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Abstract

High entropy alloys (HEAs) are being attracted recently by several researchers, scientists, and academicians to achieve
extraordinary and outstanding properties that cannot be obtained from conventional alloys. HEAs are multicomponent alloys
in which a minimum of five metallic elements are mixed in an equal molar or non-equal molar ratio. The rapid growth of
this field produces a huge amount of scientific papers over the last decade. However, still, there is a need to review various
manufacturing methods and their results. Also, the outcome of the scientific articles related to HEAs has ignored the vari-
ous methods of synthesizing and manufacturing. In this review article, an attempt was made and largely concentrated on the
methods and techniques that can be used in the manufacturing and synthesizing of the HEAs. Recently, the properties of
HEASs become much better when compared to conventional alloys. Some techniques have succeeded in producing ultrafine
microstructure grains which become a leap in industrial fields. Now, the manufacturing methods of conventional alloys are
almost familiar and implemented according to the suggestions given by the researchers and academicians based on their work.
Therefore, the present review article has demonstrated various methods of manufacturing of HEAs with novel schematics
with a preview description for more understanding of the basic work criteria. Besides, this article has reviewed the outcomes
of several research articles related to several methods, then compared the outcome of each method with the corresponding
mechanical properties, and major challenges of HEAs are discussed and reported.
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HCP Hexagonal closed pack

SEM Scanning electron microscope
TEM Transmission electron microscope
PECS Pulsed electric current

DC Direct current

UFG Ultra-fine grain

CP Cold pressing

VS Vacuum sintering

AM Arc melting

VHS Vickers hardness strength

HP Hot pressing

VHP Vacuum hot pressing

UTS Ultimate tensile strength
IMCs Intermetallic compounds

HIP Hot iso-static pressing

PM Powder metallurgy

VIM Vacuum induction melting
DS Directional solidification
EMS Electromagnetic stirring
MSD Magnetron sputtering deposition
PLD Pulsed laser deposition

PSD Plasma spraying deposition
PVD Physical vapor deposition
RHEA Refractory high entropy alloy
HEATFs High entropy alloy thin films

SLS Selective laser sintering

SLM Selective laser melting

SEBM Selective electron beam melting
VED Volumetric energy density
FWHM  Full width half maximum

XRD X-ray diffraction

EBSD Electron backscattered diffraction
DLF Direct laser fabrication

1 Introduction

Nowadays, new materials with high demands are required in
different applications such as transportation, energy, aero-
space, medicine, and industrial approaches. In these fields,
it is necessary to meet the desired mechanical properties
such as the optimum strength, the hardness, the toughness,
the ductility, the wear resistance, the thermal resistance, and
the creep resistance [1]. Therefore, many methods and tech-
niques have used to develop and improve the performance
of materials either by breaking up the original grain and
refined it like a severe plastic deformation process (SPD).
In other words, the reduction of grains from coarse grains
(CGs) of powder particles could be achieved by high-energy
ball milling (HEBM) which can produce high entropy alloys
(HEAs) by mixing of several elemental powders. Multicom-
ponent alloys (MCAs) concept has begun back in the 1970s
by undergraduate thesis and then, the work was carried out
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by another undergraduate student in 1998 tail by Huang [2].
Yeh et al. [3-5] have worked in MCAs and introduced the
name as HEAs in the year 2004. The authors have defined
that the HEAs are the alloys which consist of five or more
principal elements in which the volume fraction of each ele-
ment is in the range of 5%-35%. Also, HEAs have high mix-
ing entropy in their liquid state or solid solution (SS) state at
high temperatures [4, 5] when compared to the conventional
alloys (CAs). In the CAs, one or two primary elements have
presented and in some cases, a small number of additional
elements have alloyed to improve their mechanical prop-
erties with improved microstructural features. The number
of elements in the CAs usually produces some unwanted
intermetallic phases which result to enhance the strength
and decrease the ductility [6].

It is well known that a structural/tool material must pos-
sess superior properties even at a very high temperature
which is the major demand for most of the modern indus-
tries. Basically, HEAs exhibits a magnificent properties
such as excellent softening resistance at high temperatures
[7, 8], retaining the high hardness at elevated temperature
[9-12], superior wear resistance [13, 14] outstanding ther-
mal stability [15], good oxidation [16, 17], elevated corro-
sion resistance [14, 18], and sluggish diffusion kinetics [19,
20]. Recently, several researchers have focused their research
work on HEAs. Figure 1 shows the number of publications
related to HEAs by year-wise which explains clearly the
number of publications increases drastically [21]. Further,
the concept of HEAs in the form of a senary system (mix-
ing of six elements) as an example is illustrated in Fig. 2.
Figure 2 shows the six elements in equiatomic ratio before
mixing and after mixing to have a random SS which has high
configurational entropy.

In the medical industry, Alagarsamy et al. [22] have
used the HEA of Al ;CoCrFeNi for peripheral vas-
cular stent application. The results explained that the
Al ;CoCrFeNi HEA has possessed superior mechanical
behavior compared to SS 316L steel; which is commonly
used currently in the peripheral vascular stent. Synthe-
sizing of HEAs from refractory elements such as Ti, Cr,
Mn, Mo, W, Ta etc. to have excellent in ductility, more in
strength, exceptional heat resistance, and wear resistance
have investigated recently by the research community [23,
24]. An outstanding compressive yield strength (YS) was
achieved from refractory based HEAs of HfMoTaTiZr and
HfMoNbTaTiZr for 5.4 GPa and 5.05 GPa respectively
which was investigated by Juan et al. [25]. These alloys
were produced by vacuum arc melting (VAM) method. The
main challenge in the refractory based HEAs is its high
density which affects directly the strength-to-weight ratio.
But this drawback can be overcome by adding light density
material to the alloy. Several authors have attempted to
develop various HEAs recently. However, there is no much
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Fig.2 Senary system-six ele-
ments in the equiatomic ratio:
a before mixing; and b random
solid solution after mixing

to form HEA which has high
configurational entropy

literature to examine the various manufacturing methods
and issues related to HEAs. It is very difficult to categories
the processes to be used for HEAs and its recommenda-
tions to the diversity field for fast-growing manufacturing
sectors. Therefore, the main objectives of this review arti-
cle are: (1) summarize the various processes to be used for
HEAs starting from the alloy preparation with appropriate
schematics and flow charts (2) microstructural changes,
and mechanical properties improvement, (3) various out-
comes from several HEAs investigated recently by several
authors, (4) several challenges on processing of HEAs, and
(5) issues and applications of HEAs. In this article, the
HEAs fabrication technology were categorized into four,
namely, solid-state processing (SSP) techniques [26-29],

Year

liquid state processing (LSP) [10, 30, 31], thin-film depo-
sition (TFD) techniques, and additive manufacturing tech-
nology (AMT).

2 Solid-State Processing of HEAs

Most of the polycrystalline materials are synthesized
through the SSP technique in which the mixing of several
alloying elements is carried out at room temperature fol-
lowed by consolidation at an elevated temperature. Fig-
ure 3 shows the schematic of the SSP route that can be
used for the manufacturing of HEAs. In overall, the SSP
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technique includes the powder production (Atomization
and HEBM), mixing of powders (ball mill), consolidation
of powders into the bulk sample (spark plasma sintering
(SPS), hot pressing (HP), cold compaction), and various
secondary operations (machining, extrusion and rolling).

2.1 Powder Atomization Method

Powder atomization is the one technique in which the molten
metallic materials are directly converted into solid pow-
der particles by gas or liquid stream. Figure 4 shows the
schematic of the powder atomization process. Atomization
device is usually consisting of two-stage: the first one is
the furnace chamber in which the metallic powders called
the charge are melt in a vacuum atmosphere to the required
temperature, then the second one is the molten melt liquid
drain through a nozzle which is located at the bottom of the
tundish into atomizing chamber. As the molten melt con-
tinuously flows inside the tundish by gravity, the atomizing

Powders Production

Atomization
Process

nozzle has disintegrated the liquid stream of melt into tiny
droplets by high-pressure gas or water jet; which then solidi-
fied immediately (Fig. 4) led to form sold powder particles.
The metal powders particle size is affected by the coolant
distance, coolant pressure, coolant velocity, coolant mass
flow rate, liquid stream velocity, and liquid mass flow rate,
angle of impingement, superheat, metal surface tension and
metal meting range [32]. Table 1 shows the range of those
variables to be used during powder production.

