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Abstract

Project Code: RSA4680017

Project Title: Effect of Processing Parameter on the Phase Formation, Microstructure

and Dielectric Property of PBZT-PMNT Ceramics

Investigator: Assoc. Prof. Dr. Supon Ananta

E-mail Address: suponananta@yahoo.com

Project Period: 15 August 2003 to 14 August 2006

Objectives:

Two major aspects (powder and ceramic processing) have been carried out in order to

investigate the effect of processing parameter on the phase formation, microstructure

and dielectric property of PBZT-PMNT ceramics.

Experimental procedures, Results and Discussion:

(I) Powders in the PBZT-PMNT system have been synthesized by a solid-state reaction

via a rapid vibro-milling technique. Selected compositions were prepared by using either

conventional ball-milling or wet-chemical processing routes. Phase formation,

morphology and particle size evolution of the calcined powders have been investigated

as a function of calcination conditions. It has been found that the unreacted precursors

and secondary phases tend to form together with the desired phase, depending on

calcination conditions. The starting precursor, firing temperature and dwell time have

been found to have a pronounced effect on the phase formation and morphology of the

calcined powders. The milling time influences not only on the development of the solid-

state reaction of the desired phase but also the particle size and morphology. Moreover,

production of a single-phase nanopowder can be successfully achieved by employing a

combination of appropriated milling time and calcination conditions.

(II) Ceramics in the PBZT-PMNT system have been fabricated by using conventional

single-stage sintering method. Selected compositions were fabricated by employing a

two-stage sintering method. Attention has been focused on relationships between

chemical compositions, sintering conditions, phase formation, densification,

microstructure and dielectric properties of the sintered products. It has been observed

that conformable perovskite ceramics with high density were successfully fabricated by
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means of carefully controlled processing parameters that include sintering temperature,

dwell time and heating/cooling rates. It is clear that PbO deficiency of these Pb-based

ceramics can result in an excessive amount of secondary phases which cause poor

densification and dielectric properties for the final product.

Conclusions:

A combination of simple mixed oxide synthetic route and a rapid vibro-milling technique

has been developed for the production of single-phase powders in the PBZT-PMNT

system. Optimisation of processing parameters especially the calcination conditions and

the milling time can lead to single-phase powders of the desired compositions and

particle size range. This study clearly shows the influences of the processing parameters

on the variation of the phase formation characteristic, the microstructural evolution and

the dielectric properties of PBZT-PMNT ceramics. Under suitable two-stage sintering

conditions, the dense perovskite ceramics can be successfully achieved with better

dielectric properties than those of ceramics from a single-stage sintering technique.

Suggestion for further work:

(I) Further investigation is required for the control and optimization of the desired phase

formation. Studies on the effect of milling parameters and particle size distribution on

phase formation kinetics would be useful for the particle size control. In case of the

vibro-milling technique, other factors such as the milling speed, milling scale and type of

milling media also need be taken into account.

(II) Some improvement may be achieved by increasing the density of the samples in this

study by using higher technology such as sintering in oxygen atmosphere or hot isostatic

pressing. However, the costs of sophisticated processing and manufacturing would need

to be considered.

(III) Further work on the electrical characterization especially the piezoelectric and

electromechanical measurements of these materials would facilitate a deeper

understanding of perovskite ferroelectrics in general.

Keywords: Electroceramics, Vibro-milling, Calcination, Sintering, Dielectric properties
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Abstract

Magnesium niobate (Mg4Nb2O9) powders have been prepared and characterized by thermogravimetric and differential thermal

analysis (TG–DTA), X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) techniques.

The effect of calcination temperature, dwell time and heating/cooling rates on phase formation, morphology and chemical composition

of the powders are examined. The calcination temperature and dwell time have been found to have a pronounced effect on the phase

formation and morphology of the calcined magnesium niobate powders. It has been found that the minor phases of nano-sized MgO

inclusion and the columbite-type MgNb2O6 phase tend to form together with the corundum-type Mg4Nb2O9 phase, depending on

calcination conditions. It is seen that optimisation of calcination conditions can lead to a single-phase Mg4Nb2O9 in a hexagonal

phase.

D 2004 Elsevier B.V. All rights reserved.

Keywords: Magnesium niobate; Mg4Nb2O9; Powder synthesis; Phase formation; Calcination; X-ray diffraction

1. Introduction

The corundum-like phase of magnesium niobate (Mg4
Nb2O9; MN) has attracted interest for many years, with

current attention tending to focus on its use in the

synthesis of low loss microwave dielectric resonator

applications [1,2]. It is also a room temperature photo-

luminescent material and a suitable buffer layer material

for fabricating ferroelectric memory devices [3,4]. Recent-

ly, Lu and Yang [5] have shown that Mg4Nb2O9 is a

better precursor than the columbite MgNb2O6 [6] for the

successful preparation of single phase perovskite lead

magnesium niobate, Pb(Mg1/3Nb2/3)O3, which is becom-

ing increasingly important for multilayer ceramic capaci-

tor, electrostrictor and actuator applications [7,8].

To date, four possible magnesium–niobium oxides

have been identified: MgNb2O6, Mg4Nb2O9, Mg5Nb4O15

and Mg2/3Nb11(1/3)O29 [9]. You et al. [10] reported that

MgNb2O6 and Mg4Nb2O9 are the only stable phases that

exist at room temperature. It is known that synthesis of

Mg4Nb2O9 phase by the conventional method, by react-

ing individual oxides, generally results in varying

amounts of the columbite-like MgNb2O6 phase alongside

the corundum phase [10–12]. Thus, a number of chem-

ical routes using expensive precursors, for example sol–

gel [13] and co-precipitation [14], have been developed

as alternatives to the conventional solid state reaction of

mixed oxides. All of these techniques are aimed at

reducing the temperature of preparation of the compound

even though they are more involved and complicated than

the mixed oxide route. Generally, the mixed oxide meth-

od involves the heating of a mixture of magnesium oxide

and niobium oxide above 1300 jC for long times, i.e. 24

h [15], 48 h [11] or 72 h [16], and has been employed

intensively in the last decade [10–12,15,16]. The optimi-

sation of calcination conditions used in the mixed oxide

process, however, have not received detailed attention,

and the effects of applied dwell time and heating/cooling

rates have not yet been studied extensively. The purpose

of this work was to explore a simple mixed oxide

synthetic route for the production of Mg4Nb2O9 (MN)

powders and perform a systematic study of the reaction

between the starting magnesium oxide and niobium oxide

precursors. The phase formation, and morphology of the

powder calcined at various conditions will be studied and

discussed.
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2. Experimental procedure

The starting materials were commercially available

magnesium oxide, MgO (periclase: JCPDS file number

71-1176) (Fluka, 98% purity) and niobium oxide, Nb2O5

(JCPDS file number 80-2493) (Aldrich, 99.9% purity).

The two oxide powders exhibited an average particle size

in the range of 3.0 to 5.0 Am. Mg4Nb2O9 powder was

synthesised by the solid state reaction of thoroughly

ground mixtures of MgO and Nb2O5 powders that were

milled in the required stoichiometric ratio. The milling

operation was carried out for 24 h in isopropanal. High

purity corundum balls with diameter of 10 mm were used

as the milling media. After drying at 120 jC, various

calcination conditions, i.e. temperatures ranging from 550

to 1100 jC, dwell times ranging from 0.5 to 48 h and

heating/cooling rates ranging from 5 to 25 jC/min, were

applied, in order to investigate the formation of

Mg4Nb2O9. The reactions of the uncalcined MN powders

taking place during heat treatment were investigated by

thermogravimetric and differential thermal analysis (TG–

DTA, Shimadzu) using a heating rate of 10 jC/min in air

from room temperature up to 1100 jC. Calcined powders

were subsequently examined by room temperature X-ray

diffraction (XRD; Philips PW 1729 diffractometer) using

Ni filtered CuKa radiation, to identify the phases formed

and optimum calcination conditions for the manufacture of

MN powder. The powder morphology was examined

using scanning electron microscopy (SEM; JEOL JSM-

840A). The chemical compositions of the phases formed

were elucidated by an energy-dispersive X-ray (EDX)

analyser with an ultra-thin window. EDX spectra were

quantified with the virtual standard peaks supplied with

the Oxford Instruments eXL software.

3. Results and discussion

The TG–DTA simultaneous analysis for a powder mixed

in the stoichiometric proportions of Mg4Nb2O9 is shown in

Fig. 1. The TG curve shows two distinct weight losses. In

the temperature range from room temperature to f 150 jC,
both small exothermic and endothermic peaks are observed

in the DTA curve in consistent with the first weight loss.

These observations can be attribute to the decomposition of

the organic species from the milling process. Increasing the

temperature up to f 800 jC, the solid-state reaction occurs

between MgO and Nb2O5 [12,17]. The broad exothermic

peak in the DTA curve represents that reaction, which has a

maximum at f 600 jC. This is supported by a second fall

in sample weight over the same temperature range. No

further significant weight loss was observed for the temper-

atures above 600 jC in the TG-curve, indicating the

minimum firing temperature to get MgO–Nb2O5 com-

pounds in good agreement with XRD result (Fig. 2) and

other workers [18,19]. However, the DTA curve shows that

there are another small peaks at f 1070 jC. It is to be

noted that there is no obvious interpretation of these peaks,

although it is likely to correspond to a phase transition

reported earlier [20]. These data were used to define the

range of temperatures for XRD investigation to between 500

and 1100 jC.
Powder XRD patterns of the calcined powders are given

in Figs. 2–5, with the corresponding JCPDS patterns also

shown. From Fig. 2, it is seen that the powder fired at 550

jC consisted of the mixed phases of MgO and Nb2O5

precursors, which could be matched with JCPDS file

numbers 71-1176 and 80-2493, respectively [21,22]. Little

crystalline phase of MgNb2O6 (q) with orthorhombic

symmetry (JCPDS file no. 33-875 [23]) was developed

Fig. 1. TG–DTA curves for the mixture of MgO–Nb2O5 powder.
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accompanying MgO and Nb2O5 as separated phases, when

it was calcined at 600 jC. This observation agrees well with

those derived from the TG–DTA results and other workers

[24–26]. As the temperature increased to 800 jC, the

intensity of the columbite-like MgNb2O6 peaks was further

enhanced. Moreover, the precursor phase of Nb2O5 has been

found to completely disappear, and crystalline MgNb2O6

with small amount of MgO are the only detectable phases in

the powder. Calcinations at 850 jC resulted in some new

peaks (z) of the corundum Mg4Nb2O9 phase (JCPDS file

no. 38-1459 [27]) mixing with the columbite MgNb2O6

phase and some residual MgO. Upon calcination at 900 jC,
the corundum Mg4Nb2O9 phase becomes the predominant

phase and the residual MgO has been found to completely

disappear. However, the traces of minor phase MgNb2O6 at

2uf 30.16o and 31.30o could not be completely eliminated.

