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Abstract:

Extensive research in materials science is needed to address the global
paucity of natural (or monolithic) materials. Aluminum (Al) based hybrid
metal matrix composites (HMMCs) are ideal for automotive engineering
and medical applications due to their lightweight, high stiffness, hardness,
and wear resistance. Wear characteristics of such composites are evaluated
by a tribology study. In the present work, Al-based hybrid MMCs with silicon
carbide (SiC) and zirconium oxide (ZrO) reinforcing particles have been
developed via powder metallurgy. A total of 25 different types of MMCs
were fabricated using the Taguchi robust technique. Tribology investigation
with evaluation of the coefficient of friction (COF) using a pin-on-disc
tribometer at a load of 10 N and a sliding time of 50 minutes has been
carried out. The fabricated hybrid Al MMCs containing 7 wt.% SiC and 14
wt.% ZrO, particles exhibited the lowest COF during the wear test. The
greatest and lowest microhardness and COF values obtained among all
fabricated hybrid MMCs are (86.6 HVN and 30.6 HVN) and (0.8403 and
0.4518), respectively. The scanning electron microscopic investigation
confirmed the improved wear characteristic of the developed MMCs,
suitable for engine block pistons, piston insert rings, and brake rotors of
automobiles.
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1. INTRODUCTION

Hybrid composites belong to a novel class of
materials for application in various areas where
tribological properties are of importance.
Aluminium-based composites have superior
mechanical and tribological capabilities, making
mono ceramics an effective reinforcement material.
Various reinforcement combinations are utilized to
enhance hybrid composites’ performance in
tribological applications [1]. Aluminum matrix
composites (AMCs) are exclusively utilized in the
automotive industry for manufacturing brake
rotors, block pistons, piston insert rings, and engine
brake pads [2]. The majority of these vehicle engine
parts are vulnerable to dry sliding wear (adhesive

wear) [3]. Reinforcements such as Al,O3, ZrO,, Al,O3
and TiB; improve the tribological characteristics of
aluminum and its alloys [4]. Aluminium, due to its
low density and high strength properties, as an
MMC matrix, is superior to other metals such as Cu,
Ti, Mg, and Fe. Composite materials can be
developed by mixing a lightweight aluminum alloy
with reinforcements, resulting in components with
high strength and low weight [4,5]. AMCs have
great potential for applications where wear and
friction are important characteristics. Improved
tribological performance, notably sliding wear
resistance, of particle or whisker-embedded AMCs
depends on reinforcement, fabrication method,
counterface material, and surface exposure. The
strength of the interfacial bond, as well as the
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mechanical characteristics of the matrix and
reinforcements, significantly impact the tribological
performance of composites [6]. Powder metallurgy
(PM), an adaptable and cost-effective
manufacturing technique, has proven highly
effective in producing aluminum-based hybrid
MMCs with consistent quality and controlled
microstructures [7]. The manufacturing parameters
of MMCs utilizing PM processes are critical for
maximizing  mechanical characteristics and
performance [8]. Significant constraints like
compaction pressure, sintering temperature, and
reinforcement type all have a significant influence
on the microstructure and consequently on
composite qualities [9]. The sintering temperature
influences particle diffusion and bonding, hence
affecting hardness and wear resistance. The
selection of reinforcements (e.g., SiC, CNTs) and
their uniform distribution are crucial for improving
mechanical  characteristics and  preventing
performance-related issues. Achieving uniformity in
powder dispersion is critical to ensuring consistent
composite characteristics. Poor bonding between
the matrix and reinforcements might result in lower
mechanical performance, necessitating surface
modifications or enhanced processing parameters
[10].

