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The search for new high-temperature alloys that can enable higher-efficiency/lower-emissions power gen-
eration has accelerated with the discovery of body-centered cubic (bcc) refractory High Entropy Alloys
(HEAs). These many-component, non-dilute alloys in the Cr-Mo-W-V-Nb-Ta-Ti-Zr-Hf-Al family hold the
potential for combining high strength and thermodynamic stability at high temperature with low den-
sity and room-temperature ductility, but searching the immense compositional space is daunting. Here,
very recent theories and expanded thermodynamic tools are used to guide the discovery of new alloys
satisfying the required suite of properties. The search and discovery method is first demonstrated for 5-
component equicomposition alloys, identifying HfMoNbTaTi as the one alloy satisfying many constraints,
with predicted properties agreeing with experiments. The design process then discovers new quinary and
quarternary alloys in the Hf-Mo-Nb-Ta-Ti space having even better overall properties. One new quinary
alloy is fabricated and shown to be single phase with high room temperature hardness, high melting
point, and low density. More broadly, the new design process can further be used to explore millions of

alloys with other desired multi-dimensional performance requirements.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

High Entropy Alloys (HEAs) are a new class of essentially ran-
dom solid solution alloys containing five or more elements in near-
equal concentrations [1,2]. For a 5-component alloy selected from
among 10 possible elements, there are over 10 million different
alloys at composition increments of 5%. Somewhere in that vast
space may lurk the few alloys that will satisfy multiple application
requirements, such as strength, ductility, thermodynamic stability,
and oxidation resistance. To date, only a tiny fraction of the space
of either FCC alloys in the Co-Cr-Fe-Mn-Ni-V+ family or BCC alloys
in the Cr-Mo-W-V-Nb-Ta-Ti-Hf-Zr-Al family have been fabricated,
characterized, and tested. The cost of exploring the entire phase
space with only historical data and intuitive knowledge is inac-
cessibly high. Database and machine learning methods [3-8] hold
promise but the amount of data available is paltry compared to
the typical scales on which machine learning is applied in other
domains. Finding new high-performance alloys must thus rely on
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a physics — based understanding of the connection between prop-
erties and composition. That is, screening across millions of alloys
is best done using validated mechanistic theories that can be sim-
plified to accurate but easily-computable forms.

With this perspective, we apply recent theoretical models along
with thermodynamic assessment to discover new refractory BCC
alloys that have high strength, high strength retention at high tem-
perature, surrogate properties indicating possibly sufficient duc-
tility at room temperature, moderate density, high melting tem-
perature, and low single-phase decomposition temperature; these
properties constitute the major requirements for critical applica-
tions of this class of alloys. In this study, we first report a set
of equicomposition alloys that satisfy realistic challenging require-
ments. Several alloys have already been studied experimentally,
enabling validation of our approach. We then identify new non-
equicomposition alloys that are predicted to be even more promis-
ing. We have fabricated, characterized and tested one of the se-
lected alloys, further confirming this alloy selection strategy. The
method is general, and can be adapted to other performance re-
quirements.
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2. Theories for the design process

The room temperature yield strength is evaluated using a fully-
analytic parameter-free model for edge dislocation strengthening
in BCC HEAs [9,10]. Edge dislocations are more likely to retain
strength at high temperatures because (i) a vacancy mechanism
defeats screw strengthening at high homologous (T/Ty) temper-
atures [11,12] and (ii) the input parameters to the edge theory
can be reasonably estimated, unlike those for screw theories. In
an N-component alloy at composition {c,} (n=1,2,...,N), edge
strengthening is dominated by the interactions between the solute
misfit volumes {AV;} in the alloy and the pressure field gener-
ated by the edge dislocation of Burgers vector b, which scales with
the alloy elastic constants ;& and v. The analytic model for yield
strength reduces to equations for the zero temperature strength
and the zero temperature energy barrier of
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leading to the finite-T, finite strain rate € yield stress that can be
well-described over a wide temperature range by the ad-hoc form
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where €5 = 10 s~! is a reference strain rate and o = 1/12 is a line-
tension coefficient. To create a fast efficient model, the elemental
misfit volumes AV" and alloy elastic constants C_ij are estimated
using Vegard’'s Law [10]
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with the & and ¥ calculated using the Bacon-Scattergood relation-
ships [13-15].

