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Abstract: The multicomponent alloys with nearly equal concentration of components, also known
as high entropy alloys (HEAs), were first proposed 22 years ago. The HEAs quickly became very
important in materials science due to their unique properties. Nowadays, the HEAs are frequently
used in energy conversion and storage applications. HEAs can consist of five, six or more components.
Plasma cladding permits coating of the large surfaces of cheap substrates with (often expensive)
HEAs and to enlarge, in such a way, their application area. The large-area coatings deposited by
plasma cladding possess multiple advantages such as low thermal distortion, very high energy
density, as well as low dilution of the substrate material. Plasma cladding ensures good metallurgical
bonding between coating and substrate. The costs of operation and equipment are also very attractive.
During plasma cladding, the mixed powders are blown by carrier gas into a plasma torch or are
positioned on a substrate. This powder mixture is then melted in or under the plasma torch. The
plasma torch, in turn, sequentially scans the substrate. After finalizing the crystallization process, the
solid polycrystal appears which contains few residual melts. This remaining melt can completely
or incompletely wet the grain boundaries (GBs) in solid phase of the polycrystal. These completely
or incompletely wetted GBs can strongly influence the microstructure of HEA coatings and their
morphology. In this review we analyze the GB wetting HEAs containing one phase in HEAs with
two, three and more phases, as well as in HEAs reinforced with particles of carbides, nitrides, borides,
or oxides. We also analyze the microstructure of the rather thick coatings after plasma cladding after
additional laser remelting and observe how GB wetting changes over their thickness.

Keywords: plasma cladding; coatings; wetting; phase transitions; high-entropy alloys; phase diagrams;
grain boundary

1. Introduction

In recent years, high entropy alloys (HEAs) have become a research hotspot in materi-
als science. Nowadays, HEAs are frequently used for the energy conversion and storage
applications [1-4]. HEAs are also called multi-principal alloys, baseless alloys, or alloys
without main component. They were first proposed by Brian Cantor and coworkers [5]
and Jien-Wei Yeh and his team [6]. The first HEAs were alloys with six or more compo-
nents in equiatomic proportions. It was unexpected that such alloys may form a uniform
disordered solid solution. This is because their unique combination of atoms with different
atomic radii can strongly prevent the nucleation of second phases and their subsequent
growth [5-12]. Such alloys can exhibit better properties than traditional alloys. In particular,
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they possess high hardness [7,8], good strength at high temperatures [9], and excellent wear,
oxidation, and corrosion resistance [10-12]. The most used approaches to manufacturing
HEAs are casting or arc melting technologies [5-12]. In these methods, the elemental
powders are mixed first and then remelted several times in order to ensure the homo-
geneity of HEAs. However, the size of HEA parts produced by casting or arc melting is
limited. This fact impedes the application of HEAs. One of the ways to overcome this
restriction is to produce the part from other regular or ordinary (possibly even cheaper)
material and to deposit the HEA coating on the surface. Due to this fact, various meth-
ods were used to produce the HEA coatings, such as plasma cladding [1,2,13,14], plasma
spray [15-22], thermal spray [23], laser cladding [24-27], magnetron sputtering [28-37],
vacuum arc deposition [38—41], electric arc deposition [42], and electron beam deposi-
tion [43]. All these deposition methods have their advantages and disadvantages. For
example, thermal spraying can take place in low vacuum. On the other hand, the increased
oxidation of the components can proceed. The magnetron sputtering or vacuum arc de-
position ensure high density and uniformity of coatings, they also do not include melting
of HEA during manufacturing. However, the maximal thickness does not exceed a few
pum. In the case of plasma cladding, the coatings can be a hundred times thicker. Also, the
small droplets of a melt can form during the vacuum arc deposition; in most cases, they
need to be filtered with magnetic loops, decreasing the deposition rate. The magnetron
sputter-deposited films have columnar grain structure, and the coatings after vacuum arc
deposition have uniform equiaxed grains. We listed here only several differences of HEA
synthesis methods. Each of them has, therefore, its own niche (which frequently partly
overlaps with those of other synthesis methods). This review discusses the plasma cladding,
which started to be developed quite recently, just few years ago, and, nevertheless, has
already taken its own place among other technologies.

Plasma cladding is an effective way to manufacture the coatings with large area, with
advantages such as low thermal distortion, very high energy density, as well as small dilu-
tion of the substrate material [40,41]. Plasma cladding assures good metallurgical bonding
between coating and substrate, it also has a low cost in equipment and operation [42,43].
The powder of a material to be clad melts rapidly under the plasma torch, and then so-
lidifies. The whole process takes place with a high temperature gradient. As a result, the
fine-grained and tough coating forms on the substrate. The coaxial and preplaced powder
schemes are the two most popular plasma cladding systems. In the first scheme, the surface
of the substrate is irradiated by the plasma torch forming the liquid melt pool (see Figure 1).
The carrier (or working) gas ejects the powder under pressure from the nozzle. The powder
then melts in the plasma torch, forming a cladding layer. The working gas (usually argon)
feeds the powder from this nozzle into the melted pool. Argon also acts as a shielding gas to
avoid oxidization. Thus, the powder feeding nozzle moves simultaneously with the plasma
torch. They scan the substrate “line-by-line”. In the case of preplaced powder systems, the
substrate is covered by the powder mixture as cladding material before melting. Frequently,
glue is used to fix the pre-placed mixed powders to the surface and form the few mm thick
powder bed. Before cladding, the samples are usually preheated at ~100 °C for few hours
to remove the glue. Then, the plasma torch scans the preplaced powder mixture. As a
result, the powder mixture melts and, afterwards, rapidly cools down. The cladding layer
is formed in such a way.

