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Abstract

We report on the size effect and order—disorder phase transitions in MgAl,O, system synthesized by chemical co-precipitation
method. The prepared samples were sintered at various temperatures (in steps of 200 °C). Initially, the order—disorder phase
evolution of the cubic spinel aluminates were analyzed by powder X-ray diffraction and UV-absorbance spectral analysis.
The optical band gap was calculated from UV-DRS absorbance spectra. Also, the grain size of the sintered aluminates was
calculated by high resolution scanning electron microscopy through surface morphological image analysis and discussed.
Moreover, the particle size was calculated by using transmission electron microscopy. The stretching and bending mode of
tetrahedral and octahedral coordinates for vibration modes of cations were studied through Fourier transform infrared spec-
tral analysis. In addition, the cation distributions in the prepared samples were carried out by solid-state nuclear magnetic
resonance spectroscopic measurement and analyses. The frequency dispersive behavior of dielectric constant was analyzed
at room temperature for the synthesized samples using impedance analyzer. The observed results are discussed and reported.

1 Introduction

The spinel aluminates system with general formula XAl,O,
(where X =7n, Mg, Ni and Co) form of rich ceramic mate-
rials and has own properties like high melting point, high
mechanical strength at different temperatures, thermal shock
resistance, excellent optical properties, and a low dielectric
constant, etc. [1-4]. In particular, the magnesium aluminate
(MgAIl,0,) is one of the most attractive spinel oxide mate-
rials for device applications. In view of the fact that, it’s
remarkable support [5], and its possible application in the
field of insulating dielectric and humidity sensor [6, 7], as a
refractory materials, chemical catalysis and integrate elec-
tronic circuits [8—10]. In the recent years, there are different
routes employed for the synthesis of aluminates system, in
particular for MgAl,O, system, such as modified sol-gel
[5], flash pyrolysis route [11], mechano-chemical milling
[12], oxide one pot synthesis [7], conventional solid-state
reactions, microwave assisted solid-state reactions [13],
etc. In particular, the aluminate system which synthesized
through low temperature techniques shows a high degree
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of chemical homogeneity and better control of stoichiomet-
ric, when compared with the other conventional techniques.
Mostly, all these types of synthesis routes at low temperature
results in the amorphous phase of the magnesium aluminates
sample. Among these synthesis routes, the chemical co-pre-
cipitation method evolved the single crystalline phase at low
temperature. Apart from these, the review of literature shows
a good number of reports on the chemical induced phase
evolution of the MgAl,O, system as a function of calcina-
tion temperature [14]. Also, the order and disordered phase
of spinel structure has been reported by very few workers
through irradiation-induced structural change of MgAl,O,
system [15, 16].

The aluminate structure of MgAl,O, contains 2-3 spi-
nel co-ordinate system. The 2% refer to minority of divalent
atom is Mg site and 3% refer to majority of trivalent atom
is Al site. The cation co-ordinates are only 24 sites (8 tet-
rahedral of A-site and 16 octahedral of B-site) and anion
between 96 interstices (64 tetrahedral and 32 octahedral)
sites [17]. The cation distributions in the spinel structure
are decided at octahedral and tetrahedral site positions
through the ionic radius and electro-negativity of cations
[18]. The stoichiometric ratio of Mg-aluminate, the defects
correspond to anti-site pairs, where the cations exchange
sites of (tetrahedral and octahedral pairs). In order to lower
the magnitude of anti-site defects, which is related to an
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intrinsic defect processes. But, the anti-site disorder domi-
nates the defect chemistry of this system [19]. The cation in
the sites provides the order—disorder phase and described
by the degree of inversion (j). The degree of anti-site cation
disorder is provided by the inversion parameter, j, defined as
(Mg, _; Alj) [Mg;Al,_;] O4, where the curved brackets refers
to a tetrahedral site and the square brackets refers to the
octahedral sites. In other words, j represents the fraction of
tetrahedral sites occupied by trivalent cations. The inversion
parameters for normal, statistically random, and inverse spi-
nel structures are 0, 2/3, and 1, as reported in the literature
[19, 20]. The Mg-aluminate here refer to partially inverse
spinel structure because of the ordered—disorder phase vari-
ation is observed for different sintering effect. Up-to-date all
literatures reviews on the synthetic MgAl,O, system shows
only very few reports on the disorder—order phase variation.

