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Abstract

High-entropy alloys (HEAs) are special type of alloy suitably developed for use in petroleum exploration, energy storage
devices, medical implants, etc. This is because they possess excellent corrosion, thermal, and mechanical properties. Corro-
sion characteristic of HEAs prepared via spark plasma sintering is a top notch as the technique generates corrosion resistant
phases and homogenous microstructure. This study was aimed at reviewing recent publications on corrosion characteristics
of HEAs processed by SPS in order to develop ways of improving their anti-corrosion properties. The resource materials
were obtained from Scopus-indexed journals and Google Scholar websites of peer-reviewed articles published within the
last 5 years. From the study, it was revealed that incorporation of some elements (Al, Cr, Ti) into HEAs can improve their
corrosion resistance, while addition of some others can reduce their brittleness and enhance their stability and formability.
It was recommended that optimization of SPS parameters was one of the strategies of generating better corrosion charac-

teristics in HEAs.
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1 Introduction

The development of stainless steel came to be because
mild steel is susceptible to corrosion. Likewise, titanium
alloy was developed because pristine Ti cannot withstand
high-temperature oxidation. Reinforcement of monolithic
elements is always undertaken to improve some proper-
ties in the substrate (matrix) or introduce a new property.
It is from this background that high-entropy alloy was con-
ceived and invented. High-entropy alloys (HEAs) are typical
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metallic alloys comprising of 5 elements or more combined
in equiatomic or near-equiatomic composition (Fig. 1).
Each element in the alloy possesses an atomic concentra-
tion of 5-35%. The entropy of formation is very high, and
this attribute contributes to their exceptional characteristics.
Their enthalpy of formation is generally small in compari-
son with that of conventional alloys, and this contributes to
their metastable structural configuration. Hitherto, scholars
were saddled with the traditional alloys’ challenges, such
as high-temperature oxidation, high-temperature creep, and
loss of strength at high temperatures which undermined their
applications in aerospace, automotive, electrical, and struc-
tural systems. So, the burning zeal to develop a more robust
material via research and innovation led to the discovery
of this all-important alloy. Recall that conventional alloys
like Ni, Ti, and Al alloys exhibited depreciation of strength
when used at temperatures between 350 and 650 °C. That
made their performance at these temperatures poor, and this
contributed to their failure in aerospace, automotive, and
structural components [1-6]. The first mention of HEAs was
in two independently published articles in 2004 by Yeh and
Cantor. From then, the study of HEAs had grown geometri-
cally [7, 8].
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A number of phenomenal effects which occur during the
formation of HEAs abound and these contribute to their
unique properties. The effects include high entropy, slug-
gish diffusion, lattice distortion, and cocktail. High entropy
effect is the concept which explains that HEAs experience a
high degree of randomness during formation which induces
unique properties in them than it is experienced in traditional
alloys. Such properties include single-phase solid solution,
refined microstructure, homogenous and ultra-fine grains.
Lattice distortion establishes that the kinetics of HEAs’ for-
mation stimulate spinning and straining of atoms domiciled
in the lattice configuration and subsequently promote solid
solution hardening, grain borderline pinning, and dislocation
suppression hardening. The sluggish diffusion effect estab-
lishes that HEAs’ formation suppresses grain coarsening,
reduces phase separation, and enhances thermal strength and
creep stability via very slow inter atomic diffusion. Cock tail
effect is the concept upholding that each constituent element
contributes a particular property to the alloy such that they
will synergize to produce some unique properties. It is the
combination of all these effects and concepts that bestows
unique properties to HEAs [9—-13].

Number of publications on HEAs as obtained from Sco-
pus database is shown in Fig. 2. Here, it can be seen that
from 2013 to November 2023, 9211 peer-reviewed articles
on HEAs (Fig. 2a) and 411 HEAs review articles (Fig. 2b)
have been published in journals that are indexed by Sco-
pus. This number excludes conference papers and papers
published in other indexing agents. This implies that HEAs
have gained a lot of attention, even though more work is still
needed to be done because of their importance.

Fig. 1 Schematic diagram of HEA consisting of five elements
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Techniques for fabrication of HEAs are manifold and
many researchers have reported a number of the processes.
Solvo-thermal synthesis was studied by Bondesgaard et al.
[14], and other processes include ultrasonic method [15],
carbo-thermal shock method [16], and bed pyrolysis [17].
These techniques have not done well in productivity, scala-
bility, energy-saving, and economy. Consequently, diversion
of attention to spark plasma sintering (SPS) occurred, and it
was reported that it is one of the most robust consolidation
processes that is popular in grain refinement, homogenous
dispersion of reinforcements, grain boundary interlock,
vaporization of impurities, enhancement of microstructure,
and good corrosion properties [18-21].

A number of people have worked on SPS of HEAs. Fu
et al. [22] produced Co, sFeNiCrTi,, 5 alloy by mechanical
alloying (MA) and SPS. Results showed enhanced micro
hardness with refined microstructure. Yeh et al. [10] noticed
that NiCoCrCuFe HEAs prepared via spark plasma sintering
generated more improved microstructure and strength than
that fabricated with stir casting. Moazzen et al. [23] devel-
oped FexCoCrNi (x=1-1.6) alloy using MA and SPS. It was
noticed that when Fe fraction was raised, the UTS rose from
480 to 560 mega pascal, while the hardness rose from 320
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Fig.2 Publications on HEAs indexed by Scopus from 2013 and
2023: (a) publications on HEAs indexed by Scopus excluding con-
ference papers from 2013 to 2023, (b) review articles on HEAs from
2013 to November 2023 (data obtained from Scopus database in
November 2023 and plotted by the authors)
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to 400 Vickers hardness. More so, COF and wear volume
diminished tremendously. Exploits of SPS cannot be over
emphasized, thus the choice of the technique in this research.

SPS is described as a non-conventional sintering tech-
nique employed in powder metallurgy which makes use of
pulsed direct current (DC) applied concurrently with axial
pressure to consolidate a bulk mass of alloys, compounds,
or composites. The bulk mass usually possesses enhanced
microstructure without pores, zero grain coarsening, inter-
locked grain border-lines, cohesive matrix/additive interface,
and uniformly dispersed reinforcements [24-26]. Figure 3
shows the fundamental operation of SPS machine.

It can be observed from Fig. 2 that articles on review of
HEAs are not as sufficient as it should be taking into con-
sideration the importance of the material to the universal
demand, cost, and sustainability of energy. And even though
HEASs have good corrosion resistance, some factors such as
production technique and elements that constituted the alloy
may negatively affect the corrosion properties. Hence, there
is the need for deeper insight in the corrosion properties of
these alloys processed via SPS. It is clear that SPS technique
lacks sufficient research that will fast-track its scalability,
affordability, and energy-conservation. So, the need for an
in-depth research on the corrosion properties of HEAs is
the aim of this study. Therefore, the objective of this work
was to critically evaluate recent publications on high-entropy
alloys prepared with SPS and their corrosion characteris-
tics. Discussed also is the prospective uses of corrosion-
resistant HEAs prepared by SPS together with the challenges
encountered in the processing. Research on the corrosion
properties of HEAs was motivated by the fact that HEAs are
very useful materials with prospective applications in high
temperature, high pressure, and high saline environments.
These environments are corrosive media which can affect
the performance and durability of the materials. Hence, this
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Fig.3 Schematic diagram of spark plasma sintering technique

present work on how HEAs can thrive in these media is not
only imperative but timely.

