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bstract

e have investigated the processing of 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (denoted PMN–PT) thick films using an electrophoretic deposition
rocess (denoted EPD), with the PMN–PT particles suspended in an ethanol-based suspension. The zeta-potential and the viscosity were measured
o identify the conditions for the preparation of a stable suspension suitable for the EPD. The applied voltage, the deposition time, the chemical
omposition of the suspension and the concentration of the powder were investigated in order to obtain a high-quality PMN–PT deposit with
target thickness of about 50 �m. The PMN–PT thick films prepared from stoichiometric and PbO-excess suspensions by sintering at 950 and
100 ◦C were examined by X-ray powder-diffraction analysis and scanning electron microscopy. The highest functional response was obtained

or a homogeneous, dense, crack-free PMN–PT thick film prepared from a PMN–PT suspension with excess PbO. The film was deposited at a
onstant voltage of 10 V and for a time of 120 s, followed by sintering at 1100 ◦C in a PbO-rich atmosphere. The film’s properties were as follows:
dielectric permittivity ε of 20,250 at a Tm of 172 ◦C, a remanent polarization of 17 �C/cm2 and a coercive field of 5 kV/cm.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Lead-based perovskite ceramics have generated significant
nterest because of their outstanding piezoelectric properties,
hich are utilized in various electronic devices, such as multi-

ayer capacitors, sensors, actuators and electro-optical devices.
mong them 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (PMN–PT)
as been widely investigated because of its high dielectric con-
tant. For the latest applications, the final device should be
eliable, reasonably priced as well being as small as possible.
s a result, the components are designed in the form of thin

ayers integrated into the substrate. Electrophoretic deposition
as been shown to be a successful method for the preparation
f homogeneous and reliable ceramic films on a substrate with
hicknesses ranging from a few micrometres to a few millimetres

y using simple and low-cost equipment.1

A stable colloid with well-dispersed particles, an optimised
eposition process and the best sintering conditions are nec-
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ssary if we wish to obtain a final product with the desired
roperties. It is known, for example, that the electrosteric stabili-
ation of ceramic particles is easier in water, but that water-based
uspensions are prone to the hydrolysis of water at potentials
bove 2 V.2 For the processing of PMN–PT thick films by elec-
rophoretic deposition, therefore, non-aqueous suspensions are
referable over water-based suspensions since the hydrolysis of
ater at the electrodes can be avoided in this way. Moreover, it
as shown that in water, both lead and magnesium ions preferen-

ially dissolve from the PMN’s surface in the pH range between
and 10.3 Therefore, the leaching of Pb2+ and Mg2+ in water is
major issue in the colloidal processing of PMN–PT using an

queous medium.
The electrophoretic deposition of 0.8Pb(Mg1/3Nb2/3)

3–0.2PbTiO3 particles onto platinum foils has been reported
y Chen et al.4,5 The micron-sized powder was dispersed
n ethanol using only an ultrasound treatment, and for the
eposition they used a constant voltage of 100 V for 2 min. A

ense, 16-�m thick film with a dielectric permittivity of 26,000
t a Tm of 100 ◦C was obtained after sintering at 1100 ◦C.4

In the colloidal processing of ceramic powders, ammonium
olyacrylate is a widely used dispersant in aqueous media.6–8

mailto:danjela.kuscer@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2009.11.002
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he adsorption mechanism of polyacrylic acid on PMN particles
n an aqueous medium was proposed by Sakar-Deliormanli.9 For
he adsorption process above the isoelectric point, pHIEP, chem-
cal interactions between the ionized carboxyl group and the

2+OH as well as the hydrogen bonds are responsible. Below the
HIEP the carboxylic group is bonded to the positively charged
MN particles due to the hydrogen bonds and the electrostatic

nteractions. However, ammonium polyacrylate is not soluble in
thanol and therefore some modifications are reported. Popa et
l.10,11 studied the colloidal stability of Al2O3 and ZrO2 particles
n ethanol. They used an ammonium salt of poly-methacrylic
cid that enables particle charging and the electrosteric stabi-
ization of the suspension. An organic base n-butylamine was
sed to dissociate the ammonium salt of the poly-methacrylic
cid.

