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ABSTRACT: This study explored the impact of varying weight percentages
of TiMoVWCr high-entropy alloy (HEA) powder addition on A356
composites produced using friction stir processing (FSP). Unlike previous
research that often focused on singular aspects, such as mechanical
properties, or microstructural analysis, this investigation systematically
examined the multifaceted performance of A356 composites by
comprehensively assessing the microstructure, interfacial bonding strength,
mechanical properties, and wear behavior. The study identified a uniform
distribution of TiMoVWCr HEA powder in the composition A356/2%Ti2%
Mo2%V2%W2%Cr, highlighting the effectiveness of the FSP technique in
achieving homogeneous dispersion. Strong bonding between the reinforce-
ment and matrix material was observed in the same composition, indicating
favorable interfacial characteristics. Mechanical properties, including tensile
strength and hardness, were evaluated for various compositions, demonstrating significant improvements across the board. The
addition of 2%Ti2%Mo2%V2%W2%Cr powder enhanced the tensile strength by 36.39%, while hardness improved by 62.71%.
Similarly, wear resistance showed notable enhancements ranging from 35.56 to 48.89% for different compositions. Microstructural
analysis revealed approximately 1640.59 grains per square inch for the A356/2%Ti2%Mo2%V2%W2%Cr processed composite at
500 magnifications. In reinforcing Al composites with Ti, Mo, V, W, and Cr high-entropy alloy (HEA) particles, each element
imparted distinct benefits. Titanium (Ti) enhanced strength and wear resistance, molybdenum (Mo) contributed to improved
hardness, vanadium (V) promoted hardenability, tungsten (W) enhanced wear resistance, and chromium (Cr) provided wear
resistance and hardness. Anticipating the potential applications of the developed composite, the study suggests its suitability for the
aerospace sector, particularly in casting lightweight yet high-strength parts such as aircraft components, engine components, and
structural components, underlining the significance of the investigated TiMoVWCr HEA powder-modified A356 composites.

1. INTRODUCTION
High-entropy alloys (HEAs) have emerged as promising
reinforcement materials in composite applications, particularly
when combined with aluminum matrices. HEAs are unique
materials composed of multiple elements in near-equimolar
proportions, leading to exceptional mechanical, thermal, and
functional properties compared with traditional alloys. When
integrated as reinforcements in aluminum-based composites,
HEAs contribute to a wide array of enhancements.1 The
addition of titanium (Ti), molybdenum (Mo), vanadium (V),
tungsten (W), and chromium (Cr) elements to aluminum
alloy through friction stir processing (FSP) yields multifaceted
benefits. Individually, Ti enhances strength and corrosion
resistance, Mo contributes to improved toughness, V enhances
hardenability, W imparts superior wear resistance, and Cr
provides corrosion resistance and hardness. When combined in
high-entropy alloy (HEA) formation by using FSP, these

elements synergize to create a unique microstructure with
enhanced mechanical properties. The FSP technique ensures a
fine and uniform distribution of these elements, resulting in
improved hardness, tensile strength, and wear resistance in the
aluminum alloy. The HEA composition, derived through FSP,
thus delivers a composite material that excels in diverse
applications due to its heightened mechanical performance and
durability.2,3
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The incorporation of TiMoVWCr high-entropy alloy (HEA)
powder reinforcement into A356 composites holds significant
promise, marked by enhanced mechanical properties and
multifaceted performance improvements.4 The A356 compo-
sites exhibit substantial increases in tensile strength, hardness,
and wear resistance after the addition of a TiMoVWCr HEA
powder. This points to the potential for manufacturing
advanced materials with superior structural integrity and
durability.5−7 The significance of A356 composites with
TiMoVWCr HEA powder reinforcement extends to their
potential applications across diverse industries. In aerospace
engineering, these composites can find utility in casting crucial
components, such as engine parts and structural elements. The
combination of lightweight properties and heightened strength
makes them particularly attractive for aircraft applications,
where material efficiency is paramount.8,9 Moreover, the
improved wear resistance positions these composites for
applications in various industrial settings, such as manufactur-
ing machinery components, where resistance to abrasion and
fatigue is essential. The ability to tailor the composition of
A356 composites with TiMoVWCr HEA reinforcement allows
for customization, catering to specific requirements in sectors
ranging from automotive manufacturing to marine engineer-
ing.10,11

The friction stir processing (FSP) technique has emerged as
a transformative method for developing aluminum-based
composites. FSP involves using a rotating tool to stir and
consolidate materials in the solid state, facilitating the
incorporation of reinforcement materials into an aluminum
matrix.12,13 This innovative process eliminates the melting and
solidification associated with traditional methods, preserving
the material’s integrity and producing a fine, homogeneous
microstructure.12,,15 In the context of aluminum-based
composites, FSP enables the uniform distribution of
reinforcing elements, such as nanoparticles, fibers, or alloys,
within the aluminum matrix.16−19 This leads to enhanced
mechanical properties, improved wear resistance, and increased
strength without sacrificing the inherent lightweight nature of
aluminum.20,21 The FSP technique offers precise control over
the composite’s microstructure and properties, making it a
promising approach for tailoring materials to specific
applications in industries ranging from aerospace to
automotive and beyond.22

