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Abstract

Nanopowders of 0.63Pb(In1/2Nb1/2)O3–0.37PbTiO3 were synthesized by solid state reaction using the continuous attrition milling followed by high-
energy ball milling techniques in air at room temperature. After milling for 8 h nanopowders of 20–30 nm grain size are obtained. Sintering by hot
pressing of PIN–37PT green pellets leads to dense ceramics with average grain size varying from 100 nm to 1 �m. The dielectric and piezoelectric
properties of PIN–37PT nanostructured ceramics with grain size bigger than about 160 nm remain roughly unchanged and comparable to those of
microstructured ceramics. In addition, the stability of the permittivity and dielectric losses under high ac electric field grows when the grain size
decreases. The material becomes less non-linear with decreasing grain size. This result is attractive for acoustic transducer applications.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead indium niobium ceramics (1 − x)Pb(In1/2Nb1/2)–
xPbTiO3 (PIN–PT) present a high Curie temperature and exhibit
excellent dielectric and electromechanical properties at low and
high signal, especially at compositions near the morphotropic
phase boundary (MPB).1 It is important to note that the higher
the Curie temperature, the higher the coercive field, and the
required electric field. This system, not extensively studied, rep-
resents a great interest for piezoelectric actuators, underwater
and medical acoustic transducers.

Previous work on PIN–PT microstructured ceramics near
the MPB (x = 0.37) had revealed a high Curie temperature
TC ∼ 300 ◦C,1,2 high dielectric and piezoelectric proper-
ties (εT

33 at 1 kHz = 2600, kp ∼ 0.57), a high coercive field
(Ec = 1600 V/mm) and had observed a relatively good stability
of dielectric constant under high ac field.3 The X-ray diffrac-
tion and dielectric studies have shown that the MPB zone of
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PIN–PT system separates a rhombohedral phase for low PT
compositions from a tetragonal phase for high PT compositions.
The composition near the MPB, PIN–37PT (x = 0.37) presents a
phase transition from a monoclinic phase to a tetragonal phase at
TF–F ∼ 150 ◦C.4 Since PIN–PT ceramics are attractive for high-
power sonar application, it is important to know if the ceramics
with nano-size grains can improve the properties at high sig-
nal. However, the difficulty in preparing nanostructured ceramic
materials includes not only the synthesis of nanopowders but
also their consolidation, shaping, and subsequent sintering. The
sintering by hot forging of nanostructured ceramics represents a
compromise between pressure and temperature. The goal of this
work is to show the influence of the grain size on structure, elec-
tromechanical properties and non-linear dielectric properties of
nanostructured ceramics under high ac field. We compare these
properties with those of conventional PIN–PT and of hard PZT5

microstructured ceramics.

2. Experimental procedure

PIN–xPT ceramics were synthesized by a two-step solid state
reaction via Wolframite. The Wolframite (InNbO4) was formed
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Fig. 1. SEM micrograph of PIN–PT perovskite micropowder obtained by attri-
tion milling (a) and nanopowder obtained by high-energy milling (b).

by mixing In2O3 with Nb2O5 at 1100 ◦C for 24 h and then mixed
with PbO and TiO2. The mixture was ball-milled, dried and cal-
cined at 850 ◦C for 2 h to form stoichiometric perovskites. The
ultra fine perovskite powder (Fig. 1a), exhibiting high specific
areas, SBET = 12 m2/g, consists of a major grains of about 0.4 �m
and nanoparticles upon their surface; it was obtained by contin-
uous attrition milling. Then, a specially equipped Retsch mill
PM400 was used for high-energy ball milling during 8–10 h.
The high-energy-milled powder consists of agglomerates con-
stituted by crystalline nanograin sizes (primary particle sizes of
∼20 nm, Fig. 1b). The energy dispersive X-ray analysis of pow-
ders shows that contamination by Zr from ZrO2 milling media
was below 300 ppm.

Nanopowders were first uniaxially pressed at 300 MPa and
green ceramics pellets with density of about 50–60% were
obtained. The green PIN–PT pellets were embedded in Al2O3
powder and then sintered by hot pressing at temperatures rang-
ing between 750 ◦C and 1200 ◦C for 1 h under pressures ranging
between 0 MPa and 500 MPa. Different PIN–PT ceramics with
high relative densities (>98% of the theoretical density) and
different grain size were prepared.

High resolution X-ray diffraction (XRD) measurements were
performed on a highly accurate two-axis diffractometer in a
Bragg-Brentano geometry with Cu-K� wavelength issued from
an 18 kW Rigaku rotating anode generator, using a furnace oper-
ating between RT and 400 ◦C. Structural refinement was carried

out on these XRD patterns at 350 ◦C and 200 ◦C with the XND
program6 in order to determine the lattice parameters of the
cubic and tetragonal phases.