In the present work, MgAl,O, has been prepared by
chemical co-precipitation method at ambient temperature.
The results suggest that the size effect dependence upon
disordered to ordered phase variation were observed. In
the literature, the order—disorder phase has been correlated
through the studies by X-ray diffraction (XRD) pattern and
UV-absorbance spectra. Therefore, the aim of the present
work to synthesis the magnesium aluminate system through
co-precipitations method. The prepared samples were sin-
tered at different temperatures and studied the disorder to
order phase transitions as induced by sintering effect. The
structural characterization of the samples were analyzed
through XRD technique, NMR spectral analysis, and cor-
related with SEM and TEM analysis. The optical proper-
ties were characterized by UV-DRS method to ascertain
the order—disorder phase transition in the sintered samples.
Also, we have attempted to study the presence of order—dis-
order phases in the magnesium aluminate system through the
dielectric properties at the room temperature. The observed
results were discussed and reported.

2 Experimental

The starting raw materials are analytical reagent grade
nitrates of Magnesium (Mg (NO;),-6H,0) and Aluminum
(Al (NO3);-9H,0) are taken in the corresponding stoichi-
ometric ratio and dissolved in double distilled water. The
mixture solution was constant stirred with a magnetic stirrer
for more than 1 h. The pH of the mixed solution was main-
tained at ~9 by using required amount of aqueous ammonia.
Subsequently, the solution turns into milky white with pre-
cipitation and continuously stirred for another 30 min. The
precipitated solution was washed and dried in hot oven at
100 °C. Finally, the dried samples were equally divide into
three parts and transfer to alumina crucible and sintered in a
furnace at three different temperatures, viz., 500 °C, 700 °C
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and 900 °C for 3 h in open atmosphere. Henceforth, the
sintered samples at 500 °C, 700 °C and 900 °C were labeled
as Mg5, Mg7 and Mg9, respectively.

The structural and phase formation of the prepared
Magnesium aluminate samples were studied through XRD
measurement (Bruker D2 Phaser X-ray diffractometer with
Cu Ka line with 1.546 /f\) and its analysis. In addition, the
solid state nuclear magnetic resonance (SS-NMR) spectra
were recorded at room temperature for the prepared sam-
ples using 2’Al source with a Bruker (AV 400) spectrometer
at a spinning rate of 10 kHz. The applied magnetic field
of 9.389T (400 MHz) corresponds to a ?7Al resonance fre-
quency of 104.17 MHz. The surface morphological images
of the prepared samples were carried out by HR-SEM (FEI
Quanta FEG 200) for grain size analysis. Transmission
electron microscopy (TEM) image of prepared samples
were recorded using JEOL JEM 2100F TEM for particle
size analysis. The UV-DRS (Varian-5000) optical absorb-
ance spectra of the prepared samples were recorded in the
200-800 nm wavelength regions. The stretching and bending
modes of octahedral and tetrahedral coordinates were ana-
lyzed by Fourier transform infra red (FT-IR) spectroscopic
analysis (Perkin Elmer-2000). The calcined sample was pel-
letized using hydraulic press and the pellet sample was sin-
tered for 6 h. The electrical measurements were carried out
using impedance analyzer (PSM1735 NumetriQ (U.K)) in
the frequency range of 100 Hz-1 MHz at room temperature.
The observed results are discussed below.

