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a b s t r a c t

The TiB2–AlN and TiB2–AlN–TiN ceramic matrix composites were successfully produced by self-
propagating high-temperature synthesis (SHS) reactions from the Al–Ti–BN compacts through the
manipulation of the Al reactant content. The effects of the Al content on the adiabatic and practical maxi-
mum combustion temperatures, wave velocity, phase composition and microstructure of the synthesized
products, and reaction mechanism were investigated in detail. Thermodynamically and practically, the
reaction was most exothermic for the Al content being 35.5 wt.% in the reactants to produce only the dual
TiB2–AlN phases. Kinetically, the reaction commenced with the formation of Al3Ti, and then proceeded
with the interactions of the Al–Ti intermetallics/melts with BN to yield the AlN and TiB2 phases. The
substantial reaction between the elemental Ti and BN into formation of TiN took place only in the low
Al content samples. On the other hand, the presence of considerable amount of the TiN grains effectively
Reaction mechanism
inhibited the abnormal growth of the TiB2 grains, leading to very fine microstructures; whereas, the grain
growth of TiB2 and AlN as well as their inhomogeneous distribution was enhanced by the increase in the
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. Introduction

Titanium diboride and nitride (TiB2 and TiN) have received
ncreasing attention due to their unique properties such as high

elting point, high hardness, good electrical conductivity, high
hemical and thermal stability, and excellent wear and corro-
ion resistance [1,2]. Aluminum nitride (AlN) is another attractive
eramic with high melting point, low thermal expansion coeffi-
ient, excellent electrical insulation, high heat conductivity, and
igh strength at room temperature [3,4]. Combination of these
eramics was reported to further improve their properties and/or
o offset their weakness, e.g., the presence of TiN in the TiB2 matrix
ould effectively inhibit the anisotropic growth of the TiB2 grains
nd improve the corrosion resistance to HCl [5], while the addi-
ion of TiB2 to TiN has the potential of improving the hardness and
oughness of TiN [6,7]; on the other hand, the addition of a small
mount of AlN to TiB2 considerably enhances its sintering densifi-

ation without deterioration of properties [8]. Such advantageous
haracteristics or superior properties make their composites more
ttractive for applications as advanced structural materials.

∗ Corresponding author. Tel.: +86 431 8509 4699; fax: +86 431 8509 4699.
E-mail address: shenping@jlu.edu.cn (P. Shen).
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pletely inhibited from development.
© 2009 Elsevier B.V. All rights reserved.

Conventionally, fabrication of these ceramic matrix composites
requires complicated and expensive hot-pressing or hot isostatic
pressing techniques [9,10]. Long exposures at high temperatures
during sintering not only increase the production cost but also
result in the coarsening of microstructure. Self-propagating high-
temperature synthesis (SHS), also termed combustion synthesis
or reaction synthesis, is a good method for producing advanced
ceramic composites with fine microstructures using relatively
cheap and abundant precursors [2,4,5,7,11,12]. For instance, Yeh
and Teng [2] prepared the TiN–TiB2 composites using compacted
samples of titanium (Ti) and boron nitride (BN) powders ignited in
gaseous nitrogen and investigated the effect of sample green den-
sity, nitrogen pressure, starting stoichiometry of reactant compacts
and TiN diluent content on the degree of conversion and combus-
tion characteristics. Tomoshige et al. [5] fabricated the TiB2–TiN
composites with various compositions by the similar method using
the Ti, B and BN as raw materials. Zhang and Jin [11] produced the
TiB2–2AlN-based composites by reactive hot-pressing using mix-
tures of Al, Ti and BN in a molar ratio of 2:1:2 and examined the
phase formation mechanism through firing the mixtures at temper-
atures between 1273 and 2013 K for 30 min and then cooling down

for X-ray diffraction (XRD) analysis. They suggested the following
reaction steps:

3Al + Ti → Al3Ti, (1)

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:shenping@jlu.edu.cn
dx.doi.org/10.1016/j.cej.2009.02.029
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Ti + 2BN → TiB2 + 2TiN, (2)

TiN + Al3Ti → 3AlN + 4Ti. (3)

Gutmanas and Gotman [12], on the other hand, considered
ore complicated reactions in the Al–Ti–BN systems by varying

he reactant stoichiometry and suggested the following overall
eaction:

(2BN + 3Ti) + n(2BN + 3Al) → mTiB2+2mTiN + nAlB2 + 2nAlN.

