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Abstract The potential of a ceramic nanocomposite

technique employing a simple bimodal particle size pack-

ing and a pressureless sintering process as a low-cost and

simple ceramic processing to obtain perovskite ferroelec-

tric ceramics in the PMN/PT system was demonstrated.

Attention was focused on relationships between chemical

composition, densification, microstructure, and electrical

properties. It has been found that the phase formation,

microstructures, and dielectric properties of ceramic

nanocomposites are totally different from those of typical

solid solutions.

Introduction

During the past several years, many experimental studies

were carried out on various phase transformation and

crystal structures of lead-based solid solutions consisting of

normal and relaxor perovskite ferroelectrics [1–3]. These

compounds have attracted a growing fundamental and

practical interest because of their excellent dielectric, pie-

zoelectric, and electrostriction properties which are useful

in actuating and sensing applications [4–6]. There is con-

siderable interest in lead magnesium niobate-lead titanate

(1 - x)Pb(Mg1/3Nb2/3)O3–xPbTiO3, referred to as PMN–

PT, ceramics due to their high strains with low hysteresis

losses [7–9]. Also, the compound exhibits a broad maxi-

mum in the dielectric constant, and the temperature of the

dielectric maximum increases with the testing frequency.

Moreover, It is an attractive replacement for BaTiO3 in

multilayer capacitors (if the X7R temperature characteris-

tics are obtained) because it can be sintered at low tem-

perature in comparison to BaTiO3 [4, 6]. For high

performance it is essential that the material be of the

perovskite crystalline phase with little or no pyrochlore

phase. In the processing of perovskite PMN–PT, the for-

mation of an unwanted pyrochlore phase has long been

recognized as a major problem [7–9]. Numerous attempts

have been made so far to develop a processing technique in

which the formation of undesirable pyrochlore phase is

suppressed. Among these, the columbite processing tech-

nique [2, 8] has been widely used in the synthesis of phase-

pure perovskite PMN-based materials. In this study, an

alternative corundum Mg4Nb2O9 precursor previously

advocated by our group [9, 10] will be used for the prep-

aration of the PMN component.

In addition to the above-mentioned difficulties in the

processing of phase-pure PMN–PT solid solutions, another

area of concern, which has an important bearing on the

dielectric properties of these materials, is the densification

behavior and associated microstructure development of the

ceramics using various additives that form liquid phase at

low temperatures. In most cases, minor additions of excess

MgO and/or PbO are used as additives to enhance the

densification process, which, in turn, results in an

enhancement of the dielectric properties of the sintered

materials [8, 11, 12]. However, it should be noted that
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sintering of ceramics to a high density in presence of a

liquid phase is not always the objective for obtaining

superior dielectric properties of capacitor materials. On the

other hand, formation of equilibrium phase assemblages

with minor additions of the one or more secondary phases

and optimizing the sintering conditions are far more

important for the development of a homogeneous micro-

structure exhibiting the desired grain morphology and grain

boundary characteristics with superior dielectric properties.

Ever since the concept of designing ceramics using the

‘‘nanocomposites’’ approach was proposed by Niihara [13]

and later modified by Kuntz et al. [14], there has been

continued interest in the use of fine particles to improve a

variety of properties. Perovskite-based ceramic nanocom-

posites were found in many previous works [15–18].

Hwang et al. [15] selected MgO and BaTiO3 as a matrix

and secondary phase dispersoid and used conventional hot

pressing or pulse electric current sintering (PECS) for

preparing particle-dispersed ceramic nanocomposites. The

BaTiO3 dispersoid in the nanocomposite prepared by the

PECS technique showed higher XRD peak splitting than

the hot-pressed nanocomposite, indicating better ferro-

electricity in the MgO/BaTiO3 nanocomposites. This

research group [16] also fabricated PZT/Ag nanocompos-

ites by using conventional powder metallurgical method. It

was also found that adding nanosized Ag particles

enhanced the mechanical and piezoelectric properties of

the PZT ceramics. Tajima et al. [17] reported that the

fracture strength and hardness of PZT nanocomposites with

0.5 vol.% Al2O3 or 0.1 vol.% MgO additives were signif-

icantly improved. From these literatures, it is seen that the

intergranular and intragranular types of nanocomposite

structure are typically observed in the perovskite ceramic

nanocomposites. The remarkable characteristics of these

ceramic nanocomposites are summarized as significant or

moderate improvement in mechanical properties. However,

little attention has been paid directly to the fabrication of

the ceramic nanocomposites containing both phases of

perovskite ferroelectric nanodispersoid and matrix [18].