In order to achieve a high-quality thick-film structure with
homogeneous microstructure, it is necessary to control not

nly the properties of the suspensions but also the sintering
onditions.12 This study was oriented toward guaranteeing good
dhesion between the substrate and the PMN–PT layer as well
s preventing the chemical reactivity between the components.
n addition, the PMN–PT layer has to be dense in order for it
o display a satisfactory functional response.13 It was shown
hat the densification of lead-based perovskite thick films can be
mproved considerably by the presence of a PbO liquid phase.
his liquid phase can then be removed from the film by careful
ontrol of the atmosphere during the sintering.13–15

The aim of our work was to study the processing of
.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (PMN–PT) thick films on
latinized alumina substrates using the electrophoretic depo-
ition process. The colloidal stability of PMN–PT particles in
thanol, the deposition process and the sintering conditions were
aking into account in order to produce high-quality thick-film
tructures with a suitable functional response.

. Experimental

The 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 powder was pre-
ared using a high-energy milling process. A mixture of PbO
99.9+%, Aldrich, Steinheim, Germany), MgO (98%, Aldrich,
teinheim, Germany), TiO2 (99.8%, Alfa Aesar, Karlsruhe,
ermany) and Nb2O5 (99.9%, Aldrich, Steinheim, Germany)

n the molar ratio corresponding to the stoichiometry of
.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 was high-energy milled in
planetary mill (Retsch, Model PM 400, Hann, Germany) for
4 h. Experimental details together with the properties of the
owder are given in.16,17

The suspension was prepared by dispersing the PMN–PT
owder, prefired at 700 ◦C for 2 h in a solution of anhydrous
thanol (Carlo Erba, Milano, Italy), Darvan 821 A (R.T. Van-
erbilt Co., Norwalk, USA) containing 40 wt% of ammonium
olyacrylate with a molecular weight of 3500 and 60 wt% of
ater (denoted ammonium polyacrylate) and an organic base

-butylamine (Alfa Aesar, Karlsruhe, Germany). The follow-
ng procedure was used. The calculated amount of ammonium
olyacrylate was mixed with calculated amount of n-butylamine
nd added to the ethanol. The PMN–PT powder mixed with

p
P

t
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thanol was than added to the solution. Powder concentrations of
and 20 vol.% were used for the preparation of the suspension.
he amounts of ammonium polyacrylate and n-butylamine are
xpressed in millilitres per gram of PMN–PT powder (denoted
l/g s.l.).
All the suspensions were homogenized in a ZrO2 planetary

ill (Retsch, Model PM 400, Hann, Germany) for 1 h at 100 rpm.
In order to determine the optimum amount of ammonium

olyacrylate and n-butylamine, two types of suspensions with
PMN–PT concentration of 5 vol.% were prepared. The first

et of experiments was performed with a constant amount of
mmonium polyacrylate (0.01 ml/g) and various amounts of n-
utylamine, i.e., 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0 ml/g. The
econd set of experiments was performed with a constant amount
f n-butylamine (0.01 ml/g) and various amounts of ammonium
olyacrylate, i.e., 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0 ml/g.

The deposition was performed from two kinds of PMN–PT
uspensions. First, the PMN–PT powder was suspended in
thanol using 0.01 ml of ammonium polyacrylate/g and 0.01 ml
f n-butylamine/g. This suspension is referred to as PMN–PT.
econd, a PMN–PT suspension with 2 mol% of PbO (referred

o as PMN–PT 2% PbO) was prepared by mixing a PMN–PT
uspension with a PbO suspension in the corresponding stoi-
hiometry. The PbO suspension was prepared from PbO powder,
thanol, 0.01 ml of ammonium polyacrylate/g PbO and 0.01 ml
f n-butylamine/g PbO. It contained 5 vol.% of PbO.

The zeta-potentials of the suspensions were measured at
oom temperature using a zeta-potential analyser (ZetaPals,
rookhaven Instruments). The viscosity measurements were
erformed at 20 ◦C using a viscosimeter (Haake, viskotester VT
00) with an MV 1 sensor system.

The electrophoretic deposition (denoted EPD) was performed
t room temperature in an electrode cell with a platinum cathode
nd a platinized PZT/Al2O3 substrate that acts as the anode. The
urface area of the anode was 1.7 cm2, and the distance between
he electrodes was fixed at 25 mm. The EPD was carried out by
pplying a DC electric field between the electrodes using the
onstant-voltage mode. The process was carried out at a fixed
oltage of 10, 20, 30, 40, 50 or 60 V and a deposition time of
p to 120 s. The deposits were dried in a Petri dish at room
emperature in an ethanol-rich atmosphere.