The average grain size of nanopowders and nanostructured
ceramics was measured, using the line intersection method, on
scanning electron microscope (SEM) images obtained at room
temperature and compared to the average grain size obtained
by refinement of XRD patterns recorded for the cubic phase
at 350 ◦C. The attrition milled and high-energy-milled powders
consist of pure perovskite phase, without the presence of amor-
phous phase or pyrochlore phases. XRD refinement results in a
size of about 20–22 nm which is coherent with SEM observa-
tions.

For electric measurements, silver paint was deposited on
the polished faces and fired at 500 ◦C during 30 min. Ceram-
ics were poled by field cooling process. Dc electric fields,
2.5–3 kV/mm, were applied to samples in silicon oil at 170 ◦C
and then cooled down to 40 ◦C. Temperature dependence of the
dielectric constant was measured at 1 kHz using a HP 4192A
impedance analyzer. Electromechanical properties were mea-
sured according to the IRE standard method with an Agilent
4294A impedance analyser. Drift measurements or electric field
dependences of the dielectric constant and dielectric losses were
measured up to 1 kV/mm. The sinusoidal signal at 1 kHz, gen-
erated from a HP 3314A function generator, was amplified by
a Kepco Bipolar Amplifier. A EG&G 5210 Lock-in Amplifier
and an integration capacitance allow to measure the capacitance
and the dielectric losses (tan δ) at fundamental frequency.

3. Results and discussion

3.1. Phase transitions and ferroelectric distortion

Ceramics obtained from attrition milled powder, by using
the conventional sintering at ambient pressure and at 1200 ◦C,
exhibit homogeneous microstructure with a 1–2 �m grain size.
Fig. 2 shows the SEM micrographs of PIN–37PT dense ceramics
sintered from nanopowder by hot forging at different pres-
sures. Ceramics present homogeneous microstructures with a
grain size of about 250–300 nm, 125–180 nm and 50–125 nm
(Fig. 2a–c), respectively. For easier presentation, we annotate
these ceramics by using their average grain size: 1 �m, 300 nm,
160 nm and 100 nm, respectively.

Fig. 3 shows the pseudo-cubic (2 0 0) X-ray diffraction peak
of PIN–37PT microstructured and nanostructured ceramics for
different temperatures. As expected, the pattern at 350 ◦C (>TC)
shows single peaks characteristic of the cubic phase (Fig. 3a).
When decreasing the temperature to 200 ◦C, the (2 0 0) reflection
of the microstructured ceramic becomes asymmetric due to the
diffuse shoulder on its left side, attributed to the transition into
a tetragonal phase. The (2 0 0) reflection of the nanostructured
ceramic remains symmetric (Fig. 3b), but the small broaden-
ing shows that its tetragonal distortion is lower than that of the
microstructured one. At room temperature, the (2 0 0) reflec-
tion of PIN–37PT microstructured ceramic is broader and more
diffuse than the (2 0 0) reflection of PIN–37PT nanostructured
ceramic (Fig. 3c). It was shown that a mixture of a tetrago-
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Fig. 2. SEM micrograph showing the microstructures of PIN–PT ceramic sin-
tered by hot forging: 900 ◦C, 300 MPa (a), 850 ◦C, 400 MPa (b) and 750 ◦C,
500 MPa (c).

nal phase and monoclinic or rhombohedral phase are obtained
at room temperature4: a mixture of these two phases would
be responsible for diffuse shoulders. In order to observe the
phase transition and ferroelectric distortion, the full width at half
maximum (FWHM) was determined by a fit using one asym-
metric peak. Fig. 3d shows the ceramic grain size dependence

Table 1
Dielectric and electromechanical properties of PIN–37PT ceramics exhibiting
the grain size of 1 �m, 300 nm, 160 nm and 100 nm.

ρ (% ρth) PIN–37PT PZT-4D

98 98.4 98 98 99

Grains size 1 �m 300 nm 160 nm 100 nm 5 �m
εT

33/ε0 at 1 kHz 2286 2210 2155 2016 1300
tan(δe) at 1 kHz 0.02 0.019 0.018 0.018 0.004
d33 (pC/N) 450 430 420 315 315
kp 0.55 0.52 0.51 0.44 0.57
Qm 70 76 85 78 600
mε 0.44 0.38 0.41 0.42 0.19
α (×10−3 m/V) 2.1 1.25 0.54 0.49 0.49

The ratio mε and the Rayleigh coefficient α are determined from high ac field
measurements. Values for PZT-4D were measured in the same conditions and
are given for comparison.