Recently, our group [19] has also demonstrated that the

microstructures and the dielectric properties of the ceramic

nanocomposites are totally different from those of the

ceramic solid solutions in the PZT–BT system. A single

phase of dense ceramics was found in solid solutions

whereas two different phases are visible in the micro-

structure of the ceramic nanocomposites. The dielectric

behavior of the ceramic nanocomposites displayed super-

position of two phase transitions, with a lower peak value

of the dielectric constant compared with the solid solutions.

Based on our previous work [18, 19], the idea of ceramic

nanocomposite approach could be applied to other perov-

skite ferroelectric materials such as PMN–PT. Thus, this

study deals with work carried out to fabricate ceramic

nanocomposite in the PMN–PT system using the bimodal

particle size packing concept. The relationships between

processing conditions, microstructures, and electrical

properties of PMN–PT ceramic nanocomposites will be

established, and compared with those obtained from the

conventional solid solution approach. The effect of pro-

cessing parameters on the arrangement of phases, micro-

structural evolution, and properties of the ceramics will be

carefully investigated.

Experimental procedure

The compositions of the perovskite ferroelectric system

(1 - x)PMN–xPT (0.1 B x B 0.5) were designed for fab-

rication of PMN/PT ceramic nanocomposites by using the

concept of bimodal particle size (micron-sized PMN ?

nano-sized PT powders), whereby the dispersed phase of

nanosized PT component cannot have a higher concentra-

tion than its matrix phase counterpart [17–19]. Between the

two end components (i.e., PMN and PT), it was decided to

employ PT nanopowders as dispersed phase owing to its

easier perovskite formation and higher internal stress [6, 20].

Commercially available powders of PbO, MgO (Fluka,

[99% purity), Nb2O5, and TiO2 (Aldrich, [99% purity),

with an average particle size of 3 to 5 lm, were used as raw

materials. In order to avoid unwanted pyrochlore phases,

micron-sized PMN powders were prepared from these

oxides using a corundum Mg4Nb2O9 B-site precursor tech-

nique [9, 10]. Nanosized PT powders were also separately

synthesized by using vibro-milling technique [21]. The

characteristics of each PMN and PT powders and their

processing details are described in our previous works

[10, 21]. In the mixing process, the calculated relevant

proportions of constituents were weighed, suspended in

ethanol, and intimately mixed in a vibro-mill without

grinding media. Drying was carried out for 2 h (the sample

dish was placed on a hotplate with the magnetic stirring in

action to prevent gravitational separation of the compo-

nents) and the dried powder was then ground into the fine

powders. Each (1 - x)PMN–xPT powder was mixed with

approximately 3 wt% PVA binder, pressed at 100 MPa into

15 mm diameter pellets by pseudo-uniaxial pressing, and

sintered at a temperature between 1100 �C and 1200 �C for

1 h at a heating rate of 5 �C/min. In order to reduce loss of

volatile components, e.g., lead, the samples were surrounded

with the atmosphere powder of identical chemical compo-

sition [18, 22].

Densities of the sintered products were measured by

Archimedes technique. X-ray diffraction (XRD; Siemens-

D500 diffractometer) was carried out at room temperature

using CuKa radiation to identify the phase formed. The

microstructural development was characterized using a
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scanning electron microscopy (SEM; JEOL JSM-840A),

equipped with an energy dispersive X-ray (EDX) analyzer.

Grain sizes of the sintered ceramics were directly estimated

from the SEM micrographs. For the electrical measure-

ments the surfaces of the samples were polished with 3 lm

Al2O3 powders, cleaned ultrasonically, and dried and

electroded by sputtering with gold. To ensure good elec-

trical contact, air dry silver paste was applied over the gold

electrode. The dielectric measurements were made using

an automated measurement system; i.e., an LCR meter

(HP-4824A), a nitrogen-fed furnace (9023 Delta design),

and a desktop computer (HP-200 series). Polarization

measurements were performed using an RT66A ferro-

electric test system (Radiant Technologies) in virtual

ground mode. Copper wires were attached to both sides of

samples using silver epoxy without clamping sample in

order to provide free mechanical boundary condition.

During the polarization measurement, an electric field of

10–40 kV/cm based on the coercive fields was applied to a

sample immersed in silicone oil to prevent the breakdown

of the sample. This system is also capable of simultaneous

measurement of strain using an LVDT and lock-in ampli-

fier (SR 830 DSP, Stanford Research).

Results and discussion

The X-ray diffraction patterns obtained from PMN–PT

ceramic nanocomposites sintered at 1100 and 1200 �C are

displayed in Fig. 1a and b, respectively, where the pure

Fig. 1 XRD patterns of (1 - x)PMN–xPT ceramic nanocomposites sintered at a 1100 �C, b 1200 �C and c enlarged b, showing doublets (002)

and (200)
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perovskite structure was formed throughout the whole

composition ranges. In general, it is seen that the XRD

peaks of PMN–PT ceramic nanocomposites are broader

than those of solid solution [7, 8, 23], consistent with

observations made in other similar perovskite ferroelectric

systems [19, 20]. These can be interpreted in terms of co-

existing perovskite phases, i.e., PMN, PT, and their related

intermediate phases. Moreover, a careful observation

showed only a pseudo-cubic symmetry at low values of PT

concentration, in agreement with other researchers [23, 24].