Fig. 3. XRD patterns of MN powder calcined at 950 jC for various dwell times with heating/cooling rates of 10 jC/min.

Fig. 2. XRD patterns of MN powder calcined at various temperatures for 2 h with heating/cooling rates of 10 jC/min.
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The percentage of corundum phase (f 96 wt.%) formed at

900 jC is comparable to that obtained by Ananta et al. [20].

The amount of corundum phase present in each of the

powder was estimated using the following equation:

wt:% corundum phase ¼ ICor

ICor þ ICol

� �
� 100: ð1Þ

This equation is analogous to the well known equation

[6,15,20] widely employed in connection with the fabrica-

tion of complex perovskite materials. It should be seen as a

first approximation since its applicability requires compara-

ble maximum intensities of the peaks of corundum and

columbite phases. Here ICor refers to the intensity of the

corundum (104) peak and ICol the intensity of the columbite

(131) peak [20]. For the purpose of estimating the concen-

trations of the phases present, Eq. (1) has been applied to the

powder XRD patterns obtained as given in Table 1.

After calcination at 950 jC, a single phase of the

corundum Mg4Nb2O9 is formed. The XRD pattern of the

Mg4Nb2O9 calcined at 950 jC for 2 h was indexable

according to a corundum-type structure with the space

group p3̄c1 (no. 165) and the hexagonal unit cell with

lattice parameters a= 516 and c = 1402 pm, in consistent

with literature [12,28]. In conventional mixed oxide route

reported earlier [5,15,16], major phase of Mg4Nb2O9 was

obtained for a calcination temperature above 1200 jC.
However, for the present work, there are no significant

different between the powders calcined at temperature

ranging from 950 to 1100 jC (see also Fig. 2 and Table 1).

Apart from the calcination temperature, the effect of

dwell time was also found to be quite significant. It is seen

that the single phase of Mg4Nb2O9 (yield of 100% within

the limitations of the XRD technique, as given in Table 1)

was found to be possible in powders calcined at either 950

jC with dwell time of at least 2 h (Fig. 3) or 900 jC for 5

h or more (Fig. 4). In earlier work [11,15] long heat

treatments at f 1200–1300 jC for 24 h and 48 h were

proposed for the formation of Mg4Nb2O9 by a conventional

mixed oxide synthetic route, although no details on phase

formation were provided. In the present study (Fig. 3), it

was found that there are no significant different between the

powders calcined at 900 jC with dwell time ranging from 5

to 48 h, as shown in Fig. 4.

Table 1

Calculated Mg4Nb2O9 phase as a function of calcination conditions

Calcination conditions Qualitative concentrations of

Mg4Nb2O9 phase

Temperature

(jC)
Time

(h)

Rate

(jC/min)

Mg4Nb2O9

(wt.%)

MgNb2O6

(wt.%)

900 0.5 10 75 25

900 1 10 81 19

900 2 10 96 4

900 5 10 100 0

900 24 10 100 0

900 48 10 100 0

900 5 25 100 0

950 0.5 10 76 24

950 1 10 83 17

950 2 10 100 0

950 5 10 100 0

950 2 5 100 0

950 2 15 100 0

950 2 20 100 0

950 2 25 100 0

1000 2 10 100 0

1100 2 10 100 0

The estimated precision of the concentrations for the two phases is F 0.1%.

Fig. 4. XRD patterns of MN powder calcined at 900 jC for various dwell times with heating/cooling rates of 10 jC/min.
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In the present study, an attempt was also made to calcine

MN powders under various heating/cooling rates (Fig. 5). In

this connection, it is shown that the yield of Mg4Nb2O9

phase did not vary significantly with different heating/cool-

ing rates ranging from 5 to 25 jC/min. Based on the TG–

DTA and XRD data, it may be concluded that, over a wide

Fig. 5. XRD patterns of MN powder calcined at 950 jC for 2 h with various heating/cooling rates.

Fig. 6. SEM micrographs of the MN powders calcined at (a) 900 jC, (b) 950 jC, (c) 1000 jC and (d) 1100 jC for 2 h with heating/cooling rates of 10 jC/min.
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range of calcination conditions, single phase Mg4Nb2O9

cannot be straightforwardly formed via a solid-state mixed

oxide synthetic route. It is well documented that powders

prepared by a conventional mixed oxide method have spatial

fluctuations in their compositions. The extent of the fluctu-

ation depends on the characteristics of the starting powders

as well as the processing schedules [6,11,20].

The experimental work carried out here suggests that the

optimal calcination conditions for single phase Mg4Nb2O9

(with impurities undetected by XRD technique) are 950 jC
for 2 h or 900 jC for 5 h, with heating/cooling rates as fast

as 25 jC/min. Moreover, the formation temperature and

dwell time for Mg4Nb2O9 observed in this work are also

much lower than those reported earlier [11,15,16].

The morphological changes in the Mg4Nb2O9 powders

formed by a mixed oxide are illustrated in Figs. 6 and 7 as

a function of formation temperature. After calcinations at

900 to 1100 jC, the powders have similar morphology. In

general, the particles are agglomerated and basically

irregular in shape, with a substantial variation in particle

size, particularly in samples calcined at high temperatures.

This structure is similar to that of ZrTiO4 powders

synthesised by previous researchers [29]. The range of

particle size was found to be about 0.23–0.65, 0.30–0.73,

0.33–0.83 and 0.35–1.02 Am for the samples calcined at

900, 950, 1000 and 1100 jC for 2 h, respectively (Fig.

6(a–d)). The results indicate that averaged particle size

and degree of agglomeration tend to increase with calci-

nation temperature.

The effects of heating/cooling rates and dwell time on the

morphology of the calcined powders were also found to be

quite significant. As shown in Fig 7 (a–d), the range of

particle size was found to be about 0.10–0.37, 0.10–0.30,

0.30–0.73 and 0.50–0.93 Am for the samples calcined at

950 jC for 2 h with heating/cooling rates of 15 and 20 jC/
min and at 900 jC for 24 and 48 h, respectively. It is seen

that by increasing the heating/cooling rates, averaged parti-

cle size tends to decrease whilst the degree of agglomeration

tends to increase (Figs. 6(b) and 7(a,b)). This observation

could be attributed to the mechanism of surface energy

reduction of the ultrafine powders, i.e. the smaller the

powder the higher the specific surface area [30]. As

expected, it is seen that longer heat treatment leads to larger

particle sizes and hard agglomeration (Figs. 6(a) and 7(c,d)).

In general, EDX analysis using a 20 nm probe from a large

number of particles of the calcined powders confirmed the

Fig. 7. SEM micrographs of the MN powders calcined at 950 jC for 2 h with heating/cooling rates of (a) 15 and (b) 25 jC/min, and at 900 jC with heating/

cooling rates of 10 jC/min for (c) 24 and (d) 48 h.
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parent composition to be Mg4Nb2O9 in agreement with

XRD results. A combination of SEM and EDX techniques

has demonstrated that an MgO-rich phase (spherical par-

ticles with diameter f 50–100 nm) exists neighbouring the

Mg4Nb2O9 parent phase, as shown in Figs. 6(c,d). More-

over, a variation in the Mg/Nb ratio was also found in good

agreement with other work [12,31,32]. The existence of a

discrete nano-sized MgO phase points to the poor reactivity

of MgO, although the concentration is too low for detection

by XRD.

4. Conclusions

The corundum-type compound Mg4Nb2O9 has been

prepared by a solid-state mixed oxide synthetic route. The

preparative method involved the use of inexpensive and

widely available oxide precursors, moderately low calcina-

tion temperatures and dwell times, together with fast heat-

ing/cooling rates. Evidence has been gained from XRD that

single phase of corundum Mg4Nb2O9 powder has been

obtained in this study by using a calcination temperature

of either 950 jC for 2 h or 900 jC for 5 h, with heating/

cooling rates of 25 jC/min.
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Abstract

Magnesium niobate (MgNb2O6; MN) powders have been prepared and characterized by TG-DTA, XRD, SEM and EDX techniques. The

effect of calcination temperature, dwell time and heating/cooling rates on phase formation, morphology and chemical composition of the

powders are examined. The calcination temperature and dwell time have been found to have a pronounced effect on the phase formation of

the calcined magnesium niobate powders. It has been found that the minor phases of unreacted MgO and Nb2O5 phases tend to form together

with the columbite-type MgNb2O6 phase, depending on calcination conditions. It is seen that optimisation of calcination conditions can lead

to a single-phase MgNb2O6 in an orthorhombic phase. Higher calcination times and heating/cooling rates clearly favoured particle growth

and the formation of large and hard agglomerates.

D 2004 Published by Elsevier B.V.

Keywords: Magnesium niobate; MgNb2O6; Columbite; Calcination; Phase formation; Powders—solid-state reaction

1. Introduction

Magnesium niobate (MgNb2O6; MN) is one of the binary

niobate compounds which exhibits excellent dielectric prop-

erties at microwave frequencies [1–3]. It has very low loss

and high dielectric constant and is a promising candidate for

application in microwave devices. This compound with a

columbite crystal structure is also a suitable reference mate-

rial for investigating the defect induced in LiNbO3 substrates

for waveguide fabrication [4–6]. Moreover, recently, it is

well known as the key precursor for the successful prepara-

tion of single-phase relaxor perovskite Pb(Mg1/3Nb2/3)O3

(PMN), which is becoming increasingly important for trans-

ducer, electrostrictor and actuator applications [7–10].

It is known that various compositions are possible in the

Mg–Nb–O system [11]. To date, four possible magnesium–

niobium oxides have been identified: MgNb2O6, Mg4Nb2O9,

Mg5Nb4O15 and Mg2/3Nb11(1/3)O29 [11,12]. You et al. [13]

reported that MgNb2O6 and Mg4Nb2O9 are the only stable

phases that exist at room temperature. It is known that

synthesis of MgNb2O6 phase by the conventional method,

by reacting individual oxides, generally results in varying

amounts of the corundum Mg4Nb2O9 phase alongside the

columbite phase [7,8,14]. Thus, a number of chemical routes

using expensive precursors, for example, citrate gel [15], co-

precipitation [16], and polymerised complex [17], have been

developed as alternatives to the conventional solid-state

reaction of mixed oxides. All of these techniques are aimed

at reducing the temperature of preparation of the compound

even though they are more involved and complicated than

the mixed oxide route.

