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Directed Energy Deposition of
Multi-Principal Element Alloys

Praveen Sreeramagiri and Ganesh Balasubramanian *

Department of Mechanical Engineering and Mechanics, Lehigh University, Bethlehem, PA, United States

As efforts associated with the exploration of multi-principal element alloys (MPEAS) using
computational and data-intensive methods continue to rise, experimental realization and
validation of the predicted material properties require high-throughput and combinatorial
synthesis of these alloys. While additive manufacturing (AM) has emerged as the leading
pathway to address these challenges and for rapid prototyping through part fabrication,
extensive research on developing and understanding the process-structure-property
correlations is imminent. In particular, directed energy deposition (DED) based AM of
MPEAs holds great promise because of the boundless compositional variations possible
for functionally graded component manufacturing as well as surface cladding. We analyze
the recent efforts in DED of MPEAs, the microstructural evolution during the laser metal
deposition of various transition and refractory elements, and assess the effects of various
processing parameters on the material phase and properties. Our efforts suggest that the
development of robust predictive approaches for process parameter selection and
modifying the synthesis mechanisms are essential to enable DED platforms to
repeatedly produce defect free, stable and designer MPEAs.

Keywords: multi-principal element alloys, directed energy deposition, laser metal deposition, grains, crack
formation, melt pool

MULTI-PRINCIPAL ELEMENT ALLOYS

Cantor et al. (Cantor et al., 2004) and Yeh et al. (Yeh et al., 2004) demonstrated a new strategy to
design phase stable alloys focusing on the center of the phase diagram (Figure 1). This concept
ushered a new dimension to alloying multiple principal elements that are mixed in notable
proportions, yet producing single-phase solid-solutions. The genesis of multi-principal element
alloys (MPEAs) since has inspired researchers worldwide to examine many of the potential 10"
elemental combinations that could be possibly realized (Cantor, 2014). A subset of MPEAs, the high-
entropy alloy (HEA) refers to those that consist of five or more principal elements, each occupying
relatively high concentrations (~5-35 at.%) in the alloy composition (Figure 1), and forming a single
phase random solid-solution due to the enhanced configurational entropy (Yeh et al., 2004). The
continued interest in MPEAs and HEAs can be attributed to the remarkable mechanical properties
demonstrated by certain compositions, such as high yield strength at elevated temperature, superior
hardness and creep resistance etc. relative to conventional dilute solid-solution and precipitation-
strengthened alloys (Gludovatz et al., 2016; Singh et al., 2018; Rickman et al., 2019; Gianelle et al.,
2020; Roy et al., 2020, 2021b; Khakurel et al., 2021). These underlying strengthening mechanisms for
such intriguing properties are primarily ascribed to lattice strain, short-range order effects and
sluggish diffusion (Senkov et al., 2010; Mishra et al., 2015; Sharma et al., 2016; Fernandez-Caballero
et al,, 2017; Ding et al., 2018; Antillon et al., 2020; Roy et al., 2021a; Sreeramagiri et al., 2021), while
high fatigue endurance limit and toughness are credited to the competing behavior of twins and
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FIGURE 1| Comparing dilute (conventional) and concentrated (MPEA) solid solutions: (A) In a ternary phase diagram conventional alloys are constrained to corners
of the compositional space, whereas MPEAs occupy regions near the center of the phase diagram. (B) Random segregation of various elements can occur in MPEAs
pertaining to a single phase solid-solution, while a sparse distribution of minor proportions of alloying elements is noted in conventional alloys.

MPEA

Traditional alloy

dislocations (Mishra et al, 2015; Sharma et al, 2021).
Interestingly, ternary (ie., low entropy) alloys can possess a
superior strength relative to the high-entropic quaternary or
quinary counterparts when the former assumes a high lattice
strain resulting from the difference of the atomic radii of
constituent elements (Laplanche et al., 2017; Roy et al,
2021b). These findings further corroborated that the
strengthening in MPEAs is predominantly driven by short
range order and misfit strain energies between the different
elements (Antillon et al.,, 2020).