Li et al.23 fabricated a Ni−Cu composite interlayer on the
A356 aluminum alloy solid insert using chemical nickel-plating
and electro-coppering technology. This aimed to mitigate the
formation of brittle phases and enhance the shear strength in
the A356 aluminum/AZ91D magnesium bimetal produced
through compound casting. The study on the Ni−Cu
composite interlayer’s impact on microstructure, mechanical
properties, and corrosion resistance revealed effective
suppression of brittle Al−Mg intermetallic compounds
(IMCs). The interlayer reduced the interface thickness from
1400 to 40 μm, resulting in a remarkable 20.3% increase in
shear strength compared to the bimetal without the Ni−Cu
composite interlayer. Qin et al.24 investigated the impact of
sintering temperature on microstructure and damping capacity
in multilayer 316L stainless steel hollow spheres/A356 alloy
composites reinforced by NiTi alloy sheets. Experiments reveal
that the sintering temperature significantly influences compo-
site properties. Notably, composites sintered at 640 °C exhibit
the lowest density (2.42 ± 0.21 g/cm3) and the highest
porosity (43.1 ± 2.1%). The remaining NiTi alloy sheets at

this temperature contribute to a higher plateau stress (125.06
± 2.27 MPa) and loss factor (0.032 ± 0.006), showcasing the
crucial role of sintering conditions in composite behavior.
Pandee et al.25 synthesized the A356−K2ZrF6 composite via
in situ reaction, confirmed by X-ray diffraction (XRD) analysis
showing the successful formation of Al3Zr reinforcement.
Microstructure examinations revealed uniform dispersion of
blocky-shaped Al3Zr particles, enhancing tensile strength but
reducing elongation in the A356/Al3Zr composite. Lu et al.26

fabricated 3D-SiCp/A356 composites, featuring an inter-
penetrating microstructure, through pressure infiltration of
the A356 alloy into a 3D-SiC ceramic preform. The thermal
expansion coefficient of the SiC/A356 composite with oxidized
SiC particles was lower than that of the unoxidized
counterpart, showing maxima at 420 and 350 °C. Overburning
at 565 °C led to a rapid decrease in the thermal expansion
coefficient in the A356 matrix. Niu et al.27 delved into the
microstructural evolution and mechanical properties of the T6-
treated A356−0.3 wt % Ce−1.5 vol % TiCN composite.
Compared to the T6-treated A356 alloy, the composite
exhibits notable grain refinement and eutectic Si modification
effects, akin to the T6-treated A356−0.3 wt % Ce alloy.
Significantly, in situ-reinforced (Al,Si)3(Ti,Ce) precipitates
were identified in the T6-treated A356−0.3 wt % Ce−1.5 vol
% TiCN composite. Mazaheri et al.28 produced an A356/
Cr3C2−NiCr surface composite, through high-velocity oxy-
fuel and postfriction stir processing treatment, that exhibited
improved mechanical and tribological properties. Uniaxial
tensile test results revealed that friction stir processing
enhanced the yield strength and ultimate tensile strength.
The four-pass friction stir processed composite demonstrated
approximately 53 and 22% higher YS and UTS than the base
material. Teng et al.29 explored the impact of continuous
rheological extrusion with Al−5Ti−0.6C−xCe alloy addition
on the mechanical properties of the A356 alloy. As the Ce
content increased (0−2.0 wt %), the α-Al grain size and coarse
needlelike phase length varied nonmonotonically. Optimal
refinement occurred at 1.0 wt % Ce, yielding enhanced tensile
strength, yield strength, and elongation: 290.45 MPa, 238.27
MPa, and 2.80%, respectively.

While the utilization of high-entropy alloys (HEAs) as
reinforcements in aluminum-based composites has gained
attention, there is a notable research gap regarding the specific
influence of varying weight percentages of TiMoVWCr HEA
powder on the microstructure, interfacial bonding strength,
mechanical properties, and wear behavior of A356 composites
fabricated by using the friction stir processing (FSP)
technique. Existing studies often focus on a single aspect,
such as mechanical properties or microstructural analysis,
without systematically investigating the comprehensive effects
of HEA content variation on the multifaceted performance of
A356 composites fabricated through FSP.

This research addresses a significant gap in the current
literature by systematically examining the effect of different
weight percentages of TiMoVWCr HEA powder on a range of
properties, such as the microstructure, interfacial bonding
strength, mechanical behavior, and wear resistance of A356
composites fabricated via FSP. The novelty lies in the holistic
approach, elucidating the interplay between the HEA content
and composite properties, which is crucial for optimizing
material performance. This study’s comprehensive nature
contributes to a deeper understanding of HEA powder-
reinforced A356 composites, providing valuable insights for
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designing advanced materials tailored to specific engineering
applications. By bridging this research gap, this study paves the
way for the development of more efficient and durable
aluminum-based composites with wide-ranging industrial
significance.

