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Abstract

Nano-particles of MgAl,O, were successfully synthesized at 850 °C using the molten-salt method, and the effects of processing parameters,
such as the amount and type of precursor and temperature on the crystallization of MgAl,O4 were investigated. Spinel nano powders were
synthesized by heating stoichiometric compositions of different MgO- and Al,O3-bearing precursors in potassium chlorides (KCI1). The phase
formation, morphology and purity of these powders were characterized via X-ray diffraction (XRD), scanning electron microscopy (SEM) and X-
ray fluorescence (XRF), respectively. The results demonstrated that the formation of MgAl,0, spinel could be initiated at 850 °C and that, after the
temperature was increased to 1000 °C, the amounts of MgAl,0, in the resultant powders increased with a concomitant decrease of MgO and Al,03.
Furthermore, the synthesized MgAl,O, grains retained the size and morphology of the Al,O5; powders, which indicated that a template formation
mechanism dominated the formation of MgAl,O, by molten-salt synthesis.

© 2011 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Synthesis; Nano spinel; Molten salt

1. Introduction

Molten-salt synthesis (MSS) is appreciated as a straight
forward method for the preparation of ceramic powders with
whisker-like, needle-like or plate-like morphologies [1-4].
This synthesis technique is a well-established process of
forming a target compound in a flux with a low melting point
[5-7]. MSS offers a significant reduction in the formation
temperature compared to a conventional solid-state reaction. It
also provides noticeable control of the particle size and
morphology of the resulting powders [8,9].

The molten-salt synthesis method is based on the use of salts
with low melting points that are water soluble, such as alkali
chlorides and sulfates, for the synthesis of ceramics. This
method avoids leaving high levels of impurities in the final
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product powder [5,7,10]. Numerical studies of the MSS
technique are available in the literature that involve the
preparation of ferroelectrics, dielectrics, piezoelectrics, pyro-
electrics, spinel and mullite using various alkali salts [11-13].
The selection of an appropriate salt significantly influences the
ability of the reaction to produce desirable powder morphol-
ogies and characteristics. The selection of the salt is highly
dependent on two criteria: the melting point of the salt should
be low and appropriate for the synthesis of the required phase,
and the salt should exhibit sufficient aqueous solubility to be
easily eliminated by a simple washing after the synthesis [10].

As previously reported [10,14], the solubility of the reactants
in the molten salt plays an important role in MSS processes.
The solubilities affect both the reaction rate and the
morphology of the synthesized grains. If both of the reactants
are soluble in the molten salt, then the product phase can be
readily synthesized via precipitation from the salt that contains
the dissolved reactants (‘‘dissolution—precipitation” mechan-
ism) [10,14,15]. In this case, the morphologies of the product
grains will be generally different from those of the reactants.
However, if one reactant is significantly more soluble than
another reactant, the more-soluble reactant will dissolve into
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Table 1
Composition and firing conditions of all powder mixtures.

Sample code Starting materials® Temperature (°C) Time (h) Salt/oxide weight ratio
S1 A-M-KCl 850 3 3/1
S2 A-NM-KCl 850 3 3/1
S3 NA-M-KCl 850 3 3/1
S4 NA-NM-KCl 850 3 3/1
S5 NB-M-KCl 850 3 3/1
S6 NB-NM-KCl 850 3 3/1
S7 A-M-KCl 1000 3 3/1
S8 A-NM-KCl 1000 3 3/1
S9 NA-M-KCl 1000 3 3/1
S10 NA-NM-KCl 1000 3 3/1
S11 NB-M-KCl 1000 3 3/1
S12 NB-NM-KCl 1000 3 3/1

? A = alumina, M = magnesia, NA = nano alumina, NB = nano boehmite, NM = nano magnesia.

the salt first and then diffuse onto surfaces of the less-soluble
reactant, where it reacts in situ to form the product phase. In this
case, the size and morphology of the synthesized grains would,
to a large extent, be similar to the reactant size and morphology
produced by the less-soluble reactant (‘‘template formation”
mechanism) [10,14,15].

