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The present work deals with powder metallurgical processing of AA 6082 Al matrix composite reinforced
with non-equiatomic AlISiCrMnFeNiCu high-entropy alloy (HEA). The structure, microstructure,
morphology, and phase composition of these AI-HEA nanocomposite powders were discerned through
XRD and TEM, SEM-EDS, respectively. The AlSiCrMnFeNiCu HEA used as reinforcement was found to have
a two-phase microstructure with a major and minor fraction corresponding to the B2-type (a=0.29 nm;
cP2) and Cr;Si;-type (a=b=0.9165 nm, c=0.4638 nm; t132) phases, respectively. Mechanical milling (MM)
imparts significant refinement, and nanostructuring of grains (~ 10-12 nm) for Al-HEA for nanocomposite
powder was observed. These powders of AI-HEA was found to be thermally stable up to 650 C. Further,
these AI-HEA nanocomposite powders were consolidated through pressure-less sintering at 560 C,
which led to the formation of a thin ~400-500 nm transitional layer at the interface. The microhardness
of these AI-HEA composites were tuned in the range of ~0.90 to 1.81 GPa.

Dr. Yagnesh Shadangi (YS) has recently joined the Four BK21 Seoul National University Edu-

cational Research Division for Creative Global Leaders, Department of Materials Science and

www.mrs.org/jmr

Engineering, Seoul National University, Republic of Korea as Postdoctoral Researcher in ESPark
Research Group. Prior to his current position, he worked as Research Staff in the Department
of Metallurgical Engineering from January 2021 to September 2022. He received his Bachelor’s
of Technology in Mechanical Engineering from KIIT University, Bhubaneswar, India in 2010.

January 2023

He then completed his Master’s of Technology and Ph.D. in Metallurgical Engineering from
Indian Institute of Technology (BHU) Varanasi, India in 2014 and 2020, respectively. He has been
recipient of the II'T (BHU) Gold Medal for standing first in M.Tech program, and has attended
several national and international conferences in India and abroad. Dr. Shadangi has keen inter-

Issue 1

est in advanced materials processing and its characterization. He has worked on materials like

Volume 38

quasicrystals, high entropy alloys, and Al-matrix nanocomposites. His work includes synthesis

Dr. Yagnesh Shadangi

and materials processing through mechanical milling/ alloying, cryomilling, spark plasma sinter-
ing, hot-pressing, vacuum induction melting and vacuum arc melting. He has special interest in
materials characterization through X-ray diffraction, electron microscopy, thermal analysis and

instrumented indentation techniques.

Journal of Materials Research

©The Author(s) 2023 248


http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00866-x&domain=pdf

Journal of
MATERIALS RESEARCH

m

\\\\

Al-based metal matrix composites (AMCs) have always
attracted the attention of researchers and industries due to
their enhanced physical and mechanical properties [1]. The
properties of the AMCs can be tailored and enhanced by rein-
forcing them with the suitable reinforcement. These AMCs
have better properties than Al and its alloys. The conventional
AMC:s, are usually reinforced with conventional reinforce-
ments like SiC, Al,O;, and nitrides [2, 3]. However, the lack
of bonding at the interface between the Al matrix and the
ceramic particulates leads to the incoherency between the
matrix and reinforcement, acting as a point of stress concen-
tration for generation and propagation of cracks [4]. Further,
the exorbitant cost of producing ceramic reinforcement like
SiC is almost two to four times more than the price of Al and
its alloys [2, 3, 5]. Apart from the cost economics involved, the
low toughness, high wear of tools, and recycling of AMCs are
highly challenging [2, 3, 5]. For overcoming the issues pertain-
ing to conventional AMCs, a few researchers have fabricated
AMC:s reinforced graphene having excellent mechanical prop-
erties [6, 7]. The interfacial reaction in these AMCs fabricated
by severe plastic deformation led to the significant rise in its
strength [6, 7]. However, the AMCs reinforced with suitable
periodic and aperiodic intermetallics offer good interfacial
stability, better room temperature strength and ductility as
well as high-temperature strength [8].

In the past two decades, multicomponent high-entropy
alloys (HEAs) having five or more principal elements either
in the equiatomic, near equiatomic, or non-equiatomic com-
position have been developed [9]. These HEAs have high
hardness, excellent room temperature and high-temperature
strength, and good wear and corrosion resistance [10]. The
concept of reinforcing AMCs with high-entropy alloys (HEAs)
is relatively new [11-20]. In recent years, the HEAs have been
exploited as a suitable reinforcement for AMCs due to their
enticing microstructural features, strength and thermal stabil-
ity [12, 19, 21-24]. These AMCs reinforced with HEAs have
shown promising results due to interfacial strengthening dur-
ing processing, fabrication, and heat treatment [12, 19, 21-24].

In 2014, Wang et al. [11] took the initiative to reinforce
the 2024 Al matrix with non-equiatomic FeNiCrCoAl; HEA
alloy particles having a single BCC phase. They have pro-
cessed the AMCs through mechanical milling followed by hot
extrusion at a temperature of 773 K. They have reported high
strength ~ 710 MPa for 2024 Al matrix reinforced with HEA
particles. In an investigation, Kumar et al. [25] reinforced
HEA particles in 2024 Al matrix through stir casting with
appreciable mechanical properties. In another recent article,

Zhang et al. [26] have shown the significant increase in the
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mechanical properties of 2219 Al matrix reinforced with more
than 1.5 wt% of AICoCrFeNi HEA particles fabricated with
unique method of ultrasonic casting technology.

In a study, Tan et al. [22] attempted to reinforce dual-
phase HEA particles having FCC and BCC phases into
AlgCu sTi,g s amorphous matrix and consolidated the same
by spark plasma sintering (SPS). After SPS, they observed the
formation of an inter-diffusion layer between the matrix and
the dual-phase reinforcement. The inter-diffusion layer con-
sists of 200-400 nm and is responsible for stable crack propa-
gation during loading. The microstructural features formed
during SPS at high temperature were responsible for superior
compressive yield strength ~ 3120 MPa for HEA reinforced
Al-based amorphous matrix composite. In another study,
Karthik et al. [14] attempted to fabricate the layered struc-
ture of 5083 Al alloy reinforced with CoCrFeNi HEA (FCC
phase with a minor fraction of BCC phase) by friction stir
processing (FSP). The FSPed Al-HEA layered composite has
the homogeneous and fine distribution of HEA reinforce-
ment in the matrix and no signature of brittle intermetallic
due to interfacial reactions. The 5083 Al alloy reinforced
with HEA particles exhibits good strength ~ 280 MPa due to
the combinations of load transfer and dispersion strengthen-
ing mechanisms.

