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Abstract: High entropy alloy composites (HEACs) are a new class of metal matrix composites involving a second
phase, such as carbides, borides, and nitrides in high entropy alloy matrices. In recent years, HEACs have attracted wide
attention due to their outstanding properties. However, the preparation of HEACs encounters great challenges when
using conventional casting approaches due to serious composition segregation. 3D printing techniques solved this
problem and produced components with complex geometry. Therefore, 3D printing techniques have been applied to
fabricating HEAC components, and a few works on this topic have been published. To accommodate the rapid
development of 3D printing of HEACs, we present a state-of-the-art overview of the recent progress of HEAC 3D
printing. The article begins with an introduction of HEAs and 3D-printed HEACs. The processes of HEAC powders
development, including gas atomization and mechanical alloying, are presented. The 3D printing processes of HEAC
powders, such as powder bed fusion and directed metal deposition, and their microstructures are discussed. The
mechanical properties of 3D-printed HEACs are discussed and compared with 3D-printed HEAs and their casting
counterparts, and their hardness, resistance to wear, corrosion, and oxidation are discussed. Finally, new perspectives
are outlined for future research.

Key words: high-entropy alloy; composite; additive manufacturing; reinforcement phase; microstructure; mechanical
properties

1 Introduction

High entropy alloys (HEAs) are alloys that
have at least 5 principal metallic elements, and each
element has an atomic percentage ranging from
5% to 35% in an equimolar or near equimolar
ratio [1—5]. These alloys have unique mechanical,
chemical, and physical properties compared to
traditional alloys, such as a combination of high
yield strength and ductility [6—8], hardness [9], and
strong resistance to wear [10—12], fatigue [13,14],
corrosion [15], and oxidation [16,17]. Due to their
high configurational entropy, HEAs form four

different crystal structures of solid solution:
face-centered cubic (FCC) [18,19], body-centered
cubic (BCC) [20,21], hexagonal closed packed
(HCP) [22,23], and eutectic mixture [24,25]. A
single-phase solid solution is desirable in HEAs
for achieving specific properties; for example,
HEAs that form FCC structures have excellent
plasticity and fracture toughness at cryogenic
temperatures [26—28], but the yield strength is low,
which is incompatible with industrial requirements
and limits the development and applications of
HEAs [29]. To further enhance the mechanical
properties of HEAs, three main strategies have been
introduced [30]. The first strategy is the mechanical
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processing, where the mechanical properties
increase with decreasing the temperature due to
the effect of solution, twinning, and work
hardening [26]. The second strategy involves
changing the chemical composition of the HEAs
by adding alloying elements such as Al, Ti, W, Si,
Mo, Cu, V, Nb and B [8,28,31-39]. In this case, the
mechanical properties can be improved due to the
phase changes that lead to additional obstacles for
dislocation slip. The third strategy involves
dispersion strengthening by inserting a second
phase into the HEA matrices, such as SiC [40,41],
TiC [42-45], and ALO; [46,47]. Increased yield
strength was attributed to the presence of
reinforcement particles in the HEA matrices,
thereby refining the grains, hindering dislocation
movement, and introducing the strain. According to
the above strategies, the strength was improved,
but the plasticity was significantly reduced and
subjected to the strength—ductility trade-off effect;
consequently, they are ineffective in manufacturing
high-performance alloys with complex geometry.
Recently, scientists have focused on additive
manufacturing techniques to overcome the above
challenges, in addition to fabricating HEAs with a
complex geometrical structure that combines high
strength and toughness. Additive manufacturing or
3D printing is a new processing approach in which
complex parts composed of HEAs can be fabricated
layer-by-layer based on computer-aided design
(CAD) models [48,49]. Recently, many reviews
have reported on the fabrication of HEAs by
additive manufacturing techniques, and these
reviews addressed the processes, microstructures,
and mechanical properties of 3D-printed
HEAs [50-57]. Despite numerous attempts that
have been made on high entropy alloys using
additive manufacturing techniques, the mechanical
properties are still weak, which creates a hurdle for
practical applications of HEAs. Thus, reinforcing
the matrices of the HEAs by dispersion of the
ceramic particles during the 3D printing process
can be used. To date, a few review works about
the publications of 3D-printed HEA composites
(HEAC:s) have been reported. Thus, this work could
be considered a critical review of the recent
achievements of HEACs fabricated by the additive
manufacturing technique in terms of their powder
developments, 3D printing processes,
structures, and properties.

micro-

2 Development of HEAC powders

2.1 Preparation of powder for 3D printing
processes

To fabricate 3D-printed HEAC products with
high quality and excellent performance, the
powders used must be of high quality because
poor-quality powders lead to defects in the
products, such as pores, cracks, and surface
roughness. In general, to develop metal powders for
3D printing, various processes were used, such as
gas atomization, water atomization, mechanical
alloying, chemical reduction, chloride reduction,
plasma atomization, plasma rotating electrode
process, plasma spheroidization, chloride reduction,
hydride—dehydride process, electrolysis process,
and carbonyl process [53]. Gas atomization (GA)
and mechanical alloying (MA) are the most
common processes used for developing HEAC
powders for 3D printing processes.

2.1.1 Gas atomization (GA)

Gas atomization allows for the production of
fine metal spherical powders for 3D printing
processes [58—60]. The schematic mechanism of
GA is shown in Fig. 1(a) [53,61]. For example,
the (CoCrFeMnNi)eC; (at.%) HEA powders were
prepared by GA (Fig. 1(b)). Most of the particles
were nearly spherical with particle size distributions
of 14.41 um (dio), 23.74 um (dso), and 39.08 pm
(do), and exhibited the FCC structures [62].
Additionally, the prealloyed FeCoCrNiCoos powder
was prepared by GA. The sizes of the particles
ranged from 9 to 85 pm with a mean particle size
of 45 um, the particles were nearly spherical and
exhibited FCC structures [63—65].

