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ABSTRACT

Magnesium niobate (MgNb,O,) powders were 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 characteristic of the powders were
examined. The calcination temperature and dwell time were found to have a pronounced
effect on the phase formation of the calcined magnesium niobate powders. It was also
found that the minor phases of unreacted MgO and Nb,O, precursor tended to form
together with the columbite MgNb,O, phase, depending on calcination conditions.
Furthermore, it was observed that optimisation of calcination conditions could lead to a
single-phase MgNb,Q, in an orthorhombic phase.
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INTRODUCTION

Magnesium niobate (MgNB,; MN) is one of the binary niobate compounds which
exhibits excellent dielectric properties at microwave frequencies (Ogawa et al., 2003; Zhang
et al., 2003). It has very low loss and high dielectric constant and is promising candidate for
application in microwave devices. This compound with a columbite crystal structure is also
a suitable reference material for investigating the defect induced in Libldi3trates for
waveguide fabrication (Hu et al., 1991; Zaldo et al., 1995; Simoes et al., 2002). Moreover,
recently, it is well known as the key precursor for the successful preparation of single-phase
relaxor perovskite Pb(MgNDb, )O, (PMN), which is becoming increasingly important for
transducer, electrostrictor and actuator applications (Saha et al., 1994; Joy and Sreedhar,
1997; Haertling, 1999; Uchino, 2000).

It is known that various compositions are possible in the Mg-Nb-O system (Norin et
al., 1972). To date, four possible magnesium-niobium oxides have been identifiedQJgNb
Mg,Nb,O,, Mg.Nb,O,, and Mg, Nb (Norin et al., 1972; Pagola et al., 1997). You et
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al., (1994) reported that MgNb206 and Mg4Nb209 are the only stable phases that exist at
room temperature. Itis known that synthesis of M@liphase by the conventional method,

i.e. by reacting individual oxides, generally results in varying amounts of the corundum
Mg,Nb,O, phase alongside the columbite phase (Saha et al., 1994; Sreedhar and Mitra, 1997;
Yu et al., 2001). Thus, a number of chemical routes using expensive precursors, for example,
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co-precipitation (Kim, 1997), citrate-gel (Hong et al., 1998) and polymerised complex
(Camargo et al., 2001) 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 method involves the heating of a mixture of magnesium
oxide and niobium oxide above 1100 °C for long tinies,20 h (Saha et al., 1994), 24 h
(Pagola et al., 1997) and 48 h (Sreedhar and Mitra, 1997), and has been employed intensively
in the last decade (Swartz and Shrout, 1982; You et al., 1994; Feng et al. 1999; Camargo et
al., 2001; Costa et al. 2002). The optimisation of calcination conditions used in the mixed
oxide process, however, has 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 MgNBO, (MN) powders and to perform a systematic study of the reaction
between the starting magnesium oxide and niobium oxide precursors. The phase formation
characteristic of the powder calcined at various conditions was also studied and discussed.

MATERIALSAND METHODS

The starting materials were commercially-available magnesium oxide, MgO (periclase:
JCPDS file number 71-1176) (Fluka, 98% purity) and niobium oxideODN@CPDS file

number 80-2493) (Aldrich, 99.9% purity). The two oxide powders exhibited an average
particle size in the range of 3.0 to . MgNh,O, powder was synthesised by the solid
state reaction of thoroughly ground mixtures of MgO angONpowders 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 °C, various calcination conditiong, temperatures ranging from 500 to
1100 °C, dwell times ranging from 0.5 to 5 h and heating/cooling rates ranging from 5 to
25 "C/min. were applied in order to investigate the formation of M@bThe 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 °C/min. in air from room temperature up to 1100 °C. Calcined powders were
subsequently examined by room temperature X-ray diffraction (XRD; Philips PW 1729
diffractometer), using Ni filtered Cujtadiation 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.
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RESULTSAND DISCUSSION

The TG-DTA simultaneous analysis of a powder mixed in the stoichiometric
proportions of MgNEO, is shown in Figure 1. The TG curve shows two distinct weight
losses. In the temperature range from room temperature to ~ 150 °C, both small exothermic
and endothermic peaks are observed in the DTA curve in consistent with the first weight loss.
These observations can be attributed to the decomposition of the organic species from the
milling process. Increasing the temperature up to ~ 1000 °C, the solid-state reaction occurred
between MgO and NB, (Saha et al., 1994; Kong et al., 2002). The broad exothermic peak
in the DTA curve represents that reaction, which has a maximum at ~ 500 °C. This is
supported by a second fall in sample weight over the same temperature range. No further
significant weight loss was observed for the temperatures above 500 °C in the TG-curve,
indicating the minimum firing temperature to get MgO;8b compounds in good
agreement with XRD result (Fig. 2) and other workers (Norin et al., 1972; Yu et al., 2001).
However, the DTA curve shows that there are another small peaks at ~ 660 and 1000 °C. Itis
to be noted that there is no obvious interpretation of these peaks, although it is likely to
correspond to a phase transition reported earlier (You et al., 1994; Sreedhar and Mitra, 1997;
Yu et al., 2001). These data were used to define the range of temperatures for XRD
investigation to between 500 and 1100 °C.
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Figure 1. TG-DTA curves for the mixture of MgO-NOG, powder.
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Figure2. XRD patterns of MN powder calcined at various temperatures for 3 h with
heating/cooling rates of 10 °C/min.

