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Abstract: Metal matrix nanocomposites (MMNCs) with high specific strength have been of interest
for numerous researchers. In the current study, Mg matrix nanocomposites reinforced with AlN
nanoparticles were produced using the mechanical stirring-assisted casting method. Microstructure,
hardness, physical, thermal and electrical properties of the produced composites were characterized
in this work. According to the microstructural evaluations, the ceramic nanoparticles were uniformly
dispersed within the matrix by applying a mechanical stirring. At higher AlN contents, however,
some agglomerates were observed as a consequence of a particle-pushing mechanism during the
solidification. Microhardness results showed a slight improvement in the mechanical strength of
the nanocomposites following the addition of AlN nanoparticles. Interestingly, nanocomposite
samples were featured with higher electrical and thermal conductivities, which can be attributed
to the structural effect of nanoparticles within the matrix. Moreover, thermal expansion analysis of
the nanocomposites indicated that the presence of nanoparticles lowered the Coefficient of Thermal
Expansion (CTE) in the case of nanocomposites. All in all, this combination of properties, including
high mechanical strength, thermal and electrical conductivity, together with low CTE, make these
new nanocomposites very promising materials for electro packaging applications.

Keywords: metal matrix nanocomposite; casting; thermophysical properties; coefficient of ther-
mal expansion

1. Introduction

In recent years, various studies have assessed the incorporation of nano-sized particles
(as reinforcement) in metal matrix composites due to their unique characteristics [1–6].
The mechanical properties of conventional alloys including, strength, fatigue, stiffness
and creep resistance, as well as physical and chemical features, could be significantly
improved by the addition of nano-sized particles to a metal matrix [7–10]. Among the
MMCs, the existing literature on magnesium matrix composites is extensive and focuses
particularly on their applications in modern industries [11–16]. In fact, the low density of
magnesium, compared to aluminium and steel, and its strength/ductility ratio make it a
suitable option in various applications such as automotive, aerospace and electronics [17,18].
Moreover, improvement of mechanical properties by heat treatment of complex as-cast
parts is a time-consuming process and even sometimes becomes impossible [19]. Good
castability and fine microstructure are significant factors that should be taken into account
in designing a castable alloy with lightweight. A common method fulfilling the above
goals is the production of MMCs by homogeneous incorporation of nanoparticles in
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the molten alloy. On the other hand, the applications of lightweight Mg and its alloys,
particularly at high temperatures, are faced with limitations due to their scarce creep
behaviour, relatively low strength and modulus. Therefore, efforts have recently been paid
to the use of magnesium alloys for high-temperature applications, e.g., gearbox casings
for the helicopter industry [20], which led to the development of Mg–rare earth (RE)
alloys with superior mechanical characteristics both at room and high temperatures [21,22].
Actually, the addition of rare earth elements is an important factor for achieving thermal
stability of microstructure, creep and mechanical properties of magnesium alloys. One
of the recently developed commercial alloys of magnesium is EV3, formerly known as
Elektron21, which is widely used for high-temperature applications (up to 200 ◦C) and
contains Nd, Gd, Zn and Zr elements. In magnesium alloys, Nd, with a low solid solubility
limit, enhances the strength, especially at high temperatures. Gd, on the other hand,
presents a reduced solid solubility at low temperatures, leading to the improvement of
the precipitation-strengthening effect [18,23]. Lyon et al. [18] reported the enhancement
of the castability in terms of micro-shrinkage, as a result of adding both gadolinium and
neodymium. The addition of a small amount of zinc (up to 1.3%) increases mechanical
strength improvement with no ductility reduction. Furthermore, a fine-grained structure
was obtained in the presence of zirconium which resulted in improvement of mechanical
features, castability and corrosion resistance of Mg [23].

