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Full length article 
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A B S T R A C T   

Complex concentrated alloys (CCAs) with a face-centered-cubic (FCC) structure exhibit remarkable mechanical 
properties, introducing the expansion of compositional space in alloy design for structural materials. The for
mation of a single solid-solution phase is enabled by configuring various 3d-transition elements, while doping 
other elements even of a small portion generally leads to the formation of brittle intermetallic compounds. 
Herein, we demonstrate through a systematic investigation of single FCC (CoNi)100-xMox alloys that a wide range 
of refractory element Mo can simultaneously improve the strength and ductility while sustaining the solid- 
solution structure. The addition of Mo with a larger atomic size than those of 3d-transition elements in
troduces severe lattice distortion in the FCC lattice and causes grain-boundary segregation enriched by Mo atoms. 
In addition, increasing Mo content effectively reduces the stacking fault energy (SFE). The increased lattice 
distortion with Mo content enhances the solid-solution strengthening of the alloys. Besides, along with reduced 
SFE and stabilization of the dislocation emission site by grain-boundary segregation, this elevated solid-solution 
strengthening increases grain-boundary strengthening, reaching a yield strength of ~1 GPa. Moreover, the 
reduction of SFE with increasing Mo results in the transition of dislocation substructures and the refinement of 
deformation twins, allowing for enhanced strain-hardening capability and thus ~1.3 GPa tensile strength and 
~50% ductility. Such compositive and synergetic effects of refractory element Mo enable the CCAs with a single 
FCC solid solution to overcome the strength and ductility trade-off.   

1. Introduction 

CCAs consisting of multiprincipal elements have garnered much 
attention as a new alloy design strategy over the last two decades owing 
to the potential for remarkable mechanical properties arising from the 
numerous combinations of alloying systems, in contrast to conventional 
dilute alloys [1–4]. In this field, the most widely investigated alloys have 
a single FCC solid-solution phase represented by CrMnFeCoNi [5], 
CrFeCoNi [6], CrCoNi [7], and VCoNi [8]. Since the contribution of 

solid-solution strengthening in dilute FCC alloys is less significant when 
compared to other strengthening mechanisms, it is generally considered 
that achieving a high yield strength in single FCC structured alloys is 
challenging without integrating a high density of defects such as dislo
cations or precipitates. Against this notion, however, FCC structured 
CCAs (FCC CCAs) exhibit considerably high yield strength stemming 
from only two strengthening contributions, that is, solid-solution 
strengthening and grain-boundary strengthening. In addition, various 
deformation mechanisms observed in FCC CCAs, e.g., nano–twinning [9, 
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10], transformation-induced plasticity [11,12], and slip band refine
ment [13], contribute to a high strain-hardening capacity and conse
quently an improved uniform ductility. 

Owing to the distinctive properties of FCC CCAs, many studies have 
focused on the requirements for the formation of FCC solid solutions. In 
this regard, empirical criteria based on the Hume–Rothery rule and 
thermodynamic parameters are widely accepted for predicting the 
crystal structure and formation of solid-solution, intermetallic, or 
amorphous phases [14–16]. For the predicted FCC CCAs, significant 
efforts have been made to reveal the fundamental mechanisms behind 
the enhanced solid-solution strengthening and grain-boundary 
strengthening. Severe lattice distortion facilitates large solid-solution 
strengthening, where the dominant factors known to control lattice 
distortion are the average atomic size misfit [17], root-mean-square of 
atomic displacements [18], charge transfer, and atomic-level pressure 
[19,20]. In contrast to solid-solution strengthening, only a few in
vestigations on grain-boundary strengthening in CCAs have been con
ducted [21,22]. Moreover, most studies on the origins of solid-solution 
and grain-boundary strengthening have only investigated FCC CCAs 
composed of 3d-transition metal elements. Although other elements 
with large atomic size differences, such as Al and Mo were added, they 
contributed to improving the mechanical properties through the for
mation of various secondary ordered or intermetallic phases [23–27]. In 
particular, it was suggested that the utilization of a small amount of Mo 
is an effective strategy to enhance the strength-ductility combination of 
FCC CCAs by regulating the precipitation behaviors [28,29] or defor
mation mechanisms. [29,30]. However, the addition of Mo to FCC CCAs 
generally leads to the formation of topologically close-packed phases 
with complex crystal structures such as μ [31] and σ phases [32], 
causing severe embrittlement. He et al. [32] reported that the addition 
of a small amount of 4 at% Mo in the equiatomic CrCoNi forms the σ 
phase. In addition, Liu et al. [25] investigated precipitation-hardened 
CrFeCoNiMo0.3 alloys, where up to 6.6 at% Mo is dissolved in the FCC 
matrix and the remaining Mo forms σ and μ phases. In other words, 
single-phase FCC CCAs with a wide range of Mo contents have never 
been experimentally investigated to the best of our knowledge; thus, a 
systematic investigation on the effect of Mo on solid-solution strength
ening, grain-boundary strengthening, and deformation mechanisms in 
multiprincipal FCC solid-solution alloys is lacking yet. 

