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Abstract

Phase stability of magnesium meta- and orthostannate has been examined in samples synthesized via the traditional solid-state
reaction (SSR) and a novel self-heat-sustained (SHS) technique with two molar ratios of magnesium to tin (viz., 1:1 and 2:1). The
powder mixtures were calcined over a wide temperature—time (7-¢) span ranging from 600 to 1300°C and 3 to 72 h. The powders
obtained from the two preparative methods have been processed and sintered under identical conditions. In the 2:1 molar mixtures,
Mg>SnO, has been formed as a single phase up on calcination in both SRR and SHS methods. This phase remained the only
compound in the sintered bodies as well. In the 1:1 composition, the ultimate reaction product was a mixture of Mg,SnO,4 and
SnO,. Both SSR and SHS techniques with 2:1 molar mixture yielded a single phase Mg,SnQOy in the sintered compacts. Compacts
with near zero porosity could be achieved in SSR derived samples up on sintering up to 1600°C, while some significant porosity was
an interesting feature of the SHS derived samples. Systematic microstructural evolution with the variation of sintering conditions

has been discussed. © 2001 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

The alkaline—earth stannates having the general che-
mical formula MSnO; (M=Ca, Sr and Ba), have
recently been studied as potential electronic ceramics,
such as, thermally stable capacitors with low permittiv-
ity and small loss tangent [1-6]. Interestingly, even
though magnesium is a member of the alkaline—earth
metal group to which Ca, Sr and Ba belong, no reliable
technical information on the electrical behavior of the
compounds in the pseudobinary MgO-SnO, system
appears to exist in the published literature. Limited
amount of literature is available on the synthesis aspects
of compounds in Mg—-Sn—O system. Only P-T relation-
ship has been reported in the literature; no reliable
composition—temperature phase diagram exists [7]. On
the other hand, corresponding titanates (MgTiOs;,
Mg,TiO4 and MgTi,Os) and silicates (MgSiOs, steatite
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and Mg,SiOy, forsterite) are commercially produced as
low dielectric constant, high resistance and low tem-
perature coefficient of dielectric constant (TCK) com-
ponents [8]. In addition, the behavior of magnesium
metastannate (MgSnQOs) and orthostannate (Mg>SnQy)
is totally different from the corresponding Ca, Sr and
Ba counterparts.

Consequently, the literature deals with the thermo-
dynamic stability of the orthostannate alone, albeit with
large differences in the computed values of the standard
enthalpy of formation of the double oxide from one
research to another [9-12]. In addition, the JCPDS files
show the presence of another phase with nominal for-
mula M;Sn,05 in all the MO-SnO, systems except for
Mg. The meta- and orthostannates of calcium, stron-
tium and barium are known to be stable independently
up to very high temperatures without disproportiona-
tion. MgSnO; 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 [13].

No correlation has been established among key para-
meters, such as, synthesis, processing, microstructure
and electrical behavior of these materials; such a corre-
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lation is inevitable in understanding the underlying
working mechanisms in the electrical components made
out from them. In view of the information gaps in the
reported research and interesting electrical properties
envisaged in magnesium stannates, akin to those in the
corresponding silicates and titanates, preliminary yet
vigorous and systematic investigations were carried out
in MgO-SnO, system. The results of these detailed
investigations are presented in this paper with emphasis
on material synthesis, phase relationship and micro-
structural features of the sintered bodies.

2. Experimental
2.1. Sample preparation

Metallic Sn (99.999% powder, Pi-Kem, Surrey, UK),
Sn0O, (99.995% powder, Aldrich, USA), MgO (99.99%
powder, BDH, Poole, UK) and Mg(NOs3),-6H,O (99%
deliquescent crystals, BDH, Poole, UK) were used as
the starting materials. The samples investigated in this
work were synthesized via two techniques, viz., the tra-
ditional solid-state reaction (SSR) route, and a novel
method called the self-heat-sustained (SHS) route.
Details of these preparative methods with respect to the
synthesis of calcium, strontium and barium metas-
tannates have recently been reported elsewhere [1,2].
However, a brief description of these techniques for the
synthesis of compounds in MgO-SnO, system is given
here.

