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This review offers a comprehensive analysis of additive manufacturing (AM) processes in
the application of High Entropy Alloys (HEAs). HEAs have gained considerable attention
in recent years due to their unique mechanical and physical properties. It is provided
historical background and a clear definition of HEAs, outlining their development over
time. The focus concentrated on examining the utilization of AM processes in HEAs. Spe-
cifically, three prominent AM techniques are discussed: Electron Beam Processes, Laser-
Processed HEAs, and Wire Arc Additive Manufacturing. Each technique is explored in de-
tail, including its advantages, limitations, and current applications within the HEAs field.



Subsequently, the delves into the significance of AM process parameters when fabricat-
ing HEAs. Parameters such as laser power, scanning speed, and powder feed rate are
analyzed for their effects on the microstructure and mechanical properties of the final
product. Lastly, it addresses post-processing techniques for additive-manufactured
HEAs. It emphasizes the importance of steps such as heat treatment, surface finishing,
and machining in achieving desired material properties and dimensional accuracy in AM-
produced HEA components. By presenting a comprehensive overview of HEAs, their ap-
plication in AM processes, the influence of process parameters, and post-processing con-
siderations, this review paper serves as a valuable resource for researchers and practi-
tioners seeking to advance the understanding and implementation of AM in the HEAs
domain.

Lleit ornag nponoHye KOMMAEKCHUI aHani3 npouecis agMTMBHOro BMpobHMLTBa (AB) y
3aCTOCYBaHHi 40 BUCOKOeHTponiliHux cnnaasis (BEC). B ocTaHHi poku BEC npusepHyau
3HAYHY yBary 3aBAAKM CBOIM YHIKa/JIbHUM MeEXaHiYHUM i isMYHMM BNACTUBOCTAM.
Hapaetbesa icTopnyHa AoBiAKa Ta YiTKe BM3HavyeHHs BEC 3 onncom ix po3BUTKY 3 YacoMm.
OcHOBHa yBara 30cepe)KeHa Ha BMBYEHHI BUKOpUCTaHHA npouecis AB y BEC. 3oKkpema,
0broBopotOTbCA TPU BiZOMI meToanM AB: eNeKTPOHHO-MPOMEHEBI NPOLECK, Nas3epHo-
06pobneHi BEC Ta ayroBe aanTMBHe BMPOOHMUTBO. KOoXKeH MeTon AeTasibHO A0o-
CNiAXKYETbCA, BKAOYAOUM MOro nepesarn, 06MeKeHHs Ta NOTOYHI 3aCTOCYBaHHA B ranysi
BEC. 3rogom 3ariMb0€eTbCA B BaXKAMBICTb MapameTpis npouecy AB nmig Yac BUroToB-
neHHA BEC. Taki napameTpu, AK MOTYXKHICTb Na3epa, WBUAKICTb CKaHyBaHHA Ta WBWUAKICTb
noAadi NOPOLLKY, aHANI3YTbCA Ha iX BN/IMB Ha MIKPOCTPYKTYPY Ta MEXaHiYHi BAAaCTUBOCTI
KiHUEBOro NpoAyKTy. HapewTi, y HboMy po3rnagatoTbcs metoam noct-o6pobku ana BEC,
BMFOTOB/MIEHUX 3@ AOMNOMOroto f06aBOK. BiH MiAKPECAOE BaXKNUBICTb TakKMX eTanis, AK
TepMiyHa 06pobKa, diHilLHa 06pobKa NoBepPXHi Ta MexaHiuHa 0bpobKa oS AOCATHEHHSA
6arkaHMX BNacTMBOCTEN MaTepiaay Ta TOYHOCTI PO3MipiB y KOmNoHeHTax BEC, Burotose-
Hux AB. MpeacTtasasatoum BuyepnHuin ornag BEC, ix 3acTocyBaHHs B npouecax AB, Bnans
napameTpiB NpoLEecy Ta MipKyBaHHA LLOAO NOCTO6POOKH, Lelt ornafoBUiA JOKYMEHT Cy-
UTb LiHHMM Pecypcom ansa AOCNIAHWKIB i MPaKTUKIB, AKI MparHyTb MOKPALWMTU po-
3yYMiHHA Ta BNnpoBagKeHHA AB y nomeHi BEC.

Keywords: additive manufacturing, high entropy alloys, processing, structure, properties.

Kntouosi cnosa: agntMeHe BUPOBHULTBO, BUCOKOEHTPOMiNHI cniasu, 06pobKa, CTPyK-
Typa, BNacTUBOCTI.

1. History and definition of HEAs

Fascinating development of the alloy design brings us principally new materials
with superior properties - high entropy alloys (HEAs). The history of creation is
alloying principles, which firstly was based on one main element, or two, and
other alloying elements in small amounts. A heightened presence of certain ele-



ments, for instance, Fe in Al alloys, can potentially result in a destructive im-
pact[1]. But the things were drastically inverse, since 2004, when the multicom-
ponent approach has given birth to HEAs. Yeh [2] and Cantor [3] have proposed
the new paradigm of alloy creation. This paradigm is based on the multicompo-
nent main alloying system, normally more than 5 main elements. Yea et al. How-
ever, more recently, researchers have expanded the concept of HEAs to include
alloys with three or four principal elements as well [4][5] have presented a new
approach to alloy design with multiple principal elements in equimolar or near-
equimolar ratios. Despite general knowledge on physical metallurgy that pre-
dicted the formation of the multiple intermetallic compounds when using multi
principal elements, the real alloys appear much more usable and uniform. The
configurational entropy changes per mole, based on Boltzmann’s hypothesis,
ASconf, during the formation of a solid solution from n elements with equimolar
fractions may be calculated from the following equation[2].

