micrographs of fracture, polished and thermally etched surfaces of (a) 2-A-10{4000°C 2 h); (b) 2-B-1 (550C/1100°C 2h; (c) 2-B-2
(550°C/1100°C 4 h).
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6 um

(a) (b)

Fig. 11. SEM micrographs of thermally etched surfaces of (a) 2-C-196B0L00°C 2 h) and (b) 2-C-2 (550C/1100°C 2 h, HIP: 1100C 2 h, 30 MPa).

Table 4
Electric and piezoelectric properties
Sample P (%) 8;—3 kp k31 da1 102 mv das 102 miv
MO 97.7 1551 0.670 —0.380 —184 355
2-A-1 97.9 1401 0.315 —0.166 —63 180
2-B-1 978 1644 0.544 —0.287 —-127 335
2-B-2 978 1569 0.454 —0.238 -107 280
2-C1 987 1727 0.620 —0.336 —165 349
2-C-2 1000 1546 0.617 —0.335 —152 328
sE, (102m2/N) Qm oF o [mis] Za (10°Kg/(m?s))
MO 16.70 84.6 0.350 2767 21.6
2-A-1 4468 72.2 0.443 3306 25.9
2-B-1 1347 67.4 0.444 3079 24.1
2-B-2 1462 68.2 0.447 2955 23.2
2-C1 1572 88.7 0.413 2837 22.4
2-C2 1510 69.8 0.410 2874 23.1

gregates with mean sizeuan (1) and lower than 500 nm (I).  sonwith MO materials. The better results interms of dielectri-
The powder calcined at 40C results more reactive in com-  cal properties and efficiency of electromechanical coupling
parison with the powder calcined at 580 and the regions  are obtained for samples derived by powder C. The grind-
with bigger grain size are due to the grain growth process thating treatment that increases the cold consolidation behaviour
follows the sinteringfig. 10a). The microstructure of sample and, as a consequence, the microstructural characteristics,
B1 shows a more homogenous distribution of big and small improves also the piezoelectric performances. The fully den-
grains thatinduces transgranular fracture tyfig.(1(). The sified sample by post-hipping does not show improved elec-
microstructure of sample B-2 evidences a further coalescencetrical properties. The optimisation of the post-hipping treat-
of small grains that leaves behind some macroporous responiment and particularly the possibility of making the process
sible for a intergranular fracture typei¢. 1(c). InFig. 11the under oxygen atmosphere is still in progress in order to in-
thermally etched surfaces of samples sintered from crushedcrease benefit of hot isostatic pressing treatment.

powder are shown. During post-hipping treatment the aver-

age size of the grains increases (from 1 toyn® but the

gas pressure leads to reach a final density of 100%. The MO4. Conclusions

samples show microstructures very similar to those derived

by spray drying process. Nb-doped Pb(Zr,Ti)@ powders were synthesised by
spray drying the solution of the precursors followed by cal-
3.8. Piezoelectric properties cination. The formation of pure perovskitic phase at 550

confirmed the potentiality of spray drying as a simple syn-
The electric and piezoelectric constants are reported inthesis process to produce chemically homogeneous and very
Table 4 SD materials show comparable and sometimes reactive powders. Spherical agglomerates are obtained with a
higher values of the main piezoelectric constants in compari- density gradient from the shell towards the inner part, the pri-
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mary particles size being in the nanometric range. The cold 13.
compaction behaviour and the green density of the samples

were optimised introducing a grinding step after calcination.
The samples prepared by spray drying reach full density at
lower temperatures with respect to the ones conventionally

prepared. The final density and microstructures are improved1s.

by hot isostatic pressing treatment. The piezoelectric proper-

ties obtained are comparable or better than those from con-,

ventional mixed oxide route.
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