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Abstract - Fabrication of Mo5SiB2–Al2O3 composites was conducted by thermite-based combustion synthesis in the SHS 
mode. Thermite reagents of MoO3 + 2Al were introduced into two Mo‒Si–B ternary systems adopting amorphous boron and 
MoB as their respective boron source. The boron-containing samples were more energetic and were applied to produce 
composites with Mo5SiB2/Al2O3 from 1.25 to 2.5. The composites with Mo5SiB2/Al2O3 from 0.8 to 1.3 were prepared from 
less exothermic MoB-based samples. Besides causing a decrease in combustion velocity and reaction temperature, the 
increase of the Mo5SiB2/Al2O3 proportion led to a transformation in combustion wave propagation from a steady to pulsating 
mode. For the samples featuring a pulsating combustion wave, the reaction time at peak combustion temperatures was 
extended and then the evolution of Mo5SiB2 from intermediate phases (Mo3Si and MoB) was significantly improved. The 
microstructure of synthesized composites reveals that plate-like Mo5SiB2 grains with an average size of 10–15 m are 
tightly packed and irregular Al2O3 grains are randomly dispersed. 
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I. INTRODUCTION 
 
Transition metal silicides are of great interest due to 
their high melting points, excellent thermal stability, 
good oxidation resistance, high creep resistance, and 
adequate mechanical strength at elevated 
temperatures [1-3]. In the Mo–Si system, Mo5Si3 is 
the most refractory phase with a melting point of 
2180 oC. Despite its high creep resistance, Mo5Si3 has 
poor oxidation resistance at 900–1200 oC and exhibits 
catastrophic pest oxidation at 800 oC [4]. However, 
the oxidation resistance of B-doped Mo5Si3was 
substantially improved over the temperature range of 
800–1450 oC, attributable to formation of a low-
viscosity borosilicate glass scale [4-6]. When B is 
added into the Mo–Si system, a ternary compound 
Mo5SiB2 called T2 phase can be formed [7]. With a 
combination of good high-temperature mechanical 
properties and oxidation resistance, Mo5SiB2 has 
great potential for ultra-high temperature structural 
applications [8-11].  
Mechanical alloying of elemental powders has been 
considered as a promising method for producing 
Mo5SiB2-based composites and subsequent heat 
treatment can enhance the yield of Mo5SiB2 [12-14]. 
Other fabrication methods such as arc melting, hot 
pressing, spark plasma sintering, and combustion 
synthesis were also applied to prepare composites of 
the Mo–Si–B ternary system. Self-propagating high-
temperature synthesis (SHS) provides an fabrication 
route with merits of low energy requirement, short 
reaction time, simple equipment, high-purity 
products, and in situ formation of composite 
components [15,16]. 
The present study made the first attempt to produce 
Mo5SiB2–Al2O3 composites with a broad composition 
range by a thermite-based SHS method. MoO3 and Al 
were used as thermite reagents and added into two 
Mo–Si–B reaction systems containing different 
sources of boron; i.e., amorphous boron and 

molybdenum boride (MoB). The specific objectives 
were to investigate combustion kinetics of the powder 
compacts, the activation energy from a correlation 
between combustion wave velocity and temperature, 
and the dependence of product compositions on 
combustion behavior. In addition, the microstructure 
of synthesized products was examined. 
 
II. EXPERIMENTAL METHODS 
 
The starting materials of this study included MoO3 
(Acros Organics, 99.5%), Al (Showa Chemical Co., < 
45 m, 99.9%), Mo (Strem Chemicals, < 45 m, 
99.9%), Si (Strem Chemicals, < 45 m, 99.5%), 
amorphous boron (Noah Technologies Corp., < 1 