2.1.1. Solid-state reaction (SSR) route

Two molar ratios (1:1 and 2:1) of the starting materi-
als, viz., magnesium oxide (or nitrate) and tin oxide
were used. The idea was to: (i) explore the possibility of
the synthesis of both MgSnO; and Mg,SnO, as pure
single phases, and (ii) unequivocally establish the che-
mical state of the material in the final sintered product.
The stoichiometric quantities (1:1 or 2:1 molar ratio) of
MgO or Mg(NOs),-6H,O and SnO, powder of stated
purity were accurately weighed and dry mixed in an
agate mortar. Each of the two mixtures was then sepa-
rately ball-milled for 4 h in airtight polystyrene bottles
using acetone (AR grade, Hamburg Chemicals, India)
as a liquid medium and clean zirconia balls as the mil-
ling media. The slurry was dried first at room tempera-
ture in a ventilated fume hood and then in an air oven.
The dried mass was crushed and pulverized in an agate
mortar and pestle to fine powder and calcined at differ-
ent temperatures ranging between as low as 600 to
1300°C for various duration. After each calcination
step, the powders were subjected to phase analysis using
powder X-ray diffraction at room temperature using
CuKk, radiation (A= 1.5406 A) in the range 10-80° (2-6)
to confirm the formation of the targeted compound as a

single phase. This was evidenced by the presence of all
the diffraction lines corresponding to the targeted com-
pound. The resulting X-ray diffraction (XRD) pattern
was also used to detect the presence of, if any, unreacted
starting materials and/or phase. In some cases, XRD
was also performed on sintered discs in order to confirm
that the chemical composition remained unaltered.

The calcined powder was subjected to sintering (in
order to follow the evolution of microstructure and its
effect on the measured electrical properties) at 1200—
1600°C, for soak time ranging between 2 to 48 h in
ambient air. Prior to sintering, the calcined powder was
blended with polyvinyl alcohol (aqueous solution con-
taining 0.04 g/ml PVA) as a binder, dried overnight and
pressed into discs of 10 mm diameter and 1-2 mm thick
by uniaxial pressing at pressures not exceeding 100
MPa.

One of the intentions of present investigation was to
focus at the most appropriate sintering schedule(s) that
would yield a microstructure most benign for the
anticipated application of these materials as electronic
components. Microstructural features of the starting
green powders as well as the sintered discs were deter-
mined by using a JEOL-6400SM (Japan) scanning elec-
tron microscope (SEM). In the case of powder, the
specimen was evenly sprinkled on the glued surface of
an aluminum stub. In the case of sintered samples, the
specimen were fractured and mounted on aluminum or
brass stub without polishing or etching, so as to expose
the fractured surface to the incident electron beam in
the microscope. Microscopic images were also collected
on as-sintered surfaces so as to discern non-uniformity,
if any, of grain growth, intergranular connectivity and
porosity in the bulk and the surface. Polaron Coating
Machine (UK) evaporated a uniform thin film of gold
on the exposed surfaces to avoid electrostatic charging
during microscopic viewing. The thickness of the gold
coating was estimated to be between 10 to 30 A from
the rate and time of evaporation. The calcined powders
as well as the sintered discs were stored in the humidity-
free bottles containing anhydrous CaCl,, unless
required for X-ray analyses or microscopic viewing.

2.1.2. Self-heat-sustained (SHS) reaction route

In this route, MgO powder or Mg(NO3),-6H,O crys-
tals were mixed with metallic Sn in 1:1 and 2:1 molar
ratios in an agate mortar and pestle for 1 h. Each mix-
ture was placed in an alumina boat and first heated
slowly to and maintained at 250°C for 4 h so as to
facilitate complete melting of metallic Sn (melting
point=232°C) and its uniform dispersion under grav-
itational flow in the liquid state. The temperature was
then raised gradually to 800°C and maintained for
another 4 h to cause the reaction between molten and
free flowing tin and MgO or Mg(NOs),-6H,O. The
mixture was next calcined at 1100°C for 12 h. The entire



A.-M. Azad, L. Jing Min | Ceramics International 27 (2001) 325-334 327

process was carried out in the static ambient air at
atmospheric pressure. The attempt to obtain a pure
single phase necessitated further heating of the mixture
at 1200°C for 24 and 48 h. The calcined mass was cru-
shed, pulverized, mixed with PVA, and sintered accord-
ing to the Tt profile adopted in the case of solid-state
derived samples. The details of X-ray analyses and
microscopic examination of SHS derived samples
remain identical to those described for SSR derived
ones.