ASconf=—kLnw=—R(1/nLn1/n+1/nlnl/n+ --1/nln1/n)= —RLn1/n=RLn
n (1)

where k is Boltzmann's constant, w is the number of ways of mixing, and R is
the gas constant: 8.314 J/K mole. Thus, Yeh et al. [1] have shown, ASconf for
equimolar alloys with 3, 5, 6, 9, and 13 elements equal to 1.10R, 1.61R, 1.79R,
2.20R, and 2.57R, respectively. In addition, if the formation enthalpies of two
strong intermetallic compounds, such as NiAl and TiAl were divided by their re-
spective melting points, the resulting ASconr, 1.38R, and 2.06R, are in the same
range as the entropy changes of mixing in a system with more than five elements
[1]. This evidences that it will be preferable the tendency of ordering while the
mechanism of segregation would be suppressed by the high mixing entropy [6].

Thus, alloys with a higher number of principal elements will more preferably
forms solid solutions during solidification, instead of intermetallic compounds,
except for oxides, carbides, nitrides, and silicides with very large heats of for-
mation [ref].

Yeh et al. have defined high-entropy alloys (HE alloys) as those composed of
five (starting from three according to updates) or more principal elements in
equimolar ratios or HE alloys may contain principal elements with the concentra-
tion of each element being between 35 and 5 at.-%. This has led to many alloy
systems with simple crystal structures and extraordinary properties [7].

It is established that HEAs form different microstructures such as single-phase
FCC, BCC, HCP microstructures [8][9][10] as well as complex multi-phase micro-
structures [11]. These alloys have attracted great research interest owing to
promising properties observed in specific HEAs. For instance, the quinary equi-
molar Cantor HEA CrMnFeCoNi possesses an exceptional fracture toughness of
more than 200 MPa m1/2 at cryogenic temperatures, making it an ideal material



for low-temperature applications [3]. As usual, HEAs are processed by powder
metallurgy [12], conventional casting [8][13], etc. To achieve the needed proper-
ties through refining the microstructures, the as-cast HEAs are processed by cold
metal forming and/or annealing [8][13]. The traditional metallurgical processes
mentioned above are used to create simple geometry parts, with the require-
ment of post processing. Furthermore, there is a dilemma in the strength-plastic-
ity relation for HEAs. Namely, some HEAs are very strong but restricted with plas-
ticity (BCC non-equi-atomic AlCoCrFeNiTi0.5 [14]), while there are very ductile
but not strong enough (quinary equi-atomic CrMnFeCoNi [15]). Cantor et al. have
reported [3] several HEAs with a five-component equi-atomic HEA CrMnFeCoNi
(Cantor alloy) and a series of six-, seven-, eight- and nine-component equi-atomic
HEAs. It is considered [3], a HEA consisting of 20 elements in equiatomic propor-
tions, 5 at.% each of Mg, Sb, Si, Ge, Zn, Bi, Pb, Sn, Cd, Al, Nb, Mo, W, Ag, Cu, Ni,
Co, Fe, Crand Mn. However, HEAs are not restricted to equiatomic ratios. As men-
tioned above, Yeh et al. [2] expanded the scope of HEAs to alloys with multiple
principal elements and concentration of each element between 5 and 35 at.%.
There is appearance of non-equiatomic HEAs (e.g. Al0.5CoCrCuFeNi) [13] and
four-component HEAs (e.g. NbMoTaW) [16]. Some HEAs with trace elements
have been also reported. For instance, Park et al. [17] investigated a novel Cantor
alloy with 1 at.% C additions, marked as 1%C-CrMnFeCoNi HEA. Therefore, in this
point, HEAs reflect the alloys consisting of multiple elements, each in valuable
atomic fractions (from 5 to 35 at.%), possibly with trace alloying elements. It
should be underlined that there are ternary equiatomic HEAs (i.e. CrCoNi) in some
literature named as medium entropy alloys (MEAs) [18][19]. Unique composi-
tional characteristics and large configurational entropy value of HEAs lead to se-
vere lattice distortion (Fig. 1) due to the differences in atomic size, bonding en-
ergy, and crystal structure.

The HEAs as a rule exhibit a single-phase face-centered cubic (FCC), body- cen-
tered cubic (BCC) or hexagonal close packing (HCP) solid solution microstructure.
For instance, the quinary equiatomic Cantor HEA CrMnFeCoNi crystallizes as a
single-phase FCC solid solution structure [8][21]. Moreover, a number of
equiatomic quaternary (CrCoNiMn), ternaries (CrCoNi, FeNiMn, NiCoMn) also
have a single-phase FCC solid solution structure [5][22][18]. Quaternary non-
equiatomic HEA Fe40Mn40Co10Cr10 exhibits a single-phase FCC solid solution
structure in as-cast, hot-rolled and homogenized states as reported by Deng et al.
[23]. Such microstructure formation was observed in other HEAs
(FeNiCrCuMo)[24]. The HEAs containing refractory BCC metals such as W, Mo,
Nb, Ta, and V typically crystallize as a single-phase BCC solid solution structure in
contrast to the FCC HEAs. Namely, HEAs NbMoTaW and VNbMoTaW exhibit a
single-phase BCC solid solution structure as reported by Senkov et al. [16]. Single-



phase BCC solid solution microstructures were also registered for TaNbHfZrTi
[25], MoNbHfZrTi [26], as well as for TaNbHfZr [27]. Notably that the metals Ti,
Zr, and Hf have an HCP structure at room temperature, changing to a BCC struc-
ture at high temperatures revealing allotropic transformation. For a while HEAs
with a single-phase HCP solid solution structure are rare, and typically contain
several HCP metals such as Y, Ru, Re, Gd, Th, Dy, Tm, etc. (ex. YGdTbDyLu,
GdTbDyTmLu and CoFeReRu )[9][28].