m, 92%), and molybdenum boride MoB (Alfa 
Aesar, < 45 m, 99%). Reactions (1) and (2) are 
designed to have amorphous boron and MoB as their 
respective boron source for formation of the 5SiB2–
Al2O3composites.
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where the stoichiometric coefficients, x and y, signify 
the number of mole of Mo5SiB2formed per unit mole 
of Al2O3 in the products of Reactions (1) and (2), 
respectively. 
In this study, Reaction (1) was conducted with x 
varying between 1.25 and 2.5, within which 
combustion proceeded in a self-sustaining manner. 
For Reaction (1) with x< 1.25, violent combustion led 
to massive melting of the sample so that the 
measurement of combustion velocity and temperature 
and the recovery of products were difficult to carry 
out. On the contrary, combustion ceased to propagate 
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in Reaction (1) with x> 2.5, as a result of inadequate 
reaction exothermicity.  
Compared with B-containing samples of Reaction 
(1), MoB-based samples of Reaction (2) have weaker 
combustion exothermicity owing to the absence of 
the elemental reaction between B and Mo. Thus, the 
feasible stoichiometry for Reaction (2) was in the 
range of 0.8 ≤ y ≤ 1.3. Likewise, Reaction (2) was too 
violent to handle as y ˂ 0.8, but was extinct as y ˃ 
1.3. It is noteworthy that the scope of the 
Mo5SiB2/Al2O3 ratio for the composites is broadened 
by a combination of Reaction (1) with 1.25 ≤ x ≤ 2.5 
and Reaction (2) with 0.8 ≤ y ≤ 1.3.  
The reactant powders were mixed in a ball mill and 
pressed into cylindrical sample compacts with a 
diameter of 7 mm, a height of 12 mm, and a relative 
density of 55%. The SHS reaction was performed in a 
windowed stainless-steel chamber under high purity 
argon (99.99%). The propagation velocity of 
combustion wave was determined from the time 
sequence of recorded images by a CCD camera. The 
combustion temperature was measured by the fine-
wire Pt/Pt-13%Rh thermocouple attached on the 
sample. Details of the experimental setup were 
previously reported [17]. Phase constituents of the 
products were identified by an X-ray diffractometer 
(XRD). A scanning electron microscope (SEM) was 
employed to examine the product microstructure and 
energy dispersive spectroscopy (EDS) was applied 
for the elemental analysis.  
 
III. RESULTS AND DISCUSSION 
 
3.1. Self-propagating combustion 
 
Experimental results showed that a distinct 
combustion front forms upon ignition and rapidly 
traverses the entire sample of Reaction (1) with x = 
1.25–1.75in a steady and self-sustaining manner. Due 
to a decrease in reaction exothermicity with 
increasing amounts of Mo, Si, and B, the propagation 
of the combustion wave observed in Fig. 1 proceeds 
in a pulsating mode, under which the motion of the 
reaction front is spasmodic and the outburst of the 
flame progression happens periodically. Pulsating 
combustion features a thick reaction layer and forms 
delamination gaps in the burned product. The layer-
by-layer combustion in a pulsating mode typically 
has a reaction rate approaching to its minimum or 
extinction. In this study, the transition of combustion 
wave propagation from a steady state to a pulsating 
mode occurred at x = 2.0 for Reaction (1) and y = 1.2 
for Reaction (2). 
Fig. 2 presents the dependence of flame-front 
propagation velocities (Vf) of Reactions (1) and (2) 
on their corresponding stoichiometric coefficients, x 
and y, both of which signify the molar ratio of 
Mo5SiB2/Al2O3 of the synthesized composite. The 
combustion wave velocity of Reaction (1) decreased 
from 5.4 to 2.7 mm/s as x increased from 1.25 to 2.5, 

beyond which combustion was quenched. A larger 
stoichiometric coefficient means the addition of more 
Mo, Si, and B powders into the reactant mixture for 
formation of a higher content of Mo5SiB2 in the 
product. The decrease of combustion front velocity 
stemmed from the dilution effect of Mo, Si, and B 
additions on combustion, because interactions among 
them to form Mo3Si and MoB were less energetic 
than reduction of MoO3 by Al.A significant decline in 
combustion velocity from 5.9 to 3.1 mm/s was 
observed for the MoB-based samples of Reaction (2) 
with increasing y value from 0.8 to 1.3. In contrast to 
Reaction (1) with in situ formed MoB, Reaction (2) 
was formulated to have pre-added MoB.With pre-
added MoB, Reaction (2) alleviated the degree of 
violence on combustion to facilitate the preparation 
of composites with a Mo5SiB2/Al2O3 ratio less than 
1.25. 
 