By the influence of PT, however, several peaks split for

x C 0.3, indicating the development of tetragonal sym-

metry, which continued with a further increase in PT

concentration. For example, (002)/(200) peaks splitting the

diffraction line around 2h of 44–46� are shown in Fig. 1c

confirming their tetragonal symmetry, in good agreement

with other similar perovskite systems [25, 26]. In general,

the strongest reflections in the majority of XRD traces

indicate the formation of the perovskite phase which could

be matched with a mixture of PMN and PT phases, in

agreement with other works [9, 20, 23]. In order to evaluate

the relative amounts of perovskite and pyrochlore phases in

each composition, the following approximation was used,

as in our earlier works [10, 27]:

Perovskite phase wt%ð Þ ¼ Ip= Ip þ Im

� �
� 100 ð1Þ

Here Ip and Im refer to the intensities of the (110)

perovskite and (222) minor phase peaks, respectively, these

being the most intense reflections in the XRD patterns of

both phases. For the purposes of estimating the concen-

tration of minor phase present, Eq. 1 has been applied to

the diffraction patterns obtained (Table 1). Within the

limitation of the XRD technique in this study, it should be

noted that a single phase of perovskite is found in all

PMN–PT ceramic nanocomposites, in contrast to the

results obtained from the solid solution case [7, 8, 28]

(Table 1). No trace of unreacted starting materials or py-

rochlore-type phase of Pb–Nb–O compounds reported

earlier by other researchers [8, 10, 23] was observed, nor

was there any evidence of other second phases [28–30]

being present. This could be due to the lower optimized

sintering temperature of the nanocomposites as compared

to the solid solution, leading to a smaller degree of PbO

volatilization and consequently avoiding the unwanted

phase formation, consistent with literature [30–32], while a

sufficient arrangement of grain-packing required for cera-

mic densification still was reached. However, many other

factors come into play, e.g., homogeneity of materials,

reactivity of starting powders, and processing variables.

These XRD results clearly show that, in general, the dif-

ferent processing methods used for preparing PMN–PT

ceramic nanocomposites gave rise to a different phase

Table 1 Physical properties of

(1 - x)PMN–xPT ceramic

nanocomposites

a The estimated precision of the

phase concentration is ±0.1%
b The estimated precision of the

density is ±0.05 g/cm3

c The estimated precision of the

grain size is ±0.05 lm

Sintering temperature (�C) Composition (x) Physical properties

Perovskite phasea

(%)

Densityb

(g/cm3)

Grain sizec

(lm)

1100 (Nanocomposites) 0.1 100 4.74 0.09–1.95

0.2 100 5.92 0.18–1.94

0.3 100 6.59 0.08–1.54

0.4 100 7.03 0.10–2.73

0.5 100 7.28 0.09–3.00

1200 (Nanocomposites) 0.1 100 7.06 0.53–3.67

0.2 100 7.10 0.33–3.34

0.3 100 7.20 0.52–3.53

0.4 100 7.23 0.41–4.02

0.5 100 7.40 0.67–3.13

1220 (Solid solution) [35] 0.1 – – –

0.2 – – –

0.3 – – –

0.4 98.70 7.80 0.42–3.66

0.5 100 7.77 0.44–3.02

1240 (Solid solution) [35] 0.1 97.22 7.89 0.41–2.80

0.2 100 7.94 0.41–3.45

0.3 100 7.86 0.48–3.72

0.4 – – –

0.5 – – –
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formation in the sintered materials. The absence of minor

phase in composite samples was related to the more reac-

tive process used.

The representative XRD patterns of 0.5PMN–0.5PT

ceramic nanocomposites as a function of sintering tem-

perature, together with that from a true solid solution, are

shown in Fig. 2a. As expected, distinct peaks from the two

perovskite phases are visible at low sintering temperature

of 900 �C. As the sintering temperature increased to

1100 �C, the two phases begin to coalesce and form a

nanocomposite microstructure with very narrow peak

width. Further increase in the sintering temperature to

1200 �C results in a peak width broadening, similar to that

of the true solid solution as plotted on the top. For better

quantitative comparison, the full-width at half maximum of

(100), (110), and (111) peaks is also plotted as a function of

sintering temperature in Fig. 2b. One can easily see that a

very narrow peak width is observed at the sintering tem-

perature of 1100 �C where a nanocomposite microstructure

exists, while a broader peak width is displayed at lower

sintering temperature where the two phases coexist and at

high sintering temperature where the true solid solution

forms. Further TEM study should clearly distinguish the

relaxor-like structure of the PMN from the tetragonal

domain structure of the PT phase. However, this aspect is

beyond the scope the present paper.

