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Development of next-generation gas turbines requires the design and fabrication of novel high-temperature
structural materials capable of operating beyond 1300°C. We propose a high-throughput alloy design frame-
work under multiple-property constraints to discover new refractory multi-principal element alloys (MPEAs) for
high-temperature applications. The framework treats the development of MPEAs as a composition-agnostic
constraint satisfaction problem, i.e., no prescriptions are made concerning the design space before performing
investigatory calculations. We target alloys in the WMoVTaNbAI chemistry space that are predicted to meet
constraints on the following properties simultaneously: single-phase stability, density, solidus temperature, yield
strength at 1300°C, and ductile-to-brittle-transition temperature. These properties are relevant to both appli-
cations in gas turbines and manufacturability. A set of 214 MoNbV-rich alloys meet these relevant constraints.
These feasible alloys are investigated with density functional theory (DFT) to provide a fundamental electronic
basis for their superior properties. Three compositionally representative alloys from the feasible design space
(MoysNbssTasVyis, MoasNbsgVooWs, and MoggNbssTasVasWs) are selected with a k-medoids-based design
scheme for detailed DFT analysis and experimental characterization. The DFT analysis predicted a single-phase
BCC at high temperatures with a high yield strength for all three MPEAs, in agreement with CALPHAD
(CALculation of PHAse Diagrams) and experiments, respectively. These three alloys are benchmarked against a
public database of 1546 MPEAs. Concerning the aforementioned constraints, the MozoNbssTasVasWs alloy
outperforms these 1546 MPEAs. The present work demonstrates the ability of the proposed design methodology
to identify candidate alloys for a given application under multiple property constraints in a combinatorically vast
design space.

1. Introduction

The current state-of-the-art materials used for gas-turbine engine
blades are single-crystal Ni-based superalloys. Modern Ni-base super-
alloys such as the 4th-generation single-crystal CMSX-4® Plus can
withstand extreme mechanical stresses (=820 MPa) at temperatures
approaching 950°C [1]. However, improvements in the efficiency of gas
turbine engines have plateaued, caused partly by inherent limitations in
the high-temperature properties of these superalloys [2]. Therefore,
novel structural materials capable of operating at much higher tem-
peratures while simultaneously being easily manufacturable are needed
to supersede Ni-based superalloys and improve the efficiency of jet
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turbine engines. A paradigm shift, namely high-entropy alloys (HEAs),
has been proposed to meet this design challenge [3,4].

High-entropy alloys (HEAs) consist of 4 or more principal alloying
components with concentrations ranging from 5 to 35 at.% [4,5]. A
further generalization of these alloys are multi-principal element alloys
(MPEASs), which are similar to HEAs but do not have strict prescriptions
for configurational entropy, as is the case with HEAs. While the MPEA
space, in general, is broad [4], the search domain can be narrowed by
considering certain manifolds of the composition space [6]. A manifold
of interest for high-temperature aerospace applications is the refractory
MPEA space [7]. Of particular interest to the design problem in question,
the equimolar refractory high entropy alloys (RHEAs) NbMoTaW and
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VNbMoTaW have been shown to possess a single-phase BCC crystal
structure at high temperatures [8]. Furthermore, these two alloy systems
have exceptional high-temperature yield strength exceeding 400 MPa at
1600°C, thus outperforming current state-of-the-art Ni-based superal-
loys, which have been reported to possess yield strengths below 200
MPa at 1000°C [9]. This indicates that the NbMoTaW or VNbMoTaW
alloy systems may contain alloys capable of replacing Ni-based super-
alloys in jet engine turbine applications.

Regarding the consideration of V in the alloy design space, in an ab-
initio study, Hu et al. [10] showed that the equimolar addition of V to
NbMoTaW resulted in 1) shortening of the pseudo-energy gap, which
decreased covalent bonding and increased metallic bonding in the alloy,
and 2) increased the overlap of the electron clouds between Mo and W
enhancing their interaction force and increasing the yield strength in the
alloy. These studies indicate that the VNbMoTaW alloy space likely
contains alloys capable of maintaining yield strength at extreme
temperatures.

Non-refractory metals (Al, Si, Co, Ni, Ti) have been added to re-
fractory MPEAs in order to enhance certain properties such as yield
strength [11,12], ductility [13], low density [14,15], and oxidation
resistance [11,16,17]. For example, Li et al. [17] showed that the Ti-rich
Tigo.5Zr42 5sNbsTa; g exhibited mixed passivation films consisting of TiOo,
ZrOy, NbyOs, and Tap0Os. Similarly, Han et al. [13] showed that addi-
tions of Ti ductilized the NbMoTaW RHEA. Guo et al. correlated Si ad-
ditions with decreased density and increased high temperature hardness
within the NbTaWMoSiy system (where x = 0, 0.25, 0.5, 0.75) [18]. Of
particular interest is Al. The addition of Al to refractory MPEAs has
shown to have multifaceted benefits. Addition of Al (p =2.702 g/cc) has
been shown to reduce the density [11,14] and increase
room-temperature and high-temperature yield strength of RHEAs via
solid-solution hardening [14,19]. In addition, the inclusion of modest
amounts of Al in HEAs has been shown to increase the oxidation resis-
tance via the formation of protective oxides [11,16]. For example, Ge
et al. added Al to the MoNbTaTiV system and discovered the resulting
alloy possessed improved oxidation resistance [11]. Of particular in-
terest to this work, Kustas et al. [15] developed the ultra-light ultra-hard
Aly5TigsNby3ZrgMogTas MPEA. This MPEA has a Vicker’s hardness of
10-15 GPa and density of 5.7 g/cc. Based on these two measurements the
specific strength of the alloy is estimated to be on the order of 1.8-2.6
GPa-cc/g. This alloy is predominately rich in Al (42 at.%). The authors
attributed the exceptional specific strength of Al4sTipsNbg3ZrgMogTas to
1) the large Al content which decreases the density of the alloy and 2)
the refractory high entropy nature of the alloy which can potentially
increase strength. Specifically, the strength of the alloy was attributed to
local compositional variations which are common in refractory MPEAs
[20]. These local compositional variations can increase the activation
energy barrier for screw dislocation motion, which in turn can promote
non-screw dislocation nucleation and glide along various slip planes
[15,20,21]. The aforementioned studies indicate that the WMoVTaNbAl
alloy space potentially contains refractory MPEAs that may supersede
Ni-based superalloys as structural materials in jet turbine engine
applications.

Regarding alloy design frameworks, several different methods have
been previously utilized for the design of MPEAs. For example, Waseem
[22] deployed a combinatorial design of experiments within the Aly.
CryMo,NbTiZr alloy space where X, y, and z were varied at increments of
10 at.%. However, this design scheme is not composition-agnostic as the
design space was limited to variations of Al, Cr, and Mo. Furthermore,
the search space was restricted to 12 potential designs prior to per-
forming any calculations, whereas, if all elements were varied at in-
crements of 5 at.% considering binary to quinary systems, the total
number of candidate designs would be 53,124.

Likewise, Feng et al. [23] performed high-throughput (HTP) design
of lightweight HEAs for application in aircraft engines within the
Al-Cr-Fe-Mn-Ti alloy space. The authors used a constraint satisfaction
design scheme to filter 3,246 potential designs to 8 feasible candidate
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alloys. However, the constraints used to filter the design space only
ensured formation of a BCC phase with L2; precipitates and did not
account for performance metrics such as yield strength. Furthermore,
their alloy design scheme was defined such that alloying components
could only vary in concentration from O to 50 at.%. Additionally, all
candidate alloys were required to be quinary, avoiding the larger MPEA
space in favor of the RHEA space. This limits the number of candidate
designs from 10,621 alloys if binaries to quinaries were considered and
compositions were allowed to vary from 0 to 100% to only 3,246
candidate compositions, 30.6% of the original space.

