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Abstract

This study uses the stir casting method to evaluate how reinforcements enhance wear
resistance in aluminium-based hybrid metal matrix composites. Zirconia (ZrO3) and graphite
were used to reinforce AA6082. Archimedes’ method assessed density and porosity, Vickers
hardness tested hardness, and a universal test machine measured tensile strength. Results
showed improvements in micro-Vickers hardness, porosity, and tensile strength from 84 VHN,
2.44 %, 132 MPa (AHC5) to 128 VHN, 3.23 %, and 180 MPa (AHC15). Wear properties were
tested under varied loads and sliding speeds, revealing that the wear rate decreases with higher
speeds but increases with load. ZrO2 demonstrated superior wear resistance in AHCs, while
graphite proved highly effective as a solid lubricant. These findings underscore the effectiveness
of specific reinforcements in enhancing wear properties in metal matrix composites.

Key words: AA6082 alloy, graphite, ZrO2 particulates, microstructure, hardness, tensile

strength, wear behaviour

1. Introduction

The purpose of trituration in engineering is to
search for new materials with desirable mechanical
properties. Metal matrix composites (MMCs) offer
great opportunities to develop lightweight components
[1]. Researchers are studying aluminium alloy-based
metal matrix composites (MMCs) for advanced tech-
nical applications in aviation, automotive, and naval
industries. MMCs are increasingly replacing tradi-
tional metallic alloys [2—4]. It has been observed that
unreinforced aluminium and its alloys are subordinate
to the hard particles reinforced aluminium-based com-
posites [5].

Aluminium and aluminium composites are versa-
tile materials used in many industries. Their light
weight, corrosion resistance, and excellent strength-
-to-weight ratio make them popular. Their applica-
tion in aerospace fuselage panels and wings improves
fuel efficiency and payload. Automotive manufacturers
use aluminium and its composites to reduce weight,
improve fuel efficiency, and improve crashworthiness.

Due to their corrosion resistance, aluminium alloys
are utilised in shipbuilding, offshore structures, and
marine components [6]. Aluminium composites are ef-
ficient heat sinks in the electronics and electrical in-
dustry, extending gadget lifespans. Aluminium and its
composites are used for facades, roofs, windows, and
structural components because of its corrosion resis-
tance, strength, and aesthetics. The broad use of alu-
minium and aluminium composites shows their impor-
tance in technical innovation and sustainable growth
across industries [7].

Hybrid metal matrix composites (HMMCs) have
emerged as promising materials offering superior me-
chanical properties and tailored performance com-
pared to conventional monolithic metals and single-
reinforcement MMCs. Combining reinforcement mate-
rials, such as ceramic particles, fibres, and nanomate-
rials, hybrid MMCs can achieve synergistic effects, en-
hancing strength, stiffness, and other desirable prop-
erties while mitigating inherent limitations [8]. Recent
research in hybrid metal matrix composites (MMCs)
focuses on optimising combinations of reinforcements
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Fig. 1. Graphical abstract.

like ceramic particles, fibres, and nanomaterials within
a metal matrix. Researchers aim to achieve synergis-
tic effects through techniques such as powder metal-
lurgy and stir casting, enhancing mechanical perfor-
mance and thermal stability. Characterisation meth-
ods, including microscopy and mechanical testing,
contribute to understanding structure-property rela-
tionships. These advancements pave the way for hy-
brid MMCs to find applications in aerospace, automo-
tive, and other industries requiring high-performance
materials [9].

Aluminium hybrid metal matrix composites (AHC)
have superior characteristics compared to traditional
composites, such as fracture propagation resistance,
superior durability, and enhanced plasticity under ex-
treme loads [10]. The mechanical and tribological
properties of composites are affected by various fac-
tors, including the size of the reinforcement particles,
the amount of reinforcement present, the phase of the
reinforcement inside the base material, and the manu-
facturing procedure employed [11]. Researchers added
several ceramic reinforcing particles to the aluminium
matrix, such as nitrides, oxides, carbides, sulfides, and
borides, to improve the wear resistance of AMCs [12].

