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a b s t r a c t

Preparation of TiB2–Al2O3 and NbB2–Al2O3 in situ composites with a broad range of phase composi-
tion was conducted by self-propagating high-temperature synthesis (SHS) involving thermite reactions
of different types. Thermite mixtures of Al–TiO2 and Al–TiO2–B2O3 were incorporated with the Ti–B
combustion system to produce the composites of TiB2–Al2O3, within which the increase of the thermite
mixture for a higher content of Al2O3 decreased the reaction temperature and combustion wave velocity.
This implies that the thermite reaction of Al with TiO2 reduces the exothermicity of the overall SHS pro-
cess. In the synthesis of NbB2–Al2O3 composite, two thermite mixtures of Al–Nb2O5 and Al–Nb2O5–B2O3

were added to the Nb–B combustion system and both of which were found to increase the combustion
iB2–Al2O3 Composite
bB2–Al2O3 Composite
lame-front velocity

temperature and propagation rate of the flame front. This is due to the highly exothermic nature of the
thermite reaction between Al and Nb2O5. For both kinds of composites, it was found that adoption of B2O3

as one of the thermite reagents improved the product formation effectively. The XRD analysis shows that
the final products composed of no more than TiB2 and Al2O3 are obtained from the powder compacts
containing the thermite mixture of Al–TiO2–B2O3. On formation of the NbB2–Al2O3 composite, NbB2 is
identified as the major boride phase in the products involving the thermite reactions of Al–Nb2O5–B2O3,

n the
while Nb3B4 dominates i

. Introduction

Transition metal diborides like TiB2 and NbB2 possess many
uperior properties, such as high melting points, high hardness,
ood thermal and electrical conductivity, excellent wear and corro-
ion resistance, and chemical stability [1–3]. Moreover, addition of
l2O3 to these metal borides further improves their fracture tough-
ess, flexural strength, and impact resistance, which renders the
l2O3-reinforced boride composites a promising candidate for a
ariety of the applications including cutting tools, wear-resistant
arts, and high-temperature structural materials [1,3–5].

Among various reaction-based synthesis methods, combustion
ynthesis in the mode of self-propagating high-temperature syn-
hesis (SHS) is particularly attractive, on account of its advantages
f low energy requirement, short processing time, simplicity of
acilities, and formation of high-purity products [6–9]. The SHS

echnique has been extensively applied to produce a great number
f advanced materials such as borides, carbides, nitrides, silicides,
nd intermetallics such as aluminides [6–9]. When incorporated
ith thermite reactions based on Al as the reducing agent, the SHS

∗ Corresponding author. Tel.: +886 4 24517250x3963; fax: +886 4 24510862.
E-mail address: clyeh@fcu.edu.tw (C.L. Yeh).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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case of using Al and Nb2O5 as the thermite reagents.
© 2009 Elsevier B.V. All rights reserved.

approach represents an in situ procedure for preparing ceramic,
intermetallic, and metal matrix composites reinforced by Al2O3,
because such thermite reactions are highly exothermic and produce
a stable oxide Al2O3 [10–15]. By using the powder compact com-
posed of Al, ZrO2, and B2O3 as the raw materials, Mishra et al. [4]
successfully fabricated the ZrB2–Al2O3 composite through the SHS
process. Similarly, an in situ composite with TiB2:Al2O3 = 3:5 was
produced from the test specimen consisting of 3TiO2–3B2O3–10Al
[11]. The reaction system of Ti–Al–TiO2 was employed under differ-
ent starting stoichiometries to prepare the TiAl–Al2O3 composites
[12] and Ti–Al2O3 cermets [13]. Vallauri et al. [14] applied the SHS
route involving the thermite reagent of TiO2 reduced by Al, Mg, and
Zr to fabricate TiC–TiB2-based composites reinforced by different
metallic oxides including Al2O3, MgO, and ZrO2. For direct forma-
tion of dense TiC–Al2O3–Al composites, Hu et al. [15] conducted
the field-activated combustion synthesis to overcome thermody-
namic limitations of the 3TiO2–3C–(4 + x)Al system with x ≥ 10.
One additional benefit from combining thermite-based displace-
ment reactions with conventional combustion synthesis is the cost

savings, since the metallic oxides like TiO2, B2O3, and ZrO2 are
considerably less expensive than elemental titanium, boron, and
zirconium.