This class of AMCs also offers the formation of an inter-
facial or transitional layer, which enhances its load-bearing
capacity by inhibiting the formation of cracks at the interfaces
due to the de-bonding of matrix and reinforcement particles.
The formation of the transition layer between the matrix and
HEA reinforcement further improves the wettability [11].
These initial studies paved the concept for AMCs reinforced
with HEA particles. To date, a few investigations have been
conducted to study the AMCs reinforced with HEA particles
through pressure-less sintering [27], hot pressing/hot extru-
sion [16], spark plasma sintering [23], stir-casting [25], addi-
tive manufacturing [14], and friction stir processing [28].

In the present work, efforts were made to study the struc-
ture, microstructure and morphology, and thermal stability
of non-equiatomic AlSiCrMnFeNiCu HEA particles rein-
forced AA 6082 Al matrix nanocomposite powder milled up
to 50 h. Further, the AI-HEA bulk composite was fabricated
through pressure-less sintering to study the transitional layer
formation arising from the interfacial reaction. The AI-HEA
composite’s microstructural features and microhardness
were investigated through SEM and instrumented indenta-
tion technique. This composite has exhibited an appreciable
increase in microhardness due to the homogenous distribu-
tion of reinforcement and formation of the transition layer at

the interface.
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Figure 1: Schematic showing the powder metallurgical processing of AI-HEA composites. (a) Synthesis of as-cast AISiCrMnFeNiCu HEAs; (b) Synthesis of
Al-HEA nanocomposite powders through mechanical milling; (c) Preparation of bulk AI-HEA composites through pressure-less sintering.

Results non-equiatomic HEA prepared by vibratory milling of as-cast
samples will be referred to as HEA for simplicity. It is clear from

The as-cast non-equiatomic AlSiCrMnFeNiCu HEA has a den-
[Fig. 2(a)] that the as-cast HEA contains two types of phases, i.e.,

sity of 5.08 g cm ™. The schematic of Al-HEA composite fabri- ) ) i
cation is shown in the Fig. 1 and details are mentioned in the a major phase corresponding to the B2-type and a minor phase
corresponding to the Cr;Si;. The major phase have all the reflec-
tions (i.e., (100), (110), (111), (200), (210), (211)) corresponding
to the B2-type (AlFe) phase (PDF card no.: 65-3201; a=0.29 nmy
cP2; Pm3m). The minor phase have all intense reflection (002)

(d~0.231 nm), (321) (d~0.222 nm), (411) (d~0.2004 nm),

‘Experimental Details’ The detailed phase analysis, morphology,
and nominal composition of the as-cast and powdered HEA
were discerned through XRD and SEM-EDS, as shown in Fig. 2.
The phases formed in the as-cast non-equiatomic AlSiCrMn-

FeNiCu HEA powder particles are represented in [Fig. 2(a)]. The
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Figure 2: (a) Phase analysis of as-cast non-equiatomic HEA powders prepared by vibratory milling; (b) SEM micrograph showing the morphology of
as-cast HEA particles; (c) Particle size distribution of HEA powder particles; (d) EDS spectrum of as-cast HEA sample. (€) SEM-EDS elemental mapping
showing the distribution of alloying elements along with the presence of Cr, Si-rich region in as-cast non-equiatomic AISiCrMnFeNiCu HEA powder

particles.

(222) (d~0.1885 nm), (413) (d~0.126 nm) confirming the
tetragonal CrsSi; (PDF card no.: 00-051-1357; a=0.9165 nm,
¢=0.4638 nm; tI32; [4/mcm).

The morphology of the as-cast powdered HEA particles
used as a reinforcement in the AMCs is shown in [Fig. 2(b)].
The as-cast HEA fragmented by milling forms the powdered
HEA particles through cleavage fracturing as evident from the
faceted morphology after milling at a BPR of 100:1. The cleavage

©The Author(s) 2023

fracture in such materials is a normal phenomenon due to their
high hardness and inherent room temperature brittleness. Fig-
ure 2(d) shows the particle size distribution of the powdered
HEA particles prepared after 30 min of milling. The average par-
ticle size was found to be ~ 3.5+ 0.9 pm. Further, the EDS spec-
trum of powdered HEA particles is shown in [Fig. 2(d)], and
nominal composition of as-cast HEA is mentioned in Table 1.
It is evident from the EDS spectrum that as-cast powdered HEA
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TABLE1: Elemental composition of as-cast non-equiatomic AISiCrMnFeNiCu HEA and physical properties of alloying elements.

Elements Al Si Cr Mn Fe Ni Cu
Desired composition 40 10 10 10 10 10 10
Final composition 36.2 8.8 10.9 103 11.8 103 1.2

Physical properties of alloying elements in non-equiatomic HEA

Elements
Parameter Al Si Cr Mn Fe Ni Cu
Self-diffusion coefficient (m?/s) 107"° 10792 1074 10736 1073 1077 107
Thermal conductivity (W/m K) 238 139 91 8 78 89 397

particles show all the alloying elements without any prominent
signature corresponding to oxygen. However for Al, minor loss
is apparent and can be attributed to the evaporation during
melting at high temperatures (Table 1).

The SEM-EDS elemental mapping of as-cast powdered
HEA is shown in [Fig. 2(e)]. The elemental distribution of the
alloying elements used to synthesize as-cast HEA is evident in
[Fig. 2(e)]. From the SEM-EDS analysis, two distinctive regions,
lean and rich in Cr and Si, were evident. It can be discerned from
[Fig. 2(e)], that those regions showing high-intensity correspond-
ing to the Cr and Si have low intensity corresponding to the other
elements like Al, Fe, Ni, and Cu. Similarly, the area with high-
intensity corresponding to the elements like Al, Fe, Ni, and Cu
shows very low intensity for Cr and Si. Further, it was observed
from the SEM-EDS mapping that the intensity of Mn was found
to be uniform suggesting its homogenous distribution.