Of particular interest to the present work, Singh et al. [24] used a
composition agnostic approach to design MPEAs within the MoWTaTiZr
system using a combination of extended Hume-Rothery criteria, density
functional theory (DFT), and short-range order (SRO) analysis. While
these alloys were designed to be high-strength, they were not screened
based on performance metrics relevant to a particular engineering
application nor was an explicit prediction of yield strength reported.
Furthermore, the authors screened for high strength but did not make
considerations for other important properties, such as density or
ductility. Alloy design cannot be myopic and must account for multiple
constraints and objectives.

Here we seek to take a composition-agnostic and problem-oriented
approach to designing MPEAs. First, in our design formulation, we
specify performance targets, i.e., material integrity during operation in
jet turbine engine blades at 1300°C. We then specify the properties
necessary to realize such performance. Next, we conduct an HTP
filtering of the MPEA space using analytical and CALPHAD-based
(CALculation of PHAse Diagrams) models to down-select alloys that
have properties likely to enable the desired performance. The down-
selected alloys are then investigated with DFT and SRO analysis to
further explain the origin of their superior properties. Finally, using
sparse sampling techniques, three alloys are selected to investigate the
down-selected MPEA space experimentally.

Regarding sparce sampling of chemical spaces, Khan et al. [25]
performed a constraint satisfaction design scheme within the FCC
CoCrFeMnNiV-Al system, narrowing the number of candidate alloys
from 1,000,000 potential designs to just 398 for further analysis with
DFT with the ultimate goal of creating a machine-learning surrogate
model capable of predicting stacking fault energies. To better train their
surrogate, in addition to the 398 alloys that satisfied all constraints, 100
alloys representing the portion of the alloy space that failed to meet the
specified constraints were selected with k-medoids sampling. K-medoids
clustering is an unsupervised machine-learning technique that groups
objects in a feature space according to a defined metric of distance [26].
Following Khan et al., K-medoids clustering can be used as a space-filling
technique, where a design space is discretized into k clusters and the
medoids of these clusters are taken as representative members of their
clusters. Such a method is preferable to a random sampling as it is
guaranteed to generate representative samples of large design spaces via
ensuring all feasible candidates represented in the sampled set, which is
not guaranteed with random sampling, especially under
sparce-sampling conditions [27].

Here, we remedy the aforementioned shortcomings within a single
framework consisting of three steps: (1) HTP composition agnostic
multi-constraint factorial exploration of a refractory MPEA space to
filter for feasible alloys; (2) DFT analysis on resultant feasible space to
explain the fundamental atomic and electronic underpinning for the
superior properties associated with the feasible alloys; (3) K-medoids
sampling to draw representative samples from the feasible space to
further down select viable alloys such that SRO analysis and fabrication
and experimental characterization can be performed.

Specifically, we conduct an HTP composition-agnostic factorial
exploration of the WMoVTaNbAl MPEA space under constraints relevant
to gas-turbine engine applications. We query a suite of CALPHAD,
analytical, and machine-learning models in an HTP manner for 53,124
candidate alloys, identifying 214 alloys that simultaneously meet all
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design constraints. Using DFT calculations, the electronic origins of
high-temperature phase stability and origins of yield strength are
explored within these 214 down-selected alloys. Using a design of ex-
periments based on k-medoids sampling, three alloys that best represent
the feasible, down-selected composition space (MossNbssTasVys,
MoosNbsgVooWs, and MosgNbssTasVosWs) are selected for further
analysis with experimental characterization. Finally, the three alloys are
synthesized and characterized in as-cast and homogenized states to
assess microstructure, phase constitution, density, and high-temperature
yield strength, demonstrating that the selected alloys meet the design
specifications. Computational results are then corroborated with
experimental validation of the three selected alloys. Furthermore, when
application-relevant constraints are considered, we show that only a tiny
fraction of the initial refractory MPEA design space (0.54%) remains
feasible, a more tractable space for decision-making and design.

The properties of these 3 down-selected alloys are then bencmarked
against a public database of 1546 MPEAs reported in literature. Of these
1546 MPEAs, only 2 alloys (MoNbTi [28] and MoNbTaTiV [29]) meet
the phase, DBTT, solidus, and density constraints applied in this work.
Regarding the yield strength constraint, of these 2 alloys, only MoNbTi
has high temperature yield strength data reported up to 1200°C. The
best performing alloy design in this work (MoNbTaVW) has a yield
strength of 480 MPa at 1300°C, 156 MPa greater than the yield strength
of the second best performing alloy (MoNbTi) at 1200°C.

2. Computational methods

HTP Property Models: In line with a composition-agnostic design
scheme, the initial design space considers all alloys within the WMoV-
TaNbAl system and subsystems without any prior preference for
particular regions in the design space. Specifically, the aforementioned
constraints were queried at increments of 5 at.% considering binary to
quinary systems, resulting in 53,124 candidate alloys in total. As this is a
vast design space, any models used in such a design scheme must be
capable of being queried in an HTP manner. For each of the 53,124
candidate compositions, material properties were predicted in an HTP
manner to determine alloy feasibility for high temperature, lightweight,
and high strength applications. CALPHAD modeling was used to predict
phase stability, density, and solidus temperature. Specifically, equilib-
rium simulations were conducted for each composition using Thermo-
Calc’s TCHEA4 database [30]. The high-temperature yield strength was
estimated using an analytical model developed by Maresca and Curtin
[31] based on the theory that strength in refractory MPEAs is dictated by
the glide of edge dislocations through random solute fields. For HTP
screening, the lattice parameters, elastic constants, and solute misfit
volumes are approximated with rule-of-mixture approximations as rec-
ommended by the authors of the model. Details on the implementation
of this model are provided in the Supplemental Materials. The Ductile
to-Brittle Transition Temperature (DBTT) was estimated with a sure
independence screening and sparsifying operator (SISSO) model that
was fit to experimental data captured in an in-house database consisting
of the DBTT of refractory alloys. Additional details on the DBTT model
used in this work can be found in the Supplemental Materials.

Sampling Strategy: Once the feasible design space was identified,
using a K-medoids-based sampling technique, compositionally repre-
sentative alloys were chosen from this down-selected space. K-medoids
clustering is similar to the more well-known K-means clustering in that
cluster centroids are distributed to minimize intra-cluster variance [26].
However, K-medoids differs from K-means in that centroids must be
members of the cluster, whereas, in K-mean clustering, the centroid need
not be present in the data set [26]. Furthermore, k-medoids sampling
goes beyond clustering, making use of the fact that the selection of
medoids can be used as a space-filling technique where a design space is
stratified into k clusters, and medoids are taken as representative
members of their respective clusters. In design of experiments, such
space-filling techniques are preferable to random sampling as they
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typically first stratify the design space; samples are then drawn from
each strata guaranteeing each stratum is represented, which is not
guaranteed with random sampling [27].

Furthermore, a K-medoids-based design of experiments is more
appropriate for alloy design than other space-filling techniques, such as
the popular Latin hypercube sampling technique. This is because Latin
hypercube sampling equally stratifies the design space, and this strati-
fication is unaware of the compositions in the feasible design space. On
the other hand, the results from k-medoids sampling are defined in a
manner that is composition-aware. Because of this, the sampling results
from k-medoids sampling are more interpretable as the strata from
which the medoids were drawn correspond to alloy classes present in the
feasible space. Furthermore, k, the number of samples drawn, can easily
be specified according to experimental resources. In this case, three
compositionally distinct clusters (k = 3) of feasible alloys were defined
via k-medoids clustering.

Density functional theory (DFT) calculations: Phase stability (forma-
tion enthalpy) and mechanical properties (bulk moduli) were deter-
mined using an all-electron, Green’s function Korringa-Kohn-Rostoker
(KKR) electronic-structure method [32]. The configurational averaging
to tackle chemical disorder is handled using the coherent-potential
approximation (CPA) [32], and the screened-CPA was used to address
Friedel-type charge screening [33]. Valence electrons and shallow lying
core electrons affected by alloying are addressed via a scalar-relativistic
approximation (where spin-orbit terms only are ignored) [32-34],
whereas deep lying core is addressed using the full Dirac solutions. The
interstitial electron contributions to Coulomb energy are incorporated
using Voronoi polyhedral [34]. The generalized gradient approximation
to DFT exchange-correlation was included using the 1ibXC opensource
code [35]. Brillouin-zone integrations for self-consistent charge itera-
tions were performed on 24 x 24 x 24 Monkhorst-Pack k-mesh [36].
The charge density is obtained from the function using a complex-energy
contour integration using a Gauss-Laguerre quadrature (with 24-point
semi-circular mesh enclosing the bottom to the top of the valence states).

