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Abstract

This study investigates the design, phase identification, and microstructural properties of high-entropy alloy (HEA)-reinforced
aluminium (Al) matrix composites. Thermophysical expressions for HEAs were employed during the design phase of the
HEA; both theoretical frameworks and experimental analyses were used to anticipate stable phases while a field-assisted
sintering technique was employed to consolidate the samples. Calculation of phase diagram (CALPHAD) predictions for
the phases present in the HEA align with valence electron concentration (VEC) calculations as both predicted the presence
of BCC and FCC phases. The microhardness results reveal a substantial increase in the hardness value of the composites as
compared to the pure Al, such that as low as 5 wt% HEA addition resulted in over a 100% improvement, while the densifi-
cation of the composites was found to decrease with an increase in the wt% of HEA. SEM micrographs and XRD analyses

show fair dispersion, bonding, and phase integration in the HEA-reinforced composites.
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1 Introduction

In recent years, the field of materials science and engineering
has experienced significant strides, leading to the develop-
ment of innovative materials tailored for diverse applications
[1]. Among these materials, the integration of high-entropy
alloys (HEAs) into metal matrix composites (MMCs) has
garnered considerable attention, offering unique proper-
ties that set them apart from conventional alloys [2]. HEAs
are characterized by a composition of multiple principal
elements; thus, they exhibit exceptional mechanical, ther-
mal, and corrosion-resistant properties which make them
promising candidates for various engineering applications
[2, 3]. Furthermore, MMCs, consisting of a metallic matrix
reinforced with a secondary phase, have gained widespread
recognition due to their enhanced properties, which include

P< Smith Salifu
smithsalifu@gmail.com

Centre for Nanoengineering and Advanced Materials,
University of Johannesburg, Johannesburg, South Africa

improved strength, stiffness, wear resistance, and thermal
performance [4, 5].

The synergy between aluminium matrix and HEA rein-
forcement has emerged as a particularly intriguing avenue,
demonstrating substantial improvements in the mechanical
properties of aluminium matrix composites (AMCs) [6, 7].
Previous studies have employed various fabrication tech-
niques such as mechanical alloying [8], fusion stir process-
ing [9], and spark plasma sintering (SPS) [10] to consoli-
date HEA-reinforced aluminium matrix composites, with
enhanced strength and plasticity.

Owning to the fact that the utilization of HEAs as spe-
cial reinforcements for aluminium matrices has gained
significant attention [11-13], Chen et al. [8] successfully
employed AICoNiCrFe HEA to reinforce pure aluminium
matrix through mechanical alloying, and the addition of
HEA to the aluminium matrix resulted in increased tensile
strength of the AMC:s. Li et al. [9] used AlCoCrFeNi HEA
to reinforce AAS5083 aluminium plates, and the reinforced
AMCs showcased substantial enhancements in mechanical
properties compared to the base aluminium matrix. Addi-
tionally, Tan et al. [10] utilized spark plasma sintering (SPS)
to consolidate Al0.6CoCrFeNi particles, and the developed
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Al-based amorphous composites displayed a high compres-
sive yield strength.

Various fabrication techniques have been explored to
incorporate HEAs into metal matrix, and each of the tech-
niques used has its uniqueness in terms of influencing the
mechanical and microstructural properties of the developed
MMCs. Liu et al. [14] employed the SPS technique to fab-
ricate aluminium matrix-reinforced AlICoCrFeNi HEA par-
ticles, and the outcome of the study revealed that there is a
correlation between sintering temperature, interfacial layer
thickness, and improved plasticity. Vacuum hot pressing, as
demonstrated by Chen et al. [15], was employed to prepare
AlCoNiCrFe HEA particles reinforced copper matrix, and
the fabricated MMCs demonstrated a notable increase in
yield strength. Wang et al. [11] utilized rotation friction
extrusion (RFE) in the fabrication of CrMnFeCoNi HEA-
reinforced Al matrix composites. During this process, the
HEA particles reacted with the Al matrix, forming numerous
FCC phases and substantially enhancing the tensile strength
of the resulting AMCs.

