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bstract

e have investigated the processing of 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (PMN–PT) thick films on platinised alumina substrates. Nanosized
MN–PT powder with 2 mol% of excess PbO was prepared by high-energy milling and deposited on the substrate using screen-printing technology.
he films were then sintered at 950 ◦C in a PbO-rich atmosphere. The influence of the sintering time and the amount of PbO-containing packing
owder was studied and related to the structural, microstructural, dielectric and piezoelectric properties of the film. In order to obtain a homogeneous

nd dense thick film without any secondary phase, the PMN–PT films had to be sintered in the presence of a PbO-based liquid phase that had to be
ompletely removed from the thick film during the final stage of the sintering. Under optimal sintering conditions we obtained a room temperature
elative dielectric permittivity of 3600, dielectric losses of 0.036, a Tm of 174 ◦C, a permittivity at the Tm of 21,000 and a d33 of 140 pC/N.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT) ferroelectric materi-
ls have been widely investigated because of their outstanding
iezoelectric properties. Since the properties are maximised for
composition close to the morphotropic phase boundary, i.e.,
MN–PT with 35% of PbTiO3, this composition is the most
ppropriate for producing actuators and sensors.1,2 Thick-film
echnology offers many advantages over the use of bulk ceram-
cs in various electronic devices. For example, conventional
eramic processing requires separate forming, machining and
onding of the components. In contrast, thick-film technology
llows an active layer to be deposited directly onto the device
omponent. This approach simplifies the manufacturing process
onsiderably and reduces the costs. Screen-printing technology
s extensively used for the processing of films with thicknesses
anging from a few micrometres to a few tens of micrometres on

arious substrates. In order to produce high-quality thick films,
he starting PMN–PT powder should be chemically homoge-
eous and fine grained, the processing temperature should be
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s low as possible to minimise the chemical reactivity between
he active layer and the substrate, the PMN–PT film needs to
dhere to the substrate, and it should have a high density and
he appropriate microstructural characteristics. The synthesis of
erovskite PMN–PT is problematic because of the formation
f a stable pyrochlore phase that has a negative effect on the
ielectric properties of the perovskite phase. Various methods
ave been devised to eliminate this parasitic pyrochlore phase,
uch as the Columbite method,3 the addition of excess MgO
nd/or PbO4,5 and high-energy milling.6,7

The techniques for lowering the sintering temperature of
ead-based ceramics rely on using fine, nanosized starting pow-
er and/or adding compounds that ensure sintering in the
resence of a liquid phase.3,8 Researchers have used various
ompounds as a sintering aid, such as Li2B4O7,9 Cu2O–PbO10

nd LiBiO2–CuO.11 The disadvantage of using these additives
s that a second phase is introduced into the system, which can
hen reduce the functional properties of the bulk ceramic or the
hick film.12 Another approach is to use PbO as a sintering aid; as
t is well known that the densification of a lead-based perovskite

s considerably enhanced in the presence of PbO.13–19 Due to
he low melting point and the high vapour pressure of PbO, a
iquid phase is formed that improves the densification process,
ut with careful control of the atmosphere during the processing

mailto:danjela.kuscer@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2008.06.010


1 pean

t
h
P
a

e
t
a
P
e
m
o
a
o
g
o
t
g
s
P
r

u
p
I
t
a
f
(
e
x
c
4
t
a
h
0
l
w
t
c
t

0
a
s
f
h
t
P
t

2

S

m
(
J

t
0
P
m
o
d
R

p
s
P
t
s
t
p
s
s
2
s
2
H
s
p
f
s
w
t
e
i
s
p
s
u
6

t
t
u
r
t
d

w
u

t
o
H
v
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he liquid phase can be removed from the active film.13,14,20 It
as also been reported that (Pb,La)(Zr,Ti)O3 without any excess
bO starts to sinter at a temperature almost 300 ◦C higher than
sample with excess PbO.16,21

