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The experimental investigations of multi-component alloy systems require considerable time and effort in
terms of sample preparation; in particular, when studying numerous material compositions, the melting,
processing, and machining of each specimen at each composition are significantly time- and effort-in-
tensive. To overcome this challenge, the high-throughput evaluation of the stress-strain curves associated
with the chemical compositions and microstructures of a Ni-Co-Cr ternary system was performed by es-
timating the yield stress and tangent modulus via indentation testing. Four diffusion couples (involving the
diffusion of Ni and Co) with different nominal Cr contents were prepared, and more than 570 stress-strain
curves at the points with different chemical compositions and microstructures were measured. The addi-
tion of Cr solute increased the elastic modulus and hardness and decreased the normalized pile-up height,
indicating a low strain hardening behavior. The estimated yield stress was strongly dependent on the Cr
content, whereas the Co content did not sufficiently affect the strength. Moreover, the effects of crystal
orientation on the indentation testing of the face-centered cubic and hexagonal close-packed phases are
discussed. The proposed technique can facilitate the evaluation of elastoplastic behavior in multi-compo-
nent systems in single phase (fcc), which can help achieve the statistical data-driven material development
of Ni-based superalloys.
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1. Introduction

Ni-based superalloys exhibit satisfactory mechanical properties
at high temperatures and are thus widely used in jet engines. These
materials can be strengthened through hierarchical mechanisms,
specifically by the utilization of grain and twin boundaries, pre-
cipitation of the y’ phase, and use of additive elements [1,2]. To
maximize the strengthening effect, Ni-based superalloys contain
more than 10 elements. For example, the y phase in the U720Li alloy
contains 20 wt% of Co, 27 wt% of Cr, and at least four other elements,
such as molybdenum and tungsten [3]. Consequently, it is desirable
to elucidate the contribution of the additive elements to the
strength, so the alloy composition can be optimized. Notably,
the experimental investigations of multi-component systems re-
quire considerable time and effort in terms of sample preparation; in
particular, when studying numerous material compositions, the
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melting, processing, and machining of each specimen at each com-
position are significantly time- and effort-intensive. To overcome
these challenges, a numerical approach using first-principle calcu-
lations has been established; however, the number of possible
additive elements remains limited [4,5].

A combinatorial approach using a composition gradient sample
and nanoindentation technique can facilitate the high-throughput
evaluation of the effects of additive elements on the intragranular
strength. Nanoindentation techniques have been widely used to in-
vestigate the mechanical responses in small regions within a grain
interior of sample with fine microstructures. Through the formation
of local deformations in a target sample, the mechanical properties
at various compositions of a composition gradient sample can be
identified. Samples for nanoindentation can be fabricated using
several methods, such as the diffusion multiple technique [6-9],
Bridgeman method [10], mechanical stirring [11,12] and three-di-
mensional (3D) printing [13,14]. Kadambi et al. [7] investigated the
change in hardness (H) with the composition of six binary alloys,
such as Ni-Co and Ni-Fe, using diffusion couples and performing
nanoindentation testing. Assuming that the hardness is proportional
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to the yield stress (oy) [15], that is, H = Coy, the authors demon-
strated that the Labusch relationship [16] holds for H of these binary
alloy systems. Combinatorial nanoindentation testing has also been
used for the screening of high-entropy alloys in several stu-
dies [17,18].

Notably, although the aforementioned relationship between the
H and oy is widely accepted, the proportionality coefficient, Cr, de-
pends on the material species. Tabor [19] introduced the concept of a
representative stress (og) at a representative strain (eg) = 8% corre-
sponding to the deformed plastic zone induced by indentation.
Moreover, the assessment of the stress-strain curves as well as the
strain-hardening behavior in the local region is critical for realizing
numerical simulations, such as those pertaining to the nonlinear
finite element analyses of heterogeneous materials [20]. Various
techniques have been developed to estimate the stress—strain re-
lationships based on indentation results [21-23]. In a previous study
[24,25] the authors attempted to determine these plastic properties
by performing a Berkovich indentation test and evaluating the pile-
up height in the vicinity of an indent and the H value. No study has
yet been reported on the application of estimation techniques to the
indentation combinatorial approach, enabling the high-throughput
evaluation of the stress-strain curve.