We have to underline that recently the focus in HEA investigations has begun to move
from homogeneous HEAs to heterogeneous ones [13-17,25-27]. Such HEAs contain more
that one phase, high specific area of grain boundaries (GB), and interphase boundaries
(IBs), as well as other elements of inhomogeneity. The concept of GB phase transitions can
be very useful in the development of inhomogeneous HEAs. The GB phase transformations
include GB wetting by a second phase (liquid or solid), including formation of thin films
of various GB phases [44—47]. For example, complete or incomplete GB wetting can
strongly affect the microstructure, after solidification, of the melted pool during the plasma
cladding. Therefore, the GB wetting phenomena taking place during plasma cladding of
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HEA coatings and their differences in comparison to the previously discussed cases [24,48]
are the topic of this review.
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Figure 1. Scheme showing the plasma cladding systems for coaxial powder feeding case. Reprinted
with permission from ref. [14]. Copyright 2021 Elsevier.

2. Grain Boundary Wetting Phase Transitions

In most cases, HEAs contain numerous components. Therefore, the equilibrium phase
diagrams for such complicated systems must be constructed in 5-6 or more dimensions.
Due to this trouble, we are forced to use a simplified approach. Fortunately, the most
important features of GB wetting phase transitions [49] can be described using the simple
two-dimensional phase diagram for binary alloys like that shown in Figure 2. Bold lines
in this scheme (e.g., solidus, liquidus, solvus, and eutectic lines) depict the bulk phase
transitions. The thin lines (like tie-lines at Tyymin and Twmax) depict the GB phase transfor-
mations. When the solidification of HEAs starts, the composition of an alloy can be found
in the phase diagram in the liquid area L. Afterwards, by cooling, it crosses the liquidus
line and moves into the two-phase area L + o In this L + « area the melt is in equilibrium
with solid solution &. The solid solution « is based on component A. By following cooling,
the amount of solid solution « in this L + « mixture increases and the portion of melt L
decreases. The composition of remaining melt L follows the liquidus line. Thus, the melt
becomes more and more enriched by component B. Similarly, the composition of solidifying
phase « changes along the solidus line. If the concentration of component B in a-phase is
low, the solidification finishes at the solidus line. Afterwards, the solidified alloy has only
phase, namely the solid solution . However, the portions of x-phase solidified at the end
of the process are enriched by the component B. If we discuss the multicomponent HEAs
instead of this simple example of binary alloy, the GB wetting transitions would be more
complicated. This is because, for example, an HEA with five components is described by
the 5D phase diagram. Therefore, when the liquid alloy L with five components starts to
crystallize, it can intersect with not only one binary-phase region, « + L, such as in Figure 2,
but numerous multiphase areas. Only afterwards can HEA be completely solid and contain
only one x-phase. These multiphase regions can contain more than one liquid phase and
one solid phase.

When a polycrystal crosses the « + L area of the phase diagram, it contains, first,
the interphase boundaries (IBs) between liquid phase, L, and solid phase, x-phase. It
also contains the o/« grain boundaries (GBs). The melt, L, contacts the solid phase, «,
in the triple junctions (TJs) between GBs and, respectively, two solid/liquid IBs, (see
green schemes on the right-hand side of Figure 2). The GB has the energy ogp and each
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solid/liquid IB has energy 2ogr. If ogp < 2051, (see lower scheme in right-hand side of
Figure 2), the GB has a non-zero contact angle, 6 > 0, with the melt. The GB wetting in
this case is partial (or incomplete). The micrograph (c) on the left-hand side of the phase
diagram shows an example of how the microstructure of the two-phase « + L polycrystal
of the Al-Mg alloy can appear below Tymin. This sample contains only (Al)/(Al) GBs
partially wetted by the Mg-rich melt. If the energy of two solid/liquid IBs, 20gr, is lower
than the GB energy, ogp > 203, (see upper scheme in Figure 2), then the contact angle
becomes equal to zero, 6 = 0. In this case, the thick melted layer should separate the
solid «-grains, and the GB wetting is complete. The transition between complete and
partial GB wetting is described for numerous binary alloys. In these alloys the 6 value
decreases with growing temperature and becomes zero at a certain temperature, Ty, (called
the temperature of GB wetting phase transition) [50-52]. Above Ty, the GB is completely
wetted. The GB wetting phase-transition is in principle two-dimensional one. Nevertheless,
it can be of first or second order, similar to phase transformations in the bulk [53-55].
In the case of a first-order GB wetting transition, the first temperature derivative of 6,
d6/dT, has a discontinuity at Ty. The d6/dT suddenly descends at Ty, from a certain
finite value to zero [50,53,54]. In case of the continuous (second-order) wetting transition in
GBs, the d0/dT value continuously changes with growing T and smoothly reaches zero
d6/dT =0 at Ty, [54,55]. One must take into consideration that the ogg value can strongly
depend both on the grain boundary misorientation angle, x, and on the grain boundary
inclination angle, 1 [56]. The dependences of GB energy on x and 1, ogp(x) and ogp
(), possess the sharp cusps at certain x and 1 values [57]. These special misorientation
and inclination angles, x and 1, are determined by the coincidence site lattices. Due
to this fact, the ogp can vary in a rather broad interval of values. Obviously, the lower
oG, the higher GB contact with the liquid phase would be at 6. This means that contact
angles in a polycrystal can vary in a very broad interval. Moreover, these contact angles
for different GBs should decrease with growing temperature with a different rate. Also,
the low-angle GBs have lower ogp than high-angle GBs, and, therefore, the higher T\,
values [58]. Actually, the low-angle GBs are not continuous two-dimensional (2D) defects,
but consist of arrows of 1D defects, namely dislocations. The GB triple junctions are also
1D defects, and for them, it is lower than for high-angle GBs [59]. Due to these reasons, the
spectrum of T, temperatures in a polycrystal can be quite broad.

