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Abstract: Searching for printable metallic materials is of great importance. In recent years, several kinds of printable alloys have been
researched, such as Ti-6Al-4V, FeMnCoCrNi, stainless steels, and some refractory high-entropy alloys (RHEAs). In spite of these
delightful results, the development in additive manufacturing of RHEAs is proceeding slowly. Because of the excellent behavior of

RHEAs at high temperatures, more requirements are proposed for the complex shape forming. This review primarily introduced the
recent studies on additive manufacturing of RHEAs. The laser beam-based, electron beam-based, and wire-based additive
manufacturing techniques for fabrication of RHEAs were summarized. In addition, the opportunities and challenges of the current
development of RHEAS fabricated by additive manufacturing were discussed.
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Refractory high-entropy alloys (RHEASs) usually consist of
elements with elevated melting temperatures, such as Hf, Mo,
Nb, Ta, W, Zr, V, Cr, and Ti"?. Senkov et al®* firstly
investigated the microstructure and mechanical properties of
the emerged WMoTaNb RHEAs. Because of their excellent
high-temperature behavior, RHEAs, including WMoTaNb',
WMoTaNbV™, NbCrMo,,Ta,, TiZr", and HfNbTaTiZr'", are
of great application importance in aerospace, nuclear reactors,
and power industries. However, most RHEAs suffer from the
serious and difficulties in

brittleness, high hardness,

subsequent deformation process, which severely restrict their
further applications”™ .

Additive manufacturing, including powder-bed systems,
powder-feed systems, and wire-feed systems, is suitable to
fabricate the customized parts with complex geometries

through the assistant of computer-aided design”

. Recently,
there are three representative and prevalent techniques of
additive manufacturing: wire-based additive manufacturing,
direct energy deposition (DED), and selective electron beam
melting (SEBM)"*"?, as shown in Fig. 1. Generally, the addi-
tive manufacturing techniques involve the high-energy beams
(electron and laser beams). Interactions between energy beams

and powders or wires can efficiently form the melt pools, i.e.,
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the material can be rapidly transformed into liquid. The cyclic
melting-solidification can form the components layer by layer.

RHEAs have strong thermal resistance during deformation
at extremely high temperatures, which endows RHEAs with
particular charm during their service as nuclear and aerospace
engines. Additionally, the fast development of these fields
requires the parts with complex shapes for high efficiency.
Hence, searching for RHEAs with considerable printability is
of great urgency. In this review, forming methods, microstruc-
tures, mechanical properties, and problems of RHEAs manu-
factured by additive manufacturing techniques were discussed.

1 Additive Manufacturing Techniques

1.1 Laser beam-based deposition

Kunce et al" deposited TiZrNbMoV RHEAs by laser
engineered net shaping (LENS) method, which was conducted
in the early period of additive manufacturing investigation.
With the development of 3D printing, more RHEAs with
considerable printability have been manufactured. DMD,
SLM, LCD, and LMD denote the direct metal deposition,
selected laser melting, laser cladding deposition, and laser
metal deposition, respectively. As listed in Table 1, the laser
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Fig.1 Schematic diagrams of the representative additive manufacturing techniques: (a) wire-based additive manufacturing!”; (b) DED"";

(c) electron beam melting system"”

beam-assisted additive manufacturing consists of in-situ
alloying (DED and LMD!"®"*262%3%31) and  powder-bed
fusion!">'""*** of refractory elements.

Because the powder conditions of DED, LMD, and SLM
techniques are different, the laser powers for melting
these refractory elements are always at different levels. It
is clear that LMD or DED usually involves high melting pow-
er, whereas SLM involves the low melting power. Besides, the
scanning speed of DED or LMD techniques is lower than 10
mm/s, whereas that of SLM technique is quite fast of above
100 mm/s. These characteristics indicate that LMD and DED
have the similar melting processes (in-situ alloying and
powder melting), which require larger linear energy density,
compared with SLM technique. Such deviations in linear
energy density are related to the laser power, powder-energy

beam interaction, and atmosphere (vacuum or flowing gas).

