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Abstract

A high density single-phase lead magnesium niobate ceramic with the highest peak dielectric constant reported so far, has been synthesized
and sintered simultaneously via a modified mixed oxide route, using mixed oxide nanopowder and single-step sintering. The mixed nanopowder
was sintered at 1200 °C in air and PbO atmospheres. By comparison, samples sintered in air, gained pyrochlore structure, while those samples
sintered in PbO atmosphere had pure perovskite structure. Pellets sintered for 2.5 h exhibited best dielectric properties with peak dielectric constant
of 18,672 at the frequency of 1 kHz at —13 °C. The dielectric properties, compressibility, phase formation, densification, and microstructure of the

samples were investigated.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead magnesium niobate, Pb>*Mg;,5>*Nb,/3°* 05>~ (PMN),
is one of the most widely investigated relaxor ferroelectric
materials with a perovskite structure. Globally, there is a
balance of positive/negative charges. But in this system, any
particular unit cell has either Mg** or Nb* at its body-centre.
There is thus a local deviation from the value +4 required for
charge balance. This factor is responsible for the occurrence of
relaxor behavior, leading to a “Curie range” of temperatures,
rather than a single temperature for the occurrence of the
ferroelectric transition [1]. The excellent relative permittivity of
PMN (~20,000) over the operational temperature range,
electrostrictive properties and low dielectric loss make it a
promising electroceramic material for multilayer ceramic
capacitors (MLCCs), sensors, electromechanical transducers,
electro-optic applications, electrostrictive actuators and fuel
injectors for automobile engines [2—5]. There has been a great
deal of interest in the preparation of single-phase PMN powders
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as well as in the sintering and dielectric properties of PMN-
based ceramics [6].

The mixed oxide synthetic route is probably one of the most
fundamental, practical routine methods used in production of
PMN, and it has been developed and modified in both scientific
research and industrial mass production for many years [6—10].
This technique involves powder preparation (mixing, milling,
drying, sieving and calcination), the forming of green bodies
and densification, where heat is applied, either with pressure
(HIP) or pressureless sintering [11,12]. Although many
alternative powder synthetic routes such as co-precipitation
[13], molten salt [14], sol-gel [15] as well as hydrothermal
methods [16] have been introduced from time to time,
widespread efforts have still been made on the modification
and development of conventional mixed oxide methods.

In general, the overriding aim of any materials processing
technique is to achieve a final product with consistent
properties. In practice, the level of consistency obtained is
often a matter of compromise, it being largely a consequence of
the economics of fabrication and characterization.

The main problem in fabrication of pure perovskite PMN
ceramics is formation of the unwanted pyrochlore phase with
low dielectric constant (~200) which decreases the dielectric
and electromechanical performances of the resulting material
[17]. The pyrochlore phase is the major product at the initial
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stages of the solid-state reactions between the three constituent
oxides, owing to the preferential reaction between Nb,Os, a
large amount of PbO and a small amount of MgO. With the
increasing reaction temperature and time, pyrochlore further
combines with the remaining PbO and MgO to yield the
perovskite PMN [18]. The residual pyrochlore phase, together
with the main perovskite, is a consequence of low MgO
reactivity and intrinsic inhomogeneity of the reacting mixture.
Furthermore, the heat treatment at temperatures above 900 °C
can lead to the formation of pyrochlore phase as a consequence
of PbO loss by evaporation, if samples are not fired in a
saturated PbO atmosphere [17-20].

