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ABSTRACT—Uncovering the relationship between microstructural and dielectric properties is beneficial for
designing new dielectric materials for technological purpose. Thus, this work attempts to understand the evolving
relationship between complex permittivity and microstructural in magnesium titanate (MgTiOs) at 40 Hz to 1 MHz.
Magnesium oxide and titanium dioxide were mechanically crushed using a high energy ball mill for 12 hours via the
mechanical alloying method. Pellets were formed followed by a sintering process from 500 °C up to 1400 °C. The
phase formations of the sintered samples showed a development in their crystalline structure and their phase was
confirmed by X-ray diffraction patterns, yielding a completed phase of MgTiOsz formed at 800 °C. Observation by
scanning electron microscopy revealed an improvement in grain growth as the sintering temperatures are elevated.
The density proportionally increased with the sintering temperature. From the complex permittivity studies, the
dielectric constant, e’ showed a decreasing trend with increasing frequency and attained constant limitation value of
&’ at higher frequency at room temperature. Below 10* Hz, the relaxation belonged to the interfacial polarization
while beyond 10* Hz, it is dominant by dipolar polarization. The frequency dependence of loss tangent, tan 6
decreased with value almost zero at higher frequency for all sintering temperatures. A significant increasing trend
was observed which correlated the polarization-crystallinity behaviors at 1 MHz from 500 °C up to 1400 °C. The
improvement in microstructure properties with respect to the sintering temperature was observed which give rise to the
dielectric permittivity at infinite frequency, &.’. It revealed the dependency of dipolar polarization on the grain sizes
and the crystallinity of the sample.
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1. INTRODUCTION

The current tendency in dielectric materials based on TiO; is rising with a rapid development in electronic industry
and satellite communications systems [1, 2]. One of the promising materials is magnesium titanate, MgTiO3 which has
good dielectric properties such as intermediate dielectric constant, &> = 15-20, low dielectric loss and high Q values; Q =
20,000 at 10 Ghz [2]. A number of researchers reported that the equilibrium phase of binary magnesium titanate showed
existence of three stable phases MgTiOs, Mg, TiO4 and MgTi,0s [3-6]. MgTiO3 has the ilmenite structure; Mg,TiO4 has
the spinel structure and MgTi,Os has the pseudobrookite structure. Thus, magnesium titanate has attracted much attention
in microwave applications such as multilayer capacitor, band-pass filters, oscillators in radar detectors, cellular
telephones and global positioning satellite devices [7, 8].

For the past thirty years, various methods have been used to synthesize these materials such as solid state reaction
method [9-11], sol gel technique [12,13], hydrothermal mechano-chemical complexation routes [14-16] and stearic acid
gel method [17]. Among the processes with the highest potential for tailoring advanced materials, mechanical alloying
techniques are of special interest because they offer great flexibility in the choice of constituent materials to be combined,
simplicity, relatively inexpensive to produce and etc. [10,18]. Mechanical treatment also can change the thermodynamic
potentials, reducing sintering temperature, enhances the atomic mobility and therefore promotes different microstructures
properties of material [19].

By manipulating the sample preparation technique and microstructure characteristics of magnesium titanate, great
development of dielectric response study has been achieved. Ferreira and Baptista [12] correlated the structural and
dielectric properties with the addition of dopants on magnesium titanate. The results showed that the dielectric loss is
higher in doped sample rather than in pure sample due to the anharmonicity of the MgTiOs lattice vibration and
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accomodation of dopants on MgTiOs. Miao et al. [13] concluded that uniform grain growth of a low porosity samples
prepared via sol gel methods contribute to an excellent dielectric properties and good temperature stability.

Many reports have been made generally on the influence of composition [5], effect of dopants [20] and effect of
milling time on MgO-TiO; systems [21]. However, fewer sufficient data available regarding the parallel evolution of
microstructural and complex permittivity of the grain and grain boundaries of magnesium titanate prepared via
mechanical alloying with starting material in nanometer size relating them at lower temperatures until they are evolving
towards their final form and values. Therefore, we attempt to understand the relationship between microstructural and
complex permittivity in magnesium titanate.

