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Abstract

The study investigates the mechanical and wear properties of Al6063 metal matrix composites reinforced with silicon car-
bide (SiC) particulates. These composites were fabricated using the stir casting technique, with SiC weight percentages vary-
ing from 0 to 8 wt%. Post-casting, the composites were subjected to hot extrusion to analyze the effects of this process on
their properties. Mechanical testing, including tensile and hardness tests, alongside wear evaluations, revealed significant im-
provements in the composite's performance. The results showed that increasing SiC content enhances the hardness and
wear resistance of the composites. Additionally, hot extrusion was found to further improve these properties by achieving
better density and uniform distribution of the reinforcement. This study confirms the beneficial impact of hot extrusion on

the mechanical and wear behavior of Al6063-SiC composites.
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Introduction

The alloys are the main constituents for the devel-
opment of metal matrix composites. Aluminium is the most
efficient and commonly used alloy. Due to its high strength
to weight ratio, high corrosion resistance, and ease of availa-
bility. Aluminium alloy have become popular in automo-
bile, aerospace, recreational, and construction industries.
Base aluminium alloys provide good mechanical, physical
and chemical properties, but reinforcing aluminium alloy
with ceramic particles will improve its mechanical as well as
tribological properties [1]. Composites can be fabricated by
liquid state processing or solid state processing; many re-
searchers prefer liquid state processing over solid state pro-
cessing because it is inexpensive and more cost-effective for
mass production. Stir casting is the simplest and least expen-
sive method of processing [2]. Non-uniform dispersion of
particulates due to poor wettability and gravity-regulated se-
gregation is a common problem with the stir casting tech-
nique. It is critical to avoid the reinforced material forming
an intermetallic compound with the matrix element [3,4].
To improve its physical and mechanical properties, alumini-
um alloy is reinforced with ceramic particles such as SiC
CeO,, Ti0,, and others. Several aluminium alloy series have
been used in industries; the most popular are Al 6xxx and
Al 7xxx series due to their good mechanical properties, high
corrosion resistant, can strengthened by heat treatment and
better machinability. A.M. Xavior et. al [5] developed com-
posites considering aluminium alloys 2xxx series as matrix
and SiC and AlO,, reinforcement by powder metallurgy
route. The composite had 1.5 times the compressive
strength of peak-aged aluminum alloy 6061. The molten me-
tal and ceramic foam only slightly reacted. Other study in-
vestigates the integration of hard ceramic particles, such as
SiC, into a softer aluminum matrix using powder metallur-
gy techniques. It examines the mechanical properties and
microstructural characteristics of Al/SiC composite mate-
rials sintered in a microwave furnace. The study reveals im-
provements in density, porosity, hardness, ultimate tensile
strength (UTS), and yield strength (YS) with varying SiC
content and particle size [6]. Many researchers have at-
tempted to develop metal matrix composites with widely
available reinforcements such as graphite, silicon carbide, ti-

tanium carbide, tungsten, boron Al,O;, Al-Mg, ZA27, and
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TiB,[7-10].

The wear coefficient is a more precise measure of
material wear behavior. Kalyan et al. [11] investigated the
friction and wear behavior of SiC-based aluminum metal
matrix composites (MMCs) under various normal loads
and sliding speeds. Their results showed a lower coefficient
of friction and reduced wear rates compared to aluminum
matrix alloys in both dry and lubricated environments. The
influence of titanium diboride (TiB,) loading on the dry slid-
ing wear characteristics of Al 6063-TiB, composites, results
increasing TiB, content improved wear performance, re-
duced the coefficient of friction, and increased hardness,
with the 10 wt% TiB, composites exhibiting the good wear
resistance [12]. The challenge with primary processed metal
matrix composites is the non-uniform reinforcement distri-
bution despite optimized parameters, some localized cluster-
ing of SiC particles may occur due to gravitational settling
and poor wettability, which leads to porosity, temperature
inconsistencies during transfer process from furnace to
mold are some of the existing issues to be addressed and op-
timized. To address this issue, researchers are exploring se-
condary processing techniques such as forging, rolling, and
extrusion. In the light of the forgoing. This research focuses
on evaluating the effect of secondary processing on the prop-
erties of aluminum 6063 matrix composites reinforced with
varying percent of silicon carbide (SiC) particulates. While
existing studies primarily concentrate on the characteriza-
tion of primary processed cast aluminum 6063 systems,
there is a noticeable gap in exploring how secondary pro-
cessing influences the material's performance. The com-
posites were developed using the liquid metallurgy route
through the stir casting technique, with SiC weight percent-
ages ranging from 0 to 8 wt% in 2 wt% increments, followed
by mechanical testing and adhesive wear test conducted on
Pin on disk set up. After casting, the composites underwent
hot extrusion to investigate the effects of extrusion and to
comprehensively understand the impact of varying SiC con-

tent on their mechanical and wear properties.