A Case for High-Throughput Synthesis of
MPEAs

The ever-increasing literature on MPEAs is still limited to extend
across the enormous magnitude of realizable elemental
combinations, and hence a large part of the compositional
landscape remains to be explored. Data-intensive and theory-
guided computational techniques, including CALPHAD
(Kozeschnik and Buchmayr, 2001; Andersson et al, 2002;
Saunders et al., 2003), first principles and atomistic methods
(Plimpton, 1995; Kresse and Furthmiiller, 1996; Kresse and
Joubert, 1999), and machine learning (Sharma et al., 2017b;
Roy et al, 2020, 2021b; Roy and Balasubramanian, 2021;
Singh et al., 2021a, 2021b), have facilitated the interrogation of
this vast compositional space to design and discover new MPEAs
with targeted properties (Gao and Alman, 2013; Sharma et al.,
2016, 2017a, 2017b, 2018; Haase et al, 2017; Sharma and
Balasubramanian, 2017; Osei-Agyemang and Balasubramanian,
2019, 2021; Rickman et al., 2019, 2020; Singh et al,, 2019, 2021a,
2021b; Johnson et al., 2020; Roy et al., 2021a, 2021b; Sreeramagiri
et al,, 2021; Roy and Balasubramanian, 2021). Nevertheless, the
promising composition-structure-property predictions derived
from such compute-intensive techniques require robust
experimental validation, preferably through combinatorial and
high-throughput syntheses (Singh et al., 2018; Roy et al., 2021b;
Roy and Balasubramanian, 2021), such as metal additive
manufacturing (AM), which has demonstrated its potential in
alloy development (Dinda et al., 2008, 2009; Jia and Gu, 2014;
Ramakrishnan and Dinda, 2019; Sreeramagiri et al., 2020b,
2020a). These manufacturing platforms can throttle the pace
to screen numerous MPEA compositions within a fraction of the
time invested towards traditional processes such as arc-melting

(Huang et al., 2012a; Kunce et al., 2013, Kunce et al., 2014, 2015;
Welk et al., 2013; Yue et al.,, 2014; Choudhuri et al., 2015, 2017;
Sistla et al., 2015; Dobbelstein et al., 2016; Ocelik et al., 2016;
Borkar et al., 2016; Wang et al.,, 2017; Joseph et al., 2017; Li et al.,
2020b; Sreeramagiri et al., 2020b). Reducing the synthesis period
to produce a population of MPEAs for experimental validation of
the computational predictions will promote rapid scrutiny,
discovery and development of novel alloys.

An Opportunity With Metal Additive

Manufacturing
Additive manufacturing (AM) (a.k.a. 3D printing/solid free form
fabrication) is the process of adding material layer by layer in
accord with a computer aided design (CAD) to fabricate the
desired component (Gibson et al., 2014; Wohlers and Tim, 2014).
Since the commercialization of the foremost 3D printing
techniques, viz., stereolithography (SLA) and selective laser
sintering (SLS), several other methods have been introduced
such as material jetting, binder jetting, sheet lamination, and
directed energy deposition (Deckers et al., 2014; Sames et al,
2016). Metal-based AM draws special attention due to the
complex solidification behaviors and resultant microstructures
that evolve during the fabrication. Despite these challenges, laser
based AM has proven to be adaptable for the fabrication of
various alloy parts (Frazier, 2014; Bandyopadhyay and Traxel,
2018; Moorehead et al., 2020; Sreeramagiri et al.,, 2020b). The
ability of metal AM to manufacture components with intricate
geometries, eliminates the need for tools and dyes, particularly for
prototyping (Sreeramagiri et al., 2020a). Metal AM spans across a
wide range of applications from energy, defense, transportation to
healthcare (Dinda et al., 2008; Sreeramagiri et al., 2020b, 2020a).
Broadly metal AM can be categorized into 1) powder bed
fusion (PBF) and 2) directed energy deposition (DED), as
illustrated in Figure 2. PBF operates by spreading a thin layer
of metal powder on the substrate followed by heat source (laser or
electron beam) that selectively melts and solidifies the powder. In
contrast, DED directs a focused heat source (laser/electron beam/
metal arc) at a specified coordinate on the substrate to create a
melt pool followed by depositing the feedstock (powder/wire)
therein to create a clad of the material (Sreeramagiri et al., 2020a).
Since a melt pool is created prior to the deposition of the
feedstock, the constraints on the build rate due to the feed
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FIGURE 2 | (A,C) An overview of metal additive manufacturing processes according to ASTM (adopted from Hybrid Manufacturing Technologies)
(Hybridmanutech, 2020); (B) Schematic of the powder bed fusion process illustrates a roller laying powder on the bed followed by a laser melting the cross section of
part; (D) Schematic of direct energy (laser metal) deposition displays the laser melting a spot on the substrate while depositing the powder into the melt pool (Sreeramagiri
et al., 2020b).
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FIGURE 3 | A microstructural evolution during LMD of CoCrFeMnNi MPEA. (A) The microstructural characterization of clad near the melt-pool boundary; (B) A
magnified representation of the melt pool boundary with equiaxed and columnar grains near the solid-liquid interface; (C) A magnified view of the epitaxially guided
columnar growth from the solid-liquid interface; (D) A top view of the laser scan track; (E) A magnified display of (B) reveals the formation of equiaxed grains at the solid-
liquid interface due to the concentrated energy source at the start; (F) A schematic representation of region “A” equiaxed grains in the melt-pool region surrounded

by atmosphere, region “C” being the location of the melt-pool, with the peak intensity of the laser guided by a gaussian function, and region “B” is the overlap region
where the melt-pool boundary facilitates a heterogenous nucleation point for columnar grains (Adopted from (Tong et al., 2019)).
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TABLE 1 | Processing parameters and their associated energy densities for various additively manufactured MPEAs.