The PMN–PT mass deposited on the substrate under certain
eposition conditions was quantified by measuring the weight
f the deposit gained after the deposition. The weight of the
ubstrate before the deposition and the weight after the deposi-
ion and drying were measured using a digital balance (Mettler
oledo) with a 0.0001 g resolution.

In order to study the sintering procedure, the PMN–PT and the
MN–PT 2% PbO were deposited on a platinized PZT/Al2O3
ubstrate using a 10-V constant-voltage mode and a deposition
ime of 120 s. After the drying, the thick-film structures were sin-
ered at 950 and 1100 ◦C for 2 h in a PbO-rich atmosphere. The
amples were placed in a covered corundum vessel and packing

owder with the composition PbZrO3 plus 2 mol% excess of
bO were placed around the thick-film structure.

The X-ray powder-diffraction data were collected at room
emperature on a diffractometer (PANalytical, X’Pert PRO
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PD, The Netherlands) using Cu K� radiation. The data were
ollected in the 2θ range from 10◦ to 70◦, in steps of 0.034◦, with
n integration time of 100 s. The phases were identified using
he PDF-2 database.18 The lattice parameters of the PMN–PT
ere calculated on the basis of a tetragonal unit cell, as pro-
osed by Kumar and Pandey19 using the Topas R (Bruker AXS,
arlsruhe, Germany) software package.
The microstructures of the sintered deposits were character-

zed with a scanning electron microscope (JEOL 5800, Tokyo,
apan), equipped with a Tracor-Northern energy-dispersive sys-
em (EDS).

The density was calculated by a quantitative characterisation
f the ceramic microstructure using the computerised image-
nalysis software ImageTools 3.0 (The University of Texas
ealth Science Center in San Antonio, USA). The binary image
btained from the original micrograph was used to determine
he quantity of pores.

Gold electrodes were sputtered onto the thick films for the
lectrical measurements. The real and the imaginary parts of
he complex dielectric constant were measured with a HP 4284

Precision LCR Meter in the frequency range from 1 up to
000 kHz for temperatures from 20 to 300 ◦C. The heating rate
as 1–2 ◦C/min.
The values of the remanent polarisation and the coercive field

ere determined from ferroelectric hysteresis curves measured
ith an Aixact TF Analyser 2000.

. Results and discussion

.1. Characterization of suspension

The zeta-potential of the PMN–PT in ethanol at a constant
oncentration of 0.01 ml n-butylamine/g as a function of the
mmonium polyacrylate is shown in Fig. 1a. A positive zeta-
otential was measured for the PMN–PT particles in ethanol
t a low concentration of ammonium polyacrylate. However,
ith increasing amounts of ammonium polyacrylate the zeta-
otential becomes negative and its absolute value increases up

o 0.01 ml ammonium polyacrylate/g. With further additions it
emains constant at a value of approximately −30 mV.

Similar zeta-potential behaviour is observed for the PMN–PT
articles dispersed in ethanol at a constant amount of 0.01 ml

p
p
a
p

ig. 1. Zeta-potential of PMN–PT in ethanol at (a) 0.01 ml/g s.l. n-butylamine as a fun
s a function of n-butylamine. The amount of n-butylamine and ammonium polyacry
Ceramic Society 30 (2010) 1437–1444 1439

mmonium polyacrylate/g as a function of the amount of
-butylamine (Fig. 1b). The zeta-potential of PMN–PT is
lightly positive for small amounts of n-butylamine, but this
ecomes negative when the amount increases. The absolute
alue of the zeta-potential of the PMN–PT particles in ethanol
ncreases almost linearly with the increasing amount of n-
utylamine from 0 to 0.01 ml/g; however, between 0.01 and
.02 ml/g it is almost constant with a value of approximately
30 mV.
From these measurements it is evident that the zeta-potential

f the PMN–PT particles is positive for small amounts of
-butylamine and 0.01 ml/g ammonium polyacrylate and for
mall amounts of ammonium polyacrylate and 0.01 ml/g n-
utylamine. The positive zeta-potential of the PMN–PT particles
an be explained by the acidic character of the ethanol. The small
mount of water that is introduced into the system with the addi-
ion of the ammonium polyacrylate solution in water seems to be
ufficient to generate free protons, which are then adsorbed onto
he PMN–PT particles. As a result, the particles are positively
harged. The slightly positive zeta-potential of the particles in
he ethanol has also been reported for other systems, such as
ttria-stabilized ZrO2.20