2. MATERIALS AND METHODS
2.1. Matrix Material. A356, an aluminum−silicon casting

alloy, exhibits a melting point of approximately 557−610 °C,
making it suitable for casting processes. It features a moderate
hardness, typically about 59 HV on the Vicker scale. The
tensile strength of A356 was around 231.45 MPa, providing a
balance of strength and formability. With a density of about
2.68 g/cm3, A356 is lightweight yet sturdy. In terms of wear
resistance, A356 demonstrates good performance, particularly
when reinforced or modified, making it suitable for
applications where durability and resistance to wear and
deformation are essential.
2.2. Reinforcement Materials. Figure 1 shows the

powder XRD of ball-milled TiMoVWCr HEA’s powder.

Incorporating TiMoVWCr high-entropy alloy (HEA) powder
as reinforcement with aluminum offers a novel approach to
enhancing the properties of aluminum-based composites.
These HEA particles, with their unique multicomponent
composition, bring forth a synergistic combination of
mechanical strength, thermal stability, and wear resistance.
When dispersed within the aluminum matrix, TiMoVWCr
HEA powder contributes to improved tensile strength,
hardness, and overall mechanical performance. This reinforce-
ment strategy also enhances interfacial bonding, mitigating
potential weaknesses at the matrix−particle interface. The
HEA’s high thermal stability ensures the retention of
properties at elevated temperatures, making it particularly
suitable for applications requiring thermal resistance.1 More-
over, the incorporation of TiMoVWCr HEA powder presents
an avenue for tailoring the composite’s performance through
variation in particle content. This innovative approach holds
promise in sectors such as aerospace, automotive, and
engineering, where lightweight materials with enhanced
mechanical and thermal characteristics are in high de-
mand.2Figure 2a−e shows the photograph of Ti powder, Mo
powder, V powder, W powder, and Cr powder, respectively.

The experimental procedure for ball-milling involved the
meticulous blending of titanium (Ti), molybdenum (Mo),
vanadium (V), tungsten (W), and chromium (Cr) powders.
The powders were subjected to a ball-milling process, in which
mechanical alloying occurred. This process was extended for
100 h, ensuring thorough mixing and homogenization of the
individual metallic components. The ball-milling was con-
ducted with a ball-to-powder ratio (BPR) of 1:5, signifying the
optimal proportion of milling balls to powder mass. This
carefully orchestrated milling procedure aimed to facilitate the
creation of a well-integrated HEA powder, harnessing the
synergies of Ti, Mo, V, W, and Cr powders for enhanced
structural and mechanical properties. The scanning electron
microscopy (SEM) image of the ball-milled TiMoVWCr high-
entropy alloy (HEA) powder revealed a distinct powder
morphology (Figure 2f). These particles exhibited a fine and
homogeneous distribution, showcasing their microcrystalline
nature. The surface appeared to be characterized by irregular
shapes and sizes, indicative of mechanical milling-induced
deformation and fragmentation. The microstructure hinted at
the alloy’s potential for enhanced mechanical properties,
making it a promising candidate for various advanced
applications in materials science and engineering.
2.3. Experimental Procedure. In the preparation for the

friction stir processing (FSP) of the A356 aluminum alloy, a
systematic approach was undertaken. The alloy, initially in the
form of 100 mm × 50 mm × 10 mm pieces, underwent precise
cutting to ensure appropriateness for the FSP process, as
depicted in Figure 3. Achieving a uniform distribution of
TiMoVWCr high-entropy alloy (HEA) powders was crucial,
and they were meticulously spread over the groove of the A356
alloy. The specific parameters used for the FSP process include
details such as a 6 mm pin diameter, 0° tool tilt angle, threaded
tool profile, 25 mm/min transverse speed, 1020 rpm rotational
speed, 3 mm pin length, 20 mm shoulder diameter, and H13
tool steel as the chosen tool material. These carefully selected
parameters played a crucial role in the success of the FSP
process on the A356 aluminum alloy with TiMoVWCr HEA
powders, resulting in a well-prepared composite sample. The
subsequent step involved the setup of a vertical milling
machine outfitted with a carefully chosen FSP tool. To fine-
tune the FSP tool’s performance, rotational speed and traverse
rate adjustments were made based on a combination of
preliminary tests and insights drawn from relevant literature.
Ensuring the stability of the composite sample during
processing, a suitable fixture was installed, following estab-
lished guidelines.2,6 The composite sample was securely
positioned within this fixture on the milling machine. Upon
initiation of the milling machine, the FSP process commenced,
and stringent control was exerted over the process parameters
to prevent any potential material degradation due to excessive
heating.13 Following completion of the FSP process, the
composite sample was handled with care and removed from
the fixture. To allow for a controlled cooldown, the sample was
left to naturally reach room temperature.14

The selection of specific weight percentages for titanium
(Ti), molybdenum (Mo), vanadium (V), tungsten (W), and
chromium (Cr) in composite compositions was a crucial
aspect determined through pilot run investigations. The aim
was to enhance the mechanical and wear properties of the
composite material. In the initial exploration, a total weight
percent addition of 10 wt % was targeted, with various
combinations detailed in Table 1. During the experimentation,