Alloy family

C00.5CrCug sFeNiy sAITip 4

AlCoCrCuFeNi
AICoCrFeNi

Remelted x = 0.7
Remelted x = 0.8
Remelted x = 1
As-deposited
Direct Deposition

Deposition with intermediate

layer

AlCoCrFeNi + YPSZ

ALCoCrFeNi  x = 0.3
x=0.6
x =0.85
x=0.3
x =0.6
x =0.85

AlL,CoCrFeNi  x < 0.37
0.41 < x
<048
0.52 < x
< 1.06
x> 1.16

Al 3CoCrFeNi

AlTaCrFeNi
FeCrCoMnNi

Phases
exhibited

BCC+L21+Cu-rich Precipitates

BCC
BCC+B2

FCC + BCC
FCC + BCC
BCC
BCC

B2/BCC

Composite

FCC
FCC+BCC
BCC
FCC
FCC+BCC
BCC

FCC
FCC + BCC

FCC + BCC/B2

BCC/B2

FCC

Multiple Phases
FCC
FCC

Heat
treating
temperatures

N/A

600°C - BCC
800°C - BCC + FCC
+0
1000°C - BCC + FCC
1200°C - BCC + FCC

N/A

N/A

1000°C
1000°C
1000°C

N/A

As-deposited
500°C
620°C

N/A

500°C - FCC

Process parameters Cracks
Laser Beam Scan Layer Energy Yes/
power diameter speed thickness density No
w mm mm/min mm J/mm?®
— - — — — No
2,592 1 120 0.35 3,702.84 No
500 0.2 150 0.15 6666.65 No
500 0.2 1800 0.15 555.55 No
500 0.2 2,400 0.15 416.66 Yes
300 1.2 300 0.65 76.92 No
450 1.2 600 0.65 57.69 No
300 1.2 300 0.65 76.92 No
600 2.3 300 0.75 69.56 No
550 2 — 1 — Yes
550 2 - 1 - No
800 3 800 0.25 79.99 No
800 3 800 0.25 79.99 —
800 3 800 0.25 79.99 —
800 3 800 0.25 79.99 —
1,000 — 240 - - Yes/No
3,000 1,200
800 4 800 0.25 59.99 No
800 4 800 0.25 59.99 No
800 4 800 0.25 59.99 No
800 2 800 0.49 61.22 —
1,000 2 800 0.49 76.53 —
1,200 2 800 0.49 91.83 —
150 — 760 - - No
300 0.5 102 0.254 1,389.52 —
300 0.5 102 0.254 1,389.52
300 0.5 102 0.254 1,389.52
600 2.3 300 0.75 69.56 No
370 1.2 800 0.35 66.07 Yes

Ref

Choudhuri et al.
(2015)

Yue et al. (2014)
Kunce et al. (2015)

Ocelik et al. (2016)

Cui et al. (2019)

Wang et al. (2017)

Li et al. (2017)

Joseph et al. (2015)

Chao et al. (2017)

Li et al. (2018)

Nartu et al. (2020)

Ocelik et al. (2016)
Haase et al. (2017)
Tong et al. (2019)

(Continued on following page)
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TABLE 1 | (Continued) Processing parameters and their associated energy densities for various additively manufactured MPEAs.
Phases
exhibited

Alloy family

Gao and Lu, (2019)

No

0.6 24.99

600

300

N/A

FCC + BCC precipitates in Grain

Boundaries

FCC

Guan et al. (2019)
Xiangt al. (2019b)

No
No

289.85

0.46
0.4

300
500
500
500

0.6

400
1,000
1,200
1,400

166.66

1.8
1.8
1.8

FCC

No

199.99

0.4

No

233.33

0.4

DED of MPEAs

material can be circumvented by employing relatively high layer
heights as a function of the beam diameter (bg). Laser based metal
DED, often referred to as laser metal deposition (LMD), offers
several advantages such as combinatorial and functionally graded
part fabrication, multicomponent alloy sub-elements for devices,
and surface engineering by cladding (Sreeramagiri et al., 2020a;
2020b).

