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Abstract

Magnesium aluminate/MoSi, and magnesium aluminate/MosSi3; composites were successfully prepared by combustion synthesis with a special
emphasis on the thermodynamic of the reactions involved in the process. The process involves loading of a very weak exothermic formation
reaction of MgAl,0, onto a highly exothermic formation reaction of MoSi, and MosSis. The starting material was a blend of MoQOj3, SiO,, Al and
MgO. The effect of Al grain size (—5 to —71 pm), MoOj stoichiometric value (0.7-1.25x), MgO additions (15-25 wt%) and working pressure
(50 bar) on the synthesis process were investigated. Microstructure of the combustion products was inspected by SEM. It was found that using
—5 wm grain size Al was necessary for reaction completion. Higher stoichiometric value of MoO5; was found to be necessary to compensate for its
volatilization from the reaction media. Addition of MgO as diluents reduced combustion temperature but unexpectedly it reacted with some
amounts of SiO, and formed Mg,SiO, phase and MosSi; instead of MoSi,. However, increasing the reaction pressure was found to be the most
effective factor to suppress the MoOj; volatilization. Thermodynamic study of the process revealed the production of entire phases in molten states
whereas the adiabatic temperatures of the formation reaction of MgAl,O4/MoSi, and MgAl,O4/MosSi; composites were 2408 and 3210 K,

respectively.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Magnesium aluminate spinel (MgAl,O,4), an excellent
refractory oxide, possesses useful physical, chemical and
thermal properties, both at normal and elevated temperatures. It
melts congruently at 2135 °C, shows high resistance to attack
by most of the acids and alkalis and has low electrical losses.
MgAl,0,4 has mainly been used as refractory in heavy industry
and as substrate for solid-state electronic devices. MgAl,0y is
widely used as sensing material to monitor humidity. Nowa-
days, new potential applications have been reported including:
ceramic ultra-filtration membranes, electroinsulators, and
optical materials [1-8]. Magnesium aluminate spinel was also
used in the fields of environmental catalysis, petroleum
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processing and fine chemical production as a catalyst and a
catalyst supporter [9,10]. MoSi, and its composites have
received an increasing attention owing to their unique thermal,
electrical and chemical properties and moderate density.
Despite the weak mechanical properties and pest oxidation
problems, MoSi, composites became important structural
materials for application in oxidizing and aggressive environ-
ments specially as heating elements in high temperature
furnaces [11]. To the best of our knowledge, designing of
MoSi,/MgAl,O4 and MosSi;/MgAl,O, composites have not
been discussed so far. These composites are expected to have
electrical conductivity due to presence of Mo silicides while
MgAl,O,4 works as a matrix. MosSi3 has a more complex unit
cell, which leads to better creep resistance. The creep rate of
MosSis is lower than that of MoSi,. Therefore, MosSis has been
used as reinforcement for MoSi, and SizN, composites [12].

MgAl,0O, spinel and MoSi, ceramics have been prepared
using various starting materials and preparation methods.
Magnesia spinel was synthesized by co-precipitation [13,14],
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spray drying [15], freeze drying [16], and spray pyrolysis [17].
However, the common route for manufacturing magnesia spinel
is the solid oxide reaction sintering. This process involves
sintering of MgO and Al,O; blends at 1600-1800 °C for several
hours. A two-stage firing process was usually employed, a first
one to complete the spinel formation and a second one to
densify the formed spinel, which adversely affects the economy
[18-20]. Other processes such as conventional arc-melting and
casting, mechanical alloying, hot pressing, reaction sintering,
plasma-spray processing, solid-state displacement reactions,
and self-propagating high-temperature synthesis (SHS) have
been used for synthesis of MoSi, [21-27].

Self-propagating high-temperature synthesis (SHS) is one of
the rapidly growing cost-effective technologies used for
synthesis of monolithic and composite in situ ceramics [25—
27]. The principle of this technique is that the initial reagents,
when ignited, spontaneously transform into products due to the
exothermic heat of reaction. The advantages of SHS synthesis
are very high-reaction rates and elimination of the need for
high-temperature furnaces due to the immense energy release.
Moreover, the SHS process represents a one-step manufactur-
ing route capable of producing composites with homogeneous
distribution of fine reinforcements. The major problem to be
overcome in the SHS processing of refractory ceramics is the
high-retained porosity of the synthesized products. Another
difficulty associated with SHS process is the very high rates of
reactions which makes controlling these reactions is not a
simple process [26]. Another serious drawback of SHS is it’s
limitation to highly exothermic reaction.