This study aims to reveal the compositive role of Mo on micro
structural evolutions and strengthening mechanisms in single-phase FCC 
CCAs. Based on thermodynamic calculations, the three alloys with 
different Mo contents (8, 15, and 18 at%) in a (CoNi)100-xMox system 
were selected as model alloys as it is predicted to have a wide single FCC 
phase region even with a Mo content as high as 18 at%. To avoid the 
formation of other phases, such as disordered hexagonal close-packed 
(HCP) and ordered μ phases, the regions of a single FCC solid solution 
in these alloys were experimentally confirmed under various annealing 
conditions. Subsequently, solid-solution and grain-boundary strength
ening were quantified on fully FCC-structured specimens across a set of 
different grain sizes. Our results show that both the strength and 
ductility improve simultaneously with increasing Mo content. Particu
larly, the (CoNi)82Mo18 alloy exhibited an ultrahigh yield strength of ~1 
GPa, a tensile strength of ~1.3 GPa, and ductility of ~50% despite being 
fully recrystallized, i.e., a meager contribution of dislocation density. 
The underlying effect of Mo on solid-solution strengthening was 
revealed through correlations between solid-solution strengthening and 
lattice distortion, computed via ab initio calculations. Interestingly, 
significant grain-boundary strengthening is achieved by increasing the 
Mo content, which is correlated to the solid-solution strengthening, 
grain-boundary segregation of Mo, and variations in SFE quantified 
through ab initio calculations and experimental measurements. In 
addition to the strengthening contributions, the transition of the 
deformation structure according to SFE contributes to a high strain- 
hardening rate, and consequently high tensile strength and uniform 
ductility. This work suggests that the strategy of employing Mo has the 

potential to improve the mechanical properties of CCAs to a greater 
extent. 

2. Methodology 

2.1. Alloy fabrications 

Alloys with nominal compositions of (CoNi)92Mo8, (CoNi)85Mo15, 
and (CoNi)82Mo18 (referred to as Mo8, Mo15, and Mo18, respectively) 
were cast in dimensions of 100×35×8 mm3 via vacuum induction 
melting (MC100V, Indutherm, Germany) using high–purity elements 
(>99.9%) under Ar atmosphere. The combustion element analysis was 
performed on the cast ingots using LECO CS230 (LECO, USA) and ELTRA 
OHN 2000 (ELTRA GmbH, Germany) to measure the content of impu
rities as listed in Table 1. The cast ingots were homogenized at 1200◦C 
for 2 h under Ar atmosphere, followed by water-quenching, and then 
cold-rolled to 1.5 mm-thick sheets (~80% reduction in thickness). To 
obtain fully recrystallized states with various grain sizes, the cold-rolled 
sheets were annealed at 700–1250◦C for 1–60 min under Ar atmosphere, 
followed by water-quenching to room temperature. For the Mo18 alloy, 
the above conventional process produces a limited grain size of 4.44 

±2.24 μm at the lowest, which restricts detailed investigations of me
chanical behaviors and comparisons with other alloys. Thus, high- 
pressure torsion (HPT) was conducted on 10 mm-diameter disc speci
mens with 1.5 mm thickness to enable further grain refinement. Ten 
turns were performed at 1 rpm under 6 GPa to introduce significant 
plastic strain, and the specimen was annealed at 1100◦C for 1 min fol
lowed by water-quenching. 

