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Abstract

Refractory high-entropy alloys are of interest due to the potential of compositionally complex alloys to achieve combinations
of mechanical properties such as room-temperature ductility and high-temperature strength rarely found in simpler alloys. To
study a large compositional range of the system Nb—Mo—Ta—W, thin-film materials libraries were fabricated by combinatorial
sputtering. High-throughput characterization methods were used to systematically determine composition-dependent prop-
erties: (I) the extent and stability of the complex solid solution range and (II) the mechanical properties (Young’s modulus,
hardness). The whole investigated composition range of Nb,, soMog_3,Ta;; 4, W,_3, crystallized in a bee phase, independent
of annealing temperatures ranging from 300 to 900 °C. Mechanical strength values of the Nb-Mo-Ta—W compositions were
calculated using the Maresca—Curtin analytical model parameterized with experimental data. A strong positive correlation
with measured hardness was observed that allows using this analytical model for optimization of the mechanical strength.
We predict that compositions with high Mo contents provide the highest hardness values.
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Introduction

Metallic materials are subject of extensive research due to
their scientific and industrial potential. Owing to the fast
development of new technologies and theories, the tradi-
tional alloy concept has been expanded to high-entropy
alloys (HEAs) [1]. Compared to traditional alloys based on
one primary metal with small quantities of others, HEAs
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generally contain at least four metals mixed in approximately
equal proportions. The large composition space and the
remarkable features exhibited by HEAs make them candi-
dates for a variety of applications.

Much of the interest in HEAs for mechanical purposes
arises from their exceptional high-strength and high-tem-
perature tolerance capabilities [2]. Early-reported HEAs
based on Al, Co, Cr, Cu, Fe, Mn, Ni, and Ti demonstrate
outstanding mechanical properties that have caught up with
those of some steels [3]. For example, the yield stress, frac-
ture strength, and plastic strain for AICoCrFeNiTi, s HEAs
surpass most high-strength alloys [4]. The introduction of
refractory high-entropy alloys (RHEAs) by Senkov et al. has
pushed the physical and mechanical performance of these
alloys to a new level. RHEAs, composed of extremely high
melting temperature (up to 3500 °C) refractory elements,
e.g., Nb, Mo, Ta, W, Hf, Zr, and Ti, were reported to have
superior strength [5], good tribological performance [6], and
improved thermal stability [7-9]. As an outstanding example
of RHEAs, equiatomic Nb-Mo-Ta—W demonstrates great
microstructural stability and could maintain high hardness
after exposure to 1400 °C [5].
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Nb-Mo-Ta—W was first prepared in bulk form by vacuum
arc melting [5]. Recently, also Nb—-Mo—Ta—W thin films
were produced, which exhibit high hardness and high ther-
mal stability, thus showing potential to be used as a coat-
ing material and diffusion barrier [10, 11]. Nb-Mo-Ta-W
crystalizes as a disordered body-centered cubic (bcc) solid
solution. Its mechanical properties and thermal stability can
be tuned by substitution of heavy elements with lighter ones
(Hf, Zr, and Ti) [12, 13] or adding metallic (Al or Cr) [14,
15] and non-metallic elements (C or O) [16]. For instance,
upon substituting Mo and W with Ti and Zr, a significant
increase of the compression strain, up to 40% at room tem-
perature, was reported in the system Ta—Nb—Hf—Zr-Ti [17].
Moving farther in this direction, a large number of com-
positional derivatives, deviating from the equiatomic com-
position, were reported [18]. Superior hardness (ranging
from 689 to 892 HV) and enhanced compression strength
of 1630 MPa were observed in oxygen- and carbon-incor-
porated non-equilibrium Nb—-Mo-Ta-W [19].

However, up to now, no detailed study regarding how
compositions affect the phase(s) and properties of the solid
solution is reported. Understanding the relevant mechanisms
is needed to guide design and optimization of RHEAs with
desired properties and establish the compositional margins
and tolerances to retain them. Therefore, an Nb—-Mo-Ta-W
thin-film materials library, covering a wide compositional
range of Nb,, soMog_3;Ta;y_4, W, 3,, was fabricated by
combinatorial magnetron co-sputtering from four elemental
sources. We present and discuss their chemical, structural,
and mechanical properties, with a focus on investigation of
their hardness values. The aim is to correlate the composi-
tional variation with mechanical properties of RHEAs. We
show that the development of functional materials can be
accelerated by integration of combinatorial synthesis, high-
throughput experimentation, and computational modeling.

