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A B S T R A C T

The effects of Pb2+, Ba2+, La3+, Y3+ and Gd3+ dopants on the densification and microstructure evolution of
PMN-PT ceramics are investigated. The ceramics were reactively-sintered between 850 and 1250 °C in oxygen
atmosphere. After sintering, all ceramics reached a relative density greater than 98%. XRD and SEM results
revealed that lanthanum doping produces pure perovskite phase with unimodal rounded grains whereas other
dopants yield microstructures with faceted grains due to the liquid phase formed in the intermediate stage. The
mechanism for the observed differences in phase and morphology is also explored. The slower densification rate
of La-doped samples helps maintain an open porosity network and favors the outgassing of the initial excess of
PbO. The delayed densification contributes to the formation of pure perovskite at a temperature of 850 °C.
Preferential A-site occupancy of La3+ lowers the oxygen vacancy concentration which suppresses grain growth.

1. Introduction

Solid-solutions of lead magnesium niobate and lead titanate (1-x)Pb
(Mg1/3Nb2/3)O3-xPbTiO3, known as PMN-PT, exhibit high dielectric
permittivity, high piezoelectric coefficients and have led to varied ap-
plications as sensors and actuators [1–4]. These properties are strongly
dependent on the molar fraction of lead titanate x, and the highest
dielectric constant and piezoelectric response have been found within
the so-called morphotropic phase boundary (MPB) composition range
0.3 < x < 0.35 [5–8]. In addition, PMN-PT exhibits high electro-optic
(EO) coefficients and strong photorefractive effects [9–12]. For ex-
ample, Ruan et al. reported EO coefficients as high as 66×10–16 m2/V2

and highly transparency in La-doped 0.75PMN-0.25PT ceramics [13].
Compare to single crystal, ceramics can be easily fabricated in large
scale for device applications [14,15].

Like all other lead-containing members of its family, PMN-PT
ceramics produce a parasitic pyrochlore phase due to the volatility of
PbO at high sintering temperatures or long sintering times. Hence, an
excess of PbO is often added to compensate for this loss. This excess
lead oxide also forms a liquid phase during sintering and helps the
densification [16,17]. In addition, the use of dopants allow for an ef-
fective means to control grain growth in these compounds, with direct
influence on their dielectric, ferroelectric, piezoelectric and EO

properties [18–20]. Lanthanum-doped PMN-PT was reported to be a
promising candidate for fine-grain piezoelectric [21] and for improving
the transparency for the electric-optic applications [13,22–24]. How-
ever, the mechanism by which lanthanum controls grain growth and
favors full densification is not fully known and this paper addresses this
question by comparing the effectiveness of various dopants on grain
growth control and densification in 0.75PMN-0.25PT ceramics. Gd3+

and Y3+ were chosen for comparison with La3+, in order to illustrate
the effect of radius on grain growth control and site occupation where
both of them have the same valence as La3+. Ba2+ was considered with
reference from previous work on PLZT ceramics [25,26].

2. Experimental procedure

Lead oxide (PbO, 99.9%, Alfa Aesar), magnesium niobium oxide
columbite (MgNb2O6, 99.9%, H.C. Starck) and titanium oxide (TiO2, ≥
99.5%, Aldrich) powders were used as starting materials for the pre-
paration of ceramic samples with nominal composition 0.75Pb (Mg1/
3Nb2/3)O3-0.25PbTiO3 (0.75PMN-0.25PT). An additional 3mol%
doping was added in the form of lead oxide, barium oxide (99.99%,
Aldrich), lanthanum oxide (99.99%, Alfa Aesar), yttrium oxide (99.9%,
Alfa Aesar) or gadolinium oxide (99.99%, Alfa Aesar) to study the effect
of these dopants on the sintering behavior of PMN-PT ceramics. The
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powders were mixed with ethanol and ball-milled with zirconia balls
for 20 h. After ball-milling, the slurry was dried at 80 °C in an oven and
the mixture was sieved through a 200-mesh screen. Pellets were pressed
into shape in a stainless steel die, and subsequently cold-isostatically
pressed at 200MPa. The green-bodies were pre-sintered at 850 °C for
2 h, and followed by sintering at different temperatures (850, 950,
1050, 1150, and 1250 °C) for 4 h in pure oxygen.

