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Friction stir processing (FSP) is an effective solid-state technique for fabricating aluminum-based metal matrix
composites (MMCs) with refined and homogeneous microstructures. In this study, HEA (FeNiCrAlCu) powders
were incorporated into AA2024 aluminum alloy via multi-pass FSP using 1, 2, and 3-passes. The effects of pass
number on microstructural evolution, mechanical properties, tribological behavior, and corrosion resistance
were investigated using SEM, XRD, hardness, tensile, wear, and electrochemical corrosion tests. Increasing the
FSP pass number promoted progressive fragmentation and more uniform dispersion of HEA particles, as sup-
ported by SEM observations and ImageJ-based measurements, resulting in a more homogeneous composite
structure. This microstructural improvement directly enhanced the mechanical, wear, and corrosion performance
of the composites. For the 3-pass FSPed composite, hardness increased from 155 to 258 HBN, tensile strength
from 188 to 246 MPa, and uniform elongation from 3.0 + 0.5 to 3.6 + 0.3 mm compared with the base AA2024
alloy. In addition, corrosion current density decreased from 6.94 to 1.36 uA, corrosion potential shifted from —
703 to — 548 mV, and corrosion rate decreased from 14.79 to 3.11 mpy. The 3-pass FSPed composite also
exhibited the lowest volumetric wear rate and a more stable friction response.

1. Introduction have also emphasized HEA particles as promising multifunctional re-

inforcements for aluminum based MMCs, particularly due to their

AA 2024 series aluminum alloys are alloys that contain copper and
are frequently used in the aviation sector due to their relatively high
strength and fatigue properties. Although these alloys are often used by
methods such as rolling or extrusion after casting, it has been observed
that the use of this alloy as a matrix material and the use of various
reinforcement elements by converting it into a metal matrix composite
(MMC) has increased rapidly in recent years [1-17]. On the other hand,
when the reinforcement elements used in MMCs are examined, it is
known that the use of high entropy alloy (HEA) has increased in recent
years due to the advantages it provides to the structure in terms of
hardness, strength and corrosion resistance [18-22]. Recent studies

combined strengthening and corrosion resistance potential [23-25].
Although various methods are used to form MMCs, friction stir
process (FSP) has become a method frequently used in the formation of
MMC due to its various advantages. The basic advantages of FSP in the
production of MMC are the ability to obtain a homogeneous internal
structure after the process, the relatively low heat and energy inputs
required during the process, its application to plate type materials and
the relative reduction of porosity in the structure. The FSP method is a
severe plastic deformation (SPD) method based on the basic application
principle of friction stir welding (FSW) [26-30]. In this method, pro-
cessing parameters such as tool rotation speed, traverse speed, axial
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force, and the number of passes directly affect material flow, heat input,
and reinforcement distribution. It is known that quite successful results
are obtained for the development of microstructure and mechanical
properties for many different material groups with FSP [31-42]. In
recent years, studies on the incorporation of reinforcement powders into
machined grooves on aluminum plates by FSP have increased rapidly
[43-47]. In this regard, the number of FSP passes is considered a critical
parameter controlling the microstructural evolution of MMCs [48-50].
Recent multi-pass FSP studies have shown that repeated passes can
improve reinforcement fragmentation, particle dispersion, and stir-zone
homogeneity in aluminum-based MMCs, leading to improved mechan-
ical and wear properties [48-54]. However, these studies have mostly
focused on ceramic or oxide reinforcements rather than HEA particles.

It is extremely important to reveal the changes in the internal
structural and mechanical properties of the MMC formed by adding HEA
reinforcement to the AA2024 alloy in order to diversify the industrial
uses of AA2024 alloys. Therefore, the novelty of the present study lies in
the fabrication of AA2024/HEA MMCs via multi-pass friction stir pro-
cessing and the systematic evaluation of the effect of pass number on
microstructural evolution, mechanical performance, tribological
behavior, and corrosion resistance. However, despite the growing in-
terest in both HEA-reinforced aluminum matrix composites and multi-
pass FSP, the pass-number-dependent fabrication and performance
evaluation of AA2024/FeNiCrAlCu HEA composites by FSP remain
insufficiently addressed in the literature. In this context, in this study,
AA2024/HEA MMCs were formed by adding HEA reinforcement to the
AA2024 matrix material using FSP in varying pass numbers (1 pass, 2
passes and 3 passes), and then the changes in the microstructural and
mechanical properties of the base material and MMCs were examined in
detail. As a result of the examinations, it was determined that the HEA
reinforcement was distributed much more homogeneously in the matrix
AA2024 with the increasing number of passes. It was determined that
hardness, strength and corrosion resistance improved in all MMCs
formed according to the base AA2024 alloy, and the highest values were
reached within the MMCs after 3-passes of FSP. On the other hand, it was
observed that the wear resistance improved after the formation of MMC
with FSP, and this improvement in wear increased with the homoge-
neous distribution of the reinforcement element depending on the
increasing number of passes.

2. Experimental procedure
2.1. MMC sample preparation process

High-entropy alloys (HEAs) designed with equimolar ratios facilitate
the formation of stable solid solution phases due to their high configu-
rational entropy and, at the same time, limit the formation of brittle and
undesirable intermediate phases [55]. These structural advantages are
particularly important in the production of MMCs using solid-state
processing methods such as friction stirring, as phase stability and ho-
mogeneous distribution of the reinforcement phase within the matrix
directly affect the final mechanical performance. However, in systems
containing more than five elements, the increased number of compo-
nents can lead to disadvantages such as phase complexity, segregation
tendencies, and processability problems during the production process
[56]. Therefore, in this study, five-component equimolar ratio HEA
powders were preferred to provide both phase stability advantages and
ease of processing. The selection of Fe, Ni, Al, Cu, and Cr as the con-
stituent elements of the HEA was based on their complementary con-
tributions to the alloy system. Fe and Cr enhance mechanical strength
and provide resistance against oxidation, while Ni improves toughness
and contributes to the thermal and mechanical stability of the com-
posite. Al, due to its low density and high compatibility with aluminum
matrices, reduces the overall weight and promotes favorable diffusion
behavior. Cu supports both electrical and thermal conductivity, further
improving the multifunctional characteristics of the composite. The
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combination of these elements increases the configurational entropy of
the system, encouraging the formation of stable solid-solution phases
and ensuring a balanced improvement in mechanical and corrosion
performance. The HEA powders used in this study consisted of equi-
molar amounts of Fe, Ni, Al, Cu, and Cr, corresponding to 20 at.% for
each element.

