NSRS CHINA FOUNDRY

www.springer.com/41230
Vol. 21 No. 1 January 2024

https://doi.org/10.1007/s41230-023-3035-0

Progress in preparation of AIN-reinforced
magnesium matrix composites: A review

Lu Chen, Shu-lin Lii, Di-jia Zhao, Wei Guo, Jian-yu Li, and *Shu-sen Wu
State Key Lab of Materials Processing and Die & Mould Technology, School of Materials Science and Engineering, Huazhong University
of Science and Technology, Wuhan 430074, China

Copyright © 2024 Foundry Journal Agency

Abstract: As a ceramic material, AIN has very good thermophysical and mechanical properties. In addition, AIN
is an effective refining agent for Mg alloys because it has a lattice constant similar to that of Mg. Therefore, AIN
is an ideal reinforcement for magnesium matrix composites (MMCs), and is attracting increasing attention. This
review addresses the development of preparation technologies for AIN-reinforced Mg matrix composites. The
mainstream preparation techniques include stir casting, melt infiltration, powder metallurgy, and in-situ methods.
In addition, the advantages and disadvantages of these techniques are analyzed in depth, and it is pointed out
that the next direction for the preparation of high-performance AlN-reinforced MMCs is less aluminization and
multiple technologies integration.
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1 Introduction

Magnesium matrix composites (MMCs) are the lightest
metal matrix composites available with the advantages
of low density, high specific strength and high specific
stiffness 1. Classified according to the morphology of
the reinforcement phase, MMCs can be divided into
particle-reinforced MMCs and fibre-reinforced MMC:s,
and the former being the most widely studied and
applied. Particle-reinforced metal matrix composites
offer isotropic mechanical properties, which make them
advantageous as they do not require reinforcement
orientation during the forming process. This feature
makes particle-reinforced MMCs well-suited for
traditional casting processes. The commonly used
particle reinforcements in MMCs are SiC *=, AL,O, ¥,
TiC ®'"% TiB, "= and B,C "*"\. The basic physical
parameters of the commonly used reinforcements
in MMCs are given in Table 1. In recent years, the
thermophysical properties of MMCs have attracted much
attention, but these conventional particle reinforcements
generally exhibit poor thermophysical properties.
More critically, most of the particle reinforcements are

incorporated into the magnesium matrix by ex-situ
methods, which means that ideal interfacial bonding
between the reinforcements and Mg matrix is difficult to
achieve, resulting in MMCs with lower thermophysical
properties.

AIN is a novel particle reinforcement with a hexagonal
crystal structure and a lattice constant similar to Mg,
which means it can act as a heterogeneous nucleation
substrate for Mg and provide fine grain strengthening "*'”.
Furthermore, AIN is an ideal material for improving
the thermophysical properties of magnesium alloys,
as it has excellent thermophysical properties, with a
thermal conductivity of 320 W-m™"-K" and a coefficient
of thermal expansion of only 4.5x10°° K. Therefore,
a promising MMC can be obtained by utilizing AIN as
reinforcement, not only to achieve good mechanical
properties, but also to obtain excellent thermophysical
properties. Furthermore, AIN can be generated in-situ
in the melt with only Al and nitride as raw materials,
without the necessity of complex molten salt reactions,
which is well suited to Al-containing magnesium
alloys such as AZ91. Currently, the preparation and
mechanical properties of AIN-reinforced magnesium
matrix composites (AIN-MMCs) are the main focus
of research. In this paper, the preparation techniques
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advantages and shortcomings of these techniques
were discussed, and some new ideas or outlook for the
preparation of AIN-reinforced MMCs were proposed.
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Table 1: Physical parameters of commonly used
reinforcements in MMCs 1'%""

Materials I()ge:rs':t% E (GPa) co.lr;:zrtr:t]:llity (x1(i).!;EK'1)
(W-m™K")
AIN 3.3 310 320 4.5
SiC 3.2 430 270 4.6
TiB, 4.5 575 64 7.6-8.6
TiC 4.9 437 17-21 7.5-7.7
Al,O4 4.0 220 24-39 5.4