Further, the produced powder particles are completely
different between the gas atomization and water atomization.
Figure Sa, b show the variations in powder morphology of
stainless powders obtained from gas atomization and water
atomization respectively. The gas atomization method has
produced a spherical shape powder particle (Fig. 5a) in the
range between 3 pm and 40 pm with the average particle size
of 20 pm. On the other hand, the same stainless steel mate-
rial has possessed irregular powder particle shape (Fig. 5b)
through a water atomization technique. The particle sizes
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Fig.3 Schematic of solid-state processing routes for HEAs
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Fig.4 Schematic of the working principle of the powder atomization
process

Table1 Recommended power

atomization process variables Gas pressure 1.4-42 MPa
range [32] Gas velocity 50-150 m/s
Superheat 373473 K
The angle of 15-90°
impingement

are in the range from 6 pm to 50 pm with the average par-
ticle size was 30 um [33]. Recently, Yang et al. [34] have
synthesized AICoCrCuFeNiSi HEA through the gas atomi-
zation process which the obtained powders exhibited spheri-
cal shape with a smooth surface. This spherical shape with
smooth surface powder particles can be used as raw powders
for AMT. Similarly, Zhoui et al. [35] have also produced
Al (CoCrFeNi HEA powders with spherical shape (Fig. 5c).
In contrast, Yim et al. [36] synthesized CoCrFeMnNi HEA
powders by water atomization technique which showed that
few powder particles were spherical and most of the powders
particles were flat and potato in shape (Fig. 5d). These big
shape changes in the powder morphology can influence the
physical and mechanical properties much. It is well known
that the thermal carrying capacity of the gas cooling medium
is low when compared to the liquid cooling medium. Due
to this, the alloy powders obtained from gas atomization get
cooled slowly which provides more time to shrink during the
fall of the powder particles which yield sphere shape. Liu
et al. [37] investigated a single FCC phase of CoCrFeMnNi
HEA processed by gas atomization and MA. The results
were revealed that this HEA produced good mechanical
properties (tensile strength of ~ 1.0 GPa, ductility of ~ 6%),
and nanocrystalline structures when compared to the gas
atomized route. More addition, Wang et al. [38] have syn-
thesized a single-phase non-equiatomic CrFeCoNiMo, ,

HEA (FCC phase) which was tested its mechanical behav-
ior at different temperatures (600—1100 °C) and strain rates
(1073-107' s71). The incorporated Mo addition yielded more
activation energy, lattice distortion, and grain refinement
due to which useful enhanced mechanical properties were
obtained.

2.2 High Energy Ball Milling Method (HEBM)

The ball milling is a horizontal and cylindrical machine
mostly utilize in grinding all types of metals and ceramics.
Figure 6 shows the schematic of the conventional ball mill-
ing technique which usually consists of slow speed rotating
drum, and grinding balls which are made of hardened stain-
less steel or titania, or ceramics. The materials (medium)
which are to be ground, partially fills the cylindrical jar
with an appropriate media to medium ratio. In industrial
scale, the ball milling runs for days by feeding the device
from one end, then discharges the powder form in another
end after reducing larger unit masses to smaller unit masses
(size reduction process). The commercial horizontal type
ball mills (Fig. 6) can be used to manufacture homogeneous
alloy on an industrial scale. However, these mills cannot be
used to synthesize the nanostructured materials and HEA
powders. HEBM method can be used to synthesize the nano-
structured HEAs powder.

Planetary ball mill is an advanced version of common
ball milling in which vertical grinding jar(s) is/are attached
to horizontal disk called sun wheel or planetary disk as dem-
onstrated in Fig. 7. The rotation of the direction of the jar
is reverse to the direction of the sun wheel with a standard
velocity ratio of the sun wheel to the jar are 1:1, 1:2, and
1:3. The advantage of planetary ball milling is to produce a
nanostructured homogeneous powder particle (nano-scale
particle). Some studies have reported that the use of con-
ventional ball milling and the HEBM capable of producing
the powders, decreasing the particle size and mixing the
powders among each elemental constituents. Most certainly,
the revolution velocity is different from one study to another,
but all the studies agreed that a slower velocity is used for
mixing the powders than a high velocity which can be used
to reduce the crystallite/grains/powder particle sizes. One
of the common limitations of this process under dry milling
is an agglomeration of powder particles due to more sur-
face energy in the powder particles. Fortunately, nowadays,
the formation of agglomerations can be minimized either
via mechanical alloying (MA) [39] or by mechanical mill-
ing process (both dry and wet milling) by adding process
control agent (PCA). Certain weight percentage of stearic
acid and or other organic compounds (NaCl, Na,SO,, KCI
etc...) with the powders are being added during the ball
milling process as PCA [27, 40, 41]. Very high configu-
rational entropy alloys can be easily produced via HEBM
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Fig.5 SEM powder morphology of: stainless steel powder produced by: a gas atomization; b water atomization [33]; ¢ Al0.6CoCrFeNi HEA
powder by gas atomization [35]; d CoCrFeMnNi HEA powder by water atomization [36]

Material
(Medium)

Grinding Balls
(Media)

Fig. 6 Schematic of conventional ball Milling Device

from the mixing of pure elemental powders without forming
any intermetallic phases. In addition, HEBM can be used
to manufacture high-melting alloys which are difficult by
casting route/liquid metallurgy route. Cheng et al. [42] syn-
thesized CoCrNiMnAlx (x=0, 0.1, 0.3, 0.5, 0.7, 1) HEAs
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(b) Planetary disk
(Sun disk)

Materials

Fig.7 a Grinding jar; b high-energy ball milling (HEBM)

through MA with BPR of 15:1, speed of 250 rpm, and mill-
ing time of 45 h. From XRD results, Fig. 8a, the formation
of alloying was confirmed. XRD patterns indicate a stable
FCC phase when the Al concentration was less than 0.5.
With the increasing of Al concentration of more than 0.5, the
FCC phase was destabilized and increases the BCC phase
formation. These results were attributed to the large atomic
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radius value of Al atoms which dissolved into BCC lattice.
Further, nanostructured CoCrNiMnAlx HEAs and the phase
formations were confirmed by TEM (Fig. 8b, c¢). Oleszak
et al. [43] have synthesized WMoNbZrV HEAs which pos-
sessed high-melting point. It was found that the produced
high-configurational entropy powders (50 h) were retained
its crystallite size of 10 nm and BCC crystalline structure
until 700 °C which ensured the attainment of high thermal
stability. Yurkova et al. [44] have synthesized AICuNiFeCr
HEA by MA/HEBM who has achieved super saturated SS
with a stable BCC crystal structure. The amount of solid
solubility, alloy formation, crystal size reduction, structural
changes etc.... mainly depends on several HEBM param-
eters. Emamifar et al. [45], investigated the effect of milling
time on AICrFeCoC HEA in which the results explained that
the particle size and shape of HEA powders were strongly
influenced by the function of milling time. However, the
commonly used HEBM parameters for manufacturing the
nanostructured HEAs are illustrated in Table 2. Unfortu-
nately, this process utilizes in research purposes and labora-
tories only. Contamination is the main drawback in HEBM
due to a small amount of HEA powders production which
directly affects the final properties.

2.3 Cold Uniaxial Pressing Method

A cold pressing (CP) process is the one which includes the
step of powders production, and consolidation of powders by
compressing the powder particles together into the one-piece
called green compact via a pressing tool at room tempera-
ture (Fig. 9). During cold uniaxial pressing, the prepared
powder particles are to be filled inside the die (usually made
of tool steel, H13 steel, EN steel) which is usually placed
between two punches (Bottom one and top one). Look after,
the punches can start to press the powder particles which is
called uniaxial compaction as the direction of load is in one
direction. This CP process is a simple and economical one
as it is still being used in the mass production industries.
Yuhu et al. [47] have consolidated the AINiCrFe,Mo,CoCu
HEA powder by the uniaxial pressing process (compacted
at 310 MPa) and achieved the relative density of more than
91% after sintering. Shivam et al. [48] have also consolidated
the AlCoCrFeNi HEA powder by CP method (625 MPa).
Baldenebro-Lopez et al. [49] manufactured AICoFeMoNiTi
HEAs via two routes to examine the influence of process-
ing methods: (1) MA (10 h, BPR of 5:1), uniaxial pressing
(1.5 GPa) and vacuum sintering (VS, 1424 K for 3 h), (2)
MA, uniaxial pressing and arc melting (AM). The results
were explained that the SSP of MA, uniaxial pressing, and
VS have produced improved microstructures and mechanical

Fig.8 a XRD patterns of
CoCrNiMnAlIx (x=0, 0.1, 0.3,
0.5, 0.7, 1) HEASs prepared by
MA after 45 h; b TEM bright
field image of CoCrNiMnAl,

HEA showing FCC and BCC 3
phases; ¢ SAED pattern on b <
[42] g
g
C

70 80 90 100
20(deg.)

