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Abstract
In the present study, the diﬀerent approach of metal reinforcement particles addition was
studied. Aluminum matrix composite (AMC) with 5 % alumina (α-Al2 O3 ) reinforcement was
prepared via stir casting method, using various casting temperature, stirring speed, and stirring time. As a source of reinforcement, alumina master alloy with a high concentration of
alumina particles (50 %) prepared through gas pressure assisted inﬁltration (GPAI) was distributed during stirring. Distribution of the particles and structural characterization dependence on processing parameters were examined. Electron microscopy (SEM, TEM) was used
for complex visual investigation of the distribution of dispersed particles and to quantify the
degree of disintegration of the alumina master alloy after the casting process. To show the effect of the uniformity of the particle distribution on mechanical properties, uniaxial tests were
performed after extrusion. Results show an increase in strength of the stir cast composites
is in agreement with the particle distribution measurement (cluster size). The highest UTS
values are achieved for composites with the lowest values of the remaining clusters.
K e y w o r d s : aluminum matrix composite, α-Al2 O3 , alumina master alloy, stir casting, particle distribution

1. Introduction
Metal matrix composite materials consist of two
or more physically and chemically distinct phases.
Mostly, it is an engineered combination of metal and
hard particle reinforcement to obtain tailored properties [1, 2]. Various kinds of ceramic materials, e.g., SiC,
Al2 O3 , MgO, and B4 C, are extensively used to reinforce aluminum alloy matrices. A wide range of manufacturing was developed to prepare particle-reinforced
composite materials [3–6].
As the most economical method, MMC prepared
by stir casting technique is considered [7–9]. However, the wetting complexity of individual components is still the main disadvantage of this preparation technique. Improvement of wettability to a certain extent can be achieved by several methods including the addition of alloying elements (for example,
*Corresponding author: e-mail address: nagy.stefan@savba.sk

magnesium, lithium, calcium, titanium, zirconium, silicon), preheating the particles to remove absorbed
gases from the particle surface, or use of surface coatings [10–13]. The addition of alloying elements can
modify the matrix metal alloy by producing a transient layer between the particles and the liquid matrix
[14]. These interface-active elements should be chosen
carefully, increasing the wettability and not disrupting the reinforcement particles function. Metallic coatings are used to improve the wettability of reinforcement within the matrix material and thereby cause a
good bond between matrix alloy and reinforcement. A
low-cost method for SiC particles by electroless nickel
coating of the reinforcement can promote the wettability through increasing the overall surface energy of
the reinforcement [15].
During the stir casting process, molten metal is
stirred to form a vortex, and the reinforcement par-
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ticles are introduced mostly through the side of the
vortex formed. The disadvantages of this method
mainly arise from particle addition and stirring techniques. During particle addition, there is undoubtedly local solidiﬁcation of the melt induced by the
particles, which increases the viscosity of the slurry
[16, 17]. That is why one of the essential aspects
of the casting process is the method of introducing
the reinforcement phase (particles, ﬁbers, whiskers)
into the matrix melt. Several techniques have been
described by Hashim et al., including master alloy
pellets forming pre-inﬁltrated particles. These pellets
are dispersed and diluted into a melt, followed by
a slow hand or mechanical stirring [18]. Rasidhar et
al. [19] prepared ilmenite nanocomposite by stir casting with 650–700 RPM speed of stirring at a temperature of 850 ◦C for 10–15 min. Simultaneously, the
reinforcement powder packed in aluminum foils was
added to the melt as a packet. The particles were
uniformly distributed in the aluminum matrix, but
also, some clusters were formed, and the ultimate
tensile strength increased with the wt.% of ilmenite
nanoparticles. Researchers also investigated the stirring blade properties to obtain the optimum performance of the stirring process. Impeller with blade angle (α = 30◦ ) performed well and showed uniform dispersion without the concentration of particles. The position of the impeller should not be more than 30 %
of the height of the ﬂuid from the base of the crucible to avoid the accumulation of reinforcement particles at the bottom of the crucible. In the research of
Sahu et al. for the production of Al 7075/B4C/Fly-ash composite by stir casting, blade angle: 30◦ , impeller size: 0.5D, and stirring speed: 550 RPM is the
suggested optimal condition for uniform distribution
[20].
Increased wettability was also reported with the
solid-liquid mixed (SLiM) casting technique. In the
SLiM casting process, the proportion of the added
powder is up to 20–150 wt.%; either the powder with
the same composition as the molten matrix or the
alien alloy but with good wettability is used as the
added metal powder. The results by Su et al. [19–21]
reveal that the poor dispersibility and low wettability of nanosized Al2 O3 particles are improved via the
carrier agent of Al powder.
In this study, gas pressure assisted inﬁltrated master alloy with a high content of reinforced particles
(α-Al2 O3 ) is used for introduction in stir casting to
study the dissolution of alumina master alloy and distribution of the particles in the composite. The study
aimed to investigate the eﬀect of temperature, stirring speed, and stirring time on the distribution of
particles, microstructure, and mechanical properties
of the composite. Secondary processing, like extrusion
of discontinuously reinforced composites, can lead to
the break-up of particle agglomerates. Deformation of