2 Corrosion mechanisms in HEAs

The term “corrosion” is the deterioration of substances as a
result of their chemical or electrochemical interactions with
the ambient [27]. Modes of corrosion will be discussed
below.

2.1 Modes of corrosion in HEAs

A) Oxidation: Corrosion can manifest on materials in the
form of oxidation. Oxidation is when a material loses
electron, or when there is the addition of oxygen to the
material. When a material loses electrons to form an ion
(cation), the attacking oxygen will gain electron to form
oxygen anion. Take for instance, in the oxidation of Zn,
the metal loses two (2) electrons to form Zn>* while the
0, acquires four e~ forming O~ anion. So, in describ-
ing corrosion as oxidation process, corrosion manifests
in the form of transferring electrons from a metal sur-
face to an oxidizing agent, like oxygen or moisture. This
electron transfers will yield positively charged cations
on the surface of the metal. The cations are very reac-
tive and can react with atoms or molecules to produce a
deposit of oxides, hydroxides, or sulfides. Metals with
the deposit of these complexes are said to have corroded.
The effect is that the material keeps deteriorating until
it fails completely. High-entropy alloys are resistant to
oxidative corrosion [28]; however, at elevated tempera-
ture, the diffusion of oxygen becomes highly activated.
So, its penetration propensity increases. More so, the
vibration kinetics of the metal increases and exposes its
micro porosity in such a way that diffusion of oxygen tri-
ples. One of the characteristics that distinguishes high-
temperature materials from other materials is resistance
to elevated temperature oxidation. Muller et al. [29]
worked on the elevated temperature oxidation mode of
the following HEAs: TaMoCrAl, NbMoCrAl, NbMoCr-
TiAl, and TaMoCrTiAl at 1000 °C in ambient environ-
ment. In TaMoCrTiAl HEAs, there was evolution of
Al, O3, Cr,03, and CrTaO, protective layers at 1000 °C
in air. The oxygen diffusion rate in the HEA slowed from
parabolic to quartic rate law as a result of the presence
of CrTaO, in the oxides. For NbMoCrAl and TaMo-
CrAl HEAs, there was the formation of Al,O5, Cr,05,
and CrNbQ, protective oxides. However, their oxidation
resistance was undermined by the formation of Nb,O5
oxide which exhibited anisotropic thermal expansion,
activated pore evolution, and scale spallation. Therefore,
the availability of Ti provoked the evolution of protec-
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tive rutile-type oxide such as CrTaO, and diminished the
concentration of deleterious Nb,O5 and Ta,Os.

B) Hydrogen embrittlement: Hydrogen embrittlement is a
form of corrosion which arises when hydrogen atoms
infiltrate into a material, inducing brittleness and crack
propagation. Hydrogen atoms can penetrate into a
material during production or when in use. Besides the
effects mentioned above, H, penetration can provoke
the following defects: it can lower the tensile strength
of a material, it can reduce ductility, it can lower the
fatigue strength, and can induce stress corrosion crack-
ing. Hydrogen embrittlement must be tackled headlong
to avoid its effects which can cause catastrophic fail-
ures. Zhou et al. [30] suggested that hydrogen embrittle-
ment can be removed from materials via heat treatment.
Meanwhile, hydrogen embrittlement is more injurious
to BCC HEAs than other structural phases of HEAs.
Recall that movements of the interstitial atoms are gen-
erally more in BCC structures than in FCC structures.
That is the major reason why BCC HEAs are developed
as hydrogen storage system [31, 32]. It was discovered
that hydrogen embrittlement attacks stainless steel more
than CrFeMnCoNi HEA, even though hydrogen reten-
tion is obtained more in HEAs than in other alloys. After
hydrogen charging, HEA’s ductility diminished, though
only marginally [33]. But when CrFeMnCoNi HEA was
reinforced with carbon particles, it manifested more pro-
nounced ductility loss after charging [34].

C) Galvanic corrosion: Galvanic corrosion is experienced
in metallic materials when two different metals with
wide difference in electrode potentials come in contact
with one another, evoking the interchange of electrons
between them. Sometimes, galvanic corrosion can set in
on a single metallic object when a conducive environ-
ment (medium) is present. One end acts like the cathode
for deposition of iron (iii) oxides (Fe,O5. X,0) while the
other end acts as the anode where dissolution of mate-
rials (oxidation) takes place (see Fig. 4). The loss and
gain of electrons in the metal surface is cyclic and keeps
repeating until the entire material becomes depleted.
As a galvanic cell is set up on the metallic surface, the
more positively charged material loses electrons [35],
becomes oxidized, and goes into the electrolyte while
the negatively charged metal gains electrons, becomes
reduced, and discharged to the cathode as an oxide.
Conditions that stimulate galvanic corrosion include
the following: the two materials should have electrical
potentials difference, there should be presence of elec-
trolyte (moisture, acid, base, salt, or gas), and the two
bodies must have physical contacts [36]. In an experi-
ment involving SPS and annealing of AICoCrFeNi HEA,
there was evolution of B2, BCC, and FCC phases. It
was observed that FCC phase was more prone to pitting
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Fig.4 Schematic diagram of galvanic corrosion

and some localized corrosion than BCC phase [37]. This
may be linked to the evolution of Cr-rich body-centered
cubic phase comprising Cr,05 passivation oxide layer
that prevented the matrix from further corrosion [38].

It was opined that breakdown of CoCr,0, and CoFe,0,
oxides may have induced the pitting corrosion [39]. During
annealing, increase in annealing temperature increased the
corrosion rate because the BCC phase got transformed into
sigma phase which led to reduction of corrosion resistance.
Galvanic corrosion is experienced around o-phase and it can
be asserted that sigma phase decreases corrosion resistance
of HEAs. In another study by Chu et al. [40], AICoCrFeNi, ;
EHEA was produced with SPS. Dual-phased FCC matrix
(abundant in iron, cobalt, and chromium) and BCC structure
(rich in nickel and aluminum) evolved in the microstructure
(Fig. 5). In the electrochemical analysis, it was observed
that galvanic corrosion occurred between the two phases
with a preferential dissolution of BCC phase. Meanwhile,
increasing sintering temperature induced the enlargement of
BCC phase (Fig. 5d—f) which evoked a decrease in micro-
galvanic corrosion and enhanced the corrosion performance
of EHEASs as shown in Fig. 4a—c. So, to improve the corro-
sion resistance of HEAs against galvanic corrosion, increas-
ing the size and the overall distribution of BCC phase by
increasing the sintering temperature and pressure was an
effective method. From Fig. 5, it will be noticed that the
rate of corrosion of S6 (sample sintered at 1400 °C) was the
least (highest impedance to corrosion (Fig. 5b) and least cur-
rent density (Fig. 5¢) while S4 (sample sintered at 1000 °C)
had highest corrosion rate (lowest impedance to corrosion
(Fig. 5b) and highest current density (Fig. 5c).