From the phase diagram of Pb(Mg1/3Nb2/3)O3–PbO it is
vident that Pb(Mg1/3Nb2/3)O3 and PbO form a eutectic with
he composition 74 wt.% PbO and 26 wt.% Pb(Mg1/3Nb2/3)O3
t a eutectic temperature of 830 ◦C.22 No solubility of
b(Mg1/3Nb2/3)O3 in PbO or vice versa is reported. Gorzkowski
t al.18 studied the influence of excess PbO on the growth
echanism of 0.65PMN–0.35PT and reported that the crystals

nly grow when a critical amount of PbO content is present
t the grain boundaries of the PMN–PT. The critical amount
f PbO is reached when there is sufficient to wet all the
rain boundaries. Gorzkowski et al.23 observed the existence
f Mg, Nb and Ti in addition to Pb in the liquid phase at
he grain boundaries at 1150 ◦C. They proposed that the grain
rowth of PMN–PT is a result of material diffusion from the
hrinking grains to the growing grains in the liquid phase. For
MN–PT without PbO a much lower grain growth rate was
eported.18

The crystal structure of PMN–PT is very complex, partic-
larly in the compositional range close to the morphotropic
hase boundary (MPB), and has been studied extensively.
t was reported that with an increasing amount of PbTiO3
he rhombohedral phase transforms to the monoclinic phase,
nd with a further increase in the amount of PT it trans-
orms to the tetragonal phase.24,25 In a systematic study of the
1 − x)PMN–xPT compositions with 0.3 ≤ x ≤ 0.39 by Noheda
t al.26 they showed that the rhombohedral phase exists for
≤ 0.31 from 4 to 400 ◦C and the monoclinic phase exists in the
ompositional range 0.31 ≤ x ≤ 0.37 for temperatures between
and 200 ◦C. At higher temperatures the monoclinic phase

ransforms into the tetragonal phase and the transition temper-
ture depends on the chemical composition for temperatures
igher than 200 ◦C. It was also shown that the composition
.65PMN–0.35PT is tetragonal at room temperature. The evo-
ution of the phases in the PMN–PT system at room temperature
as reported by Kumar Singh and Pandey.27 They showed that

he structure of (1 − x)PMN–xPT for 0.31 ≤ x ≤ 0.34 is mono-
linic, with the space group Pm; however, for 0.35 ≤ x ≤ 1 it is
etragonal, with the space group P4mm.

The aim of our work was to study the processing of
.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 thick-film structures on
n alumina substrate using screen-printing technology. The
intering conditions of the PMN–PT thick films prepared
rom nanosized powder were studied in order to prepare a
omogeneous and dense thick-film structure with a large func-
ional response. The structural and functional properties of the
MN–PT thick films were correlated with the sintering condi-

ions.
. Experimental

For the experimental work we used PbO (99.9+%, Aldrich,
teinheim, Germany), MgO (98%, Aldrich, Steinheim, Ger-
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any), TiO2 (99.8%, Alfa Aesar, Karlsruhe, Germany), Nb2O5
99.9%, Aldrich, Steinheim, Germany) and ZrO2 (99%, Tosoh,
apan).

A mixture of PbO, MgO, TiO2 and Nb2O5 in
he molar ratio corresponding to the stoichiometry
.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 with 2 mol% of excess
bO (denoted PMN–PT) was high-energy milled in a planetary
ill (Retsch, Model PM 400, Hann, Germany) for 64 h. A total

f 200 g of powder was placed in the vial. The experimental
etails together with the properties of the powder are given in
efs. [6,28].

The PMN–PT was prepared from high-energy-milled powder
re-fired at 700 ◦C for 2 h. In order to improve the adhe-
ion of the PMN–PT on the platinised alumina substrate, a
b(Zr0.53Ti0.47)O3 layer (denoted PZT) was deposited between

he electrode and the substrate.29 The PZT was prepared by
olid-state synthesis as described in Ref. [30]. The paste for
he screen-printing was prepared from the PMN–PT and PZT
owders combined with an organic vehicle. The alumina sub-
trates were prepared by slip casting from Alcoa A-16 and
intered at 1700 ◦C for 4 h. The dimensions of the substrate were
8 mm × 28 mm and the thickness was 3 mm. The PZT paste was
creen printed on the Al2O3 substrate and fired at 1100 ◦C for
h in a Pb-rich atmosphere. The platinum paste (Ferro 6412,
anau, Germany) was screen printed on the PZT/Al2O3 sub-

trate and fired at 1200 ◦C for 2 h. The PMN–PT paste was
rinted on the Pt/PZT/Al2O3 substrate and pre-fired at 500 ◦C
or 1 h. The thick-film samples were sintered in a Pb-rich atmo-
phere. The sample was placed in a covered corundum vessel
ith a volume of 27 cm3, and around the sample was placed

he packing powder with the composition PbZrO3 with 2 mol%
xcess of PbO. The samples were sintered at 950 ◦C for var-
ous times and various amounts of packing powder. The first
et of samples was prepared with a fixed amount of packing
owder (1 g) and various sintering times (2, 8 and 24 h). The
econd set of samples was sintered for a constant time of 2 h
sing various amounts of packing powder, i.e., 1, 1.5, 3 and
g.