3 Results and discussion
3.1 Powder XRD analysis

Figure 1a shows the powder XRD patterns of Magnesium
aluminate samples sintered at three different temperatures
(sample code: Mg5, Mg7 and Mg9) are given. The XRD pat-
tern indicates that the formation of single crystalline phase
with spinel aluminate structure through a well defined dif-
fraction peaks. Further, the intensity of the peaks are well
developed and peak becomes broad to shaper as the sinter-
ing temperature increases and it is in agreement with litera-
ture reported data [21]. From Fig. 1a, we observed a small
amount of aluminum oxide (Al,O5) impurity peaks were
seen at the low temperature sintered (Mg5 and Mg7) sam-
ples. As the calcination temperature increases, the intensity
of the impurity peaks were very insignificant. Therefore,
we concluded that the appearance of the impurity peaks at
low temperature sintered samples (synthesized by co-pre-
cipitation method) is due to provoke of mixed MgO-AlL,0O,
phases. Review of literature also shows that the phase forma-
tion of spinel structure was observed at above 410 °C and
below that temperature the transition phase only exists [22].
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Fig. 1 a XRD patterns of MgAl,O, samples sintered at different temperatures. b Williamson—Hall plot of MgAl,O, samples sintered at different

temperatures

All the diffraction peaks were indexed and compared with
JCPDS card no. 77-0435 and well assigned to the cubic sys-
tem with a majority of space group of Fd-3m (Oz): 227 of
spinel aluminate structure. The average crystallite size was
calculated using Williamson—Hall (W-H) plot as shown
in Fig. 1b. The calculated average crystallite sizes are in
the order of nano-meter range. The magnitude of micro-
strain induced in the lattice is also calculated using Wil-
liamson—Hall relation.

PijpcosB = KS}L+4esin9 (1)

where D is the average crystallite size, A is the monochro-
matic wavelength of the XRD radiation (1.54056 A for Cu
Ka line), k is a constant equal to 0.94, 3, is the full width
at half-maximum of the intensity peak. In the present case,
we utilized the Voigt function to get full width at half maxi-
mum for a peak position at 6. The lattice parameters were
calculated by using following relation

1 {cos?0 cos20
f0) = =
©) 2( sn0 0 ) 2)

The X-ray density (py._,,) of the sample was calculated
using relation [23].

_ n[My,, +2My +4M,]

pX—ray - V X Na (3)

where M is the molecular weight of the sample (viz., Mg,
Al and O), V is the volume of the unit cell and Na is the
Avogadro’s constant and with the number of unit cells of

cubic spinel system as n=8. The calculated values are tabu-
lated in Table 1. From the XRD analysis, we observed that
while sintering temperature increases, the intensity of the
diffracted peaks also increases that result in the increase in
the crystalline nature as well as an increase of the crystal-
lite size. The micro-strain and X-ray density values were
decreases and increasing calcined temperature due to the
effect of impurity or may be intrinsic defects in the sample.
In addition to the above, the observed increase in the mag-
nitude of the lattice parameter could be attributed due the
cation distributions at AI** sites, i.e., due to the distribution
of charges either tetrahedral or octahedral sites. In addition,
the cation distribution sites of AI** ion were analyzed and
discussed below using solid state NMR spectra analysis.
The several techniques like sol-gel [24], solid state
reaction [25] and Pechini [26] methods were used to syn-
thesis normal spinel form not able to observe of order/
disorder phases. Even so, very few are discuss about the
ordered phase transitions for spinel aluminate structure
are the citrate—nitrate (auto-ignition route) [14] and flash
pyrolysis route [11]. The low temperature of spinel alu-
minate structure all the diffraction peaks corresponding
to MgAl,O, with order—disorder phase transition was
observed shown in Fig. la. From Fig. la, the Mg5 and
Mg7 samples show a high intensity peak at 20 =65.48
for (4 4 0) plane and for the Mg9 sample the high inten-
sity peak was observed at 20 =37.04 for (311) plane. In
addition, due to particle size increases, the XRD pattern
reveals that the phase of spinel structure changes from
(dis)ordered to ordered phase [14]. The peaks of high
intensity (311) plane were representing the odd reflec-
tions and like (400) planes were representing the even
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Table 1 Calculated values of lattice parameter, crystalline size, X-ray density, micro-strain, fitted value from UV-absorbance spectra and dielec-

tric properties for Mg5, Mg7 and Mg9 samples

Sample code Lattice param- Crystalline size from X-ray density ~ Micro-stain From UV absorbance spectra  Dielectric Tan ()
eter (nm) W-H plot (nm) (gm/cm3) %1073 constant (g')

Peak posi- FWHM (nm) at 1 KHz
tions (nm)

Mg5 8.0685 4.5 3.641 5.29 212 51 162 2.4
275 78
367 80

Mg7 8.0717 8.19 3.634 3.36 201 57 240 32
265 86
368 63

Mg9 8.0783 19.5 3.601 1.84 269 86 67 0.9
373 41

reflections. The ordered-disordered phase transitions were
compared by degree of orderness through the odd and even
peaks intensities. For spinel structure, the degree of order-
ness can be calculated as:

I
2l =
I, + 1.

