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Abstract: The present study reports the development of new magnesium composites containing
complex composition alloy (CCA) particles. Materials were synthesized using a powder metallurgy
route incorporating hybrid microwave sintering and hot extrusion. The presence and variation in the
amount of ball-milled CCA particles (2.5 wt %, 5 wt %, and 7.5 wt %) in a magnesium matrix and their
effect on the microstructure and mechanical properties of Mg-CCA composites were investigated.
The use of CCA particle reinforcement effectively led to a significant matrix grain refinement.
Uniformly distributed CCA particles were observed in the microstructure of the composites. The refined
microstructure coupled with the intrinsically high hardness of CCA particles (406 HV) contributed
to the superior mechanical properties of the Mg-CCA composites. A microhardness of 80 HV was
achieved in a Mg-7.5HEA (high entropy alloy) composite, which is 1.7 times higher than that of
pure Mg. A significant improvement in compressive yield strength (63%) and ultimate compressive
strength (79%) in the Mg-7.5CCA composite was achieved when compared to that of pure Mg while
maintaining the same ductility level. When compared to ball-milled amorphous particle-reinforced
and ceramic-particle-reinforced Mg composites, higher yield and compressive strengths in Mg-CCA
composites were achieved at a similar ductility level.

Keywords: magnesium; high entropy alloy; composite; hardness; compressive properties

1. Introduction

Magnesium (Mg) is the lightest of all structural metals and possesses the highest strength-to
-density ratio. In addition, magnesium has other favorable advantages, including a high damping
capacity, high dimensional stability, good machinability, good electromagnetic shielding characteristics,
and recyclability. Accordingly, magnesium is the designers’ choice for possible production of
lightweight vehicles to meet the demand of reducing greenhouse emissions [1-3]. Magnesium is
mostly used in the form of alloys in commercial applications [4,5]. With the advent of composite
technology, research interest has been placed on the development of high-performance magnesium
composites. By a careful selection of matrix and reinforcing phases, newly formed composite materials
with significant improvements in elastic modulus, strength, ductility, and coefficient of thermal
expansion can be fabricated. Composite materials are attractive because they offer the possibility
for combining useful engineering properties of individual elements, which is otherwise not possible
from monolithic materials. The attractive physical and mechanical properties obtained from metal
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matrix composites (MMCs) have made them potential candidates for aerospace, automotive, and other
structural applications [6]. For the fabrication of magnesium composites, various types of ceramic
reinforcements, such as alumina (Al,O3), yttria (Y203), zirconia (ZrO,), silicon carbide (SiC), boron
carbide (B4C), and titanium carbide (TiC), have been used in Mg matrix [7-11]. In addition to ceramic
reinforcements, research efforts have been made to synthesize Mg composites using metal particle
reinforcements, such as copper, nickel, titanium, molybdenum, and aluminum [11,12]. Investigations
have also been made on Mg composites containing hybrid reinforcements in the form of ceramic plus
metal, ceramic plus ceramic, and ceramic plus carbon nanotube (CNT) besides single ceramic, metal,
and CNT reinforcements [11,13-16]. In a recent development on magnesium composites, ball-milled
amorphous particles were also used as a reinforcement in a pure magnesium matrix [17-19].

In the present study, an attempt is made to develop new magnesium composites using ball-milled
complex composition alloy (CCA) particles. From the thermodynamic calculation, the current complex
composition alloy has a high entropy value (ASpix) of 12.97 J/K mol. Based on the concept of
configurational entropy, the multicomponent alloys having a mixing or configurational entropy
value which is equivalent to or greater than 12.471 J/K mol (AS.ons > 1.5R (12.471), where R is the
gas constant), are regarded as high entropy alloys (HEAs). According to this concept, the CCA used
in this study can be classified under the category of high entropy alloys. A careful examination of
the published literature reveals that no attempt has been made to investigate the microstructure and
mechanical properties of magnesium using ball-milled CCA particles. A powder metallurgy route
incorporating microwave-assisted rapid sintering coupled with hot extrusion was used to synthesize
Mg and Mg-CCA composites. The effect of the presence of CCA particles on microstructure and
mechanical properties of magnesium was investigated. The interrelation between microstructure and
mechanical properties of Mg-CCA composites was studied. The properties of Mg-CCA composites
when varying the amount of reinforcement alloy particles are reported and the test results are
benchmarked against pure magnesium.

