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ABSTRACT

Friction Stir Processing (FSP) is a great solid-state surface modification method that
can be employed to enhance the mechanical and tribological properties of metallic
materials by using reinforcement particles. In the present study, AA6061 aluminium
alloy plates with 6mm thickness were subjected to FSP process with constant
parameters of 1000 rpm rotational speed and 50 mm/min traverse speed, by
employing a cylindrical taper pin tool. Silicon carbide (SiC) and copper oxide (CuO)
particles were incorporated in various quantities (1 to 4 wt %) to achieve surface
metal matrix composites and to evaluate the impact of the reinforcement on the
AAG6061 alloy mechanical and wear properties. The microstructure investigation,
made by optical microscopy method, demonstrated a significant change in grain
structure and a uniform distribution of particles in the stir zone. Among four
composites samples, the specimen reinforced with 1 wt % SiC and 3 wt % CuO
(sample 3) exhibited excellent properties such as tensile strength of 190.7 MPa,
elongation of 8.2%, hardness of 72.9 HV, and wear rate of 0.0526 mm3/Nm. The
fracture surface analysis, performed by Scanning Electron Microscopy (SEM)
technique, revealed reduced number of dimples and absence of visible cracks, as well
as improved resistance to fracture and adequate structural integrity. Furthermore,
the analysis of the worn surface indicated shallow grooves and minimal debris,
confirming diminished abrasive wear. The results achieved by the methods presented
above make the optimized FSP-treated AA6061 composite a promising material for
industrial applications such as automotive components, aerospace structures, and
tooling elements.

KEYWORDS: Friction Stir Processing, AA6061 alloy, silicon carbide, copper oxide,
mechanical properties, microstructure, hardness, wear

1. INTRODUCTION

Friction Stir Processing (FSP) is a proficient solid-state
method that is frequently applied to improve the
properties of aluminium alloys through localised
microstructure modification process. This process is
possible by employing a rotating tool that generates by
friction a great amount of heat at interface between the
tool and metal surface, resulting significant plastic
deformation and dynamic recrystallisation in the
affected area, hence improving the grain structure and
ensuring uniform phase distribution. Multiple

investigations have validated the effectiveness of the
FSP process in modifying the surface properties of
diverse grades of aluminium alloys, determining
significant improvement of materials mechanical
properties, such as enhanced hardness and improved
resistance to corrosion [1-2]. Extensive studies have
shown that ceramic particles [3-5], such as boron
carbide (B4C), titanium carbide (TiC), boron nitride
(BN), vanadium carbide (VC), silicon carbide (SiC),
and copper oxide (CuO), can be effectively
incorporated into aluminium alloys through the FSP
procedure. The particles reinforcements have a similar
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role as the grain refiners, promoting a finer grain
structure, increasing the strength and stiffness while
the wear resistance is improved by inhibiting the
dislocation movement and facilitating the dynamic
recrystallisation within the stir zone.

Besides, the selection of reinforcement particles
and the process parameters have a significant and
substantial influence on the properties and quality of
the surface processed by FSP. The tool rotational speed
has been recognised as a critical factor that has a major
influence on the distribution of reinforcement particles
within the treated zone [6-9]. An increase in rotational
speed of the tool typically results in higher heat input
and enhanced plastic flow, facilitating better dispersion
of particles and development of finer structure of
grains. An increase in traverse speed can boost the
grains refining due to more reduced temperature
exposure that determines the decrease of grains
development time. However, the optimal properties
and structure performance relies on maintaining these
characteristics within defined boundaries. Anyhow,
both excessively high and low values may adversely
affect the material flow, induce tool wear, or result in
defects such as tunnel voids and non-uniform mixing
[6-9].

A wide range of studies has investigated various
reinforcements used to enhance the mechanical and
tribological properties of aluminium alloys by FSP
method. D. Divekar et al. [10] employed the Bobbin
Tool Friction Stir Processing (BT-FSP) technique to
incorporate B4C particles into 6 mm thick Al-Mg-Si
alloy plates. The analysis revealed that the BT-FSP
processed  composites  exhibited  considerable
aggregation of B4C particles and cracks formation in
certain areas. The deficiencies were developed mostly
from the insufficient forging operation, leading,
further, to the buildup of reinforcing particles within
the cracks. Despite these limitations, the
microhardness analysis demonstrated a significant
increase in the surface hardness of the BT-FSP
specimens compared to the base material. The findings
underscore the crucial role of the tool geometry and of
process parameters optimisation in achieving uniform
distribution of reinforcement particles and flawless
composite on aluminium surface processed by FSP
technique.