(4

They further argued theoretically that, depending on the m/n
atio, products with different phase compositions should be
btained. For m/n > 0.5, i.e., high Ti contents in the starting blend, a
ully ceramic TiB2–TiN–AlN product would be produced according
o the reaction:

(2BN + 3Ti) + n(2BN + 3Al)

→ (m + n)TiB2 + (2m − n)TiN + 3nAlN. (5)

For m/n = 0.5, i.e., Al:Ti:BN = 2:1:2 in molar ratio, the most ther-
odynamically feasible reaction would result in the formation of

nly TiB2 and AlN according to:

2BN + 3Ti) + 2(2BN + 3Al) → 3TiB2 + 6AlN. (6)

For m/n < 0.5 or n/m > 2, i.e., high Al contents in the blend, the
nal product consisting of TiB2, AlN and AlB2 may be synthesized
ccording to the reaction:

(2BN + 3Ti) + n(2BN + 3Al)

→ 3mTiB2 + 2(m + n)AlN + 2(n − 2m)AlB2. (7)

An experimental validation of the above reactions, however, was
erformed only for one composition of 6Al–3Ti–6BN (n/m = 2) using
thermal explosion technique and the final reaction product con-

isted of TiB2, AlN and a considerable amount of Al3Ti, which was
n general agreement with the theoretical prediction.

As indicated, the reactions in the Al–Ti–BN system seem quite
omplicated mainly because of the reactant content dependence
f the competitive reactions for formation of TiN and AlN. In this
tudy, we investigated the reaction behaviors and mechanisms in
he SHS reactions of the Al–Ti–BN compacts containing different
l reactant contents with a purpose to provide helpful guidance

or better control of the reaction process and achievement of the
esirable products with tailored microstructures in our future work
or producing the dense TiB2–AlN-based composites.

. Experimental procedure

The starting materials were commercial powders of 99 wt.% Al
Northeast light alloy Ltd. Co., Harbin, China) with an average par-
icle size of 29 �m, 99.5 wt.% Ti (Institute of Nonferrous Metals,
eijing, China) with particle sizes of 25–48 �m, and 99 wt.% BN
Ying Kou liaobin Fine Chemicals Co. Ltd., Liaoning, China) with an
verage particle size of 3 �m, except for the case in combustion
ave quenching experiments, where much coarser BN particles

∼75 �m) were used. To avoid great variety and complexity, the
olar proportion of Ti to BN was fixed to 1:2 in this study. The Al

ontent varied from 10 to 60.5 wt.% of the total weight of the reac-
ants. Depending on the Al content, the reactions were assumed to

volve as follows:

1) For the Al content being higher than 35.5 wt.% (i.e., >40 mol.%),

(x + 2)Al + Ti + 2BN → TiB2 + 2AlN + xAl. (8)
Journal 150 (2009) 261–268

(2) For the Al content being less then 35.5 wt.%,

y(2Al + Ti + 2BN) + 3Ti + 6BN

→ 2yAlN + 2TiN + (y + 1)TiB2 + 4BN. (9)

In case (2), because of the constraint of Ti:BN (1:2 in molar ratio),
BN would be excessive in the reactants and the excess part was
expected to act as diluent during combustion reaction.

The reactant powders with proper weights were first wet-mixed
in an alumina mortar by adding a suitable proportion of acetone for
20 min, roasting at 373 K for 10 min and then dry-mixed for 30 min
to ensure homogeneity. The powder mixtures were then uniaxi-
ally pressed into cylindrical compacts of ∼22 mm in diameter and
∼15 mm in height with green densities of 70 ± 3% of theoretical, as
determined from weight and geometric measurements.