The Al-HEA nanocomposite powder was prepared by
mechanical milling (MM) up to 50 h with the varying vol-
ume fraction of HEA particles. Detailed phase analysis by
XRD was done to ascertain any structural transformation of
either Al matrix or HEA reinforcement during 50 h of MM.
The phase analysis of Al-10HEA, Al-20HEA, and Al-30HEA
nanocomposite powder was shown in [Fig. 3(a)-(f)], respec-
tively. It was observed that even after varying the volume
fraction of reinforcement from 10 to 30 vol%, no changes in
the Al matrix were detected. During MM up to 50 h, start-
ing AA 6082 Al matrix shows the presence of all reflections
of FCC-Al (a =0.40494 nm), i.e., (111), (200), (220), (311),
and (222). During milling of AI-HEA nanocomposite pow-
der, no structural transformation of the B2-type major and
Cr;Si;-type minor phases was observed, as illustrated in
[Fig. 3(a)-(f)]. Figure 3(b), (d), and (f) show the enlarged
image representing the co-existence of Al-matrix, B2-type
phase, and Cr;Si;-type phase for AI-10HEA, AI-20HEA,
and Al-30HEA, respectively. Even after MM for 50 h, the
B2-type major phase was able to retain its ordered struc-
ture, as discerned from [Fig. 3(a), (c), and (e)], showing the
existence of (100) reflection in Al-10HEA, Al-20HEA, and

©The Author(s) 2023

Al-30HEA having a d-spacing ~ 0.290 nm, respectively. It can
be noticed from these figures that the intensity of (202) reflec-
tion of the Cr;Si;-type phase diminishes after 10 h of MM
regardless of the volume fraction of HEA particles in the Al
matrix. The asymmetric peak of (202) reflection of CrSi;-type
phase having a d-spacing ~0.2069 nm associated with the
(110) peak of the B2-type phase of HEA reinforcement was
no more evident in the Al-10HEA, Al-20HEA, and Al-30HEA
as illustrated in [Fig. 3(b), (d), and (f)], respectively. Further,
the (413) reflection of Cr;Si;-type phase was also not identi-
fied even after 10 h of MM for Al-10HEA, Al-20HEA, and
Al-30HEA. It can be inferred from Fig. 3 that no sign of the
structural transformation of Al-HEA nanocomposite powder
was evident as a function of volume fraction of reinforcement
and mechanical milling duration.

Significant broadening and peak shift corresponding to the
planes of the Al matrix were evident in Fig. 3. The broadening
of peaks corresponding to the Al matrix increased by increas-
ing the volume fraction of HEA particles. The broadening and
peak shift of the Al matrix may be correlated with the crystallite
size and lattice strain. The variation of crystallite size and lattice
strain as a function of milling duration and volume fraction
of HEA particles is observed in [Fig. 3(g)-(i)] for Al-10, 20,
and 30 HEA, respectively, and reported in Table 2. The volume
fraction reinforcement increases the crystallite size refinement
and considerably its lattice strain. The crystallite size for Al-
10HEA, 20HEA, and 30HEA was found to be ~ 14 nm, 12 nm,
and 10 nm, respectively, for the Al matrix MM for 50 h. The
lattice strain of these Al matrices was also significant and varied
from 0.655 for Al-10HEA to 0.926% for Al-30HEA, as reported
in Table 2. This considerable grain refinement and excessive rise
in the lattice strain can be attributed to the hard HEA particles
consisting of a major B2-type and minor Cr;Si;-type phase.
It can be observed from [Fig. 3(g)-(i)] that the reduction in
crystallite size is very significant up to 30 h of MM. However,
after 30 h of MM, the level of crystallite size refinement for Al-
10HEA, 20HEA, and 30 HEA was not significant, as indicated
in Table 2.

www.mrs.org/jmr

January 2023

Issue 1

Volume 38

Journal of Materials Research

252



Journal of
MATERIALS RESEARCH

&
B =

= <Al B2 (AlIFe) #Cr;Si; m 26 — 0.70
s GS=ssw§ . s s 58 m— Crystallite Size
= g JL_ =R 8 88 aad < :jgg 2] — Lattice Strain ° L 0.65
Fren/ e TN (Al-10HEA) 6o
R o [ s
£ - J
g I
s Jl J A 2 AN Y o L0.55
5 3 N 20 ki
S |- &= w2 - 0.50 &
28 i 28 s ) 7]
g Ni At ] g 1@ i 2‘ 184 P
S S = - 0.45 ©
5 g E g
8 ) A A S~ B 164 o \ L 0.40 3
o ]
=
2 JL J A 7 AL 14 \ L 0.35
o (]
£ g - 0.30
g g
0 (Al-10HEA) 0 12 T T T T T
. — AN 10 20 30 40 50
30 40 50 60 70 80 20 100 50 51 52 53 54 e .
20 (Degree) 20 (Degree) Milling Duration (h)
Al #B2 (AlFe) ¢Cr,Si 5
() g opz(AFe) 1Ok (<) sa= “E—Crystaliite Size
2 88 588 = 9% 244 |—@— Lattice Strain - 0.9
o F E o \.;'q,-“r | | o
2 - W
- ™ 2l (A1-20HEA) / [ os
< N | E @ —
3 A, 5 i 9 201 07 &
< " = 'M\\-ﬁ i !‘I)‘ S
2 2z /17N 8 181 @
g / A g ot i 3 ol E @ - 0.6 3
£l s /M § 1o * :
8 A A = \\. B 05 S
P = \/ i O 4]
2 _EJ ] = 0.4
i 12 [ \.
8 ] i T
= g /\J : r r r r T 0.3
= . . (?1-20H'EA) . . . 27\ 10 20 30 40 50
30 40 50 60 70 80 20 100 50 51 52 53 54 .
20 (Degree) 20 (Degree) Milling Duration (h)
<Al #B2 (AlFe) +Cr,Si g 24 1.0
@ g S g5 :::-. ’ 2 ___ —m— Crystallite Size
e 3 88 E_"%':u' = A gii 22 - —@— Lattice Strain °
o 2 i
12 o/ - 0.9
LA _ (Al-30HEA)
P s g 20 —_
2 _$/\A N & res
= : = i Q 18 8
: ‘ : /\* s ¢ :
8= A s\ /i n H
%8 . /AJ?‘L, n .;”’ S 8 16 -0.73
c ! < ; = ® 9
8 |a gla AN = 2
£1R J \ L £ 52/?\‘ S ‘é 144 L 0.6 g B
J = © 1 g
S | y\/ ) o L 05 g
bl \ A — i b / \ £
g 3 g | w0l © B §
n u (Al-30HEA) E T T T T T 0.4
-"’—.J\.J e 10 20 30 40 50 -
30 40 50 60 70 80 90 100 50 51 52 53 54 qe . g
20 (Degree) 20 (Degree) Milling Duration (h) 3
©
=3
c
Figure3: Phase analysis of (a) Al-10HEA nanocomposite powder MM up to 50 h; (b) enlarged image showing co-existence of Al, B2-type, and CrSi;-
type phase in Al-10HEA; (c) AI-20HEA nanocomposite powder MM up to 50 h; (d) enlarged image showing co-existence of Al, B2-type, and Cr;Sis- °
type phase in Al-20HEA; (e) AI-30HEA nanocomposite powder MM up to 50 h; (f) enlarged image showing co-existence of Al, B2-type, and Cr;Si;- @
type phase in Al-30HEA. Variation of crystallite size and lattice strain during mechanical milling of (g) Al-10HEA, (h) Al-20HEA, (i) AlI-30HEA.
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The diffraction contrast images of AI-30HEA nanocom-  patches corresponding to non-equiatomic HEA particles and
posite powder milled for 50 h are shown in [Fig. 4(a—c)]. The = strain accumulation are present in the BF image [Fig. 4(a)].
bright-field (BF) image and corresponding selected area dif-  The dark region can be attributed to enhanced grain refine-
fraction (SAD) pattern along with the dark field (DF) image  ment during severe plastic deformation of the Al matrix in
are displayed in [Fig. 4(a)-(c)], respectively. Many dark  the presence of hard HEA particles. As shown in [Fig. 4(b)],
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TABLE2: Crystallite size, lattice