2 Ex-situ methods for preparation
of AIN-MMCs

2.1 Stir casting

The most commonly used technique for preparing particle-
reinforced metal matrix composites is the stir casting process "=,
Due to the poor wettability of AIN with the molten magnesium,
the wettability angle is greater than 120° at 700 °C P,
Therefore, shear force is required to assist AIN to enter the
molten magnesium melt. Imai et al. ® proposed the use of the
vortex technique to prepare AIN/Mg-5Al (wt.%) composites,
which later became known as the stir casting technique. With
this technique, Imai obtained homogeneously distributed AIN
(average particle size=0.72 pm) composites with an AIN volume
fraction of 15%. After extrusion and hot rolling, the grain size
of the AIN/Mg-5A1 (wt.%) composites was just under 2 pum,
which is one-tenth of the grain size of the Mg-5Al (wt.%) alloy.
Imai et al. ®” found that AIN/Mg-5Al1 (wt.%) composites
exhibited superplasticity at high temperature and high strain
rate, with an elongation of 200% at 673-698 K.

Mechanical stirring alone cannot achieve uniform distribution
of nano-AIN. Therefore, ultrasonic techniques are often
incorporated into the preparation process for achieving
homogeneous dispersion of AIN. Cao et al. ® prepared 1.0wt.%
nano-AIN/AZ91D composites using ultrasonic techniques, and
the process of preparation is schematically shown in Fig. 1(a).
The room temperature and high temperature tensile properties

of the composites are shown in Figs. 1(b, c), where the nano-
AIN significantly improves the room temperature and high
temperature strength of the matrix while maintaining the plasticity
of the AZ91D matrix. Katsarou et al. ¥ prepared 1.0wt.%
nano-AlIN/Elektron21 composites via an ultrasonic assisted stir
casting technique. Compared to the Elektron21 matrix, the grain
size of the composites was refined to 74.1 um. Possibly due to
the presence of Al impurities in the raw AIN, the properties of
the composites in room temperature tensile and compression
tests were not significantly different from those of the matrix.
However, the minimum creep rate of the composites was reduced
significantly. This is attributed to the fact that the addition of nano
AIN increases the creep resistance of the composites.

In addition to applying ultrasonic to promote the wetting and
dispersing behavior of AIN during stir casting, the simultaneous
addition of AIN particles and Al to the magnesium melt also
facilitates this process . Giannopoulou et al. ** added
nano-AlN particles containing 25% Al nanoparticles into pure
Mg and ZW0303 alloys by stir casting. In contrast to the
results obtained by Katsarou et al. ¥, both the AIN/Mg and
AIN/ZW0303 composites exhibited a significant improvement
in mechanical strength compared to the matrix. When 1.5wt.%
of AIN was added, the yield strength of Mg was increased
from 101 MPa to 159 MPa. The addition of AIN nanoparticles
enhanced the elongation of Mg, but significantly reduced
the elongation of ZW0303. This difference was attributed to
the reaction of the Al element in the AIN particles with the
Y element in the ZW0303, but the composites still exhibited
superior overall mechanical properties. Moheimani et al. 7
chose to prepare a master alloy of Al with AIN and then added
the master alloy to the Mg melt to promote the dispersion
of AIN. They focused on the thermophysical properties of
the composites, where nano AIN significantly improved the
thermal conductivity of the composites. With the addition
of only 2% nano AIN, the thermal conductivity of the EV31
alloy increased from 114.8 W-m™"-K™' to 149.52 W-m™-K".
Similarly, Li et al. ** obtained 0.8AIN/Mg-8Al composites
by diluting a prefabricated Al-12.5AIN master alloy into the
melt. The macroscopic morphology and microstructure of the
Al-12.5AIN master alloy are shown in Figs. 2(a) and (b), where
the fine AIN particles are homogeneously and dispersively
distributed in the Al matrix. As shown in Fig. 2(c), the AIN in
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Fig. 1: Schematic diagram of the preparation process (a) and mechanical properties of 1.0wt.% nano-AIN/AZ91D
composites at room temperature (b) and 200 °C (c)
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Fig. 2: (a) Al-12.5AIN master alloy, (b) microstructure of Al-12.5AIN, (c) morphology of nano AIN,
(d) microstructure of 0.8AIN/Mg-8Al composites, (e) stress-strain curves of Mg-8Al and
0.8AIN/Mg-8Al composites at room temperature >