Most of the metal AM processes employ rapid melting and
solidification of a metal/alloy powder to complete the part layer by
layer. These melting-solidification cycles exert cooling rates ranging
between 10°-10°K/s (Li and Wang, 2010; Sreeramagiri et al,
2020a), crafting certain artifacts affecting the grain growth
(Figure 3). For instance, Figure 3A represents one such artifact;
the melt pool boundary, which results from a Gaussian laser power
distribution. Tracing this boundary into the melt, reveals an
epitaxially guided columnar growth in a direction opposite to the
heat transfer (Figure 3B); however, the origins of columnar growth
are equiaxed grains near the lower end of the boundary and
indicative of a lower temperature gradient near the melt pool
boundary (Figure 3E) (Tong et al., 2019; Sreeramagiri et al., 2020a).

The grain growth mechanism within the melt pool can be
correlated with the interaction of laser with the HEA. The initial
high intensity of laser beam promotes a low thermal gradient at
the pool boundary when processing a bulk alloy sample, which
consequently promotes an equiaxed growth followed by
epitaxially guided columnar grains (Tong et al, 2019). As a
result, the melt assumes highly textured microstructures
(Joseph et al, 2015) and lattice strains (Sreeramagiri et al.,
2021), which contribute to strengthening in the alloy (Roy
et al, 2021b) and may occasionally be detrimental for
printability (Ramakrishnan and Dinda, 2019; Sreeramagiri
et al., 2020a).

MICROSTRUCTURES AND PROPERTIES
OF MPEAS PROCESSED THROUGH DED

Certain MPEAs have been synthesized and subsequently
characterized using the DED process (Chen et al., 2018; Li W.
etal., 2018, 2019; Gorsse et al., 2018; George et al., 2019; Ostovari
Moghaddam et al., 2021). Given the expansive compositional
palette, we classify and analyze the findings for transition-metal
based and refractory MPEAs, to collate the insights gained and
the prospective for continued efforts.

The Cantor (CoCrFeMnNi) Family of MPEAs

The stable single phase of CoCrFeMnNi accompanied by its
ductility makes it a good candidate material for laser metal
deposition (LMD) to produce crack free, fully dense deposits
(Choudhuri et al., 2015; Haase et al., 2017; Li R. et al., 2017; Wang
et al., 2017, 2021; Qiu et al., 2018; Yao et al., 2018; Chew et al,,
2019a; Gao and Lu, 2019; Guan et al,, 2019; Tong et al., 2019;
Xiang et al., 2019b, 2019a). However, insufficient energy densities
during deposition can lead to cracks. Tables 1, 2 list the
processing parameters employed for various alloys and their
associated mechanical properties. Tong et al. (Tong et al,
2019) reported a marked of difference of £20% ductility when
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Ref
Joseph et al. (2015)
Wang et al. (2017)
Nartu et al. (2020)

Ductility
1.0 (true Strain)
0.5
0.25
21.6 + 4% (Compressive true)
27%
28%

500 + 10 MPa
600 MPa
750 MPa

Ultimate tensile strength
2.8 + 0.2 GPa (Compressive true)

Mechanical properties data if available

Yield strength

200 MPa (True Stress)

400 MPa (True Stress)

1,400 MPa (True Stress)

1.15 £ 0.15 GPa (Compressive true)
410 MPa
500 MPa
630 MPa
260 MPa (compressive true)

Energy density
J/mm?®
59.99
79.99
1,389.52

Phases exhibited
As-deposited

FCC
FCC+BCC
BCC
B2/BCC
FCC

0<85COC|'FeNi

o. 3COC?’F€NI
0.6CoCrFeNi
CoCrFeNi

.3CoCrFeNi

TABLE 2 | Mechanical properties of various additively manufactured MPEAs presented in Table 1.

Alloy system

Al
Al
Al
Al
Al

18%
52% (compressive true)

FCC + L1,
FCC
FCC

Haase et al. (2017)

66.07
28.12-46.87

FeCrCoMnNi

Tong et al. (2019)

50 + 20%

530 + 30 MPa

330 + 30 MPa

Gao and Lu, (2019)
Guan et al. (2019)

57%

620 MPa
600 + 20 MPa
400 + 20 MPa
500 + 20 MPa
550 + 5 MPa

460 MPa
517 MPa

24.99

FCC + BCC precipitates in Grain Boundaries

FCC

17%
40 + 20%
40 + 15%

289.85

Xiang et al. (2019b)

189

166.66

FCC

199.99

50 + 5%

290 MPa

233.33

DED of MPEAs

the process parameters are modified to tailor the microstructures
and consequently the mechanical properties. Microstructures of
the tensile test samples under the influence of three different laser
powers revealed cracks initiated from pores of the sample
processed at 28.12 J/mm’. In contrast, the increased ductility
of other samples, while retaining their strength, is conjectured as a
consequence of reduced porosity that hinders the crack
propagation, and the formation of fine grains resulting from
high cooling rates (Chew et al, 2019b; Guan et al, 2019).
Moreover, AM based fabrication is known to induce residual
thermal stress of ~180 MPa (Guan et al., 2019). The thermal stress
imparts an increased dislocation density in the component that
subsequently renders plastic deformation (Sreeramagiri et al.,
2021). Heat-treatment relieves these stresses, in turn enhancing
the ductility of the alloy (Tong et al., 2019; Xiang et al., 2019b;
Guan et al,, 2019).