In this work SHS was chosen to perform simultaneous
synthesis of Mo-Si and magnesia spinel. Although MoSi,

MoO; + 2Si0; + 14/3A1 = MoSi, + 7/3A1,03

5MoOj; + 3Si0, + 14Al = MosSi; + 7AL04

formation reaction is highly exothermic, spinel formation
reaction is very weak exothermic reaction and cannot
proceed alone in a self-sustaining manner. The factors
affecting the combustion synthesis of MoSi,/MgAl,0, and
MosSi3/MgAl,O, composites were discussed. These
included: effect of Al grain size, MoOj stoichiometric
value, addition of MgO as diluents and working pressure.
Thermodynamic of the different reactions involved in the
process was also discussed.

2. Experimental

The materials used in this study were molybdenum trioxide
of 99.5% purity and — 45 pm particle size (Atlantic Equipment
Engineers, NJ, USA), aluminium metal powder of 99.5% purity
and different grain sizes —71, —45, —36, and —5 wm (GFS
Chemicals, Inc., USA) and —20 wm silica with 99% purity
(Riedel-de Haen, Germany), MgO 99% purity and <5 pm
particle size (BDH Chemicals Ltd., England).

The powders were mixed in the required molar ratio to form
MoSi,/7/3MgAl,0,4 and MosSiz/7MgAl,O,4 and dry blended in
a slow rotating mill with alumina ball for 5h. The powder
mixture was uniaxially pressed without binder at 78 MPa into
cylindrical compact of 20 mm height and 20 mm diameter to
approximately 55% relative density.

The compact was transferred to combustion reactor and
placed on a movable graphite plate. The reactor was evacuated
and backfilled with pure argon at the required pressure. The
ignition was carried out using a thin tungsten coil and ~1 mm
above the compact. The electricity was supplied from an AC
power source (30-40 A). In some cases the pressure inside the
reactor vessel is increased to 50 bar argon. Detailed procedure
of carrying out combustion reactions was provided elsewhere
[26]. Different phases of the combustion products were
identified by X-ray diffraction analysis using X-ray diffract-
ometer (D8 Advanced Bruker AXS, GMbH, and Karlsruhe,
Germany). Microstructure of specimens was investigated using
Scanning Electron Microscope (SEM, Model JSM-5410,
JEOL, Tokyo, Japan) equipped with electron dispersive
spectroscopy (EDX). SEM investigation is conducted on
fracture surfaces coated with gold to ensure good electrical
conductivity of the entire components of the sample.

3. Results and discussion
3.1. Thermodynamic calculations

The combustion reaction between molybdenum trioxide,
silica and aluminium blend powder is highly exothermic
according to the equation:

AH= —1470kJ] (1)
AH= —5561KkJ )

On the other hand, the reaction between magnesia MgO and
alumina to form magnesia spinel is very weak exothermic
reaction in its nature and cannot proceed alone in a self-

sustaining manner.
AlL,O3; +MgO = MgAl,04 AH= -35.6kI (3)

Addition of MgO to the reactant of reactions (1) and (2) in a
stoichiometric amount equivalent to the quantity of liberated
alumina generates the overall reactions (4) and (5).

MoOjs + 25i0,+14/3Al + 7/3MgO = MoSi; + 7/3MgALO,
“4)

5Mo0O3 + 3510, + 14Al + TMgO = MosSiz + TMgAl,O4
S

Although reaction (3) cannot proceed alone in self-
sustaining manner due to its very weak exothermic character,
the overall reactions (4) and (5) is highly exothermic and the
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heat released by progress in reactions (1) and (2) can induce
reaction (3) between the liberated alumina and the added
magnesia. However for a reaction to progress in a self-
sustaining manner, its adiabatic temperature should be equal to
or higher than 1800 K as stated in the literatures [25]. Therefore
calculating the adiabatic combustion temperature of reactions
(4) and (5) is important for this study.