M. R. Kumar [11] investigated the influence of the
pinless friction stir tool in FSP of AA6061 alloys.
Increasing the tool rotational speed to 1200 rpm, while
keeping a traverse speed of 25 mm/min, the corrosion
resistance, mechanical characteristics, and surface
microstructure were significantly affected. The
microstructure examination revealed a significant
increase in the microhardness of the treated samples,
accompanied by a significant decrease in grain size. In
another studies, Rice husk ash (RHA) was used as
reinforcement material to develop composites on the
surface of AA6061 aluminium alloy through FSP. The
research focused on assessing the particles dispersion
and microhardness of the treated specimens. The

results demonstrated that the AA6061 alloy, reinforced
with 5 wt % RHA and processed with rotational speed
of 1200 rpm, showed the most uniform particle
distribution and the greatest average microhardness
value (80 HV) [12].

Ch. M. Rao et. al. [13] employed TiB2/Al2Os
particles to assess the microhardness, tensile strength,
and microstructure of AA6061/TiB2/AlOs alloy
surface composites. This work inspected the impact of
tool design and process factors on microstructural
variations and effectiveness of the modified surface
layer, providing important insight into the behaviour
and potential applications of advanced composite
materials.

M. R. Chanamallu et al. [14] investigated the
fabrication of AA6061/SiC/Al:Os composites and
analysed the influence of various process parameters
on the mechanical properties. Among the samples, the
sample S3 showed the highest tensile strength
(185MPa). The optimal conditions for achieving
maximum tensile strength were found to be the
combination of rotational speed of 900 rpm, and
traverse speed of 15 mm/min. Ouyang et al. [15]
investigated  the  thermal  distribution  and
microstructure changes of Al alloy and copper. The
researchers reported that the low strength of joints was
caused by the presence of brittle intermetallic
compounds developed in the nugget zone.

Shahraki et al. [16] studied the use of FSP method
to fabricate AA5083 composites reinforced with ZrO:
particles. Based on optical microscopy and SEM
methods, the authors made the microstructure
characterization, focusing on the shape and distribution
of ZrO: particles within the AAS5083 matrix. The
findings demonstrated that the incorporation of ZrO:
particles significantly enhanced the hardness and wear
resistance of the composite, comparing to the
unreinforced AAS5083, the advantageous effect of ZrO:
reinforcement on the mechanical properties of AAS083
composites being obvious.

B. R. El-Eraki et al. [17] investigated the
application of hybrid Al-Os and graphite particles in
AA6061 to fabricate a surface composite by multiple-
pass FSP. The results demonstrated that the composites
enhanced with alumina particles attained a peak
ultimate tensile strength of 213 MPa. The increase in
hardness in the stir zone of samples processed by FSP
was significantly greater after post-heat treatment, but
the number of passes had minimal effect on the
hardness profile.

M. R. Ch et al. [18] studied the TiB: reinforcement
with three distinct slot thicknesses from 1 to 2 mm,
used to achieve surface composites on Al6061-T6
alloy. The tribological properties were evaluated at two
distinct sliding velocities: 0.314 m/s and 0.48 m/s. At
reduced loads, it was found an inconsequential
variation in the wear rate of surface composites carried
out with varying slot dimensions.

K. N. Uday [19] studied the Al6061 alloy
reinforced with B4C and Cr203 separately to obtain
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Al6061 + B4C and Al6061 + Cr203 aluminium metal
matrix composites (Al MMC). Al composites were
produced by stir casting with weight percentages of
2%, 4%, and 6%. The incorporation of Al MMC was
essential for developing appropriate components. The
authors reported that increasing the travel speed from
20 to 25 mm/min, an increase up to about 59% of
tensile strength was observed. Besides, the predictive
average accuracy of response surface methodology
(RSM) and the artificial neural network (ANN) were
found 98.26 and 94.86, respectively.