Additionally, to single-phase FCC, BCC or HCP solid solution microstructures,
multi- phase microstructures consisting of multiple solid solution phases were
also registered in some HEAs. Li et al. [29] have shown that the quaternary non-
equiatomic HEA Fe50Mn30Co010Cr10 acquires a dual-phase FCC plus HCP solid
solution microstructure due to partial martensitic transformation after quenching
from the single-phase FCC region. Fig. 2 shows the as-quenched microstructure
that consists of a 72% FCC matrix with ~ 45 um grain size plus 28% HCP layers
from several nanometers to 10 um in thickness. The typical HEAs are presented
in Table 1.

There are complex deformation mechanisms in HEAs: dislocation motion,
nano-twinning, or martensitic phase transformation. Concerning these defor-
mation mechanisms, FCC Cantor HEA CrMnFeCoNi [21][31] was the most inves-
tigated. For example, the formation and evolution of the deformation substruc-
tures in CrMnFeCoNi during tensile straining have been studied [31]. The tensile
deformation process is dominated by dislocation motion at low strain levels. With
further strain levels increasing up to ~ 7.4% for 77 K and ~ 25% for 293 K, nano-
twinning is activated and plays an additional deformation mechanism. The strain
hardening capability is increased through the nano-twinning behavior that intro-
duces more interfaces. Fig. 3 shows the formation and hence evolution of the
deformation substructures in CrMnFeCoNi during tensile straining at 77 K. In-
stead of the tensile test while compression, a larger strain value may be needed
to activate the nano-twinning mode, since mechanical twinning is still minor
when CrMnFeCoNi is compressed to 46% strain [32].

High entropy alloys are manufactured through a range of techniques, which
are chosen based on the desired properties, alloy composition, and specific ap-
plication needs. The prevailing fabrication methods for HEAs include casting,
powder metallurgy, and additive manufacturing. Casting, although effective, re-
quires substantial energy consumption and necessitates the use of a furnace with
an inert atmosphere[33][34]. Powder metallurgy, while viable, is labor-inten-
sive[35]. Consequently, additive manufacturing emerges as an appealing alterna-
tive due to its potential for optimizing the trade-off between fabrication time and
energy consumption in the context of HEAs.



2. Overview of AM processes in HEAs application

The AM process produces samples, layer by layer, from a digital design, which
increases design and manufacturing freedom. Complex elements can be fabri-
cated in a single step by the AM process, requiring little or no post-machining.
The AM process is a localized melting and solidification process that has high so-
lidification velocity and a significant temperature gradient. Moreover, it is possi-
ble to achieve hierarchical microstructures characterized by the presence of fine
grains, solidification patterns, and dislocation substructures through the fabrica-
tion process contributing to exceptional mechanical properties.[36]. Additionally,
in-situ phase decomposition during the AM process can lead to the formation of
the desirable microstructures and hence good mechanical properties [37][38].
These advantages are the most important argument for the increasing interest in
the fabrication of HEAs through the AM process. There are a number of HEAs
processed by various AM processes with different processing parameters: Alx-
CoCrFeNi [22][39], Col1.5CrFeNi1.5Ti0.5M00.1 [40], CrMnFeCoNi [41][42], TiZrN-
bMoV [9], C-containing CrCoNiFe [43] and compositionally graded HEAs, i.e. Al-
CoxCrl-xFeNi (0<x<1) [44].

The rapid heating, melting followed by rapid resolidification of materials in the
scale of the melt pool with subsequent numerous reheating-recooling cycles of
the as-solidified region, are characteristic for AM process [45]. This complex ther-
mal process determines the solidified microstructures, phase formation, grain
structure and substructure, defects, cracks and pores formation, and thus the me-
chanical properties. So, investigating this thermal process, mostly the rapid solid-
ification process, is of valuable importance for the AM process.

The first such work was done by Brif et al. in 2015 [22] where they adopted a
numerical approach based on the Rosenthal model, to reveal a relationship be-
tween the melt penetration depth and a number of printing parameters (for se-
lective laser melting, SLM). The printing parameters to ensure that the layers can
be fully melted were identified and successfully fabricated the FeCoNiCr HEA with
high strength and ductility. In another work, Sun et al. [46] have found that the
FeCoNiCr HEA is addicted to solidification cracking under the SLM process, and
predicted that the decreased grain size can effectively decrease the depression
pressure and thus suppress the solidification cracking susceptibility. The equilib-
rium and non-equilibrium solidification processes were simulated [47] with the
aim to predict the phase formation and elemental redistribution of HEAs. From
the elemental powder blends using the laser metal deposition (LMD) process,
CrMnFeCoNi HEA was successfully printed. The CrMnFeCoNi HEA with hierar-
chical microstructures was also additively manufactured by Zhu et al. [41] with
mechanical properties comparable to as-casted counterparts (Fig.4).



It should be emphasized that the tensile properties of the AM-ed HEA CrMnFe-
CoNi were reported to vary in a wide range for yield strength: 200 — 600 MPa and
uniform elongation: 20 — 60% [48,49]. This evidences that different manufactur-
ing parameters lead to varied microstructures, namely grain size. These argu-
ments show that the micrometallurgy of AM process plays a key role in HEAs ap-
plication.