Table 1 Laser-assisted additive manufacturing of RHEAs

RHEA system Method Laser Scanning ., Ref.
power/W  speed/mm-s
WMoTaNb DMD 800 2.5 [14]
WMoTaNb SLM 400 250 [15]
WMoTaNb LCD 565 8 [16]
WMoTaNb SLM 500 250 [17]
WMoTaNb DED 1800 5 [18]
WMoTaNb DED 800 4.2 [19]
WMoTaNbV SLM 100-600 100-1600 [20]
WMoTaNbV SLM 320 200-800 [21]
C/WMoTaNb SLM 400 200 [22]
TiC/WMoTaNbV ~ SLM 325 200-700 [23]
TiZrNbTa LMD 500-3500 1.6-3.3 [24]
NbMoTaNiTi SLM 300 300 [25]
MOoNbTiV DED 260 200 [26]
TiNbTaZrMo SLM 300 1000 [27]
NbMoTaTiZrAl DED 5000 150 [28]
NbTaTiMo SLM 320 500 [29]
TiZrNbHfTa LMD 1200 - [30]
TiZrNbHfTa LMD 2900 - [31]

1.2 Electron beam-based melting

Different from the laser beam-assisted additive manufac-
turing, the electron beam-based melting with representative
SEBM technique is occasionally employed in the RHEAs
manufacturing. The high-energy electron beam melted
refractory alloys normally have high efficiency, such as
TiZrNbTa™, Mo, ,Nb,,Co,,Cr,,(Ti;ALSi,)*, WMoTaNb"™,
and WTaRe™. AICrMoNbTa RHEA can be prepared by
SEBM™. Fig.2a and 2b show the key steps of AICrMoNbTa
RHEA during SEBM process™: the pre-sintering of powders
and electron beam melting of powders. As shown in Fig.2c
and 2d, the as-deposited RHEA samples have rough morpholo-
gies with shining metallic upper surfaces, and some samples
even exhibit curved boundaries, suggesting the over-melted
state. Because the refractory elements have high melting points,
higher linear energy densities are usually required in parameter-
designing in order to totally melt the mixed powders.

Besides, the WMoTaNb-based RHEAs have printability in
P78 With suitable processing parameters, the
surface conditions and internal microstructures can be

some extent

substantially optimized. This result indicates that SEBM is a
powerful method in RHEA manufacturing with large
solidification temperature ranges (W: 3410 °C; Ti: 1668 °C).
1.3 Other additive manufacturing techniques

Wire arc additive manufacturing (WAAM), as one of the
wire-based additive manufacturing techniques, can form
electric arc between tungsten electrode and substrate, there-
fore melting the feeding wires. WAAM is similar to DED in
beam-powder interactions. Instead of powder™, WAAM uses
wire, which can totally melt the feeding materials without
waste, thus presenting great potential in environment-friendly
applications. Due to the high forming efficiency, high mate-
rial utilization ratio, and large manufactured part size, WAAM
is commonly employed, compared with the laser- and electron
beam-based additive manufacturing techniques™ *’, for the
manufacture of refractory metals (Mo and W alloys) **.
However, the RHEA manufacturing is rarely reported. Only
RHEAs, such as MoNbTaWTi*¥ and Nb,,.Mo,, . Ta,, Ni, -
Cr,,*, have been manufactured by WAAM method. The
underlying reasons may be the high cost and difficulty in
manufacture of appropriate wires for WAAM.
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Fig.2 SEBM process of AICtMoNbTa RHEAsP: (a) preheating or powder pre-sintering; (b) powder melting; (c) formed samples before

removing from substrate; (d) as-deposited samples

Fig.3a shows the appearance of WAAM feeding wire, which
is used for the laser melting process, as shown in Fig. 3b.
Before the formation of thin walls, a layer-by-layer deposition
is required and the cross-sectional morphologies of deposited
lines are shown in Fig.3c. Fig.3d shows the as-deposited thin
wall, and Fig.3e shows the appearance of changing bead at the
start and end portions of thin wall. Fracture frequently occurs

in RHEAs with high brittleness. The deposition process is
always accompanied by high moving laser speeds (m/min)
and high power (above 1000 W). Therefore, WAAM is an
excellent method to manufacture RHEAs.

