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• A high-throughput bulk materials syn-
thesis technique was developed.

• HEA sample arrayswere produced via in
situ alloying of elemental powders.

• HEA samples were homogeneous and
single-phase disordered BCC.

• SEM, EDS, and XRD was performed
while samples remained on build plate.

• CALPHAD modeling was used to map
the Mo-Nb-Ta-W composition space.
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High-entropy alloys (HEAs) are a class of alloys that can exhibit promising properties including enhanced irradi-
ation resistance, high-temperature strength, and corrosion resistance. However, they exist in a relatively unex-
plored region of quasi-limitless composition space. Thus, to enable the development of promising
compositionally complex alloys, such as HEAs, high-throughput methods are needed. Such high-throughput ca-
pabilities are developed and presented in this work. In situ alloying through additive manufacturing was
employed to produce arrays of different HEA compositions. Sample arrays were then characterized by scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD), all while
remaining on the build plate. The top surface of each sample was compositionally homogeneous, as determined
by EDS, and each sample exhibited a single-phase, disordered crystal structure, as determined by XRD. CALcula-
tion of PHAse Diagrams (CALPHAD) modeling was used to determine the equilibrium phases of each HEA com-
position at lower temperatures, the results of which were compared with XRD results. Implications of high-
throughput synthesis techniques and the coupling of high-throughput characterization andmodeling techniques
are discussed in the context of alloy development.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematic illustration of the LENS MR-7 system used in this study.
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1. Introduction and motivation

Unlike conventional alloys, which typically comprise a single pri-
mary element with minor alloying elements added to modify the prop-
erties, HEAs are composed of multiple principle elements often in near-
equimolar ratios. An alloy is commonly considered to be anHEA if it has
multiple principle elements present in concentrations between 5 at.%
and 35 at.% [1]. Beyond novelty, HEAs have gained interest for their
promising properties including enhanced irradiation resistance [2],
high-temperature strength [3], and corrosion resistance [4]. Individual
HEAs have previously been synthesized using arc melting [5], spark
plasma sintering (SPS) [6], mechanical alloying (MA) [7], and physical
vapor deposition (PVD) [8], among other classical metallurgical tech-
niques. However, the vast space of possible compositional variants
under the HEA definition makes synthesis, characterization, modeling,
and optimization of HEA compositions impractical using conventional
methods. Development of accelerated, high-throughput techniques for
the production and screening of novel alloys, such as HEAs, is thereby
necessary if the development of compositionally complex alloys is to
progress efficiently.

To date, most high-throughput alloy synthesis techniques rely on
producing compositional gradients to form a range of alloy composi-
tions, as is the case for diffusion multiples [9,10], combinatorial thin
films [11–14], additively manufactured gradients [15–17], combustion
synthesis [18], and in situ nanotip melting [19]. Inherently, this limits
the usability of these materials for materials testing and characteriza-
tion since a single composition of interest typically only exists in a van-
ishingly thin 1D line or 2D plane. Moreover, the chemically graded
structures are thermodynamically unstable which minimizes their util-
ity for testing at elevated temperatures where diffusion is no longer
negligible. More recent work has sought to produce arrays of discrete
material compositions by depositing varying amounts of a single ele-
mental powder onto a metallic substrate and alloying the powder into
the substrate by laser melting [20], however, such techniques are lim-
ited to producing patches of alloyed material at the surface of the sub-
strate whose compositions cannot be varied independently from the
substrate material. Consequently, the need exists for high-throughput
synthesis techniques capable of producing bulk (3D) samples of freely
chosen compositions, with microstructures that more closely resemble
that of industrial materials.

Using HEAs as a venue for developing such high-throughput tech-
niques, this work seeks to extend high-throughput materials synthesis
to bulk materials such that it may be coupled with existing high-
throughput characterization and modeling techniques. Specifically, im-
plementationof additivemanufacturing and the further development of
in situ alloying techniques have enabled the printing of different HEA
compositions, in 3D-component arrays, on a single build plate. The
printing of such arrays on a single plate has enabled the use of high-
throughput microstructural characterization techniques, the results of
which will be presented herein, in addition to enabling future high-
throughput testing of compositional arrays.

2. Methods and materials

To rapidly produce arrays of different HEA compositions, additive
manufacturing in the form of directed energy deposition (DED) was
performed using an Optomec LENS MR-7, schematically represented
in Fig. 1. The LENSMR-7 is a powder-based metals 3D printer operating
in a closed chamber filled with argon and fed by four independently
controlled powder hoppers. Powders from each hopper are drawn
into a gas line of flowing argon by the rotation of an auger located at
the base of each hopper. These powders are aggregated in a central
gas line and consequently mixed by the turbulent gas flow during tran-
sit to the printhead. At the printhead, the mixed powder is sprayed out
by four nozzles, with rotational symmetry about the optic axis of the
printhead, where it encounters a laser impinging on the surface of the
build plate. The laser, with an approximate spot size of 600 μm and
focal point ~380 μm below the surface, forms a melt pool on the surface
of the build plate where incoming powder heated by the laser becomes
incorporated. This melt pool can then be dragged across the surface of
the build plate, bymoving the stage it is affixed to, leaving behind solid-
ified material in its wake. A continuous solid/liquid interface is main-
tained as the laser moves along the build path, and cooling rates in
excess of 103 K/s can be obtained in 3D geometries [21]. By steering
the path of the laser across the surface of the build plate through stage
movements, material can be deposited in arbitrary geometries.