The objective of this study is to investigate formation of the
TiB2–Al2O3 and NbB2–Al2O3 in situ composites with a broad range

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:clyeh@fcu.edu.tw
dx.doi.org/10.1016/j.cej.2009.01.007
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f phase composition by the SHS process involving thermite reac-
ions of different types. On formation of the TiB2–Al2O3 composite,
wo thermite mixtures, Al–TiO2 and Al–TiO2–B2O3, were added to
he Ti–B elemental combustion system and their resulting effects
ere compared. Similarly, thermite mixtures of Al–Nb2O5 and
l–Nb2O5–B2O3 were adopted for the synthesis of the NbB2–Al2O3
omposite, which has not been previously studied by combustion
ynthesis. In this study, the influence of the thermite reaction on the
HS process was explored in terms of the combustion sustainabil-
ty, propagation rate of the reaction front, combustion temperature,
nd phase composition of the synthesized products.

. Experimental methods of approach

The starting materials used in this study included four ele-
ental powders: Ti (Strem Chemicals, <45 mm, 99% purity), Nb

Strem Chemicals, <45 mm, 99.8% purity), amorphous boron (Noah
echnologies Corp., 1 mm, 92% purity), and Al (Showa Chemical
o., 10 mm, 99.9% purity). Additionally, three metallic oxides, TiO2
Showa Chemical Co., 0.2–0.4 mm, 99.9% purity), Nb2O5 (Strem
hemicals, <45 mm, 99.9% purity), and B2O3 (Strem Chemicals,
45 mm, 99.6% purity), were employed as the thermite reagents.
imilar to typical amorphous boron, the major impurities in the
oron specimen used in this study include magnesium (Mg) about
.0%, water soluble boron (0.50%) and moisture (0.50%). The ini-
ial stoichiometry of the powder blend for the synthesis of the
iB2–Al2O3 composite was prepared according to two different
hermite mixtures involved in the SHS process and described in
eactions (1) and (2).(
1 − 5

2
x
)

Ti + 2(1 − x)B + 2 xAl + 3
2

xTiO2

→ (1 − x) TiB2 + xAl2O3 (1)

(
1 − 8

5
y
)

Ti + 2
(

1 − 8
5

y
)

B + 2y Al + 3
5

y TiO2 + 3
5

yB2O3

→ (1 − y) TiB2 + y Al2O3 (2)

here the stoichiometric parameters x and y represent the mole
raction of Al2O3 formed in the TiB2–Al2O3 composite. The max-
mum value of x adopted in Reaction (1) was 0.35, because the
eaction ceased to be self-propagating after ignition in the sample
f x = 0.4, which signifies no elemental Ti included in the reactant
ixture. The parameter y was varied from 0.2 to the upper limit

f 0.625, under which the sample was composed of three thermite
eagents Al, TiO2, and B2O3.

When preparing the composite of NbB2–Al2O3, the starting sto-
chiometry of the powder mixture was formulated as Reactions (3)
nd (4).(
1 − 11

5
p
)

Nb + 2(1 − p)B + 2pAl + 3
5

pNb2O5

→ (1 − p)NbB2 + pAl2O3 (3)

(
1 − 17

11
q
)

Nb + 2
(

1 − 17
11

q
)

B + 2qAl + 3
11

qNb2O5 + 6
11

qB2O3

→ (1 − q)NbB2 + qAl2O3 (4)

here the parameters p and q stand for the mole fraction of Al2O3

ormed in the NbB2–Al2O3 composite. Samples of Reaction (3) were
onducted with initial compositions up to the greatest extent of
= 5/11 (about 0.455), indicative of a test specimen without any ele-
ental Nb. For the comparison purpose, the parameter q adopted

n Reaction (4) ranged between 0.2 and 0.5.
g Journal 147 (2009) 405–411

The adiabatic combustion temperatures (Tad) of Reactions
(1)–(4) conducted in this study are calculated according to the fol-
lowing equation [16,17] with the thermochemical data from Ref.
[18].

