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ARTICLE INFO ABSTRACT

Article history: The present study investigates the mechanical and tribological behaviour of Al alloys and
Al/ZrO, ex-situ composites, focusing on their microstructural evolution and property
enhancement. Al/ZrO, composites were synthesised using stir casting, incorporating 1, 3,
Revised: 2025-12-06 and 5 wt.% ZrO, particles. Alloys and composites were characterizedusing X-ray diffraction
(XRD), optical microscope (OM), and scanning electron microscopy (SEM)to analyse phase
formation, particle distribution. Microstructural analysis revealed homogeneous dispersion
of ZrO, particles, promoting load transfer and matrix strengthening. Mechanical properties
were analysed using Vickers microhardness and uniaxial tensile tests, demonstrating
substantial increases in hardness and tensile strength with increasing ZrO, content due to
Al/Zr0O, composites; grain refinement, dislocation strengthening, and Orowan strengthening mechanisms.
Tribological performance was evaluated using a pin-on-disc apparatus under varying loads
(1ON- 30N) and sliding speeds (1 m/sec -3 m/sec). The Al/ZrO, composites exhibited a
Tribological behaviour; significant reduction in the wear (up to 50%) compared to the unreinforced alloy, attributed
Microstructure; to the load-bearing capacity of ZrO, particles and the formation of a protective tribolayer.
Surface morphology of the worn samples, analysed using SEM, indicated a transition from
abrasive to mild adhesive wear with the addition of ZrO,. Further topographical parameters
Topography. were studied using atomic force microscopy (AFM), which suggests a decrease in surface
roughness from 0.87 pm to 0.70 pm at3wt. % of ZrO, compared to the base alloy.
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1. Introduction developing materials with superior mechanical
and tribological properties has become an
important area of research to meet the rising
need for high-performance engineering uses [4-

Tribology is the study of friction, wear, and
lubrication. Tribology is the key factor in the

performance and longevity of moving 5].

components. Components subjected to repeated

sliding or rolling contact often face severe wear Aluminium  (Al) alloys have gained
and heat dissipation owing to friction [1-3]. The widespread ~ popularity  in  tribological
selection of materials with  optimized applications because of their various attractive
tribological characteristics is important to characteristics, such as low density, high specific
minimize wear and enhance the efficiency of strength, andthermal conductivity. These
mechanical components. To fulfil these needs, properties make Al-based alloys suitable for
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components such as pistons, cylinder blocks, and
brake rotors in the automobile and aerospace
industries. However, because of theirrelatively
lower hardness and wear resistance,
conventional Al-based alloys restrict their
effectiveness in tribological applications where
high friction and wear are predominant [6-8].

To negate these restrictions, aluminium-
based metal matrix composites (Al-MMCs)
reinforced with ceramic particles have been
developed. These composites acquire the
required properties of Al alloys with the
improved hardness and wear resistance of
ceramic reinforcements, such as silicon carbide
(SiC), aluminium oxide (Al;03), and zirconium
dioxide (ZrO;). ZrO, comes out as a promising
reinforcement material because of its high
hardness, excellent thermal stability, and
resistance to crack  propagation. The
reinforcement of ZrO, to the Al matrix can
significantly enhance the composite’s load-
bearing capacity, increase the wear resistance
with a comparable coefficient of friction, making
them wuseful for high-stress tribological
applications [9-12].

Despite the various research on Al/ZrO,

composites, there remain challenges in
achieving homogeneous particle dispersion,
optimizing interfacial bonding, and

understanding the influence of ZrO, content on
the overall mechanical and tribological
characteristics of the composite. The present
work aims to systematically investigate the
mechanical and tribological properties of Al
alloys and Al/ZrO, ex-situ composites with
varying ZrO, content.

The novelty of this research lies in its
comprehensive approach to understanding how
7Zr0, content and microstructural characteristics
collectively influence the mechanical strength,
wear resistance, and surface morphology of Al-
based composites. The incorporation of AFM-
based surface topography, along with multi-
scale property correlations, provides a novel and
holistic perspective that contributes to the
design of optimized tribo-mechanical materials
for engineering applications.