For this research, hoppers in the LENS MR-7 were each filled with a
single elemental powder, either Mo, Nb, Ta, orW. These elements were
selected to produce compositions near that of the four-component equi-
molar HEA MoNbTaW, which has been previously shown to form a
single-phase solid solution [22,23]. Furthermore, this alloy is predicted
to be stable over a broad temperature range [24,25], reducing the likeli-
hood of phase transformations, which can cause changes in geometry
and additional stresses in the printed part. Additionally, by maintaining
separation of elemental powders prior to printing, access to any linear
combination of the four elements is achievable.

Plasma spheroidized Mo, Nb, Ta, and W powders, each in the size
range of ~45 μm–150 μm (−100/+325 mesh), were procured from
the company HC Starck and the morphology and size distribution can
be seen in Fig. 2. While broad size ranges of powders and the presence
of irregularly shaped powders have been linked to defects, including
lack-of-fusion porosity, in additively manufactured parts using
powder-bed techniques [26,27], it is still unclear that this relationship
applies to parts manufactured through DED techniques, which feature
blown powder, higher laser powers, and slower scan speeds. For this
work, the size range of powders recommended by the LENS manufac-
turer was used to ensure proper functioning of the powder handling
components.

Nominal dimensions of the printed parts were 6.35 × 6.35
× 3.175 mm, comprised of five print layers each with a hatch spacing
of 0.381 mm; the hatch pattern was rotated 60° between each layer.
The Z step size was 0.254 mm, however in practice the deposited
layer height was approximately twice this, depending on composition.
To ensure sufficient homogeneity, after the final deposition pass, a
remelting pass was performed whereby the laser was rastered across
the sample surfacewithout being fed powders from the hoppers. Depo-
sition passes were performed with a laser power of 800 W and a scan
speed of 25.4 cm/min and remelting passes were performed with a
laser power of 1000W and a scan speed of 177.8 cm/min. The increased
scan speedwas found to be necessary to avoid high back reflection from
the laser. The total time required to set the composition of, print, and re-
melt a single sample stub was b5 min. All samples stubs were printed
onto 316 stainless steel build plates (100 × 100 × 6.35 mm). The
argon atmosphere was sampled continuously throughout each printing
campaign, and the measured oxygen concentration was reduced to
b10 ppm before printing. However, after the onset of printing, themea-
sured oxygen concentration quickly dropped to b1 ppm, due to oxygen



Fig. 2. Backscatter SEM images of Mo, Nb, Ta, and W powders used in this study, sourced from HC Starck.
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gettering by the printed material, and remained at this level for the du-
ration of each printing campaign.

In this work, calibrations were performed to measure the mass flow
rate of each elemental powder as a function of auger RPM for their re-
spective hoppers, the results of whichwere used in final build composi-
tion predictions. Three printing iterations producing a total of 40 sample
stubswere performed. 31 samples are included in the analysis hereinaf-
ter as the remaining samples were produced as part of other parameter
optimization experiments. In each iteration, all printing parameters
were kept constant except the powder hopper RPM, which was varied
to produce different compositions while maintaining a total atomic
flow rate of ~0.1 mol/min (~12–15 g/min) for each composition.

Arrays of printed samples were imaged using a JEOL JSM-6610
scanning electronmicroscope (SEM) at theWisconsin Nanoscale Im-
aging and Analysis Center, equipped with energy-dispersive X-ray
spectroscopy (EDS) for chemical analysis. Phase identification was
performed using X-ray diffraction (XRD) with a Bruker D8 Discover.
Lattice parameters were calculated from extrapolation of the Nelson-
Riley function using collected XRD data [28]. All initial microstruc-
tural characterization (XRD, SEM, EDS, etc.) was performed non-
destructively without removing samples from the build plate. After
initial characterization, 2–3 samples from each build plate were re-
moved and polished for more in-depth microstructural and chemical
analysis using SEM and EDS.
Fig. 3. Build plates featuring Mo-Nb-Ta-W arrays from the a) first, b) second, and c) third printi
blasted before imaging.
For comparison of the additively manufactured microstructure with
that of conventional metallurgy, a ~50-g ingot of the equimolar
MoNbTaW HEA was cast using an Arcast Arc200 arc melter. Precursor
materials were elemental foils of Mo and Ta, small billets of Nb, and W
wire, all N99.9% in purity. The cast ingot was flipped and remelted mul-
tiple times to ensure macroscopic chemical homogeneity.

