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Abstract: The effects of Mg addition on mechanical thermo-electrical properties of AlI-Mg/5%A1,05; nanocomposite with different
Mg contents (0, 5%, 10% and 20%) produced by mechanical alloying were studied. Scanning electron microscopy analysis (SEM),
X-ray diffraction analysis (XRD) and transmission electron microscopy (TEM) were used to characterize the produced powder. The
results show that addition of Mg forms a predominant phase (AlI-Mg solid solution). By increasing the mass fraction of Mg, the
crystallite size decreases and the lattice strain increases which results from the atomic penetration of Mg atoms into the substitutional
sites of Al lattice. The microhardness of the composite increases with the increase of the Mg content. The thermal and electrical

conductivities increase linearly with the temperature increase in the inspected temperature range.

conductivity increases with the increase of Mg content.

Moreover, the thermal
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1 Introduction
Metal matrix  composites (MMCs)  have
significantly improved properties such as high specific
strength, specific modulus, damping capacity and good
wear resistance compared with the unreinforced alloys.
Aluminum matrix composites reinforced with particles
are widely used for high performance applications such
as automotive, military, aerospace and electricity
industries because of their improved physical and
mechanical properties [1,2]. Owing to low density, low
melting point, high specific strength and thermal
conductivity of aluminum, a wide variety of
reinforcement particulates such as SiC, B4C, Al,O;, AIN,
Si3Ny, TiC, TiO,, TiB, and graphite have been reinforced
into it. On the other hand, nano-crystalline matrices
strengthened by nano-sized reinforcement are expected
to have much better microstructural stabilities and
performance than nano-crystalline materials [3] due to
the occurrence of strengthening by grain boundary and
nanoparticle reinforcements [4—6].

High energy ball milling is a simple and useful
technique for attaining a homogeneous distribution of the
inert fine particles within a fine grained matrix [7,8].

During ball milling, two essential processes occur, cold
welding between different particles and fracturing of the
cold welded particles due to high energy collision [9,10].
The cold welding minimizes the diffusion distance
between the atoms of the different components. The
fracturing of the welded particles impedes the clustering
of the particles promoting the transfer of the high ball
collision energy to all particles and produces new, clean
surfaces without oxide layers accelerating the
diffusion [9,11].

Due to the importance of aluminum and its alloys,
many researchers perform their researchers on the
methods of producing aluminum matrix reinforced with
both micro and nano Al,O; hard particles with
homogenous distribution of the reinforcement in the
[7,8,11—-14]. The wettability between the
reinforcement and the matrix in  Al-Al,O;
nanocomposite is very low. However, adding some
alloying elements such as Mg, Si, and Mo to this
composite may enhance the wettability between the
composite components [8,15—17].

Thermal conductivity is affected by various factors
such as the matrix microstructure, thermal conductivity
of the constituent phases, heterogeneous reinforcement
distribution porosity content, and the strength of the
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interfacial between bond matrix and the reinforcement
[18]. Aluminum-matrix composites are the most widely
reported in the literature, but the effect of adding some
alloying elements, which have a positive influence on the
wettability between the matrix and reinforcement, on the
thermal conductivity have not been studied.

Hence, the main objective of the present work is to
study the effect of Mg addition on the microstructural,
mechanical properties and thermal conductivity of
Al-AlL,O4 nanocomposite through detailed
experimentation. Scan electron microscope (SEM),
X-ray diffraction (XRD) analysis and transmission
electron microscope (TEM) were used to study the
microstructural changes in the composite powders.
Microhardness test was used to characterize the
mechanical properties of the composite. Finally, high
precision micrometer was used to measure the electrical
conductivity of the prepared samples.