()

C)

where the intensity peak of odd reflection refer to (I,) and
the peaks of even reflection refer to (I,). Therefore, from the
above an equation, when the particle size increases gradu-
ally then the degree of ordered phase also increases. The
intensity peaks of supporting odd and even reflection planes
were playing a major role for the presence of order—disorder
phase present in the sample. The even reflection (222) inten-
sity increases gradually odd reflection (111) also increases,
then the intensity of peaks due to disorder spinel remain
constant and which may result in the shift of the atom to
the interstitial site as reported by Sickafus et al. [15]. The
order—disorder phase of higher intensity peaks of (311) and
(400) more preferred for order phase calculation on the basis
of peak intensity is accurate as reported [15]. Moreover, the
higher intensity order phase of (311) and disorder phase
of (440) are more contribution to spinel structure of (dis)
orderness. The particle size of nanoparticles is more relevant
to studies of cation distribution by Sreeja et al. [27]. The
cation distribution in the disorder phases of AI** are present
both the tetrahedral and octahedral site due to the vacancy
depend upon due to the size (nanoparticles) or as well as the
low temperature sintering. The cation distribution of order
phases of AI** move towards to octahedral site from tetrahe-
dral due to the defect phase at high temperature. The cations
provoke at high temperature region are toward more stable
states of equilibrium position [11]. In this paper, we report
on the order—disorder phases transitions in MgAl,O, system
synthesized through the co-precipitation method at different
sintering temperature by tuning the degree of phases.

@ Springer

3.2 NMR analysis

The synthesized spinel aluminates MgAl,O, samples were
further investigated by 2’Al solid state NMR spectroscopy
for site exchange effect. The room temperature recorded
NMR spectra of the Mg5, Mg7 and Mg9 samples were
shown in Fig. 2a. In the literature, the cation distribution
of AI** coordinates in the spinel system at tetrahedral and
octahedral site were exchange due to the effect of quadru-
pole broadening [28]. The octahedral sites were represent-
ing the central transition band of quadrupole nucleus, which
referred as first and second order quadrupole interaction for
single and doublet peaks splitting of quadrupole interactions.
As well the satellite transition band and sideband were rep-
resenting the tetrahedral and octahedral sites [29].

Usually, the AI** coordinates at tetrahedral position
(AlO,) is denote as (*) and at octahedral site (AlOg) is
denote as (°). In the present work, for MgAl,O, system, from
the spectra, the peaks were observed around in the range
between isotope chemical shift of tetrahedral and octahedral
peaks are 48 to 93 ppm and 40 to —40 ppm, respectively. For
the comparison purpose, the NMR chemical shift was shown
in Fig. 2b for the sintered MgAl,O, system. From Fig. 2b,
we observed that while increasing the sintering tempera-
ture, the observed chemical shift moves toward the negative
side. Thus, the tetrahedral and octahedral AI** peaks were
slightly shifted respectively, as 73.29 ppm and 14.15 ppm for
Mg5, 74.57 ppm and 14.5 ppm for Mg7 and 73.84 ppm and
11.95 for Mg9. Thus, we concluded that the Mg5 and Mg7
show the first order quadrupole interaction and with octahe-
dral (AlOg) sideband is observed. But, for Mg9 sample, we
observed a second order quadrupole interaction peaks and
with tetrahedral (AlO,) and the octahedral (AlOy) sideband
in the same region and well matched with literature reported
data [30].