�H +
∫ Tad

298

∑
njCp(Pj)dT +

∑
298−Tad

njL(Pj) = 0 (5)

where �H is the reaction enthalpy at 298 K, nj the stoichiometric
constant, Cp and L are the heat capacity and latent heat, and Pj refers
to the product.

The constituent powders with designed stoichiometry were dry
mixed in a ball mill and then cold-pressed into cylindrical sam-
ples with a diameter of 7 mm, a height of 12 mm, and a compaction
density of 60% relative to the theoretical maximum density (TMD).
The SHS experiment was performed in a stainless-steel windowed
combustion chamber under an atmosphere of high-purity argon
(99.99%). The propagation velocity of the combustion wave was
measured by recording the whole combustion event with a color
CCD video camera (Pulnix TMC-7) at 30 frames per second. The
exposure time of each recorded image was set at 0.1 ms. To facili-
tate the accurate measurement of instantaneous locations of the
combustion front, a beam splitter (Rolyn Optics), with a mirror
characteristic of 75% transmission and 25% reflection, was used to
optically superimpose a scale onto the image of the test sample.
The superimposed scale image with a unit of mm is clearly seen
on the left-hand side of each picture shown in Fig. 1. Details of
the experimental setup and methods of measurement approach
were reported elsewhere [19,20]. The microstructure of synthe-
sized products was examined under a scanning electron microscope
(Hitachi S-3000N), and phase composition was analyzed by an X-
ray diffractometer (Shimadzu XRD-6000) with CuK� radiation.

3. Results and discussion

3.1. Observation of combustion characteristics

Fig. 1a and b illustrates typical SHS sequences associated with
formation of the TiB2–Al2O3 and NbB2–Al2O3 in situ composites,
respectively. As observed from Fig. 1, a distinct combustion front
forms upon ignition and propagates along the sample in a self-
sustaining manner. It was also evident that the powder compact
was subjected to significant elongation as the combustion wave
progressed, resulting in the synthesized product with a porous
structure. Because the volume expansion occurred on the burned
portion of the sample compact, it had no effect on the measure-
ment of the propagation velocity of the flame front. Formation of
porous products is inherent in the SHS process. The pores or crevices
could be produced by unbalanced diffusion between the reactant
particles or by vaporization and expulsion of the volatile impuri-
ties due to high temperatures [21,22]. The expelled gases observed
in Fig. 1 were most likely generated from vaporization of the low
boiling point impurities (mainly Mg) in amorphous boron used in
this study.

3.2. Measurement of flame-front propagation velocity

The propagation velocity (Vf) of the combustion front was deter-
mined from the recorded SHS images. Fig. 2 plots the flame-front
velocity of the SHS process as a function of the Al2O3 content
in the TiB2–Al2O3 composites synthesized from the samples with

two different thermite mixtures. When compared with those (over
40 mm/s) of the elemental SHS reaction producing monolithic TiB2,
the combustion wave velocity in the synthesis of TiB2–Al2O3 com-
posites is considerably lower and decreases with increasing Al2O3
content formed in the products. The decrease in flame-front veloc-
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ig. 1. Recorded images illustrating self-propagating combustion fronts along (a)
b–B–Al–Nb2O5–B2O3 based on Reaction (4) with q = 0.3.

ty is believed to be caused by reduced exothermicity of the overall
ynthesis reaction, in view of the fact that both the Al–TiO2 and
l–TiO –B O thermite systems yet releasing heat are less exother-
2 2 3
ic than the elemental reaction between Ti and B. Moreover, due

o lack of sufficient thermal energy to sustain the synthesis reac-
ion, combustion was found quenched in the sample based upon
eaction (1) with x = 0.4, under which no elemental Ti is employed

ig. 2. Variation of flame-front velocity of SHS processes involving two different
hermite mixtures with Al2O3 content formed in TiB2–Al2O3 composites.
ple of Ti–B–Al–TiO2–B2O3 based on Reaction (2) with y = 0.45 and (b) a sample of

and the powder compact contains B, Al, and TiO2 only. This sug-
gests that the elemental reaction between Ti and B plays a crucial
role in triggering the thermite reaction of Al with TiO2 in Reaction
(1).