In the phase distribution, the FCC phase formed the
matrix (green specie) while the BCC phase was the dis-
persed phase (red specie). When the sintering tempera-
ture was raised, it was noticed that the size of BCC phase
(phase prone to dissolution) increased, inducing corrosion
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Fig.5 Plots and phase distribution of HEA processed at (S4 —
1000 °C), (S5 — 1200 °C), and (S6—1400 °C) and all at 35 MPa:
(a) Nyquist plots showing similar features in capacitive semicircles,

resistance. It was equally disclosed that higher sintering tem-
perature and pressure increased the densification of the alloy
and reduced the pores in the microstructure. The reduced
pores enhanced corrosion resistance as pores are usually the
nucleation site for material failures [41].

D) Stress corrosion cracking (SCC): This takes place mostly
in metals when they are subjected to loading in a cor-
rosive media. Metallic materials fail more when they
are stressed heavily in adverse environments. When
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(b) Bode plots showing high impedance of sample S6, (¢) potentio-
dynamic polarization curves, (d) phase distribution of S4, (e) phase
distribution of S5, (f) phase distribution of S6 [40]

this sudden crack occurs on stressed components, it is
termed SCC. The presence of elements such as chlorine
induces the initiation of SCC. In metals like Al alloy or
composite, the presence of intermetallic phase favors the
occurrence of SCC. In aluminum alloys, SCC is often
associated with the presence of intermetallic phases.
Stress corrosion cracking can as well affect high-entropy
alloys. It has been experienced in NiCoCrFeMn, AlCo-
CrFeNi, and FeCoNiCrMn HEAs [42, 43]. Here, it is
believed that the galvanic corrosion which preferentially
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dissolves BCC phase to form pitting corrosion would
escalate to SCC when there are favorable conditions of
continuous stress and chemical medium. In the pres-
ence of these environments, HEAs are more prone to
SCC than conventional alloys. The menace of SCC can
be controlled in HEAs by incorporating some elements
like Cr [44] which enhances the resistance of the alloy
against SCC by forming Cr,0; passivation film. Moreo-
ver, heat treatment can equally help in decreasing the
occurrence of SCC [45].

Selective leaching: This is a form of corrosion which
takes place in materials including HEAs when one ele-
ment in the alloy is more readily dissolved than the other
elements, inducing its preferential removal. Selective
leaching (SL) is an exceptional form of corrosion occur-
ring in between the grains of materials, simply referred
to as intergranular corrosion. Its aftermath is the exist-
ence of micro voids and cracks at the grain boundaries
which subsequently become the point of failure initia-
tion [46]. SL of HEAs is a function of the large number
of grain boundaries and the separation of elements at
the boundaries. This implies that the control of SL cor-
rosion boils down to the control of the microstructure,
especially the control of segregation of the grains in the
grain boundaries. Besides causing total failure of the
alloy, milder ones induce evolution of void-filled micro-
structure with subsequent loss of strength and ductil-
ity. If materials are not closely watched, their failure
from SL is usually abrupt and disastrous, even though
the material appears normal and healthy on the surface.
Some forms in which SL takes place are as follows:
(a) de-zincification—here, HEAs which contains brass
(30Zn-70Cu) may readily suffer selective removal of
more active zinc atom leaving behind red porous cop-
per [47]. So, in order to control dezincification, the per-
centage of Zn and Cu must be manipulated so that brass
will not evolve. (b) Graphitic corrosion—here, there is
preferential leaching of Fe leaving behind porous graph-
ite matrix when HEA containing grey cast (2-4%C,
1-3%Si, Fe) is in an aqueous environment, such as under
the soil. The remnant of graphitic corrosion is a porous,
rusty, and weak graphitic HEA which can fail suddenly
[48]. (¢) Dealuminification—this occurs when a HEA
that contains bronze (Cu+8% Al) is placed in a cor-
rosive environment. Here, a-Al is selectively removed
from the bronze-containing HEA, leaving behind porous
weakened Cu-HEA which is very prone to catastrophic
failure [49]. In a research to evaluate the effect of Al
element on selective leaching of Al, CoCrFeNi HEA
(x=0.2, 0.6, and 1), Chang et al. [50] observed that SL
of Al,,CoCrFeNi high-entropy alloy was a bit higher
than that witnessed in the HEA without Al, that is,
CoCrFeNi MEA, which evolved a single FCC phase.
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This was because Al,O; that formed on the surface was
porous and weak in protecting the material from SL
corrosion, and induced a depletion of more protective
Cr,0; and Fe, 05 passivation films. Meanwhile, both
Alj (CoCrFeNi and Al; ;CoCrFeNi evolved BCC+FCC
dual phases, and the selective leaching experienced in
both was heavier than that observed in single-phase
Al ,CoCrFeNi HEA as a result of higher concentration
of Al element. Another researcher disclosed that incor-
poration of Sn on CoCrFeNi HEA is more advantageous
in protecting the alloy against SL corrosion than Al or
Cu because SnO, passive film is more protective and
resistant to corrosive elements like C1”~ than Cu,O and
Al,Oj5 passive films [51].

Filiform corrosion: This corrosion takes place in HEAs
and other materials that contain metals. It manifests as
an elongated, thread-like corrosion projection which
spreads beneath the surface of the material [52]. Fili-
form corrosion (FFC) is triggered by chlorides or other
corrosive ions, which can infiltrate through an existing
protecting oxide film domiciled on the surface of the
material. As soon as the corrosive ions get to the metal,
they induce localized corrosion at the weakest point
of the material’s internal structure which is the grain
boundaries. As the activity of the localized corrosion
perpetuates, it forms filiform corrosion discharges. This
filiform product would later get to the surface of the
material and form a crack which induce further corro-
sion. It was suggested that deformation of metal surfaces
is the principle initiator of FFC or weak resistance to it.
So, surface enhancement through etching improves FFC
resistance [53]. When filiform filaments are critically
observed, it will be seen that each filament is made up of
bifilms, which is a double layer of films that are poorly
bonded. Their length is usually the dimension of the
bifilms caused by the plastic deformation of the matrix
in the direction of rolling. More so, the susceptibility
of the deformed surfaces of metals is escalated by the
presence of precipitates, second phases, or intermetal-
lic compounds, which is always harder than the matrix
of the alloy. These inclusions tend to push their way up
and break through the surface during intensive rolling or
work hardening if the thickness is very low in the tune
of few millimeters [54].

