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Abstract

Graphical abstract

LMé-aluminum alloy based-metal matrix composites (MMC) reinforced
with Al,O3 ceramic particles were fabricated through stir casting. Al.Os
particles with different weight content (5, 10, and 15%) were dispersed
into the LMé Al-Si alloy. The macro and microstructures, mechanical
properties, fracture surface, hardness, and impact toughness of the
resulted MMCs together with the plain LMé alloy were evaluated. The
results showed that the added 5 wt% ALOs was distributed
homogenously with good wettability. The addition of Al2O3 refined the
constituents of the LMé alloy; Al-Si dendrites and the a-Al grains. At 10
wt.% AlOs, some localized clusters appeared with some granular
cracks. Increasing the AlO3 addition to 15 wt.% resulted in particle
agglomerations with multiple cracks and porosity. Both the tensile
strength and the 0.2 % proof strength of the produced MMCs were
improved up to 10 wt.% Al,O3 and then reduced. The fracture surface of
5 wt.% MMC was brittle-ductile mixed-mode fracture dominated by
brittle fracture. The other percentages were almost brittle fracture. The
hardness of the produced MMCs was remarkably improved. The
hardness value reaches to about 86 HV at 10 wt. % Al.Oz addition. The
impact toughness of the resulted composite materials was decreased
notably at higher addition of Al20s.

Keywords: Metal-matrix composites, LM6-AI-Si alloys, Stir casting,
Microstructure, Mechanical properties
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1.0 INTRODUCTION the  manufacturing of  marine,  aerospace,
aeronautical and automobile industries. Various

LMé AL-Si alloy is one of the most widely used casting
constituents, with up to 90% of the worldwide Al
castings for this alloy [1]. It has found applications in

automotive engine components such as cylinder
blocks, pistons, and piston insert rings are fabricated
from this alloy [2-4]. The binary system of Al-Si has a
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eutectic reaction at approximately 12.3 wi% of Si at
a temperature of around 577 °C. During solidification,
the high value of latent heat of fusion for Si
compared to Al improved castability, fluidity, and
interdendritic extension; however, this also increased
the solidification time [1]. The addition of Si also
resulted in compromising the strength, ductility, and
machinability of the Al. Near eutectic, the AI-Si alloy
has ultimate tensile strength and fracture elongation
of approximately in the range of 162 MPa to 168 MPa
and 1.8% to 4%, respectively [2-3]. These values are
significantly lower than the monolithic Al It is
generally reckoned that Al-Si alloys’ mechanical
properfies are highly dependent on the eutfectic Si,
especially its morphology and homogeneity in the
alloy [4]. In conventional casting, the lamellar Si in
coarse grains leads to facilitate the crack formation,
resulting in  loss of mechanical properties.
Reinforcement of various pure elements or other
compounds has been studied in details to improve
the mechanical behavior of Al-Si alloy [3, 5-10]. The
additional phases are generally in low percentages,
and the alloy commonly referred to as metal matrix
composites (MMCs).  Al-based MMC  have
application in automobile, aerospace, rail transport,
marine and electrical fransmission [11]. For Al-based
MMCs, aluminum oxide (Al2Os) is one of the most
preferred reinforcement materials because of the
good interface affinity and non-reactive with molten
Al [12]. The hardness value and the fensile strength of
the A-MMC were improved because of the
reinfforcement with Al2Os, both in low [13] and high
[14] concentrations. Al,Os particulates provided both
grain refinement and hindered the motfion of
dislocation in the matrix resulted in the enhancement
in the mechanical behavior of the AI-MMC [13]. For
homogeneity and uniform dispersion of the
additional constituents in the Al-Si alloy, numerous
manufacturing and processing fechniques have
been infroduced [7, 11, 15, 16]. These processing
techniques have a direct impact on the mechanical
behavior of the alloy. For example, it has been
reported that 25% of the fatigue life has been
improved by implementing cenftrifugal casting rather
than gravity casting for 12 wt% Si in Al-Si alloy [7].
Traditional casting techniques have been reported to

modify the processes by including additional aspects.