CoCrFeMnNi alloy predominantly favors a single-phase FCC
solid solution (Figure 4A), with an infinitesimal fraction of Cr
and Mn rich precipitates within the grains (Figure 4C). In
contrast to the strengthening precipitates, Cr and Mn-rich
precipitates act as the crack initiation sites and are considered
detrimental to the mechanical properties (He et al., 2014; Qiu
et al., 2018). Formation of these precipitates is attributed to the
presence of Mn in composition and are eliminated in its absence
(Gali and George, 2013). Besides precipitation, a homogenous
distribution of candidate elements is realized in the alloy as
evinced in Figure 4D. In addition to the precipitates within
the grains, Gao et al. (Gao and Lu, 2019) reported the
precipitation of BCC phase within the grain boundaries. The
secondary BCC phase is attributed to the grain boundary wetting
phase transformations (Lopez et al., 2004; Straumal et al., 2008,
2012). An incomplete grain boundary wetting and the energies
associated with the interfaces lead to the formation of a different
phase along the grain boundaries.

Transition Metal MPEAs With Al Addition

Inclusion of Al in transition metal based MPEAs, essentially
variations of Co-Cr-Fe-Ni composition, demonstrates a
pronounced effect on the crystallographic phase by
promoting a greater lattice misfit (Ma et al., 2017), valence
electron configurations (Guo et al,, 2011) and atomic packing
efficiencies (Wang et al., 2009). These effects contribute to
improving the MPEA’s thermal stability (Ocelik et al., 2016)
as well as their mechanical, electrical and magnetic properties
(Chouetal., 2009; Borkar et al., 2016). A gamut of FCC and BCC
structures are realized from LMD processing of Al,CoCrFeNi
MPEAs as a function of Al content (0 < x < 2) (Joseph et al,,
2015, 2017; Kunce et al., 2015; Sistla et al., 2015; Ocelik et al.,
2016; Borkar et al., 2016; Wang et al., 2017; Chao et al., 2017;
Choudhuri et al., 2017; Ma et al., 2017; Li et al., 2018; Nartu
et al., 2020). Specifically, x = 0.15-0.37 promotes an FCC phase,
followed by a BCC/B2 precipitation in FCC at x = 0.41. Further
increase in Al results in BCC/B2 domination at x = 0.69 with the
initiation of FCC precipitation at the grain boundaries (~3.6%
FCC phase fraction from XRD and EBSD). The alloy exhibits a
single phase BCC/B2 at x = 1.16 (Joseph et al., 2015; Li et al,,
2018).
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FIGURE 4 | (A) XRD plots of CrFeCoNi and CrMnFeCoNi HEAs represents the formation of a single-phase solid solution (Wang et al., 2021), (B) Optical micrograph
of CrFeCoNiMn HEA with a typical dendritic structure, (C) SEM image of CrFeCoNiMn reveals the presence of Cr and Mn-rich precipitates in the grains, (D) EDS map
reveals a homogenous composition distribution of candidate elements in the alloy (Qiu et al., 2018).

50pum

Co Ni

Figure 5 displays the microstructural evolution of
Al,CoCrFeNi MPEA, with the XRD (Figure 5A) suggesting
the formation of single-phase solid solutions. As presented in
Figure 5B, a minimal addition of Al in the alloy (x = 0.3) can lead
to segregation (of Al) in the grain boundaries, while maintaining a
homogenous distribution within the grain. Although the XRD
advocates the realization of single-phase solid solutions,
scrutinizing the microstructures at various compositions
reveals the formation of secondary precipitates. Examining the
EDS maps within the precipitates, corroborate the formation of
Al-Nirich B2 precipitates in the BCC matrix alongside FCC when
x = 0.6 (Figure 5C). Further increase in Al (beyond x = 0.8)
promotes the domination of BCC while inverting the matrix and
precipitates to form an ordered B2 matrix with disordered BCC
precipitates (Figure 5D). These transformations in the crystal
structure cause a significant increase in the hardness of material,
while maintaining the elastic modulus, as illustrated in Figure 6
(Kunce et al., 2015; Nartu et al., 2020).