The mixed oxide synthetic route is probably one of the

most fundamental, practical routine methods which has been

used, and it has been developed and modified in both

scientific research and industrial mass production for many

years [17–20]. Generally, the mixed oxide method involves

the heating of a mixture of magnesium oxide and niobium

oxide above 1100 jC for long times, i.e., 6 h [17], 20 h [7],

24 h [12] and 48 h [8], and has been employed intensively in

the last decade [17–20]. The optimisation of calcination

conditions used in the mixed oxide process, however, have

not received detailed attention, and the effects of applied

dwell time and heating/cooling rates have not yet been

studied extensively. The purpose of this work was to explore
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a simple mixed oxide synthetic route for the production of

MgNb2O6 (MN) powders via a rapid vibro-milling technique

and perform a systematic study of the reaction between the

starting magnesium oxide and niobium oxide precursors.

The phase formation and morphology of the powder calcined

at various conditions will be studied and discussed.

2. Experimental procedure

The starting materials were commercially available mag-

nesium oxide, MgO (periclase: JCPDS file number 71-1176)

and niobium oxide, Nb2O5 (JCPDS file number 80-2493)

(Aldrich, 99.9% purity). The two oxide powders exhibited an

average particle size in the range of 3.0–5.0 Am. MgNb2O6

powder was synthesised by the solid-state reaction of thor-

oughly ground mixtures of MgO and Nb2O5 powders that

were milled in the required stoichiometric ratio. Instead of

employing a ball-milling procedure (ZrO2 media under

acetone for 24 h [8]), use was made of a McCrone vibro-

milling. In order to improve the reactivity of the constituents,

the milling process was carried for 2 h (instead of 30 min

[19]) with corundum media in isopropyl alcohol (IPA).

Although the use of IPA in place of acetone was dictated

by the use of the McCrone mill, an associated benefit is the

avoidance of unpleasant vapours associated with the use of

acetone. Drying was carried out at 120 jC for 2h, prior to

sieving through a 100-Am mesh. After sieving, various

calcination conditions, i.e., temperatures ranging from 500

to 1200 jC, dwell times ranging from 2 to 12 h and heating/

cooling rates ranging from 10 to 30 jC/min were applied in

order to investigate the formation of MgNb2O6. The reac-

tions of the uncalcined MN powders taking place during heat

treatment were investigated by thermogravimetric and dif-

ferential thermal analysis (TG-DTA, Shimadzu), using a

heating rate of 10 jC/min in air from room temperature up

to 1100 jC. Calcined powders were subsequently examined

by room temperature X-ray diffraction (XRD; Philips PW

1729 diffractometer), using Ni-filtered CuKa radiation to

identify the phases formed and optimum calcination con-

ditions for the manufacture of MN powder. Powder mor-

phologies and particle sizes were directly imaged, using

scanning electron microscopy (SEM; JEOL JSM-840A).

The chemical compositions of the phases formed were

elucidated by an energy-dispersive X-ray (EDX) analyser

with an ultra-thin window. EDX spectra were quantified with

the virtual standard peaks supplied with the Oxford Instru-

ments eXL software.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed

in the stoichiometric proportions of MgNb2O6 is shown in

Fig. 1. The TG curve shows two distinct weight losses. In

the temperature range from room temperature to f 150 jC,
both small exothermic and endothermic peaks are observed

in the DTA curve in consistent with the first weight loss

Fig. 1. TG-DTA curves for the mixture of MgO–Nb2O5 powder.

Fig. 2. XRD patterns of MN powder calcined at various temperatures for

3 h with heating/cooling rates of 10 jC/min.

Fig. 3. XRD patterns of MN powder calcined at 1000 jC for various dwell

times with heating/cooling rates of 10 jC/min.
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(f 1.2%). These observations can be attributed to the

decomposition of the organic species from the milling

process. Increasing the temperature up to f 1000 jC, the
solid-state reaction occurred between MgO and Nb2O5

[7,21]. The broad exotherm in the DTA curve represents

that reaction, which has a maximum at f 500 jC. This is
supported by a second fall in sample weight (f 2.3%) over

the same temperature range. No further significant weight

loss was observed for the temperatures above 500 jC in the

TG-curve, indicating that the minimum firing temperature to

get MgO–Nb2O5 compounds is in good agreement with

XRD result (Fig. 2) and those of other workers [11,14].

However, the DTA curve shows that there are other small

peaks at f 660 and 1000 jC. It is to be noted that there is

no obvious interpretation of these peaks, although it is likely

to correspond to a phase transition reported earlier [8,13,14].

These data were used to define the range of temperatures for

XRD investigation to between 500 and 1200 jC.
To further study the phase development with increasing

calcination temperature in the powders, they were calcined

for 3 h in air at various temperatures, up to 1200 jC,
followed by phase analysis using XRD. As shown in Fig. 2,

for the uncalcined powder, only X-ray peaks of precursors

MgO and Nb2O5, which could be matched with JCPDS file

numbers 71-1176 [22] and 80-2493 [23], respectively, are

present, indicating that no reaction had yet been triggered

during the milling process. After calcination at 500 jC, little
crystalline phase of MgNb2O6 (q) was developed accom-

panying with MgO and Nb2O5 as separated phases. This

observation agrees well with those derived from the TG-

DTA results and those of other workers [14]. As the

temperature increased to 600 jC, the intensity of the

columbite-like MgNb2O6 peaks was further enhanced. Upon

calcination at temperatures ranging from 700 to 1200 jC,
the MgNb2O6 phase became the predominant phase. It

should be noted that after calcination at 800 jC, the peak

Fig. 4. XRD patterns of MN powder calcined at 1000 jC for 4 h with

various heating/cooling rates.

Fig. 5. SEM micrographs of the MN powders calcined at 1000 jC with heating/cooling rates of 10 jC/min for (a) 2 h, (b) 3 h, (c) 4 h and (d) 12 h.
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corresponding to MgO (o) disappeared (not detectable),

whereas the traces of minor phases of unreacted Nb2O5 (.)

could not be completely eliminated.

The XRD pattern of this MgNb2O6 phase was indexable

according to an orthorhombic columbite-type structure with

lattice parameters a = 570 pm, b = 1419 pm and c = 503 pm,

space group Pscan (no. 60), consistent with JCPDS file

numbers 33-875 [24] and literature [8,12,19]. In conven-

tional mixed oxide route reported earlier [7,8,18,19], the

major phase of MgNb2O6 was obtained for a calcination

temperature above 1100 jC. However, for the present work,
there are no significant different between the powders

calcined at temperature ranging from 1000 to 1200 jC
(Fig. 2). Further increase of the calcination temperature to

1200 jC does not result in very much increase in the amount

of MgNb2O6, whereas unreacted Nb2O5 could not be

completely eliminated. This could be attributed to the poor

reactivity of magnesium and niobium species [18,19].

Apart from the calcination temperature, the effect of

dwell time was also found to be quite significant. From

Fig. 3, it can be seen that the single phase of MgNb2O6

(yield of 100% within the limitations of the XRD technique)

was found to be possible in powders calcined at 1000 jC
with dwell time of 4 h or more. This was apparently a

consequence of the enhancement in crystallinity of the

MgNb2O6 phase with increasing dwell time. In earlier work

[7,8,20], long heat treatments at f 1100–1300 jC for 6, 20

and 48 h were proposed for the formation of MgNb2O6 by a

conventional mixed oxide synthetic route, although no

details on phase formation were provided. Furthermore,

Saha et al. [7] have also reported their attempts to prepare

solid-state-derived MgNb2O6 powder via the introduction of

re-grinding and re-calcination processes were successful.

However, in the present study, it was found that there are no

significant differences between the powders calcined at

1000 jC with dwell time ranging from 4 to 12 h, as shown

in Fig. 3. Moreover, it is clear that an essentially mono-

phasic MgNb2O6 of columbite structure was already

obtained when the calcination time was extended to 4

h without any introduction of pre-firing and remixing

processes. This could be attributed to the better mixing of

magnesium and niobium oxides since in this study the

milling time was extended to 2 h instead of 30 min [19].

The observation that the milling time effect may also play an

important role on the phase formation is also consistent with

other work [21]. To further study the phase development

with increasing heating/cooling rates in the powders, an

attempt was also made to calcine MN powders under

various heating/cooling rates (Fig. 4). In this connection,

it is shown that the yield of MgNb2O6 phase did not vary

significantly with different heating/cooling rates ranging

from 10 to 30 jC/min, in good agreement with the early

results reported by Ananta et al. [25] for the mixture of the

two kinds of refractory oxides.

Fig. 6. SEM micrographs of the MN powders calcined at 1000 jC for 4 h with heating/cooling rates of (a) 15, (b) 20, (c) 25 and (d) 30 jC/min.
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Based on the TG-DTA and XRD data, it may be

concluded that, over a wide range of calcination conditions,

single-phase MgNb2O6 cannot be straightforwardly formed

via a solid-state mixed oxide synthetic route. It is well

documented that powder prepared by a conventional mixed

oxide method have spatial fluctuations in their composi-

tions. The extent of the fluctuation depends on the character-

istics of the starting precursors as well as the processing

schedules [7,14,18]. It is rather surprising that no evidence

of the corundum Mg4Nb2O9 [14,19] was found in this study,

nor was there any indication of the Mg5Nb4O15 [12] being

present. The experimental work carried out here suggests

that the optimal calcination condition for single-phase

MgNb2O6 (with impurities undetected by XRD technique)

is 1000 jC for 4 h, with heating/cooling rates as fast as 30

jC/min. Moreover, the formation temperature and dwell

time for MgNb2O6 observed in this work are also lower than

those reported earlier [8,14,20].

The morphological changes in the MgNb2O6 powders

formed by a mixed oxide method are illustrated in Figs. 5

and 6 as a function of dwell times and heating/cooling rates.

The influence of heat treatment conditions on particle size is

given in Table 1. After calcination at 1000 jC for various

dwell times (Fig. 5) and heating/cooling rates (Fig. 6), the

powders seem to have similar morphology. In general, the

particles are agglomerated and basically irregular in shape,

with a substantial variation in particle size, particularly in

samples calcined for longer dwell time or with fast heating/

cooling rates. This structure is also similar to that of FeNbO4

powders synthesised by previous researchers [26]. The

effects of dwell time and heating/cooling rates on the particle

size and degree of agglomeration of the calcined MgNb2O6

powders were found to be quite significant. As shown in

Table 1, it is seen that particle size range and degree of

agglomeration tend to increase with dwell time and heating/

cooling rates. To the author’s knowledge, the present data are

the first results for the morphology–calcination relationship

of MgNb2O6 powders prepared by the solid-state reaction. It

is also of interest to point out that the particle size range of

single-phase MgNb2O6 powders found here is significantly

lower than that reported by Ananta et al. [19] (>3 Am) where

the milling time of 30 min was used. The results obtained in

this study suggest that a systematic study of the effect of

milling parameters such as milling times and milling speed

on the phase and morphology evolutions of the magnesium

niobate powders are required for better understanding and

verifying the attractiveness of the vibro-milling technique.

