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The effect of chemical composition and the hot rolling operations on the microstructure and mechanical 
properties of in situ aluminum matrix composite with Mg2Si phase as the reinforcement was studied. It 
was revealed that the modification by phosphorous results in the rounder (more spherical) primary and 
secondary (eutectic) magnesium silicide intermetallics. During hot rolling, the primary particles underwent 
mechanical fragmentation and the fragmented particles moved along the rolling direction. Moreover, the 
eutectic Mg2Si fragmented and uniformly dispersed in the microstructure. By increasing the reduction in 
thickness, it was almost impossible to distinguish primary particles from eutectic ones due to excessive 
fragmentation of particles. These observations were related to the brittleness of Mg2Si phase and the 
elongation of the matrix grains during rolling. The grain size of the matrix also changed due to the occurrence 
of recrystallization and the average grain size decreases from ~ 90 µm to 7 µm for the 98% rolled sample. 
The change in mechanical properties was related to the fragmentation of particles, destroying the eutectic 
network, magnificent grain refinement of the matrix, the retardation of recrystallization by the dispersed 
particles at grain boundaries of aluminum grains, and the fast cooling of thin sheets at high reductions in 
thickness.

1. Introduction
Aluminum-matrix composites (AMCs) have 

received considerable attention from automotive 
and aerospace industries due to their high specific 
strength and specific stiffness, high hardness and 
wear resistance, and good elevated temperature 
resistance [1,2]. Composites produced by adding 
particles suffer from various problems like 
thermodynamic instability of the reinforcement in 
the matrix, weak matrix-reinforcement interface, 
inhomogeneous distribution of reinforcement 
particles, and lack of good elevated temperature 
mechanical properties. To overcome these 
problems, the in-situ processing of composites has 

been put forward as a viable remedy [2].
Among in-situ composites, Al-Mg2Si system 

showed promising results, where the blocky-
type primary Mg2Si reinforcements and flake-
like eutectic or pseudo-eutectic Mg2Si inside the 
eutectic cell form during solidification of Al alloy 
containing Si and Mg [2].

The effects of several modifiers such as 
phosphorous [3-5], lithium [6,7] and rare earth 
metals [8-10] on the morphology of Mg2Si in Al-
Mg-Si system have been investigated. For instance, 
with the addition of phosphorus, the morphology of 
primary Mg2Si particulates becomes polyhedrons 
with more faces and their size decrease [3]. 
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The effect of hot extrusion [11-13] and hot 
compression [14] on the metallurgical behavior 
of Al-Mg2Si composites have been studied before 
and fragmentation of primary and eutectic Mg2Si 
phase, their distribution, and the recrystallization 
of the matrix adjacent to the particles have been 
investigated. However, there is no report in the 
literature on the rolling of these composites to 
produce them in the sheet form. The present work 
reports the preliminary results obtained from hot 
rolling and consequent grain refinement of Al-
Mg2Si composites.

2. Experimental materials and procedure
Aluminum matrix composites with 15 wt% 

and 20 wt% Mg2Si were prepared in an induction 
furnace using 99.8% Al, 99.9% Mg and Al-30 
wt% Si master alloy. Moreover, Al-15wt% Mg2Si-
0.5wt% P was prepared by the addition of Cu-17 
wt% P masteralloy. It should be noted that this 
masteralloy has gained popularity because it causes 
little gas pollution and has a stable and lasting effect 
[4,15,16]. Due to the applied Cu-P master alloy 
for phosphorus addition, some Cu intermetallic 
compounds might form in the microstructure. 
However, it has been reported that Cu addition has a 
marginal effect on the size and morphology of both 
primary and secondary Mg2Si particles [17,18]. 
Therefore, the effect of Cu was simply neglected in 
the present work and more experimental work is 
required to elucidate its effects.

The melts were heated up to 770 °C followed by 
pouring in a metallic mold to produce a slab with 
the dimensions of 147L, 97W, and 12.7T (mm3). Table 
1 shows the chemical composition of the as-cast 
composite. The slabs were homogenized at 520 °C 
for 4 h followed by furnace cooling [6,11,13]. Hot 
rolling operations on the Al-15Mg2Si-0.5P at 400 
°C with reductions in thickness of 60% (named 
as “Rolled” sample) and 98% (named as “Severely 
Rolled” sample) followed by air cooling were used 
for microstructural refinement.