The ductility of BCC HEAs has been related to the intrinsic frac-
ture behavior at a sharp crack tip [16-18]. The intrinsic ductility
is tied mainly to the ratio between the fracture surface energy y;s
and the unstable stacking fault energy y,y of the relevant disloca-
tion slip plane emanating from a crack tip. To circumvent the com-
putational bottleneck of extremely expensive first-principles cal-
culations, it has been proposed that the intrinsic ductility scales
with the alloy Valence Electron Count, W:ZCHVECH, where
VEC, is the VEC for element n in the alloy (Ti,Hf,Zr=4; V,Nb,Ta=5;
Cr,Mo,W=6) [16,18,19]. Mak et al. [18] found that VEC = 5.0 is an
approximate borderline, with more-ductile materials having VEC
< 5.0.

The thermodynamic properties are assessed using the Cal-
PhaD software ThermoCalc with the newest TCHEA5 database. This
database includes information on 310 binary and 493 ternary al-
loys of 26 elements including the refractory elements of interest
here. Most binary systems have been evaluated for full tempera-
ture and composition ranges while 192 of the ternaries have been
critically assessed. Studies on some BCC HEAs using earlier genera-
tions of the TCHEA databases have shown some success versus ex-
periments [20], providing enhanced confidence for the use of the
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more-complete database. For each alloy of interest, we calculate
the equilibrium phases and their molar fractions versus temper-
ature and then extract the melting point T, and the temperature
T* below which the single-composition random phase decomposes
into sub-phases. A desirable alloy should have a a high T, and a
low T* such that it can be fabricated and used in a wide single
phase domain.

3. Alloy design with constraints: Results

Our design process first sets a target room temperature yield
strength and alloy VEC. Candidates satisfying these criteria are
then examined for single-phase thermodynamic stability and high
melting point needed for high-temperature strength retention. We
consider quinary HEAs formed from the 8-component (alphabeti-
cally ordered) family Cr-Hf-Mo-Nb-Ta-Ti-W-Zr. We eliminate a pri-
ori both Al, due to its strong tendency for intermetallic formation
[21-24] and V, due to its low oxide melting temperature (~ 675
°C) [25,26].

To first validate our theory-guided alloy design procedure, we
focus on equicomposition quinary alloys with performance require-
ments 7, > 1.4 GPa at T = 298K and € = 10~3 s~! and VEC < 5.0.
From 56 possible equicomposition quinary alloy candidates, 18 sat-
isfy the mechanical criteria. Thermodynamic studies then show
that 12 alloys show no single phase domain (Fig. A.1). These alloys
generally contain Cr or a combination of W and Zr, and form Laves
and/or HCP phases. This is unfortunate, since Cr is the smallest ele-
ment, Zr the largest, and W the stiffest, and hence single-phase al-
loys with Cr, Zr, and/or W would tend to have high strengths. Five
alloys have only a narrow single phase domain with fairly high de-
composition temperatures (Fig. A.2). The one remaining alloy Hf-
MoNDbTaTi has excellent properties (Fig. 1). In particular, it has a
predicted melting point of 2145°C, a decomposition temperature
of only 854 °C, a predicted room temperature yield strength of 1.48
GPa, and a VEC = 4.8. Detailed data on all six single-phase alloys
are listed in Table B.1.