Fig. 1. Schematic illustration of GPAI (a) and stir casting
process (b).

the material in the process of extrusion also reduced
porosity [22–25].

2. Experimental approach
2.1. Master alloy with alumina particles
In the ﬁrst step, the master alloy was prepared
by inﬁltration loose ceramic particles with pure aluminum through gas pressure assisted inﬁltration technique, Fig. 1. Commercial alumina powder AMDRY
6060 with particle size (d50) 32.9 µm and pure aluminum alloy 1050 were used in work. The master alloy contains 48 ± 4 vol.% of Al2 O3 reinforcement.
The parameters of gas pressure inﬁltration were set
to 850 ◦C and 3 MPa according to the previous study
[26, 27]. The loose Al2 O3 was ﬁlled in a high porous
graphite crucible, which was immersed in the Al melt
after preheating to the adjusted temperature of inﬁltration. Subsequently, inﬁltration pressure was applied to penetrate the ceramic particles with molten
aluminum. On cooling, inﬁltrated pellets were lifted
out of the melt under applied pressure and were released after temperature decrease below the melting
point of aluminum.
2.2. Stir casting process
The inﬁltrated master alloy was cut into 20 g piece
pellets. To produce composite material with 5 % of
Al2 O3 particles, the weight volume of pellet and pure
aluminum 1050 was calculated. Graphite crucible with
ø 45 mm (D) was used for heating the used materials.
After reaching the preset temperature of aluminum
in the crucible, the pellet was added into aluminum
melt and further held on constant temperature for
60 min. Afterward, the pellet was admixed and subse-
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2.4. Methods of characterization

Fig. 2. Schematic illustration of the production process of
the composite: 1. step – preparation of master alloy with
GPAI, 2. step – preheating and stir casting process, 3. step
– extrusion.

quently disintegrated into the aluminum melt during
the stir casting process, Figs. 1 and 2 (second step).
An axial ﬂow steel impeller was used to stir the molten
metal under certain conditions. The steel impeller was
coated with boron nitride. The depth of the impeller
was set approximately 2/3 the height of the molten
metal from the bottom of the crucible, according to
the study of Hashim et al. and Sahu et al. [17, 28].
Blade angle 30◦ was chosen according to the impeller
blade angle investigation by Sahu et al., which performed well and showed uniform dispersion [28]. The
impeller diameter was 30 mm (0.6D). The speed of the
impeller was set to 600 RPM (10 Hz) and 1200 RPM
(20 Hz). The processing temperature was selected at
680, 730, and 780 ◦C. For a semi-solid casting temperature, 680 ◦C was chosen. Diﬀerent temperatures were
selected in the range of standard casting temperatures
for aluminum. The processing temperature also aﬀects
the preheating of the master alloy pellet and, subsequently, the dissolution process. The stirring time was
10 min for each melting temperature. For the temperature of 730 ◦C, 30 min stirring time was also chosen
to study the eﬀect of the stirring time on the reinforcement particle distribution. Lower stirring time
(10 min) may lead to the clustering of particle reinforcements and result in non-homogeneous distribution of reinforcement particles [28]. A cooper crucible
with dimensions of ø 40 × 120 mm2 was used to cast
aluminum containing Al2 O3 particles.
2.3. Extrusion
The composite samples were extruded into rod in
the third step with a diameter of 6 mm with an area
reduction ratio of 11, which shows the schematic illustration in Fig. 2. The temperature of 425 ◦C and the
ram speed of 0.5 mm s−1 were set up.