Figure 1. Powder XRD of ball-milled TiMoVWCr HEA powder.
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it was observed that maintaining an 8% total weight percent
combination with equal weight percentages for Ti, Mo, V, W,
and Cr (1.6% each) resulted in undesired agglomeration and
porosity. Conversely, a 12% total weight percent combination
with equal weight percentages (2.4% each) led to nonuniform
distribution and the emergence of cracks within the composite
structure. However, a balance was achieved when the total
weight percent combination was 10% with equal weight

percentages for Ti, Mo, V, W, and Cr (2% each),
demonstrating a uniform distribution. Taking these findings
into consideration, we made the decision to maintain the total
weight percent of reinforcement at 10% (as indicated in Table
1). It was noteworthy that this choice was informed by the
observed uniform distribution at this composition. Further, in
Section 3, the internal rational weight percentages of each
element are discussed in detail, highlighting their individual

Figure 2. (a) Ti powder, (b) Mo powder, (c) V powder, (d) W powder, (e) Cr powder, and (f) SEM image of ball-milled TiMoVWCr HEA
powder.

Figure 3. (a) Vertical milling machine for FSP setup and (b) composite development process.
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effects on the composite material. This detailed analysis
provided insight into the nuanced interplay of Ti, Mo, V, W,
and Cr, laying the foundation for a comprehensive under-
standing of the composite material’s behavior and perform-
ance.
2.4. Material Testing. The evaluation of A356 composites

with TiMoVWCr HEA powder reinforcement employed a
meticulous approach, utilizing advanced testing techniques and
standardized procedures. A computerized universal testing
machine played a central role in conducting tensile tests on
composite samples with specified parameters, including gauge
length, maximum extension, specimen diameter, and strain
rate, ensuring a standardized and controlled testing environ-
ment.

The parameters of this machine (Figure 4a) encompassed
essential aspects such as gauge length (25−50 mm), maximum
extension (5 mm), specimen diameter (0.5−30 mm), and
strain rate (10−4−10−1 s−1). These parameters ensure a
standardized and controlled environment for the tensile
testing, allowing for precise determination of mechanical
properties.13,14 The ASTM E8 standard facilitates tensile
testing. Samples, with a 36 mm gauge length and 6 mm gauge
diameter, undergo evaluation to determine mechanical proper-
ties like yield strength (Figure 5a). Hardness testing, a key
aspect of material characterization, was conducted on a
dedicated machine following ASTM E92�Standard Test
Methods (Figure 5b). Moreover, wear testing was conducted
according to the ASTM G99�Standard Test Method, utilizing
a pin-on-disc apparatus (Figure 4b). This method enabled the
evaluation of wear resistance under controlled conditions,
providing valuable insights into the practical performance of
A356 composites. The wear behavior testing involved specific
conditions, including a sliding speed of 2 m/s, a 1000 N force,
and a sliding distance of 1000 m.

3. RESULTS AND DISCUSSION
3.1. Microstructural Observation. Figure 6 shows the

macrostructure image of the composite material. The macro-
structure of an A356-based composite reinforced with a
titanium−molybdenum−vanadium−tungsten−chromium
high-entropy alloy (2%Ti2%Mo2%V2%W2%Cr HEA) powder
exhibited remarkable attributes of porosity-free and crack-free
surfaces (Figure 6a). The A356/2%Ti2%Mo2%V2%W2%Cr
composite material, resulting from the incorporation of the
HEA reinforcement within the A356 aluminum matrix, showed
exceptional structural integrity and enhanced mechanical
properties. The crack-free surface indicated meticulous
attention to homogeneity and interfacial bonding between
the matrix and reinforcement phases.15 This macrostructural
configuration culminated in a composite material with an
improved load-bearing capacity, thermal stability, and wear
resistance. The reinforcement of A356 with the TiMoVWCr
HEA powder not only preserved the alloy’s inherent
lightweight properties but also imparted added strength and
durability. The porosity-free and crack-free macrostructure
served as a testament to the synergy between innovative
processing methodologies and material design strategies,
setting the stage for the utilization of this composite in
demanding engineering applications that demand high
performance and reliability.2

Figure 7 shows the microstructure of an A356-based
composite reinforced with TiMoVWCr HEA powder. The
microstructure of an A356-based composite reinforced with aT
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titanium−molybdenum−vanadium−tungsten−chromium
high-entropy alloy (2%Ti2%Mo2%V2%W2%CrHEA powder),
fabricated using the friction stir processing (FSP) technique,
displays a strikingly uniform distribution of reinforcement
particles within the aluminum matrix while showcasing an

absence of porosity, as shown in Figure 8. This microstructural
refinement achieved through FSP attested to the efficacy of
this solid-state processing method in creating mechanically
robust and defect-free composite materials. The FSP technique
involved the localized heat generated by a rotating tool to

Figure 4. (a) Tensometer for tensile testing and (b) pin-on-disc apparatus.

