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Abstract

In this study, a lightweight Al24.2Si3.25Cu24.2Ni24.2Ti24.2 high-entropy alloy was developed
by sonication blending of the pure elements followed by the high-temperature sintering in the
nitrogen gas environment. Microstructural characterization of the sintered alloy showed a fair
dispersion of the elemental particles in the matrix during the blending process and the absorp-
tion of nitrogen, which led to the formation of multiple intermetallic compounds, including
the nitrides, during the sintering process. Mechanical characterization of the sintered alloy
revealed significantly high microhardness values with relatively lower compressive strength in
Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy.
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1. Introduction

Structural materials require a wide range of char-
acteristics, like high strength, reasonably good duc-
tility, higher toughness, thermal stability, and resis-
tance to mechanical and/or environmental degrada-
tion. However, the limitation in manipulating com-
position and the ensued microstructure in traditional
single-principle elemental alloys is the primary con-
straint to pushing the boundary of these properties in
them. A very non-traditional approach was proposed
barely more than a decade ago [1, 2], where the single-
principle element role is replaced by multi-principle
elements to push the boundaries of these structural
properties. These multi-principle elemental alloys dis-
played the potential of unique microstructural features
with an extraordinary level of physical and mechani-
cal properties and hence garnered immense attention
for further exploration [1–10]. The materials designed
in this approach typically contain five or more prin-
cipal elements in equiatomic proportion and are com-
monly known as high-entropy alloys (HEA). Baseless
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alloy, concentrated solid solution alloy, composition-
ally complex alloy, and multi-principle element alloy
are the few commonly used synonyms for this high-
entropy alloy. As indicated by the name, the high-
entropy alloys are especially metallic and dominate
by transitional and refractory materials followed by
lightweight materials [5, 11, 12], with some exceptions
to explore non-metallic materials [13]. The design of
these alloys typically involves mixing in a proportion
that produces higher entropy in the solid solution,
induces severe lattice distortion, and prompts non-
equilibrium sluggish solid-state diffusion and a power-
ful cocktail effect [3, 11, 14, 15]. The complex and/or
concentrated phases developed in the high-entropy al-
loys naturally experience severe lattice distortion due
to the atomic size differences of the constituent ele-
ments present in higher amounts, which is more in-
tense than the lattice distortion in traditional single-
-principle element alloys. The severe lattice distortion
induces excessive configurational entropy in the high-
-entropy alloy due to the higher uncertainty in atomic
lattice position. The effect becomes evident in the re-
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duced X-ray peak during the phase identification [4,
12, 14], reflected in the improved mechanical proper-
ties, and reduced electrical and thermal conductivi-
ties. The complex atomic atmospheric nature in the
high-entropy alloy matrix makes the atomic motion
difficult [15, 16]; the activation energy for the substi-
tutional atomic diffusion increases to such a high level
that the extremely slow diffusion process even lets the
survival of nanocrystals in the cast [17] and annealed
[18] microstructure. The synergistic effect of these
factors dictates the resulting unpredictable extraor-
dinary properties of these high-entropy alloys. The
processing route plays a major role in developing the
microstructure in non-traditional multi-principle ele-
ment high-entropy alloys [19], like traditional single-
principle element alloys. The ingot metallurgy route
using arc melting was the favorite and effective pro-
cessing route for the majority of the reported alloys,
while the powder metallurgy route proved to be com-
petent in processing the high-entropy alloys. The pow-
der metallurgy processing route was dominated by the
mechanical alloying method, which involved a large
number of repeated cold welding and fracture cycles,
followed by the compaction and sintering process to
produce the alloys. Despite being relatively less dense
than the ingot metallurgy processed alloys, the pow-
der metallurgy processed alloys typically possess supe-
rior mechanical properties from their homogeneous or
bimodal microstructure [20, 21]. However, the avail-
ability of metallic materials in nanometer size powder
form has brought a new perspective in processing tra-
ditional [22] and non-traditional [10, 23] alloys avoid-
ing mechanical alloying.
Among the reported studies, the lightweight high-