2. EXPERIMENTAL

The MgTiO; ceramic samples were prepared via mechanical alloying technique. High purity of MgO (99.95% purity,
Alfa Aesar) and TiO; (99.95%, Alfa Aesar) as the starting materials were weighed according to the targeted proportion
(molar ratio of magnesium oxide to titanium oxide is fixed at 1.025:1) and milled in SPEX SamplePrep 8000 Mixer for
12 hours in ambient temperature. The ball-to-powder mass-charge ratio (BPR) was set to 10:1. The ceramic powders
were then compacted into a disk shaped samples under a pressure of 40 kPa with 1% polyvinyl alcohol (PVA) as binder
and zinc stearate as a lubricant. Each compacted pellets were sintered with different temperatures ranging from 500 °C to
1400 °C at 100 °C increment.

The phase composition and crystal lattice parameters of sintered ceramics were examined by means of X-ray
diffraction in CuKa radiation using Philips Panalytical X-Ray Diffractometer equipped with diffraction software
analysis. Diffraction patterns were collected in the range from 10 to 90°, in steps of 0.03°. Identification of the diffraction
peaks of the XRD patterns was carried out by using the JCPDS database. The microstructures analysis of as-milled
powder was employed by transmission electron microscope (LEO 912AB Energy Filter TEM), operating at 20 kV. The
morphologies of the pellets were performed by means of Field Emission Scanning Electron Microscope (FESEM, FEI
NOVA NanoSEM 230) operating at 10 kV and the grain size was measured by the mean linear intercept method. The
density of the sample was obtained using Electronic Densimeter MD300S which adopts Archimedes’ principle. The
dielectric properties were investigated using the Agilent 4294A Impedance/material analyzer in the region ranging from
40 Hz to 1 MHz at room temperature.

3. RESULTS AND DISCUSSION
3.1 Microstructural Analysis

Fine powdered has proved to be very advantageous because of high strength, lowered the sintering temperature, high
fracture toughness and improved the dielectric properties [22]. Therefore, a TEM micrograph of 12 hours as-milled
powder is presented in Figure 1. It revealed small spherical shape particles with average grain size around 91 nm. The
particle size distribution of the raw materials is important since it affected the microstructure growth. Small particle size
powder would offer a large surface energy to give a higher driving force for the crystalline growth [23]. As the thermal
heat is applied, the free energy of the system decreased proportionally with the surface area. Thus, the grain growth and
densification rate is increased with smaller particle size.

Figure 1: TEM micrograph of as-milled powder after 12 hours of milling
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The analysis of microstructure properties plays a vital role in the ongoing advancement of dielectric properties
therefore in the performance of the products. Figure 2 shows the XRD patterns of MgTiO3 ceramic powders as a function
of sintering temperature ranging from 500 °C to 1400 °C.

The as-milled powder showed a presence of secondary phase, Mg.TiOs and residual starting material phases, TiO,
and MgO. The traced of MgTiO3; amorphous peak was not observed proved the alloying process cannot deformed the
starting material TiO, and MgO into desired MgTiOs phase without heat treatment. The identification of all obtained
patterns has been accomplished using ICDD database which indexed as MgTiO3 (00-006-0494), Mg, TiOs (01-079-0833),
TiO, (01-083-2243) and MgO (00-045-0946).

At early stage of sintering process, (500 °C, 600 °C and 700 °C) the diffraction peaks corresponding to MgTiOs
slowly improved in the degree of crystallinity as the peaks became sharper with a higher intensity particularly at
reflections of (104), (110), (113) and (116). At 600 °C, new peaks of MgTiO3 phase were also observed at reflections of
(003), (101). (012), (021), (024) and (300). On the other hand, the diffraction peaks of the remaining starting materials,
TiO2 and MgO became weaker as the sintering increased to 700 °C.