For the samples adopting the thermite mixture of Al–TiO2–B2O3,
Fig. 2 reveals a slightly greater speed of the combustion wave and
a broader range of the composition that indicates better sustain-
ability of the reaction. This might be due to formation of a molten
B2O3 phase that improves contact between the reactant particles
and thus facilitates the ignition and increases the reaction rate [10].
It is interesting to note that despite a relatively low speed of about
3.76 mm/s, self-sustaining combustion was achievable in the test
specimen based upon Reaction (2) with y = 0.625, which means a
sample composed only of Al, TiO2, and B2O3 powders.

The flame-front propagation velocities measured from the sam-
ples for the preparation of NbB2–Al2O3 composites are presented in
Fig. 3. In contrast to formation of the TiB2–Al2O3 composite, addi-
tion of either Al–Nb2O5 or Al–Nb2O5–B2O3 thermite mixture to
the Nb–B elemental reaction accelerates the reaction front veloc-
ity significantly. As indicated in Fig. 3, the highest reaction front
velocity up to 33 mm/s is observed in the sample containing the
thermite mixture of Al–Nb2O5 with p = 0.455, within which the
metallic oxide Nb2O5 serves as the only source of Nb. This implies
that the thermite reaction of Al with Nb2O5 is sufficiently exother-

mic and has a great tendency to proceed. Fig. 3 also shows a
lower flame-front velocity for the sample containing the thermite
mixture of Al–Nb2O5–B2O3, mainly because the thermite reaction
between Al and Nb2O5 is more exothermic than that of Al with B2O3
[10].
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ig. 3. Variation of flame-front velocity of SHS processes involving two different
hermite mixtures with Al2O3 content formed in NbB2–Al2O3 composites.

.3. Measurement of combustion temperature

Based upon Eq. (5), Fig. 4 shows the decrease in the calcu-
ated adiabatic temperature with increasing Al2O3 content in the
iB2–Al2O3 composites, mainly because the elemental reaction of
i with B is more exothermic than the displacement reaction within
he thermite mixture. Additionally, on account of the higher heat
f formation of B2O3 than TiO2, the SHS processes involving the
hermite mixture of Al–TiO2–B2O3 exhibit higher adiabatic tem-
eratures when compared with those using the Al–TiO2 mixture.

For the synthesis of the NbB2–Al2O3 composites, however, Fig. 5
eveals that the adiabatic combustion temperature increases with
l2O3 content. This is caused by the fact that the thermite reaction
f Al with Nb2O5 and B2O3 is more energetic than the elemental
eaction between Nb and B. Moreover, due to the higher heat of for-
ation of Nb2O5 than B2O3, higher adiabatic temperatures were

bserved in the samples containing Al and Nb2O5 as the thermite
eagents than those with an Al–Nb2O5–B2O3 mixture. It is use-
ul to note that variations of the flame-front propagation velocity

bserved in Figs. 2 and 3 with the Al2O3 content of the prod-
ct and the composition of the thermite mixture agree reasonably
ith those of the adiabatic combustion temperature presented in

igs. 4 and 5.

ig. 4. Effect of Al2O3 content on adiabatic combustion temperatures associated
ith SHS formation of TiB2–Al2O3 composites involving two different thermite mix-

ures.
Fig. 5. Effect of Al2O3 content on adiabatic combustion temperatures associated
with SHS formation of NbB2–Al2O3 composites involving two different thermite
mixtures.