Figure 5. Samples photographs: (a) tensile samples and (b) hardness samples.

Figure 6. Macrostructure image: (a) A356/2%Ti2%Mo2%V2%W2%Cr, (b) A356/4%Ti1.5%Mo1.5%V1.5%W1.5%Cr, (c) A356/1.5%Ti4%
Mo1.5%V1.5%W1.5%Cr, (d) A356/1.5%Ti1.5%Mo4%V1.5%W1.5%Cr, (e) A356/1.5%Ti1.5%Mo1.5%V4%W1.5%Cr, and (f) A356/1.5%Ti1.5%
Mo1.5%V1.5%W4%Cr.
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soften and blend the composite’s constituents. This controlled
plastic deformation led to a homogenized distribution of the
HEA reinforcement within the A356 matrix. The absence of
porosity in the microstructure was attributed to the
combination of the FSP’s mechanical agitation and the solid-
state nature of the process, which suppressed the formation
and entrapment of gas bubbles.6 The uniform dispersion of the
HEA reinforcement augmented the composite’s mechanical
properties, enhancing its load-bearing capacity, tensile strength,
and wear resistance. The absence of porosity further
contributed to the material’s structural integrity, minimizing
potential sites for crack initiation.21 Manochehrian et al.30

developed an A356 aluminum alloy-based surface composite
reinforced with 2.5, 5, and 7.5 vol % nanolayered Ti3AlC2
MAX phase particles using friction stir processing (FSP).
Microstructural analysis through optical microscopy (OM) and
scanning electron microscopy (SEM) revealed refined
structures, reduced porosity, and modified dendrites and
silicon particles. These improvements contributed to increased
microhardness and tensile strength values in the fabricated
surface composites.

The interfacial bond strength between the matrix and the
titanium−molybdenum−vanadium−tungsten−chromium

high-entropy alloy (TiMoVWCr HEA powder) reinforcement
in an A356-based composite, fabricated using the friction stir
processing (FSP) technique for A356/2%Ti2%Mo2%V2%
W2%Cr, is shown in Figure 9. FSP promoted the formation
of a robust and coherent interface through mechanical mixing
and localized plastic deformation. During FSP, the rotating
tool exerted shear forces and generated heat that facilitated
diffusion of atoms at the interface. This phenomenon
promoted atomic bonding between the matrix and the HEA
reinforcement, resulting in a metallurgically coherent and
mechanically sound interface. The solid-state nature of FSP
ensured that interfacial bonding occurred without the
complications of fusion-based methods, such as porosity or
detrimental phase changes.14 The strong interfacial bond
effectively transferred mechanical loads between the matrix and
the reinforcement, minimizing stress concentration and
preventing premature failure. This bond contributed signifi-
cantly to the composite’s enhanced mechanical properties,
such as improved tensile strength, hardness, and overall
structural integrity.21 The uniform distribution of the HEA
particles within the matrix further augmented load distribution
and reinforced the composite’s performance.

Figure 7. SEM image: (a) A356/2%Ti2%Mo2%V2%W2%Cr, (b) A356/4%Ti1.5%Mo1.5%V1.5%W1.5%Cr, (c) A356/1.5%Ti4%Mo1.5%V1.5%
W1.5%Cr, (d) A356/1.5%Ti1.5%Mo4%V1.5%W1.5%Cr, (e) A356/1.5%Ti1.5%Mo1.5%V4%W1.5%Cr, and (f) A356/1.5%Ti1.5%Mo1.5%V1.5%
W4%Cr.

Figure 8. (a, b) HSEM image of A356/2%Ti2%Mo2%V2%W2%Cr.
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3.2. Number of Grains. The A356-based composite
reinforced with the titanium−molybdenum−vanadium−tung-
sten−chromium high-entropy alloy (TiMoVWCr HEA),
fabricated by using the friction stir processing (FSP)
technique, displayed a controlled and refined grain structure.
The number of grains (n) was observed by

=n 2 G( 1) (1)

where eq 1 relates to the number of grains (n) to the grain size
number (G) according to ASTM standards. It signifies a
geometric progression in grain count based on grain size.

= [ ]G l6.644log ( ) 3.2810 (2)

where

=l
V L

N
( )v T

Here, eq 2 represents a grain size estimation model. In this
equation, lα is calculated as the product of Vvα (fraction of the
volume of the α phase), LT (length or magnification of the test
line), and Nα (number of intercepted grains). This equation is
employed to determine the grain size (G) in materials,
providing an analytical tool for evaluating the microstructure
based on the volume fraction and characteristics of the α
phase.