Microbiologically influenced corrosion: Microbio-
logically influenced corrosion (MIC) is initiated by the
activities of microorganisms. These microorganisms
(bacteria and fungi) are usually attached to the surfaces
of the host and develop into biofilms [55]. In the biofilm
enclave, the microbes can intermingle with the mate-
rial surface, setting up environment susceptible to cor-
rosion. Most often, the microbes can secrete corrosive
fluids, like acids or sulfides, which are inimical to the
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material’s corrosion resistance. MIC is very aggressive
in the oil and gas industry, water purification ameni-
ties, and food processing industry [56]. The outstanding
mechanism in which MIC attacks HEAs is through the
secretion of biofilms on the surface of the alloy which
eventually translate to localized corrosion. Sometimes,
the biofilms obstruct oxygen and other reactants from
gaining access to the surface of the alloy, hence, setting
the arena for anaerobic corrosion [57]. The microbes,
as revealed earlier, can secrete H,S and organic acids
which can stimulate pitting corrosion. In other cases,
some enzymes can be produced by the microbes which
can cause the collapse of the shielding oxide layer of
the alloy, thereby exposing the inner part of the alloy to
corrosion. It has been recommended that controlling the
homogeneity of HEAs so as to forestall localized cor-
rosion is worth it. This is achieved through painstaking
selection of the alloying elements and employing robust
production route to make sure that there is homogenous
dispersion of the constituent elements all over the mate-
rial. To minimize the menace of MIC, it is encouraged
to employ processes that would tolerate zero impurities
and defects during production, as they are the nucleating
sites of microbe attachment and subsequent localized
corrosion [58].

Atmospheric corrosion: Atmospheric corrosion (AC)
attacks materials exposed to the atmosphere, air, mois-
ture, oxygen, and other corrosive media [59]. AC pos-
sesses a great danger to high-entropy alloys because the
multiple elements that make up the alloy react to the
ambient in various modes. The various reaction modes
lead to formation of varying corrosion deposits such as
oxides, hydroxides, and sulfides [60]. This implies that
the corrosion deposits are not homogenous at all, and
this situation exposes the alloy to localized or fatigue
corrosion. So, consideration of the presence, the havoc,
and effects of AC during the design of HEAs is very
imperative. Higher humidity, for instance, influences the
rate of AC in high-entropy alloys. More so, presence of
acidic oxides, like sulfur dioxide or nitrogen dioxide,
also aggravates atmospheric corrosion in HEAs. Micro-
organisms in the atmosphere equally produces corrosion
products that stimulates AC [61]. High temperature and
high wind velocity induce the rate of AC. In designing
HEASs to control the rate of AC, it is recommended that
corrosion-resistant elements, like Cr, Sn, or Al which
has the capacity of forming protective film that prevents
corrosion, should be incorporated. Application of sur-
face finishing like paints or coating can go a long way
in controlling the menace of AC.

Erosion corrosion: Erosion corrosion (EC) occurs on
metals including HEAs when there is physical removal
of shielding film from the topmost layer of the alloy in

such a way that the inner layer is exposed and becomes
prone to localized corrosion [62], as shown in Fig. 6.
The corrosion attacks HEAs mostly because the ele-
ments they are made of are not cohesively bonded due to
their dissimilarity in size and chemistry. This makes the
removal of outer surface of the alloy very easy. When the
protective film is removed, localized corrosion pits may
strike, and corrosion pits are the failure’s nucleating sites
[63]. Environments that favor erosion corrosion include
marine, industrial, and chemical sites which harbor cor-
rosive impurities, like O,, N,, and H,. The impurities
either oxidize or reduce the protective layer of the HEA
with subsequent evolution of secondary phases that are
more prone to corrosion. More so, these impurities may
influence the hydrogen embrittlement of the alloy and
induce higher brittleness on it [64]. One other factor
that escalates EC is the speed of the corrosive fluid or
gas in which the alloy is in contact with, together with
its temperature and pH. Effective selection of appropri-
ate elements that can form stable protective film on the
top layer of the alloy is one of the ways in ameliorating
the menace of EC. Such elements include chromium,
molybdenum, tungsten, and niobium. Another tech-
nique is by ensuring that the surface finish of the alloy
is smooth so that friction which can induce erosion of
the surface is controlled. Nair et al. [65] studied the
method of ameliorating the cavitation erosion corrosion
in materials by preparing Al,CoCrFeNi (x=0.1-3) HEA
coating on stainless steel substrate. The whole coatings
exhibited more superior resistance to erosion-corrosion
than the uncoated substrate. Among the coatings, the
equimolar composition provided three times better ero-
sion corrosion resistance than stainless steel. The much
better resistance to corrosion of the HEA coating was
as a result of the higher fracture toughness, hardness,
and work-hardening properties of HEAs. Incidentally,

Outer layer attacked by erosion corrosion

Fig.6 Erosion corroded metallic component [66]
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Al;CoCrFeNi coating formed porous and unstable pas-
sive layer and showed very poor resistance to erosion
corrosion. More so, the evolution of secondary sigma
and B2 phases depreciated the erosion corrosion resist-
ance of the composite coating. This was because they
formed micro galvanic cells and induced chromium-
depletion in the microstructure.

Crevice corrosion: Crevice corrosion (CC) is a local-
ized corrosion that takes place in a chasm between two
surfaces [67]. In HEAs, CC occurs when there is a com-
positional difference in the alloys thereby forming two
surfaces or when there are two surfaces exposed to dif-
ferent environments (Fig. 7). This situation will induce
the establishment of corrosive cell where one surface,
acting as the anode, corrodes while the other surface
acting as the cathode is protected. Crevice corrosion is
very dangerous in HEAs because of the large number of
elements that form them. The large number of elements
creates a heterogonous surface liable to have many sites
for crevice corrosion. Having numerous crevice corro-
sion sites will create a situation where some elements
are depleted while others are built up. This abnormal-
ity can induce so many other mechanisms of corrosion
like pitting, galvanic corrosion, and stress corrosion
cracking [68]. Detecting the onset of CC in HEAs is
difficult due to the heterogeneity of the surface; hence,
the havoc may continue unnoticed until there is sudden
catastrophic breakdown of the material [69]. There-
fore, it is imperative to take adequate steps to forestall
the inception of crevice corrosion. The major step that
should be taken to prevent the onset of CC in HEAs is by
designing the alloy to consist of very minimal heteroge-
neity. This is achieved by selecting appropriate elements
to be alloyed together with manipulating the produc-
tion process parameters. Prospective sites for crevices
must be handled adequately so as to prevent its initiation

Fig.7 Crevice corrosion on mild steel plate surface protected with
paint [66]
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and propagation. Existing ones must be reduced to an
infinitesimal. Sacrificial anodizing and cathodic protec-
tion can equally minimize the ravaging menace of CC.
Frequent monitoring and evaluation of the HEA system
can be useful in identification of initial signs of crevice
corrosion.

