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In this research, aluminium powder (50wt%) and alumina (50wt%) were first milled at a specific ball-to-powder ratio in a high-
energy planetary mill at different times to manufacture Al-Al

2
O
3
composite. Then, the capsules of powdery composites (Al-

Al
2
O
3
)CP produced at themilling stage were added to aluminiummelt and cast through ex situ. Scanning electronmicroscope SEM

was used to study the morphology of the capsules and the microstructure of the produced composite. The percentage of powdery
composite capsules and reinforcing particles present in the microstructure of Al-Al

2
O
3
composite was measured by Image Tool

software.The results of the tests showed that, by optimizing the milling time to 5 hours, the alumina particles are sufficiently placed
in the matrix of the capsules; on the other hand, alumina particles are also properly coated with aluminium powder. When these
capsules are added to aluminiummelt, the rate of the wetting of alumina particles greatly increases and accordingly the percentage
of the reinforcing particles in the cast composite matrix increases dramatically. By surface modification and accordingly increasing
percentage of Al

2
O
3
, the tensile strength increases and the tensile strength of the composites is higher than that of the matrix alloy.

1. Introduction

Some of the materials requested in the modern industries
cannot be utilized by monolithic materials. Therefore, com-
posite materials have been developed [1]. Particle reinforced
aluminium matrix composites have constructively changed
in the last few years, in order to decline the weight of
components in structural applications and to positively make
their mechanical behaviour and physical properties different
[2]. Due to their light weight, high strength, and suitable
wear resistance properties, aluminium matrix composites
are considered as a group of advanced materials among
these composites [3, 4]. Owing to their unique mechani-
cal properties, alumina-aluminium composites enjoy special
applications in different industries [5, 6]. There are several
different methods for the production of alumina-aluminium
composites. These production methods can be divided into
three groups of solid-phase processes, liquid-phase processes,
and semisolid processes [6–9]. Eddy turbulence is utilized in
most liquid state methods [10]. The in situ method is usually

used for the production of aluminiummatrix composites [11].
But the production of reinforcing particles in this method is
difficult and costly and controlling the process is not easily.
Ex situ enjoys advantages such as better bound of particle
matrix, easier control of the matrix structure, easiness, and
low cost of the process. However, it is difficult for mechanical
turbulence process to distribute the microparticles evenly
in the matrix while avoiding agglomeration or clustering
due to high surface-to-volume ratio and low wetting in the
molten metal. This reduces the percentage of the reinforcing
particles in composite matrix. The goal of this research is
to improve the wetting of alumina reinforcing particles by
molten aluminium resulting in an increase in the volume
percentage of aluminium reinforcing particles in Al-Al

2
O
3

casting composite matrix.

2. Materials and Methods

In this research, 99.5% pure aluminium powders and 99.8%
pure alumina were used for milling operations. Figure 1
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Table 1: Chemical composition of waffle ingot use in the present research.

Element Mn Cu Zn Si Mg Fe Ti Ni Al
Weight percent 0.003 0.021 0.004 0.150 0.002 0.263 0.006 0.004 Bal.

(a) (b)

Figure 1: SEM images of (a) Al and (b) Al
2
O
3
.
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Figure 2: System for the injection of powdery composite capsules (Al-Al
2
O
3
)CP to aluminium melt.

depicts images of Al andAl
2
O
3
powders by scanning electron

microscope. The average sizes for aluminium and alumina
powder particles were 29 and 45 𝜇m, respectively.

Commercial pure waffle ingots were used as a composite
matrix. Chemical composition of waffle ingots determined by
quantometric method is depicted in Table 1.

For milling operations, aluminium and alumina powders
were placed into a steel vial (with the capacity of 100 grams)
by the weight ratio of 60 to 40 and by the ratio of 10 to 1 for
ball to powder; then the vial was placed inside the planetary
high-energy ball mill (Resteh, Pm 100) turning at 250 rpm.