Chemical SRO Analysis: A detailed understanding of SRO provides
useful guidelines for phase formation and strengthening behavior due to
changes in ordering arising from varying chemical compositions in
MPEAs [37]. Notably, the chemical ordering in refractory MPEAs is
difficult to achieve due to slow atomic diffusivity. However, the pres-
ence of SRO could potentially influence thermodynamic [37] and
physical properties (strength and creep behavior [38,39]), which is
critical for long-term applications. Therefore, the SRO of selected MPEAs
was analyzed wusing linear-response theory [31] that wuses
self-consistently converged potentials and charge density from KKR-CPA
[31]. The linear-response theory directly provides the chemical stability
matrix (Sﬁ (k; T)) and Warren-Cowley SRO parameters (a,, (k; T)) of all
atomic pairs (u — v) in the reciprocal space [31]. The SRO was calculated
from the relation — a(k);‘} = (8w — cv)[("c“—: + %) — BS2)(k; T)],

where 1 = kT, (cu,cy) is composition of (u,v), §,, is Kronecker delta
function, k is wave-vector, T is temperature, and kg is Boltzman con-
stant. For a dominant wavevector (k = ko), the spinodal temperature
(Tsp) signifies an absolute instability to chemical fluctuations (c,, c,),
which provides an estimate for order-disorder (T,_4) or miscibility gap
(Tme) temperature. For N>2, pairs driving ordering (or clustering) will
not necessarily be the same pairs that exhibit peaks in the SRO (due to
the matrix inversion implicit above) [31]. Dominant pairs driving SRO
are identified from curvature (2"d—variation in concentration) of the
KKR-CPA electronic grand potential (giving the interchange energies for
all pairs), yielding energy cost for concomitant fluctuations c,, ¢, at Tgp.
The Sfj) (k; T) of the homogeneously random alloy was determined by
including all electronic effects (band-filling, electrostatics,
exchange-correlation, hybridization, Fermi-surface, and van Hove
states) [40,41] The SRO calculations can also identify the favorable SRO
modes, the associated energy gain, the atomic pairs driving a possible
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phase transition, and its electronic origin [37], offering direct insight
into the ways to tune the materials behavior.

Visualization of Design Space: In Refs. [25,42,43], the authors visu-
alize compositional-property relationships in high-dimensional alloy
spaces by projecting a uniformly sampled compositions space to
2-dimension using t-distributed stochastic neighbor embedding (t-SNE)
[44]. t-SNE is an unsupervised machine-learning non-linear dimen-
sionality reduction technique that can preserve global and local struc-
ture of high-dimensional data after projection to a lower dimension. In
summary, t-SNE maps Euclidean distances in high-dimensional space to
Gaussian distributions, creating joint probability distributions that
represent the similarities between every possible pair of points in the
dataset. The high-dimensional space is randomly projected to two di-
mensions, and in a similar manner, Euclidean distances in
low-dimensional spaces are mapped to Cauchy distributions. Finally, the
Kullback-Leiber divergence between the joint probability distributions
in both high-dimensional and low-dimensional space is minimized by
iteratively rearranging the position of points in the low-dimensional
embedding [44].

In this work, we take a similar approach. We rely on the uniform
manifold approximation and projection (UMAP) dimensionality reduc-
tion technique [45]. UMAP is also an unsupervised machine-learning
non-linear dimensionality reduction technique. By assuming that data
is uniformly distributed on a locally connected Riemannian manifold
[45], UMAP uses local manifold approximations to create a fuzzy to-
pological representation of a high-dimensional space. A
low-dimensional representation of the space is then iteratively opti-
mized to have as close a fuzzy topological representation as possible as
measured by cross entropy. UMAP has been shown to better preserve
both global and local structure in data than t-SNE is able to. This is re-
flected in the resultant projections of the alloy space. More comparisons
between t-SNE and UMAP are discussed in the Supplementary Materials
associated with this work.

3. Experimental methods

Three designed refractory MPEA compositions were synthesized
from high-purity elements (>99.9 wt.%) using a Buehler AM200 vac-
uum arc melter (VAM) under an Ar atmosphere. Each coupon was
flipped and remelted 10 times to ensure homogeneity of the alloys. The
lightest element in the candidate alloys, V, was added to the melt last to
reduce loss due to evaporation during fabrication. Homogenization heat
treatments were performed using a Centorr high temperature furnace
(LF Series, Model 22) under an Ar atmosphere by purging the chamber 3
times before the heat treatments. After the heat-treatments, the candi-
date alloys were furnace-cooled down to room temperature. The selec-
tion of heat treatment time and temperature was guided by the Thermo-
Calc’s Diffusion Module (DICTRA). These calculations were based on the
time required for alloying components to diffuse and eliminate
compositional differences between the dendritic and inter-dendritic re-
gions, and dendrite arm spacing (DAS). The Archimedes method was
employed to measure the densities of the arc melted coupons after heat
treatments by using an analytical balance equipped with a density
determination kit and ethanol (p = 0.789 g/cm®) as an immersion liquid.
Sample profiles were then cut via wire electrical discharge machining
(wire-EDM) to produce compression specimens with a diameter of 6 mm
and height of 9 mm, and a cross-sectional slice for electron microscopy
(SEM/EDX), X-ray Diffraction (XRD), Vickers Microhardness, and
nanoindentation. The cross-sectional slices were polished using abrasive
SiC polishing papers to produce a final polish of 15 pm, then placed into
a vibratory polisher for 48 h in 0.04 pm colloidal silica suspension. The
samples were ultrasonicated for 15 min in an isopropanol bath at 50°C to
clean the surface and remove any residual solution before microstruc-
tural investigation.

The microstructure of the samples was investigated using FEI Quanta
600 FE-SEM with a voltage of 20kV. An Oxford Instruments energy
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dispersive X-ray spectroscopy (EDS) system equipped with X-ray map-
ping and digital imaging was used to determine the composition of the
dendritic and inter-dendritic regions as well as the average composition
of the synthesized alloys. Lattice parameters and phase structures were
determined using a Bruker D8 Discover X-ray Diffractometer equipped
with a Cu K-a X-ray source and a Vantec 500 area detector. The Vickers
microhardness measurements were obtained using a LECO LM-100
Microhardness Tester with an applied force of 500 gf and a dwell time
of 20 s by performing at least 10 measurements in each sample following
ASTM E92-17 standard. A minimum of ten times of the Vickers diagonal
length is used as indentation spacing from the edges and between the
indents to obtain hardness measurements along the cross-sectional sli-
ces. Room temperature nanoindentation experiments were performed
using a Hysitron TI-950 Triboindenter with a maximum load of 10,000
uN; a total of 25 equally distributed indents have been used in a 100 um
by 100 pym region. Nanoindentation experiments are performed only
after the heat treatments to reduce the uncertainty caused by the den-
dritic microstructure in the as-cast condition. High-temperature
compression experiments were conducted on a Gleeble uniaxial
compression setup (Gleeble 3500) at 1300°C with a strain rate of 0.01
s 1. Ambient temperature compression experiments are performed
using a Material Testing Systems (MTS) servomechanical test frame with
a strain rate of 0.001 s ™. The 0.2% offset method is used to measure the
yield strength values of the materials after the compression experiments.