2 Experimental

Commercial pure Al powder (99.5% purity and
80 um average particle size), Mg powder (99.8% purity
and 50 pm average particle size) and Al,O; powder
(99.5% purity and 40 pm size) were used as raw
materials for composite preparation. Pure powders were
milled to form Al-Mg/5%Al1,0; composite with the
designed Mg MASS fractions (0, 5%, 10% and 20%) in
a Fritsch planetary ball mill, while confined in sealed
250 mL steel containers rotated at 250 r/min for 20 h.
The detailed explanation of the milling process is
shown in Ref. [10].

The powders produced after milling were
investigated by using SEM Model Quanta 250 FEG
(field emission gun) attached with EDX unit (energy
dispersive X-ray analyses), with accelerating voltage of
30 kV. Morphology, size and particle distribution of the
milled powders were examined. The nano-crystalline
nature of the high-energy ball-milled powders was
confirmed using a JEOL 3010 high-resolution
transmission electron microscope (HR-TEM).

X-ray diffraction (XRD) patterns were carried by a
Rigaku-DXR 3000 X-ray diffractometer using Cu K,
radiation (1=0.15406 nm) at 30 kV and 30 mA settings.
The crystallite size and lattice strain of milled aluminum
powders were estimated by XRD peak broadening using
the William—Hall method [19].

The XRD can be used to evaluate the peak
broadening with the crystallite size and the lattice strain
due to the presence of dislocations in nanocomposites.
The average crystallite size (D) was measured by
WILLIAMSON and HALL [19]:

Bcos 8=(0.91)/D+4esin 0 €]

where f, A, 6, D and & are full width at half maximum
(FWHM), the wave length, peak position, crystallite size
and lattice strain, respectively.

Microhardness measurements were conducted using
a Vickers indenter at a load of 250 mN on the powder to
determine hardness. Dwell time of 5 s was adopted. For
measurement of microhardness, the powder mixtures
were cold pressed under 250 MPa. Prior to indentation,
the surfaces of the samples were polished using a
sequence of increasing grit sand paper followed by a
series of diamond pastes. Ten indentations were done for
each specimen in different spaces through all the areas of
the specimen. The hardness (H) can be calculated from
the maximum load (F,) and the maximum penetration
depth (/) of the indentation curves as [20]:

F
H =0.03784-2 )

m

The milled powders were consolidated by cold
uniaxial pressing in a cylindrical rigid die (double action
type) at 600 MPa, with zinc stearate (Zn(C,8H350,),) as
a lubricant. The consolidated specimens were cylinders
of 20 mm in diameter and 40 mm in height. The
consolidated specimens were sintered in a hydrogen
atmosphere at 500 °C for 5 h. Sintering was performed in
a laboratory electro resistance tube furnace with
maximum power 3 kW and thermoregulation 1 °C. The
heating and cooling rates were 10 °C/min and 2 °C/min,
respectively. Sintered samples were cut with a low
velocity diamond cutting wheel in a lathe to cylinders of
10 mm in height with the same diameter for the
examination of thermal conductivities of the composites.

The thermal conductivity of the material was
calculated through its electrical resistivity. The electrical
resistivity of the composite was measured by using high
precision micrometer, Omega CL8400 at different
temperatures (ranging from 300 to 500 K). Three
specimens were tested to ensure the accuracy of the test
and the average is plotted. In 1853, FRANZ and
WIEDEMANN ([21] provided an efficient relation which
relates the thermal conductivity of the material and its
electrical resistivity. So, if the electrical conductivity is
known, the thermal conductivity can be expressed as

k=LTo 3)

where k is the thermal conductivity, L is the Lorentz
number (for composites L=2.45x10"° W-Q/K?), T is
the absolute temperature, and o is the electrical
conductivity.