Intergranular corrosion: IGC in high-entropy alloys
occurs along the grain boundaries of the alloy [70].
IGC has the capacity to initiate premature failure in
HEAs because of the multiple grain boundaries therein.
This corrosion can be induced in HEAs by the follow-
ing factors: the constituent of the alloy, the production
history, and the alloy’s purity. Meanwhile, research sug-
gests that some HEAs are more prone to IGC than oth-
ers due to the factors listed above among others. Some
of the alloys prone to IGC include the Cantor alloy
(CoCrFeMnNi), the equiatomic CoCrFeNi alloy, and
the Al sCoCrCuFeNi HEA [71]. They are very weak
to chloride environment. Their susceptibility is attrib-
uted to the evolution of microstructure that contains
high density of grain boundaries, coupled with the evo-
lution of brittle intermetallics at the grain boundaries.
Elements that are prone to brittle intermetallics in the
grain boundaries include aluminum, nickel, and chro-
mium [72]. They have the tendency to precipitate out
of the alloy and form brittle compounds at the grain
boundaries. Most often, the evolved compounds act as
stress concentrators where crack initiation and propaga-
tion situates. However, element like molybdenum can
diminish the susceptibility of HEAs to IGC. The control
of IGC in HEAs is very essential in maintaining their
robustness and durability.

Fretting corrosion: Fretting corrosion (FC) is a wear-
assisted corrosion which affects HEAs that are sub-
jected to repeated cyclic loading [73]. FC normally
takes place in between two contacting surfaces that
are in relative motion. The scratching of the surfaces
generates wear debris. The wear debris collects at the
gap between the two surfaces and acts like the cathode
for corrosion, inducing localized corrosion as the con-
tacting surfaces act as the anode [74]. Hence, loss of
electrons (corrosion) in the contacting surfaces sets in.
FC can bring about catastrophic damage to HEAs as
it can cause colossal loss of materials and subsequent
breakdown. There are three major stages of FC in HEAs.
Firstly, wear debris and oxides are formed in between
the contacting surfaces. These formed substances make
the contacting surfaces more susceptible to corrosion.
Secondly, the surface layer is forced to breakdown into
micro cracks and crevices by the aggregated debris and
oxides. The third stage is the propagation of cracks to
the whole body of the material [75]. HEAs susceptible to
FC include AlCoCrCuFeNi and FeCoCrNiMo, s HEAs.
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Their weakness to FC is attributed to their weakness
to friction and wear. More so, they readily form brittle
intermetallics (like chromium nitrides or oxides) along
their grain boundaries. To enhance HEASs’ resistance to
FC, it is recommended to incorporate some elements
which can form stable protective layers and enhance the
mechanical strength of the alloy. Such elements include
chromium, niobium, molybdenum, and tungsten. Cr is
good at generating protective oxides while Nb and Mo
aid in increasing the strength and toughness of the alloy;
and W is well known in increasing the wear resistance
of HE alloys.

3 Enhancement of corrosion resistance

during the synthesis of HEAs

I) During SPS of high-entropy alloys, the alloying
of large number of different elements can lead to
the evolution of numerous corrosion products that
can subsequently aggregate to form a shielding
film which can protect the alloy against corrosion.
Oxide layers of Cr, Al, or Si, for instance, are readily
formed during the alloying of HEAs. This oxide film
can consist of one or combination of two or more of
those elements existing in crystalline or amorphous

1)

structure. Their formation can aid in prevention of
further corrosion through obstructing the diffusion
of O, and H,O into the substrate. Some other pro-
tective corrosion products formed by the alloying
elements of HEAs include hydroxides and carbides.
Their formation can prevent further oxidation of the
inner materials. Muangtong et al. [51] studied the
corrosion characteristics of CoCrFeNi-x (x=Cu, Al,
Sn) HEA in CI” medium. Among the three HEAs
developed and tested, it was CoCrFeNiSn that formed
the most stable Cr,0; and SnO, films on the surface
of the sample which prevented further corrosion of
the alloy. Figure 8 shows backscattered scanning
electron microscope (BSEM) images of the HEA
samples immersed in NaCl medium. From the fig-
ures, it can be seen that it was the microstructure of
CoCrFeNiSn (Fig. 8d) that showed highest resistance
to corrosion as a result of the evolution of more stable
oxide layers of Cr,0O; and SnO,. This result confirms
that CoCrFeNiSn is useful adverse environment, like
in marine applications. Other HEA samples were not
as resistant to corrosion as CoCrFeNiSn as evidenced
by their microstructures in Fig. 8b and c. Their poor
resistance to corrosion was attributed to the weak-
nesses of Al,O; and Cu,O protective films to chloride
ions.

The non-similarity in the composition of SPSed
HEAs usually induces a uniform dispersion of cor-

Fig.8 BSEM images of HEAs
immersed in 0.6 M NaCl: (a)
CoCrFeNi, (b) CoCrFeNiAl, (c)
CoCrFeNiCu, and (d) CoCr-
FeNiSn [51]
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rosion products, which leads to improvement against
localized corrosion of SPSed HEAs. This can be
possible through the evolution of a passivation layer
which obstructs further corrosion. Note that in HEAs,
the evolution of a passivation film is stimulated by
the existence of manifold elements which form com-
plex oxides, sulfides, or carbides on the top layer of
the alloy. This passivation film prevents the filtration
of corrosive compounds, ions, or molecules into the
metal’s outer and sub-surfaces, thus shielding the
material from further corrosion. So, the uniform dis-
tribution of corrosion products in HEAs can induce
the evolution of a homogeneous surface, decreasing
their susceptibility to stress corrosion cracking, fret-
ting corrosion, crevice, and other forms of localized
corrosion [76].

The existence of equiatomic or near-equiatomic ele-
ments in the place of one primary element in HEAs
can promote more stable corrosion-resistant surface.
This is made possible by altering the surface reactiv-
ity and the chemistry of the passivation layer. More
so, synergistic effects of the alloying elements can
promote the formation of new phases or stabilization
of the passivation layer which improves the resistance
to corrosion of the alloy. Note that the stabilization
of chromium oxide in the passivation layer of the
high-entropy alloy is usually the principal cause for
the superior corrosion characteristics of Cr-contain-
ing HEAs. A study was conducted on the corrosion
characteristics of NiCoCr, NiCoFe, NiCoCrFe, and
NiCo alloys in 0.1 M HCI and 0.1 M NaCl media. It
was observed that a solid solution of chromium in
the high-entropy alloys helped in improving the cor-
rosion resistance of the alloy.

The stabilization of Cr,05/Cr(OH)j; in the passiva-
tion layer was the principal factor that contributed to
the improved corrosion resistance. More so, a small
incorporation of molybdenum, tungsten, and titanium
in high-entropy alloys can help to transform [OH] to
[O] in the passivation layer and escalate the quantity
of Cr,0; in the passive film, thereby, inducing the
strength and fortification of the passivation layer of
the alloy [77].