Fig. 6 depicts measured combustion temperature profiles associ-
ated with the formation of TiB2–Al2O3 and NbB2–Al2O3 composites
containing different Al2O3 contents from the SHS processes involv-
ing the thermite reactions of Al–TiO2 and Al–Nb2O5, respectively.
The abrupt rise in the temperature profile represents rapid arrival
of the combustion wave and the peak value signifies the reaction
front temperature. After the passage of the flame front, an apprecia-
ble decrease in temperature is a consequence of heat losses to the
surroundings. Fig. 6 shows that for the production of TiB2–Al2O3
composites, the reaction front temperature decreases from 1690
to 1500 ◦C as the extent of the thermite reaction augments for
increasing the Al2O3 content from 20 to 35 mol%, which suggests
a decrease in the reaction exothermicity with increasing propor-
tion of the thermite reaction in the overall SHS reaction. On the
other hand, Fig. 6 reveals an increase in the reaction front temper-
ature with Al2O3 content formed in the NbB2–Al2O3 composites,
which provides evidence that the exothermicity of the overall syn-
thesis process increases with the degree of the Al–Nb2O5 thermite
reaction involved.
For the powder compacts with different thermite reactants,
as shown in Fig. 7, comparable combustion temperatures were
detected under the conditions of producing the TiB2–35 mol% Al2O3
composites. However, for the formation of NbB2–40 mol% Al2O3

Fig. 6. Effects of Al2O3 content on measured combustion temperatures associated
with formation of TiB2–Al2O3 and NbB2–Al2O3 composites by SHS processes involv-
ing thermite mixtures of Al–TiO2 and Al–Nb2O5, respectively.
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ig. 7. Effects of different thermite mixtures on measured combustion tempera-
ures associated with formation of TiB2–Al2O3 and NbB2–Al2O3 composites by SHS
rocesses.

omposites, it was found a higher combustion temperature for the
ample compact containing Al and Nb2O5 as the thermite reagents
han that adopting Al, Nb2O5, and B2O3. Even though the measured
ombustion temperatures are appreciably lower than the adiabatic
alues due largely to the heat loss to the surroundings, variations
f the measured combustion temperature with experimental vari-
bles are in a manner consistent with those under an adiabatic
ondition.

.4. Composition and morphology analysis of combustion
roducts
Fig. 8a and b shows typical XRD patterns of the synthesized prod-
cts from the samples of Reactions (1) and (2), respectively. In the
ase of using Al and TiO2 as the thermite reagents, Fig. 8a indicates
he formation of TiB2 and Al2O3, along with a small amount of an

ig. 8. XRD patterns of TiB2–30 mol% Al2O3 composites produced by SHS involving
ifferent thermite mixtures: (a) Al–TiO2 and (b) Al–TiO2–B2O3.
Fig. 9. XRD patterns of NbB2–40 mol% Al2O3 composites produced by SHS involving
different thermite mixtures: (a) Al–Nb2O5 and (b) Al–Nb2O5–B2O3.

intermediate boride phase TiB. However, as revealed in Fig. 8b, the
TiB phase is almost negligible in the XRD spectrum for the powder
compact involving the thermite mixture of Al–TiO2–B2O3. This ver-
ifies a better degree of the product formation, due to the presence
of B2O3 that melts at a low temperature of 450 ◦C and improves the
formation of TiB2.

For the preparation of the NbB2–Al2O3 composite, Fig. 9a and b
shows the existence of three boride phases NbB2, Nb3B4, and NbB
in the synthesized products. When compared with that in Fig. 9a
using the thermite mixture of Al–Nb2O5, Fig. 9b indicates that the
relative intensity of the Nb3B4 peaks is significantly reduced and
NbB2 is identified as the dominant boride phase for the sample
adopting the thermite mixture of Al–Nb2O5–B2O3. The presence
of a large amount of Nb3B4 in the final product of Fig. 9a stems
most likely from the insufficient reaction time caused by fast prop-
agation of the combustion wave. Therefore, an improvement in the
product formation shown in Fig. 9b is attributed to the lower reac-
tion velocity as well as the melting of B2O3 in the case of utilizing
Al–Nb2O5–B2O3 as the thermite reactants.

The combustion products feature a highly porous structure and
have a relative density of about 40–45%. Typical SEM micrographs,
shown in Fig. 10a and b, reveal the grains with a small and rather
uniform particle size. This confirms the feasibility of applying
the SHS technique to fabricate the soft-agglomerated composite
powders with homogeneous distribution of the components. In
comparison with conventional methods, the SHS-derived powders
eliminate the less efficient mechanical mixing of both compo-
nents, the prolonged grinding of disagglomeration, and the steps
of removal of the impurities [23]. Therefore, the SHS-derived pow-
ders enable the simplification of processing ceramic materials by
shaping, sintering, and hot-pressing of powders [23].