Table 2 Generally used HEBM
parameters during the synthesis
of nanostructured materials [46]

Ball-to-powder ratio (BPR)
Sun wheel speed, rpm
Planet vial speed, rpm
Milling time, h

Process control agent (PCA), to avoid agglomeration

Milling forward: pause: milling reverse time (depends on the

elemental composition)
Milling medium
Ball diameter, mm
Distribution of size of balls

5:1, 10:1, 15:1, 20:1

50, 75, 100, 150

150, 225, 300, 450

1,5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100
Steric acid, ethanol, gasoline, toluene etc...
10:10:10; 15:15:15, 20:20:20

Hardened stainless steel, tungsten carbides
6,8, 10,12, 15

Uniform size, non-uniform size
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Pressure

Fig.9 Schematic of cold press-
ing (CP) process

m\'\\\\\x i

Metal
Powders

Pressure

properties (Fig. 10). There was no porosity in the former
method when compared to AM method. This result indicates
that the processing route influences the properties (Vickers
hardness strength (VHS): 8.8 GPa for VS sample, 7.85 GPa
for AM sample) and microstructures significantly. However,
the cold uniaxial pressing process produces non-uniform
densification when the aspect ratio of the sample exceeds
or near to 1.

2.4 Sintering Process

Sintering is a densification process where the powder parti-
cles are compacted and formed via applying heat below the
melting point or liquefaction point [41] under the inert gas
atmosphere. The purpose of this process is to bond all the
powders together so the mechanical and physical properties
can be improved. The schematic of the sintering process
in the different stages is shown in Fig. 11. There are two
types of sintering, namely, solid-phase sintering, and liq-
uid phase sintering (LPS). The LPS is commonly used in
materials that are hard to sinter. In solid-phase sintering,
particle-to-particle diffusion bonding can be carried out.
Usually, vacuum hot pressing (VHP) sintering and spark
plasma sintering (SPS) are the commonly used consolidat-
ing techniques for HEA powders. In HEAs, the LPS is not

Fig. 10 SEM images of
AlCoFeMoNiTi HEAs prepared
by: a as-cast by arc melting
process; b uni-axial pressing
followed by vacuum sintering
(Baldenebro-Lopez et al. [49])
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recommended because of changes in the microstructural
phases [50]. Sintering process can be divided into three
sections which are: (1) heating (increase the temperature
rate, (2) holding (fix the temperature for certain time) and
(3) cooling (decrease the temperature rate). Xu et al. [51]
prepared a ternary alloy of FeMn,gSix (x=0, 1, 2, 3, 4 wt%)
alloy through HEBM of powder metallurgy (PM) routes. The
elemental powders were ball milled using HEBM (BPR of
5:1, 275 rpm, 4 h), compacted using the uniaxial compaction
method (400 MPa) followed by sintering the green compacts
under vacuum (5x 107 Pa). The sintering cycle used was
heating the green compact from room temperature to 1073 K
with a heating rate of 10 °C/min, hold at 1073 K for 1 h,
then again heated the samples to 1473 K with a heating rate
of 5 °C/min, hold it for 3 h, and finally cooled the samples
inside the furnace itself. The Fe—28Mn—4Si sample exhib-
ited the UTS of around 350 MPa. These results indicated
that ternary HEAs can be manufactured using conventional
sintering under protective environmental conditions.

2.5 Hot Pressing Process

Hot pressing (HP) process is a combination of both CP and
sintering process which is simultaneously carried out. The
advantage of this process is increasing the density of the
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Grain boundary

A—

(d) ()

Fig. 11 The schematic of sintering stages: a bonding points in green
compact at particles attached with each other; b necks formed from
bonding points; ¢ reduction in size of the pores between grain bound-
aries; and d grain boundaries grow between particles

product and reducing the porosities. In HP process, the
axial load is applied on the heated powders inside the die as
illustrated in Figure 12a. This HP can be carried out under
vacuum or room temperature. HP can be used to consolidate
the HEA powders into the bulk form [50]. Fu et al. [52] have
consolidated Al, (NiFeCrCo and Al (NiFeCr HEAs under
the VHP process. The used VHP process parameters were
vacuum pressure of 1.2 1072 Pa, uniaxial applied pressure
of 30 MPa, at a temperature of 1000 °C for 1 h. Sun et al.
[50] have consolidated Fe gNiy;Co,5Cr,;MogWNb;C, HEA
using HP at different temperatures (400, 600 and 1050 °C for
2 h). HP was carried out at 30 MPa pressure under a vacuum.
An ultimate tensile strength (UTS) of around 1.45 GPa with
4% ductility was obtained whereas a UTS of 0.8 GPa with
13.3% was obtained at a high temperature of 650 °C. These

Fig. 12 a Schematic of hot (a)
pressing (HP) process; b

SEM image of HPed 1050

(Fe gNi,;C0,5Cry;MogWNb,;C,,
[50]) HEA

Metal
powders

Pressure

high-temperature mechanical properties are very much use-
ful in structural applications. Hence, this HEA can be used
in the place of well-known super alloys (GH1040, A286,
and K2135). The formation of intermetallic phase(s), and
more consolidation time are the main drawback of this HP
process. For instance, the second phase precipitates of eta-
phase carbides (M¢C) formation in HPed HEA is shown in
Figure 12b (HEA of FegNi,;Co,5Cr,;MogWNb;C,, [50]).
Also, in the upgraded process of HP, an isostatic pressure
is being used which is called hot isostatic pressing (HIP,
Fig. 13a). Figure 13a shows the schematic of HIP process
in which the materials to be consolidated are put inside a
metal canister (usual steel), then filled canister is placed
inside the controlled hot chamber, and finally, the materials
are to be pressed with iso-static pressure (360° direction)
under inert medium. Due to which high-density products
can be obtained. Tang et al. [53] consolidated AlCoCrFeNi
HEA through HIP, investigated the tensile properties and
finally compared the same HEA in the as-cast condition.
This HEA was synthesized via VAM method followed
by consolidation of the as-cast HEA using HIP at 1273 k
under 207 MPa for 1 h. The phase-map microstructure of
as-cast and HIPed AlICoCrFeNi HEA is shown in Fig. 13b, ¢
respectively. Nonhomogeneous dendrites with porosity were
obtained in as-cast alloy (Fig. 13b) whereas homogeneous
microstructure was obtained in HIPed alloy (Fig. 13c. The
UTS of as-cast HEA produced around 400 MPa with the
ductility of 1% whereas the HIPed HEA sample exhibited
the UTS of 393 MPa with the ductility of ~ 12%. This is due
to homogeneous heat treatment by HIP which changed the
microstructures completely. From this, it can be understood
that an improved mechanical property from HEAs can be
obtained through HIP process. However, as a consequence
of the large surface area of loose powders, the oxidation of
HEA powder at elevated temperature increases. Also, this
technique required more complex and expensive systems
such as heating, pressure, and vacuum systems than con-
ventional cold pressing followed by sintering [54].

Fu et al. [55] investigated the sintering behavior of
Al ¢NiFeCrCo and Al (NiFeCr HEAs prepared by MA

Pressure

Sample

Pressure
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Fig. 13 a Schematic of hot

isostatic pressing (HIPing) (@)
process; b Phase map micro-
structure of as-cast AlICoCrFeNi
HEA; ¢ As-HIPed AICoCrFeNi
HEA [53]

Pressurized gas
control

Consolidated part =1

Metal canister —

Heated chamber

and consolidated by HP. These HEAs were produced 85%
BCC and 15% FCC SS phases in powder state condition.
However, these two HEAs were exhibited 69% FCC and
31% BCC phases after HP with good mechanical properties
(density, hardness, and mechanical strength).