Incorporation of Al into HEAs

Besides contributing to the decrease in the density
of HEAs, incorporating Al into high-entropy alloys
aids in increasing the strength and corrosion charac-
teristics of the bulk material [78-81]. HEAs which
contain Al normally generate passivation layer of
Al,O3; so, they are considered to be highly resistant
to corrosion as the passive film shields them from
further corrosion. Therefore, incorporating Al into
HEAs enhances the shielding of the passive film
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as observed in a research of Ni-based HEAs [82],
but Al is not as superior as some other elements in
protecting alloys from galvanic corrosion. Al is usu-
ally preferentially dissolved in solution in the place
of iron, cobalt, chromium, and nickel counterparts
when in contact with corrosive medium. Corrosion
characteristics of Al,CoCrFeNi (x=0, 0.25, 0.5, 1)
HEAs was investigated by Shi et al. [83] via immers-
ing them into numerous corrosive media. By rais-
ing the Al content in Al,CoCrFeNi HEAs, there
was a corresponding rise in the volume fractions
of the aluminum-nickel-rich film with an evolution
of body-centered cubic phase bereft of chromium.
This made the alloy susceptible to chloride attack,
which implies that Al content must be kept low. In
another study, incorporation of Al element induced
BCC phase formation. The authors discovered that
when the content of Al increased, the microstruc-
tural configuration drifted from single face-centered
cubic phase to double face-centered cubic and body-
centered cubic phases [84]. Further increment of Al
led to depletion of FCC, remaining single phase BCC
which is more prone to corrosion as observed also in
Al CrFe, sMnNi, s HEAs [85]. It is on record that
BCC phase is more susceptible to corrosion than
FCC phase [86].
Incorporation of Cr in HEAs

The remarkable resistance to corrosion of stain-
less steel is linked to the passivation layer generated
on its surface by Cr oxide/hydroxide [87]. Research
has shown that the percentage of Cr that can gener-
ate adequate passivation film should be greater than
or equal to 12 at% [88]. Meanwhile, in HEAs, Cr
equally helps in improving their resistance to cor-
rosion as evidenced in many researches. A work by
Chai et al. [89] was aimed at investigating the effect
of chromium on the electrochemical properties of
FeCoNiCr, HEA having value of x as follows: x=0,
0.5, 1.0. The HEAs was composed of face-centered
cubic phase after the fabrication. They were dipped
into 0.5 M hydrogen sulfate acid and 3.5 wt.% sodium
chloride solution. It was observed that FeCoNiCr, 5
HEA maintained a columnar cell shape. However, the
passivation region as well as polarization potential
of FeCoNiCr, s HEA rose considerably in the two
media. However, when the Cr content was raised very
high, there was evolution of dendrites with chromium
separation in the interdendritic portions which were
readily dissolved by CI™ ions, escalating pitting cor-
rosion; this trend was equally observed by Tsau eta
al. [90]. This implies that an adequate Cr content
improves the corrosion resistance of HEAs in sulfu-
ric acid and chloride ion media. So, Cr contributes
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to the stabilization of passive film which increases
the resistance to pitting corrosion, but there is caveat
here. Incorporation of excess Cr into HEAs stimu-
lates aggressive pitting corrosion as a consequence of
Cr segregation which takes place at the interdendritic
regions.
Addition of Ni in HEA

Ni is a renowned element for impacting excel-
lent mechanical, oxidation, and corrosion proper-
ties on alloys and composites [91, 92]. Ni-based
alloys are resistant to corrosion in acid-induced and
stress-induced corrosions as it is witnessed in the
petroleum and petrochemicals, electrical, and elec-
tronic industries [93]. The adequate volume weight
of nickel in high-entropy alloys surpasses its weight
in stainless steel. However, its weight in superalloys
still surpasses its weight in HEAs. Nevertheless, the
presence of nickel provides a good support system in
enhancing HEAS’ resistance to corrosion [94]. The
research of Qiu et al. [95] was based on corrosion
behavior of high-entropy alloys. Their case study
was on Al,CrFeCoCuTiNi, HEA with the values of
x as follows: x=0, 0.5, 1, 1.5, 2.0. The test media
included 1 M sodium hydroxide and 3.5 wt.% sodium
chloride solution. FCC and BCC dual-phased struc-
ture was formed in the Al,CrFeCoCuTiNix HEA,
which implied that the presence of Ni could not alter
the microstructural composition. Results showed
that the corrosion resistance of Al,CrFeCoCuTiNi,
high-entropy alloy started increasing as the volume
of Ni was raised but later reduced with rise in Ni
volume in both alkali and salt media (Fig. 9a and
b). The Al,CrFeCoCuTiNi alloy possessed the least
corrosion current density as a result of high densified
microstructure. In HEAs’ passive film, Ni can exist in
the form of oxides, hydroxides, or in metallic state.
It is difficult to differentiate Ni from other elements
using XRD spectrometry in stainless steel because
Ni content is very low [96]. This makes it difficult to
attribute the electrochemical behavior of 304 stain-
less steel to Ni. But in HEAs, the content of Ni is
escalated and a lot of research has attributed their
corrosion resistant to Ni content in the metallic state
at the metal/oxide interface through reduction or the
dissolution of the oxide films [97].
Incorporation of Ti in HEA

The microstructure of HEAs containing Ti is rather
complicated as intermetallic phases usually precipi-
tate during their formation [98, 99]. It was reported
that when Ti concentration increased in FeCoCrAl-
NiTix (x=0.5, 1, 1.5, 2) HEAs, Ti,Ni intermetallic
developed [99]. Likewise, when the concentration
of Ti escalated in Alj;CrFe; sMnNi, sTi, for x>0.5
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Fig.9 Corrosion characteristics of Al,CrFeCoCuTiNix with vari-
ous content of Ni in (a) 1 M NaOH, and (b) 3.5 wt.% NaCl solutions
(1wt.%Ni possessed the best corrosion characteristics), adapted from
[95]

HEAs, there occurred the precipitation of CrNiFe and
CryAl,; intermetallics [100].