Further investigation of this relationship is under way and

will be reported in the future.

In general, EDX analysis using a 20-nm probe from a

large number of particles of the calcined powders confirmed

the parent composition to be MgNb2O6 in agreement with

XRD results. A combination of SEM and EDX techniques

has demonstrated that an MgO-rich phase (spherical particles

with diameter f 25–100 nm) exists neighbouring the

MgNb2O6 parent phase, as shown in Fig. 6b–d. Moreover,

a variation in the Mg/Nb ratio was also found in good

agreement with other work [18,19]. The existence of a

discrete nanosized MgO phase points to the poor reactivity

of MgO, although the concentration is too low for detection

by XRD.

4. Conclusions

The columbite-type compound MgNb2O6 has been pre-

pared by a solid-state mixed oxide synthetic route. The

preparative method involved the use of inexpensive and

widely available oxide precursors, moderately low calcina-

tion temperatures and dwell times, together with fast heat-

ing/cooling rates. Evidence gained from XRD revealed that

single phase of columbite MgNb2O6 powder with particle

size ranging from 250 to 780 nm has been obtained in this

study by using a calcination temperature of 1000 jC for 4 h,

with heating/cooling rates of 30 jC/min.
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Abstract

A corundum-like phase of magnesium niobate, Mg4Nb2O9 (MN), has been synthesised by a rapid vibro-milling technique. Both

magnesium carbonate and magnesium carbonate hydroxide pentahydrate have been investigated as magnesium precursors, with the

formation of the Mg4Nb2O9 phase investigated as a function of calcination temperature, dwell time and heating rate by DTA and XRD.

Moreover, morphology and phase composition have been determined via SEM and EDX techniques. The starting precursor and calcination

temperature have been found to have a pronounced effect on the phase formation of the calcined Mg4Nb2O9 powders. It is seen that

optimisation of calcination conditions can lead to a single-phase Mg4Nb2O9 in a hexagonal form. Among the two magnesium precursors, it is

seen that the formation temperature of single-phase Mg4Nb2O9 powder was lower for the synthetic method employing magnesium carbonate

hydroxide pentahydrate.

D 2004 Published by Elsevier B.V.

Keywords: Magnesium niobate; Mg4Nb2O9; Powder synthesis; Oxides; Calcination; X-ray diffraction

1. Introduction

The quest for optimal powder characteristics (controlled

chemical composition, homogeneity, reactivity, particle size

and shape) in the fabrication of materials has directed

attention particularly towards powder production techni-

ques. Magnesium niobate, Mg4Nb2O9, is one of the ordered

corundum-type hexagonal structures which has been inves-

tigated as potential candidates for the synthesis of micro-

wave dielectric materials [1]. It is also an important material

which shows self-activated photoluminescence at room

temperature [2]. You et al. [3] reported that cerium-doped

Mg4Nb2O9 exhibits improved luminescence properties. Re-

cent work on the preparation of lead magnesium niobate,

Pb(Mg1/3Nb2/3)O3 or PMN [4,5], has also shown that

Mg4Nb2O9 is a better precursor than the columbite

MgNb2O6 [6] for the successful preparation of single-phase

perovskite PMN which is becoming increasingly important

for multilayer ceramic capacitor, electrostrictor and actuator

applications [7,8].

The evolution of a method to produce a particular

powder of precise stoichiometry and desired properties is

complex, depending on a number of variables such as

raw materials, their purities, processing history, tempera-

ture, time, etc. For example, the synthesis of stoichio-

metric lead magnesium niobate (PMN) using Mg4Nb2O9

(MN) as a key precursor by the conventional solid-state

reaction [5] requires an additional amount of PbO to

convert the pyrochlore phase to PMN. However, the

effect of excess PbO on PMN preparation is still a matter

of debate and appears to depend critically on the amount

of PbO added [9–11]. Determination of the appropriate

excess of PbO is currently a matter of trial and error.

Furthermore, it has been reported that residual MgO

present in the sample after the reaction has to be

removed by treating with dilute nitric acid. Interestingly,

a two-stage mixed oxide route has also been employed

with minor modifications in the synthesis of Mg4Nb2O9

itself [12,13]. In general, production of single-phase

Mg4Nb2O9 is not straightforward, as minor concentrations

of the MgNb2O6 phases and/or MgO inclusion are some-

times formed alongside the major phase of Mg4Nb2O9

[13,14].
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The development of Mg4Nb2O9 powders, to date, has not

been as extensive as that of MgNb2O6. Much of the work

concerning the compound Mg4Nb2O9 has been directed

towards fabrication of PMN powder [4,5]. Only limited

attempts have been made to improve the yield of Mg4Nb2O9

by optimising starting materials and processing steps.

Whereas purity and reactivity are crucial, attention should

also be given to the phase formation characteristics and

processing–property relationships of this material, with a

view to enhancing overall understanding. The purpose of

this work was to compare the two simple mixed oxide

synthetic routes of Mg4Nb2O9 formation and the character-

istics of the resulting powders. The phase formation and

morphology of the powder calcined at various conditions

will be studied and discussed.

2. Experimental procedure

Mg4Nb2O9 was synthesised by the solid-state reaction

of appropriate amounts of magnesium carbonate, MgCO3

(Aldrich, 99% purity) and niobium oxide, Nb2O5

(Aldrich, 99% purity). In order to improve the reactivity

of the magnesium starting precursor, an alternative route

employing magnesium carbonate hydroxide pentahydrate,

(MgCO3)4�Mg(OH)2�5H2O (Aldrich, 99% purity), was

also investigated. These three oxide powders exhibited

an average particle size in the range of 3.0–10.0 Am. The

following reaction sequences are proposed for the forma-

tion of Mg4Nb2O9:

(a) The mixed oxide route I

4MgCO3 þ Nb2O5ZMg4Nb2O9 þ 4CO2 ð1Þ

(b) The mixed oxide route II

4½ðMgCO3Þ4�MgðOHÞ2�5H2O� þ 5Nb2O5

Z5Mg4Nb2O9 þ 16CO2 þ 24H2O: ð2Þ

A McCrone vibro-milling technique was employed in

order to combine mixing capability with a significant

time saving (only 30 min instead of 24 h, as required in

conventional ball-milling [5,13,14]). The milling operation

was carried out in isopropanal. High-purity corundum

cylindrical media were used as the milling media. After

drying at 120 jC, various calcination conditions, i.e.

temperatures ranging from 500 to 950 jC, dwell times

ranging from 0.5 to 6 h and heating/cooling rates ranging

from 5 to 30 jC/min, were applied in order to investigate

the formation of Mg4Nb2O9. The reactions of the uncal-

cined powders taking place during heat treatment were

investigated by thermal gravimetric and differential ther-

mal analysis (TG-DTA, Shimadzu) using a heating rate of

10 jC/min in air from room temperature up to 1100 jC.
Calcined powders were subsequently examined by room

temperature X-ray diffraction (XRD; Philips PW 1729

diffractometer) using Ni-filtered CuKa radiation to iden-

tify the phases formed and optimum calcination condi-

tions for the manufacture of Mg4Nb2O9 powder. The

powder morphology was analyzed using scanning electron

microscopy (SEM; JEOL JSM-840A). The chemical

compositions of the phases formed were elucidated by

an energy-dispersive X-ray (EDX) analyser with an ultra-

thin window. EDX spectra were quantified with the

virtual standard peaks supplied with the Oxford Instru-

ments eXL software.

3. Results and discussion

TGA and DTA results for both MN precursors are shown

in Figs. 1 and 2, respectively. In general, similar thermal

characteristics are observed in both precursors. As shown in

Fig. 1, the precursor prepared via both synthetic routes

demonstrates two distinct weight losses below 600 jC.
The first weight loss occurs below 200 jC and the second

one above 250 jC. In the temperature range from room

temperature to f 150 jC, both samples show small exo-

thermic peaks in the DTA curves at f 120 jC (Fig. 2),

which are related to the first weight loss. These DTA peaks

can be attributed to the decomposition of the organic species

from the milling process [15]. In comparison between the

two synthetic routes, after the first weight loss, the precursor

derived from route II (b-curve) shows a more steady weight

loss over the temperature range of f 150–250 jC, fol-
lowed by a much more sharp fall in specimen weight with

increasing temperature from 250 to 350 jC. This precursor
also exhibits a slightly smaller overall weight loss

(f 3.75%) than that of the route I (f 4.00%). This may

be accounted for by the fact that the magnesium carbonate

hydroxide pentahydrate starting precursor is highly hygro-

scopic and is able to adsorb moisture quickly from the

atmosphere [16].

Corresponding to the second fall in specimen weight, by

increasing the temperature up to f 800 jC, the solid-state

reaction occurs between magnesium source and niobium

oxide. The broad exothermic characteristic in both DTA

curves represents that reaction, which has a maximum at

f 580 and 500 jC for routes I and II, respectively.

Moreover, another exothermic peaks with maximum at

f 690 and 660 jC for routes I and II, respectively, were

also observed in these profiles. These temperatures have

been obtained from the calibration of the sample thermo-

couple. It is to be noted that there is no obvious interpre-

tation of the peaks, although it is likely to correspond to a

phase transition reported by a number of workers [14,17].

The different temperature, intensities and shapes of the

thermal peaks for the two precursors here probably are

related to the different natures of the starting precursors

and, consequently, caused by the removal of organic species

and rearrangement of species differently bounded in the
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network. These data were used to define the range of

temperatures for XRD investigation to between 500 and

950 jC.
To further study the phase development with increasing

calcination temperature in each of the two precursors, they

were calcined for 2 h in air at various temperatures, up to

950 jC, followed by phase analysis using XRD. As shown

in Figs. 3 and 4, for the powders calcined at 500 jC, only
X-ray peaks of MgO and Nb2O5 are present, indicating that

the decomposition processes of both magnesium sources

and the elimination of their organic species occur below

500 jC, which agrees with the result of TG-DTA deter-

mined previously. The strongest reflections of the mixed

phases of MgO and Nb2O5 can be correlated with JCPDS

file no. 71-1176 [18] and 28-0317 [19], respectively.

From Fig. 3, it is seen that little crystalline phase of

MgNb2O6 (j), earlier reported by many researchers

[6,14,17], was found at 600 jC as separated phases in the

powder synthesised by route I. In a remarkable contrast, the

columbite-type MgNb2O6 becomes the predominant phase

in the powder synthesised by route II at 600 jC, as shown in
Fig. 4. This could be attributed to the different reactivity of

the employed starting magnesium precursors. This

MgNb2O6 phase (JCPDS file no. 33-875 [20]) has a

columbite-type structure with an orthorhombic unit cell

(a = 3.78 Å and c = 9.51 Å), space group I41/amd (no.