The densities of sintered samples were measured by using
Archimedes’ method with deionized water as the immersion medium.
The phase composition of the sintered ceramics was determined by X-
ray diffraction (XRD) (PANalytical Empyrean), whereas their micro-
structures were observed by scanning electron microscopy (SEM)
(Zeiss, Ultra-55). The grain sizes were measured by the linear intercept
method (more than 200 grains counted) using ImageJ (National
Institute of Health) from the SEM images. The SEM microstructures
were obtained on unpolished ceramics in order to prevent damage and
the contamination by abrasives of porous samples.

3. Results and discussion

3.1. Transient liquid-phase sintering

Using the synthesis conditions described above, the phase content of
the doped pellets was followed by x-ray diffraction after sintering
(Fig. 1). Ba-doped samples show the same phenomenon as the Pb-doped
samples at different sintering temperatures. A well-annealed platinum
foil, placed on the surface of the samples, was used as an internal
standard for these measurements, and the x-ray analysis was performed
on the patterns corrected for any instrumental shift. As expected, all
samples show that the initial excess of PbO evaporates during sintering,
and that, at a temperature of 1150 °C and for a sintering time of 4 h, the
PMN-PT perovskite phase is the only remaining phase. However, ex-
cessive evaporation can lead to perovskite decomposition and the for-
mation of columbite, as in the case of Y-doped PMN-PT samples held at
1250 °C for 4 h. The case of La-doped samples is peculiar as phase-pure
PMN-PT is obtained regardless of the sintering temperature. In the in-
termediate stage, all samples, with the exception of the La-doped ones,
form a liquid phase as a result of excess PbO [27,28]. During sintering,
the capillary force induced by the liquid phase on the solid particles
contributes to densification and this may be the reason why densifica-
tion proceeds at a lower temperature with these dopants (Fig. 2). On the
other hand, the slow densification rate of La-doped samples helps
maintain an open porosity network for a longer time and favors the
outgassing of the initial excess of PbO. The delayed densification con-
tributes to the formation of phase pure PMN-PT at a temperature as low
as 850 °C. At 1250 °C, all compositions reach final relative densities
greater than 98%.

3.2. Microstructure evolution

It is well known that the presence of a liquid phase influences the
ceramic microstructure by affecting not only the size but also the shape
of the grains. Fig. 3 shows SEM images of the ceramic microstructures
for the various dopants and sintering temperatures selected in this
study. As can be seen on these pictures, all dopants, with the notable
exception of lanthanum, produce faceted grains. Both Ba2+ and Pb2+-
doped samples exhibit the same microstructure evolution between 850
and 1250 °C. In the case of Y3+ and Gd3+ doping, faceted grains appear
at 1050 °C. This implies that, for these dopants, nonstationary grain-
growth conditions govern the development of the microstructure, and
that the ratio of the step free-energy, σs, which is the energy per unit
length of the edge of a nucleus formed on a flat surface to the step
height, h, exceeds the solid-liquid interfacial energy, γsl, [29]

>
σ
h

γs
sl

Abnormal grain-growth typically proceeds as a result of the for-
mation of these faceted crystallites. Different with other doped samples,
La-doped PMN-PT did not present a liquid phase during sintering and
then the mechanism shown here is not satisfied. One potential ex-
planation is that the solid-vapor interfacial energy for La-doped sam-
ples, which is larger than the solid-liquid interfacial energy under good
surface wetting conditions in normal case, dominates the step free-en-
ergy. This helps produce a uniform grain-size distribution throughout
the densification process, eventually leading to the complete removal of
porosity and enhanced transparency of the samples.

3.3. Tolerance factors and dopant site occupancy considerations

In addition to the effect of the liquid phase discussed above, charge
compensation mechanisms resulting from specific dopant site occu-
pancy are likely controlling grain growth after the liquid phase dis-
appears. The dopants’ valence state and their site occupation influence
the oxygen vacancy concentration, the diffusion of species and thereby
the grain boundary mobilities. At ambient temperature, the 0.75PMN-
0.25PT composition crystallizes into a ABO3 rhombohedral perovskite
structure. Pb2+ occupies the 12-fold coordinated A site and Mg2+,
Nb5+, Ti4+ occupy the 6-fold coordinated B site [30]. The rhombohe-
dral structure is considered as a pseudo-cubic structure [31]. In an ideal
cubic perovskite, the ionic radii, ri (i=A, B, O), satisfy the relation:

+ = +r r r r2 ( )A O B O [32]. The Goldschmidt tolerance factor for per-
ovskite is defined by