Besides the mechanical features at high temperatures, thermal properties, including
thermal conductivity and specific heat capacity, are important driving factors in high-
temperature applications [17,24]. Therefore, the mechanical and thermal characteristics of
Mg-based composites should be precisely determined for high-temperature applications.
Up to now, few data have been reported regarding the thermal properties of EV31. Kiełbus
et al. [24] studied the thermal diffusivity of WE54 and Elektron21 Magnesium alloys and
reported correlations between temperature, microstructure and the thermal diffusivity.
Elektron21 was described as having a better thermal conductivity as compared to the WE54,
thanks to the lower amount of solutes in the Elektron21 alloy. The authors further addressed
the effect of ageing treatment and found improved thermal conductivity as a result of
heat treatment. Formation of more precipitates in Elektron21 after the heat treatment,
accompanied by consumption of more solutes, improved the thermal conductivity of the
alloy [24]. Carseten et al. [25] produced Mg90Ni10-ENG composites by compressing a
mixed blend of Mg90Ni10 and ENG. The results by the author showed the composite
thermal conductivity could be tuned in a wide range by controlling the amount of the
second phase material, i.e., graphite. Tani et al. [26] addressed the thermoelectric properties
of Mg2Si-based in situ composites produced by a reduction process. They reported a
dimensionless thermoelectric figure of merit (ZT) as being influenced by the additive
used. Moreover, Saboori et al. [19] produced Elektron21 composites reinforced by AlN
nanoparticles. They investigated the electrical conductivity of the samples in a wide
temperature range and reported a significant change in the thermal and electrical properties,
citing the formation of Al2Nd as a result of the introduced nanoparticles [16]. However,
microstructure, thermophysical and mechanical performance of a modified EV31 has
never been studied. In fact, addition of Al as an alloying element is supposed to be
very effective for the thermophysical properties and improved the electrical and thermal
conductivity of the modified alloy and its composites. Therefore, the aim of this paper is to
analyse the effect of Al (as an alloying element) and AlN (as a reinforcement) addition on
the microstructure and thermophysical properties of EV31. For this reason, the thermal
and electrical properties of these composites, together with their phase changes and the
consequent influences on the CTE and their microhardness, were investigated.

2. Materials and Methods

Commercial EV31 with the composition shown in Table 1 was melted in a vacuum
resistance furnace (YMVR 1500, Tehran, Iran) equipped with a graphite crucible. Prior
to casting, the graphite crucible was heated up to 900 ◦C in a furnace to remove the
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contaminations from the surface of the crucible and then cooled down to the ambient
temperature and washed using NaOH. Afterwards, the melt was superheated up to 730 ◦C
and kept at this temperature for 45 min and then poured into a preheated cylindrical
carbon steel mould. In the case of Metal matrix nanocomposites (MMNCs), before the
casting, AlN nanopowder (<100 nm) supplied by Merck were added together with 0.1%
aluminium in the form of a master alloy and dispersed into the molten EV31 through the
mechanical stirring method for 10 min (200 rpm). Subsequently, the mould containing
molten alloy was quickly cooled down by using a water bath to avoid the sedimentation
of nanoparticles.

Table 1. Chemical composition of the starting alloy.

Chemical Composition Nd Gd Zn Zr Al Mg

Standard (Wt.%) 2.6–3.1 1.0–1.7 0.2–0.5 Saturated - Bal.

Nominal (wt.%) 2.9 1.3 0.4 0.4 0.1 Bal.

Optical microscope (OM, Olympus, Tokyo, Japan) and scanning electron microscope
(SEM, TESCAN, Kohoutovice, Czech Republic) was used to study the microstructure of
specimens. The samples were mounted in resin and then ground with SiC papers down
to 4000 grit size and thereafter by diamond paste (down to 1 µm). Finally, the polished
cross-section of the samples was etched using a 9% picric acid solution. A tabletop scanning
electron microscope (SEM; Hitachi, Tokyo, Japan, operating at 15 kV) equipped with an
energy-dispersive X-ray spectrometer (EDS, Munich, Germany) was employed for chemical
and microstructural evaluations. The line-intercept method was used to calculate the grain
size of the matrix and MMNCs. X-ray diffraction (XRD) patterns of as-polished samples
were investigated using a Philips X’Pert Diffractometer (Philips, Almelo, The Netherland)
using Cu-Kα radiation. Hardness measurements were carried out on as polished surfaces
with a load of 5 kg with a dwell time of 15 s. The reported hardness results are the average of
five measurements per sample. In order to evaluate the electrical conductivity, the electrical
resistivity of the specimens was measured and then converted to the electrical conductivity
feature. The room temperature thermal conductivity of the specimens was measured using
the Transient Plane Source (TPS) method. Thermal expansion of the MMNCs in the range
of 25–450 ◦C was evaluated by a SETSYS Evolution TMA (Setaram Instrumentation, Caluir,
France) using 5 ◦C/min as the heating rate and argon as the protective atmosphere. For
this reason, cylindrical samples with a dimension of φ5 mm × 120 mm were machined
from the as-cast billets. Prior to the analysis, the TMA apparatus was calibrated according
to DIN 51045 with NBS-Pt.