Mohammed Yunus and Rami Alfattani are
produced AA6061 via a dual stir casting technique,
incorporating variable volume fractions of B4C (5-
15%) and Gr (110-20%). It was observed that
reinforcement with Al alloy is equally distributed
inside the primary matrix, creating a mechanically
mixed layer characterised by interfacial reactions. This
layer decreases wear loss and COF, particularly with
increased quantities of B4C and Gr, as they exhibit
minimal aggregation of the reinforced material. Micro-
hardness investigations reveal that the hardness of
HMMC escalates with an increase in the volume
fraction of reinforced particles and the sliding distance
and the compression test demonstrated a 22%
enhancement compared to AA6061 [44]. In another
study,

S. Kaliappan et.al. [45] analysed the mechanical
characteristics for Al 6061-SiC-AIN composures the
result found that the incorporation of SiC and AIN
reinforcements enhanced the UTS from 328 to 385
MPa, hardness from 302 to 724 HN and the
compressive strength from 145 to 178 MPa.

Based on the literature reviews [11], [15], [19],
[44-45], Al 6061 reinforced with different
reinforcements (Rice husk ash, B4C, hybrid
AlOs/graphite particles, Cr203, Gr and SiC-AIN). It
was found that no studies have explored and reported
results on 6061 aluminium alloy reinforced with
CuO/SiC particles in different mixtures by applying the
Friction Stir Processing (FSP) procedure.

To fill this research gap and to improve the
scientific knowledge in this area, four distinct
combinations of SiC and CuO powder mixtures like 1
wt % SiC + 1 wt % CuO, 1 wt % SiC + 2 wt % CuO, 1
wt % SiC + 3 wt % CuO, and 1 wt % SiC + 4 wt %
CuO have been investigated. The analysis of the
microstructure characteristics, mechanical behaviour
and wear properties of FSP AA6061 joints provides
novel insights into the synergistic effects of CuO and
SiC reinforcements used to enhance the performance
of the Al6061 alloy.

2. MATERIALS AND METHODS
2.1. Materials
AA6061 sheets with dimensions of 200 x 50 x 6 mm?

were prepared to be processed by FSP technique. The
chemical composition of the AA6061 is presented in

table 1 [20-21]. This material was chosen due to its
excellent mechanical properties, high corrosion
resistance, and wide applicability in structural and
automotive components.

Before surface processing, several circular micro-
holes with diameter of 2 mm and depth of 1.9 mm were
precisely drilled into the surface of the AA6061 plate.
These cavities were uniformly distributed with 2.5 mm
spacing and packed with homogenous mixture of CuO
and SiC powders.

Table 2 shows the thermo-physical properties of
CuO [22-24] and SiC particles [25]. The reinforcement
powders, having average particle size of 10 um, were
carefully filled into the pre-drilled holes to ensure
uniform dispersion during the stirring phase. Four
combinations of SiC and CuO powders, as seen in table
3, were mixed and used to perform 4 samples whose
microstructure, mechanical properties, and wear
resistance were, subsequently, examined, analysed and
discussed in detail.

2.1.1. Process and Parameters

The welding process was performed with the FSP
equipment (Fig. 1) that had a taper cylindrical pin tool.
Figures 2a and 2b illustrate the Al6061 alloy plates
before and during the FSP procedure, respectively.
Figure 2c shows the taper cylindrical tool with
shoulder diameter of 20mm and a pin length of 2mm
and pin diameter of 6mm for this work.

Fig. 1. Friction Stir Processing (FSP) equipment

To ensure a constant heat input and an adequate
material flow [26], the whole FSP process was
performed with constant tool rotational speed of 1000
rpm and traverse speed of 50 mm/min for all four
samples illustrated in figure 2d. The main FSP process
parameters applied to carry out four samples with four
combinations of SiC and CuO particles (particle size:
50 nm) are centralised in table 3.
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2.1.2. Tensile Testing

The AA6061 specimens for tensile testing were
precisely machined by wire-cut electrical discharge
machining (EDM) technique. The specimens were cut
perpendicular to the stir zone in order to accurately
assess the mechanical behaviour across the processed
region. All samples were prepared according to the
ASTM E8 standard [27], and the uniaxial tensile

testing was conducted by employing a Universal
Testing Machine (UTM).

