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Hybrid aluminum composites are frequently used in industrial applications because of
their attractive mechanical and tribological properties to weight ratio, such as hardness,
strength, and wear resistance. This work investigated the mechanical properties,
microstructure, density, and wear behavior of Al-6061 matrix reinforced with different
percentages (2 and 4 Wt.% for each Al2O3, SiO2, SiC, and TiOz) and (2 and 4 Wt.% for
each Al>Os, TiO2, and SiC, SiOz) hybrid composites at 50 um average size using the
powder metallurgy technique. The process of creating a component in net or nearly net
shape is known as powder metallurgy. Due to its benefits, including great dimensional
control and the avoidance of intermediate machining operations, P/M is one of the
fastest-expanding pathways in many industrial applications. According to the results,
the optimum hardness and density were 95 HV and 3.1 g/cm?, respectively, for the
hybrid composite (Al- 2SiC 2Si0y) after the sintering operation. The highest hardness
was (95SHV) at the addition hybrid composite (Al- 2SiC 2Si02). Microstructural
characterization using optical microscopy shows that the hybrid composite (Al-2%SiC
2%Si02) was the best. The SEM photographs of the worn surface of the Al-
2%SiC/2%Si102 hybrid composite exhibited the least wear losses and grooves. The
lowest wear rate was (13*107°) at the addition of hybrid composite (Al- 2SiC 2Si0z) at
load (5N).

1. Introduction

In the previous decades, industrial sectors the
improve composite
increase the overall

have been driven to
materials so as to

reinforcement in the composite, the way it
interacts chemically with the matrix, the size of
reinforcement's  grains, and  the
manufacturing process all affect its properties
[5]. Squeeze casting, powder metallurgy (P/M),

achievement of marine, automobile, and aircraft
component parts [1]. Hybrid composites of
aluminum metal matrix are a popular choice to
meet industrial needs [2]. The next-generation
composites, known as hybrid aluminum matrix
composites (HAMC), can replace composites
with a single reinforcing and add additional
characteristics to enhance the performance of
these materials [3, 4]. The proportion of
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semi-solid, stir casting, infiltration, and other
processes can all be applied to produce HAMC
[6]. HAMC might be regarded as an alternative
for traditional materials in several industrial
uses because of their desirable properties,
enhanced stability at high temperatures, a
decreased coefficient of thermal expansion,
good capacity to cast, reduced density, more
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strength, fewer wear rates, and superior
resistance to fatigue [7]. The process of creating
a component in net or nearly net shape is known
as powder metallurgy. Due to its benefits,
including great dimensional control and the
avoidance  of  intermediate = machining
operations, P/M is one of the fastest-expanding
pathways in many industrial applications [8]. In
comparison to other manufacturing techniques,
powder metallurgy allows for simple control of
component density [9]. In order to create hybrid
aluminum matrix composites, several studies
have examined composites with two
reinforcements and above, like SiC particles
with SiO2 or A1203-reinforced aluminum
matrix composites (AMC), with a focus on
examining their strength, hardness, wear, and
thermal characteristics [10]. When incorporated
in metals, silicon carbide (SiC) displays better
hardness, higher wear resistance, and higher
corrosion resistance [11]. In order to decrease
wear, SiC particles can be included with
aluminum when making a variety of machine
components, such as drive shafts, brake rotors,
and drums in automobiles, ventral fins, and fuel
access covers in aircrafts. Previous studies have
shown that AMC is a superb lightweight
multipurpose  material ~with  exceptional
characteristics that make it a perfect composite
for a variety of applications. However, due to its
poor resistance against wear and small hardness
value, aluminum alloys are required to boost its
wear  resistance  in  high-performance
tribological uses [12]. Consequently, if these
materials were fastened together using bolts or
rivets, there is a significant likelithood of
oscillation, which in some environmental
conditions may result in sliding wear. Since
reinforcement of particulates such as SiC,
AlOs3, and Si0O> is known to render high specific
strength, it can be employed to solve this issue.
As a result, metal matrix composites are used to
fulfill the demand for materials that are resistant
to wear and corrosion [13]. Ceramic particles
have been used as reinforcements in numerous
powder metallurgy studies using aluminum as
the base material. The study of [14] investigated
the dry sliding wear behavior of powder
metallurgy aluminum matrix composites
reinforced with SiC particles. It was discovered

