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(1�x)Pb(Mg1/2Nb2/3)O3�xPbTiO3 (PMN–PT) ceramics of
stoichiometric composition were fabricated by conventional
pressureless sintering (CS) and spark plasma sintering (SPS).
The CS ceramics exhibited a change from relaxor to normal
ferroelectric behavior (FE) with increasing PT content. How-
ever, low dielectric constants, frequency dispersion, and diffuse
phase transition behavior typical for relaxors were obtained for
all SPS ceramics. FE and piezoelectric measurements further
demonstrated low remanent polarization and strain, high coer-
cive field, and low electromechanical response from SPS mate-
rials. Normal dielectric and enhanced FE performance appeared
following high-temperature heat treatment after SPS. The ef-
fects of grain size, microstructure, and chemical heterogeneity
formed during fast sintering are considered.

I. Introduction

LEAD magnesium niobate Pb(Mg1/3Nb2/3)O3 (PMN) belongs
to the lead-containing complex perovskite family with a

general formula Pb(B1,B2)O3. Many members of this family are
typical relaxor ferroelectrics (FE), showing broad diffuse dielec-
tric maxima at the transition from the FE to the paraelectric
(PE) phase and frequency-dispersive permittivity versus tem-
perature curves.1–4 These typical properties of relaxor FEs are
attributed to the breakdown of the FE long-range order and the
appearance of small polar regions, often referred to as nano-
domains or polar clusters, at high temperatures. With increasing
temperature, the size of these nanodomains decreases and their
mobility increases, until they can no longer be evidenced. The
existence of nanodomains is generally considered to be closely
linked to internal electric fields in the material. One reason for
the appearance of these fields is the local heterogeneity of the
sample composition.

PMN forms solid solutions with a normal FE lead titanate
PbTiO3 (PT), with a reported morphotropic phase boundary
(MPB) in the composition range of 32–35 mol% PT where the
materials exhibit high-dielectric and piezoelectric properties.5,6

With increasing PT content, these solid solutions of PMN–PT
undergo a gradual transition from a relaxor to a normal FE,
which has an abrupt dielectric peak near the Curie temperature
(Tc). It was reported that single crystals or polycrystalline PMN–
PT with a grain size of 8–9 mm of MPB compositions exhibit a
normal FE transition.7,8 It has also been found that the dielectric
constant in PMN-based materials is grain size dependent and
increases with increasing grain size.9–11 The relative role of ex-
trinsic mechanisms, like domain wall motion, in piezoelectric
properties was deduced to be influenced strongly by grain size.12

PMN–PT ceramics have been manufactured in different
ways,13–18 including conventional pressureless sintering (CS),
microwave sintering, hot pressing, hot-isostatic pressing (HIP),

etc. These techniques lead to different densification behavior
and microstructures. It is well-known that the grain size and
porosity play a fundamental role in the dielectric and electro-
mechanical response.19 When trying to control these parame-
ters, spark plasma sintering (SPS) is a useful tool. It is a fast
densification process that utilizes microscopic electrical dis-
charges between particles under pressure. It allows sintering of
a powder compact to a high density at relatively low tempera-
tures and within much shorter sintering periods. The short sin-
tering time for the SPS process could be advantageous in
suppressing grain growth and lead loss typical of sintering
lead-containing perovskite FEs. Although SPS is commonly
used to produce dense metal and engineering ceramics, attempts
to prepare dielectric, FE, and piezoelectric ceramics with fine
grain sizes by this technique have only been made in recent
years.20–27 The results show that the SPS samples exhibit en-
hanced permittivity, increased coercive field, and a diffuse PE/
FE transition, in contrast to the CS ones.

However, this novel process was rarely applied to sinter
PMN–PT ceramics, although its short processing time and low
temperature may aid PMN–PT preparation by reducing lead
loss, improving density, etc. Our purpose is to investigate whether
SPS can be used to sinter PMN–PT, and how the properties can
be influenced. For comparison, the powders of the same compo-
sitions were also sintered by a CS process. A significant difference
in properties concerning remnant polarization (Pr), maximum
strain (Sm), and dielectric constant (K) was found between the
SPS and CS samples. Abnormal electrical properties in SPS sam-
ples are correlated to the changes in grain size, microstructure,
and chemical homogenization. These findings should contribute
to a better understanding of the correlations between the FE
properties of PMN–PT ceramics and the processing.