4. Results and discussion

Design Formulation: The process-structure-property-performance
(PSPP) chain is a critical tool in materials design [46]. Specifically, in
this work we seek linkages between structure, property, and perfor-
mance. Candidate materials for applications in gas turbine engines must
meet various design constraints that relate the materials structure and
properties to predicted performance. Regarding structure, in order to
ensure no undesired phases form during operation, we restrict the
feasible alloy space to single phase BCC compositions with stability from
1300°C to its solidus temperature. Regarding properties, candidate al-
loys must be capable of operating at 1300°C, therefore, it is required that
the solidus temperature associated with these alloys be well above the
operation temperature. Following the rule-of-thumb that the maximum
operating temperature of an alloy is typically near 2/3 of its melting
temperature, an alloy required to operate at 1300°C must have a melting
temperature (Tsoidys) of at least 1950°C. We stipulate that feasible alloys
must have a Tsoliqus > 2000°C. Regarding density (p), because many gas
turbine engines are used in the aerospace industry, candidate alloys
must be lightweight. The density (p) of Ni-based superalloys is on the
order of 9 - 10 g/cc [47], therefore, we stipulate feasible alloys must
have a p < 9 g/cc near their solidus temperature. As mentioned,
candidate alloys will be subjected to centrifugal forces and other
inherent operating stresses that result in creep [48], and thus, the
feasible alloys must have a predicted yield strength at 1300°C (o4
greater than 150 MPa. Candidate alloys must have a yield strength at
least above the stresses that will be applied at 1300°C creep testing,
therefore this yield strength constraint was defined based on the stan-
dard temperatures and stresses applied during creep tests, i.e. 137 MPa
at 1100°C [49]. For this reason, ¢} > 150 MPa was defined as the yield
strength constraint. The intrinsic brittleness of refractory MPEAs is a
known bottleneck in their development and deployment in engineering
applications [3]. Regarding manufacturability, to ensure candidate al-
loys are workable and resistant to cracking at reasonable temperatures,
we stipulate that feasible alloys must have a DBTT < 400 K. These
constraints (as summarized in Table 1) are used to screen for feasible
alloys within the candidate design space. It should be noted that the
design constraints described above (and in Table 1) are derived directly
from specifications by the Department of Energy’s ARPA-E ULTIMATE
program [50]. Thus, the present alloy design formulation has practical
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Table 1
Summary of constraints, the number of designs that pass each constraint, and the
information source associated with each constraint.

Constraint N Samples that Pass Information Source
Constraint

p < 9 g/cc at Solidus 14,016 Thermo-Calc Equilibrium
Simulation

Tsolidus > 2000°C 24,208 Thermo-Calc Equilibrium
Simulation

Single Phase BCC at 1300°C 27,284 Thermo-Calc Equilibrium

and Tsolidus Simulation

o7 > 150 MPa at 1300°C 22,219 Curtin-Maresca Model

DBTT < 400 K 11,053 SISSO-Based Model

All Constraints 214 N/A

relevance.

High-Throughput Screening of Refractory MPEAs: Relevant property
data was queried for all 53,124 candidate designs. To visualize the
relationship between composition and alloy properties in this MPEA
system, we project this 5-dimensional alloy space into 2-dimensions
using UMAP embedding, as shown in Fig. 1. Alloys of similar composi-
tion are mapped closer to each other in the 2-dimensional embedding,
however, there is no strictly quantitative relation between the distance
separating two points and their compositions. The corners and edges of
this hexagonal UMAP correspond to unary and binary compositions,
respectively. Ternaries appear closer to corners and edges than quater-
naries would appear. The higher the configurational entropy of the
alloy, the closer to the center the alloy will be embedded in 2-dimen-
sions. More details about this visualization technique can be found in
the Supplementary Materials.

After relevant property data was queried for every composition in the
total set of 53,124 candidate designs, constraints were applied to filter
for candidate compositions that are predicted to meet constraints rele-
vant to applications in gas turbine engines. In the top row of Fig. 1,
candidate alloys that fail a particular constraint are depicted in gray
while alloys that meet a specific constraint are colored according to the
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value of the property of interest. Alloys that perform well with respect to
a particular constraint are depicted in yellow and while alloys narrowly
meet a particular constraint are shown in dark purple.

Because Al is typically a minor alloying component in refractory
systems to improve oxidation resistance, it is expected that Al-rich re-
gions of the design space would fail the BCC phase stability constraint, as
shown in the UMAP projection of the design space in Fig. 1 (A1). In high
concentrations, Al destabilizes the BCC phase in alloys within this re-
fractory chemistry space, whereas refractory elements promote the
formation of a BCC phase. Furthermore, Fig. 1 (A2) depicts the BCC
phase fraction of every candidate alloy plotted against alloy complexity
(the configurational entropy prior to scaling with the Boltzmann con-
stant) and colored according to the at.% of refractory elements present
in the alloy. Points containing 50 at.% or more of a particular element
are colored according to the majority element. Increasing refractory
content corresponds to increased stability of the BCC phase. Finally,
Fig. 1 (A3) is a scatter plot of BCC phase fraction against Al content. The
number density of points is indicated with a superimposed kernel den-
sity estimation (KDE). Fig. 1 (A3) demonstrates how increasing Al
content decreases the predicted mol fraction of the BCC phase in
candidate alloys.

Regions rich in the densest alloying components W and Ta fail the
density constraint. This is depicted in Fig. 1 (B1) where alloys in the Ta-
rich and W-rich corners of the UMAP projection fail to meet the density
constraint. Furthermore, Fig. 1 (B2) depicts the density of candidate
alloys plotted against alloy complexity. The color for each element in B2
matches the color of that element in Bl. From this visualization is
evident that W-rich and Ta-rich alloys fall well above the density
constraint. Finally, the densifying effect of W and Ta is shown in Fig. 1
(B3) where the density is plotted against the concentration of each of
these elements. Increasing W and Ta content leads to the violation of the
density constraint.

The elements in the alloy space with the lowest melting temperatures
are Al and V with the melting temperatures of 660°C and 1910°C,
respectively. Thus, regions rich in these two elements fail the solidus
temperature constraint, as shown in the UMAP projection of the design
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of interest against alloy complexity (unscaled configurational entropy) and uses color as a third axis that depicts compositions greater than 50 at.% of a single
element. The second row demonstrates how alloying complexity and composition affect properties of interest. The third row shows the individual effect of alloying
additions by plotting the at.% of alloying elements against properties of interest. ST: Solidus Temperature, SS: Solid Solution, HT: High Temperature i.e. 1300°C.
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space as shown in Fig. 1 (C1). Elements that contain 50 at.% of V or Al
fall below the solidus constraint as shown in Fig. 1 (C2). The melting
temperature of V is 1910°C, just below the solidus temperature
constraint of 2000°C. Binary alloys are shown on the left side of the
scatter plot whereas more chemically complex alloys are on the right.
From this it is evident that additions of elements with higher melting
temperature can cause V-rich alloys to pass the solidus constraint. All
elements depicted have melting temperature below that of W. Because
of this, an increase of any element besides W will cause some degree of
melting point depression. This melting point depression is increased
with increasing alloy complexity, as can be seen in Fig. 1 (C2). Fig. 1
(C3) shows the individual effect of alloying components on the melting
temperature of alloys. An increase in Al and/or V will lead candidate
alloys to violate the solidus temperature constraint.

Because the Curtin-Maresca model is only valid for BCC MPEAs, the
BCC constraint is applied first, followed by the yield-strength constraint.
Alloys that are BCC yet fail the yield strength constraint are depicted as
dark grey in Fig. 1 (D1). Regarding yield strength, high-entropy W-rich
regions have the highest predicted yield strength, however, these same
W-rich regions fail the density constraint. According to Fig. 1 (D2), W-
rich binaries have the highest predicted yield strength followed by Mo-
rich binaries, Ta-rich binaries, V-rich binaries and finally Nb-rich bi-
naries. As alloy complexity is increased this rank-ordering according to
yield strength is preserved, i.e., W-rich MPEAs have the highest

Acta Materialia 248 (2023) 118784

predicted yield strength followed by Mo-rich MPEAs. Fig. 1 (D2) also
demonstrates how yield strength increases with increased alloy
complexity. This can be attributed to solid solution strengthening as
captured in the Curtin-Maresca model. In Fig. 1 (D3), the induvial effect
of increasing the concentration of elements is investigated. Nb has a
purely ductilizing effect on the alloys and contributes little to solid-
solution strengthening. There is an optimum concentration of V that
contributes to solid-solution strengthening; This optimal concentration
is 25-30 at.% V. Beyond this optimum concentration of V, the yield
strength of candidate alloys begins to diminish. These results are in
agreement with analysis performed by Yin et al. [51] where they
demonstrate that, because of its large atomic mismatch within refractory
MPEA lattices, inclusions of V at 25 at.% is optimal for strengthening
BCC high entropy alloys.