Zirconia (ZrOz) is a highly effective and readily
accessible material in various reinforcements. It ex-
hibits commendable mechanical properties and boasts
excellent wear resistance even at elevated tempera-
tures. Zirconia finds application in diverse fields, such

as medical devices, electronic components, valves, oxy-
gen sensors, pump seals, cutting tools, thread guides,
driveshafts, and metrology components [13]. The addi-
tion of graphite into aluminium matrix composites re-
sults in an alloy with low density, low friction, and self-
lubricating properties, making it suitable for struc-
tural and functional functions. Aluminium and its al-
loys are fortified by including reinforcements to im-
prove their mechanical characteristics, such as tensile
durability and resistance to wear [14]. Besides a sin-
gle reinforcement, multiple particles are employed to
enhance the properties of Metal Matrix Composites
(MMCs). When sliding, the hard-reinforcing particles
have the potential to abrade the counter surface mate-
rial and dislodge fragmented pieces. Abrasion action
significantly affects the tribological properties of the
composites. Hexagonal boron nitride (h-BN), carbon
nanotubes (CNT), and graphite (Gr) are regarded as
highly promising solid lubricants [15]. Among these,
graphite increases wear resistance and anti-frictional
properties, reducing material loss from AHMCs. Dif-
ferent fabrication techniques have benefits and draw-
backs; the best technique can be chosen according
to the situation. Multiple methods exist for produc-
ing AHCs, but the two predominant approaches are
liquid-state and solid-state production processes. The
liquid-state method for AHCs is comparatively un-
complicated and more cost-effective than solid-state
manufacture [16]. However, research studies have been
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Table 1. The constituent parts of the composites

S. No. AA6082 (vol.%) ZrOs (vol.%) Gr (vol.%) Code

1 90 5 5 AHCH
2 85 10 5 AHC10
3 80 15 5 AHC15

scarce on using ZrOs and graphite to reinforce AHCs,
mostly due to the elevated costs of the raw materials
and the inadequate wetting properties. This study
aims to comprehensively investigate the mechanical
properties and durability of a novel aluminium hybrid
composite material. The composite comprises an alu-
minium matrix (AA6082) reinforced with ZrOs and
graphite. The composite is manufactured using the
stir casting technique, well-known for its versatility
and cost-effectiveness. This study aimed to analyse
the influence of ZrOs and graphite on the mechanical
properties of aluminium hybrid composites. Specifi-
cally, the investigation focused on density, porosity,
hardness, and tensile strength. Additionally, the dry
sliding wear behaviour of the composites was exam-
ined by varying the volume percentage of ZrO, and
graphite particles.

2. Materials and methods
2.1. Fabrication of composites

The experimental approach intends to develop
aluminium-based hybrid metal matrix composites.
Zirconia and graphite particles, reinforced at various
concentrations, were used to achieve the desired re-
sults. A technique known as stir casting was used to
make the AHCs. This was done to establish a stan-
dard and low-cost way of producing aluminium hy-
brid metal matrix composites and obtain uniform ce-
ramic material dispersion. The materials used include
zirconia with grit sizes ranging from 100-150 pm, alu-
minium alloy (AA6082), and graphite (5 um). An ex-
periment was carried out in which the concentration of
graphite was held constant while the weight fractions
of ZrO varied between 5, 10, and 15 vol.%.

2.2. Studies on mechanical properties and
wear behaviour

2.2.1. Hardness test

The specimens were manufactured in compliance
with the requirements specified by ASTM E92-16.
They were refined using emery sheets of different mesh
sizes. Subsequently, they should be subjected to a vel-
vet disc polishing machine to get an exceedingly pol-
ished surface. The hardness of the fabricated material
was assessed via a Vickers hardness tester. The spec-
imen was exposed to an applied force of 20 kgf that
caused indentation for 10s.

2.2.2. Density and porosity measurement

Applying the law of mixtures, the theoretical den-
sity of the AHC was calculated. Archimedes’ princi-
ple was utilised to ascertain the actual density of the
AHC. Following the initial measurement of the cylin-
drical sample’s weight in air (m), the sample was sub-
merged in distilled water and re-measured (m1) after
the immersion.

The actual density was determined using the for-
mula stated in Eq. (1) [17]:

m

ahc — ———— Pw> 1
Pane = TP (1)

where panc is the actual density and py is the density
of water. The sample was measured using a weighing
scale with a precision of 0.1 mg. p.n. of each substance
can be determined using Eq. (1). p¢n (theoretical den-
sity) of the material is calculated by dividing the mass
by the volume. P(porosity) of each material can be de-
termined using the Eq. (2) [17]:

p— Pth — pahc. (2)
Pth

Equation (2) expresses the correlation between P,
Pahc, and pgy.

Table 2 presents the quantitative measurements
of the samples’ density, porosity, ultimate tensile
strength, and hardness.

Table 2. Mechanical properties of AHC5, AHC10, and AHC15

Composition (wt.%)  Density (gcm™?)