Thus, the strength-plasticity point of the AM HEAs is still a great problem to be
solved. For example, CrMnFeCoNi, obtained with AM is the most investigated
HEA up to now. It has been successfully manufactured with a good combination
of strength and ductility that compares to those as-casted counterparts [41][49].
Some refractory HEAs with high-strength and low-plasticity have been also fabri-
cated, Moorehead et al. [50] (Mo-Nb-Ta-W, single-phase disordered BCC struc-
tures), Dobbelstein et al.[51] (Ti25Zr50Nb0Ta25 to Ti25Z2rONb50Ta25), Kunce et
al. [52] ( ZrTiVCrFeNi and TiZrNbMoV). Additionally, the AICoFeNiSmTiVZr HEA
system has been also produced by the SLM process, with the research focused on
the corrosion features [53].

For different applications, HEAs, owing to large compositional design space,
offer unique possibilities to construct mechanical and functional properties of
materials. The base effects of high configurational entropy, lattice distortion, mix-
ing effect, and slow diffusion lead to a specter of attractive physical-mechanical,
properties [19,54,55]. HEAs can be considered as potential materials for ad-
vanced applications such as nuclear, aerospace, cryogenics etc. [56,57]. Due to
specific restrictions it is challenging task to fabricate of HEAs with homogeneous
microstructure in complex geometries using traditional approaches. Therefore,
AM has been of growing interest in HEAs application.

2.1 Electron Beam Processes

Fabrication of HEAs using selective electron beam melting (SEBM) have been
published in several reports [58][59]. Successful fabrication of the equiatomic
AlCoCrFeNi HEA using SEBM was reported by Fujieda et al.[58] [ref], Kuwabara et
al.[40] [ref], and Shiratori et al. [60]. For SEBM-built HEA nano-lamellar morphol-
ogy with a mixture of FCC + BCC + B2 phases was registered caused by preheating,
while as-cast counterpart showed only a BCC + B2 structure. At the bottom of the
sample, FCC density was higher and as formed mostly at grain boundaries possi-
bly due to longer preheating, which leads to phase transformation from the BCC
phase to FCC. The amount of B2 was also higher in the bottom part of the sample.
In the top part of the SEBM sample, the columnar grain with the orientation of
<100> along build direction was observed and, in the bottom, equiaxed grains
with random orientation were formed. The smaller grain size of the SEBM process



in comparison with as-casted is explained by a higher cooling rate. Moreover, only
inthe SEBM sample, due to specific cooling conditions, the cellular microstructure
was observed. The elemental distribution of both the SEBM and as-cast alloys re-
veal fluctuation inside the grains, and the segregation of Co and Fe at the grain
boundaries as well as at sub-grain boundaries. A similar microstructure was ob-
tained for CoCrFeMnNi HEA produced using EBM [61]. The hierarchical micro-
structure with large columnar grains along build direction (strong <100> texture)
and cellular dendritic structure for EBM built CoCrFeMnNi HEA was reported by
Wang et al. [61]. The equiaxed grains perpendicular to the build direction with
intragranular cellular dendritic microstructures were observed. The segregation
of Fe, Cr, and Co into the dendrites, and Mn and Ni segregated into the interden-
dritic regions were found. The needle-like Ni3Ti intermetallic in
Co1.5CrFeNi1.5Ti0.5Mo00.1 HEA fabricated using EBM were revealed during mi-
crostructure characterization. Phases with basket-weave morphology precipi-
tated homogeneously in the matrix, and were dissolved during solution treat-
ment with a nano-sized single-cubic-ordering phase was precipitated caused by
spinodal decomposition [40]. The SEBM manufacture of Al0.5CrMoNbTa0.5 HEA
using a blend of elemental powders can be possible through the optimization of
the process parameters as shown by Popov et al. [18].

The mechanical properties of the EBM- fabricated CoCrFeNiMn HEA parts dis-
played similar tensile properties as in as-casted condition and were studied by
Wang et al. [61]. The predominant deformation mechanism was dislocation with
the less contribution of twinning.

The EBM-fabricated AlCoCrFeNi HEA showed relatively lower strength and
ductility than in as-cast conditions (Fig. 5) [58]. The fracture strength is six times
higher than a conventional engineering material SUS304 and equal to 1400 MPa
for EBM samples. In addition, such properties were observed for samples whose
cylinder axes were parallel and perpendicular to the build direction and, which
approve its anisotropic behaviour [58]. Moreover, the higher tensile strength and
ductility in heat-treated EBM-fabricated Co1.5CrFeNil1.5Ti0.5Mo00.1 HEA is supe-
rior to the as-cast sample found by Fujieda et al. [40].

2.2 Laser Beam Processes

As was shown in [62], selective laser melting (SLM)-fabricated AlCoCrFeNi HEA
reveals a dual-phase structure with epitaxial growth of columnar disordered BCC
phases and ordered BCC phases (B2) precipitation. The increase in volumetric en-
ergy density (VED) caused an increase in the B2 phase fraction [62]. The chemical
composition of the powder has a critical effect on the morphology and quality of



the final product as well. For example, with an increase in Ni content, the micro-
structure of AlCrCuFeNix HEA SLM manufactured is changed from columnar to
equiaxed grains structure [63]. The SLM-fabricated AlCr- CuFeNi3.0 HEA reveal
heterogeneous microstructures consisting of nano-sized lamellar dual-phase FCC
and B2 structures, twins, and the coherently precipitated BCC nanophase within
the B2 phase [63]. The SLM-printed CoCrFeNi HEA studied by Lin et al. [64] pos-
sesses columnar grain microstructure with cellular structures and a large number
of dislocations at grain boundaries (Fig. 6 a,b). Heat treatment at 1300 °C for 2 h
caused to the formation of equiaxed grains (Fig 6c), and twins (fig 7 a,b).