strain, and dislocation density - . e Dis!ocationw
; Milling duration  Crystallite Size density px10
of the AI-HEA nanocomposite Sample designation ) (nm) Lattice Strain (%) m)
powder as a function of milling
duration and volume fraction of Al-10HEA 10 25 0324 36
reinforcement. 20 20 0412 56
30 17 0.556 9.1
40 15 0.586 104
50 14 0.655 13.2
Al-20HEA 10 23 0.375 4.4
20 17 0.548 8.9
30 14 0.598 11.8
40 13 0.772 15.7
50 12 0.865 19.5
Al-30HEA 10 22 0.464 5.7
20 15 0.507 9.2
30 11 0.642 154
40 11 0.740 19.1
50 10 0.926 24.8

Average Grain Size ~ 12 + 2 nm|

Grain size (nm)

Figure 4: TEM micrograph of Al-30HEA nanocomposite showing the (a)
bright-field image (b) corresponding selected area diffraction pattern, (c)
dark field image, and (d) grain size distribution in nanocomposites.

the polycrystalline nature of the SAD pattern indicates the
random crystallographic texture and nanostructure of the Al
matrix in the Al-30HEA nanocomposite powders. The care-
ful observation of the SAD pattern confirms the presence
of B2-type and Cr;Si;-type phase along with the ring corre-
sponding to the (111) plane of Al. The inset in [Fig. 4(b)]
shows the presence of (100) and (110) spots of B2-type phase
having a d-spacing ~0.290 nm and ~ 0.2056 nm, respectively.
The SAD pattern is shown in [Fig. 4(b)] further establishes
the presence of (211) and (002) reflection of Cr;Si;-type phase

©The Author(s) 2023

having d-spacing ~ 0.3070 nm and 0.2319 nm. B2-type phase
in HEA, having interplanar spacing d ~0.2056 nm, is very
close to that of the (200) reflection of a-Al (d~0.2024 nm).
The co-existence of reflection corresponding to the Al matrix
and HEA particles was also evident from the powder XRD
pattern in Fig. 3. The DF image shows the formation of a
nanostructured grain ~ 12 nm by extensive deformation dur-
ing the repetitive fracturing and cold welding of AI-HEA, as
evident from the [Fig. 4(c)] and grain size distribution shown
in [Fig. 4(d)]. The size of the nanostructured grains formed
after 50 h of MM, observed through TEM may be substanti-
ated by the crystallite size of the Al matrix in the Al-HEA
composite, as evident from Table 2. The grain refinement
followed through TEM is in line with the XRD results show-
ing the crystallite size ~ 10 nm for AI-30HEA nanocomposite
powder milled for 50 h.

The morphology of the AA 6082 Al matrix nanocompos-
ite reinforced with HEA particles is shown in [Fig. 5(a-f)].
It is evident from [Fig. 5(a), (c), and (e)] that for Al-10HEA,
20HEA, and 30HEA that on increasing the volume fraction of
HEA particles, the tendency for refinement of the Al matrix
increases. The particle size reduction was also discerned from
the particle size distribution shown in [Fig. 5(g)-(i)]. The
improvement level was maximum for Al-30HEA nanocom-
posite powder, having a particle size of ~ 1.0 £0.2 um. It is clear
from [Fig. 5(a, ¢, e)] that both the flaky and equiaxed morphol-
ogy of milled powder after 50 h of MM was observed. The par-
ticles with flaky morphology is formed during the initial dura-
tion of MM and can be attributed to the extensive deformation
of the soft Al matrix in the nanocomposite powder. However,

the equiaxed particle morphology was identified when the
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Figure 5: SEM micrograph of Al-HEA nanocomposite powder showing morphology after 50 h of MM in Al-10HEA (a, b), AI-20HEA (c,d), and Al-30HEA at
different magnification (e, f). Particle size distribution of (g) Al-10HEA (h) Al-20 HEA and (i) Al-30HEA nanocomposite powder mechanically milled up to

50 h.

MM process reached a steady state. The hard non-equiatomic
reinforcement particles further contribute to the fragmentation
and nanostructuring of the soft Al matrix. Therefore, after 50 h
of milling, the particles are equiaxed, and a few flaky particles
were observed in AI-HEA nanocomposite powder.

Further, it can be discerned from [Fig. 5(b), (d), and (f)] for
Al-10HEA, 20HEA, and 30HEA that the increase in the volume
fraction of HEA particles also enhances the nanostructuring of
the ductile Al matrix. Figure 5(b) shows ultrafine grains and
river-like patterns. However, increasing the HEA particles in
Al-30HEA shown in [Fig. 5(f)] the nanostructured grain was
observed, and the thickness of the river like pattern increased.
Further, it can be noted that the HEA particles are well embed-
ded in the ductile Al matrix with good interfacial bonding in
case of Al-30HEA nanocomposite powder. This can be attrib-
uted to the change in milling mechanism due to the increase in
hard non-equiatomic HEA particles, enhancing the fragmenta-
tion and refinement of the Al matrix during milling.