Such microstructures of two-phase polycrystals can be seen in Figure 2 (micrographs
in the left-hand side). These are the microstructures of the binary Al-Mg alloys. As a
result, a conventional phase diagram for 3D-phases gets the additional tie-lines at Tyymin
and Twmax for 2D GB wetting transformations. At T > Tywmax all GBs in a polycrystal are
fully wetted and contain, therefore, the melted layer between solid grains. The micrograph
(a) on the left-hand side of the phase diagram shows an example of how the microstructure
of the two-phase « + L polycrystal of the Al-Mg alloy can appear above Tywmax. The
micrograph (a) is reprinted with permission from ref. [60]. In this sample, all (Al)/(Al)
GBs are completely wetted by the Mg-rich melt. The liquid phase surrounded all solid
(Al) grains. The Twmax tie-line describes the GB wetting transformation for GBs with
the lowest ogp in a polycrystal. By cooling, the first partially wetted GBs appear below
Twmax- Between Twmax and Tymin, the amount of completely wetted GBs decreases with
decreasing T. The micrograph (b) on the left-hand side of the phase diagram shows an
example of how the microstructure of the two-phase o + L polycrystal of the Al-Mg alloy
can appear between Tymin and Twmax. The micrograph (b) is reprinted with permission
from ref. [60]. In this sample, some (Al)/(Al) GBs are completely wetted by the Mg-rich melt
and other (Al)/(Al) GBs are partially wetted by the liquid phase. At Tyymin, the completely
wetted GBs disappear. The Tyymin tie-line describes the GBs with the highest energy ogg.
Below Tymin there are no completely wetted GBs in an alloy, and the polycrystal has only
partially wetted GB with 6 > 0. The respective example of the Al-Mg alloy is shown in the
micrograph (c) on the left-hand side of the phase diagram.
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Figure 2. Binary A-B diagram of 3D phases for the discussion of the GB wetting phenomena. Thick
lines (solidus, solvus, liquidus, eutectic lines) mark the bulk transitions between 3D phases. Thin
lines at Typin and Twmax mark the tie-lines for the wetting of o/ & GBs by the liquid phase, L. On
the left-hand side of the figure the micrographs are shown for the L + (Al) polycrystals containing
liquid and solid phases. Case (a) shows the alloy structure above Twmax. Here, all (Al)/(Al) GBs
are fully wetted. The scheme (b) shows the alloy structure between Tymax and Tyymin. Here, some
(Al)/(Al) GBs are completely wetted, and other (Al)/(Al) GBs are partially wetted. The scheme
(c) shows the alloy structure below Tyypin. This sample contains only partially wetted (Al)/(Al) GBs.
The respective thermodynamic schemes for complete and incomplete GB wetting are shown right.
Here, ogp is the GB energy, ogy. is the IB energy, 6 is the contact angle. The micrographs are reprinted
with permission from ref. [60]. Copyright 2021 MDPL

Above Twmax, the liquid phase completely surrounds each solid grain (or crystallite).
Thus, solid grains cannot contact each other. It is because the “dry” GBs are thermodynam-
ically forbidden above Tymax. We can see, therefore, how the new GB tie-lines appear in
the « + L area of a conventional binary diagram for bulk or 3D phases.

We must underline here that GB wetting phenomena can be observed not only in
HEA coatings, but also in the bulk HEAs manufactured by the arc or induction melting
in argon or vacuum [61-81], electric-current-assisted sintering (ECAS) [82], or additive
manufacturing [83].

3. Wetting of Grain Boundaries in the One-Phase HEA Coatings

In the work of Cheng et al. [84] the CoCrCuFeNi and CoCrCuFeNiNDb high-entropy
alloy coatings prepared by plasma transferred arc cladding process were deposited on the
Q235 steel substrate. The preplaced powder system was used. The mixed powders were
pre-placed onto the surface of a Q235 steel substrate by using glue to form a powder bed
with a thickness of 1.7-2.0 mm. Before cladding, the prefabrication samples were preheated
in a drying box at 100 °C for 4 h. The X-ray diffraction (XRD) patterns of the CoCrCuFeNi
coating contain only the peaks of face-centered cubic (fcc) phase (Figure 3). The XRD
patterns of the CoCrCuFeNiNb coating contain the peaks of fcc and Laves phases (Figure 3).
The scanning electron microscopy (SEM) permitted the authors to obtain micrographs of
these coatings.
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Figure 3. (a) XRD patterns of the CoCrCuFeNi and CoCrCuFeNiNb coatings; and (b) the detailed scans
for the peak of (100) of fcc phase. Reprinted with permission from ref. [84]. Copyright 2014 Elsevier.

The micrograph of the one-phase CoCrCuFeNi coating is shown in Figure 4a. Figure 4b
shows the schematic binary phase diagram. It permits us to explain the GB wetting
processes in the microstructure shown in Figure 4a. The dotted red arrow is the cooling
trajectory which corresponds to the micrograph in Figure 4a. As mentioned above, if the
red trajectory does not intersect with the eutectic transformation line, the grains poor in
component B solidify first. Afterwards, the last B-enriched portions of the melt between
solid grains solidify. We can see that, in this case, the melt prevents the solid grains to
grow together. Thus, these GBs were completely wetted by the B-enriched melt (marked
as CW). Only a few GBs are partially wetted and have non-zero contact angle 8 with the
melt (marked as PW). Moreover, the red trajectory does not intersect with the wetting
tie-lines in the scheme. Therefore, almost all GBs remain completely wetted. As a result,
after solidification, the CoCrCuFeNi HEAs contained one fcc phase. However, this fcc
phase differs in composition in the bulk and in the GBs.