For reaction (4) the adiabatic combustion temperature and
the fractions of molten phases of the products (if any) can be
calculated from the following equation:

TU

—AH, 205 + / C,(MoOs + 25i0, + 14/3A1 + 7/3Mg0)dT
298

2303 Tad
= / Cp(MoSiy) dT + / C,(MoSi,),dT +7/3
298 2303

2408
x / Cp(MgAlL,04) dT +7/3
298

Tad
x / Cp(MgA1,04),dT + aAH mosi,
2408

+7/3yAH; mga,0,
(6)
And for reaction (5):

T,

—Aangg + / CP(SMOO3 + 3Si0, + 14Al + 7SiOz)dT
298

2453 Tad
= / CP(MOSSi3)SdT + / CP(MOSSi3)1dT +7
298 2453

Tad

2408
x / Cp(MgAl,0,) dT +7 / C,(MgAl,0,),dT
2

98 2408
+ aAH  Mogsiy + TYAH  Mgal,0,
(7

where AH, 595 is the enthalpy change of reaction, C,, is the
specific heat capacity, « and y are the molten fractions; and AH;
is the enthalpy of fusion.

The adiabatic combustion temperature of reaction (4) at
298 K has a value of 2408 K which equal the melting point
MgAl,0,4 and greater than that of MoSi, (2303 K) as shown in
Fig. 1. The calculation shows that at room temperature, the
entire amounts of both MoSi, and 98 wt% of MgAl,O4 will be
generated in the molten state and its corresponding phases will
be crystalline from a molten state. Moreover, the value of
adiabatic temperature of reaction (4) (2408 K) is higher than the
empirical value (1800 K) which recommends the proceeding of
the reaction in a self-sustaining manner [24]. Increasing the
initial temperature of the reaction medium, away from 298 K,
results in a linear increase in the corresponding adiabatic
temperature. This behavior can be attributed to the consecutive
accumulation of energy in the reactant materials.

A similar behavior is noticed with respect to reaction (5) as
depicted in Fig. 2. The adiabatic temperature at room
temperature is 3210 K which is higher than the melting points
of both MosSi3 (2453 K) and that of MgAl,O,4 (2408 K). This
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Fig. 1. Effect of initial temperature on the adiabatic temperature and molten
fractions of MoSi, and MgAl,Oy.

means that entire amounts of MosSiz and MgAl,O4 will be
produced in the molten phase. The very high temperature of the
reaction at room temperature (3210 K) suggests that the
reaction will be very vigorous. Increasing the initial
temperature of the reaction medium, away from 298 K, results
in a linear increase in the corresponding adiabatic temperature.

3.2. Effect of aluminium metal grain size

The effect of aluminium grain size on the ignition of the
reaction (4) and the type of the obtained phases are discussed.
The ignition of the samples is tried at room temperature for
different Al grain sizes (=71, —45, —36 and —5 pwm). The
entire samples are successfully triggered at room temperature
without the need of preheating step. This is due to the very high
exothermic performance of reaction (4). Excess gases are
noticed during the propagation of the combustion wave with the
spreading of a white cloud inside the reactor. XRD patterns of
the combustion products obtained from samples having
different Al grain sizes are given in Fig. 3.

Generally, the figure shows the formation of magnesia spinel
MgAl,O4 as the main phase and both MoSi, and its higher Mo-
rich phase (MosSi3) match with moderate intensity lines. Free
silicon Si is detected as a minor phase in entire samples.
Reducing the aluminium grain size from —71 to —45 pm leads
to a decreasing in the intensity of free silicon whereas finer
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Fig. 2. Effect of initial temperature on the adiabatic temperature and molten
fractions of MosSi; and MgAl,0,.
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Fig. 3. XRD of combustion product prepared by using sample having different
aluminium grain sizes.

aluminium grain sizes (—5 wm) has insignificant effect on free
silicon. Furthermore, trace amounts of aluminium silicate
Al,SiOs5 are detected in case of —71 and —45 pm samples. The
diffraction plane pattern of Al,SiOs phase is completely
disappears at —5 wm Al sample. These results ensure that the
combustion reaction between MoO;, SiO,, MgO and Al
powders successfully takes place with the production of target
phases. However, the appearance of higher-rich molybdenum
silicide MosSiz phase and free silicon indicates some side
reactions which may be avoided or minimized by optimizing
the reaction conditions.