The experimental process of this study began with the preparation of
HEA powders, which were then incorporated into an Al alloy matrix
using a friction stir process (FSP) to produce MMCs. Microstructural
examinations and mechanical tests were performed on the produced
samples, and the resulting data were graphically analyzed and inter-
preted. All of these steps are schematically illustrated in Fig. 1.

The HEA powders in this study were made by mechanical alloying in
a Fritsch Pulverisette 7 planetary ball mill. Tungsten carbide milling
balls with a diameter of 10 mm were put into the milling chamber with
the elemental powders, and the procedure was carried out under an
argon-protected environment at a rotational speed of 400 rpm. A ball-to-
powder weight ratio of 5:1 was used, and the milling time was 25 h. To
minimize overheating, oxidation, and cold welding during the alloying
process, methanol was introduced to the chamber at a 2 wt% concen-
tration as a process control agent. The average particle sizes of the
starting Al, Cr, Cu, Fe, and Ni powders used for HEA synthesis were 85.6
um, 27.8 um, 69.5 um, 46.4 um, and 44.4 um, respectively. The me-
chanically alloyed FeNiCrAlCu powder was used as the HEA reinforce-
ment in this study, and its phase-related features after FSP were
evaluated based on the XRD and EDS results of the processed
composites.

AA2024-T351 alloy plates were used as the matrix material, and HEA
powders were incorporated through a groove filling approach. The
nominal HEA reinforcement content was approximately 10 wt%,
determined based on the powder-filled groove geometry and the pro-
cessed zone. This reinforcement level was selected as a practical content
to provide a detectable strengthening effect while maintaining pro-
cessability and limiting excessive particle agglomeration during FSP. For
this purpose, channels were created along the center section of the
AA2024 plates with the recorded dimensions, each with a 1 mm profile
and a 2 mm depth as shown in Fig. 2a. These channels were filled with
HEA powder. FSP operations were performed using the FSWM 10-400
model machine manufactured by WMS Engineering. During the process,
the tool rotation speed was 1000 rpm, the tool feed rate was 40 mm/
min, and the axial force was 1100 kg. These parameters were selected to
ensure sufficient material flow and HEA particle incorporation while
limiting excessive heat input, flash formation, and particle loss from the
stir zone. The tool used for FSP was made of tungsten carbide and had a
shoulder diameter of 18 mm, a tip diameter of 8 mm, and a tip length of
3.8 mm. The tool had a cylindrical pin geometry, and an M5 metric
thread was machined on the pin surface to enhance material flow and
promote the dispersion of HEA powders within the AA2024 matrix. All
FSP passes were applied in the same processing direction. To ensure
microstructural homogeneity and its effects on material properties, FSP
was designed in 1, 2, and 3 passes. Under this fixed processing window,
the effect of pass number was isolated, and the repeated passes increased
cumulative stirring and plastic deformation without changing the basic
heat input condition. In the present study, three passes were selected as a
practical upper limit to evaluate the effect of repeated FSP while
avoiding excessive processing time, cumulative heat input, and possible
tool wear associated with higher pass numbers.

2.2. Microstructure and mechanical properties

The sampling locations and prepared specimens for microstructure,
hardness, wear, tensile and corrosion tests are schematically shown in
Fig. 2b. The microstructures of MMCs were analyzed using a Zeiss Evo
LS10 scanning electron microscope (SEM). The MMCs were analyzed
using X-ray diffraction (XRD) at 45 kV and 40 mA with Cu K(alpha)
radiation (1.541874 A). XRD patterns were obtained in the 26 region of
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Fig. 1. Schematic illustration of the work steps.

35-90° using a one-second time step and 0.01° step size. The ImageJ
software was used to do quantitative measurements. The linear intercept
technique was used to measure grain size, while histogram thresholding
was used to determine phase fractions. XRD peaks were used to measure
the crystallite size of AA2024 using the Debye-Scherrer method.
Furthermore, as the number of passes increased, crystallite size (Dp),
microstrain (g), dislocation density (8), and D-spacing values were also
measured.

_ 0.94;
Dp = Jeosh Eq.1.

where; Dp is the crystallite size, ) is the wavelength (1.54x10%m), B
is the diffraction broadening i.e. (FWHM), and 0 is the diffraction angle.

5= D%z Eq.2.

where; § = dislocation density.

e =00 Eq.3.

where; € = micro strain

Brinell hardness test was applied to determine the hardness values of
MMCs formed by applying FSP in the main structure and different pass
numbers. For the tests, a 2.5 mm diameter penetrating tip and a 31.25
kgf force were used for 10 s. Hardness measurements were taken from
different locations across the FSP stir zone to account for local variations
in the processed region. Hardness values were determined by averaging
at least three measurements for each condition. The tensile specimens
were extracted from the processed region and tested at room tempera-
ture with a deformation rate of 5 x 10™* s™! using an Instron 3382
universal tensile compression tester. The specimens were prepared in
accordance with ASTM E8/E8M, with a reduced-section cross-section of
2 mm x 3 mm and a gauge length of 26 mm. Tensile tests were repeated
at least three times for each condition, and the values reported in Table 2
are presented as mean + standard deviation.