In addition to experimental work, high-throughput computational
methods were employed to assess the phase stability of the HEA com-
positions produced via additive manufacturing. The CALPHAD (CALcu-
lation of PHAse Diagrams) approach was chosen for its relative
accuracy and computational efficiency in calculating equilibriumphases
by applying an energy-minimization procedure to large thermody-
namic databases of Gibbs energies, as a function of temperature, pres-
sure, and composition [29,30]. Specifically, the computation software,
PanDat™ [31], equipped with a high-throughput calculation (HTC)
tool, was used to develop quaternary phase diagrams in the Mo-Nb-
Ta-W composition space.

3. Results

For reference, pictures of the build plates from each printing itera-
tion are shown in Fig. 3. The top surfaces of the printed sample stubs
were found to be wavy, but smooth and reflective suggesting minimal
oxidation has occurred during synthesis. The height variation within a
ng iterations. Note: for clarity, build plates from the second and third iterations were sand
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single stub is not thought to be substantial enough to impact chemical
or crystallographic measurements by energy-dispersive spectroscopy
(EDS) or X-ray diffraction (XRD), however samples would likely need
to be mirror polished for meaningful further irradiation, corrosion, and
mechanical testing.

3.1. Compositional predictions

One challenge of alloying elemental powders in situ is controlling
the final composition of the built part. The difficulty is that several var-
iables such as elemental vapor pressure, powder geometry, powder re-
flectivity, elemental mixing enthalpies, etc. can affect how the powders
absorb energy from the laser and how much of the material enters the
melt pool and mixes. The result is that often the composition of the
powder exiting the nozzles of the 3D printer is not necessarily the com-
position of the final part. As such, multiple iterations of printing and
prediction refinement were necessary to narrow the gap between ac-
tual compositions (measured from EDS line scans across the sample
surface) and predicted compositions, the results of which are shown
in Fig. 4.

3.1.1. First iteration
The predicted compositions for the first printing iteration were

based solely on the mass flow rate versus powder hopper RPM calibra-
tions, performed separately for each element. The result of each powder
calibration experiment is a relationship shown by Eq. (1).

�mi ¼ αi � RPMð Þi þ βi ð1Þ

Here, �mi is the mass flow rate of element i which is related to the
RPM selected for that powder hopper by experimentally determined co-
efficients αi and βi. While a non-zero value for βi would not seem intu-
itive (as this would imply a non-zero mass flow rate while the powder
hopper is idle), most of the elements studied had value for βi whose
magnitude was non-negligible. Possible reasons for this include a po-
tential minimum RPM for the stepper motor which would be necessary
for smooth, continuous auger rotation. From the mass flow rate mea-
surements, the mass fraction, wi, of species i in the incoming powder
is simply the ratio of the mass flow rate of species i over the total
mass flow rate as shown in Eq. (2).

wi ¼
�miPn

i¼1
�mi

¼ αi � RPMð Þi þ βiPn
i¼1 αi � RPMð Þi þ βi

� � ð2Þ
Fig. 4.Measured composition of additively manufactured sample stubs versus the predicted co
denotes a 1:1 prediction while the light gray lines adjacent are ±5-at.% and ± 10-at.% contour
Similarly, from Eq. (2), usingMi as the molar mass, the atomic frac-
tion, xi, of species i can be written as shown in Eq. (3).

xi ¼ Mi � �miPn
i¼1 Mi � �mi

¼ Mi � αi � RPMð Þi þ βi
� �

Pn
i¼1 Mi � αi � RPMð Þi þ βi

� � ð3Þ

For the first printing iteration, compositions near the equimolar
MoNbTaW composition were explored by varying the powder hopper
RPMs using Eq. (1). These measured sample compositions were com-
pared retroactively to the compositions predicted using Eq. (3) and are
shown in Fig. 4a. Here it can be seen that the actual sample compositions
are greatly depleted in Mo and enriched in Nb and W compared to the
predictions.While likely caused by several phenomena occurring in con-
cert, previous studies have observed similar trends with Mo and Nb,
whichwere attributed to the relatively high vapor pressure ofMo leading
to volatilization as well as the relatively low melting point of Nb leading
to preferential melting [32]. The enrichment ofW, however, is not easily
explained by trends in melting point or vapor pressure and may instead
be a result of other extrinsic characteristics of theW powder, such as the
morphology or reflectivity, though this remains speculative at this point.

3.1.2. Second iteration
Rather thanmounting a bottom-up campaign todetermine thepow-

der and system characteristics that give rise to the discrepancies be-
tween the predicted and measured sample stub compositions, a top-
down approach was taken by lumping all of the effects into a single
fitting term, R, dubbed the retention rate. Using this fitting parameter,
the predicted atomic fraction of each element in the printed material
can be written as shown in Eq. (4).

xi ¼
Ri �Mi � �miPn
i¼1 Ri �Mi � �mi

¼ Ri �Mi � αi � RPMð Þi þ βi
� �

Pn
i¼1 Ri �Mi � αi � RPMð Þi þ βi

� � ;where 0≤Ri ≤1

ð4Þ

The retention rate for each element was then calculated by
performing a least-squares fit on Eq. (4) using the measured composi-
tions from the first printing iteration, αi and βi values from the mass
flow rate calibration experiments, and input RPMs.