The samples were electropolished at 50 V in a 
20% perchloric acid - 80% ethanol electrolyte and 
then etched with the Keller’s reagent (5 ml HNO3 

– 3 ml HCl – 2 ml HF – 190 ml H2O) to reveal the 
microstructural features. An optical microscope was 
used for microstructural investigations. The tensile 
specimen was prepared according to the ASTM 
E8 standard with a gage length of 32 mm (Fig. 1). 
Tensile testing was carried out at room temperature 
by a computerized testing machine (SANTAM 
STM-20) at the constant cross-head speed of 0.1 
mm/min. The diameter of Mg2Si particles was 
reported based on the  equivalent diameter (Deq) 
concept defined as the diameter of a circle having the 

same area as that of the particles: π/4 areaD ×= . 
The roundness of Mg2Si particles was calculated by

2/4100(%) perimeterareaRoundness ××= π . The 
grain size of the matrix was obtained based on the 
standard lineal intercept method.

3. Results and discussion
3.1. As-cast microstructures

Figure 2 shows the microstructures of the as-cast 
composites. It can be seen that the microstructures 
consist of primary Mg2Si particles in the matrix of 
Al–Mg2Si eutectic cells. This can be verified by the 
XRD pattern and SEM image, shown in Fig. 3, for 
Al-15Mg2Si composite. In the hypereutectic Al-
Mg2Si alloys, both primary particles of Mg2Si and 
α-Al can be observed besides the pseudoeutectic 
matrix. During solidification, Mg2Si particles are 
formed as a primary phase and α-Al grains are 
formed at a similar time due to the non-equilibrium 
solidification, which restricts the diffusion of Mg 

Table 1: Nominal chemical compositions of the as-cast alloys. 

Composite Mg Si P Cu Al 
Al-15Mg2Si 9.4 5.5 0 0 Balance 

Al-15Mg2Si-0.5P 9.4 5.5 0.5 2.9 Balance 
Al-20Mg2Si 12.8 7.5 0 0 Balance 

 

Table 1- Nominal chemical compositions of the as-cast alloys

 

Fig. 1- Schematic representation of the tensile specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1- Schematic representation of the tensile specimen.
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and Si into the surrounding liquid of the Mg2Si 
particles [11,19]. In fact, there is a phase field in the 
phase diagram where α-Al and the pseudoeutectic 
co-solidify from the liquid state [10,19]. From 
Fig. 2, it can be seen that by increasing the weight 
percent of Mg2Si, the amount of primary particles 
increases and the amount of eutectic constituent 
decreases, which can be easily verified based on the 
phase diagram of Al-Mg2Si [19].

The effect of modification with P on the 
morphology of Mg2Si can be seen by comparing 
Al-15Mg2Si with Al-15Mg2Si-0.5P composites, 
where the main difference is in the shape of primary 
and eutectic Mg2Si phase. For eutectic Mg2Si, the 
fibers tended to acquire rounder morphology, 
and the primary ones also became more spherical 
(in fact, polyhedrons with more faces). These 
observations can be related to the poisoning effect 

of P that restricts the crystal growth along some 
crystallographic orientation [3].

3.2. Homogenized microstructures
The homogenized microstructures after heat 

treating at 520 °C for 4 h are shown in Fig. 4. 
This treatment tremendously   influences pseudo- 
eutectic Mg2Si structure and alters its shape from 
continuous eutectic Mg2Si phase to fine, dot-like 
and partially round particles. After heat treatment, 
eutectic Mg2Si intermetallics distribute more 
uniformly in the matrix. Beside eutectic structure, 
the sharp edged primary particles tend to become 
rounder (more spherical). These behaviors are 
similar to spheroidization of cementite in steels to 
reduce surface energy [20]. It can also be seen that 
the primary particles became coarser as a result of 
this spheroidization treatment.

3.3. Hot rolled microstructures
Since the Mg2Si particles are rounder in the 

Al-15Mg2Si-0.5P composite, this material was 
considered as the most appropriate one to conduct 
high reduction of rolling deformation [4,11]. The 
hot rolled microstructures of the Al-15Mg2Si-
0.5P composite are shown in Fig. 5. It can be seen 
that the primary particles underwent mechanical 
fragmentation and the fragmented particles 
moved along the rolling direction. Moreover, the 
eutectic Mg2Si particles also are fragmented and 
dispersed in the microstructure. By increasing the 
reduction in thickness, it is almost impossible to 
distinguish primary particles from eutectic ones. 
These observations can be easily explained by the 
brittleness of Mg2Si phase and elongation of the 
matrix grains during rolling. For instance, the 

Fig. 2- Optical micrographs of as-cast structures.