The most common CoCrFeMnNi Cantor HEA is used for powder-based additive
manufacturing. It showed FCC crystal structure as in as-cast condition and SLM
also [65]. There are different results concerning the microstructure of SLM-
fabricated CoCrFeMnNi, i.e the columnar microstructure of the alloy along the
build direction [48] or the mixed morphology of columnar and equiaxed grains
[66] are reported. Further, the authors have used laser-based AM at laser power
in the range of 600—1000W manufacturing of equiatomic CoCrFeMnNi HEAs [66].
There has been found that higher laser power led to a decrease in porosity and
then an increase in density of the sample. The fabricated alloy showed mixed co-
lumnar and equiaxed grain microstructure [66]. The columnar grain size changed
from 2 pto 7 pw with an increase in laser power from 600 W to 1000 W. A similar
microstructure was observed in Chew et al. [49] research. After annealing at
1100 °C, the microstructure became to recrystallized grain structure [66]. The cel-
lular structure was also registered in several works [67] [68]. In these researches,
the SLM-built CoCrFeMnNi HEA possesses a uniform composition and cellular
subgrains with the grain boundary angle less than 5°. Whereas the as-cast sample
has coarse dendrite crystals. The dislocation pile-ups, nano twins, lattice distor-
tion, and Mn segregation at the boundaries of the melt pool in the microstructure
characterization of SLM CoCrFeMnNi is reported by Li et al. [65].

To develop an additional strain hardening mechanism in HEAs through intro-
ducing interstitial atoms, such as carbon, boron, etc. has attracted great attention
[69][70]. The carbon simultaneously activated twinning-induced plasticity (TWIP)
and transformation-induced plasticity (TRIP) mechanisms in metastable
Fe49.5Mn30C010Cr10C0.5 HEA as was reported in [71]. The possibility of fabri-
cating interstitial carbon strengthened HEA using SLM process was studied in [70].
The Fe49.5Mn30Co010Cr10C0.5 HEA with hierarchical microstructure (Fig. 8(a-c))
was successfully fabricated by SLM. The vyield strength (~710 MPa), tensile
strength (1000 MPa) and elongation at failure (28%) of the manufactured sample
were much higher than those of coarse grain as-casted one [71]. The deformed
samples microstructure showed planar slip bands, deformation twins, and phase
transformation at the early stage of straining (Fig. 8(d-f)). At further straining the



intersected stacking faults (SFs) and slip bands were registered (Fig. 8(g)). These
multiple deformation peculiarities were stated to be favorable for work-harden-
ing behavior and lead to notable strength—ductility enhancement.

3. Wire arc additive manufacturing

Firstly, it is conditioned by the cost-effectiveness of the WAAM. The heating
source in such a scheme is an electric arc. For filler material is used welding wire.
The combination of these two factors gives valuable benefit and gain before high-
energy laser or electron beam tools. Direct energy deposition attracts more and
more attention in additive manufacturing design research. Considering gas metal
arc welding (GMAW) as the most widespread it should be taken into account the
operating mode. This means special welding current, voltage, welding speed, etc.

As shown in [72] the gas tungsten arc (GTA) WAAM with pre-alloyed wire can
be a suitable alternative manufacturing route for the Al0.1CoCrFeNi HEA with
predetermined composition. The microstructure characterization, and mechani-
cal testing results have proved the efficiency of WAAM for HEAs. The results ob-
tained by the authors have shown that the energy density is identified as the pri-
mary factor governing the bead continuity, and an energy density higher than 80
J/mm3is required to deposit a uniform bead. For good energy density, a range of
heat input conditions can be suitable with different travel speeds of welding.

The high heat input results in a faster build speed and improved material effi-
ciency, surface quality compared to the low heat input. An extremely high heat
input leads to a wide bead with a low profile. This will require more layers to be
deposited to reach a determined height. The molten metal may drip at a certain
deposit height is reached. It has been shown that low as well as high heat input
deposits have similar yield strength (260 MPa), ultimate tensile strength (420
MPa), and ductility (45-55%), comparable to as-casted metal. The high heat input
deposit has a 10% higher ductility and lower hardness than the low heat input
one. This is caused by the structure formation, i.e. grain size increase. Conse-
qguently, the low heat input deposit has a slightly higher hardness due to a higher
dislocation density as well. The optimal process parameters for GTA-WAAM of
Al0.1CoCrFeNi high-entropy alloy have been determined as follows - 200A (Cur-
rent), 2000 mm/min (wire feed speed), and 200 mm/min (travel speed). The me-
chanical property evaluation in this study as well as fractography is presented in
fig. 9.

Another one approach in WAAM is based on a combined cord with several
types of wires and reported by [73]. For the first time, a new type of combined
cable wire (CCW) with multi-element composition has been designed and devel-
oped for the WAAM of non-equiatomic Al-Co-Cr-Fe-Ni high-entropy alloy [73].
These CCW are composed of 7 filaments and 5 chemical elements. Ass shown by
the authors, this approach has the advantages of high deposition efficiency, self-
rotation of the welding arc, and energy-saving capability (Fig 10).
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The thin HEA walls were manufactured under pure argon gas using cold metal
transfer technology. The microstructural characterization has revealed BCC and
FCC phases, good bonding between layers, and defect-free microstructure (fig.
11). The fabricated Al-Co-Cr-Fe-Ni alloy exhibits high compression strength of
2900MPa with high elongation ~42% values and then possess both very good
strength and ductility. It has been shown [73] that by varying the heat input, the
microstructure and mechanical properties of this alloy can be controlled. It has
been proved that the innovative CCW can be successfully used in the WAAM of
the HEAs.