2.1.2 Mechanical alloying (MA)

Compared to GA, the mechanical alloying
process (MA) is a more convenient method and
has been widely used for the synthesis of HEAC
powders for 3D printing processes. Figures 2(a, b)
show schematic illustrations of mechanical alloying
(process and mechanism) [53,66]. Mechanical
alloying is a process of repeated deformation,
fracturing, and cold welding of powders in a
high-energy ball mill. It is regarded as one of the
most promising techniques used to prepare HEA
powder with homogeneous microstructures with
irregular-shaped particles [67—70]. The phases of
the HEACs are affected by the milling parameters,
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Fig. 1 Schematic illustration of mechanism of gas atomization stages (a) (Adapted with permission [53,61]) (Copyright
2020, John Wiley and Sons, and Copyright 2017, Elsevier), and morphology of gas-atomized (CoCrFeMnNi)yC;
HEAC powders (b) (Adapted with permission [62]) (Copyright 2019, Taylor & Francis)
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Fig. 2 Schematic representation of mechanical alloying process: Process (a) and mechanism (b) (Adapted with
permission [53]) (Copyright 2020, John Wiley and Sons); XRD patterns of CoCrFeMnNi HEA powders without Ti,
C (c) and CoCrFeMnNi powders with Ti, C milled for different time (d) (Adapted with permission [43]) (Copyright
2018, Elsevier); SEM images of milled CoCrFeMnNi HEA (e) and CoCrFeMnNi—TiC powders (f) (Adapted with

permission [44]) (Copyright 2019, Elsevier)

such as ball-to-powder ratio, milling time, and
rotating speed of the mill. For example, CHENG
et al [43] studied the effect of milling time on the
phases of FeCoCrNiMn powder with/without Ti
and C additions. The XRD patterns of an alloyed Fe,
Co, Cr, Ni, and Mn powder (without Ti and C
addition) with various ball milling time are shown
in Fig. 2(c). After 5h of milling, the diffraction
peak diminished, and the other peaks disappeared.

After 20 h of milling, the diffraction peaks were
widened, and the element peaks nearly vanished,
suggesting that metal powder alloying was almost
achieved. When the milling process was continued
to 45 h, the diffraction peaks were widened further,
the intensities of the peaks weakened, and the
powders exhibited the FCC phase. The XRD of
FeCoCrNiMn powders with the addition of Ti
and C is shown in Fig. 2(d). Before milling, weak
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diffraction peaks of Ti and C were observed with
the main elements (Fe, Co, Cr, Ni, and Mn). After
45 h of milling, the alloy had a Ti and C solid
solution. Furthermore, a primary FCC phase and
small amounts of a BCC phase were observed,
which indicated that doping with elemental Ti and
C reduces the alloying process of metal powders. In
addition, the CoCrFeMnNi HEA powder (99% in
purity) was mixed with 5 wt.% TiC nanoparticles
in a planetary ball mill at 300 r/min for 2 h. After
milling, the powder exhibited irregular shapes with
FCC, TiC and oxide phases (Figs.2(e, f)) [44].
Table 1 presents the HEAC powders prepared by
gas atomization and mechanical alloying with
regard to the feedstock, milling parameters, and
phases.

2.2 Additive manufacturing of HEACs

Additive manufacturing (AM) is a new
processing technique in which the complex
components of materials can be fabricated layer-
by-layer based on computer-aided design (CAD)
models [48,49]. The HEACs can be printed by
powder bed fusion (PBF) and directed energy
deposition (DED) techniques.

2.2.1 Powder bed fusion (PBF)

The powder bed fusion (PBF) process can be
achieved by using an energy source, such as a laser
or electron beam, to selectively melt the powder on
a substrate layer by layer in a powder bed [77].

Usually, this technology is associated with metals
such as titanium and plastics such as nylon [49].
In general, PBF includes the following systems:
selective laser melting (SLM), direct metal laser
sintering (DMLS), selective laser sintering (SLS),
and electron beam melting (EBM) [78]. Selective
laser melting (SLM) is one of the preferred
techniques used to fabricate HEACs [29]. SLM has
numerous advantages, such as a short fabrication
cycle, low cost, and the ability to fabricate small
and large products with complex shapes.
Consequently, it is widely used in the aerospace,
automotive, medical, and defense industries [79].
In addition, SLM can fabricate components with
outstanding mechanical properties due to the fast
cooling process. The powder bed fusion process is
shown in Fig. 3.

2.2.2 Directed energy deposition (DED)

Directed energy deposition (DED), also
referred to as blown powder AM or laser cladding,
is the most popular printing technique used to print
HEAC products. DED uses a laser, electron beam,
or electric arc to melt metals in the form of powders
or wires upon deposition. DED covers an array of
systems, such as laser engineering net shaping
(LENS), direct metal deposition (DMD), and laser
metal deposition (LMD) [49,77]. The DED process
is shown in Fig. 4.

PBF and DED use a high-energy source, such
as a laser or electron beam, to melt metal powders

Table 1 HEAC powders developed by gas atomization and mechanical alloying with regard to feedstock, milling

parameters, and phases

Second Powder Feed

Milling parameter

Purity/

HEA phase phase  stock % Ball to Time/  Speed/ Phase Ref.
powder ratio h (rmin’)
CoCrFeMnNi C GA Ingot 99 - - - FCC [62]
FeCoCeNi C GA Ingot - - - - FCC [63—65]
FeCoNiCuAl TiC MA  Powder - 10:1 5 250 FCC+BCC+o-TiC [71]
AlpsCoCrCuFeNi WC MA  Powder - 1:1 48 250 FCC+WC [72]
SiC 99.5 10:1 5-35 200 FCC+SiC [40]
Ti, C 99.9 15:1 5-45 250 FCC+BCC [43]
TiC 99.9 = 2 300  FCCH+TiC+Oxides [44]
FeCoCrNiMn  AlLO; MA  Powder 99.5 10:1 35 200 FCC+ALO; [46]
TiN - 6:1 2 150 FCC+TiN [73]
TiN - 6:1 0.5-1.5 150 FCC+TiN [74,75]
BMG - - 4 400 FCC [30]
AlCoCrFeNi NbC MA  Powder 99.5 8:1 2 40 FCC+BCC+NbC  [76]
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Fig. 4 Directed energy deposition technique (DED), with
metal feedstock introduced to energy source in form of
wire (a) or as powder (b) (Adapted with permission [49])
(Copyright 2018, Elsevier)

layer by layer with ultrafast heating/cooling rates of
10°-108K/s, resulting in refined microstructures,
which is important for enhancing the properties of
printed HEAC products [57, 81—83]. The difference
between the PBF and DED techniques is the
powder feeding method. In BPF, the powders are
spread over the building podium by a blade or roller,
while in the case of DED, the powders are blown
from the nozzles [53].
2.2.3 Other processes