Now

= ×

=

l

l

0.56 (487/500)
96

0.0056

Now again G from eq 2

= [ ]

=

G

G

6.644log (0.0056) 3.28

11.68
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Now from eq 1

=

=
=

n

n
n

2

2
1640.59

(11.68 1)

(10.68)

The number of grains was found to be about 1640.59 for the
A356/2%Ti2%Mo2%V2%W2%Cr processed composite per
square inch at 500 magnifications. FSP’s mechanical stirring
and localized heat input contributed to optimizing the number
of grains and grain size within the composite material (Figure
10). The FSP process induced recrystallization and grain

refinement due to dynamic deformation and thermal cycles.
This resulted in a higher number of smaller grains compared
with conventionally processed materials. The uniform
distribution of the HEA reinforcement further influenced the
grain growth behavior, ensuring that the reinforcement
particles acted as nucleation sites for new grains, promoting
a fine-grained microstructure.13,14 The smaller grain size
enhanced the composite’s mechanical properties by impeding
dislocation movement, thereby increasing its strength and
hardness. Additionally, the increased grain boundaries
contributed to improved wear resistance.16

3.3. Mechanical Behavior. The incorporation of
titanium−molybdenum−vanadium−tungsten−chromium
high-entropy alloy (TiMoVWCr HEA powder) reinforcement
into A356 aluminum alloy using the friction stir processing
(FSP) technique has a pronounced impact on the tensile
strength of the composite material (Figure 11a). Tensile
strength values of A356 after the addition of 2%Ti2%Mo2%
V2%W2%Cr, 4%Ti1.5%Mo1.5%V1.5%W1.5%Cr, 1.5%Ti4%
Mo1.5%V1.5%W1.5%Cr, 1.5%Ti1.5%Mo4%V1.5%W1.5%Cr,
1.5%Ti1.5%Mo1.5%V4%W1.5%Cr, and 1.5%Ti1.5%Mo1.5%
V1.5%W4%Cr were improved 36.39, 31.68, 33.84, 34.56,
33.26, and 30.24%, respectively. The HEA’s unique mechanical
properties and the FSP’s processing benefited synergistically,
contributing to this enhancement. The presence of a
TiMoVWCr HEA powder reinforcement introduced high-
strength characteristics to the composite. The reinforcement’s
uniform dispersion within the A356 matrix effectively impeded
dislocation motion during deformation, resulting in improved
tensile strength. Additionally, the HEA’s inherent resistance to
deformation assisted in load-bearing, augmenting the compo-
site’s overall structural integrity. The FSP technique further
reinforced the tensile strength improvement. FSP promoted an
optimized distribution of HEA particles, leading to effective
load transfer and stress distribution.14,21 The mechanical
mixing and localized heat input during FSP also refined the
microstructure, creating finer grains that enhanced the
composite’s strength. Collectively, the addition of TiMoVWCr
HEA powder reinforcement through FSP yielded a composite
material with a substantially elevated tensile strength.

Figure 9. Interfacial layer of the matrix and TiMoVWCr powder for
the A356/2%Ti2%Mo2%V2%W2%Cr processed surface with FSP.

Figure 10. Developed grain boundaries for the A356/2%Ti2%Mo2%
V2%W2%Cr composite.
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The integration of titanium−molybdenum−vanadium−
tungsten−chromium high-entropy alloy (TiMoVWCr HEA
powder) reinforcement into A356 aluminum alloy, facilitated
by the friction stir processing (FSP) technique, triggered a
significant augmentation in the material’s hardness (Figure
11b). Hardness values of A356 after the addition of 2%Ti2%
Mo2%V2%W2%Cr, 4%Ti1.5%Mo1.5%V1.5%W1.5%Cr, 1.5%
Ti4%Mo1.5%V1.5%W1.5%Cr, 1.5%Ti1.5%Mo4%V1.5%
W1.5%Cr, 1.5%Ti1.5%Mo1.5%V4%W1.5%Cr, and 1.5%
Ti1.5%Mo1.5%V1.5%W4%Cr were improved 62.71, 55.93,
54.24, 57.63, 59.32, and 57.63%, respectively. The inherent
hardness of the TiMoVWCr HEA powder, characterized by its
high strength and superior mechanical properties, fortified the
composite. The uniform dispersion of HEA particles
throughout the A356 matrix, achieved through FSP, generated
a composite material with an enhanced load-bearing capacity
and resistance to deformation. The interaction of HEA
particles with the matrix not only acted as a barrier to
dislocation motion but also effectively reinforced the material,
leading to an overall increase in hardness. FSP further
contributed to the hardness improvement by refining the
microstructure of the composite. The mechanical mixing and
localized heat generated by the FSP tool resulted in smaller
grain sizes, which were associated with increased hardness.21

The presence of fine-grained regions led to enhanced strength
and hardness due to the grain boundary strengthening
mechanism. Manochehrian et al.30 detailed the surface
reinforcement of A356 aluminum alloy with 2.5, 5, and