Because the SISSO-based DBTT model is intended for HTP screening
of the alloy space as opposed to high accuracy, we first apply the solidus,
density and phase stability constraints, followed by the yield strength
constraint. After narrowing the number of candidate compositions, the
last constraint applied is the DBTT constraint. In Fig. 1 (E1), alloys that
do not pass the four constraints mentioned above are depicted in light
gray, whereas alloys that pass these four constraints but do not pass the
DBTT constraint are shown in dark gray. According to the UMAP in
Fig. 1 (E1), the DBTT constraint removes V-rich regions in the design
space. From Fig. 1 (E2), it is clear that upon application of the DBTT

a) Filtering of

1.0

Initial
Distribution

(1)

0.8

0.6

0.4

0.2

Design Space Lean lich Lean Ric

Proportion of Feasible Space

0.0 T T T T T T T T T
02 04 06 08 1.0 02 04 06 08 1.0 0.2

T T

06 08 10 02 04 06 08 10 02 04 06 08 10

Composition (mol. Frac.)

b) Chemical Signatures after Filtering

(1) Single Phase BCC

(2) Single Phase BCC
Density

(3) Single Phase BCC
Density
Solidus

(4) Yield Strength Single Phase BCC
Density
Solidus

Yield Strength Single Phase BCC
DBTT Density

Frequency Density (KDE Est.)
oroS Orol; Orl; CrS OrR

Solidus

0

ng ‘! — (5)
0.2 0.4 0.6

0.8 1

Composition (mol. Frac.)

w — Ta

—V

Fig. 2. (a) Visualization of how the feasible design space is reduced as filters are applied. The initial distribution of all elements in the design space is given by the
gray line in the empirical cumulative distribution function (ecdf) plots. These ecdf plots depict the proportion of the dataset that falls below each value present in the
dataset. As filters are applied, the feasible space is depleted in Al, Ta, and W and enriched in Mo, Nb, and V. (b) Visualization of how the chemical signature of the
design space is reduced as filters are applied. The distribution of elements shown as KDE plots fitted over histograms of the concentration of all elements in the

design space.



B. Vela et al.

constraint, the space is enriched in the ductile element, Nb. The duc-
tilizing effect of Nb is further seen in Fig. 1 (E3), where Nb causes a
monotonic decrease in the DBTT, whereas Mo and V cause embrittle-
ment at concentrations near 20 at.% to approximately 40 at.%.

Table 1 lists each constraint and the corresponding number of
satisfactory compositions. When considered individually, no constraint
reduces the design space to a tractable number of candidate designs.
When all constraints are considered simultaneously, only 0.54% of the
initial design space remains feasible. As more constraints are considered,
the feasible space becomes richer in MoNbV. This preference for
MoNbV-based alloys can be seen in Fig. 2 a(5) as the final feasible set of
alloys lies near the MoNbV-rich corners of the UMAP projection.

Upon inspection of the feasible space, we would expect alloys that
meet all constraints to be rich in Nb, Mo, and V. For a quantitative
analysis, a histogram depicting the relative frequency an element ap-
pears in the feasible space at a certain composition can represent the
chemical signature of the feasible space as various constraints are
applied (Fig. 2). A kernel density estimate (kde) is fit over the distri-
butions and the underlying histograms are removed such that the dis-
tributions are more easily visible. In a similar way, empirical cumulative
distribution function (ecdf) plots show how various constraints enrich or
deplete the feasible space of certain elements. First, the phase stability
constraint depletes the feasible space of Al. This can be seen by the Al
signature shifting to the left (lean) in the ecdf and kde plots in Fig. 2 a(1)
& b(1). The density constraint then depletes the feasible space of Ta and
W. This can be seen by the Ta and W signatures shifting to the left (lean)
in both ecdf and kde plots in Fig. 2 a(2) & b(2). The solidus constraint
then slightly depletes the space of V and enriches the space in Mo as seen
in Fig. 2 a(3) & b(3). The yield strength constraint slightly depletes the
feasible space of Nb and marginally enriches the space V and Mo, as seen
in Fig. 2 a(4) & b(4). Finally, the DBTT constraint depletes the space of
V-rich regions and enriches the space in Nb, which is seen in Fig. 2 a(5)
& b(5).

In the final down-selected space [Fig. 2 a(5) & b(5)], Mo, Nb, and V
signatures are shifted to the right, indicating the feasible alloy space is
richer in these three constituents, rather than Al, Ta, and W. The V
signature has a more localized peak than the Mo and Nb peaks, indi-
cating that, within the set of feasible alloys, V appears in a narrower
range of concentrations (0 to ~35 at.%). The Mo, Nb peaks are broad,
indicating the set of feasible alloys contains a wide range of concen-
trations at which these two elements appear. If W and Ta appear in the
feasible space, it will only appear below 20 at. %, and most frequently at
5 at.%. Likewise, if Al appears in the feasible space, it will only appear at
5 at.%.

Sampling from Down-Selected Design Space: From the 214 alloys
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satisfying all five constraints, three compositionally distinct clusters of
alloys were identified with k-medoids clustering. The medoids of these
clusters were selected as representative members of these three
compositionally distinct groupings of alloys: Mo-rich MPEAs, Nb-rich
MPEAs, and higher entropy quinary MPEAs. The three chosen compo-
sitions representing these groups are Mo4sNbssTas V15, MoasNbsogVaoWs,
and MogoNbssTasVasWs, respectively.

DFT Analysis of Feasible Design Space: Within this tractable design
space of 214 candidate alloys, DFT is leveraged to understand the
fundamental atomic and electronic basis for the superior properties
associated with these MoNbV-rich alloys.

In Fig. 3, we plot results from high-throughput DFT analyses of phase
stability, intrinsic strength (bulk moduli), and compressive yield
strength (o¢s) for the 214 down-selected MPEAs. The formation
enthalpy of the down-elected MPEAs can be divided into V-rich and V-
poor regions, as shown in Fig. 3a. In the V-rich case, the E¢y decreases
with decreasing Mo content. In V-poor region, the E¢,, first decreases
until 45 at.% of Mo, then increases with further increase in Mo. We also
found that increasing Mo stabilizes the selected MPEAs, which is re-
flected in increasing Eform, Fig. 3a. Recently, Singh et al. [52] attributed
increased phase stability in V-rich alloys to its higher electronegativity
compared to other refractories. Therefore, we can conclude that
V-reinforced alloys have a higher Mo solubility limit than V-poor cases.

The bulk moduli can be correlated to electronic behavior as electrons
can freely move in metals that resist compression due to electronic
repulsion [53,54]. Thus, understanding bulk moduli will allow us to
understand electronic factors that affect the mechanical properties such
as strength. For example, in Fig. 3b, we plot the same V-rich subset of
alloys depicted in Fig. 3a. The large bulk moduli of Mo and other group
VI elements (Cr,W) arises from the tendency of these elements to pull
more valence charges to bonding region that improves the resistance of
chemical bonds to compression. Recently, Singh et al. [24] and Vazquez
et al. [55] used DFT and machine learning, respectively, to show that
more negative Eg,py directly correlates with higher bulk moduli and
strength in refractory MPEAs. This suggests that compositions with
higher stability and higher bulk moduli can have a higher probability to
have higher strength in MPEAs. Thus, Mo-rich alloys are predicted to
have higher yield strengths in this design space.