that the addition of SiC particles enhanced the
composites' wear resistance and that the wear
rate decreased as the volume fraction of SiC
particles increased. Meanwhile, [15] found that
mechanical  properties including tensile
strength, yield strength, and hardness are greater
compared to the pure Al6063 metals, and that
such properties increase by boosting the SiC.
SEM was used to analyze the MMC’s surface
morphology, whereby plowing, microwear,
microcrack, fracture, void, and pulling out were
observed. An analysis was conducted on the
topography and surface texture, in addition to an
examination on the MMC’s particle distribution.
It was found that ALLOs;, SiC, and TiO; are
uniformly distributed in the Al6063 matrix.
Various morphologies, shapes, and sizes were
revealed in the examination of the A1203, SiC,
and TiO2 in the Al6063 matrix. The MMC'’s
final properties may be affected by the Al203,
SiC, and TiO2 distribution and dispersion. Next,
[16] investigated the fabrication, wear, and
mechanical characteristics of Al 6061-silicon
carbide-graphite =~ hybrid  metal = matrix
composites. The study discovered that
increasing the graphite percentage decreased the
composite's wear rate. [17] produced hybrid
aluminum matrix composites by P/M with
different ratios of Al2O3 and SiC. It was found
that mechanical properties and wear resistance
increase with the addition of ceramic powders
(Al2O3 and SiC). The study of [18] intended to
use the Powder Metallurgy (PM) method to
develop Al-matrix composite materials with
B4C-SiC and B4C-Y;0;s particle reinforcement.
Within the composites whereby the employed
reinforcement materials are of various particle
sizes and ratios, the chosen matrix material was
the AA2024 powders. These powders were
mixed homogenously and subsequently
compressed under 525 MPa pressure at room
temperature. Sintering was then performed on
the raw specimens for 45 minutes at various
temperatures. Wear tests were performed on the
composite materials to determine their hardness
and density. This study examined the impact of
the  multi-particle-size ~ and  multi-ratio
reinforcement materials that were added to the
matrix on wear resistance, density, and hardness
at various temperatures. Finally, [19]
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investigated the mechanical and microstructure
of hybrid aluminum composites reinforced with
numerous alumina and silicon carbide particles
ratios by using powder metallurgy. The results
illustrated that an increase of SiC led to an
increase in the compressive strength and
hardness of hybrid aluminum composites.

The HAMC will be constructed using the
powder metallurgy process as the goal of this
study. The application of this research in
different engineering industries showed that
aluminum 6061 alloy can be strengthened by
adding different weight percentages of SiC,
A1203, SiOy, and TiO: particles alone, as well
as by adding varying weight percentages of
(A1203+ TiO2) and (SiC+ SiO2) hybrid
particles. In order to determine the ideal
qualities and the ideal addition amount in to the
hybrid aluminum composite, the hardness,
microstructure, tribological, and density
characteristics of the hybrid composite were
evaluated as well. In determining the ideal type
and quantity of filler particles that can be taken
into consideration for a variety of applications,
it is important to note that the findings derived
would help in designing a new hybrid
composite.

2. Experimental work
2-1 Fabrication process

In this search, the fabrication process can be
detailed in many steps:
1. Aluminum 6061 powder with a purity
level of 97% and typical dimensions of
50 um was utilized. Table 1 illustrates
the chemical composition of aluminum
6061.