II. Experimental Procedure

(1) Sample Preparation

The starting materials for the samples used in this study were PbO
(499.0%, Alfa Aesar, Karlsruhe, Germany), MgCO3 �
Mg(OH)2 �6H2O (99.5%, Alfa Aesar), Nb2O5 (99.9%, ChemPur,
Germany), and TiO2 (99.9%, Alfa Aesar). The columbite
precusor28 method was used to prepare (1�x)Pb(Mg1/2
Nb2/3)O3�xPbTiO3 powders (x50.25, 0.32, and 0.4) that are
near the MPB. The columbite, MgNb2O6 (MN), was synthesized
by attrition milling MgCO3 �Mg(OH)2 � 6H2O and Nb2O5 for
12 h, followed by calcination at 12001C for 4 h. The dried MN
powder, PbO, and TiO2 were weighed according to the stoichi-
ometric formula and ball milled in ethanol for 24 h with a plan-
etary mill and yttrium-stabilized zirconia balls, 5 and 10 mm in
diameter. The mixed powder was then calcined in an alumina
crucible at 8501C for 2 h. After calcination, the powder was fur-
ther ground for 24 h using the above-mentioned planetary ball
mill. Pellets 10 mm in diameter and 3 mm in thickness for the CS
process were uniaxially pressed at 50 MPa in a stainless-steel die.

PMN–PT samples were sintered by two methods for com-
parison (1) CS at 12001C for 4 h at a heating rate of 51C/min in a
tube furnace (GERO Hochtemperaturöfen GmbH, Neuhausen,
Germany). The pellets were covered with the powder of the
same composition, and (2) SPS at 9501C for 2 min under a uni-
axial pressure of 50 MPa in an SPS equipment (Dr. Sinter 2050,
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Sumitomo Coal Ming Co., Tokyo, Japan) equipped with a
graphite die 12mm in inner diameter through which a pulsed
direct current can pass. The heating and cooling rates are 1001C/
min and 5001C/min, respectively. In the case of SPS, samples
were reoxidized through oxidation in air at 5501C for 10 h. Some
of the SPS samples were annealed at 10001C for 6 h and 11501C
for 10 h, respectively, again covered with the powder of the same
composition to minimize the loss of PbO.

(2) Characterization

The density of the sintered samples was measured by the
Archimedes method. Powder X-ray diffraction (XRD, STOE,
Darmstadt, Germany) patterns of crushed CS and SPS pellets

and calcined powders were recorded in the 2y range of 151–651.
The microstructure of the sintered samples was observed on
fracture surfaces by means of high-resolution scanning electron
microscopy (HR-SEM, Model No. XL 30 FEG, Philips Elec-
tronic Instruments, Mahwah, NJ). The particle size of the as-
prepared powder was estimated to beB650 nm using HR-SEM.

For the dielectric and piezoelectric measurements, silver elec-
trodes were pasted on both sides of the polished sample disks
and fired at 7501C for 30 min. The temperature and frequency
dependence of the dielectric constants was measured using a
computer-controlled LCR meter (Mode: HP4284A, Hewlett-
Packard, Palo Alto, CA) in the frequency range from 100 Hz to
1 MHz and a temperature range of 301–3001C. Specimens for
the piezoelectric measurement were poled at 1001C in a stirred
silicone oil bath by applying a dc electric field of 3 kV/mm for 30
min, and then cooled to room temperature while maintaining
the electric field. The planar electromechanical coupling factor
kp was obtained by a resonance–antiresonance method through
an impedance analyzer (Mode: HP 4192A, Hewlett-Packard,
Palo Alto, CA) on the basis of IEEE standards.29 The sample
disks for kp measurement had an aspect ratio of at least 10. The
piezoelectric coefficient d33 was measured 24 h after poling by a
quasi-static Belincourt-meter (Model YE2730 SINOCERA,
Shanghai, China). Polarization and strain hysteresis loops of
unpoled samples were measured in a silicone oil bath by apply-
ing an electric field of triangular waveform with an amplitude of
3 kV/mm and a frequency of 50 mHz.

