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Abstract: The effect of Mg-7.4%Al reinforcement particle size on the microstructure and mechanical
properties in pure Al matrix composites was investigated. The samples were prepared by hot
consolidation using 10 vol.% reinforcement in different size ranges, D, 0 < D < 20 µm (0–20 µm),
20 ≤ D < 40 µm (20–40 µm), 40 ≤ D < 80 µm (40–80 µm) and 80 ≤ D < 100 µm (80–100 µm). The result
reveals that particle size has a strong influence on the yield strength, ultimate tensile strength and
percentage elongation. As the particle size decreases from 80 ≤ D < 100 µm to 0 < D < 20 µm,
both tensile strength and ductility increases from 195 MPa to 295 MPa and 3% to 4% respectively,
due to the reduced ligament size and particle fracturing. Wear test results also corroborate the size
effect, where accelerated wear is observed in the composite samples reinforced with coarse particles.
Keywords: composite materials; particles size; consolidation; strength

1. Introduction
Al-based metal matrix composites (AMCs) are very attractive for lightweight applications such
as aerospace, military and transport sectors due to high specific strength, good fatigue properties
and wear resistance [1–5]. In addition, AMCs offer the possibility to tailor their properties to meet
specific requirements [2–6]. The property of the AMCs depends on the property of the matrix and the
reinforcement. Different types of reinforcement materials, ranging from typical ceramics, such as Al2 O3,
AlN and SiC [7–9], to more unconventional reinforcements, such as quasicrystals [10,11] and complex
metallic alloys (CMAs) [12], have been successfully used as reinforcements in MMCs. Other possible
candidates as reinforcing agents in MMCs are amorphous, partially amorphous and nanocrystalline
Al-based alloys, which have attracted widespread attention as potential candidates for structural
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as well as functional applications due to their high strength combined with low density [13,14].
Mg-7.4%Al alloy displays attractive properties, including low density (~1.79 g/cm3 ), high room
temperature strength (~700 MPa) and high hardness (170 Hv) [15]. Therefore, this phase is not only
interesting in the monolithic form but it is also attractive as a potential candidate for reinforcement in
lightweight high-strength MMCs.
AMCs can be processed by techniques like powder metallurgy/spray deposition/mechanical
milling (MM) or by conventional casting. Powder metallurgy (PM) through solid-state sintering is
widely used for the fabrication of such composites. It has excellent control over the microstructure of the
composites, including size, morphology and volume fraction of the matrix and reinforcement [16,17].
In addition, PM is produced near net shape components at relatively low cost [18,19]. The properties of
these composites depend strongly on the particle size and particle-matrix interface [20,21]. Reducing
the particle size greatly improves the strength of these composites [22]. Accordingly, the present study
focuses on the synthesis of Al-based composites using Mg-Al mechanically alloyed (MAed) powder
as reinforcement and investigates the effect of particle size on the microstructure and mechanical
properties of the composite at fixed reinforcement content.
2. Experimental Section
AMC reinforced with 10 vol.%MAed Mg-7.4Al (wt.%) particles were fabricated by mechanical
milling, followed by hot consolidation. The reinforcement (Mg-7.4%Al mechanically alloyed particles)
was prepared by mechanical alloying of elemental Mg (250 µm, Alfa Aesar, Karlsruhe, Germany) and
Al (44 µm, Alfa Aesar) powders in a planetary ball mill for 100 h at room temperature followed by 3 h
cryo-milling in liquid nitrogen. The detailed production and characterization of the reinforcement
(Mg-7.4Al (wt.%)) has been reported elsewhere [23]. To study the effect of particle size, the composites
were prepared with different particle sized reinforcement (0 < D < 20 µm (0–20 µm), 20 ≤ D < 40 µm
(20–40 µm), 40 ≤ D < 80 µm (40–80 µm) and 80 ≤ D < 100 µm (80–100 µm)). MM was carried out using
a Retsch PM400 planetary mill (Retsch, Haan, Germany) equipped with hardened steel balls and vials
under Ar atmosphere for 3 h at 100 rpm with a ball-to-powder ratio of 10:1. All the sample handling was
carried out in a glove box (mBraun, Garching, Germany) under purified argon atmosphere (<0.1 ppm
O2 and H2 O). The powders were then uni-axially hot pressed at 673 K and 400 MPa and subsequently
hot-extruded at the same temperature with an extrusion ratio of 6:1. The as-extruded samples were
machined into cylindrical tensile specimens of 3 mm diameter and 20 mm gauge length (as per ASTM
E-8/E08M-08) [24]. Structural characterization of the samples was performed by X-ray diffraction
(XRD) using a D3290 PANalyticalX’pert PRO with Co-Kα radiation (λ = 0.17889 nm) in Bragg-Brentano
configuration (PANalytical, Kassel-Waldau, Germany). The X-ray was carried out in the step scanning
mode, with tube voltage of 35 kV and tube current of 40 mA. A step size of 0.013 degree/min and a
scanning rate of 1.5 degree/min was used for all measurements. Microstructural characterization was
carried out by scanning electron microscopy (SEM) using a Gemini 1530 microscope (Jeol, München,
Germany). The SEM images were taken in secondary electron mode at EHT voltage of 20 kV and
aperture size of 60 µm. The density of the samples was evaluated using the Archimedes principle.
The Vickers micro-hardness measurements were carried out using a computer-controlled Struers
Duramin 5 Vickers hardness tester (Stuers, Willich, Germany). The device is equipped with a typical
pyramidal diamond indenter with square base and an angle of 136◦ between the opposite faces.
Indentations were carried out with an applied load of 0.01 kg and a dwell time of 10 s. The mechanical
properties of the composites were evaluated under tensile loading using an Instron 5869 device
(strain rate: 0.0017 s−1 ) (INSTRON, Darmstadt, Germany). Wear experiments were conducted in the
Pin-on-disc type Friction and Wear monitor (DUCOM; TL-20) (DUCOM, Bengaluru, India) with a data
acquisition system against hardened ground steel disc (En-32) having hardness 65 HRC and surface
roughness (Ra) 0.5 µm. The disc rotates. A load of 50 N was used for the wear experiments.
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Figure 1. (a) X-ray diffraction (XRD) patterns for pure Al, mechanically alloyed Mg-7.4%Al powder and
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distribution at the interfaces are not strictly steep, and ranges up to 10 µm, indicating physical mixing
and/or atomic inter-diffusion at the Mg/Al interfaces leading to a strong interface bonding [26]. SEM
micrographs of the composites (Figure 2a–d) reveal a homogeneous distribution of the reinforcement
in the matrix. The micrograph (Figure 2a,b) shows three different areas in the sample, bright areas
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Table 1. Shows the density and hardness of the extruded samples.
Samples