2.2. Microstructural characterizations 

The metallographic specimens were prepared by grinding using 320, 
400, 600, and 750 grit SiC papers, followed by mechanical polishing 
with a 1 μm diamond suspension and colloidal silica suspension for 0.5 h 
to remove the damaged layer on the surface. X-ray diffraction (XRD) 
analyses (Cu Kα1 and Cu Kα2 radiations, scan rate: 5◦ min− 1, scan step 
size: 0.02◦) were performed to identify crystal structures and measure 
lattice parameters. The weighted average of Cu Kα1 and Cu Kα2 radia
tions were used to measure the lattice parameter. The morphology, size, 
and distribution of each constituent phase were investigated via field 
emission scanning electron microscopy (FE-SEM, Quanta FEG 250, FEI, 
USA) equipped with backscattered electron (BSE) and energy dispersive 
X-ray (EDS) detectors. Electron backscatter diffraction (EBSD, Digiview, 
EDAX, USA) was conducted to measure the average grain size of speci
mens composed of a single FCC phase. The EBSD data were analyzed 
using TSL-OIM software. 

Elemental distribution and grain-boundary segregation analyses 
were conducted via atom probe tomography (APT, LEAP 4000X HR, 
Cameca, USA) by applying the pulsed laser mode with a pulse frequency 
of 200 kHz, energy of 120 pJ at a base temperature of ~50 K, and 
pressure of ~10− 11 torr. APT specimens were acquired using a con
ventional lift-out technique using a focused ion beam (FIB, Ethos 
NX5000, Hitachi, Japan). APT data were analyzed using the IVAS soft
ware provided by Cameca. 

Detailed investigations of the phases and deformation structures 
were conducted using transmission electron microscopy (TEM, JEM- 

Table 1 
The content of impurities elements of the as-cast (CoNi)100-xMox alloys. The 
content of nitrogen was below the detection limit for all specimens.  

Specimen C (ppm) S (ppm) O (ppm) N 

(CoNi)92Mo8 45 18 105 - 
(CoNi)85Mo15 37 16 143 - 
(CoNi)82Mo18 37 13 213 -  
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2100F, JEOL, Japan) operated at a 200 kV voltage equipped with an EDS 
detector. The TEM specimens were ground to 70 μm and then punched 
into 3 mm diameter disks. The thin foils were electro-polished using a 
twin-jet polisher (Tenupol-5, Struers, Denmark) in a solution of 10% 
perchloric acid and 90% acetic acid at a voltage of 40 V. SFE was 
measured via weak beam dark-field (DF) TEM analysis using the g(3g) 
configuration observed from <111>FCC zone axis for the 2% strained 
tensile specimens. The Burgers vector of the dislocations was deter
mined via g⋅b analysis using three independent <220>-type diffraction 
vectors (g = (022), g = (220), and g = (202), respectively). The inter
spacing between the two dissociated Shockley partial dislocations was 
then measured in the weak beam DF image acquired from the diffraction 
vector g = (202). From the correction method proposed by Cockayne 
[33], the observed dissociation width of partial dislocations (dobs) was 
corrected to confirm the actual dissociation width of the partials (dact). 
SFE values were calculated using the following equation [9,34]: 

SFE =
Gb2

p

8πdact

(
2 − ν
1 − ν

)

(1 −
2 ν cos(2β)

2 − ν (1)  

where G is the shear modulus, bp is the magnitude of the Burgers vectors 
of partial dislocations, ν is Poisson’s ratio, and β is the angle between the 
dislocation line and the Burgers vector of perfect dislocations. 

2.3. Mechanical tests 

The elastic properties, i.e., the elastic modulus E, shear modulus G, 
and Poisson’s ratio ν, were measured using a resonant frequency 
damping analyzer (IMCE RFDA LTVP800) operated in the flexural vi
bration mode. The specimens for the internal friction tests were pre
pared with dimensions of 80×20×1.5 mm2 for the length, width, and 
thickness, respectively. The E and G moduli were calculated for the 
flexural vibration mode using the following equations according to 
ASTM E1876-09 standards. 

