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In situ synthesis of AlN in Mg–Al alloys by liquid nitridation
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Abstract

This paper reports the results of an investigation on the in situ formation of AlN particles in a Mg–Al alloy through liquid nitridation. The
AlN particles were produced in the Mg–Al melt by bubbling nitrogen gas through the molten alloy. The key mechanism of AlN formation is
the combined reactions of 3Mg + N2 → Mg3N2 and Mg3N2 + 2Al → 2AlN + 3Mg.
Crown Copyright © 2004 Published by Elsevier B.V. All rights reserved.

Keywords:Magnesium; Composite; AlN; Liquid nitridation; In situ particle formation; Casting

1

a
b
e
l
c
a
[
e
r
p
t
p
T
g
t
T
f
M
s
M

n

n-
ng
s.
nti-
oy:
Al +
the

to
teri-

Mg
g on
rmed
pure
ten
a-
sium

esium

ll

0
d

. Introduction

Magnesium matrix composites have attracted increasing
ttention as light-weight engineering materials in recent years
ecause they offer a unique combination of mechanical prop-
rties that are difficult or impossible to obtain from mono-

ithic magnesium alloys. Conventionally, magnesium matrix
omposites, reinforced with various ceramic particles such
s SiC, TiC, and AlN, are fabricated through stir casting

1], squeeze casting[2], or powder metallurgy[3]. How-
ver, these fabrication processes usually require expensive
einforcement materials and involve complex equipment and
rocedures, thus imposing a relatively high cost. An alterna-

ive route for cost-effective fabrication of metal matrix com-
osites is in situ synthesis method developed in recent years.
his method offers a number of attractive features, such as
ood reinforcement/matrix compatibility, homogeneous dis-

ribution of the reinforcing particles, and potentially low cost.
o date, several magnesium matrix composites have been
abricated using the in situ method, including Mg2Si/Mg,

gO/Mg, TiC/Mg, and (TiB2–TiB)/Mg composites synthe-

formation of aluminum matrix composite with AlN rei
forcement[10–13]. The process is carried out by nitridi
molten Al–Mg alloy in N2 gas under controlled condition
Two different AlN formation mechanisms have been ide
fied in such a nitridation process of a molten Al–Mg all
the direct nitridation is achieved through the reaction, 2
N2 → 2AlN; and the indirect nitridation realized through
formation of an intermediate phase of Mg3N2 through the
reactions, 3Mg + N2 → Mg3N2, followed by Mg3N2 + 2Al
→ 2AlN + 3Mg. The liquid nitridation process is simple
implement and requires no expensive reinforcement ma
als. The formation of AlN is accelerated with increasing
content, N2 pressure, and melting temperature. Dependin
the processing parameters, three forms of AlN can be fo
in situ, including a dense layer, dispersed particles, and
AlN ceramics[10]. The presence of magnesium in mol
aluminum is essential for the formation of AlN, and form
tion temperature decreases with an increase in magne
content. Serving as a catalyst during the process, magn
is vaporized and reacts with N2 gas to form Mg3N2 particles
in the gaseous state. The Mg3N2 particles subsequently fa
ized from Mg–Si[4–6], Mg–B2O3 [7], Mg–Ti–C [8], and
g–KBF4–K2TiF6 [9] systems, respectively.
Among the various in situ fabrication methods, liquid

itridation has proved to be a promising technique for the

4.

into the Al melt, generating AlN phases by a displacement re-
action. When the concentration of magnesium in the Al–Mg
melt goes below a certain value, however, the magnesium va-
por pressure becomes too low to trigger the indirect nitrida-
tion process, and nitridation mainly takes place by the direct
r not
s
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oute. Unfortunately, this direct nitridation process can
ignificantly proceed because of surface passivation[11].
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Fig. 1. Schematic of experimental setup for melting.

Whether or not similar liquid nitridation reactions occur
in Mg–Al alloys has not been investigated. The Mg–Al alloys
have a much higher Mg concentration but a lower Al content
as compared to the Al–Mg alloys. Thermodynamically, it can
be inferred that the reaction of 3Mg + N2 → Mg3N2 is more
favorable while the tendency for the reactions of 2Al + N2
→ 2AlN and Mg3N2 + 2Al → 2AlN + 3Mg may be reduced
in the Mg–Al alloys. In a recent study on in situ formation of
AlN particles in a Mg–10% Al alloy with externally added
Mg3N2 powders, the existence of the reaction of Mg3N2 +
2Al → 2AlN + 3Mg in the molten magnesium alloy was con-
firmed by the present authors[14]. Thus, the indirect liquid
nitridation seems to be workable in Mg–Al alloy, which may
provide a novel approach to in situ form AlN reinforcement
for magnesium matrix composite. In this paper, results from
our recent investigations are presented to discuss the forming
behavior of AlN in a Mg–Al alloy through liquid nitridation.