However, the review of literature shows that the MgAl,O,
is partially inverse spinel aluminate structure. The general
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Fig.2 a Room temperature NMR spectra of MgAl,O, samples sintered at different temperatures. b Peak shifts in the NMR spectra of MgAl,O,

samples sintered at different temperatures

formula of (Mg,_s Alg) (Al,_5 Mgs)*™ O,. The 2-3
spinel structure of inverse parameter or the degree of inver-
sion ‘d’ was calculated from the ratio of corresponding
intensity peaks of Al coordinate in the octahedral (AlOy)
site and in the tetrahedral (AlO,) site through

6 — 2Itetra (5)
Itetra + Iocta

where I, and I, is intensity of tetrahedral and octahe-
dral peaks were observed from NMR plot. From the recorded
NMR spectra, the degrees of inversion (&) have been found
for different temperature sintered samples. The cation dis-
tribution was calculated using, the degrees of inversion ()
relation. The cation distributions of Mg9 and Mg7 samples
were reported [31, 32]. Such as we reported the low sintering
temperature of cation distributions of Mg5 and the following
intensity ratio’s parameter are Mg9 is (Mg, 57 Aly 43)!""™
(Al 57 Mgy 43)° Oy, (Mg g6 Al 3)"™ (Al 6 Mgg 3,)!
0, for Mg7 and (Mgy 59 Alggy) "™ (Al 50 Mg4))'* O,
for Mg5. On increasing the sintering temperature, the inten-
sity peak ratio of tetrahedral and octahedral site gradually
increases for Mg5 and Mg7 and the intensity ratio of Mg9
suddenly decreases. This may be attributed to the structural
phase transition from disordered to ordered phase due to sin-
tering effect. This implies that the cation order in MgAl,O,
spinel depends upon the sintering effect. This behavior is in
good agreement with the XRD data analysis.

3.3 Optical properties

Figure 3a shows the absorbance spectrum for Mg5, Mg7
and Mg9 samples using diffuse reflection spectroscopic

technique at room temperature. All the absorbance spectra
were fitted using a Gaussian function [33]. From the fitted
data, we calculated the peak position, peak intensity and
its full width at half maxima of the corresponding peaks
as shown in Fig. 3a. The calculated fitted data are reported
in Table 1. The peaks associated with the Mg** ions were
represented by the green dotted line and the two different
peaks associated with AI** ions were represented by the
pink and blue dotted lines. On increasing the particle size
i.e., on increasing the sintering temperature of MgAl,O,,
particularly the peaks of AI** changes due to disordered to
ordered phase as observed in Fig. 3a. In particular, the peak
of AIP* was observed at Mg5 and Mg7, which refer to dis-
ordered phase and the peak of AI** were disappeared for
Mg9 sample, which referred to an ordered phase. Thus the
disappearances of the peak in the UV absorbance spectrum
are good in agreement with the results from the XRD pat-
tern. The absorbance peaks of Mg?* and AI** coordinates
get slightly shifted towards the lower wavelength region as
the sintering temperature increases.

In the present case, due to sintering effect, the Mg5, Mg7
and Mg9 samples shows three different transition peaks as
shown in Fig. 3a. The AI** coordinate of tetrahedral and
octahedral (both) sites are present and while comparing the
peaks associated with tetrahedral site of AI** are more domi-
nate to peaks of octahedral sites at the particle size region
of Mg5 and Mg7. The tetrahedral peaks were negligible at
higher particle size region of Mg9 sample. The (AI’*) tet-
rahedral coordinates shows a hump like peak as observed at
around 210 nm and the absorption peaks observed around
between 250 and 285 nm and at 265 nm were octahedral
coordinates of (AI*") [34, 35]. In addition, the F* center
vacancies of Mg>* were created due to heating (sintering)
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Fig. 3 a Room temperature UV-absorbance spectra with Gaussian fit for MgAl,O, samples sintered at different temperatures. b Tauc plot of UV-
absorbance spectra for MgAl,O, samples sintered at different temperatures

effect of samples as reported [36] and the shoulder peaks
observed between 355 and 375 nm were assigned to the tet-
rahedral coordinates of the Mg2+ ion [37].