E = 0.9465
(

mf 2
r

b

)(
L3
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b

)6

⎞

⎟
⎠

(3)  

where m is the mass of the specimen, b is the width of the specimen, L is 
the length of the specimen, t is the thickness of the specimen, fr is the 
flexural resonant frequency, and T is a correction factor for the funda
mental flexural mode that accounts for the finite thickness of the bar. 
According to the calculated values of E and G, Poisson’s ratio ν was 
acquired from the relationship between E and G, as shown in the 
following equation: 

G =
E

2(1 + ν) (4) 

To evaluate the tensile properties, dog-bone-shaped flat tensile 
specimens with gauge lengths, widths, and thicknesses of 12, 4, and 1.5 
mm, respectively, were prepared from the annealed sheets. In the case of 
the HPT-processed specimens, dog-bone-shaped tensile specimens with 
a gauge length, width, and thickness of 1.5 mm, 0.7 mm, and 0.8 mm, 
respectively, were prepared. Uniaxial tensile tests were performed using 
a universal testing machine (model 3367, Instron, USA) at a strain rate 
of 10− 3 s− 1 at room temperature. The tensile strain was measured using 
a digital image correlation (DIC) technique with a 3D optical deforma
tion analysis system (ARAMIS 12M, GOM, Germany). 

2.4. Ab initio calculation 

FCC (CoNi)100− xMox alloys with x = 0, 5, 10, 15, and 20 at% were 
modeled using 120-atom supercells. The supercell models contain six 
{111} planes along the z-axis. Each plane accommodates 20 atoms and 

has dimensions of 5a× 2
̅̅̅
3

√
a, where a is the FCC lattice parameter. The 

chemical disorder was modeled using special quasirandom structure 
(SQS) configurations [35]. The correlation functions of the first, second, 
and third nearest-neighbor doublet clusters as well as the first 
nearest-neighbor triplet and quartet clusters were optimized to be close 
to the ideal values of fully random configurations using the simulated 
annealing approach, as implemented in the ICET code [36]. 

The SFEs were computed using the tilted supercell approach [37,38]. 
An intrinsic stacking fault (SF) was created in the perfect FCC cell by 
tilting the lattice vector along the 〈111〉 direction by 〈112〉/3. Thus, the ⋅ 
⋅ ⋅ ABCABC ⋅ ⋅ ⋅ stacking of the {111} planes of the perfect FCC phase is 
modified to ⋅ ⋅ ⋅ ABC|BCA ⋅ ⋅ ⋅, where the vertical line indicates the po
sition of the SF. The SF can be introduced at any interlayer space of the 
{111} planes; therefore, in our six-layer models, six possible SF positions 
exist. Further, for each SF position, three possible tilting directions exist 
as 〈211〉, 〈121〉, and 〈112〉. Therefore, 18 possible configurations con
taining SF for the constructed SQS supercells are considered, which 
could in principle provide different energies owing to the different re
alizations of chemical randomness in the vicinity of the SF. Depending 
on the utilized supercell size, this could result in substantial fluctuations 
in the computed SFEs depending on the local chemical environment 
near the SF [39,40]. To average out this impact, all 18 configurations 
were computed for each composition in this study. From the resulting 
supercell models with and without SFs, the SFE was computed as 

SFE =
FFCC+SF − FFCC

A
, (5)  

where FFCC+SFand FFCC are the Helmholtz energies of the supercell 
models with and without SFs, respectively, and A denotes the area of the 
SFs. 

Ab initio density functional theory calculations were performed using 
the VASP code [41–43] with the plane-wave projector augmented wave 
(PAW) method [44]. The exchange-correlation energy was obtained 
within the generalized gradient approximation (GGA) of the Per
dew–Burke–Ernzerhof (PBE) form [45]. The plane-wave cut-off energy 
was set to 400 eV. Reciprocal spaces were sampled using a Γ-centered 
3×5×3 k-point mesh for the 120-atom models, and the Methfes
sel–Paxton method [46] with a smearing width of 0.1 eV was applied. 
The 3d4s orbitals of Co and Ni and the 4d5s orbitals of Mo were treated 
as the valence states. The total energies were minimized until they 
converged to within 5×10− 4 eV per simulation cell for each ionic step. 
All calculations were performed considering the spin polarization. 