Temperature dependence of yield-strength and its electronic origin: In
Fig. 3c, for the 214 feasible alloys, we plot the temperature-dependent
yield strength as predicted with the Curtin-Maresca model using DFT-
queried values for lattice parameter, elastic constants, and solute
misfit volumes, as opposed to ROM approximations. Points are plotted in
increasing order of Mo+V compositions. Our findings indicate that oys
first increases with Mo+V composition, peaking at an optimal V
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Fig. 3. (a) Formation enthalpy (Em; meV/atom), and (b) bulk moduli (GPa) of CALPHAD-filtered MoNbV-based alloys are plotted vs. Mo concentration. (c)
Compressive strength (o¢s) is shown at 300 K (blue circles) and 1573 K (orange squares) and increasing Mo at.% shows higher oys for V-rich alloys, while lower oys

for V-poor alloys.
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concentration of 15-25 at.%. The DFT-derived oys shows a clear divide
between V-rich and V-poor regions, emphasizing that for optimal yield
strength both Mo and V can be tuned to further improve the phase
stability and mechanical properties. The improved chemical and me-
chanical response of Mo/V rich MPEAs can be attributed to higher Allen-
scale electronegativity of V compared to other refractories that enables
to pull more valence charges into the bonding region from neighboring
sites that allows to create strong solid-solution strengthening through
local atomic distortions [52].

Origin of Phase Stability of Selected MPEAs: During heating and
holding at a testing temperature, MPEAs may experience phase trans-
formations and decompose into a multi-phase structure due to increased
chemical correlation [28]. We choose the three MPEAs selected with
k-medoids sampling for SRO analysis, ie., MoysNbssVisTas,
M025Nb50V20W5, and M030Nb35V25W5T35.

In Fig. 4, we plot SRO for M045Nb35V15Ta5 and M025Nb50V20W5
along high-symmetry direction in the BCC Brillouin zone at 1.15Ty,
(Tsp= calculated spinodal decomposition temperature), to understand
the ordering behavior. The highest SRO peak for a given pair at a high-
symmetry point shows the dominant pair(s) driving phase decomposi-
tion in chemically complex alloys. In Fig. 4a, we plot the SRO for BCC
MoysNb3sVisTas at 1.15T, (Tsp = 945 K) that shows competing
ordering and clustering peaks at kg = H = [111] and ko = I" = [000],
respectively. However, ordering peak in Ta-V at kg = H is slightly more
dominant than clustering peak at kg = I'. The dominant SRO Ta-V pair
reveals the unstable (Fourier) modes with ordering wave vector (k,) at
Tep-

Similar to Fig. 4a, we plot SRO for MogsNbsoVoWs and MogoN-
bssVasWsTas in Fig. 4b & ¢, which show increasing SRO strength from
1.21 Laue (Ta-V pair) to 2.33 Laue (Ta-W pair) with increasing V from
15 to 25 at.% The increasing SRO strength is suggestive of increased
bonding strength in alloys due to increased local chemical interaction,
which is expected to result in higher strength. Our predictions are in
agreement with the recent finding of Beniwal et al. [56] that demon-
strates direct correlation of SRO with increasing hardness in MPEAs. The
SRO pair with peak at H-point in BCC Brillouin zone shows ordering
interaction with B2-type SRO (phase change below Tgp) for all three
MPEAs [37]. The higher stability and increasing trends of T, with
increasing complexity indicates single-phase BCC formation at high
temperature for MoysNbssVisTas, MogsNbsgVaWs, and MoggN-
b35V25W5T35 MPEAs.

Microstructural Investigation of Selected Alloys: In as-cast form, all
synthesized alloys have a dendritic microstructure, as observed in the
Back-Scattered Electron (BSE) images in Fig. 5. EDX compositional
analysis is performed on the dendritic and inter-dendritic regions to
determine the compositional difference (given in Table 2) and EDS maps
were generated for each alloy at a higher magnification to better visu-
alize the dendritic segregation by element. Segregation of the low-
melting-point elements, Nb and V, into the inter-dendritic regions is
observed where the dendritic regions are rich in high-melting-point el-
ements, Mo, Ta, and W. The average dendrite arm spacing for the syn-
thesized alloys are: 12.8 (£4.8) um, 15.1 (£2) ym, and 13.4 (+2.2) um

[a] Mo4sNbssTasVis

[b] Mo2sNbsoV20Ws
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for MO45Nb35T35V15, MOzsNbsngoWs, and M030Nb35Ta5V25W5,
respectively. Complete chemical homogenization has been achieved
after 1925°C at 12 h heat treatments and confirmed with the EDS line
scans, which can be seen in Fig. 6.

Phase Identification of Selected Alloys: Room-temperature XRD is
performed to identify the phases present in the materials in as-cast form
and after the heat treatments, as shown in Fig. 7. As previously reported
[57], multiple BCC phases can be observed in as-solidified refractory
MPEAs because of the compositional dissimilarity between the dendritic
and inter-dendritic regions. In this study, two BCC phases with slightly
different lattice parameters have been identified with XRD for two alloy
compositions in the as-cast form (MogsNb3sTasVis and MoggN-
b3sTasVosWs). Elimination of dendritic microstructure via homogeni-
zation heat treatments resulted in single-phase BCC structures, which
can be seen in Fig. 7. Given the small number of grains present in the
scanned area with XRD, the texture effects, more noticeably in homog-
enized conditions, might affect the different relative intensities of the
identified peaks. Lattice parameters of the present BCC phases after heat
treatment are measured as follows: 0.318 nm, 0.316 nm, and 0.318 nm
for MO45Nb35T35V15, M025Nb50V20W5, and M030Nb35T35V25W5,
respectively. The candidate alloys were predicted to have a single BCC
phase at 1300°C using CALPHAD; the XRD results confirm the predicted
crystal structure after the homogenization. Furthermore, the lattice
parameters of the alloys are predicted using DFT as follows: 0.315 nm,
0.316 nm, and 0.314 nm for M045Nb35T3.5V15, M025Nb50V20W5, and
MosoNbssTasVasWs, respectively. Experimental results validate the
predictions via CALPHAD and DFT for the phases and lattice parameters.
A summary of experimental and computational results can be found in
Table 2.

Density of Selected Alloys: After heat treatments, the densities of the
three homogenized candidate alloys were measured using the Archi-
medes method. CALPHAD predictions indicate that the Mo4sNbssT5Vs,
Mo2sNbsgVaoWs, and MogoNbssTasVasWs alloys would have densities
of 9.50 g/cc, 9.13 g/cc, and 9.57 g/cc. The densities measured experi-
mentally for the synthesized alloys are 9.41 g/cc, 9.09 g/cc, and 9.44 g/
cc, respectively. Slightly lower experimental densities were observed
due to intergranular and intragranular porosity formation during the
synthesis, which reported numerously as a common issue with re-
fractory alloys produced with VAM [3]. Besides the porosity in the
as-cast microstructure that occurred during solidification, more porosity
formation has been identified after the heat treatments at 1925°C
(Fig. 5, pores as dark spots can be seen in homogenized BSE images).
This can be explained by the vaporization of the oxide compounds
during heat treatment that are trapped in the microstructure during the
synthesis, since the evaporation temperatures of the oxides are lower
[58] than the heat treatment temperature. However, a more in-depth
investigation is required to confirm the main cause of porosity forma-
tion during the synthesis and after the heat treatments, which will be
investigated in the future publications.