SiCis an important ceramic and is considered for
high-performance applications [11,12]. Zirconium
oxide (Zr0O,) is an extraordinarily strong, malleable,
and ductile substance. ZrO, shares many physical
and  chemical properties with titanium,
demonstrating its hardness and wear resistance.
ZrO; is a sophisticated ceramic substance that is
widely used in the production of various hard
ceramics. Due to its hardness, chemical inertness,
and other biocompatible qualities, this material is
extensively used in the production of various dental
implants [13]. Properly distributing reinforcement
elements in an aluminum matrix improves
mechanical and tribological properties [14]. SiC was
combined with fly ash and red mud to enhance
compressive strength and wear resistance.
Abbasipour et al. [15] investigated AMCs with
carbon nanotube (CNT) reinforcement using several
production methods, including melt agitation, rheo
casting, stir casting, and compo casting procedures.
Adding CNT and switching from liquid to semisolid
methods led to decreased wear characteristics due
to adhesion and delamination. Sharma et al. [16]
developed Al 6061 composites utilizing the stir
casting process. SiC and CNTs were introduced in
the appropriate amounts during casting. The
microhardness and wear properties improved by

36% as related to the Al6061 alloy. Homogeneous
spreading of reinforcing elements in the aluminum
matrix is primarily responsible for the observed
findings. Suresh et al. [17] investigated a hybrid
composite of Al7075, Al,Os, SiC, and Mg using stir
casting. The study found that adding Al,Os/SiC
advances wear resistance and mechanical
characteristics of hybrid AlI7075 composites. During
a study on Al7075/Gr/TiO, MMCs, adding 8 wt.%
TiO2, nanoparticles reduced the wear rate
significantly [18]. An investigation on the fabrication
of AlI7075/Al,03/5wt.%Gr using liquid metallurgy
revealed that adding more Al,O3; to the AI7075
lowers wear loss [19]. Carbide particles are often
used in AMCs to increase mechanical performance.
The AI7075 matrix containing 6% SiC exhibited
greater tensile strength and hardness. However,
growing the wt.% of SiC particles dramatically
decreased the mechanical characteristics.
Furthermore, with 8 wt.% SiC reinforcement with
Al7075 matrix, the wear rate was significantly
reduced. Another work successfully manufactured
Al-SiC-ZrO; nanocomposites with fixed SiC (5 wt.%)
and varied ZrO;, concentrations (3, 6, and 9 wt.%)
using powder metallurgy and microwave sintering,
where  Al-5wt.%SiC-9wt.%ZrO;, increased yield
strength by 119% and 56%, respectively [20].
Sridhar et al. [21] explored how Gr and SiC influence
wear features of a hybrid composite. They observed
that Gr has a constant and robust wear reaction. In
another work, 4 wt.% SiC particles were found to be
effective in improving the wear characteristics of Al
7075/SiC nano-composites [22]. The introduction of
B.C and MoS; in the Al 7075-based composites was
also found effective in improving wear resistance
and tribology performance [23].

The literature indicates that AI-SiC-ZrO,
composites have been explored limited. To fill that
gap, the present research attempts to investigate a
broad range of ball milling and sintering process
parameters and their effects on the performance of
composites. Specifically, the study reported in this
article evaluates the effect of manufacturing
conditions in terms of process parameter
combinations on the tribological performance of Al-
SiC-ZrO, hybrid MMCs, intending to find their
suitability for automotive applications. As
investigated in this research that appropriately
fixed process parameters have a synergistic effect
on the tribological performance of AI-SiC-ZrO,
MMCs, which has not been extensively reported in
earlier research. The findings of this research can be
highly useful for the automobile and other sectors
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where wear characteristics of mechanical
components are of paramount importance.