For the second iteration, all possible compositions of the
A20B30C20D30 type (e.g. Mo20Nb30Ta20W30, Mo30Nb30Ta20W20, etc.),
the A20B20C20D40 type (e.g. Mo20Nb20Ta20W40, Mo20Nb40Ta20W20,
etc.), and the equimolar compositionwere targeted. Using Ri values cal-
culated from applying Eq. (4) to the data from the first printing itera-
tion, the RPMs necessary to achieve these final compositions were
mposition for the a) first, b) second, and c) third printing iterations. The black dashed line
s.
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calculated proactively and used for printing the second iteration. Com-
parison of the measured compositions and the predicted compositions
for the second iteration are shown in Fig. 4b. Here the data is organized
into columns (a direct result of the targeted compositions) and im-
provements have been made over the first iteration: Mo and W are
within ±10 at.% for all targeted compositions and while Nb is overrep-
resented and Ta is underrepresented, there are several compositions
which also fall within the ±10 at.% range.

3.1.3. Third iteration
While the second iteration provided better predictability over using

powder flow rate measurements alone (compare Fig. 4a and b), there is
still substantial variation in the actual final compositionswith respect to
their predictions. To further improve the predictive capability, for the
third iteration the previous experimentally determined mass flow rate
coefficients (αi and βi) in addition to the retention rate (Ri) were used
as fitting parameters; additionally, the constraint of 0 ≤ Ri ≤ 1 was re-
moved. To refine these fitting parameters, the least-squares fit of
Eq. (4) was then repeated using input RPMs and measured composi-
tions from the second iteration. With the fitting parameters redefined,
RPMs necessary to produce the same target compositions from the sec-
ond iteration were calculated and used for printing the third iteration.

Following the same procedure as before, the actual compositions of
each sample stub were measured using EDS and compared to the pre-
dicted compositions, the results of which are shown in Fig. 4c. Here a
marked improvement is seen in the predictability: both Mo and W are
within ±5 at.% for all targeted compositions and both Nb and Ta are
within ±10 at.% for all targeted compositions. The RPMs used for each
printed stub, as well as the predicted and measured chemical composi-
tions, are given explicitly in Table A1.

3.2. Surface morphology and chemical analysis

The as-fabricated top surface of each sample stub was imaged using
SEM. Both the as-fabricated top surface and the polished top surface of a
Fig. 5. SEM image of a) as-fabricated top surface and b) polished top surface of additively
manufactured nearly equimolar MoNbTaW sample. Sample BR3 in Table A1.
sample stub near the equimolar MoNbTaW composition are shown in
Fig. 5a and b, respectively. The as-fabricated surface morphology ex-
hibits a weld-like pattern that shares the same dimensions and direc-
tionality as the remelting raster pattern. After mechanical polishing,
the grain structure is revealed and exhibits a cellular solidification struc-
ture within the grains. Additionally, most of the sample stubs exhibited
minor intergranular cracking, likely caused by the thermal stresses from
cooling from temperatures N3500 °C (necessary to melt tungsten) to
room temperature in seconds. Importantly, little to no retained
unmelted powder was observed in the remelted region on the top sur-
face of the sample which validates the necessity of laser remelting.

In addition to performing broad EDS line scans to determine the av-
erage composition of each sample, EDS chemical mapping was per-
formed at higher magnification to assess the micro-segregation of
alloying elements. Fig. 6 shows the elemental distribution of both the
additively manufactured and arc-melted equimolar MoNbTaW pro-
duced for comparison.

Generally speaking, from thermodynamics of solidification, segrega-
tion of solute elements will occur as a result of a difference in solubility
of these elements in the liquid and solid phases. While thermodynami-
cally driven, the length scale over which this occurs is dictated by solid-
ification kinetics and specifically the degree of undercooling which can
be related to the cooling rate of the system [33]. Asmay be expected, the
length scale of the cellular structure in the additivelymanufacturedma-
terial is much finer than the dendritic structure in the arc-melted mate-
rial which is indicative of a faster cooling rate in the case of the
additively manufactured material. Both the additively manufactured
and arc-melted equimolar MoNbTaWHEA exhibited similar differences
in chemical composition between the inter- and intra- cellular/dendritic
regions of the as-solidified microstructure. These local compositions,
measured by EDS, are given in Table 1 and are in good agreement
with measurements on arc-melted MoNbTaW from literature [34].