3 Results and discussion

3.1 X-ray diffraction analysis
Figure 1 shows X-ray diffraction patterns of
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Al-Mg/5%Al1,05 (with different Mg contents of 0, 5%,
10% and 20%) nanocomposite powder milled for
20 h. For AI-Mg/Al,0; powder mixtures characteristics
Al, Al(Mg),s and Al,O; were observed. The intensity of
the alumina particles in Al/5%Al,0; is larger than its
intensity for AI-Mg/5%A1,0;. This is due to the fact that
alumina particles are extremely small that they are
embedded in the AI-Mg matrix. Alumina particles are
very brittle and fractured during milling and become
At the same time, Mg peaks disappeared
completely, which indicate the formation of the FCC
supersaturated Al(Mg),, due to the Mg atomic
penetration into the substitution sites of the Al
lattice [22].

finer.
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Fig. 1 XRD patterns for Al-Mg/5%Al,0; nanocomposite
powder after 20 h milling with different Mg contents (0, 5%,
10% and 20%)

Table 1 shows a clear shift in the 26 of Al peak at
(111) plane to the smaller angle, and peak broadening at
the same plane as the Mg content increases. A possible
reason for the shift to the smaller angle is the solution of
the larger magnesium atoms (Mg atoms have a larger
radius than Al atoms) into the Al matrix. Moreover, the
broadening of the Al(Mg)ss peaks and decreasing
intensities reveal crystallite refinement and accumulation
of heterogeneous strain.

Table 1 Comparison of 20 and FWHM of Al peak at (111)
plane

Mg 20 of Al peak at FWHM of Al peak
content/% (111) plane/(°) at (111) plane/(°)
0 38.421 0.251
5 38.417 0.262
10 38.398 0.278
20 38.375 0.311

Figure 2 shows the effect of Mg content on the
crystallite size and lattice strain of examined powder
particles. It is observed that increasing Mg content leads

to the decrease of the crystallite size, it diminishes from
43 nm without Mg to 26 nm at 20% Mg. This can be
related to the fact that as the Mg content increases in the
solid solution, the dislocation density increases and leads
to the grain refinement [11,23]. Moreover, higher
diffusion rate of Mg atoms into deformed Al crystals
results from the higher dislocation density. This results in
more work hardening effects and smaller crystallite
size [11]. On the other hand, the lattice strains are
observed with increasing Mg content from 0.22%
without Mg to 0.325% for 20% Mg. During milling
process, plastic deformations of powder particles lead to
increase in crystal defects such as point defects and
dislocations [13]. This point defects increase the internal
energy and the lattice strain. The dislocations rearrange
themselves to a lower energy state leading to the
formation of low angle sub-boundaries. At longer time of
milling (20 h), due to the higher plastic deformation and
generation of more dislocations, the disorientations
between sub-grains at their boundaries increase and
eventually they turn into high angle boundaries and
become grains with nano-scale sizes.
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Fig. 2 Effect of Mg content on crystallite size and lattice strain
of Al-Mg/5% Al,O; nanocomposite powder after 20 h milling

The first five Al reflections were used to construct a
linear plot of fcos 6 against 4sin 6. Considering the
isotropic nature of the crystal, the material properties are
independent of the direction. Figure 3 shows the W—H
analysis for Al-Mg/5%Al,0; nanocomposite with
different Mg contents after 20 h milling. From this figure,
it is shown that with increasing Mg content, the intercept
shifted to higher value, implying that the crystallite size
decreases and the corresponding slope of the fit
decreases slightly meaning that the lattice strain
increases.

3.2 Morphology and particle size distribution
Figure 4 shows the morphology of AlI-Mg/5%Al1,0;
nanocomposite powder after 20 h milling with different
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Fig. 3 W-H analysis of Al-Mg/5%Al,0; nanocomposite
powder after 20 h milling

