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Abstract

This paper reports the development of a new process for the synthesis of spinel nano powder via microwave assisted high energy ball milling
of a powder mixture containing AI(OH); and Mg(OH),. X-ray diffraction (XRD), Simultaneous thermal analysis (STA), FTIR spectrometer, BET
and scanning electron microscopy (SEM) techniques were utilized to characterize the as-milled and annealed samples. X-ray diffraction results
provide evidence for the formation of a completely amorphous phase after milling for 8 h. It is found that highly ordered MgAl,0, spinel can be
obtained by calcination the as-milled powder over 800 °C. Also, SEM observations of synthesized powders showed that the particle size of
powders lies in the nano meter range compared with the BET results (about 28—149 nm). The DTA-TG analyses were carried out to investigate
the effect of microwave heating on the synthesis temperature compared to the conventional heat treatment by conventional furnace. Synthesis of

powders with different heating methods showed that microwave heating reduces the synthesis temperature by about 200 °C.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Nanocrystalline materials with an average crystalline size of
a few nanometers have been of much interest to many
investigators [1-3]. Nanomaterials exhibit increased strength/
hardness, enhanced diffusivity, improved ductility/toughness,
reduced density and elastic modulus, increased specific heat,
etc. They have high potentials for being used in structural and
device applications in which enhanced mechanical and physi-
cal properties are required [4,5]. Magnesium aluminate spinel
(MgAl,04) is one of the best known and widely used
materials. Showing high strength values at both elevated and
normal temperatures along with the fact that it has no phase
transitions up to the melting temperature (2135 °C), has made
it an excellent refractory material [6]. In addition, due to its
good thermal shock resistance, high chemical inertness in both
acidic and basic environments, and excellent optical and
dielectric properties, spinel is widely used in the metallurgical,
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electrochemical and chemical industrial fields [7-9]. Spinel has
also found applications in dentistry [10], catalyst supports [11],
humidity sensors [12], reinforcing fibers [13], photolumin-
escent materials [14], nuclear technology [15] and ceramic
pigments [16].

High-energy ball milling (HEM, also known as mechan-
ochemical) has been successfully used to synthesize nano-
crystalline powders [17-19]. For preparing nanocrystalline
ceramics, HEM offers several advantages over the other
methods. Compared with high-temperature solid-state reaction
technique, HEM can lower the calcination temperature due to
the atomic or molecular scale homogeneity of the synthesized
nanocrystalline powders [20-22]. Recently, it has been
realized that microwave energy can be used to synthesize
ceramic powders where reactions of component oxides at
elevated temperatures are involved [23]. Microwave synthesis
of materials is fundamentally different from the conventional
synthesis in terms of its heating mechanism. In the microwave
furnaces, heat is generated within the sample volume itself by
the interaction of microwaves with the material [24]. Micro-
wave energy heats the material on a molecular level which
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leads to uniform heating, whereas conventional heating sys-
tems heat the material from outer surface to interior, which
results in steep thermal gradients [25]. The microwave assisted
preparation of nanopowders is a new method that includes
hydrothermal, hydrolysis and co-precipitation methods [26-28].
In this paper, a novel approach combining ball milling and
microwave heating was developed.

2. Experimental
2.1. Materials

Aluminum hydroxide (AlI(OH);) and Magnesium Hydroxide
(Mg(OH),) were used as the starting materials for the synthesis
of MgAl,O, spinel. All chemical materials were supplied from
Merck Co. Germany. Figs. 1(a, b) and 2(a, b) shows the XRD
and morphology of the initial powder agglomerates. The XRD
pattern of raw materials was characterized according to those
of AI(OH); (XRD JCPDS data reference code 01-070-2038)
and Mg(OH), (XRD JCPDS data reference code 007-0239).
The AI(OH); powder has an angular shape with a mean
agglomerate diameter of about 50 um. Mg(OH), powder has a
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Fig. 1. (a) XRD and (b) SEM Al(OH); powder before high energy ball
milling.

spherical shape with a mean agglomerate size of about 5 um.
The agglomerate size of powders was determined using
scanning electron microscope (SEM). Several micrographs
were used for agglomerate size measurement and the average
value was reported.