Although the focus of this study is on AMC studies,
exploring the application of HEA-reinforced metal com-
posites extends beyond aluminium matrix. The addition
of 20 wt% AlCoNiCrFe HEA to copper matrix resulted
in a remarkable 220% increase in compressive strength
[15]. Additionally, SPS was employed to consolidate
Al0.6CoCrFeNi HEA particle-reinforced aluminium-based
composites, and the developed AMCs displayed high frac-
ture strength in the range of 3120 + 80 MPa [10]. Compari-
son studies have highlighted the superiority of HEA-rein-
forced Al matrix composites over traditional composites,
as they often showcase higher tensile strength, modulus of
elasticity, and improved plasticity [16]. Furthermore, pre-
vious research indicates that composites consolidated via
spark plasma sintering exhibit superior mechanical proper-
ties and excellent corrosion resistance [17]. Praveen et al.
[18] explored stir casting to incorporate a cast-manufactured
Al-20Cu-10Mg HEA into a 2024 aluminium alloy matrix,
resulting in substantial improvements in mechanical prop-
erties. When 15% HEAs were added to the 2024 alumin-
ium alloy, yield strength increased 1.95 times, and tensile
strength improved about 1.7 times.

In this study, we leverage the promising material para-
digms of aluminium matrix and high-entropy alloys (HEAs)
whose composition is carefully determined through the use
of novel thermophysical expressions and the calculation
phase diagram (CALPHAD) prediction approach, to develop
a field-assisted sintered HEA-reinforced Al matrix compos-
ites, with a focus on phase identification and microstruc-
tural properties. By employing advanced techniques such as
field-assisted sintering, the study aims to contribute to the
understanding of the unique combination of aluminium and
HEAs, thus offering insights into the potential for fabricating
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lightweight, high-performance metal matrix composites with
applications in various engineering sectors.

2 Methodology

The synthesis of Al matrix composites reinforced with
CuNbMnCrNiCo high-entropy alloy (HEA) involved a well-
defined fabrication process utilizing field-assisted sintering.
This methodology encompassed powder preparation, mill-
ing/mixing, field-assisted or spark plasma sintering (SPS),
and subsequent characterization. During the design of the
HEA reinforcement for the aluminium matrix composites,
we employed thermophysical parameter expressions to guide
the selection of constituent elements. Additionally, the cal-
culation phase diagram (CALPHAD) software, Thermocalc,
was utilized to predict the potential phases present in the
HEA (details in Section 3.1).

2.1 Thermophysical expression for HEA design
and phase identification

In the realm of designing high-entropy alloys (HEAs), the
precise anticipation of stable phases plays a pivotal role in
discerning their potential applications [19]. Researchers,
such as Yang [20] and Guo et al. [21, 22], have devised
mechanisms aimed at favouring the formation of stable
phases, including body-centered cubic (BCC), face-centered
cubic (FCC), or a combination of both. The expressions for-
mulated by these authors serve as crucial tools in predicting
the stable phases during the development of HEAs. Table 1
encapsulates these expressions for determining stable
phases, and these expressions are used in this study to pre-
dict the values and phases specific to the CuNbMnCrNiCo
HEA developed in the current study.

The table not only provides insights into the theoretical
framework employed for predicting phases but also furnishes
valuable data on the anticipated phases for the HEA under
investigation. This predictive approach aids in understanding
the potential microstructure of the alloy, paving the way for
informed decisions regarding its applications. By leverag-
ing the expertise outlined by Yang and Guo et al. [21, 22],
researchers can navigate the complex landscape of phase
stability in HEAs, allowing for tailored alloy designs with
desirable microstructural attributes. The synergy between
theoretical predictions and experimental validations, as
encapsulated in Table 1, forms a cornerstone in advancing
the development and application of high-entropy alloys.