In addition to hardness, certain fractions of Al in the MPEA
(0.3 £ x < 0.6) modify the grain microstructure from columnar to
equiaxed due to an enhanced thermal conductivity with
increasing Al concentration (Kukshal et al, 2018).
Nonetheless, continued increase in Al reverts back the MPEA
grains to columnar structures due to the phonon scattering across
the dual phase boundary (Joseph et al., 2015). Heat treating the
as-deposited samples at 1200°C improves the compressive
strength and corrosive resistance of the alloy (Wang et al,
2017). Besides heat-treatment, hot isostatic pressing can
potentially enhance structural properties of MPEAs, though o
phase precipitation is reported during the processing (Joseph
et al., 2018).

The presence of steep thermal gradients during the processing
promotes the formation of columnar grains with preferred
orientations. Occasionally, these grain alignments result in

asymmetric tensile and compressive properties due to the
formation of deformation twins (Wang et al., 2017; Joseph
et al, 2017). Again, the high hardness of AlCoCrFeNi is
occasionally insufficient to achieve the targeted wear
resistance; this limitation is often circumvented by adding
yttria (partially) stabilized ZrO, (YPSZ) to AlCoCrFeNi (Li
et al, 2017). The suspended YPSZ particles serve as the
primary heterogenous nucleation sites and support the growth
of finer grains that enhance the mechanical properties such as
wear resistance, although occurrence of cracks in the deposited
samples requires deeper scrutiny.

The complex melt pool dynamics coupled with the dilution of
the alloy on the substrate during LMD necessitates the substrate
composition to be compatible with the clad material to eliminate
the formation and propagation of cracks. For instance, deposition
of AICoCrFeNi on AISI 304 leads to cracks at the interface due to
incompatible thermal expansion coefficients (ay) (Cui et al,
2019), while a SS316L substrate with a;, = 9 x 107/K close to
that of AlICoCrFeNi (9-13 x 107%/K (Chou et al., 2009)) produces
crack free deposits. Irrespective of the choice of substrates,
selection of improper processing parameters can lead to the
formation of cracks during deposition. In addition to electrical
and mechanical properties, Al,CoCrFeNi family of MPEAs also
exhibit novel magnetic properties. A variation in x from 0 to 1.3
increases the saturation magnetization in the MPEA, but the
same decreases for x > 1.3 (Borkar et al., 2016). The trends in the
magnetic properties are attributed to the phase stabilities of the
alloys.

Evaporation of the principal elements due to the differences in
boiling points constitutes another challenge for MPEA synthesis
using LMD. When processing CoCrCuFeNiAl MPEA on a Mg
substrate, Yue et al. (Yue et al., 2014) observed evaporation of Mg
due to the excess thermal energy directed on the substrate to
suitably melt all the alloying elements. Additionally, Cu diffused
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FIGURE 5 | Effect of Al content on the microstructural evolution of ALCoCrFeNi. (A) XRD plot reveals the realization of multiple phases under varying Al
composition, (B) x = 0.3: single phase FCC solid solution with Al segregation along the grain boundaries and homogenous distribution of candidate elements in the alloy,
(C) x=0.6: duplex FCC+BCC/B2, reveals Cr-Fe rich BCC phase containing B2 Al-Ni rich precipitates, (D) x = 0.8: Single phase inverted microstructure, with Al-Ni rich B2
matrix and Cr-Fe rich BCC precipitates (adopted from (Joseph et al., 2015)).
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FIGURE 6 | Effect of Al content on the mechanical properties of AIxCoCrFeNi. (A) Increasing Al content does not have a significant effect on the elastic modulus, (B)
Hardness of the alloy increases as the Al content is increased (adopted from Mu et al.). (adopted from (Li et al., 2018)).

into the Mg melt during the processing and the solidification  coherent interfacial layer. The interfacial transition layer revealed
mechanism followed the Mg-Cu phase diagram. The alloy  a B2 crystallographic phase with a distinct sub-lattice occupancy
exhibited a dual phase BCC/B2 crystal structure with a 1.5nm  resembling a L2; ordered Huesler-like compound (Welk et al.,
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FIGURE 7 | A schematic illustration of the multi-step laser metal
deposition. Step-1 represents the laser impinging on the substrate and
depositing the powder in the melt pool. Step-2 illustrates the laser melting and
solidifying the same track without powder to homogenize the

deposited clad.

2013; Choudhuri et al, 2015). Likewise, during LMD of
TiVCrAlSi equimolar MPEA using elemental powders on a Ti-
6Al-4V substrate, evaporation of Al is recorded due to its low
boiling point. These evaporation issues can be mitigated by
calibrating the powder input as a function of the evaporation
rates during the process parameter selection. The TiVCrAlSi
MPEA produced a BCC matrix with (Ti,V)sSi; ordered
precipitates that in turn contributed to an enhanced wear
resistance (Huang et al., 2012b).