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 1100 °C, followed by
phase analysis using XRD. As shown in Figure 2, for the uncalcined powder, only X-ray
peaks of precursors MgO and J@, which could be matched with JCPDS file numbers
71-1176 and 80-2493 (Powder diffraction file ICDD, 2000), respectively, are present,
indicating that no reaction had yet been triggered during the milling process. After
calcination at 500 °C, little crystalline phase of Mg8ib(c) was developed, accompanying
with MgO and NBO, as separated phases. This observation agrees well with those derived
from the TG-DTA results and other workers (Yu et al., 2001). As the temperature increased
to 700 °C, the intensity of the columbite-like MgJ@h peaks was further enhanced. Upon
calcination at temperatures ranging from 800-1000 °C, the MgNbhase became the
predominant phase. It should be noted that after calcination at 1000 °C, the peak
corresponding to MgO disappeared (not detectable), whereas the traces of minor phase of
unreacted NJ©, could not be completely eliminated.

The XRD pattern of this MgNB®, phase was indexable according to an orthorhombic
columbite-type structure with lattice paramet@rs 570 pmp = 1419 pm and = 503 pm,
space groucan (no. 60), in consistent with JCPDS file numbers 33-875 (Powder diffrac-
tion file ICDD, 2000), and literature (Pagola et al., 1997; Sreedhar and Mitra, 1997).
conventional mixed oxide route reported earlier (Swartz and Shrout, 1982; Saha et al., 1994;
You et al., 1994; Sreedhar and Mitra, 1997), major phase of MNims obtained for a




<> CMU. Journal (2003) Vol. 2(2)

calcination temperature above 1100 °C. However, for the present work, calcination at 1100 °C
already resulted in a single phase of the M@\b

Apart from the calcination temperature, the effect of dwell time was also found to be
quite significant. From Figure 3, it can be seen that the single phase of ®lgMield of
100% within the limitations of the XRD technique) was found to be possible in powders
calcined at 1100 °C with dwell time of 3 h or more. In earlier work (Saha et al., 1994; Pagola
et al., 1997; Sreedhar and Mitra, 1997), long heat treatments at ~1100-1300 °C for 20 h, 24 h
and 48 h were proposed for the formation of MgDBjbby a conventional mixed oxide
synthetic route, although no details on phase formation were provided. In the present study,
it was found that there were no significant differences between the powders calcined at 1100
°C with dwell time ranging from 3 to 5 h, as shown in Figure 3. In this study, an attempt was
also made to calcine MN powders under various heating/cooling rates (Figure 4). In this
connection, it indicated that the yield of Mg/h phase did not vary significantly with
different heating/cooling rates ranging from 5 to 25 °C/min. This is in good agreement with
the early results reported by Ananta et al., (2003) for the mixture of the two kinds of
refractory oxides.
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Figure3. XRD patterns of MN powder calcined at 1100 °C for various dwell times with
heating/cooling rates of 10 °C/min.
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Figure4. XRD patterns of MN powder calcined at 1100 °C for 3 h with various heating/
cooling rates.

Based on the TG-DTA and XRD data, it may be concluded that over a wide range of
calcination conditions, single phase MgRp 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 fluctuation depends on the characteristics of the starting powders as well as the
processing schedules (Swartz and Shrout, 1982; Saha et al., 1994; Yu et al., 2001). Itis rather
surprising that no evidence of the corundumMgQO, (You et al., 1994; Yu et al., 2001) was
found in this study, nor was there any indication of theNbgO, . (Pagola et al., 1997) being
present. The experimental work carried out here suggests that the optimal calcination
condition for single phase MgN\D, (with impurities undetectable by XRD technique) is
1100 °C for 3 h, with heating/cooling rates as fast as 25 °C/min. Moreover, the formation
temperature and dwell time for Mg, observed in this work are also lower than those
reported earlier (You et al., 1994; Sreedhar and Mitra, 1997; Yu et al., 2001; Costa et al.,
2002).

SEM micrographs of the calcined Mgith powders (1100 °C for 3 h with heating/
cooling rates of 25 °C/min.) are given in Figures 5(a) and (b). In general, the particles are
agglomerated and basically irregular in shape, with a substantial variation in particle size and
morphology. A detailed study at high magnification (Figure 5(b)) showed that these
agglomerates consisted of ~ 250 - 750 nm M@N\Iparticles. 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 MglD, (Figure 6) in agreement with XRD results.
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Figure5. SEM micrographs of the MN powders calcined at 1100 °C for 3 h, with heating/
cooling rates of 25 °C/min.
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Figure 6. EDX analysis of the MN powders calcined at the optimised condition.
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CONCLUSIONS

The columbite-type compound Mg, was prepared by a solid-state mixed oxide
synthetic route. The preparative method involved the use of inexpensive and widely
available oxide precursors, moderately low calcination temperatures and dwell times,
together with fast heating/cooling rates. Evidence gained from XRD revealed that single
phase of columbite MgN®, powder had been obtained in this study by using a calcination
temperature of 1100 °C for 3 h, with heating/cooling rates of 25 °C/min.
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