 
Fig. 1.  Time sequence of recorded images illustrating self-

sustaining combustion traversing powder compacts of Reaction 
(1) with x = 2.0. 
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Fig. 2.  Effects of molar ratio of Mo5SiB2/Al2O3 on flame-front 

velocity of powder compacts of Reactions (1) and (2). 
 
Fig. 3 plots typical combustion temperature profiles 
of Reactions (1) and (2). The abrupt rise in 
temperature signifies rapid arrival of the combustion 
wave and the peak value stands for the combustion 
front temperature. The combustion front temperature 
of Reaction (1) decreases from 1536 to 1276 oC as its 
stoichiometry increases from x = 1.25 to 2.5, which 
confirms the dilution effect of Mo, Si, and B 
additions on combustion. Furthermore, a sharp peak 
observed in the temperature profiles of x = 1.25 
means a thin combustion layer. On the other hand, 
Fig. 3 reveals that for the profile of x = 2.5 the 
temperature increases and reaches a plateau, before 
declining rapidly. The presence of a high-temperature 
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plateau is attributed to a thick reaction zone typical of 
the pulsating combustion. As well, Fig. 3 exhibits a 
decrease in the combustion front temperature from 
1423 to 1223 oC for Reaction (2) with increasing 
sample stoichiometry from y = 0.8 to 1.3.  
The apparent activation energy (Ea) of a solid-state 
combustion reaction can be deduced by realizing the 
temperature dependence of combustion front velocity 
under a relationship between ln(Vf/Tc)

2 and 1/Tc [18]. 
According to the linear slopes of best-fitted lines for 
two sets of experimental data in Fig. 4, the activation 
energies of Reactions (1) and (2) are 86.5 and 114.7 
kJ/mol, respectively. A larger Ea for Reaction (2) 
informs that the MoB-based sample has a higher 
kinetic barrier than the boron-containing sample. It is 
believed that thermite reduction of MoO3 by Al plays 
an important role in lowering the kinetic barrier and 
facilitating the SHS reaction. In addition, 
chemisorption of volatile MoO3 on the boron surface 
giving rise to MoB could be responsible for the lower 
activation energy for Reaction (1) than Reaction (2). 
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Fig. 3.Effects of molar ratio of Mo5SiB2/Al2O3on combustion 

temperature of Reactions (1) and (2). 

(1/Tc) x104 (1/K)

5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0

ln
 (V

f /T
c)2

-27.0

-26.5

-26.0

-25.5

-25.0

-24.5

Reaction (1): Boron-based samples
Reaction (2): MoB-based samples

Slope = -1.04
Ea = 86.5 kJ/mol

Slope = -1.38
Ea = 114.7 kJ/mol

 
Fig. 4.Relationship of Vf and Tc to determine activation 

energies (Ea) of Reactions (1) and (2). 
 

3.2. Phase composition and microstructure of 
synthesized composites 
 
Fig. 5(a) and (b) depicts the XRD patterns of final 
products synthesized from Reaction (1) with x = 1.25 
and Reaction (2) with y = 0.8, respectively. In 
addition to Mo5SiB2 and Al2O3, Fig. 5 identifies 
MoB, Mo3Si, and Mo in the products. For these two 
samples, relatively high combustion front velocities 
above 5 mm/s were reported in Fig. 2. In addition, 
although the temperature of their combustion zone 
exceeded 1400 oC or even reached 1500 oC, both 
samples were subjected to a rapid cooling rate. It has 
been assumed that in spite of having a high reaction 
temperature, lack of sufficient reaction time could be 
a major reason for the presence of intermediate 
compounds (MoB and Mo3Si) and unreacted Mo in 
the end products. 
 

 
Fig. 5.XRD patterns of SHS-derived composites from (a) 

Reaction (1) with x = 1.25 and (b) Reaction (2) with y = 0.8. 
 