In addition to the previous processes, there are
other techniques used to print HEAC products, such
as the friction deposition technique, in which
AAS5083/CoCrFeNi HEACs were printed [84]. In
addition, three-dimensional high entropy alloy—
polymer composite nanolattices that overcome the
strength—recoverability trade-off were fabricated via
two-photon lithography and magnetron sputtering
deposition [85]. To produce a CoCrFeNi HEA, a
non-beam approach to the additive manufacturing
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of high-entropy alloys was developed based on the
3D extrusion of inks containing a blend of oxide
nanopowders (Co304 + Cr0; + Fe,O3 + NiO),
followed by co-reduction and sintering [86].
AlCoCrCuFeNi HEA particles reinforced surface
MMCs on AZ91D were successfully fabricated
using the laser melting injection technique
(LMI) [87]. HEA particles have great potential for
mechanical property enhancement compared to
conventional lightweight alloys. Therefore, a novel
Al matrix composite reinforced by AlpsCoCrFeNi
HEA particles was fabricated by multi-pass friction
stir processing [88].

3 Structure of 3D-printed HEA composites
This section is focused on the microstructures

resulting from the additive manufacturing processes
of the HEAC powders, such as PBF and DED.

3.1 3D-printed HEACs fabricated by PBF
technique

3.1.1 Carbon-containing high-entropy alloys (C-
HEAs)

Adding a small amount of interstitial materials,
such as carbon and nitrogen, to the high-entropy
alloy matrices resulted in enhanced mechanical
properties because of the changes in the micro-
structures and deformation mechanism [89—97].
FeCoCrNi has been studied as an HEA with a
simple FCC structure and excellent mechanical
properties [98]. The studies [63—65] were
conducted on the effect of carbon on the FeCoCrNi
HEA during the SLM process and the effect of
processing parameters on the product properties. In
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the first study [63], the FeCoCrNiCoos HEA was
fabricated using SLM at a laser power in the range
of 200—400 W and scanning speed in the range of
800—2000 mm/s. Near full density was achieved
when using a low laser scanning speed (800 mm/s).
The density increased by increasing the power and
decreasing the scanning speed. The carbon
dissolved fully in the HEA, a monophase of FCC
was indicated, and no carbide phase was detected.
The microstructures of the top, middle, and bottom
parts of the SLMed samples are shown in Fig. 5.
The grains in the three different regions were

(a) frop

Build Direction (BD)
Build Direction (BD)

randomly oriented. Equiaxed grains existed in the
middle and bottom parts, while the grains in the top
part were columnar, which was attributed to the
temperature gradient and cooling rate.

For the second study [64], the laser power
was 400 W and the scanning speed was 800 mm/s
during the SLM process. Nanosized M»3Cs carbides
precipitated at the grain boundaries and dislocation
networks in the CrFeCoNiCopos HEA samples were
produced by the SLM process (Fig.6), which
was related to high residual stress and the heating/
cooling conditions.

Build Direction (BD)

LAB (2°<0<<15°)

HAB (6>15°)
—

Fig. 5 EBSD of SLMed FeCoCrNiCy s HEA (400 W, 800 mm/s): (a) Inverse pole figure (IPF); (b) Local misorientation
(LM) maps; (c) Grain boundaries (GB) maps of FeCoCrNiCo s (Adapted with permission [63]) (Copyright 2018,

Elsevier)

Fig. 6 TEM images of precipitates at grain boundary (a), cellular (b) and columnar subgrain boundaries (c), respectively,
HRTEM image of nanosized carbides (d) at columnar boundary in (c) and FFT pattern (e) and Fourier filtered image (f)
of selected square region in (d) (Adapted with permission [64]) (Copyright 2018, Elsevier)
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In the last study [65], the FeCoCrNiCyos HEA
was fabricated at a laser power of 400 W and a
scanning speed of 800 mm/s followed by annealing
at 1073 K for different time. Under annealing
conditions for different time, the grains were
equiaxed and randomly oriented. With the
prolongation of annealing time, the size of grains
remained obviously unchanged (approximately
40—-50 um), and nanoscale Cr;3Cs carbides
precipitated at the boundaries of grains or cell
structures of FeCoCrNiCo s produced by the SLM
process (Fig. 7).

PARK et al [62] fabricated (CoCrFeMnNi)goC;
HEA by SLM using 90 W laser power and scanning
speeds of 200 (C-HEA-V200) and 600 mm/s
(C-HEA-V600). C-HEA-V200 sample exhibited a
large columnar grain structure with an average size
of ~35.5 um, while mixed columnar and equiaxed
grain structures with an average size of ~20.3 um
were observed in the C-HEA-V600 sample. This
was attributed to the difference in the heat input
during the SLM process at different scanning
speeds. Additionally, subgrain boundaries were
made of dislocation networks decorated by
nanosized M»3Cs carbides, as shown in Fig. 8§,
which was related to the heating/cooling conditions
of the SLM process.

Near-fully dense HEA, Feso5Mn30Co010Cri10Coss
(at.%), with excellent mechanical properties was
additively manufactured using SLM by ZHU

et al [99], where P=180 W and v=1000 mm/s. The
SLMed sample consisted of an FCC structure
without carbides. Additionally, a hierarchical
microstructure comprising equiaxed grains and a
columnar structure was observed (Fig.9). This
hierarchically heterogeneous microstructure was
formed because of the rapid melting/solidification
during SLM, which resulted from the printing
parameters.
3.1.2 HEAs with ceramic particles

TiN reinforcement particles have high
strength, high melting temperature of 2950 °C,
and high thermodynamic stability without the
phase transformations [100]. According to these
properties, LI et al [73,74] reinforced the matrix of
FeCoCrNiMn HEA by nano-TiN particles using
SLM. The microstructure of the HEA produced by
SLM without TiN exhibited a strong texture along
the building direction, and the grains grew toward
the building direction, forming elongated grains
(Figs. 10(a, b)), while the HEA+TiN composite
produced by SLLM exhibited reinforcement particles
of TiN distributed at the grain boundaries of the
HEA matrix with refined grains and the absence of
the texture (Fig. 10(c)). This was attributed to the
wettability between HEAs and TiN particles,
which worked as nucleation points in assisting the
heterogeneous nucleation for the FCC phase;
eventually, this led to the refinement of the grains,
which grew to isotropic and equiaxial grains [43].