The SHS experiments were performed in a stainless steel glove
box in Ar (99.9% purity) atmosphere at a pressure of 0.1 MPa, as
described in detail elsewhere [13]. The compact was ignited by arc
heating a thin graphite plate (∼2.5 mm), on which the sample was
preplaced, using a current of 60 A and a voltage of ∼220 V. The com-
bustion temperature was measured by W5–Re26 thermocouples,
which were enclosed in fine alumina tubes to protect from reac-
tion with the reactants at elevated temperatures and pre-located
in a small hole in close vicinity to the center of the compact. The
signals were recorded and processed by a data acquisition system
using an acquisition speed of 50 ms/point. The combustion process
was recorded by a CCD video camera using a scanning speed of ∼34
frames/s to evaluate the wave propagation velocity. The phase com-
positions in the reacted samples were identified by XRD (Rigaku
D/Max 2500PC, Tokyo, Japan) and the microstructures were exam-
ined by scanning electron microscopy (SEM, JSM 5310, Tokyo, Japan)
and field emission SEM (FESEM, JSM 6700F, Tokyo, Japan).

In order to clarify the reaction sequence and phase forma-
tion mechanism, the copper-mold-aided combustion-wave-front
quenching experiments (a schematic illustration and more detailed
description were presented in Ref. [14]) were carried out for the
samples with different Al contents (10, 25, 35.5 and 45 wt.%)
using coarser BN powders (∼75 �m), which favors the realiza-
tion of quenching. The phases in the differently reacted regions
of the quenched samples were identified by an X-ray micro-
diffractometer (D8 Discover with GADDS, Bruker AXS, Karlsruhe,
Germany) using an 800 �m beam diameter and microstructures
were examined by SEM coupled with energy dispersive X-ray spec-
trometry (EDS, Link-ISIS, Oxford, England) analysis.

3. Results and discussion

3.1. Adiabatic combustion temperatures

The adiabatic combustion temperature (Tad) is a good measure
of the exothermicity of the reaction and the state of the various
phases. Providing the self-propagating mode was initiated at room
temperature (298 K) without any preheat, the values of Tad for reac-
tions (8) and (9) could be calculated using thermodynamic data in
Refs. [15,16] based on the following equation [17],

�H(298)+
∫ Tad(298)

298

∑
njCP(Pj)dT +

∑
298−Tad(298)

njL(Pj) = 0 (10)

where �H(298) is the reaction enthalpy at 298 K, nj is the stoi-

chiometric coefficient of the product, CP(Pj) and L(Pj) are the heat
capacity and latent heat (if the product goes through a phase
change, e.g., solid to liquid or liquid to gas) of the product, respec-
tively. The Al reactant content dependence of the postulated reaction
products [based on Eqs. (8) and (9)] and the calculated Tad is shown
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ig. 1. Variations in theoretically calculated adiabatic temperature (Tad) and exper-
mentally determined maximum combustion temperature (Tc) as well as the
ostulated reaction product with the Al content in the reactants (in weight percent).

n Fig. 1, together with the experimentally determined maximum
ombustion temperatures (Tc). As can be seen, the adiabatic tem-
erature increases with increasing Al content, reaching a maximum
2817 K) at 35.5 wt.% Al, and then decreases with further increase
n the Al content, suggesting that the reaction for the formation of
nly the TiB2 and AlN ceramics is most exothermic in the Al–Ti–BN
ystem.

.2. Changes in standard Gibbs free energy and reaction enthalpy

Fig. 2(a) and (b), respectively, show the changes in the stan-
ard Gibbs free energy (�G◦) and reaction enthalpy (�H◦) using
he thermodynamic data in Refs. [15,16] for the following potential
eactions betweens the reactants in the Al–Ti–BN system as well as
etween the reactants and some intermediate phases:

/4Al + 1/4Ti → 1/4Al3Ti (11)

/5Al + 2/5BN → 1/5AlB2 + 2/5AlN (12)

/2AlB2 + 1/2Ti → 1/2TiB2 + 1/2Al (13)

/5Ti + 2/5BN → 1/5TiB2 + 2/5TiN (14)

/2Al + 1/2TiN → 1/2Ti + 1/2AlN (15)

/5Al + 1/5TiN → 1/5Al3Ti + 1/5AlN (16)

/2Ti + 1/2AlN → 1/2Al + 1/2TiN (17)

/7Ti + 3/7AlN → 1/7Al3Ti + 3/7TiN (18)

/3Al3Ti + 2/3BN → 1/3TiB2 + 2/3AlN + 1/3AL (19)