The length scale of the chemical segregation is particularly relevant
when seeking to homogenize the material through heat treatment.
Using x ≈ 2

ffiffiffiffiffiffiffiffiffi
D � tp

as an estimate for the diffusion length and assuming
the interdiffusion coefficients of the two alloys are comparable, the dif-
ference in time required to homogenize each alloy can be estimated.
From inspection of Fig. 6, the interdendritic spacing of the arc-melted
material is estimated to be ~4–5 times greater than the intercellular
spacing in the additively manufactured material. This would suggest
that the arc-meltedmaterialwould take ~16–25 times longer to homog-
enize than the additively manufactured material.
3.3. Phase characterization

X-ray diffraction (XRD) was performed on each sample stub from
the arrays, the resulting patterns of which are shown in Fig. 7 with in-
tensities normalized to the first major peak. Each pattern consists of
purely BCC peaks without additional signals from otherwise forbidden
reflections which would be indicative of ordered phases; as a result,
each compositionwas determined to be a disordered BCC solid solution.
Of note is the variation in relative intensity of the diffraction peaks
within a given diffraction pattern which may be caused by texturing
or the relatively large grains seen in Fig. 5, leading to only a small num-
ber of grains being interrogated. Indeed, it is not uncommon for additive
manufacturing techniques to produce a textured structure or large
grains when depositing using high energy densities [35].

From the XRD patterns, lattice parameters of each alloy were calcu-
lated by performing a Nelson-Riley regression on the lattice parameters
calculated from each reflectionwithin a pattern [28]. Additionally, since
each composition forms a solid solution, the expected lattice parameter
can be calculated from a weighted average of the constituent elements
(Vegard's law) which has been performed and listed for each sample
alongside the measured lattice parameter in Table A1. As may be ex-
pected, ~95% of the measured lattice parameters were within 0.5% of



Fig. 6. SEM image and EDS chemical mapping of equimolar MoNbTaW produced through a) additive manufacturing (sample BR3 in Appendix) and b) arc melting. Note: the images are
taken at the same magnification to illustrate the extent of chemical segregation.
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the lattice parameters predicted using Vegard's law - the measured lat-
tice parameter of only one sample was found to deviate N1% from
Vegard's law.

While every printed samplewas experimentally found to consist of a
single disordered BCC structure, as expected from high-temperature
CALPHAD calculations, it is not known whether this is the thermody-
namically stable phase for each composition at lower temperatures, as
only the equimolar MoNbTaW HEA has been studied extensively in lit-
erature [22–25]. To elucidate this, high-throughput CALPHAD calcula-
tions were performed over the Mo-Nb-Ta-W composition space using
PanDat™, spanning all composition bound by 5 at.% to 50 at.% for each
element, with a step size of 5 at.%, to determine the stable phases at
300 °C. The resultant stable-phase predictions for each composition
were used to produce a quaternary phase diagram, shown in Fig. 8
with the compositions of the additively manufactured samples
superimposed. Here, it can be seen that Nb acts to stabilize the single
disordered BCC phase while Ta acts to destabilize the single disordered
BCC phase, leading to phase separation and formation of an ordered BCC
secondary phase. The vast majority of the alloys produced as part of this
study are predicted to remain thermodynamically stable as a single dis-
ordered BCC at 300 °C, however, some Ta-rich and Nb-poor composi-
tions are predicted to form second phases. Under normal conditions,
the formation of these second phases would not be expected due to
Table 1
Comparison of local chemical compositionmeasured by EDS of equimolarMoNbTaW syn-
thesized by additive manufacturing and arc melting.

Region Additively manufactured Arc melted

Intracellular Intercellular Intradendritic Interdendritic

Mo (at.%) 23 ± 2 26 ± 2 22 ± 2 25 ± 2
Nb (at.%) 23 ± 2 31 ± 2 23 ± 2 32 ± 2
Ta (at.%) 25 ± 2 21 ± 2 26 ± 3 24 ± 3
W (at.%) 29 ± 3 23 ± 3 29 ± 3 19 ± 3
the slow diffusivity of refractory metals at lower temperatures, how-
ever, in a kinetically driven system (such as under irradiation) it may
be possible for such phases to form which could potentially lead to
changes in material properties such as hardening and embrittlement.
It is noted that results from CALPHAD calculations of refractory HEA
compositions at low temperatures must be used conscientiously, as
many of the chemical potentials used for these calculations are the re-
sult of extrapolations from higher temperatures and more dilute con-
centrations [36], which can lead to greater uncertainties – thus
necessitating experimental validation through long-term aging
experiments.

4. Discussion

4.1. Printing considerations

Although visual inspection of the as-built materials revealed crack-
ing along the build-plate/sample interface visible in Fig. 3, the samples
remained well adhered to the build plate. Such cracking is to be ex-
pected given the thermal stresses produced during additive
manufacturing especially with the difference in coefficient of thermal
expansion (CTE) between the stainless-steel build plate and the refrac-
tory samples; the CTE of 316 stainless steel is 2-3× greater than that of
Mo, Nb, Ta, andW at room temperature [37]. Future printing campaigns
will attempt tomatch the thermo-mechanical properties of printedma-
terial with build-plate material selection to minimize thermal stresses
where possible, for example, by using pureMo, Nb, Ta, orWbuild plates
when printing with these elements.