2. MATERIALS AND METHODS

In the present work, for the development of Al
hybrid MMCs, Al-based matrix and SiC and ZrO;
reinforcements have been used. Zimco Aluminum
Company, South Africa, supplies pure Al powder
(purity > 99%, particle size 75 um) and SiC and ZrO,
reinforcement elements of 16 and 5 microns,
respectively, provided through Merck Life Science
(Pty) Ltd, South Africa were used in this present
work. The powder metallurgy route has been
followed to develop Al hybrid MMCs. The sequence
of operations followed in the present research is
shown in Fig. 1. A hydraulic pellet press (Make:
Specac Ltd, UK; Model: GS15011) was used for
green compaction with ten tons of pressure applied
after the powdered ingredients were mixed in a
high-energy ball mill. The fixed ball milling
parameters are presented in Table 1. Each green
compact sample of cylindrical shape (diameter = 13
mm and thickness = 8 mm) was subjected to a
conventional sintering process utilizing a muffle
furnace (Make: Lenton Laboratory and Scientific
Equipment, Randburg, South Africa) following the
cold compression procedure. The most cost-
effective method of sintering is the conventional
method, which is superior to the microwave and
plasma arc methods. The process parameters for
MMC manufacture were the wt.% of SiC and ZrO,
reinforcement particles, milling time, sintering
temperature and time as indicated in Table 1,
where all are at five levels. The values and levels
were selected based on literature, trial experiments,
machine constraints, and availability of the
resources. The Taguchi L25 robust technique was
utilized to design experiments for the fabrication of
MMCs because of its uniqueness to scientifically
design experiments much lesser in number than full
factorial and hence to save cost, time, and efforts
significantly. A total of 25 distinct MMC samples
were fabricated at various fabrication conditions.
The results of SEM analysis for all the procured base
Al matrix, ZrO,, SiC particles, and fabricated hybrid
MMCs (Al+7wt.%SiC+14wt.%ZrO,) are illustrated in
Figs. 2 and 3, respectively.

Using Archimedes’ principle, the porosity of the
sintered samples was measured; the samples were
submerged in water to ascertain their bulk density,
and the maximum porosity was found to be
approximately 4.7%. During the PM process,
appropriate measures were taken to minimize

porosity. These included using the ideal compaction
pressure to minimize inter-particle voids, properly
homogenizing the powder during mixing, and
controlling the sintering parameters to encourage
diffusion bonding without oxidation or pore
entrapment. Following successful fabrication, all 25
MMC samples were subjected to micro-hardness
examination. Vickers’ hardness testing equipment
(Make: Indentec Hardness Testing Machines Ltd, UK;
Model: Zhu-M) was used to measure the MMCs’
micro-hardness in accordance with ASTM standards.
Table 1 demonstrates the Vickers hardness values
with standard deviations corresponding to all
experiments. According to Table 1, the
microhardness value of 86.6 obtained under
fabrication circumstances 10 is the highest, while
30.6 is the lowest under fabrication conditions 14.
Microhardness values of the fabricated MMCs were
previously reported in [24]. The best-performing
hybrid composite samples in terms of hardness are
7 wt.% SiC and 14 wt.% ZrO,, milled for 60 minutes,
sintered at 500°C, and held for 90 minutes under
fabrication condition 10. The addition of reinforcing
particles like SiC and ZrO, greatly increased the
micro-hardness of Al-based hybrid MMCs. Because
these ceramic particles can better spread stress
within the matrix and enhance the microstructure,
their presence results in improved mechanical
characteristics.

Raw matenals Mixing of powder Green compaction of mixed
AI+SiC+Zr02 using high-energy P using a hy
ball milling pellet press

Typical muffle furnace sintering
of green compact samples

3

Preparation of the fabricated
hybrid MMCs

Tribometer (Make:Anton Paar; Mdel:
TRB) use for the hybrid MMCs

/ LN
Cutting of the | | [ Polishing |

MMC samples

( Prepared hybrid MMCs |

Fig. 1. Sequence of operations followed in the present
work for the fabrication and analysis of hybrid MMCs