Mold vibration has reported to marginally improve
the strength and fracture elongation, subjected fo
the amplitude of the mold [15]. The amplitude of
mold vibration has shown to have a direct effect on
the fragmentation of the dendrites. There are several
methods used for preparing the MMCs, such as spray
formation [17], power metallurgy [18], particle
infiltration technique [19], reaction techniques [20],
and caosting techniques [21-23]. However, MMCs
manufacturing processes have inherent problems
such as the formation of voids or porosity, poor
wettability, non-uniform distribution of reinforcement
particles. One of the feasible techniques of
manufacturing MMCs that can lower such problems
is the stir-casting technique [24]. The main process

parameters for the stir casting are stiring
temperature, time, and speed. Stir casting is a simple
process having the flexibility to modify and scale-up
for commercial applications without undermining the
feasibility. However, the problem remains due to the
wetting of reinforced particles with the molten metal
and homogeneity of the particles in the matrix [23].
The homogeneity problem become severe with the
high-volume fraction of the parficles as well as
significant density variation amongst the reinforced
particles and the matrix.

This paper aims to investigate the macro and
microstructure of stir cast MMCs consisted of LMé (Al-
Si alloy) as a matrix metal and reinforced with Al2Os.
The study concentrated on the added particles
homogeneity inside the matrix. Mechanical
properties of the resulted composites are detailed
studied.

2.0 EXPERIMENTAL WORK

In the current work, LMé Al-Si alloy, with chemical
composition listed in Table 1, was used as the mafrix
material. Particulate Al203 powder with a size of 44
um (325 mesh) was used as reinforcement with three
different weight percentages (5, 10, and 15 wt.%).
The composite was prepared using a stir casting
technique via induction melting furnace using
graphite crucible. Initially, the required quantity of
aluminum is heated to a temperature of 720 + 20 °C.
Afterward, the desired amount of Al,Oz powder was
preheated to 210 °C and added slowly and
gradually, followed by the stirring process. The stirring
speed was around 800 rom. The temperature was
maintained to 720°C during the addition of the Al.Os
particles. The mixture then poured in a porcelain
crucible. The cast was then cut using CNC machining
for tensile test samples following the ASTM E8M-04
standard. The tensile test was conducted using a fully
computerized universal tensile testing machine
(Instron-3367) at a strain rate of 0.5 mm/min. For each
condition, 3 specimens were prepared for the test,
and the average of these values was considered.
Furthermore, the fensile test fracture surface was
examined using a scanning electron microscope.
Microstructure observations were performed after the
standard metallographic procedure using Leica
optical microscope, and a scanning electron
microscope (Philips XL30 ESEM environmental SEM)
interfaced with Oxford Instruments INCA 250 EDS
system analyzer to identify the elements of the
different phases. The samples were analyzed with an
X-ray diffractometer (XRD, D8 Discover with GADDS
system, 35 kV, 80mA) to determine the phases
formed during stir casting. The microhardness test
was conducted using a Vickers microhardness tester
(DVK-2 Matsuzawa Vickers Hardness). A load of 1 kg
for 15 s was applied, and it was taken up to 5
readings for each condifion. A standardized Charpy
impact test (TQ-TE15 Impact tester) was performed
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according fo ASTM E23 at room temperature to
obtain the amount of energy absorbed by
fabricated composite during fracture. The used
samples were the standard dimensions of width and
thickness of 10 mmx10 mm.

Table 1 Chemical composition of the LMé Al-Si base alloy

Element  Si Fe Cu Mg Mn Ti Al

Wt. % 11.2 0.6 02 0.1 0.5 0.2 Bal.

3.0 RESULTS AND DISCUSSION

3.1 Microstructure Analysis

The microstructure of the stir-cast plain LMé Al-Si alloy
showed normal Al-Si long dendritic sfructure
distributed inside the a-Al phase with a grain size of
approximately 80 pym in addition fo many other
iregular blocky intermetallics as shown in Figure 1.
These long dendrite structures can be mainly
attributed to the high silicon content of the matrix

(11.1 wt.%), close to the eutectic composition (12.3%).