-entropy alloys are minimally explored. Earlier stud-
ies have shown that aluminum-based high-entropy
materials are lightweight and display potential of ex-
cellent mechanical properties [10, 24–28]. The de-
veloped alloys achieved excellent mechanical proper-
ties reported in terms of microhardness at the gi-
gapascal level. All of the research work indicated
that, in combination with other elements, copper, sil-
icon, and titanium are the most common alloying
elements in developing aluminum-based lightweight
high-entropy alloy. Considering our recent success-
ful attempt to develop a lightweight, high-entropy
alloy [10], the current work aimed to explore the
processing of an equiatomic aluminum-silicon-copper-
nickel-titanium high-entropy multicomponent inter-
metallic alloy using a powder metallurgy route in-
volving the blend-press-sinter in a nitrogen environ-
ment. The focus was to study the effect of sonica-
tion of micron-nanometer size elemental powders and
sintering of sonicated powder compact in a nitrogen
environment on the evolution of microstructure and
mechanical properties of the developed high-entropy
alloy.

2. Materials and methods

2.1. Materials and processing

Materials used in this study to develop an Al24.2
Si3.25Cu24.2Ni24.2Ti24.2 alloy were high purity elemen-
tal aluminum (30 µm particles with 95.5+% purity),
silicon (100 nm particles with 99+% purity), copper
(25 nm particles with 99.8% purity), nickel (20 nm
with 99.9+% purity) and titanium (40–60 nm with
99.9+% purity) powders. The aluminum powder was
purchased from Alpha Chemicals, USA, and the re-
maining silicon, copper, nickel, and titanium nano-
powders were purchased from the Skyspring Nanoma-
terials Inc., USA.
The powders were blended together in an equi-

atomic ratio of 24.2, except the silicon, whose atomic
ratio was maintained at 3.25. Blending of the microm-
eter aluminum particles with the nanometer particles
of other elements was done to homogenize the dis-
tribution of alloying elements using ultrasonication
(model VC-50, Sonics) for 10min in acetone media
in a glass beaker. The acetone media were evaporated
from the physically blended alloy suspension for 12 h
in an oven at 60◦C, and the dried alloy powder was
subsequently compacted into several cylindrical pre-
forms, with 10mm diameter and 10mm height, using
a pressure of 450MPa on a uniaxial hydraulic press.
The cylindrical preforms were sintered at 700◦C for
90 min in a nitrogen environment using a resistance
heating tube furnace (model MTI GSL-1700X, MTI
Corporation, USA), followed by the furnace cooling.
The blended Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy also
was subjected to thermogravimetric analysis (TGA)
up to 1000◦C in a nitrogen environment (model SDT
Q600, TA Instruments, USA) to understand the po-
tential, if any, the chemical intervention of nitrogen
during the sintering process.

2.2. Microstructural characterization

The microstructure of the sintered Al24.2Si3.2
Cu24.2Ni24.2Ti24.2 alloy was analyzed for the pattern
of compositional homogeneity and the distribution
pattern of the potential phases developed in the mate-
rial using a field emission scanning electron micro-
scope equipped with energy dispersive spectroscopy
(model Quanta 250 FEG, FEI, Czech Republic). To
identify the potentially evolved phases in the sin-
tered non-equilibrium Al24.2Si3.2Cu24.2Ni24.2Ti24.2 al-
loy, a metallurgically prepared sample was subjected
to Cu Kα radiation (λ = 1.5418 Å) at a rate of
0.02◦ s−1, between the diffraction angles of 20◦ to
100◦, in an automated X-ray diffractometer (Bruker-
-AXS D8 Advance – 40 kV/40mA). Phases including
aluminum, silicon, copper, nickel, titanium, and any
other possible intermetallic compounds from these el-
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Fig. 1a. FESEM micrograph and associated EDS maps showing elemental distribution pattern in powder processed sintered
Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy at lower magnification.

ements with or without nitrogen were identified by
matching Bragg’s angle, and the corresponding inter-
planer spacing formed the diffraction spectrum us-
ing the PDXL2 software. X-ray diffraction pattern
of unsintered Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy com-
pact was used as reference. Ambient temperature di-
rect current (DC) conductivity (σ) of the sintered
Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy was measured us-
ing a four-in-line probe DC Electrical Conductivity
Measuring Instrument (from Scientific Equipment, In-
dia) [29] to understand the extent of the presence of
possible non-metallic intermetallic in the microstruc-
ture. DC electrical conductivity (σ) of unsintered
Al24.2Si3.2Cu24.2Ti24.2Ni24.2 compact was conducted
as reference.