2. The Al matrix was reinforced using
commercially available AlO3, SiO,
SiC, and TiO> with a 30 pm particle size.

3. The fabrication processes were
meticulously carried out by first
combining the Al matrix particles with
reinforced particle powders at various
percentages (2, 4 wt%) and

mechanically grounding them for 2
hours at room temperature using a
planetary ball mill (PM 100, Retsch,
Haan, Germany) at 300 rpm speed. The
weight ratio of the milling balls to the
powder was 20:1. For the powder
metallurgy process to work, it is crucial
to ensure proper mixing.

A tubular die with a 10 mm diameter and
30 mm length was discharged with the
combined powder.

Once done, a binder was added (Mg
Stearate) to help prevent particle
agglomeration and increase the
distribution of reinforcements during
ball milling.

In this search, using the all-purpose
testing device (Instron 3382) on compact
powder results in green compacts, which
were then pressed for 10 minutes at a
pressure of 100 bar in one direction to
achieve an initial green density of
between 85 and 95%.

To avoid oxidation, the sintering process
was done in an argon environment at 530
°C for 90 minutes, and the composite
specimens shown in Figure 1 were then
left to soak in the furnace for 24 hours.
In the end-of-production, twelve stander
combinations of AlOs3;, Si02, SiC, and
Ti02 were yielded as presented in Table
2.

After obtaining the samples, tests were
carried out to determine the wear,
hardness, microstructure, and density.

Figure 1. Prepared composite specimens.
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Table 1: Chemical composition of Al 6061

Nominal

Element (value) Measured
wt.% 20] (value)
Si 0.8 0.542
Fe 0.7 0.561
Cu 0.4 0.321
Mn 0.15 0.112
Mg 1.2 0.933
Cr 0.35 0.211
Ni 0.05 0.0222
Zn 0.25 0.044
Ti 0.15 0.025
Pb 0.02 0.019
A% 0.01 0.006
Al Bal. Bal.

Table 2: Different compositions of aluminum, (Al,O3),
(Si0y), (SiC), and (TiO»).

Sample (Wt. %) of various composite  Code
98 Al + 2 Al,O3
96 Al + 4 Al,O3
98 Al + 2 TiO;
96 Al + 4 TiO;
98 Al +2 SiC
96 Al + 4 SiC
98 Al + 2 SiO;
96 Al + 4 SiO;
98 Al+1 A1203 + 1 TiO,
10 98 Al + 1 SiC + 1 SiO;
11 96 Al + 2 ALL,O3 + 2 TiO»
12 96 Al + 2 SiC + 2 SiO,

O 00U B WN —
CA=—=TZTOmmIOwp

Note: To avoid repeating the material names and weight
fractions throughout the text, we used special codes for
the elements (see Table 2).

2.2. Characterization
2.2.1. Micro hardness

A Vickers machine (Leco Microhardness
Tester LM248AT) was employed for measuring
the microhardness when the complete load was
set at 1.96 N with a 15-second dwell duration.
Five separate random places were used for the
testing, and upon completion, the mean value
for each sample's composition was calculated.

2.2.2. Wear test

Utilizing a pin-on-disc wear and friction
monitor model (No. DUCOM; TR-20-M100),
wear tests were performed under dry sliding
conditions in compliance with the ASTM G-99

standard. The machine is made up of a 100-mm-
diameter EN32 steel disc with an HRC 58
hardness rating.  Cylindrical  specimens
measuring 10 mm in diameter and 30 mm in
height were machined. Wear tests were
conducted at normal loads of 5, 10, and 15 N,
and the time used was 5 minutes. All tests were
conducted in dry conditions at a room
temperature of ~ 25 °C, at a fixed distance of 30
mm from the disc's center, and at a speed of 300
rpm, or 1.74 m/s. The disc and the samples were
properly cleansed with acetone before and after
each test and then dried to prevent
contamination. The specimens, with a length of
30 millimeters and diameter of 10 millimeters,
were utilized as static pins and manufactured in
accordance with ASTM (G99-05) standards. To
calculate the wear rate of the specimens, the
weight method was applied. Prior to and
following the wear test, the specimens were
weighed using a sensitive balance of the Denver
instrument type (Max-210 g) with 0.0001 gram
of precision. Calculation of the wear rate was
done using equation (1), after dividing the
weight loss (W) by the sliding distance [21].