7.5 vol % nanolayered Ti3AlC2 MAX phase particles. The
A356�7.5 vol % Ti3AlC2 surface composite exhibited notable
improvements, with microhardness and tensile strength values
rising to approximately 87 HV and 184MPa, compared to the
as-received alloy’s 68 HV and 112MPa. Daneshifar et al.31

employed friction stir processing (FSP) to add Mg to an Al−Si
cast eutectic alloy, investigating the formation of Mg2Si using
various analysis techniques. Findings demonstrate FSP’s
effectiveness in producing an Al/Mg2Si composite, with the
composite’s hardness moderately improving (∼15%) com-
pared to the FSP-based alloy. Maharishi et al.32 focused on
aluminum alloy 356, blended with zirconium silicate (ZrSiO4)
particles at various fractions (0, 3, 5, and 8 wt %). Stir casting
facilitated sample preparation. SEM images of ZrSiO4 particles
were captured to assess their size and shape. Tensile,
compression, and hardness tests, conducted following ASTM
standards, indicated that the AA356 + 5 wt % ZrSiO4
composition exhibited superior tensile strength (169.29
MPa) compared to the other compositions.
3.4. Wear and Friction Behavior. The wear behavior of

materials is a critical factor in determining their suitability for
various applications, particularly in industries in which
mechanical components are subjected to friction and abrasion.
In this study, the addition of the titanium−molybdenum−
vanadium−tungsten−chromium high-entropy alloy (TiM-
oVWCr HEA powder) to A356-based composites through
the friction stir processing (FSP) technique has garnered
significant attention due to its potential to enhance wear

Figure 11. Behavior of composite: (a) tensile strength, (b) hardness, (c) wear, and (d) friction.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07837
ACS Omega 2024, 9, 18813−18826

18821

https://pubs.acs.org/doi/10.1021/acsomega.3c07837?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07837?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07837?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07837?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


resistance as shown in Figure 11c,d. Results showed that the
wear resistance of the A356 alloy after the addition of 2%Ti2%
Mo2%V2%W2%Cr, 4%Ti1.5%Mo1.5%V1.5%W1.5%Cr, 1.5%
Ti4%Mo1.5%V1.5%W1.5%Cr, 1.5%Ti1.5%Mo4%V1.5%
W1.5%Cr, 1.5%Ti1.5%Mo1.5%V4%W1.5%Cr, and 1.5%
Ti1.5%Mo1.5%V1.5%W4%Cr improved by about 40, 46.67,
35.56, 44.44, 48.89, and 37.78%, respectively. The addition of
the 2%Ti2%Mo2%V2%W2%CrHEA powder through FSP
offered the advantage of achieving a homogeneous distribution
of the HEA particles within the A356 matrix, minimizing the
risk of segregation and improving overall material integrity.
This resulted in enhanced hardness, reduced friction, and
increased resistance to abrasive wear. However, the success of
this approach relied on careful parameter optimization during
the FSP process to avoid potential drawbacks such as porosity
and microstructural defects. Here, the FSP technique was a
solid-state processing method that involved the rotation of a
nonconsumable tool in contact with the base material,
generating heat and causing plastic deformation.13,14 This
process led to the incorporation of the TiMoVWCr HEA
powder into the A356 matrix, forming a composite with a
potentially enhanced wear resistance. The microstructural
changes induced by FSP, such as refined grains and the
distribution of the HEA particles, contributed to improved
mechanical properties and wear performance. Satyanarayana et
al.33 investigated the impact of wear parameters on friction
performance in A356 aluminum−graphite/granite particle-
reinforced metal matrix hybrid composites. Varying weight
proportions of reinforcements were mixed at 2 and 4 wt %.
Wear rate and friction were monitored during dry sliding tests
at different loads, track diameters, and sliding times. The study
revealed that sliding time (48.51%) was the most influential
factor, followed by load (21.93%), and weight percentage of
graphite and granite dust particles (7.01%) in the coefficient of
friction for the hybrid composite. Hemanth et al.34 conducted
a study on A356 aluminum alloy metal matrix composites
(MMCs) reinforced with fused silica particles. Fabrication
involved sand molds with metallic and nonmetallic chills,
dispersing 3−12 wt % fused silica (50−100 μm) into the
matrix. The resulting composites were examined for their
microstructure, strength, hardness, and wear behavior. Micro-
structural analysis showed good bonding and a uniform
dispersoid distribution. Strength, hardness, and wear resistance
increased up to 9 wt % additions, with copper chill exhibiting
superior performance due to its high volumetric heat capacity.

The examination of wear surface morphology is a crucial
aspect of understanding the performance of materials in
abrasive environments. SEM image of the wear surface of
A356-based composites after 2%Ti2%Mo2%V2%W2%Cr HEA
powder incorporation through FSP provided a visual
representation of the material’s response to abrasive forces
(Figure 9). This image revealed the intricate details of the
surface topography, including features such as cracks, debris,
wear tracks, and the distribution of HEA particles.35−37 The
microstructural change induced by FSP was evident in the
SEM images. The high rotational and traverse speeds of the
FSP tool led to severe plastic deformation and heat generation,
causing the HEA particles to be incorporated into the A356
matrix.38,

Upon careful examination of the A356/2%Ti2%Mo2%V2%
W2%Cr composite processed surface using friction stir
processing (FSP), notable features of adhesive wear and
grooves became apparent (Figure 12). Adhesive wear, a

common tribological phenomenon, was characterized by the
transfer of material from one surface to another due to
frictional forces.40−42 In this case, the interaction between the
composite and its surroundings resulted in observable adhesive
wear, indicating dynamic material transfer and contact. The
presence of grooves on the processed surface further
accentuated the mechanical and tribological alterations
induced by FSP.43−45 Grooves, likely formed during the
frictional stirring process, was attributed to the complex
interaction between the rotating tool and the composite
material. The creation of grooves reflected the localized plastic
deformation and material displacement caused by the high
mechanical forces involved in FSP.46−49