Experimental Work
Fabrication of Composite

Al6063-SiC composites were fabricated using a
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liquid metallurgy route (stir-casting). Locally procured alu-
minium ingots were melted in an electric resistance furnace
till they reaches to molten state. Silicon carbide is preheated
to 400°C to remove moisture and trapped gases. The pre-
heated silicon carbide were then introduced into molten alu-
minium at a predefined weight percentage. To ensure thor-
ough mixing and uniform distribution of reinforcement
within the aluminum matrix, continuous stirring was per-
formed using a mechanical stirrer of impeller blade type
connected to one end of rod and a motor on another end.
The molten melt temperature was maintained at 720°C, and
the stirring process was continued for 10 minutes at a speed
range of 300-400rpm. The stirring time of 10 minutes and a
stirring speed of 300-400 rpm, were selected based on a
combination of insights from prior research and trial-based
efficiency improvements. Mohit et al suggests that sufficient
stirring time and optimal speed are critical for ensuring uni-
form dispersion of reinforcements in the matrix. Stirring
times shorter than 10 minutes may result in incomplete mix-
ing. The developed molten melt is then poured into perma-
nent molds made of cast iron with overall dimensions of
300mmx450mm that are pre-heated to 200°C to drive out
moisture. The stirring speed, duration, and temperature,
which are crucial parameters, were meticulously considered
[13]. Subsequent hot extrusion processing was performed
on the cast composite to enhance its mechanical properties.
The hot extrusion operation was conducted by direct mode
using a 500-ton extrusion press at a temperature of 550°C.
An extrusion ratio of 9.0 was maintained to ensure signifi-
cant deformation and consolidation of the composite mate-
rial. The ram speed during the extrusion process was set to
2 millimeters per second, providing a controlled and consis-
tent flow of the material through the die. For mechanical
and wear testing, all developed composite specimens were
machined following ASTM and IS standards. Each test con-
sisted of a set of three samples, and the average readings
were calculated. This approach ensured consistency and reli-
ability in the test results, providing a representative unders-
tanding of the material's properties. Tensile tests were con-
ducted according to ASTM B557M standards, while com-
pression tests followed ASTM E9-09 standards. This en-
sured that the specimens met the required specifications for
accurate and reliable testing results. Al6063 and its devel-

oped composites systems were subjected to tensile test on
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FIE (Fluid Instruments and Engines) machine of 400kN ca-
pacity. Vickers microhardness tests were performed on all
samples as per ISO 6507-1:2018. The polished samples were
subjected to microhardness tests on a Shimadzu Micro hard-
ness tester. The microhardness was determined by applying
10 N load for 20 seconds. The specimen of 10 mm x 10 mm
cross section area and a length of 55 mm were prepared as
per IS: 1757 part 1: 2020 metallic standard, fourth revision
for charpy impact test. The notch of V-shape 2mm at center
placed opposite to the hammer. Adhesive wear test was per-
formed on a standard pin on disc wear test rig as per ASTM
(G99-17 standard, wear test samples for various loads rang-
ing from 10 N to 60 N in step of 10N at a constant speed of
100 rpm and constant track radius of 0.2 m were used to
study the wear rate of both the matrix alloy and its com-

posite system.

Results and Discussion
Density and Porosity

The density test was conducted by standard water
displacement method on all prepared composite systems,

for both as-cast and hot extruded condition.

The results reveal that the density continued to in-
crease with increasing weight percentages of reinforcement
in composites. Due to differences in density and mechanical
structure of crystals and atomic arrangement in ceramic re-
inforcements, density exhibits relative enhancement with in-
creasing weight percentage of reinforcement. This is consis-
tent with the findings of other researchers such as Hima et
al. [14].

Density improved further by 1.2% in post-casting
process. This is due to reduction in porosity, improving par-
ticle distribution, enhancing metal flow, refining grains, and
eliminating defects (generally in higher state of tempera-
ture), similar observation found with other researchers
[15,16]. It was noticed that the porosity of the composite, is
mainly influenced by the particle size of ceramic reinforce-
ments; thus, as the volume fraction of reinforcement is in-
creased, porosity is also increased due to the inhomogeneity
of alloy and reinforcing element at the atomic level and the
particulate nature of reinforcements. Mohanakumar et al.

[17] reported that the porosity percentage was significantly

J Mater sci Appl 2024 | Vol 8: 204



reduced in secondary processing extrusion when compared

with the cast composite.
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Graph 1: Density of composites with different
reinforcement percentages in as-cast, and hot extruded
conditions.

