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Abstract

Lead magnesium niobate, (Pb(Mg1/3Nb2/3)O3;
PMN) ceramics have been produced by sintering
PMN powders synthesized from lead oxide (PbO)
and magnesium niobate (MgNb2O6). As these PMN
powders could be prepared in a reproducible manner,
attention has been focused on relationships between
sintering conditions, phase formation, density,
microstructural development and dielectric properties.
A method has been developed whereby volatilisation
of PbO can be minimised, thereby avoiding the for-
mation of pyrochlore phases and maximising the
perovskite yield. The optimum sintering conditions
have been identi®ed as 1275 �C for 2 h. # 1999
Elsevier Science Limited. All rights reserved
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1 Introduction

A great deal of e�ort has recently been dedicated
to the manufacturing and engineering of lead-con-
taining relaxor perovskite compounds. Amongst
this type of material, lead magnesium niobate
(PMN) has been extensively investigated both for
academic science and for technological applica-
tions. Owing to its broad, high permittivity Curie
maximum, high electrostrictive strain coe�cient
and relatively low sintering temperature compared
to barium titanate, ceramics based on PMN have
become strong candidates for many dielectric and
electrostrictive applications.1±4

However, the formation of lead magnesium nio-
bate perovskite is often accompanied by the
occurrence of a secondary pyrochlore-type
phase.3±5 In general, the latter is undesirable, since
it is one of the many factors which may a�ect
properties, such as the electromechanical coupling
factor and relative permittivity of the ceramic
adversely. Several innovative techniques, for
example the columbite mixed oxide, coprecipita-
tion and partial oxalate synthetic routes, have been
applied to this.2±8 Whereas most of these have
enabled the synthesis of pyrochlore-free, perovskite
PMN, the dielectric properties vary considerably
between methods.
There is evidence that a high purity single phase

perovskite powder of composition Pb(Mg1/3Nb2/3)
O3 will not, by itself, give rise to pyrochlore-free
PMN ceramics. This is due to high sintering tem-
peratures required, typically above 1000 �C, where
the degree of PbO volatilisation a�ects the stoi-
chiometry of the product by forming a pyrochlore,
as well as a perovskite phase.2±5 This article deals
with the sintering stage of forming PMN ceramics,
utilising starting powders which have been synthe-
sized optimally to produce single phase perovskite
PMN.9 As the objective of the work is to produce
sintered PMN ceramics with maximum density and
relative permittivity, the suppression of PbO loss
during sintering is a major objective. Thus con-
sideration is given here to the phases formed,
densi®cation, microstructural development and
dielectric properties in PMN ceramics sintered at
various temperatures.

2 Methods

PMN powders were synthesized by a modi®ed two-
stage mixed oxide route, as reported earlier.9

Ceramic fabrication was achieved by adding 3wt%
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polyvinyl alcohol (PVA) binder, prior to pressing
as pellets in a pseudo-uniaxial die press at
100MPa. Using an arrangement of green pellets as
shown in Fig. 1, four sets of sintering experiments
were carried out: (i) in air, (ii) inside a closed

alumina crucible, (iii) inside a closed alumina cru-
cible containing a PMN atmosphere powder; and
(iv) inside a platinum foil and closed alumina cru-
cible with PMN atmosphere powder. Green pellets
were placed between PMN setters, with the binder
burnt out at 500 �C for 4 h. The PMN pellets were
extracted for weighing, to verify that all the binder
had been removed. The dimensions of the green
pellets were also measured and the surfaces of the
setter pellets repolished before reinserting into the
alumina crucible, together with PMN atmosphere
powder. The use of setter pellets was in order to
avoid a chemical reaction with the alumina cruci-
bles, along with pellet distortions arising from one-
sided contacts with the crucibles. The latter is
important in obtaining pellets with parallel faces
for dielectric measurements.
Sintering was carried out at temperatures from

1200 to 1300 �C for 2 h, with constant heating
rates of 10 �Cminÿ1 applied. Densities of the sin-
tered pellets were determined by using the Archi-
medes principle. XRD was used to identify the
crystalline phases formed, with the micro-
structural development examined by scanning
electron microscopy (SEM). The dielectric prop-
erties of the ®nal products were measured for sig-
nal voltages at various frequencies between 100Hz
and 100 kHz in the temperature range from ÿ60
to 60 �C, using an HP4284A precision LCRmeter in
conjunction with a Delta Design 9023 temperature
chamber.

Fig. 1. Schematic representations of the experimental set-up
for four sintering conditions: (i) in air; (ii) inside a closed alu-
mina crucible, (iii) inside a closed alumina crucible containing
a PMN atmosphere powder; and (iv) inside a platinum foil

and closed alumina crucible with atmosphere powder.