Materials and Methods
Analytical Model for Mechanical Strength of RHEA

The reduced Maresca—Curtin solid solution model for the
calculation of the uniaxial yield strength in bcc RHEAs was
used to study trends in mechanical properties [20]. For a
given composition, the model requires as input: lattice con-
stant a, elastic moduli C;,, C,,, and C,,, and the misfit vol-
umes AVJ- of the constituent elements, which we took from
Ref. [21]. We applied basic approximations, such as rule
of mixtures and Vegard’s law, to estimate values of elastic
moduli, lattice constants, and atomic volume mismatch [22].
In Ref. [20] the validation of the proposed full model for
RHEASs composed of Mo, Nb, Ta, W, and V was performed
with respect to molecular dynamics simulations as well as to
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experimental measurements. The reduced model that is fea-
sible for high-throughput screening was also compared to the
full model and agreement within 5% was demonstrated. Of
course, there are clear limitations of both models, because
they do not include short-range ordering, segregation onto
defects, and polycrystallinity. In the current work the predic-
tions of the reduced Maresca—Curtin model are considered
as proxy properties for materials strength optimization. For
the yield strength optimization we did not limit the composi-
tion range, except for a minimum content of 5 at.% for each
element in order to maintain a four-component RHEA alloy.

Synthesis of Nb—-Mo-Ta-W Thin-Film Materials
Library

A Nb—Mo-Ta-W thin-film materials library (ML) was
fabricated using a combinatorial magnetron sputter system
(DCA Instruments, Finland) by co-deposition from four
confocal elemental targets on a stationary substrate, leading
to four well-defined compositional gradients. High-purity
(Nb: 99.99%, Mo: 99.9%, Ta: 99.99%, W: 99.99%) 100-mm
diameter Nb, Mo, Ta, and W targets were used. Each target
was positioned with an inclination angle of around 45° with
respect to the substrate, as indicated in Fig. la. A detailed
description of this sputter system can be found in Ref. [23].
The deposition was carried out without intentional heating.
Due to particle bombardment during sputtering, the sub-
strate temperature could reach to around 70 °C. A 100-mm
diameter sapphire wafer (c-plane) was used as substrate. It
was patterned with small numbered crosses by a photolitho-
graphic lift-off process. Each patterned number is assigned
to a measurement area (MA), defined in a grid area with
size of 4.5 mm X 4.5 mm. There are in total 342 MAs in a
ML, arranged in a 20X 21 matrix (see Supporting Informa-
tion). Prior to the deposition, the chamber vacuum was on
the order of 107 Pa. During deposition, the pressure was set
to 0.667 Pa of Ar (99.9999%), and the substrate was kept
stationary to obtain four continuous compositional gradients.
The type of power supply used for each target and sputter
powers are listed in Table SI1. After deposition, the photore-
sist was removed in an ultrasonic bath.

High-Throughput Characterization of Nb—Mo-Ta-W
Thin-Film Materials Library

The ML was characterized by a series of high-throughput
methods, including energy-dispersive X-ray spectroscopy
(EDS) for composition, X-ray diffraction (XRD) for phase
constitution, atomic force microscope (AFM) for roughness,
and nanoindentation for Young’s modulus and hardness.
The elemental compositions were determined using auto-
mated EDS, conducted on a JEOL 5800 scanning electron
microscope (SEM). A 20-kV accelerating voltage, 10-mm
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Fig. 1 Schematic visualization
of the combinatorial co-sputter
process for the synthesis of

the quaternary composition
spread thin-film MLs. a Confo-
cal magnetron sputter cathode
arrangement for the co-deposi-
tion of Nb-Mo-Ta-W MLs. b
Pie chart diagram indicating the
relative elemental compositions
at each of the 342 MAs. The
legend shows the locations of
elements

(a)

working distance, and a magnification of X600 with acquisi-
tion times of 60 s for each MA were used during the meas-
urement. The analysis of EDS data was performed based on
the standard ZAF correction process provided by the INCA
Energy software (Oxford Instruments). The software was
calibrated for quantification using a Co standard.