The densification and grain size data of all PMN–PT

ceramic nanocomposites are compared with those of the

solid solutions available in the literature, as given in

Table 1. In general, the bulk density was found to increase

with firing temperature and PT content, which could be due

to the lower melting point of PT compared to PMN [4, 9,

29]. Thus, the admixture of PMN could be considered to be

a useful technique for promoting the densification of PT,

along with its other significant advantage of bringing the

Curie range down to lower temperatures as demonstrated

(Figs. 6 and 7) by a number of researchers [9, 33, 34]. It is

also interesting to note that in this study the effects of both

sintering temperature and the amount of PT nanoparticles

were found to be significant for the densification of PMN–

PT ceramic nanocomposites. Density values of about 4.74–

7.28 and 7.06–7.40 g/cm3 were obtained after sintering at

1100 and 1200 �C, respectively, which are considerably

lower than the values obtained for sintered PMN–PT solid

solution ceramics [35] (Table 1). Different optimized firing

temperatures used may be responsible for these different

final densification results. It can be seen that for a given

chemical composition, the density values of ceramics sin-

tered at 1100 �C are lower than the values of ceramics

sintered at 1200 �C, especially for the case of low PT

concentration. In order to preserve the ceramics with

nanostructural arrangement, it is possible that the employed

sintering temperature in this work is not enough for driving

densification mechanism to achieve fully dense PMN–PT

ceramic nanocomposites. However, so far, there are no

reports on the production of highly dense PMN–PT cera-

mic nanocomposites by a pressureless sintering method.

Moreover, the scope of improving pressureless sintering by

raising the temperature is limited by the melting point of

both PMN and PT end components (*1300 �C) while the

hot-pressing method can cause severe problems related to

the evaporation of PbO [36]. Furthermore, in Table 1, it

can be seen that grain sizes of ceramic nanocomposites

sintered at lower temperature are smaller than those

obtained in ceramics sintered at higher temperature, espe-

cially for the compositions with high PT content. Besides

the effect of sintering temperature, another possible reason

is that the incorporation of second phase (as later confirmed

by SEM technique) could limit grain growth in the matrix.

The key mechanisms responsible for the lower sintering

temperature observed in this work are still unclear. The

higher green densities may be attributed to the employed

bimodal particle size method via both geometric inter-

locking and improved cohesion between particles.

Fig. 2 a XRD patterns and b full-width at half maximum of the XRD

peaks as a function of sintering temperature for 0.5PMN–0.5PT

ceramic nanocomposites, compared with a true solid solution sintered

at 1220 �C
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Interlocking is the primary strengthening mechanism for

irregular shaped particles, especially for low compaction

pressure [37] where pressureless sintering was used.

However, other possibilities such as starting powder char-

acteristics, the behavior of powder agglomerates with a

single pressing operation during powder compaction, the

pressure gradient that exists in the larger particles, and

heating/cooling rates may also share their responsibility for

the final densification of these products.

It should be noted that previously an experiment on the

conventional route with bimodal particle distribution tech-

nique was carried out and the complete solid solution

microstructure type commonly found in the conventional

PMN–PT processing was observed at slightly lower sinter-

ing temperatures, indicating the solubility effect of the lead-

based complex perovskite PMN–PT (although their particle

size fractions are different, similar constituent species can

have faster interdiffusion rate during firing), and hence

limiting the possibility of composite formation [18, 35].

SEM micrographs of (1 - x)PMN–xPT ceramic nano-

composites (x = 0.1, 0.3, and 0.5) sintered at different

temperatures are compared in Fig. 3. In general, the sam-

ples show nearly 100% intergranular fracture behavior.

With increasing PT content, the grain boundary changed

from intergranular to transgranular surface (Fig. 3c). It can

also be seen that the specimens only show a few small

pores at grain boundaries and triple points; cracks or mi-

crocracks were not detected. Moreover, the degree of grain

close-packing microstructures tends to increase with PT

content. High porosity and heterogeneous microstructures

consisting mainly of two ranges of particles (in respect of

size and shape) were found in the samples sintered at lower

temperature (Fig. 3a–c). A distribution of very small par-

ticles with diameter *100–200 nm is found over the PMN

grains. Large pore sizes of the order of 1 lm were also

observed. These poorly sintered samples could be attrib-

uted to several factors, including the effect of different size

fractions between the two different end components,

Fig. 3 SEM micrographs of

(1 - x)PMN–xPT ceramic

nanocomposites sintered at

1100 �C with x = a 0.1, b 0.3

and c 0.5; and at 1200 �C with

x = d 0.1, e 0.3 and f 0.5
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ineffective mixing, and the use of shortened sintering time

or low firing temperature, similar to those observed by

other researchers [19, 26, 38]. With comparison to the

samples sintered at higher temperatures (Fig. 3d–f), dif-

ferent microstructural characteristics are clearly observed.