the Al-12.5AIN master alloy is submicron and its average particle
size is less than 200 nm. Since AIN is added to the magnesium
melt as an AI-12.5AIN master alloy, the stirring time of the
whole process lasts only 2 min to obtain the 0.8 AIN/Mg-8Al
composite, as shown in Fig. 2(d). The strength and elongation
of the 0.8 AIN/Mg-8Al composites were increased by 31% and
213%, respectively compared to the matrix alloy, as shown in
Fig. 2(e).

2.2 Melt infiltration method

Good AIN-MMCs can be fabricated using the stir casting
technique with the aid of assistive techniques. Unfortunately,
it is difficult to obtain composites with a high AIN content by
this method. In contrast to the stirring casting process, the melt
infiltration approach involves firstly preparing AIN preforms and
then infiltrating molten magnesium into the cavities of the AIN
preforms to produce composites with a high AIN content. The
diagram of the infiltration process is shown in Fig. 3, and the
infiltration can be either from the bottom up or in the direction
of gravity. Leon et al. ' fabricated AIN/Mg composites via
pressureless infiltration, with the AIN volume fraction reaching
48%. The Young's modulus of the composites was found to
be between 90-110 GPa, while the tensile strength reached a
maximum value of 390 MPa. These values are significantly
higher than those obtained via stir casting method for
composite preparation. Bedolla " 1. BY
extended this pressureless infiltration approach to the
preparation of AIN/AZ91 composites, achieving an elastic

and Falcon-Franco et al

modulus three times as that of the matrix alloy, approximately
133 GPa. Arreola-Fernandez et al. P utilized a pressureless
infiltration process to develop 50vol.% AIN/AZ91E composite

and studied its dry abrasion capabilities. The resulting
average wear coefficient (0.53-0.65) was found to be twice
that of AZ91E, while its wear rate was only 10% of that
observed in AZ91E. After analyzing the microstructure,
Arreola-Fernandez et al. **' discovered substantial discrepancies
between the wear mechanisms of the composite and the matrix.
Abrasive wear was identified as the primary failure mechanism
for AZ91E, whereas oxidation was found to be the main cause
of wear loss for AIN/AZ91E composite. Melt infiltration is a
well-established technique in the field of MMCs. Advanced

preparation techniques such as pressure infiltration
341

, negative
pressure infiltration ©*, and liquid-solid extrusion following
vacuum pressure infiltration technique (LSEVI) P have
been developed. However, only a few studies on pressureless

infiltration have been reported for AIN-MMCs. Due to poor

AIN/AZ91
composites
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Fig. 3: Schematic diagram of the preparation process of
AIN/AZ91 composite by pressureless infiltration:
(a) anti-gravity directional infiltration =
(b) gravitational directional infiltration ©"
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wettability between AIN and magnesium melt, it is evident that
pressureless infiltration has its limitations. Therefore, more
advanced melt infiltration techniques need to be applied in
order to overcome this issue.