High-throughput phase analysis was done using XRD
(Bruker D8 Discover, equipped with a VANTEC-500 area
detector, Cu Ka radiation, with a sample-to-detector distance
of 149 mm). The X-ray beam size was collimated to 1 mm
(collimator diameter =1 mm with a divergence < 0.007°).
An area detector was used, and 3 frames were collected for
each measured area to cover the 26 range from 15° to 80°.
The total time for XRD measurements for one ML with 342
measurement areas was 20 h. The raw data were compiled
and integrated into one-dimensional datasets using DIF-
FRAC.EVA software provided by Bruker. A Python script
was used to automate the process. The phases were identified
by comparing the measured patterns with references from
the Inorganic Crystal Structure Database (ICSD). The lat-
tice constants of the films in the ML were determined using
Bragg’s law. The lattice spacing of (110)-oriented films and
the equivalent lattice constant of a cubic crystal can be cal-
culated using Eqgs. (1) and (2):

ni
d, = —,
i yeuy, (D
ab,c=dy (R + 1 +12)", ©)

where n, d, and 6 represent positive integer, interplanar
spacing, and the angle between the adjacent crystal planes,
respectively. Among analytical techniques applied to inves-
tigate XRD line broadening, the Scherrer method is a sim-
plified formulation and therefore still employed to estimate
the “apparent” domain sizes of physically broadened peak
profiles. This method defines the crystallite size in terms of

a mean effective size of the coherently scattering region nor-
mal to the reflecting planes. The Scherrer relation between
crystallite size and integral breadth is given by

KA

D, = —2—
B pcos0”

3)
where K is Scherrer’s constant which is subjected to the
process of the width measurement, the size distribution, and
the shape of the crystals. Generally, the numerical value of
K for spherical crystallites is of ~0.89, and f3,, is the width
of diffraction peak in radians at a height halfway between
backgrounds.

To investigate the phase constitution at high temperature,
annealing experiments were performed at a series of tem-
peratures ranging from 300 to 900 °C with temperature steps
of 100 °C under high vacuum (1.3 x 10> Pa). In each step
the annealing time was fixed to 10 h. No phase transition was
observed within this temperature range.

Film thicknesses were measured by automated surface
profilometry (Ambios Technology XP-2 Stylus Profiler).
For the mappings, a diamond tip was moved over the lift-
off cross-areas of the photolithographically patterned sub-
strates. A velocity of 100 pm/s was chosen and a constant
load of 0.5 pg was applied. Surface topography images were
acquired by AFM (Bruker Dimension) in Fastscan mode.
To reduce potential alterations of the film, the non-contact
mode was used. A scan size of 3 pm X 3 pm and a scan rate
of 1 Hz were chosen. The surface roughness of as-deposited
Nb-Mo-Ta-W film is shown in supporting information.
For surfaces, whose roughness are characterized by a single
length scale, roughness parameters were calculated by the
arithmetic mean roughness Ra.

High-throughput electrical resistance measurements were
carried out at room temperature, with the intention to effi-
ciently identify compositional areas of interest in the librar-
ies. For the case of formation of intermetallic phases along
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a composition gradient, we would expect maxima or minima
in the resistivity gradient, whereas in the case of complete
miscibility (solid solutions), at least for binary systems, the
resistivity values should increase for increasing amounts
of the second element, leading to a maximum of resistivity
for intermediate compositions of the solid solution [24]. A
custom-built test stand [23] was used to perform automated
measurements by means of a four-point probe measurement
head. A LabVIEW-based program was applied to control
the automated routine to cover all 342 MAs. A current /;, of
80 mA was chosen, and each MA was measured three times.
The value of resistivity (p) for each MA was calculated by
assuming a cylindrical expansion of the electrical field in
the thin film. Under this assumption, the electrical field is
confined to radially with a length equal to the film thickness,
and the resistivity could be determined from the following
equation,

/4

P=10 I-R,
where R and ¢ are resistance and film thickness, respec-
tively. R is obtained directly from our four-point probe
measurement.

High-throughput nanoindentation was carried out using
a nanoindenter (Ti 900 of Hysitron, modified with a Perfor-
mech 2 advanced control module). In a typical measurement,
a standard Berkovich tip was used which was held for 5 s at
a maximum load of 2000 uN for mapping measurements,
followed by around 10 s for tip loading and unloading. The
indentation size ~(max) is about 70—100 nm for each indent.
Here, h(max) means the largest distance between top and
surface. In each MA, a 100 pm X 100 pm rectangle contain-
ing 9 measurement points (forming a pattern of 3 X 3) was
measured.