Among all the issues reported so far [6,21-25], most attention
has been focused on the powder processing stage, whereas
investigations of modified sintering techniques have not been
widely carried out. In the case of sintering and production of
single-phase PMN ceramics, Lejeune and Boilot [21] paid
attention to three sintering cycles either 1000 °C for 6 h or
heating to 800/830 °C followed by cooling down and heating to
1000 °C again for 6 h. The second sintering cycle (i.e. heating to
800 °C) was found to produce PMN ceramic with the best
dielectric properties. Mohan and coworkers [22] prepared PMN
ceramics by the semiwet hydroxide route and sintered at
1150 °C, the best dielectric constant of their samples was about
13,000 at —12 °C. Swartz et al. [23] calcined and sintered the
pellets at 800 °C, 4 h and 1270 °C, 1 h, respectively, after ball-
milling the oxide mixture in ethanol for 12 h and subsequent
drying. The best dielectric constant was obtained ~16,500
(1 kHz at —15 °C) with relative density of 93.35%. Wang et al.
[24] used mechanochemical fabrication technique, nanosized
PMN particles were formed when the oxide mixture was
mechanically activated for 20 h, followed by sintering of PMN
powder at 1050 °C for 1 h to reach a relative density of ~99%.
The sintered PMN exhibited K,.x = 17,500 at a frequency of
1 kHz at —11 °C. Liou and Chen [25] produced PMN ceramic of
100% perovskite phase by simplified columbite route and then
sintering at 1250 °C for 2 h. Peak dielectric constant of 17,100 at
1 kHz was obtained. Ananta and Thomas [6] utilized mixed
oxide route followed by the so-called double sintering technique
to achieve single-phase PMN in which the oxide mixture was
calcined at 800 °C for 4 h and then sintered in two steps, first at
1025 °C, 2 h and second step at 1100 °C for 2 h. Their samples
had pure provskite structure with relative density of 91% and
peak dielectric constant of 14,000 at 1 kHz (—12 °C).

In the present study, an attempt has been made to fabricate
full dense single-phase PMN ceramic with the best dielectric
properties by employing modified mixed oxide route. High
energy milling was used to reduce the size of powder down to
nanoscale, followed by calcination within the single-step
sintering of PMN. Compressibility, phase formation, densifica-
tion, microstructure, and dielectric properties of the samples
have also been investigated.

2. Experimental procedure

The modified mixed oxide route was employed for the
synthesis of PMN powder. Starting raw materials were reagent-

grade PbO (99%, Merck), Nb,Os (99.9%, Merck) and MgO
(98%, Merck). Appropriate amounts of PbO, Nb,Os and MgO
for stoichiometric PMN were dry-milled using a disc mill
(Siebtechnik T100) with tungsten carbide discs, for 90 min at
1000 rpm. The Morphology and size of the milled powder was
observed using transmission (TEM, CM200 FEG, Philips,
Netherlands) and scanning (SEM, Philips XL.30, Netherlands)
electron microscopy. The green pellets (10 mm diameter, 3 mm
thickness) were obtained by uniaxial pressing of the powder at
800 MPa in a steel cylindrical die. After ejection of compacts
from die, the green density of the pellets (64 £+ 0.5% of
theoretical density) was measured by water immersion method.
The compressibility curve of the powder determined by
pressing powder at different pressures and measuring their
green densities.

Pellets were then sintered isothermally at 1200 °C up to 3 h
with heating rate of 10 °C min~"' in closed alumina crucibles
with a PbO sacrificial powder, in order for the atmosphere to be
saturated with PbO. Sintering of the milled powder mixture was
also performed in air for comparison. The density of sintered
PMN pellets was also measured by water immersion method.
Microstructures were observed by SEM. The phase formation
of sintered PMN ceramics was analyzed by X-ray diffraction
(XRD, PW3710-based Philips diffractometer) at 26 between
25° and 40° with a step size of 0.02°. The relative amounts of
perovskite and pyrochlore phases were determined from XRD
pattern of the samples by measuring the major peak intensities
for the perovskite phase (Iperov.) and pyrochlore phase (Ipyro.)
related to (1 10) and (22 2), respectively. The following
approximation (Eq. (1)), proposed by Swartz and Shrout [26],
was used:

Tperov
perovskite(%) = 100 x —2% (1)

I perov. I pyro.

Dielectric properties were measured by LCR meter (HP-4174
Hewlett-Packard) at 1 kHz.

3. Results and discussion

Fig. 1(a) and (b) shows the TEM micrographs of oxides
mixture after milling. Size of the mixed powder was also
estimated by SEM to be in the range of 50-80 nm which is in
good agreement with TEM micrographs (30-70 nm). As it is
seen in Fig. 1(b), milling has been done properly and the oxides
are mixed perfectly, however, no PMN phase was observed in
the X-ray diffraction of as-milled powder.