Our previous study using Bridgeman method [ 10| shows that the
combinatorial nanoindentation testing is also useful for under-
standing to phase stability, oxidation resistance, and hardness in
advanced Ni-based superalloy with y-y’ two phase structure.
Meanwhile, in order to clear understanding the hieratical strength-
ening mechanisms and predict a total strength in Ni-based super-
alloy including both solid solution and ' precipitation
strengthening, the data only for solid-solution strengthening is also
important [2,3]. Thus, this study aimed to evaluate sy and the tan-
gent modulus (B) by a high-throughput evaluation through the in-
dentation testing on the composition gradient samples of a
Ni-Co-Cr ternary alloy as an example of fundamental elements for
the y formers in Ni-based superalloys.

2. Experimental

Four diffusion couples, including Ni, Co, and Cr, were prepared
(Table 1) with different nominal Cr contents (c¢) of 0, 7, 14, and 20 at
%. First, four pairs of Ni-Cr and Co-Cr binary alloys with the same c¢,
were prepared by arc melting. The pairs, cut into plates with di-
mensions of 10 x 10 x 1 mm?, were alternately stacked and bonded
by spark plasma sintering at 10 MPa and 700 °C for 5 min in vacuum.
Thereafter, the specimens were subjected to heat treatment at
1150 °C for 3000 h to diffuse the Ni and Co elements, followed by hot
isostatic pressing (HIP) at 1120 °C under 98 MPa for 4 h to eliminate
voids. A thermodynamic calculation software (ThermoCalc [26])
with the TCNI9 database showed that all the compositions con-
sidered in this study (Ni-Co-Cr for cc-<20 at%) exhibit the face-
centered cubic (fcc) single phase at 1120 and 1150 °C. Next, the
diffusion couples were cut and mechanically polished. The polishing
was completed by conducting vibration polishing to remove any
residual strain induced by mechanical polishing.

Table 1
Diffusion couples used in this study.

Nominal c¢, [at%] Number of rows and columns for

indentation
Sample A 0 11 x14
Sample B 7 3x51
Sample C 14 11 x 14
Sample D 20 11 x11
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Fig. 1. Secondary electron image of the diffusion couple and profiles of cy; and cc,
measured using EDS for Sample A.

Fig. 1 shows a field-emission scanning electron microscopy
(FESEM; EISS Gemini SEM 300, Germany) image of a Ni-Co binary
diffusion couple (Sample A) after polishing. Energy-dispersive X-ray
spectroscopy (EDS) measurements indicated that the Ni and Co
contents (cy; and cc,, respectively) changed continuously around the
contact surfaces of the plates along the stacking direction (). Na-
noindentation was performed using a Triboindenter TI950 (Bruker)
instrument and a diamond Berkovich indenter in the region sur-
rounded by the white dotted line. In some samples, small Kirkendall
voids still remain despite the HIP treatment. In order to avoid voids,
the number of rows and columns for indentation was adjusted as
shown in Table 1.

The maximum load, loading rate, and holding time were 10 mN, 1
mN/s, and 10s, respectively. The reduced elastic modulus E, and
indentation H were determined from a load-displacement curve
during an unloading step using the Oliver-Pharr method [27]. After
each indentation, the 3D topography of the residual indentation
mark was acquired by atomic force microscopy (AFM); the atomic
force microscope was incorporated into the TI950 instrument. The
maximum pile-up height (h,) was calculated from a cross section
across a vertex and the center of the side of the indentation mark at
each side. The normalized pile-up height (H,) was obtained as
follows:

3
H, = h k hmux-
’ (kZ] ”(')J/ (1)

The indented region was analyzed using an electron probe mi-
croanalyzer (EPMA; EPMA-8050G, Shimadzu), and the electron
backscatter diffraction (EBSD) measurements were obtained using
Auriga (Carl Zeiss).