The calculations were performed for six volumes around the equi
librium ones. The atoms were initially placed on the ideal close-packing 
positions and then relaxed by fixing the cell shape until all forces on the 
atoms converged within 5×10− 2 eV/A. For each composition, the 
equilibrium volume and energy were obtained by fitting the obtained 
energy–volume relation to the Vinet equation of state [47,48]. For the 
models with SFs, all 18 configurations were employed to obtain a fitted 
energy–volume curve for each composition. The impact of lattice vi
brations on the Helmholtz energies in Eq. (5) was evaluated based on the 
Debye–Grüneisen model [49]. The Helmholtz energies were evaluated 
at the equilibrium volumes derived from the fitted energy–volume 
curves and the thus obtained lattice vibrational contributions. Since the 
present alloys are ferromagnetic at room temperature, entropic effect of 
magnetic fluctuations on the SFE is expected to be negligible and hence 
not considered. 

In previous studies [8,13,18], ab initio computed root-mean-square 
(RMS) atomic displacements showed strong correlations with 
solid-solution strengthening and can, hence, be expected to be a good 
descriptor of the solid-solution strengthening of alloys. Therefore, we 
computed the RMS atomic displacements from the ideal FCC lattice sites 
to the relaxed atomic positions of the alloy models investigated in this 
study. In addition, charge transfer among atoms can also correlate well 
with local lattice distortions [13,20]. Thus, we computed the Bader 
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atomic charges based on the Yu–Trinkle algorithm [50] as implemented 
by Henkelman et al. [51–53]. For these quantities, calculations were 
first performed for each volume, and the values at the ab initio equilib
rium volume were then estimated by linear interpolation. 

3. Results 

3.1. Thermodynamic calculations 

The Co–Ni binary system can form an FCC solid solution without 
intermetallic compounds in all composition ranges above 422◦C owing 
to their identical FCC crystal structure and low mixing enthalpy (~0 kJ). 
This considerably large FCC region enables the CoNi binary alloys to 
accommodate large amounts of Mo despite its different electronic, 
structural, and atomic-scale characteristics, which motivated the pre
sent study. The effect of Mo on the equilibrium states of the equiatomic 
CoNi binary system was predicted by the thermodynamic calculation 
using the TCFE2000 database and its upgraded version [54–56]. Fig. 1 
shows the equilibrium pseudo-binary phase diagram of the (CoN
i)100-xMox alloy system (x = 0–30 at%) in the temperature range of 
0–1600◦C. With increasing Mo content, it is predicted that a higher 
temperature is required to achieve a single FCC phase and that such a 
single FCC solid solution can be maintained up to ~20 at% of Mo. On the 
other hand, when the Mo content further increases or the temperature 
decreases, long-range ordered structures such as μ, MoNi, MoNi3, and 
Co3Mo are predicted as equilibrium phases. As well as ordered struc
tures, the phase diagram also predicts the disordered FCC and HCP 
dual–phase regions at intermediate temperatures. Based on this ther
modynamic calculation, three compositions of (CoNi)92Mo8, (CoN
i)85Mo15, and (CoNi)82Mo18 were selected as model alloys, which are 
expected to have a single FCC solid solution at temperatures highlighted 
by the dark blue region. 

3.2. Microstructural evolutions 

The XRD profiles for the Mo8 specimens in Fig. 2a reveal only pri
mary FCC peaks to be present in all specimens annealed from 700◦C to 
1100◦C, as plotted in red lines. On the other hand, secondary HCP peaks 
were also observed in alloys with higher Mo content (Fig. 2b,c), as 

plotted in black lines. The HCP peaks in the Mo15 and Mo18 alloys 
disappeared at temperatures above 1000◦C and 1050◦C, respectively, 
and only the primary FCC peaks remained. Fig. 2d shows the lattice 
parameters acquired from the specimens with a single FCC structure. 
The parameters of the Mo8, Mo15, and Mo18 alloys are 3.564, 3.587, 
and 3.602 Å, respectively, revealing a proportional increase with Mo in 
the CoNi equiatomic alloy [57]. 