2. Experimental procedures

An AM60B magnesium alloy was chosen as the base ma-
terial. The aluminum content was varied between 6 wt.% and
15 wt.% to examine its effect on AlN formation at a melting
temperature of 700◦C. Melting was performed in a vacuum
induction furnace, as schematically shown inFig. 1. The

er prod

effect of melting temperature on the formation of AlN
was also investigated by melting a Mg–12.5 wt.% Al alloy
at 620◦C, 700◦C and 800◦C. The furnace was initially
evacuated to 9.3× 10−2 Pa and subsequently backfilled
with N2 gas to 3.3× 104 Pa before melting. After the ingot
was melted, N2 gas was bubbled into the melt through a
304 stainless steel tubing for 1 h. The molten alloy was then
poured into a receiving steel crucible and solidified into an
ingot for characterization.

The microstructure of the as-cast samples was examined
using an Olympus PMG3 optical microscope (without etch-
ing) and a Hitachi S-3500 scanning electron microscope
(SEM) with energy-dispersive spectrometer (EDS). The sam-
ples were also subjected to X-ray diffraction analysis using
a Philips X’pert X-ray diffractometer.

3. Experimental results

3.1. The effects of melting temperature

3.1.1. The formation of Mg3N2
During melting, a thin layer of green powder was observed

on the wall and the cover of the melting crucible after the N2
gas was bubbled into the magnesium melt. The amount of the
green powder, however, was found to change with the melting
t w-
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Fig. 2. XRD pattern (Mo K�) of the green powd
 uced during melting of Mg–12.5 wt.% Al at 700◦C.

emperature. At 800◦C, a significant amount of green po
er was observed. However, when the melting temper
as lowered to 700◦C, only a thin film of green powder w

ormed, and, at 620◦C, no green powder was observed. X-
iffraction was conducted to understand the phase com

ion of the green powder. From the result shown inFig. 2, the
ajor phase of the green powder was identified to be Mg3N2.

hese results showed that, under the given processing c
ions, Mg3N2 powder was formed in the gaseous phase w
he melt temperature was above 620◦C; and the formatio
endency of the Mg3N2 powder increased with increasi
elt temperature.
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Fig. 3. Optical micrographs of the Mg–12.5 wt.% Al sample melted at 620◦C.

3.1.2. Microstructure
The microstructure of the samples melted at 620◦C con-

sists of primary magnesium grains with isolated particles dis-
tributed in the matrix, as shown inFig. 3. The composition of
the isolated particles (labeled as A inFig. 3b) was analyzed
by EDS. The results revealed that these particles contained
mainly Mg, Al, and Mn, along with a small amount of Ni,
as shown inTable 1. The particle-free areas had an average
composition of 92.1 wt.% Mg–7.9 wt.% Al.

The optical micrographs for the samples melted at 700◦C
are shown inFig. 4. Compared to the samples melted at
620◦C, a greater amount of particles were formed with sig-
nificant segregation. The particles, (labeled as A inFig. 4b)
had irregular shapes with a maximum size of a few microns.
A fibre-like microstructure (labeled as B inFig. 4b) was also
present in the particle-segregated area. The EDS analysis
showed that the composition of these particles is similar to
that of the particles in the samples melted at 620◦C, and the
particle-free areas had an average composition of 91.9 wt.%
Mg–8.1 wt.% Al.