(W.R)=AW/7n D. N. t (gm/cm) (D)

where: - (W.R): Wear rate, D: Sliding circle
diameter (cm), t: Sliding time (min), N: Disc
speed (rpm)

2.2.3. Microstructural characterization

For the evaluation of the microstructural
feature, the specimens were prepared by
grinding on a variety of polishing papers with
grits of 800, 1000, 1200, 1800, 2000, and 2500,
and then by alumina slur. They were then
cleaned using ultrasonic in acetone and
deionized water for 10 minutes, and
subsequently dried at 100°C for 1 hour. The
microstructure and abraded surface of the
composites were characterized using optical
microscopes of the Optika-Italy and SEMs of
the FEI 9922650 type with high resolution.

194



Hussein B. Mohammed, et al. / Diyala Journal of Engineering Sciences Vol (18) No 2, 2025: 191-202

2.2.4. Density characterization

The Archimedes principle was used to
determine the density of all the composite
materials. The theoretical composite density
was computed utilizing the rule of mixing
equations, and the composite density was
measured by the water displacement method.

3. The results
3.1. Micro hardness

Figures 2 and 3 show the results of the
microhardness test for the specimens reinforced
by 2 and 4 weight percent of each A, B, C, D, E,
F, G, and H. The results show that pure
aluminum 6061 exhibits the lowest value of
microhardness in comparison to specimens
reinforced by (2 and 4 Wt.% for each A, B, C,
D, E, F, G, and H), while the other specimens do
not display this effect. These numbers show that
adding reinforcement particles increases the
composite material's hardness, which also rises
as the reinforcement particles’ weight
percentage increases. With 4% more SiC
particles added, the hardest material is 85 HV.

The microhardness test results for the
specimens reinforced by (2 and 4 weight
percent) of each hybrid composite of (I, J, K)
and (L) are shown in Figure 4. The hybrid

composites’ mechanical characteristics are
influenced by several factors, including the
reinforcing materials and the
interaction, the microstructure, the sintering
temperature, as well as the volume fraction of
the reinforcing elements [22]. As seen in
Figure 4, the hardness of the hybrid composite
rises as more hybrid reinforcement is added to
the metal and as the ratio of hybrid powder in
the composite increases. The Al matrix had a 95
HV hardness when 4% of L particles were
introduced. The development of the composite's
hardening may be attributed to a variety of
factors, including the higher stiffness of the SiC

and SiO, powders, the strong interfacial

matrix’s

adhesion between aluminum and SiC, as well as
the significant increase in density. Additionally,
the addition of ceramic particles may have
halted the migration of dislocations, limiting the
composite's ability to deform, which is one
reason for the rise in microhardness in the
HAMC.The microhardness of the composite
grew dramatically when the volume fraction of
SiC was increased, whereas the hardness of the
composite only slightly rose when the weight
percentage of silicon oxide was increased. From
the figure, the hybrid filer (4% of L) has higher
hardness.

60

Vickers Microhardness (Hv)

N I

50
40
30
20
10

0

HAl-pure HALSIC2% MAL-ALO; 2% HAL-SI0,2% MWAL-TIO; 2%

Figure 2. Illustrates the micro hardness of aluminum and composite at wt.2 % of (SiC, Al,03, SiO», & TiOy).
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Figure 3. Illustrates the micro hardness of aluminum and composite at wt.4% of (Sic, Al1203, SiO,, & TiO3)
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HAL-Al;O; 1%-TiO; 1% MAL- Al,O; 2% - TiO; 2%
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Figure 4. Micro hardness of aluminum and hybrid composite at 2wt. % and 4wt. % of (Al,Os+ TiO; and SiC+ SiO»)