Fig. 2. DTA curves of the two MN precursors; (a) route I and (b) route II.

Fig. 1. TGA curves of the two MN precursors; (a) route I and (b) route II.
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141), in agreement with literature [14,17,21]. As the tem-

perature increased to 700 jC, the intensity of the MgNb2O6

peaks in the powder synthesised by route I was further

enhanced (Fig. 3), whereas some new peaks (z) of the

desired Mg4Nb2O9 started to appear, mixing with MgNb2O6

and MgO phases in the powder synthesised by route II (Fig.

4). To a first approximation, this Mg4Nb2O9 phase (JCPDS

file no. 38-1459 [22]) has a corundum-type structure with a

hexagonal unit cell (a = 516 pm and c= 1402 pm), space

group P3̄c1 (no. 165), consistent with other researchers

[5,23]. From Figs. 3 and 4, it is seen that the peaks

corresponding to Nb2O5 phase were completely eliminated

after calcination at 800 and 700 jC in the powders syn-

thesised by routes I and II, respectively. These observations

are associated to the DTA peaks found at the same temper-

ature range within the broad exothermic effects in Fig. 2.

Upon calcination at 800 jC, the major phase of

Mg4Nb2O9 has been clearly identified in the powders

Fig. 4. Powder XRD patterns of the calcined MN powder (route II) at (a) 500 jC, (b) 600 jC, (c) 700 jC, (d) 800 jC, (e) 900 jC and (f) 950 jC, for 2 h with

heating/cooling rates of 10 jC/min.

Fig. 3. Powder XRD patterns of the calcined MN powder (route I) at (a) 500 jC, (b) 600 jC, (c) 700 jC, (d) 800 jC, (e) 900 jC and (f) 950 jC, for 2 h with

heating/cooling rates of 10 jC/min.

S. Ananta / Materials Letters 58 (2004) 2834–2841 2837



synthesised by route II and most of second phases were

eliminated. In particular, the peaks corresponding to MgO

disappeared (not detectable by XRD). After calcination at

900 jC, little crystalline phase of Mg4Nb2O9 was found to

coexist along with the MgNb2O6 and MgO phases in

precursor route I. However, in comparison, a single phase

of Mg4Nb2O9 is already formed when the precursor

synthesised by route II was calcined at 900 jC. An

essentially monophasic Mg4Nb2O9 of corundum structure

is also obtainable in powder synthesised by route I when

the calcination temperature was extended to 950 jC,
which is 50 jC higher than that observed in precursor

route II. According to the TG-DTA results previously

discussed, a slight drop in weight is also observed above

900 jC for the route II sample (Fig. 1) associated with

little DTA peaks at the same temperature range (Fig. 2)

and may be attributed to the crystallization of this

Mg4Nb2O9 phase.

It is well established that the columbite-type MgNb2O6

tends to form together with the corundum-type Mg4Nb2O9,

depending on calcination conditions [14,17]. In the work

reported here, evidence for the formation of MgNb2O6

phase, which coexists with the Mg4Nb2O9 phase, is found

after calcination at low temperature (f 700–900 jC). No
evidence of Mg5Nb4O15 was found, nor was there any

indication of the orthorhombic phase of Mg2/3Nb11(1/3)O29

[24,25] being present. Apart from the calcination tempera-

ture, the effect of dwell time was also found to be quite

significant (Figs. 5 and 6). It is seen that the single phase of

Mg4Nb2O9 (yield of 100% within the limitations of the

XRD technique) was found to be possible only in powders,

calcined at 950 jC (route I) and 900 jC (route II), with

dwell time of 2 h or more. The formation temperature and

dwell times for high-purity Mg4Nb2O9 observed in the

powders derived from a combination of a mixed oxide

synthetic route and a rapid vibro-milling technique (espe-

cially with magnesium carbonate hydroxide pentahydrate as

the precursor) are much lower than those reported for the

powders prepared via many other conventional mixed oxide

methods [3–5,13]. In the present study, an attempt was also

made to calcine both precursors under various heating/

cooling rates (Fig. 7). In this connection, it is shown that

the yield of Mg4Nb2O9 phase did not vary significantly with

different heating/cooling rates ranging from 5 to 30 jC/min,

in good agreement with the early results reported by Ananta

et al. [15] for the mixture of the two kinds of refractory

oxides.

Based on the DTA and XRD data, it may be concluded

that, over a wide range of calcination conditions, single-

phase Mg4Nb2O9 cannot be straightforwardly formed via a

solid-state mixed oxide synthetic route. The experimental

work carried out here suggests that the optimal calcination

conditions for single-phase Mg4Nb2O9 are 950 jC (route I)

and 900 jC (route II), for 2 h with heating/cooling rates as

fast as 30 jC/min. The optimised formation temperature of

single-phase Mg4Nb2O9 was lower for the route II method

probably due to the higher reactivity of the magnesium

carbonate hydroxide pentahydrate precursor. Therefore, in

general, the methodology presented in this work provides a

simple method for preparing corundum Mg4Nb2O9 powders

via a solid-state mixed oxide synthetic route. It is interesting

to note that, by using either magnesium carbonate or

magnesium carbonate hydroxide pentahydrate as a magne-

sium source, with optimal calcination conditions, the repro-

ducible, lower cost and faster process involving vibro-

milling can produce high-purity corundum Mg4Nb2O9 (with

Fig. 5. Powder XRD patterns of the calcined MN powder (route I) at 950 jC, for (a) 0.5 h, (b) 1 h, (c) 2 h, (d) 4 h and (e) 6 h, with heating/cooling rates of

10 jC/min.
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impurities undetected by XRD technique) from inexpensive

commercially available raw materials.

The morphological evolution during calcination was

investigated by scanning electron microscopy (SEM). Fig.

8 shows the morphologies of Mg4Nb2O9 powders synthes-

ised by route I (a and b) and II (c and d). In general, the

particles are agglomerated and basically irregular in shape,

with a substantial variation in particle size, particularly in

samples synthesised by route I. It is seen that large particle

agglomerates occur in powders route I, although the primary

particles in these powders could be identified at high

magnification (Fig. 8b), ranging in diameter from about

0.35 to 1.00 Am. In comparison, the route II-derived

Mg4Nb2O9 powders, which are of dimension in the range

of f 0.25–1.00 Am (Fig. 8d), are much finer in particle

size and lower in particle agglomeration than the route I-

Fig. 7. Powder XRD patterns of the calcined MN powders; route I at 950 jC for 2 h, with heating/cooling rates of (a) 5 jC/min, (b) 10 jC/min and (c) 30 jC/
min, and route II at 900 jC for 2 h, with heating/cooling rates of (d) 5 jC/min and (e) 30 jC/min.

Fig. 6. Powder XRD patterns of the calcined MN powder (route II) at 900 jC, for (a) 0.5 h, (b) 1 h, (c) 2 h and (d) 6 h, with heating/cooling rates of 10 jC/min.
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derived powders. The particle size of Mg4Nb2O9 powder

with finer particle size is regarded to have advantage for

better reactivity. Energy dispersive X-ray (EDX) analysis

showed the calcined compositions of the powder calcined at

their optimised conditions to be Mg4Nb2O9, in agreement

with XRD results.

4. Conclusions

It has been shown that pure corundum Mg4Nb2O9

powders can be formed by the reaction of niobium oxide

with either magnesium carbonate or magnesium carbonate

hydroxide pentahydrate at about 800–900 jC. A combi-

nation of a rapid vibro-milling technique, together with a

careful calcination treatment, represents significant time

savings compared to synthetic procedures currently advo-

cated and requires only relatively impure and inexpensive

raw materials. Evidence for the formation of a columbite

MgNb2O6 phase, which coexists with the corundum

Mg4Nb2O9 phase, is found at calcination temperature

ranging from 700 to 900 jC. Among the two methods,

it is seen that lower optimised calcination temperature for

the production of pure Mg4Nb2O9 powder may be

obtained by using magnesium carbonate hydroxide penta-

hydrate precursor.
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Abstract

Magnesium niobate (MgNb2O6) powders in orthorhombic form have been successfully prepared via an oxalate synthetic route. Solutions

of magnesium chloride hexahydrate and niobium pentachloride were used as the starting materials in the synthesis of MgNb2O6 powders.

The formation mechanism of MgNb2O6 was clarified by TG–DTA, FT-IR and X-ray diffraction (XRD). The morphology of the formed

powders was examined by scanning electron microscopy (SEM). It was found that the second phases of MgO, Nb2O5 and Mg0.66Nb1.33O29

tend to form together with MgNb2O6, depending on calcination conditions. However, single-phase MgNb2O6 powders consisting of

nanoparticles 100–300 nm were successfully obtained for a calcination temperature of 750 jC for 13 h with the introduction of pre-firing

(750 jC/2 h) and remixing processes.

D 2003 Elsevier B.V. All rights reserved.

Keywords: MgNb2O6; Magnesium niobate; Columbite; Powder synthesis; Calcination; Phase development

1. Introduction

Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 or PMN,

is one of the perovskite-type relaxor ferroelectric materials

which has been investigated extensively as potential can-

didates for electroceramic components such as multilayer

ceramic capacitors and electrostrictive actuators [1–3]. It

is of interest owing to its high dielectric constant with flat

temperature dependence and low firing temperature [2,3].

However, a practical limitation to the utilisation of this

compound in device applications has been the lack of a

simple, reproducible preparation technique for a pure

perovskite phase with consistent properties. The formation

of PMN perovskite is often accompanied by the occur-

rence of one or more undesirable pyrochlore phases,

which significantly degrades the dielectric properties of

PMN [4–6].

A breakthrough was made in 1982 by Swartz and Shrout

[7], who introduced a two-stage process to PMN synthesis

bypassing the formation of pyrochlore phases, called the

Columbite method. In this process, the constituents MgO

and Nb2O5 are first mixed and reacted together to form

magnesium niobate (MgNb2O6), prior to mixing and react-

ing with PbO in the second step of calcinations at elevated

temperature. Interestingly, a two-stage mixed oxide route

has been employed with minor modifications in the syn-

thesis of MgNb2O6 itself [8,9]. In general, production of

single-phase MgNb2O6 is not straightforward, as minor

concentrations of the phase Mg4Nb2O9 and/or MgO are

sometimes formed alongside the major phase of MgNb2O6

[10]. The solid-state reaction among constituent oxides of

MgO and Nb2O5 at an elevated temperature always results

in inhomogeneous composition, irregular grain shape, and

larger grain size with broad distribution [9]. Moreover, the

formation of magnesium niobate phase required long heat

treatment, e.g., 20, 22, and 24 h [8–10]. Hence, the quest

for other potential powder production techniques is needed.