When melted at 800◦C, a portion of the melt solidified on
the top wall of the melting crucible, as schematically shown as
area P inFig. 1. The microstructure of the material solidified
on the crucible was examined using an optical microscope
and EDS/SEM, along with the sample poured out from the

Mg–1

crucible. The optical micrographs of the sample from the cru-
cible wall are given inFig. 5. A layer containing a high den-
sity of particles was formed in the solid, as shown inFig. 5a.
The layer had a thickness of up to about 2 mm, depending
on the location of the sample. The optical micrographs of the
cross-section normal to the surface and parallel to the bot-
tom edge are demonstrated inFig. 5b–d. The particle size
varied in a wide range, from a few�m to over 100�m, as
shown inFig. 5c and d, respectively. A closer inspection of
the large particles revealed that they were agglomerates of
smaller ones. A typical EDS spectrum of the particle and the
element distribution around it are shown inFig. 6. Compared
with the surrounding matrix, the particle was rich in Al and
N, as illustrated by the brighter areas in contrast to the darker
ones. A quantitative EDS analysis revealed that the average
composition of these particles was 51.6 wt.% Al–33.2 wt.%
Mg–13.9 wt.% N–1.3 wt.% O. The detected composition of
the particle does not match the stoichimetry of AlN, which
might have resulted from the limitation of the EDS analy-
sis on light elements, such as nitrogen and carbon, and the
involvement of the matrix in the analysis.

In order to further confirm the formation of AlN in the
Mg–Al alloy, the particles in the sample shown inFigs. 5 and 6
were extracted in a 10 vol.% acetic acid ethanol solution and
subjected to X-ray diffraction. The X-ray spectrum shown
Fig. 4. Optical micrographs of the
 2.5 wt.% Al sample melted at 700◦C.
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Table 1
Compositions of particles in Mg–12.5 wt.% Al samples melted at different temperatures

Temperature (◦C) Al (wt.%) Mn (wt.%) Ni (wt.%) Fe (wt.%) Mg (wt.%)

620 31.0 13.7 1.2 – Balance
700 38.2 16.7 4.1 2.2 Balance
800 45.9 7.9 2.1 39.0 Balance

Fig. 5. Optical micrographs of the Mg–12.5 wt.% Al sample melted at 800◦C and solidified in the top portion of the melting crucible.

in Fig. 7 clearly demonstrates the in situ formation of AlN
particles in Mg–Al melt during liquid nitridation at 800◦C.

The optical micrograph of the poured ingot melted at
800◦C is shown inFig. 8. The particle-free areas of the sam-
ple had an average composition of 94.7 wt.% Mg–5.3 wt.%
Al. As compared to the samples melted at 620◦C and 700◦C,

Fig. 6. EDS spectrum of a particle in the sample shown inFig. 5and corresponding mapping of Al, Mg, N, and O distribution around the particle.

the samples melted at 800◦C had a lower Al content in the
matrix, which is likely due to the formation of AlN parti-
cles in the melt. The sample cast at 800◦C had fewer dark
particles. However, as shown inFig. 8b, these particles were
much larger in size, up to 40�m in maximum dimension for
each single particle. As listed inTable 1by the EDS analy-



H.Z. Ye et al. / Journal of Materials Processing Technology 166 (2005) 79–85 83

Fig. 7. XRD pattern (Cu K�) of the extracted particles from the sample shown inFig. 5.

Fig. 8. Optical micrographs of the central area in the Mg–12.5 wt.% Al sample melted at 800◦C.

Table 2
EDS composition of particles in samples of different Al contents melted at 700◦C

Sample Al (wt.%) Mn (wt.%) Ni (wt.%) Fe (wt.%) O (wt.%) Mg (wt.%)

Mg–6 wt.% Al 34.7 31.9 9.7 4.7 1.0 Balance
Mg–10 wt.% Al 34.8 22.7 6.9 3.1 – Balance
Mg–15 wt.% Al 34.6 30.7 25.1 – 1.0 Balance

sis, the particle contained a significant amount of Fe, along
with Al, Mn, and Mg. The Fe most likely came from the
melting steel crucible and the stainless steel thermocouple
tubing.

3.2. Influence of Al content

The optical micrographs of the Mg alloys with 6 wt.%,
10 wt.%, and 15 wt.% of Al are shown inFig. 9. It can be
seen that increasing Al content in Mg–Al melt promoted the
formation of the segregated particles. The composition of the
segregated particles shown inFig. 9b, d, and f was analyzed
with SEM/EDS. The results are shown inTable 2. Similar to
the Mg–12.5 wt.% Al sample melted at 700◦C, the particles
in all the three samples were intermetallics containing Al,
Mn, Ni, and Mg. No AlN particle was detected in the samples
regardless of Al content.

