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bstract

he preparation of lead zirconate titanate (PZT) powder by molten salt synthesis (MSS) is described and a mechanism proposed. The effect of
rocess parameters, such as reaction time and temperature and heating rate, on particle size and shape was investigated. A reaction mechanism

or the synthesis of PZT by molten salt method is proposed, where dissolved Pb initially reacts with insoluble TiO2 to form intermediate PbTiO3.
ubsequently Zr diffuses into and reacts with PbTiO3 to form PZT. Spherical particles, ∼340 nm in size, were obtained, using a NaCl/KCl salt, by
eating the starting materials at 850 ◦C for 60 min, with a ramp rate of 3.3 ◦C min−1.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PZT) is a versatile material widely
sed in micro-electro mechanical systems (MEMS). Within
hese MEMS the PZT takes the form of patterned films with
hicknesses ranging up to 100 �m. Several techniques have been
sed to deposit ceramic thick films onto silicon substrates and
reate MEMS, including screen printing and photolithography.1

uch attention is now focused on the miniaturization of flex-
ble direct write technologies, such as ink jet printing (IJP).
hese techniques allow the creation of microscale 3D struc-

ures under computer control2–4 and provide advantages over
he common microprocessing techniques, including high print-
ng speed, direct patterning capability, absence of harsh etchants,
ow material wastage and high resolution. This leads to a more
nvironmentally friendly and flexible process. In order for an IJP
nk to perform, the ceramic particles within the ink should be
ess than 1/100 of the diameter of the printing nozzles in order to

revent clogging and allow “clean” droplet ejection. Hence for
urrent high resolution systems, the powder should be smaller
han ∼200 nm in diameter. Such small sizes are also important
or obtaining stable suspensions, particularly with high density

∗ Corresponding author.
E-mail addresses: f.bortolani@cranfield.ac.uk (F. Bortolani),

.a.dorey@cranfield.ac.uk (R.A. Dorey).
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aterials such as PZT which sediment at high rates. A twofold
eduction in size will result in a fourfold reduction in sedimenta-
ion rate of the powder. However, even particles in the submicron
ange (smaller than 1 �m in diameter) can be printed by IJP if a
table suspension is created.

Different synthesis routes have been studied in order to obtain
ZT particles in the submicron range, including electro hydro
ynamic atomization (EHDA),5 sol–gel6–8 and hydrothermal9

ynthesis. EHDA leads to the production of small and spherical
articles, but the yield is very low. Sol–gel and hydrothermal
ynthesis are usually long and complex processes, use hazardous
olvents such as 2-methoxyethanol, and result in agglomerated
articles or large particles not suitable for ink jet printing. In
rder to overcome these problems, molten salt synthesis (MSS)
as been investigated for the production of PZT powder to obtain
pherical particles in the submicron range.

MSS is a process that yields large amounts of ceramic in a rel-
tively short period of time. In this technique starting materials
re mixed together with a salt and then heat treated at a tem-
erature higher than the melting point of the salt. The melting
emperature of the salt system can be reduced by using a eutec-
ic mixture of salts, e.g. the use of NaCl/KCl instead of pure

aCl reduces the melting point from 801 to 657 ◦C. A reac-

ion between the precursors takes place in the molten salt (the
ux) and the solid product obtained is separated by washing of

he final mixture with hot deionised water. The typical starting

mailto:f.bortolani@cranfield.ac.uk
mailto:r.a.dorey@cranfield.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2010.04.001
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ig. 1. XRD patterns of PZT powders produced using MSS at different temp
ymbols ©, * and ↓ indicate peaks related to PbTiO3, PbO and ZrO2, respectiv

aterials are oxides, but oxalates, nitrates and carbonates can
lso be used.10–13

The salt plays an important role in the synthesis process,
ecause the atomic mobility of the reacting species in the molten
alt is higher than the mobility in solid state reactions.14 This
llows the reaction to be completed in a shorter period of time.
he salt, or the mixture of salts, is selected to: (a) not react with

he starting materials or the product; (b) be soluble in water in
rder to be removed easily by washing; (c) have a relatively
ow melting point.11,14,15 Several complex oxide ceramics have
een synthesized by this method, including potassium sodium
iobate,16 BaZrO3