3. Results and Discussion

Figure 1a shows the optical micrograph of the as-cast modified EV31, which consisted
of α-Mg solid solution and Mg3(Nd,Gd) eutectic phases on the grain boundaries. In fact,
Mg3Nd is modified as Mg3(Nd,Gd) eutectic phase by partial substitution of Nd with Gd
without altering the crystal structure. Actually, due to the negligible differences between
the atomic radii of Nd and Gd, this replacement does distort the crystal structure [24].
Moreover, the simultaneous presence of Gd and Nd in the eutectic phase is confirmed by
EDS-map analysis of as-cast EV31, as can be seen in Figure 2. In addition, the incorpora-
tion of AlN nanoparticles led to a slight gain refinement as shown by the average grain
measurement, which is carried out by image analysis. As shown in Figure 1, by addition
of 1% and 2% AlN, the average grain size of the modified EV31 (78.5 µm) is decreased to
70.6 and 68.8 µm, respectively. From Figure 1b, it can be seen that despite the presence of
some agglomeration, AlN nanoparticles are rather homogeneously dispersed in as-cast
modified EV31-2%AlN.
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agglomerates are observed in Figure 3b, there is a fairly homogenous distribution of the
second phase material within the matrix. It is reported that Mg-Nd-Gd ternary diagram
includes Mg3RE intermetallic for Mg-rich compositions [27]. As compared with the as-cast
sample (Figure 3a), less Mg3RE phases are formed in the grain boundary of the α-Mg
grains, a phenomenon that may be attributed to the possible reactions between the RE
elements and the introduced AlN nanoparticles or Al. This finding is also verified by the
XRD results for as-cast modified EV31, modified EV31-1%AlN and modified EV31-2%AlN,
which are demonstrated in Figure 4.
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Figure 4. XRD patterns of as-cast modified EV31, modified EV31-1%AlN and modified EV31-2%AlN.

Main peaks corresponding to Mg as well as the peaks related to the Mg3RE phase are
detected as the matrix phase and the main intermetallic phase, respectively. It should be
noted that a high density of intermetallic phases was observed in EV31 alloy under as-cast
condition, while the addition of AlN clearly reduced the intensity of the Mg3RE peaks.
Al2Nd peak intensity, on the other hand, follows an increasing trend with the amount
of Al. Moreover, the increment in the breadth of the Mg peaks with the introduction of
AlN is observed, which indicates a decrease in the matrix crystallite size. Liu et al. [28]
showed that Al2Nd particles could act as grain refiners for the α-Mg matrix. Therefore,
the combined effects of the AlN and Al2Nd particles as grain refiners can be mentioned as
being influential in the matrix peak width increment.
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Figure 5 shows the microhardness of the as-cast modified EV31 and its corresponding
nanocomposites (modified EV31-1%AlN and modified EV31-2%AlN). It is apparent from
this figure that by addition of AlN (1 and 2 wt.%), there has been a slight increase in the
microhardness of modified EV31-AlN nanocomposites. The results reported in Figure 5
indicate that there is only a slight change in the hardness of the samples as a result of the
AlN addition. This negligible improvement of the hardness, however, can be attributed to
the dislocation motions being retarded by the AlN nanoparticles.
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Moreover, it should be noted that the elastic modulus of Al2Nd 121.44 GPa is much
higher than that of Mg3RE 65.83 GPa [29] but far less than that of ZrN (245 GPa) [30].
Cheng et al. [31] found a direct correlation between the work of indentation and the elastic
modulus of various materials. Therefore, it can be concluded that the reduction of Mg3RE
phase upon introduction of AlN and the consequent formation of Al2Nd and ZrN phases
could contribute to the overall microhardness increase of the nanocomposites.

The thermal conductivity of as-cast modified EV31, modified EV31-1%AlN and modi-
fied EV31-2%AlN nanocomposites are presented in Table 2. As shown in this table, there
is a clear trend of increase in thermal conductivity of nanocomposites by incorporating
AlN nanoparticles. Actually, the improvement of thermal conductivity in the nanocompos-
ites can be explained by two main phenomena, the first one being correlated to the AlN
nanoparticles together with the Al addition, which plays a key role in thermal conductivity
of nanocomposites. It is generally known that magnesium presents high thermal conduc-
tivity and high efficiency of heat dissipation [32]. Furthermore, it is reported that the solute
elements in the multicomponent alloys scatter the phonon, hence affecting their contribu-
tion to thermal transfer [33]. As previously described by XRD patterns (Figure 4), Al2Nd
forms in the nanocomposite due to the reaction between incorporated Al particles and Nd.
This reaction, which consumes Nd solute elements, leads to the reduction of scattering
point and correspondingly improvement in thermal conductivity of the nanocomposite as
compared with the as-cast modified EV31. These findings are verified by previous research
works [24,33]. For instance, the effect of solute elements on the thermal conductivity of
magnesium has been evaluated by Kielbus et.al [24], where the thermal conductivity of
El21 and WE54 (Mg-Y-Nd) was compared before and after the solution treatment. They
showed that less solutes in the matrix would cause better thermal properties. Koltsov
et al. [34] showed that ZrN could be formed via the following reaction:

Zr + AlN→ ZrN + Al (1)
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Table 2. Electrical and thermophysical properties of EV31, modified EV31 and its corresponding nanocomposites.