of the (2 0 0) FWHM. At 350 ◦C, i.e. in the cubic phase, the
FWHM follows the grain size: it increases when the grain size
decreases. For all ceramics, the FWHM increases with decreas-
ing temperature. This is consistent with the transition from
paraelectric cubic phase to ferroelectric phases. For any temper-
ature, lower than TC, the increase of the FWHM with increasing
grain size corresponds to an increase of a ferroelectric distortion
or/and to a mixture of two phases.7 In addition, the tetrago-
nal lattice parameters extracted by refinement at 200 ◦C yield
a c/a ratio of 1.0044, 1.0037 and 1.0036 for 1 �m, 300 nm and
160 nm nanostructured ceramics, respectively. This indicates,
decreasing ferroelectric distortion of nanostructured ceramics
with decreasing grain size. For 100 nm grain sized ceramics, we
have observed an unexpected behaviour: an important reduc-
tion of the lattice parameters (Fig. 4). This result suggests that,
below a critical size, other mechanisms are taking place. In fact,
in the case of (PbMg1/3Nb2/3O3)0.8–(PbTiO3)0.2 (PMN–PT)8

a phase transition from a monoclinic phase to a rhombohedral
one is observed, around a critical grain size ∼200 nm, when
the grain size decreases. This effect, called grain size-induced
polarization rotation, should also exist in our case.

3.2. Dielectric constant versus temperature and
electromechanical properties

Table 1 resumes the electromechanical constants for four
average grain sizes of PIN–37PT dense ceramics and shows, as
a comparison, the values for PZT-4D. One notes that PIN–37PT
presents piezoelectric properties approaching those of PZT-4D.
Like the dielectric constant, the piezoelectric constant and the
planar coupling factor decrease only little when the grain size
decreases down to 160 nm. However, the electromechanical con-
stants obtained on 100 nm nanostructured ceramic were much
lower than those of the 160 nm nanostructured ceramic. This
is could be due to a reduction of ferroelectricity and sponta-
neous polarization when the grain size is smaller than 160 nm as
observed in BaTiO3.9 As it will be explained later, the reduction
of extrinsic effects caused by the decrease of the grain size could
explain the decrease of these coefficients.
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Fig. 3. XRD pattern showing the evolution of the (2 0 0) peak of PIN–37PT micro and nanostructured ceramics at 350 ◦C (a), 200 ◦C (b) and 25 ◦C (c); and the
thermal evolution of the full width at half maximum of the (2 0 0) peak (d).

Concerning PIN–37PT nanostructured ceramics, Fig. 5a
shows the temperature dependence of the dielectric constant
(εT

33/ε0) of PIN–PT poled ceramics with different grain sizes
during a zero-field heating process. The two large anomalies
in the dielectric curves near 150 ◦C and 320 ◦C are consistent
with the ferroelectric–ferroelectric transition and the well known
tetragonal–cubic phase transition. At RT the dielectric con-
stant of ceramics remains roughly unchanged (εT

33/ε0 ∼= 2200)
for 1 �m, 300 nm and 160 nm grain sized ceramics whereas it
decreases for the 100 nm grain size (εT

33/ε0 ∼= 1900) (Fig. 5b).
The dielectric curves become more and more diffuse and εmax
drops rapidly for 300 nm and 160 nm grain sized ceramics

Fig. 4. Tetragonal distortion of PIN–PT ceramics at 200 ◦C with decreasing
grain size. The inset shows the lattice parameters evolution.

(Fig. 5c). On the other hand, the temperature of the dielectric
constant maximum, Tmax, remains roughly constant when the
grain size decreases.

3.3. Drift of the dielectric properties

In sonar applications, the driven electric field is up to
400 V/mm, is much higher than in the IRE standard measure-
ments (<1 V/mm). In such conditions, piezoelectric ceramics
display a remarkable non-linear behaviour. The linear increase
in dielectric constant with the applied field is often consistent
with the linear increase of the reverse piezoelectric coefficient.
The same behaviour is observed for dielectric loss. However,
the dielectric and piezoelectric coefficients are quite different
in a high-power device from that with a low signal. There are
two effects concerning dielectric and piezoelectric responses.
The reversible intrinsic effect, due to the elastic deformation,
depends mainly on the proportion and orientation of the dif-
ferent ferroelectric domains while the extrinsic effect, due to
wall domain motion or the rotation of dipoles, is caused by
the presence of defects. Both contributions depend on the crys-
tal structure. Ceramic microstructure affects both intrinsic and
extrinsic contributions and the non-linear behaviour is usually
related exclusively to extrinsic mechanisms. The increase of
the dielectric constant is related to the extrinsic contribution
corresponding to the wall domain motion under high electric
field.10,11 The reduction of dielectric constant, shown in the pre-
vious paragraph, implies that the extrinsic effect is lower when
the grain size decreases, so it is expected that the non-linear
contribution will be lower as well. The ac electric field depen-
dence of the dielectric constant εT