When larger amounts of ammonium polyacrylate and n-
utylamine were added to the suspension the zeta-potential of
he PMN–PT became negative and the absolute value increased.
his indicates that the surfaces of the particles are negatively
harged. Popa et al.11 studied alumina- and zirconia-based
uspensions in ethanol and they reported that when adding
-butylamine to the ethanol-based suspension the ammonium
olyacrylate dissociates and gets adsorbed onto the alumina
articles. It is known that the ammonium polyelectrolytes in
lkaline suspensions dissociate and absorb onto the Al2O3 par-
icle surfaces, which consequently increases the stability of the
l2O3 suspension in ethanol.6 By adding n-butylamine to the

thanol-based suspension, the base character of the suspension
s introduced, since n-butylamine is an organic base with a pKa
f 12.5 at 20 ◦C. We have observed that ammonium polyacrylate
s not soluble in pure ethanol; however, a mixture of ammonium

olyacrylate and n-butylamine is. We assumed that ammonium
olyacrylate in the presence of n-butylamine dissociates and gets
dsorbed onto the PMN–PT particles. As a result, the PMN–PT
articles become negatively charged.

ction of ammonium polyacrylate and (b) 0.01 ml/g s.l. ammonium polyacrylate
late is given as the volume (ml) per gram of PMN–PT powder (g s.l.).
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From the results it is evident that the mass gained from
5 vol.% suspension and an applied voltage between 10 and 60 V
is, after 30 s of deposition, always about three times higher than
that after 10 s of the deposition. This is in accordance with the
ig. 2. Viscosity of PMN–PT in ethanol at (a) 0.01 ml/g s.l. n-butylamine as a f
function of n-butylamine. The amount of n-butylamine and ammonium polya

The viscosity of the PMN–PT suspension at a constant
mount of 0.01 ml n-butylamine/g as a function of the amount
f ammonium polyacrylate is shown in Fig. 2a. The viscosity
f the suspension increases slightly with the increasing amount
f ammonium polyacrylate, from 15.5 to 17.8 mPa s at 0 and
.02 ml ammonium polyacrylate/g, respectively.

The viscosity of the PMN–PT suspension at a constant
mount of 0.01 ml ammonium polyacrylate/g as a function of
he amount of n-butylamine is shown in Fig. 2b. The viscosity of
hese suspensions is higher than the viscosity of the suspensions
ith a constant amount of n-butylamine. With the increasing

mount of n-butylamine the viscosity decreases, showing a min-
mum value at 0.01 ml n-butylamine/g. With further additions
he viscosity increases. The addition of 0.002, 0.1 and 0.2 ml
-butylamine/g results in viscosities of 24, 17 and 21 mPa s,
espectively.

We assume that at a low concentration of n-butylamine, only
part of the ammonium polyacrylate is dissociated. A free

olymer ammonium polyacrylate can form bridges with the
dsorbed polymer on the particles, as reported by Popa et al.,11

nd as a result the viscosity is high. When a larger amount of
-butylamine is present in the suspension, the ammonium poly-
crylate further dissociates and, simultaneously, the amount of
ree polymer decreases. As a result the viscosity also decreases.
t the optimum concentration of n-butylamine, the viscosity

eaches the minimum value.
With a larger amount of n-butylamine the viscosity of the

MN–PT suspensions increases possibly due to the higher ionic
trength of the suspension. A similar phenomenon was observed
y Popa et al.10 in an Al2O3 powder suspended in ethanol. They
ssumed that for a larger amount of n-butylamine the viscosity
ncreases due to the higher ionic strength of the suspension,
esulting in a compression of the double layer.

From the zeta-potential and viscosity measurements we can
onclude that the effective medium for PMN–PT particles sus-
ended in ethanol is the addition of both ammonium polyacrylate
nd n-butylamine/g with a concentration of 0.01 ml/g PMN–PT.

We have measured the zeta-potential of PbO particles in a

bO suspension. Its value of −40 mV is slightly higher than

hat of the PMN–PT particles, i.e., −30 mV. We assume that
oth PbO and PMN–PT particles move under an applied voltage
o the anode, where both of them are deposited.

F
P
2
1

n of ammonium polyacrylate and (b) 0.01 ml/g s.l. ammonium polyacrylate as
e is given as the volume (ml) per g of PMN–PT powder (g s.l.).