3.2 Wear test
3.2.1. Effect of particles content on wear rate

Figures 5, 6, and 7 show the relationship
between the volume ratio of composites made of
(A,B,C,D,E,F, G,and H) and (I, J, K) and (L)
hybrid composites. It is clear that by increasing
the reinforcing percentage from 2 weight
percent to 4 weight percent following all the
applied loads’ increment, a decrease occurs in
the wear rate. Increasing the hardness of the
composite, as illustrated in Figures 2 and 3, led
to a decrease in the wear rate. Because of the
tougher particles and the force that holds them

to the Al matrix, a higher wear resistance is
observed in the composite. Archard's law [23]
can be used to predict this behavior:

W =K (N.S./C.H.) ©)

Where W, N, K, S, C, and H stand for,
respectively, wear loss, normal applied load,
wear constant, sliding distance, geometrical
factor of the microstructure, and composite
hardness.

The significant increase in density, as seen
in Figure 8, as a result of the higher reinforcing
percentage, resulted in a reduction in wear rate.
This reduction was also caused by a tight link

between the composite particles, which
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rendered it difficult for them to dislocate out of
place when sliding.

The results show that the hybrid composite
(L) at 5N load had the lowest wear rate (13*10°
%), which increased as the applied load rose.

3.2.2. Effect of applied loads on wear rate

The wear rate variations for the single and
hybrid composites under various applied loads
for all reinforcing particle weight percentages

6.00E-06

are shown in Figures 5, 6, and 7. It is evident
that as the applied stresses increased, the wear
resistance dropped. Since the contact and
friction between the tribo surfaces amplified and
contributed to the quick deformation of the
single and hybrid composites because of
compressive and frictional forces that
predominated in dry sliding, it follows that the
wear rate must be improved by boosting the
loads, as reported by Archard's law [24].

5.00E-06

4.00E-06

3.00E-06

Wear Rate (g/Cm)

2.00E-06

1.00E-06

0.00E+00
Load =5N

load=10 N

Load=15N

HAl-pure MALSIC2% MAL-ALO;2% MAL-SIO,2% MALTIO;2%

Figure 5. Wear rate of aluminium and composite at wt. 2 % of (SiC, Al,Os, SiO,, & TiO,) at various loads

6.00E-06

5.00E-06

4.00E-06

3.00E-06

Wear Rate (g/Cm)

2.00E-06

1.00E-06

0.00E+00
Load =5N

Il IIHii IlHII

Load = 10N

Load = 15N

MAl-pure WAI-SIC4% MAL-ALO;4% WAL-SIO,4% M™AL-TIO,4%

Figure 6. Wear rate of aluminium and composite at wt. 4 % of (SiC, Al,O3, SiO,, & TiO,) at various loads
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Figure 7. Wear rate of aluminum and hybrid composite at 2wt. % and 4wt. %. (SiC, Al,O3, SiO,, & TiO,) at various

Load 5N Load 10N Load 15N

M AL -Al;0; 1%-TiO, 1% M AL- Al,03 2% - TiO, 2%

M AL-SIC2%-SI0; 2%

loads

3.3 Density measurements

Figure 8 shows the density of the twelve
samples at various compositions, both before
and after sintering. In this search, we used
Archimedes' method to calculate the density of
all single composites and hybrids. The
theoretical composite density was computed
utilizing the rule of mixing equations, whilst the
composites’ density was determined using the

Al+ 2% SiC + 2% SIO2
Al+ 20% A1203 + 2% TiO2
Al 1% SiC + 1% SiO2
Al + 1% AI203+ 1% TiO2
Al +4% SIO2

Al +4% TiO2

Al +4% SiC

Al + 4 % Al203

Al+2% Si02

Al +2% TiO2

Al +2% SiC

Al + 2% Al203

water-displacement approach [25]. Comparing
the composite density results to the theoretical
density values demonstrates that the samples are
fully dense. That composites have a higher
density than their basic matrix (2.7 g/cm® for
aluminum 6061), and that the density of the
composites rises as the proportion of flier
content in the composites increases. Figure 8
shows that the higher density at (L) was 3.1
g/cm? and increased after sintering.

m After - Sintering

®m Before — Sintering

25 26 2.7

28 29 3 31 3.2

Figure 8. Change of density for single and hybrid composites, after and before sintering
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3.4 Microstructural evaluation

From the hardness and wear tests, the best
mechanical properties are at an additional 4%
wt. for the single and hybrid composite for F and
L, whilst B and K demonstrated the minimum
properties at the same percentage. The optical
microscopy images for Al6061 single and
hybrid composites are at 4 weight percent. B, F,
K, and L are all depicted in Figure 9 in the order
listed.