It should be noted that the overall microstructures of

PMN–PT ceramics nanocomposites sintered at 1100 �C are

totally different from those observed in the solid solution

case [9, 39], although the grain size range between the two

systems are about the same (Table 1). On the other hand,

the samples sintered at 1200 �C show similar microstruc-

ture as the solid solution samples. All samples exhibit

uniformly sized grains with a high degree of grain close-

packing. Here, the employed sintering temperature is

probably high enough for driving diffusion mechanism to

achieve the final sintered samples as obtained by the solid-

state sintering in the PMN–PT solid solution. Clearly, the

ceramic fabrication technique has been found to have a

pronounced effect on the phase formation, densification,

and microstructure of ceramics in the PMN–PT system [7,

9, 39]. As shown in Fig. 3, two different phases appear in

the microstructure, i.e., PMN grains and intergranularly

located PT nanoparticles. This kind of microstructure can

be matched with the ‘‘inter-intragranular’’ structural model

of ceramic nanocomposites proposed by Niihara [13]. Thus,

one of the main objectives regarding the fabrication of

PMN–PT ceramic nanocomposites by using the bimodal

particle size packing concept (micron-sized PMN ? nano-

sized PT powders) is successfully achieved. This type of

ceramic nanocomposite is expected to exhibit good resis-

tance to high temperature creep via the intergranular

structure due to grain boundary pinning. Correspondingly,

the intragranular configuration hinders crack motion

through the grain, i.e., transgranular fracture, and poten-

tially the strength and toughness can be enhanced [14].

However, the rationalization of the various mixed-phase

sintering phenomena relies on both physical and chemical

factors. The physical factors involve the green powder

structure, particle size, particle shape, composition, homo-

geneity, and green density [18, 37]. For example, a mixture

will exhibit a high packing density when there is a large size

difference between the particles. In turn, sintering shrinkage

depends not only on temperature and time, but also on

composition, particle size, phase connectivity, and green

density. Hence, mixed particles exhibit widely varying

responses to sintering cycles depending on geometric

attributes. It can be seen that so many unanswered questions

still remain, especially in connection with their electrical

properties. These aspects are verified in the following.

The dielectric properties, e.g., dielectric constant (er)

and dielectric loss tangent (tand), are measured as functions

of both temperature and frequency, as shown in Figs. 4a

and 5a for 0.9PMN–0.1PT compositions sintered at

1100 �C and 1200 �C, respectively. As listed in Table 2,

the Curie temperature (TC) (determined at measuring fre-

quency of 1 kHz) increases from 33 (39) �C in 0.9PMN–

0.1PT to 270 (268) �C in 0.5PMN–0.5PT sintered at 1100

(1200) �C. This is a direct result of PT addition to PMN

(TC * -8 �C) since PT itself has a Curie temperature of

490 �C [4, 6]. The Curie temperatures are about the same

for each composition measured while their slight variation

seems to be related to the effect of firing temperature on

density of the final products. As shown in Fig. 4a, for

0.9PMN–0.1PT ceramic nanocomposite sintered at

1100 �C, both er and tand exhibit strong temperature–fre-

quency dependence below the transition temperature. This

is a typical behavior of relaxor ferroelectrics [4, 40], in

which strong temperature–frequency dependence is

observed, and the temperatures of maximum dielectric

constant and dielectric loss tangent are shifted to higher

temperature with increasing frequency. The maximum

value of the dielectric constant decreases with increasing

frequency, while that of the dielectric loss tangent increa-

ses. The dielectric properties then become frequency

independent above the transition temperature. PMN is a

well-known relaxor ferroelectric material as a result of a

short-range ordered structure with a nanometer scale het-

erogeneity in composition [6, 40]. Small addition of PT to

PMN causes an increase in TC, but the strong relaxor

behavior still exists. In addition, since 0.9PMN–0.1PT

ceramic has a pseudo-cubic symmetry it is intrinsically

electrostrictive (i.e., its electrically induced strain is qua-

dratically proportional to the applied electric field and is

non-hysteretic, as shown later in Fig. 10) [41, 42]. With its

enhanced dielectric properties at room temperature, as

listed in Table 2, it is widely employed in transducers and

actuators [4–6].

Further increase in PT contents leads to more observable

normal ferroelectric behavior because PT is intrinsically a

normal ferroelectric [4, 6]. For instance, the dielectric

properties of 0.7PMN–0.3PT ceramics sintered at 1200 �C

(as plotted in Fig. 5b) exhibit a mixture of both normal and

relaxor characteristics, in which the transition temperature is

not shifted as much as for relaxor 0.9PMN–0.1PT ceramics.