(b)

Figure 4. (a) SEM micrograph of the plasma cladded CoCrCuFeNi HEA coating. Arrows with
the symbol CW show the completely wetted GBs. Arrows with the symbol PW show the partially
wetted GBs. (b) Schematic of the binary diagram for 3D bulk phases for the explanation of respective
GB wetting phenomena. The dotted red arrow shows the cooling trajectory corresponding to the
micrographs for the CoCrCuFeNi HEA coating (a). The dotted blue arrow shows the cooling
trajectory corresponding to the micrograph for the CoCrFeNiMn HEA coatings. The dotted green
arrow shows the cooling trajectory corresponding to the micrograph for the CoCrCuFeNiNb HEA
coating. Micrograph 4a is reprinted with permission from ref. [84]. Copyright 2014 Elsevier.

In Figure 5, the SEM micrographs of equiatomic HfNbTaTiZr polycrystal after arc
melting are shown in the (a) as-cast, and (b) homogenized state. This example shows how
the microstructure of the alloy appears if the GB wetting transition does not take place. The
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typical B-poor tree-like dendrites solidify first, and the last portions of the liquid from the
chaotic polygons (or polyhedra) between the dendrite arms.

Figure 5. SEM micrographs of equiatomic HfNbTaTiZr polycrystal after arc melting, followed by
homogenization treatment at 1773 K for 5 h; (a) as cast, (b) homogenized. Reprinted with permission
from ref. [61]. Copyright 2021 Elsevier.

In the work of Gao et al. [13], the CoCrFeNiMn HEA layer was manufactured on the
substrate of grey cast iron using the plasma transfer arc cladding. The coaxial powder
feeding system was used (see scheme in Figure 1). The plasma arc currents were 50, 60, 70,
and 80 A. The plasma torch was at the distance of 10 mm from the exit of the torch, and
the scanning speed of the torch was 150 mm/min. The XRD patterns of the CoCrFeNiMn
coating contain only the peaks of fcc phase (Figure 6). After deposition (Figure 6 left), the
XRD peaks become broader in comparison to the peaks in the homogeneous HEA powder
(Figure 6 right) before melting and solidification. It is a sign of composition spread in the
solidified one-phase fcc coating (Figure 7).
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Figure 6. XRD patterns of CoCrFeNiMn HEA powder (left) and plasma cladded CoCrFeNiMn HEA
coatings (right) deposited at plasma arc currents of 50, 60, 70, and 80 A. Reprinted with permission
from ref. [13]. Copyright 2021 MDPL.

The micrograph of the one-phase CoCrCuFeNi HEA coating is shown in Figure 7 (left).
Similar to the micrograph shown in Figure 4a for the CoCrCuFeNi HEA coating, the alloy
contains the areas solidified first (they appear bright in the micrograph), and areas solidified
at the end of the reaction. The latter appear dark grey in the micrograph and are enriched
by Cr as shown in energy dispersive electron spectroscopy (EDS) map in Figure 7 (right).
Different to the micrograph in Figure 3a, the matrix grains are not completely surrounded
by the Cr-rich layers. The cooling trajectory corresponding to Figure 7 is schematically
shown by a dotted blue line in the scheme in Figure 4b with the arrow at the end. As the
dotted trajectory does not cross the line of eutectic transition, the grains which are poor in
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chromium solidify first. The last Cr-enriched portions of the melt between Cr-poor grains
solidify at the end of cooling. It is visible in the micrograph that some Cr-poor grains were
not grown together during the solidification forming the GBs. Therefore, such GBs are
completely wetted by the chromium-rich melt (CW). Other GBs are partially wetted by the
chromium-enriched liquid phase (PW). The respective blue dotted trajectory (see Figure 4b)
does not intersect with the eutectic line. However, it intersects with the wetting tie-line at
Twmax in the scheme in Figure 4b. Therefore, some GBs are completely wetted (CW) and
other GBs are only partially wetted (PW) by the melt. Nevertheless, after solidification, the
CoCrCuFeNi HEA contained only one fcc phase. This fcc phase has a different composition
in bulk and in GBs. This fact leads to the broadening of XRD peaks of the fcc phase. We can
see that substitution of Cu in the CoCrCuFeNi equimolar one-phase fcc HEA [84] with Mn
leads to the appearance of partially wetted GBs among completely wetted ones [13] and to
the shift of the solidification route from the position marked in the scheme Figure 3b by the
red dotted arrow to the position marked by the blue dotted arrow.

Cr

Figure 7. (left) SEM micrograph of the plasma cladded CoCrFeNiMn HEA coating. Arrows with
the symbol CW show the completely wetted GBs. Arrows with the symbol PW show the partially
wetted GBs. (right) EDS map of chromium in the middle part of the CoCrFeNiMn coatings prepared
at plasma arc current of 70 A. Micrographs are reprinted with permission from ref. [13]. Copyright
2021 MDPL

In the work of Xing et al. [85], the HEA coatings with the composition (CoCrFeNi)o4Tij 5Aly 5
were manufactured on the Q235 steel substrate by plasma spraying and plasma cladding
methods. The idea of this work was to clarify how the small additions of titanium and
aluminum, as well as differences in microstructure, influence the corrosion resistance of
an HEA coating on the Q235 steel substrate. The coatings contained only one phase with
fcc lattice and different composition in the grains solidified at the beginning and in the
intergranular layers. The layers solidified at the end of the crystallization process wetted
the fcc/fcc grain boundaries. In ref. [86], the composite HEA coatings with the composition
FeCoNiCr + x(TiC) (x: mass fraction; x = 5, 10, 15) were deposited by the PTA-BX400A
machine for plasma cladding with coaxial powder feeding. The coating thickness was
approximately 10 mm. The FeCoNiCr coating with x = 0 contained only one phase with fcc
lattice. The FeCoNiCr-TiC composite coatings contained the TiC, fcc, and carbide phases.
The last portions of a melt during solidification were rich in chromium. About a half of the
fcc/fec GBs were completely wetted by the Cr-rich melt, the other half of the fcc/fcc GBs
were partially wetted.