2.2. Experimental procedure

The milling experiment was carried out with Planetary Mill.
A zirconia vial with diameter of 80 mm and 25 zirconia balls
with diameter of 15 mm were used as the milling medium. The
required amount of powder mixture for 15:1 ball to powder
mass ratio (BPMR) was taken from the homogeneous mixture
and placed in the bowl for ball milling. The raw materials were
milled in air at room temperature for 0.25, 2, 4, 6 and 8 h,
respectively. The rotation speed of the disk was 270 rpm and
that of the vials was 675 rpm. The milled powders were
calcined at 6001100 °C by microwave heating in air.

2.3. Characterization

The structural properties of the samples were investigated by
X-ray diffraction (Simens D-500 system) using a CuKa
monochromatized radiation source and Ni filter in the range
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Fig. 2. (a) XRD and (b) SEM Mg(OH), powder before high energy ball
milling.



H.B. Bafrooei, T. Ebadzadeh / Ceramics International 39 (2013) 8933-8940 8935

20=10-80. The average crystallite size (d) of the powder was
estimated from the Scherrer equation (Eq. (1)):

d=0.91/p cos (0) (1)

sample
where A is the wavelength, 6 is the diffraction angle, and S is
the full-width for the half-maximum (FWHM) intensity peak
of the powder. Three diffraction lines (311), (400) and (440)
were chosen for the measurement. Thermogravimetric (TG)
and differential thermal analyses (DTA) were carried out on a
Netzsch STA 409 PC/PG system in flowing air atmosphere at a
heating rate of 10 °C per minute. The morphology and the
particle size of the high energy ball milled powders were
examined by a Philips scanning electron microscope (SEM)
operating at 20 kV. FTIR spectroscopy of the test materials
was carried out by a Fourier transform infrared spectrometer
(Bruker, V33 spectrophotometer) from 400 to 4000 cm_l,
using KBr pellets containing 1% weight sample in KBr. The
surface areas (BET) were determined by nitrogen adsorptionat
—196 °C using an automated gas adsorption analyzer (Micro-
metrics, Gemini 2375). The BET surface area was used to
calculate the mean particle size [D] (Eq. (2)).
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Fig. 3. The XRD patterns of the mixture of initial precursor at various ball-
milling times.
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Fig. 4. XRD patterns of the mixtures initial precursors milled for 8 h and
calcined at different temperatures by microwave heating.

where ‘s’ is the BET surface area (m?/g) and ‘p’ is the density
of spinel (kg/m’). The density of spinel was considered as
3.59 x 10° (kg/m>).

3. Results and discussion

Fig. 3 shows the XRD patterns for the mixtures after various
milling times at room temperature. The peaks corresponding to
the mixtures and the diffraction lines gradually disappeared with
increased milling time and the amorphous phase was observed,
as shown in Fig. 3. After a milling time of 8 h, the XRD pattern
did not reveal any well-defined peaks, which indicated that the
mixture was an amorphous and/or a nanocrystalline phase. The
decrease of peak intensity is associated with the increase of
surface defects and amorphization process during ball milling.
The formation of amorphous phase through high energy ball
milling was already reported in other systems [29,30]. Subse-
quent thermal treatments are necessary to synthesize the spinel
structure. Fig. 4 shows the diffraction patterns of the powders
milled during 8 h after several thermal treatments at tempera-
tures between 600 and 1100 °C. At the lowest tested tempera-
ture (600 °C), a spinel-structured material was crystallized. As
the calcination temperature increased up to 800 °C, a pure phase
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Fig. 5. XRD patterns of the mixture of initial precursors milled for different
times and calcined at 800 °C by microwave processing.
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Fig. 6. STA curves of the mixtures initial precursors milled for different times:
(a) 0.25h, (b) 4h and (c) 8 h.
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spinel was obtained. However, the calcination at high tempera-
tures resulted in the increase of peak intensity that is ascribed to
the increase of crystallite size. Hence, XRD provides valuable
information that the pure MgAl,O, spinel phase can be obtained
by high-energy ball milling of powders calcined at 800 °C using
microwave processing. In this case, the calcination temperature

decreases to 400 °C as compared to conventional solid state
reaction of a high-energy ball milled powder [3]. Therefore, the
calcination temperature of spinel MgAl,O, was determined as
800 °C. Fig. 5 shows XRD patterns of the powders milled at
different times and calcined at 800 °C. As observed, Al,Oz and
MgO are dominant phases and MgAl,O, is the minor one in

Fig. 7. SEM microghraphe of the mixture of the initial precursors milled for different times: (a) 0.25h, (b) 2 h, (c) 4 h, (d) 6 h and (e) 8 h.