Wear tests on AA2024-HEA MMC samples were performed using a
ball-on-disc type tribometer (UTS Tribolog, Trabzon, Tiirkiye) in
accordance with the ASTM G133 standard. All wear tests were con-
ducted in ambient air under controlled laboratory conditions at 27 °C
and approximately 40% relative humidity. Specimens measuring 20 x
20 x 3 mm? were sectioned from the processed samples using Electrical
Discharge Machining (EDM). Prior to testing, sample surfaces were
sequentially ground with emery papers and polished with a cloth to

achieve a surface roughness of approximately 0.1 pm (Ra). The coun-
terface material was a 6 mm diameter AISI 52100 steel ball with a
hardness of 60 HRC. All tests were conducted over 5000 reciprocating
cycles under a 5 N normal load, with a stroke length of 12 mm and a
frequency of 1 Hz. These conditions were selected to provide a repro-
ducible moderate-load dry sliding contact in accordance with ASTM
G133 and to compare the relative wear response of the processed sam-
ples under identical conditions. Each test condition was repeated at least
twice to confirm the consistency of the results. After testing, 2D surface
topographies of the wear tracks were obtained using an optical profil-
ometer (Nanofocus uscan, Germany), and worn surfaces were further
analyzed via scanning electron microscopy (FESEM, Thermo Fisher).
The wear rate (o) was calculated using the formula @ =V / (F x S),
where V represents the volumetric material loss (cm3), F is the applied
normal load (N), and S is the total sliding distance (m).

Corrosion tests were conducted on 18 x 6 x 2 mm samples taken
from the main structure and MMC samples. Electrochemical experi-
ments were conducted using the Gamry Reference 3000 device in 3.5%
NacCl solution, with an open circuit potential range of + 500 mV and a
scanning speed of 1 mV/s. Corrosion characterisation was assessed using
corrosion potential and current density measurements. Each scenario
was repeated three times, and the average data was used to construct
corrosion curves. The corrosion rate was determined using the current
density (Icorr) derived from the Tafel plots, according to the following
equation:

Corrosion Rate (mpy) = 0'13"[°+"EW Eq.4.

In this formula, I, represents the corrosion current density (uA
cm™2), EW is the equivalent weight of the metal (g/equiv), p denotes the
density of the metal (g/crn3), and 0.13 is a unit conversion factor used to
express the result in mpy.

3. Results and discussions
3.1. Microstructure

When the SEM (200 x ) images of the samples treated with 1, 2, and
3 passes, shown in Fig. 3, are examined, significant changes are observed
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Fig. 2. (a) Schematic view of the powder channel and FSP process; (b) schematic view of the FSP setup and prepared test samples.

Fig. 3. Microstructure images of composite samples after SEM analysis.
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in the morphology and distribution of both the Al,Cu intermetallic phase
and the HEA phase with increasing number of pass. White areas repre-
sent the Al,Cu intermetallics, gray areas represent the Al matrix, and
dark gray and black areas represent the HEA intermetallic phase. In
addition to qualitative SEM observations, ImageJ-based semi-quantita-
tive measurements were performed on the SEM images to compare the
relative Al,Cu-rich regions and the apparent HEA particle/cluster size in
the processed samples. Although this analysis does not represent a full
three-dimensional particle-size distribution, it provides comparative
evidence for the progressive reduction of coarse HEA-rich regions and
AlyCu-rich areas with increasing FSP pass number. In the single-pass
sample, the Al,Cu particles are coarse, irregular, and dispersed in the
matrix, sometimes clustered. Similarly, the HEA phase is observed as
large, sharp-edged regions. This indicates that the mixing and dispersion
effect of the single-pass FSP is limited, and in particular, the reinforce-
ment phases and the Al;Cu intermetallics are not completely broken and
homogenized. This also suggests that one pass was not sufficient under
the selected FSP parameters to achieve complete reinforcement disper-
sion. Similar phase clustering and inhomogeneous distribution have
been reported in the literature in single-pass FSP applications [57]. A
significant change in the microstructure occurred after the second pass.
The Al,Cu particles became finer and more uniform, and large particles
were broken and distributed more evenly in the matrix. The dark regions
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belonging to the HEA phase were also noticeably fragmented and
reduced in size. The increased mixing and particle breaking effect with
the two-pass application allows both the reinforcement phase and the
Al,Cu to transform into a more homogeneous structure. This improve-
ment is consistent with literature findings that multi-pass FSP breaks up
reinforcement phase clusters and provides a more uniform distribution
within the matrix [58]. The microstructure obtained after the third pass
FSP is the most homogeneous and fine-grained. White Al,Cu particles
are now visible only as very small and fine precipitates, distributed
evenly throughout the matrix. The HEA phase is almost completely
broken down into small particles, and large agglomerates have dis-
appeared. The matrix structure is much cleaner and more continuous.
This demonstrates that repeated FSP is effective in terms of both phase
refinement and phase dissolution/homogenization. Rubtsov et al.
(2023) [57] reported that multi-pass FSP completely breaks down the
Cu-based coarse intermetallics, converting them into a homogeneous
distribution. Furthermore, by increasing the amount of Al-Cu in-
termetallics, the stir zone becomes more uniform.

According to the EDS maps in Fig. 4, the Al matrix, shown as red, is
observed as the continuous and dominant phase throughout the
microstructure of the sample. This confirms that Al is the main carrier
phase in the AA2024 alloy. On the other hand, Cu (yellow), Fe (green),
Ni (blue), and Cr (purple) signals are concentrated in distinct particulate
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Fig. 4. EDS mapping analysis of the 3-pass FSPed sample.



H. Yanar et al.

clusters in the maps. The high-intensity signals of these elements overlap
with the areas where HEA reinforcement particles are located. In other
words, due to the strong plastic deformation and yielding induced by
FSP, HEA particles are finely dispersed within the Al matrix. Similarly, a
homogeneous distribution of HEA particles has been reported in the
literature in HEA-reinforced FSP composites [59]. The maps show the
presence of Cu-Fe-Ni-Cr elements in clusters in the same regions, indi-
cating that the multi-element HEA phase is preserved in the particulate
structure. However, the EDS results are used here primarily to demon-
strate elemental co-localization and distribution; they should not be
interpreted alone as direct crystallographic evidence of HEA phase
stability.