For the systems with larger stoichiometric 
coefficients, Fig. 6(a) and (b) present the products of 
Reaction (1) with x = 2.0 and Reaction (2) with y = 
1.2, respectively. A substantial decrease in Mo3Si, 
MoB, and Mo is shown in Fig. 6(a). Specifically, 
Mo3Si was no longer detected and elemental Mo was 
trivial in Fig. 6(a). The product is a Mo5SiB2–Al2O3 
composite with MoB as the minor phase. The 
dominant phases of Fig. 6(b) are Mo5SiB2 and Al2O3 
as well. The contents of Mo3Si and MoB were 
markedly reduced and no unreacted Mo was found in 
Fig. 6(b). This implies that phase conversion is 
enhanced as the stoichiometric coefficients of 
Reactions (1) and (2) increase. It is useful to note that 
the combustion wave of the samples associated with 
Fig. 6(a) and (b) propagated at a moderate speed of 
around 3.3 mm/s and under a pulsating manner, and 
the temperature of their reaction zones maintained 
close to the peak value for a prolonged period of 
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time. Therefore, the lengthy reaction time provided 
by a slower combustion wave and a longer soaking 
time led to an improvement in evolution of phase 
constituents. That is, the fast combustion wave and 
rapid cooling rate typical of the SHS process appear 
not to favor formation of the ternary compound 
Mo5SiB2. 

 
Fig. 6.XRD patterns of SHS-derived composites from (a) 

Reaction (1) with x = 2.0 and (b) Reaction (2) with y = 1.2. 
 
Typical microstructure of the synthesized Mo5SiB2–
Al2O3 composite is displayed in Fig. 7, which is 
associated with Reaction (1) of x = 2.5. The 
composite with a dense morphology was obtained. 
This is indicative of possible formation mechanisms 
comprising dissolution of solid reactants in the liquid 
melt, followed by evolution of intermediate phases 
and then precipitation of Mo5SiB2 crystals. Based on 
the EDS analysis with an atomic ratio of Mo:Si:B = 
61.88:11.86:24.86, closely-packed large grains with a 
plate shape are recognized as Mo5SiB2. The average 
size of Mo5SiB2 grains is about 10–15 m. Small 
Al2O3 grains are randomly dispersed. 
 

 
 

Fig. 7.  SEM micrograph of Mo5SiB2–Al2O3 composite 
synthesized from Reaction (1) with x = 2.5. 

 
CONCLUSIONS 
 
The SHS reaction involving aluminothermic 
reduction of MoO3 was applied to prepare Mo5SiB2–

Al2O3 composites with a broad composition range. 
Thermite reagents composed of MoO3 + 2Al were 
incorporated into two Mo–Si–B ternary systems; one 
adopted amorphous boron and the other used MoB as 
their boron source. Compared with the B-containing 
sample, the MoB-based sample is less energetic. As a 
consequence, the former was applied to produce 
composites with a molar ratio of Mo5SiB2/Al2O3 
ranging from 1.25 to 2.5, and the latter aimed for 
formation of composites with Mo5SiB2/Al2O3 from 
0.8 to 1.3. 
Experimental results showed that for the production 
of a higher content of Mo5SiB2, the increase of Mo, 
Si, and B or MoB reduced the overall reaction 
exothermicity, decelerated the combustion wave, and 
caused a transformation in combustion wave 
propagation from a steady to pulsating mode. Based 
on the temperature dependence of combustion 
velocity, the activation energies of Ea = 86.5 and 
114.7 kJ/mol were respectively deduced for the 
boron- and MoB-based SHS reactions. For samples 
with a steady and fast combustion wave (such as the 
B-based samples of x ≤ 1.75 and MoB-based samples 
of y ≤ 1.0), the resulting products contained large 
amounts of Mo3Si, MoB and unreacted Mo, due to a 
short reaction time and rapid cooling rate. On the 
other hand, the pulsating combustion wave provided a 
prolonged reaction time at high temperatures for 
intermediate phases to convert into final products. As 
a result, Mo5SiB2–Al2O3 composites with MoB as the 
minor phase were synthesized. The microstructure 
reveals that closely-packed Mo5SiB2 grains with a 
plate shape of about 10–15 m render the composite 
a dense morphology. 
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