Results and Discussion
Composition Analysis

EDS analysis for the as-deposited Nb—-Mo—Ta—W ML shows
a continuous composition spread across the wafer for all
constituent elements. The ML has a center composition of
NbsoMo,4Ta,,W,,, which was chosen based on an initial
simulation result. The relative elemental compositions at
each of the 342 MAs are shown in a pie chart diagram in
Fig. 1b. In each pie chart, the arc length of a slice is propor-
tional to the element content it represents. Figure 2a shows
the corresponding composition ranges in a color-coded scat-
ter diagram for Nb, Mo, Ta, and W, respectively. Within the
342 MAs, the Nb content ranges from 20 to 59 at.%, Mo
from 9 to 31 at.%, Ta from 10 to 42 at.%, and W from 12 to
32 at.%. Based on this, the complete composition range of

@ Springer

Mo (9-31%) *%
60 — 31

Nb (20-60%) %

| 54 T 28
1 i

1
i 49 @ 25
|

43 22

37 I 19

2 B 15

26 O

(=
1
-
Y

20 L ——— 1,

W (12-32%) %

Ta (11-42%) a%
42 = 32

3 Ammmms 27

-l

29 z 24

24 21

20 18

(b)

Fig.2 a Color-coded diagrams show the element content for
Nb, Mo, Ta, and W, respectively. The composition spread is
Nb,, 5oMog 3;Ta; 4oWi,3, and the center composition is
Nb;oMosTay,W,,. b Visualization of the covered compositions of
the material library Nb,, oMoy 3,Ta,,_4,W,,_3, in the quaternary
composition space, plotted in different viewing angles. Each vertex in
the tetrahedron corresponds to the content of the respective element.
The transformation from tetrahedral four-component coordinates into
3D Cartesian coordinates is performed according to the algorithms in
Ref. [25] (Color figure online)

the ML can be written as Nb,,_soMog_3,Ta;_4», W, 3, and
the corresponding composition spread is shown in Fig. 2b.

Structural Properties

The XRD patterns determined on the Nb—-Mo—-Ta—W ML are
similar for all 342 MAs, showing a bcc structure. All com-
positions have preferred orientations of (110), (200), (211),
(200), and (310), located at 26 of around 39°, 56°, 70°, 84°,
and 97°, respectively (see Fig. 3). This indicates that the
films are nanocrystalline and crystallographically textured.
A strong (110) texture was observed using EBSD with a
constructed pole figure [26]. The observed XRD patterns
match well with those of metallic Ta (ICSD-167903) and
can be assigned to the bece structure. There is no other phase
detected such as B2 (ordered bcc) and no diffraction peaks
corresponding to impurities. The calculated lattice constants
and crystallite sizes are shown in Fig. 4.
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Fig.3 XRD patterns of the
Nb-Mo-Ta—W thin-film ML. a
All selected patterns (from left
bottom to right top) show exclu-
sively a single-phase bcc struc-
ture. The calculated structural
parameters and the correspond-
ing compositions from selected
diffraction patterns are listed in |
Table SI2. b Quasi-linear shifts
of the (110) peak position along
the different gradients

<

\\_be
\J

Fig.4 Lattice constants and
crystallite sizes of the as-depos-
ited Nb-Mo—Ta—W films shown
in color code across the ML
(Color figure online)

Subsequently, the influence of annealing temperature on
the phase transformation of Nb-Mo-Ta—W ML was studied.
No obvious changes of the XRD pattern was detected after
annealing the ML up to 900 °C in vacuum. The observation
that the bce phase is present for all compositions of the ML,
independent of annealing temperature, indicates that the
system Nb—Mo-Ta—W has a high compositional tolerance
that enables it to be stabilized in a wide compositional range
while maintaining the same crystal structure.

In order to elucidate the composition—structure rela-
tionship in more detail, a group of MAs across the
Nb-Mo-Ta-W ML along the bottom left to top right
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direction was selected as a representative composition
regime for further discussion; the MAs across other film
directions are given in the Supporting Information.