2.6 Spark Plasma Sintering

SPS is a novel sintering technique and is well known as
pulsed electric current sintering (PECS) or pressure-assisted
pulse energizing process. This technique is mostly used
to densify powders in a faster manner due to its effective
and remarkable features, namely, energy conservation and
fewer procedure steps when compared to the conventional
sintering techniques. Further, a homogeneous bulk single
SS alloy can be retained after processing with improved
microstructural features and mechanical properties. The
principle idea of SPS is that the pressure ram which is work
as electrode attached to direct current (DC) source as shown
in Fig. 14. The DC is infiltrated (750-1500 A) through the
powders by the graphite punch simultaneously the powder
particles are being compressed (25—-150 MPa). Using SPS,
very high dense products with nanostructures and limited
grain growth can be achieved based on desired sintering
parameters. EiBmann et al. [56] have consolidated CoCr-
FeMnNi HEA at 1000 °C using SPS and achieved a high
dense structure (>98%). From the SEM image of Fig. 15a,
it was very clear that there was a single-phase formation
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without any abnormal precipitates. The variation of the grey
region indicates the different grain directions; which is not
a different phase. The XRD patterns of Fig. 15b confirm
a single FCC phase formation which explains that there
was no intermetallic phase formation through SPS. Here,
CoCrFeMnNi HEA produces a single FCC phase in both
synthesized and consolidated conditions. Yurkova et al. [44]
have consolidated AICuNiFeCr HEA using SPS which was
prepared by MA. The authors were reported that the pro-
duced HEA powders were sintered using SPS with different
temperatures (700, 800, and 900 °C) at 150 MPa. After SPS,
the HEA sample was exhibited around 75% ordered BCC
SS, and 25% FCC SS. Fu et al. [52] have synthesized a HEA
of Co,sNi,sFe,sAl; sCu,; 5 through MA followed by SPS in
which an average grain size of 90 nm was achieved after
SPS. Pan et al. [57] manufactured refractory based HEAs
of Nb,sMo,sTa,s W55 and TigNb,;Mo,5Ta,;W,; via MA and
SPS. The authors have achieved a single stabilized BCC
structure with ultra-fine grains (UFG) after SPS. Recently,
Yim et al. [58] have synthesized CoCrFeMnNi HEA rein-
forced with TiC composite by water atomization, MA and
SPS (50 MPa, 950 °C) methods. Emamifar et al. [45] have
sintered the Al sCrFeNiCoy ;C,,, HEA using SPS (35 MPa,
1000 °C) and reported that the hardness of sintered HEA
was increased drastically with the function of milling time
(5, 10, 27, 35, 45 h). Based on this, it is very clear that the
MA process followed by SPS can be used to synthesis the
nanostructured HEAs effectively. But the SPS is limited due
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Fig. 15 a SEM image of spark
plasma sintered CoCrFeMnNi
HEA; b corresponding XRD
patterns for as-milled powder
and after SPS [56]

to symmetrical shape required for the sample and also SPS
needs pulsed DC source.

Mohanty et al. [59] investigated the aging behavior of
Aly;C0,;CuyNiyyZn,, HEA which was prepared by MA fol-
lowed by SPS at 950 °C. The sintered sample produces FCC
(B) SS primary phase and L12 (a) secondary phase. This sin-
tered HEA was heated at 1160 °C, hold it for 96 h, and then
solution treated. The solution treated HEAs were then aged
at different temperatures (400 °C, 500 °C, 600 °C, 800 °C,
and 1000 °C) withholding time of 48 h. Aged HEA samples
produced L12-a and FCC-y phase. The results explained that
the sample aged 500 °C exhibited a high hardness value of
around 6.25 GPa which was due to the combination of sev-
eral strengthening mechanisms (see “Appendix of ESM”).
Zhang et al. [60] examined the various phase evolutions in
CoCrFeNiTiAl HEA processed by MA and consolidated
it by SPS. This HEA has produced a supersaturated FCC
and BCC solution phases in as-milled conditions with an
average crystallite size of 40 nm. However, the same HEA
has produced two major BCC phases and a minor FCC
phase after SPS followed by annealed at 600 °C for 1 h.
Further, this HEA has exhibited a relative density of more
than 98% and VHS of 4.35 GPa. In HEAs, grain refine-
ment is also possible by adding some elements by which

(b)

CoCrFeMnNi powdér
J . H

intensity in a.u.

SI?S-sampIe

|V

20 40 60 80 100 120
20in°

the mechanical properties can be increased extensively. For
instance, Pan et al. [57] synthesized two HEAs which are
Nb,sMo,sTa,sW,5 and TigNb,3Mo0,5Ta,3;W,5 in which Ti
was added as a grain refiner through MA followed by SPS.
The electron backscattered diffraction (EBSD) SEM images
were confirmed the refinement of NbMoTaW matrix grains
and the same is shown in Fig. 16. Further, these two HEAs
produce BCC primary phase and BCC precipitates (B2)
which is also shown in Fig. 17 (TEM images). Ganji et al.
[61] have synthesized AICoCrCuFeNi HEA prepared by MA
followed by SPS at 750 °C. Complete single-phase SS of
FCC phase was achieved in as-milled powders whereas an
FCC and ordered BCC (B2) phases were obtained after SPS
which has bimodal grains (Fig. 18). This HEA has exhibited
around 8 GPa VHS and 170 GPa modulus of elasticity. Now,
from these microstructural evolutions, due to the presence of
SS phases, HEAs produce extensive properties improvement
when compared to conventional materials. Fu et al. [52]
investigated non-equiatomic FCC Co,sNi,sFe,sAl; sCuyy 5
HEAs processed by PM route (MA and SPS) and casting
route. The results explained that around 1.8 GPa YS and
4.6 GPa VHS were obtained in HEA via PM route which
was 835% high in YS and 252% more in hardness when
compared to cast one. These improved results were due to
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Fig. 16 Grain refinement—
effect of Ti addition in HEAs-
EBSD images on bulk HEAs
samples consolidated by SPS at
1600 °C: a Nb,sMo,5Ta,sWys,
b TigNb,3Mo,3Ta,3W,; [57]

Fig. 17 TEM micrographs
showing BCC primary matrix
phase and BCC precipitates
(B2 phase) in HEAs con-
solidated by SPS at 1600 °C:
a Nb,sMo,5sTa,s W,s, b
TigNbysMo0,3Ta,3; W3 [57]

s

’ ?g
i

BCC pre?Tpitated ph

BCC matrix phase

grain boundary strengthening and dislocation strengthening
mechanisms (see appendix).

3 Liquid State Processing Methods

HEAs can also be manufactured through the melting and
casting technique in which VAM (for HEAs) and mechani-
cal stirring (MS, for HEA based composite) are the com-
mon processing methods. In addition, liquid infiltration
techniques can also be used for the manufacturing of HEAs.
Figure 19 shows the schematic of LSP methods to synthe-
sis HEAs. The main drawback of the LSP method is the
evaporation of low melting elements. It can be controlled
by resistance heating and induction heating furnaces. The
formation of heterogeneous microstructure due to the slow
rate of solidification is another disadvantage in the casting
route for HEAs. Several researchers have successfully manu-
factured HEAs through LSP methods [62-66].
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3.1 Arc melting Process

Many scientific studies have succeeded to produce HEAs
with significant physical, chemical, and mechanical prop-
erties by using the AM process [10, 30, 66]. The low
energy consumption, time-saving, and lower amount
of porosity are the main advantages of AM process and
hence, scientists and researchers have focused to manu-
facture HEAs using this AM process. Figure 20 shows
the AM process where the alloy ingots or alloy powders
were put on metallic crucibles and melt them by tungsten
electric arc which struck under inert gas (argon atmos-
phere) after vacuum the chamber to avoid any oxidation.
The alloy ingots or powders repetitively melted by the AM
and solidified by the coolant which is located beneath the
metallic crucible several times to ensure the homogeneity
of the alloy. Otto et al. [65] have investigated an equia-
tomic CoCrFeMnNi HEA processed by AM and casting
processes. The microstructural evolutions and mechani-
cal properties were investigated during room tempera-
ture deformation. This HEA has produced VHS 4.2 GPa.
Novak et al. [67] have examined the influence of Mn
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Fig. 18 TEM images of AICoCrCuFeNi HEA after SPS at 750 °C: a bright-field image (BF); b BF image at high magnification of a; ¢ dark field
image; d SAED pattern showing FCC and BCC phases; e grain size distribution. [61]

Fig. 19 Schematic showing
various processing methods
in liquid metallurgy route for
HEAs
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incorporation in AlICoCrFeNi HEA processed by laser
melting. The observed microstructures were produced
major FCC phases and some precipitates. This result has
explained the addition of Mn in AlCoCrFeNi HEA led to
producing a single FCC crystal structure. Hou et al. [68]
have investigated microstructures and mechanical proper-
ties of AlIFeCoNiBx (x=0, 0.05, 0.10, 0.15, 0.2) HEAs

prepared by VAM method. The results were revealed that
the incorporation of boron content in the AIFeCoNi matrix
led to converting BCC phase to BCC and FCC phases.
With higher value of boron content, the AlFeCoNix
(x=0.15, 0.2) matrix of HEAs produces eutectic phases
(BCC+FCC,+FCC,). In addition, the observed micro-
structure was pure BCC phase when there was no boron.
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Fig.20 A descriptive diagram of the arc melting method

However, the dendrite and eutectic phases were formed
with increasing of boron content. The same microstruc-
tural observation is shown in Fig. 21.