Fig. 2(a) demonstrates the change of green density of the
samples as a function of the applied pressure. As shown in this
figure, green densities increased with compaction pressure.
Their increasing rate decelerated, however, with the compac-
tion pressure until they finally reached to a nearly flat plateau (at
around 800 MPa). No obvious improvement in the densification
was achieved with further escalation of the pressure. A green
density increase of up to 66% with respect to the theoretical
value was achieved by enhancement of the applied pressure
from 100 to 1100 MPa. Except 1300 MPa which resulted in
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Fig. 1. TEM micrographs of oxides mixture after milling.

lamination in the samples, no lamination was generally
observed at pressures applied to consolidate the milled powder
in this research.

One of the most crucial features of producing fully dense
ceramics is the powder compressibility, by which the compact
green density and therefore the fired density are directly
contributed. Applying a ceramic powder with a good potential
of compression can lead to a lower sintering temperature and
therefore accessing an ultrafine structure. The powder
compressibility, regards to Khasanov instructions [27], is
evidently influenced by key elements (P. and b) in the
following equation:

P
p:bln(P—P‘> +1 )
cr

where p is the relative density of a green compact, P, the
compaction pressure and b is the constant describing densifica-
tion intensity (compressibility) of compacted powder at any P,
value. P, is the extrapolated value of the critical compaction
pressure at which the void-free condition of a green compact is
reached. The coefficients b and P, fully describe the powder
compressibility, higher b accompanying with a low P, can lead
to an optimum compaction circumstances. Fractional density of
the powder compacts as a function of the logarithm of the
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Fig. 2. (a) The effect of applied pressure on the green density of powder
compacts and (b) fractional density of the powder compacts as a function of the
logarithm of the applied pressure.

applied pressure is presented in Fig. 2(b). The values of
coefficients b and P, have also been calculated for the milled
powder to be 0.052 and 6.89 x 10° MPa, correspondingly,
which depict acceptable compressibility of the powder (com-
pared to other nanopowders in the Khasanov study) [27,28].
The relative density, average grain size, amount of
perovskite phase of samples (samples no. 1-5) sintered for
different soaking times and in different atmospheres, are listed
in Table 1. Weight loss of PMN ceramics during sintering
procedure can be thought as a measure of the degree of PbO
volatilization [6,25]. This was analyzed by recording the
weights of the pellets before and after sintering. By employing
the PbO sacrificial powder during the sintering process, the
level of weight loss can be limited to less than 5% in the system.
The XRD profile of PMN ceramics sintered at 1200 °C for 2,
2.5 and 3 h in PbO atmosphere are shown in Fig. 3. The major
peak (2 2 2) of pyrochlore phase at 26 =29.2° is not found in
the pattern for samples no. 1 and 2. It indicates that our
modified mixed oxide route is simple and effective in producing
pyrochlore-free PMN ceramics. According to the thermo-
dynamics laws, the effects of particle size (d) on the intrinsic
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Table 1
Sintering behavior of mixed oxide nanopowder

Sample No. Sintering temperature (°C) Soaking time (h) Density (%) Weight loss (%) Grain size (pm) Perovskite phase (wt%)
1 1200 2 97.2 0.3 0.5-3 100

2* 1200 2.5 98.5 1.7 1-5 100

3" 1200 3 98.2 2.9 2-6 98.5

4% 1200 1 97.0 59 - 14

5% 1200 2 96.5 7.8 - 3.5

The samples have been sintered in PbO atmosphere* and air*.

driving force AE; (superfluous surface energy) of sintering was
estimated by the following equation [29]:

w
AE, = y WS, = 6 x 103722 3)
Pmd

where y,, is the surface energy of gas—solid interface (J m ),
W, is the molecular weight (g mol '), S, is the specific surface
area (m’> g_l) and py, is the theoretical density of the solid
solution oxide (g cm > ). The smaller the starting particle size,
the larger the specific surface area, and subsequently the higher
the driving force for densification and reactivity of starting
powders. Furthermore, the low intrinsic reactivity of MgO is
compensated. Thus, the time and temperature required for the
calcination reaction and then sintering will decrease. Calcina-
tion reaction was carried out during heating up to soaking
temperature, then sintering started and completed after 2.5 h.
Hence, taking this advantage of nanopowders, synthesis and
sintering of the PMN ceramics were performed simultaneously.