Although a number of investigations on powder preparation

using chemical processing routes have been made and their

excellent capability have been widely demonstrated, only

limited attention has been made to improve the yield of

magnesium niobate by employing the chemical processes

[11,12]. Thus, in the present study, the primary attention

was aimed towards the preparation of homogeneous and

stoichiometric MgNb2O6 powders by oxalate co-precipita-

tion. The powder characteristics of the oxalate-derived

MgNb2O6 has also been thoroughly investigated.

0167-577X/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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2. Method

2.1. Sample preparation

MgNb2O6 was synthesised by an oxalate synthetic route

as shown schematically in Fig. 1. In this method, the

complexation of metallic ions was brought about by using

diethyl oxalate and ammonium hydroxide aqueous solution.

Magnesium chloride hexahydrate, MgCl2.6H2O (98.0%,

Fluka), niobium pentachloride, NbCl5 (99%, Aldrich) and

hydrogen peroxide, H2O2 (30%, Carbo Erba) were used as

reagents. After dissolving magnesium chloride in deionized

water, niobium chloride, dissolved in 30% H2O2 aqueous

solution was mixed in a molar ratio of 1:2. An excess

amount of diethyl oxalate was added in a small amount at a

time into the solution, which was heated at 80 jC with

constant stirring for 20 min. After adjusting the pH of the

final solution to 10 with dilute ammonium hydroxide, fine

pale-brown powders were obtained. Further heating for 10

min was continued to ensure complete precipitation. The

sample was filtered and washed with deionized water for

several times and then with ethanol. The resulting solid was

dried at 120 jC for 2 h in an oven before high temperature

processing.

2.2. Sample characterization

The reactions taking place during heat treatment were

investigated by thermal gravimetric and differential thermal

analysis (TG–DTA, Shimadzu) using a heating rate of

10 jC min� 1 in the temperature range from 25 to 1100

jC. Dried powders (35 mg) were placed into a platinum

holder and measured in air, with alumina powder as a

reference. The infrared absorption spectra of the oxalate

precursors were performed on a Nicolet FT-IR spectrometer

(Model 510). Samples were in the form of mixed KBr/

metal–oxalate complex disks. Having established the opti-

mum firing temperature range via TG–DTA and FT-IR

results, various calcination conditions, i.e. temperature

ranging from 600 to 1300 jC with constant soaking time

of 2 h and heating/cooling rate of 10 jC min� 1, were

selected, in order to investigate the formation of magnesium

niobate. Calcined powders were examined by X-ray diffrac-

tion (XRD; Philips PW 1700 diffractometer) using CuKa

radiation to identify the phases formed and optimum calci-

nation conditions for the formation of magnesium niobate

powders. Powder morphologies and grain sizes were direct-

ly imaged using scanning electron microscopy (SEM; JEOL

JSM-840A).

3. Results and discussion

The results of TG–DTA measurements for the dried

precipitate are shown in Fig. 2. The endotherm below 100

jC is probably originated from the removal of the residual

of solvent and the second peak, nearf 300 jC, may be

attributed to the decompositon of oxalate group

corresponding to subsequent condensations. The largest

mass lost and a large exotherm were observed between

f 250 andf 400 jC (8.8%), corresponding to the com-

bustion of the remaining oxalate groups. The decomposition

went on further to give exothermic response atf 600 jC,
which might be due to the crystallisation of columbite

phase. No significant weight loss was observed for temper-

atures higher than 600 jC in the TG-curve, indicating the

minimum firing temperature to get organic-free MgNb2O6

powder was in good agreement with those reported earlier

[11,12].

In order to monitor the formation mechanism of metal–

oxalate complex, FT-IR spectra were taken at room tem-

perature for powders thermally treated at various temper-

atures. From Fig. 3, it is seen that the carboxylate group
Fig. 1. Oxalate processing flow diagram for the preparation of MgNb2O6

powders.
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coordinated to metal gave rise to symmetric and asymmet-

ric strethching bands at 1406 and 1600 cm� 1, respectively,

whereas the free carboxylic acid showed a typical absorp-

tion band at 1375–1705 cm� 1. The large metal oxide

band was detected at 400–900 cm� 1. By increasing the

firing temperature, both carboxylate and carbonate bands

decreased significantly and disappears at 600 jC, which
was also consistent with earlier work of Hong et al. [11].

The FT-IR spectra results indicate that MgNb2O6 already

has been formed in the powder calcined at 600 jC, in

good agreement with the TG–DTA determined previously

(Fig. 2).

To further study the phase development with increasing

calcination temperature in the precipitated powders, they

were calcined for 2 h in air at various temperatures, up to

1300 jC, followed by phase analysis using XRD. From Fig.

4, it is seen that the powder fired at 600 jC consisted of the

mixed phases of MgO and Nb2O5 which could be matched

with JCPDS file no. 71-1176 and 28-0317, respectively.

Moreover, very little crystalline phase of MgNb2O6 with

orthorhombic symmetry (JCPDS file no. 33-0875) was also

Fig. 3. FT-IR spectra of the dried precipitate fired at various temperatures: (a)

uncalcined, (b) 200 jC, (c) 300 jC, (d) 400 jC, (e) 500 jC and (f) 600 jC.

Fig. 4. Powder XRD patterns of the samples calcined at various tempera-

tures for 2 h (z=MgO; x =Nb2O5; =MgNb2O6; =Mg0.66Nb11.33O29;

? = unknown phase).

Fig. 2. TG–DTA curves of the dried precipitate measured at a heating rate

of 10 jC min� 1.
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found as separated phases. This observation agrees well with

those derived from our TG–DTA, FT-IR and other research-

ers [13–15]. As the temperature increased to 800 jC, the
intensity of the columbite MgNb2O6 peaks was further

enhanced. After calcination at 900 jC, some new peak (})
of Mg0.66Nb11.33O29 (JCPDS file no. 26-1219) and unknown

phase (?) started to appear, mixing with MgNb2O6, Nb2O5

and MgO phases. Calcination at 1000 jC resulted in a further

development of Mg0.66Nb11.33O29 phase and most of second

phases were eliminated. In particular, the peaks corres-

ponding to Nb2O5 disappeared (not detectable), revealing

that Nb2O5 has completely reacted with MgO phase. In

conventional mixed oxide route, major phase of MgNb2O6

was obtained for a calcination temperature above 1100 jC
[9,13]. However, for the present work, there are no significant

differences between the powders calcined at temperatures

ranging from 1100 to 1300 jC. Further increase of the

calcination temperature to 1300 jC does not result in very

much increase in the amount of Mg0.66Nb11.33O29, whereas

MgNb2O6 remains unchanged.

As expected, there is evidence that, even for a wide range

of calcination conditions, single-phase MgNb2O6 cannot

easily be produced, in agreement with the literature [8–12].

At the temperature range of 600–800 jC (before Mg0.66
Nb11.33O29 was formed), the yield of MgNb2O6 phase was

maximum at 750 jC but the second phases of MgO and

Nb2O5 could not be completely eliminated. This could be

attributed to the poor reactivity of magnesium and niobium

species [9]. In order to improve the reactivity of both

constituents, the pre-fired powders (750 jC 2 h) were

subsequently ground in an agate mortar and recalcined at

750 jC for different soaking times (Fig. 5). Saha et al. [8]

have also reported that their attempts to prepare solid-state

Fig. 5. Powder XRD patterns of the samples calcined at 750 jC for different

soaking times, after pre-fired at 750 jC for 2 h (z =MgO; x =Nb2O5;

=MgNb2O6).

Fig. 6. SEMmicrographs of the powders calcined at: (a) 750 jC, (b) 900 jC,
and (c) 1000 jC, for 2 h.
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derived MgNb2O6 via this approach were successful. From

Fig. 5, it is clear that the intensity of the columbite peaks ( )

was further enhanced when the soaking times of the recalci-

nation process was extended to 5 h and then to 10 h at the

expense of MgO and Nb2O5 phases. An essentially mono-

phasic MgNb2O6 of columbite structure was obtained when

the calcination time was extended to 13 h. This was appa

rently a consequence of the enhancement in crystallinity of

the columbite phase with increasing degree of mixing and

soaking time.

The powder morphology, as a function of calcination

temperature, is given by the SEM micrographs (Figs. 6 and

7). The particles calcined at lower temperatures (750 to

1000 jC) had almost the same morphology (Fig. 6). In

general, the particles are highly agglomerated (lumpy) and

irregular in shape, with a substantial variation in particle size

(0.1–1.2 Am). However, at higher calcination temperatures

(1100 to 1300 jC), powders obtained by the oxalate route

have shown very interesting morphologies (Fig. 7). For the

calcination temperature of 1100 jC (Fig. 7(a)), powders

showed two distinctly different morphologies, acicular and

lumpy. It should be noted that the morphology of the lumpy

particles is very similar to that of MgNb2O6 powder (Fig.

6(a)). There is no obvious interpretation of the difference

between the SEM image of 1000 jC and that of 1100 jC,
although it is likely to correspond to a phase transition

observed in the XRD pattern at 2hf 25–26j, 32j and 34j.
Comparing the powder morphologies obtained at 1100 jC
to those at 1200 jC (Fig. 7(b)) and 1300 jC (Fig. 7(c)), one

can conclude that the length and concentration of acicular

particles increased with increasing calcination temperature.

Because Mg0.66Nb11.33O29 phase was observed in XRD for

powders calcined above 900 jC (Fig. 4), depending on

calcination temperature, it is likely that these lumpy and

acicular morphologies may be corresponded to the

MgNb2O6 and Mg0.66Nb11.33O29 phases, respectively.

4. Conclusions

An oxalate synthetic route for magnesium niobate

(MgNb2O6) nanopowders with size ranging from 100 to

300 nm has been developed. Single-phase of MgNb2O6 fine

powders was obtained at 750 jC with grinding and recalci-

nation for 13 h. A considerable decrease in the processing

temperature has been obtained in comparison to processes,

which involve powder mixing and solid-state reactive firing

at higher temperatures.
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The phase formation of lead titanate powders prepared
by solid-state reaction

A. Udomporn, S. Ananta *

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

Abstract

The phase formation of ultrafine lead titanate powders prepared via a rapid vibro-milling technique has been investigated by

thermal analysis and X-ray diffraction. The results showed that single-phase PbTiO3 (PT) nanopowders were successfully obtained

for a calcination condition of 550 �C for 4 h with heating/cooling rates of 20 �C/min. The increased firing temperature was found to

play a significant role in the formation of the perovskite phase. SEM results showed that the platelet morphology PT particles have a

size of around 75–385 nm.