The ALO; particles are distributed
uniformly throughout the Al matrix, as seen in
Figure 9a. F particles are depicted in Figure 9b
as a gray element that is spread very equally
throughout the Al base metal. The
microstructure of Al was altered by the addition
of F, improving the mechanical characteristics.
Figure 9c shows K particles; it was observed in
the microstructure that B and C’s distributions
were largely homogeneous and sometimes non-
homogeneous, and that the structure was largely
non-porous.

Figure 9d depicts the hybrid composite (L);
the image shows an even distribution of SiO>
particles throughout the base alloy matrix and a
consistent mixture of Al 6061, SiC, and SiO».
As a more compact structure was obtained, the
image with the smallest black zone depicts the
specimen's minimum level of porosity creation.
This distribution resulted in an excellent
microstructure  and  strong  mechanical
properties.

3.5. Wear surface assessment

From the hardness and wear tests, the best
mechanical properties are at an additional 4%
wt. for the single and hybrid composite for F and
L, whilst B and K demonstrated the minimum
properties at the same percentage. The optical
microscopy images for Al6061 single and
hybrid composites are at 4 weight percent. B, F,
K, and L are all depicted in Figure 9 in the order
listed. The ALOs; particles are distributed
uniformly throughout the Al matrix, as seen in
Figure 10a. F particles are depicted in
Figure 10b as a gray element that is spread very
equally throughout the Al base metal. The
microstructure of Al was altered by the addition
of F, improving the mechanical characteristics.
Figure 10c shows the K particles; it was
observed in the microstructure that B and C’
distributions were largely homogeneous and
sometimes non-homogeneous, and that the
structure was largely non-porous. Figure 10d
depicts the hybrid composite (L); the image
shows an even distribution of SiO» particles
throughout the base alloy matrix and a
consistent mixture of Al 6061, SiC, and SiO».
As a more compact structure was obtained, the
image with the smallest black zone depicts the
specimen's minimum.
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Figure 9. Optical microscopy for single and hybrid composites at 4wt. %.: (a) A1203, (b) SiC, (¢) Al,O3+ TiO,, and (d)
SiC+ SiO,.
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Figure 10. SEM photographs of worn surfaces for single and hybrid composites at 4wt. %.: (a) Al,O3,(b) SiC, (c) ALOs+
TiO; ,and (d) SiC+ SiO; at an applied load of SN

4. Conclusions

Novel and optimized hybrid composites
were successfully prepared to
mechanical and tribological in order to identify
the optimum amount of filler without
mechanical degradation, using low-cost powder

improve

metallurgy method. The following conclusions
were made throughout this work:

1. The hybrid composite (Al- 2SiC+ 2Si03)
can obtain a higher microhardness value of
95 HV.

2. The lowest wear rate is (13*10°) at the
addition of hybrid composite (Al-
2SiC+28Si0») at load (5N) and increases
with increased applied load.

3. The density of composites increases as the
proportion of filler content rises; the hybrid
composite (Al-2%SiC+2%S102) has the
highest density after sintering at 3.1 g/cm3.

4. Microstructural — characterization using
optical microscopy shows that the hybrid
composite (Al-2%SiC+2%Si0y) is the best
as there was uniform mixture, minimum
porosity formation, and good distribution
of particles.

5. The SEM photographs of the Al-
2%Si1C+2%Si10; hybrid composite’s worn
surface exhibit the least damage and
grooves.
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