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Abstract Aluminum powder with an average particle size
of 10 um was mechanically mixed thoroughly with 5 wt%
fine Al,O3 powder with an average particle size of 3.7 um
reinforcement. Iron particles with an average particle size
of 0.5 nm and copper particle size of 10 pm were added to
the base matrix Al-5A1,0;. The composite material was
produced by a single action hot compaction of the pow-
ders. Aluminum—alumina composites containing iron, cop-
per, and iron with copper were produced through mixing
the atomized matrix alloy powder with 5 wt% of Al,O3
particles, then cold pressed for 5 min, degaussed, and hot
pressed. The hot pressing technique was performed up to
500 °C at 318.34 MPa for 5 min dwell time. The Al-
5Al1,05 composites were examined for hardness, compres-
sion flow properties, and wear analysis.

Keywords Metal matrix composites - Hot pressing process -
Dry sliding wear

1 Introduction

Powder metallurgy processing has a large domain of applica-
tions because of their low cost, flexibility complex alloy
shapes, wide range of reinforcement elements, and in meta-
stable structures of applications [1, 2]. Homogeneous
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distribution of the reinforcement in the matrix could be easily
achieved using powder metallurgy technique without the se-
vere matrix reinforcement reaction. This is often a disadvan-
tage in traditional techniques, such as squeeze infiltration or
stir casting of the alloying elements in the molten matrix
composites.

Metal matrix composites (MMCs) incubating alloying
elements such as ceramic particulates, improves the me-
chanical, and wear properties as a result of restricting the
deformation of material during mechanical processing [3,
4]. Alumina (Al,O3) is one of the most economical and
broadly used materials of the ceramics family. Due to the
light weight of the Al-Al,O; metal matrix composites,
they are utilized in the applications of aerospace and auto-
mobile industries [5]. Furthermore, Al-Al,O3 metal matrix
composites possess many other desirable properties rela-
tive to its weight such as high modulus of elasticity, dis-
dainful hardness values, superior compression strength,
and wear resistance [5]. Aluminum enforced with ceramic
particles as Al,O3, SiC, TiC, and TiB, is widely used for
structural parts as they possess high toughness and superior
wear resistance [6]. The melting temperature of Al,Oj3 is
2045 °C, whereas the melting temperature of aluminum is
660 °C with the addition of processing high electrical and
thermal conductivities [7]. Lately, aluminum metal matrix
composites were utilized in the manufacturing of tradition-
al engine parts as diesel engine pistons, high performance
propelling shafts, intake manifolds, and disk brakes espe-
cially for light weight hybrid vehicles [8]. Aluminum metal
parts provide many benefits to products such as improved
corrosion resistance, increased solderability, reduced fric-
tion, enhanced paint adhesion, and increased magnetism.
Recent investigation shows that the use of submicron
A1,05 in aluminum metal matrix composites enhances
the machinability and decreases the parts cost and increase
engineering usage [9, 10].
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Since the mechanical properties restrict the materials
applications, it is essential to produce composites, which
are adequately homogeneously shaped, with low porosi-
ty, and consistent microstructure [11, 12]. However, it is
difficult to fabricate metal composites with large
amounts of non-metallic ceramic particles, due to the
low green density and strength. These metallic and
non-metallic composites have inadequate strength to sup-
port secondary processing especially sintering and work-
ability. In addition, at high volume fractions of alloying
elements, the inclusions support a part of applied pres-
sure elastically by generating a long range network,
resulting in the reduction of the pressure on the compact
plastic phase [13, 14]. Silicon particles embedded in the
aluminum matrix with different particle sizes and vol-
ume fractions were studied by Kiser et al. [15]. Wang
et al. [16] studied the effect of reducing the allying
element particle size from the micro level to nano level
on the microstructure, where it was found that the rigid-
ity and the strength of the aluminum matrix increased
significantly [16].

The purpose of the present study was to manufacture four
different MMCs using hot pressed powder alloying process,
namely Al-5A1,03, with no additions, Al-5A1,05 + 0.5 Fe,
Al-5A1,05 + 1 Cu, and Al-5A1,05 + 0.5 Fe + 1.0 Cu use hot
pressing. Study the iron and copper alloying the effect of the
hardness, mechanical flow behavior, and wear properties of
the Al-Al,O3 metal matrix composites.