Table 1. Standard operating parameters for the ball
milling method

Fixed Parameters Values

Material for the ball Stainless steel

Powder to ball ratio 1:10
PCA Stearic Acid
Milling speed 200 rpm
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SiC elements provided Al-based composites with
more hardness and tensile strength. Because SiC
and ZrO; are evenly dispersed throughout the Al
matrix, agglomeration is avoided, resulting in finer
grain  structures and improved mechanical

performance. On the other hand, even though
adding these reinforcements usually increases
hardness, problems like uniform dispersion and
particle aggregation still pose serious issues to the
performance of MMCs.

overall Increasing the

(b)

()

hardness of HMMCs reduces wear and porosity.
Following these, each of the 25 MMC specimens
conducted a dry wear tribo test using a pin-on-disc
tribometer (Make: Anton Paar Southern Africa (Pty.)
Ltd., South Africa; Model: TRB). The pin-on-disc
wear test was conducted in accordance with the
ASTM G99-17 standard. It was performed at an
applied load of 10 N, sliding speed 0.5m/sec, while
maintaining the room temperature at 25°C and 50%
humidity.

B Spectrum 136
Wt% o
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28 04

B Spectrum 139
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Si 546 07

C 444

Fig. 2. Before the fabrication of hybrid MMCs, SEM and EDS examination of procured materials (a) Al powder, (b) ZrO»,
and (c) SiC [24]
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Fig. 3. SEM-EDS results for the manufactured MMCs at fabrication conditions 10 (Al+7 wt.%SiC+14wt.%ZrO2) [24]

3. RESULTS AND DISCUSSION

Table 2 presents the average COF for 25
numbers of hybrid MMCs. SiC and ZrO;
reinforcement particles boost hardness by
generating a robust interfacial connection through
the matrix material, resulting in a reduction in COF
as the fraction of reinforcement increases.
Increasing hardness improves load-bearing capacity
and wear resistance [25]. Fig. 4 illustrates the
change in COF with experimental conditions.
Lowest and highest COF values of 0.4518 and
0.8403 were achieved for the fabrication conditions
10 and 14, respectively.

An error analysis was carried out for the
microhardness and COF measurements of the
manufactured hybrid MMCs to confirm the validity
of the experimental findings. To take into
consideration local compositional and
microstructural changes, the Vickers microhardness
tests were performed at several points on each
sample surface. A comparatively high degree of
repeatability was indicated by the observed
variation in microhardness values across different
locations, with values staying within £5%. A pin-on-

disc tribometer was employed to measure the COF
while maintaining a constant normal load and
sliding velocity. For each sample, the variation in
COF values was determined to be within 0.2
throughout three repeated tests.

| COF
0.8
0.6
]
S 04
0.2
0.0
5 10 15 20 25

Fabricated MMC samples ——

Fig. 4. Variation of COF measurements at all 25
fabrication conditions

Composites with a greater wt.% possess a better
wear resistance than composites with a lower wt.%
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of reinforced particles under the identical load [26].
Increased SiC and ZrO; content leads to varying
wear severity. Scratching and grooving are more
noticeable when MMCs include a low wt.% of
reinforcing particles.

Composites with a higher wt.% of reinforcement
particles consistently have lower COF values,
demonstrating that ceramic particles like SiC and
ZrO; improve both load-bearing capability and

resistance to material loss. Previous research [27]
has described the creation of a protective tribolayer
during sliding, which could potentially explain the
reduction in friction. Samples with reduced
reinforcing content, on the other hand, had
increased COF and wear, most likely due to larger
real contact areas and a greater sensitivity to
microcutting.