In another study [101], it was observed that
when a titanium to aluminum ratio increased in
Al, CoCrFeNiTi, high-entropy alloy, there occurred
the evolution of Laves and body-centered phases
which enhanced the refinement of the microstructure.
It was observed that Al; ,CoCrFeNiTi, s HEAs under-
went dendritic crystallization. Body-centered phase
was formed which comprised the dendritic region
rich in AI-Ni-Ti structure, with iron-chromium-rich
precipitates. The interdendritic spaces comprised of
iron and chromium metallic inclusions. This implied
that incorporation of titanium stimulated the for-
mation of complex micro-structured HEAs where
the intermetallic precipitate was the target area for
aggressive corrosion. However, in spite of complex
microstructure, the Al, ,CoCrFeNiTi, HEAs with
Ti possessed more noble passive layer and superior
breakdown potential than Al,CoCrFeNi HEA without
Ti in 3.5 wt.% sodium chloride medium. The superior
corrosion characteristics were linked to presence of
TiO, in the passivation layer of HEAs containing Ti,
which was good at enhancing resistance to pitting

@ Springer



The International Journal of Advanced Manufacturing Technology (2024) 132:63-82

corrosion. Moreover, the Ti atom present in the pas-
sive film could not be oxidized. This prevented the
easy translocation of point defects and helped in sta-
bilizing the passivation layer. Meanwhile, the study
conducted by Oztiirk et al. [102] gave the impres-
sion that incorporating Ti into HEAs degrades its
resistance to corrosion as can be seen in Fig. 10.
Ti-free CoCuFeMnNi HEAs generated a homoge-
neous microstructure as a result of positive mixing
enthalpy of Cu present in the alloy. However, when
Ti was introduced, there occurred an evolution of
Ti-rich interdendritic regions. As can be seen in the
polarization curve in Fig. 10a, the resistance to cor-
rosion of CoCuFeNiMnTix HEAs reduced with rise
in titanium content. The corrosion potential (Ecorr)
(Fig. 10b) and current density (Icorr) (Fig. 10b) of
the Ti-free HEAs were the biggest and smallest,
respectively, when compared with the Ti-containing
HEAs, confirming that Ti addition produced poor
corrosion result. From Fig. 10c, it could be seen that
the rate of corrosion of Ti-free alloy was lower than
the Ti-containing HEAs. However, it was noticed that
pitting corrosion was the mode of corrosion in the Ti-
free CoCuFeNiMn alloy, but after the formation of

VIII)

Ti-rich interdendritic zones as a result of Ti addition,
the corrosion turned to galvanic mode.
Addition of Cu in HEA

Traces of Cu in stainless steel enhanced the cor-
rosion properties of the composite. However, incor-
poration of Cu in HEAs induces segregation of
elements in the interdendritic portions and grain
boundaries because Cu has very low bonding with
other elements [103]. It was observed that incorporat-
ing Cu into FeCoNiCr-based HEAs stabilized FCC
phase in the alloy. However, its excess stimulated
elemental separation in the interdendritic area which
generated a potential difference among the dendritic
and the interdendritic regions, hence paving way for
galvanic corrosion. Electrochemical characteristics
of eight kinds of CuCrFeNiMn HEAs immersed in
1 M hydrogen sulfate acid were conducted by Ren
et al. [104]. The incorporation of Cu in the alloy
helped in the stabilization of FCC phase. But when
the content of Cu was increased, there occurred seg-
regation of elements in the interdendritic regions.
CuCr,Fe,Ni,Mn, HEAs exhibited the best corro-
sion properties among the researched CuCrFeNiMn
HEAs. This was because of homogenous dispersion
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of elements together with formation of single FCC
microstructure.

Nene et al. [105] investigated corrosion character-
istics of HEAs containing Cu. It was observed that
pitting corrosion was the major corrosion ravaging
Fe;g sMn,;Co,Cr5515Cu; s HEAs immersed in 3.5
wt.% sodium chloride medium. Copper-rich region
was selectively dissolved by CI™ ions, culminating
to total annihilation of the Cu-rich phase in the alloy.
Furthermore, when small quantity of Cu was incor-
porated into Mn, (sFe, oP 551 sCu, (x=0, 0.05, 0.1,
0.15) HEAs, it increased its corrosion potential and
current density initially and decreased them later on.
This was because pure copper phase was precipitated
at the grain boundaries and this prevented smooth
transfer of corrosive ions [106]. So, the incorpora-
tion of small content of Cu into HEAs helps in the
stabilization of FCC phase, thereby improving the
corrosion resistance. But when added in excess, it
stimulates separation of elements at the grain bound-
aries and interdendritic areas, promoting aggressive
and localized corrosion in HEAs.

4 Prospects and challenges of producing
corrosion resistant HEAs with SPS

4.1 Prospects of spark plasma-sintered
corrosion-resistant HEAs

Spark plasma sintering is renowned for improving the
mechanical, corrosion, and microstructural properties
of metals, alloys, and composites [24, 107-109]. This is
because it stimulates the evolution of highly purified and
densified microstructure with refined grains, zero grain
growth with minimal formation of detrimental intermetal-
lic compounds [13, 110-112]. These attributes make it one

Fig. 11 Petroleum drilling tools:
(a) oil rig drill bit; (b) perforat-

ing gun; (¢) multi-finger caliper

logging tool [119]

of the best choices in the development of corrosion resist-
ant HEAs. This can be explained by noting that the major
causes of corrosion in HEAs include segregation of alloying
elements in the grain boundaries and interdendritic regions,
weak grain boundaries, non-homogenous microstructures,
and presence of micro pores, precipitates, and point defects
[113-118]. Interestingly, these defects are specially con-
trolled by SPS. Hence, HEAs produced by SPS are corro-
sion resistant and can be usefully employed in petroleum
and petrochemical industries for the production of oil drill-
ing downhole tools such as drill bit, logging tools, and per-
forating guns (Fig. 11) which work inside the earth crust
with crust’s inherent high temperature, high pressure, and
highly corrosive. Some of the HEAs used in the production
of offshore oil exploration tools include CoCrMo-based,
NiCrMoW-based, and TiAIVNb-based HEAs with optimum
strength-to-weight ratio, excellent corrosion resistance, high
creep resistance, and high thermal stability.

SPS has the propensity of generating highly densified
HEAs with prospective application in the production of
corrosion-resistant coatings for high-temperature alloys. It
energizes the production of coatings with a high level of
adhesion to the substrate with zero porosity. This is essential
for their efficient and effective performance in development
of aerospace engine nozzles and turbines. Moreover, the
capacity to put into control the microstructural configura-
tion and composition of the HEAs during SPS permits for
the development of coatings/bulks with tailored properties
that can be used in high-temperature applications like in
nuclear reactors, petroleum distillation reactors, and chemi-
cal reactors. The high densification of SPSed HEAs is use-
ful in resisting high-temperature oxidation [120] because
high-temperature degradation initiates mostly from weak
grain boundaries, micro pores, and impure sites. So, since
SPS is noted for producing bulk materials devoid of pores
and impurities, its products can withstand high temperatures
[121, 122].
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Corrosion-resistant HEAs produced via SPS possess
excellent chemical compositions required for the production
of energy storage and conversion devices (Fig. 12). Through
manipulation and optimization of the sintering parameters
[123, 124], the chemical composition of the microstruc-
ture can be tailored to a desired configuration required for
specialized energy storage applications. After optimized
production of the alloy, it would possess high electrical
conductivity, excellent strength, and good thermal stabil-
ity requisite for energy storage [125—-127]. The properties
above are required for effective performance in hydrogen
storage, electrodes, separators, and electrolytes for batteries.
Moreover, the capacity of SPS to modify the configuration
of the HEAs makes it fit for the development of superca-
pacitor with high power density, electrochemical sensors,
and electrodes with high energy density and many other
electrochemical devices. Some HEAs being projected for
energy storage include TiZrHfMoNDbD (solar energy) [128],
and TiVZrNbHf, FeMnCrTiVZr, TiNbVZrHf, and TiNbVZr
(H, energy) [129-132].