Similar tendency has also been observed in several prior

investigations [41–44]. It should be noted that 0.7PMN–

0.3PT ceramic composition is close to MPB of the PMN–PT

system. Therefore, its structural symmetry is a mixture of

pseudo-cubic and tetragonal, which in turn causes a mixture

of normal and relaxor characteristics observed for dielectric

properties. On the other hand, with a tetragonal symmetry,

the 0.5PMN–0.5PT ceramics sintered at 1200 �C exhibit a

normal ferroelectric behavior (Fig. 5c), in which the

dielectric properties change significantly with temperature,

but are nearly independent of frequency, except in the

vicinity of the phase transformation temperature. This is a

5434 J Mater Sci (2009) 44:5428–5440
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typical characteristic of normal ferroelectric ceramics with a

long-range ordered structure [40, 45]. It should also be noted

here that the dielectric properties in all ceramics increase

significantly at high temperature as a result of thermally

activated space charge conduction [26, 44].

The temperature dependence of the dielectric properties

at 1 kHz of all compositions sintered at 1100 �C and

1200 �C is compared in Figs. 6 and 7, respectively, and the

details are given in Table 2. It can be concluded that when

PT is added to form the binary system with PMN, the TC

increases monotonically, as shown in Table 2 and Figs. 6

and 7, and the dielectric behavior is shifted from relaxor

ferroelectric toward normal ferroelectric. However, the

dielectric constant of ceramic nanocomposites samples

sintered at 1100 �C is lower than the values of PMN–PT

ceramic nanocomposites sintered at 1200 �C (as shown in

Table 2) and solid solution ceramics for all compositions.

There are various reasons to explain the dielectric response

of composite materials. Ausloo [46] studied the effective

dielectric constant theories of composite solids. His work

reported the broad curve of dielectric constant of the results

of clustering effect including the shape of the cluster and

particle heterogeneity effect. In this work, it is possible that

PT nanoparticles in the samples may hinder domain wall

motion and lead to reduced dielectric constant. Another

possible reason should be the low density values.

To further understand the dielectric behavior of the

PMN–PT ceramic nanocomposites, the ferroelectric tran-

sition can analyzed through the Curie–Weiss relationship.

For a normal ferroelectric such as PT, above the Curie

temperature, the dielectric constant follows the Curie–

Weiss law:

e ¼ c= T � T0ð Þ ð2Þ

where c is the Curie constant and T0 is the Curie–Weiss

temperature [3–6]. For a ferroelectric with a diffuse phase

transition such as PMN and PMN–PT compounds, the

following equation applies:

1=e � ðT � TmÞ2 ð3Þ

The above equation has been shown to be valid over a

wide temperature range compared with the normal Curie–

Fig. 4 Variation with temperature and frequency of dielectric properties of (1 - x)PMN–xPT ceramic nanocomposites sintered at 1100 �C with

x = a 0.1, b 0.3, and c 0.5
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Weiss law, Eq. 2 [26, 40]. In Eq. 3, Tm is the temperature

at which the dielectric constant is maximum. If the local

Curie temperature distribution is Gaussian, the reciprocal

permittivity can be written in the form: [3, 26]

1=e ¼ 1=em þ T � Tmð Þc=2emd2 ð4Þ

where em is the maximum permittivity, c is the diffusivity,

and d is the diffuseness parameter. For (1 - x)PMN–xPT

compositions, the diffusivity and diffuseness parameters

can be estimated from the slope and intercept of the

dielectric data displayed in Fig. 8 and Table 2, which

should be linear. The values of c and d are both material

constants depending on the composition and structure of

the materials [25, 26]. The value of c is the expression of

the degree of dielectric relaxation, while the parameter d is

used to measure the degree of diffuseness of the phase

transition. In a material with the ‘‘pure’’ diffuse phase

transition described by the Smolenskii–Isutov relation,

Eq. 2, the value of c is expected to be 2 [40]. The mean

value of the diffusivity (c) is extracted from these plots by

fitting a linear equation. The values of c given in Table 2

vary between 1.53 and 1.97, which confirms that diffuse

phase transition occurs in these PMN–PT ceramic nano-

composites. However, the phase transition in this system

can be considered as ‘‘not purely’’ diffuse as the c value is

not equal to 2 [40]. It is important to note that in perovskite

ferroelectrics, it has been established that c and d can be

affected by microstructure features, density, and grain size

[43, 44]. For PMN–PT ceramic nanocomposites, c and d
increase with an increase in PMN content, confirming the

diffuse phase transitions in PMN–PT ceramic nanocom-

posites. It is clear that the addition of PT nanoparticles

decrease the degree of disorder in (1 - x)PMN–xPT over

the compositional range 0.1 B x B 0.5 with the highest

degree of diffuseness exhibited in the 0.9PMN–0.1PT

ceramic nanocomposites. It should also be mentioned here

that different dielectric behaviors could also be caused by

grain size variation and microstructural arrangement (ver-

ified by SEM technique in Fig. 3). The microstructural

heterogeneity also gives rise to random fields, which tend

to make the phase transition ‘‘diffuse’’ instead of sharp as

in normal ferroelectric [41–43].