4. Discussion

The experimental results demonstrated that AlN particles
could be formed in situ by liquid nitridation in a Mg–Al alloy.
A major difference in the nitridation process in a Mg–Al melt
and an Al–Mg melt is the role of direct nitridation 2Al + N2 →
2AlN. In an Al–Mg melt with a relatively low Mg concentra-
tion, the reaction of 2Al + N2 → 2AlN takes place in a certain
temperature range, even though this process cannot proceed
thoroughly because of the surface passivation of aluminium
[11]. Increasing Mg content in the Al melt, however, serves
two objectives. First, Mg decreases the surface tension of the
aluminum melt and reduces Al2O3 on the surface of Al, thus
promoting the break down of the passivation layer[11,15];
Secondly, Mg “catalyzes” the nitridation process through the
formation of Mg3N2 powders. Thermodynamically, the di-
rect nitridation of both Al and Mg is highly favorable, and
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Fig. 9. Optical micrographs of the samples melted at 700◦C (a, b: 6 wt.%; c, d: 10 wt.%; e, f: 15 wt.%).

AlN has a greater stability than Mg3N2. However, the for-
mation of Mg3N2 is much more kinetically favorable than
that of AlN because the reaction takes place in the vapor
phase[11]. Therefore, the presence of Mg facilitates the ni-
tridation process through the indirect route. In short, both
direct and indirect nitridation processes exist in an Al–Mg
melt.

However, the liquid nitridation processes conducted at
700◦C in the Mg–Al melt did not produce a detectable
amount of AlN particles within the examined Al contents
from 6 wt.% to 15 wt.%. At 800◦C, AlN particles are only
present near the crucible wall on the top surface of the melt.
Combined with the facts that nitrogen is bubbled through the
melt and Mg3N2 is mainly formed in the gaseous phase on top
of the melt, it can be concluded that AlN formation is mainly
ascribed to the indirect nitridation process. The mechanism of

AlN formation in the Mg–Al melt is believed to be similar to
that in the Al–Mg alloys. During the melting process, Mg3N2
powders are first produced in the gaseous phase. Some of the
Mg3N2 powders fall into Mg–Al melt, reacting with Al in
the Mg melt to form AlN particles. Thus, AlN will form pre-
dominantly on the top surface layer of the melt. The relatively
low wettability of AlN with molten Mg at these temperatures
probably prevented AlN particles from settling down into the
Mg–Al melt. Therefore, AlN particles are only found in the
solid near the top of the melt. The nitridation process is also
temperature-dependent. A higher temperature favors the for-
mation of AlN. The results demonstrate the feasibility of in
situ forming AlN reinforcements in a Mg–Al melt by liquid
nitridation. However, further research work is needed to con-
trol the AlN particle size and distribution in the magnesium
matrix composites.
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Another important feature of liquid nitridation in a Mg–Al
melt is that a much lower melting temperature is needed for
the process to occur as compared to an Al–Mg melt. The
ease of Mg3N2 formation is believed to be the major con-
tributing factor for the difference. In Al–Mg alloys, it has
been revealed that AlN cannot be formed until the melting
temperature reaches at least 900◦C [12,16]. In addition, the
minimum nitridation temperature in a molten Al–Mg alloy
greatly depends on the Mg content. Under a N2 pressure of
1 MPa, the minimum nitridation temperatures were around
1300◦C, 1180◦C, and 1090◦C, for Al alloys with a magne-
sium content of 1.96%, 3.98%, and 4.85%, respectively[12].
The relatively low content of Mg in Al–Mg alloys neces-
sitates the high temperature to produce a sufficient amount
of Mg3N2 phase for the liquid nitridation reactions to occur.
Compared with the industrial melting practices for Al–Mg al-
loys, the nitridation temperature is too high to be used in prac-
tical manufacturing. In the Mg–Al system, on the other hand,
the dominating concentration of Mg greatly lowers the tem-
perature required for producing a sufficient amount of mag-
nesium vapor for the formation of Mg3N2 powders. Mg–Al
alloys are commonly melted at around 650◦C–700◦C. The
current study has shown the formation of a significant amount
of Mg3N2 powder at 700◦C and a large amount of Mg3N2
powder at 800◦C. With further optimization of the process
parameters such as melting time, and Ngas pressure, the ni-
t , the
l ch
c ared
t

5
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n n of
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content is less critical than the temperature for the initiation
of the nitridation process in Mg–Al melt.
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