12,13,17 and lead-based compounds, such as
ead lanthanum zirconate titanate,10 lead lanthanum zirconate
itanate stannate,18 lead titanate19 and lead ferroniobate.15,20

he effects of the MSS processing parameters on the particle size
ave previously been experimentally investigated, yet no mecha-
ism has been proposed. In these studies it was noted that longer

eaction times led to an increase in the particle size12,13,15 and
reater product purity.12,13 Higher temperatures help to obtain a
ure product and to increase the formation of nuclei,13,20 which
esults in a higher number of particles. On the other hand it

m
o

ig. 2. SEM micrographs of PZT powders synthesized at different temperatures and
es and for different dwell times. Temperature ramp rate of 20 ◦C min−1. The

lso results in an increase in particle size.12,15,21 A reduction of
he particle dimension can be achieved by increasing the rate of
eating to the reaction temperature.15 Another parameter that
as an effect on the final product is the salt-to-reactants ratio.
oon et al.15 and Zhou et al.12 noticed that a higher ratio led to
igger particles. It should be noted that with a smaller ratio it
s simpler to remove the salt. These observations indicate that
o obtain small particles by MSS it is necessary to employ a
hort time, low temperature and fast heating rate with a low salt
uantity.

Based on this hypothesis, the aim of this work was to develop
n understanding of the mechanism of MSS within this regime
nd to synthesize equiaxed or spherical PZT (Zr:Ti ratio of
.5:0.5) powder in the submicron range for the development
f an ink suitable for high resolution ink jet printing.

. Experimental procedure
PZT powder was prepared by molten salt synthesis using
etal oxides as starting materials: lead, zirconium and titanium

xides. NaCl and KCl, in the eutectic molar ratio of 1:1 were

for different isothermal times, with a temperature ramp rate of 20 ◦C min−1.
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ig. 3. SEM micrographs of PZT powders synthesized at 750 ◦C, with a tempe
20 min.

sed as the reaction flux. A slurry containing stoichiometric
mounts of the starting materials was ball milled with the flux
1:1 by weight) for 24 h with ethanol as the carrier. Following
ixing, the slurry was dried overnight at 100 ◦C to remove the

thanol. All the starting materials, except PbO were obtained
rom Sigma–Aldrich, with purity higher than 99%. PbO was
nstead obtained from BDH and its purity was 98%.

The resultant mixture was heat treated in an open alumina
rucible at temperatures between 750 and 850 ◦C. The temper-
ture ramp rates were set at 3.3, 5, 10, 20 or 70 ◦C min−1. The
ime of the reaction (isothermal time) was varied from 30 min
o 2 h.

After synthesis the powder was washed with deionised water
t approximately 60 ◦C, until no Cl− ions were observable in
he filtered water, as tested by adding AgNO3 solution. The PZT
owder was dried at 80 ◦C overnight and then ground by mortar
nd pestle to break up the loose agglomerates resulting from the
ater evaporation.
The crystallinity of the synthesized powders was investigated

y X-ray diffraction (XRD, D5005 Siemens). The morphology
as investigated by scanning electron microscopy (SEM SFEG
L30, FEI).

. Results

Fig. 1 represents the XRD patterns of the powders synthesized
or different periods of time (30, 60 and 120 min) at 750, 800
nd 850 ◦C with a temperature ramp rate of 20 ◦C min−1. Similar
rends were also observed for PZT produced using other heating
ates.

PZT perovskite phase was observed in all the samples. In
he XRD patterns of the powders that were reacted for 30 min
t all temperatures and for 60 min at 750 ◦C (Fig. 1d) addi-
ional peaks at approximately 29◦ and 36◦ 2θ were detected.
hese can be attributed to the presence of unreacted PbO. SEM

nalysis showed evidence of large Pb rich particles within the
esultant powders. Zirconia peaks were also detected in the sam-
le heated quickly to 750 ◦C and held for 30 min but only in
ases employing the fastest temperature ramp rates, such as 20

h
i
f
b

Fig. 4. SEM micrographs of PZT powders synthesized for 120 min at (
ramp rate of 5 ◦C min−1 for different isothermal times: (a) 30, (b) 60 and (c)

Fig. 1a) and 70 ◦C min−1. Moreover in the sample heated at
50 ◦C for 30 min, lead titanate, PT, was also detected (sym-
ol © in Fig. 1a). The slight variations in the position of the
ZT peaks observed in Fig. 1 are due to slight differences in the
omposition of the PZT powder.