The distribution of the AI-Si dendritics was almost
distributed randomly, as presented in the EDS
microstructure mapping of Si (green color) in Figure 1
(c). Also, these irregular blocky shapes appeared in
the mapping as Mn, Fe, and Ni intermetallics
constituents. These results were confirmed with point
EDS analysis, as shown in Figure 2.

The different magnified microstructure of the
resulted composite reinforced with 5 wt.% AlOs is
shown in Figure 3. In general, the added particles
were reasonably distributed inside the matrix with the
absence of the clustering of particles. The reason for
the uniform distribution of the reinforcement particles
inside the LMé alloy was mainly due to the stir casting
technique. Also, the gradual addition of the
reinforcement particles info the melt probably
helped a lot in implementing the stirring process
effectively and prevented the agglomeration of the
particles. At the same time, there is no much
difference between the density of the added Al2Os
particles (3.69 gm/cm?) and that of the base LMé Al
alloy (2.65 gm/cm3). This helps also in the better
distribution of the particles in the molten metal. When
there is big difference in the density between the
reinforcement phase and the matrix, during melting,
the heaviest element will be concentrated in the
lower areas by the gravity forces, leaving the upper
part with lower concentration of the reinforcement
phase. At the same time, the interface between the
reinforcement particles and the matrix was clean
without any noticeable defect, as shown in Figure 3
(b). which also confirmed the good wettability.

Figure 1 Micrographs of the LMé Al-Si stir cast matrix metal,
where (a) optical view, (b) SEM view and (c) EDS elemental
mapping of the area shown in (b)
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Figure 2 (a) SEM Microstructure of the LMé Al-Si stir cast
matrix metal, (b-d) Point EDS element analysis of the area
shownin (a)

®

A good wettability may also be attributed to the
preheating of the reinforcement particles before
adding to the melted matrix. The addition of 5 wt.%
Al,O3 hard particles has a significant influence on the
solidification behavior of the LMé alloy, as clearly
shown in highly magnified SEM micrographs in Figure
4. The dendritic Al-Si phase became shorter and finer.
The refinement mechanism of the AI-Si dendritic
structure after addition of Al,Os can be interpreted
as follows: the AlOz particles will provide
heterogeneous nucleation sites for solidification of a-
Al phase, results in its grain refinement. The finer a-Al
grains will limit the growing of the Al-Si dendrites by
step growth mechanism [25]. Moreover, the
aluminum matrix will solidify with faster cooling rates
in the presence of the Al,Os particles, which shared
in grain refinement. To confirm that structure is for the
Al-Si dendrites, the EDS mapping technique of Si
(green color) was used, as shown in Figure 5.
Moreover, the reinforcement addition decreased the
grain size of the a-Al phase itself to its almost half size.
The presence of the AlOs particles at the grain
boundaries suppressed the grain growth due to the
pinning effect, and hence, the size of the grains
became smaller and finer [26]. The XRD pattern for
the cast composites, as shown in Figure 6, revealed
the presence of Al, Si eutectic and the added Al,O3
particles as the major peaks in addition fo other
intermetallics such as CuAl..

Figure 3 Different magnified optical micrographs of the
produced MMC after the addition of 5 wt. % Al,O3

Figure 4 Different magnified SEM micrographs of the
produced MMS after the addition of 5 wt. % Al,O3

EAAG: 429 x_HV: 20.0 kV WD: 12.5 mm

Figure 5 (a) SEM micrograph of the produced MMC after
the addition of 5 wi. % AlOs, and (b) EDS elemental
mapping
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Figure 6 XRD patterns obtained from the produced MMC
after the addition of 5 wt. % Al,03
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When the AlOs reinforcement particle addition was
increased to 10 wt. %, relatively heterogeneous
distribution of the particles was observed in some
localized areas, as showed in Figure 7. Some Al,O3
particles were clustered. However, the separate
particles that distributed homogenously had a good

wettability with the surrounding matrix (Figure 7 (b-d)).