2.3. Mechanical characterization

Microhardness and compressive behavior were
studied to understand the mechanical behavior of
the sintered Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy. The
Vickers microhardness (HV) value of the sintered

Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy was measured on
a metallurgically prepared sample using a Beuhler
MMT-3 automatic digital microhardness tester in ac-
cordance to the standard ASTM E384-17. 0.5 kgf load
and 15 s of dwell time were used in the tests. An am-
biance temperature compression test was conducted
on the cylindrical sintered samples using an Instron
3367 machine (Instron, USA) according to the stan-
dard ASTM E9-09 (2018). The machine cross-head
speed was maintained at a rate of 0.050mmmin−1

during the compression test.

3. Results and discussion

3.1. Macrostructural characteristics

The Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy was free
from any apparent defects in the compact and sin-
tered condition, which was assessed in terms of the
presence of bulges or cracks or signs of oxidation. The
high-temperature sintering (i.e., 700◦C, higher than
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Fig. 1b. FESEM micrograph and associated EDS maps showing elemental distribution pattern in powder processed sintered
Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy at higher magnification of the location in ‘white square’ shape in Fig. 1a.

the melting temperature of the lowest melting point
element, aluminum) did not cause any apparent par-
tial and/or localized melting, which was evident from
the smooth and clean surfaces of the sintered samples
with unchanged shape and dimension.

3.2. Microstructural characteristics

Results of the microstructural characterization (see
Fig. 1) revealed competence of the sonication method
in a reasonable homogeneous blending of microme-
ter aluminum particles with nanometer silicon, cop-
per, nickel, and titanium particles. However, it has
to be noted that there is a higher tendency of ag-
glomeration in nanoparticles [30–32]. Hence, the pres-
ence of discrete elemental clusters cannot be avoided
in the powder metallurgy processing route. Theoret-

ical calculation [33] of the diffusion of elements into
aluminum (considering micrometer size particles) has
predicted (see Fig. 2a) that silicon, copper, and nickel
have reasonable diffusivity at the sintering tempera-
ture, while titanium remained almost indiffusible. The
mutual solubility of the elements among each other
at the sintering temperature used in this study is
extremely limited except between copper and nickel
[34]. Besides, the distribution pattern of the elements
in the compact Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy mi-
crostructure was not in a typical binary-diffusion cou-
ple format. Hence, the almost equiatomic amount of
multi-elements made the binary inter-diffusion (i.e.,
elements into aluminum and/or among themselves)
difficult [15, 16] and instead led to the formation of
intermetallic compounds. Results of the X-ray diffrac-
tometry (see Fig. 2b) revealed that the sintering pro-
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Fig. 2. Graphs showing (a) rate of elemental diffusivity in
aluminum, (b) X-ray diffraction spectrum, and (c) thermo-
gravimetric analysis of processed Al24.2Si3.25Cu24.2Ni24.2

Ti24.2 alloy.

cess was successful in forming inter-diffusion induced
multiple intermetallic compounds and identified most
of them as binary in nature. The result was reasonably
similar to our previous study [10], where the sintering
was done at 600◦C for a much longer time under an
inert argon atmosphere (see Table 1).
The presence of nitrogen during the sintering pro-

Ta b l e 1. Electrical conductivity and mechanical proper-
ties of Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy

Material Conductivity Hardness Strength
(S cm−1) (MPa) (MPa)

Unsintered compact 0.105 – –
Sintered in N2 146 797 79
Sintered in Ar [10] 146 1118 310

cess also apparently interferes in the evolution of the
microstructure of the Al24.2Si3.25Cu24.2Ni24.2Ti24.2 al-
loy. Nitrogen has substantial solubility in aluminum
[35] and titanium [36, 37]. The effect of the nitrogen
is evident by the presence of elemental nitrogen in
the energy dispersive spectroscopy elemental analy-
sis results (see Fig. 1) and Ti0.76N intermetallic in
the X-ray diffractometry spectrum (see Fig. 2b), and
also corroborated by the weight gain of the sample in
thermogravimetric analysis (TGA) result (see Fig. 2c).
Remarkably, the 2θ positions for the X-ray peaks of
as-compact and sintered Al24.2Si3.25Cu24.2Ni24.2Ti24.2
alloy coincided and misrepresented the identity of the
intermetallics in the sintered samples as pure ele-
ments. However, the direct current conductivity re-
tention test result of the Al24.2Si3.25Cu24.2Ni24.2Ti24.2
alloy samples revealed that the electrically conduc-
tive unsintered compact (i.e., 146 S cm−1) transformed
into an almost insulator (i.e., 0.053 S cm−1) due to sin-
tering, justifying the alteration in microstructure to
non-metallic bonded intermetallic phases.
The added elemental particles were well bonded

Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy (see Fig. 3) due to
the high-temperature sintering, which was higher than

Fig. 3. Field emission scanning electron microscopy showing diffusion assisted bonding among elemental particles in sintered
Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy.
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Fig. 4. Graph showing compressive stress-strain behavior of the sintered Al24.2Si3.2Cu24.2Ni24.2Ti24.2 alloy. (Inset showing
the microhardness values).

the melting point of aluminum and aluminum-silicon
eutectic [38]. The bonds between the added particles
were indicative of the mutual inter-diffusion, although
restricted due to the complex non-equilibrium compo-
sition between the elements. The absorption of nitro-
gen was believed to complicate further the diffusion
process and accelerated the formation of the inter-
metallic compounds layer on metal particles with a
possibility of inward growth covering the entire parti-
cle considering their initial extremely fine sizes. The
likelihood of ternary intermetallic compound forma-
tion (one identified in X-ray diffraction) from the bi-
nary intermetallic compounds [39, 40] was there in
the Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy in the sinter-
ing temperature used in this study.

3.3. Mechanical characteristics

Results of the mechanical characterization (see
Fig. 4) revealed a significantly high average value of
microhardness (i.e., 797 ± 92MPa) for the sintered
Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy and could be at-
tributed to the formation of multiple intermetallic
compounds. Intermetallic compounds are exception-
ally harder than their fundamental basis, even if the
elements form a solid solution. Large scatter in the mi-
crohardness values (see inset in Fig. 4) was apparently
due to the cumulative effect of the relatively scattered
cluster of compositional elements (see Fig. 1a) and the
porosity (see Fig. 3, part with the highest magnifica-
tion). It has to be noted that the presence of porosity
is typically unavoidable in powder-processed metals
[38].
Results of the mechanical characterization also re-

vealed that the compressive stress-strain graph of the
sintered Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy resembles
the failure of dense metallic materials. There was a
near-linear increment in the stress value indicative
of elastic deformation followed by a sharpminor de-
cline for possible plastic deformation. The sintered
Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy experienced a sig-
nificant strain hardening effect, and the strength value
gradually increased to the peak (79MPa) prior to the

failure with a strain value of 10 %. However, the rela-
tively low value of the compressive strength could have
been due to the cumulative effect of the presence of
nanopores and/or relatively moreminor densification
(see Fig. 3) resulting from the presence of nitrogen
(absorbed into elements) (see Fig. 1), complex nature
of elemental mixture and the duration of the sintering
process. The presence of the nanopores around the
less diffused particles with intermetallic shells made
the inter-particles crack propagation easy, suggested
by the chip-off rough polished surface of the sintered
Al24.2Si3.25Cu24.2Ni24.2Ti24.2 alloy (see Fig. 3). The
applied compressive cracked the thin intermetallic sur-
face layer of the particle surfaces and propagated eas-
ily with the assistance of nanopores, resulting in frac-
ture more as porous metal. It has to be noted that the
values of compressive stress-strain for the same alloy
composition sintered for a longer duration in an inert
argon atmosphere were relatively higher [10].

4. Conclusions

Non-ferrous Al24.2Si3.25Cu24.2Ni24.2Ti24.2 high-
-entropy alloy was synthesized by blending microm-
eter and nanometer size elemental particles using a
sonication process followed by high-temperature sin-
tering in the nitrogen gas environment. During the
sintering process, the elements were dispersed fairly
well during blending, absorbed nitrogen defused rea-
sonably, and formed multiple intermetallic elements,
including nitride. Despite having a higher microhard-
ness value, the strength was relatively lower due to the
presence of nanopores in the microstructure due to the
complexity in diffusion and shorter diffusion time.
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