2.3 Powder metallurgy

Even with ultrasonic assistance, it is a challenging task to
completely disperse AIN particles in Mg melt due to the poor
wettability between AIN and liquid magnesium. Consequently,
some researchers have used powder metallurgy to prepare
AIN-MMCs, which has the advantage of dispersing the
particles using solid-solid mixing without considering the
wettability between the reinforcing phase and the matrix.
Sankaranarayanan et al. °¢
powder with AIN powder and subsequently cold pressed the

mechanically mixed magnesium

mixed powder into shape and then microwave sintered to
obtain AIN/Mg composites. With an increase in AIN content,
the grain size and CTE of the composites were significantly
reduced compared to pure Mg, as shown in Table 2. The

Table 2: Grain size, CTE and mechanica

CTE (x10° K™

Materials Grain size (pm) YS (MPa)

composites' strength and plasticity were significantly enhanced,
demonstrating the viability of AIN-MMCs manufactured
using powder metallurgy technology. Chen et al. ®” produced
composites with a moderate AIN content by incorporating ball
milling to reduce particle agglomeration during mechanical
mixing. He used a step-by-step ball milling method, and the
schematic diagram of this method is given in Fig. 4(a). Firstly,
AIN was ball milled with bulk Mg to coat the Mg on the AIN
surface, which was demonstrated in Figs. 4(b). Immediately,
the matrix alloy powder was also ball-milled and broken to the
same size, and then all the raw materials were further mixed
and dispersed. Chen pointed out that the conventional ball
milling method leads to the distribution of AIN particles along
the grain boundaries, which is prone to brittle fracture at the
grain boundaries. Figures 4(c-f) compare the microstructure of
the composites prepared by the stepwise ball milling method
and the conventional technique, and clearly shows that a more
homogeneous composites can be obtained by Chen's method.
A further study from Chen et al. ®* shows that this improved

| properties of AIN/Mg composites

UTS (MPa) Elongation (%) Microhardness (HV)

Pure Mg 28.2+7.7 28.5+1.1 966 13719 6.0+3.0 4143
0.2AIN/Mg 23.8+7.9 27.310.6 10216 15948 11.0+2.2 49+3
0.4AIN/Mg 19.616.2 26.9+0.4 12041 1643 8.4+0.9 553
0.8AIN/Mg 19.415.3 25.4+1.3 12945 17643 6.3+0.4 5318
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Fig. 4: Preparation of AIN-MMCs with effectively dispersed AIN particles proposed by Chen: (a) schematic
illustration; (b) TEM image of Mg-coated AIN; (c) SEM image of AIN/Mg-Al composites; (d) enlarged

image of the red selection in (c); (e) chain-lik
milling method; (f) chain-like distribution of SiC

e distribution of AIN shaped by conventional ball
shaped by stirring casting "
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ball milling process, compared to the conventional process, has
the potential to reduce the thermal expansion of the materials
as well as to improve the thermal conductivity of the materials,
which is important for expanding the applications of AIN-
reinforced MMCs.

3 In-situ method for preparation of
AIN-MMCs

The major advantage of AIN over other reinforcements
is that it can be generated in-situ in the magnesium melt.
Although TiC and TiB, can also be produced in-situ by molten
salt reactions, the raw materials are too expensive and the
by-products are difficult to remove ***’. The in-situ formation
of AIN in Al melts is relatively well developed and the reaction
mechanism can be similarly applied to the in-situ preparation
of AIN-MMCs. In terms of elemental composition, the in-situ
production of AIN requires the introduction of an aluminum
source and a nitrogen source into the melt. The nitrogen
sources introduced are relatively varied, not only nitrogen
gases like N, *"**) and NH, ', but also solid nitrogen sources
like Mg,N, 4, BN 1 and Si;N, ™.

Koczak et al. ™7
carbides and nitrides can be achieved by introducing gas into
the active melt. The technique not only produces fine and

diffuse reinforcements, but also provides extremely stable
1. B9

reported that the in-situ formation of

thermodynamic and kinetic reaction processes. Ye et a
demonstrated that AIN particles can be produced in-situ in the
melt by introducing N, into the Mg-Al melt via a liquid nitriding
reaction and this reaction can be divided into two stages:

N, +3[Mg]=Mg;N, ey
2[Al],,, + Mg, N, = 2AIN +3[Mg] ©)

Unfortunately, the AIN particles produced by Ye using the
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Micro-AIN

liquid nitriding technique were large and only found in the top

of the melt. Yang et al.