.2. Electrophoretic deposition

Further experiments were performed from freshly prepared
MN–PT suspensions containing 5 and 20 vol.% of the solid

oad (denoted PMN–PT and PMN–PT 20, respectively) and
rom the PMN–PT 2% PbO suspension with a 5 vol.% solid
oad (denoted PMN–PT 2% PbO). The optimum concentration
f 0.01 ml/g of both ammonium polyacrylate and n-butylamine
as used.
Fig. 3 shows the mass of the deposit as functions of the applied

oltage and the powder concentration attained after 10 and 30 s
f the deposition. The weight gains increase monotonically with
he increasing applied voltage. The higher applied voltage, the
onger deposition time and/or the higher concentration of the
owder in the suspension give rise to higher deposition yields.
hese observations are in accordance with the mechanism of the
lectrophoretic deposition, which stated that the mass gained
uring the deposition depends on the dielectric constant and
he viscosity of the solvent, the solid load, the zeta-potential of
he particles in suspension, the geometry of the system and the
pplied voltage.1,21
ig. 3. PMN–PT deposition mass versus voltage from 5 vol.% suspensions of
MN–PT and PMN–PT 2% PbO for deposition times of 10 and 30 s and from a
0 vol.% suspension PMN–PT (denoted PMN–PT 20) for a deposition time of
0 s.
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s
matrix. We did not, however, detect any extra phases in the
PMN–PT layer with this method.

Since the PMN–PT layer is clamped to the substrate, it can
shrink in the direction perpendicular to the substrate during the

Table 1
Lattice parameters of PMN–PT and PMN–PT 2% PbO sintered at 950 and
1100 ◦C.

950 ◦C 1100 ◦C

PMN–PT
a (nm) 0.40045 ± 0.00003 0.40047 ± 0.00004
c (nm) 0.40391 ± 0.00004 0.40385 ± 0.00004
a/c 0.991 0.991
D. Kuscer, M. Kosec / Journal of the Eur

amaker’s equation, which states that the mass of the deposit
ncreases linearly with the increasing deposition time if the other
arameters are constant.21 However, when increasing the par-
icle concentration from 5 to 20 vol.% the mass of the deposit
oes not increase proportionally. All the deposits prepared from
he 5 vol.% suspension with a deposition time of 10 s were con-
inuous and uniform without any cracks.

From Fig. 3 it is evident that the deposition yield from
ead-containing suspensions, e.g., PMN–PT 2% PbO, is higher
han that from PMN–PT. The explanation for this phenomenon

ay be the higher electrophoretic mobility of PbO than that
f PMN–PT, since the zeta-potential of PbO is slightly higher
han that of PMN–PT. We believe that in PMN–PT 2% PbO
uspensions the overall mobility is higher than in PMN–PT
uspensions, which is reflected in the higher deposition yield
rom PbO-containing PMN–PT suspensions. Similar observa-
ions are reported by Put et al.,22 who studied the electrophoretic
eposition of alumina and zirconia mixtures. They reported
hat the electrophoretic mobility of Ce–ZrO2 powder is higher
han that of Al2O3 powder and that the electrophoretic mobil-
ty of particles in an Al2O3/Ce–ZrO2 mixture is comparable
o that of Ce–ZrO2. From these results it is evident that in
n Al2O3/Ce–ZrO2 mixture the powder with the highest elec-
rophoretic mobility determines the overall mobility.

We observed that for higher particle concentrations, longer
eposition times and/or higher applied voltages the deposit tends
o crack. This was the case for thicker films prepared from the
MN–PT 20 suspension containing 20 vol.% of particles using
deposition time longer than 10 s and high applied voltages.
e believe that the thicker coatings are more prone to cracking

nder the drying conditions we used. Uniform, homogeneous,
rack-free deposits with the desired thickness have been pro-
essed under our experimental conditions by using a low powder
oncentration, low applied voltages and long deposition times.

.3. Sintering of the thick-film PMN–PT structures

The thick-film structures prepared from the PMN–PT and
MN–PT 2% PbO suspensions were sintered at 950 and 1100 ◦C
or 2 h in a lead-rich atmosphere. The particles were deposited
n a PZT/Pt/Al2O3 substrate using an applied voltage of 10 V
or 120 s.