2. Materials and Methods

2.1. Synthesis of Materials

In this study, magnesium powder of 98.5% purity and with a size range of 60-300 pm
(Merck, Darmstadt, Germany) was used as the matrix material. Ball-milled CCA particles were
used as the particulate reinforcements. Initially, CCA pieces from cast ingot with composition Alzs
Mgs0Sii3Zny9Y7Cas [20] were crushed into particles by ball milling the cast pieces at 200 rpm for 30
minutes with a ball to cast pieces weight ratio of 10:1 in a RETSCH PM-400 mechanical alloying machine
(RETSCH, Haan, Germany). Monolithic magnesium and magnesium composites (Mg-2.5 wt % CCA,
Mg-5 wt % CCA, and Mg-7.5 wt % CCA) were synthesized using a powder metallurgy technique.
The synthesis process for Mg-CCA composites involved blending pure magnesium powder with CCA
particles using the same machine at 200 rpm for 1 h without the use of grinding balls. The blended
powder mixtures were then cold compacted using a 100-ton press to form billets that measured 35 mm
in diameter and 45 mm in height. Monolithic magnesium was compacted using the same parameters
without blending. The compacted billets were then sintered using a hybrid microwave sintering
technique for 16 min to reach a temperature of 640 °C near the melting point of magnesium using
a 900 W, 2.45 GHz SHARP microwave oven (Sharp Corporation, Osaka, Japan). The sintered billets
were homogenized at 400 °C for 1 h and subsequently hot extruded at a temperature of 350 °C at an
extrusion ratio of 20.25:1.

2.2. Characterization

Microstructural characterization studies were conducted on the extruded polished samples
to determine the grain size, grain morphology, and presence and distribution of reinforcements.
An Olympus metallographic optical microscope (Olympus Corporation, Shinjuku, Tokyo, Japan),
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MATLAB analysis software (R2013b, MathWorks, Natick, MA, USA), and a JEOL JSM-6010 scanning
electron microscope (JEOL Ltd., Tokyo, Japan) were used for this purpose. X-ray diffraction analysis
was conducted using an automated Shimadzu LAB-XRD-6000 (Shimadzu Corporation, Kyoto, Japan)
(CuKoe: A = 1.54056 A) spectrometer with a scan speed of 2 degrees per minute.

Microhardness measurements were performed on the polished samples using a Shimadzu-HMV
automatic digital microhardness tester (Shimadzu Corporation, Kyoto, Japan) with a Vickers indenter.
An indentation load of 245.5 mN and a dwell time of 15 s was used in accordance with the ASTM
standard E384-08.

Room temperature compression tests were performed on cylindrical monolithic and composite samples
according to ASTM E9-89%a using an automated servo hydraulic testing machine MTS810 (MTS systems
corporation, Eden Prairie, MN, USA). An extruded rod 8 mm in diameter was cut into 8 mm-long samples
for compression tests to provide the aspect ratio (length/diameter) of unity. Samples were tested at a strain
rate of 5 x 1072 min~! and the compression load was applied parallel to the extrusion direction.

Fracture surface characterization studies were carried out on the compressively fractured surfaces
of Mg and Mg composites with the objective of establishing the failure mechanisms. Fractography was
accomplished using a JEOL JSM-6010 scanning electron microscope (SEM).

3. Results and Discussion

3.1. Analysis on Reinforcement Particles

Figure 1a shows the size and morphology of the ball-milled CCA particles. The average particle
size was calculated to be 2.7 & 1.4 um. The morphology of the particles can be seen as irregular shape
although the smallest particles were almost spherical. The particle distribution can be seen in Figure 1b,
and the particle sizes ranged from 1 um to 7 um with the dominant particle size in the range of 2-3 pm.
The measured bulk microhardness of the cast materials was found to be very high at 406 + 15 HV
(4 £ 0.1 GPa) [20]. The XRD profiles of cast CCA and ball-milled CCA particles can be seen in Figure 2.
The main phases found in the cast materials were maintained in the ball-milled version of the CCA
material. The prominent change in the XRD pattern of ball-milled CCA particles is the broadening of
the peaks, which may be attributed to the transformation of particles from the bulk material and an
increase in the solid solubility of elements (Figure 2).
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Figure 1. S scanning electron microscope (SEM) micrograph showing the morphology of ball-milled
complex composition alloy (CCA) particles in (a) and the graph showing particle distribution in (b).
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Figure 2. X-ray diffraction (XRD) pattern of the cast CCA alloy and ball-milled CCA alloy particles.

3.2. Microstructure

The distribution pattern of CCA reinforcement particles in the Mg matrix is shown in Figure 3b—d.
For comparison purpose, the SEM micrograph of Mg is shown in Figure 3a. With the addition of
2.5 wt % CCA particles, the presence of uniformly distributed reinforcement particles can be seen in
the micrograph (Figure 3b). In Mg-5CCA’s composition, the reinforcement particles were reasonably
distributed in the Mg matrix (Figure 3c). However, with the increased addition of CCA particles from
2.5 wt % to 5 wt %, the tendency for the formation of particle clustering can be seen in the micrograph
and the particles were mostly decorated at the particle/grain boundaries (Figure 3c). In the case of
Mg-7.5CCA’s composition, in spite of having an increased amount of HEA particles, the HEA particles
were uniformly distributed with limited evidence of particle clustering (Figure 3d) in the Mg matrix.