improved this process and generated
in-situ AIN nanoparticles in the melt based on Ye's study. Yang
made two major improvements, firstly by changing the nozzle
from a single large nozzle to 18 small nozzles, and secondly by
applying a stirring treatment as shown in Fig. 5(a) to the melt
to promote AIN dispersion when nitrogen gas was bubbled
in. The mechanical properties of the in-situ AIN/Mg-9Al
composites produced by this technique were greatly improved,
with an improvement in tensile strength from 150 MPa
to 226 MPa and an elongation increase from 4.18% to 21%.
Figures 5(b-d) show the microscopic morphology of AIN
prepared using the bubbling method, with the size of AIN
between nanometer and submicron. AIN is not only fine but
also has a very clean interface with Mg, as shown in Fig. 5(e),
meaning there is a strong interfacial bond between Mg and AIN.
In addition to the strong interfacial bonding between in-situ AIN
and the Mg matrix, the presence of in-situ AIN also contributes
to a reduction in grain size of Mg-9Al from 90-100 um to
30-40 pm. This reduction in grain size is another factor leading
to improved properties.

The advantage of liquid nitriding is that the reaction is fast
and no impurities remain in the melt. However, it is probable
that gas will remain in the melt and form pores, which
can have a fatal impact on the properties of the composite
material. Solid-state sources of nitrogen have been extensively
investigated due to their ability to avoid gas pore formation.
One of the simplest solid-state sources of nitrogen used
is Mg;N,. In fact, the second stage of the reaction process
proposed by Ye is the generation of AIN using solid Mg;N,,
and the extent and rate of this reaction determine the size and
purity of AIN. Fan et al. ®” has carried out a detailed study of
the thermodynamics and kinetics of this reaction and has given
the rule for the effect of the addition of alloying elements
on this reaction. The Gibbs free energy of Eq. (2) decreases

Nano-AIN

Submicro—AN
500 nm

Rod-shaped AIN

Fig. 5: In-situ preparation of AIN-MMCs by melt bubbling method: (a) schematic diagram of the device;
(b-e) TEM image of in-situ AIN/Mg-9AIl composites “*
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significantly with an increase in Al content, indicating that the
increase in Al content promotes the progress of the reaction.
For the third alloying element, Mn, Nd and La increase the
reaction free energy, while Cu, Zn and Si decrease the reaction
free energy, as shown in Fig. 6(a). From the kinetic point of
view, Nd, Ce, Ni, La, Si and Zn all promote the diffusion of
Al elements in the melt and facilitate the formation of AIN.
However, an excessive amount of Cu can hinder the diffusion of

(a)

Mn
-104 2[Al],+Mg:N,=2AIN+3[Mg]
g -108
3
5 -112
c
o
@
© -116
[
-120
Si
124 ! ! ! Zn
0.00 0.02 0.04 0.06 0.08 0.10

Alloy atom ratio

Fig. 6:

Al and limit its reaction, as can be seen in Fig. 6(b). The element
Mn is not involved in Fig. 6(b), but it can be seen from the data
in Table 3 that even a small amount of Mn can greatly enhance
the diffusion coefficient of Al, much more than other alloying
elements. Collectively, most of the alloying elements can play a
role in promoting Eq. (2), with Mn playing the most significant
role among them.

(b) o2

Nd

Mg-8AI-X

Dy, (10° cm?*s™)

Cu|

0.02 0.04 0.06
Alloy atom ratio

0.00 0.10

Effect of alloying elements on reaction Eq. (2): (a) Gibbs free energy varied with different alloying

elements at 973 K; (b) mutual diffusion coefficient of Al at 973 K with different alloying elements

Table 3: Effect of alloying elements on mutual diffusion coefficient of Al in Mg melts (7=973 K)

Concentration

Mutual diffusion coefficient of Al (10° cm*s™)

0.2 6.4005 6.5162 6.3871
2.0 6.4077 6.5360 6.3838
4.0 6.4209 6.5709 6.3829
6.0 6.4391 6.6165 6.3843
8.0 6.4613 6.6729 6.3877
10.0 6.4867 6.7387 6.3925