The X-ray powder-diffraction data for the powders and
hick films were collected at room temperature on a diffrac-
ometer (PANalytical, X′Pert PRO MPD, The Netherlands)
sing Cu K� radiation. The data were collected in the 2θ

ange from 10◦ to 70◦, in steps of 0.034◦, with an integration
ime of 100 s. The phases were identified using the PDF-231

atabase.
A JEOL 5800 scanning electron microscope (SEM) equipped

ith a Tracor-Northern energy-dispersive system (EDS) was
sed for the overall microstructural analysis.

For the electrical measurements gold electrodes were sput-
ered onto the thick films. The real and the imaginary parts
f the complex dielectric constant were measured with an
P 4284 A Precision LCR Meter. The dielectric permittivity
ersus temperature was measured in a furnace with a tem-

erature uncertainty of ±2 ◦C. The samples were polarised
t 2.5 kV/mm at 150 ◦C. The piezoelectric piezo d33 constant
as measured using the Berlincourt method (Take control
M10).
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Fig. 1. X-ray powder-diffraction patterns of PMN–PT powder annealed at
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00 ◦C and PMN–PT thick films sintered at 950 ◦C for 2, 8 and 24 h using
g of packing powder. (©) Pb(Mg1/3Nb2/3)O3 and (+) pyrochlore.

. Results and discussion

The X-ray powder-diffraction spectra of the mechanochem-
cally synthesised PMN–PT powder annealed at 700 ◦C for 2 h
ogether with PMN–PT thick films sintered at 950 ◦C for 2, 8 and
4 h using 1 g of packing powder are shown in Fig. 1. The powder
nnealed at 700 ◦C contained a perovskite phase together with a
mall amount of pyrochlore. In the thick-film structures annealed
t 950 ◦C all the diffraction peaks corresponded to PMN–PT. We
id not detect any extra diffraction peaks that might correspond
o pyrochlore or PbO phases. We indexed all the PMN–PT struc-
ures with the nominal composition 0.65PMN–0.35PT using a
etragonal structure based on the literature data, which stated
hat (1 − x)PMN–xPT with x ≥ 0.35 crystallises in a tetragonal
rystal structure at room temperature.26,27 The calculated lattice
arameters of the PMN–PT powder and the sintered thick films
re shown in Table 1.

The XRD spectra of the PMN–PT powder and the PMN–PT
lm sintered for 2 h showed broad diffraction peaks with a
seudo-cubic character. The calculated lattice parameters of
hese two samples were similar. However, with a prolonged sin-
ering time from 2 to 8 h the splitting of the diffraction peaks
as evident, together with the decrease in the a spacing and the
ncrease of the c spacing. It appeared that the lattice parameters
f the PMN–PT thick film changed most significantly between
and 8 h of sintering. The lattice parameters of the 8- and 24-h

y
a
r

able 1
hickness, lattice parameters and c/a ratio of PMN–PT thick films sintered at 950 ◦C

sint (◦C) ts (h) mPP (g) d (�m)

00a

50 2 1 82
50 8 1 82
50 24 1 80
50 2 1.5 63
50 2 3 55
50 2 6 45

attice parameters of PMN–PT powder annealed at 700 ◦C are also shown.
a Mechanochemically activated powder annealed at 700 ◦C for 2 h.
Ceramic Society 29 (2009) 105–113 107

intered samples were similar and agreed well with the reported
alues for the bulk 0.65PMN–0.35PT composition having the
etragonal structure.27

Cross-sectional SEM images of the PMN–PT thick films on
t/PZT/Al2O3 substrates with a chemically etched PMN–PT

ayer sintered at 950 ◦C for 2, 8 and 24 h using 1 g of packing
owder are shown in Fig. 2a–f. The active layer showed good
dhesion to the substrate as a result of using the PZT barrier
ayer between the Al2O3 and the electrode. All the sintered lay-
rs were porous and about 80 �m thick, and their thicknesses
id not change significantly with the increasing sintering time
Table 1). The PMN–PT thick film sintered for 2 h consisted
f agglomerated sub-micron-sized grains. We estimated that the
rain size did not exceed 500 nm. However, with an increase of
he sintering time the grain size increased: after 8 h of sintering
he grain size was in the range of 1 �m, and this did not change
ignificantly when the sintering time was prolonged to 24 h.