2. Materials and Methodology

To synthesize composites, Al 6061 alloy
(elemental composition is given in Table 1) was
procured from India Mart, and zirconia powder
having an average particle size of 90 nm was
procured from Sigma Aldrich (purity 299.95).

To fabricate composites ex-situ, the Stir
casting route was followed, where PID control
electric resistance furnace was utilized for
melting. Initially, the furnace temperature was
set to 6900 °C with a heating rate of 40 °C/ min.
The small pieces of Al kept in a graphite crucible
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were placed in the furnace. Once the
temperature reached the set temperature, hold
till the alloy was in molten conditions. Once the
alloy is in molten condition, the preheated (at
120°C for 1 hour) zirconia (ZrO2) wrapped in
aluminium foil was placed in a crucible. After
placing the powder, continuous stirring using a
stainless steel stirrer was performed for 10
minutes at 150 rpm for homogeneous mixing of
the powder in the molten alloy. Before pouring
in preheated (200°C for 90 min) Mold, the hexa-
chloro-ethane was used as a degasser to remove
entrapped gases from the melts. Four
composites were fabricated with varying weight
percent (wt. %) of ZrOz (with 0, 1, 3, and 5 wt.%
of Zr02). Further, Table 2 presents the
nomenclature of various compositions for easy
representation.

Table 1. Elemental composition of Al 6061 alloy [13]

S.No Element Weight %

1 Si 0.4-0.8

2 Fe Maximum- 0.7
3 Cu 0.15-0.4

4 Mg 0.8-1.2

5 Zn Maximum- 0.25
6 Cr 0.04-0.35

7 Mn Maximum- 0.15
8 Ti Maximum- 0.15
9 Other, Maximum- 0.25
10 total Balance

Table 2. Nomenclature of alloy and composites

Sr. Composition Nomenclature

1 Al 6061 alloy with 0 wt.% ZrO2 S1
2 Al6061 alloy with 1 wt.% ZrO2 S2
3 Al6061 alloy with 3 wt.% ZrO2 S3

4  Al6061 alloy with 5 wt.% ZrO2 S4

Malvern Panalytical'sX- ray diffractometer
(XRD) was used to identify the peaks present in
order to confirm the presence of ZrO: phase.
The Lietz optical microscope was employed to
study the optical microstructure (OM) of alloys
and composites. Further Nova nano Scanning
electron microscopy (SEM) was used to see the
distribution, size, and shape of reinforced
particles in the matrix.

To investigate the mechanical properties
hardness and tensile test was conducted using
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Vicker hardness testing setup and an ultimate
tensile machine.

A tribological test was conducted using pin
on disc tribometer tester. The test was
performed for varying loads (10N, 20N, and
30N) and sliding velocity (1 m/sec, 2 m/sec, and
3 m/sec) for a constant sliding distance of
5000m.

Fig. 1. (a) Mold and ascast sample, (b) Tensile samples,
(c) Pin sample for wear and friction test,
(d) Pin-on- disc tribometer

3. Results and Discussion

3.1.Characterization (XRD, OM, and SEM) of
Alloy and Composites

Figure 2 shows the XRD pattern of the alloy
and the composites. Peaks of Al are evident from
Fig 2(a) while in Figs. 2(b-c), along with peaks of
Al, ZrO2 peaks are also visible, and intensity
increases with increasing ZrO2 content, which
confirms the presence of reinforced particles in
the alloy.

Further microstructure study was conducted
using an optical microscope and is given in Fig.
3, which shows the presence of Al rich phase in
Fig. 3(a), while in Fig. 3(b), along with Al rich
phase, some whitely distributed reinforced
particles are visible. Further, it can be observed
that with the addition of 3 wt. % of ZrO2 results
in grain refinement of the matrix phase, which
can further result in an increase in the
mechanical properties of composites [14].