The presence of MosSi; phase represents no problem to the
expected application of the target composite (MgAl,O04/MoSi,)
because the grains of MosSi; phase are considered to be
reinforcement to MoSi, phase [12,28-31]. The co-existence of
both MosSi; and Si represents contradictory facts. The
formation of MosSi; phase indicates a deficiency of silicon
and perfection of Mo while the presence of free silicon
illustrates a deficiency of Mo and abundance of Si such that no
chances for the formation of Mo-rich phase (MosSiz). It is
worthy to mention that the formation of MosSi; will also
contribute to the appearance of free silicon because the Si
content of MosSi; is lower than that of MoSi,. This behavior
could be attributed to the volatilization of some amounts of
MoO; (m.p. = 801 °C and b.p. = 1155 °C) before participating
in the reaction during the approach of the combustion wave
front as noticed by nicked eye (white cloud formation).

3.3. Effect of MoOj stoichiometric value

The stoichiometric amount of MoQj; is investigated at 0.80
and 1.25 times the stoichiometric amount required for the
formation of MoSi,. Generally, increasing the amount of MoOj3
leads to more vigorous reaction with more densification of the
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Fig. 4. Effect of MoO; stoichiometric value on the reaction completion.

white cloud. XRD profiles of these samples are given in Fig. 4.
It is clear that increasing the MoO; stoichiometric value to 1.25
leads to the consumption of free silicon as indicated by the
disappearance of the silicon phase from the diffraction pattern.
A considerable increase in the intensity of MosSi; phase with a
parallel decrease in the intensity of the diffraction pattern of
MoSi, phase is encountered. This is because the extra amounts
of MoOj; not only compensate for the volatilized amount but
also contribute to more Mo in the reaction medium which
increases the chance of MosSi; formation.

On the other hand, decreasing the stoichiometric value of
MoO;5; (0.8x) leads to increasing the amounts of both free
silicon and MoSi, phase with a parallel decrease in the amount
of MosSij as indicated in Fig. 4. This proves that the appearance
of Si and MosSi; at 1.0 stoichiometric value MoO5 was due to
the volatilization of some amounts of MoO3 powder before its
reaction.

3.4. Effect of MgO addition as dilution

In order to reduce the volatilized amounts of MoO5; some
amounts of MgO is added to the reaction mixture as inert phase.
Addition of inert phase is thought to reduce the combustion
temperature (7,4 = 2408 K) of the reaction by absorption of
heat. The adiabatic temperature in case of MgO additions at
room temperatures is calculated by introducing the term
“x 2T9";d Cp,(MgO),dT”’ to the right hand side of Eq. (6) and re-
solving it to obtain 7,4 where x is the amount of MgO in moles.
Although, addition of 15 wt% of MgO absorbed ~218 kJ to
raise its temperature from room temperature to 7,4, the
adiabatic temperature still constant at 2408 K where the
percentage of MgAl,O4 melt is reduced from 98 wt% to
49.5 wt%. The amount of heat absorbed by MgO is calculated
based on its heat capacity. On the other hand, 25 wt% additions
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Fig. 5. Effect of MgO wt% on the combustion reaction of gAl,0,/MoSi,.

of MgO absorbed 412 kJ and the adiabatic temperature reduced
to 2303 K whereas the weight percentage of MgAl,0,4 melt is
reduced to zero and that of MoSi, is reduced to 65.

XRD patterns of the combustion products contain extra
amounts of MgO (15 and 25 wt%) are given in Fig. 5. MgAl,0,
phase is still the main phase; MosSi; phase has moderate
intensity lines while both Si and MoSi, phases are vanished.
The diffraction patterns of Mg,SiO,4 and Mo are also detected.
The extra amounts of MgO consume some amount of silica
according to the side reaction:

2MgO + SiO; = Mg,SiOy4 ©)]

This leads to disappearance of both Si and MoSi, and
appearance of Mo. Therefore lowering the combustion
temperature by MgO additions does not give the anticipated
action.