The corresponding XRD patterns in this direction are
shown in Fig. 3. The obtained values for the spacings of
the specific lattice planes d(hkl) and the lattice constants,
together with the related crystallite size and compositions,
are summarized in Table SI2. The gradual change of the
lattice constants from 0.325(4) to 0.319(7) nm indicates
the presence of a solid solution state in the fabricated ML.
The calculated lattice constants are in good agreement
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with those estimated by the linear combination of pure
elements from Vegard’s law [27].

The W content increases steadily from bottom left to
right top of the ML (see Table SI2). Following this direc-
tion, the peak positions shift to higher 26 values, and
accordingly, the lattice constants decrease from 0.325(4)
nm for Nby;Mo gTa; ;W ¢ (MA #1) to 0.319(7) nm for
Nb,sMo,qTa ;W4 (MA #334). The observed shift matches
a linear rule of mixture in terms of Vegard’s law, i.e., a
net lattice constant calculated as a fractional additive sum
of the lattice constants of the individual elements in bcc
lattice structure [28, 29]. Table SI3 lists the peak positions
of Nb, Mo, Ta, and W from the Pauling File database [25,
30-34]. The table shows that the XRD peaks for both Mo
and W are located at relatively higher 26 values than those
of Ta and Nb. Consequently, due to solid solution mixing,
the resulting W- and Mo-rich regions (right side of ML)
essentially possess higher 26 values compared to Ta- and
Nb-rich regions (left side of ML). This example shows
that the lattice constants for the different Nb—-Mo-Ta-W
compositions in the ML correspond to the average val-
ues of its constituent elements, weighted by composition

Fig.5 a Color-coded film
thickness map of the ML. b Dis-

Thickness (nm)

fraction. Note that the composition gradients result from
the geometric arrangement of the sputter sources.

Analysis of Thickness and Electrical Properties

The mapping of film thickness 7 for all 342 MAs is visual-
ized in Fig. 5a and b and in Fig. SI3. These thickness values
range from 1193 to 1306 nm, and the mean value being
around 1210 nm. The obtained film thickness is high enough
to avoid mechanical effects from the substrate and is suitable
for nanoindentation tests. Further EDX analyses indicate that
the film thickness correlates with the Nb gradient, i.e., the
thickness value increases as the Nb content increases. This
is explained by the larger volume required for deposited Nb.
Table SI4 shows that the variation of molar volumes for dif-
ferent constituent metals in Nb—Mo-Ta—W ML is notable,
ranging from 9.38 for Mo to 10.83 m*/mol for Nb.

Figure 5c shows the resistivity map for the Nb—-Mo-Ta-W
ML. The full set of resistivity values for each MA is included
in Supporting Information Fig. SI5. The obtained resistiv-
ity for each MA is higher than the simple average of its
constituent elements. For example, the element Mo has the
lowest nominal resistivity (only 52 nQ m, see Table S14)

tribution of thickness values for
all 342 MAs. ¢ Resistivity map
of as-deposited Nb-Mo-Ta—W
ML. Electrical resistivity values
were calculated by assuming

a cylindrical expansion of the
electrical field in thin films.

For calculation see Ref. [35]. d
Resistivity values along differ-
ent gradients in the ML (Color
figure online)
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among the four constituent elements. However, a high value
of around 4000 nQ2 m is observed in the Mo-rich region. The
resistivity values decrease to around 2000 n€2 m along the
left side of the ML region with high-Ta content of around 40
at.%. Resistivity values change more abruptly in the high-W
content region (from around 3500 to 2200 n€2 m) than in the
high-Ta region (from around 2800 to 2200 nQ2 m). Figure 5d
shows the values of resistivity along different composition
gradients in the ML. The results show a behavior indicating
the solid solution state of the films.

Analysis of Mechanical Strength and Its
Optimization

Figure 6a shows the distribution of the predicted uniaxial
yield stress o, using the Maresca—Curtin model [20] for
mechanical strength parameterized using experimental
data for pure elements as outlined in the Materials and
Methods section. The data points in Fig. 6a are based
on the experimentally measured compositions displayed
in Fig. 2a and show a clear increase toward the Mo-rich
region in the upper left corner of the ML. For comparison,

Ta=" Nb
Uniaxial yield stress o,, GPa

Exp. hardness

the distributions of the experimentally measured hardness
and reduced modulus are shown in Fig. 6b and c. For all of
them, an increase toward regions with Mo—W-rich compo-
sitions in the upper part of the ML are observed, see Fig. 7.
For a more detailed comparison of these values, three pair
plots are shown in Fig. 6d—f. The positive monotonic cor-
relation between the analytically predicted uniaxial yield
stress o, and the experimentally measured hardness and
reduced modulus values is clearly established. This sup-
ports the validity of using calculated values of o, as a func-
tion of proxy property for optimization of the mechanical
strength of bcc RHEA, so the absolute value does not play
a direct role, but only the direction of ascending trend in
composition space is important.