Based on the experimental tests, the results
regarding the tensile strength and elongation properties
of the samples processed provided critical insights in
terms of reinforcement effect on the mechanical
performance of the AlI6061 alloy reinforced with
different combinations of SiC and CuO particles.

Table 1. Chemical composition of AA6061 base material [20]

Al Mg Fe Si

Cu Ti Mn Zn Cr

95.85-98.56 0.8-1.2 0.4-0.8

0.15-0.40

0.0-0.25 ]0.0-0.15 ]0.0-0.25 ]0.04-0.35

Fig. 2. FSP processing of AA6061: a) AA6061 plates before FSP process; b) AA6061 plates during FSP process;
c) FSP tool; d) AA6061 samples reinforced with SiC and CuO by FSP method

Table 2. Thermo-physical properties of CuO and SiC particles

Thermo-physical properties of CuO particles Thermo-physical properties of SiC particles
Thermo-physical property Values Thermo-physical property Values

Purity 98% Maximum Temperature 1350 °C

Density 6550 kg/m? Open Porosity <0.2%
Morphology Irregular shapes | Density 3010 kg/m’?
Particle Size 42 nm Bending Strength %;8 ggOOC 23;[ ij[lPa
Specific heat 530.5 J/kg'K Thermal Conductivity 42 (1200 °C) W/m'K
Bulk density 780 kg/m? Elastic Modulus g(z)g ggOOC c), SPCE}lPa
SSA 22 m¥/g Thermal Expansion coefficient  |[4.4 K-'x10°

True Density 6450 kg/m? Acid and alkali resistance Excellent

Thermal Conductivity 21 W/m'K Mohs hardness 12

58

VOLUME 36 (YEAR XXXVI) 2025



ISSN print: 1221-4639, ISSN online: 2668-6163

WELDING EQUIPMENT AND TECHNOLOGY

Table 3. Main FSP process parameters applied for different particles mixtures

. . SiC, CuO,
Sample Rotational speed, [rpm] Traverse speed, [mm/min] wt. [%%] wt. [%%]
Sl 1 1
S2 1 2
33 1000 50 1 3
S4 1 4

2.1.3. Microstructure Analysis

To better understand the effect of particles mixture
reinforcement on the fracture mechanism of the
AA6061 material processed by FSP method, a
microstructure analysis was made by Scanning
Electron Microscopy (SEM) method, with ZEISS
EVO-18 equipment. This investigation method, a
highly versatile technique that provides valuable
information on  microstructure and  fracture
phenomenon, was carried out for the samples
reinforced with SiC of 1wt % and CuO of 2 wt %, and
for that reinforced with particles mixture of 1wt % SiC
and 3 wt % CuO particles.

2.1.4. Vickers Hardness Testing

The Vickers microhardness testing was conducted on
polished cross-sections of the weld nugget to evaluate
the hardness profile across the friction stir processed
zone with Vickers hardness equipment. The
microhardness measurements were made according to
the ASTM E92 standard with a constant load of 15 N
that was applied for a dwell time of 15 seconds [28].
The resulting data provided significant information on
the hardness gradient and material response
determined by the SiC and CuO particles
reinforcement and processing conditions.

2.1.5. Wear Testing

To assess the wear behaviour of the processed
composites samples, a standard pin-on-disc tribometer
was setup and employed. The composites specimens
were tested against a rotating steel disc under
controlled normal loading conditions.

To ensure consistency and reproducibility of
results, all wear tests were performed according to the
ASTM G99-17 standard. The wear testing specimens
were machined with dimensions of 10 x 10 x 6. in
[mm], and were surface-finished with 800-grit silicon
carbide (SiC) paper to obtain a uniform surface
roughness, compatible with that of the mating disc.

Before testing phase, each specimen was
thoroughly cleaned with acetone to eliminate any
surface contaminant that could influence the wear
measurement. During testing phase, each of the four
specimens was evaluated 15 minutes time under a
constant normal load of 30 N and a rotational speed of
200 rpm.

The wear loss or wear depth was determined with
a digital balance, by calculating the weight difference
of the specimens before and after testing. The
measured weight loss provided quantifiable
information of the resistance material to wear under the
specified conditions [29].