To study the microstructure and the dispersion of
the reinforcement particles in the matrix, SEM microscopes JEOL 7600F and JEOL 6610 were used. The
degree of distribution of particles was measured according to the remaining clusters of the disintegrated
pellet in the as-cast composite. The diameter measurements of not dissolved clusters were done from
SEM micrographs of the microstructure with the micrograph capturing software provided for the JEOL
6610 microscope. An example of measurement represents Fig. 5a. For each sample, at least 50 measurements were performed, and values were averaged.
Specimens for metallographic observation were
prepared by grinding with 220, 400, 600, 800, 1200,
and 2500 grit paper. Finally, the polishing was ﬁnished on cloth using diamond paste 10, 3, and 1 µm.
TEM was performed using JEOL TEM 1200EX
microscope and FEI Titan HRSTEM to reveal the interface quality. Thin foils were prepared for the TEM
studies using mechanical grinding and polishing, followed by ion milling with the GATAN PIPS II machine.
For tensile testing, samples with the gauge of
ø 3 × 30 mm2 were prepared and tested using a
Zwick Roell 1474 testing machine with a test speed
of 1.5 mm min−1 according to Standard Test Methods
for Tension Testing ASTM E8. The mean values of
the strength and elongation were calculated from four
independent measurements.

3. Results and discussion
3.1. Master alloy pellet characterization
The microstructure of the master alloy contains a
high concentration of α-Al2 O3 particles (48 ± 4 vol.%),
Fig. 3. The alumina particles are distributed in the
space uniformly. The pressure inﬁltration process is essential to produce a proper interface between the particles and matrix and to exclude the gas phase from
the alumina master alloy. The quality of the interface between aluminum and alumina is consistent and
without reaction phases. However, inﬁltration pressure resulted in cracking of the particles, and micropores or uninﬁltrated areas between cracks could also
be seen, Fig. 3b. Non-inﬁltrated areas that contain a
gas phase can decrease the wettability of the particles
at the follow-up stir casting process.
3.2. As-cast macrostructure and
microstructure
Macro- and microstructural observations were performed on the cross-section in the middle part of the
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Fig. 3. The microstructure of alumina master alloy: (a) microstructure of Al2 O3 particles in Al matrix (SEM) and (b)
detail of the microstructure, cracked particles, and micropores indicated by arrows (SEM).

Fig. 4. Macrostructure of as-cast samples with casting parameters of: (a) 680 ◦C/600 RPM/10 min, (b) 680 ◦C/1200 RPM/
10 min, (c) 730 ◦C/600 RPM/10 min, (d) 730 ◦C/1200 RPM/10 min, (e) 780 ◦C/600 RPM/10 min, (f) 780 ◦C/1200 RPM/
10 min, (g) 730 ◦C/600 RPM/30 min, and (h) 730 ◦C/1200 RPM/30 min (inverted SEM).

castings, depending on the stirring parameters (melt
temperature, stirring speed, and stirring time). The
as-cast samples indicate observable macro- and mi-

crostructural diﬀerences of alumina master alloy disintegration and Al2 O3 particles distribution, Fig. 4.
The average remaining cluster size, the measurable
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T a b l e 1. Mechanical properties of extruded composite and the average cluster size of composites
Sample

Pure Al
SC1
SC2
SC3
SC4
SC5
SC6
SC7
SC8

Stir casting parameters Average remaining/
( ◦C)/(RPM)/(min)
cluster size (µm)
–
680/600/10
680/1200/10
730/600/10
730/1200/10
730/600/30
730/1200/30
780/600/10
780/1200/10