A scanning electron microscopy (SEM) image
of samples S1 and S4 is presented in Fig. 4,
which confirms the presence and distribution of
Zr02 particles (Fig. 4(b)). This is also visible
from Fig. 4 that reinforced particles are
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homogeneously distributed. Some porosity is
also visible, which may be due to the presence of
second-phase particles and high stirring speed
and time for better mixing, which causes
entrapment of atmospheric air during casting
[15-16].
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Fig. 2. XRDof samples (a) S1, (b) S2, (c) S3, (d) S4
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Fig. 4. SEM image of S1 and S4 samples

3.2. Mechanical (Hardness and Tensile)
Behaviour of Alloy and Composites

Figure 5 presents the mechanical (hardness
and tensile strength) properties of the alloy and
composites. It has been observed that with the
addition of ZrO: particles, there is a significant
improvement in the hardness of composites, and
it is maximum for sample S4, having a ZrO:
content of 3 wt. %. This rise in hardness may be
due to the presence of hard ZrO, particles, as
these hard particles act as obstacles to
dislocation movement. Also, during mechanical
deformation, applied stress is partially
transferred from the softer matrix to the harder
Zr0, particles [17-18]. This results in improved
resistance to deformation. Further, dislocations
bow around the ZrO, particles, creating
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additional dislocation density, which contributes
to strain hardening and, hence, increased
hardness. Further grain refinements also result
in an increase in hardness and strength. ZrO,
particles also participate in the precipitation
strengthening mechanism. The presence of ZrO,
particles facilitates the formation of a finer
dispersion of precipitates within the matrix,
further enhancing the hardness [19-20].

Figure 5 also presents the tensile strength of
the alloy and composites. The addition of ZrO:
up to 2 wt.% leads to a significant improvement
in tensile strength due tothe hardness
mechanism. The hard ZrO, particles provide an
effective load transfer mechanism that enhances
the tensile strength of the composite. The
addition of ZrO, leads to an increase in
dislocation density, which contributes to work
hardening and improved tensile strength.
However, from the Fig 5, it is also visible that
beyond 3 wt.%, the addition of ZrO, particles
can lead to a slight decrease in tensile strength.
This slight decrease in tensile strength may be
due to the higher concentrations; ZrO, particles
may have agglomerated, which creates weak
points within the matrix. These clusters act as
stress concentrators, reducing overall strength.
The interfacial bonding between the ZrO,
particles and the Al matrix may not be as
effective at higher concentrations. Poor bonding
can lead to debonding during tensile loading,
resulting in a reduction of tensile strength [21-
23].

Il Hardness (VHN)
I Tensile strength (MPa)
300 4

250+
200
150 4
100 +

50

S1 S2 S3 S4
Composites

Fig. 5. Mechanical properties (a) Hardness,
(b) Tensile strength of alloy and composite

3.3. Wear and Frictional Behaviour of Alloy
and Composites

Figures 6-8 present the wear and frictional
behaviour of alloys and composites with varying
load, sliding velocity, and composition. Fig. 6
presents the wear and coefficient of friction
(COF) of samples S1, S2, S3, and S4 at applied
loads of 10N, 20 N, and 30 N at constant sliding
velocity and distance of 2 m/sec and 5000 m,
respectively.
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The wear behaviour of Al-based composites
reinforced with varying weight percentages of
Zr0, (1 wt%, 2 wt%, and 3 wt%) demonstrates
notable trends in wear resistance and COF under
different loading conditions. For samples S2 and
S3, there is a linear decrease in wear rates. This
reduction is attributed to the reinforcing effect
of ZrO, particles, which enhances the hardness
and wear resistance of the Al matrix. The
presence of hard ZrO, particles serves as an
effective barrier to abrasive wear, reducing the
material removal during contact with a counter
face. The composites' improved mechanical
properties due to ZrO, reinforcement led to
better performance in wear tests under both 10
N and 20 N loads, reflecting their enhanced
ability to withstand mechanical wear [24].

However, for sample S4, the wear does not
continue to decrease linearly. Instead, there is a
notable plateau in the wear resistance,
indicating a diminishing return on wear
performance at higher particle concentrations.
The rate of decrease in wear becomes less
pronounced at this loading, suggesting that
excessive ZrO, may lead to the agglomeration of
particles, which can negatively affect the load-
bearing capacity of the composite. Additionally,
the increased volume fraction of hard ZrO, can
introduce internal stress concentrations and
potential weak points, which may compromise
wear resistance under higher loads, particularly
evident at 30 N, where an increase in wear is
observed for the 3 wt% Zr0O, composite [25].