The dissolution and segregation trends of these elements in the
matrix can also be observed in the analysis. The EDS spectrum does not
display the characteristic peak intensities of 6 phases, such as Al,Cu,
suggesting that Al-Cu precipitates largely dissolved and incorporated
into the matrix during FSP. At the same time, the HEA reinforcement
particles maintained their integrated structure after FSP. For example, in
the FSP study conducted on CoCrFeNiCu HEA, the initial Cu element
segregation almost completely disappeared, and the coarse-grained two-
phase structure transformed into an ultrafine-grained single-phase
structure [60]. These results indicate that, thanks to the intense mixing
effect of FSP and the “slow diffusion” characteristics of HEA, the HEA
particles remained structurally stable, and no significant phase separa-
tion occurred.

The EDS spectrum in the lower section also confirms these findings:
the highest peak is observed for Al, while the Cu, Fe, Ni, and Cr peaks are
lower; this verifies the dominant concentration of the Al matrix and is
consistent with the spread in the maps. In other words, the peak heights
in the spectrum are consistent with the dense regions seen in the
elemental maps in Fig. 4. High-magnification SEM/EDS observations
also showed that the HEA particles were embedded in the AA2024
matrix without obvious interfacial pores, microcracks, or a continuous
brittle reaction layer. This interfacial integrity is important for effective
load transfer between the matrix and reinforcement, and it supports the
improved hardness, tensile strength, and wear resistance obtained after
multi-pass FSP [54,61-63]. These microstructural observations also
coincide with the SEM and XRD findings. XRD analyses revealed that the
Al,;Cu phase was significantly reduced after FSP, leaving behind phases
belonging to the Al matrix and HEA reinforcement. Since the EDS maps
of the 3-pass FSPed sample show that the HEA-related elements were
distributed within the Al matrix without obvious elemental separation,
this supports the microstructural evidence for improved dispersion after
repeated FSP.

When Fig. 5 is examined, significant intensity changes are observed
in the characteristic peaks of the Al12024 aluminum matrix [38.5° (111),
44.7° (200), 65.1° (220), 78.2° (311), 82.4° (222)] depending on the
number of passes. When a single FSP pass (1 pass) is applied, the Al
matrix peaks are observed with high intensity, while after multiple
passes (2 and 3 passes), the relative intensity distribution of these peaks
changes. In particular, the peak belonging to the (111) plane shows one
of the highest intensities after the first pass, while a decrease in the
relative intensity of this peak is observed with increasing pass number,
while the relative intensities of some other peaks (e.g. (220) and (311))
increase. This is related to the crystallographic texture change created in
the material by the FSP process; Multiple passes randomize the grain
orientation distribution and reduce the preferential orientation toward
certain planes, resulting in a more balanced Al peak intensity ratio.
Consequently, increasing the number of passes results in a more
isotropic character in the XRD pattern of the Al matrix phase.

Similarly, the microstructural parameters listed in Table 1 quanti-
tatively demonstrate the effects of FSP on the number of passes. The
XRD-derived crystallite size decreased from approximately 45.22 nm in
the 1-pass sample to 14.35 nm in the 3-pass sample, indicating refine-
ment of coherently diffracting Al matrix domains rather than the con-
ventional metallographic grain size. This decrease in crystallite size
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Fig. 5. XRD patterns of Al2024-HEA composites according to the number
of passes.

Table 1
XRD-derived crystallite size (DP), microstrain (¢), dislocation density (8), and d-
spacing values of the FSPed samples with different pass numbers.

Sample The crystalline size of the ~ Micro Dislocation D-
Code material ‘nm’ (Debye strain (e, density (8) spacing
Scherrer) 10%)

1 Pass 45,22 1,91 4,89x10™ 1,635 A
FSPed nm~?2

2 Pass 17,37 19,64 3,31x102 1,631 A
FSPed nm 2

3 Pass 14,35 27,79 4,85x103 1,626 A
FSPed nm >

Table 2

Strength and elongation values of the base and MMC samples.

Condition Tensile Strength (MPa) Uniform Elongation (mm)
Base 188 + 10 3+05

1 Pass FSPed MMC 205 +9 2.8+0.4

2 Pass FSPed MMC 234 +£11 3.3+04

3 Pass FSPed MMC 246 + 8 3.6 £0.3

contributes to XRD peak broadening, as smaller coherently diffracting
domains generally yield broader diffraction peaks. Microstrain and
dislocation density values, however, increased significantly with the
number of passes. For example, while microstrain was 1.91x107% in one
pass, it reached 27.79x10~° in three passes; similarly, dislocation den-
sity increased from 4.89x107* to 4.85x1072. This increased strain and
dislocation density within the lattice causes the XRD peaks to broaden
and appear lower-peaked, as well as to cause small shifts in their posi-
tions [64]. Indeed, the d-spacing values given in Table 1 appear to
decrease slightly as the number of passes increases (from 1.635 A in one
pass to 1.626 A in three passes). This decrease indicates a decrease in the
Al lattice parameter, which may be due to internal stresses induced by
increased microstrain or to the increased solubility of smaller atoms,
such as Cu, into the Al matrix through multiple FSPs. Consequently, the
reduction in crystallite size and the increase in microstrain/dislocation
lead to a broadening and decreasing intensity of peaks in the XRD
pattern, confirming the deformation-refined structure of the material.
Another important effect of increasing the number of passes is the
gradual weakening of the XRD signatures of the AlpCu intermetallic
phase present in the Al2024 alloy, disappearing completely in the high-



H. Yanar et al.

pass process (Fig. 5). While some faint peaks belonging to the Al,Cu
phase can be observed after a single pass of FSP, the characteristic peaks
of this phase cannot be distinguished in the XRD pattern after a double-
pass and, especially, a triple-pass process. This can be explained by the
intense thermomechanical treatment applied by FSP dissolving the
Al,Cu (0) phase into the aluminum matrix and homogenizing the
structure. The high temperature and severe plastic deformation occur-
ring during multiple passes cause Al,Cu particles to break into small
fragments and diffuse into the matrix, effectively dispersing Cu in solid
solution within the Al. As a result, the peaks of this phase disappear in
XRD because there is no longer a distinct Al,Cu phase. The dissolution of
the AlyCu intermetallic phase is a positive development for the com-
posite; the removal of this brittle and corrosion-prone phase can allow
for a more homogeneous distribution of Cu in the matrix, improving
mechanical toughness and corrosion resistance. Furthermore, the su-
persaturated solid solution resulting from Cu dissolution within the
matrix can improve the overall performance of the composite by
providing a more homogeneous hardening mechanism rather than
precipitation hardening [65].