Mechanical Properties of the Designed Alloys: All samples were tested
using the Vickers microhardness method at room temperature (Fig. 7)
and the average of 10 measurements for as-cast and homogenized
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Fig. 4. Short-range order (Laue units) for single-phase MPEAs, i.e., (a) Mo4sNbssVisTas, (b) MoasNbsgVooWs, and (¢) MozgNbssVasWsTas, plotted along high-
symmetry directions in the BCC Brillouin zone at 1.15Tg;, (Ts,= calculated spinodal decomposition temperature). Marked are pairs that show dominant SRO.
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Fig. 5. Backscattered-electron images of the three designed refractory MPEAs in as-cast and homogenized conditions with EDS maps representing each element and

relative concentrations in the dendritic and inter-dendritic regions.

conditions are reported in Table 2. The quinary refractory MPEA,
Mo3oNbssTasVasWs, exhibited the highest hardness value both in as-
cast form (520 (£+8) HV) and after homogenization (480 (+16) HV) as
compared to the other two quaternary candidate alloys. The present
quaternary MogsNbsgVooWs with higher Nb and lower V-W content
compared to an equiatomic quaternary MoNbVW alloy produced via
VAM (the lattice parameter: 0.3157 nm, hardness: 648 HV in as-cast
form [59]), displayed a larger lattice parameter of 0.3208 nm and a
lower hardness of 497 (+7) HV in as-cast form. On the other hand, the
explored quaternary alloy Mo4sNbssTasVs in this study compared to
equiatomic quaternary MoNbTaV alloy (the lattice parameter: 0.3208
nm, hardness: 504 HV in as-cast form [60]) exhibited similar hardness
response of 503 (+9) HV in as-cast. A decrease in the Vickers micro-
hardness responses after the heat treatments was observed for all the
synthesized alloy compositions, with an average of 6%. Comparison of
the hardness values after homogenization was not possible due to the
lack of publications for homogenized refractory alloys in the literature.

The three refractory MPEA compositions were tested in compression
for the homogenized condition at ambient temperature and 1300°C
(Fig. 8) to determine the yield strength and maximum compressive
stress. In addition to high hardness, the quinary Mo3oNbssTasVa5Ws has
also exhibited the highest yield strength and maximum compressive
stress at 1300°C. Compared to a quinary alloy within the same MPEA
alloy system reported in the literature, Moo 7Nbog ¢Tai5.6V21 Wo1. 1, with
a yield strength of 735MPa at 1200°C and 657MPa at 1400°C, the pre-
sent Mo3gNbssTasVosWs alloy has a lower yield strength of 466 MPa at
1300°C. However, the density of MogoNbssTasVasWs (9.48 g/cms) is
also 20% lower than that of Mos; 7Nbsgg ¢Ta;56V21Wo1.1 (11.98 g/cmB)
[31]. The quaternary alloys exhibit lower compressive yield strength

and maximum compression stress at both ambient temperature and
1300°C as compared to the quinary alloy. The quaternary alloy,
MoysNbssTasVis, displays relatively low compressive yield strength and
low maximum compressive strength at ambient as compared to other
alloys. This is attributed to the high Mo content processing-induced
defects. Molybdenum is prone to oxidation, and molybdenum oxide
compounds have low evaporation temperatures [61,62]. These lead to
weaker grain boundaries and the formation of very small porosity at
grain boundaries due to evaporation of the oxides, leading to early
failure. The compressive yield strengths and maximum stresses of the
alloys are summarized in Table 2.

The HTP screening of yield strength indicates that the MogoN-
bssTasVasWs alloy would possess the highest yield strength at 1300°C
(o = 428 MPa). The measured yield strength at 1300°C was o' = 480
MPa, a difference of +52 MPa. MossNbssTasV;s was predicted to have
the second highest yield strength at 1300°C (¢%] 383 MPa). The
measured yield strength at 1300°C was 263 MPa, a difference of +120
MPa. Finally, the MoysNbsoV2oWs alloy was predicted to have a HT yield
strength of 326 MPa and was observed to have a yield strength of 253
MPa, a difference of +73 MPa. It is important to note that not only did
the HTP yield strength model accurately predict the yield strengths of
the three candidate alloys (mean absolute error of 81.8 MPa, and root
mean squared error of 86.7 MPa) but also correctly predicted the correct
rank ordering of alloy according to yield strength. That is to say, the
alloy with the highest predicted yield strength showed the highest
experimental yield strength, and the alloy with the second highest
predicted yield strength showed the second highest experimental yield
strength, and so on. This further demonstrates the framework’s capa-
bility for materials agnostic material design and optimization.
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Table 2
A summary of all experimental and computational results generated for the three candidate alloys identified in this work. ROM: Rule of Mixtures.
Nominal Composition MoysNbssTasVys Mo25NbsVaoWs Mo3oNbssTasVasWs
Experimental As-Cast EDS (Whole Area, at. %) Mog44.7Nb3s 2Tas 9Vis.2 Mo24.5Nb49.8V208Wa0 Moyg 2Nb34.1Tag7Va75Wa s
As-Cast EDS (Dendrite only, at. %) Moyg 9Nb34.1Tas.4V10.6 Mogg 1Nb49 gV14.5W7.6 Mo33,3Nb32 gTa6 2V20.2W7.5
As-Cast EDS (Inter-dendrite only, at. %) Mo026.9Nbs7 3Tas 4Vas 4 Mo029 6Nb49.gVa7 4Wa 1 Mo17.6Nbag gTas 4Va45Wo 7
Dendrite Arm Spacing (um) 12.8 (+ 4.8) 15.1 (+ 2) 13.4 (+ 2.2)
Lattice Parameter (nm) BCC: 0.31813 BCC: 0.31604 BCC: 0.31779
Nanoindentation Hardness (GPa) 6.86 (+ 0.22) 6.85 (+ 0.09) 7.20 (+ 0.14)
Nanoindentation Young’s Modulus (GPa) 178 (+ 6) 136 (£ 3) 158 (£ 4)
Vickers Microhardness (HV) - As-cast 503 (+ 9) 497 (£ 7) 520 (£ 8)
Vickers Microhardness (HV) - Homogenized 469 (£ 14) 477 (£ 9) 480 (£ 16)
Compressive Yield Stress at RT (MPa) 752 974 1053
Max. Compressive Stress at RT (MPa) 852 1210 1198
Compressive Yield Stress at 1300°C (MPa) 263 253 480
Max. Compressive Stress at 1300°C (MPa) 304 270 673
Measured Density at RT (g/cc) 9.411 9.085 9.441
DFT DFT Formation Enthalpy (meV-atom™') -117.4 -91.8 -99.3
DFT Lattice Parameter (nm) 0.315 0.316 0.314
DFT Young’s Modulus (GPa) 186 147 173
DFT Bulk Moduli (GPa) 210 193 201
DFT Shear Moduli (GPa) 69 57 64
DFT Estimated Yield Strength 1300°C (MPa) 290.0 230.86 270.6
High-Throughput Models CALPHAD Phase (1300°C to Solidus) BCC BCC BCC
CALPHAD Solidus Temperature (K) 2804 2656 2699
CALPHAD Liquidus Temperature 2830 2744 2790
ROM Young’s Modulus 1745 153 167
ROM Bulk Modulus 197 190 194
ROM Shear Modulus 64.70 56.14 61.6
ROM Poisson Ratio 0.352 0.366 0.357
Estimated Yield Strength 1300°C (MPa) 384 326 428
CALPHAD RT Density (g/cc) 9.50 9.13 9.57
CALPHAD ST Density (g/cc) 8.77 8.46 8.82
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Fig. 6. Backscattered electron images and EDS line scans of the as-cast (left) and homogenized (right) refractory MPEAs; the white line and arrow displays the
direction and the location of the line scan.

Selected Alloys Compared to Literature: Using a database of 1546
MPEAs curated by Borg et al. as a benchmark [63], we compare the
measured and predicted properties of the 3 candidate alloys designed in

this work to values reported in the literature. With the
composition-agnostic filtering approach used in this work, 468
single-phase BCC MPEAs were down-selected from 1546 MPEAs present
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Fig. 8. Room temperature (left) and 1300°C (right) compressive engineering stress - inelastic strain curves for the three refractory MPEAs in this study in ho-

mogenized conditions.

in the database. Of these 468 single-phase BCC MPEAs, 348 MPEAs have
yield strength data available. These 348 MPEAs are used to benchmark
the 3 candidate alloys designed in this work.