Fig. 2. XRD patterns of PMN ceramics sintered at various temperatures according to procedure (iv): 1. 1200 �C; 2. 1225 �C; 3.
1250 �C; 4. 1275 �C and 5. 1300 �C.
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3 Results and Discussion

3.1 Analysis of phases formed
XRD patterns of the PMN ceramics formed at
various sintering temperatures are given in Fig. 2.
The strongest re¯ections in the majority of the
XRD patterns indicate formation of the perovskite
phase of PMN, which could be matched with
JCPDS ®le 27-1199. To a ®rst approximation, this
phase has a cubic perovskite-type structure in
space group Pm3m (no. 221), with cell parameter
a � 405 pm. However, some additional re¯ections
(marked by ?), which correlate with a pyrochlore
phase of composition Pb1�83Nb1�71Mg0�29O6�39
(JCPDS ®le 37-71), are found in some XRD patterns.
This phase has a cubic structure with cell parameter
a � 1:059 nm in space group Fd3m (no. 227).
The relative amounts of perovskite and pyro-

chlore phases present in each sintered ceramic may
be calculated from the intensities of the major X-ray
re¯ections for the perovskite and pyrochlore pha-
ses. In this connection, the following approximation
proposed by Swartz and Shrout3 was employed:

wt% perovskite phase � Iperov

Iperov � Ipyro

� �
� 100

�1�

Here IPerov and Ipyro refer to the intensities of the
{110} perovskite and {222} pyrochlore peaks,
respectively, these being the most intense re¯ec-
tions in the XRD patterns of both phases. Conse-
quently, in order to estimate the concentrations of
pyrochlore phase present in the di�erent samples,
eqn (1) has been applied to the di�raction patterns
obtained, as given in Table 1.
The e�ect of sintering temperature in the range

from 1200 to 1275 �C on phase formation was
found to be insigni®cant, with a single phase of
perovskite PMN (yield of 100% within the limita-
tions of the XRD technique) obtained in all cases.
This is probably due to a combination of e�ective

vibro-milling, the carefully optimised reaction to
form single-phase precursor powders9 and the sin-
tering procedure adopted (method (iv); Fig. 1). The
sintering procedure leads to low lead losses and
consequently avoids the formation of pyrochlore.
As shown in Table 1, pyrochlore phase (�0.5%)
was found to coexist with the perovksite phase in
PMN sintered at 1200 �C, to be suppressed at the
sintering temperatures from 1225 to 1275 �C and
then to reappear with a signi®cant amount of ca
24wt% in PMN sintered at 1300 �C. The small
amount of pyrochlore formed in PMN ceramics
sintered at 1200 �C could be attributed to many
factors, including inhomogeneity of the mixture,6

whilst at 1300 �C pyrochlore formation is most
likely to be due solely to PbO evaporation.

3.2 Densi®cation analysis
Weight losses occurring during the sintering of
PMN samples are due to PbO volatilisation. Thus,
by recording the weights of the pellets before and
after sintering, the level of PbO loss may be calcu-
lated for each sample. Weight loss data of all sam-
ples sintered at temperatures from 1200 to 1300 �C
for 2 h are shown in Fig. 3. Whereas, in general, the

Table 1. E�ect of sintering temperature on phase formation
and densi®cation for PMN ceramics sintered under procedure

(iv)

Sintering temperature
(�C)/2 h

Perovskite
(wt%)

Pyrochlore
(wt%)

Density a

(%)

1200 99.5 0.5 90
1225 100.0 0.0 92
1250 100.0 0.0 95
1275 100.0 0.0 96
1300 76.1 23.9 93

aThe maximum density value of PMN is �8.136 g cmÿ3, this
being larger than the maximum density of the pyrochlore
phase. Thus all %-densities are expressed relative to the
maximum density value of PMN, in order to provide a
uniform comparative scale.

Fig. 3. Weight loss as a function of the sintering temperature
for PMN ceramics sintered: (i) in air; (ii) inside a closed alu-
mina crucible, (iii) inside a closed alumina crucible containing
a PMN atmosphere powder; and (iv) inside a platinum foil

and closed alumina crucible with atmosphere powder.

Fig. 4. Dependence of bulk density on the sintering tempera-
ture in PMN ceramics sintered: (i) in air; (ii) inside a closed
alumina crucible, (iii) inside a closed alumina crucible con-
taining a PMN atmosphere powder; and (iv) inside a platinum
foil and closed alumina crucible with atmosphere powder.
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Fig. 5. SEM micrographs of free and fracture surfaces of PMN ceramics sintered under procedure (iv) at (a) 1200 �C, (b) 1225 �C,
(c) 1250 �C, (d) 1275 �C and (e) 1300 �C.
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Fig. 6. Variation of (i) relative permittivity and (ii) tan � for PMN ceramics sintered under procedure (iv) at (a) 1200 �C, (b)
1225 �C, (c) 1250 �C, (d) 1275 �C and (e) 1300 �C.
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weight loss increases with sintering temperature, it
is interesting to note that the level of lead loss can
be e�ectively minimised by the use of platinum foil
and PMN atmosphere powder. A density of about
92±96% of the maximum value for PMN can be
achieved in this way (Table 1; Fig. 4). The max-
imum density was obtained by sintering method
(iv) at 1275 �C. The observed fall-o� in density at
1300 �C is due both to PbO volatilisation impeding
the sintering process and the lower density of the
pyrochlore phase, which is present with a con-
centration of 24wt%.