2.2 Powder preparation

Commercial spherical aluminium powder (99.8% purity)
served as the matrix material, while high-purity Cu, Nb, Mn,
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Table 1 Thermophysical expressions used for the determination of HEA phase stability

S/N Expressions Parameters Remarks
1 Q = Dnfu T,, represents the melting temperature, A4S, cor- The requirement for the formation of a solid solution
Ay responds to mixing entropy, and AH,,;. denotes HEA is that Q should exceed or be equal to 1.10
mixing enthalpy (£2>1.10)
2 n 2 c; represents the atomic ratio of the ith element, r, ~ To facilitate the creation of a solid solution high-
5=4/X (c,-(l -r/ r)) denotes the atomic radius of the ith element, and entropy alloy (HEA), it is essential that 6 < 6.6%
=1 r represents the average atomic radius, where n [21]
stands for the total number of elements constitut-
ing the HEA
3 AH, = Y 44 Hf'."xcl-cj AH . represents the mixing enthalpy between the =~ The HEA is stable if —15 < 4AH,;, < 5kJ/mol [23,
=14 i ith and jth elements 24]
4 T = i . (T ) The symbol (Tm>i denotes the melting point of the T, represents the anticipated melting temperature
mix — = i\"'m); ith element of the HEA
5 AS . =R i ( I ) R stands for the universal gas constant, with a value The HEA phase is stable if the condition 12 <
mix = T 24 (GG of 8.314 J/K-mol AS<17.5 J/K is satisfied [23, 24]
6 VEC, denoting Valence Electron Concentration, is ~ For VEC values greater than or equal to 8 (VEC > 8),

VEC = ¥ ¢,(VEC),
i=1

calculated using the atomic ratio of the ith ele-
ment, represented as c;, in the HEA composed of

the stability of the FCC phase is indicated. Con-
versely, when VEC is less than or equal to 6.87

n elements (VEC < 6.87), stability leans towards the BCC
phase. When VEC falls within the range of 6.87 to
8 (6.87 < VEC < 8), both FCC and BCC phases
are considered stable [25-27]
Table 2 Powder compositions Elements Cu Nb Mn Cr Ni Co
for the development of HEA
Atomic % 20 10 20 20 20 10

Table 3 Composition of the HEA added and pure Al used in the fab-
rication of the AMCs in wt%

SIN HEA (wt%) Pure Al (wt%)
5 95
93
10 90

Cr, Ni, and Co powders (each >99%, particle size <25 pm)
were utilized for the HEA reinforcement. The elemental
powders for the HEA were subjected to planetary milling
for 4 h at 200 RPM, intermittently paused for 10 min every
30 min. This process ensured the reduction of particle size
and homogenous blending of the alloy constituents. The
resulting HEA powder composition is provided in Table 2.

2.3 Mixing of HEA-reinforced Al matrix composites

The milled HEA powder was blended with the Al matrix in
a turbula mixer for 24 h at a frequency of 50 Hz. Different
weight percentages of HEA were mixed with pure Al, as
outlined in Table 3. The 10:1 ball-to-powder ratio during
milling is aimed at enhancing the homogeneity of the mixed
powder.

2.4 Field-assisted sintering

Consolidation of the well-mixed HEA-reinforced Al matrix
composites was accomplished through the field-assisted sin-
tering technique also known as the spark plasma sintering
(SPS) technique. A 20-mm diameter graphite die, known for
its high strength and heat resistance, was employed during
the sintering process, and the sintering was conducted in the
field-assisted or SPS heating chamber whose schematic is
shown in Fig. 1. The sintering parameters included a tem-
perature of 520 °C, a holding time of 10 min, a sintering rate
of 100 °C/min, and a sintering pressure of 50 MPa.