III. Results And Discussion

XRD for three compositions of PMN–PT solid solutions are
shown in Fig. 1. The crystal structure changes from rhombohe-
dral to tetragonal with increasing PT content. It is well-known
that the composition of 32% PT for PMN–PT solid solution
systems lies at the MPB.5,6 A small amount of secondary phase,
pyrochlore, still exists just after calcination. The pyrochlore
phase was absent after the samples were sintered at 12001C.
The SPS PMN–25%PT still contained some, as it was sintered
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Fig. 1. XRD patterns for three PMN–PT compositions: (a) calcined
powders at 8501C for 2 h, (b) CS-sintered samples at 12001C for 4 h, and
(c) SPS samples sintered at 9501C for 2 min. PMN, lead magnesium ni-
obate; PT, lead titanate; CS, conventional pressureless sintering; SPS,
spark plasma sintering; XRD, X-ray diffraction.
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Fig. 2. SEM pictures on fracture surfaces of PMN–32PT ceramics: (a) CS sample sintered at 12001C for 4h, (b) SPS sample sintered at 9501C for 2 min,
(c) thermally treated SPS PMN–32%PT sample at 10001C for 6h, and (d) thermally treated SPS PMN–32%PT sample at 11501C for 10h. PMN, lead
magnesium niobate; PT, lead titanate; CS, conventional pressureless sintering; SPS, spark plasma sintering; SEM, scanning electron microscopy.
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at a low temperature. Moreover, the calcined powder of PMN–
40%PT shows a rhombohedral, not a tetragonal structure, al-
though it is far away from the MPB. The tetragonal phase was
formed for the samples after sintering at 12001C. The SPS sam-
ples show structures similar to those of the calcined powders of
the same composition. This could be attributed to the particle
size effect of the crystal structure, as the calcined powder after
milling and the SPS sample have fine particle (grain) sizes. This
effect was also observed in SPS and HIP fine-grained BaTiO3

ceramics,30,31 where it was pointed out that when the grain size
of BaTiO3 decreases below a few micrometers, the crystallo-
graphic cell becomes less and less tetragonal and the fraction of
the cubic phase increases.

As an example, Fig. 2 compares the microstructures of the CS
and SPS PMN–32%PT samples. The microstructure of the SPS
samples after annealing at 10001C for 6 h and 11501C for 10 h is
also included. It shows that fast sintering, i.e., a short densifi-
cation process, leads to microstructure inhomogeneity and very
small grains. The grain size is about eight times larger for CS
samples (B7 mm in average) than SPS samples (B0.8 mm in av-
erage). The heat treatment of the SPS samples at 10001C did not
significantly change the microstructure, although the composi-
tional fluctuation that occurs during fast sintering can be im-
proved. However, the grains start to grow to the same level as in
the CS samples and become homogenous after re-firing at
11501C. The same features were observed in the samples of
other compositions. The density of each sample is given in Table
I. The SPS samples show a higher density than the CS samples,
as measured using the Archimedes method. All samples have
densities of more than 98% of the theoretical density.

Dielectric constants were measured as a function of tempera-
ture and frequency for samples of different compositions, as
shown in Figs. 3(a) and (b). Frequency-dependent dielectric
properties and diffuse phase transition (DPT) characteristics
were observed for samples with 25% PT, which is typical of
relaxors. At 40% PT, the samples appear to be normal ferroe-
lectrics, showing a sharp phase transition. PMN–32%PT cer-
amics also exhibit normal PE/FE transition. In addition, a
second transition exists at about 1201C, which is due to a tran-
sition from a rhombohedral to a tetragonal structure according
to the phase diagram.32,33 This transition indicates frequency
dispersion. The existence of the second phase transition further
implies that the MPB of PMN–PT solid solutions lies close to
32% PT. In contrast to this, the SPS samples of all compositions
show DPT and frequency-dispersive dielectric properties. With
increasing frequency, the dielectric maxima (Kmax) are shifted to
a higher temperature and lower values. By comparison,Kmax for
all SPS samples were lower than those of the CS samples. The
degraded dielectric permittivity may be related to the increasing
percentage of PbO-rich grain-boundary phases. It is known that
the smaller the grain size of the samples, the higher the fraction
of grain-boundary phase. Moreover, it was suggested that local
heterogeneity in composition or microstructure contributes to
DPT and frequency dependence of the dielectric properties.15

This usually exists in such complex B-site or A-site perovskite
structures as Pb(Mg1/2Nb2/3)O3 and (PbLa)(ZrTi)O3, etc.