A very strong absorption peaks were observed around UV
region for all the sintered samples. The cut-off wavelength
of the absorption peaks for Mg5, Mg7 and Mg9 samples are
373 nm, 366 nm and 368 nm for Egl and 283 nm, 270 nm
and 266 nm for E,,, respectively. The band gap energies
were calculated from corresponding point of intercept in the
wavelength as the cut-off wavelength using

1240

where the A is wavelength of absorbed range from the spec-
trum and E, is optical band gap energy (eV). The value of
simple relation (UV-spectrum) is 3.32, 3.39 and 3.36 (eV)
for E,; and 4.38, 4.58 and 4.65 for E,,. The band gap ener-
gies were calculated by Tauc plot using

(ahv)" = A(hv — E,) 7

where a is the absorption co-efficient constant and frequency
dependence take place from the appropriate of UV spectrum,
hv is the incident photon energy, A is constant depended
upon the type of possible transition and n is the power coeffi-
cient of allowed transition. If n=%2 allowed direct band-gap
transition and n =2 allowed indirect band-gap transition. The
intercept of straight line from the plot between (ahv) > and
hv (eV) for direct band-gap and the extrapolation linearly
position of plot (ahv) /2 and hv (eV) for indirect band-gap
[38]. As the sintering temperature increases, the band-gap
also increases [39]. The two absorption band was observed
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E,; and E,,. The E,, is inter-band absorption were observed
(visible region) of direct and indirect band-gap region. The
inter band absorption is only possible if the photon energy
exceed the band gap energy E,. The absorption spectrum
therefore shows that a threshold of E,. The absorption coef-
ficient in the spectra region around E,; is extremely large
than the E,, was explained in density of state DOS [40].
The strong absorbance of band gap is E,, (UV region). The
inter-band transitions in indirect gap materials involve the
absorption or emission of a phonon to converse momentum
in process. The indirect absorption is much weaker than
direct absorption since it is a second order process [40].
From Fig. 3b, the two band gap region was observed E,; and
E,,. The inter-band gap region of E,; was observed in visible
region and the strong absorbance of band gap region of E,,
was observed in UV region [41]. The UV absorbance region
band gap of E,, well matched to reported band gap. Moreo-
ver the band that appeared close to the visible light region
for each spectrum may be attributed to the O?~ and AI**
charge transition due to the excitation of electrons from the
valence band of O (2p) to conduction band of Al (3d) [42].

In the present case, the direct band gap energy have been
found to be in the range of 3.06, 3.29 and 3.10 (eV) for
E,, and 4.27, 4.75 and 4.66 (eV) for E, [42] and for Indi-
rect band gap energy have been found to be in the range of
2.53,2.71 and 2.41 (eV) for E,; and 3.12, 3.28 and 3.14
(eV) for E,, is calculated by using the Tauc’s plot method.
The cut-off wavelength from simple relation is nearly close
to direct band-gap value and the indirect band-gap value
is less than the direct band-gap value. As a result, the
increasing sintering temperature with suddenly increases
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and decrease of band gap energy trend by disorder to order
phase transition and the slightly shift in absorption edge and
widening of the band gap can be explained on the basis of
Burstein—Moss shift with size effect dominating role of blue
shift of MgAl,O,.

3.4 Functional group analysis

Figure 4 shows the FT-IR spectrum recorded in the range
from 400 to 2000 cm™! for the Mg5, Mg7 and Mg9 spinel
aluminate system. With the review of literature data four dif-
ferent modes of vibration band were observed and assigned
as (v,), (vp), (v3) and (v,) and pointed out in Fig. 4 [43].
The oxygen ion bonding as a strong bonding nature and
assigned to the high frequency modes (v;) and (v,), and the
metal anion’s bonding as weak bonding characteristics and
assigned to the lower frequency modes as (v;) and (v,) with
a less sharp peaks as observed.

