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Abstract
A novel yet simple technique of synthesizing oxide ceramics from metallic precursors has been

described. Magnesium orthostannate, Mg2SnO4, a potential candidate for applications in high tem-
perature-high frequency domain as a ceramic capacitor element, was synthesized from metallic tin and
magnesium powders. An alloy of composition Mg2Sn was prepared by the conventional powder
metallurgy route. This up on heating in air under carefully designed ordinary and mild experimental
conditions, yielded single-phase inverse spinel type Mg2SnO4. The systematic evolution of phase(s)
and powder morphology of the target oxide is discussed and compared with those in powders obtained
by other techniques. The present method totally obviates the use of resilient oxides and of carbonate
and nitrates precursors, which are invariably the source of environmental pollutants such as CO2 and
NOx. In addition, the difficulties normally encountered in ceramic syntheses from the significant
difference in particle size of the starting powders are also eliminated. The technique offers an
environmental-friendly viable solution to making dense ceramics in thin multilayer formats (MLFs)
with miniaturized dimensions, provided a suitable metallic alloy precursor can be found in the relevant
binary/ternary phase diagram. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

With an ever-increasing global emphasis on ‘green’ techniques for materials synthesis and
device fabrication conforming to the environmental preservation and public health ethics,
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newer and environmentally safer methods ought to be devised. This is more relevant to the
pharmaceutical and chemical industry that either use precursors or vent materials (as their
byproducts) that are harmful to the environment and general public health. Various ceramic
synthesis techniques also invariably end up in generating a great deal of harmful (solid/
liquid/gas) wastes [1]. Development of advanced ceramics using numerous solution tech-
niques (sol-gel, organometallic complexation, etc.) is a point in case. In addition, the
conventional method of solid-state reaction between two or more precursors requires stages
of repetitive performance, such as, several time-consuming steps of grinding, milling,
heating, etc. [2]. This translates in many cases in higher energy consumption, long prepa-
ration time and on several occasions results in a product that would have inferior properties
in the final composition. This aspect has been amply dealt with in a number of publications
and monographs [2–8]. Thus, there is an urgent and genuine need to explore and develop
newer and less energy intensive methods for advanced ceramics synthesis that are also
environmentally benign.

The alkaline-earth stannates having the general chemical formula MSnO3 (M 5 Ca, Sr
and Ba), and Mg2SnO4 have recently been studied as potential electronic ceramics, such as,
thermally stable capacitors with low permittivity and small loss tangent for applications in
high temperature-high frequency domain [9–24]. A number of techniques for materials
synthesis, such as the conventional solid-state reaction, self-heat-sustained reaction, orga-
nometallic citrate complexation and sol-gel were employed in the above mentioned MO-
SnO2 systems. Systematic investigations with emphasis on material synthesis, phase rela-
tionship, microstructural features and the electrical characteristics of the sintered bodies have
also been carried out. Interestingly, the behavior of magnesium metastannate (MgSnO3) and
orthostannate (Mg2SnO4) is totally different from the corresponding Ca, Sr and Ba coun-
terparts. The meta- and orthostannates of calcium, strontium and barium are known to be
stable independently up to very high temperatures without degradation. MgSnO3 is unstable
and disproportionates into orthostannate and tin oxide upon heating above; 700°C. In some
cases, even the orthostannate cannot be synthesized as a single-phase [25].

With an aim to: (i) obviate the use of traditional inorganic and/or organometallic precur-
sors, (ii) minimize/eliminate the emission of obnoxious gaseous pollutants and, (iii) synthe-
size the desired compound under simpler and less demanding conditions, a novel reaction
path via a powder metallurgy route using metallic precursors, towards the formation of phase
pure Mg2SnO4 has been investigated. The systematic phase and microstructural evolution,
perhaps for the first time, resulting from the oxidation of a Mg-Sn intermetallic is reported
here.