2 Microstructures of As-Deposited RHEAs

The additive manufacturing of refractory elements involves
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Fig.3 Appearance of WAAM feeding wire™” (a); schematic diagram of WAAM process™™ (b); cross-sectional morphologies of deposited

lines"” (c); appearance of as-deposited wall*"’ (d); appearance of changing bead at start and end portions of thin wall™*¥ ()
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the interactions between powders and high-energy beams™ .

During this stage, the powders absorb energy from the
incident beam and melt pool, as shown in Fig.4a and 4b.

After the melting stage, the melt pool begins to solidify.
Solidification of the refractory alloys seems different from
that of the alloys with relatively lower melting points. High
melting point suggests the early solidification of the melt
additive
manufacturing leaves the large thermal gradients in the as-
deposited RHEAs. Because of their sluggish diffusion, high-
entropy effect, and large energy barriers, these refractory
elements start to diffuse. Thus, RHEAs maintain the thermally

pool, whereas the rapid cooling speed in

a
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Molten pool

Marangoni
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Powder

Fig4 Schematic diagrams of powder-laser interactions: (a) melt pool™®”’; (b) inter-reflection of laser beam and heat absorption by powder

stable body-centered cubic (bcc) phase after formation™".

The microstructures of representative WMoTaNb-based
RHEAs are shown in Fig.5. According to Fig.5a, some cracks
with large size in length and width appear in the single track.
It is worth noting that almost all cracks are initiated from the
outer surface at the part-powder interface. As shown in Fig.5b
and 5b,, the microstructures of the as-deposited WMoTaNbV
bulk RHEAs are formed at scanning speed of 800 and 600
mm/s, respectively. Although changing the scanning speeds
can alter cracking, cracks still exist in the as-deposited
microstructures, indicating that the cracking is a serious
problem in additively manufactured RHEAs, particularly in

b

[50]

Fig.5 Microstructures of laser beam-assisted additive manufacturing: (a) microstructure of WMoTaNb RHEA by DED""; (b, b,) microstructures
of WMoTaNbV RHEA by SLM®"; (¢) warping of WMoTaNb RHEA by SLM!""; (d, d,~d,) cracking and delamination phenomena in as-
deposited NbTaTiMo RHEA by laser powder bed melting™”; (e) microstructure of TiZrNbHfTa RHEA by LMD"
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the WMoTaNb-based RHEAs. Fig. 5¢c and 5d show the
warping, cracking, and delamination phenomena between the
substrate and part, suggesting an accumulation of thermal
stress at the edge of bulk WMoTaNb RHEA™. Moreover, the
aggravation of warping leads to the unevenly spread of new
powder layer. Delamination between layers deposited above
the substrate also occurs, which not only causes cracks on
RHEA surface, but also induces failure to RHEA before
practical application.

Different from those normal cracking behavior in the
aforementioned RHEAs, TiZrNbH{fTa alloy is a ductile RHEA
at room and elevated temperatures®™ ", Several kinds of
RHEAs are produced based on TiZrNbHfTa RHEA. It is
worth noting that TiZrHfNbTa RHEA fabricated by LMD is
free from cracking (Fig.5¢). Only a few pores appear near the
base plate®). Other RHEAs fabricated by laser-assisted
additive manufacturing, including Zr,Ti,, Nb,, Al " and
TiZrHfNb®, also have cracking-free microstructures. Thus, it
can be deduced that RHEAs with good room- and high-
temperature deformability may have good laser-dominated
printability.

Electron beam-assisted additive manufacturing can be used
to manufacture WMoTaNb-based™, TiZrNbTa, and
Al, ,CrMoNbTa,*" RHEAs. Fig. 6a and 6b show the
microstructures of WMoTaNbVFeCoCrNi RHEAs by SEBM.
It can be clearly seen that some cracks with different features
exist in the microstructure of  as-deposited
WMoTaNbVFeCoCrNi RHEA. These cracks with zigzag
edges are caused by the lack of feeding flow in the
interdendritic region during the last stage of solidification.
When the temperature decreases, the solidification shrinkage

and thermal contraction are initiated and exacerbate the
cracking phenomenon in the mushy zone with uniaxial tensile
stress™. Fig.6b and 6b, display the cracking at the boundaries
of two neighboring grains. Similar to the cracking mechanism
in Ni-based alloy, the poor liquid feeding and the departure of
two neighboring grains caused by tensile stress induce these
solidification cracks™”, as shown in Fig.6c, 6¢c,, and 6c,.