In the work of Peng et al. [87], the HEA composite coatings, FeCoCrNi, with the
addition of 20% WC-reinforcing particles were prepared by two different cladding methods,
namely laser and plasma cladding. The plasma cladded coatings contained the one-phase
fcc matrix. Similar to the microstructures shown in Figures 3 and 7, the one-phase fcc
matrix consisted of elongated grains (they were Cr-depleted) with wetting Cr-rich layers
between them. The shape of fcc grains, as well as the portion of completely /incompletely
wetted GBs, changed with depth in the coating. In some cases, only the partial wetting of
GBs in the Cr-depleted fcc matrix by the Cr-enriched fcc phase was observed, for example
in the CoCrFeMnNi HEAs deposited by the plasma cladding [88].
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One can also find the similar behavior in GB wetting in HEA coatings deposited by
laser cladding which contained a single phase with variable composition in the bulk of the
grains and in the GB wetting layers. Here, we can mention the HEA coatings FeNiCoCrMoy
(x =0, 0.15, 0.20, 0.25) on the 316 stainless steel substrate [89], the CoCr,FeNiMoy HEA
with different Mo content from x = 0 to 0.4 [90], the AlCoCrFeNiSix HEAs with from x =0
to 0.5 [91], the CrFeNiNbTi alloy [92], the CoCrCu;_4FeNiy HEA containing x from 0 to
0.5 [93]. We can see that, different to the plasma cladding, for the HEAs deposited by laser
cladding, the optimization of composition by changing the concentration in small steps
was frequently used.

4. GB Wetting in the HEA Coatings Containing Two or More Phases

The work of Cheng et al. [84] provides another example when the solidified HEA
contains two different phases, namely the fcc and Laves phases (see also earlier work [41].
When the CoCrCuFeNi equimolar HEA was substituted with the CoCrCuFeNiNb equimo-
lar one, the Laves minor phase appeared in the XRD pattern additional to the fcc major one.
As a result (see micrograph in Figure 8), the fcc grains of the matrix phase are completely
surrounded by the solidified eutectic containing the fcc + Laves mixture. This case differs
from the case of CoCrCuFeNi equimolar HEA (see the micrograph in Figure 3a and the
scheme in Figure 3b, blue dotted trajectory). Namely, now the solidification trajectory
(dotted green arrow) does not finish in the x-area after the cooling. On the contrary, it
crosses the line of eutectic transition L — o +  in the scheme. In the real CoCrCuFeNiNb
alloy this eutectic reaction is L — fcc + Laves phases. At the end of solidification, the
last portions of the liquid completely wet all GBs between fcc grains of a solid solution.
Afterwards, they decompose following the reaction L — « + (3. We have to underline here
that the micrograph shown in Figure 8 contains only completely wetted fcc/fcc GBs. This
means that in the CoCrCuFeNiNb HEA, not only is the dotted trajectory shifted to the right
in comparison with CoCrCuFeNi equimolar HEA, but the Twmax tie-line was also shifted
to the lower temperatures. As a result, the incompletely wetted fcc/fcc GBs did not form at
all during the solidification. Similar structures and GB wetting by Laves phase were also
observed in CoCrCuFeNiNb HEAs in ref. [41].

I - 10 1 P-blue-+Pred; Step=0.08 um; Grid376x

Figure 8. (left) SEM micrograph of the plasma cladded CoCrCuFeNiNb HEA coating. Micrograph
is reprinted with permission from ref. [84]. Copyright 2014 Elsevier. (right) EBSD phase map of
the Cop5Crp5Cuyp5NinsAljy 5 (at.%) HEA. EBSD phase map shows that the Ni-Al-rich phase in
the intergranular region is the B2 phase. Micrograph is reprinted with permission from ref. [94].
Copyright 2014 Elsevier.

The phase which wets the fcc/fcc GBs in HEAs cannot exclusively be Laves phase.
Thus, in the work of Wang et al. [94], the Coy5Crp5Cuyp5NizsAln 5 (at.%) HEAs were
produced by the spark plasma sintering. The XRD pattern contains the fcc peaks as well
as the peaks of the B2 phase. The electron backscattering diffraction (EBSD) combined
with the SEM images shows that the minor B2 phase is positioned in the fcc/fcc GBs
(Figure 8, right). Moreover, the layers of the B2 phase are not continuous. They do not
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fully separate the grains of the fcc solid solution in the matrix. This case corresponds to
the incomplete GB wetting by the last portions of the melt during solidification. In other
words, the green dotted line in the scheme in Figure 3b perfectly describes the situation
in the Coy5Cry5Cu1s 5NissAlyo 5 (at.%) HEAs [94]. This means that the Tywmax and Tymin
temperatures are indeed higher than the temperature of eutectic transformation as it is
shown in the scheme in Figure 3b.

In some cases, the plasma cladded HEA coatings contain more than one phase wetting
the GBs. A gOOd example is the C026,57Ni26.81Cr17.71M07,63Nb2.40B12.67Si6.22 (at.%) HEAs
deposited by a plasma cladding PW3L machine at a gun speed of 300 mm/s and a feeding
rate of 15 g/min [95]. The XRD patterns contain the peaks of the fcc major phase and
two minor phases, namely the Laves phase and o-phase. The SEM micrographs and EDS
mapping (Figure 9) shows that the fcc grains are completely surrounded by the layers of
Laves phase and o-phase. The Laves phase is enriched by molybdenum and Co-depleted.
The o-phase is enriched by niobium and Cr-depleted.

Figure 9. SEM micrograph and respective EDS composition maps for the distribution of Nb and Mo
for the Coyg 57Nl 81Cr17.71M07.63Nb2 40B12.67Si6.20 (at.%) HEA deposited by the plasma cladding.
Micrograph is reprinted with permission from ref. [95]. Copyright 2022 Elsevier.