2 Materials preparation and processing
2.1 Preparation of MMC

Commercially pure aluminum powder with an average
particle size of 10 um and 99.99 % purity was mechan-
ically mixed thoroughly with 5 wt% very fine Al,O;
powder with average particle size of 3.7 um and a density
of 2.9 g/em® reinforcement. The particles used in this
analysis where iron with an average particle size of ap-
proximately 10 um and copper with an average particle
size of approximately 10 pm and 99.5 % purity made by
Aldrich-Germany. The weights of powders were designed
to produce specimens of the compositions namely as pure
Al-5A1,03, AI-5A1,05 + 0.5 Fe, AI-5A1,05 + 1 Cu, and
AI-5A1,05 + 0.5 Fe + 1.0 Cu. The particles were me-
chanically mixed using SPEX 8000 M MIXER/MILL.
The mixture was compacted (cold pressed) at laboratory
temperature to get 30 mm diameter and 50 mm height of
the green compact using an hydraulic press of the Dorst
type of 40 t in capacity. In order to take the initial pressed
density into consideration, the compact sinterability was
computed in terms of densification parameter (AD) as a
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proportional function of (sintered—green)/(theoretical—
green) densities. The theoretical density (p,) was estimat-
ed as:

)
Pr = (1)
P1-W2 + py Wi
where p; and w; are the elements of theoretical density and
weight fraction, respectively.

2.2 Hot pressing method

The setup assembly for hot pressing was based upon heating
to 500 °C for the duration of 30 min prior to sintering. The
heated compacts were then hot pressed for getting proper
densification, and then the green compact was sintered to
decrease the porosity. The compacting pressure increases
gradually to reach up to 314.38 MPa with constant crosshead
speed of 2 mm/min. Afterward, a solution treatment was
applied for hot pressed specimens at 550°C for 2 h, followed
by quenching in water. All hot pressed MMCs were heat
treated at about 550°C to allow the copper and aluminum
atom to diffuse randomly into a uniform solid solution. Hot
compaction was performed in a single-acting piston cylinder
arrangement, as shown in Fig. 1. The die bore was smeared
with graphite powder reduce die-wall friction, and desired
weights of mixed composites are used for each compact. A
hydraulic testing machine of 40 t capacity was used to perform
the compaction of the alloy powder with constant cross head
velocity of 0.002 m/min. The height of green compact was
measured directly before and after ejecting from the die. The
final height is also calculated from the load-displacement
curve. After unloading, the elastic recovery of the compacts
is neglected [17]. A compacting pressure ranging from 227 to
909 MPa was calculated by assuming that the cross section of
the compact is equal to that of the die. The temperature of the
die was measured using NiCr—Ni thermocouple inserted into
the die and maintained at the die cavity. The temperature was
preserved at the required level with a tolerance of +5 °C.
Different mold temperatures are tested up to 500 °C at the
constant pressure of 314.38 MPa and constant crosshead
speed of 2 mm/min. The cylindrical disc specimen has an
outer diameter of 45 mm.

The setup was heated to the predefined temperature level
and maintained constant for 30 min for homogenous distribu-
tion within the powder alloy. The forming pressure was
lowered for all tested hot components. After the compact
operation, the samples were covered with aluminum foil and
embedded in a graphite powder to protect its surface from the
oxygen and nitrogen from the atmosphere during the sintering
process. The specimens were sintered at a steady heating rate
of 20 °C/min up to 550 °C for 1 h. The temperature was
maintained at that level with a tolerance of +£5°C.
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Fig. 1 Die set up of the hot
pressing technique
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2.3 SEM measurements

Scanning electron microscopy (SEM) optical investigation
was conducted on the compositions namely as pure Al-
5AL03, AI-5AL,0;5 + 0.5 Fe, AI-5A1,0;5 + 1 Cu, and Al-
5A1,03 + 0.5 Fe + 1.0 Cu after the preparation process.
Microscopic examination was performed using a Jeol 5400
SEM unit with a Link EDS detector attachment to observe the

Fig. 2 The microstructure of hot
pressed AI-5A1,03 composites
with various powder element
additions, dark arrows refer to
AL O5 particles. a AI-5A1203,

b AI-5A1203 + 0.5 Fe,

¢ AI-5A1203 + 1 Cu, and

d AI-5A1203 + 0.5 Fe + 1.0 Cu

AlLO;
particles

ALO;
particles

particle morphology, particle size, particle shape, and agglom-
eration of particles. Figure 2 shows the microstructure of the
hot pressed four Al with various powder element additions.