The HfMoNbTaTi alloy identified by our methodology has been
studied experimentally [27]. As-cast HfMoNbTaTi is single phase
with room temperature yield strength at 103 s~! greater than 1.3
GPa, a compressive failure strain greater than 25% (Fig. 1(b)), and
high strength retention at high T (700 MPa at 1200 °C, 367 MPa
at 1400 °C) consistent with a high Ty. All these results are con-
sistent with our predictions. The experiments also show the well-
established plateau in strength at intermediate temperatures that
is absent from the theory but always enhancing strengths above
the predicted values. The origins of this plateau are a subject of
current study, with one possible mechanism being dynamic strain
aging (DSA) since the plateau implies zero strain rate sensitiv-
ity that can be achieved by DSA. The other identified alloys with
narrow single-phase domains have also been studied experimen-
tally in the as-cast condition. The room temperature compressive
stress strain curves are shown in Fig. 2(a) and the high temper-
ature strengths are shown in Fig. 2(b) together with our predic-
tions. Some of these alloys have low ductility, but the true duc-
tility might be compromised by, for instance, high interstitial O,
N, or C content (precise value not reported) and/or lack of ho-
mogenization, all of which are outside the VEC correlation, are
not predictable, and must be solved by processing refinements.
Despite the higher strengths these alloys exhibit at lower tem-
peratures, HfMoNbTaTi possesses the highest strengths at elevated
temperatures, consistent with its having the highest melting point
among these alloys, the widest single-phase range, and the best
ductility. HfMoNbTaTi thus has the best overall properties, con-
sistent with our predictions. With no experimental inputs, our
theory-guided alloy design process has identified the most at-
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Fig. 1. Properties of the selected alloy HfMoNbTaTi. (a) Molar fraction of stable phases as a function of temperature. The notations BCC represents a BCC random solid
solution while HCP is a random HCP phase; (b) Compressive stress-strain curve at room temperature and (c) predicted yield strength 7, versus temperature T (solid lines)
in comparison with experiment results (markers). The experimental data are from Tseng et al. [27].
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Fig. 2. (a) Compressive stress-strain curve at room temperature and (b) predicted yield strength 7, versus temperature T (solid lines) in comparison with experiment results
(markers) for the equiatomic single phase quinary high entropy alloys. The experimental data are from [27,28].

tractive quinary equicomposition alloy according to our design
constraints.

There is no restriction of our design strategy to equicomposi-
tion alloys. We thus proceed to find alloys that better satisfy a
range of application criteria. The design framework immediately
identifies property trade-offs. A lower VEC requires less Mo, but
Mo provides considerable strengthening due to its smaller size
and higher stiffness. A lower density requires less Hf, but Hf is
the largest-size element and confers high strength. “Optimal” is
thus associated with specific practical needs and constraints. To
expand the composition domain, we sacrifice strength in exchange
for lower density, lower VEC (likely more-ductile) alloys that re-
tain a high melting point (and hence high-T strength). These goals
are achieved by starting with the very attractive HfMoNbTaTi al-
loy and executing our design strategy for the Hf-Mo-Nb-Ta-Ti fam-
ily. We aim then to discovery new quinary alloys with strength
> 1.1 GPa, density p <9 g/cm3, VEC < 4.8, and melting temper-
ature Ty > 2000 °C within the elemental composition range of 5%
- 40% for each element. From 2634 candidate alloys, only 13 satisfy
the mechanical property criteria and 10 have Ty, > 2000°C, all with
a wide single phase domain. The key properties of these alloys
are shown in Fig. 3 with respect to the equiatomic HfMoNbTaTi
(see detailed data in Table B.2). With both lower strength and
lower density, the specific strength (strength/density) are nearly
unchanged. The alloy Hf;sMoy5NbygTasTizs is notable, having a
lower VEC, lower density, higher specific strength, and compara-
ble melting temperature as compared to HfMoNbTaTi. A second
attractive alloy is HfjsMossNbsTasTigg, with slightly lower melt-
ing temperature (2004°C) but lower density and higher strength

than HfMoNbTaTi. These results demonstrate the capability of our
theory-guided selection procedure to identify promising composi-
tions based on property trade-offs with no further input.

4. Preliminary experimental validation

A sample with the nominal composition Hf;sMo;5NbygTasTiss
identified by our design process was arc-melted using 99.95 + %
pure metals in slugs, foil or wire shapes. The button, weigh-
ing 10 g, was melted on a water-cooled copper hearth using an
Amazemet Repowder 2 system, and flipped ten times to improve
homogeneity. The material was sliced using a diamond blade to
reveal vertical sections.