Z=1011]

(-200)

(-11-1)

diffraction pattern (d) (Adapted with permission [65]) (Copyright 2019, Elsevier)
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Fig. 8 TEM images of SLMed C-HEA at 200 mm/s scanning speed: (a) Bright-field image of cellular structures;
(b) Magnified image; (¢) STEM image showing nano-precipitates; (d) EELS mapping images of substitutional (Co, Cer,
Fe, Mn, and Ni) and interstitial (O, C, and S) elements for nano-precipitates (Adapted with permission [62]) (Copyright
2015, Taylor & Francis)
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Fig. 9 OM images of SLMed HEA (a), SE image taken from area in (a) with inset indicating equiaxed cellular
structures (b), STEM micrograph of equiaxed cellular structures with inset HRTEM image revealing distance across 5
planes (c), IPF map (d), phase map superimposed with GB map (e), IPF (f) and KAM (g) maps (the dashed lines in (f)
show the fusion boundaries), and STEM—EDS maps of cellular structures (h) (Adapted with permission [99])
(Copyright 2019, Taylor & Francis)
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Fig. 10 IPF-X, IPF-Z and IPF images of printed HEA parallel to building direction (BD) (a), and perpendicular to
BD (b); IPF-X, IPF-Z and IPF images of printed TiN/HEA parallel to BD (c) (Adapted with permission [73])

(Copyright 2019, Elsevier)

Another study was conducted by LI et al [75],
where 5 wt.% TiN  nanoparticle  reinforced
CoCrFeMnNi matrix was fabricated using the
SLM process and remelting laser scan strategy
(RLSS). Because of the RLSS, a more equal TiN
particle distribution was observed, and much finer
and equiaxed HEA grains were obtained. This study
also focused on obtaining a novel ultrafine-grained
and hybrid amorphous crystalline structure, as
shown in Fig. 11. The additive TiN particles
improved the entropy at elevated temperatures and
lowered the Gibbs free energy of the solid
solution phase of HEA composite. These two
mechanisms resulted in the formation of the
amorphous phase.

Fe-based metallic glasses (MGs) have an
excellent strength of approximately 3 GPa due
to their disordered atomic structure and their
similar chemical composition with FeCoCrNiMn
HEA [101]. For these reasons, LI et al [30]
designed and fabricated high entropy alloy/metallic
glass composites by SLM. In addition to the
amorphous phase, two different high entropy phases
were observed in the HEA/MG composite

interfacial region, as illustrated in Fig. 12. This was
attributed to the small atomic size difference
between the FeCoCrNiMn HEA and the
FeCoCrMoCBY amorphous alloy.

Because of the multicomponent solid solution,
HEAs have excellent mechanical properties with
great structural and thermal stability without phase
changes. For these reasons, HEAs can be used as
reinforcement and bender phases [102]. LI et al
[103] used 20 wt.% AICoCrFeNiCu HEA as a
binder to fabricate solid block cemented tungsten
carbide samples by SLM. In general, the chemical
compositions and microstructures varied along the
building direction, which was affected by the
dilution effect generated by elemental diffusion
from the substrate and the element evaporation
produced by the high-power laser. At the lower part
of the sample, the W,C dendrite was formed,
followed by the FCC phase because of the rapid
cooling of the remaining melt pools. At the upper
part of the sample, due to the repeated heating of
the W>C/HEA dendritic structure by using laser
continuity, coarser WC and #-carbide precipitates
were obtained.
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Fig. 11 TEM micrograph of RLSS—SLMed TiN/HEA composite: Amorphous micro-region (a), with enlargement
at Region A (b), and its SAED pattern (c); Composite micro-region (d), with enlargement at Region B (e), and its
SAED pattern (f); Another composite micro-region (g), with enlargements at Region C (h), and D (i) (Adapted with
permission [75]) (Copyright 2020, Elsevier)

()

Fig. 12 TEM bright field image of interfacial zone divided into three regions (I, IL, III) (a); Bright field image of Region
I (Zone I-1 shows multi-crystal feature, and Zone I-2 reveals nanocrystals FeMo, phase) (b); Bright field image of
Region II (Zone II-1 reveals FCC crystal, while the diffraction pattern in Zone II-2 shows two different crystals) (c);

Bright field image of Region IlI, clarifying two different crystals (d) (Adapted with permission [30]) (Copyright 2020,
Elsevier)
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3.2 3D-printed HEACs fabricated by DED

technique

LI et al [104] prepared CrMnFeCoNi+WC
composite by the LMD process. After the addition
of the WC particles, fine microstructures were
obtained without any pores or cracks, and M23Cs
carbides precipitated. These precipitates act as
heterogeneous  nucleation sites during the
solidification process, leading to finer grain
size distributions. In addition, they potentially
strengthen the matrix by hindering and deflecting
the slip bands. WELK et al [105] studied the glass
forming ability of two bulk metallic glass and high
entropy alloy composite systems (HEA/BMG)
fabricated by LENS™. The first deposition
(from Zrs7TisAlioCuxNig to CoCrFeNiCugs) was
deposited at a laser power of 250 W and scanning
speed of 8 mm/s. The second deposition (TiZrCuNb
to (TiZrCuNb)esNiss) was deposited at a laser power
of 295 W and scanning speed of 8§ mm/s. A fully
amorphous region in the first gradient was
observed, while amorphous matrix/crystalline
dendrite composite structures were detected in the
second gradient. The glass-forming ability in the
HEAs leads to new alloys with enhanced
mechanical properties. Ultrafine nanocrystals (UNs)
modified HEACs were fabricated by LMD of the
yttria partially stabilized ZrO, (YPSZ) and the
FeCoCrAlCu mixed powders on the aviation
turbine blade fabricated of the additive
manufacturing TC17 titanium alloy [106]. HEACs
exhibited fine microstructures free of microcracks,
and many AICu,Zr UNs were produced in the
HEACs matrix (Fig. 13(a)). The mechanism for
the formation of AICu,Zr in-situ intermetallics by
LMD of the Al, Cu and Zr free-state particles
in the laser-induced molten pool was proposed
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(Figs. 13(b, ¢)). Cu was difficult to dissolve with
the other elements in FeCoCrAlICu due to the high
mixing enthalpies between Cu and other elements,
promoting the formation of AlCu,Zr UNs. The
nanoscale /-phase with fivefold symmetry was
obtained, as shown in Fig. 13(d), which is due to
the thermodynamic driving free energy and the
kinetics of quasicrystalline phase formation relative
to the solidification rates. Moreover, lattice
distortion in the /-phase was detected due to the
high diffusion of UNs and the ultrafine
microstructure. The UNs were able to ruin the
atomic equilibrium state, increasing the free energy
and creating lattice distortions in the /-phase.