2.4 Mechanical uniaxial compression

Compression tests were conducted with an Instron 8562
universal mechanical tester under quasi static loading

ALO,
particles
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and strain rate of 8x10°+5 %/s at laboratory tempera-
ture. Cylindrical specimens were prepared with a diam-
eter of 3 mm and height of 5.5 mm from cast rods. The
samples were deformed until failure. To ensure consis-
tency and homogeneity, three identical samples were
prepared for each test case and exposed to the same
loading conditions. The mean test value of all the three
samples was reported in the results. The stress—strain
responses of the four compositions namely as pure Al-
5A1,0;, Al-5A1,0; + 0.5 Fe, AI-5A1,0; + 1 Cu, and
Al-5A1,0;3 + 0.5 Fe + 1.0 Cu were measured from
uniaxial compression testing performed accordingly to
ASTM standard E-9 for metals. The crosshead speed
was 1 mm/min.

2.5 Wear testing

Dry sliding wear tests were conducted for the four types
Al-5A1,05; composites against stainless steel using pin-
on-disc apparatus. The asperities of the harder material
surface of the stainless steel using a pin-on-disc appara-
tus were a ploughing action on the surface of the Al-
5Al1,05 composites. The wear resistance of the four com-
positions namely as pure Al-5A1,03;, AI-5A1,05 + 0.5
Fe, AI-5A1,05 + 1 Cu, and Al-5A1,03 + 0.5 Fe + 1.0
Cu was investigated using a pin-on-disk abrasive wear
tester [18, 19]. The wear specimens were 8 mm in
diameter and 12 mm in length. Surface preparation was
conducted before the wear test, where each specimen was
ground with 1-um alumina suspension. Wear tests were
conducted under dry sliding conditions, applied loads of
10 N, and a constant sliding speed of 1.8 m/s. The time
of wear was 10 min, and the track diameter was 120 mm
for all samples. Wear loses were obtained by calculating
the weight loss of the specimens before and after the
testing using an electronic balance with sensitivity of
0.1 g. The samples were cleaned in an acetone bath and
dried using hot air before the tests to remove organic sub-
stances. For each specimen, the wear tests were conducted
under constant wear pressure of 3 MPa, sliding distance
ranging from 450 to 1800 m, and laboratory temperature
conditions. The resulting specimen mass and height were
recorded to calculate the weight loss, Aw and wear rate,

W(?) in terms of volume loss, and the specific wear rate as
W, [18]:
Aw W (t)

W) =22 ws =
0 =" W=5F

(2)

where V5 is sliding velocity in m/s and F, is the input weight or
normal load in N in kg/m/s at constant temperature.

3 Discussion
3.1 Optical investigations

The microstructure investigation on the Al-5A1,0; based
composites was conducted to observe the particle morpholo-
gy, particle size, particle shape, and agglomeration of particles
after the fabrication process. Figure 2a—d shows the micro-
structures of hot pressed Al-5A1,03 composites namely as
pure AI-5A1,03, AI-5A1,03 + 0.5 Fe, AI-5A1,05 + 1 Cu, and
Al-5A1,05 + 0.5 Fe + 1.0 Cu after the preparation process. All
compositions process clear grain boundaries.

3.2 Density and hardness

Density measurements of hot pressing Al-5A1,05 composites
with various alloying additions are recorded before and after
sintering. A significant density increase was noticed after the
sintering process was applied for hot pressed composites. The
sintering density of the hot pressed composites was greater
than 95 %. Comparing Al-5A1,03 composites with the addi-
tive elemental powder gave better green and sintered density
as presented in Table 1. To insure consistency of the Vickers
hardness values across the material surface, a minimum of ten
readings were accounted for all the cases and calculated as
presented in Table 1.