Clearly, at 20 = 25°, 27°, 38°, 43° and 48°, the peaks slowly diminished as the sintering temperature increased. The
existence of well-defined peaks, MgTiOs indicates the crystallization and phase formation occurred in the synthesized
compounds. At 800 °C, the sample showed a complete reaction as pure MgTiOs formed and there was no residual
impurities noticed. A progressive improvement in the XRD pattern was observed where the diffraction peaks became
stronger, sharper and narrower in intensity at 900 °C. However, there was no major change detected at 1000 °C to 1400
°C thus further analysis on the FESEM analysis become necessary. Subsequent to 10 hours of sintering process starting
from 500 °C to 1400 °C, magnesium titanate sample were concluded to be improved in crystalline structure as they
reached their final sintering state.

Figure 3 shows the surface microstructure photographs of the MgTiO3 samples as a function of sintering temperature
from 500 °C to 1400 °C. At the initial stage of sintering process, there were flat surfaces observed in Figure 3 (a)-(b)
which showed they were in amorphous phase with a minimal grain development. Formation of fairly rapid inter-particle
neck growth can be seen in Figure 3 (c)-(d). This is in agreement with the diffraction data where at 700 °C, the crystalline
structure improved and formed a complete phase at 800 °C. Further increased the temperature, pores were observed and
greater conjoint of grains were presented in Figure 3 (e). As tabulated in Table 1, the average grain size increased from
87 nm to 149 nm due to the decomposition of raw materials and deficient formation of MgTiO3 caused minimal grain
development. The pores were almost eliminated at 1000 °C to 1200 °C revealing the samples exhibit an intermediate
sintering stage. A relatively uniform surface morphology was observed and higher number of necking process was
noticeable in MgTiOs pellets as perceived in Figure 3 (f)-(h) led to a steeper increase of average grain size from 216 nm
to 526 nm. At the final sintering stages as shown in Figure 3 (i)-(j), the particles grew rapidly into large ones (1537 nm
and 2411 nm) probably due to a reduction in total interfacial energy. This happened when the sample exhibits its highest
densification and largest grain coarsening effect during the sintering process [23].

As shown in Figure 4, the density of the sintered pellets increased concurrently with sintering temperature. The
densities observed in MgTiOs system can be classified into three stages. The samples sintered at 500 °C to 700 °C
referred as initial stage, showed a sharp increase in density. The increase in density can be explained by correlating their
physical properties. From the XRD data, the samples exhibited low crystallization with multiple phases of constituents at
500 °C to
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Figure 2: X- ray diffraction patterns of as-milled powder and magnesium titanate samples sintered from 500 °C to 1400
°C

700 °C. The highly reactive samples lead to a large surface energy and higher driving force for crystalline growth and
finally increased the densification rate. In the intermediate stage (800 °C to 1200 °C), the samples displayed a steady
increase in density, from 3.24 g/cm? to 3.48 g/cm? shown in Table 1. By referring to the grain growth of the samples, a
higher number of necking process occurred between particles showed a replacement of solid/vapor interfaces by
solid/solid interfaces [23]. This caused a reduction of Gibbs energy in the MgTiO3 system thus affecting the increment in
densification rate. A significant increase in density is presented at 1300 °C and 1400 °C where the density increased to
3.56 g/cm® and 3.59 g/cm? respectively. Contrary to the initial stage, samples were less reactive since MgTiO3 phase was
highly crystalline and large grains with less pores were observed in the surface microstructure image. Thus, the
minimization of grain boundary led to an improvement in density =~ 98.6% from its theoretical density.
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Figure 3: FESEM micrographs of MgTiOs sintered at (a) 500 °C (b) 600 °C (c) 700 °C (d) 800 °C
(e) 900 °C (f) 1000 °C (g) 1100 °C (h) 1200 °C (i) 1300 °C and (j) 1400 °C

Table 1: Experimental density and average grain size of MgTiO3z sample at various sintering temperatures

Sintering Experimental Relative Density, Average Grain

Temperature density, (%) Size
(°C) pexp (£0.01 g/cm®) (£0.1nm)
500 3.08 84.0 86.8
600 3.12 86.6 113.1
700 3.24 90.6 125.9
800 3.28 92.5 131.1
900 3.33 924 149.1
1000 3.36 93.2 216.1
1100 3.41 93.7 332.6
1200 3.48 95.9 526.3
1300 3.56 98.5 1537.0
1400 3.59 98.6 24111