Porosity (%)

Ultimate tensile strength (MPa) Hardness, VHN

AHC5 2.827 2.44
AHC10 2.976 3.20
AHC15 3.125 3.23

132 84
157 112
180 128
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Fig. 2. Pin-on-disc wear testing setup.

2.2.3. Tenstle test

The tensile strength of the AHC was measured
using universal testing equipment according to the
ASTM A370 standard. The hardness of the compos-
ite increased with an increase in the percentage of
reinforcement. The matrix was reinforced by adding
ZrO5 and graphite, enhancing the composite’s tensile
strength. Moreover, a strong interfacial binding was
established as the volume percentage of the reinforc-
ing particles increased, resulting in an enhancement
of the tensile strength. Table 2 displays the tensile
strength and hardness of the prepared samples, which
vary in the amount of reinforcement present.

2.2.4. Wear test

The wear rate of the composite is determined using
the pin-on-disc tester (NOVUS TRIBO SOLUTIONS)
shown in Fig. 2. The experiment was conducted follow-
ing the ASTM standard G99-05. The EN31 hardened
steel disc had been utilised with a hardness grade of
60 HRC. The studies were conducted under typical
environmental conditions. After each experiment, the
disc was meticulously cleaned and polished with ace-
tone to ensure consistency. Prior to and following each
test, the pin was subjected to a thorough cleaning us-
ing acetone. Subsequently, the pin’s weight was mea-
sured using a very sensitive electronic scale capable of
detecting mass fluctuations as minute as 0.001 g.

3. Results and discussion
3.1. Hardness test

The graph demonstrates that augmenting the
quantity of reinforcement in the composite material
leads to a corresponding increase in its hardness. The
inclusion of ZrOs particles in the matrix increased its
strength.

3.2. Tensile test

Incorporating ZrOs and graphite increased the
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Fig. 3. Vicker’s hardness (a) and tensile strength (b) graph-
ical illustration.

composite’s tensile strength. Furthermore, a strong
bond between the interfaces formed as the proportion
of the reinforcing particles increased, which signifi-
cantly improved tensile strength, as depicted in Fig. 1.

3.3. Wear behaviour on AHMC

This study investigates the impact of the AL (ap-
plied load) and SS (sliding speed) on the dry sliding
wear characteristics of several composites of AA6082,
ZrQO5, and graphite. The main objective is to ascertain
the precise percentage influence of the wear rate.

3.3.1. Effect of sliding speed and
reinforcement on wear rate

This study investigates the impact of the AL and
SS on the dry sliding wear characteristics of several
composites consisting of AA6082, ZrO-, and graphite.
The main objective is to ascertain the precise percent-
age effect of the wear rate. Figures 3—6 depict the cor-
relation between the sliding velocity and the wear rate
of a composite material containing a specific quan-
tity of reinforcements. Based on various literature,
the weights employed were 20, 40, and 60 N, respecti-
vely, while maintaining a constant sliding distance of
1250 m. The graph demonstrates that the composite
alloy exhibits a diminishing wear rate as the sliding
speed increases, reaching a maximum of 2ms~!. The
phenomenon arises because of the oxidation process of
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Fig. 4. Fluctuation of wear rate with the SS at a load
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the aluminium hybrid composites, creating an oxide
layer when the interfacial temperatures are elevated.
This layer acts as a barrier, reducing the pace of degra-
dation by restricting the movement between the sur-
faces. As the velocity at which the AA6082 alloy slides
and the proportion of ZrOs in the alloy increases, the
rate of wear reduces [17].
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Fig. 6. Fluctuation of wear rate with the SS at a load
of 60 N.
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3.3.2. Effect of load and reinforcement
on wear rate

The weight of the applied load during wear testing
significantly impacts the wear resistance. Figures 7—
9 show the variability in the wear rate of the AHC
when subjected to varying loads. The results demon-
strate that the composite composition of AHC5 dis-
played the highest rate of wear. Incorporating ZrOs
and graphite into AHCs reduces the wear rate in the
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composites. It was noted that the degradation rate es-
calates linearly with the magnitude of applied force.
The AHCI15 composite demonstrated superior wear
properties compared to the other compositions. Fig-
ures 7-9 demonstrate the impact of different loads on
the degradation rate of a composite material having a
particular amount of reinforcements.

3.4. SEM investigation of wear behaviour on
AHMC

Scanning electron microscopy was used to study
the worn surfaces and better understand the wear

Debris

Fig. 10. SEM image showing the deteriorated surface of an
AHCS5 at a load of 60 N; V = 2ms™* .