3. Results
3.1. Ni-Co binary system

Before examining the ternary system, the results of Sample A
were considered. Fig. 2a shows an optical image of the indented
region shown in Fig. 1. The indentation was performed in a matrix
shape involving 11 rows and 14 columns inclined against . The in-
dentation interval in each row is 200 um. Hintsala et al. [28] de-
monstrated that an indentation was affected by its neighboring
indent when the interval was less than the contact radius by a factor
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Fig. 2. a) Optical image and maps of b) cc,, ¢) phase, and d) IPF at the indented region shown in Fig. 1.
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Fig. 3. Distributions of cy; and cco, reduced E,, H, and H, in Sample A. Each spot is
colored in accordance with the IPF map, and the black spots represent the indentation
on the grain boundaries.

of 5.6. In this study, the contact radius and hy,q, were less than 2 um
and 500 nm, respectively, indicating that the interval was sufficiently
large to ignore the effects of the neighboring indents. Additionally,
the interval can be decreased depending on the desired resolution in
the element content, but it should be balanced with a testing time.
The cc, map (Fig. 2b) shows that the left region is Ni-rich, and cc,
increases toward the right side. The Ni-rich region exhibited an fcc
structure, whereas a hexagonal close-packed (hcp) structure was
observed at cc,> 70at% (Fig. 2¢). Pure Co undergoes martensitic
transformation from fcc to hcp at ~420°C, and the transformation
temperature decreases as the cy; increases [29]. The transformation
is rapid in that the hcp phase is observed even after water quenching
in CoggNiy5CrysFe;sMnys [30]. Therefore, in this study, the hcp
phase likely appeared during furnace cooling after HIP. The sample is
polycrystalline, as shown in the inverse pole figure (IPF) map
(Fig. 2d). The effects of the crystal orientation are discussed later.
Fig. 3 shows the variation in the contents and indentation results
with the distance (d) from an indent at the side along l. cy; decreases
and cc, increases monotonically as d increases. E,. and H, obtained
from the indentation load-displacement curves, and H,, calculated
from the AFM results marginally changed with d in the fcc and hcp
phases, although significant changes were observed at the phase
boundary.

According to the EPMA and indentation results, the variations of
E, and H with cc, are plotted, as shown in Fig. 4. E, is constant at
~180 GPa for c¢, < 40 at%, and a significant drop in E; is observed for
Cco =70-80at% in the hcp phase. Yang et al. [5] demonstrated that
the Young’s modulus increased by 3% as cc, increased from 5 to 30 at
%; however, such a slight change could not be observed owing to the
standard error in the nanoindentation technique. For example, the
standard error was 4.8% for cco < 5at%. It is possible that the de-
crease in E; at cc, > 40 at% was caused by the small Kirkendall voids
remaining in the microstructure as expected from several large voids
observed around the phase boundary on the hcp side although HIP
was performed after diffusion annealing. H increased slightly with d
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Fig. 4. Variations in E, and H with cc, for Sample A. Each spot is colored in accordance
with the IPF map, and the black spots represent the indentations on the grain
boundaries. Spots in the gray band represent indents with deformed regions across
both phases.

and increased from ~2.0 to ~3.5 GPa near the phase boundary. The
results reported by Kadambi et al. [7], who performed indentation
on a Ni-Co diffusion couple, were in agreement with our results,
except for those at cc, =40-70 at%, as indicated by a dotted line in
Fig. 4. Specifically, at cc, =40-70at%, the H obtained in this study
was lower than that reported previously [7], likely because of the
different maximum indentation loads (10 mN in this study and 20
mN in [7]) and composition gradient distances.

In indentation combinatorial testing using polycrystalline sam-
ples, the effects of the crystal orientation on the indentation result
must be examined to evaluate the solid solution effect. Each point in
Figs. 4 and 5 is colored according to the crystal orientation as well as
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the IPF map (Fig. 2d), with the black spots representing the in-
dentations on the grain boundaries. In terms of the crystal orienta-
tion dependence of E, at cco, < 20 at%, the indentations on the (001)
plane returns lower E, values than those on the (101) plane. H on
(001) is comparable to that of (101) in the fcc phase. This tendency
agrees with those observed in previous experimental and theoretical
studies [31,32]. Among the examined samples, the fcc alloy exhibited
the highest and lowest E, on the (111) and (001) planes, respectively,
although H was virtually independent of the orientation. Moreover,
E, did not depend on the orientation in the hcp phase, and H was
larger on the (0001) plane than on the other planes. In the in-
dentation testing of titanium, which exhibited an hcp structure, the
highest H was observed on the (0001) plane [33] owing to the lim-
ited slip of the basal plane parallel to the surface.