On the other hand, some additional peaks observed in the spectrum
indicate unique phases of the Fe-Ni-Cu-Cr-Al HEA added as reinforce-
ment. This HEA reinforcement material is known to have a dual-phase
microstructure, FCC and BCC, as reported in the literature. In the pre-
sent composites, the HEA related reflections observed after FSP suggest
that the reinforcement retained its identifiable crystalline features
within the AA2024 matrix. A semi-quantitative comparison based on the
relative peak areas of the visible HEA-related reflections showed no
obvious change in the FCC/BCC phase balance with increasing FSP pass
number. This indicates that the HEA reinforcement largely retained its
dual-phase structure during FSP. However, the broadening and slight
intensity variation of these peaks suggest lattice distortion and defect
accumulation caused by severe plastic deformation rather than a distinct
phase transformation. Some HEA peaks disappeared in the composite
structure because they were almost identical to the Al peaks and the HEA
reinforcement ratio was around 5%.

3.2. Hardness

Fig. 6 shows the Brinell hardness (HBN) values of MMCs produced
using the base A12024 alloy with high entropy alloy (HEA) additives and
various number of FSP passes. The error bars represent the standard
deviation of at least three measurements taken from different locations
across the FSP stir zone. As can be seen, the hardness values show a
significant and continuous increase with the increase in the number of
FSP passes. In fact, while the hardness of the base A12024 sample was
155 HBN, this value increased to 172 HBN in the MMC produced with
one pass of FSP, to 217 HBN in the MMC produced with two passes of
FSP, and to the highest value of 258 HBN in the MMC produced with
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Fig. 6. Hardness measurement values taken from the base and MMC samples.
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three passes of FSP.

This increase in hardness values with increasing pass count is pri-
marily due to the more homogeneous distribution of HEA particles
within the matrix Al2024 phase. As can be seen in the microstructure
images, as the number of passes increases, the HEA reinforcements
distribute more homogeneously within the matrix phase, and clustering
decreases significantly. This homogeneous distribution of reinforcing
elements facilitates load transfer and enables the hard particles to resist
deformation more effectively. This results in a stronger mechanical
interlock between the matrix and reinforcement phase, particularly in
MMCs produced with 2 and 3 passes of FSP, limiting local plastic
deformation and significantly increasing hardness. Furthermore, the
increased pass count also reduces void formation at the particle/matrix
interfaces and improves interfacial integrity. Additionally, multiple FSP
applications cause the HEA particles to break into smaller particles, thus
increasing the total surface area.

3.3. Strength and elongation

The stress-strain curves of HEA reinforced MMCs produced by
applying 1, 2, and 3 passes of FSP with the base Al2024 sample and the
strength and elongation values obtained from these curves are shown in
Fig. 7 and Table 2, respectively. The mechanical values in Table 2 are
given as mean =+ standard deviation based on at least three tensile tests,
while Fig. 7 presents representative stress-strain curves for each con-
dition. As can be seen, the base A12024 alloy exhibits a tensile strength
of 188 MPa, while this value increased to 205 MPa in MMC formed by
applying 1 pass FSP. When the number of FSP passes applied during
MMC formation was increased to 2, the tensile test showed a significant
increase, reaching 234 MPa, while the tensile strength continued to in-
crease in MMC formed with 3-passes of FSP, reaching 246 MPa.
Although some scatter was observed in the tensile results, the standard
deviations remained within an acceptable range for FSPed aluminum-
based composites, where local microstructural heterogeneity may in-
fluence the fracture response. This increase in strength values following
increased passes is mainly related to the increasingly homogeneous
distribution of HEA particles within the matrix. As the number of passes
increased, the tendency for the reinforcement phase to aggregate
decreased, particle-matrix interactions strengthened, and load-carrying
capacity became more effective, resulting in a significant upward trend
in strength values. Furthermore, HEA particles are known to provide an
effective barrier to dislocation motion. It is also believed that the
increased homogeneity of HEA particles with increasing number of
passes plays a more effective role in preventing dislocation motion,
contributing to the increase in strength values.
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H. Yanar et al.

Examination of uniform elongation values revealed that the elon-
gation rate in the base sample decreased slightly in the MMC produced
by applying 1 pass of FSP, but began to increase when the number of
passes was increased to 2 or 3. This decrease in elongation after 1 pass
can be explained by the inability of the HEA particles to fully integrate
into the matrix, leaving behind partial clusters and local heterogeneities.
Such structural irregularities cause local stress concentrations during
plastic deformation, increasing the tendency for crack initiation and
limiting the elongation capacity. This interpretation is also consistent
with the tensile fracture observations, where the 1-pass sample exhibi-
ted relatively less uniform dimple morphology and locally connected
crack paths around clustered reinforcement regions. The increasing
trend in elongation in the MMC produced by applying 2 and 3 passes of
FSP indicates that the HEA particles are more homogeneously distrib-
uted, allowing for a more balanced stress transfer during deformation,
thus preserving ductile behavior in the matrix. This result suggests that
the improvement in elongation is not governed only by the presence of
reinforcement particles, but also by the strength-ductility balance
established through their more homogeneous distribution; this inter-
pretation is consistent with previous findings on 2024 aluminum alloys
showing that deformation and fatigue-related behavior are strongly
affected by the balance between tensile properties and microstructural
deformation mechanisms [66-68]. Furthermore, the reduction in par-
ticle size and improved interface quality with multiple passes slows
crack propagation and contributes to the material's longer durability
under deformation. In particular, the more homogeneous and finer
dimple-like fracture features observed after 2 and 3 passes indicate a
more stable ductile fracture response, which explains the recovery and
subsequent improvement in elongation compared with the base alloy.