Refractory MPEAs

DED synthesis of MPEAs composed of refractory elements is of
significant interest due to the limitations on the mold
temperatures for conventional processes like casting or powder
metallurgy (Kunce et al., 2013; Kunce et al., 2014). On the other
hand, LMD is accompanied by process induced artifacts such as
pores and cracks, and their tendency to rapidly oxidize
(Dobbelstein et al., 2016, 2018, 2019; Stawovy, 2018; Li et al.,
2020b; Moorehead et al., 2020). The high melting points of the
refractory metals mandate the utilization of a high laser power,
while the rapid cooling intrinsic to the process creates high
thermal stresses that contribute to the formation of cracks
during the deposition. Techniques employing a single-track
weld bead have proven challenging for the processing of
MoNbTaW (Dobbelstein et al, 2016) and TiNbZrHfTa
(Dobbelstein et al., 2018) MPEAs, whence cracks are formed
in the deposit due to high thermal stresses. An approach to bypass
the crack formation is through pre-heating of the substrates (Li
et al,, 2020b). Pre-heating the substrate to 500°C promotes a
brittle to ductile transition in certain elements such as W (Li B.-S.
et al., 2020), which can inhibit cracks in the deposit (Dobbelstein
et al,, 2016; Li et al., 2020b). A modification to the LMD by
employing multi-step deposition can potentially prevent the
genesis of cracks. As illustrated in Figure 7, multi-step LMD
involves one pass for deposition (depositing and melting the
powder) and a few additional passes, termed as “re-melting,”
along the same line without the feed material by a defocused the
laser beam. This approach has proven favorable to achieve
homogenous dense depositions when processing refractory
MPEAs (Dobbelstein et al., 2016).

It is important to note that the extensive differences in melting
points and high laser powers cause insufficiently melt elements,
poor fusion of the alloy, and in select cases, the evaporation of

DED of MPEAs

elemental powders. Figure 8 illustrates the microstructures from
the deposition with a single laser pass that fails to melt a certain
fraction of the powder particles (as evinced through EDS) due to
the induced energy being inadequate for the fusion. However,
remelting the deposited track without powder ensures sufficient
power to melt all the powder particles, realizing a homogenous
compositional distribution as shown in Figure 8B. Evaporation is
an even greater concern during in-situ alloying when a wide
temperature difference exists in the melting points of the
constituent principal elements. Powder calibration and use of
pulsed laser source to deposit the alloy is deemed as a potential
solution to overcome this drawback (Moorehead et al., 2020).
Deposition of Mo, Nb, Ta, W libraries using this technique
enables the evaluation of several compositions, which assume
a single-phase disordered BCC solid-solution (analyzed through
XRD). The BCC in these alloys is stabilized by the addition of Nb,
while B2 precipitates form with an increase in concentration of
Ta, as shown in Figure 9. Characterization of one of these
libraries demonstrates a homogenous candidate distribution
with relatively small grains (compared to arc-melting) as
presented in Figure 10. Scrutinizing the microstructures,
suggests the domination of grains by W and Ta, with the
grain boundaries populated with Mo and Nb. This mode of
segregation is attributed to the difference in solubility of
elements in liquid and solid phases (from a thermodynamic
standpoint) in conjunction with the effects of undercooling.
Further homogenization of these alloys can be achieved by
heat-treatment.

Processing of a medium entropy MoNbTa (BCC) alloy by
DED revealed a significant improvement in ductility at the cost of
yield strength relative to arc-melted samples (Li et al., 2020b). The
reduction in yield strength is attributed to the metallurgical
defects such as cracks during the fabrication by LMD,
although a fundamental mechanism to explain the increase in
the ductility with the presence of cracks in the deposit is
warranted. The lack of data on the AM of MPEAs offer
inconclusive evidence for such observations, but provide the
motivation for continued efforts in this research domain.

OUTLOOK

The exploration and discovery of novel MPEA compositions has
been accelerated by computational and data-enabled methods
such as machine learning. Still, validation of these predictive
MPEA compositions and subsequently the component
fabrication using conventional techniques remains a challenge.
AM can assist in high-throughput experiments by combinatorial
synthesis of a large population of MPEAs from within a family of
metals, transition to refractories and beyond. However, the
complex solidification behavior due to the high cooling rates
and differences in the melting points of the constituent elements
often induce unanticipated artifacts in the microstructures.
Specifically, the steep thermal gradients and the rapid cooling
foster directional solidification, epitaxial growth, and highly
textured microstructures in the alloys. On one hand, MPEAs
can benefit from these material features, especially fine-grained
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FIGURE 8 | LMD of MoNbTaW refractory MPEA. (A) Representation of the initial deposition track of the MPEA. Unmelted powder particles can be seen all over the
track due to lack of sufficient power during deposition. (B) Remelted track of the MPEA. A clear, mixed and a homogenous track can be seen after remelting the initially
deposited track. Remelting was done with significantly higher power that can suitably melt most of the particles (Dobbelstein et al., 2016).
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FIGURE 9 | Quaternary phase diagram of MoNbTaW family of refractory
MPEAs. The illustration highlights the stable phases at 300°C spanning the
numerous possible compositions of this family (Moorehead et al., 2020).