LR (U A & :
SEl 20kV WD13mmSS60 X SElI 20kV WD13mm SS60

Figure 3. SEM micrographs of the: (a) Mg and CCA particle distribution in the (b) Mg-2.5CCA;
(c) Mg-5CCA; and (d) Mg-7.5CCA composites.
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The grain size and grain morphology of Mg and Mg-CCA composites are shown in Table 1
and Figure 5. The grain morphology was found to be nearly equiaxed and the grain size decreased
with increasing presence of reinforcement particles up to 5 wt %. Further increase in the amount of
particles from 5 wt % to 7.5 wt % had no effect on grain size reduction and the average grain size
remained the same in both the Mg-5CCA and Mg-7.5CCA composites. However, from the grain size
distribution analysis, the grain size distribution was more homogeneous in Mg-7.5CCA’s composition
(Figure 4d) when compared to Mg-5CCA’s composition (Figure 4c). While having the same average
grain size in both compositions, the presence of small-sized grains was found to be more frequent in
Mg-5CCA’s composition when compared to Mg-7.5CCA’s composition. In fact, the distribution graph
resembles a right-skewed distribution in Mg-5CCA’s composition while a normal distribution pattern
was observed in the Mg, Mg-2.5CCA, and Mg-7.5CCA composites.
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Figure 4. Grain size distribution graphs of the: (a) Mg and (b) Mg-2.5CCA; (c) Mg-5CCA;
and (d) Mg-7.5CCA composites.

Table 1. Results of grain morphologyy and microhardness.

Materials Grain Size (um) Aspect Ratio Microhardness (HV)
Mg 34+4 1.4+03 47 £ 2
Mg-2.5 wt % CCA 14 +4 1.4+03 56 =6
Mg-5.0 wt % CCA 12 £5 1.5+03 706
Mg-7.5 wt % CCA 12+ 4 1.5£03 80 &7

Since the reinforcement particle size used for the synthesis of Mg composites was at the micron
length scale, particle-stimulated dynamic recrystallization during hot extrusion can be expected [21,22].
The more evenly distributed grain size (Figure 5) in the case of Mg-7.5CCA versus Mg-5HEA can be
attributed to a more uniform distribution and a larger number of CCA particles in the former [23].
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In extruded Mg composites, the recrystallized grains have common boundaries with the particles.
With the more homogeneous distribution of particles throughout the matrix coupled with the increased
presence of particles, it is possible that the migration of grain boundaries was prevented by the particles
and hence the grain growth. This will provide more evenly distributed grains in the Mg-7.5CCA
composite and hence while the largest grains observed in the Mg-5CCA composite measured in the
range of 24-26 um, it was only 20-22 pm in the case of the Mg-7.5CCA composite.
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Figure 5. The grain size distribution pattern in the etched surfaces of the: (a) Mg; (b) Mg-2.5CCA;
(c) Mg-5CCA; and (d) Mg-7.5CCA composites.

3.3. Mechanical Properties

The result of microhardness measurements on Mg and Mg-CCA composites is shown in Table 1.
It was observed that the indentation resistance of Mg was significantly increased with the presence
of CCA particles. When compared to pure Mg, an increment in hardness of 1.2 times, 1.5 times,
and 1.7 times was observed in the Mg-2.5CCA, Mg-5CCA, and Mg-7.5CCA composites, respectively.
The localized matrix deformation was constrained by the presence of hard and strong ball-milled CCA
particles. The increasing trend of hardness can be due to the addition of an increasing amount of hard
CCA reinforcement particles in the Mg matrix.