The matrix phase in the plasma-cladded HEA coatings is not always the fcc one. It can
also have the base-centered cubic (bcc) lattice, such as, for example, in the Fej9.49C019.49Nij9.49
Alj9.49Cuy9.49Sip 55 (at.%) HEA coating [96]. It was deposited by the A PAW-160 plasma
cladding machine. The XRD pattern revealed that this HEA coating contained three
solid solution phases, one with bec and two with fec lattice. Figure 10 (left) shows the
SEM micrograph of this plasma—cladded Felg'49C019.49Ni19'49A119.49CU19'49812.55 (at.%) HEA
coating [96]. Almost all bcc matrix grains are surrounded by the GB layers of fccl and fcc2
phases. They are copper-enriched (Figure 10, right). Some of the GB layers of fccl and fcc2
phases are interrupted. These bcc/bcec GBs were incompletely wetted by the melt at the
last stage of solidification.

Figure 10. (left) SEM micrograph of the plasma cladded Fej9 49C019 49Nij9 49 Al19 49Cui19 49Sip 55 (at.%)
HEA coating. (right) EDS map of copper. Micrographs are reprinted with permission from ref. [96].
Copyright 2017 Elsevier.
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In the work of Peng et al. [97], the WC composite coatings contained the FeCoCrNi
HEA matrix and spherical WC-reinforcing particles with various mass fractions (0.1, 0.2,
0.4, 0.6, 0.7) were deposited by plasma cladding on steel substrates. The pure FeCoCrNi
coating (without WC addition) consisted of a single fcc phase. At 0.1 WC mass fraction, the
XRD patterns did still now show the peaks of WC phase or other carbides. At WC mass
fraction of 0.2, the XRD peaks of composite of MgC phase carbide appeared, namely the
FesW3C phase. The height of this peak grew with the increase of WC content. It means that
the amount of the FesW3C carbide grew as well. At low WC content the microstructure
with wetted fcc/fcc GBs was similar to that shown in Figures 3 and 7.

In the work of Wang et al. [98], the (CoCrFeMnNi)gsTijs HEA coating was manufac-
tured on the Q235 steel substrate via plasma cladding. Close to the substrate, the HEA
coatings begin with a planar plate of fcc phase which is about 3040 um thick. Then, the
area follows, which is about 1 mm thick. Here the fcc grains are equiaxial. Almost all
boundaries between fcc grains in the matrix are completely wetted by the mixture of bec
and o phases. In the upper coating area, the fcc grains are elongated, but complete GB
wetting is conserved.

In the work of Wang et al. [99], the HEA coatings with the composition CoCrFeMnNiTiy
(x=0,0.3, 0.65 and 1) were manufactured using plasma cladding. With increasing titanium
concentration from x = 0 to 1, the phase composition of CoCrFeMnNiTiy coatings changes.
At low x, they contain only one phase with fcc lattice. With increasing x, the complicated
structure with hybrid phases with fcc and bcc lattice, as well as o-phase with equiaxed
and/or snowflake-like grains, appear. The grain size also gradually increased with increas-
ing Ti content. The wetting of boundaries between fcc grains by the mixture of bec and
o-phases is especially well-pronounced in HEAs with x = 0.65 and 1. This result correlates
well with the data obtained in ref. [98].

We can compare the GB wetting in multiphase HEAs deposited by plasma cladding
with that in the HEA coatings manufactured by laser cladding. The transition from HEAs
containing one phase to those containing two phases took place in the Al,CrFeCoNiCu laser
cladded coating (x=0,0.1,0.3,0.5,0.7,0.8,1.0,1.2, 1.5, 1.8, or 2.0) [100]. The Al,CrFeCoNiCu
HEA samples with x =0, 0.1, 0.3 contained only the fcc phase with different composition
in GB wetting layers and in the bulk. The samples with x = 0.7, 0.8, 1.0 contained the
same fcc phase and, additionally, to bcc phases (bccl and bec2). The matrix grains had fcc
structure, the last portions of the melt before complete solidification wetted the boundaries
between fcc grains. Afterwards, they decomposed in the fcc + (becl,bec2) mixture [100].
The CoCrFeNiAlxMn(;_,) dual-phase coatings give other example of HEAs which first
contain one phase and then two phases [101]. The multiphase state HEA coatings deposited
by laser cladding was observed in TiZrAINbCo HEAs [102], ceramic particle reinforced
FeCoNiCrMnTi HEAs with fcc matrix and bec-phase, Laves phase and titanium nitride in
the grain boundary wetting layers [103], and CoCr,FeNb 5sNiSi coating with Laves phase,
fce-phase and CrO; [104].

5. Influence of Distance from the Surface on GB Wetting in HEA Coatings

The plasma cladded coatings are usually quite thick, up to several mm. Respectively, the
conditions for the GB wetting can be different through the full thickness of a coating. Figure 11
shows the SEM micrograph through the entire Fe9 49C019.49Nij9 49Al19 49Cu19 4951 55 (at.%)
HEA plasma cladded coating on the AISI 1045 steel as a substrate [96]. The micrograph
in Figure 10 shows only the part of the central region of this thick coating. It is visible
in Figure 11 that in the bottom part, not all bcc/bcc GBs were wetted by the melt during
solidification. One of the reasons could be the partial dissolution of a steel substrate in the
melted coating. Moreover, it is also visible that the distribution of fccl and fcc2 phases in
bce/bee GBs also depends on the depth.
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Figure 11. SEM micrograph through the entire FeCoNiAlCuSi HEA plasma cladded coating. Micro-
graph is reprinted with permission from ref. [96]. Copyright 2017 Elsevier.