The thermal stability of the AI-30HEA nanocomposite
powder was established through DTA at a scan rate of 20 K/
min and in-situ XRD, as shown in [Fig. 6(a) and (b)], respec-
tively. The DTA thermogram of Al-30HEA nanocomposite
powders displays the exothermic peaks at T1 until T3, which
were found to be negligible as shown in [Fig. 6(a)]. The endo-
thermic peak at T4 can be attributed to the melting of Al

©The Author(s) 2023

matrix in Al-HEA nanocomposite powders. For co-relating the
exothermic peaks with any structural transformation, in situ
XRD of Al-30HEA nanocomposite powder was carried out at
30 °C (300 K), 300 °C (573 K), 400 °C (673 K), 500 °C (773 K),
540 °C (813 K), and 560 °C (833 K) [Fig. 6(b)]. It can be seen
from [Fig. 6(b)] that until 560 ‘C (833 K), no structural trans-
formation of the Al matrix, B2-type, and Cr;Si;-type phase in
HEA was observed. This confirms the thermal stability of Al-
30HEA nanocomposite powder up to 560 C (833 K).

The Al-HEA composite was consolidated by the pressure-
less sintering method at 560 ‘C (833 K) for 4 h, followed by
furnace cooling. For pressure-less sintering, the green com-
pacts of AI-HEA powder were sealed in a quartz tube back-
filled with Ar gas. The sintered AI-HEA composite has the
same phase observed during the in-situ XRD of nanocom-
posite powder at 560 ‘C (833 K). The back-scattered electron
(BSE) SEM micrograph of Al-10HEA, 20HEA, and 30HEA
are shown in [Fig. 7(a, d), (b, e), and (c, f)], respectively.
It is observed from [Fig. 7(a)-(c)] that the HEA reinforce-
ment is homogeneously dispersed in the Al matrix. From
[Fig. 7(d)-(f)] two distinctively different contrast, namely
light gray and dark gray contrast was observed in Al-10HEA,
20HEA, and 30 HEA, respectively. The phases corresponding
to these contrast were detected from the elemental analysis of
these regions through SEM-EDS techniques.
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Figure 6: DTA thermogram of (a) AI-30HEA nanocomposite at a 20 K/
min scan rate; In situ XRD pattern (A\=0.15402 nm) of AlI-30HEA at high
temperatures.

The dark gray contrast has an elemental composition close
to that of the Al matrix. However, the light gray contrast has
an elemental composition close to that of the non-equiatomic
HEA particles. Further, it can be observed that the interfaces
in the AI-HEA composite are not sharp; instead were found
to be diffused in nature. This interface establishes the good
interfacial bonding between Al matrix and HEA reinforcement
particles. The diffused nature of interfaces in the AI-30HEA
composite was observed through SEM-EDS mapping, as
illustrated in [Fig. 7(g)]. The BSE-SEM micrograph depicts
the presence of two types of particles, as explained previously.
The SEM-EDS mapping discerns the presence of the major
B2-type and minor Cr;Si,-type phase of HEA particles in the
Al matrix. The quasi-spherical particles with a size of ~2.0 pm,

©The Author(s) 2023

whose boundary is marked with the white color, was close to
the elemental composition of B2-type phase. The intensity of
elements like Al, Mn, Fe, Ni, and Cu was found to be high in
this region. Apart from this, the small-elongated type of parti-
cle whose boundary is marked with black color in the elemen-
tal overlay was found to have a high-intensity corresponding to
the elements like Cr and Si. The region having a high intensity
of Cr and Si also has considerable intensity corresponding to
that of Mn. Therefore, it can be inferred that Mn is present in
both B2-type and Cr,Si;-type phases. Similar to the diffused
interfaces seen in [Fig. 7(d)-(f)], a transition layer between
the Al matrix and major B2-type phase of HEA was observed
in the SEM-EDS mapping demarcated by the orange line seen
on the micrograph showing elemental overlay. The thickness of
the transitional layer (between the white and orange line) was
found to be in the range of ~ 400 to 500 nm [Fig. 7(g)]. Apart
from the transition layer, the elements like Fe, Ni, and Cu was
found to be present in the Al matrix, as illustrated through the
SEM-EDS mapping.

The microhardness of AI-HEA pressure-less sintered
composite was evaluated through instrumented indentation
techniques. The load versus indentation depth curve for Al-
10HEA, 20HEA and 30HEA was shown in [Fig. 7(h)] at a load
of 500 mN, to observe the contribution from matrix and rein-
forcement in the composite. The microhardness and the depth
of an indentation are mentioned in Table 3. It can be observed
from Table 3 and [Fig. 7(h)] that the microhardness rises con-
siderably (~ 1.81+0.03 GPa) in AlI-HEA sintered composite on
increasing the volume fraction HEA particles, and the depth of
indentation decreases (2.77 +0.09 pm). Figures 7(i)-(k) rep-
resents the indentation impression on Al-10, 20, and 30HEA
pressure-less sintered composite, respectively. On increasing
the volume fraction of HEA particles enhances the microhard-
ness of these composites coupled with decrease in the size of
indentation impression as evident from the [Fig. 7(i)-(k) and
Table 3. The yield strength (YS) of the AI-HEA composite was
calculated using Tabor’s equation (Yield strength = Hardness/3)
[29]. The theoretical YS of the Al-10HEA, 20HEA, and 30HEA
was found to be ~ 300 MPa, 504 MPa, and 604 MPa, respec-
tively (Table 3). This high value of microhardness and YS can
be attributed to the homogenous distribution of hard non-
equiatomic HEA particles and the formation of a transitional
layer and solid solution strengthening due to alloying elements

in the Al matrix.

The present work addresses the exploitation of non-equiatomic
AlSiCrMnFeNiCu HEA particles as a reinforcement for design-
ing lightweight, high strength AMCs for structural applications.
The non-equiatomic HEA with Al as the principal alloying
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Figure7: SEM micrograph of (a & d) Al-10HEA, (b & €) Al-20HEA, (c & f) AI-30HEA consolidated by pressure-less sintering at different magnification.
(9) SEM—-EDS mapping of Al-30HEA composite consolidated by pressure-less sintering showing the formation of transitional layer and elemental
distribution. (h) Load versus indentation depth plot for AI-HEA composite. Optical micrograph for the indentation on (i) Al-10HEA (j) Al-20HEA, and (k)

Al-30HEA pressure-less sintered composite.

element has shown high hardness and good strength at room
temperature and high temperature as well [30-36]. These non-
equiatomic HEAs properties can be exploited as reinforcements
in AMCs to engineer the desirable interfaces in AMCs.