A common challenge encountered when printing with elemental
powders is the incorporation of unmelted powder, and overall lack of
chemical homogeneity in the final product [32,38–40]. This problem
can become more pronounced when working with high-melting-point
materials as was observed in preliminary experiments in the Mo-Nb-
Ta-W system as part of this study. Previous studies have combatted
this problem by using either pre-alloyed or pre-mixed powder



Fig. 7. Composite image of XRD patterns from the 31 sample stubs analyzed. All samples appear to exhibit only a single-phase, disordered BCC crystal structure.
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[41–43] or by introducing remelting passes during printing [32,44,45].
Unfortunately, the use of pre-alloyed or pre-mixed powder immedi-
ately limits the ability to rapidly explore different alloy compositions,
thus in this work laser remelting was used to preserve this capability.

Unmelted powder retention was first minimized in this work by
adjusting printing parameters such as lowering powder flow rates, in-
creasing laser power, lowering scan speed, and decreasing hatch spacing,
Fig. 8. Quaternary phase diagram of Mo-Nb-Ta-W system at 300 °C as calculated using
high-throughput CALPHAD calculations.
specifically to increase the amount of energy deposited per unit mass of
powder and the time each location remains molten during printing. Nev-
ertheless, unmelted powder was still observed to the extent that laser
remelting was still deemed necessary. In the interest of synthesis time,
only a single laser remelting pass at the end of the build was used to pro-
duce a homogeneous layer. This was motivated by future materials test-
ing, such as ion irradiation, corrosion, and micromechanical testing,
performed in the near-surface regions of the material. On the other
hand, this remelting technique could be applied throughout thebuild pro-
cess to ensure a larger extent of chemical homogeneity in the build depth.
Sample stubs of the selected alloys were still required to be built several
layers high to avoid artifacts from the interaction region with the sub-
strate such as interdiffusion of substrate material into the final part.

When performing in situ alloying of elemental powders through ad-
ditive manufacturing, it is also important to bear in mind that the com-
position of the powder being flown through the system may not
necessarily be the composition of the final additively manufactured
alloy. For example, to achieve the near-equimolar MoNbTaW composi-
tion in sample R8.1 (actual composition Mo23Nb24Ta25W28), the com-
position of the powder used was approximately 47 at.% Mo, 9 at.% Nb,
30 at.% Ta, and 14 at.% W. Previous work with this system has related
this discrepancy to themelting point and vapor pressure of the different
elements [32]. However, since numerous other factors including pow-
der oxide thickness [46], powder size distribution [47], powder mor-
phology [48], etc. can also affect the melting and spatial distribution of
elements in the final part, optimization through iterative trial prints ap-
pears much more tractable to achieve desired compositions in lieu of
exhaustive bottom-up modeling efforts.

4.2. High-throughput implications

In addition to greatly expanding the variety of geometries that can
be fabricated as compared to conventional metallurgy methods,
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additivemanufacturing is similarly paving theway for alloy exploration.
Since the number of possible alloy compositions increases dramatically
with each additional constituent, and even more so by varying the con-
centration of each element in a system,most alloy development has oc-
curred near to a singular base element, with few alloying additions.
Thus, a vast space of potential alloys exists relatively unexplored, with
high-entropy alloys residing at the heart of this new frontier.

The experiments presented herein have demonstrated how in
situ alloying through additive manufacturing can be used to explore
the HEA alloy space in a high-throughput manner. Using arc melting
as a representative for conventional alloy synthesis techniques, the
time savings of using in situ alloying through additivemanufacturing
for materials synthesis can be estimated semi-quantitatively with
this study to be approximately one order of magnitude. Moreover,
when considering the time necessary to homogenize arc-melted
and additively manufactured materials through heat treatment, as
shown in Section 3.2, the total time savings increase to over two or-
ders of magnitude when using in situ alloying. For the application of
ion irradiation, corrosion, and micromechanical testing specifically,
there is an additional time savings gained since all samples can be
tested simultaneously without having to load and unload each sam-
ple one at a time. Similarly, the time required to polish each sample
to a surface roughness acceptable per ASTM standard [49], is likely
far greater than would be necessary to polish a sample array on a sin-
gle build plate.

High-throughput alloy development, however, requires additional
aspects beyond materials synthesis, including characterization and
modeling, and in order to achieve a comprehensive understanding of
the material in question, all three are needed. It is thus critical to
match high-throughput alloy processing rates for both fabrication and
property characterization methods, as well as incorporate a high-
throughput computational effort. Alongside the production of combina-
torial thin films [11–14], additive manufacturing is one of the few syn-
thesis methods versatile and fast enough to enable all three aspects to
function synergistically in a high-throughput manner. Moreover, addi-
tive manufacturing affords many of the same flexibilities of combinato-
rial thin film synthesis while being able to produce bulk quantities of
material (i.e. millimeters vs. micrometers of usable material) and can
be readily scaled to produce larger volumes of material and different
sample geometries as needed – a capability not available when using
other high-throughput synthesis techniques.