Material EV31 EV31-0.1Al EV31-0.1Al-AlN EV31-0.1Al-2AlN

Electrical Resistivity (Ω·m) 7.46 × 10−8 7.02 × 10−8 5.38 × 10−8 4.85 × 10−8

Thermal conductivity (W/m·k) 114.8 119.7 130.8 149.5

Coefficient of Thermal Expansion (1/K) 25.8 × 10−6 25.1 × 10−6 24.2 × 10−6 23.4 × 10−6

On the other hand, according to López-Pérez et al. [35], ZrN can be formed by a
reaction of Zr atoms from the matrix with the AlN surface, which can result in the release
of Al, according to Equation (1). As shown previously by XRD (Figure 4), the Nd element
(as a solute atom) can be consumed by released aluminium and form Al2Nd. Accordingly,
the thermal conductivity of modified EV31-AlN nanocomposites can be improved by these
consecutive reactions through two mechanisms; (i) formation of a metallurgical bonding
between the matrix and reinforcement and (ii) solute element consumption, which has
a noticeable effect on thermal conductivity of EV31 alloys. It is apparent from Table 2
that following the addition of AlN, a significant decrease was recorded in the electrical
resistivity. As a matter of fact, the solute element consumption resulted in a decrease in the
scattering points of free electrons within the matrix. As mentioned earlier, incorporating
the aluminium into the EV31 decreases the electrical resistivity due to the reduction in Nd
content in solid solution as a consequence of the reaction between Al particles and Nd.

The Coefficient of Thermal Expansion (CTE) was further evaluated in this research.
The CTE can provide useful information about both thermal expansion and generated
stresses than can affect the mechanical properties of the composite and hence can be
indicative of the composite thermal stability. It is seen from Table 2 that CTE is decreasing
following the introduction of AlN particles. To clarify the changes, it should be mentioned
that CTE of AlN reinforcement 4.5 × 10−6 K−1 [36] is smaller than that of EV31 matrix
25.8 × 10−6 K−1. According to Kerner’s model, which is close to the mixture rule, the
addition of ceramic particles with low CTE to a metal matrix lowers the overall CTE of the
composite [37]. Fabrication of low CTE MMCs with low reinforcement volume fraction
is a great challenge, due to the limitation of reinforcement CTEs. The results of Table 2
show that CTE decreased by ~9.2% by the addition of only 2 wt.% AlN and trace amounts
of excess Al. The interfacial bonding between the matrix and the reinforcement can be
considered as an influential factor determining the CTE of the composites. In this work,
excellent interfacial bonding created as a result of the superficial reaction between Zr (from
matrix) and Al (from the reinforcement), effectively constrained the expansion of the Mg
matrix. Moreover, this difference between the CTEs may cause a CTE mismatch between
the matrix and the reinforcement, leading to residual stresses while cooling down to room
temperature. These residual stresses may reduce the expansion of the composite upon
heating, which in return lowers the CTE of the composite [36]. Adding to these, Al2Nd
is featured with a higher melting temperature (1200 ◦C) than Mg3RE phase 780 ◦C [38],
which in turn improves the thermal stability of the composites given the fact that the easy
melting Mg3RE formed in Mg grain boundary (Figure 2) would be replaced by a more
resistant phase upon the incorporation of AlN particles.

4. Conclusions

In the present study, a modified magnesium alloy EV31 (as a matrix) reinforced by AlN
nanoparticles were produced using the casting method. According to the Microstructural
evaluations, the AlN nanoparticles were uniformly dispersed within the matrix. However,
there were some AlN agglomerations after casting, which can be attributed to the particle
pushing during the solidification of nanocomposites. Moreover, the results indicated that
by incorporating the AlN nanoparticles, the grain size and hardness slightly decreased
and increased, respectively, and less Mg3RE was formed along the matrix grain boundary.
Thermal conductivity of the samples increased as a result of the matrix solutes being
consumed by reacting with Al. Furthermore, this phenomenon led to a decrease in the



Metals 2021, 11, 125 8 of 9

electrical resistance of the composites. CTE of the final composites decreased as compared
with the as-cast sample. This was attributed to the low CTE of the AlN samples together
with the CTE mismatch between the matrix and the secondary phases.
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