Table 2. Experimental combinations for the production of hybrid Al-SiC-ZrO2 MMCs, together with the associated COF

and microhardness [24]

Fabrication Condition
Expt. W% W% Sintering SinFering Mi'lling Microhardness COF
No. ] Temperature Time Time (VHN)
of SiC | of ZrO: . .
(oC) (min) (min)
1 3 2 500 80 20 36.412.32 0.7157
2 3 5 530 90 40 42.2+2.14 0.6319
3 3 8 560 100 60 47+2.8 0.5123
4 3 11 590 110 80 52.4+4.58 0.5017
5 3 14 620 120 100 46.6+4.84 0.5621
6 7 2 530 100 80 36.4+1.95 0.6209
7 7 5 560 110 100 49.4+3.84 0.6430
8 7 8 590 120 20 41.8+4.64 0.6879
9 7 11 620 80 40 61.2+4.31 0.5396
10 7 14 500 90 60 86.61+2.85 0.4518
11 11 2 560 120 40 34.2+3.84 0.7369
12 11 5 590 80 60 41.6+3.19 0.6811
13 11 8 620 90 80 68.8+3.31 0.5194
14 11 11 500 100 100 30.6%£2.55 0.8403
15 11 14 530 110 20 44+2.47 0.6649
16 15 2 590 90 100 45+4.38 0.6264
17 15 5 620 100 20 41.613.77 0.6961
18 15 8 500 110 40 65.21+3.52 0.5129
19 15 11 530 120 60 61.843.22 0.5402
20 15 14 560 80 80 75.214.12 0.4831
21 19 2 620 110 60 55+2.59 0.7406
22 19 5 500 120 80 52.41+2.28 0.7793
23 19 8 530 80 100 54.4+2.17 0.5138
24 19 11 560 90 20 46.2+4.31 0.5502
25 19 14 590 100 40 44.6+3.55 0.6640
Sharp edges on contact surfaces cause abrasion, conditions. Because of the greater wt.% of

resulting in scratches. Wear resulted from the
material pushing out of the groove in both
directions and remaining there when tiny wedge-
shaped fragments came into contact with abrasive
particles. Continuing sliding caused fractures
beneath the surface, leading to significant wear
[28]. Following the tribology test, worn composite
samples were evaluated.

Microcracks and wear debris were visible in the
worn surface’s SEM pictures. Fig. 5 presents the
worn surface of MMCs at various fabrication

reinforcement particles, the COF value decreased.
However, fewer fractures were seen, and the
surface was smoothened, increasing the COF.
Microcracks and delamination on the wear track are
caused by extreme plastic distortion of the
composite surface, resulting in greater wear rates.
SEM pictures demonstrate the existence of
adhesion wear generated by cold welding amid
asperities of contact surfaces, which then rips the
composite’s surface in the designated location.
Abrasive wear is the primary wear mechanism
seen in the manufactured hybrid MMCs, according
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to the SEM examination of worn surface
morphology. Parallel grooves and ploughing lines in
the sliding direction are indicative of this, especially
in samples with higher reinforcement content,
where hard particles helped to micro-cut the matrix
and counterface. Minor delamination features,

10.0kV BED-C

— 100pm JEOL

15.0kV LED SEM

(c) Fabrication condition: 14

WD 16.1mm|

such as subsurface fissures and localized material
pull-out, were also noted in certain samples,
particularly those with weaker interfacial bonding
or reduced reinforcement dispersion. Nevertheless,
under the tested conditions, delamination was not
the predominant process.

(d) Fabrication condition: 20

Fig. 5. SEM images of the worn surface of the hybrid MMCs developed at various manufacturing conditions

Distinct abrasive grooves that follow the sliding
direction are present on the hybrid MMCs’ worn
surface as observed in Fig. 5. These grooves are
sharp and closely spaced, indicating a primary
abrasive wear process, most likely induced by hard
reinforcing particles contained in the counterface,
scratching the softer aluminum  matrix.
Furthermore, delamination cracks perpendicular to
the sliding direction are detected, implying cyclic
fatigue under repeated loading conditions. These
fissures may aid in the separation of material pieces,
contributing to an enhanced wear rate. The

coexistence of these features explains the
moderate increase in the COF values observed
during the steady-state sliding phase.

Fig. 6 shows the worn surfaces' SEM and EDS
spectra after dry wear analysis. The ploughing of
ceramic SiC and ZrO; reinforcement particles onto
the counter EN31 steel pin produced continuous
grooves analogous to a sliding way. In dry
conditions, the occurrence of direct contact
between the asperities on the HMMC disc and the
counter pin surface caused thermal softening of the
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disc surface, resulting in considerable wear of the
disc.