� 2003 Published by Elsevier B.V.

PACS: 77.84.Dy; 81.07.Wx

Keywords: Lead titanate; Perovskite; Nanopowders; Phase development

1. Introduction

Lead titanate (PbTiO3; PT) has a tetragonal structure

at room temperature and transforms to cubic at around
490 �C. It is an important end member of the lead

zirconate titanate (PZT) series and has been extensively

investigated because of its useful ferroelectric, pyro-

electric and piezoelectric properties [1–3]. Because of

these important properties, there has been a great deal

of interest in the preparation of pure PT powders as well

as in the sintering and electrical properties of PT-based

ceramics [4–6]. In order to improve the sintering
behaviour of this material, a crucial focus of powder

synthesis in recent years has been the formation of

uniformly sized, single morphology particulates ranging

from nanometer to micron sized. The main hindrance to

the commercial exploitation of conventional solid-state

derived PT powders arises from processing difficulties,

concerned with the high volatility of lead oxide and the

formation of pyrochlore phases [7,8]. Therefore, in the
present work, the potential of a vibro-milling technique

as a significant time-saving method to obtain single-

phase lead titanate powders, at low temperature and

with small particles was examined.

2. Experimental

PbTiO3 was synthesised by the solid-state reaction of

appropriate amounts of reagent grade lead oxide, PbO

and titanium oxide, TiO2 (Fluka, >99% purity). The two

oxide powders exhibited an average particle size in the

range of 3.0–5.0 lm. The methods of mixing, drying,

grinding, firing and sieving of the products were similar
to those employed in the preparation of the other

perovskite materials, as described previously [9,10]. A

McCrone vibro-milling technique was employed in

order to combine mixing capability with a significant

time-saving (only 30 min instead of 24 h, as required in

conventional ball-milling [11]). The reactions of the

uncalcined PT powders taking place during heat treat-

ment were investigated by differential thermal analysis
(DTA; NETZSCH-Ger€atebau GmbH Thermal Analysis

STA 409) using a heating rate of 10 �C/min in air from

room temperature up to 1000 �C. Calcined powders

were subsequently examined by room temperature X-

ray diffraction (XRD; Philips PW 1729 diffractometer)

using CuKa radiation to identify the phases formed and

optimum calcination conditions for the formation of PT

powder. Powder morphologies and grain sizes were

*Corresponding author. Tel.: +66-53-943376; fax: +66-53-357512.
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directly imaged using scanning electron microscopy
(SEM; JEOL JSM-840A). EDX spectra were quantified

with the virtual standards peaks supplied with the

Oxford Instruments eXL software.

3. Results and discussion

The DTA curve recorded at a heating rate of 10 �C/
min in air for an equimolar mixture of lead oxide and

titanium oxide is shown in Fig. 1. Three exothermic

peaks are observed in the approximate range from 280

to 340 �C, 360 to 450 �C and 480 to 680 �C. The first

exothermic peak is believed to relate to the elimination

of organic residuals from the rubber lining contamina-

tion during milling. However, it is to be noted that there

is no obvious interpretation of the peaks after 340 �C,
although it is likely to correspond to a phase transition

reported by a number of workers [12–14]. To study the

effect of heat treatment temperature on the perovskite

phase formation, the precursor powders were calcined

between 400 and 600 �C for 4 h. Room temperature X-

ray diffraction revealed that the uncalcined powder and

the powder calcined at 400 �C contained only the pre-

cursors PbO and TiO2 (Fig. 2), indicating that no
reaction was triggered during the vibro-milling or low

firing processes. The peaks of the nanosized lead defi-

cient phase, PbTi3O7 (n) earlier reported by many

researchers [13,14] have been found at 450 �C, which is

associated with the second DTA exothermic effect in

Fig. 1. The identification of this pyrochlore phase sug-

gests phase segregation or stoichiometric deviation

during synthesis. However, at higher calcination tem-
perature, this pyrochlore phase is converted to the

perovskite phase. It is seen that fine PT crystallites were

developed in the powder at a calcination temperature

as low as 500 �C. The results of the X-ray diffraction

measurement support the DTA observation (Fig. 1) that

PbTiO3 is formed at approximately 480–680 �C. In

general, the strongest reflections apparent in the

majority of this XRD pattern indicate the formation of
the lead titanate PbTiO3 (O). These can be matched with

JCPDS file number 06-0452 for the tetragonal phase, in

space group P4/mmm with cell parameters a ¼ 389:93
pm and c ¼ 415:32 pm. The well-known crystallo-

graphic–ferroelectric transition temperature of lead

titanate at 490 �C [1] is within the temperature range of

this DTA peak. Depending on the calcination condi-

tions, at least three minor phases were identified, i.e.
PbO (d), anatase-TiO2 (�), and PbTi3O7 (n), which can

be correlated with JCPDS files numbers 77-1971, 21-

1272 and 21-0949, respectively. Unreacted PbO and

TiO2 phases from the original mixture were detected up

to 500 �C, whereas a minor amount of PbTi3O7 ob-

served at 450 �C totally disappeared at higher temper-

atures. By increasing the calcination temperature from

450 to 600 �C, the yield of the tetragonal PT phase in-
creases significantly until at 550 �C, a single-phase of

PbTiO3 is formed. It is to be noted that the large tem-

perature decrease observed at a temperature greater

than 850 �C in the DTA curve may be attributed to lead

vaporization. In earlier works [7,8], synthesis of PT

powder via conventional mixed-oxide methods is usually

only possible at temperatures at which loss of volatile

lead (�886 �C) becomes a problem. However, in the
work reported here, it is to be noted that single-phase of

PT powder was successfully obtained at a calcination

temperature of 550 �C with a soaking time of 4 h. This is

probably due to the effectiveness of vibro-milling and a

carefully optimised reaction. An SEMmicrograph of the

calcined PbTiO3 powder (550 �C for 4 h) is shown in

Fig. 3. The platelet-morphology particles are agglom-

erated with a substantial variation in size (�75–385 nm).
EDX analysis using a 20 nm probe of a large number of

particles of the calcined powder confirmed the parent

composition to be PbTiO3 (Fig. 4).Fig. 1. A DTA curve for the mixture of PbO–TiO2 powder.

Fig. 2. XRD patterns of PT powder calcined at various temperatures

for 4 h with heating/cooling rates of 20 �C/min.
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4. Summary and conclusion

Single-phase of lead titanate nanosized powders may

be produced by the solid-state reaction via a rapid vibro-

milling technique. The optimum calcination condition
for the formation of high purity PT phase was found to

be 550 �C for 4 h with heating/cooling rates of 20 �C/
min. The resulting PT powders consist of agglomerated

nano-sized particles, which are plate-like in morphol-

ogy. The preparative method involves the use of labo-

ratory-grade precursors, low milling times, together with

moderately low calcination temperatures and times.

They represent significant time savings compared to
synthetic procedures currently advocated, and required

only relative impure laboratory-grade precursors.
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Effect of calcination condition on phase formation and particle size of

lead titanate powders synthesized by the solid-state reaction
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Abstract

A perovskite-like phase of lead titanate, PbTiO3, has been synthesized by a solid-state reaction via a rapid vibro-milling technique. Phase

formation of the calcined powders has been investigated as a function of calcination temperature, soaking time and heating/cooling rates by

DTA and X-ray diffraction (XRD) techniques. Moreover, morphology and particle size evolution have been determined via SEM technique,

respectively. It has been found that single-phase PbTiO3 powders were successfully obtained for calcination conditions of 550 jC for 4 h or

600 jC for 1 h with heating/cooling rates of 20 jC/min. Higher temperatures clearly favoured particle growth and the formation of large and

hard agglomerates.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Lead titanate (PbTiO3; PT), which exhibits a perovskite

structure and a high Curie temperature (f 490 jC), is a

common ferroelectric material with a high dielectric con-

stant, large mechanical-quality factor (>1000) and large

pyroelectric coefficient [1,2]. These characteristics make

PT a promising candidate for high frequency and high

temperature applications [2,3]. Lead titanate when com-

bined with other oxides can form a series of solid solutions

such as Pb(Zr1 � x,Tix)O3 (PZT), Pb(Mg1/3Nb2/3)O3–

PbTiO3 (PMNT) and Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZN–

PT) [3–5]. These ferroelectrics are widely used in ultrasonic

transducers, nonvolatile memories, microactuators, multi-

layer capacitors and electro-optic devices. Because of these

important technological applications, there has been a great

deal of interest in the preparation of pure PT powders as

well as in the sintering and electrical properties of PT-based

ceramics [2,6].

The stoichiometry of lead titanate is known to be an

important factor for ensuring good electrical character-

istics [3]. To obtain stoichiometric PT, different prepara-

tive methods have been introduced, such as sol–gel [7],

co-precipitation [8], emulsion [9] or hydrothermal treat-

ment [10], besides the conventional solid-state reaction of

mixed oxides [11]. All these techniques are aimed at

reducing the temperature of preparation of the compound

even though they are more involved and complicated in

approach than the solid-state reaction method. Moreover,

high-purity PT powders are still not available in mass

quantity and also very expensive. Therefore, in the

present work, a modified mixed oxide method has been

developed to resolve these problems. The overall aim of

the work describe here is to refine the mixed oxide

method further. The effect of calcination conditions (i.e.

firing temperature, soaking time and heating/cooling rates)

on the development of phase and particle size of lead

titanate powders are investigated in this connection. The

potentiality of a vibro-milling technique as a significant

time-saving method to obtain single-phase lead titanate

powders at low temperature and with small particles was

also examined.

2. Experimental procedure

Laboratory-grade purity oxides of lead oxide, PbO

(JCPDS file number 77-1971) and titanium oxide, TiO2

0167-577X/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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(anatase: JCPDS file number 21-1272) (Fluka, >99%

purity) were used in this study. The two oxide powders

exhibited an average particle size in the range of 3.0–5.0

Am. PbTiO3 powder was synthesised by the solid-state

reaction of these raw materials. The methods of mixing,

drying, grinding, firing and sieving of the products were

similar to those employed in the preparation of the

perovskite-like Pb(Mg1/3Nb2/3)O3, Pb(Fe1/2Nb1/2)O3 and

La(Mg2/3Nb1/3)O3, as described previously [12,13]. In-

stead of employing a ball-milling procedure (ZrO2 media

under acetone for 24 h Ref. [14]), use was made of a

McCrone vibro-mill, milling for 30 min with corundum

media in isopropyl alcohol (IPA). Although the use of

IPA in place of acetone was dictated by the use of the

McCrone mill, an associated benefit is the avoidance of

unpleasant vapours associated with the use of acetone.