=
+

+
t r r

r r2 ( )
A O

B O (1)

Using the radii of Pb2+, O2- and the weighted average B-site radius
for 0.75PMN-0.25PT, the ideal tolerance factor of 0.75PMN-0.25PT is
t=0.997. When doped, the site occupancy in the structure is controlled
by the nature of the dopant ions [33]. The site occupation behavior
cannot solely be determined by the tolerance factor but one should also
take the strain (and its anisotropy) and distribution effects [34,35].
However, when comparing ions with similar valence state, this factor
can show useful trends [36]. Here, we define tA and tB as the tolerance
factors of a perovskite unit cell for a 3 at% cationic substitution on the A
and B sites respectively, taking into account the correct coordination
number.
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where r stands for the radius of the substituting cation. Assuming the
local strain is similar in A and B site, it is expected that if the in-
corporation into one site results in a tolerance factor much closer to 1
than the incorporation into the other site, then the first one would be
preferred over the second. Fig. 4 shows the evolution of the tolerance
factors tA and tB for lanthanide (Ln3+) ion doping depending on their
substitution site (i.e. their coordination number, CN). The ionic radius,
r(Ln3+CN ), ranges from 0.848 to 1.061 Å for Lu3+ and La3+, respectively.
The crossover point corresponds to a radius of 1 Å, meaning that large
ions ( >

+r(R ) 1VI
3 Å) prefer to occupy the A site, while small ions

( <
+r(R ) 1VI

3 Å) prefer to occupy B site. Table 1
For these two cases, we consider the following two alternative in-

corporation reactions:

⎯ →⎯⎯⎯⎯⎯ + ′ +
′M O M O AO2 2

ABO A i2 3
4

•

3 (4)

⎯ →⎯⎯⎯⎯⎯ ′ + +M O M V BO2 2
ABO B O2 3

4
••

2
3 (5)

A stands for Pb2+, B stands for the effective +Mg Nb Ti( )1/4 1/2 1/4
4 site

and M stands for the dopant ions. For ionic radii r > 1Å, the ion
(La3+) occupy the A-site preferentially. As lanthanum goes into the A-
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site, pre-existing oxygen vacancies are consumed, which leads to a
lower oxygen vacancy concentration compared to Gd3+-doped and
Y3+-doped samples. This lower oxygen vacancy concentration de-
creases the diffusion rates and the mobility of grain-boundaries, as
supported by our grain-growth data (Fig. 5) and similar work on La-
doped PMN-PT [38]. For ionic radii r < 1Å, the ions (Y3+ and Gd3+)
tend to occupy the B-site, which leads to larger oxygen vacancy con-
centration according to Eq. (5). This result corroborates similar findings
in BaTiO3 [33]. This proposed mechanism accounting for the formation
of oxygen vacancies when cationic substitution operates on the B-site
sublattice will however require further experimental and computational

validation.

4. Conclusions

In this work, we showed the microstructure and phase evolution of
PMN-PT ceramics sintered with different dopants. We have shown that
La-doped PMN-PT samples do not form a liquid phase during sintering
which helps the formation of a pure perovskite phase and unimodal
rounded grains while samples with other dopants exhibit faceted grains.
We found that the preferential A-site occupancy of La3+ resulting from

Fig. 1. X-ray diffraction patterns of 0.75PMN-0.25PT ceramic samples doped with (a) Pb2+, (b) Ba2+, (c) La3+, (d) Y3+ and (e) Gd3+.
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its larger ionic radius lowers the oxygen vacancy concentration. As a
result, grain growth is suppressed compared to samples doped with the
smaller Y3+ and Gd3+ ions.
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Fig. 2. Densification behavior of 0.75PMN-0.25PT ceramic samples as a func-
tion of sintering temperature for the different dopants studied in this work.

Fig. 3. Scanning Electron Microscopy images of samples with different dopants sintered at 850 °C, 950 °C, 1050 °C, 1150 °C and 1250 °C.

Fig. 4. The tolerance factors tA and tB for substation of trivalent ions on the A-
and B- sites, as functions of the ionic radius.

Table 1
Coordination-dependent ionic radii for the dopants used in this study [37].

Dopants Ionic Radii (Å)

rCN-VI rCN-XII

Ba2+ 1.360 1.600
Pb2+ 1.180 1.490
La3+ 1.061 1.320
Gd3+ 0.938 1.246
Y3+ 0.892 1.220
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