3. RESULTS AND DISCUSSION
3.1. Tensile Testing Results

The tensile testing experiments were performed for
estimating the tensile strength, and elongation
properties of the friction stir processed samples, the
results, shown in table 4, providing critical insights into
the effect of SiC/CuO reinforcement on the mechanical
performance of the Al6061 alloy.

The tensile strength values and stress versus strain
curve for all four samples are displayed in figure 3a and
figure 3b. Based on the results presented in table 4 and
figure 3, the sample 1 shows a significant enhancement
in ultimate tensile strength (UTS) up to 180.1 MPa,
along with an increase in elongation to 6.3%. In case
of sample 2, a minor reduction to 150.6 MPa in UTS
was noticed, elongation being lower (5.9%) than that
of sample 1. This diminution of the mechanical
properties suggests a potential limit in reinforcement
effectiveness beyond which additional increments do
not produce equivalent benefits. Moreover, the UTS
and the elongation of the sample 4, processed with a
combination of 1 wt % SiC and 4 wt % CuO particles,
were recorded at 155.6 MPa and 6.8%, respectively,
indicating a modest increase compared with the value
reached by the sample 1.

The highest mechanical performance, meaning an
optimal balance of strength and ductility, with the UTS
peak of 190.7 MPa and elongation of 8.2%, was
exhibited by the sample 3. This significant increase
was achieved at 1000 rpm rotational speed and 50
mm/min welding speed, with reinforcement consisting
of 1 wt % SiC and 3 wt % CuO particles mixture. The
general trend of the enhanced UTS and elongation with
the incorporation of 1 wt % SiC and 3 wt % CuO
particles underscores their value as reinforcements in
the aluminum matrix. These particles enhance uniform
stress distribution under mechanical loading by
reducing localized stress concentrations. Furthermore,
the dispersion of particles may promote the
microstructural  refinement, limiting the grain
development and microcracks propagation [30].
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Figure 3b exhibits the stress-strain curve that
defines the material behaviour under load, which
provides precious insights into the material's strength,
ductility, and failure limits. The way in which a
material responds to a load depends on the material
properties, in general, and to the reinforcement
properties, in particular. The strain vs. stress curve
confirms the conclusion drawn above in terms of the
role and effect of particles mixture reinforcement on
the quality of samples achieved by FSP procedure.

It can be seen that the samples 1 and 3 of AA6061
reinforced with the particles combinations consisting
of 1 wt % SiC and 1% wt % CuO , respectively 1 wt %
SiC and 3% wt % CuO, have a significant higher
deformation capacity comparing to the samples 2 and
4. The highest mechanical performance, demonstrated
by an optimal balance of strength and ductility given
by the highest values of UTS and elongation, is
reported for the sample 3 whose particles combination
seems to be the optimal reinforcement.

Table 4. Mechanical properties and wear rate results determined by experiments

. Sample

P

roperties 1 3 3 1
Tensile strength [MPa] 180.1 150.6 190.7 155.6
Elongation [%] 6.3 59 8.2 6.8
Hardness [HV] 70.1 69.6 72.9 75.3
Wear rate [mm3/N-m|] 0.0785 0.0452 0.0526 0.0374

200 .

g 150 E_

= 2

% 100 &

E 50

0 Strain [%6] -
1 2 3 4
a_) Sample ‘b) @ Samplel Sample? @ Sample3 @ Sampled

Fig. 3. Tensile testing of samples 1 to 4 reinforced with SiC and CuO particles by FSP method: a) tensile
strength results; b) stress vs. strain curve