Mg contents (0, 5%, 10% and 20%). Figure 4(a) shows
the SEM image of Al/5%Al,0;. It is noticeable that the
matrix particles have flake shape and the average particle
size is around 30 um. By adding 5% Mg to the
composite, the particles start to take a spherical shape
and the particle size diminishes to 15 pm, as shown in
Fig. 4(b). With increasing the Mg content, the particles
size decreases and becomes more rounded in its
shape. The average particle size reaches 5 um at 20% Mg

composite, as shown in Fig. 4(d). The reason for this
phenomenon is the penetration of Mg atoms into the
substitutional sites of Al lattice. Additionally, the
increase in the defect density and the raise in the
temperature caused by the milling process at the Al and
Mg interfaces facilitate the diffusion of Mg atoms in the
Al matrix. It is important to highlight that, AlI-Mg matrix
is more brittle than the Al matrix due to the existence of
hard Mg atoms and the formation of Al-Mg solid
solution (AI(Mg)ss), which accelerates fracture action of
particles and in its role, reduces not only the matrix
particle size but also the reinforcement crystallite size.

Comparing Figs. 4(c) and (d), the reduction rate in
the particle size became slower which indicates that
mechanical alloying process has become a steady state;
by cold working of particles, the welding and fracturing
processes have become balanced. That gives evidence on
the uniform distribution of the reinforcement in the
Al-Mg matrix. So, the mechanical milling process can
be accelerated by increasing the Mg content in the
composite which reduces the milling time required to
reduce the particle size.

Figure 5 shows the TEM images of Al-20%Mg/5%
Al,O; nanocomposite powder after 20 h milling. The
white dots in the figure represent the reinforcement
(AL,O; nano particles). The size of Al,0; nanoparticles

Fig. 4 SEM images of AlI-Mg/5%Al1,0; nanocomposite powder after 20 h milling: (a) Without Mg; (b) 5% Mg; (c) 10% Mg;

(d) 20% Mg
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Fig. 5 TEM micrographs of Al-20Mg/5%A1,05 nanocomposite
powder after 20 h milling: (a) Bright field image (BFI);
(b) Dark field image (DFI) (inset shows the SAD);
(c) Crystallite size distribution

ranges from 15 to 50 nm and most of the powders are
between 20 and 30 nm in particle size, as seen in
Fig. 5(c).

3.3 Microhardness

The effect of fraction of Mg on the microhardness
of Al-Mg/5%Al1,05; nanocomposite powders milled for
20 h is shown in Fig. 6. Adding 5% Mg to the composite

increases its hardness form HV 140 to HV 177. Then, by
increasing the Mg content to 10%, the hardness increases
to HV 200. Up to 10% Mg, we can consider that the
hardness linearly increases with increasing Mg content.
As a possible reason for this observation, the hardness
increase is caused by the increase of the Mg content and
dislocation density as well as the decrease of the
crystallite size. With the increase of Mg content, the
grains become finer and the dislocation density is
increased which causes the increase of microhardness.
Moreover, the existence of Al,O; particles stacked to
Al-Mg matrix causes high internal strains in the matrix
due to their high hardness and deformation resistance.
For 20% Mg, the observed curve is also increased in a
lower slope than that observed for the first stages. That
may be due to the steady state in the milling stage.
During this stage, the fracture rate of the particles is
decreased as shown in Fig. 4(d).
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Fig. 6 Microhardness of Al-Mg/5%Al1,0; nanocomposite

powder after 20 h milling with different Mg contents (0, 5%,

10% and 20%)

120

Finally, the strength of nano-crystalline solid
solutions depends upon both solid solution hardening and
grain-boundary  hardening [24]. Therefore, the
microhardness of the composite depends on both
parameters, i.e., the solid solution hardening and the
change in the grain size. So, in the introduced composite,
the Mg addition forms a solid solution of AlI-Mg which
forms a smaller grain size and the total effect is
hardening and increase of the composite hardness. By the
contrary, if the solute addition causes the grain size to
increase, the result is softening of the composite.