3.4. Wear properties

Fig. 8 illustrates the evolution of the coefficient of friction (CoF) with
increasing reciprocating sliding cycles for the commercial AA2024 alloy
and its composites reinforced with 10 wt% high-entropy alloy (HEA)
particles, incorporated through one, two, and three passes of FSP. The
base AA2024 alloy (blue curve) exhibits the highest coefficient of fric-
tion (CoF), initially increasing to around 0.75-0.80 within the first few
hundred cycles. It then shows a gradual decreasing trend as the test
progresses, reaching the range of 0.40-0.50 by around 3500 cycles, and
maintains this level until the end of the test. The initial decrease in the
coefficient of friction (COF) corresponds to the running-in stage, during
which surface asperities are progressively smoothed, leading to surface
conformity and a rapid increase in the real contact area. Simultaneously,
a stable tribolayer is formed on the contact surface, which reduces direct
metal-metal interaction and contributes to the observed decrease in
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Fig. 8. Variation of the friction coefficients of the samples as a function of the
number of reciprocating cycles.

Engineering Science and Technology, an International Journal 79 (2026) 102422

COF. During this transient running-in period, noticeable fluctuations in
the COF are observed due to the evolving contact conditions; however,
these fluctuations gradually diminish as the system transitions into the
steady-state wear regime. Such behavior is commonly reported for
aluminum-based MMCs and explains the transient friction response
observed in the early sliding cycles [4].

Although the overall trend remains similar to the base material, a
slight reduction and more stable behavior in the CoF is observed in the
composite subjected to a single pass of FSP (green curve in Fig. 8), in
which hard HEA particles were incorporated into the surface layer, as
compared to the base alloy. The faster stabilization of the coefficient of
friction observed in the HEA-reinforced AlI-MMC compared to the un-
reinforced alloy can be primarily attributed to the accelerated formation
of a stable friction film and the modification of the real contact condi-
tions at the sliding interface. The presence of HEA particles increases the
surface hardness and load-bearing capacity, thereby suppressing severe
plastic deformation of surface asperities during the early sliding cycles.
However, as the test progresses toward its final stages, the stable CoF
trend observed between cycles 1500 and 3500 begins to deteriorate,
leading to renewed instability. This behavior can be seen clearly be-
tween 3500 and 4200 cycles. This late-stage fluctuation in friction co-
efficient can be attributed to the insufficient homogeneity of HEA
particle distribution within the matrix after a single FSP pass. Micro-
structural observations reveal the presence of partially mixed or locally
clustered HEA particles regions in the one-pass specimen (Fig. 3), which
are likely to induce localized variations in surface hardness and contact
conditions during sliding. This non-uniformity may cause inconsistent
shear resistance at the interface, which may result in CoF variability
during the sliding.

Increasing the number of FSP passes to 2 and 3 (represented by the
black and red curves, respectively) enhances the distribution of HEA
particles within the microstructure, as illustrated in Fig. 3. Although this
improved distribution does not reduce the coefficient of friction (CoF)
values more, it contributes to a more stable CoF following the running-in
period compared to the composite processed with a single FSP pass. This
indicates that the main effect of repeated FSP is not only reducing fric-
tion but also stabilizing the sliding interface by improving load sharing
between the AA2024 matrix and the HEA particles. In summary, HEA
addition via FSP and additional FSP passes on it improve microstructural
uniformity, which results in long-term stability in the CoF of the sample
and can enhance the tribological performance of the MMCs sample.

The SEM images presented in Fig. 9 offer a detailed visualization of
the wear tracks and wear mechanisms of the HEA-reinforced MMCs,
highlighting the transition from fragmented layers to specific micro-
scopic features induced by the incorporation of HEA particles and the
progressive increase in FSP passes. For all samples (Fig. 9 a-1), the sur-
face is dominated by clear signs of adhesive wear, resulting from the
plastic deformation of the surface. However, the wear mechanism
should be considered as a combined adhesive tribolayer controlled
process rather than purely adhesive wear, since the fragmented surface
layers, debris transfer, and counterface material adhesion indicate
repeated formation and breakdown of tribofilms during sliding. Exten-
sive metal transfer between the interaction surfaces and a fragmented
tribolayer caused by deep adhesion cracks indicate the a notable sign of
adhesive wear and severe plastic deformation for the unreinforced alloy
(Fig. 9 a—c). The worn debris generated after the fragmentation of the
tribolayer either detaches from the sliding interface, thereby acceler-
ating material loss, or are transferred onto the counterface and subse-
quently re-transferred back onto the specimen surface, contributing to
the cyclic reformation of the unstable tribofilm. These unstable and
poorly adhered tribofilms are prone to early delamination under
repeated sliding stresses. This morphological instability of the worn
surface, characterized by poor tribolayer adherence and heterogeneous
wear features, is consistent with the pronounced fluctuations in the
friction coefficient observed in the base sample (Fig. 8). With the
addition of 10 wt% HEA particles via a single FSP pass (images d—f), a
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Fig. 9. SEM micrographs showing the appearance of worn surfaces of tested samples: (a-c) based, (d-f) 1 pass-FSPed MMC sample, (g-i) 2 Pass FSPed MMC sample

and (j-1) 3 pass FSPed MMC sample.