The high-throughput synthesis and characterization methods
employed in the work have also been used synergistically with
CALPHADmodeling, via the software PanDat™, to assess the phase sta-
bility for the compositions printed from the Mo-Nb-Ta-W system.
While modeling for this work was performed post facto, this need not
be the case. Indeed, with the use of additive manufacturing, coarse
modeling over large composition spaces could first be performed to de-
termine regions of interest which could then be rapidly printed and
characterized in a near-automatic fashion. In addition to microstruc-
tural characterization such as SEM, EDS, and XRD, other testing can be
performed in a similar fashion such as resistivity measurements,
micromechanical testing, and profilometry [50].

5. Conclusions and future work

In this work, high-throughput materials synthesis was combined
with characterization and modeling techniques to form the framework
for an accelerated approach toward alloy development using arrays of
high-entropy alloys in the Mo-Nb-Ta-W system produced by in situ
alloying of elemental powders through additive manufacturing. Use of
separate elemental feedstock powders enabled the selection of any
linear combination of the four elements, thus forming the basis for
high-throughput alloy exploration and synthesis. Three printing itera-
tions were performed to improve the predictive capabilities of the
final sample compositions produced. By the third iteration, targeted
compositions could be printed within±5 at.% for Mo andW andwithin
±10 at.% for Nb and Ta. Sample stubs produced were subsequently
characterized using SEM, EDS, and XRD; all samples were found to be
chemically homogeneous with minimal inclusions of unmelted powder
and exhibit a single disordered BCC crystal structure. All characteriza-
tion was performed non-destructively with samples remaining on the
build plate, enabling future high-throughput testing to be performed
using the same build plate. Additionally, the coupling of high-
throughput synthesis and characterization techniques with high-
throughput modeling was demonstrated using CALPHAD calculations
via PanDat™ to predict the equilibrium phases of each printed alloy
composition at 300 °C.While nearly every composition printedwas pre-
dicted to remain a single disordered BCC crystal structure at 300 °C, cer-
tain Ta-rich and Nb-poor compositions were predicted to form second
phases – however, the slow diffusivity of refractory metals at this tem-
perature would likely inhibit their formation in practice.
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Appendix A

Table A1
Input RPMs, estimated incoming powder composition, printed sample compositionmeasured via EDS, lattice parametermeasured via XRD, and predicted lattice parameter from Vegard's
law for eachof the printed samples included in this study.Note the differencebetween input and actual powderhopperRPM, as this likely changes between systems and software versions.
R(X).1 samples are from thefirst iteration, R(X).2 samples are from the second iteration, and BR(X) samples are from the third iteration. Also note that compositional predictions from the
first iteration are increasingly prone to error at lower RPMs (e.g. sample R9.1) due to scatter in the mass flow rate measurements at low flow rates.

Sample index Sample name Input powder hopper RPM Actual powder hopper Estimated powder Measured sample Lattice parameter

RPM
 composition (at.%)
 composition (at.%)
 (Angstroms)
Mo
 Nb
 Ta
 W
 Mo
 Nb
 Ta
 W
 Mo
 Nb
 Ta
 W
 Mo
 Nb
 Ta
 W
 Measured
 Vegard's law
1
 R1.1
 0.3
 2.1
 −0.4
 2.2
 2.7
 1.7
 2.2
 1.8
 46
 10
 32
 12
 21
 27
 27
 24
 3.218
 3.203