Graph 2: Porosity of composites with different
reinforcement percentages in as-cast, and hot
extruded conditions.

Graphs: Graphs 1 and 2 show the density and porosity of the developed composite systems with varying weight percentage in

as-cast and hot extruded conditions.

Tensile Test Results

Tensile tests were performed under controlled con-

ditions on composites containing varying weight percent-

ages of SiC, reinforcements of 2%, 4%, 6%, and 8%, as

shown in Figurel.

Figure 1: Tensile tested specimen

The test results were compared to those of the un-
reinforced Al6063 alloy. The ASTM E-8 standard was fol-
lowed in the test, and testing standards were carefully
studied. Three specimens were tested for each sample to sta-
tistically optimize the test data. The mechanical testing data
were used to calculate the tensile properties and the
strength of the composites, resulting in tensile strength, and
elasticity modulus. The elongation of the material is ob-
served to decrease with the incorporation of ceramic rein-

forcements. A similar observation was made by another re-

searcher [18].

The elasticity modulus of composites with SiC re-
inforcement had a significant effect on tensile strength. Ten-
sile strength was improved by 78% with increased reinforce-
ment quantity in composites. Furthermore, with post-cast-
ing conditions of hot extrusion, tensile strength was im-
proved as observed in graph 3. The young's modulus of the
composites was improved at a maximum reinforcement of

8%, as seen in graph 4.
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Graph 3: Effect of progressive integration of SiC
reinforcement from Owt% to 8wt% on tensile strength

Graph 4: Effect of progressive integration of SiC
reinforcement from Owt% to 8wt% on elastic modulus
in as-cast and hot extruded conditions.

Graphs 3 and 4

Compression Test

Figure 2: Samples of compression test specimen
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Graph 5: Effect of progressive integration of SiC

reinforcement from Owt% to 8wt% on compression
strength in as-cast, and hot extruded conditions.

Figure 2 and Graph 5

The crushing of SiC-reinforced composites was ob-
served to be linearly varying with changing the weight per-
centage of SiC reinforcement into aluminium alloy. Com-
pression strength was increased by 62% for maximum SiC
reinforcement of 8%, as seen observed in graph 5. The frac-
ture behaviour of silicon carbide reinforced composites was
found to be identical to that of the as cast condition, with
progressive integration of SiC reinforcement resulting in

harder and stronger material under compression.

Vickers Hardness Test

The graph below clearly illustrate the influence of

reinforcement on hardness properties. It is evident that
higher levels of reinforcement in the matrix alloy lead to in-
creased hardness of the composites. This enhancement is at-
tributed to the inherent hardness of SiC ceramics. The addi-
tion of a hard particulates to a soft, ductile matrix results in
improved composite hardness which correlates directly
with the weight percentage of reinforcement. In hot extrud-
ed composites, variations in microhardness can be ex-
plained by the healing of minor flaws during the extrusion
process, contributing to further hardness improvement com-
pared to cast samples. The investigation shows the signifi-

cant impact of reinforcement on hardness, with silicon car-
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bide at an 8wt% shows the highest hardness among the test- ed compositions. This is coherent with the observations of

other researchers [19,20].

Hardness of SiC reinforced
140 composites
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Figme 3: Specimens tested for hardness using | Graph 6: Hardness of composites by varying the
Vickers hardness tester percentage of reinforcement in as cast and hot
extruded condition

Figure 3 and Graph 6

Impact Test search findings [21,22]. Due to high temperature working,

the hot extrusion process has significantly reduced the dis-
Graph 7 shows significant reduction in the impact

tortion of impact strength. Also mechanical working of hot
strength with increased content of reinforcement. This is

due to the fact that densification of the material, increased extrusion enhances the bonding between the matrix and re-
hardness, and brittleness thus resulted in crack propagation inforcement particles. So from the above discussion it is
by intergranular augmentation, and thus the material failed clear that hot extrusion significantly the improves the im-
due to embrittlement. Also due to intense doping of ceram- pact strength compare to cast composite by improving and
ic reinforcements causing over interstitialcy and reduction eliminating the casting flaws, which is in agreement with
in ductile nature of the material, as observed with other re- similar findings with other researchers [23].
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Figure 4: Specimens tested under charpy impact Graph 7: Impact strength of composites with varying
percentages of reinforcement in as cast and hot extruded
condition
Figure 4 and Graph 7
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Adhesive Wear Test
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Graph 9: Effect of load and reinforcement on
wear rate of 5iC reinforced composites in as cast

Graph 10: Coefficient of friction of
compaosites by varying weight of 8iC reinforcement
at different loads in as cast condition.