Thus, combination of DED GMAW with combination with welding wire opens
perspectives for pushing forward the development of the HEA manufacturing.
The metal powder-cored wire (MPCW) is beneficial in comparison with solid wire
[72] due to difficulties of the production of last. Either drawing of the solid wire
or combining several thin wires in one cord [73].

For the production of the MPCW with a diameter of 2.4 mm, an ultra-low car-
bon steel stripe with a size of 0.4 x 10 mm was used, the filling coefficient was
60%, and the wire construction was single-layer[74].

The introduction of cobalt, manganese, chromium, and nickel powders in the
amount of 20... 25% each provides (figure 12) into the steel stripe tube provides
high entropy composition of the whole wire. The filling coefficient is about 60%,
and its ratio to the wire diameter is within 25 units. At a ratio of more than 27
units in the shell of the wire, there are microcracks that contribute to the destruc-
tion of the metal powder cored wire, which leads to the impossibility of its use
for welding.

The manufacturing procedure scheme and creation route are presented in fig-
ure 13. The manufacturing route includes several stages, first is the formation U-
shape form of the metal stripe, which is realized with the help of the forming rolls.
The second is the filling of the U-shape metal stripe with metal powder mixture
using a special tool, namely a funnel with a disc. The third stage is the enveloping
U-shape metal stripe into o-shape one with the help of the drawing die. And the
final stage is the drawing procedure aimed to get the needed wire diameter. Here
there are peculiarities of the drawing process which consists of the partial reduc-
tion during drawing is not exceed 23% [75]. Hence the MPCW wire drawing route
was selected as follows: d.3.8mm—d.3.4mm —d.3.0mm —d.2.75mm
—d.2.4mm (the partial reduction respectively 20%—22% —16% —>23%).

The VDU-506 power supply is used for metal deposition, the welding parame-
ters were as follows, welding current 280-350A, arc voltage 32-34V, temperature
between welds 200... 250°C. The additive manufacturing of the high-entropy alloy
using metal powder cored wire with the GMAW process is proposed. Welding is
performed in modes that provided stable combustion of the arc, which is
achieved at a wire feed speed of 77-90 mm/s.

The developed MPCW, an additively manufactured three-dimensional sample
of the high-entropy alloy of the Cantor doping system is grown. In total, ten layers
of deposition will be performed, which made it possible to obtain a monolithic
sample measuring 150x35x20 mm (fig.14).
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4. AM process parameters

The most valuable point of AM is the possibility to control the final product
through a bottom-up approach where the microstructure and properties of the
fabricated product can be controlled through the process by intellectually choos-
ing the process parameters [54]. As the material is being built locally by melting
and solidification, the cooling rate and melt pool size can be varied by controlling
process parameters such as source power, speed, etc.[54]. The final microstruc-
ture of the products is a function of additional parameters such as build atmos-
phere, build orientation, scanning strategy, and spacing between two adjacent
lines that beam traces, in case of the beam melting. Researchers are choosing
parameters such as power, scanning speed, lines spacing, and quantifying them
into a common variable - “volumetric energy density (VED)”, “laser energy den-
sity” and sometimes the “linear laser energy density” [76,77] in case of the laser
AM. Additionally to the process parameters, the powder feedstock quality has
also a significant effect on the quality of the manufactured product. Powder qual-
ities are analyzed based on their composition, purity, and microstructure as well
as particle morphology, density, size distribution, and flowability [78].

The AM process is controlled by a combination of several process parameters
such as powder quality, deposition pattern, laser power and laser scan speed in
the case of SLM process. The gas atomized (GA) powders is be more favorable to
be hollow [79]. The stored gas in the GA particles may not escape out of the melt
pool while the AM process, due to high cooling rates, and can lead to the in-
creased porosity of the fabricated product. The deposition scheme has a signifi-
cant effect on the resulting residual stress as well. As reported by Nickel et al. [80]
a raster deposition scheme with the scan vector rotated by 90° between layers
produces a smaller residual stress and thus a lower deflection. Concerning the
final grain structure, the substrate orientation is influenced by [81].

In connection that HEAs have metastable nature, their AM is challenging, and
the as-built samples usually have defects such as crack, pores, etc. as mentioned
above. A number of parameters like powder composition and AM parameters
need to be optimized to obtain HEA samples free of any defects. Research on the
effect of VED on quality parts of AM-ed HEAs showed that low VED increased the
probability of delamination between the successive layers, cracking, and porosity
[ref]. Balling can occur if insufficient VED or high scanning speed [82]. An optimal
level of VED at relatively slow scan speed improved layer-by-layer bonding and
densification as well as the molten pool flowability. Instead, high VED resulted in
the key-hole porosity and scattering of molten metals [83]. Thus, an optimized
range of VED is needed to manufacture HEAs defect-free product [69].

5. Post-processing of additive manufactured HEAs
Despite the above-mentioned AM process parameters, the post-treatments

have been proven to be effective for improving the mechanical properties of the
AM-ed products [79,84]. The annealing heat treatment leads to the increased
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ductility of SLM-manufactured Al-12Si alloy [85], despite decreasing strength, and
animproved strength-ductility relation is reached. The ultrasonic post-processing
leads to increasing the bending strength and bending modulus of AM-ed alloys as
reported by Wu et al. [86]. Thus, the post-treatment as well as process parame-
ters and required to be determined carefully.