According to the formation sequence of TiB [24–26] and the
2
XRD results of the synthesized products of this study, the reac-
tion mechanism for the synthesis of the TiB2–Al2O3 composite is
proposed as follows. The interaction of Ti with B acts as the first
reaction step, which proceeds with formation of TiB and triggers the
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ig. 10. Typical SEM micrographs of combustion-synthesized products with com-
ositions of (a) TiB2–30 mol% Al2O3 and (b) NbB2–40 mol% Al2O3.

isplacement reaction between the thermite reagents. The inter-
ediate boride phase TiB then converts into TiB2 through further

eaction with B. The reaction steps involved in SHS formation of the
iB2–Al2O3 composite are given below.

i + B → TiB (6)

Al + 3TiO2 → 3Ti + 2Al2O3 (7)

Al + B2O3 → 2B + Al2O3 (8)

iB + B → TiB2 (9)

For the production of the NbB2–Al2O3 composite, however, the
HS process is initiated by the displacement reactions of Al with
b2O5 and B2O3. Subsequently, the elemental reaction between Nb
nd B takes place to generate NbB as an intermediate. Prior to the
ppearance of NbB2, the other intermediate boride phase Nb3B4 is
ielded. The sequence of reaction steps associated with SHS forma-
ion of the NbB2–Al2O3 composite is expressed as follows.

0Al + 3Nb2O5 → 6Nb + 5Al2O3 (10)

Al + B2O3 → 2B + Al2O3 (11)
b + B → NbB (12)

NbB + B → Nb3B4 (13)

b3B4+2B → 3NbB2 (14)
g Journal 147 (2009) 405–411

4. Conclusions

In this study, the SHS process involving thermite reactions of
the different types was conducted to prepare the TiB2–Al2O3 and
NbB2–Al2O3 in situ composites. Experimental results indicate that
the sustainability of the synthesis reaction, dynamics of the com-
bustion wave, and phase composition of the synthesized product
are substantially influenced by the addition of thermite reactions
to the elemental SHS process.

In order to produce the TiB2–Al2O3 composites, two thermite
mixtures of Al–TiO2 and Al–TiO2–B2O3 were incorporated with
the Ti–B elemental combustion system. Because of the lower
exothermicity, the flame-front propagation velocity and combus-
tion temperature were decreased by increasing the extent of the
thermite reaction for a higher content of Al2O3 formed in the com-
posite. When the thermite mixture of Al–TiO2–B2O3 was used, the
melting of B2O3 during the SHS process improved the formation of
final products. Moreover, the sample compacts containing the ther-
mite mixture of Al–TiO2–B2O3 were shown to yield the TiB2–Al2O3
composite with a broader range of the phase composition up to
62.5 mol% of Al2O3, when compared with 35 mol% produced by
those involving the thermite mixture of Al–TiO2.

On formation of NbB2–Al2O3 composites, thermite mixtures of
Al–Nb2O5 and Al–Nb2O5–B2O3 were studied. In contrast to the case
of preparing the TiB2–Al2O3 composite, addition of the thermite
mixtures to the Nb–B elemental combustion system increased the
combustion temperature and reaction front velocity. As a result
of the greater exothermicity, higher combustion temperatures and
flame-front speeds were observed in the powder compacts contain-
ing the thermite reactant of Al–Nb2O5 than that of Al–Nb2O5–B2O3.
However, the rapid reaction front led to insufficient reaction time
for achieving complete formation of the product. Therefore, in addi-
tion to Al2O3 three boride phases Nb3B4, NbB, and NbB2 were
detected in the synthesized products. For the test samples involving
the thermite reaction of Al–Nb2O5–B2O3, the XRD analysis iden-
tifies NbB2 as the major boride phase, rather than Nb3B4 which
dominates in case of adopting that of Al–Nb2O5. The improvement
in formation of NbB2 was mainly attributed to the longer reaction
time and the presence of molten B2O3 for the SHS process involving
the Al–Nb2O5–B2O3 thermite system.
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