In Fig. 4(a) and (b), microstructure of PMN ceramics
sintered in PbO atmosphere at 1200 °C for 2 and 2.5h,
respectively, confirm results of XRD patterns and no pyrochlore
phase is found in these micrographs. However, the advantage of
SEM here lies in its ability to reveal microstructural features
often missed by X-ray diffraction, such as MgO and PbO
inclusions. The average grain size was determined from the
SEM images using the Image] software [30]. Although, our
crucibles were sealed, after the 2.5 h of soaking time, the PbO
atmosphere began to effuse out of the system and resulted in
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Fig. 3. The XRD pattern of PMN ceramics sintered at 1200 °C for 2, 2.5 and
3 h, in PbO atmosphere.

evaporation of PbO from the pellets, reduction of relative
density of the sample (see Table 1), destabilizing the perovskite
phase and formation of pyrochlore phase by the following
decomposition reaction at temperatures above 900 °C [20,31]:

Pb;(MgNb,)O9 — Pb;_,(MgNb,)Oo_, +PbO(g)

Therefore, the major peak of pyrochlore appeared in XRD
pattern of sample no. 3 (Fig. 3). Fig. 5 shows the XRD pattern of
samples sintered at 1200 °C for 1 and 2 h in air. Despite some
papers which have reported the fabrication of pyrochlore-free
PMN ceramics by sintering stoichiometric pellets in air [32],
present results obtained from Fig. 4 for samples no. 4 and 5
show formation of pyrochlore phase up to 96.5%. According to
reaction mentioned above, it is impossible to prepare
pyrochlore-free PMN ceramics by sintering stoichiometric
pellets in air.

T@}Jlihagn ﬂl

0. 6000x &E
3

Fig. 4. SEM micrograph of PMN ceramics sintered at 1200 °C for (a) 2 h and
(b) 2.5 h in PbO atmosphere.
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Fig. 5. The XRD pattern of samples sintered at 1200 °C for 1 and 2 h in air.

The temperature dependence of dielectric constant for
samples sintered in PbO atmosphere at 1 kHz is shown in Fig. 6.
The dielectric constant values were corrected for porosities by
using arelation [22,23,33] K = Kjeasurea X (theoretical density/
sintered density), peak dielectric constants are listed in Table 2.
As seen in Table 2, sample no. 2 exhibits higher maximum
dielectric constant due to its pyrochlore-free structure and its
larger grain size than that of sample no. 1 [11,13,22,23,34,35].
The increase in dielectric constant with grain size can be
explained by the influence of low-permittivity grain bound-
aries. The dielectric constant in PMN ceramics is reported to
depend on grain size and also on grain boundary thickness
following a relation given below:

1 1 1

== + )
K Kcrystal RKGB

where K is the maximum dielectric constant of ceramic sample,
Krysiar 18 the maximum dielectric constant of PMN crystal, R is
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Fig. 6. The temperature dependence of dielectric constant at 1 kHz of PMN
ceramics sintered at 1200 °C for 2, 2.5 and 3 h, in PbO atmosphere.

Table 2
Dielectric properties of PMN ceramics sintered at 1200 °C in PbO atmosphere

Sample no. Knax (1 kHz) Tiax (°C) Perov. (wt%)
1 18650 —13 100

2 18672 —13 100

3 17086 —12 98.5

the ratio of grain size to grain thickness and Kgp is the dielectric
constant of grain boundary phase.

It is reported that grain boundary phase is made of lead based
material [33,35]. In the sample no. 3, formation of pyrochlore
phase has reduced dielectric constant. Increasing the sintering
time, and thus PbO loss, would change the stoichiometry of
PMN and the transition temperature would be expected to
decrease [23].

4. Conclusion

A high density (~99% of theoretical density) single-phase
PMN ceramic with the peak dielectric constant of 18,672 at the
frequency of 1kHz at —13 °C, has been synthesized and
sintered simultaneously via a modified mixed oxide route,
using mixed oxide nanopowder and single-step sintering. The
results revealed that our modified mixed oxide route is
effective in producing pyrochlore-free PMN ceramics. It has
been proven that sintering the stoichiometric pellets in air
results in the formation of pyrochlore phase. The results
obtained from dielectric measurement of the samples, also
indicated positive effect of grain growth on dielectric
properties.
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