Time duration for milling varied from 1, 5, to 10 hours.
Then, the powdery composite capsules (Al-Al

2
O
3
)CP pro-

duced at the milling stage were added to aluminium melt
and cast through ex situ method. The powdery composite
capsules (Al-Al

2
O
3
)CP along with inert Argon gas (by the

injection system depicted in Figure 2) were added to alu-
minium melt containing 3wt%Mg (for the improvement
of the wetting degree of alumina particles with aluminium
melt). While adding these capsules, the aluminium melt
is stirred by graphite stirrer at 500 rpm. After adding the
powder to the melt, it was cast into a steel mold at high

cooling speed to obtain Al-Al
2
O
3
cast composite samples. An

XL30 Scanning electron microscope was used to study the
morphology of the capsules. Also, to study themicrostructure
of the produced composite, after grinding and polishing,
the samples were etched by Keller solution and studied
by a scanning electron microscope. Then, the image Tool
software was used to measure the percentage of powdery
composite capsules and the reinforcing particles present in
the composite microstructure Al-Al

2
O
3
to obtain the opti-

mum milling time.
The rate of wetting of alumina was determined by weigh-

ing of residual composite powder after casting. If the weight
of primary powder is𝑊 and weight of remaining powder is
𝑀, then the percentage of powder composite remaining in
the aluminium melt has been calculated from this formula:

(Al-Al
2
O
3
)CP% = (

(𝑊 −𝑀)

𝑊
) ∗ 100. (1)

To determine the mechanical behavior of the different
materials as a function of reinforcement percentage, tensile
test was conducted at a constant strain rate of 10−3 s−1 at room
temperature (298K).
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Figure 3: SEM images of powdery composite capsules for milling times (a) 1, (b) 5, and (c) 10 hours.

3. Results and Discussion

3.1. The Effect of Milling Time on the Size and Percentage
of Powdery Composite Capsules. Figure 3 depicts the images
of the powdery composite capsules by the scanning elec-
tronic microscope at different milling time durations. As it
is observed, by an increase in milling time duration, the
percentage and the size of (Al-Al

2
O
3
)CP powdery composite

capsules also increase.The percentage of the formed powdery
composite capsules, depicted in Figure 4, is measured by
Image Tool software at different milling times.

The reason for an increase in the percentage and the
size of powdery composite capsules is that, by an increase in
milling time, the possibility of collision among the powder
particles is increased [12]. Since there are only two types
of alumina and aluminium powders in this system, three
states are created by an increase in milling time. In the
first state, there is the possibility of the collision among
aluminium powder particles. In this state, the produced
aluminium matrix in the powdery composite capsules gets
larger, resulting in an increase in the size of the capsules. In
the second state, there is greater possibility of the collision
of alumina powdery particles with aluminium. In this state,
a higher percentage of alumina particles collide with alu-
miniummatrix and engulfed in it. As a result, the percentage
of powdery composite capsules increases. In the third state
the possibility of collision of alumina powder particles with
each other is increased. Since the alumina particles are brittle
and fragile at this stage, they break and become finer as the
result of collision. Therefore, by an increase in milling time,
finer particles of alumina are engulfed in aluminium matrix.
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Figure 4: Percentage of powdery composite capsules formed for dif-
ferent times of milling.

This phenomenon results in an increase in the mechanical
properties of the manufactured composite [13]. Figure 5
depicts the schematic of the abovementioned states and the
effect of an increase in milling time on the capsule size and
percentage of the produced Al

2
O
3
in it. As it is shown in this

figure, in addition to enlargement of aluminium matrix, the
percentage of Al

2
O
3
particles present in the matrix is also

increased by an increase in milling time.
Figure 6 depicts the image of powdery composite capsules

by scanning electron microscope for a 10-hour milling time
(Figure 3(c)) at higher magnification. As it is observed, in
addition to enlargement of aluminium matrix, its surface
is also coated with alumina particles in this figure and the
percentage of alumina particles in the matrix is dramatically
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Figure 5: The effect of an increase in milling time on the size of
capsule and percentage of Al

2
O
3
produced in it.

Al2O3

Figure 6: SEM image of powdery composite capsules for 10 hours
of milling (Figure 3(c)) with higher magnification.

increased. This image confirms the schematic presented in
Figure 5(c).

The same results were obtained when aluminium powder
was milled by Al

2
O
3
powder. The powder particle size is

changing with milling time, as a result of the two opposing
factors of cold welding and fracturing of powder articles [14].