Spinels consist of a group of cubic double oxides that
includes magnesium aluminate (MA) spinel, which finds
widespread use in the refractory materials industry because of
its high refraction, low thermal expansion, strong hydration
resistance, good mechanical strength, and remarkable chemical
resistance [16-20]. Spinel (MA) can be synthesized in a
number of ways [21-25]. Commercially, the most popular
method is conventional oxide mixing, which involves a solid-
state reaction between MgO- and Al,Os3-bearing precursors
such as oxides, hydroxides, and carbonates [16—18]. Like many
solid-state reactions, it takes place via slow counter-diffusion of
ions. Other synthesis techniques, such as freeze-drying, sol-gel
processing of metal alkoxides and co-precipitation, have also
been applied for the synthesis of MA spinel. However, these
routes suffer from complexity, are environmentally unfriendly,
lack reproducibility and involve expensive precursors
[10,14,15].

In the present paper, the molten-salt synthesis method was
used to prepare nano-crystalline MgAl,O,4. Additionally, the
effect of different precursors on the synthesis temperature of
nano-crystalline MgAl,O,4 was studied.

2. Experimental procedure

Five different MgO- and Al,O3-bearing precursors, includ-
ing Al,O; (Merck, Germany, Dsy=3 pm), MgO (Merck,
Germany, Dso = 3 wm), nano boehmite (Sasol, Germany, assay
99.8%, Dso =40 nm), nano magnesia (Ionic Liquid Technol-
ogies, assay 99.9%, Dso=35nm), and nano alumina (Ionic
Liquid Technologies, assay 99.9%, D5, = 40 nm) were used as
primary raw materials in addition to KC1 (Merck, assay 99%),
which was employed as the molten salt in this work.

For sample preparation, an equimolar composition of
different raw materials, such as the MgO- and Al,Os-bearing

precursors, were separately dispersed in doubly deionized
water using a magnetic stirrer and an ultrasonic probe. Then,
the MgO-bearing precursor dispersion was added to the
obtained dispersed Al,Oj-bearing precursor suspension, and
the mixtures were stirred and heated to remove the media
dispersion. The mixtures were fully dried at 120 °C for 10 h.
The dried and pulverized powder was finally mixed with KCl at
a salt-to-oxide weight ratio of 3:1. The mixtures were heated in
an alumina crucible and covered with an alumina lid for 3 h at a
temperature between 850 and 1000 °C with a 3 °C/min heating
rate. After cooling to room temperature, the solidified mass was
washed and filtered in hot doubly deionized water several times
to remove the salts. The obtained powder was then dried at
120 °C for 10 h. The composition and firing conditions of all
the powdered mixtures are shown in Table 1. The crystalline
phase and morphology of the powders were examined by X-ray
diffraction (XRD, Philips pw3710) and scanning electron
microscopy (SEM, Tescan Vega II), respectively. To elucidate
the different reaction mechanisms in the synthesis of MA by the
molten-salt method, differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) were performed at
temperatures up to 1000 °C at a heating rate of 10 °C/min in air.
The impurity levels of K and Cl that originated from the utilized
salt were detected by X-ray fluorescence (XRF, Bruker AXS,
Karlsruhe, Germany, SRS 3400) spectrometry.

3. Results and discussion

DSC/TGA was performed to determine the proper reaction
temperature range as well as the reaction order in the molten-
salt method. Fig. 1, for instance, shows DSC/TGA curves of a
nano boehmite—magnesia—KCl mixture. The DSC curve
exhibits two endothermic peaks, which are associated with a
slow weight loss (10%) in the TGA curve from 200 to 350 °C.
This weight loss is attributed to dehydration of the precursors
and the decomposition of nano boehmite. The small exothermic
peaks at approximately 400 °C are related to the transformation
of boehmite to y-alumina. Furthermore, the weight loss at
temperatures just above 800 °C is attributed to the evaporation
of KCI. This salt is known to melt at 770 °C and to begin to
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Fig. 1. DSC-TGA curve of a NB-M-KCI mixture heated to 1000 °C at a rate of
10 °C/min.

evaporate at approximately 800 °C [10,12,14]. The endother-
mic peaks at 780 °C correlate to the melting point of KCI salt,
and the small exothermic peaks at 800-900 °C are interpreted
as the formation of the spinel phase. Because the formation of
spinel at approximately 900 °C is accompanied by severe
evaporation of the salt, the peak intensity is rather low. In
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addition, the low oxide-to-salt ratio (1:3) in the present batch
results in a rather low-intensity peak in the DTA/TG pattern
(Fig. 1).