Graph 8-10

Graphs 8-10 shows the wear rate and coefficient of
friction for various loads for composite reinforced with SiC
with various weight percentages under as cast conditions.
Similar observation made by other studies [24,25]. The
graph underline the importance of optimizing the reinforce-
ment content in aluminum 6063 composites to achieve supe-
rior wear resistance, particularly under high-load applica-
tions. The linear relationships observed provide valuable in-
sights into designing composites for targeted mechanical

and wear performance.

Graphs 11-13 shows the wear rate and coefficient
of friction for various loads for composite reinforced with
SiC with various weight percentages under as cast condi-

tions.

From the above graph 8-13 the wear rate studies
for the developed composite system, under both as-cast and

hot-extruded conditions. The graphs indicate that as the ap-
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plied load increases, the wear rate of the composite also in-
creases. This is attributed to higher contact force and in-
creased adhesive forces. Notably, the wear rate shows an al-
most linear relationship with the applied load. Furthermore,
the wear rate decreases linearly with an increase in the per-
centage of reinforcement. This suggests that higher rein-
forcement content improves the composite's resistance to
wear. In addition, the graphs reveal that the wear rate de-
creases linearly as the percentage of reinforcement in the
composite increases. This implies that the introduction of
higher amounts of silicon carbide (SiC) particulates en-
hances the composite's resistance to wear. The reinforced
particles act as barriers, reducing direct metal-to-metal con-
tact and thus mitigating material removal during the wear
process. The hot-extruded composite exhibits a marked im-
provement in wear performance compared to the as-cast
condition. This enhanced wear resistance can be attributed

to the higher density and more uniform distribution of rein-
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forcement particles achieved during the hot extrusion pro-
cess. Hot extrusion applies significant pressure and tempera-
ture, resulting in a compact microstructure with fewer voids
and improved bonding between the matrix and the rein-
forcement. These structural improvements reduce wear, in-
dicating the formation of a more stable wear surface with
less material adhesion and lower susceptibility to wear dam-
age. The coefficient of friction is notably higher in the as--
cast condition compared to the hot-extruded composite. In
the hot-extruded state, the lower coefficient of friction
suggests that adhesive wear mechanisms dominate, with re-

duced abrasive interactions due to the enhanced material co-

8

hesion and reinforcement uniformity. The increased com-
pactness of the composite, achieved under the high-pres-
sure and high-temperature conditions of hot extrusion, min-
imizes surface roughness and facilitates smoother sliding in-
teractions during wear testing. These findings highlight the
significant role of hot extrusion in improving wear perfor-
mance, making the material more suitable for demanding
applications requiring high wear resistance. Consequently,
the hot extrusion process significantly enhances the wear re-
sistance and overall performance of the developed com-
posite system. Similar observation made by other studies
[26-28].

Wear rate of composite in hot extruded
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wear rate of SiC reinforced composites in hot extruded
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Graph 13: Coefficient of friction of
compaosites by varying weight of 3iC reinforcement
at different loads m hot extruded condition.

Graphs 11-13

Conclusions

The hot extrusion process plays a critical role in en-
hancing the mechanical properties of Al 6063 composites. It

refines the grain structure, producing smaller and more uni-
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form grains, which, according to the Hall-Petch relation-
ship, results in increased strength and toughness due to the
greater grain boundary area acting as barriers to dislocation
motion. Additionally, hot extrusion significantly reduces

porosity and voids, creating a denser and more homoge-
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neous material. For Al 6063 reinforced with SiC particles,
the process ensures a uniform distribution of the reinforce-
ment throughout the matrix, minimizing weak zones and
improving load transfer, thereby further enhancing the com-

posite's overall mechanical performance.

¢ Enhanced Hardness and Wear Resistance: The
incorporation of SiC reinforcement into the Al6063
matrix significantly increases the hardness and wear
resistance of the composites. This improvement is

more pronounced with higher SiC content.

o Effect of Hot Extrusion: Hot extrusion significantly
enhances the mechanical properties of the
composites compared to the as-cast condition. This
process results in a higher density and more
uniform distribution of SiC particles, leading to

improved hardness and reduced wear rate.

o Coefficient of Friction: The coefficient of friction is
lower in hot-extruded composites compared to as-
cast ones, indicating a dominance of adhesive wear
mechanisms. This lower coefficient of friction
correlates with the enhanced compactness and
structural uniformity achieved through hot

extrusion.

e Maximum Performance at 8% SiC: The study finds
that composites with the highest SiC content (8
wt%) exhibit the greatest improvement in hardness
and wear resistance, showcasing the optimal
reinforcement level for achieving superior

mechanical properties.
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