The COF trends similarly to the wear,
increasing with both ZrO, content and applied
load. As the ZrO, content rises, the surface of the
composite becomes more abrasive, leading to
higher friction against the counter face. This
behaviour is particularly pronounced at higher
loads, where the increased contact pressure
enhances the abrasive interactions between the
Zr0, particles and the counterface material. The
combined effect of increased load and ZrO,
content results in a higher COF, which may
contribute to elevated wear rates, especially
observed at the 30 N load for the S4 sample.
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Fig. 6. (a) Wear (mm3) and (b) COF of alloy and composites
at sliding velocity of 2 m/sec and sliding distance
of 5000 m at varying applied load.
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Figure 7 shows the wear and COF behaviour
of samples S1, S2, S3, and S4 at constant applied
load and sliding distance of 30N and 5000m,
respectively, with varying sliding velocity of 1
m/sec, 2 m/sec, and 3m/sec. The wear response
of Al-ZrO, composites reveals the effects of
varying ZrO, concentrations (1 wt.%, 2 wt.%,
and 3 wt.%) and sliding velocities (1 m/sec, 2
m/sec, and 3 m/sec) under constant applied
load. Initially, the reinforcement of ZrO,
particles at 1 wt.% and 2 wt.% results in a linear
decrease in wear, indicating improved wear
resistance due to the reinforcement effect of the
hard ZrO, particles. This rise may be due to
enhanced hardness, load transfer, and effective
dislocation  pinning, = which  combinedly
contribute to the composite's property to
withstand wear. However, at 3 wt.% ZrO,, the
rate of wear reduction becomes less significant,
suggesting that excessive particle concentration
may result in agglomerations and potential weak
points within the composite structure.

When the sliding velocity is increased, the
wear behaviour changes significantly. At sliding
velocities of 1 m/sec and 2 m/sec, wear rates
increase for all compositions, indicating that
higher velocities exacerbate wear, potentially
due to increased frictional heat and abrasive
interactions between the composite and the
counter face. This rise in wear at lower velocities
highlights the importance of dynamic conditions
on wear behaviour. Interestingly, at a sliding
velocity of 3 m/sec, wear is slightly lower than at
2 m/secfor all the samples. This counterintuitive
result may be due to the formation of a
lubricating layer or a transient wear regime that
develops at higher velocities, reducing direct
contact and subsequent wear.

Wearx 10~ (mm®)

Ell s2 s3 s4 81 sz s3 s

Composites Composites

Fig. 7. (a) Wear (mm?3) and (b) COF of alloy and composites
at applied load of 30N and sliding distance
of 5000 m at varying sliding velocity

Furthermore, COFfollows a consistent trend
with rising ZrO, amount and sliding velocity. As
the amount of ZrO, increases, the COFrises,
reflecting the abrasive nature of the ZrO,
particles. However, at the highest sliding velocity
of 3 m/sec, COF is the lowest for all samples.
This suggests that the wear mechanisms may
shift at higher velocities, potentially due to the
reduction of direct particle-to-surface contact
and the establishment of a more stable
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tribological regime that minimises frictional
resistance.

Figure 8 depicts the wear and COF behaviour
of samples S1, S2, S3, and S4 at constant applied
load, sliding velocity, and sliding distance of 30
N, 3m/sec, and 5000m, respectively. The
reinforcement of ZrO, particles to Al alloys
affects their wear behaviour and COF under
given conditions, such as a constant load of 30 N,
a sliding velocity of 3 m/sec, and a sliding
distance of 5000 m. At lower amounts of
reinforced particles (1 wt.% and 2 wt.%), ZrO,
increases the hardness and tensile strength of
the matrix, lowering wear throughdecreasing
material removal during sliding. The ZrO,
particles cause better load dispersion, reducing
localized wear and the formation of a protective
transfer layer, which further reduces wear by
decreasing direct contact between sliding
surfaces.