©The Author(s) 2023

In the present investigation, a novel attempt has been made
to reinforce AMCs with a non-equiatomic AlSiCrMnFeNiCu
high-entropy alloy with a low density of ~5.08 g.cm™ and
high hardness of ~7.5 GPa. The concept of non-equiatomic
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TABLE3: Mechanical properties of AI-HEA pressure-less sintered compos-
ite.

Depth of
indentation  Estimated yield
Sample designation  Hardness (GPa) (um) strength (MPa)
Al-10HEA 0.90+0.06 4.06+0.14 ~300
Al-20HEA 1.51+£0.02 3.07+0.03 ~504
Al-30HEA 1.81+£0.03 2.77+0.09 ~604

low-density HEAs are relatively new in contrast to the first
report on HEAs by Cantor et al. [37] and Yeh et al. [38]. In
the present investigation, efforts were made to prepare new
non-equiatomic AISiCrMnFeNiCu HEAs through VIM.
These HEAs were found to have a dual-phase, i.e., B2-type
phase and Cr,Si;-type phase (Figs. 2, 3). A few researchers
have demonstrated the formation of a single B2-type phase
in ALL.CoCrCuFeNi (x> 3.0 mol or 37.5 at.%) [30, 31, 33, 34].
In another investigation, Jin et al. [32] have reported BCC/B2
phase formation along with the minor phase of Cr;Si for HEA
with a nominal composition of AL,CoCrFeNiSi. Similarly, Singh
et al. [29, 39, 40] have reported the formation of the minor
fraction of the Cr;Si; silicide phase along with the major phases
corresponding to BCC and B2-type in MgAIlSiCrFe, MgAISi-
CrFeNi equiatomic LDHEASs after annealing at above 600 C
(873 K).

The MM of Al-HEA leads to its microstructural refinement
and increase in the dislocation density (Table 2 and Figs. 3, 4,
5). The microstructural refinement of materials during milling
was explained by Suryanarayana [41] and Fetch [42]. During
milling, the materials undergo flattening due to collision, cold
welding, fracturing, and formation of equiaxed powder particles
by random welding followed by steady-state powder particles
[42]. In the present investigation, significant microstructural
refinement was observed for 30 h milled AI-HEA nanocom-
posite powders (Fig. 3 and Table 2). During the initial stages
of MM, the AI-HEA powder particles entrapped between the
colliding WC balls experience a high impact, and the balls’
kinetic energy is transferred to them. Therefore, the AI-HEA
nanocomposite powder undergoes a high dislocation density
leading to its work hardening (Table 2). The dislocation density
of the AI-HEA nanocomposite powder was found to increase
as a function of volume fraction of reinforcement and duration
of MM. However, the crystallite size reduction and increase in
the lattice strain and dislocation density are not very significant
after 30 h of MM (Fig. 3 and Table 2). During prolonged dura-
tion of MM, the rate of plastic deformation usually reduces the
extent of an increase in the dislocation density, as evident from
Table 2. Therefore, the crystallite size refinement and increase
in the lattice strain after 30 h of milling Al-HEA nanocomposite

powder were not very appreciable.

©The Author(s) 2023

Fetch [42] has explained that the formation of steady-
state powder particles is usually responsible for saturation in
the refinement of grains and powder particles during milling.
Similar observations were also made by Basariya et al. [43]
and Shadangi et al. [44] for 6082 Al matrix composites. Fur-
ther, Shadangi et al. [44] have shown that the Al-Cu-Fe ico-
sahedral quasicrystalline (IQC) particles were well embedded
inside the Al matrix during milling up to 50 h. However, in the
present investigation, structural transformation or interfacial
reaction was not evident in AI-HEA nanocomposites milled
upto 50 h, contrary to the observation of Shadangi et al. [44]
during MM of Al-IQC. A few researchers and co-workers have
suggested the structural transformation of periodic and aperi-
odic intermetallics are usually due to the ballistic jump of atoms
[45-49]. In the present investigation, the mechanism of MM is
mostly ductile-brittle type due to the presence of soft FCC-Al
and hard HEA reinforcement. These HEA particles could retain
their ordering even after prolonged milling for 50 h (Figs. 3, 4).
In our previous investigation, attempts were made to synthe-
size low-density HEAs through mechanical alloying [29, 39, 40,
50]. It was observed that the LDHEAs containing Mg invari-
ably undergo structural transformation above ~ 400 C (673 K)
regardless of alloying elements. However, in the present work,
the HEAs reinforced in AMCs retained their identity until melt-
ing of Al-matrix (Fig. 6). In a recent work on the laser ablation of
these non-equiatmic AlSiCrFeMnNiCu HEAs, Rawat et al. [51]
have shown the phase stability of laser ablated nanoparticles of
B2-type and Cr;Si, phases along with Cu-Ni enriched regions.
Therefore, these non-equiatomic HEAs ought to have good sta-
bility up to the melting temperature of Al-matrix.

The thermal analysis of nanocomposite powder was con-
ducted to investigate any possible interfacial reactions in Al-
HEA composite. The minor exothermic fluctuations were
observed in the DTA thermogram, as evident from [Fig. 6(a)].
However, the in situ XRD confirmed no structural transforma-
tion of either the primary B2-type phase or the minor Cr;Si,
type phase in non-equiatomic HEA in Al-HEA composite sam-
ples. The Al matrix was also found to retain its identity until
560 C (833 K). The small exothermic fluctuations can be cor-
roborated with the strain relaxation and dissolution of the minor
amount of alloying elements from the non-equiatomic HEA into
the Al matrix. Similar observations were made by Basaria et al.
(43, 52] for AI-Mg-Si-based alloy reinforced with garnet and
CNTs. They have shown the minor exothermic fluctuations due
to the dissolution of Mg and Si in the Al matrix during the heat-
ing of nanocomposite powder in DTA up to 700 °C (973 K).
The dissolution of alloying elements at higher temperatures can
be attributed to the physical parameter like the self-diffusion
coeflicient (Table 1). The chances for dissolution of alloying ele-
ments with low self-diffusion co-efficient is almost negligible.

The elements with higher values of the self-diffusion coefficient
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and thermal conductivity are more prone to dissolve in the Al
matrix (Table 1).

As illustrated in Table 3, the AI-HEA composite consoli-
dated by pressure-less sintering was found to have appreciable
microhardness and yield strength. However, no signature per-
taining to structural transformation was evident from in situ
XRD results or the SEM micrographs of AI-HEA composite
shown in [Figs. 6(b) and 7], respectively. However, the diffused
nature of interfaces was quite prevalent in the Al matrix rein-
forced with non-equiatomic HEA. The careful examination of
the diffused interfaces indicates the presence of a transitional
layer [Fig. 7(g)]. Therefore, the enhanced mechanical properties
can be attributed to the formation of a transitional layer having
thickness in the range of ~400-500 nm and the HEA particles’
homogenous distribution in the Al matrix. A few investigators
have reported the formation of the transition layer and homog-
enous distribution of reinforcement responsible for enhanced
mechanical properties.