Table 1 shows that the densification parameter increases
linearly with the addition elemental powder Fe or Cu. Vickers
hardness calculations were conducted with a 10 kg load. The
addition of 1.0 Cuand 0.5 Fe + 1.0 Cu increases the HV of the
composite from 65 to 130 kg/mm approximately to the dou-
ble, while the addition of 0.5 Fe to the composite shows no
significant change in the hardness value.

Table 1 Densities, densification,

and Vickers hardness measure- Composites Density (g/cm) Densification Vickers hardness
ments of the four AI-5A1,05 parameter (kg/mm)
composites Theoretical Green Sintered

Al-5A1,04 2.691 2213 2425 0.4435 65

Al-5A1,05 + 0.5 Fe 2.699 2.342 2.554 0.5938 79

Al-5AL,05+ 1 Cu 2.710 2.375 2.576 0.6 120

Al-5A1,05+ 0.5 Fe + 1.0 Cu 2.7188 2431 2.662 0.8026 130
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3.3 Compression measurements

The results indicated a measurement variation less than 7 %
and crosshead speed of 1 mm/min. Stress—strain behaviors of
Al-5A1,05 composites are shown in Fig. 3a with the various
powder additives. The addition of Cu or Fe alloying elements
to the base composites improved the strength but reduced the
ductility of the composite system. The ultimate composite
strength of the composites AI-5A1,0;3 + 1 Cu and Al-
5A1,03+ 0.5 Fe+ 1.0 Cuwas equal to 1.5 times the composite
system without additive elements or with the addition of 0.5
Fe to the base matrix AI-5A1,0; as presented in Fig. 3b.
Stress—strain behavior presented in Fig. 3a for the four Al-
5A1,05 composites show an improvement in the strength but a
reduction in the ductility of the composite system with the
addition of Cu or Fe alloying elements to the base composites.
Figure 3b shows that the linear yield and ultimate stresses
increased with the addition of the alloying elements. The
compression flow behavior of the AI-5A1,0; composites
was calculated from the mechanical flow parameters [11]
and presented in Table 2. The strength coefficient (K) and
the strain hardening exponent n for composites with Cu ele-
ment are higher than that of other composites. The analysis of
the results shows that the 0.5 wt% addition of iron to Al-

Table 2 The mechanical flow properties of composite materials of the
four AI-5A1203 composites

Composites Properties

K (MPa) n value R?
Al-5A1,04 106 0.331 0.918
Al-5A1,05 + 0.5 Fe 97 0.221 0.984
Al-5A1,05 + 1 Cu 263 0.502 0.901
Al-5A1,05+ 0.5 Fe + 1.0 Cu 172 0.152 0.932

5A1,03 composite has a negative effect on the mechanical
flow properties of the aluminum composite matrix. This was
explained by the precipitation of intermetallic compound on
the grain boundaries of aluminum [20]. The flow properties of
the AI-5A1,0; composites show improvement as an alloying
elements as illustrated in Table 2, especially for Fe addition.
The compression flow stress of AI-5Al,0; composites con-
taining Cu was higher than those of A-5A1,03 composites
without Cu particles. The lowest value was obtained when the
iron Fe was added.

The flow properties of the Al-5A1,03; composites show
improvement as alloying elements are added as illustrated in
Table 2, especially for Fe addition. The compression flow
stress of Al-5A1,03 composites containing Cu was higher
than those of Al-5A1,0; composites without Cu particles.
The lowest value was obtained when the iron Fe was added.

3.4 Wear analysis

Apparently, AI-5A1,0; composite base matrix exhibits the
highest wear rate, whereas Al-5A1,0; composites with Fe
+ Cu additives have the smallest wear rate. The addition of
Fe and Cu elements to AI-5A1,05 composite decreases the
wear rate, which performs as an obstacle to the shear
deformation as the material is sliding on the counterface.
A slight decrease in wear rate for the sliding distance
ranging from 450 to 1800 m of Al-5A1,03; composites
was found. At this range of sliding distance, the wear rate
of Al-5A1,05 composites was equal to double the wear
rate for Al-5A1,05 composites with different additive
elemental powders. At sliding distance of 450 m, the wear
rate of the AI-5A1,05 composites was about 12 times of
wear rate for Al-5A1,0; composites with the different
additive elemental powders. Figure 4b shows the variation
of wear rate with sliding distance for the AI-5A1,03 com-
posites. With the addition of the additive elemental
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Fig. 4 a The variation of wear %
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powders of 0.5 Fe, 1.0 Cu, or 0.5 Fe + 1.0 Cu, the wear
rate decreases respectively. This could be explained due to
the increase of the strength with the addition of the addi-
tive elemental powders as 0.5 Fe, 1.0 Cu, or 0.5 Fe + 1.0
Cu, respectively.