In addition to these additively manufactured WMoTaNb-
based RHEAs, TiZrNbTa and Al ,CrMoNbTa,; RHEAs show
better microstructures without significant cracking after
electron beam-assisted additive manufacturing. Fig. 7a shows
the microstructure of as-deposited TiZrNbTa RHEA, where
pores can be clearly observed in the interdendritic regions. As
shown in Fig. 7b, the microstructure of Al ,CrMoNbTa;
RHEA prepared by SEBM consists of pores which are almost
uniformly distributed in the grains.

Therefore, it can be concluded that the cracking and pores
are the two main defects to influence the printability of
additively manufactured RHEAs, particularly for the
WMoTaNb-based RHEAs. TiZrNbHfTa-based RHEA exhibits
quite good printability, which may stem from its excellent
room temperature ductility. Hence, developing more ductile
RHEAs is extremely urgent.

3 Mechanical Properties

Because RHEAs have high hardness and room-temperature
brittleness, the characterization of their mechanical properties
mainly focuses on the compression strength® . Hitherto, few
RHEAs have tensile strength and ductility, such as NbZrTi-
based, TiZrNbHfTa, TiZrNbHfTa-based RHEAs after several
treatments”* . Recently, Gou et al”” reported the additively

Re-enriched precipitation
Stress
<

Restrict‘Liquid feeding

Inhibition effect Crack initiation

Fig.6 Microstructures of WMoTaNbVFeCoCrNi RHEAs by SEBM™ (a, b, b,); schematic diagrams of cracking mechanism”®” (c, C,, C,)
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Fig.7 Microstructures of RHEAs: (a) TiZrNbTa RHEA by electron beam welding™”; (b) Al ,CrMoNbTa, , RHEA by SEBM

manufactured TiZrHfNb RHEA has yield strength and
elongation of about 1034 MPa and 18.5%, respectively. All
these NbZrTi-based RHEAs shed light on new ways for the
development of RHEAs by additive manufacturing tech-
niques. However, when it comes to the WMoTaNb-based
RHEAs, the compression performance is still in the dominant
position. Therefore, searching for more printable RHEAs is
pressingly necessary. Qi et al'” suggested a method of tuning
intrinsic ductility of bce refractory alloys by alloying with
group IV or V transition metals. Therefore, new RHEAs, such
as WMoTaNbTi RHEAs, with considerable ductility are
designed®™*'. The WMoTaNbTi RHEA prepared by SEBM
exhibits considerable mechanical properties””.

Additively manufactured RHEAs always have serious de-
fects in their microstructures, which severely weaken their me-
chanical behavior. To clearly identify the mechanical behavior
of RHEAs, the hardness and compressive strength of these
additively manufactured RHEAs are presented in Table 2 and
Fig.8. Compared with the as-cast WMoTaNb RHEAP), these
additively manufactured WMoTaNb or WMoTaNb-based
RHEASs possess higher hardness, which is attributed to the en-
hanced solid-solution strengthening mechanism during rapid
cooling process of additive manufacturing®™*. The rapid
cooling rate causes less segregation, and thus aggravates the
lattice distortion inside microstructures of these additively
manufactured RHEAs" ™. As shown in Fig. 8, only a few
RHEAs have considerable room- and high-temperature me-
chanical properties under 1200 °C. These as-printed RHEAs
exhibit room-temperature strength of above 2500 MPa, and

their high-temperature strength can reach above 1500 MPa at
800 °C and remain at above 900 MPa under 1200 °C. This
result suggests that the additively manufactured RHEAs can
maintain their good mechanical properties, which are similar
to or even better than those of the as-cast RHEAs.