Samples for microstructural investigations were cold mounted
in epoxy, ground, and polished down to 1 wm diamond suspen-
sion. The final polishing was done with 50 nm colloidal silica. Op-
tical microscopy was conducted on a Leica VZ700C optical mi-
croscope. Scanning electron microscopy (SEM) was conducted at
30 keV on an FEI Quanta 650 FEG ESEM in backscatter mode (BSE)
for Z-contrast imaging. Chemical analysis was performed using an
energy-dispersive X-ray spectroscopy (EDX) detector (Thermo Fis-
cher Pathfinder SDD EDX system). The average sample composition
was determined by SEM-EDX. Phase identification was performed
on an X-ray diffraction (XRD) pattern acquired on a Bruker D8,
using the CuKa radiation and a 2 mm diameter pinhole, with a
scan between 0 and 100. Rietveld analysis was conducted on the
diffraction pattern using a diffraction program (Maud). The micro-
hardness of the alloy was measured with a Fischerscope HM2000
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Fig. 3. Key properties of the 10 selected alloys with lower densities with respect to the equiatomic HfMoNbTaTi. The fabricated alloy HfisMo,5Nb,gTasTiss is highlighted in

bold with an asterisk.

hardness tester, with a load of 2 N, for 60 s. The reported micro-
hardness is the average of 15 indents.

To determine the melting point, a sample was heated in an
induction furnace equipped with a dual wavelength pyrometer
(TYPE) series QKTR 1085 with a range of measurement of 700-
2500 °C. The pyrometer was calibrated by measuring the liquidus
temperature of commercially pure Ti (Tjq, = 1670°C). The sample
was placed in an amorphous graphite crucible which was placed in
a ZrO, crucible filled with corundum (Al,03) sand. The crucibles
were then put in the center of a water-cooled Cu induction coil.
The surface temperature of the sample was measured continuously
with the pyrometer. The temperature was increased manually to
a maximum temperature of 2000 °C at a rate of approximately
100 K/min and the sample was observed with a CCD camera. The
temperature was not increased further in order to prevent melting
of the corundum sand, which starts at approximately 2040 °C.

Selected samples were homogenized in a vacuum furnace at a
pressure of 1 —5 x 10~> mbar. The temperature was increased by
10 K/min, from room temperature to homogenizing temperature
at 1363 £ 10°C and held for 1h. Full homogenization typically re-
quires several days, which was not possible in our local system.
Due to the high temperature, the sample temperature could not be
measured using a thermocouple. Similarly, the cooling rate after
solutionizing was not controlled.

The as-cast composition is HfjgMoy3Nbyq 3Tas 5Tizs 5 using SEM-
EDX. XRD analysis reveals a single BCC phase with average lattice
parameter 3.2818 A. The as-cast material has a dendritic structure
(Fig. 4) with evidence of elemental segregation leading to local
variations (~ £5%) of the lattice parameter that suggested Ti and
Hf segregation to the interdendritic domains and Mo, Nb and Ta
remaining in the dendrites. After the short homogenization treat-
ment, the dendritic structure was still present but the alloy also
remained single phase with a low fraction of isolated oxide parti-
cles close to entrapped gas porosity. The interstitial contents were
measured to be 0.01%C, 0.02%N and 0.08%0, which are quite high
and, if maintained in solution, would be expected to reduce duc-
tility substantially and increase strength relative to theory predic-
tions.

Properties of the as-cast alloy are consistent with our predic-
tions. The melting point is confirmed to be > 2000°C and the den-
sity p = 8.86 g/cm? is low. Furthermore, the measured room tem-
perature hardness is 4.96 +0.12 GPa (as-cast) and 5.32 4+ 0.38 GPa
(partially-annealed), corresponding to yield strengths estimated as
1.50 GPa and 1.61 GPa (HV/3.3), respectively. The strengths be-
ing higher than predicted may reflect the high interstitial content.
Strength predictions also do not include any grain size (Hall-Petch)

effects but these are typically small in the BCC HEAs, where as-cast
alloy grain sizes are 80 - 200 pwm which, using a rule-of-mixtures
H-P parameter obtained from data on the refractory elements [29],
leads to a strength increase of in the range of 27 - 43 MPa that
is negligible. Ductility tests require larger, homogenized specimens
with controlled low interstitial content, but the VEC= 4.75 is in the
range needed for ductile alloys. These results further validate our
design process for many of the key application requirements.