microstructures, and possess superior mechanical properties
relative to those synthesized by conventional subtractive
manufacturing techniques. On the other hand, microstructural
phase evolution in these alloys during DED, can also be
detrimental when mismatch in substrate and MPEA lattice
and thermal properties is evinced, and can lead to the
formation of cracks as a function of composition. For
instance, the transition metal based CoCrFeNiMn MPEA

when alloyed with Al exhibits an increased lattice misfit,
resulting in relatively higher hardness, but with cracks due to
incompatible substrate and/or process parameters. Hence, defects
arise primarily due to the substrate-material incompatibility. On
the other hand, refractory MPEAs are naturally hard due to their
crystallographic phase and assume cracks due to the lack of
sufficient energy densities (E = #;f, where; P-laser power,
v-scan speed (m/s), by-beam diameter (mm) and t-layer
thickness (mm)). Here, defects are a consequence of improper
processing parameters employed, potentially due to poor
weldability (as a function of the composition) of the alloy.
Thus, an intelligent selection of substrate material and
temperature, process parameters and modified multi-step
deposition approach, as discussed above, can eliminate such
artifacts related to DED fabrication of functional MPEA
components, albeit at an increased cost.

In the context of high-throughput synthesis for alloy
development, candidate compositions (within a family of
alloys) which do not crack while deposition (using a wide
range of process parameters) are deemed to be easily printable
with modest and quick process optimization strategies. Process
optimization for these candidates is directed towards minimizing
process induced porosities and applies to a set of compositions,
thus enabling rapid screening of alloys with a single set of process
parameters (Sreeramagiri et al, 2020b). On the contrary,
compositions with inherent cracks realized during deposition
are deemed hard to process and need further optimization
techniques, which may be resource expensive (specifically for
refractory MPEAs). Nevertheless, post alloy discovery, the
conundrum of optimizing process parameters for difficult to
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FIGURE 10 | A comparison of grain sizes and distributions in samples processed via additive manufacturing and arc-melting, (A) AMed sample reveals the
formation of small grains due to the undercooling effects, (B) relatively larger grains in arc-melted samples. Both the processes reveal a near homogenous composition
distribution with W and Ta within the grains, while the Mo and Nb segregated at the boundaries (adopted from (Moorehead et al., 2020)).

synthesize alloy compositions versus resorting to fabricable
materials with a compromise on mechanical properties is
application-specific and requires deeper scrutiny. This
challenge relates to emerging research efforts geared towards
establishing  relations  between  composition-substrate
compatibility as well as process parameter selection and
printability, to tailor compositions and microstructures for
targeted properties.

For the processing of refractory MPEAs, the high melting
temperatures of the principal elements dictate the application of
excessive laser power and energy density. Such high temperature
processing, increases the possibility of oxidation of the
constituent metals, necessitating the need to include elements
in the MPEA composition that can form passivating (and
possibly complex) stable oxides on the sample surface.
Moreover, the density of the MPEA and the compositional
defects such as porosity are also dependent on the employed
process parameters. Hence, an effective approach to overcome
these defects for reproducible and robust LMD of MPEAs will be
to implement data-informed optimal processing parameters (P,
v, t, etc.) to achieve fully dense deposits (de Oliveira et al., 2005;
Shen et al,, 2015; Bandyopadhyay and Traxel, 2018; Debroy et al.,
2018; Michopoulos et al., 2018; Johnson et al., 2019; Scime and
Beuth, 2019; Sreeramagiri et al., 2020a, 2020b; Deneault et al., 2021;
Zhang et al,, 2021). A thorough understanding of the physical and

V (mm/s) Low Quality
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FIGURE 11 | A 3D landscape for the design of experiments (DoE)
comprising the laser power (Lr), scan speed (V) and the powder flow rate (m).
Ahigh laser power with a low velocity is inefficient, while a high velocity with a
low laser power is detrimental to the deposit quality. Therefore, a tradeoff
between these parameters is important to achieve high quality deposits.

microstructural effects that DED processing parameters inflicts on
various properties of the alloy (viz., mechanical, chemical,
electrical, etc.) is of paramount importance (Figure 11). These
process-structure-property  relations in conjunction with
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conventional design of experiments will aid in an efficient choice of
process parameters leading to fully dense, defect-free and stable
deposits.
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