The wear mechanism of the investigated materials
consisted of plastic deformation of the aluminum binder phase
and brittle cracking of Al,O5 grains [21, 22]. When the binder
content increased the wear increased. Materials with higher
amount of aluminum in the microstructure exhibit higher wear
resistance due to the less bulk hardness. For lower binder
content, the brittle cracking of aluminum grains was the
dominant reason for wear. It was noticed that the number of
grooves on the surface of Al-5A1,05 composite were less than
those formed in AI-5A1,05 with added Fe + Cu elements, as

Fig. 5 SEM of the worn surface
for a pure Al-5A1,0; composite,
b A-5A1,05 + 0.5 Fe with a
description of the Fe particles at
point 1, A,O; particles at points 2
and 4, and the dislocation cavities
at point 3, and grain boundaries at
points 5 and 6 also shown with
the red arrows, ¢ AI-5A1,05 + 1
Cu composite, and d AI-5A1,03
+0.5 Fe + 1.0 Cu composite, after
wear test
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presented in Fig. 5, as pointed with the red arrows. This could
be explained by the particulate bonding that is higher for the
Al-5A1,0;5 + 0.5 Fe + 1.0 Cu composites and the surface
homogeneity was observed by comparing Fig. 5b, ¢, d. Note
that in Fig. 5b for AI-5A1,05 + 0.5 Fe, the Fe particles are
shown at point 1, the Al,O5 particles are shown at points 2 and
4, the dislocation cavities are shown at point 3, and the grain
boundaries are shown at points 5 and 6. A similar observation
was recently reported by Balasubramanian et al. [23] as the
alumina enhanced the hardness, impact strength, and wear
resistance of the Al composites. Additionally, it was evident
that with the increase of the alloying elements in the compos-
ites, the weight loss decreased in the three alloyed AI-5A1,04
compositions. AI-5A1,05 + 0.5 Fe + 1.0 Cu composite shows
less weight loss and better wettability as the adhesion forces

38kU
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between the particles increases and the presence of the pores
between the particles decreases.

Note that in Fig. 5b for Al-5A1,0; + 0.5 Fe, the Fe
particles are shown at point 1, the Al,O3 particles are
shown at points 2 and 4, the dislocation cavities are shown
at point 3, and the grain boundaries are shown at points 5
and 6. Additionally, it was evident that with the increase of
the alloying elements in the composites, the weight loss
decreased in the three alloyed Al-5A1,0; compositions.
Al-5A1,05 + 0.5 Fe + 1.0 Cu composite shows less weight
loss and better wettability as the adhesion forces between
the particles increases and the presence of the pores be-
tween the particles decreases.

4 Conclusion

From the mechanical and wear experiments presented on Al—-
5A1,05 composites, it could be concluded that:

1. The hot pressing technique was suitable to produce dense
powder metallurgy parts.

2. For the green Al-5 ALL,O3; compact powders, the density
change was affected by sintering conditions and by the
volume fraction with a weight percentage of the alloying
element powders.

3. The addition of Fe and Cu to the AI-5A1,0; improves the
hardness and reduces the wear losses of the hot pressed alloy.

4. Improvement in the ultimate strength can be obtained by
adding the copper or Fe + Cu powders to the alloy matrix.

5. Atsliding distance of 450 m, the wear rate was about 12
times of Al-5A1,0; composites with different additive
elemental powders, decreasing with the increase of the
sliding distance.

6. The method of manufacture has a considerable influence
on the properties of the dispersion strengthened aluminum
alloys. This work can be considered as one step ahead in
the process of rationalization of the role of the percentage
of A1203 and the other additives in governing the hard-
ness, strength, and wear properties of AI-5A1203 metal
matrix composites. Improvement in strength and wear
properties of Al-5A1203 by increasing of the additive
percentage (Cu and Fe) has been observed.
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