3.2 Vacuum Induction Melting Process

It is a process of heating electrical conducting materials
through electromagnetic induction causing a magnetic field.
This magnetic field permeates the electrical current over the
conducting materials consequently it generates an electri-
cal current called Eddy current; which then is used to heat

Fig.21 SEM images of as-cast
AlFeCoNiBx alloys by vacuum
arc melting method: a x=0.05;
bx=0.10; ¢ x=0.15;d x=0.20
(Hou et al. [68])
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the materials. The ingot located inside the crucible furnace
prevents the input current consequently the magnetic field
generates through electrical conducting materials which melt
them rapidly from inside as shown in Fig. 22. Then, cooling
down the ingot and re-melt several times to get homogenous
HEA [15, 69-72]. At the final melting stage, the molten state
of HEAs is to be poured into the desired mold and allowed
it for solidification. This melting of HEAS has to be carried
out under a high vacuum. Qiu et al. [73] have investigated
the influence of Fe content in Fe, CoNiCu (x=1.5, 2, 2.5,
3) HEAs in which the raw materials (Fe, Co, Ni, Cu in the
form of blocks) have put inside the graphite crucible for
VIM. The melted HEAs were poured into a copper mold
which was then cooled to room temperature. The obtained
results have explained that the increasing of Fe content
in FeCoNiCu HEA matrix has shifted the formed micro-
structure from FCC phase (Fe; ;CoNiCu) into the combi-
nation of both FCC and BCC phases (Fe, s;CoNiCu). The
highly incorporated Fe content based HEA (Fe, sCoNiCu)
produced a VHS of 6.72 GPa which was 2.21 times higher
compared to Fe; sCoNiCu HEA due to more amount of BCC
phase. Besides, the UTS of Fe, sCoNiCu HEA has exhibited
639 MPa which was 110% more compared to Fe; sCoNiCu
HEA. Kim et al. [74] have also studied the microstructural
evolutions and mechanical properties of Co;,Cu,,Mn3(Niy,
HEA produced by VIM. The casting was carried out under
argon atmosphere; the raw materials in the form of elemental
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powders were added in the alumina crucible to get master
alloy; then the graphite crucible was used to have a homog-
enized alloy at 1373 k for 6 h; the homogenized cast ingot
was rolled to thick sheet (1.5 mm) with a reduction ratio
of 75%; and finally the rolled sheets were heated at differ-
ent temperatures (873, 923, 1023, 1073, and 1173 K). The
results were explained that a fully re-crystallized stable FCC
phase with 2.8 mm refined grains were obtained in the HEA
when the sample was annealed at 873 K. Further, the same
sample has produced high UTS of 996 MPa. The advantages
of the VIM process are accurately controlling the speed of
heating and cooling compared to the AM process and as well
as the achievement of homogeneity. Moreover, the vacuum
atmosphere prevents oxidation. Though, the main limitation
of this technique is poor in the surface finish which needs to
do secondary machining process further [75].

3.3 Directional Solidification Process

Directional solidification (DS) is a process in which the cast-
ing starts to solidify in a constrained direction and narrow/
restricted passage due to which columnar grains, single grain
boundaries, and improved homogeneous microstructures can
be achieved. For manufacturing of HEAs through DS, the
HEAs are placed inside alumina (Al,O5) and starts to melt
due to heating system surrounding it. After solid material
transfer to the liquid state, the solidification starts at the far-
thest point of alumina tube as shown in Fig. 23 and grows
in directional as the tube pulls down into liquid coolant.
Zheng et al. [76] fabricated CoCrFeNi HEA through AM
under Ar gas atmosphere, re-melt the ingot five times, and
then the HEA was processed through the DS process. Here,
first, the HEA was melted, hold it for 60 min inside an 8 mm
diameter with a length of 150 mm Al,O5 ceramic tube, and
then the velocity of melt was varied into Ga—In—Sn coolant.
After solidification in a single direction, the HEA produced
a stable and homogeneous columnar grain (Fig. 24). The

Inert Gas
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p== Graphite heater

Molten sample
P water

= Water cold
copper induction
insulation

Vacuum Pump

N

v’y

Ga-In-Sn
Liquid Coolant

Pulling system

Water outlet

Water inlet

Fig. 23 Schematic of directional solidification process

obtained results explained that the UTS started to increases
with the function of downward velocity whereas the colum-
nar grain size started to decreases. The fabricated CoCrFeNi
HEA with 50 pm/s sample produced UTS of 0.6 GPa which
was 1.39 times more compared to the same HEA processed
with a velocity of 5 pm/s [77].

3.4 Infiltration Process

The infiltration process is a LSP that can also be used for
fabricating the HEAs. The advantage of this process is to
fabricate complex shapes made of HEAs with low per-
centage of porosity in a short relative time. By heating the
lowest melting point elemental powders tail it melt, then
either pressurized the liquid matrix phase toward the green
compact or applying a capillary force as shown in Fig. 25.
Mileiko et al. [78] manufactured FeCoNiCrW HEA rein-
forced with Al,0;-Al;Y;0,, and Al,03;-Al;Y;0,,-ZrO,
oxides based composites processed by liquid infiltration
technique. This HEA based composite yielded a strength of
around 300 MPa and retained the strength even at 1200 °C
which indicated high creep strength.

3.5 Electromagnetic Stirring

Electromagnetic stirring (EMS) of liquid state method can
also be used in industrial production due to its stirring
efficiency which improves the quality of the product by
reducing the defects and porous in the cast products. The
EMS mechanism is created by collaborations of magnetic
field coil (electromagnetic stirrer) and conducting met-
als as shown in Fig. 26a. He et al. [79] have synthesized
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Fig. 24 Microstructure of
CoCrFeNi HEA directional
solidification: a longitudinal
cross section, b liquid region, ¢
stable solidified region [76]

il

a novel eutectic CoCrFeNiNbx (x=0.1, 0.25, 0.5 and
0.8) HEAs using arc melting along with EMS. The cast
alloys were re-melted with EMS five times to attain a
homogeneous microstructure. For instance, the micro-
structure of CoCrFeNiNb, ,s and CoCrFeNiNb, ¢ eutec-
tic HEAs are shown in Fig. 26b, c respectively. The cast
alloys have exhibited a soft FCC phase (A-region), a hard
Laves phase and fine lamellar structures (spacing around
300 nm, B-region). Their main objective was to achieve
a homogeneous eutectic lamellar microstructure and to
have more strength with considerable ductility. The same
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author’s group (Yuan et al. [80]) have investigated the
mechanical properties of eutectic HEAs in which the hard-
ness of 5.42 GPa, 5.87 GPa and 6.43 GPa were obtained
for CoCrFeNiNb, s CoCrFeNiNb s and CoCrFeNiNby ¢
respectively. The increasing in hardness was reported due
to the incorporation of Nb. Further, improved hardness and
considerable ductility were obtained in CoCrFeNiNb, ,5
HEA (compressive ultimate strength of 2.025 GPa with a
strain of 38.8%).
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Fig. 25 Schematic diagram of
the infiltration process
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4 Thin-Film Deposition Technology

Thin-film deposition (TFD) methods (Fig. 27) can also be
suggested to fabricate refractory based HEA coatings over
the substrate to improve surface properties of components.
A thin layer starting from 1 nm to few hundreds of microns
can be deposited through advanced thin-film technology,
namely, magnetron sputtering deposition (MSD), pulsed
laser deposition (PLD), and plasma spraying deposition
(PSD) [81]. HEAS thin-film offers improved properties in
aerospace industries where high strength along with superior
oxidization and corrosion resistance can be attained.

4.1 Magnetron Sputtering Process

MSD process is one of the physical vapor deposition
(PVD) in which coating can be carried out under a high
vacuum. This process uses mainly for producing thin films
over metals, alloys, ceramics, and textiles [82, 83]. Many
researchers have studied the deposition of HEA (target) by
the MSD method due to its advantages as it can deposit

Electromagnetic
stirrer

Heaters

Melting
powder

Crucible

many various materials onto the different substrate (wafer)
of metals, alloys, and ceramics through the special mag-
netic fields. This magnetic field accelerates the deposi-
tion process and consumes low pressure compared to other
techniques. Moreover, strong coating with very thin films
could be achieved. Figure 28 shows the schematic of MSD
where the chamber should be evacuated to at least 108 Pa;
then pump the Inert gas (commonly Ar) into the chamber
conferring to the desired pressure; positioning the mate-
rials which need to be coated on the anode called as the
substrate (wafer) connected to DC and locating the HEA
(target) on the cathode which also connected to differ-
ent DC source. Due to the magnetic field which will be
generated from the cathode, the Ar atoms will be ionized
and impact the HEA (target) which in return release HEA
particle to coat the substrate [75].