3. Results and discussion

It should be pointed out that the idea of adopting
various synthesis processes was two-fold. First, the lim-
ited amount of literature available on the synthesis of
magnesium stannates involves SSR route that is pre-
sumed to be a conventional method [9,11,12]. Second, it
was intended to find a favorable synthesis technique in
terms of the phase purity and benign microstructure in
the sintered samples with desired electrical character-
istics. Paff [13] described a peroxide precursor method
to synthesize both MgSnO; and Mg,SnO,4. A peroxo
precursor is formed via a precipitation step from aqu-
eous solutions of MgCl,-6H,O and SnCly, which up on
calcination yielded the final compound(s). It was shown
that MgSnQs is formed after thermal degradation of the
corresponding peroxo-precursor at temperature below
700°C. Further heating above 700°C led to its decom-
position into Mg,SnO4 and SnO,. On the other hand,
the thermal decomposition of the X-ray amorphous
precursor with 2:1 (Mg to Sn) molar ratio, led directly
to Mg,SnO,4 formation at 900°C and above.

3.1. X-ray diffraction of solid-state reaction derived
samples

Fig. 1 shows the diffraction patterns in the (1:1) pow-
der mixtures of MgO (or Mg(NO3),) and SnO, calcined
at temperatures of 600 to 1300°C for duration ranging
between 3 to 48 h. It can casily be seen that the XRD
signature of the powder calcined up to 800°C is quite
different from those calcined at higher temperatures.
Apparently, MgSnOj is unstable above 800°C and dis-
proportionates into Mg,SnO4 and SnO,. Comparison
of the XRD lines with the JCPDS standard cards (24-
0723 and 41-1445) showed progressive increase in the
amount of Mg,SnO,4 with increase in calcination tem-
perature and time. The most salient feature of Fig. 1 is
that the end product of a 1:1 molar mixture of the
starting material is ultimately a two-phase mixture irre-
spective of the calcination conditions. Moreover, the
lines characteristic of the orthostannate phase begin to
appear in the XRD signature of the powder calcined at
as low as 800°C. This result is in excellent agreement
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Fig. 1. The XRD patterns of the powders obtained via solid-state
reaction (SSR) between magnesium oxide and tin oxide in 1:1 molar

mixtures under various calcination conditions.

with those of Pfaff [13]. The appearance of very sharp
diffraction peaks further indicates the presence of very
small crystallite size in the calcined powders. In the light
of X-ray data presented in Fig. 1, one can speculate that
the formation of MgSnQOs initially, and subsequently of
Mg,SnO,4 with SnO,, in 1:1 molar mixtures of the
starting precursors takes place in the following manner:
At low temperatures (7 < 800°C):

MgO or Mg(NO3),+SnO; —  MgSnO;, €))

At high temperatures (7" > 800°C):

MgSnO; — 0.5 Mg,SnO4 + 0.5 SnO, 2)

As for the samples derived from 2:1 molar mixtures,
the XRD results show that the final phase in powders
obtained after calcination at 1200°C for 12 h consisted
predominantly of the orthostannate phase, viz.,
Mg,SnO,, with small peaks corresponding to the SnOs.
The XRD pattern of powder compacts sintered at
1500°C/6 h and 1600°C/2 h, however, corresponded to
that of pure Mg,SnO, phase without even traces of
other compound(s). This is illustrated in Fig. 2, where
the diffractograms of calcined and sintered bodies are
compared. Thus, it appears that while in 1:1 mixtures
formation of the orthostannate phase invariably goes
via the formation and disproportionation of metas-
tannate (MgSnQO3), latter forms more or less directly in
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2:1 molar mixtures. Small amounts of SnO, observed in
calcined powders, however, suggest that some MgSnO;
might have formed in the initial stages as a result of
parallel reactions of the type shown below:

MgO +SnO;, —  MgSnO;, 3)