The post-processing treatments of the additively manufactured HEAs such as
cold deformation [87], thermomechanical processing [88], annealing [89], ho-
mogenizing [90], and aging [91], impact a positive influence on the microstructure
and thus mechanical properties. In addition, the hot isostatic pressing (HIP) [92]
is an elevated temperature densification process that is also an effective tool for
structure enhancement (fig.15) and thus properties. It has been widely used in
additive manufactured metallic components to heal defects such as hot cracking,
voids [93], as well as to homogenize the microstructure [94]. The high isostatic
pressure reduces the size and density of porosity, without changing the shape of
the manufactured parts, due to high temperature softens the alloy, as well
known.

The exploration of the deformation and annealing behaviors of high-entropy
alloys with a ductile high-entropy alloy of Al0.5CoCrCuFeNi are reported in [89].
As shown by the authors, Al0.5CoCrCuFeNi had excellent workability and exhib-
ited a large work hardening capacity in both hot forging and cold rolling. It has
been shown that the main deformation and hardening mechanisms are associ-
ated with the nanotwinning deformation during cold work. Namely, the blockage
by the Widmanstatten Cu-rich precipitates of local slip deformation in a space of
several tens nanometers results in easy formation of nanotwins, as well as low
stacking fault energy. Also, it was shown that Al0.5CoCrCuFeNi have higher re-
sistances to static anneal softening than traditional alloys with comparable melt-
ing points during annealed in 5 h at 900 °C. This resistance is attributable by the
authors [89] to extensive solution hardening, low stacking fault energy, and the
effect of sluggish diffusion.

The microstructure and electrochemical corrosion behavior of FeCoNiCrCu0.5
HEAs annealed at various temperatures were studied by [95]. The effects of an-
nealing temperatures of 350 °C, 650 °C, 950 °C, and 1250 °C with a holding time
of 24 h at each temperature on the alloy microstructure and properties were
shown. The XRD spectra of the initial sample and heat-treated to 1250 °C showed
an FCC solid-solution phase. This HEA contained a matrix, with a Cu-depleted
phase, a Cr-rich phase (second structure), and a Cu-rich phase (third structure).
Authors have found that the Cr-rich phase precipitated in the matrix after anneal-
ing at 1250 °C and spinodal decomposition of the Cu-rich in the annealing tem-
perature from 350 °C to 1250 °C. The electrochemical corrosion behaviors of the
as-cast and annealed specimens have shown that it was severely corroded in 3.5%
NaCl solution caused by precipitation of the Cu-rich phase in the matrix. The Cl-
ions preferentially attacked Cu-rich phase which is attributed to the fact that the
presence of copper in the alloy degraded the corrosion resistance by pitting.

The microstructure and mechanical properties of AlxCoCrFeNi HEAs were sys-
tematically studied in [90]. The post-processing treatment of homogenization
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and deformation has been applied for HEAs with varied Al content. It has been
shown that single FCC and single BCC solutions, and duplex FCC—BCC are principal
phases in these alloys. The spinodal decomposition of Al-Ni phases is the major
reaction during the homogenization of the AlxCoCrFeNi HEAs were considered. It
has been shown that there is no stress-induced phase transformation during 50%-
rolling deformation, and the main strengthening mechanism is work hardening
and the hardening ability of FCC was about twice that of BCC in this alloy system
[90].

In other work [87], the face-centered cubic Al0.3CoCrFeNi HEA was nanostruc-
tured by post-processing treatment with high-pressure torsion (HPT). It was re-
vealed that the HPT of this alloy exhibits a higher hardness increment than most
single-phase materials, a combination of HPT and annealing significantly
strengthens the HEA hardness owing to the formation of an ordered body-cen-
tered cubic secondary phase, and after HPT and annealing is ~4 times highest
hardness over for the as-cast HEA.

To transform the coarse dendritic structure to the cast AICuCrFeNiCo HEA the
extensive multistep forging at 950 °C was applied by [88] to form a fine equiaxed
duplex structure consisting of the mixture of BCC and FCC phases. They have
shown that hot forging post-processing treatment of the HEA made it stronger
and more ductile during testing at room temperature, than the as-cast alloy.
Namely, the yield stress, ultimate tensile strength, and tensile ductility of the
post-processed metal were 1040 MPa, 1170 MPa, and 1%, respectively, against
790 MPa, 790 MPa, and 0.2% for the as-cast condition. In the as-cast condition
brittle to ductile transition occurred between 700 and 800 °C, while in the forged
condition, it was observed between 600 and 700 °C. Authors have found [88] that
in the temperature range of 800—-1000 °C, the post-processed alloy showed su-
perplastic behavior with elongation above 400% and even reached 860% at 1000
°C.

The microstructure evolution in CoCrFeNiMn HEA during uniaxial compression
to a height reduction corresponding to the true strain of =1.4 in the temperature
interval 600—1100 °C was studied in [96]. The differences in the mechanical be-
havior of the alloy and the activation energy of deformation below and above 800
°C temperature intervals were observed. It has been shown that microstructure
evolution at studied temperatures was found to be accompanied by discontinu-
ous dynamic recrystallization (DDRX). The DRX was primarily associated with the
nucleation of new grains on the initial grain boundaries, during hot deformation.
When in the warm interval DDRX was mainly observed in shear bands. In this case,
the volume fraction of the recrystallized structure was 0.085 at 600 °C and 0.95
at 1000 °C, with the grain sizes of 0.2 and 40.4 um, respectively.

