
J M A T E R S C I 4 1 (2 0 0 6 ) 2 1 6 1 –2 1 6 3 L E T T E R S

Preparation and growth mechanism of AlN whiskers by combustion

synthesis with Y2O3 as additive
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Aluminum nitride has been widely acknowledged as one
of the most promising materials for use as an electrical
substrate and package material because of its high thermal
conductivity, excellent electrical insulation, and thermal
expansion coefficient close to that of silicon. Whiskers
were used extensively to reinforce and toughen ceramic
and glass matrix composites. The earliest report about the
growth of AlN whiskers is thta of Kohn’s experiment. Fol-
lowing that, AlN whiskers have been extensively studied
[1, 2].

Combustion synthesis (CS) has emerged as an im-
portant technique for the synthesis and processing of
advanced ceramics, catalysts, composites, alloys, inter-
metallics, and nanomaterials [3–7]. Combustion synthe-
sizing AlN whiskers have been studied, and the effects of
amide additives, experimental conditions, and impurity
content on the final composition and morphology were
investigated. The AlN whisker growth mechanism was
discussed and the vapor–solid (VS) growth mechanism
model was established [5, 8–11]. However, there are few
reports about the effect of oxide additives on the com-
bustion synthesis of AlN whiskers. Now, oxide additives,
especially rare-earth oxides, have been used to promote
the growth of whiskers, in conventional and unconven-
tional methods, by forming a liquid phase. As a result
of this, this paper introduces Y2O3 as an additive during
combustion synthesis of AlN whiskers, and the growth
mechanism is discussed.

Commercially available reactant powders Al (5.0 µm),
Y2O3 (0.52 µm), and AlN (0.50 µm) were used to syn-
thesize AlN whiskers. The raw materials were mixed for
24 hr, according to the weight ratio list in Table I, using
absolute ethanol as the milling media. The powder mix-
ture was dried and then passed through a 40-mesh sieve.
The combustion synthesis experiments were performed
in a cold isostatic pressure vessel under 5 MPa nitrogen
pressure. The samples were placed in a porous graphite
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crucible and the reaction was initiated by the igniting ti-
tanium powder placed on top of the mixtures. In order
to make clear the growth mechanism of AlN whiskers, a
quenching device was used, which is shown in Fig. 1.

Phase analysis of the combustion products was per-
formed by using X-ray diffractometry (XRD). The mor-
phologies of combustion products were studied by using
scanning electron microscopy (SEM).

XRD analysis results (as shown in Fig. 2) indicate that
most of the Al powder has been nitrided into AlN under
the high nitrogen pressure. It is easily understood that
Y2O3 reacts with AlN and the ever-present Al2O3 layer,
which lies on the surface of Al and AlN particles, and
forms a Y–Al–O–N grain-boundary phase existing in the
form of a liquid under such a high temperature, because
the combustion synthesis temperature is much higher than
the melt point of the Y–Al–O–N system.

Fig. 3 shows the SEM micrograph of the combustion
products with and without Y2O3 additive. The combustion
product with Y2O3 additive shows a whisker morphology,
while the combustion product without Y2O3 is mainly
composed of short-column crystals.

It is difficult to perform in situ observation, because the
combustion synthesis of AlN is a strong exothermic reac-
tion in high temperature and under high pressure. There-
fore, most of the evidence is obtained by the SEM from the
morphologies of the combustion products. Fig. 4 shows
the morphology of the different areas of the quenched
sample.