H.Kim et al. [84] developed a thin film from the single
target of refractory high entropy alloy (RHEA) of NbMo-
TaW, in which the authors have reported a single face struc-
ture of nanocrystalline solid solution of BCC. Uniform dis-
tributions of RHEA of the substrate without any separation
in large areas have been obtained. Also, TEM confirms the
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Fig. 27 Schematic showing
various processing methods in
thin-film depositions route for
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Fig.28 A descriptive schematic of magnetron sputtering coating
method

orientation of (110) BCC phase structure from the cross-
section of the thin film of RHEA as a selected area. Fur-
thermore, NbMoTaW films can act as hard protecting layers
for nanofabricated devices especially for those devices that
amalgamate the hardness and electrical resistivity.
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using this method due to its simple and economical process
compared to other TFD methods [85]. Figure 29a shows
the schematic of PLD components. An intense pulsed laser
beam has concentrated on the target materials whereupon
the materials are vaporized into flux of fragments material,
and deposited on the substrate material as thin film under
the chamber either filled with background gas [86] or high
vacuum atmosphere [16, 87] to avoid any type of contam-
inations or interactions. On the other hand, PLD consid-
ers fast thin film technique (10—15 min) with high quality
compared to other methods. Also, it is a low-temperature
process due to which it can be applied to sensitive materi-
als. However, the uneven concentration of target material
on the substrate occurs and hence it may not be suitable for
large scale film growth. M. Cropper [16] prepared a thin film
of AlCrFeCoNiCu on borosilicate glass by PLD. Results
showed that large crystal sizes of both FCC and BCC phase
structures were obtained at room temperature. T.Lu et al.
[87] studied the mechanical properties of the CoCrFeNiAl, ;
HEA thin films (HEATFS) on a silicon substrate at a vacuum
atmosphere, room temperature and different deposition time.
The nano-hardness and young’s modulus of CoCrFeNiAl ;
HEATFs reach 7.66 GPa and 150.35 GPa respectively. In
addition, the corrosion resistance of the HEATFs was bet-
ter than 316 L stainless steel. Figure 29b illustrates a clear
pitting dent happened in some weak coated surface spots
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Fig.29 a A descriptive sche-
matic of pulsed lased deposition
method, b SEM image of the
HEATEF after corrosion tests

[87] (a)

because of erosion, Consequently, It has been proven that
thin film of HEAs can improve the mechanical and surface
properties of the materials.

4.3 Plasma Spray Deposition

PSD is a process of spraying molten or semi-molten of
material powders (HEA) onto substrates (wafer) for coat-
ing applications. The powders eject into elevated tem-
perature plasma flame whereas it simultaneously heated
and accelerated as shown in Fig. 30. The molten powders
particles impinge the substrate surface and cool down
where the coating occurs. K.Cheng et al. [88] are coated
a stainless steel (304) plate (substrate) with AlICoCrFeNi
HEA by the PSD process. Two groups of AICoCrFeNi
powders have prepared by the gas atomization process
with a diameter of 10-60 and 60-90 pm. Then, plasma
gas was set at a constant voltage of 70.5 V, and H, (35 I/
min) gas with changing the current (500, 550, 600 650,

Fig.30 Schematic of the
plasma spray coating process

Plasma Gas

source

Target
(HEA)

and 750 A) and Ar flow rate (35, and 50 I/min) on one
hand. It was observed that when the current and Ar flow
rate was low, the spray coating of coarse powder particles
has produced the un-melted regions over the substrate as
shown in Fig. 31a. However, effective coating and prop-
erly melted regions were obtained for the spray coating
of fine powder particles at the same lower voltage and
flow rate. But this sample exhibited some solid powder
particles drop (Fig. 31b). On the other hand, when the
current and Ar flow rate were set at higher values, both
the coated powder particles over the surface exhibited a
perfect, flat, and flaw-free coating (Fig. 31c). Besides, the
observed hardness value was proportionally increased with
the increase of current and an Ar flow rate; the noticed
highest hardness value of fine particles and coarse parti-
cles was 249 and 427 HV respectively.

Electrode (Anode)

l Powder

Ejection

Substrate

Coating
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Fig.31 Cross-sectional SEM
images of a i-500-35, b i-600-
50, and ¢ ii-750-50 samples [88]

5 Additive Manufacturing Technology
(AMT)

HEAs are being manufactured using the above-mentioned
SSP (Sect. 2) and LSP route (Sect. 3) in which AM and or
SPS are the commonly used techniques. However, it is very
difficult to produce HEAs with homogeneous structure by
AM, refined grain structure and maintaining single phase SS
using MA followed by SPS. Further, the manufacturing of
HEAs in the industrial scale is also not feasible using con-
ventional methods. Nevertheless, there is potential demand
in HEAs for specialized applications that need to fabricate
the HEAs with less complex technique, high level of control-
ling the process to have specified internal structure and to
fabricate quickly. Further, based on current research, these
are possible by laser-based AMT [89]. In AMT, the parts
are being fabricated layer-by-layer which has different tech-
niques, namely, fusion deposition modeling, stereolithog-
raphy, 3D plotting, selective laser sintering (SLS), selec-
tive laser melting (SLM), selective electron beam melting
(SEBM), and laminated object manufacturing. Among these
techniques, laser-based SLS/SLM can be used to manufac-
ture the products from HEAs which has several features:
produce parts at high temperature in a short duration, faster
cooling rate, specific microstructure, avoiding of unwanted
phases, flexible and designing the parts in a rapid manner,
produce highly intricate parts economically, lesser skill force
for manufacturing, effective material utilization (net shape),
and ability to change the part design using software [90, 91].
Figure 32 shows the schematic of the working principle of
SLM in which a high power laser beam (~200 to 1000 W)
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is used to melt the selective places over the powders to
print one layer. The fiber laser with a wavelength of around
1000 nm can be used for printing. This laser is controlled by
Galvanometer, lens and then directed over the target surface.
The powder materials start to melt using the laser power
consequently the melted powders start to solidify. This
SLM consists of two platforms, namely, powder delivery
platform and powder build platform. The table in the pow-
der build platform can move along z-direction whereas the
laser scanning system can move along x—y directions. After
printing one layer, the activated roller transfers the required

Scanning system

Laser source

Roller Laser beam

Shielding gas system

Powder supply side

Parts printing side

Fig.32 Schematic of working of selecting laser melting (SLM)
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amount of powders from the powder delivery side to the
build side. Again, another layer can be printed using a laser
system. This is the step that repeats continuously until the
entire object is built. The entire SLM system is controlled by
shielding gas to avoid oxidization. Several process param-
eters influence the product quality which is laser power,
scanning speed, focal laser beam diameter, laser scanning
path, and layer thickness.

The raw powders for SLM should be in the form of a
sphere to have improved performances for which gas atomi-
zation is being used to synthesize the HEAs powders [34,
35]. Lietal. [91] investigated CoCrFeMnNi HEA processed
by SLM. These HEA powders were synthesized by gas
atomization in which the average particle size was 36 pm
with a spherical shape. After synthesizing the powders, the
HEA powders was printed using SLM in which the used
laser power (P) was 400 W, laser beam diameter was 90 pm,
and layer thickness (f) was 0.03, and the authors varied the
scanning speed (v) from 800 to 4000 mmy/s. Due to varying
the scanning speed, the volumetric energy density (VED)
was varied which can be determined using eq. (1):

P

VED = v (1)
After printing the sample, HIPing was used to increase the
density of the sample. The results were explained that the
printed sample density was started to increases steadily with
the function of VED and then decreases at high value of
VED. From XRD results, the observed full width half maxi-
mum (FWHM) at the major peak was started to broaden with
the function of VED and the corresponding lattice parameter
also changed. The microstructures of the SLM printed sam-
ple exhibits a large number of dislocations and more lattice
distortion. The printed sample produced a tensile strength
of 600 MPa whereas the HIPed sample exhibited 650 MPa.
This result indicates obviously that HEAs with specified
internal microstructure can be easily manufactured using
recent AMTs. Joseph et al. [92] manufactured Al,CoCrFeNi
HEAs (x=0.3, 0.6, 0.85) through direct laser fabrication
(DLF), DLF/HIPing, and arc melting (5 re-melts). Very fine
elongated grains were obtained in the DLF method, some-
what coarse grains were obtained in DLF/HIPing method,
and very big dendrites microstructures were obtained in the
AM method (Fig. 33a—c). Further, mechanical properties
results explained that Al (CoCrFeNi HEA consolidated by
DLF/HIPing method exhibited improved mechanical prop-
erties in terms of compressive strength and ductility when
compared to other methods. This sample produced around
1.6 GPa compressive strength with a true strain of 0.75. This
was due to the presence of coarse BCC and B2 phases which
enhanced the ductility with considerable strength.