Also, there were some crack-like defects observed
around the particles in the clustered areas, as
showed in Figure 7 (b). Moreover, some porosity was
detected, as shown in Figure 7 (c). By increasing the
addition of Al,Osz particles to 15 wt. %, mulliple
clusters and agglomerations of AlOz particles
appeared, as shown in Figure 8. At the same fime,
many intergranular and fransannular cracks were
observed between the Al,Os particles, in addition to
porosity, as shown in Figure 8 (b-d).

Intergranular

Porosity

Figure 7 Different magnified optical micrographs of the
produced MMC after the addition of 10 wt. % Al2O3

Cracks

Cavity

Porosity

Trans-granular

Figure 8 Different magnified optical micrographs of the
produced MMC after the addition of 15 wt. % Al2O3

3.2 Mechanical Properties

The measured tensile test data of the LMé alloy
reinforced with 5, 10, and 15 wt. % of Al,O3 particles
together with plain LMé alloy matrix is presented in
Figure 9. Generally, the percentage of hard AlLOs3
particles and their distributions are the major
influencing factors in evaluating the mechanical
properties of the resulted composites. The ultimate
tensile strength and the 0.2 % proof strength were
significantly increased as the percentage of the
reinforced particles increased up to 10% and then
decreased. The addition of 5 wt.% AlOs; particles
resulted in an approximately 16% increase in proof
strength and 20 % increase in ultimate tensile strength.
Likewise, the addition of 10 wt.% AlLOs particle
resulted in a 22 % increase in proof strength and 24 %
increase in ultimate tensile strength. Increasing the
addition of the hard AlO3 particles enhanced the
load-bearing capacity and resulted in higher
strength. The clean interface between the added
Al,O3 particles and the matrix helps in load transfer
from the weak matrix to the strong Al,Os particles. At
the same time, the dislocation loops that were
created around the AlLOs; particles will resist the
deformation during the tensile test [27]. Moreover,
the matrix grain refinement done by the effect of
adding AlOs; parficles also confributes o the
strengthening of the resulted composites. When the
addition of Al,Os particles was 15 wt.%, the MMCs
showed slightly lower values both ultimate and vyield
strengths. The reduction in strength could be
attributed to the agglomeration and the
heterogeneous distribution of Al,Oz particles in the
matrix. Also, the formation of micro-cracks around
these clustered Al,O3 particles considerably reduced
the strength of the MMC. Regarding the ductility of
the produced MMCs, the addition of Al,Os particles
remarkably reduced their ductility. As the content of
Al,O3 particles increased, the elongation percentage
decreased, as shown in Figure 9 (b). This could be
due to the brittle nature of the ceramic AlO3
particles, which led to strain hardening during
deformation, thereby reducing its ductility.

The fracture surface analysis of the broken
fensile test is critical and helpful in evaluating the
mechanical properties of the produced MMCs. The
fracture surfaces of the fensile fested specimens
were observed by SEM, as shown in Figure 10. The
fracture surface of the sample of 5 wt.% AlLOs
particles showed cleavage planes, which was the
indication of major brittle fracture. At the same time,
some different size dimples and cavities were
observed, which suggested the presence of some
ductility, as shown in Figure 10 (a). In other words, the
fractured surface of the added 5 wt.% Al2Os particles
MMC indicated mixed-mode fracture dominated by
brittle fracture. The bonding strength between the
hard Al,Os particles and the relatively soft Al-Si matrix
is high. In this case, the fracture will be initiated in the
hard Al,Os particles and then transferred to the
matrix. When the addition of AlOs; particles was
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increased to 10 wt%, the ductile dimples got
reduced, and numerous cleavage planes and tear
rides were observed, as shown in Figure 10(b), which
suggested almost brittle fracture. The initiation of
cracks generally occurs on AlOsz particles and
propagates through the soft Al-Si maftrix causing
failure by linking up with other cracks. The sample of
15 wt. % AlOs parficles (Figure 10 (c)) shows
cleavage facets and tear ridges, which were the
indicafion of a complete brittle fracture. The
agglomerations and clusters of these hard AlO3
particles reduced the number of isolated particles in
the ductile matrix, which resulted in easy debonding
of the added particles from the matrix during the
tensile loading. In other words, the fracture cracks
easily be propagated between the AlL,Os particles.
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Figure 9 For all the samples evaluated, (a) Ultimate tensile
strength and 0.2% proof strength, and (b) the percentage of
elongation