As can be seen, firstly, all the reactions, except for reaction (15),
eem to be thermodynamically favorable (�G◦ < 0) and exothermic
�H◦ < 0) in the calculated temperature ranges, and the ceramic
hases, AlN, TiN and TiB2, possess higher stability than the inter-
etallic phases such as Al3Ti and AlB2, implying that, if these

ntermetallic phases are formed in the combustion process, they
hould be thermodynamically driven to transform to the more
table ceramic phases. Secondly, although reaction (15), from the
iewpoint of thermodynamics, is unable to proceed, reaction (16)
s feasible, suggesting that in the case of presence of excess Al in the

eactants, TiN would be likely to transform to AlN along with the
ormation of Al3Ti. On the other hand, both reactions (17) and (18)
re thermodynamically feasible, suggesting that in the case of Ti-
ich, AlN might transform to TiN as well. Namely, the stability of AlN
nd TiN is primarily dependent on the relative contents of Al and Ti
Fig. 2. Changes in (a) standard Gibbs free energy (�G◦) and (b) reaction enthalpy
(�H◦) for reactions (11)–(19).

in the reactants. Finally, as compared with the others, reactions (14)
and (19) possess larger thermodynamic driving force to take place.
Also, they are highly exothermic, as indicated in Fig. 2(b). However,
it should be pointed out that the thermodynamic conditions are
only necessary but insufficient in determining the occurrence of
a practical reaction. Kinetic conditions, such as concentration and
the melting state of the reactive components, also play an important
role in this aspect, as demonstrated later.

3.3. Reaction behaviors and products

The variation in the maximum combustion temperature (Tc)
with the Al content is shown in Fig. 1 for a better comparison with
Tad. Clearly, Tc shows a similar variation behavior as Tad, despite
some (100–200 K) discrepancies in their values due to heat loss in
the practical reactions. The self-sustaining reaction, on the other
hand, was found difficult to initiate in the samples containing
60.5 wt.% Al in the reactants, unless a persistent arc heating was
supplied.

Fig. 3 shows the variation in the combustion wave velocity with
the Al content. Similar to the combustion temperature, the veloc-
ity first increased, reaching a maximum at 35.5 wt.% Al, and then
decreased with increasing Al content. Such a synchronous varia-
tion reflects the fact that the combustion temperature played a
significant role in affecting the wave velocity. On the other hand,
it was noted that the wave velocity in the 30 wt.% Al samples was
smaller than that in the 42 wt.% Al samples, yet the value of Tc was

larger, and so is the case in the 20 wt.% Al samples. This exceptional
behavior could be explained by the influence of thermal conduc-
tivity of the compacts. Apparently, higher thermal conductivity of
the compact would favor a faster propagation of the combustion
wave. In this system, the higher amount of Al increased the metal
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ig. 3. Variation in the combustion wave velocity with the reactant Al content.

hase in the compact, and more importantly, the rapid melting and
preading of Al filled the pores in front of the combustion wave,
hus accelerating the propagation of the combustion wave.

Fig. 4 shows the XRD patterns of the reaction products in the
amples with different amounts of the Al reactant. It is clear that
he reaction product depends on the Al content. For the Al con-
ent being smaller than 35.5 wt.%, the reaction products consisted
f TiB2, AlN, TiN and excess BN. For the Al content being larger than
5.5 wt.%, the products consisted of TiB2, AlN, excess Al and a very
mall quantity of Al3Ti, without TiN in the scope of the XRD detec-

ion accuracy. The formation of these products is in good agreement
ith the prediction indicated in Fig. 1. However, for the Al con-

ent being exactly 35.5 wt.%, in addition to TiB2 and AlN, a small
mount of TiN was found. The presence of TiN in the final prod-

ig. 4. XRD patterns of the combustion-synthesized products for the Al–Ti–BN sam-
les with different amounts of the Al reactant: (a) 10 wt.% Al, (b) 20 wt.% Al, (c)
5.5 wt.% Al, (d) 45 wt.% Al, and (e) 55 wt.% Al.
Journal 150 (2009) 261–268

uct is presumed to be a result of Al evaporation at extremely high
temperatures (Tc = 2593 ± 57 K), leading to the Al deficiency. In this
sense, the content of the Al reactant is suggested to be slightly over
35.5 wt.% in order to obtain a desirable composite consisting of only
TiB2 and AlN ceramics. On the other hand, the reaction products
obtained in this study are more ideal (i.e., closer to the theoretical
predictions) than those reported by Zhang and Jin [11] and Gut-
manas and Gotman [12] using reactive hot-pressing and thermal
explosion techniques, respectively, as we have described before,
suggesting that the SHS method is more favorable to produce the
desirable products.