Fig. 3- As-cast Al-15Mg2Si composite: (a) XRD pattern (using a 
PHILIPS X-ray diffractometer with Cu-kα radiation) and (b) SEM 
image (using a Vega Tescan scanning electron microscope).
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average sizes of particles are ~ 22 µm, 6 µm and 
3.9 µm for the as-cast, Rolled, and Severely Rolled 
samples, respectively. Moreover, the particles 
become rounder as shown in Fig. 6. 

Fig. 5 and Fig. 6 also show that the grain size 
of the matrix changes, which might be related to 
the occurrence of recrystallization during hot 
rolling. The microstructural refinement of Al-
Mg2Si composite during hot compression has been 
reported by Shafieizad et al. [14], and similar effect 
is expectable for hot rolling.  In fact, the average 
grain size decreases from 90 µm to 7 µm for the 
98% rolled (Severely Rolled) sample, which is 1/13 
that of the as-cast microstructure.

3.4. Mechanical properties
The summary of mechanical properties is shown 

in Fig. 7. It can be seen that the tensile strength of 

the as-cast and Rolled samples are nearly the same. 
Two microstructural parameters are important in 
this respect: (1) the grain size of the rolled sample 
is much smaller (90 vs. 26 µm) and (2) the network 
of eutectic Mg2Si has been destroyed in the rolled 
sample. The former is in favor of but the latter is 
detrimental to strength. It seems that the balance 
of these effects have resulted in the observed 
behavior. Fig. 7 shows that the elongation of the 
rolled sample is much higher than that of the as-
cast specimen, which reveals that the redistribution 
of Mg2Si particles and the absence of eutectic 
network are in favor of ductility. By comparing the 
microstructures of the Rolled and Severely Rolled 
samples (Fig. 5), it can be seen that the aluminum 
grains are elongated in the latter. This shows that 
this microstructure is essentially a deformed one 

 

Fig. 6- The equivalent size of Mg2Si particles, the grain size of the aluminum matrix, and the 

roundness of Mg2Si particles versus rolling reduction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6- The equivalent size of Mg2Si particles, the grain size of 
the aluminum matrix, and the roundness of Mg2Si particles 
versus rolling reduction.Fig. 4- Optical micrographs of homogenized composites.

Fig. 5- Optical micrographs of the hot rolled composites. RD 
represents the rolling direction for the rolled and severely 
rolled samples.
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and the recrystallization did not complete in this 
microstructure during processing. The latter can be 
related to the following facts:

(a) The fast cooling of thin sheets at high 
reductions in thickness prevents the occurrence of 
full recrystallization. The similar has been reported 
by El-Sabbagh et al. [21] in Al-SiCp composite

(b) The retardation of recrystallization occurs by 
highly dispersed Mg2Si particles at grain boundaries 
of aluminum grains as it is evident in Fig. 5. This 
effect is also a known fact during recrystallization 
of metallic materials [22].

Figure 5 also reveals that the grain size of the 
Severely Rolled sample is smaller. As a result, 
by consideration of the deformed nature of this 
sample, its tensile strength is much higher (more 
than 2 times) and its total elongation is lower.

4. Conclusions
The effect of chemical composition and the 

hot rolling operations on the microstructure and 
mechanical properties of in situ aluminum matrix 
composite with Mg2Si phase as the reinforcement 
was studied. The following conclusions can be 
drawn from this work:

(1) The modification by phosphorous results 
in the rounder primary and secondary (eutectic) 
magnesium silicide intermetallics.

(2) During hot rolling, the primary particles 
underwent mechanical fragmentation and the 
fragmented particles moved along the rolling 
direction. Moreover, the eutectic Mg2Si fragmented 
and uniformly dispersed in the microstructure. By 
increasing the reduction in thickness, it was almost 
impossible to distinguish primary particles from 
eutectic ones due to the excessive fragmentation 
of particles. These observations were related to the 

brittleness of Mg2Si phase and the elongation of the 
matrix grains during rolling.

(3) The grain size of the matrix also changed 
due to the occurrence of recrystallization and the 
average grain size decreases from ~ 90 to 7 µm for 
the 98% rolled sample.

(4) The change in mechanical properties 
was related to the fragmentation of particles, 
destroying of the eutectic network, magnificent 
grain refinement of the matrix, the retardation of 
recrystallization by the dispersed particles at grain 
boundaries of aluminum grains, and the fast cooling 
of thin sheets at high reductions in thickness.
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