Consistent with the XRD results, the Mo8, Mo15, and Mo18 speci
mens annealed at temperatures above 700◦C (Fig. 3a1–a4), 1000◦C 
(Fig. 3b1,b2), and 1050◦C (Fig. 3c1) exhibit a recrystallized FCC struc
ture with annealing twins (highlighted by red-dotted boxes in Fig. 3). 
The SEM-EDS maps also indicate that these specimens have homoge
neous elemental distribution in the single FCC phase without distinct 
element partitioning (Supplementary Fig. 1). In the case of Mo15 
(Fig. 3b3,b4) and Mo18 (Fig. 3c2–c4), the specimens annealed at lower 
temperatures exhibit more complex microstructures (highlighted by 
blue-dashed boxes in Fig. 3). These specimens contain bright particles, 
indicated by red arrows, distributed mainly at the grain boundaries and 
triple junctions. The bright particles shown in the BSE images are ex
pected to be enriched by Mo, which has a higher atomic number than 
that of Co or Ni. Meanwhile, it is expected that the HCP phase, which is 
predicted through thermodynamic calculations and identified by XRD 
analyses, is formed inside the grains with the shape of plates parallel to 
the FCC annealing twins. Interestingly, the Mo18 alloy specimens 
(Fig. 3c2–c4) show fine lamellar structures composed of an FCC matrix, 
FCC annealing twins, and HCP plates as indicated by blue arrows. The 
average thickness of these lamellar structures of the Mo18 alloy becomes 
finer from ~89 nm to ~21 nm as the annealing temperature decreases 
from 1000◦C to 800◦C. 

Further detailed identification of the phases was performed on the 
complex microstructures in the specimens corresponding to Fig. 3b3 and 
3c2 via TEM analysis. Fig. 4a1–a4 reveals the lamellar structure of Mo15 
specimens annealed at 900◦C for 1 h. The selected area diffraction 
pattern (SADP) and DF images taken along the <110>FCC zone axis 
show that the lamellar structure is composed of FCC twins and HCP 
plates in the FCC matrix. The crystallographic orientation relationship 
between FCC and HCP follows the Shoji–Nishiyama (S–N) relation, that 
is, <1120>HCP//<110>FCC and {0002}HCP//{111}FCC [58]. In contrast 
to the thermodynamic prediction that only disordered HCP and FCC 

Fig. 1. Equilibrium pseudo-binary phase diagram of the (CoNi)100-xMox alloy system (x = 0–30 at%) in the temperature range of 0–1600◦C. The composition range 
from (CoNi)92Mo8 to (CoNi)82Mo18 is highlighted in blue color. 
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phases exist at intermediate temperatures, superlattice peaks corre
sponding to the Co3Mo–type D019 structure with a two-layered ordered 
HCP structure [59], appeared in the SADP as indicated by the red 
rectangle. The DF image acquired from this superlattice peak (Fig. 4a4) 
confirms that the disordered HCP plates partially have an ordered D019 
structure, resulting in lamellar structures composed of the FCC, HCP, 
and D019 phases. 

The Mo18 specimen annealed at 1000◦C for 1 h also presents such 
lamellar structures consisting of FCC twins, HCP plates, and D019 
(Fig. 4b1–b4). Compared to those in Mo15, these lamellar structures 
have a higher fraction and larger thickness of HCP and D019 plates. The 
compositional profile across these lamellar structures (Fig. 4c) reveals 
that the disordered HCP and ordered D019 have an identical Mo-rich 
composition of 40Co–35Ni–25Mo (at%), whereas the FCC has a 
composition of 42Co–40Ni–18Mo (at%). The bright particles observed 
at the triple junction (red arrows in Fig. 3) were also confirmed to have 
an ordered D019 structure (Fig. 4d) with the same composition as the 
D019 present in the FCC and HCP plates (Supplementary Fig. 2). Finally, 
Fig. 4e confirms a single FCC structure with annealing twins and the 
absence of nanosized precipitates in the Mo18 alloy annealed at 1050◦C 
for 1 h (Fig. 3c1). 