Fig. 5 shows the representative FESEM images of the microstruc-
tures at the fracture surfaces of the reacted samples with different
amounts of the Al reactant. The bright phases in back-scattered
electron (BSE) mode are TiN and TiB2, and the gray one is AlN.
In the samples with relatively low Al contents (<35.5 wt.%), it is
somewhat difficult to distinguish between TiN and TiB2 from their
morphologies. Previous studies [13,18] informed us that TiB2 usu-
ally exhibited an abnormal grain growth with typical hexagonal
prism shapes, but this was not the case in the current study. The
TiB2 grains were in fine platelet shapes with a certain degree of
agglomeration, as indicated in the inset of Fig. 5(b). They seemed to
intermix with the equiaxed TiN grains (possibly the brightest phase)
and thus their abnormal grain growth was substantially inhibited.
The characteristic grain sizes of these ceramic (AlN, TiN and TiB2)
phases were within 100–500 nm. Such fine microstructures could
be attributed to competitive nucleation and growth of the ceramic
grains as well as to the low amount of liquid during the SHS reac-
tions, which provided limited space for the grain growth. With the
increase in the Al content, the grains, especially for TiB2, had a con-
siderable extent of growth. As indicated in Fig. 5(d) and (e), the
TiB2 grains grew to 1–3 �m and their morphologies returned to the
typical hexagonal prisms with larger or smaller defects such as hol-
lows in their bodies. The equiaxed AlN grains grew to approximately
500–800 nm and were relatively homogeneous in size [Fig. 5(f)]. It
was speculated that for the Al content being no more than 35.5 wt.%,
the grain growth with increasing Al content could be attributed to
the increase in the combustion temperature, as indicated in Fig. 1.
However, for the Al content being higher than 35.5 wt.%, the com-
bustion temperature decreased with further increase in Al, and the
growth of the TiB2 and AlN grains should be related to the increas-
ing amount of liquid, which provided sufficient space for the grain
growth and allowed the Ostwald ripening of the grains. On the other
hand, it was noted that the TiB2 and AlN grains, particularly in the
high Al content samples, were distributed in separate regions, as
shown in Fig. 5(d)–(f). Similar microstructures were also observed
in the TiC–TiB2/Al composites synthesized from Al–Ti–B4C reac-
tants and explained by the fact that the dissociation rate of carbon
from the B4C crystal and its diffusion rate in the Al–Ti melt were
much larger than those of boron [19]. According to Ref. [20], the dif-
fusion rate of C in �-Ti is approximately three orders of magnitude
higher than that of B at 1473 K; whereas the diffusion rate of C in
�-Ti is no more than one order of magnitude higher than that of
N in the temperature range of 1473–1873 K [21]. Therefore, it can
be inferred that the diffusion rate of N is much faster than that of
B. On the other hand, the solubility of N in liquid Al is small, while
that of B in liquid Al and Ti as well as N in liquid Ti is quite large at
high temperatures [22]. Therefore, AlN would preferentially precip-
itate from the Al–Ti melt and the higher Al content favors a larger
amount of the AlN precipitation, leading to the enhanced separate
distribution of the AlN and TiB2 grains.
3.4. Reaction mechanisms

To reveal the reaction mechanisms in the Al–Ti–BN system and
the effect of the Al content, the Cu mold-aided combustion wave
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ig. 5. Representative FESEM images of the microstructures at the fracture surface
0 wt.% Al, (b) 20 wt.% Al, (c) 35.5 wt.% Al, (d) 45 wt.% Al, and (e) and (f) 55 wt.% Al. F
lectron (SE) mode.

uenching experiments were performed for the samples containing
0, 25, 35.5 and 45 wt.% Al. Figs. 6 and 7, respectively, show the X-
ay microdiffraction patterns of the phases in different regions of

he representative 45 and 25 wt.% Al–Ti–BN samples. The former
tands for the Al-rich case and the latter for the Al-deficient case. It
s worth mentioning that the phase evolution history in the samples

ith 10 and 35.5 wt.% Al was similar to that in the 25 wt.% Al sample,
xcept for the variation in relative intensities of various phases due
e combustion-synthesized samples with different amounts of the Al reactant: (a)
(a)–(d) are in back-scattered electron (BSE) mode and figures (e) and (f) in second

to the difference in the proportion of the reactants, and thus it was
not presented here.