In the upper part of Figure 12, the cross-section of the CryyCuygFeyoNixAlyg HEA
coating is shown. This composite CryCuyoFepoNizAlyy coating was manufactured by
plasma arc cladding with a synchronized powder feeding (see Figure 1). It was reinforced
by the titanium carbonitride particles formed in the plasma torch from the Ti powder and
g-C3Ny powder. The coating was deposited on the Q235 steel substrate. The matrix of this
HEA coating had bcc structure. The flat wetting layers in bec/bcec GBs contained mainly
the fcc and B2 phases (see lower part of Figure 12). One cannot attribute the faceted Ti(C,N)
particles to GB wetting phase. Nevertheless, they were also mainly located in the bec/bcc GBs
or in the GB triple junctions. One can clearly see in the upper micrograph in Figure 12 that the
coating close to the steel substrate does not contain any wetted GBs at all. Partially and fully
wetted GBs do not appear close to the substrate, but first at a distance of about 10-20 pum.

In the work of Cheng et al. [42], the CoCrCuFeNi equimolar HEA coatings were
deposited with plasma cladding on the Q235 steel substrate. The coatings also contained
the different amounts of TiC and TiB,-reinforcing particles. The matrix was formed by fcc
phase. The fcc/fcc GB wetting layers contained, after solidification, the bce phase (dark
grey phase between light grey matrix grains in Figure 13). The TiC and TiB, reinforcing
particles are faceted and appear almost black in Figure 13. Similar to the micrographs in
Figure 12, the fusion zone close to the substrate dose not contain any wetted fcc/fcc GBs.
They first appear at a distance about 20 um from the substrate.

In the work of Lu et al. [105], the CrCuFe,NiTi HEA layers were deposited on Q235
substrate by plasma cladding. In this HEA coating, the gradient of component content
formed due to gradient in temperature, as well as dilution of the steel substrate. It consisted
of bcc matrix grains and rather thick fcc phase layers, completely wetting the bec/bec grain
boundaries. In the area between the coating and steel substrate, the planar crystals of
v-Fe-based solid solution, as well as of Fe,Ti intermetallic compound, are visible.

In the work of Zhou et al. [1], the CoNiCuFeCr HEA coatings were deposited as
a protection layer with improved corrosion and wear resistance on the Q235 steel. The
plasma cladding process with melting of the prepared powder mixture on the substrate
was used. The microstructure was different at different depths. The perfect structure with
all GBs in the Cu-depleted fcc matrix completely wetted by the Cu-rich last portions of the
melt (similar to that shown in Figures 3 and 7) can be observed in the bottom part of the
coating. In the top part, some GBs in the Cu-depleted fcc matrix become partially wetted.
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Substrate

Figure 12. SEM micrographs for the cross section of the CrygCupoFepNiyyAlyg HEA composite
coating reinforced with particles of titanium carbonitride on the Q235 steel substrate. (upper part)
The image of macro-morphology; (lower part) BSE image of the upper-middle area. Micrographs are
reprinted with permission from ref. [14]. Copyright 2021 Elsevier.

Figure 13. SEM image of the CoCrCuFeNi equimolar HEA coatings reinforced by the TiC and TiB,
particles. The substrate is a Q235 steel. The fcc matrix in the HEA coating appears light grey, the bec
phase in the GBs appears dark grey. The TiC and TiB; particles appear black. Micrograph is reprinted
with permission from ref. [42]. Copyright 2021 Elsevier.

6. GB Wetting in the Reinforced HEA Coatings

In some cases, the plasma cladded HEA coatings are reinforced with particles of car-
bides, nitrides, borides, or oxides. We already saw two such examples in Figures 12 and 13.
Usually, these particles are added to the mixture of metallic powders before cladding.
Unlike the metallic components they do not melt under plasma torch. However, they redis-
tribute in the melt during its solidification. As a result, the reinforcing carbides, nitrides,
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borides, or oxides also non-trivially interact with the liquid phase which completely or
incompletely wets the grain boundaries between HEA matrix grains.

A good example can be found in the ref. [106]. The multi-ceramics reinforced CoCr-
FeMnNi HEAs coating was prepared in situ on the polished substrate by plasma cladding
using the equal atomic ratio CoCrFeMnNi HEAs, Al, TiO,, and BN powders. The boron
and iron were added to reach higher boron content in the coating. Iron and silicon were
added to increase formability of HEA coatings. The HEA coatings were deposited on the
Q235 steel substrate. The non-reinforced pure HEA was deposited as an interlayer between
reinforced HEA and substrate. This method permitted to prevention of the dilution of base
material. The intermediated pure HEA layer also allowed to improvement of the bonding
strength between the reinforced HEA coating and the substrate.

The XRD patterns of plasma cladded pure HEA coatings only contained the lines of
the phase with fcc lattice. The reinforced HEA coating also contained mainly the fcc solid
solution. However, the reinforced HEA also had the titanium nitride and Cr;B intermetallic.
The lattice constant of the fcc solid solution (being the matrix phase) in the reinforced
HEA coating was slightly different than in the pure HEA. This is because the titanium
and aluminum atoms dissolve in the fcc solid solution during the plasma cladding. The
atomic radii of titanium and aluminum atoms are larger than those of CoCrFeMnNi HEA
components resulting in lattice expansion.

The resulting microstructure is shown in Figure 14. The cladded coating had no
pores or cracks. The coating possessed good metallurgical bonding with substrates. The
composite coating had pure a HEA interlayer (thickness ~ 1.6 mm, seen in Figure 14(c1))
and a reinforced HEA overlayer. The planar structure formed at the bottom of the inter-
layer (Figure 14(al)). It has a thickness of ~30 um. According to the EDS results, the fcc
matrix grains were rich in cobalt, chromium, and iron. The GB wetting areas were rich
in manganese and nickel. It is clearly visible that the morphology of GB wetting layers,
as well as the portion of completely and incompletely wetted fcc/fcc GBs, is different in
different areas of the composite coating.