According to the analysis of Fan et al. ®”, the presence of Si
in the Mg melt promotes the formation of AIN, while it also
produces hard Mg,Si within the Mg matrix, further enhancing
the mechanical properties of the composites. Zhang et al. *!
proposed that the following reactions may also occur in the

molten Mg:

Si;N, +4[Al], =4AIN +3[Si], 3)

Si;N, initially reacts with the Al element in the Mg melt to form
AIN, resulting in the release of Si. Then, the Si element combines
with Mg to form Mg,Si particles, and finally the (AIN+Mg,Si)/Mg
composite can be obtained. After the reaction, the size of AIN
remains basically the same as that of Si,N,, because AIN is
produced by replacing the Si element in Si;N, with Al element.
However, Si;N, as a nitrogen source introduces excessive Si
elements and results in coarse primary Mg,Si. In order to control
the morphology of Mg,Si, Zhang et al. ® incorporated a small
amount of Ti into the magnesium melt to minimize the size of

6

6.5196 6.4605 6.4991 6.3665 6.8045
6.5440 6.4962 6.4972 6.3733 7.6780
6.5837 6.5289 6.5061 6.3819 -
6.6328 6.5660 6.5253 6.3914 -
6.6933 6.6072 6.5536 6.4017 -
6.7635 6.6529 6.5897 6.4130 =

Mg,Si for achieving proper performance of the (AIN+Mg,Si)/Mg
composite. Gao et al. ®* prepared in-situ AIN/Mg-8Al
composites by using BN as solid nitrogen. Mg powder, Al
powder and BN powder were firstly mixed proportionally
and then cold-pressed to obtain preformed blocks. Finally, the
AIN/Mg-8Al composites were fabricated by holding the
preformed blocks at 550 °C for 1 h in a vacuum shaft furnace.
During this process, the following reactions took place:

[Al]+ BN = AIN +[B] “)

®)

Different from Zhang's experiments, Si;N, is required to
react with Al in the Mg melt at 800 °C, whereas the reaction
between BN and Al occurs in the solid state. Fine in-situ

Mg +2[B] = MgB,

formed AIN particles, distributed in chains on the Mg matrix,
can be observed in Fig. 7(a). The solid powder is premixed,
which not only minimizes the elemental diffusion path, but
also homogeneously distributes the reacted AIN in the matrix.
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Mechanical properties test results show that the hardness of
the in-situ AIN/Mg-8Al composite is 54% higher than the
matrix, and the compressive strength reaches 295 MPa, while
the matrix only reaches 181 MPa. The fracture morphology
observation in Figs. 7(c) and (d) reveals the presence of AIN
> suggests that this
distribution of chain-like AIN surrounds the Mg matrix and that

chains on the shear surface. Gao et al.

the particle chains may be subjected to higher stresses or pile up
more dislocations during loading ®***¥,
The AIN-MMCs prepared by several in-situ techniques

mentioned above are summarized in Table 4. The sizes of

+ AN chains

AIN prepared by in situ techniques is usually at the submicron
level, with very few reaching several nanometer levels.
Accordingly, the fine AIN allows these AIN-MMCs to possess
excellent mechanical properties, and the as-cast elongation
can even reach 42%. However, as shown in Table 4, even for
the same material prepared by the same in-situ method, there
are great differences between the mechanical properties. This
discrepancy may arise from variations in the extent of in-situ
reaction, highlighting the need for further research to regulate
and optimize the in-situ reaction of AIN-MMCs.

Fig. 7: TEM images and fracture morphology of in-situ AIN/Mg-8Al composites: (a) dark field image; (b) HRTEM
image; (c) low magnification of shear fracture; (d) high magnification of shear fracture *?