368
243
268
193
136
145
238
179

–
±
±
±
±
±
±
±
±

38
30
26
27
24
23
31
36

YS
(MPa)
49.2
83.5
83.4
71.9
69.6
89.4
100.4
83.3
91.8

±
±
±
±
±
±
±
±
±

1
1.2
1.3
1.5
2.1
2.2
5.1
2.7
2.1

UTS
(MPa)
72.7
107.7
113
104
104.3
131.8
137.5
113.8
121.7

±
±
±
±
±
±
±
±
±

3
7.5
1.6
2
1.3
1.1
5.8
2.8
10.3

A
(%)
27
17
12
18.6
21
17.8
12.8
12
14

±
±
±
±
±
±
±
±
±

2
3
5
1.3
1.8
1.6
1.5
2
4

Fig. 5. Microstructure and interface of the as-cast sample: (a) cluster of Al2 O3 particles (SEM), (b) disintegration stage of
a cluster of Al2 O3 particles (SEM), (c) interface between Al2 O3 particle and Al matrix (TEM), and (d) atomic resolution
interface between Al2 O3 particle and Al matrix (HRTEM).

value of disintegration of master alloy on the chosen
stir casting parameters, is represented in Table 1 and
Fig. 6.
At a temperature of 680 ◦C near the solidus, pure
aluminum clusters of the alumina master alloy are
clearly concentrated in the middle part of the cast
sample SC1, Fig. 4a. An increase in stirring speed in
the case of sample SC2 results in improved distribution of the alumina particles across the whole diameter

of the casting. Also, the reduced remaining cluster size
is measured, Fig. 3b.
In the case of the stirring temperature of 730 ◦C,
the eﬀects of both stirring speed and time were investigated. At stirring time 10 min, the diﬀerence caused
by increasing stirring speed is observable from the distribution of the Al2 O3 particles. Large clusters are
observed in sample SC3 with a stirring speed of 600
RPM, Fig. 4c. Increased stirring speed to 1200 RPM
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Fig. 6. Strength values of the tensile test according to the
measured remaining cluster size.

reduces the cluster size, and the particles are distributed more homogeneously. In the case of stirring
time 30 min, enhanced disintegration and homogeneity of the Al2 O3 particles are observed, but remaining
clusters are still present, Figs. 4g,h. Increasing stirring
speed from 600 to 1200 RPM slightly increases the remaining cluster size. Measurements of the remaining
cluster sizes indicate the lowest values at the temperature of 730 ◦C. The boron nitride coating on the steel
impeller was damaged after 30 min oﬀ stirring; however, there was no indication of boron nitride particles
in the microstructure.
At the highest processing temperature of 780 ◦C,
the Al2 O3 particles are distributed through the whole
volume of the casting, Figs 4e,f. Degree of the disintegration of the alumina master alloy after 10 min
stirring time continued. The measured cluster size is
lower compared to the values obtained at lower temperatures. A higher rate of stirring speed 1200 RPM
has shown a decrease of cluster size, Fig. 6.
A more thorough investigation on the microstructure level reveals a more extensive, not dissolved cluster of Al2 O3 particles surrounded with smaller islands
of Al2 O3 , Fig. 5a. The captured disintegration stage
of one cluster in the stir casting process indicates the
kinetics of disintegration, Fig. 5b. TEM observation
reveals a clear and continuous interface of the Al2 O3
particles and matrix, Fig. 5c. Further atomic resolution of the interface conﬁrms the presence of α-Al2 O3 ,
aluminum crystal structures according to interplanar
spacing, and reveals tight interface without any interaction phase or microporosity of the interface, Fig. 5d.
3.3. Mechanical properties
A tensile test was realized to determine ultimate
tensile strength (UTS), yield strength (YS), and ductility (A) of prepared composite depending on stir
casting conditions. To eliminate the residual poros-

Fig. 7. Representative tensile stress-strain curves for tested
samples.