Drying was carried out for 2 h, prior to sieving through a

100-Am mesh. Various calcination conditions, i.e. temper-

atures ranging from 400 to 800 jC, soaking times ranging

from 0.5 to 4 h and heating/cooling rates ranging from 3

to 20 jC/min, were selected, in order to investigate the

formation of lead titanate. The reactions of the uncalcined

PT powders taking place during heat treatment were

investigated by differential thermal analysis (DTA)

(NETZSCH-Gerätebau Thermal Analysis STA 409) using

a heating rate of 10 jC/min in air from room temperature

up to 1000 jC. Calcined powders were subsequently

examined by room temperature X-ray diffraction (XRD;

Philips PW 1729 diffractometer) using CuKa radiation to

identify the phases formed and optimum calcination

conditions for the formation of PT powder. Powder

morphologies and grain sizes were directly imaged using

scanning electron microscopy (SEM; JEOL JSM-840A).

3. Results and discussion

DTA curve recorded at a heating rate of 10 jC/min in air

for an equimolar mixture of lead oxide and titanium oxide is

shown in Fig. 1. Three exothermic peaks are observed in the

approximate range from 280 to 340, 360 to 450, and 480 to

680 jC. These temperatures have been obtained from the

calibration of the sample thermocouple. The first exothermic

peak is believed to relate to the elimination of organic

residuals from the rubber lining contamination during mill-

ing. However, it is to be noted that there is no obvious

interpretation of the peaks after 340 jC, although it is likely

to correspond to a phase transition reported by a number of

workers [15–17]. These data were used to define the ranges

of temperatures (400–800 jC) for XRD investigation.

All calcined powders together with that of the starting

powder mixtures were examined by XRD in order to

investigate the phase development (Figs. 2–6). As shown

in Fig. 2, for the uncalcined powder and the powder

calcined at 400 jC, only X-ray peaks of precursors PbO

and TiO2 are present, indicating that no reaction was yet

triggered during the vibro-milling or low firing processes.

The formation of lead deficient phase, PbTi3O7 (n)

earlier reported by many researchers [16,17] has been

found at 450 jC, which is associated to the second DTA

exothermic effect in Fig. 1. This pyrochlore (or a meta-

stable intermediate) phase has a monoclinic structure with

cell parameter a= 107.32 pm, b = 381.2 pm, c = 657.8 pm

and b = 98.08j (JCPDS file number 21-949) [18]. It is

seen that fine PT crystallites were developed in the

powder at a calcination temperature as low as 500 jC.
The results of X-ray diffraction measurement supported

the DTA observation (Fig. 1) that PbTiO3 is formed at

Fig. 1. A DTA curve for the mixture of PbO–TiO2 powder.
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approximately 480–680 jC. In general, the strongest

reflections apparent in the majority of this XRD pattern

indicate the formation of the lead titanate, PbTiO3 (o).

These can be matched with JCPDS file number 6-452 for

the tetragonal phase, in space group P4/mmm with cell

parameters a = 389.93 pm and c = 415.32 pm [19].

Depending on the calcination conditions, at least three

minor phases were identified, i.e. PbO (.), anatase-TiO2

(*) and PbTi3O7 (n), which can be correlated with

JCPDS files numbers 77-1971, 21-1272 and 21-949,

respectively. Unreacted PbO and TiO2 phases are detected

from the original mixture up to 550 jC, whereas minor

amount of PbTi3O7 is observed at 450 jC and totally

disappeared at higher temperature. By increasing the

calcination temperature from 450 to 800 jC, the yield

of the tetragonal PT phase increases significantly until at

600 jC, a single phase of PbTiO3 is formed. This study

also shows that crystalline tetragonal PT is the only

   
   

 

Fig. 3. XRD patterns of PT powder calcined at 600 jC with heating/cooling rates of 10 jC/min for various soaking times.

Fig. 2. XRD patterns of PT powder calcined at various temperatures for 1 h with heating/cooling rates of 10 jC/min.
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detectable phase in the powder, after calcination in the

range 600–800 jC. It is to be noted that a large

temperature decrease observed at temperature greater than

850 jC in the DTA curve may be attribute to the PbO

volatilisation, in consistent with other works [12,15].

Having established the optimum calcination tempera-

ture, alternative soaking times of 0.5, 1, 3 and 4 h with

constant heating/cooling rates of 10 jC/min were applied

at 600 and 550 jC, as shown in Figs. 3 and 4, respec-

tively. In Fig. 3, the single phase of perovskite PT (yield

of 100% within the limitations of the XRD technique) was

found to be possible only in powders, calcined at 600 jC
with soaking time of 1 h or more. The appearance of PbO

and PbTi3O7 phases indicated that full crystallization have

not occurred at relatively shorter calcination times. How-

ever, in the work reported here, it is to be noted that

single phase of PT powder was also successfully obtained

for a calcination temperature of 550 jC with soaking time

Fig. 4. XRD patterns of PT powder calcined at 550 jC with heating/cooling rates of 10 jC/min for various soaking times.

 

Fig. 5. XRD patterns of PT powder calcined at 600 jC for 1 h with various heating/cooling rates.
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of 4 h applied (Fig. 4). This is probably due to the

effectiveness of vibro-milling and a carefully optimised

reaction. The observation that the soaking time effect may

also play an important role in obtaining a single-phase

perovskite product is also consistent with other similar

systems [12,13].

   

Fig. 6. XRD patterns of PT powder calcined at 550 jC for 4 h with various heating/cooling rates.

Fig. 7. SEM micrographs of the PT powders calcined at (a) 600 jC/1 h, (b) 600 jC/4 h, (c) 700 jC/1 h and (d) 800 jC/1 h, with heating/cooling rates of

20 jC/min.
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Apart from the calcination temperature and soaking time,

the effect of heating/cooling rates on the formation behav-

iour of PT was also investigated. Five heating/cooling rates

(3, 5, 10, 15 and 20 jC/min) were selected for calcination

conditions of 550 jC/4 h (Fig. 5 and 600 jC/1 h (Fig. 6). In

this connection, it is shown that the yield of PT phase did

not vary significantly with heating/cooling rates, indicating

that fast heating/cooling rates can lead to full crystallization

of PT phase without time for the formation of pyrochlore

phase or lead vaporization. The observation that faster

heating/cooling rates are required for lead-based ferroelec-

trics is also consistent with other investigators [20,21].

Based on the DTA and XRD data, it may be concluded

that, over a wide range of calcination conditions, single-

phase PbTiO3 cannot be straightforwardly formed via a

solid-state mixed oxide synthetic route. The experimental

work carried out here suggests that the optimal calcination

conditions for single-phase PbTiO3 is 600 jC for 1 h or 550

jC for 4 h with heating/cooling rates as fast as 20 jC/min,

which is closed to that of Pillai and Ravindran [15] (f 600

jC for 2 h). However, the optimal firing temperatures found

here are significantly lower than that reported by Jaffe et al.

[11] and Shirane et al. [22] (>1000 jC).
Fig. 7 shows the morphological evolution of all samples

as a function of the calcination conditions. In general, the

particles are agglomerated and basically irregular in shape,

with a substantial variation in particle sizes. The result

indicates that degree of agglomeration tends to increase

with calcination temperature and soaking time. However,

the smallest particle size (estimated from SEM micrographs

to be f 160 nm) and the morphology of the calcined

powders are almost the same. It is also of interest to point

out that no evidence has been obtained for the existence of

the plate-like morphology as that of the hydrothermally

derived PT powders [23].

4. Conclusions

The effect of calcination conditions on phase formation

and particle size of perovskite lead titanate synthesized by

the solid-state reaction via a rapid vibro-milling technique

was investigated. This work demonstrated that single

phase of lead titanate powders may be produced via this

technique by employing a calcination temperature of 550

jC for 4 h or 600 jC for 1 h, with heating/cooling rates

of 20 jC/min. The resulting PT powders consist of a

variety of agglomerated particle sizes, depending on

calcination conditions.
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Effect of vibro-milling time on phase formation and particle
size of lead titanate nanopowders
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Abstract

A perovskite-like phase of lead titanate, PbTiO3, nanopowder was synthesized by a solid-state reaction via a rapid vibro-milling technique. The
effect of milling time on the phase formation and particle size of PbTiO3 powder was investigated. Powder samples were characterized using TG-
DTA, XRD, SEM and laser diffraction techniques. It was found that an average particle size of 17 nm was achieved at 25 h of vibro-milling after
which a higher degree of particle agglomeration was observed on continuation of milling to 35 h. In addition, by employing an appropriate choice
of the milling time, a narrow particle size distribution curve was also observed.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Lead titanate; Milling; Nanopowders; Phase formation; Particle size

1. Introduction

Lead titanate, PbTiO3 (PT), is one of the ferroelectric
materials which exhibits a perovskite structure. It has a Curie
temperature ∼490 °C. The unique properties of the PT, i.e. the
high transition temperature, pyroelectric coefficient and spon-
taneous polarization, make it useful for high frequency and high
temperature applications in electronic devices [1,2]. When
combined with other oxides, lead titanate can form a series of
solid solutions such as Pb(Zr1−x,Tix)O3 (PZT), Pb(Mg1/3Nb2/3)
O3–PbTiO3 (PMNT) and Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZN-PT)
[2–4]. These ferroelectric alloys are widely used in ultrasonic
transducers, nonvolatile memories, microactuators, multilayer
capacitors and electro-optic devices [1,2]. To fabricate them, a
fine powder of perovskite phase with a minimal degree of
particle agglomeration is needed as the starting material in order
to achieve a dense and uniform microstructure at a given
sintering temperature. In order to improve the sintering
behaviour of PT ceramics, a crucial focus of powder synthesis
in recent years has been the formation of uniform-sized, single

morphology particulates ranging in size from nanometer to
micrometers [5–7].
The development of a method to produce nanopowders of

precise stoichiometry and desired properties is complex,
depending on a number of variables such as nature and purity
of starting materials, processing history, temperature, etc. To
obtain nanosized PT powders, many investigations have
focused on several chemistry-based preparation routes, such
as sol–gel [5], co-precipitation [6], hydrothermal reaction [7],
besides the more conventional solid-state reaction of mixed
oxides [8,9]. All these techniques are aimed at reducing the
particle size and temperature of preparation of the compound
even though they are more involved and complicated in
approach than the solid-state reaction. Moreover, high-purity
PT nanopowders are still not available in bulk quantity and
also very expensive. The advantage of using mechanical
milling for preparation of nanosized powders lies in its ability
to produce mass quantities of powders in the solid state using
simple equipment and low cost starting precursors [8,9].
Although some research has been done in the preparation of
PT powders via a vibro-milling technique [10,11], to our
knowledge a systematic study regarding the influence of
milling time on the preparation of PT powders has not yet
been reported.
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