The sintered PMN–PT thick films were then investigated by
-ray powder-diffraction (XRD) analyses. The XRD patterns
f the PMN–PT and PMN–PT 2% PbO sintered at 950 and
100 ◦C are shown in Fig. 4. All the diffraction peaks match the
erovskite structure. We did not observe any additional peaks
hat might correspond to the pyrochlore phase, which commonly
ccompanies the formation of lead-based perovskites, or to the
bO phase.

The lattice parameters of the PMN–PT thick films are shown
n Table 1. They were indexed based on a tetragonal symme-
ry with the space group P4mm.19 It is evident that the lattice

arameters of all the samples are similar, within the experimental
ncertainty. They agree well with the reported values for the bulk
s well as for screen-printed thick films that have the composition
.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3.12,19 These results indicate

P

ig. 4. X-ray powder-diffraction pattern of PMN–PT and PMN–PT 2% PbO
intered at 950 and 1100 ◦C.

hat the chemical composition of all the investigated PMN–PT
hick films is similar and does not change during the deposition
r sintering processes.

The polished cross-sections of the PMN–PT and the
MN–PT 2% PbO on the PZT/Pt/Al2O3 substrates sintered
t 950 and 1100 ◦C are shown in Figs. 5 and 6, respectively.
n our previous study we found that the PZT layer deposited
etween the Al2O3 substrate and the platinum electrode serves
s a barrier layer that prevents the diffusion of aluminium
ons into the active PMN–PT layer as well as the diffusion of
ead ions from the PMN–PT into the alumina.12 It was also
bserved that the adhesion of the screen-printed PMN–PT to
he Pt/PZT/Al2O3 substrate is improved. The lead-aluminate-
ased crystals (denoted PbAl11O19) that were detected at the
l2O3/PZT interface did not cause the delamination of the
ZT/Pt/PMN–PT layer from the alumina substrate. The results
f this investigation confirmed that the PMN–PT layer deposited
y electrophoresis onto the Pt/PZT/Al2O3 substrate exhibits
ood adhesion with the platinum electrode and that the chem-
cal composition of the PMN–PT was not changed during the
rocessing. From the electron microscopy backscattered images
SEM/BEI) it is evident that the PMN–PT thick film contains
ome pores that are homogeneously distributed in the PMN–PT
MN–PT 2% PbO
a (nm) 0.40049 ± 0.00003 0.40051 ± 0.00006
c (nm) 0.40386 ± 0.00004 0.4039 ± 0.0001
a/c 0.991 0.991
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ig. 5. SEM/BEI image of polished cross-section of PMN–PT/PZT/Pt/Al2O3

hick-film structure sintered in lead-rich atmosphere at (a) 950 ◦C and (b)
100 ◦C.

intering process. Therefore, the thinner the layer, the denser
he thick-film structure should be. The thickness of the layers
ogether with the density obtained from the microstructural anal-
ses are shown in Table 2. All the PMN–PT layers exhibit a
ensity higher than 90% of the theoretical one after the sinter-
ng. We believe that the main reason for such a high density is
hat the green deposits are homogeneous, resulting from a well-
ispersed, stable colloidal suspension with a small amount of
rganic phase and carefully chosen parameters for the deposition
rocess.
The PMN–PT thick film sintered at 950 ◦C was 54 �m thick.
ith an increased sintering temperature the thickness of the

ayer decreases and the density slightly increases, indicating

t
5
o

able 2
ielectric properties of PMN–PT and PMN–PT 2% PbO sintered at 950 and 1100 ◦C

T sintering (◦C) Thickness (�m) Density (

MN–PT 950 54 90
MN–PT 1100 43 91
MN–PT 2% PbO 950 67 94
MN–PT 2% PbO 1100 56 95
ig. 6. SEM/BEI image of polished cross-section of PMN–PT 2%
bO/PZT/Pt/Al2O3 thick-film structure sintered in a lead-rich atmosphere at
a) 950 ◦C and (b) 1100 ◦C.

hat the sintering process of the PMN–PT proceeds, at least to
ome extent. The thicknesses of the deposits prepared from the
MN–PT 2% PbO suspension were higher than the ones pre-
ared from PMN–PT suspension. This is consistent with the
esult shown in Fig. 3. The mass of the deposit for a particular
oltage and time is always higher for the PMN–PT 2% PbO sus-
ension than for PMN–PT. As a consequence, a thicker structure
s to be expected for deposits from the PMN–PT 2% PbO sus-
ensions. Our results indicate that the PMN–PT 2% PbO layers
icular temperature. Layers of PMN–PT 2% PbO some 67 and
6 �m thick with 94 and 95% of the theoretical density were
btained after sintering at 950 and 1100 ◦C, respectively.

for 2 h.