3.2. Microstructure Analysis

Figure 4 and figure 5 exhibit the SEM images, with
different magnifications, of the fracture surfaces of the
AA6061 alloy samples reinforced with 1 wt % of SiC
and 2 wt % of CuO, as well as with 1 wt % of SiC and 3
wt % of CuO particles. The aim of this analysis was to
investigate the influence of wt % of SiC and CuO on
fracture behaviour of samples processed by FSP. The
fracture surface of the sample 2, carried out with 1000
rpm of tool rotational speed and 50mm/min welding
speed and reinforced with 1 wt % SiC and 2 wt % CuO,
reveal the high depth of dimples and cavities at the left
corner and centre side, as figure 4 shows. This behaviour
was primarily attributed to the low reinforcement
content, which may have been inadequate to refine
significantly the grain structure or to establish effective
load transfer mechanisms, resulting in limited plastic
deformation and reduced ductility [31]. Additionally,
insufficient stirring or mixing during friction stir

processing combined with likely low reinforcement
level caused CuO particles agglomeration, leading to
development of coarse precipitates that acted as stress
concentrators, especially at incoherent or semi-coherent
interfaces with the aluminium matrix, and, further, to
early crack initiation and propagation triggering. The
non-uniform distribution, possibly caused by the
suboptimal powder packing, contributed to the
asymmetric localization of precipitates, particularly on
the left and centre of the stir zone. Consequently, the
combination of low reinforcement percentage and
coarse precipitates formation reduced the toughening
effect of particles, leading to a semi-brittle fracture mode
characterized by the dominance of shallow dimples
across the surface [32-34].

The fracture surface of the sample 3, carried out
with 1000 rpm of tool rotational speed and 50mm/min
welding speed and reinforced with 1 wt % SiC and 3
wt % CuO, exhibit fewer dimples with no visible
cracks, indicating a more stable and uniform fracture
behaviour, as it can be seen in figure 5.
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30 um Mag= 500X Signal 4 = SE2 10 pm Mag= 250KX Signal 4 = SE2
g ig
BBt ENT= 800KV WD B 2irant EHT= 8O0V

8 jum Mag= 500KX Signal A = SE2
W= 52 mm EHT = 8.60 kv

Fig. 4. SEM images of sample 2 (1000rpm, S0mm/min, 1 wt % SiC and 2 wt % CuO): a) 500 x magnification; b)
2.50 kx magnification; c) 5.00 kx magnification

200pm Mag= 101X Signal 4 = 5E2 0 m Mag= 250KX Signai 4 = S£2
WD = 8.6 mm EHT= 8.00kV WD = 6.6 wm EHT= 800KV

3 pim Mag= B5.00KX Signal A = SE2
W88 e EHT = 800KV

Fig. 5. SEM images of sample 3 (1000rpm, 5S0mm/min, 1 wt % SiC and 3 wt % CuO): a) 101 x magnification;
b) 2.50 kx magnification; ¢) 5.00 kx magnification
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Notably, the reinforcement particles, both SiC and
CuO, are uniformly distributed throughout the matrix,
suggesting effective mixing and appropriate dispersion
during friction stir processing. This uniform
distribution contributes to enhanced load-sharing
capabilities and minimized stress concentrations,
thereby reducing the crack initiation sites. However,
despite the overall uniformity, coarse precipitates were
prominently observed on the right side of the sample,
possibly caused by the localized material flow or minor
asymmetries in the stirring process. The reduced
number of dimples suggests a transition toward a
slightly less ductile fracture mode, potentially
influenced by the increase of the CuO content, that may
have led to localized hardening phenomenon [35, 36].
Nevertheless, the absence of cracks and the uniform
particles distribution indicate improved structural
integrity and fracture resistance in sample 3,
comparing to sample 2.

3.3. Vickers Hardness Testing Results

Based on the results shown in table 4 and displayed in
the chart from figure 6, the lowest Vickers
microhardness was 69.6 HV and it was measured in the
stir zone of the sample 2 which has been reinforced by
FSP with 1 wt % SiC and 2 wt % CuO.

&0
T

‘R

-
o

Hardness (HV)
W+ [} = (4] [*7]
=] (=] (=] (&) (=]

4
(=}

o

1 2 3 4
Samples No

Fig. 6. Vickers hardness for samples 1 to 4 reinforced
with SiC and CuO particles by FSP method

This comparatively lower hardness value can be
attributed to the insufficient reinforcement
concentration, which likely resulted in inadequate
dispersion of particles and weak interfacial bonding
between the matrix and the reinforcement particles.
Additionally, the lower CuO content may not have
contributed effectively to load transfer and grains
boundary pinning, finally leading to limited
strengthening of the matrix.