Further, the reinforcement of ZrO, particles
results inrise in the COFbecause of its abrasive
nature, leading to more surface roughness and
interfacial resistance. At 3 m/sec, the COF rises
owing to the more kinetic energy and increased
abrasive interactions between ZrO, and the
counter body. Despite the decrease in wear, the
increased COF highlights a complex interplay of
adhesion, abrasion, and surface interactions,
emphasizing the need to balance ZrO, content
for optimal wear performance and COF in
composites.

A

o
2

Wear x 1073 (mm3)
g
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Composites Composites

Fig. 8. (a) Wear (mm?3) and (b) COF of alloy and composites
at constant applied load, sliding distance, and sliding velocity
of 30 N, 3 m/sec, and 5000 m with varying composition.

3.4 Topographical Behaviour of Alloy and
Composites

Figure 9 illustrates the scanning electron
microscopy (SEM) images of the worn surfaces
of samples S1, S2, S3, and S4, tested under
constant conditions of 30 N load, 3 m/sec sliding
velocity, and a sliding distance of 5000 m. As
seen in Fig. 9(a) for sample S1, the wear
mechanisms include ploughing, delamination,
and the formation of wear grooves, indicating
significant material loss and consequently high
wear rates. This suggests that the absence of
hard reinforcements in sample S1 leads to a
rough surface that is more susceptible to
abrasive wear.
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In contrast, the addition of hard ZrO,
particles in samples S2 and S3 results in a
smoother topography. The wear observed in
these samples is characterized primarily by
wear grooves, indicating a transition to more
favourable wear behaviour and high wear
resistance. This shift suggests that the ZrO,
particles effectively mitigate the wear process by
enhancing the surface hardness and providing a
barrier against material loss. The findings from
the SEM analysis are consistent with those
observed in Figures 6-8, supporting the
conclusion that ZrO, reinforcement significantly
improves wear performance.

Furthermore, atomic force microscopy (AFM)
analysis, as shown in Fig. 10, further
corroborates these observations. The AFM
results reveal that sample S1 exhibits the highest
average surface roughness, indicating a rougher
surface associated with greater material loss and
higher wear rates. In contrast, samples S2 and
S3 demonstrate decreased average surface
roughness values, reinforcing the notion of
lower wear due to the effective reinforcement
provided by ZrO, particles [26-28].

Belamination Wear groove

5
Wear groove ),

Fig. 9. SEM of worn surface of samples (a) S1, (b) S2, (c) S3,
(d) S4 at Constant applied load, sliding distance, and sliding
velocity of 30 N, 3m/sec, and 5000 m respectively.

0.87 ym 0.79ym

" 000pm ~ 000um

070 ym | 0gopm

0,00 ym 000m

Fig. 10. AFM of worn surface of samples (a) S1, (b) S2, (c) S3,
(d) S4 at constant applied load, sliding distance, and sliding
velocity of 30 N, 3 m/sec, and 5000 m, respectively.
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4. Conclusions

1. Adding ZrO, particles to Al alloys enhances
Vickers  hardness and significantly
improves tensile strength up to 3 wt.%.
However, at 5 wt.%, particle clustering and
bonding issues reduce tensile strength.
Understanding these effects is essential for
optimizing the mechanical properties of Al-
Zr0, composites.

2. ZrOz enhances wear resistance at 1 wt.%
and 2wt.%, but shows decreased
performance at 3 wt.% under certain loads.
The rising coefficient of friction with
increased ZrO, content and load highlights
the need for optimizing particle
reinforcement in Al composites for better
tribological performance.

3. ZrO, improves wear resistance at lower
concentrations, but wear performance
varies with sliding velocity, showing
increased rates at lower speeds and
reduced wear at 3 m/s, while the
coefficient of friction increases with ZrO,
content and velocity, highlighting the need
for optimization in Al-ZrO, composites.

4. Adding ZrO, to Al alloys reduces wear rates
at 30 N and 3 m/sec, but increases the
coefficient of friction due to the particles’
abrasiveness and interfacial interactions,

highlighting the need for balanced
optimization of ZrO, content in
composites.

5. The addition of ZrO, particles to Al alloys
leads to a decrease in average surface
roughness value from 0.87pm to 0.70pm
and reduced wear rates, confirming their
effectiveness in enhancing wear resistance.
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