3.4 Electrical and thermal conductivity

Figure 7 shows the relationship between the thermal
conductivity and the temperature. The relation between
electrical resistivity and temperature can be extrapolated
from the figure. Figure 7 shows that the thermal
conductivity increases monotonically with increasing
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temperature. Adding reinforcement, such as AlL,Os, to
pure metal, such as Al, reduces its electrical and thermal
conductivities due to the fact that the electrical and
thermal conductivities for Al,O5 are very small compared
with their values for Al [18]. However, it is noted that the
thermal conductivity of Al-5%Al,0; nanocomposite
increased with increasing temperature. The thermal
conductivity of a metal can be expressed by the sum of
two terms; the residual component and the thermal one.
The residual caused by structural
imperfections such as dislocations, grain boundaries, and
impurities and is almost independent of temperature [25].
The thermal component is mainly dependent on the
thermal energy applied to the composite. As it is well
known, the thermoelectrical conductivity depends mainly
on the movement of electrons. As the thermal energy
increases, the number of free electrons increases which
in turn increases the thermal conductivity. In quantum
theory, only electrons which are close to the Fermi
energy level are expected to participate in electrical
conduction. For Al-Mg/5%Al,0; nanocomposite, the
thermal conductivity of the composites is affected by the
residual component and the thermal one.

component is
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Fig. 7 Variation of thermal conductivity for AI-Mg/5%Al1,05

nanocomposites with different Mg contents

The relation between the thermal conductivity and
temperature can be fitted with a linear equation as
follows:

J=AT+B )

where k is the thermal conductivity; T is the temperature;
A and B are two parameters depending on the composite
components. The values for 4 and B for different Mg
contents are shown in Table 2.

Figure 8 shows the effect of Mg content on the
thermal conductivity of the prepared samples. The
thermal conductivity increases by increasing the Mg
content. The measured thermal conductivities of Al-Mg/
5%A1,03 nanocomposites are 122.2, 138.4, 149.5, and

Table 2 4 and B values for different Mg contents

w(Mg)/% A B
0 0.164 71.92
5 0.206 73.19
10 0.212 83.69
20 0.255 77.92
160
1551
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Fig. 8 Effect of Mg content on thermal conductivity of
Al-Mg/5%Al1,03 nanocomposite
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155.8 W/(m-K) for the 0, 5%, 10% and 20% Mg,
respectively. There are two reasons for this increase:
1) the fact that the thermal conductivity of Mg is 5 times
greater than that for Al,O; and 2) the movement of
electrons is affected by structural imperfections existing
in the composites. Additionally, the increasing rate in the
small Mg content is larger than that for the large Mg
content, this can be due to the steady state at 20% Mg.

4 Conclusions

1) Milling of AI-Mg/5%A1,0; for 20 h causes the
formation of the FCC supersaturated Al(Mg), due to the
Mg atomic penetration into the substitution sites of
the Al lattice.

2) The crystallite size is decreased by increasing Mg
content, it decreases from 43 to 27 nm with increasing
Mg content from 0 to 20% in the composite. By the
contrary, the lattice strain is increased from 0.22% to
0.325% after 20 h milling. This is due to the diffusion of
Mg atoms in the Al lattice which increases dislocation
density and leads to the grain refinement and
accumulation of internal strain in the matrix.

3) By increasing the Mg content from 0 to 20% in
the composite, a noticeable change in the particles shape
and size is observed, the average particle size diminishes
from 30 to 5 um at 20 Mg% composite.

4) Microhardness of the milled powder increases
with the increase of Mg content. This enhancement in the
hardness is caused by the dislocation density and the
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reduction in the crystallite size caused by not only the
diffusion of Mg atoms in Al matrix but also, the
existence of Al,O; hard particles.

5) The thermal conductivity  increases
monotonically with increasing temperature for all
inspected composites. The relation between thermal
conductivity and temperature can be expressed in a linear
function with two parameters dependent on the
composite constituents. As the thermal energy increases,
the number of free electrons increases which in turn
increases the thermal conductivity. Also, as the Mg
content increases, the thermal conductivity of the
composite increases. That is due to the fact that the
thermal conductivity of Mg is larger than that of Al,O;
and the moving electrons are affected by the dislocation
density and structural imperfections.
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