According to Fig. 6, the phase evolution history in the 45 wt.%

Al–Ti–BN sample could be described as:

(a)Al + Ti + BN → (b)Al + Ti + BN + Al3Ti → (c–d)Al + Ti

+ BN + Al3Ti + AlN + TiB2 → (e)Al + BN + Al3Ti + AlN + TiB2
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Fig. 6. X-ray microdiffraction patterns for the quenched 45 wt.% Al–Ti–BN sample in
the differently reacted regions: (a) reactant region, (b → d) preheated region, (e → h)
combustion region, and (i) reacted region.

Fig. 7. X-ray microdiffraction patterns for the quenched 25 wt.% Al–Ti–BN sample in
the differently reacted regions: (a) reactant region, (b → c) preheated region, (d → g)
combustion region, and (h) reacted region.
Journal 150 (2009) 261–268

→ (f–g)Al + BN + Al3Ti + AlN + TiB2 + TiN → (h)Al + BN

+ Al3Ti + AlN + TiB2 → (i)Al + AlN + TiB2.

We can see that: (i) the Al3Ti phase was priorly developed in the
preheated region [Fig. 6(b)]; (ii) the AlN and TiB2 phases had formed
in the preheated region [Fig. 6(c) and (d)] before the elemental Al
and Ti were completely consumed, while TiN had not. The forma-
tion of AlN and TiB2 may result from the direct reaction between
Al3Ti and BN [i.e., reaction (19)] or from the individual reactions
between the elemental Al and BN and further of the resultant B or
Al–B intermetallics/melt with Ti [i.e., reactions (12) and (13)]. The
nonsynchronous reactions are also likely to lead to the separate
distribution of the AlN and TiB2 phases; (iii) as the reaction pro-
ceeded, the elemental Al and Ti were greatly consumed, while the
Al3Ti, AlN and TiB2 phases progressively increased [Fig. 6(c)–(f)].
The TiN phase appeared only after the elemental Ti was exhausted,
suggesting that its formation may not result from the direct reac-
tion between Ti and BN, but from the transient bonding of titanium
(Ti) in the Al–Ti melt (note that the Al–Ti intermetallics in the reac-
tion zone could be melted as the combustion wave arrived) with
the nitrogen (N) atoms diffused away from the BN crystal; (iv) sub-
sequently, the quantity of Al3Ti substantially decreased while that
of AlN, TiB2 and the elemental Al increased; on the other hand,
the transiently developed TiN phase vanished again, indicating that
reactions (16) and (19) did take place, and the presence of excess Al
in the reactants indeed inhibited the development of the TiN phase,
which was in consistent with the previous thermodynamic predic-
tion; (v) finally, in the reacted region, the product consisted of TiB2,
AlN, excess Al and a very small quantity of Al3Ti, indicating a fairly
complete reaction.

It is worthwhile to further emphasize that during the SHS
reaction, the amount of the elemental Al first decreased and
then increased, implying that most Al participated in the reac-
tion through the formation of the Al3Ti intermediate phase, whose
amount first increased and then dramatically decreased. On the
other hand, the consumption of a large amount of BN occurred only
after the formation of considerable amount of Al3Ti and depletion
of the elemental Ti, suggesting that the reaction between Al3Ti and
BN was primary in the reaction zone and the reaction progress was
essentially dictated by the rates of B and N dissociating from the BN
body and then diffusing in the Al–Ti melt.

On the other hand, the reaction sequence in the 25 wt.%Al–Ti–BN
quenched sample (Fig. 7) could be written as:

(a)Al + Ti + BN → (b)Al + Ti + BN + Al3Ti → (c–d)Al + Ti

+ BN + Al3Ti + (AlTi3) + AlN + TiB2 → (e)Al + Ti + BN

+ Al3Ti + AlTi3 + AlN + TiB2 + TiN → (f)Ti + BN + Al3Ti + AlTi3

+ AlN + TiB2 + TiN → (g)Al3Ti + AlN + TiB2 + BN + TiN

→ (h)BN + TiN + AlN + TiB2.