3.5. XRD Observation. Figure 13 shows the XRD analysis
of the A356/2%Ti2%Mo2%V2%W2%Cr composite processed
with FSP. When a 2%Ti2%Mo2%V2%W2%Cr high-entropy
alloy (HEA) powder was added onto A356 alloy, the formation
of various phases involving α aluminum (α-Al), titanium (Ti),
molybdenum (Mo), vanadium (V), tungsten (W), and
chromium (Cr) was anticipated. The α-Al is a common

Figure 12. Wear surface SEM image of the A356/2%Ti2%Mo2%V2%
W2%Cr processed surface with FSP.

Figure 13. XRD analysis of the A356/2%Ti2%Mo2%V2%W2%Cr
composite processed with FSP.
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phase in aluminum alloys, forming the base matrix.50−52 Here,
it provided the alloy’s mechanical properties and formed the
structure for reinforcement. The α-Al contributed to the alloy’s
ductility and formability, making the composite easier to
process and shape.53−55 Ti enhanced the mechanical strength
and corrosion resistance of the composite due to its high
strength-to-weight ratio and excellent oxidation resist-
ance.56−58 Ti also contributed to the composite’s thermal
stability, allowing it to retain its mechanical properties at
elevated temperatures.59,60 Mo’s high melting point and
thermal stability enhanced the composite’s performance at
elevated temperatures, making it suitable for applications in
high-temperature environments.61,62 Mo added strength and
hardness to the composite, improving its overall mechanical
properties. The V contributed to increased strength and
toughness in the composite, making it useful for applications
requiring high mechanical performance.63,64 The V also acted
as a grain refiner, leading to finer microstructures and
improved mechanical properties. W’s high density and
exceptional strength contributed to the composite’s ability to
withstand heavy loads and mechanical stress.65−67 Cr’s
corrosion resistance helped protect the composite from
environmental degradation, especially in harsh and corrosive
conditions. These elements, when incorporated as phases or
components within a composite, led to a combination of
enhanced mechanical properties, wear resistance, and other
tailored characteristics.68,69

All in all, the incorporation of TiMoVWCr high-entropy
alloy (HEA) powder reinforcement into A356 composites
holds significant promise, marked by enhanced mechanical
properties and multifaceted performance improvements.70−72

The A356 composites exhibit substantial increases in tensile
strength, hardness, and wear resistance after the addition of
TiMoVWCr HEA powder. The significance of A356
composites with TiMoVWCr HEA powder reinforcement
extends to their potential applications across diverse industries.
In aerospace engineering, these composites can find utility in
casting crucial components like engine parts and structural
elements. The ability to tailor the composition of A356
composites with TiMoVWCr HEA reinforcement allows for
customization, catering to specific requirements in sectors
ranging from automotive manufacturing to marine engineer-
ing.73,74

Hence, the FSP technique has emerged as a transformative
method for developing aluminum-based composites. FSP
involves using a rotating tool to stir and consolidate materials
in the solid state, facilitating the incorporation of reinforce-
ment materials into an Al matrix.75,76 This leads to enhanced
mechanical properties, improved wear resistance, and increased
strength without sacrificing the inherent lightweight nature of
aluminum.76 The FSP technique offers precise control over the
composite’s microstructure and properties, making it a
promising approach for tailoring materials to specific
applications in industries ranging from aerospace to
automotive and beyond.77

4. CONCLUSIONS
This study focused on investigating the impact of varying
weight percentages of TiMoVWCr high-entropy alloy (HEA)
powder on the microstructure, interfacial bonding strength,
and mechanical and wear behavior of A356 composites
produced through the friction stir processing (FSP) technique.
The incorporation of 2% each of Ti, Mo, V, W, and Cr in A356

resulted in refined grain structures, improved HEA particle
dispersion, and minimized defects. This composition exhibited
strong interfacial adhesion that is crucial for effective load
transfer. Mechanical properties, such as tensile strength and
hardness, showed notable enhancements of 36.39 and 62.71%,
respectively. Wear resistance, influenced by TiMoVWCr HEA
powder weight percentages, reached optimal levels with 2%
each of Ti, Mo, V, W, and Cr. The unique properties of HEA,
coupled with the improved matrix, contributed to the
enhanced wear resistance. XRD analysis confirmed the
presence of α-aluminum (α-Al), titanium (Ti), molybdenum
(Mo), vanadium (V), tungsten (W), and chromium (Cr)
phases in the A356/2%Ti2%Mo2%V2%W2%Cr composite,
providing a comprehensive understanding of its structural
composition. This research underscores the tailored optimiza-
tion of composite properties through strategic HEA incorpo-
ration, offering valuable insights into advanced materials
engineering.
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