Fig. 5 shows the variation of H, with cc,. Specifically, H, is ~0.14
at cc, =~0at% and continuously decreases with cc,. Following the
large drop at the phase boundary, H, increases slightly in the cco
range of 70-100 at%. The crystal orientation dependence is similar to
that of H, that is, relatively low in fcc and high in hcp configurations.
H,, on (0001) is larger than that on (1010) by a factor of three. Fig. 5
shows the AFM gradient images of the indents on (0001) and (1010).
The (0001) indent exhibits pileups at all the edges. In contrast, the
(1010) indent exhibits small pileups at the two edges on the right
and no pile-ups on the left side and is in agreement with the results
for titanium [33].

3.2. Ni-Co-Cr ternary system

Fig. 6 shows the optical image and EPMA and EBSD results of
Sample C, and the variations in the contents and indentation results
with d along I are plotted in Fig. 7. cy; decreases and c¢, increases
with increasing d, as in the case of Sample A. The average cc; was
14.1 at% albeit with an inhomogeneous distribution owing to the
different chemical potentials of Cr in Ni and Co. The maximum and
minimum cc, were 15.0 and 13.3 at% in the Ni-rich region and near
the phase boundary, respectively. Beyond d =0.46 mm, the phase
changed from the fcc phase to the fcc + hep dual phase. The grains in
the dual phase were finer than those in the hcp phase in Sample A;
consequently, several indents are located on the grain boundaries.
The changes in E,, H, and H, were larger at the phase boundary than
those within the phases. The large variation in the dual phase is
attributable to the crystal orientation and grain boundaries. The
results for samples B and D are shown in the Supplementary
material.

The results of four samples with different nominal c¢, are plotted
in ternary diagrams, as shown in Fig. 8. Each measurement point is
represented by a circle, and the areas among the plots are inter-
polated using the natural neighbor interpolation method. The fcc
and hcp phases are observed at the low cc, and high cy;, respectively.
The fcc + hcp dual phase was observed at the high cc, and c¢,. The
presented phase diagram is not in equilibrium; however, a stable
phase is achieved after slow cooling from 1120 °C. The indentation
results are indicated by the shapes of the ternary diagrams (the re-
gion surrounded by green lines in the phase map). E; is approxi-
mately constant at ~180 GPa. The addition of 20at% Cr to Ni
increases E, by 10 GPa, which is consistent with previous studies
[34]. H is higher in the hcp and dual phases than in the fcc phase. H,
exhibited large variations in the hcp and dual phases and is lower
than that in the fcc phase. Magnified views of the ternary diagrams,
including only the fcc region at cc, < 50 at%, are shown on the left
side (region surrounded by orange lines). The addition of Cr
significantly increased E, and H and decreased H, in the fcc region.
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Fig. 5. a) Variations in H, with c¢, for Sample A with the AFM maps at cc, = 100 at% showing high and low H,, values. Each spot is colored in accordance with the IPF map, and the
black spots represent the indentations on the grain boundaries. Spots in the gray band represent indents with deformed regions across both phases; b) gradient images; c)
maximum height points (marked as red points) on contour map of measured height from topography images which removed the tilt by considering the entire image.

3.3. High-throughput estimation of the stress-strain relationship

A stress—strain curve, including oy and the strain hardening data,
is more important than the H data. In this section, the estimation of
the stress-strain relationship is adopted for the combinatorial in-
dentation tests.

Assuming a linear hardening law for the stress—strain curve of Ni
alloys (see Supplementary material), the elastoplastic behavior can
be represented as Eq. (2):

c=FEcato<oy;c=A+ Bz at o> oy, (2)

where o, ¢, E, A, and B denote the stress, strain, Young’s modulus,
intercept, and tangent modulus, respectively. Here, oy = ﬁ.
Based on Tabor’s theory [19], o is proportional to the H, that is, with
a constant ke,

H = keog 3)

eg, Teturning og, is approximately 8% (og =00 + Beg). The Hj, also
involves information on the hardening behavior. The H, value should
be 0 in an elastic material (oy/E = or B/E=1) and maximum in the
perfect plastic deformation (oy/E=0 or B/E=0) [35]. According to
[25], the relationship of H, with ¢y and B was approximated by

B
H, = kpiexpq —k ﬂ) —k (—)}
P o p{ pz(Ers P Eys (4)

Here, instead of E, E,s, which is the indentation modulus, is used
which is defined as follows:

1 1-%

1
= + —,

E; Ei Ers (5)
where E; and v; denote the Young’s modulus and Poisson’s ratio of
the indenter, respectively; E; = 1140 GPa and v; =0.07 for diamond.
The fitting parameters k, kp;, kp», and k,3; were determined as listed

in Table 2 from the results of uniaxial tensile tests and indentation
testing at a maximum load of 10 mN considering the Ni alloy and
stainless steel to ignore the indentation size effects [36]. The validity
of the determined fitting parameters and the assumption of linear
hardening law can be seen in the stress-strain curves in
Supplementary Fig. S5. The true stress-true strain curves obtained by
the inversed analysis for pure Ni, Ni-20at%Co-10at%Cr and Ni-40at
%Co-20at%Cr are in good agreement with those obtained by con-
ventional tensile tests. Here, fitting parameters were determined
using curves below 10% strain in order to improve the prediction
accuracy of yield stress and work hardening factors around it, which
are important as an alloy properties data. Further, it should be noted
that, only two fitting parameters can be estimated using the method,
and Ludwigson and swift laws involving three or more plasticity
parameters cannot be inverse analyzed.

Based on Eqs. (2)-(5), oy and B can be determined from the in-
dentation results of E,, H, and H,. The plastic parameters in the
Ni-Co-Cr ternary system were estimated in the fcc phase for
Cco < 50at%, as the crystal orientation dependence was high in the
hcp structure.

The estimated oy exhibited a strong dependence on c¢; (Fig. 9a).
The addition of 20 at% Cr increases sy by a factor of three, whereas
the addition of Co is less effective for strengthening. Although B
(Fig. 9b) shows a similar variation trend as oy, the change in B is
relatively small; its value is higher by a factor of 1.2 in Ni-40 at%Co-
20 at%Cr than in Ni. Fig. 9c shows the stress-strain curves based on
Eqgs. (2) for the four compositions shown in Fig. 9a. The estimated
stress at e=10% is 255.4 MPa in Ni. The addition of 40 at% Co and
20 at% Cr increased the stress by 21.9 and 222.7 MPa, respectively.
When 40 at% Co and 20at% Cr are added, the stress increases by
258.0 MPa. Yang et al. [5] demonstrated the strong dependence of Cr
on the strength of Ni-Co-Cr systems using first-principle calcula-
tions, and the findings are in agreement with the obtained results.
Meanwhile, it is important to mention error of estimated oy from the
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Fig. 6. a) Optical image and maps of b) cco, €) ¢cr, d) phase, and e) IPF in the indented region for Sample C.

measured E,, since the E; is well known to have a relatively large
variability. As shown in Fig. 4, accuracy of E, measured was
around = 10 GPa. The accuracy of estimated oy corresponding to the
values is+ 6.9 MPa, indicating to that our method has sufficient
prediction accuracy.

4. Discussion

Our proposed technique enables the high-throughput experi-
mental evaluation of oy and the strain-hardening behavior. For ex-
ample, in the present test, more than 570 points of mechanical
properties were automatically obtained for Ni-Co-Cr ternary diffu-
sion materials with different compositions, and the time required for
the indentation tests was only 28.5 h. On the other hand, to conduct
a tensile test using the conventional method with the same number
of points, the total time required for specimen machining, including
electrical discharge machining, rough cutting, grinding, and several

types of polishing, as well as the room temperature tensile tests,
would require approximately 200 days. Therefore, the proposed
high-throughput evaluation method is 168 times faster than the
conventional test method, although it is only a rough estimation.
Furthermore, in order to actually conduct tensile tests on 570 types
of multi-component alloys, casting, forging and heat treatment must
be conducted under optimal conditions for each composition. Since
process optimization is a trial-and-error process, the effect of high
throughput is expected to be even greater than 168 times.

Further, the huge amount of experimental data set of hardness
and Young's modulus linked to crystal orientation could be useful for
understanding to the orientation dependent. Our results indicate
that crystal orientation dependent of H and H, in hcp are sig-
nificantly larger than those in fcc for all the gradient samples as
shown in Figs. 4 and 5. Since the deviation in hcp phase does not
depend on the Co content, the variety is attributed to the hcp crystal
structure with the higher anisotropy of plasticity. Additionally, the
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represent the indentations on the grain boundaries.

higher hardness H in hcp phase close to {0001} orientation with red
marks in Fig. 4 corresponds well to the higher strain hardening in
the same red marks in Fig. 5, indicating that the higher hardness is
originated from the higher strain hardening. When Berkovich in-
denter is induced in the direction normal to basal plane, the resolved
shear stress (RSS) on the basal is significantly small and hence the
non-basal slip systems must be also activated to accommodate to
the induced plastic strain. Therefore, multi slip systems were pre-
sumably activated underneath the indenter, leading to the higher
strain hardening. Meanwhile, E, and H, values show a certain or-
ientation dependence even for the fcc structure. In this study, we
ignored the orientation dependence for E; and H,, in fcc for oy esti-
mation, because of its small orientation dependence, but the analysis
of the dependence will be important for further improved accuracy
of oy estimation, as a future work.