The particle morphology of the powders is compared in Fig. 2.
It can be noted that increasing the reaction temperature (top

o bottom) or time (left to right) led to an increase in the par-
icle size. This is more evident for powders synthesized for
horter isothermal times (30 min). The shape gradually became
ore regular with increasing isothermal time (left to right). Both

he phenomena were also observed at lower heating ramp rates
Figs. 3 and 4). At the lowest processing temperature and time
750 ◦C, 30 min) the synthesized PZT powder had a distinctive
ube like shape (Fig. 3a) which became less pronounced with
ncreasing process parameters.

. Discussion

The observations that particle size increases with increasing
emperature and time can be accounted for by considering the
rocesses occurring during molten salt synthesis.

The MSS mechanism is a two-step process consisting of par-
icle nucleation and subsequent coarsening.22 The coarsening
an occur in two ways. In the first one the particles grow by
he addition of new material from the salt solution. With time
he number of particles does not change but they grow in size.
n the second way the large particles grow and the small ones
issolve (Ostwald ripening).23 Hence a longer isothermal time
hould lead to fewer but larger particles. An increase in temper-
ture also increases the time at which the flux is in the liquid
tate as the overall reaction time (the time during which the flux
s liquid) is the sum of the isothermal time and the time taken to
each the required temperature once the melting point of the salt

as been attained. Moreover the mobility of the atomic species
n the salt is higher at higher temperatures meaning they can dif-
use more rapidly through the flux and react thereby producing
igger PZT particles (Fig. 4).

a) 750, (b) 800 and (c) 850 ◦C, using a ramp rate of 5 ◦C min−1.
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Yoon et al.15 noted that the heating profile also influences
he final particle size and size distribution of lead manganese
iobate. They showed that the average particle size was reduced
rom ∼1.5 to ∼0.5 �m by increasing the heating rate from 5
o 150 ◦C min−1. The size reduction of PMN was noticed in
he synthesis conducted with a Li2SO4/Na2SO4 mixture. The
uthors suggested that in this solvent a dissolution–precipitation
echanism occurred due to the high solubility of the starting
aterials in sulphates. This behaviour was not noticed in our

ests, but it was instead observed that a change in the parti-
le shape occurred, with particles becoming more regular with
ecreasing ramp rates (at constant isothermal time and temper-
ture). Moreover an increment in the heating rate led to a larger
article size distribution, with the presence of big particles in
he final PZT powder. This correlates with the observed results,
nd predicts that for small particles to be obtained short time
nd low temperatures should be favoured.

At short isothermal times (30 min) the particle shape was
rregular and gradually changed into a more spherical shape with
ncreasing time, as can be seen in Figs. 2 and 3. This is simi-
ar to what has been shown by Zhou et al.12,13 in the synthesis
f BaZrO3 particles. They noted that cubes of BaZrO3 precip-
tated from the mixture. Over time, the cubes were gradually
ransformed into spheres by the coarsening process.

The solubility of the starting materials in the molten salt plays
n important role in the synthesis as it has an influence on the
nal product morphology and on the reaction rate.19 For a sim-
le two reactant system (AO + BO), two different cases can be
istinguished: either both reactants are equally soluble in the

olten salt or one oxide is more soluble than the other.24 In the
rst case (dissolution–precipitation mechanism) both reactants
ully dissolve, react in the molten salt and the final product pre-
ipitates from the molten salt after formation. The shape of the

o
I
w
I

ig. 5. XRD patterns of PZT powders heated at 3.3, 10 and 70 ◦C min−1 to 750, 80
elated to PbO, ZrO2 and PbTiO3, respectively.
an Ceramic Society 30 (2010) 2073–2079

roduct has no connection with the shape of the starting mate-
ials. In the second case (template formation mechanism), the
ore soluble reactant dissolves in the salt and diffuses to the less

oluble one. Here, at the surface, it reacts in situ to synthesize
he product. This mechanism would result in a product morphol-
gy that is similar to that of the less soluble reactant which has
cted as a template. In the case of PZT the mechanism is further
omplicated due to the presence of (at least) 3 reactants.

According to Yoon et al.15 PbO solubility in chloride salts is
igher than that of ZrO2. Since TiO2 is not soluble in molten
lkali chlorides,19 the final PZT morphology should be similar
o the morphology of TiO2 (template formation mechanism), or
ossibly ZrO2 where its dissolution is incomplete.

The mechanisms for formation of PZT by MSS have not been
eported in literature. Reports on the formation of PZT during
ixed oxide solid state reaction25,26 propose that PbO diffuses

nto and reacts in situ with TiO2 particles forming a PbTiO3 shell
round a TiO2 core. PT then reacts further with PbO and ZrO2
o form PZT. In the case of zinc aluminate solid state synthesis
t was determined that the rate-controlling step is the diffusion
f Zn ions through the ZnAl2O4 shell27 (i.e. rate is limited by
he fastest route of the slowest diffusing species).