%) Tm ε @ 1 kHz Pr (�C/cm2) Ec (kV/cm)

170 ◦C 1,200 12 12
172 ◦C 9,550 16 7
172 ◦C 13,500 15 7
172 ◦C 20,250 17 5
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Fig. 7. PMN–PT sintered at 950 and 1100 ◦C for 2 h. (a) The temperature dependence of dielectric permittivity ε; (b) P–E curves.
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Fig. 8. PMN–PT 2% PbO sintered at 950 and 1100 ◦C for 2 h. (a) T

The higher density of the PMN–PT 2% PbO thick films indi-
ates that both the PbO and PMN–PT particles were deposited
n the substrate during the electrophoretic deposition process.
t the sintering temperature the excess PbO that is present
etween the PMN–PT grains melts and induces sintering in the
resence of the liquid phase, which is well known from the
iterature.12,13,23,24 Consequently, the PMN–PT 2% PbO layers
re denser than the ones prepared from the PMN–PT suspension.
he thick films prepared from the PMN–PT suspension consists
f PMN–PT grains and do not contain any excess of PbO. As
result, sintering in the presence of a PbO liquid phase is not

ossible and does not apply to the PMN–PT grades.

.4. Ferroelectric properties of thick film PMN–PT
tructures

The temperature dependences of the dielectric permittivity
or the PMN–PT and PMN–PT 2% PbO sintered at 950 and
100 ◦C are shown in Fig. 7a and 8a. The PMN–PT sintered
t 950 ◦C shows a dielectric permittivity of 1200 at Tm and
kHz. When the sample is sintered at 1100 ◦C, the dielectric
ermittivity increases significantly and reaches a value of 9550
t Tm and 1 kHz. The remanent polarization increases from 12 to

6 �C/cm2 and the coercive field decreases from 12 to 7 kV/cm
or the samples sintered at 950 and 1100 ◦C, respectively. The
MN–PT 2% PbO sintered at 950 ◦C possesses a dielectric per-
ittivity of 13,500 at Tm and 1 kHz, which is significantly higher

T
P
P
s

mperature dependence of dielectric permittivity ε; (b) P–E curves.

han the value obtained for the PMN–PT sintered under identi-
al conditions. The dielectric permittivity was even improved by
intering the PMN–PT 2% PbO at 1100 ◦C, reaching the highest
alue of 20,250 at Tm and 1 kHz. The remanent polarizations Pr
f 15 and 17 �C/cm2 and the coercive fields of 7 and 5 kV/cm
ere obtained for the samples sintered at 950 and 1100 ◦C.
The results indicate that higher values of the dielectric permit-

ivity, higher remanent polarizations and lower coercive fields
re obtained by increasing the sintering temperature. The func-
ional properties of the PMN–PT thick films were improved
ignificantly when we carried out the sintering in the presence
f a liquid phase.

. Summary

Single-phase, homogeneous, dense and crack-free PMN–PT
hick films have been prepared by electrophoretic deposition
ollowed by sintering. The mixture of a polyacrylate salt and
n organic base provided good dispersion and surface charging
f the PMN–PT particles in ethanol. The electrophoretic depo-
ition of negatively charged PMN–PT particles was performed
nder a constant applied voltage of 10 V and a deposition time
f 120 s on a Pt/PZT/Al2O3 substrate that acts as an anode.

he deposits obtained from the PMN–PT and PMN–PT with
bO-excess suspensions were sintered at 950 and 1100 ◦C in a
bO-rich atmosphere. Within the detection limit of the XRD, no
econdary phases could be identified in the perovskite coatings.
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he density of all the PMN–PT thick films exceeds 90% of the
heoretical density as a consequence of a well-dispersed, stable
olloidal suspension with a small amount of organic phase, in
ddition to the optimised parameters used for the deposition and
intering process. The density of the PMN–PT film increases
ith the increasing sintering temperature and as a result of per-

orming the sintering in the presence of a liquid phase. The
ighest functional response was obtained for a PMN–PT 2%
bO thick film sintered at 1100 ◦C for 2 h. The properties were
s follows: a dielectric permittivity ε of 20,250 at 1 kHz at a Tm
f 172 ◦C, a remanent polarization of 17 �C/cm2 and a coercive
eld of 5 kV/cm.
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