In the present work, the AlN whiskers are mainly from
the following reactions:

Al(s) → Al(l); Al(s) → Al(g); Al(l) → Al(g);

2Al(l) + N2(g) → 2AlN;

2Al(g) + N2(g) → 2AlN;
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T AB L E I Initial composition of samples

Composition of samples (wt %)

Sample no Al AlN Y2O3

A 50 50 0
B 47.6 47.6 4.8

It is known that the VS and VLS (vapor–liquid–
solid) are the two main mechanisms for the formation of
whiskers [12]. During the combustion synthesis of AlN
whiskers in the quenching device, the copper crucible
absorbed the heat generated by the exothermic reaction
rapidly. Because of the absence of enough heat for grain
growth, AlN whiskers stopped growing, as reflected by
the morphologies of the partially grown AlN whiskers in
Fig. 4. The cone tips, shown in Fig. 4, strongly suggest
that the whiskers grow by the VLS mechanism. In the
VLS mechanism, the reactant molecules from the vapor
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Figure 1 Schematic diagram of quenching assemble by copper crucible:
(1) igniting tungsten wires, (2) the igniter of Ti powder, (3) the mixture of
reactant, and (4) copper crucible.
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Figure 2 X-ray diffraction (XRD) pattern of combustion products: (A)
without Y2O3, and (B) with 4.8 wt % Y2O3.

Figure 3 Typical morphology of combustion products: (A) without Y2O3,
and (B) with 4.8 wt% Yl2O3.

are deposited by diffusion through the VL interface to
the LS (liquid–solid) interface. Precipitation occurs in the
cone tip at the LS interface and the cone tips are lifted up
from the substrate. The Y–Al–O–N cone tip liquid with
its high accommodation coefficient provides an interme-
diate stage of crystallization at the VS interface. However,
there are some platelets of AlN in the final morphology
of sample B (as shown in Fig. 3B), which is characteristic
of the VS mechanism. Therefore, both VS and VLS are
not completely independent in the combustion synthesiz-
ing AlN whiskers using Y2O3 as additive. In our previous
work, the reaction of Al and N2 in the combustion syn-
thesis is mainly by the VS mechanism, the addition of
Y2O3 promote the role of the VLS mechanism by form-
ing Y–Al–O–N liquid phase. This conclusion is consistent
with the results of Wang’s work on the effect of oxygen
impurity on the morphology of AlN synthesized by com-
bustion synthesis [5]: for a high oxygen impurity content,
the VLS mechanism plays a more important role than the
VS mechanism.
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Figure 4 The morphology of quenched sample in different areas.

Considering the growth morphology of the AlN
whiskers in the quenched sample and the final sample,
the whole growth process includes the following stages:
(1) with the initial heat generated by the Ti powders, the
exposed Al surface reacted with N2 and generated more
heat; (2) the Y–Al–O–N liquid phase, formed due to the
addition of Y2O3, removed the Al2O3 layer present on
the surface of the Al powder and formed a new Al sur-
face exposed to the N2. This contributed to the melt and
evaporation of the Al powder and promoted the nitrida-
tion and growth of the AlN whiskers; (3) the Y–Al–O–N
liquid phase also provided an interface for the growth of
AlN whiskers on those substrates of irregular geometry.

The surface of the liquid had a large accommodation co-
efficient and was the preferred site for deposition of the
“AlN vapor” (formed by Al and N2). The liquid became
supersaturated and the AlN precipitated from the super-
saturated liquid at the solid–liquid surface. Eventually, the
AlN whiskers grew by diffusion through the VL interface
to the LS interface. The AlN, used as a diluent, also dis-
solved and deposited on the whisker surface. In some ar-
eas, the liquid phase was not sufficient, therefore, platelets
of AlN formed by the VS mechanism; (4) a little Y–Al–
O–N liquid phase has evaporated during the combustion
process, while most of the liquid phase remained in the
final products by forming glass phase during the cool-
ing process. Therefore, no Y2O3 or any other crystalline
phase except AlN was detected in the final products.

On the basis of the above discussion, a conclusion can
be drawn that the addition of Y2O3 changed the AlN
whisker growth mechanism during combustion synthe-
sis, by forming Y–Al–O–N liquid phase. The addition of
Y2O3 promoted the growth of AlN whiskers. The final
morphology resulted from the synergy of VLS and VS
mechanism.
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