In a study, Liu et al. [17] observed the formation of a transi-
tion layer between the Al matrix and AlICoCrFeNi HEA parti-
cles. They have discerned the progressive increase in the thick-
ness of the transition layer as a function of SPS temperature
varied from 540 to 600 “C. The increase in the transition layer
thickness enhances the strength of AMCs reinforced with 5 vol%
of AlICoCrFeNi HEA particles. They have observed the gradient
in the hardness gradually decreasing with increasing the transi-
tion layer thickness. This may be attributed to the change FCC
crystal structure in the transition layers arising from interfacial
reaction between Al matrix and HEA reinforcement having
BCC structure. They have suggested the increase in strength
may be due to the change in stress conditions to iso-strain from
iso-stress. The YS of these composites were found to increase
as a function of heat treatement temperatures. These AMCs
heat treated at 540 °C, 560 C, and 580 °‘C were found to have
a YS of ~96 MPa, ~ 105 MPa, and 137 MPa, respectively. Yuan
et al. [23] observed the microstructure and properties of 2024
Al alloy reinforced with CoCrFeMnNi HEA (known as Cantor
alloy). They have demonstrated the transition layer formation
due to interfacial reaction between Cantor alloys and 2024 Al
alloys. The thickness of the transition layer of ~ 6 pm, separated
into two parts, i.e., the inner diffusion layer and outer diffusion
layer, with different elemental distribution due to the variation
of the diffusion coefficient and modes of the alloying elements
in Cantor alloy. The formation of gradient transition layers
enhances the hardness of AMCs to 135 HV from 80 HV with
7 vol% of HEA reinforcement. The findings of Yuan et al. [23]
are very close to the present results for Al-10HEA fabricated by
pressure-less sintering. The slight deviation in the results can
be attributed to the sintering method incorporated. In another
investigation, Lu et al. [16] have reported the formation of tran-

sitional layer between 6061 Al matrix reinforced with 7.5 vol% of

©The Author(s) 2023

CoNiFeAl, ,Tij (Cr, s HEA reinforcement through ball milling
followed by hot-pressing (at 490 ‘C, 120 MPa) and hot extrusion
(at 450 “C with 10:1 extrusion ratio). These AMCs were solution
strengthened at 510 C (783 K) followed by aging at 175 °C for
5 h. The YS and ultimate strength of the AMCs prepared by Lu
et al. [16] was found to ~ 348 MPa and ~ 385 MPa, respectively.
The tremendous enhancement in the mechanical properties may
be attributed to the formation of 0-Al,Cu phase at the interface
of Al matrix and HEA reinforcement.

Apart from forming a transition layer between Al and
HEA particles, the solid solution strengthening can also
be attributed to AI-HEA composites’ enhanced mechanical
properties fabricated by a cost-effective pressure-less sin-
tering method in the present investigation. The SEM-EDS
mapping shows elements like Cu, Fe, and Ni in the Al matrix.
The intensity of Cu in the Al matrix was very prominent
compared to Fe and Ni. This can be attributed to Cu’s high
self-diffusion coefficient and thermal conductivity (Table 1).
Another essential observation was made by Wang et al. [36]
regarding the formation of a transition layer during the SPS
of pure Al matrix and CuZrNiAITiW HEA particles having a
single BCC phase. Due to the interfacial reaction, the inter-
facial layer induces the hybridization of AMCs by forming
B2-NiAl type and WALI,, type phases in the transitional layer.
The in situ formation of B2-NiAl type and WAL, type phases
enhances the microhardness of AMCs reinforced with 30
vol% of CuZrNiAITiW HEA particles and is approximately
ten times more than that of the pure Al. They have reported
enhanced ultimate strength ~ 544 MPa with appreciable
ductility of ~7.0% for AMCs with 20 vol% of HEA rein-
forcement. However, on increasing the volume fraction of
HEA reinforcement in the AMCs, the ultimate strength was
found to be ~270 MPa with elongation of ~ 3.0%. Although
the strength was more than the unreinforced samples, how-
ever reduction in strength was observed w.r.t to AMCs with
20 vol% of HEA reinforcement. Similarly, the formation of
core-shell structure in the AMCs reinforced with 10 vol% of
HEA demonstrates good compressive strength. The excellent
mechanical properties of the AMCs can be attributed to the
precipitation hardening and dispersion strengthening due to
the formation of B2-NiAl type and WAI,, type phases and
uniform distribution of HEA particles having BCC phase,
respectively.

Yuan et al. [53] have attempted to fabricate 7.0 vol% of
Al (CoCrFeNi HEA reinforced AMCs by hot pressing followed
by heat treatment at 350 ‘C, 500 ‘C, and 600 C for 24 h. They
have observed no distinct transition at the interface of 5052 Al
alloy matrix. However, during heat treatment above 500 C, they
have identified the formation of the core-shell structure previ-
ously reported by Wang et al. [54]. They have established that the
thickness of the interfacial layer depends on the heat treatment
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temperature and the duration of heat treatment [53]. The for-
mation of interfacial layer led significant improvement in the
mechanical properties. The AMCs heat treated at 500 ‘C (773 K)
for 24 h and 48 h show high hardness of ~1.81 GPa and ~ 1.61
GPa, respectively.

The high-temperature stability of a major B2-type HEA has
led to the synthesis of AI-HEA composite having a transitional
layer with a thickness in the range of ~400-500 nm between the
Al matrix and the HEA reinforcement leading to the enhancement
of the microhardness and the yield strength of the composite. The
Al-HEA composite interfaces can be engineered to form the tran-
sition layer between the Al matrix and HEA particles. This type
of interface will inhibit the formation of cracks at the interfaces of
matrix and reinforcement, on contrary to MMCs reinforced with
ceramic particulates. This strategy will help designing lightweight
AMC:s suitable for the automotive sector.

The mechanical milling of 6082 Al matrix reinforced with the var-
ying volume fraction of non-equiatomic AlSiCrMnFeNiCu HEA
particles up to 50 h of MM, and its consolidation by cost-effective
pressure-less sintering significantly enhances its grain refinement
and microhardness. The following can be concluded from the pre-

sent investigation:

1. A new non-equiatomic AlSiCrMnFeNiCu high-entropy
alloy having a primary B2-type phase coexisting with a
minor amount of CrsSi;-type phase synthesized by vacuum
induction melting was used as a reinforcement for Al matrix
nanocomposites.