limited change was observed on the surface morphology. This can be
attributed to the presence of HEA powders in the structure of the 1-pass
FSPed MMC sample, as the hard HEA reinforcements contribute to the
partial stabilization of the tribolayer by acting as micro-scale load-
bearing elements, minimizing localized plastic deformation and delay-
ing tribolayer fragmentation. However, the presence of non-uniform
particle distribution (Fig. 3) results in heterogeneous regions where
the tribolayer stability varies. This partial stabilization corresponds well
with the transient observed in the friction coefficient, which later de-
teriorates due to localized film breakdown. On the other hand,
increasing the number of FSP passes (Fig. 9 (g-i) for two passes and
Fig. 9 (j-1) for three passes) markedly changed the worn surface
morphology by enhancing the HEA particle distribution within the
microstructure. This homogenization enhances the formation of a more
coherent and continuous tribofilm, evident by the reduced size and
number of adhesion cracks. Although the thickness and composition of
the tribolayer were not quantified, the SEM observations show a clear
qualitative transition from unstable fragmented layers in the base and 1
pass samples to a more compact and continuous worn surface in the 3

pass sample. The tribological surface of the 3-pass FSPed MMC sample
appears more compact and resistant to mechanical disruption, which is
showing a more stable tribofilm that sustains consistent shear resistance
and minimizes dynamic fluctuations in friction coefficient (Fig. 8).

The tribological performance of AA2024-HEA composites was also
systematically investigated through wear debris analysis and counter-
face ball surface characterization. The presence of coarse, plate-like
wear debris (Fig. 10 (a)) and significant adhesive material on the
counterface ball (Fig. 10 (e and f)) indicate that the wear process of the
base AA2024 alloy is primarily driven by adhesion-type mechanisms,
along with severe plastic deformation and unstable tribolayer formation.
Incorporation of 10 wt% HEA particles via a single FSP pass (Fig. 10. (b,g
and h)) resulted in moderately refined wear debris and reduced adhesive
transfer, suggesting partial stabilization of the tribo-interface. With the
increasing number of FSP passes, a more uniform distribution of HEA
particles within the matrix and improved stability of the tribolayer and
increased hardness of the structure led to a gradual refinement in the
morphology of the wear debris (Fig. 10 (c, d)) and a noticeable reduction
in material transfer to the counterface (Fig. 10 (i-1)). This indicates that
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Fig. 10. SEM images illustrating the collected wear debris and the worn surfaces of the counterface ball for: (a, e, f) the base alloy, (b, g, h) the MMC subjected to 1

FSP pass, (¢, i, j) 2 passes, and (d, k, 1) 3 passes.

well-dispersed HEA particles act as load-bearing sites during sliding,
while the refined and more stable wear debris contributes to the for-
mation of a compact tribolayer rather than causing severe third-body
abrasion. In this regard, Fe and Cr containing HEA particles may
contribute to the load-bearing capacity and surface stability due to their
relatively hard and oxidation-resistant character, whereas Ni may sup-
port tribofilm stability during repeated sliding. Cu containing regions
may also assist local shear accommodation; however, this contribution is
considered secondary compared with the dominant effect of particle
dispersion and hardness improvement.

Fig. 11 shows the two-dimensional topographic views (2D) of the
worn surfaces of the investigated samples. These images offer critical
insight into the severity and uniformity of surface wear. The surface of
the base AA2024 alloy reveals deep grooves, high roughness, and severe
surface deformation. This irregular morphology is indicative of localized
material detachment, intensive plastic deformation and high fluctua-
tions in the CoF during dry sliding. A slight improvement in surface
topography is observed after the incorporation of HEA particles via a
single FSP pass. However, the surface still exhibits non-uniform features

10

and localized rough zones. These results are in good agreement with
previous findings on the heterogeneous HEA distribution in the 1-pass
sample, which leads to localized differences in load-bearing capacity
and tribolayer stability. The worn surface becomes noticeably more
homogeneous, with reduced groove depth and smoother features
following the 2-pass FSP. However, the 3-pass FSPed MMC sample has
the smoothest surface morphology characterized by minimal surface
roughness and highly uniform wear features. The roughness analysis
obtained from the wear-track profiles also supports this trend, showing a
gradual decrease in Ra and Rz values with increasing FSP pass number.
Although detailed groove depth, width, and spacing measurements were
not performed, the 2D topography and roughness profiles provide
comparative evidence for reduced wear track severity with increasing
pass number. This improvement can be associated with the presence of a
stable and adherent surface film, resulting from the formation of a ho-
mogeneous microstructure. The consistent distribution of HEA particles
effectively suppresses localized plastic deformation, thereby contrib-
uting to long-term wear stability.

Fig. 12 illustrates the volumetric wear rates of each sample under
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equivalent test conditions. The base sample shows the highest volu-
metric wear rate, confirming its poor tribological behavior. The absence
of hard reinforcing particles in the structure contributes to the obser-
vation of more severe plastic deformation, which, combined with poor
tribolayer integrity, results in significant material loss dominated by
adhesive wear. The addition of HEA particles through 1-pass FSP, pro-
vided a sample that registered a reduced wear rate compared with the
base alloy; however, the improvement in wear resistance was marginal,
which is likely due to non-uniform particle distribution and break down
of the tribolayer as shown previously in the CoF analysis and SEM im-
ages. The two-pass FSP exhibited less wear volume that can be attributed
to better particle distribution and also harder matrix. A more

2D topographic images of the worn surfaces of the tested samples: (a) base, (b) 1-pass FSPed MMC, (c) 2-pass FSPed MMC, and (d) 3-pass FSPed MMC.

homogenous surface topography, with a continuous, adherent tribolayer
has provided the wear resistance performance in this sample. The lowest
volumetric wear rate was achieved by the 3-pass FSPed MMC sample
and can be attributed to the cumulative benefits of HEA reinforcement
and repeated passes of FSP. This demonstrates the importance of
microstructural homogeneity and surface stability on wear performance.
Therefore, the improvement in wear resistance with increasing pass
number can be interpreted as a gradual transition from severe adhesive
wear with unstable tribolayer breakdown toward a milder wear regime
controlled by improved particle distribution, enhanced load bearing
capacity, and more stable tribofilm formation. The minimal wear vol-
ume correlates strongly with the most stable friction coefficient
behavior, the smoothest worn surface topography, and the most
compact tribofilm structure, as discussed in earlier sections.