3.2.TheEffect ofMilling Time on the Percentage of the Reinforc-
ing Particles in Cast Composite. Figure 7 depicts the images
of cast composite resulting from the produced capsules by
scanning electron microscope at different milling times.
Table 2 illustrates percentage of (Al-Al

2
O
3
)CP entangled in

aluminiummelt. Figure 8 shows the percentage of reinforcing
particles in the matrix of these composites measured by
Image Tool software. Figures 7 and 8 show that, by an increase
in milling time from 1 to 5 hours, the volume percentage
of reinforcing particles in the cast composite matrix is also
increased, but by more increase in milling time up to 10
hours, this percentage is dramatically reduced and reaches
the least value. While adding powdery composite capsules
resulting from one hour of milling to aluminium melt, a
small amount of these particles are coated with aluminium
powder reducing the rate of wetting, because the percentage
of reinforcing particles in the capsules is small (Figures 3(a)
and 4). Therefore, in comparison with 5 hour-milled powder
composites, the percentage of incorporated (Al-Al

2
O
3
)CP and

reinforcing particles in the cast composite matrix is reduced
(Figures 7(a), 8 and Table 2). By increasing the milling time
to 10 hours, the greatest percentage of alumina reinforcing
particles are engulfed in powdery composite capsules and

Table 2: Percentage of (Al-Al2O3)CP incorporated in aluminium
melt for different milling times.

Materials Milling time
(Hour)

Incorporated (Al-Al2O3)CP in
aluminium melt

Al-8 wt% Al2O3 1 16%
Al-18 wt% Al2O3 5 36%
Al-6 wt% Al2O3 10 12%

Table 3: Summary of mechanical deformation parameters of Al-
Al2O3 MMC.

Materials Milling time
(Hour) 𝑆

𝑦
(MPa) 𝑆

𝑢
(MPa) El (%)

Al-0 wt% Al2O3 0 62 133.8 17.9
Al-8 wt% Al2O3 1 77.36 152.51 16.2
Al-18 wt% Al2O3 5 105.7 182.97 14.78
Al-6 wt% Al2O3 10 74.9 147.78 16.8

the whole surface of these capsules is coated with reinforcing
particles (Figures 4 and 6). Since the surface of these capsules
is coated with alumina particles, when added to aluminium
melt, the rate of wetting dramatically drops (Table 2) and
these capsules are agglomerated rising to the surface of
the melt or settled. Therefore, the percentage of reinforcing
particles in the cast composite matrix is radically reduced
(Figures 7(c) and 8). By optimization of the milling time to 5
hours, alumina particles are sufficiently placed in the capsule
matrix and also, on the other hand, the alumina particles are
properly coated by aluminium powder (Figure 3(b)). During
the addition of these capsules to aluminium melt, the rate
of the wetting of alumina particles significantly increases
(Table 2) and ultimately the percentage of the reinforcing
particles significantly increases in the cast composite matrix
(Figures 7(b) and 8).

3.3. The Effect of Milling Time on Tensile Stress and Percentage
Elongation. From the study of Table 3, it can be seen that, by
surface modification and accordingly increasing percentage
of Al

2
O
3
, the tensile strength increases and the tensile

strength of the composites is higher than that of the matrix
alloy. This improvement in tensile strength of the composites
may be attributed to the fact that the particle Al

2
O
3
possesses

higher strength and also may be due to the better bonding
strength due lower fineness of dispersed particulates. The
same results were obtained when the aluminium matrix was
reinforced with ceramic particulates [15–17].

Further it can be seen from Table 3 that the percentage
elongation is decreasing with the increasing percentage of
Al
2
O
3
content. This is due to the higher brittleness of the

reinforcing material. Hence, it is clear that the composite
material is becoming more and more brittle as the Al

2
O
3

content is increasing in the matrix material; in other words,
the matrix material is losing its ductility due to the influence
of the reinforcement material.
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Figure 7: SEM images of cast composite prepared from capsules produced at milling hours (a) 1, (b) 5, and (c) 10 hours.
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Figure 8: Percentage of reinforcing particles in cast composite
matrix prepared from capsules produced at different milling times.

4. Conclusion

By increasing milling time from 1 to 5 hours, the volume
percentage of reinforcing particles in the cast composite
matrix increases, but bymore increase inmilling time up to 10
hours, this percentage is dramatically reduced. By optimizing
the milling time to 5 hours, enough alumina particles are
placed in the matrix of the capsules and also, on the other
hand, the alumina particles are properly coated by aluminium
powder. When these capsules are added to aluminium melt,
the rate of wetting of alumina particles increases significantly
and ultimately the percentage of reinforcing particles in the
cast compositematrix also increases considerably. By increas-
ing reinforcing particles,mechanical deformation parameters

have substantially changed; in fact tensile strength raised
sharply, whereas percentage elongation mildly plummeted.
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