The stretching and bending vibration mode was observed
around 500-700 cm™" and 330-450 cm™' range due to the
cations-oxygen octahedral coordinates (AlO4). However, a
tetrahedral coordination (AlO,) is expected to give stretching
modes within the narrow range 700-850 cm™' and bending
modes between 250 and 320 cm™' [28, 44]. The vibration
mode ranges around 500-700 cm™' due to AlOg [11]. The
degenerate modes of vibration were also attributed at very
lower frequencies [45, 46]. On the other hand, the ordered
and disordered phase vibration modes were rarely reported
for FTIR spectra [47]. In the disorder phases, the vibra-
tion bands for tetrahedral coordinate for stretching mode of
AlOg4 were lies around 640 c¢cm™ L. Due to the size effect, the

1394
1636
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Fig.4 Function group analysis of FTIR spectra for MgAl,O, samples
sintered at different temperatures

vibration bands at 552 and 693 cm™! are assigned to the
stretching modes of AlOg [48].

For Mg5 and Mg7 samples, with the AlO, in a tetrahe-
dral coordinates, the bands at around 560 cm™" are assigned
to the stretching modes of AlO¢ and the band observed at
700 cm™! is assigned to the stretching mode of AlO, [43].
For the ordered phase of Mg9 sample, the bands of 563 and
520 cm™" are assigned to the stretching modes of AlOg. The
band observed at 417 cm™! was assigned to the bending
mode of AlO, [28] and the band observed around at 702 and
764 cm™~! was assigned to the stretching mode of AlO,. On
increasing the temperature, the Mg—O denoted as (*) in the
peaks is slightly shifted, which in-turn transforms disorder
to ordered phase. For all the sintered samples, the Mg—O
vibration bands were assigned and in good agreement with
the literature data [49].

3.5 SEM and TEM analysis

Figure 5 shows the high resolution scanning electron micros-
copy (HR-SEM) images of sintered MgAl,O, samples at
room temperature. From the surface morphological images,
it was observed that, the sintered samples show different
surface morphological behavior due to sintering effect. The
average grain size of samples was calculated 17 nm, 28 nm
and 40 nm for Mg5, Mg7 and Mg9 samples, receptively.
On increasing the sintering temperature, the grain size is
increased and the grains are in irregular shape and size. The
surface morphology of samples was slightly porous agglom-
erated and indistinguishable. The crystallite size and grain
size are different because of the crystalline size measure
from XRD (the unity variation of crystalline region that dif-
fracted by X-ray coherently) and the grain sizes are measured
over in a particular region of the sample through the visible
grain boundaries [50]. To ascertain the particle size of the
Mg5, Mg7 and Mg9 samples, TEM measurements were car-
ried out at the room temperature and shown in Fig. 6. The
images represent that Self-agglomerated its form a spherical
shape. The average particle size was calculated from TEM
images by using ImagelJ software and it have been founded
range between from 24 nm for Mg5, 28 nm for Mg7 and
33 nm for Mg9. While increasing the calcined temperature
as gradually as particle size also increases. The observed
TEM results will be in good agreement with SEM analysis.

3.6 Electrical properties

The divergence in the dielectric properties mostly in the
spinel aluminate systems depends on several factors like
particle size [51], cation distribution [52] and doping
effect [53], which are rarely reported in the literature. In
this way in the present work, we report on the influence of
the sintering effect on the dielectric properties particularly
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Fig. 5 SEM surface morphological images of MgAl,O, samples sintered at different temperatures. a Mg5, b Mg7 and ¢ Mg9

in the spinel aluminate system MgAl,O, as below. For
the prepared Mg5, Mg7 and Mg9 samples, the dielectric
measurements were carried out in the frequency range
from 1 Hz to 1 MHz at room temperature. The real part of
permittivity (¢') value was calculated by using following
equations.

,_ Cd
& = A (3)

where d is the thickness and A is the area of cross-section
of the prepared pelletized samples. The €, is permittivity of
free space and C is the capacitance of prepared sample at a
given frequency. The real part of dielectric constant value
is increases at lower temperature and remaining constant at
the high frequency region.