Reinforced HEA Pure/HEA

[
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=
=
wnn

Figure 14. (a) Light micrograph for the cross-section of composite coating; (al,b1,c1) are the SEM
micrographs showing the morphology in the A, B, and C areas in (a). Reprinted with permission
from ref. [106]. Copyright 2022 Elsevier.

Figure 15 shows the microhardness distribution in the cross section of reinforced
HEA coating [106]. The hardness of the reinforced HEA composite coating decreased from
320 HVO0.3 to 240 HV0.3 with increasing depth. Nevertheless, both these values were higher
than the hardness of the pure HEA interlayer, namely 170 HV0.3. The multiphase TiN-
Al,O3-Cr;B ceramics synthesized in situ are responsible for dispersion strengthening. By
the way, the dissolved titanium and aluminum promoted the solid solution strengthening
of the matrix. Also, the amount of ceramic particles decreases from top to bottom. This fact
also leads to the hardness decrease.
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Figure 15. Microhardness distribution of reinforced HEA coating. Reprinted with permission from
ref. [106]. Copyright 2022 Elsevier.

In ref. [107] the AICoCuFeMnNi HEA and composite AICoCuFeMnNi HEA reinforced
by the CeO, particles were deposited via plasma cladding on carbon steel substrates. The
coatings contained two bcc phases. The copper- and nickel-depleted bcc phase was the
major phase, and the copper- and nickel-enriched bce phase was the minor one. The grain
boundaries in the major phase with bec lattice were fully or partially (about 50:50) wetted by
a layer of minor bce-phase. The addition of fine CeO; particles improved the properties of a
composite but did not significantly change the ratio between completely and incompletely
wetted bee/bec GBs.

7. GB Wetting in HEA Coatings after Laser Remelting

The HEA coatings deposited by plasma cladding can be partially laser remelted
afterwards as in ref. [108]. The cladding process of the (FeCoCrNi)75NbyoBgSi; coatings
was divided into two steps, and occurred in an argon atmosphere. A coaxial powder
feeding plasma cladding system (CHILLER GW-02ACL) was used to prepare the coating.
These samples were called PC. This cladding coating was cooled to room temperature in
an Ar atmosphere and polished with sandpaper. Then, a fiber diode laser (LSJG-BGQ-2000)
was used to perform laser remelting with a laser power of 2000 W, a laser beam diameter
of 2.5 mm, and the laser scanning speed of 7 m/min and 8 m/min. The samples were
respectively called LRM7 and LRMS.

XRD patterns of the PC coating contained only the phase with bcc lattice, whereas
the LRM7 and LRMS coatings consisted of the mixture of two phases with bcc and fcc
lattices. In Figure 16, it is visible that in the plasma cladding layer (lower parts of the
micrographs), the grains of the bcc phase were completely or incompletely surrounded by
the solidified portions of the melt, as in Figure 3. The laser remelting completely changes
the microstructure, the grain size decreases and the fcc grains are completely surrounded
by the bcc layers.

Figure 16. SEM images showing the cross-sections of the (FeCoCrNi);5Nb;¢BgSiy coatings. (a) LRM7.
(b) LRMS. Reprinted with permission from ref. [108]. Copyright 2021 Elsevier.
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8. Conclusions

1.  The grain boundary wetting phase transitions can strongly influence the structure of
high-entropy alloys deposited by plasma cladding. During the plasma cladding the
grain boundaries (GBs) can be completely or partially wetted by the melt.

2. Even in the case of a HEA containing only one (fcc or bec) phase, then at the end
of crystallization, the solid (fcc or bec) grains are depleted with some components.
On the contrary, the remaining liquid phase is enriched by these components and
completely or partially wets the GBs.

3. HEAs can also contain two or more phases. In this case, the last portions of the melt
during solidification can transform into a mixture of two or more solid phases in a
eutectic decomposition. Then, the liquid GB layers after crystallization transform in
the solid GB interlayers consisting of second, third etc. solid phases.

4. In some cases, the plasma cladded HEA coatings are reinforced with particles of
carbides, nitrides, borides, or oxides. They do not melt under plasma torch, but
interact in the complicated way, with solidifying GB layers of a melt.

5. The plasma cladded HEA coatings are usually rather thick. The microstructure and
GB wetting conditions can significantly change over the thickness of theses coatings.
Especially interesting is the process of later remelting of HEAs by the laser beam. It
can also modify the conditions for GB wetting.

6.  Usually, the bulk phase transformations are the important instruments in the hands
of materials scientists and engineers, permitting them to tailor the structure and
properties of materials. The most famous phase transformations here are the oFe-yFe,
oTi-pTi, «Ti-wTi, fCo-wCo et al. However, we can see from the discussed examples
of plasma cladded HEA coatings that the grain boundary wetting transitions can
also be a powerful instrument to tailor the structure and properties of materials, in
particular for energy conversion and storage applications.

7. Moreover, we have to underline here that the thick (at least few pm) grain-boundary
layers of the second phase(s) can appear in HEAs during crystallization of the melt
in all synthesis technologies. The formation of such continuous or discontinuous GB
layers of a second phase(s), or even just the layers of the same phase with different
composition, can strongly modify the properties of HEAs. Thus, the understanding of
chemistry, physics, or thermodynamics of the GB wetting transformations in HEAs
will open the way for the purposeful control and tailoring of HEA properties. Such
detailed knowledge of GB wetting processes in HEAs could seriously increase their
application areas.
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Abbreviations
bcc body centered cubic lattice
fcc face centered cubic lattice

EBSD electron backscattering diffraction

EDS  energy dispersive electron spectroscopy
GB grain boundary

HEA  high entropy alloy

1B interphase boundary
SEM  scanning electron microscopy
TJ triple junction

TEM  transmission electron microscopy
XRD  X-ray diffraction
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