Furthermore, corrosion-resistant HEAs produced via
SPS possess excellent mechanical and biocompatible

Fig. 12 Energy storage devices: ( a)
(a) primary cell battery; (b)
supercapacitor; (¢) hydrogen
energy storage; (d) Li* ion
battery
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Fig. 13 Medical implants: (a)
tooth implant; (b) hip implant
[143]
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properties requisite for medical implants, pharmaceutical,
and biomedical applications [133—135]. This is because
SPS technique is specialized in the fabrication of alloys
with intricate configurations which cannot be developed
easily with other techniques. Such properties bequeathed
by SPS technique include high strength and toughness that
are requisite for the development of hip, tooth, and knee
bone implants [80, 110, 123, 136]. High corrosion-resist-
ant HEAs are quite necessary in the biomedical implants
because the body fluids are corrosive and readily present
to dissolve any non-corrosion-resistant implants.

But chloride ions as well as other corrosive agents in
the body would have little dissolution effects on resistant
implants because of the passive film which shields the
implant [137-139]. Interestingly, HEA implants devel-
oped via SPS possess high resistance to fatigue [140].
Recall that dental implants and hip implants (Fig. 13a
and b) are always subjected to cyclic loading. So, with
adequate resistance to the fatigue stress, they cannot fail
easily. Some HEAs with potential properties for implants
include TiZrNbTaMo [141], TiZrNbTaFe [133], and TiZ-
rHfNbTa [142].
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4.2 Challenges of corrosion-resistant HEAs

D
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produced with SPS

Brittleness: One of the major causes of brittleness in
HEAs is their high lattice distortion which creates imper-
fections in the crystal structure of the alloy [144]. These
imperfections are usually induced during the fabrica-
tion of the alloy which stimulates a high level of inter-
nal stress. Presence of internal stress, of course, evokes
premature cracking and failure. Even though HEAs are
known to be very strong and have high resistance to cor-
rosion, they have been observed to have the high brittle-
ness. This challenge makes them hard to be worked with
because they readily fracture or crack when subjected to
a reasonable stress. To tackle this challenge, elements
like Al, Mg, Mn, Si, or Cu should be incorporated into
the HEA in order to reduce the brittleness [145]. Alterna-
tively, elements like Cr or W should be added to increase
the strength of the HEA and diminish its brittleness.
More so, heat treatment can modify the grain structure
and improve its strength and ductility [146].
Complexity in the microstructure: The complex
nature of HEAS’ microstructure can make prediction
of their properties difficult. This is true because they
have high level of chemical disorder which induces
irregular and unpredictable arrangement of the atoms
in lattice structure. So, modeling this type of alloy
with the aim of predicting their properties at some
given conditions is quite difficult due to the high level
disorder. Again, the complexity of the microstructure
leads to heterogeneous grain boundaries with dis-
similar characteristics. Hence, the prediction of such
material with non-uniform grain boundary proper-
ties is almost impossible [147, 148]. The solution to
this challenge is further research on microstructural
properties of HEAs.

Cost of SPS production technique: In comparison
with other traditional fabrication techniques of metals
and their alloys, like casting and machining, the cost
of producing HEAs with SPS is higher. Stir casting is
simpler and less expensive. This makes SPS products
more expensive to acquire [149]. Further research on
this technique is the possible solution to reduce the
cost and increase its commercial value.

Limited formability: one other outstanding chal-
lenge of HEAs in general is their difficulty in being
shaped or formed into a desired configuration. This
is because of their high yield strength, low ductility,
and susceptibility to cracking at slightly increased
loading [150, 151]. So, production of complex shapes
like teeth or hip implants with HEAs may be very
difficult, if not impossible [12]. To tackle this issue,
incorporation of elements like Al, Cr, Mg, or Mn to

V)
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boost their ductility, fracture toughness, and most
other mechanical properties is encouraged.

Poor weldability: HEAs are not easily joined with
other materials via conventional welding method.
This dwarfs their possible application on where dif-
ferent parts need to be joined together with traditional
welding. The poor weldability of HEAs is as a result
of high level of chemical disorder in them which
invokes poor cohesion at the grain boundaries which
induces cracks after welding [152]. More so, the high
yield strength of HEAs makes it almost impossible to
attain to the level of heat that can melt and fuse them
together. More advanced welding technique needs to
be developed to be able to join HEAs together for
some applications [153].

Poor biocompatibility: It has been reported that some
HEAs have shown signs of cytotoxicity. This implies
that they can be injurious to the body cells or even
exterminate them. Such HEAs containing Ni and Mn
ions show some elements of cytotoxicity [154—156],
and can be injurious when they are used as implants.
When such HEAs is employed for implants or pros-
thetics, they result in serious crisis in the body. Some
other HEAs have shown some inflammatory reactions
to patients that received them as implants causing
severe pains and uneasiness. To tackle this challenge,
further research on innocuous elements and ions suit-
able for medical implants is required.

5 Conclusion and recommendation

D
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Brittleness is a major challenge of corrosion-resist-
ant HEAs prepared by SPS. So, to ameliorate this
challenge, it is recommended that HEAs should con-
tain Al, Mg, Mn, Si, or Cu to reduce the brittleness;
alternatively, elements like Cr or W should be incor-
porated to increase their strength. Sometimes, heat
treatment can reduce brittleness in HEAs.

Modeling to predict the characteristics of HEAs is
very difficult if not almost impossible due to their
high level of disorder during formation. So, further
research is recommended in the modeling and sim-
ulation of HEAs in order to predict precisely their
properties at any given condition.

HEAs in general are very difficult to form into com-
plex shapes and structures because of their high yield
strength. Hence, incorporation of elements like Al,
Cr, Mg, or Mn to boost their ductility, and fracture
toughness is recommended so as to improve their
applications in the production of complex shapes.
Corrosion-resistant HEAs containing Ni or Mn ions
is cytotoxic to the body. So, this kind of elements
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should not be incorporated into HEAs for biomedical
implants.

V) Corrosion types that ravage HEAs are manifold. It
is recommended that carefully selecting corrosion-
resistant elements and optimizing the SPS parameters
will go a long way into developing robust HEAs for
industrial, medical, and household applications.

VI) Corrosion-resistant HEAs prepared with SPS have
potential applications in medical and biomedi-
cal implants because of their biocompatibility and
high resistance to corrosion; in petroleum explora-
tion because of their ability to withstand high tem-
perature, pressure, and saline environments; and in
energy storage devices because of their high power
and energy densities.
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