2. The non-equiatomic HEA particles in the AI-HEA nano-
composite powder retain their structural characteristics
even after 50 h of milling. Increasing the volume fraction of
non-equiatomic HEA particles in AI-HEA nanocomposite
powder enhances its nanostructuring with minimum grain
size of ~10-12 nm.

3. The Al-HEA nanocomposite powder was found to be ther-
mally stable up to 650 “C (923 K) until the melting of Al
matrix.

4. The pressureless sintering of the Al-HEA composite led to
formation of diffused interfaces between the matrix and the
HEA reinforcement particles. A transitional layer having a
thickness in the range of ~400-500 nm was formed at the
diffused interfaces in the AI-HEA composite.

5. The formation of a transition layer between the non-
equiatomic HEA particles and the Al matrix enhances the
microhardness and yield strength of Al-30HEA ~1.81 GPa
and 604 MPa, respectively. The increase in these compos-
ites microhardness may be attributed to direct and indirect

strengthening effects arising from HEA particles.

©The Author(s) 2023

The metallic shots of Al, Si, Cr, Mn, Fe, Ni, and Cu
(purity > 99%; Alfa Aesar India Pvt. Ltd.) were used to syn-
thesize non-equiatomic AlSiCrMnFeNiCu HEA. The non-
equiatomic Al (SiCrMnFeNiCu)g, (at.%) HEA was prepared
using vacuum induction melting. The as-cast HEA was pre-
pared by taking individual metal of Al, Si, Cr, Mn, Fe, Ni & Cu
(in non-equiatomic proportion) weighing 1 kg was placed in
an alumina crucible inside the chamber of vacuum induction
melting. The alumina crucible containing the metal shots were
surrounded by water-cooled copper coils for supplying AC
current connected to solid-state RF generator. The chamber
was backfilled with argon gas to avoid the evaporation of met-
als due to the difference in the melting point of constituent
elements. After melting and homogenous mixing of metallic
elements in the alumina crucible, the molten alloy was poured
into the water-cooled copper crucible. During the VIM, the
temperature of molten metal was monitored with the help of
an optical pyrometer. The HEA was poured at a temperature
of ~ 1400 C (1673 K) [as shown in [Fig. 1(a)]. The as-cast
non-equiatomic HEA had a density of 5.08 g cm ™ and was
calculated as per the procedure described elsewhere [55].
Vibratory ball milling (KC-0, Tau Instruments) was used
for crushing and fragmenting the as-cast non-equiatomic
AlSiCrMnFeNiCu HEA into powder particles with a size
of <10 pm for 30 min using a ball to powder ratio (BPR) of
100:1. These powder particles were used to synthesize AI-HEA
nanocomposite powders through high energy ball milling.
The details of the age-hardenable AA 6082 Al alloy powders
used in the present investigation are mentioned in our previ-
ous study [43, 44]. The AA 6082 Al matrix was reinforced with
10, 20, and 30 volume fractions of Al1SiCrMnFeNiCu HEA.
The matrix and reinforcement particles were pre-mixed in
the desired proportion as mentioned in Table S1. These pre-
mixed powders of AI-HEA were mechanically milled (MM) up
to 50 h in a high energy planetary ball mill (PM 400, Retsch,
Germany) using toluene as process control reagent in order to
avoid oxidation during milling. The milled samples were with-
drawn after every 10 h of MM. The milling was intermittently
stopped for 15 min after every 30 min of milling to avoid any
rise in the temperature. The details of process parameters are
mentioned in our previous investigation [27]. The green pel-
lets (diameter of 12 mm) of these AI-HEA nanocomposite
powders were prepared by cold pressing at a load of 5 Ton.
These green pellets were vacuum-sealed in a quartz tube and
back purged with argon [27] to avoid any possibility of oxi-
dation during pressure-less sintering. These AI-HEA pellets
were consolidated through pressure-less sintering at 560 ‘C
(833 K) for 4 h, followed by furnace cooling. The schematic

for preparation of Al-HEA nanocomposite powders and its
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consolidation through pressure-less sintering is shown in the
[Fig. 1(b) and (c)], respectively.

The phase analysis of these nanocomposite powders was
ascertained through XRD (EMPYREAN, PANALYTICAL). A
CoKa source (A=0.17909 nm) with a scanning speed of 10°
min~! was used at an operating voltage and current of 40 kV
and 40 mA, respectively, for XRD analysis. The fine microstruc-
tural features of these AI-HEA nanocomposite powders were
observed through TEM (TECNAI G* T20, FEI) in diffraction
contrast mode at an operating voltage of 200 kV. The morphol-
ogy and chemical composition of nanocomposite powders were
discerned through SEM-EDS investigation. The thermal stabil-
ity of the 50 h milled Al-30HEA nanocomposite powders were
examined to study the phase evolution using differential thermal
analysis (DTA) (DSC 404 F3, Pegasus, Netzsch, Germany) under
nitrogen atmosphere with a heating rate of 20 K/min. The phase
evolution during DTA was co-related with phases formed in
the AI-30HEA nanocomposite powder at 30 °C, 300 °C, 400 °C,
500 °C, 540 °C, and 560 °C observed through in-situ XRD
(SmartLab, 9 kW, Rigaku) which was done with a Cu-Ka source
(A=0.15402 nm) with a scanning speed of 5° min™".

The microstructure and elemental distribution in AI-HEA
pressure-less sintered composites were investigated through
SEM and SEM-EDS mapping. Further, the microhardness of
these sintered composites was evaluated through instrumented
indentation tester (MHT?>, Anton Paar) at a load of 500 mN with
a loading/unloading rate of 1000 mN min~’, and dwell time of
20 s. The optical micrograph corresponding to the indents were
captured with the help of optical microscope retrofitted with
the instrumented indentation tester. At least ten (10) readings
were taken to calculate average microhardness and correspond-
ing standard deviation. The hardness of these composites were
computed through Oliver-Pharr method [29]. The samples for
instrumented indentation were prepared by hot mounting the
pressure-less sintered samples in epoxy. These hot-mounted
samples were polished using standard metallographic tech-
niques for indentation. The Tabor’s law mentioned in Eq. (1)
is used for calculating the theoretical yield strength (YS) as
described as below:

Hardness

Theoretical Yield Strength(YS) = — (1)
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