The method could contribute the evaluation of the solid solution
strengthening effect on the strain-hardening behavior in multi-
component systems. The conventional theory for oy in multi-

component systems was proposed by Gypen and Deruyttere [37], in
which an increase in the critical resolved shear stress could be ex-
pressed as the sum of each increment by a solute element, assuming
no interactions between different elements. Varvenne et al. [38]
proposed a more sophisticated theory for high-entropy alloys. These
theories are based on Labusch’s theory for binary alloys [16,39] and
enable the estimation of sy from size and elastic misfits.

The theory of strain hardening has not yet been established and
remains controversial. In general, strain-hardening behavior de-
pends on the stacking fault energy (SFE). A low SFE causes a large
strain hardening, as the increase in the stacking fault width caused
by the low SFE prevents the occurrence of cross-slip and subsequent
dynamic recovery. The SFE decreases with an increase in the c¢, and
ccr in Ni-Co and Ni-Cr binary alloys [40,41], which is representative
of an increment in the flow stress during strain hardening with in-
creasing cco and cc,. This result agrees with the experimental results
shown in Fig. 9c. Contrary to that for sy, no theory has been estab-
lished regarding the effects of the solid solution on the strain-
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Table 2 hardening exponent. The tool proposed in this study can enable the
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Parameter ke ko P P on the strain-hardening behavior in multi-component systems, in-
cluding superalloy and high-entropy alloy with more than 10 ad-

Value 7.23 0 0 2291

ditive elements.

A 3)
a) % ¥ ©) 600
& -
b 300 g (ccwCcd) | (4)(41.1,19.8) | CoFCr
[9) E 3
200 £ i
¢ 5 ‘
0 100 & 400 |
20 2, B) (1.2,21.4)
(1)  ccolat.%] 2 Co
= (2) (40.1,0) —
— 2200 |
2000 g F (1) (1.8,0)
1500 &
0 1 L 1

0 2.5 5 7.5 10
True strain [%]

Cco [at.%]

Fig. 9. Ternary diagrams for estimated (a) oy, (b) strain-hardening exponent at cc, < 50 at%, and (c) estimated stress-strain curves at (cco, cc;) = (1.8, 0), (40.1, 0), (1.2, 21.4), and (41.1,19.8) at%.
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5. Conclusions

The high-throughput evaluation of the stress-strain relationship
in a Ni-Co-Cr ternary system was performed via the indentation
testing of diffusion couples and estimation of the uniaxial plastic
properties. The following conclusions were drawn.

(1) More than 570 stress-strain curves for various chemical com-
positions were obtained from four diffusion couples by using
inverse estimation approach from load-displacement curves
during nanoindentation tests.

(2) The proposed high-throughput evaluation method is approxi-
mately > 168 times faster than the conventional test method,
including electrical discharge machining, rough cutting,
grinding, several types of polishing, and the room temperature
tensile tests.

(3) The addition of Cr had a more significant effect on the me-
chanical properties than by that of Co, in accordance with pre-
viously reported results. E, and H increased with increasing cc;;
however, H, decreased.

(4) The Ni-rich fcc phase returned a smaller E; on the (001) plane
than on the (101) plane; however, H and H, were independent of
the crystal orientation. In contrast, the hcp crystal in the Co-rich
composition exhibited high H and H, values on the (0001) plane
owing to the suppression of the basal slip.

(5) The estimation of sy and B from the indentation results high-
lighted the high sensitivity of the sy and H to c¢; and the low
sensitivity of the B to cc, and cco.

Practical Ni-based alloys, such as U720Li, contain more than 10
additive elements that contribute to oy and the strain-hardening
behavior. Although this study focused only on ternary systems, the
combinatorial testing and uniaxial property estimation represent
valuable tools for investigating the mechanical properties of multi-
component alloys and facilitate optimal alloy designs.
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