The second set of experiments was performed at a con-
tant sintering temperature of 950 ◦C and a time of 2 h, but
sing various amounts of packing powder, i.e., 1, 1.5, 3 and
g. Cross-sectional SEM images of the PMN–PT thick films
n Pt/PZT/Al2O3 substrates together with a chemically etched
MN–PT layer sintered with various amounts of packing pow-
er are shown in Fig. 2a and b and in Fig. 3a–f. The thickness
f the film decreased notably with the increasing amount of
acking powder from 82 to 63 �m for 1 and 1.5 g of packing
owder, respectively (Table 1). It is evident that when using
larger amount of packing powder the grain size increased

rom a few hundred nanometres to around 2 �m, indicating
hat grain-growth processes occurred. The microstructural anal-
sis of the PMN–PT showed that the porosity of the samples
ecreased with the increasing amount of packing powder. The
amples sintered with 1.5, 3 and 6 g of packing powder con-
ained 22, 11 and 8% of pores, respectively, and the thickness
ecreased to 63, 55 and 45 �m, respectively. Simultaneously,
he grain size of the PMN–PT increased, and reached 5 �m
hen sintered with 6 g of packing powder. A detailed analysis
f the PMN–PT thick film sintered with 6 g of packing pow-
er showed that the microstructure consisted of two phases.
rom the SEM image in Fig. 4 it is clear that the PMN–PT
sis showed that this bright phase contained primarily lead,
nd for that reason we assume that the phase was PbO-
ich.

for various times and using various amounts of packing powder

a (nm) c (nm) c/a

0.4017 ± 0.0001 0.4025 ± 0.0001 1.0020
0.40142 ± 0.00007 0.40260 ± 0.00009 1.0029
0.40033 ± 0.00005 0.40413 ± 0.00006 1.0095
0.40021 ± 0.00004 0.40420 ± 0.00005 1.0100
0.40023 ± 0.00003 0.40443 ± 0.00003 1.0104
0.40024 ± 0.00003 0.40445 ± 0.00004 1.0105
0.40026 ± 0.00005 0.40393 ± 0.00005 1.0092
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ig. 2. SEM image of PMN–PT on a Pt/PZT/Al2O3 substrate and chemically et
a, b) 2 h, (c, d) 8 h and (e, f) 24 h.

The XRD spectra of the samples sintered at 950 ◦C for 2 h
sing 1.5, 3 and 6 g of packing powder are shown in Fig. 5. The

attice parameters of the thick-film PMN–PT were calculated
ased on a tetragonal structure and are presented in Table 1. It is
lear that they did not vary a great deal when the amount of pack-
ng powder exceeded 1.5 g. An XRD analysis showed that all the

e
T
t
o

PMN–PT layer fired at 950 ◦C, using 1 g of packing powder and sintering times

amples exhibited a single-phase perovskite structure with the
xception of the sample sintered with 6 g of packing powder. One

xtra peak, with a low intensity, was observed at a 2θ of 28.5◦.
he inset in Fig. 5 shows that this diffraction peak corresponds to

he 1 0 1 peak of PbO litharge (PDF 85–1739).31 The existence
f PbO in this sample clearly shows that when using 6 g of pack-
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ig. 3. SEM image of PMN–PT on Pt/PZT/Al2O3 substrate and chemically etc
acking powder.

ng powder the PbO remained in the PMN–PT during the whole
ourse of the sintering. As a result, the PMN–PT was sintered

n the presence of a liquid phase and a dense microstructure was
roduced.