Also, increased reinforcing particle content
reduced wear as well as the COF value in HMMC
specimens. As shown in the EDS spectra, adding SiC
and ZrO, elements to the composites caused the
development of oxide layers under increased
stresses, which oxidized the pin and disc interfaces.
These oxide coatings reduced wear due to their self-
lubrication properties. As the sintering temperature
increased, the wear rate increased due to the
distortion of asperities at the pin and disc counter
surfaces. Furthermore, strong ceramic reinforcing
particles on the composite disc surface broke down

3

Spectrum 40° &
3 d
|
!
!

o

Speatrarperum 37

and dispersed into smaller abrasive particles.
Ceramic particles on the composite surface can
originate and propagate microcracks, causing the
HMMC surface to delaminate and wear.
Microcracks and a separated bulk surface in the
form of laminates indicate delaminating wear. The
applied load affects the localized stress
concentration near the asperities’ contact, causing
disc surface wear. The SEM/EDS study also revealed
no discernible development of a mechanically
mixed layer (MML). Instead of material transfer and
mixing at the interface, the lack of a stable tribo-
layer indicates that two-body abrasive interaction
dominated the wear process.
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(b) Fabrication condition: 20
Fig. 6. EDS examination of the hybrid MMCs’ worn surfaces under varied manufacturing settings

When compared with the results of other
researchers [29,30], the current work has obtained
significantly improved microhardness and wear
resistance for Al-based MMCs reinforced with SiC
and Zr0O;. In comparison to the 86.6 HVN found in
the current study under ideal conditions (7 wt.% SiC
+ 14 wt.% ZrO;), a maximum microhardness of
roughly 67 £4 HV was reported for microwave-
sintered Al-5 wt.% SiC with up to 9 wt.% ZrO; [20].

Nayak et al. [29] obtained microhardness values
in the range of 80-104 VHN for Al-ZrO,-SiC
composites with Gr particles. Additionally, the
present study’s SEM examination revealed an
abrasive wear mechanism, which is consistent in
matching with the findings of other studies and
indicates that harder surfaces and abrasive wear
are usually the outcomes of keeping higher ceramic
reinforcement content. Surface durability under
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sliding conditions is improved by the efficient use of
SiC and ZrO; particles.

4. CONCLUSION

In this study, tribological analysis was
successfully done for the fabricated 25 numbers of
hybrid Al-based MMCs with SiC and ZrO;
reinforcement particles. The following findings can
be highlighted:

— Al-based MMCs with SiC and ZrO; reinforcing
components have been successfully hybridized
using the powder metallurgy technique with
the aid of ball milling and conventional sintering
operations.

— SiC and ZrO; reinforcing components spread
uniformly throughout the Al matrix in all the
fabricated  composites,  which  directly
influenced the mechanical and tribological
properties.

— Increased interfacial bonding and improved
physical characteristics of the composites were
the outcomes of sintering at higher
temperatures. The highest 86.6 HVN and lowest
30.6 HVN microhardness values for fabrication
conditions 10 and 14, respectively, were
achieved.

— MMCGCs with 7 wt.% SiC and 14 wt.% ZrO,
particles showed the lowest wear possibility
with a COF value of 0.4518. Also, the SEM study
of the worn surface revealed abrasive wear
mechanisms.

Such Al-based hybrid MMCs equipped with
suitable tribological properties can find potential
applications in automotive, aerospace, and other
industrial domains. The possible future research
avenues may be on exploring other performance
characteristics of Al MMCs, investigating the effect
of different compression and sintering techniques,
modeling and optimization of process parameters
using machine learning, comparison of MMC
properties obtained by different techniques, and
sustainability  interventions in Al MMC
manufacturing.
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