2 MgO +Sn0O;, — Mg,SnOy 4)

The systematic variation in the relative amounts of
magnesium orthostannate and tin oxide in the mixtures
with two stoichiometries, calcined in the range 1200-
1300°C for various duration, is presented in Fig. 3 in
terms of the intensity ratio (I/I,) of the most prominent
peaks. In both the cases it can be seen that, as the cal-
cination temperature and time increased, Mg,SnOy
became more prominent with corresponding decrease in
the amount of SnO,. The intensity of Mg,SnOy in 2:1
sample in greater than in 1:1 sample. This is due to the
fact that the direct formation of Mg,SnQy is favored in
2:1 molar mixture as mentioned above.
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Fig. 2. Comparative XRD signatures of 2:1 mixtures: (a) powder cal-
cined at 1200°C/12 h and (b) sintered pellet at 1500°C/6 h. (x: SnO,.).
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Fig. 3. Relative variation of Mg,SnO, and SnO, in samples derived
via solid-state reaction (SSR) technique under different conditions.

3.2. X-ray diffraction of SHS reaction derived samples

The SHS technique makes use of the low melting
characteristic of metallic tin. It is envisaged that when
liquid tin mixes with MgO or Mg(NQOs), under gravita-
tional flow, it forms MgSnO; first. Subsequently at
higher temperatures, due to its instability, MgSnO;
decomposes into Mg,SnO, and SnO,. The XRD sig-
natures of 1:1 molar mixtures of powders synthesized
via SHS techniques at various temperatures ranging
between 1100 to 1300°C for 12 to 48 h showed that the
final chemical state in the 1:1 molar mixture, in the case
of SHS technique as well, consists of a two-phase mix-
ture of Mg,SnO,4 and SnO,. As discussed in the case of
SSR-derived samples (Fig. 1), this could be the result of
decomposition of MgSnOs formed at lower temperature.
The reaction pathway for the formation of Mg,SnOy4
and SnO, in a 1:1 molar mixture via SHS technique
could be visualized as follows:

At low temperatures:

MgO or Mg(NO3),+Sn(metal) + O2(g) — MgSnO,

)

and
2 MgO or 2 Mg(NOs3),+Sn(metal) + O2(g) — Mg,SnOy
(6)
At high temperatures:

MgSnO; — 0.5 Mg,SnO4 + 0.5 SnO, 2)

In accordance with the reactions represented by Eqgs.
(2), (5) and (6), Mg>SnO4 was found to be the majority
phase with SnO, as the minor impurity in the calcined
powders. With gradual increase in calcination tempera-
ture and/or time, there was a steady decrease in the
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Fig. 4. Nature of phase existence in 1:1 and 2:1 mixtures derived via

self-heat-sustained (SHS) technique up on sintering at high tempera-
tures. (X: SnO,.).
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amount of SnO,, and, the sample calcined at 1300°C for 2 h, show a two-phase mixture (Mg,SnO4+ SnO,)
comprises of pure Mg,SnO,4. The X-ray signatures of and a pure phase (Mg,SnQOy) in the 1:1 and 2:1 mixture,
the compacts sintered up to 1500°C for 6 h and 1600°C respectively (Fig. 4).

1Emm

Fig. 5. Morphology of powders calcined at 1200°C/24 h with: (a) MgO + SnO,; (1:1), (b) Mg(NO;),+SnO; (1:1), (c) Mg(NO3), +Sn0O, (2:1), (d)
Mg(NO3), + metallic Sn (1:1) and (e) Mg(NOs3), + metallic Sn (2:1); (a—c): solid-state reaction (SSR), (d—e): self-heat-sustained (SHS) technique.
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3.3. Microstructural features of the calcined samples