6. Conclusions

In summary, high entropy alloys (HEAs) exhibit a range of advantages, making
them highly appealing in various applications. Additive manufacturing (AM) tech-
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niques have emerged as a promising approach for fabricating HEAs, offering dis-
tinct advantages over conventional methods. Additionally, AM software provides
the capability to simulate printing processes, including the melting pool and AM
techniques, allowing for improved process optimization. While this review does
not delve into the specifics of such simulations, they hold potential for enhancing
future research endeavors.

Comparisons of AM process parameters, particularly volumetric energy den-
sity (VED), among different techniques enable a deeper understanding of their
effects on HEA fabrication. This knowledge aids in selecting the most suitable AM
technique for specific applications and optimizing the resulting material proper-
ties.

Regarding post-processing after AM, considerations such as the necessity of
hot isostatic pressing (HIP) or the sufficiency of simple annealing depend on the
desired material characteristics and application requirements. These factors
should be carefully evaluated to achieve the desired performance of the final HEA
product.

Looking ahead, promising prospects include the exploration of novel HEAs with
unique compositions and properties, as well as the investigation of underutilized
AM techniques for HEA fabrication. Additionally, identifying new applications that
can leverage the exceptional attributes of HEAs in additive manufacturing holds
significant potential for advancing the field.

In conclusion, this review highlights the advantages of HEAs, the benefits of
AM techniques over conventional methods, the potential of AM software for sim-
ulation, the importance of process parameters, the significance of post-pro-
cessing considerations, and the prospects for future advancements in HEA re-
search and applications.
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(a)

Fig. 1 Schematic illustration of severe lattice distortion of HEAs [20]: a) BCC crystal with a perfect
lattice b) Distorded lattice due to the introduction of a element with different radius c) Differents
elements with different radius, randomly distributed.
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Fig. 2 XRD profile and EBSD phase map of Fe50Mn30Co10Cr10 HEA [29].
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Fig. 3 The formation and hence evolution of the deformation substructures during tensile straining of
CrMnFeCoNi at 77 K [31].
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Fig. 4 The engineering stress-strain curves of the CrMnFeCoNi with different conditions [41]. Were V2000
and 2500 is velocity in mm/s
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Fig. 5. True stress—strain plot of AICoCrFeNi HEA fabricated using selective electron beam melting
(EBM) and compared with as-cast sample [58].

Fig 6. (a) SEM images of SLM-built CoCrFeNi HEA showing its cellular structure; EBSD of CoCrFeNi
HEA in (b) as built and (c) annealed conditions, confirming columnar microstructure for as-built
and equiaxed for annealed sample [64].

vier.
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——Twinning boundary [l Recrystallized [JSubstructured [l Deformed

Fig. 7. Distribution of twinning for CoCrFeNi HEA in (a) as-built and (b) annealed at 1300 _Cfor 2 h
conditions, indicating higher density of twinning after annealing. Insets show recrystallization di
tribution map [64].
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in (a). The inset displays the equiaxed cellular structures. (c) STEM micrograph showing the equ
axed cellular structures. The inset shows the distance across five {111} planes in HRTEM image. (d)
(al—a4) EBSD phase and GBs maps revealing microstructural evolution at different strain levels.
TEM images of deformed structure for 4% strain (e, f) and 12%

strain (g). The insets show the SAED pattern [70]
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(a) Stress vs. strain curves
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(d) Fracture Surface: HHI

Fig. 9. (a) Stress vs. strain curves for the tensile testing of the deposits with two heat input
conditions; (b) OM images showing the failure locations; and SEM images of the fracture surfaces
of the (c) low heat input and (d) high heat input specimens [72].
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Fig. 10. (a) Schematic of the CCW-AAM technique used to create HEA and (b) 3D model of CCW

[73].
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Fig. 11. Samples of Al-Co-Cr-Fe-Ni HEA fabricated using CCW-AAM: (a) 8 mm/s travel speed; (b)
10mm/s travel speed; (c) 12 mm/s travel speed; (d) vacuum arc casting [73].

Fig.12. Metal powders used in wire manufacturing [74]
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Fig. 14. A general view of deposits and a X-Ray maps of the chemical elements distribution

32



- 1200
E- P— 1z % BCC
= v ophase
g s
= NN
6000 G R\ !
e A
Alr cooling = H] f\
g g ) g g = W\ 4
4000 | s ° s 3 Z 5 y
g x s 2 2| 2
g )
& |
Water quenching ° a—N a—a
2000 [] > 0 2 ° ° ° X ‘
? 97 BCC+B2  BCC+B2, B2+BCCH
e . (FCC+o-phase)
o ve Yoy o ¥# oo v vvl ° 400 T T T (L3 T 14
U T T T T T T T T T
0 30 40 S0 60 70 S % 100 110 ) 10 100 1000 10000
etz () Time (seconds)

(b)

TSy

® (2)

Fig. 15 (a) The XRD spectra of Al0.85CoCrFeNi HEA subjected to various post-processing heat
treatments after solutionising at 1100 °C for 3 h with cooling rates of air-cooling water
guenching and HIP (b) shown on the CCT curve of o-phase in Al0.85CoCrFeNi alloy. SEM
micrographs of Al0.85CoCrFeNi alloy solutionised at 1100 °C for 3 h followed by (c) air
cooling and (d) water quenching and the corresponding micrographs at higher magnifica-
tion is shown in (e) ,(f) and (g) respectively [92].
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