By adding SiB,, as shown in Fig. 14, many
nanorods were formed, and the detained UNs
could be easily reunited due to the surface effect,
retarding the growth of the nanorods to a certain
extent [106].

3D-printed HEACs are very promising
materials with excellent mechanical properties.
Therefore, HEACs are used as coatings to improve
the surface properties of printed products against
tough environmental conditions. For example, a
Q235 steel substrate coated by AICoCrFeNi,NbC
HEAC coatings was prepared via laser cladding by
LI et al [76]. The AlCoCrFeNi HEA exhibited a
mixture of simple BCC and FCC structure phases,
and the microstructure had many elongated, blocky
and few equiaxed grains. The addition of NbC
particles resulted in a decrease in the FCC phase,
and NbC particles were mainly distributed
andprecipitated at the grain boundary of the HEAs.
Additionally, the grains were elongated, and their
growth direction was changed, and the NbC
particles inhibited HEA grain growth due to a
strong pinning effect. In situ TiN particle-reinforced

Fig. 13 Analysis of HEACs: (a) Twin crystals and amorphous, HRTEM micrograph and corresponding SAED pattern;
(b, ¢) Schematic illustration of formation of AlCu,Zr UNs; (d) Nanoscaled /-phase (Adapted with permission [106])

(Copyright 2017, Elsevier)
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CoCr,FeNiTi, HEA coatings were fabricated using
laser cladding on 904L stainless steel by GUO
et al [107]. The results revealed that the structures
of coatings consisted of FCC, TiN, and a few Laves
phases. Without adding Ti, microstructure of
coating was columnar crystals, while after adding
Ti, the coating was composed of irregular dendrites,
granular TiN ceramics, and few Laves phases.
CNT-reinforced HEACs were produced on TA2
titanium alloy using LMD of FeCoCrAlCu—

(b)

f TiB, polycrystal
002

5SS —p- ¥ 101
§ 100

Fe,(Si,B) za[i01 222

f

Nanorod

Aggregated UNs

100 nm

(nano-SiBs)—(Ni/Ag coated CNTs) mixed powders
by LI et al [108]. Figure 15 shows schematic
diagrams of the laser viscose and diffusion
mechanism under the influence of the laser pool at
high temperature. Large quantities of the photons
entered the laser pool from the laser beam during
the LMD process, surrounding atoms with photons,
which hindered the motions of the atoms, as
indicated in Fig. 15(a). Figure 15(b) shows that the
UNs were able to obtain sufficient energy from the

b

Nanorods

Fig. 14 Analysis for FeCoCrAICu/SiB, HEACs: (a) HRTEM test location; (b) Corresponding electron diffraction
pattern; (c, d) SEM micrographs of nanorods, and aggregated UNs and nanorods; (¢) HRTEM test location; (f) SEM
micrograph of eutectics; (g) Schematic illustration of decomposition of amorphous under action of laser beam (Adapted

with permission [106]) (Copyright 2017, Elsevier)

Under the action
of optical viscose

Energy reduction caused
-atom collision

Fig. 15 Schematic diagrams of laser viscose (a), diffusion mechanism under action of laser-pool with high temperature
(b); HRTEM micrograph of HEACs (c), and SAED pattern of TiAg phase and UNs of HEACs (d) (Adapted with

permission [108]) (Copyright 2020, Elsevier)
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laser beam such that a portion of UNs penetrated
into the originally ordered atom arrangement,
resulting in lattice distortion due to the actions of
the high diffusion rate and the ultrafine
microstructure of UNs. In addition, during the
tunneling of UNs, enormous energy was released
into the laser pool, which was beneficial to the
complete diffusion of UNs. Figure 15(c) reveals
that a large number of lattice fringes of the
nanocrystals were formed, and lattice distortions
were formed near them. The fact that the production
of nanocrystals caused the fusion point of the laser
pool to be reduced, as well as the high interface
energy of UNs, became the driving force of the
atomic arrangement movements, promoting the
formation of a compact/fine microstructure. As
illustrated in Fig. 15(d), the SAED pattern of
HEACs exhibited that the TiAg nanoscale phase
grew along the (111), (200) and (220) planes,
showing that these amorphous phases would
crystallize, but the laser pool solidification process
was completed, promoting UNs to be produced.

LI et al [109] deposited FeCoCrAlCu—MoSi,—
Mn—Sb powders on a T6 Ce/Er-modified hot-rolled
Al-Mg—Si—Cu alloy substrate using the LMD
technique. Amorphous/nanocrystalline HEACs
were observed. Many CosMo.Si UNs were
produced that grew along the (101), (103), (112)
and (213) planes. The amorphous phases were
limited to grow up during the crystallization growth
process, hindered by the UNs, promoting the
formation of HEACs with a fine microstructure.
Table 2 presents a summary of the microstructures
observed in various HEAC products manufactured
by AM technology.

4 Properties of 3D-printed HEACs

3D-printed HEACs are very promising
materials with excellent properties because of the
addition of reinforcement particles. These particles
distributed and precipitated at the grain boundary
of HEAs, inhibiting HEA grain growth; thus, the
properties were improved.