In the case of MSS of PZT, Pb is a very mobile species so the
ormation of PT should be quick. To produce PZT, Zr then has
o diffuse into and react with the PT. It is reasonable to suppose
hat in the case of PZT the rate-controlling stage is therefore
he diffusion of the remnant ions (Zr) through the PT as with
n in the case of ZnAl2O4 synthesis. This reaction system and

he template formation mechanism can be used to explain the

bserved formation of PZT particles in molten salt synthesis.
n the early stage of the process residual PbO and ZrO2, along
ith the intermediate PT should all be detected along side PZT.

n the samples synthesized at low temperature, low isothermal

0 and 850 ◦C for 30, 60 and 120 min. The symbols *, ↓ and © indicate peaks
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ig. 6. Schematic representation of the synthesis of PZT in molten salt: (a) PbO,
f ZrO2, (c) PT shell formation, (d) diffusion of Zr and (e) PZT formation.

ime and fast ramp rate, such as 20 (Fig. 1a) or 70 ◦C min−1, the
resence of these oxides was indeed detected. As the reaction
roceeds the TiO2 should be completely consumed to produce
T, leaving only residual PbO and ZrO2. In Fig. 5 the XRD
atterns of PZT powders synthesized at 750, 800 and 850 ◦C
or 30, 60 and 120 min under 3.3, 10 and 70 ◦C min−1 heating
ates are shown. These ramp rates were chosen in order to repre-
ent the powder synthesized at the lowest, highest and medium
amp rates. When the samples were heated at 750 ◦C for 30 min,
esidual PbO and ZrO2 were detected. If fast ramp rates, such
s 20 or 70 ◦C min−1, were used to heat the samples, peaks of
T were also observed in the XRD patterns. As the time was

ncreased to 60 min (at the same temperature) PbO was detected
n all the samples, but ZrO2 only in the samples heated at 20 or
0 ◦C min−1. A further increase in the isothermal time led the
eaction to proceed and PbO and ZrO2 were detected only in
he sample heated at 70 ◦C min−1. However, residual PbO was
ound in the sample heated at 3.3 ◦C min−1 at the same time and
emperature, meaning an incomplete reaction. When the reac-
ion temperature was increased to 800 ◦C no more ZrO2 peaks
ere observed in the XRD patterns. This means that a reaction
ad occurred. PbO was still present in the samples heated at 10,
0 and 70 ◦C min−1 to 800 ◦C for 30 min or for 120 min (only at
0 ◦C min−1). PbO was detected again after 30 min of reaction
t 850 ◦C in the cases where 5, 10, 20 or 70 ◦C min−1 were used
s heating ramps. At higher isothermal times PbO was found
nly in the sample heated at 10 ◦C min−1.

The observations indicate that all the TiO2 has reacted with
bO (stage 1) yet residual ZrO2 and PbO are still present (stage
) due to the lower diffusivity of the Zr species. The reaction
rocess can be represented schematically by Fig. 6.

tage1 PbO(MSS) + TiO2(S) → PbTiO3(S)
tage2 PbO(MSS) + ZrO2(MSS) + PbTiO3(S) → PZT(S)

The formation of cubic particles at 750 ◦C (isothermal time of
0 min) can also be explained by considering the growth mech-

i
t
o

TiO2 and solid NaCl/KCl, (b) PbO completely dissolved and partial dissolution

nism of the PZT. The TiO2 starting particles are small and
ostly consist of single crystallites. In the early stages of growth,

ncoming material is likely to deposit and react on preferential
rowth planes, leading to the cuboid shape. As the particle con-
inues to grow, other forces, such as surface energy, will favour
he formation of more equiaxed particles. In Fig. 7 the starting
iO2 and the final spherical PZT powders obtained by heating

he starting oxides and the salts at 3.3 ◦C min−1 at 850 ◦C for
0 min are compared. It can be seen that the morphology of the
ynthesized PZT is similar to that of the TiO2, with the PZT
articles been larger than TiO2. The different dimension of the
articles can be interpreted as a consequence of the addition of
rO2 and PbO to form PZT (grain growth).