The solidus temperature and density are known to be positively
correlated, making the design of lightweight high-temperature alloys
difficult. Fig. 9a depicts the predicted solidus temperature plotted
against the predicted density near the melting point for 348 single-phase
BCC refractory MPEAs. From Fig. 9a, a clear trade-off between low-
density and high-temperature can be seen. Despite this, 6 alloys in the
database simultaneously meet these constraints. In ascending order of
density, these alloys are: MoNbTiV [64], Alp.2sMoNbTiV [64], MoNbTi,
MoNbTaTiV [29], AlysMoTaTiV [64], MoTaTiV [65]. All alloys except
the three alloys designed in this work contain Ti. The lightest element
comprising the 3 candidate alloys designed in this work is V (6.11 g/cc).
Vanadium lowers the candidate alloy’s density while simultaneously
increasing the yield strength due to its large atomic mismatch within
refractory MPEA lattices, which enhances solid solution strengthening.
This indicates that, in addition to being an important alloying agent in
refractory MPEAs for yield strength, V also has a critical role in reducing
the density of refractory MPEAs.

Regarding yield strength, the yield strength of these 348 single-phase
BCC refractory MPEAs are plotted against temperature in Fig. 9b. These
alloys are then colored based on which constraint they fail; these
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constraints are queried using the models listed in Table 1. Red points
indicate a failure of the density constraint, blue points indicate a failure
of the solidus constraint, and yellow points indicate a failure of the DBTT
constraint. Failures of two constraints are indicated by purple, orange,
and green; while failing of all constraints results in a black data point.
The alloys that pass these 3 constraints are indicated by shapes outlined
in black. The horizontal dashed line in Fig. 9b represents the 1300°C
yield strength constraint. Many refractory MPEAs have measured yield
strengths above 150 MPa at 1100°C; however, there are few measure-
ments reported at temperatures greater than or equal to 1300°C. The few
alloys that have been tested at temperatures greater than 1300°C are:
HfMoNbTaTi [66], HfMoNbTaZr [66], MoNbTaVW [3], and MoNbTaW
[8]. These alloys have exceptional high-temperature yield strength;
however, they fail the density constraint. In fact, within this database of
refractory MPEAs, there is a trade-off between high-temperature yield
strength and density. This trade-off can be seen in Fig. 9b where alloys
that have competitive high-temperature yield strength tend to fail the
density constraint (depicted in red and purple).

Only 2 alloys (MoNDbTi [28] and MoNbTaTiV [29]) of the initial 1546
data entries satisfy the DBTT, solidus, and density constraints. Of these
passing data entries, none have had their yield strength tested beyond
1200°C, with the highest yield strength (MoNbTi) reported at 1200°C
being 324 MPa, 156 MPa less than the best-performing alloy in this work
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Fig. 9. A comparison between the 3 candidate alloys designed in this work with other refractory MPEAs with a single BCC phase reported in the literature. Of the
initial 1546 MPEAs, only 468 are reported to be single-phase BCC and only 348 MPEAs having yield strength available. These 348 MPEAs are plotted to benchmark
the designed alloy compositions. From these 348, the Mo3oNb3zsTasVasWs alloy designed in this work is the strongest alloy that meets all relevant constraints. (a) The
vertical and horizontal lines represent the density and solidus temperature constraints. Alloys that pass the density constraint tend to fail the solidus constraint,
whereas alloys that pass the solidus constraint tend to fail the density constraint. (b) Alloys with high yield strength at high temperatures fail the density constraint.

(ST: Solidus Temperature, Exp.: Experimental)

(Mo3oNbgsTasVosWs) that was tested at 1300°C. Furthermore, the
MOoNDbTi alloy is predicted to have a higher melting temperature than the
Mo3oNbgsTasVosWs alloy. Following the rule of thumb that the
maximum operating temperature of an alloy is near 2/3 of Ts, MoNbTi
would be expected to have a higher yield strength than MoggN-
b3sTasVasWs at the same temperature. This is not the case likely due to
the higher configurational entropy and lattice mismatch of the MozoN-
b3sTasVas5Ws alloy, leading to improved yield strength at high temper-
ature via solid solution strengthening.

5. Summary and conclusions

The design of novel structural materials for high-temperature ap-
plications in jet turbine engines cannot be myopic. However, to date,
many works on the design of MPEAs make prescriptions about where in
the MPEA space to explore prior to experimentation, or filter on a
constraint that address a single property. In this work, we propose an
alloy design framework that is composition agnostic, aware of multiple
constraints, and leverages novel sampling techniques to select repre-
sentative alloys of a down-selected feasible space. We first conduct an
HTP composition agnostic factorial exploration of the WMoVTaNbAl
MPEA space, simultaneously balancing multiple performance con-
straints to design an MPEA capable of operating in jet turbine engines.
These performance constraints include: stability of a single BCC phase
from 1300°C to the solidus temperature to ensure no undesired phases
form during operation; a Tsoliqus > 2000°C such that the candidate ma-
terial is capable of reliably operating at 1300°C; p < 9 g/cc near solidus
such that candidate alloys are lightweight; ¢t > 150 MPa such that
candidate alloys can withstand inherent operating stresses associated
with the fast-rotating blades of jet turbines; and DBTT < 400 K such that
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the candidate alloys are sufficiently workable. When these 4 constraints
relevant to the turbine blade application are considered within the
WMoVTaNbAl MPEA space, only 0.54% of the alloy space remains
feasible. This feasible space was found to be rich in Mo, Nb, and V and
consisted of 214 alloys. Such a space is tractable for HTP computational
analysis with DFT. Using a k-medoids based sampling scheme, 3 alloys
were selected that best represent 3 regions in the feasible space.

The DFT analysis provided a thermodynamic and electronic assess-
ment of the competitive properties associated with the downselected
218 MoNbV-rich alloys. These assessments include phase stability and
short-range order associated with the resultant MoNbV-rich feasible
space. The DFT-queried Egopy indicates that the presence of V increases
the solubility limit of Mo in MPEAs. Furthermore, both DFT-queried
Eform and B indicate increasing Mo and V content increase the likeli-
hood of having a high yield strength. The DFT-calculated structural
properties, such as lattice parameters, elastic constants, and misfit vol-
umes combined with the Curtin-Maresca model, indicate that, within
this feasible space of alloys, optimally strong alloys contain a concen-
tration of V ranging from 15-25 at.%, in agreement with other works
where 1) V was determined to be the most potent alloying agent for
strengthening and 2) the optimal composition of V for strengthening is
20-25 at.% [51]. Furthermore, the SRO analysis of the three represen-
tative alloys predicts that the three alloys designed in this work maintain
a single-phase BCC with high yield strength at 1300°C, which was
confirmed by the experiments.

Finally, three representative alloys were synthesized and character-
ized to validate whether the proposed alloys indeed meet the constraints
specified at the beginning of the alloy design campaign. All three alloys
exhibit a single BCC phase after heat treatments, in agreement with
CALPHAD predictions and SRO analysis. The RT density of the alloys
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was determined to be less than 9.5 g/cc, comparable to Ni-based su-
peralloys. Furthermore, these observed densities are in close agreement
with CALPHAD predictions. All alloys exhibited compressive yield
strengths at 1300°C above the 150 MPa constraint, according to the
predictions from the DFT-informed Curtin-Maresca Model. When
compared to the literature, only two alloys, MoNbTi [28] and MoN-
bTaTiV [29], meet the constraints applied in this work. Of these two
alloys, only MoNbTi [28] is tested at high temperature. The yield
strength of the strongest alloy designed in this work, MogzoN-
bssTasVasWs, is 156 MPa higher at 1300°C than MoNbTi [28] tested at
1200°C, showing that MogoNbgsTasVosWs out performs MoNbTi
regarding the HT yield strength.

Based on these computational and experimental results, we conclude
that the proposed design scheme identifies candidate alloys that are
likely to be promising for applications in jet turbine engines. It was
observed that when application-relevant constraints are applied to the
WMoVTaNbAl MPEA space, only0.54% of the original design space re-
mains feasible, lending support to the adage, “the high-entropy alloy space
is not as big as we think it is” [67]. Therefore, MONbV-rich MPEAs merit
further consideration when designing next-generation structural mate-
rials for jet turbine engines.
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