3.5. Corrosion Behaviour

Fig. 13 and Table 3 show the potentiodynamic polarization curves
and electrochemical corrosion data for MMCs fabricated with HEA
reinforcement using the base A12024 alloy and various FSP passes. The
obtained data indicate that the MMCs exhibit better corrosion resistance
than the base structure. In fact, the corrosion potential (Ecorr) of the
base sample was measured as — 703 mV, the corrosion current density
(Icorr) as 6.94 pA, and the corresponding corrosion rate as 14.79 mpy,
while in the MMC treated with one pass of FSP, Ecorr decreased to —
661 mV, Icorr to 5.43 pA, and the corrosion rate to 10.42 mpy. In MMC
formed by applying two passes of FSP, Ecorr was — 592 mV, Icorr was
3.22 pA and the corrosion rate decreased to 6.54 mpy, and in MMC
formed by applying 3 passes of FSP, the corrosion resistance values were
further improved and Ecorr increased to — 548 mV, Icorr decreased to
1.36 pA and the corrosion rate decreased to 3.11 mpy.

A significant increase in corrosion resistance was observed in MMCs
formed by adding HEA particles to an aluminum matrix compared to the
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Fig. 13. Potentiodynamic polarization curves of the base and MMC samples.

Table 3
Electrochemical values of samples.

Condition Ecorr (mV) Teorr (MA) Corrosion Rate(mpy)
Base —703 6.94 14.79
1 Pass FSPed MMC —661 5.43 10.42
2 Pass FSPed MMC —592 3.22 6.54
3 Pass FSPed MMC —548 1.36 3.11

base alloy. This improvement is due to the positive effects of the HEA's
chemical composition and the interaction between the particles and the
matrix on corrosion behavior. The Cr and Ni elements in the HEA can
contribute to the improved electrochemical response by promoting the
stability of surface oxide species in corrosive environments. Cr con-
taining oxides are commonly associated with improved resistance
against localized corrosion, while Ni can support passive film stability
and reduce electrochemical reaction kinetics. The improved polarization
response also suggests that Cr- and Ni-containing surface oxides may
contribute to the formation of a more protective passive film on the
composite surface. Furthermore, when HEA particles are added to the
matrix, residual compressive stresses are generated at the interface due
to the difference in thermal expansion with the aluminum matrix. These
stresses act as a mechanical barrier, preventing pit formation on the
surface. The presence of the particles contributes to load transfer,
making the structure more robust at the microscale and limiting the
formation of weak areas where corrosion can propagate. In addition, the
XRD results showed a reduction of the Al2Cu phase after FSP, which may
also contribute to corrosion improvement by decreasing micro-galvanic
coupling sites within the AA2024 matrix. As a result, the HEA additive
increases corrosion resistance by providing chemical passivation thanks
to the elements it contains and by reducing the corrosion rate and cur-
rent density thanks to its microstructural barrier effects.

On the other hand, it was observed that the corrosion resistance of
MMCs improved further with increasing the number of passes. This is
due to the more homogeneous distribution of HEA particles within the
matrix as a result of the increasing number of passes. SEM images reveal
that the HEA particles become much more homogeneous within the
matrix with increasing number of passes. This homogeneous distribution
reduces the potential differences between the anode—cathode regions at
the microscale, limiting the formation of galvanic cells and reducing the
risk of localized corrosion. At the same time, homogeneous distribution
reduces surface discontinuities and microporosity, thus limiting the
movement of corrosive solutions. Post-corrosion surface observations
also indicated that the base alloy exhibited more pronounced localized
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attack, whereas the multi-pass FSPed composites showed fewer and less
severe corrosion pits. Furthermore, the homogeneous distribution of
elements that contribute to passivation, such as Cr and Ni, supports the
formation of more effective and stable passive films, resulting in lower
corrosion current density.

4. Conclusions

In this study, AA2024/HEA MMCs were fabricated by incorporating
FeNiCrAlCu high entropy alloy particles into the AA2024 alloy through
FSP with different pass numbers, namely 1, 2, and 3 passes. The pro-
duced MMCs were compared with the base AA2024 alloy in terms of
microstructural characteristics, mechanical properties, wear behavior,
and corrosion resistance. The main findings obtained from the experi-
mental analyses are summarized as follows:

1- The application of multiple passes allowed the HEA reinforcement
particles to be distributed more homogeneously within the matrix. The
3-pass FSPed composite exhibited the most uniform microstructure
among the processed samples.

2- Hardness showed a progressive increase with increasing FSP pass
number, reaching 172 HBN after 1 pass, 217 HBN after 2 passes, and 258
HBN after 3 passes, compared to 155 HBN for the base AA2024 alloy.

3- Tensile strength increased from 188 MPa in the base AA2024 alloy
to 205 MPa in the first pass, 234 MPa in the second pass, and 246 MPa in
the third pass. The uniform elongation also increased to 3.6 4+ 0.3 mm in
the 3-pass FSPed composite, indicating that the improved particle dis-
tribution contributed to a better strength ductility balance.

4- Wear resistance improved with the HEA reinforcement and mul-
tiple passes, with the lowest wear volume loss in the three-pass appli-
cation. The 3-pass FSPed composite showed the lowest volumetric wear
rate and the most stable friction response, mainly due to enhanced
microstructural homogeneity and improved tribolayer stability.

5- Corrosion resistance was also markedly enhanced. The corrosion
rate decreased from 14.79 mpy for the base alloy to 10.42, 6.54, and
3.11 mpy after 1, 2, and 3 FSP passes, respectively, confirming the
beneficial effect of multi-pass processing on electrochemical stability.

6- Overall, multi-pass FSP proved to be an effective route for
enhancing the mechanical, tribological, and corrosion performance of
AA2024/HEA MMCs by improving particle dispersion, interfacial
integrity, and microstructural homogeneity.
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