2. Experimental procedure

Metallic Sn (99.85% powder, lot # B19G22, -100 mesh) and Mg (99.8% powder, lot
# C20123, -201100 mesh) from Alfa ÆSAR, USA, were used as the starting materials.
Stoichiometric amounts of tin and magnesium metal powders were accurately weighed so as
to give 50g batch of Mg2Sn alloy. The two were mixed manually in an agate mortar and
pestle for 30 minutes. The mixture was placed in a high purity recrystallized alumina boat
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that was then positioned in the uniform temperature zone (UTZ) of a horizontal furnace
equipped with a fully automated microprocessor-based temperature controller (ChinoTM,

Japan). The furnace tube was flushed with argon gas to displace the ambient air within the
furnace tube. The furnace was heated slowly in argon (gas flow rate; 10 Lh-1), first to
250°C and maintained for 1 h to facilitate the melting of tin (Tm, Sn 5 232°C). The
temperature was then raised to and maintained for 2 h at775°C. A rate of 5° per minute was
used during the heating and cooling. Steady flow of argon gas throughout the experiment was
ensured to avoid the oxidation of the alloy during preparation stage.

The alloy thus obtained had a rather hard crust (having the appearance of a frozen mass,
with a typical bluish black metallic luster) and a porous interior. The material was extracted,
crushed and pulverized to fine powder, and subjected to phase analysis using room temper-
ature powder X-ray diffraction (Rigaku, Japan) with CuKa radiation (l 5 1.5406 Å) in the
range 10°280° (2-u) with a scan rate of 2°min-1. Prior to oxidation, the alloy powder was
sieved through a 25-mm mesh and pressed into discs of 12-mm diameter and about 1-mm
thickness by uniaxial pressing in stainless steel dies at pressures not exceeding 40 MPa.
These pellets were heated in ambient air at different temperatures between 500°C to 1200°C
for soak-time ranging between 1 and 24 h. XRD signatures were collected after each
oxidation stage, to follow the sequence of the phase evolution and to discern the reaction
pathway leading to the formation of the targeted compound.

Microstructural features of the starting alloy powder as well as the oxidized mass were
determined by using a JEOL-6400SM or Hitachi-2500S (Japan) scanning electron micro-
scope (SEM). For this purpose, powder was dispersed in acetone and evenly sprayed on the
glued surface of an aluminum stub. Polaron Coating Machine (UK) evaporated a uniform
film (10 Å to 30 Å thick) of gold to avoid electrostatic charging during microscopic viewing.
The Mg2Sn precursor powder and the oxidized discs were stored in humidity-free bottles
containing anhydrous CaCl2, unless required for X-ray analyses or microscopic viewing.

3. Results and discussion

The Mg-Sn binary system constitutes a fairly simple phase diagram. Beside a region of
limited solid solubility at the Mg-rich end (0.0925 at. % Sn at 200°C; 0.9424 at. % Sn at
400°C) it consists of a tin-rich eutectic (90.4 at. % Sn, triple point5 203.5°C), a magnesium-
rich eutectic (11 at. % Sn, triple point5 561.2°C) and a solitary line compound Mg2Sn
(33.33 at. % Sn) melting congruently at 770.5°C [26–27]. The intermetallic Mg2Sn crys-
tallizes in a fluorite (face-centered cubic) structure. It was therefore, envisaged that the
oxidation of the compound Mg2Sn could result in the corresponding oxide, viz., Mg2SnO4

(cubic spinel) under rather mild conditions, thereby obviating the difficulties of conventional
synthesis processes outlined above.

The XRD pattern of the alloy prepared at 775°C from metallic tin and magnesium is
displayed in Fig. 1. Comparison with the standard cards shows all the major diffraction peaks
belonging to the compound Mg2Sn (JCPDS 7–0274) alone with metallic tin (JCPDS
4–0673) present in traces only. Very sharp and narrow diffraction peaks also signify the
formation of the precursor in highly crystalline state with small crystallite size. The XRD
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pattern was used to compute the unit cell lattice parameter and crystal volume that yielded
values of 6.7666 x10-10 m and 309.82 x10-30 m3 comparing well with the reported value of
6.7630 x10-10 m and 309.33 x10-30 m3 for the Mg2Sn lattice edge and volume, respectively.

The powder morphology of the intermetallic phase is shown in Fig. 2, which has a typical
chunky appearance of metallic systems. The powder consists mainly of agglomerates and
aggregates that have large size distribution between a few microns to as much as 50 micron.