2.5 Field-assisted sintering profile analysis

Field-assisted sintering profile analysis for the HEA-rein-
forced Al matrix composite in Fig. 2 reveals insights into the
between sintering time, punch displacement, and sintering
temperature. The sintering profile can be delineated into five
distinctive stages, with each contributing to overall densi-
fication. In the initial stage, also known as the preheating
stage (0O—6 min), a constant temperature of 250 °C represent-
ing the initial temperature of the furnace is maintained for
6 min while applying pressure of 50 MPa. Simultaneously,
pressing gradually commences, initiating compaction. The
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punch’s relative displacement slightly increases, indicat-
ing initial compaction and thermal expansion at the lower
temperature. Subsequently, the heating stage (6—8 min) also
known as the second stage involves a rapid temperature
surge from 250 to 520 °C within 2 min with a rise in the
pressing speed and displacement of the punch, and the rela-
tive displacement reflecting significant densification as the
HEA reaches its sintering temperature. At the holding stage
(8—18 min) also known as stage three, the heating or sinter-
ing temperature is maintained at 520 °C for 10 min, while
the pressing speed gradually diminishes, stabilizing the rela-
tive displacement. This zero displacement obtained at this
stage signifies full densification of the sintered sample. Stage
four also known as the fast cooling stage (18-21.5 min)
sees a rapid temperature decrease from 520 to 250 °C in
3.5 min with the pressing speed remaining at zero, while
a slight relative displacement was observed due to thermal
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Time (s)

contraction, targeted at controlling the microstructure and
minimize residual stresses in the sintered sample. Finally,
the slow cooling stage (21.5-23 min) known as stage five
involves a gradual temperature below 250 °C, and the stage
lasts for about 1.5 min.

2.6 Characterization of samples

After the field-assisted sintering of the HEA-reinforced
Al matrix composites powder, the consolidated samples
were wire cut and then subjected to the appropriate metal-
lographic operation. During the metallographic operations,
the samples were etched using Keller’s solution after which
they underwent comprehensive characterization processes.
Vicker’s microhardness was determined using the INNO-
VATEST FALCON 500 microhardness tester, by apply-
ing a 100 gf load for 15 s. Ten different indentations were



The International Journal of Advanced Manufacturing Technology (2024) 132:6019-6031 6023

randomly conducted on each of the samples, and the aver-
age was determined and used as the microhardness value of
each of the samples. Density measurements were carried
out using an electronic densometer based on the Archime-
des principle. The phase analysis of the well-mixed powders
and consolidated samples was conducted using X-ray dif-
fractometry, utilizing a PW1710 Philips, PANalytical Empy-
rean model while the microstructural characterization was
achieved through an FE-SEM (JEOL JSM 7600 F) equipped
with energy-dispersive capabilities.

3 Results and discussion

3.1 Predicted thermophysical values
for the designed CuNbMnCrNiCo HEA

Thermophysical expressions depicted in Table 1 were used
to design and predict or identify the phase(s) in the HEA
used in this study. The predicted values obtained for the
CuNbMnCrNiCo HEA developed in this study are shown
in Table 4.

Table 4 Predicted values for the CuNbMnCrNiCo HEA used as rein-
forcement in the study

S/N Parameters Obtained values

3.2 CALPHAD phase prediction for HEA

In the pursuit of understanding the phases present in the
HEA used as reinforcement in metal matrix composites, the
calculation phase diagram (CALPHAD) software, specifi-
cally Thermocalc, emerged as a powerful tool. Leveraging
the TCHEA?2 database during phase prediction, the software
generated valuable insights as depicted in Fig. 3. Given the
sintering temperature constraint of the HEA-reinforced Al
matrix composite (which is 520 °C, below 600 °C), this
study focuses on identifying phases within this tempera-
ture range. Thermocalc indicated that body-centered cubic
(BCC), face-centered cubic (FCC), and Laves phases were
potential constituents of the HEA at the sintering tempera-
ture, as illustrated in Fig. 3. These predicted phases offer
crucial expectations for the microstructure of the sintered
HEA-reinforced Al matrix composites.

The results obtained from the CALPHAD prediction
software offer valuable insights into the phase evolution of
the designed HEA across a temperature range. At tempera-
tures from 0 to 400 °C, the CALPHAD prediction identifies
three primary phases: FCC_L12, BCC_B2, and C14_Laves.
FCC_L12, with its face-centered cubic structure, is antici-
pated to be the dominant phase at lower temperatures due
to its favourable packing efficiency and high configurational
entropy. Concurrently, BCC_B2 and the intermetallic C14_
Laves phase may coexist, with the latter present in trace
amounts, particularly rich in Nb.