Compared with that in the high Al content sample, the reac-
tions were similar in the initial stages, i.e., the prior formation of
Al3Ti and then development of the AlN and TiB2 phases, yet with-
out appearance of TiN. This result clearly demonstrates that the
formation of AlN had precedence over that of TiN, which appeared
only in the reaction zone after the Al reactants were substantially
consumed [Fig. 7(e)]. As the reaction advanced, the amount of
TiN increased with the decrease in the elemental Ti, and simul-
taneously, that of AlN also increased [Fig. 7(d)–(g)]. Therefore, the

outcome of a large amount of TiN should result from the direct
reaction between Ti and BN, instead of that between Ti and AlN.
Virtually, even in the 10 wt.%Al–Ti–BN sample, the amount of AlN
also continuously increased through the reaction between the Al–Ti
melt and BN. With the progress of the reaction, the Al–Ti melt was
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ig. 8. Microstructures in the (a) preheated zone and (b) combustion zone of the qu
hat the BN particle was surrounded by the Al–Ti intermetallics and figure (b) shows
he gray ones being AlN and the bright ones being TiB2. The elemental line spectra

nally exhausted, and all the Al reactants transformed to AlN and
he Ti to TiB2 and TiN. The final product consisted of TiB2, AlN, TiN
nd excess BN.

Accordingly, we deem that the reaction mechanisms, in a general
ense, do not differ significantly in the Al–Ti–BN systems with low
nd high Al contents. The reactions in both cases commenced with
he formation of Al3Ti and then proceeded with the consumption
f BN under the invasion of Al–Ti melt [see Fig. 8(a)]. The outward
iffusion of B and N from the BN body to the surrounding Al–Ti
elt yielded the AlN and TiB2 phases [see Fig. 8(b)], releasing a

arge amount of heat and thus promoting the reaction. The differ-
nce in the high Al and low Al content samples was in the stage
f formation of the TiN phase. In the high Al content samples, TiN
ould transiently develop through the bonding of the N atoms with
he Ti atoms in the Al–Ti melt but was subsequently displaced by
he excess Al into formation of AlN and Al3Ti. Whereas, in the low Al
ontent samples, TiN formed through the direct reaction between

i and BN and could stably exist in the final product due to the
eficiency in Al. As a result, the TiB2–AlN-based composites consist-

ng of binary or ternary ceramic phases with fine microstructures
ould be obtained by a proper manipulation of the Al content in the
eactants.
d 45 wt.% Al–Ti–BN sample along with the elemental line spectra. Figure (a) shows
he remnant BN particles were surrounded by numerous fine ceramic particles with
he outward diffusion of B and N.

4. Conclusions

(1) The Al content in the reactants has significant effects on the
reaction behaviors and the phase compositions of the SHS
product in the Al–Ti–BN system. The reaction exotherm and
combustion wave velocity reach maxima at 35.5 wt.% Al. The
final products consisting of TiB2–AlN or TiB2–AlN–TiN matrix
composites could be selectively produced by a proper manipu-
lation of the Al reactant content.

(2) The reaction mechanism in the Al–Ti–BN system during the SHS
process is only moderately dependent on the Al reactant con-
tent. The primary reactions are the preferential formation of
Al3Ti and then reaction of the Ti–Al intermetallics/melts with
BN. The substantial reaction between the elemental Ti and BN
into formation of TiN takes place only in the low Al content
samples.

(3) Formation of only TiB2 and AlN phases is most thermodynam-

ically feasible and exothermic in the 2Al–1Ti–2BN compacts.
However, a slight excess of the Al reactant favors the elimination
of the TiN phase in the product.

(4) The grain sizes of the resultant TiB2, AlN and TiN phases as well
as their distribution status are dependent on the Al reactant
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content. Increasing the Al content promotes the grain growth
and the separate residence of the AlN and TiB2 phases. Whereas,
the presence of TiN effectively inhibits the abnormal anisotropic
growth of the TiB2 grains.
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