The dielectric permittivities and the piezoelectric d33 con-
tants of the PMN–PT sintered at 950 ◦C for 2, 8 and 24 h with

t
d
1
t

N–PT layer fired at 950 ◦C for 2 h using (a, b) 1.5 g, (c, d) 3 g and (e, f) 6 g of

g of packing powder are shown in Fig. 6 and in Table 2. All the
amples showed broad and frequency-dependent ferroelectric-

o-paraelectric transitions typical for relaxor ferroelectrics. The
ielectric permittivity of the samples sintered for 2 h with
g of packing powder showed the broadest maximum of all

he samples, with a peak value of 6 0 0. The sharpening of
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Table 2
Dielectric, ferroelectric and piezoelectric properties of PMN–PT thick films sintered at 950 ◦C for various times and with various amounts of packing powder

tsint (h) mPP (g) ε (1 kHz at Troom) tg δ (1 kHz) Tm (◦C, 1 kHz) ε (1 kHz at Tm) d33 (pC/N)

2 1 260 0.035 174 600 57
8 1 345 0.036 172 1,300 55

24 1 350 0.023 170 1,370 54
2 1.5 2200 0.03 172 17,400 90
2 3 3600 0.036 174 21,000 140
2 6 2020 0.033 174 4,840 125
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F
9
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Fig. 6. The real part of the dielectric permittivity of PMN–PT thick films sin-
t
t
t

o
3
s
m
as well as at Tm for the PMN–PT layers sintered with 1, 1.5
ig. 4. SEM image of PMN–PT on Pt/PZT/Al2O3 substrate fired at 950 ◦C for
h using 6 g of packing powder. PbO-rich liquid phase is denoted as PbO.

he permittivity-versus-temperature curves together with the
ncrease in the peak value of the permittivity was observed for
ncreasing sintering times. The dielectric permittivity of the sam-
les sintered for 8 h was 1300 at Tm, and this increased only
lightly, i.e., to 1370 at Tm, after a prolonged sintering time
f 24 h. We observed that the temperature of the transition to
he paraelectric state, Tm, did not change a great deal with the

ncreasing sintering time and is consistent with the literature
ata.32 In addition, our results indicated that the piezoelectric
33 constant did not change significantly with a longer sintering
ime.

ig. 5. X-ray powder-diffraction patterns of PMN–PT thick films sintered at
50 ◦C for 2 h using 1, 1.5, 3 and 6 g of packing powder. (©) Pb(Mg1/3Nb2/3)O3

nd (×) PbO.

o
f

F
a
t
t

ered at 950 ◦C for 2, 8 and 24 h using 1 g of packing powder as a function of
emperature. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)

The dielectric permittivity and the piezoelectric d33 constant
f the PMN–PT films sintered at 950 ◦C for 2 h using 1, 1.5,
and 6 g of packing powder as a function of temperature are

hown in Fig. 7 and in Table 2. It is clear that there was an enor-
ous increase in the dielectric permittivity at room temperature
r 3 g of packing powder. The dielectric permittivity increased
rom 600 to 17,400 and 21,000 when increasing the amount of

ig. 7. The real part of the dielectric permittivity of PMN–PT thick films sintered
t 950 ◦C for 2 h using 1, 1.5, 3 and 6 g of packing powder as a function of
emperature. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)



pean

p
c
3
w
t
m
p
a
p
s
t
w
t
1
t
a
X
i
t
t
p

f
a
t
i
t
o
d
p
b
c
w
o
fi
t
t
s
i
i
t
t
s
n
w
fi
w
o
d
(
f
i
e
o
o

o

I
a
f
t
i
P
d
t
s
a
w
t
P
a
p
b

m
t
s
f
l
m
d
o
c
s
s
a
i
n
t
r
i
t
B
o
t
c
6
v
t
l
p
a
t
g

2
t
s
t
a
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acking powder from 1 to 1.5 and 3 g. A sharpening of the ε–T
urve is also clearly evident. The samples sintered with 1.5 and
g of packing powder exhibited a sharp ε–T behaviour and a
eak Tm frequency dependence. From the result it is clear that

he transition temperature Tm was constant, within the experi-
ental uncertainty, and did not depend on the amount of packing

owder (Table 2). We observed that the dielectric permittivity
t Tm and d33 increased with an increasing amount of packing
owder up to 3 g; however, with a further increase they decreased
ignificantly. The dielectric permittivity and the d33 piezoelec-
ric coefficient of the sample sintered with 6 g of packing powder
as significantly lower, i.e., 4840 and 125 pC/N, compared to

he samples sintered with 3 g of packing powder, i.e., 21,000 and
40 pC/N (Table 1). We assume that the reduction in the proper-
ies for the samples sintered with 6 g of packing powder can be
ttributed to the PbO, which was observed in the PMN–PT using
RD (Fig. 5) and at its phase boundaries using SEM (Fig. 4). It

s well known that the PbO liquid phase improves the densifica-
ion process of lead-based materials; however, when present at
he grain boundaries it degrades the electrical properties of the
erovskite phase noticeably.14,33,38