The compressive properties of pure Mg and Mg composites containing ball-milled CCA particles
are listed in Table 2 and Figure 6. When compared to pure Mg, a significant improvement in
compressive yield strength of 40%, 57%, and 63% in the Mg-2.5CCA, Mg-5CCA, and Mg-7.5CCA
composites was achieved, respectively. In terms of ultimate compressive strength, 57%, 78%, and 79%
increments over pure Mg were attained in the Mg-2.5CCA, Mg-5CCA, and Mg-7.5CCA composites,
respectively. The results indicated an increasing trend of average compressive strengths with increased
addition of ball-milled alloy particles from 2.5 to 7.5 wt % in the Mg matrix. Between the Mg-5CCA
and Mg-7.5CCA composites, the strength increment was marginal and the strength level was the same
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if the standard deviation is taken into consideration. This can be explained based on the grain size
measurement, which shows the occurrence of the same average grain size between the two composite
compositions (Table 1). From the compressive failure strain results, the presence of CCA particles
had no clear deteriorating effect on the ductility of pure Mg, which showed a similar failure strain to
Mg and its composites (Table 2). However, the average failure strain in Mg-5CCA was found to be
lower than that in Mg-2.5CCA and Mg-7.5CCA. From the grain size distribution result, a right-skewed
distribution was observed with the influence of the small grain size in Mg-5CCA’s composition. For
materials with coarse grains, a higher compressive strain can be expected due to continuous twinning
within the coarse grains. For materials with smaller grains, the compressive strain can be decreased
due to less continuity of twinning within the fine grains. This phenomenon was reported in detail
in a related paper based on magnesium-based composites [16]. In addition, the ductility increment
in this composite can be attributed to the resultant microstructural homogeneity in terms of grain
size and particle distribution. The resultant lower failure strain in the Mg-5CCA composite can be
accounted for with the influence of small grains from the grain distribution measurement (Figure 4c)
and microstructural observation (Figure 5c).

Table 2. Results of room temperature compressive properties.

0.2% Compressive Ultimate Compressive Compressive Failure
Materials Yield Strength Strength Strain (%)
(MPa) (MPa)
Mg 91+8 263 £ 16 12+2
Mg-2.5 wt % CCA (1.6 vol %) 127 4 5 (40%) 414 £ 6 (57%) 15+1
Mg-5.0 wt % CCA (3.2 vol %) 143 £ 2 (57%) 469 + 18 (78%) 10+2
Mg-7.5 wt % CCA (4.9 vol %) 148 + 4 (63%) 472 £+ 19 (79%) 15+2
Mg-6 vol % NisgTisg [17] 89 +3 368 +8 151+£15
Mg-5 vol % NiggNbyg [18] 130 £ 11 320£11 184+13
AT81-5 vol % SiC [9] 127 £ 10 301 £ 20 114 £05
AZ91D-3 vol % TiC [10] - 320* 17*

* Values approximated from the Compression graph.
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Figure 6. Compressive Stress-Strain curve of the Mg and Mg-CCA composites.

When compared to Mg composites containing ball-milled amorphous particles with a comparable
amount of reinforcement addition, a significant improvement in compressive yield strength and
ultimate compressive strength was observed in the Mg composite containing CCA particles
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while maintaining a similar compressive failure strain level (Table 2). In addition, significantly
higher compressive strengths were achieved in the Mg-CCA composites when compared to the
Mg-alloy-based composites containing micron size particles. This indicates the beneficial effect of CCA
alloy particles for property enhancement in the composites under compressive loading. Furthermore,
it shows the suitability and compatibility of this new type of CCA alloy particle as a reinforcement in
an Mg matrix.

Fracture surface studies were done on Mg and its composites and the representative fractographs
are shown in Figure 7. From the fractographs, the appearance of smooth fracture surfaces can
be seen in the Mg, Mg-2.5CCA, and Mg-7.5CCA composites. In case of the Mg-5CCA composite,
the appearance of ragged and rough fracture features was observed. The observed fracture features
conform with the resultant compressive failure strain values presented in Table 2, indicating the
reduced ductility attained in the Mg-5CCA composite’s composition when compared to the Mg,
Mg-2.5CCA, and Mg-7.5CCA composites (Figure 6).

% F
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Figure 7. Representative fractographs of: (a) Mg; and the (b) Mg-2.5CCA; (c) Mg-5CCA;
and (d) Mg-7.5CCA composites.

4. Conclusions

Based on the interrelation between the microstructural evolution and mechanical properties of
the Mg-CCA composites developed in this work, conclusions are drawn as follows:

1.  New Mg-CCA composites can be successfully developed using a powder metallurgy route
incorporating microwave sintering and hot extrusion.

2. The addition of ball-milled CCA reinforcement particles assisted in a significant refinement of the
matrix grain size. The measurement on the grain size distribution showed a normal distribution in
the Mg, Mg-2.5CCA, and Mg-7.5CCA composite compositions while a right-skewed distribution
was observed in the Mg-5CCA composite.
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Hardness increased with an increasing amount of reinforcement addition in the Mg-CCA
composites. The maximum microhardness of 80 HV was achieved in the Mg-7.5 wt %
CCA composite.

The compressive yield strength and ultimate compressive strength were significantly enhanced
in the Mg-CCA composites while maintaining the same ductility levels as unreinforced
Mg. The newly developed Mg-CCA composites showed higher strength under compressive
loading when compared to Mg composites containing ball-milled amorphous particles and
Mg-alloy-based composites containing micron-size particle reinforcement. The achievement of
enhanced mechanical properties in Mg-CCA composites highlighted the effectiveness of using
ball-milled CCA particles as a reinforcement in Mg.
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