@ Springer

The frequency dispersion behavior of real part of die-
lectric constant and tan (&) were shown in Fig. 7a for
Mg5, Mg7 and Mg9 samples. From Fig. 7a, we observed
that as the sintering temperature increases, as usual the
real part of dielectric constant also increases in the low
frequency region. The real part shows a decreasing trend
with respect to increasing frequency which can be clari-
fied on the basis of Koop’s phenomenological theory and
the Maxwell Wagner interfacial polarization model [54].
The possible explanation for the increase in the value &’
at the lower frequency region was due to accumulation of
charges within the grain or at the grain boundary region or
due to the interfacial effect of electrode-sample. This may
be expected to occur normally at the interfacial region
and also due to space charge polarization of the sample.



Journal of Materials Science: Materials in Electronics (2018) 29:18923-18934

18931

Fig.6 TEM image of MgAl,O, samples sintered at different temperatures. a Mg5, b Mg7 and ¢ Mg9

However, the abnormal behavior as seen between 100
and 1000 Hz for 700 °C sintered sample (Mg7), which is
clearly indicated in Fig. 7b and nearly a constant magni-
tude at the high frequency region. This can be explained
as follows: the polarization mechanism is similar to the
conduction process, as the hopping of electron exchange
between Al** and Al’* ion sites, which contributes to
the polarization in the magnesium aluminate samples
[53]. However, the tan (8) shows a relaxation peak shift
as observed from Fig. 7c and also disorder phase plays an
important role of abnormal shift was observed at 700 °C.

At the low frequency region, the electron follows as
increasing the frequency of external field due to the decreas-
ing polarization, where electron cannot follow the inter-
changing field. Therefore, the dielectric constant decreases

while increasing the particle size. In the present case, the
dielectric loss tan (8) shows a dispersion behavior, which
may be due to the space charge formation occur interlayer of
air gap and its refer to an in-homogenies and exist of defects.
The imaginary part of dielectric constant hence, the tan &
shows an increasing trend with respected to applied fre-
quency and also due to particle size behavior of sample. The
relaxation peaks also shifted towards higher frequency end
and the observed result suggested the presence of Debye-like
dipolar relaxation in the material.

The Cole—Cole plot of real versus imaginary part of
dielectric constant were shown in Fig. 8. A depressed semi-
circle arc behavior was observed in the Cole—Cole plot for
the Mg5 and Mg7 samples at room temperature. Ideally,
two semi-circular arcs are obtained for the hetero-structure
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Fig.7 Room temperature frequency dispersive behavior of (a) real

and (b) imaginary parts of dielectric constant and (c) tan (8) for
MgAl,O, samples sintered at different temperature
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Fig.8 Room temperature Cole—Cole plot dielectric constant for
MgAl,O, samples sintered at different temperatures

materials corresponding to the grains (sample) and electrode
effect of samples which corresponds to the low and mid fre-
quencies respectively [55].

@ Springer

4 Conclusions

The sintering effect of order—disorder phase transition for
magnesium aluminate (MgAl,O,) was reported. The sam-
ples were synthesized by co-precipitation method. The pre-
pared sample was sintered at different temperatures. The
order—disorder phase transition of cubic spinel aluminate
was confirmed by powder XRD at room temperature and
UV-absorbance spectra. From optical band gap measure-
ments, we observed that an increasing behavior due to sin-
tering effect, and the band gap also increases, which were
explained by Burstein—Moss shift with size dominating role
of blue shift of MgAl,O,. In addition, the cation site distri-
butions of sintered samples and the effect of order—disor-
der phase transition and sintering effect were observed in
solid-state nuclear magnetic resonance (SS-NMR) spectral
analysis and the observe results are reported. The surface
morphology of grain size for sintered samples was ana-
lyzed using HR-SEM. Also, the particle size of the sintered
samples was calculated using TEM measurements. The
calculated value of the particle sizes from SEM and TEM
micrographs shows an increase in their magnitude with the
sintering temperature, which may be due to agglomera-
tion of the grains in the prepared samples. The stretching
and bending mode of vibration band were also conferred
the order—disorder phase transition in the sintered samples
through Fourier transform infrared spectroscopic analy-
sis. The frequency dispersion of real and imaginary parts
of dielectric constant was measured and analyzed at room
temperatures for phase evolution and sintering effect which
perceive of MgAl,O,. The observed results are reported.
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