In order to prepare PMN–PT thick films with the desired
unctional response, the material has to be dense but without
ny secondary phase. To improve the densification of PMN–PT
hick films, the presence of a liquid phase during the sintering
s necessary. This can be done by adding an excess of PbO to
he PMN–PT. Additionally, in order to prevent the sublimation
f PbO from the layer during the sintering, the packing pow-
er containing PbO was applied. As a result of the high vapour
ressure of PbO at 950 ◦C, the PbO tended to sublimate from
oth the thick film and from the packing powder. Since the cru-
ible where the sample was placed is a semi-closed system, it
as possible that the PbO might sublimate out of this system. In
rder to ensure the liquid-phase sintering of the PMN–PT thick
lms, it is necessary for a certain amount of PbO to remain in the

hick film. This can be done by adding packing powder around
he sample. Two cases have to be considered. First, when the
ample was surrounded by a small amount of packing powder,
n our case 1 g, all the excess PbO sublimated from the PMN–PT
n the initial stage of sintering. Since the system is semi-closed,
he PbO from the packing powder sublimated out of the sys-
em. As a consequence, the excess PbO from the PMN–PT also
ublimated and after a certain sintering time the PMN–PT did
ot contain any more excess PbO. This meant that the period
hen the liquid PbO was present in the PMN–PT was not suf-
ciently long to obtain a dense PMN–PT layer. It is clear that
ith a prolonged sintering time from 2 to 24 h the thickness
f the PMN–PT layer did not change. This indicates that the
ensification process did not speed up significantly with time
Table 1). As a result, poor functional properties were obtained
or the PMN–PT thick film sintered at 950 ◦C with 1 g of pack-
ng powder. We suppose that for 1 g of packing powder all the
xcess PbO added to the PMN–PT sublimated in the initial stage

f the sintering and after this time the sintering of the PMN–PT
ccurred in the solid-state.

The second case looked at the condition when a larger amount
f packing powder was used during the sintering of the PMN–PT.

c
a
d
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t appears that when using more than 1.5 g of packing powder
round the sample, the excess PbO remained in the PMN–PT
or a longer period of the thermal treatment. It is evident that
he thickness and the porosity of the film decreased with the
ncreasing amount of packing powder. We assume that in the
MN–PT layer surrounded with a larger amount of packing pow-
er the liquid PbO was present for a longer time compared to
he experiment with 1 g of packing powder. This hypothesis is
upported by indirect evidence obtained from a microstructural
nalysis. With the largest amount of packing powder the PbO
as present in the sample during the whole course of the sin-

ering. The PMN–PT film was the thinnest, the least porous and
bO was still detected at the grain boundaries. When using 1.5
nd 3 g of packing powder the film was thicker and the dielectric
ermittivity increased significantly as a result of PbO-free grain
oundaries and a relatively dense microstructure.

In order to explain the relation between the structural and
icrostructural characteristics, and the functional response of

he PMN–PT thick films, it is important to understand the
tructure of the PMN–PT at the atomic level. The relaxor
erroelectric properties originate from the frustration of the
ocal polarisation due to the composition and the field inho-

ogeneities, which prevent long-range ferroelectric order. The
ielectric properties of PMN-based materials depend directly
n the degree of ordering of the magnesium and niobium
ations in the perovskite cell, i.e., the B-site ordering. Our
tarting PMN–PT powder was prepared by mechanochemical
ynthesis.6 The advantage of this method is the formation of
nanosized powder together with good chemical homogeneity

n the nanoscale region.34 The powder is chemically homoge-
eous on the micrometer level; however, such a powder seems
o be highly B-site disordered at the atomic level. Gao et al.35

eported that the mechanical activation induces B-site disorder-
ng in Pb(Mg1/3Nb2/3)O3–Pb(Mg1/2W1/2)O3. It was also shown
hat the addition of PbTiO3 to Pb(Mg1/3Nb2/3)O3 decreases the
-site order.36,37 Papet et al.38 showed that the characteristics
f the relaxor were related not only to the B-site order but also
o the particle size and to the processing conditions. Signifi-
antly higher values of dielectric permittivity were observed for
.2-�m- than for 300-nm-sized PMN particles. Similar obser-
ations were reported by Alguero et al.39 This group observed
hat 4-�m-sized 0.65PMN–0.35PT particles consist of lamel-
ar, wedge and crosshatched domains; however, 150-nm-sized
articles contain only crosshatched domains. They also reported
sharper ε–T response and a higher dielectric permittivity for

he sample with 4-�m grains than for the sample with 150-nm
rains.