In order to identify if the grains coarsen, a rough size calcu-
ation can be made. In the absence of coarsening, and assuming
hat the PZT particles will only be larger than the TiO2 ones
ue to the addition of Pb and Zr an initial 160 nm TiO2 parti-
les, should result in PZT particles of about 260 nm in diameter.
ince all the PZT particles in our tests were larger than 260 nm,

t is possible to assume that coarsening has occurred most impor-
antly by Oswald ripening of particles in close proximity. Fig. 7b
hows evidence of particles that appear to have fused together
uring processing.

To obtain small PZT particles a compromise between low
emperature and short time is needed. Fig. 8 is a schematic rep-
esentation of the changes in particle size (circles) with time and
emperature. At low time and temperature (bottom left area) the
resence of residual PbO and ZrO2 and PT was detected. When
he starting materials were reacting for long time at high tem-
erature, large particles were created instead. The smallest PZT
articles (star in Fig. 8) were obtained by heating the mixture at
50 ◦C for 60 min with a temperature ramp rate of 3.3 ◦C min−1.
lmost spherical particles with diameters of ∼340 nm were

ynthesized under these conditions.

Since the assumptions are that PZT grows from TiO2 that

s not dissolved in the molten salt and the rate limiting step is
he diffusion of Zr into PT, several aspects can be considered in
rder to achieve small PZT particles. Principally the PZT forma-
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Fig. 7. SEM micrograph of TiO2 (a) and PZT powder synthesiz
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ig. 8. Schematic representation of particle size as a function of temperature
nd isothermal time.

ion mechanism needs to be enhanced relative to the coarsening
echanism. This can be achieved by reducing the diffusion dis-

ance. To do so a thinner PT layer and small TiO2 particles (as
hey do not dissolve) are needed. Nano-TiO2 was prepared as
escribed in Ref.28 and the mean particle size was approximately
0 nm following crystallization at 450 ◦C for 1 h. The resultant
ZT powder synthesized was not reduced in size as predicted and
o difference in final PZT powder size was noted. It was instead

bserved that individual particles were fused together. This indi-
ates that while small particles were produced, the enhanced
intering driving force of the small PZT/nano-TiO2 also led to
gglomeration and coarsening.

ig. 9. Optical micrograph of the 20 × 20 dots pattern printed with 1 vol% ink
nder the following conditions: voltage 16 V, CPH 0.35 mm and 1 nozzle.
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ed at 850 ◦C for 60 min (heating ramp 3.3 ◦C min−1) (b).

The final purpose of this work was to synthesize PZT parti-
les suitable for ink jet printing. The particles should be 1/100 of
he printing nozzle diameter, that means smaller than ∼200 nm
n diameter. The PZT particles obtained by MSS were larger
han the required size, but an ink composed of 1 vol% of powder
n PZT sol was prepared. An additional 1.5 wt% (with respect to
he powder amount) of dispersant (KR-55) was added to the for-

ulation in order to maintain the particles in suspension. After
ispersion of the components by the use of an ultrasonic horn, the
nk was successfully printed by a Fujifilm Dimatix ink jet printer
nto silicon substrate, as shown in Fig. 9. A pattern composed
f 20 × 20 drops was printed with a firing voltage of 16 V, a dis-
ance between the cartridge and the substrate (CPH) of 0.35 mm
nd with 1 nozzle.

. Conclusions

At shorter times (30 min) the reaction between the starting
aterials was not complete. Residual PbO and ZrO2 and PT
ere found within the product. The particles obtained at 750 ◦C

nd at fast heating rates were less spherical than the same powder
reated at higher temperatures for the same isothermal time. At
igh temperatures and long reaction times an excessive particle
rowth was observed. The smallest particles were obtained by
eating the raw materials at 850 ◦C for 60 min using a slow tem-
erature ramp rate (3.3 ◦C min−1). The final PZT had an average
article size of ∼340 nm. A molten salt mechanism for the for-
ation of PZT is proposed whereby dissolved Pb initially reacts
ith the insoluble TiO2 particles to form PbTiO3. Dissolved Zr

hen diffuses into the PbTiO3 forming PZT. The diffusion of Zr
hrough the PbTiO3 is the rate limiting stage. At the same time
s the Zr diffusion, particle coarsening (through particle coa-
escence) occurs revealing a challenge to create small particles
here two low solubility phases are present.
The synthesized PZT powder was dispersed into a PZT sol in

rder to create an ink suitable for ink jet printing. The suspension
as successfully printed onto silicon substrates demonstrating

he possibility of using ink jet printing technology for the cre-
tion of microscale structures.
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