4.1 Mechanical properties

For C-HEAs, ZHOU et al [63] studied the
effect of the SLM process parameters on the tensile
properties, as shown in Fig. 16(a). They found that
the addition of carbon led to further improvement

of the strength (yield strength of 656 MPa, and
tensile strength of 797 MPa), which could be
mainly due to solid solution strengthening caused
by adding carbon. Fine microstructures, resulting
from submicron solidification of the cellular
structure and SLM sample grain refinement, also
promoted the yield strength. They also observed
that the elongation exhibited a significant
difference, which may be attributed to the defects in
the specimens, such as porosities and micro-
cracks resulting from the effects of the printing
parameters. Consequently, a convenient combination
of processing parameters, such as scanning speed
and laser power, was important to obtain better
mechanical properties of FeCoCrNiCys fabricated
via SLM. The effects of the annealing process at
1073 K for 0.5 and 8 h on the mechanical properties
of FeCoCrNiCoos were discussed by ZHOU
et al [65]. The results showed that the annealing
treatment could lead to an increase in the yield and
tensile strength, but a decrease in elongation.
According to Fig. 16(b), the SLMed FeCoCrNiCy s
annealed for 0.5h had the highest yield strength
(787 MPa), but when the annealing time increased
to 8 h, the yield strength decreased (720 MPa). The
explanation for this is shown in Fig. 16(c), which
clarified the estimated strength contribution from
solid solution hardening and precipitation hardening.
The precipitation hardening increased sharply at
0.5h annealing time, while the solid solution
hardening decreased slightly. When the annealing
duration was extended to 8h, the precipitation
hardening increased slightly, but the solid solution
hardening decreased. As a result, the yield strength
decreased. PARK et al [62] compared the
mechanical properties of 1%C—CoCrFeMnNi HEA
additively manufactured using selective laser
melting compared to its casting counterparts
(Fig. 16(d)). It was noted that the yield strength of
the SLMed CoCrFeMnNi HEA was higher than that
of the casting C-HEA. Furthermore, superior tensile
properties of the SLMed 1%C—CoCrFeMnNi HEAs
were achieved compared to pure and as-cast
CoCrFeMnNi HEAs. This was attributed to their
complicated microstructure with a combination of
various strengthening mechanisms (i.e., solid
solution, grain refinement, dislocation density, and
nanoprecipitation), which were achieved by the
addition of a small amount of carbon with different
energy inputs.
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Table 2 Summary of microstructures observed in various HEAC products manufactured by AM

Second Printin Parameter
HEA eco & v/ Microstructure Ref.
phase process P/W
(mm-s™)
SIM 200— 800— Monophase of FCC, with carbon dissolving in [63]
400 2000 HEA, and no carbide phase detected
Nano-sized M»3C¢ carbides precipitating at grain
FeCoCrNi C SLM 400 800 boundaries and dislocation networks [64]
SLM and Equiaxed and randomly grains with size about
annealed at 400 800 40—-50 um and Cr»3Cs carbides precipitating on [65]
1073 K for 0.5 h boundaries of grains or cell structures
Feso M- FCC structure without carbides and hierarchical
C4(9)‘5 Cr 30 SLM 180 1000 microstructure comprising equiaxed grains and [99]
1010 columnar structure
200 Mixed columnar and equiaxed grain structures and
C SLM 90 6 00’ subgrain boundaries made of dislocation networks ~ [62]
decorated by nanosized M»3Cs carbides
Amorphous phase, and two different high
BMG SLM 185 600 entropy phases at high entropy alloy/metallic [30]
glass interfacial region
CoCrFe- Reinforcement particles of TiN distributing at
MnNi TiN SLM 250 450 grain boundaries of HEA matrix with [73]
refined grains and absence of texture
Much finer and equiaxed HEA grains and more evenly
TiN SLM-RLSS 375 1600  TiN particle-distribution with novel ultrafine-grained [75]
and hybrid amorphous/crystalline structure
Fine microstructures without any pores or
we LMD 1000 83 cracks and precipitates of M»3Cs [104]
AlCoCr- At lower part of sample, W>C dendrite, and
. wC SLM 140 90 interdendritic FCC phase; At upper part of sample, [103]
FeNiCu . .
coarser WC and y-carbide precipitates
FeCoCr- 100— Fine microstructure free of micro-crack and
AlCu 210, LMD 2500 4720 AlCu,Zr UNs attached to HEACs matrix [106]
FeCoCr-  MoSir— 1000~ Amorphous/nanogrystalhne HEACS and
AICu Mn—Sh LMD 3000 1-15 lots of Co3Mo0,Si UNs growing along [109]
(101), (103), (112) and (213) planes
AlCoCr- . FCC phase and NbC particles distributing and
FeNi, NbC  Laser cladding 2500 3 precipitating at elongated grain boundary of HEAs [76]
CoCr,Fe- . . FCC and irregular dendritic, granular
NiTi, TiN  Laser cladding 1800 7 TiN ceramics, and a few Laves phases [107]

Titanium carbide (TiC) is one of the ceramic
reinforcement particles, that an excellent
reinforcer due to its excellent elastic modulus, high
hardness, low density, high melting temperature,
thermodynamic stability, and good wettability
without undergoing phase transformation [110].
AMAR et al [111] improved the mechanical
properties of the CoCrFeMnNi HEA using LMD
by the addition of TiC (0, 2.5, and 5 wt.%). By
increasing the added TiC, the yield and ultimate
tensile strength increased, and the -elongation

18

decreased. At 0 wt.% TiC, the yield strength and
tensile strength were approximately 300 MPa and
550 MPa, respectively, and the elongation was over
50%. At 2.5 and 5 wt.% TiC, the yield stress was
remarkably improved (330 MPa and 385 MPa,
respectively), the tensile strength (610 MPa and
723 MPa, respectively) and the plasticity decreased
to 47% and 32%, respectively, as shown in
Fig. 17(a). To understand the influence of the
addition of TiC on the deformation modes, the
fractography of LMDed CrMnFeCoNi with
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different TiC additions was examined, as shown in
Fig. 17(b). The necking deformation was observed
on the fractured samples without TiC addition
(Fig. 17(a")) and was not observed by adding 2.5
and 5 wt.% TiC (Figs.17(d’, g")). Furthermore, as
there was a dense

shown in Figs. 17(b, c),
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population of deep dimples at the fractured surface
and many slip bands on the side surface,
demonstrating that the deformed LMD samples
had high uniform plastic deformation prior to
fracture. With 2.5 wt.% TiC, the deep dimples
became shallow dimples (Figs. 17(¢’, f')) and finally

(b)
)
£
& 800 by |
2 :O.SII as-SLMed
% 600 8h
¥
S 400
oL
= 200
0 v ' ' ' ' T T
0 2 4 6 8 10 12 14 16
Engineering strain (%)
(d) T T T
— 1000 ~ C-HEA-V200
& C-HEA-V600
= 800 4
173
g 600 »~ HEA-V600 |
n
2 400
@ X
O 200 C-HEA (as-cast)
©
c
w 0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Engineering Strain