4 Problems in Additive Manufacturing of RHEAs

Progress in exploring more complex RHEA systems and
their diverse performance provides ceaseless impetus to the
design and manufacture of new RHEAs™*". RHEAs with

Table 2 Hardness of additively manufactured RHEAs

RHEA system Method Hardness, Ref.
HV/x9.8 MPa

W MoTaNb LCD 476, 485, 497 [16]
WMoTaNb SLM 826 [17]
WMoTaNb DED 493 [18]
WMoTaNbV SLM 664 [21]
NbMoTaTi SLM 422 [25]
NbMoTaNi SLM 827 [25]
NbMoTaNiTi SLM 628 [25]
AlMoNbTa DED 646 [28]
NbTaTiMo SLM 452 [29]
TiZrNbH{Ta LMD 509 [31]
WMoTaNbTi SEBM 511 [37]
WMoTaNbVFeCoCrNi SEBM 836 [38]
NbMoTaNiCr WAAM 911 [45]
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Fig.8 Compressive strength of additively manufactured RHEAs at room- and high-temperatures
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excellent high-temperature mechanical behavior attract much
%79 However, the additive manufacturing techni-
ques are influenced by the following factors: small melt pool,

attention’

large thermal gradient, residual stress, and rapid cooling
process. Besides, crack and pore are two common defects in
additively manufactured RHEAs. The research on Ni-based
superalloys clarifies that there are at least three cracking
modes in the additively manufactured alloys: solidification
liquation cracking, and solid-state cracks'".
However, the cracking modes and their mechanisms are still
obscure. Up to now, the solidification cracking and solid-state
cracking may occur in microstructures of as-deposited
RHEAs, particularly in RHEAs with intrinsic brittleness, such
as WMoTaNb-based RHEAsP™®. Therefore, the characteriza-
tion, identification, and formation mechanism of these
cracking modes in additively manufactured RHEAs!'*'"*'**"

cracking,

(o)
(=
(=]

=)
(=]
(=]

Stress/MPa

S
[
(=

should be further researched.

Melia et al"® noticed that the cracks are suppressed in the
regions with dense cellular structures (Fig.9a). Moorehead et
al"™ applied the high-throughput additive manufacturing on
WMoTaNb RHEA, and found the effective -cracking
suppression method with cellular structures (Fig.9a,). Yang et
al™ reported the similar results: the cellular structures induce
the substantially cracking suppression effect in the as-
deposited NiCr,WFe,Ti alloy with good mechanical
performance (Fig.9b and 9c). Therefore, it can be concluded
that cracking in additively manufactured RHEAs can be
effectively reduced by forming substructures (Fig.9d—9g). For
example, the additively manufactured Ni,Cr,WFe,Ti alloy

shows excellent room-temperature tensile ductility and
strength, which is based on the superb ductility of WNiFe
alloys'

774 It should be noted that the enhancement in

10 pm

Fig.9 Cracking suppression in RHEAs: (a) cracks™ and (a,) cellular structures’” in WMoTaNb RHEA; (b) cracking microstructure and

(c) mechanical properties of Ni6CrdWFe9Ti alloy”; (d — g) microstructures and element distributions of cellular structures and

dislocations in cellular structures’””
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printability of RHEAs should not influence their mechanical
performance. In this case, the additively manufactured
Ni,Cr,WFe,Ti alloy exhibits good ductility and printable
performance.

Nowadays, numerous RHEAs with diverse performances
have been investigated, the additive manufacturing techniques
can accelerate the processing speed, and almost all kinds of
complex parts can be designed by computer. However, not all
RHEAs have good printability. Searching for suitable additive
manufacturing techniques for specific RHEAs is of great
importance.

5 Summary and Outlook

Refractory high-entropy alloys (RHEAs), such as
WMoTaNb-based and NbZrTi-based RHEAs, have excellent
mechanical behavior at high-temperatures. With the develop-
ment in the application requirements of aerospace, nuclear,
and power plant, RHEAs with complex geometries are of
great importance. In recent years, numerous RHEAs have
been designed, but only a few RHEAs are printable. Among
the commonly used additive manufacturing techniques, the
selected laser melting, direct energy deposition, selective
electron beam melting, and wire arc additive manufacturing
are representative methods to fabricate RHEAs. The
WMoTaNb-based RHEAs have intrinsic cracking and pores,
which can hardly be suppressed. In contrast, the NbZrTi-based
RHEAs have good room-temperature ductility and
printability. The better the ductility, the better the printability.

The amelioration methods, alteration of intrinsic ductility of
brittle alloys, and modification of printability provide new
insights for the development of RHEAs with good printability.
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