Table 4: Mechanical properties and AIN’s size of AIN-MMCs prepared by in-situ methods

. Synthesis . Elongation
Materials (state) technology Size of AIN UTS (MPa) (%) Other performances Ref.
AIN/ZA91 Liquid nitriding method  23.7-231.2 nm 240+10 203 - [55]
AIN/AZ91 (rolled)  Liquid nitriding method  23.7-231.2 nm 35116 10.5£0.6 - [55]
AIN/Mg-9Al Liquid nitriding method <1 um 220+10 4215 - [49]
(AN+Mg;Siymg ~ Hiauid-sold (SkN.) 0.5 um - - - [56]
AIN/Mg-8AI Solid-solid (BN) 13+1.5 nm _ _ UCS*=295+5 MPa 52]

reaction

*UCS for ultimate compressive strength

4 Discussion

AlIN-reinforced MMCs are currently under investigation,
with more diverse preparation techniques being explored
than for other composites, particularly in-situ preparation
techniques. The advantages and disadvantages of different
preparation techniques for AIN-MMCs are summarized and

Hardness (HBW)=89.5+2.3

compared in Table 5, and their limitations are mainly discussed
below. Using stir-casting method, even with the assistance of
ultrasonic techniques, achieving a completely homogeneous
distribution of nano-AIN can be difficult. Not only AIN
enrichment in the grain boundary region can be observed, but
also obvious AIN clusters can be seen. Furthermore, in order

7



Special Review

FOUNDRY

Vol. 21 No. 1 January 2024

Table 5: Comparison of different synthesis technology for AIN-MMCs

Synthesis technology

Advantages

Shortcomings

Applicable to a wide range of
substrate materials, suitable for
AIN-MMCs above submicron size

Stir casting

The prepared composites

Unable to obtain uniformly distributed
nano-AIN-MMCs and low AIN content
in the composite

tecI:Er)m(r;(S)IIt(l)J Melt infiltration possess high AIN content, L'm'te%g?n}gﬁi;'tz e
9y strength and hardness poorp Y
The base alloy is
Overcomes the poor N - L
Powder metallurgy wettability of AIN/Mg High risk factor of ball milling process I|m|te§”;c;2/Ig-Al
Liuid nitriding method In-situ generation of nanoscale AIN is not uniformly distributed in the
q 9 AIN particles direction of gravity
In-situ Liquid-solid (Si;N,) Achieveing hybrid enhancement The size and content of Mg,Si is
technology reaction (in-situ+Mg,Si) difficult to control

Solid-solid (BN)

reaction fine size of AIN

to incorporate AIN into the Mg melt, it is generally necessary
to introduce extra Al elements into the matrix, thus changing
the alloy composition, which may affect the properties of the
composite in turn.

Although the in-situ process overcomes the problem of
poor wettability between AIN and Mg, improvements are still
required. Firstly, the extent of the in-situ reaction is difficult to
control, especially in the case of the nitrogen gas-liquid reaction
method. The nitrogen does not constantly remain in the Mg
melt, but constantly evaporates. This means that a continuous
flooding of the melt with nitrogen is required to ensure that
the reaction from Al to AIN is complete. This process is time
consuming, expensive and tends to result in high melt gas
contents, even leading to Mg,;N, generation. Wettability between
solid nitrogen source and Mg melt must be considered when
using a solid nitrogen source such as BN. If the wettability
between the two is poor, the area of contact between the raw
material powder and the Mg melt will be shallow, and the rate
of reaction will be low. In addition, some solid nitrogen sources
react from the powder surface to the interior. The closer to the
powder, the less reaction takes place, so the reaction time must
be prolonged accordingly to ensure that the reaction is complete.

Gao et al. ™

avoided this problem by using a solid reaction, but
the resulting composites with low density and tiny pores were
observed in AIN/Mg-8Al. The second point is that the in-situ
nitrogen source introduces new alloying elements such as Si and
B into the matrix. In the case of Si;N,, for every 1wt.% of AIN
produced, 0.95wt.% of Mg,Si is generated. Excess Mg,Si is
detrimental to the mechanical properties of MMCs, and thus the
amount of AIN is limited to control the Si content.