1 Di ionl ter (£2 .
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HEA, CALPHAD suggests a blend of FCC_L12 and BCC_
B2 phases, possibly accompanied by a minor presence of
C14_Laves. Actual phase fractions will depend on variables
like cooling rate and microstructural details.

It is worth noting that CALPHAD prediction aligns with
the valence electron concentration (VEC) value obtained, as
demonstrated in Table 4. The calculated VEC value of 8.20
suggested that the FCC phase is more stable in the developed
HEA at the sintering temperature considered. This align-
ment between theoretical VEC calculations and CALPHAD
predictions buttresses the reliability of the VEC approach.
Importantly, this approach finds concurrence in previous
studies employing CALPHAD software for confirming
VEC calculations and identifying phases in HEA [28, 29].
The synergy between experimental results and CALPHAD
predictions enhances our understanding of the microstruc-
tural landscape of HEAs, contributing to the precision and
efficacy of alloy development strategies.

3.3 Microstructures

The scanning electron microscopy (SEM) micrographs offer
valuable insights into the morphological characteristics of
powdered samples, unravelling the influence of the HEA
additions to pure Al. In the micrograph of pure Al powder
Fig. 4a (i), a predominantly uniform distribution of spherical
particles is evident, showcasing minimal variation in size
and shape. The smooth surface texture suggests effective
processing with limited agglomeration or deformation, and
the particles, ranging from a few to tens of microns in diam-
eter, highlight a well-processed and homogeneous state [30].

Contrastingly, the SEM micrograph of milled HEA pow-
der Fig. 4a (ii) unfolds a narrative of a wider particle size
range and irregular shapes. Mechanical milling induces
fragmentation, leading to angular features in some parti-
cles, and the rougher surface texture hints at the presence of
surface features or debris from the milling process. These
variations underscore the challenges in achieving complete
homogeneity during milling. For the composite micrographs
of 5%, 7%, and 10% HEA + Al Fig. 4a (iii, iv, v), the inter-
face between Al and HEA phases remains distinct, revealing
effective mixing with minimal visible interaction or diffu-
sion. As HEA concentration increases, the microstructure
suggests denser packing and potentially more interparticle
contact, impacting both macro and microstructural proper-
ties [31, 32]. These observations collectively shed light on
the complex interplay within HEA-reinforced Al matrix
composites, providing critical insights into microstructural
evolution and its implications for final material properties
[32].

The X-ray diffraction (XRD) patterns for milled and
mixed powders, comprising pure Al, high HEA, and HEA-
reinforced Al matrix composites as indicated in Fig. 4b,
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reveal distinctive phase compositions. Pure Al exhibits
clear peaks indicative of its single-phase face-centered
cubic (FCC) structure with consistent positions. Milled
HEA displays coexisting body-centered cubic (BCC) and
FCC phases, along with the formation of the intermetallic
compound Cr,Nb, introducing complexity to its mechani-
cal properties. The HEA-reinforced Al matrix composites
exhibit concurrent peaks for Al, BCC HEA, FCC HEA, and
Cr,Nb, with increasing HEA content, thus correlating with
higher relative intensities of HEA peaks.

In the SEM micrograph of spark plasma-sintered pure
aluminium and its associated EDS mapping and elemen-
tal mapping (Fig. 5a (i-iii)), the well-controlled sintering
process at 520 °C yields predominantly spherical particles
with a uniform size distribution. The smooth surface tex-
ture indicates successful sintering without significant grain
growth or agglomeration. The EDS mapping complements
these findings, showcasing a uniformly bright green colour
indicative of pure aluminium throughout the analyzed area.
This uniformity suggests successful homogeneous sintering
without localized segregation or impurities, thus emphasiz-
ing the effectiveness of the chosen parameters [33]. Over-
all, the combined SEM and EDS results affirm the success-
ful production of dense and pure aluminium material with
controlled morphology, thus setting the stage for promising
mechanical properties [34], and the relatively short holding
time of 10 min, along with the rapid heating rate of 100 °C/
min, could have contributed to efficient densification [33].