The highest hardness of 75.3 HV was measured in
the stir zone of the sample 4 which has been reinforced
with 1 wt % SiC and 4 wt % CuO by FSP technique,
demonstrating the significant influence of larger CuO

percentage on the properties of the composite material.
The significant increase in hardness is primarily due to
the enhanced reinforcement volume fraction, which
improves the load-bearing capability and restricts the
dislocation movement through the Orowan
strengthening mechanism.

The higher amount of CuO, in combination with
SiC particles, contributed to better dispersion,
increased particle-matrix interface strength, and more
effective grain refinement due to the pinning of grain
boundaries during the dynamic recrystallization in the
stir zone. These microstructural modifications lead to a
denser and harder weld zone, thereby demonstrating
the critical role of the reinforcement ratio in
determining the mechanical behaviour of the hybrid
composites during processing by the FSP method.
When comparing the present results of the
AA6061/SiC/CuO hybrid composite with other
reported AA6061-based composites, the improvement
in mechanical and tribological performance is evident.
The resulted UTS of 190.7 MPa surpasses that of
conventional single-reinforced systems such as
AA6061 + Al:Os ,AA6061 + SiC, and AA6061 + BC
(175-185 MPa and TiB>-based AA6061 composites
(180-188 MPa). Similarly, the measured hardness of
75.3 Hyv lies in the upper range of reported values for
Al6061 composites, confirming the strengthening
contribution of SiC combined with CuO.

3.4. Wear Testing Results

Based on the wear testing that was conducted by
employing a pin on disc tribometer, the wear depth
versus time graph clearly illustrates how a material
surface is deteriorated under frictional contact over a
specific period. On the Y-axis, it shows the wear depth
that indicates how much material has been removed
during wear testing, while the X-axis represents the
testing time, in seconds (Fig. 7a). The resulting curve
reflects the progression of wear, helping to understand
the pattern of surface damage while the material is
subjected to continuous wear [37, 38]. From figure 7,
the low and the high wear depths were found for the
sample 4 and sample 1, respectively. The wear rate for
all samples was calculated by applying the equation (1)
(see the results in table 4), where the wear rate (W) is
defined by the volume difference of the material after
wear (AV), applied normal load (L), and the sliding
distance (D).

W =AV/ (L x D) ()

Figure 7b shows the coefficient of friction (COF)
versus time curve for each sample. The COF values
vary significantly from sample to sample, ranging from
the lowest value 0.18 in case of sample 1 to the highest
value of 1.5 in sample 4. This variation indicates a
progressive increase in frictional resistance that could
be attributed to heterogeneity in material composition,
surface roughness, or to the content of particles
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reinforcement specific to each sample. Initially, all
samples exhibit a relatively low COF, likely due to
surface smoothing and material adaptation during the
early stages of sliding. As time progresses, the COF has
stabilized or has increased in correlation with the wear
characteristics and tribological behaviour of each
sample. The results suggest that, under similar testing
conditions, the compositional modifications have a
major influence on the frictional response.

According to the results presented in table 4, the
lowest wear rate of 0.0374 mm?*/N-m was observed in
Al6061 alloy sample 4, reinforced with 1 wt % SiC and
4 wt % CuO. This reduced wear rate indicates
enhanced wear resistance in the processed area, the
phenomenon being explained by better uniform
distribution of reinforcement and improved interfacial

bonding between the matrix and the particles. The
presence of SiC and CuO particles in optimal
proportions contributes to increased surface hardness,
reduced plastic deformation during sliding, and better
resistance against abrasive and adhesive wear
mechanisms.

The improved wear resistance observed in sample
4 can be attributed to the increased CuO percentage
that may enhance the material performance through
multiple mechanisms. The CuO particle is a hard
ceramic that led to increasing the overall hardness of
the composite, thereby improving its resistance to
plastic deformation and abrasive wear. Additionally,
CuO exhibits mild solid lubricating properties under
sliding conditions, reducing the coefficient of friction
and, consequently, minimizing the wear rate.
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Fig. 7. Wear testing results: a) wear depth versus time; b) coefficient of friction versus time