The morphological features of the solid-state derived
green powders with different starting materials (i.e.
oxide or nitrate of magnesium) in two different molar
ratios, are shown in Fig. 5(a—c). The grain size in the
calcined powder is uniform and very small (submicron
level) crystallites with a narrow particle size distribution
can easily be recognized. Thus the powder is quite reac-
tive; such benign features are helpful in minimizing the
possibility of abnormal grain growth and increasing the
densification up on subsequent sintering. Another
interesting feature of these materials is that the mor-
phology of the powders is almost identical in all the
cases and therefore, gives a free choice of selecting the
starting precursors for material synthesis. In contrast,
the morphology of the powders derived from SHS
technique is quite different from that observed in SSR-
derived ones. The microstructures shown in Fig. 5(d—e)
for SHS samples after calcination at 1200°C for 24 h

clearly bring out the difference, as the granular (crystal-
lized) nature of the particles can be easily made out. The
average grain size in the 1:1 molar mixture is less than 1
um with broader particle size distribution [Fig. 5 (d)],
while that in the 2:1 mixture is ~1 pum and rather more
uniform [Fig. 5 (e)]. This could be attributed to the
envisaged scheme by which reactions in the two mix-
tures take place, the formation of magnesium orthos-
tannate being direct in the case of higher Mg:Sn ratio.

3.4. Microstructural evolution in sintered bodies

The X-ray analyses presented in the preceding section
have amply demonstrated that magnesium orthos-
tannate is formed in pure form in 2:1 and with SnO, as
a minor secondary impurity phase in the 1:1 molar
mixtures of the magnesium and tin precursors. Accord-
ingly, there are certain differences in the microstructural
artifacts of the sintered bodies of the two kinds. To
maintain clarity of presentation, the microstructural

Fig. 6. Microstructural features of solid-state reaction (SSR) derived samples sintered at 1200°C and soaked for (a) 24 h/1:1 (b) 48 h/1:1 (c) 24 h/2:1

and (d) 48 h/2:1.



A-M. Azad, L. Jing Min | Ceramics International 27 (2001) 325-334 331

features will be discussed sequentially according to the
technique of powder synthesis as well as with respect to the
molar ratios of the two cations in the calcined powders.

3.5. SSR-derived compacts

Fig. 6 shows the microstructural features in solid-state
derived samples sintered at 1200°C for 24 and 48 h. As
can be seen, the sample is quite porous but majority of
the grains are in the size range of 0.2-0.5 um. It can also
be seen that the grain size distribution is narrower in the
sintered bodies with Mg to Sn ratio equal to 2:1. How-
ever, the setting-in of intergranular connectivity that
eventually leads to densification in solids is evident.
Moreover, the morphological similarities indicate that
the sintering process was uniform throughout the sam-
ples. The samples sintered at 1300°C for 24 h showed
evidence of grain growth, improved grain-to-grain con-
nectivity and marked decrease in porosity (Fig. 7). In
addition, there was a definite reduction in grain size

distribution with improved densification, particularly in
the 2:1 mixtures. With further increase in sintering tem-
perature to 1400°C, further grain growth leading to still
better intergranular connectivity with clean grain
boundaries and reduced porosity was achieved (Fig. 8).
These benign features are a consequence of enhanced
diffusion and mass transport at higher temperature and
longer soak time.

The microstructural evolution in samples soaked for 2
h at 1600°C shown in Fig. 9, brings out the remarkable
increase in grain growth and intergranular contact in
both sets of samples. However, while almost zero por-
osity in 2:1 samples sintered at 1600°C/2 h can be
clearly seen, pores could not be eliminated effectively in
1:1 mixtures sintered under identical conditions. It is
likely that at such high temperatures, evaporation of
SnO, (detected as a minor impurity phase) as per the
reaction:

SnO,(s) — SnO(g) + 1/2 Oa(g) @

Fig. 7. Microstructural development in compacts soaked at 1300°C/24
h: (a) 1:1 and (b) 2:1 molar mixture.

Fig. 8. Evolution of microstructure in 2:1 compact sintered at 1400°C
for: (a) 6 h and (b) 12 h.
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Fig. 9. Microstructural artifacts of samples sintered at 1600°C/2 h in: (a) 1:1 and (b) 2:1 molar mixtures.

0L
BE G mm
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Fig. 10. Microstructural features in self-sustained-heat (SHS) samples: (a) soaked for 24 h at 1300°C (1:1), (b) soaked for 24 h at 1300°C (2:1), (c)
soaked for 6 h at 1500°C (1:1), fractured surface and (d) soaked for 2 h at 1600°C (2:1).
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could have led to the observed porosity. Thus while a
small fraction porosity still exists in 1:1 mixtures, near
theoretical density could be achieved in samples derived
with 2:1 molar mixtures. Nevertheless, the remnant
porosity even in the sintered bodies of 1:1 mixtures is
isolated in nature and in fact, did not impart any visible
detrimental effect on the electrical characteristic of the
material, as discussed in the subsequent paper [14].