H.B. Bafrooei, T. Ebadzadeh / Ceramics International 39 (2013) 8933-8940 8937

calcined powders milled for 15 min. MgAl,O4 became the only
crystalline phase with a well-developed XRD pattern with
increasing the milling time up to 8 h. From the above results
it can be concluded that microwave assisted high energy ball

a

milling is an effective approach to reduce the phase formation
temperature of MgAl,O,, meanwhile, increasing the milling
time is beneficial for obtaining the pure MgAl,O, phase. To
investigate the effect of microwave heating on formation of

Fig. 8. SEM microghraphe of the mixtures initial precursors milled for 8 h and calcined at: (a) 600 °C, (b) 700 °C, (c) 800 °C, (d) 900 °C, (e) 1000 °C and

(f) 1100 °C.



8938 H.B. Bafrooei, T. Ebadzadeh / Ceramics International 39 (2013) 8933-8940

MgAlL,O, phase and compare it to the conventional heat
treatment, the TG/DTA analysis was carried out and the
obtained results are shown in Fig. 6. For this purpose, the
mixture of initial precursors was milled for 0.25, 4 and 8 h and
then subjected to DTA-TG analysis at a heating rate of
10°Cmin~" in air. Two endothermic peaks were clearly
observed in the DTA curve of 0.25 h milled powder and they
were related to AI(OH); and Mg(OH), decomposition. With
increasing the milling time up to 4 h, the intensity of these
endothermic peaks was decreased and by further increasing the
milling time to 8 h, endothermic peaks disappeared completely.
This can be attributed to decomposition of hydroxides during
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Fig. 9. HRSEM microghraphe of the mixtures initial precursors milled for 8 h
and calcined at 800 °C.
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Fig. 10. FTIR spectra of ball milled mixture of initial precursors at: (a) 0.25 h,
(b) 8 h and the calcined powders at (c) 600 °C, (d) 800 °C and (e) 1000 °C.

milling. The observed exothermic peak at 775 and 783 °C in
powders milled for 4 and 8 h, respectively, reveals that complete
formation of spinel phase occurs quite early in high-energy ball
milled powder compared with that milled for 0.25 h. The weight
loss of the ball milled powder for 0.25 h occurred in two main
stages. The first stage occurred at a temperature below 300 °C
probably due to the decomposition of AI(OH); and crystal-
lization of AlO3. The second stage of weight loss was proven
to take place below 400 °C due to the decomposition of Mg
(OH), and crystallization of MgO. There was no further
significant weight loss above this temperature. The thermal
analysis test results showed that the weight loss of the ball
milled powder for 4 and 8 h occurred in one main stage due to
decomposition of hydroxides during milling. Observations via
scanning electron microscopy revealed that the milling process
affects the particle morphology and sizes significantly. Fig. 7
shows the SEM micrographs of the powders milled for different
times. During the milling, the particles constantly are impacted
and fractured leading to a considerable reduction of the particle
size as a result of the energy provided during the ball milling.
Initially, they formed larger aggregates, then broken up in
further steps of the milling process. Consequently, uniform grain
size distribution is observed with the increase of milling time. It
can be seen that the milled powders after 0.25 and 2 h contain
larger particles and agglomerates but with the increase of
milling time up to 4 h, the particles' and agglomerates' sizes
decrease. However, with further increase of the milling time, the
microstructure becomes finer and more homogenous. Fig. 7(e)
shows that with the increase of milling time up to 8 h, the
agglomerated particles composed of nanoparticles are more
pronounced. Fig. 8 presents the SEM images of the powder high
energy ball milled for 8 h and heat treated at different
temperatures. After heat treatment at 600 °C, no particle
coarsening occurred and the shape and size remained almost
the same as those of milled powder. It can be seen that the
particle sizes lightly increased as a function of calcination
temperature and this is in good agreement with the crystallite
size and particle size estimated using the Scherrer's equation and
BET method, respectively.