E Aot

Figure 10 SEM micrographs of the fensile fest fracture
surfaces of the produced MMCs after the addition of Al,O3
(a) 5wt. %, (b) 10 wt. %, and (c) 15 wt. %

3.3 Hardness Measurements

The readings of the hardness test indicated that there
was a significant increase in the hardness value by
the addition of the reinforcement phase. The
hardness values were increased with increasing the
percentage of the hard AlOs particles, as clearly
shown in Figure 11 (a), which reached to the highest
value for the 10 wt% AlLOs. The loads were
distributed over the hard reinforcement phase and
the matrix. At the same time, grain refinement of the
matrix led to an increase in the hardness of the
resulted MMC:s. It was observed that the sample with
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15 wt.% AlOs particles showed a relatively lower
increment in hardness due to the non-uniform
distribution of Al,O3 particles. The hardness of the
resulted MMCs rose by an amount of 53% when the
added Al2Os particles were 10 wt.%.
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Figure 11 Vickers hardness (a) and Charpy impact
toughness (b) values for all the samples evaluated

3.4 Toughness Measurements

The Charpy impact tests were conducted on the
fabricated MMCs together with the plain Al-Si alloy to
determine the amount of energy absorbed during
fracture, and the results are shown in Figure 11(b).
The plain Al-Si alloy showed the maximum impact
toughness, and it decreased with the increment in
the addition of hard Al:O3 particles. It also appeared
that the sample of 5 wt.% Al.Oz particles to be closely
related to the plain matrix Al-Si alloy being tested in
this study. The reduction of the impact toughness was
smooth and gradually up to 10 wt.% Al.Os particles.
After that, a drastic reduction was recorded at a
sample of 15 wt.% AlOs particles. Generally, the

impact toughness of the MMC depends on the type
of the reinforcement phase, their homogeneity, and
their interfacial bonding with the matrix. The added
AlbOs particles have exireme hardness, which
increased the brittfleness of the produced MMCs.
Moreover, the heterogeneous distribution of the
added hard particles adversely affected the impact
toughness for the sample of 15 wt.% Al.Os particles.

4.0 CONCLUSION

In this work, a study has been carried out to improve
the mechanical properties of the LMé Al-Si alloy by
dispersing it with different percentages of AI203
particles to form metal matrix composites through stir
casting fechnique. The detailed macro and
microstructures, mechanical properties, hardness,
and impact toughness of the produced MMCs and
matrix alone were evaluated. The results of this study
led to the successful fabrication of LMé Al-Si alloy
MMCs reinforced with AlI203 particles by stir casting
technique. The stir-cast plain matrix LMé Al-Si alloy
showed normal Al-Si long dendritic  structure
distributed inside a -Al phase with a grain size of
approximately 80 um in addition to many other
iregular blocky intermetallics. The added AI203
particles were homogeneously distributed with the
matrix at 5 wt.%, while it tended to be clustered when
the addition was more than 10 wt.% of the particles.
The ultimate tensile strength, 0.2 % proof strength,
and hardness were improved with the increment of
the content of AI203 particles in the matrix up to 10
wt.%, while the ductility and impact toughness
showed reverse results, especially at 15 wt.%. The
improvement in ultimate tensile strength and the 0.2%
proof strength reached 24% and 22%, respectively,
while it reached 53% in the hardness when the
added AI203 particles were 10 wt.%. The fracture
surface of the tensile test showed an almost brittle
fracture, with an exception for the 5 wt.% sample; the
fracture showed a few dimples of ductile fracture
during fractography.
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