The SEM micrographs and EDS mappings of 5 wt%
(Fig. 5b (i-iii)), 7 wt% (Fig. Sc (i-iii)), and 10 wt% HEA-
reinforced Al matrix composites (Fig. 5d (i-iii)) offer com-
prehensive insights into their microstructural evolution. In
the 5 wt% HEA composite, the microstructure displays well-
distributed and bonded HEA particles within the Al matrix.
These particles exhibit irregular shapes and sizes, suggest-
ing effective milling before sintering. The presence of lave
phases at the HEA-Al interface implies potential interaction
during sintering. EDS phase mapping and elemental map-
ping confirm a homogeneous HEA phase with distinct Al
matrix and Laves phases, validating successful fabrication.
For the sample with 7 wt% HEA composite (Fig. Sc (i-iii)),
similarities with the 5 wt% HEA-reinforced composite are
noted, as the composite displayed good dispersion and bond-
ing of HEA particles. However, an increase in particle size
and potential agglomeration is observed, likely attributed
to the higher initial HEA content. The Laves phases in the
7 wt% HEA-reinforced Al matrix composite remain com-
parable in size and distribution to that with 5 wt% HEA,
thus indicating that the increased HEA content does not
significantly alter their formation. EDS mappings confirm a
well-mixed and single-phase HEA, maintaining distinct Al
matrix and Lave phases. In 10 wt% HEA composite (Fig. 5d
(i-iii)), similarities persist with effective dispersion and
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bonding of HEA particles within the Al matrix. However,
a noticeable increase in particle size and potential agglom-
eration is observed, emphasizing the impact of higher HEA

content. Laves phases appear slightly larger and more fre-
quent, thus indicating an influence from the increased avail-
ability of Nb and Cr. EDS mappings reaffirm a well-mixed
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(ii)

(b)

Fig.5 a (i) SEM micrograph of sintered pure Al and their cor-

tered 7% HEA + Al and their corresponding EDS phase and elemen-

and single-phase HEA, retaining clear distinctions between
the Al matrix, HEA, and Laves phases.

Figure 5e shows the X-ray diffraction (XRD) analysis of
field-assisted sintered samples. The figure elucidates the
post-sintering crystalline characteristics and phase composi-
tions of pure Al and HEA-reinforced Al matrix composites.
For pure Al, the exclusive presence of FCC Al peaks and dis-
cerned peak intensities indicate its singular FCC crystalline
structure. The observed peak intensities suggest potential
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XRD of sintered pure Al and HEA-reinforced Al. f Line scan EDS of
7% HEA-reinforced Al matrix composite at region of interdiffusion

grain growth resulting from the elevated-temperature sin-
tering process. In the case of HEA-reinforced Al matrix
composites, the concurrent appearance of peaks correspond-
ing to Al, body-centered cubic (BCC) HEA, face-centered
cubic (FCC) HEA, and Laves phases affirms the successful
integration and dispersion of HEA particles within the Al
matrix (citation). The rise in the relative intensities of HEA
peaks with increasing HEA content underscores the adopted
sintering technique’s efficacy in achieving a homogenously
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(i)

(d)

Fig.5 (continued)
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blended composite. The absence of novel peaks and sus-
tained peak positions implies minimal interfacial reactions,
ensuring the preservation of distinct phase properties and
potential robust interfacial bonding between HEA and the
Al matrix [35].

The EDS line scan of the field-assisted sintered HEA-
reinforced Al matrix composite (Fig. 5f) yields crucial
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insights into the elemental distribution and interdiffusion
dynamics within the material. A comprehensive represen-
tation of the plot shows distinct peaks for all HEA ele-
ments (Cu, Ni, Mn, Cr, Co, Nb) and Al, thus reflecting
their incorporation into the composite. The varying inten-
sities of these peaks along the scan line indicate localized
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concentration differences and emphasize the heterogene-
ous composition of the material.