Upon analyzing the compositions of composites studied
above, it is evident that Al element plays a critical role in
preparing AIN-reinforced MMCs. In the ex-situ preparation
process, Al element plays the role of promoting the wetting
of AIN and Mg melt. In the in-situ preparation process, Al is
an essential raw material for the reaction. However, in some
applications, the amount of Al in Mg alloys and composites
is controlled as much as possible. For thermally conductive

8

Low reaction temperature and

High porosity of sample

Mg alloys, the Al element can significantly reduce the
thermal conductivity of the alloy. For instance, conventional
AZ91 magnesium alloy, which is a common matrix alloy for
the development of AIN-reinforced MMCs, has a thermal
conductivity of only 45 W-m™-K™" P!, Therefore, the application
of AIN-reinforced MMCs is limited because the excellent
thermophysical properties of AIN are not fully exploited due to
the presence of Al elements. In the ex-situ method, it is important
to consider how to prepare AIN/Mg composites in conditions
with low or zero Al. In the case of in-situ preparation process,
precise control over the extent of reaction is necessary to ensure
complete formation of AIN while minimizing its detrimental
effect on thermal conductivity of matrix.

We have carried out a study on AIN-MMCs in the hope of
contributing to the development of AIN-MMCs. The study
focuses on the thermophysical properties of AIN-MMCs,
including its thermal conductivity and coefficient of thermal
expansion. As mentioned earlier, the presence of Al element
in Mg leads to decreased thermal conductivity; therefore, Al
element was not introduced during the entire preparation process.
In order to solve the problem of poor wettability between AIN
and Mg, the semi-solid stirring technique was introduced in the
preparation of the composite. With the assistance of the semi-
solid technique, AIN/Mg-Zn-Cu composites were successfully
prepared to achieve the lower aluminization. Furthermore, the co-
reinforcement of Mg,Si and AIN was also achieved to reduce the
thermal expansion coefficient of the composite to 16x10° K,
which is significant for the application of AIN-MMCs in the
field of packaging materials. Therefore, AIN-MMC:s still have
more room for development, and new preparation techniques
and application fields need to be paid attention.

AIN-MMCs are still at the laboratory development stage
and have not yet been in industrial use, mainly because the
preparation technology for AIN-MMC:s is difficult to support
large-scale production. Regarding structural materials,
SiC-MMCs have been more extensively researched and
industrially produced compared to AIN-MMCs, which
have received little attention. It is only in recent years that
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AIN has been the focus of attention as the third generation
thermal substrate material and has been applied to Cu-based
and Al-based composites ©"** while AIN-MMCs are still in
their infancy. To distinguish themselves from other MMCs,
AIN-MMCs must fully exploit the excellent electrical and
thermophysical properties of AIN. This presents new challenges
in their preparation technology.

5 Outlook

Generally, to fully exploit the advantages of AIN, especially
the thermophysical properties of AIN, the current AIN/Mg
preparation technology is not satisfactory. In order to obtain
AIN/Mg composites with more desirable properties, the
preparation technology of AIN/Mg can be improved from the
following aspects:

(1) Pre-dispersion and surface treatment of nano-AIN raw
material can facilitate its dispersion in the melt, leading to a
reduction in the Al content of the composite system.

(2) An in-depth investigation into the thermodynamics and
kinetics of in-situ AIN generation is necessary to develop a more
efficient and abundant reaction system. The reaction by-products
should enhance the mechanical properties of the composites as
much as possible or be easily separated from the melt to obtain a
higher AIN content.

(3) By combining ex-situ and in-situ methods, ultrasound can
be applied to provide localized high temperature and pressure,
promoting rapid solute diffusion. This approach effectively reduces
both the required temperature and time for the melt reaction.

(4) Efforts should be made to enhance the existing in-situ
preparation techniques for AIN-MMCs, focusing on improving
the stability and controllability of in-situ reactions. This is
crucial for enhancing the performance of AIN-MMCs and
promoting their wider applications.
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