Fig. 16 Room-temperature tensile strain—stress curves for FeCoCrNiCys alloys (a) (Adapted with permission [63])
(Copyright 2018, Elsevier); Typical engineering stress—strain curves of SLMed and annealed FeCoCrNiCoos (1073 K
for 0.5 h and 8 h) (b) (Adapted with permission [65]) (Copyright 2019, Elsevier); Strength contributions from different
hardening mechanisms (c) (Adapted with permission [65]) (Copyright 2019, Elsevier); Tensile properties of as-cast and
SLMed of CoCrFeMnNi and (CoCrFeMnNi)yC; (d) (Adapted with permission [62]) (Copyright 2019, Taylor &

Francis)
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Fig. 17 Tensile curves of LMDed CrMnFeCoNi HEAs with different TiC additions (0, 2.5, and 5 wt.%) at room
temperature (a) and fractographs of LMDed CrMnFeCoNi with different TiC additions (b) (Overall appearances of
fractured sample with TiC additions of 0 wt.% (a’), 2.5 wt.% (d') and 5 wt.% (g'), fractographs of sample with TiC
additions of 0 wt.% (b"), 2.5 wt.% (e’) and 5 wt.% (h') and side surface of fractured sample with TiC additions of
0 wt.% ('), 2.5 wt.% (f ") and 5 wt.% (i")) (Adapted with permission [111]) (Copyright 2019, Elsevier)
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disappeared upon adding 5 wt.% TiC (Figs. 17(h’,
i')). In addition, the number of slip bands decreased
with increasing TiC addition, as
Figs. 17(¢', £, 1"). In conclusion, the addition of the
TiC particles strengthened the HEA matrix by
hindering and deflecting the slip bands.

Additionally, the tensile properties of LMDed
CrMnFeCoNi HEA fabricated by adding WC were
improved. At room temperature, the addition of
WC (5 and 10 wt.%) enhanced the yield strength
from 300 to 502 and 675 MPa, the tensile strength
from 550 to 776 and 845 MPa, and the plasticity
decreased from 50% to 37% and 9%, respectively.
At 873 K, the addition of 5 wt.% WC also improved
the tensile strength from 280 to 405 MPa, with a
relatively small decrease in plasticity from 57% to
45%. This was due to the combined effects of grain
refinement and precipitate reinforcement [ 104].

The compressive properties and fracture
toughness of FeCoCrNiMn/Fe-based MG composite
(from 0 to 30 wt.%) fabricated by SLM are shown
in Figs. 18(a, b), respectively. When the fraction
of amorphous powder was between 5 and 20 wt.%,
the composites exhibited excellent strength
(916—1517 MPa) and high fracture toughness
(65.67-126 MPa-m"?). In this case, with increasing
Fe-based amorphous alloy content, the HEACs
strength increased up to 1517 MPa, while the
ductility and toughness decreased, including the
fracture toughness, which decreased continuously
to 65.67 MPa-m'? by mixing 20 wt.% amorphous
alloy. This was attributed to the reinforcement
particles that hindered the movements of the
dislocation. By increasing the added reinforcement
particles to 30 wt.%, the FeCoCrNiMn/Fe-based
MG composite samples were broken during the test,
exhibiting brittle features. This was because of the
excess amorphous particles, which resulted in
microcracks in the composite during the SLM
process due to the stress concentration [30].

The HEA/A5083 composite fabricated by the
friction deposition technique exhibited excellent
tensile and compressive strengths compared to the
standard wrought alloy AA5083 H112 [112] and
exhibited a much better combination of strength and
ductility than the conventional aluminum matrix
reinforced with ceramic particles. This was a
result of the nanocrystalline CoCrFeNi HEA
reinforcement particles, with a uniform distribution
in the ultrafine-grained aluminum matrix [84].
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Fig. 18 True stress—strain curves of high entropy alloy
composed with Fe-based metallic glass (0—-30%) (a), and
load—displacement curves for notched samples under
three point bending (b) (Adapted with permission [30])
(Copyright 2020, Elsevier)

Table 3 provides a summary of the tensile and
compressive properties presented in 3D-printed
HEAC products, 3D-printed HEAs, and the casting
counterparts.

Figure 19 presents the yield strength—ductility
and the tensile strength—ductility relationships of
the 3D-printed products of the C-HEAs, HEACs,
HEAs, and casting counterparts. The 3D-printed
C-HEAs had a higher yield strength (ranging from
600 to 850 MPa) followed by the 3D-printed HEAC
products (ranging from 250 to 700 MPa), while
the 3D-printed HEACs exhibited a higher tensile
strength (ranging from 750 to 1000 MPa) followed
by the 3D-printed C-HEAs (ranging from 350 to
1150 MPa) compared to the 3D-printed HEAs, and
the ductility decreased in the same order. This was
attributed to the addition of ceramic particles,
which could act as heterogeneous nucleation points
during rapid cooling and thus facilitate grain
refinement and strengthen the HEA matrix, which
could promote the mechanical properties of
3D-printed HEACs. In conclusion, the 3D-printed
HEACSs have a superior yield and tensile strength
with appropriate ductility due to the combined
effects of grain refinement and precipitate
reinforcement.
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Table 3 Tensile and compressive properties of 3D-printed HEAC products, compared with those manufactured by AM
and conventional processes

Second Parameter o Tensile property Compressive property
Second - Printing
HEA phase phase P/ v/ process YS/  UTS/ EL% YS/  UCS/ EL% Ref.
content/% W  (mm-s™!) MPa  MPa MPa  MPa

250 800 630 776 9.6 - - -

300 800 635 788 11.3 - - -

350 800 630 786 11.9 - - -
¢ 0.05 400 800 SLM 638 797 13.5 - - - [63]

400 1000 643 789 11.5 - - -

FeCoCrNi 400 1200 656 783 7.7 - - -
C 0.05 400 800 SLM 638 795 13.5 - - - [64]

SLM, 1073 K for

. 720 905 9.7 - - -
0.5 h annealing
C 0.05 400 800 SLM. 1073 K f [65]
. 787 950 10 - - -