ity after casting, the samples were directly extruded
(see Fig. 2 for more details). Mechanical properties of
extruded composites, pure aluminum, and the average
remaining cluster size in the composites are summarized in Table 1. The strength values of the tensile
test, according to the measured remaining cluster size
of alumina master alloy for the prepared composites,
are summarized in Fig. 6. The evaluation of the measured mechanical properties is in agreement with the
measured remaining cluster size in the prepared composite. Decreasing the cluster size results in strength
due to a more uniform distribution of the Al2 O3 particles in the composite. Homogeneous dispersion of the
particles results in a more uniform internal structure.
The highest strength values are measured for the sample with the lowest cluster size prepared at temperature 730 ◦C with increased time of stirring to 30 min.
Figure 7 shows representative stress-strain curves
for the various manufacturing parameters, thus various homogeneity of reinforcement particles. The
stress-strain curves have a standard shape with elastic
and plastic regions without visible yield point. Variability in the ductility, YS, and UTS can be attributed
mainly to the heterogeneity and size of the strengthening particles and their clusters. As mentioned by
Roshan et al., during the tensile test of the reinforced samples, ceramic clusters exert constraints on
the plastic ﬂow with the ductile matrix [25]. Moreover, strengthening mechanism of the matrix during
the loading also aﬀects the shape of the curve, thus
ductility, YS, and UTS values.
In the case of samples manufactured at 680 and
780 ◦C, the average mechanical properties are on similar levels. Slightly higher UTS was measured for the
samples prepared on the temperature of 780 ◦C. The
increased UTS is associated with the more homoge-
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neous distribution of the reinforced particles, thus enhanced dispersion hardening. This result also supports
the fact that the remaining cluster size of Al2 O3 particles on the temperature of 780 ◦C is less than in the
case of samples prepared at 680 ◦C. Preheating the
master alloy pellet on a higher temperature of 780 ◦C
leads to higher heat absorption of the master alloy,
which increases the dissolution. Increasing the speed
of stirring in both cases lightly aﬀected the UTS. The
highest values of the remaining cluster size of Al2 O3
particles are for the samples prepared at the temperature of 680 ◦C; however, as mentioned, the strength
values are on the level of samples prepared at 780 ◦C.
The increased strength values at near solidus temperature 680 ◦C can be attributed to semi-solid casting
strengthening. Semi-solid casting can increase mechanical properties due to reﬁning the microstructure and
decreasing the porosity [29]. The strain values are
higher in this case. Using the temperature of 730 ◦C
and stirring time 10 min results in decreased UTS and
YS values to the lowest level. The strain values are
the highest at these parameters, and the distribution
homogeneity is the same or increased against the samples prepared at 680 ◦C. Increasing the stirring time to
30 min results in the best distribution of homogeneity
of the reinforcement particles in the microstructure
producing the highest UTS and YS.

4. Conclusions
The presented work is focused on investigating the
eﬀect of the stir casting parameters on the microstructure and mechanical properties of the Al/Al2 O3 metal
matrix composite produced using a new approach of
alumina master alloy as a source reinforcement. The
results of the study can be summarized as follows:
– It was shown that high volume fraction alumina
master alloy (Al/Al2 O3 ) could be used to introduce
α-Al2 O3 particles into liquid aluminum during the dissolution in the stir casting process.
– Distribution homogeneity of the α-Al2 O3 particles strongly depends on stir casting parameters (temperature, stirring speed, stirring time).
– According to the cluster size measurements using
SEM, parameters of 730 ◦C/1200, 600 RPM/30 min
were the most eﬃcient for disintegrating the master alloy pellet and homogeneous distribution of the Al2 O3
reinforcement, what corresponds with the measured
mechanical parameters.
– Increase in strength of the stir cast composites
is in agreement with the particle distribution measurement (cluster size). The highest UTS values are
achieved for composites with the lowest values of remaining clusters prepared with stir casting parameters
730 ◦C/1200, 600 RPM/30 min.
– The interface between the α-Al2 O3 particles and
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the Al matrix in the prepared composite is consistent
without observable reaction products, conﬁrming the
TEM and HRTEM investigation.
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