The alloy oxidation was carried out in a series of temperature-time (T-t) profiles listed in
Table 1. Such a wide range of calcination schedule was employed to systematically follow
the phase evolution at each stage and to unequivocally discern the reaction path leading to
the formation of the target compound, Mg2SnO4. As will be shown subsequently, up to
certain temperatures the formation of the orthostannate was invariably accompanied by that
of SnO2 in a competitive fashion, the relative amounts of the two phases being strongly
dependent on the heating profile. Fig. 3 shows the XRD signature acquired on the Mg2Sn
heated in air for 12 h at 500°C. The data analysis based on peak position revealed that at this
stage the product consisted of a mixture of SnO2 (JCPDS 41–1445) and MgO (JCPDS
4–0829) with small amounts of metallic Sn and Mg2Sn as minor phases. There was no
evidence of the double oxide formation. This was supported by the visual examination of the
calcined matter that was grayish black in color; both MgSnO3 and Mg2SnO4 are white. Thus,
it appears that at 500°C the oxidation of the intermetallic into individual oxides is thermo-
dynamically more feasible than the formation of the spinel phase directly.

Upon heating the intermetallic compound at 900°C for 1 h, characteristic peaks of
magnesium orthostannate along with those for cassiterite were observed in the X-ray pattern.

Fig. 1. X-ray diffractogram of Mg2Sn prepared by powder metallurgy route.1 5 Sn.
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The amount of spinel stannate steadily increased with a corresponding decrease in SnO2 as
the calcination time was increased from 1 h to 4 and 8 h.This could be clearly seen in Fig.
4 where the XRD signatures for 3 soak-times at 900°C are compared. It is obvious that as
the time increased, the intensity of peaks corresponding to tin dioxide steadily decreased
while those of the spinel phase showed an increasing trend. Samples subjected to oxidation
experiments at 925°C for 4 to 24 h exhibited an identical trend albeit with even higher
amount of Mg2SnO4 phase. The alloy powder calcined at 1200°C for 12 h resulted in a phase
that was identified as high purity Mg2SnO4 with SnO2 as a trace impurity. This is illustrated
in Fig. 5 where the X-ray diffractograms of samples heated at 925°C/24 h and 1200°C/12 h

Fig. 2. Morphological features of Mg2Sn powder.

Table 1
Summary of the heat-treatment given to Mg2Sn alloy to form Mg2SnO4

Temperature/°C Soak-time/h Heating rate (°/min.)

500 12 1
900 1 5

4 5
8 5

925 4 5
8 5

24 5
1200 12 10
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are compared over the most significant 2-u range. A remarkable increase in the yield of the
spinel phase and near non-existence of SnO2 in samples heated at 1200°C cannot be
overlooked. The systematic variation in the relative amounts of magnesium orthostannate
and tin oxide in the mixtures obtained upon calcination in the range 900-1200°C for various

Fig. 3. Diffraction pattern of the Mg2Sn sample subsequent to heating in air at 500°C for 12 h.

Fig. 4. XRD signatures showing the progress of phase evolution after Mg2Sn is heated at 900°C for 1, 4 and 8 h.
Note the systematic increase in the intensity of Mg2SnO4 peaks at; 17.8° [111] and; 34.4° [311].
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Fig. 5. Comparative XRD patterns of Mg2Sn heated at 925°C for 24 h and at 1200°C for 12 h. S5 SnO2, MS 5
Mg2SnO4.

Fig. 6. Variation in the relative amounts of SnO2 (S) and Mg2SnO4 (MS) formed up on Mg2Sn oxidation under
different conditions. I5 S100/MS111 ratio; II 5S101/MS311 ratio; * 5 MS/S ratio.
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duration, is shown in Fig. 6 in terms of the intensity ratio of the most prominent peaks
corresponding to the two phases. For this purpose, heights of the diffraction peaks of [100]
and [101] planes of SnO2 were respectively compared with those of [111] and [311] planes
belonging to Mg2SnO4. It can be seen that, as the calcination temperature and time increased,
Mg2SnO4 became more prominent with corresponding decrease in the amount of SnO2. This
comparison clearly brings out the fact that a single-stage heating of Mg2Sn at 1200°C for
12 h results in phase ‘pure’ Mg2SnO4. The powder morphology presented in Fig. 7 shows
highly angular crystallites with majority grains of sub-micron size. Estimation done by using
Scherrer’s equation [28]:

D 5 0.9l/b1/2 cosu

where D5 crystallite size
l 5 wave length
b1/2 5 full width of the diffraction peak at half maximum and,
u 5 angle of diffraction,

yielded a value of;0.4 mm for the average grain size. A typical EDAX spectrum is shown
in Fig. 8. The EDAX analysis (by the standard less ZAF quantification method) done on
agglomerates and several randomly chosen grains of this powder, shows the grain compo-
sition to be Mg2SnO4. Values of 863.65 pm and 644.2 x 10-30 m3 computed from the
diffractogram taken on samples calcined at 1200°C for 12 h compare well with the reported
values of 863.76 pm and 644.4 x 10-30 m3 for the lattice parameter ‘a’ and unit cell volume,
respectively for Mg2SnO4 [29].

At this juncture, it may be interesting to highlight the experimental conditions employed
by others for the synthesis of Mg2SnO4. Sample on which the reported XRD pattern (JCPDS
card #24–0723) was generated, had been prepared by heating a 2:1 molar mixture of MgO
and SnO2 for 17 h at 1500°C, followed by regrinding and heating the powder again for 1 h

Fig. 7. SEM micrograph of the powder after Mg2Sn oxidation at 1200°C/12 h.
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at 1500°C [29]. Chang and Kaldon [30] reported the synthesis of magnesium orthostannate
by heating the component oxides at 1100 °C for 400 h. Azad and Min [23,31] had recently
employed magnesium nitrate and tin dioxide (2:1 molar mixtures) as the starting material for
solid-state reaction synthesis. Their results showed that the final phase in powders obtained
after a 2-step calcination at 1000°C and 1200°C for 12 h each, consisted predominantly of
the orthostannate phase, viz., Mg2SnO4, with some minor peaks corresponding to SnO2. In

Fig. 8. A typical concentration profile of Mg, Sn and O by energy dispersive X-ray (EDX) analysis done on the
powder subjected to oxidation at 1200°C/12 h.

Fig. 9. Comparison of the XRD signatures of Mg2SnO4 prepared in this work with that from solid-state reaction
between Mg(NO3) 2 and SnO2.
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powders prepared via the self-heat-sustained (SHS) technique employing magnesium nitrate
and Sn metal, pure Mg2SnO4 was formed in mixtures calcined at 1300°C for 12 h. However,
these powder compacts sintered at 1500 °C/6 h and 1600 °C/2 h led to pure Mg2SnO4 phase
without even traces of other compound(s). Fig. 9 compares the X-ray diffractogram on
powders derived from powder metallurgy route and solid-state reaction. Even though the
quality of the end product obtained by the two methods is almost the same, the metallic
precursor route investigated in this work has an edge over the conventional solid-state
preparative technique, in that it obviates the stages of extensive ball milling, precalcination
and the emission of gaseous byproducts. The production and subsequent oxidation of Mg2Sn
into Mg2SnO4 is attractive from the economy point of view as well; magnesium metal
($1.53/lb.) is not as expensive as titanium ($3.5 - $4.5/lb.) or nickel ($3.0/lb.) and is only
twice as costly as aluminum ($0.75/lb.) [32] and Mg2Sn could be produced under very mild
experimental conditions as was demonstrated in this work.

4. Conclusions

Synthesis of a potential electroceramic, viz., Mg2SnO4 via simple powder metallurgy
route has been described. The method has definite advantages over the conventional solid-
state reaction and many new and novel techniques of ceramic powder preparation. Phase pure
compound has been obtained by the oxidation of a stoichiometric alloy under mild condi-
tions. The powders thus obtained possessed rather small grain size, a narrow grain size
distribution and exhibited lesser degree of agglomeration. As such the powder with these
characteristics could be sintered to very high degree of densification without much elaborate
prior processing. The method is applicable to many other binary/ternary metal-oxide sys-
tems, if intermetallics of the right stoichiometry can be found in the corresponding phase
diagrams.
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