8 h annealing

Fe49.sMn3o-

C 0.5 180 1000 SLM 710 1000 28 - — - [99]
Co10Crio
90 200 829 989 243 — - -
c ! 90 600 SLM 741 874 397 — - - 162
0 — - - 315 80
5 - - - 384 80
10 - - - 595 1150 58
BMG 20 185 600 SLM - - - 916 1500 39  [30]
Broken
30 - - - during
test
CoCrFe- 152 538 200‘?10200 giﬁ - 1(1)(3)2 182 - - - BZ}
MnNi i
S 5 375 1600 SLM ~ 1059 153 - - — 75
5 375 1600 RLSS-SLM — 1100 18 [75]
5 502 776 37 - — —
1000 8.3 LMD,
10 atRT 675 845 9 - — —
we 0 280 57 [104]
1000 8.3 LMD,
5 at 873 K - 405 45 - - —
0 300 550 50 - — —
TiC 25 — — LMD 330 610 47 - — - (i1
5 385 723 32 - — —
402— 480- 8-
FeCoCrNi 200300 SLM 600 745 32 29
- — 150 270 572 691 179 — - - [113]
— — 400 300~ 519 601 34 — — - [114]
4000
160— 1500 SLM
- — 200 2500 510 609 34 - - - [115]
- — 880 10 LAAM 518 660  19.8 — - - [116]
CoCrFe- 1000—
MnNi - — 400 83 LMD 290 535 55 - — - (117
600—
00 133 LAM 346 566 27 [118]
- — 330= ¢ 610 LENS 424 651 48 - - - [119]
400
FeCoCr-
NiMn 209 496 55 (8]
FeCoCrNi - - - - Casting 188 457 50 - - - [29]
Feag sMmso- - - - 230 739 52 - - ~ [120]

Co10Cr10Cos
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4.2 Microhardness and wear resistance

In terms of the hardness and wear resistance,
3D-printed HEAC coatings are characterized by
high hardness and wear resistance. For example, the
addition of NDbC particles improved the micro-
hardness and wear resistance of AlCoCrFeNi,NbC
HEA (x=10, 20, 30, wt.%) fabricated by laser
cladding due to the fine microstructure and the
solution strengthening effect. Good comprehensive
mechanical properties were obtained for the HEA
by adding 20 wt.% NbC particles. As shown in
Fig. 20, at 20 wt.% NbC, the average Vickers
hardness is HV 525 (Fig. 20(a)), the average
friction coefficient i1s 1.023, and the mass loss is
1.05 mg (Fig. 20(b)) [76].

Additionally, = FeCoCrAlICu/ZrO, HEACs
fabricated by LMD exhibited better wear
performance than FeCoCrAlCu HEA due to its
additional phases, such as the quasicrystalline/
nanocrystalline phases, and the compact and fine
free-microcrack microstructure [106]. The wear
resistance and the hardness for coatings containing
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Ti increased significantly [107]. At x=1, the
hardness of the coating was much more than 3
times higher than that of the substrate, and its wear
mass was approximately 1/3 that of the substrate.
However, the hardness distribution was uneven,
which may be due to the segregation and growth of
TiN particles and the production of Laves phases.

4.3 Corrosion/oxidation resistance

HEACs exhibit high corrosion/oxidation
resistance. For example, CNTs/UNs modified LMD
composites showed better corrosion and high-
temperature oxidation resistance than a TA2 alloy.
As shown in Figs. 21(a, b), deep holes were formed
in the corrosion zone of a TA2 substrate, exhibiting
serious pitting corrosion, which was attributed to
damage of the passive film generated by the CI”
ions, while the corrosion resistance of the HEACs
was better than that of the substrate. This was
attributed to the production of the nanoscale
ceramics and UNs, which are able to penetrate
into the atomic structure of the CNTs, resulting in
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Fig. 19 Summary of yield (a) and tensile strength (b) versus elongation for HEAs products
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Fig. 20 Microhardness (a), and wear loss (b) of AlCoCrFeNi,NbC HEAs coatings (Adapted with permission [76])

(Copyright 2019, Elsevier)
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Fig. 21 Corrosion surfaces of substrate (a) and HEACs (b) (Adapted with permission [108]) (Copyright 2020, Elsevier)

dispersion strengthening and lattice distortion,
thus leading to the improvement of corrosion/high-
temperature oxidation resistance of HEACs [108].

5 Perspectives for future of 3D-printed
HEAC:s

3D-printed HEACs are new composite
materials that can potentially act as functional and
structural materials due to their excellent properties.
Therefore, our perspectives regarding the future of
3D-printed HEACs are suggested as follows:

(1) The mechanical properties of the 3D-
printed HEACs at different temperatures (at
cryogenic and high temperatures) should be
investigated.

(2) Post-processing on these materials, and
its effects on the microstructures and material
properties should be studied.

(3) Most works focus on tensile and
compressive strength; hence, it is essential to focus
on other properties, such as fracture toughness,
fatigue, creep, oxidation, and corrosion.

(4) Furthermore, most of the reported alloys
are CoCrFeMnNi systems. Future work should
address other HEAs, such as lightweight or
refractory HEAs, which are considered challenging
materials for 3D printing.

6 Conclusions

The recent achievements of 3D-printed
high-entropy alloy composites (HEACs) were
reviewed in terms of their powder development,
printing processes, microstructures, and properties.
The article begins with an introduction of the HEAs

and HEA composites, and addresses the reviews
published about the 3D-printed HEA products.
The processes of HEAC powders development,
including gas atomization and mechanical alloying,
and the powder properties are presented. Gas
atomization allows for the production of spherical
powder particles, while mechanical alloying
produces HEAC powders with homogeneous
microstructures and irregularly-shaped particles.
Additionally, the phases of HEACs prepared by
mechanical alloying are affected by the milling
parameters, such as the ball-to-powder ratio,
milling time, and the rotating speed of the mill.
The additive manufacturing processes of HEAC
powders, such as powder bed fusion, directed
energy deposition, and other processes, and their
microstructures were discussed. The mechanical
properties of 3D-printed HEACs are discussed and
compared with those of 3D-printed HEAs and their
casting counterparts. The 3D-printed HEACs have a
superior yield and tensile strength with appropriate
ductility, which is attributed to the fine micro-
structure formed due to the addition of ceramic
reinforcement particles and the rapid solidification
during the fabrication process. In addition, the
hardness and the resistance to wear, corrosion, and
oxidation of 3D-printed HEACs are discussed. It is
found that the HEAC coatings containing
reinforcement ceramic particles have high wear
resistance and hardness as well as corrosion/
oxidation resistance. Finally, proposals are made for
future research.
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