To investigate whether the Mo18 alloy with a single FCC phase ex
hibits elemental heterogeneity, APT analysis was performed on the 
specimen annealed at 1050◦C for 1 h (Fig. 3c1). Fig. 5a shows the FIB- 
milled tip specimen containing a grain boundary, in which the fast 
Fourier transformation (FFT) pattern indicates two grains with different 
crystallographic orientations across the grain boundary. The three- 

dimensional reconstruction map (Fig. 5b) reveals that all constituent 
elements are homogeneously distributed at the grain interiors. The one- 
dimensional concentration profile acquired across the grain boundary 
(Fig. 5c) indicates that the matrices exhibit a homogeneous composition 
of 42Co–39Ni–19Mo (at%), which corresponds well with the nominal 
composition of the alloy. In addition, the FCC matrices of Mo18 main
tain random solid-solution states. However, the grain boundary is 
considerably decorated with Mo (up to ~32 at%), whereas Co and Ni are 
depleted in this region. Such grain-boundary segregation of substitu
tional elements is often observed in other polycrystalline FCC CCAs [8, 
60], and the segregation of Mo at the grain boundary can be attributed to 
the relaxation of the elastic strain field induced by Mo being larger than 
Co and Ni. 

3.3. Mechanical properties of single FCC solid-solution alloys 

The grain size plays a critical role in determining the mechanical 
response of single FCC solid-solution alloys. To investigate the de
pendency of mechanical properties on the grain size, Mo8, Mo15, and 
Mo18 alloys were annealed under various time and temperature con
ditions to obtain a set of single FCC structured specimens with diverse 
grain sizes. The annealing temperatures were determined based on the 
critical temperature resulting in a single FCC phase (Figs. 2 and 3): 
700–1200◦C for Mo8, 1000–1200◦C for Mo15, and 1050–1250◦C for 
Mo18. All specimens display a recrystallized FCC structure (Supple
mentary Fig. 3) with various average grain sizes in the range of ~2–60 
μm. As aforementioned, further refinement below 3 μm through 

Fig. 2. Phase identification via XRD analysis of the (a) Mo8, (b) Mo15, and (c) Mo18 alloys annealed at different temperatures for 1 h. (d) Calculated lattice pa
rameters of the FCC phase for the present alloys as well as the equiatomic CoNi binary alloy. 
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conventional processing is difficult for Mo18 as the single FCC is ob
tained at a relatively high temperature preventing fine-grained struc
turing. Thus, HPT imposing abundant nucleation sites for 
recrystallization was introduced and followed by subsequent short- 
duration annealing (1 min), resulting in an average grain size of 1.9 
μm (Supplementary Fig. 3c6). 

The processing conditions, average grain sizes, and mechanical 
properties are listed in Table 2. Fig. 6a–c presents representative 
room–temperature engineering stress–strain curves of the single FCC 
solid-solution alloys with various grain sizes. Mo8, Mo15, and Mo18 
annealed at 1200◦C for 1 h exhibit yield strength of 244 MPa, 322 MPa, 
and 382 MPa and ductility of 55.7 %, 69.8 %, and 71.6 %, respectively, 
confirming both yield strength and ductility improved simultaneously 
with increasing Mo content. This tendency remains even when the grain 
size is reduced, indicating that both strength and ductility are the 
highest in the Mo18 alloy specimens. Notably, the sensitivity of the yield 
strength to the grain size also increases with increasing Mo content. 
When the grain size decreases from 4.4 μm to 1.9 μm, the yield strength 
of the Mo18 alloy significantly increases by 330 MPa. Consequently, this 
alloy exhibits a very high yield strength of ~1 GPa despite being in the 
recrystallized state with a single FCC solid solution. 

More quantitatively, the dependence of the yield stress on grain sizes 

can be represented in terms of the Hall–Petch relationship, as expressed 
by the following equation [61,62]: 

σy = σ0 + kyd− 1/2, (6)  

where σ0 is solid-solution strengthening, often referred to as lattice 
friction stress; ky is the Hall–Petch coefficient indicating the strength 
sensitivity to grain size changes; and d is the average grain size. Fig. 6d 
reveals that the relationship between grain size and yield strength for 
the present alloys agrees well with the Hall–Petch equation, showing an 
R-square value of ~99 %. Interestingly, as the Mo content increases, 
both the solid-solution strengthening and the Hall–Petch coefficient 
increase. Of particular significance is the solid-solution strengthening of 
229 MPa and the Hall–Petch coefficient of 1028 MPa⋅μm1/2 in the Mo18 
alloy, which is considerably higher than that of previously reported FCC 
CCAs (Table 3). Such high solid-solution strengthening and Hall–Petch 
coefficient enable the Mo18 alloy, with a single FCC solid solution and 
an average grain size of 1.9 μm, to achieve a yield strength of ~1 GPa 
without other strengthening contributions, such as precipitation 
strengthening or dislocation strengthening. 