Density (gm/cm3 )

Hardness (Hv)

Al pure
Al-10AlMg (80–100 µm)
Al-10AlMg (40–80 µm)
Al-10AlMg (20–40 µm)
Al-10AlMg (0–20 µm)

2.71 ± 0.15
2.61 ± 0.25
2.63 ± 0.24
2.64 ± 0.22
2.65 ± 0.18

42 ± 4
85 ± 7
87 ± 6
88 ± 5
89 ± 4

The tensile test results of the composites reinforced with different particle sizes are shown in
Figure 3a. The result reveals that the strength of the composite increases with decrease in the particle
size. It increases from 195 MPa for (80–100 µm) sized particles to 250 MPa for (40–80 µm) particles size,
and finally to 295 MPa for 0−20 µm sized samples with significant plastic deformation. Higher work
hardening rate was observed with decreasing the particle size, which is attributed to the formation
of dislocation tangles around the particles, due to plastic incompatibility between the reinforcement
and matrix, and the formation of a dislocation cell structure with a cell size inversely proportional to
the inter particle spacing [27–29]. The increase in strength of the material can be explained by using
the Equation (1) [12]. At a constant amount of reinforcement, the distance between the particles (λ)
decrease with decrease of particle size. Therefore, the number obstacles against the grain boundary
movement increase with the particle size reduction, leading to a reduced grain boundary movement.
The inset in Figure 3a shows the dependence of the yield strength on λ−1/2 . The ligament size
λ was measured from the microstructure of the composites (Figure 2), which reveals that the matrix
ligament size λ increases from 15 to 20, 29 and 40 µm for the composite reinforced with powders of
size (0–20 µm), (20–40 µm), (40–80 µm) and (80–100 µm) respectively. In other words, λ decreases
with decreasing particle size of the reinforcement. The λ value also calculated using Equation (2) is
proposed by Gustafson et al. [30], where λ is matrix ligament size, V volume fraction and D is the
diameter of the particles. It is found that the calculated λ value and measured value are almost similar,
hence corroborating our experimental results. Furthermore, the insert in Figure 3a shows a nearly
linear relationship between yield strength and λ−1/2 , corroborating the validity of Equation (1), and
demonstrates that the matrix ligament size has a significant role in strengthening the composites.
∆σs = k·λ−1/2
"
#
1
−1
λ=D
(V/100)1/3

(1)
(2)
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Figure 3. (a) Room temperature tensile true stress-true strain curves with inset showing the
Figure 3. (a) Room temperature tensile true stress-true strain curves with inset showing the
dependence of yield strength (σy ) on λ−1/2
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(c) 40–80 µm; (d) 20–40 µm and (e) 0–20 µm for the hot pressed and hot extruded composites
µm; (c) 40–80 µm; (d) 20–40 µm and (e) 0–20 µm for the hot pressed and hot extruded composites
with 10 vol.% of Mg-7.4%Alreinforcement.
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