One notable feature is the well-defined interdiffusion zone
observed between 6.8 and 9.0 pm. This region exhibits a
relatively uniform distribution of elements, providing clear
evidence of intermixing between the HEA and Al matrix.
The gradual transition into and out of the interdiffusion zone,
without abrupt spikes or drops in element concentration,
suggests a controlled and nuanced diffusion process. This
controlled diffusion is likely influenced by specific sintering
parameters such as temperature, pressure, and holding time.
Furthermore, within the interdiffusion zone, variations in
peak heights for individual elements indicate subtle differ-
ences in concentration. These variations could stem from
factors like atomic size discrepancies, element diffusivity,
or preferential interactions during the sintering process [35].

3.4 Densification and microhardness

The influence of HEA addition on the microhardness and
densification of the field-assisted HEA-reinforced Al matrix
composites is depicted in Fig. 6. The unreinforced pure Al
exhibited a microhardness of approximately 36.91 HV and
a relative density of 98.9%, and the subsequent addition of
HEA particles reveals intriguing trends. At 5 wt% HEA
content, the microhardness increases to around 74.05 HV,
signifying over a 100% enhancement compared to pure alu-
minium. Concurrently, the relative density experiences a
slight reduction to about 98.8%, highlighting a subtle trade-
off in density for increased hardness.

As the HEA content further rises to 7 wt%, the micro-
hardness continues its upward trajectory to approximately
85.34 HV, representing about 131.2% increase from pure

aluminium. Correspondingly, the relative density decreases
to around 98.77%, emphasizing the continued inverse rela-
tionship between strength and density. Finally, at 10 wt%
HEA content, the microhardness reaches approximately
107.41 HV, marking about 200% increase from pure alu-
minium. The relative density further decreases to about
98.60%, reinforcing the observed trade-off.

The observed increase in microhardness is rationalized by
the superior hardness of HEA particles compared to the alu-
minium matrix. This strengthening effect is complemented
by the HEA particles acting as effective barriers to disloca-
tion movement, contributing to the overall reinforcement
of the material [36]. Conversely, the reduction in relative
density is attributed to the increased mass of HEA parti-
cles, causing a decline in overall composite density. These
findings underscore the potential of HEA particles for sub-
stantial strength improvement in aluminium matrix com-
posites but also highlight the inherent compromise between
strength, density, and material brittleness.

4 Conclusion

This study presents a comprehensive investigation into the
design, phase identification, and microstructural properties
of HEA-reinforced Al matrix composites. Both theoretical
and experimental approaches were utilized to unravel the
intricacies of HEA design, through the use of thermophysical
expressions and calculation of phase diagram (CALPHAD)
predictions. The presence of both BCC and FCC stable
phases in the designed HEA predicted by the thermophysical
expressions calculations aligns with the CALPHAD predic-
tion experimental results from scanning electron microscopy
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(SEM) micrographs and X-ray diffraction (XRD) analyses
offered valuable insights into the microstructural evolution
of HEA-reinforced Al matrix composites, showcasing fair
dispersion, bonding, and phase integration.

The EDS line scan emphasized the controlled interdif-
fusion dynamics within the composite, thus contributing to
a nuanced understanding of compositional heterogeneity.
Furthermore, the study demonstrated that the addition of
as low as 5 wt% HEA particles significantly enhanced the
microhardness of the Al matrix composites. Nevertheless,
the densification results showcase a remarkable trade-off
between increased microhardness and marginal reduction in
density. The observed trends in microhardness and densifica-
tion highlight the significant potential of HEA particles as
effective reinforcements, with implications for applications
requiring improved material strength. Overall, the synergy
between theoretical predictions using the thermophysi-
cal expression and CALPHAD software and experimental
validations provided a robust foundation for advancing the
development and application of HEA-reinforced Al matrix
composites.
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