3.5. Effect of working pressure

Increasing the reaction pressure is expected to halt the
volatilization of MoO5; which is thought to corrupt the progress
of reaction (4) to its completion. The pressure inside the
combustion reactor is increased to 50 bar of argon.

XRD analysis of the combustion product at these conditions
is given in Fig. 6 and compared with that of reaction under
normal pressure. The intensity of the lines corresponding to
MosSi; and Si is highly minimized while the diffraction pattern
of MoSi, phase increased to a high extent with the appearance
of another MoSi, phase.

Furthermore, a trial is done at 1.0 atmospheric pressure of
argon in order to synthesize the MosSi; phase as reinforcement
to MgAl,O, matrix according to Eq. (5). Increasing the
stoichiometric value of MoOj; to that equivalent to the
formation of MosSiz gives rise to explosive reaction with
blowing out of the entire product. This is due to the immense
amount of liberated energy during this reaction (5)
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Fig. 6. Effect of reaction pressure on the completion of the formation reaction
of MOSlz/MgA1204

(AH = —5803 kJ) which is about five times the heat liberated
from reaction (4). The calculated adiabatic temperature was
3210 K. Therefore, the pressure inside the reaction chamber is
increased to 50 bar argon and then ignition is carried out for the
powder blend. XRD diagram of the combustion product, Fig. 7,
shows only two diffraction patterns are indexed; the diffraction
pattern of MgAl,O,4 and the one correspond to the main phase
MosSiz. No existence of any lines of MoSi, or free silicon.

3.6. Microscopic investigation

SEM images of the microstructure of the combustion
products of MoSi,/MgAl,O4 and MosSiz/MgAl,O,4 composites
prepared at 50 bar argon are given in Fig. 8. The microstructure
of MoSi,/MgAl,0,4 shows agglomerations of the intermetallic
phase in balls of different volumes impeded in the spinel matrix
while that of MosSi;/MgAl,O, composite shows complete
agglomeration of MosSi; phase in one ball in the middle of the
sample which is completely separated from the ceramic part
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Fig. 7. Effect of reaction pressure on the completion of the formation reaction
of MO5SI‘;/MgA1204
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Fig. 8. SEM images: (a) and (b) are low and high magnifications of MoSi,/MgAl,0, composite; (c) and (d) are ceramic and intermetallic parts of MosSi;/MgAl,O4

composite.

MgAl,O,. This suggests that the combustion temperatures are
higher than the melting points of the two silicide phases in the
two composites which are in a good accordance with the
thermodynamic study of these systems. Furthermore, the
adiabatic temperature in case of MoSi,/MgAl,O, composite
(T,q = 2408 K) is close to the melting point of MoSi, (2303 K)
while its value (T,q = 3210 K) in case of MosSi3/MgAl,Oy is
highly far from the melting point of MosSi; (2465 K). This
explains the agglomeration of silicides in several balls and in
only one ball in case of MoSi, and MosSij respectively. The
SEM micrographs of the ceramic part (MgAl,O4) show the
formation of typical spinel structure with its identical pyramidal
shapes.

4. Conclusion

MgAl,04/MoSi, and MgAl,04/MosSi; composites have
been successfully prepared by self-propagating high tempera-
ture synthesis method. Al powder of —5 pum grain size was
important to avoid the formation of Al,SiOs. In case of
MgAl,04/MoSi, composite, working at 1.0 atm. of argon led to
blowing out of some MoO3 which contributed to the formation
of MosSiz phase and residual silicon in the product. While in
case of MgAl,O4/MosSi; composite the entire product was
exploded and blown out. Increasing the pressure to 50 bar was
found to suppress volatilization from the reaction media where

both MosSi; and free silicon were minimized in case of
MgAl,04/MoSi, and only MgAl,O, and MosSi3 were formed
in case of MgAl,04/MosSi3 composite. It is worthy to mention
although this work has succeeded in obtaining the target phases.
However, the combustion products were highly porous
(~31 vol.%) and cracked in addition to lack of homogeneity
between the obtained phases.
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