Fig. 9 shows the HRSEM image of the high energy ball
milled Nano powders for 8 h and heat treated at 800 °C. The
samples show agglomerates of the particles consisting of

Table 1
Surface area, particle size and crystallite size of spinel nanopowders at different
temperatures.

Sample Surface area Particle size Crystallite
(m? g’l) (nm) size (nm)
Ball milled for 8 h 14.7 - -
Calcined at 600 °C 59.8 28 13+1.5
Calcined at 700 °C 54.3 31 16 +1.7
Calcined at 800 °C 47.7 35 19+ 1.6
Calcined at 900 °C 39.9 42 26+14
Calcined at 24.4 68 38+ 1.8
1000 °C
Calcined at 11.2 149 5242
1100 °C
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slightly irregular particles with the average particle size to be
less than 100 nm.

The infrared spectra of the ball milled and synthesized
MgAl,O, powders in the 4000-400 cm™' range are shown in
Fig. 10. For the mixture of initial precursors milled for 0.25 h,
the observed bonds in the FT-IR spectrum corresponded
to aluminum and magnesium hydroxides. The four high-
frequency infrared bands observed in the spectra of these
samples corresponded to hydroxyl group stretching vibrations
of aluminum and magnesium hydroxides, which occur at
3696, 3620, 3395 and 3384 cm. Moreover, the characteristic
absorption peaks in the range of 400—1100 cm™" were attrib-
uted to the bending and stretching modes of the, Al-O and
Mg-O. With increasing milling time to 8 h, the intensity of
bonds related to mixture of initial precursors decreased and
these bonds were observed to broaden. For the calcined
precursor, the IR spectrum indicates that the precursor contains
an inorganic network by appearance of the two broad bands in
the range of 400-800 cm™!. After calcination at 600 °C, new
small and two broad peaks at 720 and 530 cm™" appeared due
to Mg—-O-Al group building up the spinel. The area and
intensity of these peaks increased with raising temperature up
to 1000 °C. The effect of calcination temperature on the
surface area, particle size and crystallite size is shown in
Table 1. The surface area increases at 600 °C (~59.8 mZ/g);
while decreases at higher temperatures. Increasing the surface
area of the mixture of initial precursors is due to the rapid
decomposition accompanied by the appearance of considerable
stresses, which leads to decomposition of the particles. With
increasing temperature from 600 to 900 °C, the surface area
decreases as the particle size increases due to the grain growth.
By increasing the temperature above 900 °C, the surface
diffusion can be activated and caused sintering by formation
of necks between particles. Therefore, the surface area reduces
as the particle size increases with a higher rate above 900 °C.
The mean crystallite size was determined from XRD results.
As can be seen from Table 1, the crystallite size increases with
increasing the temperature. In addition, the nanocrystallites
grow slowly up to 900 °C and then they grow rapidly. In the
case of low calcination temperature, the pores population will
grow and these pores are interconnected to prevent crystallite
growth [22]. Sintering mechanisms can be activated in the
specimens calcined at temperatures higher than 900 °C and
therefore continuous grain boundary networks have been
formed due to the bridging of the fine particles. It can cause
an increase in the rate of nanocrystallite growth.

4. Conclusion

In this paper, the microwave assisted high-energy ball
milling technique was used to prepare nanosized magnesium-
aluminate (MgAl,O4). The results showed that the single-
phase MgAl,O, was formed at the relatively low temperature
of about 800 °C without unreacted Al,0; and MgO phases.
Powders with nanosized microstructures were formed. Also,
according to TG/DTA results, the applied temperature in
microwave is nearly 200 °C lower than that in conventional

heat treatment. Moreover, the Scherrer's equation and BET
results determined that the crystallite and particle sizes of
synthesized powders lie in the range of 13-52 and 28-149 nm,
respectively.
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