6 Microstructural Changes, Mechanical
Properties Variations, and Major
Challenges of HEA

Phase stability is the important feature in HEAs which can
be achieved by high configurational entropy that depends
on number the of elements, atomic ratios, and structural
parameters of each element. The presence of high config-
urational entropy decreases the amount of free energy in
HEAs according to Gibbs free energy equation (see “Appen-
dix of ESM”) due to which stabilized solid solutions phase
can be obtained even at high temperatures. Among the dis-
cussed manufacturing methods, gas atomized HEAs pow-
ders (Fig. 4) followed additive manufacturing technology
(Fig. 32), MA powders (Fig. 7 followed SPS (Fig. 14), vac-
uum induction melting (Fig. 22), directional solidification
(Fig. 23), magnetron sputtering (Fig. 28), and laser deposi-
tion (Fig. 29) techniques can produce single phase-stable
HEAs by which extensive mechanical properties could be
obtained. This meant, the formation of second phase parti-
cles/precipitates, and or IMCs can almost be stopped due
to less processing time for which the HEAs will not have a
time for unwanted reactions that develops the second phase/
IMCs. Most of the HEASs produces a single phase with FCC,
and, or BCC crystal structures. Some HEAs produces HCP
crystal structure. Superior mechanical properties of HEAs
can be obtained based on the type of crystal structure forma-
tion, the number of phases (single phase, two-phase, mul-
tiphase) and processing routes.

However, mostly, the phase formation of HEAS is in
multiphase (Two or more) which also helps to enhance the
properties according to the need. For example, simultane-
ous improvement in mechanical strength and ductility can
be achieved by dual-phase in HEAs. The presence of the
soft phase in HEAs increases the ductility whereas the hard
phase increases the yield strength. Similarly, the presence of
multi-phases in HEAs can increase the mechanical proper-
ties, namely, YS, ductility, elastic modulus, plastic modulus,
UTS, fatigue, creep etc... Synthesizing a single-phase SS
of HEAs (usually supersaturated and sometime metastable
phase) by SSP route can undergo various phase transfor-
mations during heat treatment and sintering which leads to
forming two-phase transformation, namely, eutectoid and
precipitation. Due to these phase transformations, all the
atoms are to be rearranged to form a new phase(s). The
newly transformed phases maybe two or more which may
be eutectoid, sigma/laves phase, precipitates, and spinoidal
decomposition.

Moreover, the heat treatment of HEAs influences mechan-
ical properties considerably. For instance, AlICoCrFeNi
HEA in as-cast and heat-treated behavior is illustrated that
an improvement in ductility with plastic strains as the aged

@ Springer
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Fig.33 a—c SEM images of Al),CoCrFeNi HEA prepared by different route: a direct laser fabrication (DLF), b DLF followed by HIPing, ¢ arc
melting; d true stress-true strain curves of Aly,CoCrFeNi HEA at different manufacturing methods (Joseph et al. [92])

temperature increases [93]. Rao et al. [94] investigated the
aging behavior of Fe ,Cr, ,NiMnCu HEA which was aged
at two different temperatures (900 °C and 1000 °C for 24 h
(Fig. 34). From Fig. 34a, b, it was ensured a homogenized
FCC phase and a small amount of dendrite phase in the form
of needle-like shapes after aging. The HEA aged at 900 °C
was exhibited interdendritic phase whereas HEA aged at
1000 °C was exhibited uniform dispersion of needle-like
phase which corresponds to the BCC phase. The XRD pat-
tern of Fig. 34c for HEA aged at 1000 °C was clearly shown
the formation of the BCC phase which was conformed as
per Fig. 34b. The true stress-true strain curves of as-cast
and homogenized Fe, ,Cr, ,NiMnCu HEA is also shown in
Fig. 34d. The result was explained that homogenized HEA
exhibited more strength when compared to as-cast one.
However, a homogenized HEA sample produces decreased
ductility due to dendrite BCC phase precipitates. Therefore,
it is clear that the properties of HEAs are highly influenced
by the phase formation, various processing methods, and

@ Springer

types of elements present in HEAs. This section correlates
the propertie’s improvement in terms of phase formations,
microstructural variations, and stress—strain curves.

In line with previous studies, all HEAs produces exten-
sive mechanical properties with considerable elongation to
failure even at a high temperature which is an important
property needed for high-temperature applications. Based on
the literature, it was observed that the HEAs manufactured
from LSP route, the amount of SS strengthening of elements,
and the amount of precipitates strengthening are the two
main mechanisms that promotes the mechanical properties
of HEAs. However, in the SSP route, especially for MA, and
AMT, grain boundary strengthening, dislocation strengthen-
ing and strengthening by precipitates are the major mecha-
nisms that involves mechanical properties improvement.
Figure 35 shows the tensile strength with the function of
elongation-to-failure for conventional materials and some
HEAs [56]. From Fig. 35, it is very clear that HEAs exhibits
considerable strength with improved ductility. For instance,
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Fig.34 a and b Backscat-

tered electron SEM images of
homogenized Fe ,Cr, ,NiMnCu
HEA at two different tempera-
tures after 24 h, ¢ correspond-
ing XRD pattern of 1000 °C
homogenized sample, and d
true stress-true strain curves

of as-cast and homogenized at
1000 °C HEAs. [94]
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9 W lements MS technique was rarely used in the fabrication of HEAs
O refractory elements [95-101]. Besides, the majority of research studies have
. 8 :Le;'fa“oy concentrated on the microstructure of the alloy and the
g 1500 © Al-alloys mechanical properties through either tensile and compres-
% 8 ::,;mfs sive tests or hardness tests. For instant, VHS values ranges
> O Semmicy from 0.141 to 5.8 GPa was achieved in CoCrFeNiTa, , HEA
é 1000 # refractory HEAs [102]. Further, some studies have investigated the corrosion
g : ﬁ;ﬁ;ﬁ‘f,“;’;ﬁ;ra. behavior of HEAs [70, 71, 93, 103]. It was also observed
@ T from Table 3 that the tensile strength and hardness were
2 500 decreased slightly as the temperature started to increase
in all the HEAs. The mechanical behavior of some HEAs
® conventional alloys is shown Fig. 34. The variation of the atomic fraction of
0 \_’0/. s U some element(s) in HEAs influences much on mechanical

40 60 80 100
Elongation at fracture (%)

120 140

Fig.35 Comparison of tensile strength between conventional materi-
als and some HEAs [56]

the REHEASs produces the tensile strength of 3 times higher
than steels and 5 times more than Al-alloys.

The implications of Mechanical properties are shown in
Table 3 which illustrates the summary of the manufactur-
ing method of some HEAs, main objectives of each work,
and the outcome of mechanical properties. Table 3 was
explained that the majority of the researchers tend to use
the AM process because of fast productivity where there
is no need to do secondary operations to produce the final
sample such as the compaction process for producing a
green sample or sintering processes to increase the bond-
ing in case of PM route. In contrast, it was found that the

behavior. For instance, The UTS of CoCrFeNiTa,, HEA
exhibited more value compared to CoCrFeNiTa, ;s HEA
[102] likewise, Al ;CoCrFeNiMn, ; has UST of 371MPA
more than Al ;CoCrFeNiMn,, ; which has exhibited UST of
336 MPa [99]. The refractory high entropy alloys (RHEAs)
also reduce a slight increase in strength and hardness as the
Ti and C volume fraction increased in Ti,NbMoTaW and
Mo, sNbHf, sZrTiC, HEAs respectively [104, 105]. Also,
the compression ductility of HEAs started to increases
while the strengths and elastic modulus diminishes [25,
106-108] at elevated temperature. For instance, the com-
pressive strain of around 27% was obtained in TiNbMo-
TaW REHEA whereas TiVNbTaMoW HEA produced the
compressive strain of only 4% [106]. Some other research
articles demonstrate the mechanical properties change by
varying any one element in HEA. Incorporation of Ti, in
Ti,NbMoTaW HEA increases the UTS with an increment

@ Springer
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Table 3 (continued)

Composition
AlyCoCrFeNi
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0.3

processing method of AlyCoCrFeNi HEAs
through direct laser sintering, and arc melt-

(DLF) And vacuum arc melting re-melted

four times

~400
~1400

0.6

ing. The oy of both process HEAs was the

same, but different in ductility.