We believe that in the PMN–PT layer sintered at 900 ◦C for
h the degree of disorder at the atomic level is considerable and

hat the sample contained small domains. The grain size in this
ample is well below 1 �m, and the pseudo-cubic character of
his sample and the low permittivity at Tm support this hypothesis
nd agree well with the literature data.39,40
With prolonged sintering times to 8 and 24 h, the pseudo-
ubic character of the PMN–PT vanished, and the grain size
nd the dielectric permittivity increased. We believe that the
egree of ordering in the PMN–PT also increases. This increase
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n the ordering in the PMN favours ferroelectric behaviour,
.e., a less diffuse phase transition and a reduction of the
requency dispersion.36 Zhang and Wang41 reported that the
rder–disorder transition is sluggish and occurs via atomic dif-
usion. It can be induced by annealing at high temperatures, and
t was shown that an order–disorder transition occurs at 600 ◦C
or Pb(Mg1/3Nb2/3)O3–Pb(Mg1/2W1/2)O3, at less than 900 ◦C
or Pb(Mg1/3Nb2/3)O3 and for terbium-doped PMN at 1250 ◦C
fter 24 h.35,37,42 The dielectric permittivity of the PMN–PT
hick films sintered for 8 and 24 h is low and we believe that
ne possible reason for this is the lack of density. When sinter-
ng PMN–PT for 8 or 24 h using 1 g of packing powder, all the
xcess PbO sublimated from the thick film. In order to obtain a
ense PMN–PT layer, the presence of liquid-phase PbO in the
MN–PT is necessary during the sintering process.17,23

The PMN–PT thick films sintered with a larger amount of
acking powder showed a larger grain size and a lower poros-
ty, indicating that grain growth and densification occurred.
he microstructural characteristics were reflected in a sig-
ificantly higher dielectric permittivity at room temperature
nd at Tm. The observed changes in the dielectric behaviour
f the PMN–PT thick films cannot be attributed only to
icrostructural properties, these changes are also related to

roperties on the nanometre scale, such as domain type and
ize.

The results of this work suggest that the functional properties
f PMN–PT thick films depend a great deal on the parame-
ers used during the processing of the PMN–PT thick film. The
omogeneous, nanosized starting PMN–PT powder is necessary
o ensure sintering at a temperature as low as possible in order
o prevent any chemical interaction between the active layer and
he substrate. The sintering in the presence of the liquid phase
ithin the whole course of the sintering process is necessary to
btain a dense microstructure with micron-sized grains. In addi-
ion, it is essential that the sintered PMN–PT thick film does not
ontain any PbO liquid phase. This must be completely removed
rom the grain boundaries during the final stage of the sintering
rocess.

. Summary

Thick-film 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 structures
n platinised alumina substrates were prepared from high-
nergy-milled nanosized powder using screen-printing technol-
gy. All the films exhibited good adhesion to the Pt/PZT/Al2O3
ubstrate.

The high-energy-milled powder makes possible the process-
ng of chemically homogeneous PMN–PT thick films at 950 ◦C.
he excess of PbO in the PMN–PT together with the optimal
mount of packing powder enabled the sintering of PMN–PT in
he presence of a liquid phase, resulting in a dense thick film with

ood properties. The optimal functional response was obtained
or a PMN–PT thick film sintered at 950 ◦C for 2 h with 3 g
f packing powder. We achieved a room temperature relative
ielectric permittivity of 3600, dielectric losses of 0.036, a Tm
f 174 ◦C, a permittivity at Tm of 21,000 and a d33 of 140 pC/N.

1
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4. Kosec, M., Holc, J., Malič, B. and Bobnar, V., Processing of high perfor-
mance lead lanthanum zirconate titanate thick films. J. Eur. Ceram. Soc.,
1999, 19, 949–954.

5. Saha, D., Sen, A. and Maiti, H. S., Low temperature liquid phase sintering
of lead magnesium niobate. Ceram. Int., 1999, 25, 145–151.

6. Kosec, M., Murko, D., Holc, J., Malič, B., Čeh, M., Hauke, T. et al.,
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