34–36 It
was confirmed that the columbite process for making PMN–PT
powder can result in a non-uniform distribution of constituent
elements during the formation of the powder.15 This chemical

Table I. Room-Temperature Dielectric Properties and Piezoelectric Responses of CS and SPS PMN–PT Solid Solution Ceramics

Compositions PMN–25%PT PMN–32%PT PMN–40%PT

Sintering processing CS SPS CS SPS CS SPS
Density (%) 98.5 99.5 98.0 99.3 98.3 99.1
Type of phase transition Relaxor Relaxor Normal Relaxor-like Normal Relaxor-like
Coupling factor kp (%) 42 19 57 33 40 25
Piezoelectric strain coefficient d33 (pC/N) 315 101 336 185 235 145
d33 after heat-treatment at 11501C for 10 h — 300 — 350 — 228

PMN, lead magnesium niobate; PT, lead titanate; CS, conventional pressureless sintering; SPS, spark plasma sintering.
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Fig. 3. Temperature and frequency dependence of the dielectric con-
stants for PMN–PT ceramics with three different PT contents prepared
by (a) CS and (b) SPS, respectively, and (c) the dielectric losses for CS
and SPS PMN–32%PT ceramics. PMN, lead magnesium niobate; PT,
lead titanate; CS, conventional pressureless sintering; SPS, spark plasma
sintering.
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heterogeneity remained after SPS to full density due to lack of
sufficient chemical diffusion during fast sintering. This kind of
heterogeneity, which was also examined in hot-pressed PMN–
35%PT ceramics,15 can also contribute to the relaxor-like be-
havior of the SPS PMN–PT ceramics. Even for the PMN–
25%PT composition, which is intrinsically a relaxor, the SPS
sample of this composition exhibits a more DPT and a stronger
frequency dependence of the dielectric constant. From the di-
electric losses (Fig. 3(c)), it can also be seen that SPS PMN–
32%PT shows diffuse and frequency-dependent dielectric prop-
erties; however, the values for SPS samples are close to those for
CS samples below the Curie temperature.

The remanent polarization Pr and strain S versus electric field
are shown in Fig. 4. It can be seen that the PMN–32%PT ce-
ramic exhibits stronger ferroelectricity, showing larger Pr and
Sm. It is well-known that MPB compositions have superior FE
and piezoelectric properties. Owing to the co-existence of dif-
ferent phases, the polar axis of each grain can take more spatial
orientations and thus align more easily along the direction of the
external electric field.37–39 Compared with the CS samples, the
values of Pr were rather low and the coercive field (Ec) rather
high in all SPS samples. Pr and Ec are 27.0 mC/cm

2 and 0.36 kV/
mm, respectively, for the CS PMN–32%PT; however, the SPS
counterpart has a Pr and an Ec of 16.5 mC/cm

2 and 0.56 kV/mm.
The P–E curves become thinner for SPS samples. The CS sam-
ples show more butterfly-like hysteretic strain curves than all
SPS samples, which show the behavior typical of relaxors. The
increase of Ec and the decrease of Pr for SPS samples could be
related to the fine grain morphology, as shown in Fig. 2. Fine-
grained ceramics usually have a larger grain boundary phase
fraction, which would obstruct domain wall movement under an
external electric field and also lower the effective electric field on
each grain.40,41 This could also cause a low strain value pro-
duced under the same external electric field. The explanation can
be supported by annealing the SPS samples under sufficient
temperature and time conditions. Fig. 5 shows the measurement