5. Discussion and summary

Nearly all the attractive quinary alloys have the minimum im-
posed 5% Ta content. Ta can be replaced by Nb, leading to quar-
ternary Hf-Mo-Nb-Ti alloys that retain many properties while re-
ducing the density and also facilitating processing. Equiatomic Hf-
MoNbTi was very recently fabricated [28] and, as we predict, is
single-phase as-cast, with room temperature strength of 1.28 GPa
(1.66 GPa predicted) and VEC = 4.75. It shows low compression
ductility, possibly due to the as-cast microstructure and/or inter-
stitial content, but with smooth gradual failure without fracture
(dark blue line in Fig. 2). Moving away from the equiatomic com-
position and applying the same performance criteria as for the 5-
component alloys, we identify 15 new promising quarternary al-
loys (see Table B.3), all with lower density, higher specific strength,
and comparable melting temperatures and phase separation tem-
peratures to our attractive quinary alloys. In particular, the alloy
Hf15Mo99Nb,sTigg is predicted to have a strength at 1200 °C of
0.29 GPa, VEC = 4.65, melting point of 2054 °C, and density of
only 8.19 g/cm3, all except strength showing improvements over
HfMoNbDTi. This group of quarternary alloys is thus identified as a
very promising domain for multi-performant high-temperature al-
loys.

To summarize, we have introduced a theory-guided alloy de-
sign process to discover new single-phase BCC refractory High En-
tropy Alloys possessing the suite of mechanical and thermody-
namic properties needed for applications. The design process is pa-
rameter free and can be efficiently applied to alloys of any compo-
sition and number of components. Starting from a broad scope Cr-
Hf-Mo-Nb-Ta-Ti-W-Zr alloys, we have discovered attractive quinary
alloys in the Hf-Mo-Nb-Ta-Ti family that satisfy important per-
formance requirements. One of these alloys, Hf;5sMo,5NbygTasTiss,
has been fabricated and tested for a number of properties, vali-
dating the methodology. A further selection of quarternary Hf-Mo-
Nb-Ti alloys has also been identified as very promising for future
study. Overall, this theory-guided design process is easily extend-
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Fig. 4. Microstructural investigation of the arc-melted HfjsMo,5Nb,gTasTiss alloy. The alloy’s microstructure is clearly dendritic, as revealed by a slight etching effect from
the colloidal silica (a) or the chemical contrast by BSE-SEM (b). (c) Concentration profile (EDS) measured through the dendritic structure (indicated by the dashed arrow in
(b)) allows to identify the segregation of Ti and Hf to the interdendritic domains, and Mo, Nb and Ti to the dendritic core regions. The dashed lines represent the average
composition of the alloy. Using Vegard’s law, a lattice parameter profile is calculated. (d) The XRD pattern only shows four peaks that correspond to a BCC structure. The
peak shape asymmetry is due to pronounced effects due to elemental segregation, which leads to a variation of the lattice parameter by ~ 5%. Note: the peak height is
affected by the material’s texture.
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Appendix A. Predicted thermodynamic properties of other alloys
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Fig. A.1. Molar fraction of stable phases as a function of temperature for the quinary alloys in the first group. The notations of BCC, BCC#2 and BCC#3 all represent BCC
random solid solutions while HCP is a random HCP phase, C14_ LAVES and C15_ LAVES are C14 and C15 Laves phase structures, respectively.
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Fig. A.2. Molar fraction of stable phases as a function of temperature for the quinary alloys in the second group. The Thermocalc software notations of BCC, BCC#2 and
BCC#3 all represent BCC random solid solutions while HCP is a random HCP phase, C14_ LAVES and C15_ LAVES are C14 and C15 Laves phase structures, respectively.
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Appendix B. Detailed data of the studied alloys

Table B1

Key properties of the 6 selected equiatomic quinary alloys. p (g/cm?) is the density, 7, (GPa) is the predicted
uniaxial tensile yield stress at room temperature, t; (GPa) is the predicted stress at 1200 °C, 7y/p (kN - m/kg)
is the specific strength, VEC is the valence electron count, T* (°C) is the phase decomposition temperature and
Tm (°C) is the melting temperature.