3.3 Microstructural analysis
Microstructural development during sintering was
investigated by scanning electron microscopy
(SEM). Free and fracture surface micrographs of
PMN ceramics sintered at various temperatures
from 1200 to 1300 �C are shown in Fig. 5. The
results indicate that grain size tends to increase
with sintering temperature, in agreement with

other work.6,8 The microstructure becomes denser
as the sintering temperature increases up to
1275 �C, as indicated by the grain packing and
increases in grain boundary thickness.

3.4 Dielectric response of the ceramics
The temperature dependence of relative permittiv-
ity and dissipation factor for the samples sintered
at the ®ve temperatures are shown in Fig. 6. As the
sintering temperature is increased to 1275 �C, both
the relative permittivity and dissipation factor
increase for a given frequency, as shown for 1 kHz
in Fig. 7. Values at 1300 �C are lower then those
obtained at 1200 �C, re¯ecting the observed trends
in phase formation and densi®cation. The tem-
peratures of maximum relative permittivity and
maximum dissipation factor are summarised in
Tables 2 and 3. A straightforward assessment of

Fig. 7. Comparison of dielectric response at 1 kHz for di�er-
ent sintering temperatures using procedure (iv): (a) relative
permittivity (b) dissipation factor. The legend indicates the

sintering temperatures (in �C).

Fig. 9. Variation of the temperature of maximum dissipation
factor of PMN ceramics with sintering temperature [procedure

(iv)].

Fig. 8. Variation of the temperature of maximum relative
permittivity of PMN ceramics with sintering temperature

[procedure (iv)].

Table 2. Variation in temperatures of maximum relative permittivity T("r;max� with the sintering temperature and frequency mea-
surements

Sintering
temperature
(�C)

T("r;max� �T

100 Hz 1 kHz 10 kHz 100 kHz

1200 ÿ20.1 to ÿ13.6 ÿ15.1 to ÿ7.7 ÿ8.8 to ÿ5.2 ÿ3.5 to ÿ0.9 13±17
1225 ÿ18.2 to ÿ13.4 ÿ10.8 to ÿ7.6 ÿ6.0 to ÿ1.8 ÿ0.6 to ÿ0.6 14±18
1250 ÿ16.7 to ÿ12.7 ÿ10.4 to ÿ7.6 ÿ5.4 to ÿ2.2 ÿ0.9 to ÿ0.4 13±16
1275 ÿ17.4 to ÿ12.7 ÿ10.8 to ÿ7.6 ÿ5.6 to ÿ1.8 ÿ0.6 to ÿ0.6 13±17
1300 ÿ20.1 to ÿ15.5 ÿ15.7 to ÿ9.9 ÿ9.1 to ÿ5.7 ÿ6.3 to ÿ3.1 12±14
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the level of frequency dispersion is provided by the
parameter �T � T "r;max� �100 kHzÿT "r;max� �100 Hz, as
previously employed.10,11 The variation of max-
imum relative permittivity and dissipation factor
with sintering temperature is given in Figs 8 and 9,
for all frequencies.
Since lead volatilisation is a more signi®cant

problem at the sintering stage compared to calci-
nation, use of an atmosphere powder is essential.
However, there are other signi®cant factors such as
impurities, heating rate, sintering time, grain size,
grain boundary structure, stoichiometry of the
perovskite phase and pyrochlore distribution,
which share responsibility in determining the
dielectric response of the ®nal sintered products.

4 Conclusion

PMN ceramics of high density and optimised
dielectric properties may be produced by use of a
sintering method employing platinum foil and a
PMN atmosphere powder. Furthermore, straight-
forward sintering conditions are appropriate, i.e. a
temperature of 1275 �C for 2 h. Also required is the
use of pyrochlore-free PMN starting powders,
which may be derived from industrial grade pre-
cursors.9 Evidence has been gained from XRD that
the formation of pyrochlore phases may be avoi-
ded by adopting these procedures, leading to very
good dielectric properties of the PMN ceramics.
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Table 3. Variation in temperatures of maximum relative dissipation factor T("00 r;max� with the sintering temperature and frequency
measurements

Sintering
temperature
(�C)

T("00r,max) �T

100 Hz
1 kHz 10 kHz 100 kHz

1200 ÿ38.4 to ÿ34.2 ÿ35.6 to ÿ30.8 ÿ30.8 to ÿ27.5 ÿ24.8 to ÿ20.5 14
1225 ÿ35.2 to ÿ32.3 ÿ32.8 to ÿ27.9 ÿ28.3 to ÿ24.3 ÿ21.8 to ÿ18.1 13±14
1250 ÿ38.8 to ÿ35.2 ÿ34.9 to ÿ31.5 ÿ31.5 to ÿ26.8 ÿ23.1 to ÿ21.6 14±16
1275 ÿ32.1 to ÿ30.6 ÿ29.6 to ÿ26.2 ÿ25.4 to ÿ22.8 ÿ18.1 to ÿ16.5 14
1300 ÿ38.4 to ÿ35.4 ÿ35.8 to ÿ30.9 ÿ29.4 to ÿ28.1 ÿ23.4 to ÿ21.7 14±15
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