3.2 Complex Permittivity Analysis

The complex permittivity display valuable information about the conduction process which benefits in understanding
the origin of dielectric losses, the electrical and dipolar relaxation time. For this matter, the variation of dielectric
constant (¢;”) and the loss tangent (tan §) as a function of frequency have been plotted in Figure 4 (a) and (b) respectively.
Generally, the value of &’ for MgTiO3 evolving from 500 °C up to 1400 °C measured at room temperature decreased as
the frequency increases and attained constant limitation value at higher frequency, at which &.’ became almost
frequency-independent. Strong frequency dependence of &5’ at lower frequency (<10* Hz) can be explained from the
Maxwell-Wagner interfacial polarization where there is an accumulation of space charge between the electrodes and the
sample contributed from the grain and the grain boundaries under the applied external electric field [26]. However, the
reductions of &’ as the frequency increased shows the decay of polarization in grains because the space charge carrier
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cannot reorient themselves fast enough parallel to the external applied field. As the frequency is further increased, the
rapid changes in the direction of electric field caused the lagging in the space charge carrier’s directions [27].

It was worth noticing that at frequency beyond 10* Hz, &’ value started to line up in increasing patterns as the
samples started to develop (at 500 °C) to its final sintering temperature. This gives a better view on the evolution
behaviors regarding the polarization-crystallinity relationship. As continuously increased the sintering temperature, larger
grains and better crystals growth were promoted, thus reflected higher degree of polarization and produced better €’
value. As been discussed in the microstructural section, at lower sintering temperature (< 900 °C) the crystal growth was
incomplete and there were small grains with higher grain boundaries volume portion. There were higher insulation
resistance in the samples and a lot of impurities and defect can diffuse into the grains, making an inhomogeneous grains
thus affecting the spontaneous polarization [28].

Below 10* Hz, &’ were not in arranged patterns. This is due to the space charged layered induced by several effects
such as vacancy defect within the dielectric and large content of impurities and imperfection in the material structures
such as pores. The space charge effect became dominant for this type of polarization making the grain size effect less
significant in this region.

Figure 4 (b) shows that tan 6 were dependent on the frequency in the MgTiOz samples. Initially, the value of tan &
decreased with increasing frequency and beyond 10? Hz, tan § increased and attained maximum value before decreased
again with value almost zero at higher frequency. At lower frequency, high tan 6 was probably caused from the decrease
orientation of interfacial dipoles or hopping process of charge carriers occur as the electrical current propagate through
the sample, which leads to more electrical energy absorption [29].
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Figure 4: Variation of the dielectric permittivity components (a) slr and (b) tan 8 at room temperature as a function of
frequency for MgTiO3 ceramic at different sintering temperatures

4. CONCLUSION

MgTiO3 samples have been successfully prepared by mechanical alloying method and sintered from 500 °C to 1400
°C. The diffraction data showed that below 700 °C, MgTiOs is in incomplete phase with low crystallization. At 800 °C,
MgTiOs performed a complete phase and there were improvements in the crystalline feature as the sintering temperature
is elevated. A particle size distribution of as-milled powder below 100 nm was observed to increase the rate of grain
growth as shown in FESEM. The density and grain size increased with the rise of sintering temperature. The variation of
g’ with frequency showed a strong frequency dependence at lower frequency (< 10* Hz) which can be explained from
the Maxwell-Wagner interfacial polarization. Loss tangent (tan 3) indicated values less than 1 for all samples at 1 MHz.
The dependency of microstructure growth over the dielectric permittivity were presented and we noticed a significant
increasing trends in dielectric constant at 1 MHz. Subsequence to the improvement of grain growth and corresponding
increase in degree of crystallinity in the material, a higher degree of polarization in grains were perceived. Thus, €’
increased proportionally with the microstructure properties at 1 MHz.
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