of P and S versus electric field for the annealed SPS PMN–
32%PT samples. After the sample was heated to 10001C for 6 h,
the FE polarization and strain values showed little difference
from those of the original SPS samples of the same composition.
However, when the sample was heated to 11501C for 10 h, FE
behavior similar to that of the CS samples emerged. This can be
seen by a comparison of Figs. 4 and 5. As can be seen from
Fig. 2, the microstructure was not changed by heat treatment at
10001C for 6 h and the average grain size is about 0.87 mm.
However, it became similar to that of the CS sample after heat
treatment at 11501C for 10 h. The average grain size is about 6
mm. Grain growth and homogenization of the compositional
distribution through high-temperature heat treatment could be
the reason for the increase of the FE properties of the SPS sam-
ples. Additionally, the dielectric properties were also changed
for the same reason. The frequency and temperature depend-
ency of the dielectric constants of annealed SPS PMN–32%PT
ceramics are shown in Fig. 6. The SPS samples annealed at
10001C show less frequency dispersion, due to the improvement
of chemical homogenization. The fine grain size still remains
after heat treatment (Fig. 2(c)) and causes the broad DPT and
low dielectric maxima. The SPS PMN–32%PT annealed at
11501C still has lower dielectric maxima than the CS counter-
part, probably because the grain size remains smaller, and lead
loss increases during annealing. However, the DPT and fre-
quency dispersion disappeared at the FE phase transition. Based
on this, the CS PMN–32%PT and PMN–40%PT ceramics
show no DPT characteristic, but normal FE phase transitions.
For this processing, the chemical heterogeneity of the as-pre-
pared powder was eliminated by long-term high-temperature
sintering. Therefore, two distinct effects in SPS PMN–PT sam-
ples contribute to the FE and dielecric properties: grain size and
heterogeneity in composition and chemistry. The grain size ef-
fect (in the size range of our study) is suggested to be responsible
for lowering the dielectric maxima and apparent ferroelectricity,
and the heterogeneity contributes to the relaxor-like behavior of
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Fig. 4. Polarization (a) and strain (b) hysteresis loops of three PMN–PT ceramics sintered by CS and SPS processing. PMN, lead magnesium niobate;
PT, lead titanate; CS, conventional pressureless sintering; SPS, spark plasma sintering.
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the SPS samples. The correlations between electrical properties
such as relaxor behavior and grain size, domain size, and pattern
were investigated in perovskite ceramics.42–44 With increasing
PT content, PMN–PT ceramics either have domain patterns
from polar nanodomains to tweed-like domains and finally to
normal micrometer-sized domains,42 or relaxation can be driven
in normal FC PMN–35%PT and BaTiO3 by reducing the grain
size to the range of 100 nm, even smaller.43,44 The relaxor re-
sponse was considered attributable to the nanometer domains
that contain a 1:1 short-range ordering on the B-site sublattice.
This is similar to the compositional fluctuation on the nanoscale.

Grain size changes the domain patterns under the condition that
it is very small. Such a grain size effect on relaxor behavior was
never seen in submicrometer-scaled PMN–PT samples, particu-
larly larger than 700 nm in our cases.

The piezoelectric properties of PMN–PT ceramic samples are
also shown in Table I. As expected, the MPB composition of
PMN–PT solid solutions exhibited better electromechanical per-
formance. The SPS samples show lower piezoelectric strain co-
efficients d33 and electromechanical coupling factors kp than
their CS counterparts, although the former have a much higher
density. This is consistent with the measurement of dielectric
and FE properties stated above. After thermal treatment, the
SPS samples show an enhanced electromechanical coupling re-
sponse close to that of the CS samples. The measurement of
dielectric properties shows normal permittivity versus tempera-
ture and frequency response for SPS samples, except for the
PMN–25%PT composition, which is intrinsically a relaxor.
Some cases of a low electromechanical response and relaxor-
like FE behavior of SPS electroceramics have been reported in
the literature.45,46 However, the enhanced permittivity by SPS
was not found in our study on PMN–PT ceramics. The possible
reason could be that PMN-based materials are intrinsically
relaxors, based on the B-site complex occupation. Fast sinter-
ing for SPS processing tends to cause micro- or macro-inho-
mogenity, inducing relaxor-like FE behavior.

IV. Conclusions

Compared with conventional pressureless sintering, SPS dem-
onstrates superior efficiency in densifying PMN–PT ceramics.
PMN–PT solid solution ceramics show a transition from relaxor
to normal FE behavior. However, a strongly frequency depend-
ent and broad DPT was observed for all SPS samples, together
with low remanent polarization and strain, and a high coercive
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Fig. 5. Polarization (a) and strain (b) hysteresis loops of SPS PMN–32%PT ceramic samples: (1) virgin SPS samples, (2) heat-treated at 10001C for 6 h,
and (3) processed by heat treatment at 11501C for 10h. PMN, lead magnesium niobate; PT, lead titanate; SPS, spark plasma sintering.
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field. These exceptional electrical properties of SPS samples are
attributed to the fine grain size and the heterogeneity in micro-
structure and composition.
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