3.6. SHS-derived compacts

The microstructures evolved in the samples derived
via SHS technique and sintered at 1200°C for 24 and 48
h did not show any grain growth and hence this tem-
perature-time schedule was inadequate for meaningful
sintering. The samples remained highly porous with
particle size distribution being rather broad in 1:1 mix-
tures compared to that in the 2:1 mixtures. This beha-
vior is akin to that in SSR-derived samples sintered
under identical conditions (Fig. 6). The average grain
size in the 1:1 molar mixtures ranged from submicron to
~1 um while that in 2:1 mixture remained close to 1 um.
Sintering at 1300°C for 24 h did help in causing grain
growth to some extent (average grain size >1 um) in
both 1:1 and 2:1 molar ratio compacts, as shown in Fig.
10(a and b). Porosity, however, still remained high
(being higher in 1:1 mixtures). In addition, the particle
size distribution was narrower in samples with magne-
sium to tin ratio 2:1.

As it is well known, one of the major limitations of
SHS synthesis is the presence of relatively higher degree
of porosity in the final product [1,2]. Nevertheless, since
about 95% of this porosity is ‘open’ in nature, it can be
eliminated by choosing proper sintering schedule,
thereby resulting in a dense and compact body. Accord-
ingly, a systematic increase in grain size, reduction in
porosity together with enhanced material densification
can be delineated from the microstructural features pre-
sented in Fig. 10(c and d) for samples sintered at 1500
and 1600°C for 6 and 2 h, respectively. In samples sin-
tered at 1600°C, some of the grains have grown up to
~5 pum. The similarity in microstructural features of the
as-sintered and fractured surfaces was also readily seen
in these samples.

4. Conclusions

The following conclusions could be drawn from this
study:

1. Magnesium metastannate, MgSnQOs, is a low-tem-
perature phase which disproportionates into
Mg>SnO4 and SnO, at or above 800°C. The ulti-
mate phase in the calcined powders synthesized via
either of the two techniques with starting compo-

sition in 1:1 molar ratios is a mixture of Mg,SnOy4
and SnO,. In the case of 2:1 molar mixtures,
Mg,SnO, is formed as a single phase with 1-2
peaks of SnO, as a minor impurity phase that dis-
appears up on treatment at higher temperatures.
The sintered bodies (at 1500°C/6 h and 1600°C/2
h) with 2:1 ratio of Mg to Sn indicate the presence
of orthostannate alone, irrespective of the pre-
parative technique employed. In the case of pow-
ders synthesized via SHS technique, the XRD
signatures of the sintered bodies (up to 1600°C/2
h) indicate that the final chemical state is Mg,SnOy4
in 2:1 and predominantly Mg,SnO,4 with SnO, in
1:1 mixtures.

2. The average grain size was less than or about 1 pym
in calcined powders derived via SSR and SHS
route, respectively. Highly dense bodies with near
zero porosity could be obtained by sintering the
SSR-derived powder compacts (2:1) at 1600°C for
2 h. Porosity, however, could not be fully elimi-
nated in compacts of SHS derived powders (both
1:1 and 2:1) sintered up to 1600°C. Density was
higher in SSR derived samples than in their SHS
counterparts, sintered at a given temperature.

3. In the case of SSR route, better densification was
achieved in the 2:1 molar mixtures at higher tem-
peratures. This could be explained in terms of
evaporation loss of SnO, present as an impurity
phase in 1:1 mixtures leaving behind slightly por-
ous body. Since Mg,SnQy is formed directly in the
2:1 mixtures, there is no such loss and therefore
less or no porosity is envisaged and observed. The
microstructural artifacts evolved in the compacts
of SHS derived powders sintered up to 1600°C/2 h
suggested that both the samples with magnesium
to tin ratio 1:1 and 2:1 achieved very high densifi-
cation, narrower particle size distribution and
reduced porosity.
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