Fig. 5 Variation with temperature and frequency of dielectric properties of (1 - x)PMN–xPT ceramic nanocomposites sintered at 1200 �C with

x = a 0.1, b 0.3, and c 0.5
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A series of polarization–field (P–E) hysteresis loops for

the PMN–PT ceramic nanocomposites sintered at 1200 �C

are given in Fig. 9. It is clearly evident that the shape of

P–E loops varies greatly with the ceramic compositions.

With large amount of normal ferroelectric PT contents, the

polarization loops of 0.5PMN–0.5PT and 0.6PMN–0.4PT

are well developed showing large remnant polarization

(Pr: remaining polarization when electric field is decreased

to zero). The hysteresis loops are of a typical ‘‘square’’

form as a result of domain switching in an applied field.

This is a typical characteristic of a phase that contains

long-range interaction between dipoles in the ferroelectric

micro-domain state [40, 45]. This confirms that these

compositions are of a normal ferroelectric phase with

tetragonal symmetry, as indicated by the dielectric mea-

surements and XRD analysis. The 0.7PMN–0.3PT ceramic

shows the largest polarization values with small coercive

field (EC), confirming that the composition is near the

MPB of PMN–PT system. The other compositions with

more PMN content show more of ‘‘slim’’ hysteresis loops,

a characteristic of the suppressed ferroelectric interaction

[41, 42, 47]. This is typically found in the relaxor ferro-

electrics with polar nano-regions. This has also resulted in

the decrease of the values of both Pr and EC, as seen in

Table 3, due to increased pseudo-cubic non-ferroelectric

phase content [42–44]. From the loops, the polarizations

(Pr and Ps) and the coercive field EC (indicating an electric

field required to zero the polarization) are extracted as

given in Table 3. The results clearly suggest that an

addition of PT nanoparticles induces the normal ferro-

electric behaviors of PT into the PMN–PT ceramic

nanocomposites. Moreover, it should be noted that a

conclusion drawn from the XRD and dielectric properties

measurements discussed earlier that the MPB composition

should exist at x * 0.3 is supported further by the ferro-

electric properties, as seen from a strong reduction of

polarization values with increasing PT content up to

x = 0.3, and then a sudden enhancement of the polariza-

tion values with further increase in PT content, consistent

with those found for the PZT–PCN system [48].

A similar behavior is also observed from the strain–

electric field (s–E) relation, as plotted in Fig. 10. As can be

seen, the near hysteresis-free electrostrictive behavior

normally observed in relaxor ferroelectric is obtained in

0.9PMN–0.1PT ceramic. With increasing amount of PT,

the s–E loops become more of ‘‘butterfly’’ type typically

obtained in normal ferroelectric state [4–6]. The field-

induced strain increases with increasing amount of PT to

30 mol% (near MPB composition), reaching the maximum

value of *0.12%. Further increase in the PT content

results in the decrease of the induced strain. Therefore, it

can be concluded that the ferroelectric properties of the

Table 2 Dielectric properties

of (1 - x)PMN–xPT ceramic

nanocomposites

Sintering temperature (�C) Composition (x) Dielectric properties (at 1 kHz)

TC (�C) er,25 C er,max tandmax c d

1100 (Nanocomposites) 0.1 33 788 794 0.04 1.90 65.79

0.2 98 2630 5663 0.02 1.72 22.27

0.3 154 2514 8539 0.02 1.70 3.87

0.4 213 1743 9722 0.02 1.56 2.91

0.5 270 475 4433 0.05 1.53 2.28

1200 (Nanocomposites) 0.1 39 6224 6613 0.04 1.92 38.22

0.2 97 3527 12000 0.03 1.87 26.80

0.3 158 2807 13048 0.01 1.85 19.85

0.4 216 1640 9801 0.01 1.80 15.46

0.5 268 820 7980 0.2 1.75 14.06

1220 (Solid solution) [35] 0.1 – – – – – –

0.2 – – – – – –

0.3 – – – – – –

0.4 220 – 2134 0.02 – –

0.5 250 – 1010 0.03 – –

1240 (Solid solution) [35] 0.1 38 – 19400 0.09 – –

0.2 140 – 3520 0.04 – –

0.3 197 – 2320 0.02 – –

0.4 – – – – – –

0.5 – – – – – –
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ceramic nanocomposites in PMN–PT system move grad-

ually from the relaxor ferroelectric state in PMN to the

normal ferroelectric state in 0.5PMN–0.5PT, crossing the

MPB near 0.7PMN–0.3PT [35, 41, 42].