Fig. 11. SEM image showing the deteriorated surface of an
AHCS5 at a load of 60N, V = 2m s~ 1.

mechanism of AHCs. During the sliding motion, the
pin comes into contact with the entire surface of the
steel disc, enabling the inspection of machine mark-
ings. Micrographs show the worn surface of AHCs un-
der a load of 60 N, sliding at a speed of 2 ms~!, and
covering a distance of 1250 m. The micrograph of the
AHC exhibits a more pronounced level of material de-
terioration on the pin’s surface due to wear.

The wear rate of hybrid composites with different
volume percentages of ZrO5 and a constant 5-volume
percentage of graphite under varied loading conditions
is shown in Figs. 10-15. The following factors may
be associated with the elevated rate of wear due to
AL. Raising the temperature facilitates the process of
plastic deformation, resulting in a notable acceleration
of wear and ultimately leading to adhesion wear. The
abrasion wear process takes precedence when the loads
are low. As the load increases, grooves deepen and pro-
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Fig. 12. SEM image showing the deteriorated surface of an
AHC15 at a load of 20N, V = 2ms~ L.

Grooves
.4"“ \".\_ —.

Fig. 13. SEM image showing the deteriorated surface of an
AHC15 at a load of 60N, V = 1ms™".

Delamination Grooves

Fig. 14. SEM image showing the deteriorated surface of an
AHCS5 at a load of 60N, V = 1ms™ .

Fig. 15. SEM image showing the deteriorated surface of an
AHCS5 at a load of 60N, V = 2m s~ .

duce stresses that exceed particle fracture strength,
causing a fracture. The broken zirconia particles rub-
bing on the steel disc also transmit material from
pin to disc. These increase the wear. As the sliding
speed increases, the number of grooves also increases,
and the reinforcements extend out from the surface
of the pin because of the ploughing action between
the counter face and the pin. Additional material is
removed from the surface of the pin, due to which
MML is created. As a result of strengthening the re-
inforcements, this mechanically mixed layer will be
more stable. Higher weight percentages of ZrOy con-
centration reduced the wear rate while keeping the
AL constant. Archard’s rule, which establishes a di-
rect correlation between the hardness of composites
and the amount of reinforcing content, can explain
the decrease in the wear rate of the composites. Con-
sequently, it was shown that the degradation rate on
composites decreased in proportion to the hardness of
the composites. The wear rates of AHCs sliding over
counter disc materials (EN31 Steel) were affected by
the generation of wear debris.

Figure 16 displays the results of the EDS analysis
conducted on the worn surface of the AHC15 sam-
ple, which was subjected to a normal load of 60 N.
The EDS studies indicated the presence of a signifi-
cant quantity of oxygen and iron on the worn surface
adjacent to the aluminium element shown in Fig. 17.
The presence of Fe indicates that Fe is transferred
from the disc to the worn surface, whereas the oxy-
gen element indicates the occurrence of the oxidation
reaction. The results suggest that there has been a
transfer and mechanical mixing of materials between
the two surfaces that are sliding against one other.
This has resulted in the formation of a mechanically
mixed layer (MML) on the surfaces that have been
worn. Prior studies have documented the emergence
of this layer, as evidenced by the work of multiple re-
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Fig. 16. SEM micrograph of worn surface AHC15.
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Fig. 17. EDS Analysis of AHC15.

searchers [18-21]. Consequently, it appears that a me-
chanical mixing layer process was the dominant wear
mechanism in the current investigation.

4. Conclusions

Investigations on AHC5, AHC10, and AHC15 fo-
cused on their wear and mechanical properties. The
main results that were found are listed below:

The mechanical property results showed that when
the amount of reinforcing material increased, the AHC
material’s density, porosity (%), hardness, and ten-
sile strength significantly increased. The AHC mate-
rial that contained 15 % ZrOs and 5 % Gr attained the
highest values for density, porosity percentage, hard-
ness, and tensile strength.

Increasing the SS and the AL reduces the wear rate
and coeflicient of friction of all the manufactured sam-
ples. The wear rate can be reduced by adding various
quantities of ZrOs and the solid lubricant graphite to
the composites.

The wear test results indicated that a 2ms~! ve-
locity resulted in the lowest wear rate. The findings
demonstrate that the optimal combination of minimal
wear rate was attained when the sliding speed was
2ms~ ! and the load was 20 N. In the future, opti-
misation techniques such as response surface method-
ology (RSM), particle swarm optimisation (PSO), ge-
netic algorithms (GA), and Taguchi methods are likely
to be utilised for optimising input parameters in the
machining of AHC materials.
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