33/ε0 and dielectric losses tan δe
at 1 kHz for poled ceramics are drawn in Fig. 6. These figures
show clearly that the smaller the grain size of PIN–37PT nanos-
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Fig. 5. Temperature dependence of the dielectric constant εT
33 at 1 kHz for dif-

ferent grain sizes of poled PIN–37PT micro and nanostructured ceramics (a);
grain sizes dependence of εT

33/ε0 at RT (b), εmax and Tmax (c).

tructured ceramics, the better is the stability under high electric
field.

In order to check first the validity of the Rayleigh model, the
dielectric response of nanostructured ceramics was analyzed. In
this model the real and imaginary dielectric constants, ε′ and ε′′,
can be expressed in the form12–14:

ε′ = εL + α E0

ε′′ = 4

3π
α E0

where E0 is the amplitude of the applied ac electric field. The
ratio between the increase of the imaginary dielectric constant
and the increase of the real dielectric constant is a constant that
does not depend on the material:

mε = �ε′′

�ε′ = 4

3π
∼= 0.42

Fig. 6c shows that the slopes of the curves ε′′ = f(�ε′) are very
close to this value predicted by the Rayleigh model. These results
as well as the linear dependence of the increase of dielectric con-

Fig. 6. ac electric field dependences of the dielectric constant increment �ε′ (a),
dielectric losses at 1 kHz (b), and the ratio between the dielectric losses ε′′ and
�ε′ (c) for PIN–37PT poled micro and nanostructured ceramics. The solid line
in (c) corresponds to a fit with a slope equal to 0.42. See Table 1 for mε ratios.

stant versus the electric field amplitude show that the Rayleigh
law is confirmed for each nanostructured ceramic. Table 1
shows the ratios mε values as well as Rayleigh coefficient α of
PIN–37PT nanostructured ceramics. The coefficient α decreases
when the grain size decreases down to ∼100 nm: the Rayleigh
coefficient is equal to 2.1 × 10−3 and 4.9 × 10−4 m/V for 1 �m
and 100 nm, respectively. This behavior can be explained on
the basis of the effect of internal stresses originating in the
poled ceramic9,15 and by an increase of the surface to volume
of domains ratio when the grain size is reduced, for grain sizes
bigger than 1–3 �m; but this domain wall contribution decreases
for grain sizes lower than 1 �m. It was shown in BaTiO3 that
grains are essentially single domain when their size is reduced
below 500–300 nm,16–18 and the extrinsic effect could disap-
pear. Reduction of grain size leads so to a reduction of the
density and the size of domain walls as well as its mobility.
Even if domains include several grains,19 the grain boundary
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could limit the domain wall mobility and reduce the extrinsic
effect. Since non-linearity is related to irreversible motion of
domain walls under high electric field, reduction of grain size
leads to a decrease of the Rayleigh coefficient. Thus, the decrease
of extrinsic effects due to the decrease of grain size, results in a
decrease of the non-linear behavior allowing a better adaptation
of these nanostructured ceramics to power devices.

4. Conclusions

0.63Pb(In1/2Nb1/2)–0.37PbTiO3 nanopowders have been
successfully synthesized by attrition milling followed by a high-
energy ball milling process. On average, 8–10 h high-energy
ball milling was necessary to obtain nanopowders with grain
size in the 20–30 nm range. These powders can be directly used
to prepare PIN–37PT nanostructured ceramics. Nanoceramics
exhibiting relative density of 98% were sintered by hot press-
ing. Relatively homogeneous nanostructures of dense ceramics
were observed. The dielectric and piezoelectric properties of
the PIN–37PT nanoceramics remain almost constant when the
grain size decreases down to 160 nm. These PIN–PT nanostruc-
tured ceramics present a better stability under high ac electric
field; the lower is the grain size the higher is the stability. This
result is attractive for the acoustics transducers applications.
Moreover, the behavior of 100 nm grain sized dense ceram-
ics is not consistent with the evolution of properties versus
grain size. The electromechanical properties obtained on 100 nm
nanostructured ceramics were much lower than on 160 nm
nanostructured ceramic. This could be caused by a reduction
of ferroelectricity probably due to a size-induced polarization
rotation,8 for grain sizes under 160 nm. Future work is needed
in order to explain this behavior, in particular the challenge
concerning nanostructured ceramics with the grain size under
100 nm.
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