0.85

amount of 66.4% [104]. HfMo,, sNbTiV, sSi, HEA exhib-
ited improved mechanical properties in terms of strength
and hardness by the addition of silicon [72]. The tensile
yield strength of HfMo, sNbTiV,) sSi, ; exhibited 1.69 times
higher value compared to HfMo, sNbTiV, s HEA. Further,
Guo et al. [105] manufactured a HEA based composite
which consists of Mo, sNbHf, sZrTi HEA matrix reinforced
with carbide particles that produced improvements in com-
pressive strength and plasticity. Mo, sNbHf sZrTiC,, ; HEA
produced a compressive yield strength of 2.14 GPa with a
38.9% strain whereas Mo, sNbHfj, sZrTi HEA matrix exhib-
ited the compressive yield strength of 1.54 GPa with 24.6%
strain.

Various manufacturing methods are available to manu-
facture different HEAs as discussed in the previous sections.
The major manufacturing methods are SSP, LSP, and TFD.
LSP route can be used to fabricate the HEAs in the forms
of rods, billet, and bars. From these forms, products can be
fabricated. Mostly, VAM and or VIM methods are suggested
to fabricate the parts. For instance, among these two meth-
ods, the VAM process produces good and defect-free cast-
ing due to the high vacuum involves comparing to the VIM
process. The AM Al sCrFeCoNiCu HEA produced straight
homogeneous dendrites in all orientations whereas the VIM
process produced non-uniform dendrites-like along with
coarse grain structure for the same HEA. Besides, the AM
HEA sample shows single-phase FCC-structure while the
VIM sample produced dual-phase FCC and BCC structures
[75]. However, evaporation of low melting elements, con-
trolling of required composition, and formation of heteroge-
neous microstructures are the major drawbacks in the LSP
route. To overcome these issues, the SSP route can be rec-
ommended in which the components can be manufactured
directly from the HEAs powders followed by advanced con-
solidation methods (MA and SPS). Single-phase/homogene-
ous microstructures can be achieved via the SSP technique
with high quality. Though it is a relatively expensive process,
this technique can give improved mechanical properties. For
comparison between AM and MA technique as an example,
Baldenebro-Lopez et al. [49] fabricated AlCoFeMoNiTi
HEA by MA with BPR of 1:5 for 10 h under argon atmos-
phere. The HEA powders were pressed in a die with a com-
paction pressure of 1.5 GPa (green samples); then sintered
at 1423 K under Ar atmosphere for 3 h. In parallel, some
of the same green samples were melted in the AM process
under Ar atmosphere (re-melted five times to have homog-
enous melt). The results showed that the MAed AlCoFeMo-
NiTi HEA produced the VHS of 8.87 GPa whereas the AM
sample exhibited 7.68 GPa VHS. This was due to retained
fine grains and the formation of nano-precipitates (Fig. 36)
in the sample processed by MA. Further, to understand the
best consolidation techniques among SSP route, the com-
parison between VHP and SPS was done here from Liu et al.
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Fig.36 Microstructure of
sintered sample: a SEM, b TEM
[49]

[109] and Ji et al. [110] works as an example. Liu et al. [109]
have synthesized the cantor alloy (FeCoCrNiMn) powders
using MA with BPR 15:1, speed of 255 rpm for 45 h under
Ar atmosphere; then VHP sintering was carried out at dif-
ferent temperatures (850, 900, 950 and 1000 °C) with a con-
stant pressure of 50 MPa for 1 h. The XRD pattern of HEA
powders after MA has shown a major FCC phase and a small
amount of BCC while the XRD pattern of HEA bulk sample
after VHP sintering has shown only the FCC phase and a
smaller amount of precipitates (M,;C4 and M,C;) due to the
control agent (N-heptane). This cantor alloy produced the
YS of 1.652 GPa and VHS of 4.61 GPa sintered at 1173 K.
On the other hand, Ji et al. [110] synthesized the same can-
tor alloy (FeCoCrNiMn) by MA (BPR 15:1, 255 rpm, 60 h)
followed by SPS at 1073 K (50 MPa pressure, 10 min) under
Ar gas. The bulk sample produced two different FCC phases
[110] which yielded 1.987 GPa YS (highest value reported
for FeCoCrNiMn HEA). Finally, the HEA powders can be
directly coated on the products using TFD methods. Simi-
larly, 3d printing technology can also be used to fabricate
the HEA products directly.

HEAs are a new class of alloys which can be used in
high-temperature applications with improved properties at
high temperature by which highly costliest and high density
super alloys materials can be replaced by HEAs. Some of
the HEAS can be used in aircraft propulsion systems, gas tur-
bine blades, and accessories, heat exchanger parts in nuclear
industries, products for processing industries (cement,
chemical and textile machinery parts). For instance, nickel-
based superalloys possess superior corrosion resistance up
to 400 °C. However, for these applications, HEAs, especially
from refractory based HEAs, exhibits outstanding resistance
against corrosion even up to 700 °C which indicates the per-
formance from HEAs becomes doubled. Tungsten carbide
(WCQC), titanium nitride, silicon abrasives, boron carbide are
the major conventional materials that are being used for
fabricating the machine tools and cutting tools. It can be
replaced and proposed by HEAs, but, still, more research

(b)

precipitates

has to be carried out to check the feasibility of these kinds
of applications. Further, gas turbine blades, vanes, disks
require superior physical and mechanical properties. Espe-
cially, these products need high tensile strength and high
resistance against failure at both room and elevated tem-
peratures. These parts are highly critical one which needs
to operate around 900 °C. For these applications, currently
single-crystalline superalloys are being used which has a
tensile strength of around 500 MPa at~ 1000 °C and ductility
around 10% at room temperature. However, the manufactur-
ing cost towards the development of single-crystalline super-
alloys is highly expensive which is very difficult for control-
ling during its fabrications. Further, these parts require more
creep resistance, fatigue strength, more thermal conductivity
and good in environmental resistance. Hence, materials for
these products should have lesser in the coefficient of ther-
mal expansion and high value of elastic stiffness to eliminate
deflections. In addition, currently, most of the turbine blades
possess a specific strength of 570 Pa m*/kg which should be
operated for thousands of hours. Hence, the materials should
have stabilized SS microstructures at high temperatures for
which HEAs can be recommended, but, it has to be validated
by conducting more research outcomes.

After deciding to choose HEAS for applications, next, the
processing is the highly challenges. For example, when we
prepare the HEAs through the melting route (LSP), it needs
to have furnaces/equipment for operating at high tempera-
tures. Further, these LSP route produces inhomogeneity in
the form of segregation. Most of the parts produced from the
melting route usually applied in as-cast conditions and or
used after heat treatment with/without secondary operations
(forming and metal cutting). As discussed in the previous
sections, HEAs prepared by the LSP route produce more
porosity and sometimes unwanted phases in the form of pre-
cipitates. Mostly, in the melting route, HEAs exhibits BCC,
FCC, HCP, and some precipitates which mainly depend on
the type of elements that are to be mixed, their atomic ratio,
and other processing parameters. However, these unwanted

@ Springer



1130

Metals and Materials International (2020) 26:1099-1133

phases and incoherent precipices can be eliminated through
SSP routes (PM) such as MA followed by SPS/HIP. Here,
the necessary microstructural phases can be easily designed
and controlled.

7 Conclusions

In this review article, several conventional and unconven-
tional processing methods for the manufacturing of HEAs
have been discussed elaborately and reported. Three exten-
sive processing methods, namely, SSP, LSP, and TFD are
explained with simple schematic by which the readers can
and be able to understand the recent research works related
to HEAs. Further, the influence and proper selection of
processing parameters were reported in each processing
method. The selection of processing methods is very much
important as the performance of HEAs products mainly
depends on processing methods and its parameters. The
major features and issues related to the fabrication of HEAs
were also investigated with appropriate sketches/microstruc-
tures. As far as SSP methods, MA followed by SPS can give
improved properties whereas VAM, VIM, AM with EMS
are the most common methods for manufacturing HEAs in
liquid processing route due to its simplicity and its easiness.
Further, the manufacturing of HEAs through advanced AMT
was also discussed. In AMT, DLF and SLM are the best
manufacturing techniques for fabricating HEAs. Moreover,
various phase formation in each processing method, corre-
sponding microstructural changes, and mechanical proper-
ties evolutions was also discussed with appropriate graphs/
microstructures. Finally, the major challenges related to
processing methods and applications of HEAs are also dis-
cussed and reported.
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