Alloy 7y T p VEC /P ™ T

HfMoNbTaTi 1.48 0.48 10.84 4.80 136.40 854 2145
HfMoNbTiZr 1.66 0.55 8.73 4.60 189.86 971 1815
HfNbTaTiW 1.57 0.54 12.40 4.80 126.24 1202 2045
MoNbTaTiZr 1.60 0.55 9.20 4.80 173.81 1264 1846
HfMoTaTiZr 1.79 0.64 10.24 4.60 174.48 1157 1825
HfMoNbTaZr 1.90 0.73 10.95 4.80 173.35 1343 1912

Table B2

Key properties of the 10 selected off-equiatomic alloys together with those of HfMoNbTaTi for comparison. p
(g/cm?) is the density, 7, (GPa) is the predicted uniaxial tensile yield stress at room temperature, 7, (GPa) is
the predicted stress at 1200 °C, 7y/p (kN - m/kg) is the specific strength, VEC is the valence electron count, TT*
(°C) is the phase decomposition temperature and Ty, (°C) is the melting temperature.

Alloy Ty Ty P VEC Ty/p T* T

Hf20Mo29NbygTazg Tizg 1.48 0.48 10.84 4.80 136.40 854 2145
Hf1oMo25Nb;5Ta0Tigg 1.12 0.30 8.79 4.75 127.60 560 2158
Hf;0Mo15Nb,sTas Tiss 1.14 0.29 8.99 4.60 127.05 824 2015
Hf 5 Mo20NbygTasTigg 1.15 0.30 8.59 4.65 134.17 705 2054
Hf15Mo20Nbys5TaoTigg 1.18 0.31 9.00 4.65 130.87 697 2054
Hf15Mo20NbysTas Tiss 1.18 0.31 8.79 4.70 134.09 732 2101
Hf15Mo20NbsgTasTizg 1.20 0.33 8.98 4.75 133.88 756 2139
Hf5Mo25Nby5TasTigg 1.32 0.38 8.67 4.70 152.14 642 2050
Hf15Mo25NbygTas Tiss 135 0.40 8.86 4.75 151.92 654 2103
Hfi5sMo3oNbygTasTisg 1.49 0.47 8.74 4.75 169.93 816 2031
Hf5Mo35NbsTas Tisg 1.65 0.57 8.81 4.80 187.43 940 2004

Table B3

Key properties of the 15 selected off-equiatomic alloys together with those of HfMoNbTi for comparison. p
(g/cm?) is the density, 7, (GPa) is the predicted uniaxial tensile yield stress at room temperature, 7, (GPa) is
the predicted stress at 1200 °C, t,/p (kN - m/kg) is the specific strength, VEC is the valence electron count,T*
(°C) is the phase decomposition temperature and T, (°C) is the melting temperature.

Alloy Ty L P VEC Ty/p T* T

Hf,5Mo0,5Nby5Tiys 1.66 0.56 9.46 4.75 176.10 812 2028
Hf;0Mo15Nbs3Tiss 1.11 0.27 8.60 4.60 129.71 831 2011
Hf15Mo020Nb,5Tisg 1.13 0.29 8.19 4.65 137.70 710 2054
Hf;0Mo15Nb35Tisg 1.14 0.29 8.79 4.65 129.56 855 2045
Hf15Mo020NbsTiss 1.15 0.30 8.38 4.70 137.45 735 2098
Hf;0M015Nby4Tiss 1.16 0.30 8.98 4.70 129.27 880 2073
Hf15Mo020Nbs5Tisg 1.18 0.31 8.58 4.75 137.08 757 2132
Hf15Mo025Nb2oTigg 1.29 0.37 8.26 4.70 156.48 647 2052
Hf30Mo39Nbys5Tiss 1.30 0.36 8.67 4.65 149.67 781 2022
Hf15Mo025Nb5Tiss 1.32 0.38 8.45 4.75 156.07 658 2102
Hf,0Mo,9NbsTizg 1.32 0.38 8.86 4.70 149.35 812 2059
Hf15Mo25Nbs3oTisg 1.35 0.40 8.65 4.80 155.56 688 2140
Hfi5Mo30Nb5Tiso 1.46 0.46 8.33 4.75 175.10 829 2035
Hf;0Mo35NbyTiss 1.48 0.46 8.74 4.70 169.74 698 2019
Hf20Mo35Nbys Tisg 1.51 0.48 8.93 4.75 169.23 739 2060
Hf;0Mo3oNby5Tiss 1.67 0.57 8.81 4.75 189.76 866 2005
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