We further performed a non-linear fit of our experimen-
tally measured values of hardness and reduced modulus
vs. the predicted uniaxial yield stress o, and identified the
confidence intervals, also shown in Fig. 6d and e. We can
only speculate about the origin of the deviations between
our experimental data and the predicted uniaxial yield stress
o,. However, the scatter in the experimental data suggests
that the largest part of the deviations between model and

Exp. reduced modulus, GPa
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Fig.6 a Uniaxial yield stress o, calculated using the Maresca—Curtin
model, based on experimental lattice constant a, elastic moduli C,,,
C,,, and Cy, and misfit volumes AVj of the constituent elements, b
experimentally measured hardness, ¢ reduced modulus for the materi-
als library, and d—f their corresponding pair correlations. Red solid

and dashed lines show quadratic (d, e) and linear (f) fits and corre-
sponding confidence intervals. R? metrics of the fits are also shown.
Predicted hardness values and confidence intervals for two optimized
compositions are shown on the panel (d) with crosses
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Fig.7 Color-coded dependen-
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experiment is directly related to noise and uncertainty in
the experiments.

In Ref. [22] an optimization of Mo—-Nb-Ta—W alloys to
maximize yield stress predicted by the Maresca—Curtin model
was conducted and a new composition Mo;; sNb- gTa,; oW 5
was proposed. Both Mo and W have larger elastic moduli
than Nb and Ta, while they also have smaller atomic vol-
umes. Thus, mixing Mo and W with Ta increases atomic vol-
ume difference, but preserves a large average elastic modulus,
thereby increasing yield strength.

In this work we performed an additional optimization
to maximize the uniaxial yield stress o, divided by mass
density p. The correspondingly optimized composition
Mos; 3Nb,s 3TagWy 4 has a comparatively slightly smaller
uniaxial yield stress, but a much lower density, as shown
in Fig. 8. Thus, based on this study and after validation by
help of the Maresca—Curtin model for the yield stress as a
reasonable measure for the materials’ mechanical strength,
derived from its hardness and solid solution state, we
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propose a new RHEA composition that indicates a better
strength-to-density ratio. The predicted hardness and confi-
dence interval are shown in Fig. 6d. Further high-through-
put synthesis of RHEA in a surrounding composition space
would allow covering not only the exact optimized composi-
tion, but also nearby regions, which would help to compen-
sate for approximations that we made in the prediction of

the uniaxial yield stress o,.

Conclusion

A quaternary thin-film RHEA materials library comprising
the composition range Nby, soMog_3;Ta;y 4, W;,_3, was fab-
ricated by combinatorial co-sputtering from four elemental
sources. The correlation between compositions with result-
ing structures and hardness was studied. The results show
that all compositions led to alloys with bcc structure. We
found that compositions with high Mo contents provide the
highest hardness values. The observed high compositional
variability, which allows for the easy formation of bec solid
solutions by accommodating a wide range of constituent ele-
ments, enables the application of the Maresca—Curtin ana-
lytical model for the calculation of the mechanical uniaxial
yield stress, based on experimental lattice constant a, elastic
moduli Cyy, Cy,, and Cyy, and misfit volumes AV; of the
constituent elements. The considered model does not include
such effects as direct solute—solute interactions, short-range
order and segregation, and the predicted yield strength is not
directly proportional to the experimentally measured hard-
ness, therefore some disagreement between analytical pre-
dictions and experimental measurements must be expected.
However, the comparison of the model predictions with
measured hardness values demonstrates a strong positive
correlation and thus practically enables the use of the ana-
lytical model as a validated proxy for further optimization
of a bcc RHEA’s composition with high mechanical strength
in a continuous composition range. Thus, the compositional
design principle, based on the use of an experimentally vali-
dated proxy property (analytical yield strength) for the target
property (hardness) optimization was demonstrated in this

paper.
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