2
 R2.1
 0.0
 2.0
 −0.4
 2.8
 2.5
 1.6
 2.2
 2.2
 41
 8
 32
 19
 18
 22
 28
 31
 3.216
 3.198

3
 R3.1
 1.0
 2.0
 −0.4
 2.2
 3.3
 1.6
 2.2
 1.8
 51
 8
 30
 11
 27
 24
 25
 24
 3.214
 3.227

4
 R4.1
 0.0
 2.0
 0.5
 2.0
 2.5
 1.6
 2.9
 1.6
 41
 8
 41
 10
 18
 24
 36
 22
 3.228
 3.243

5
 R5.1
 1.0
 2.5
 −0.4
 2.2
 3.3
 2.0
 2.2
 1.8
 48
 13
 28
 11
 29
 26
 22
 23
 3.216
 3.225

6
 R6.1
 0.0
 2.5
 0.5
 1.8
 2.5
 2.0
 2.9
 1.4
 40
 14
 40
 7
 20
 28
 33
 18
 3.233
 3.213

7
 R7.1
 1.5
 2.0
 −0.8
 2.2
 3.7
 1.6
 1.9
 1.8
 56
 8
 25
 11
 31
 28
 17
 24
 3.214
 3.221

8
 R8.1
 0.7
 2.1
 −0.4
 2.5
 3.1
 1.7
 2.2
 2.0
 47
 9
 30
 15
 23
 24
 25
 28
 3.220
 3.227

9
 R9.1
 1.2
 1.2
 1.2
 1.2
 3.5
 1.0
 3.5
 1.0
 54
 0
 46
 0
 26
 16
 45
 13
 3.231
 3.243

10
 R10.1
 0.7
 2.5
 −0.5
 2.3
 3.1
 2.0
 2.1
 1.8
 46
 13
 28
 12
 22
 28
 25
 26
 3.218
 3.265

11
 R1.2
 −0.3
 1.9
 −0.2
 2.4
 2.3
 1.5
 2.3
 1.9
 40
 8
 36
 15
 19
 38
 15
 28
 3.218
 3.233

12
 R2.2
 0.0
 2.3
 −1.1
 2.5
 2.5
 1.8
 1.6
 2.0
 44
 13
 26
 16
 21
 42
 9
 28
 3.224
 3.230

13
 R3.2
 0.9
 1.9
 −1.4
 2.3
 3.2
 1.5
 1.4
 1.8
 56
 7
 22
 14
 32
 36
 4
 28
 3.209
 3.214

14
 R4.2
 −0.2
 2.3
 −0.2
 2.0
 2.3
 1.8
 2.3
 1.6
 41
 12
 37
 10
 17
 29
 23
 21
 3.246
 3.247

15
 R5.2
 0.6
 1.9
 −0.6
 1.9
 3.0
 1.5
 2.0
 1.5
 53
 7
 32
 9
 24
 33
 20
 23
 3.226
 3.233

16
 R6.2
 0.9
 2.2
 −1.4
 1.9
 3.2
 1.8
 1.4
 1.5
 57
 11
 23
 9
 29
 44
 3
 24
 3.219
 3.224

17
 R7.2
 1.6
 1.8
 −1.6
 1.8
 3.8
 1.4
 1.2
 1.4
 66
 7
 20
 8
 41
 36
 2
 21
 3.204
 3.210

18
 R8.2
 0.0
 2.7
 −1.0
 2.1
 2.5
 2.2
 1.7
 1.7
 44
 18
 27
 11
 17
 44
 11
 28
 3.237
 3.236

19
 R9.2
 −0.5
 1.9
 0.6
 1.9
 2.1
 1.5
 3.0
 1.5
 38
 8
 45
 9
 15
 32
 34
 19
 3.251
 3.253

20
 R10.2
 −0.1
 2.0
 −1.1
 2.9
 2.4
 1.6
 1.6
 2.3
 43
 9
 26
 22
 17
 38
 10
 35
 3.217
 3.226

21
 R11.2
 0.3
 2.1
 −0.8
 2.2
 2.7
 1.7
 1.9
 1.8
 49
 10
 29
 12
 21
 34
 18
 27
 3.222
 3.231

22
 BR2
 −0.2
 1.2
 −0.6
 2.2
 2.3
 1.0
 2.0
 1.8
 25
 28
 18
 29
 18
 28
 26
 28
 3.228
 3.235

23
 BR3
 0.5
 0.5
 −0.6
 2.2
 2.9
 0.4
 2.0
 1.8
 36
 18
 17
 28
 24
 23
 26
 27
 3.220
 3.227

24
 BR4
 −0.2
 1.2
 0.0
 1.5
 2.3
 1.0
 2.5
 1.2
 25
 28
 27
 20
 18
 24
 39
 20
 3.231
 3.247

25
 BR5
 0.6
 0.5
 −0.1
 1.5
 3.0
 0.4
 2.4
 1.2
 37
 18
 26
 19
 30
 12
 38
 21
 3.217
 3.227

26
 BR6
 0.6
 1.1
 −0.6
 1.4
 3.0
 0.9
 2.0
 1.1
 37
 27
 17
 19
 28
 27
 29
 15
 3.236
 3.236

27
 BR7
 1.3
 0.5
 −0.7
 1.4
 3.5
 0.4
 1.9
 1.1
 47
 17
 17
 18
 45
 13
 24
 18
 3.198
 3.207

28
 BR8
 −0.2
 1.8
 −0.6
 1.5
 2.3
 1.4
 2.0
 1.2
 25
 37
 18
 20
 20
 37
 24
 18
 3.233
 3.245

29
 BR9
 −0.2
 0.6
 0.6
 1.5
 2.3
 0.5
 3.0
 1.2
 25
 19
 36
 20
 20
 15
 45
 19
 3.239
 3.244

30
 BR10
 −0.2
 0.5
 −0.6
 3.0
 2.3
 0.4
 2.0
 2.4
 25
 18
 18
 39
 16
 12
 30
 42
 3.208
 3.219

31
 BR11
 0.2
 0.8
 −0.3
 1.8
 2.7
 0.6
 2.3
 1.4
 31
 23
 22
 24
 25
 17
 32
 26
 3.218
 3.228
Appendix B. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2019.108358.
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