Fig. 2(a) and (b) shows XRD patterns of the S1-S6 and S7—
S12 samples, respectively, after they were heated under the
conditions described in Table 1. As evident in the figures, the
treatment of S1 and S2 samples at 850 °C for 3 h did not result
in the formation of spinel peaks in the XRD patterns of these
samples. After the specimens were heated for 3 h at 1000 °C
(S7-S8 samples), the gradual formation of spinel peaks was
observed; however, Al,0; and MgO peaks were still present. In
the S3 and S4 samples, the spinel peaks began to appear after
3 h at 850 °C. The spinel peak intensities increased when the
temperature of samples S9-S10 was increased to 1000 °C,
whereas the Al;O3 and MgO peaks disappeared. In samples S5
and S6, only a single-phase spinel was detected, and other
Al,0O3 and MgO peaks disappeared after 3 h at 850 °C. As the
temperature of samples S11-S12 was increased to 1000 °C, the
spinel peak intensity increased significantly. Therefore, single-
phase MgAl,O,4 could be prepared after 3h at 850 °C in
samples S5-S6. This temperature is at least 500 °C lower than
that required for the conventional mixed-oxide synthesis
method [16-18]. The decreased synthesis temperature was
attributed to a more homogeneous mixing and a more rapid
diffusion of species such as Mg>* and O°~ in the MSS liquid/
solid system than in the CMOS solid—solid system. Further-
more, the y-alumina formed in situ is highly reactive, which
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Fig. 2. XRD patterns of SI-S6 and S7-S12 samples heated at different temperatures: (a) 850 °C and (b) 1000 °C.
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Fig. 3. SEM micrograph of the precursors and synthesized MgAl,O,4 powders: (a) magnesia, (b) y-Al,O; formed from boehmite decomposition, (c) S9, (d) S5, (e)

S12, (f) Se.

promotes its reactions with MgO and further lowers the
MgAl,O,4 synthesis temperature relative to the previously
reported temperature for the molten-salt synthesis of MA. As
previously reported by other researchers [10,14-16], the
formation of different phases depends on variable parameters
such as temperature, time, and the amount and type of the
precursors; i.e., the formation rate depends on the rate of
migration of the magnesium ions and their diffusion rate into
Al,Oj3 particles in KCl media. For example, the use of nano-
sized precursors can result in a significant decrease in the

migration distance and, therefore, can enhance the spinel
formation. The phase content of a batch therefore depends on
the precursor’s size and the reaction conditions. In addition, the
synthesis temperature used for the present route was similar to
that used for ““wet chemical synthesis’” methods such as sol—gel
and co-precipitation, but much less expensive and more
environmentally friendly raw materials were used [21-25].
Table 2 shows the XRF analysis results of the MA powders
synthesized in KC1 and reveals that only minor salt components
remained in the synthesized MA powders after washing. The
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Table 2
Salt components remaining in the MA powders synthesized in KCI (wt%).

Sample no. MA formation temperature (°C) Impurity levels

(wt)%

Cl K,0
S5 850 0.12 0.09
S6 850 0.09 0.10
S9 1000 0.13 0.12
S10 1000 0.11 0.09
S11 1000 0.10 0.07
S12 1000 0.08 0.10

main objective of this table is to illustrate the feasibility of the
molten-salt method for the synthesis of pure ceramic powders.
The morphologies of the dispersed magnesia and y-alumina,
which were obtained from the decomposition of primary
boehmite, and that of the synthesized MgAl,O4 nano powders
are shown in Fig. 3. Nano MgAl,O, particles of uniform size and
shape were obtained. The morphology of the MgAl,O, nano
particles (spherical) was similar to that of the y-alumina powders,
which indicates that template growth plays an important role in
molten-salt synthesis of MgAl,O, spinel [10,14,15].

4. Conclusion

The introduction of the molten-salt medium into the reaction
process allowed the synthesis of MgAl,O, nano-particles at
much lower temperatures than those used in the conventional
mixed-oxide synthesis (CMOS). Well-crystallized MgAl,O,
nano-particles were easily prepared at 850 °C by the molten-
salt method within a short holding time of 3 h using KClI as the
molten-salt medium with a 3:1 weight ratio between the salt and
different MgAl,O, precursors. The size and shape of the
synthesized MgAl,0, grains were observed to be remarkably
similar in size and morphology to the AIOOH powder, which
indicates that a template formation mechanism has dominated
the formation of MgAl,0, by the molten-salt synthesis process.
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