Besides, its uniform dispersion within the matrix
contributes also to microstructure refinement, resulting
in better grains distribution and mechanical
interlocking, and, subsequently, to development of
lower localized stresses [39]. Furthermore, the CuO
particles act as load-bearing reinforcements,
determining a distribution of the applied load more
efficiently and a more reduced stress level in the
matrix. In contrast, the sample 1, which contains the
least amount of CuO, does not benefit from these
enhancements and, thus, the wear test exhibits higher
wear depth caused by the lower hardness, higher
friction, and poorer load distribution. That is why, the
highest wear rate of 0.0785 mm?*/N-m was found in the
sample 1 that was reinforced, with 1 wt % SiC and 1
wt % CuO by FSP procedure. It is supposed that the
homogeneity and the microstructure integrity of the
sample may have adversely affected, leading to
insufficient particle distribution and weak matrix-
particle bonding. Figures 8a and 8b depict the wear
morphology of the sample and sample 4, respectively.
It was noticed the occurrence of track impressions and
deep grooves on the surface of the A16061 reinforced
with 1 wt % SiC and 1 wt % CuO joint, that indicating

a severe abrasive wear. This phenomenon could be
attributed to the interaction between the hard
reinforcement particles and the counterface, causing
micro-cutting and plowing actions. The accumulation
of substantial wear debris further supports the
occurrence of high material removal rates because of
repeated sliding contact. Additionally, the presence of
delamination phenomenon, proven by surface flaking
and subsurface crack formation, suggests that the
cyclic loading during the wear process induced
subsurface stress concentrations that led to initiation
and propagation of cracks [40-41].

Figure 8b displays a worn track characterized by
shallow, indicating a reduction in abrasive wear
severity of the A16061 reinforced with 1 wt % SiC and
4 wt % CuO joint. The minimal presence of wear debris
suggests lower material removal during sliding
process, which can be attributed to the increased CuO
content. The higher CuO reinforcement likely
enhanced the hardness and load-bearing capacity of the
composite surface, thereby improving its resistance to
micro-cutting and plowing actions, and leading to more
stable tribological behaviour under similar sliding
conditions [42-43].
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Fig. 8. Worn surface: a) sample 1 with lowest CuO content, b) sample 4 with highest CuO content

4. CONCLUSIONS

AA6061 plates, having thickness of 6 mm, were
reinforced by FSP with a cylindrical taper pin tool
and constant process parameters of 1000 rpm
rotational speed, and 50 mm/min traverse speed.
SiC and CuO particles were incorporated in
varying proportions (1 to 4 wt %) to produce
surface metal matrix composites and to assess the
effects of the reinforcement particles on the
mechanical and wear characteristics of the
composite material achieved.

Among all the samples, the sample 3 exhibited the
highest mechanical performance, reflected by an
optimal combination of strength and ductility.
This sample, whose surface was reinforced with 1
wt % SiC and 3 wt % CuO, attained a peak UTS
of 190.7 MPa and an elongation of 8.2%,
outperforming the other samples reinforced with

other particles combinations under the same
processing conditions.

The fractographic analysis of sample 3 surface,
made by SEM technique, revealed fewer dimples
and no visible cracks, suggesting a more uniform
and stable fracture mechanism. The reduced
dimple density implies a slight shift toward a less
ductile fracture mode, potentially caused by the
localized hardening determined by the increased
CuO content.

The highest hardness (75.3 HV) and the Enhanced
wear resistance (0.0374 mm?*/N-m) were measured
in the stir zone of the sample 4 which was
reinforced with 1 wt % SiC and 4 wt % CuO by
FSP technique, demonstrating the significant
influence of larger CuO percentage on the
properties of the composite material. The
significant increase in hardness is primarily due to
the enhanced reinforcement volume fraction,
which improves the load-bearing capability and
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restricts the dislocation movement through the
Orowan strengthening mechanism. The higher
amount of CuO, in combination with SiC particles,
contributed to better dispersion, increased particle-
matrix interface strength, and more effective grain
refinement due to the pinning of grain boundaries
during the dynamic recrystallization in the stir
zone. The worn surface displayed shallow, mild
grooves with minimal debris accumulation,
indicating reduced abrasive wear and lower
material loss during sliding. The results achieved
by different testing methods make the optimized
FSP-treated AA6061 composite a promising
material for industrial applications such as
automotive components, aerospace structures, and
tooling elements.
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