From the dielectric and ferroelectric data, the results and

behavior are similar to (1 - x)PMN–xPT solid solutions

[24, 34, 35]. However, the values of ceramic nanocom-

posites are slightly lower than those of solid solution

ceramics. It is possible that this lower electrical data is due

to the reduced domain switching caused by the second

phase particles which are incorporated within the matrix

grains. Moreover, the dielectric behaviors still exhibit a

board peak in all composition. This behavior is different

from the solid solution ceramics (showing sharp peak with

PT content increasing). It is believed that two dielectric

behaviors (relaxor ferroelectric and normal ferroelectric)

co-exist in these samples [25, 48].

It should be noted here that the most interesting sample

in this study, the sample sintered at 1100 �C, is of rela-

tively low density. Hence, as a result of their lossy char-

acteristics, it is unfortunate that it is not possible to include

hysteresis or strain data of these compositions that would

allow even more interesting comparison between a nano-

composite microstructure and a conventional solid

Fig. 6 Variation with temperature of dielectric constant (er) at 1 kHZ

for (1 - x)PMN–xPT ceramic nanocomposites sintered at 1100 �C

Fig. 7 Variation with temperature of dielectric constant (er) at 1 kHZ

for (1 - x)PMN–xPT ceramic nanocomposites sintered at 1200 �C

Fig. 8 Variation of ln(1/er - 1/emax) vs ln(T - Tmax) of (1 - x)

PMN–xPT ceramic nanocomposites sintered at 1200 �C
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solution. If available, one may consider applying the sin-

tering forging method utilized by Frey et al. [49] to obtain a

true nanocomposite structure without scarifying density.

The results obtained in this work suggest that, in

general, the PMN–PT ceramic nanocomposites exhibit

complex microstructures which are inherently heteroge-

neous. The heterogeneity is a result of variation in grain

size and orientation, variation in chemical homogeneity,

and the presence and distribution of additional minor

phase, pores, and cracks [50, 51]. These factors, which are

strongly influenced by the sintering conditions, have an

important effect on the dielectric properties of the

materials and their reproducibility. Two aspects of this

study are significant: (i) reductions in the maximum

required sintering temperature (or the required prolong

firing time) are possible as compared to the conventional

method and (ii) a framework has been established for

developing ceramic nanocomposite technique for tailoring

new electrical properties of ferroelectric ceramics, par-

ticularly those containing low melting point constituents.

For better understanding and verifying the attractiveness

of the nanocomposite technique further, a systematic

study on the effect of other ferroelectric nanodispersoids

such as BaTiO3, PNN, or PFW on the phase formation,

densification, microstructure, and electrical properties of

the ferroelectric-based ceramic nanocomposites is clearly

required.

Conclusions

The methodology demonstrated in this study provides a

simple method for fabrication of the perovskite ferroelec-

tric PMN–PT ceramic nanocomposites by employing a

bimodal particle size packing concept. Their dielectric

properties are strongly influenced by the ceramic process-

ing that affects chemical compositions, densification, and

microstructure. Under suitable processing conditions, the

perovskite phase formation, dielectric constant peak

broadening, and dielectric loss of the PMN/PT nanocom-

posites are better than those obtained from the conventional

solid solution approach. Finally, it should be emphasized

that this work presents for the first time the effects of

Fig. 9 P-E hysteresis loops of (1 - x)PMN–xPT ceramic nano-

composites sintered at 1200 �C

Table 3 Ferroelectric

properties of (1 - x)PMN–xPT

ceramic nanocomposites

Sintering temperature (�C) Composition (x) Ferroelectric properties (at 25 �C, 0.1 Hz)

Ps (lC/cm2) Pr (lC/cm2) EC (kV/cm)

1200 (Nanocomposites) 0.1 18.37 3.05 2.37

0.2 22.84 7.29 2.77

0.3 25.46 12.14 3.67

0.4 20.56 11.16 12.19

0.5 11.25 5.60 13.57

1220 (Solid solution) [35] 0.1 – – –

0.2 – – –

0.3 – – –

0.4 12.75 8.4 8.91

0.5 7.5 5.3 12.79

1240 (Solid solution) [35] 0.1 10.0 1.3 1.96

0.2 16.0 5.5 2.36

0.3 17.9 10.0 8.91

0.4 – – –

0.5 – – –
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sintering temperature on the phase formation, densification,

microstructure, and electrical properties of the PMN–PT

ceramic nanocomposites.
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