In addition to the yield strength, the variation in the strain-hardening 
capacity according to the Mo content should be noted. Fig. 6e shows the 
strain-hardening rate curves of the three alloys with a similar grain size 

Fig. 3. BSE images of the (a1–a4) Mo8, (b1–b4) Mo15, and (c1–c4) Mo18 alloys annealed at various temperatures for 1 h. The specimens of single FCC solid-solution 
and FCC-HCP dual phases are outlined as red-dotted and blue-dashed boxes, respectively. 
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of ~4 μm. At the initiation of plastic deformation in Mo15 and Mo18, the 
rapid drop in the strain-hardening rate is considered to result from the 
lack of sufficient mobile dislocations, as typically reported in materials 
with grain sizes less than a few micrometers [63]. After the initial plastic 
strain regime, the strain-hardening rates of all alloys exhibit similar 
trends, with a rapid decrease until ~8 % true strain, followed by a 

decelerated decrease until plastic instability. Aside from the shape of 
strain-hardening rate curves, the strain-hardening rate increases as the 
Mo content increases. Thus, Mo18 exhibits the highest strain-hardening 
rate among the three alloys. This high hardening rate delays the onset of 
plastic instability and contributes to a high tensile ductility. The me
chanical properties determined in this study are compared with those of 

Fig. 4. Phase characterizations via TEM analysis. SADP of the (a1) Mo15 alloy annealed at 900◦C and (b1) Mo18 alloy annealed at 1000◦C. Corresponding DF images 
for (a2, b2) revealing FCC annealing twins, (a3, b3) HCP plates, and (a4, a4) ordered D019 structure. (c) TEM-EDS line profile along the yellow arrow shown in (b3) and 
(b4). (d) BF image and SADP (inset) of the D019 particle at the triple junction of grains in the Mo18 alloy annealed at 1000◦C. (e) DF image showing FCC matrix, 
annealing twin, and their corresponding SADP (inset) in the Mo18 alloy annealed at 1050◦C. 

Fig. 5. APT elemental distribution analysis of the Mo18 alloy consisting of a single FCC phase: (a) FIB-milled tip specimen containing a grain boundary. (b) Three- 
dimensional reconstructions of Co, Ni, and Mo. (c) One-dimensional compositional profile along the black arrow shown in (b). 
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other conventional steels and CCAs in Fig. 6f, confirming that the 
strength-ductility trade-off relation can be overcome by Mo addition; 
thus, the Mo18 alloy can achieve remarkable properties by grain 
refinement. 

3.4. Deformation structures 

To unravel underlying deformation mechanisms in (CoNi)100-xMox 
systems, detailed TEM analysis was performed on the tensile specimens 
with an average grain size of ~4 μm, deformed to two different strain 
levels of 2% (Fig. 7) and 30% (Fig. 8), respectively. The scanning TEM 
(STEM) images at 2% strain (Fig. 7a,c,e) reveal that plastic strain 
accumulated along several {111} planes of FCC lattice via dislocation 
slip mechanisms, consistent with previous studies on FCC solid-solution 
alloys. All specimens show the formation of SFs indicated by red arrows 
(Fig. 7b,d,f), revealing widely separated Shockley partial dislocations. 
This result implies that the present (CoNi)100-xMox alloys show defor
mation structures of the low-SFE regime. In addition, dislocation nodes, 
which can hamper the subsequent dislocation glide due to their stable 
configuration [64], are observed with spanning SFs between them. For 
alloys with low SFE, it is known that an association of partial disloca
tions necessary for cross-slip is suppressed; thus, the deformation ex
hibits planar characteristics [65,66]. The planar characteristics of the 

dislocation arrangement in the (CoNi)100-xMox alloys become more 
robust with increasing Mo content. Particularly, in the Mo18 alloy 
exhibiting a sharp dislocation arrangement along the {111} planes, the 
SF layers on successive {111} planes, i.e., nano-twin, are also observed 
in the 2%-strained specimen, as indicated by white arrows in Fig. 7g,h. 

Further plastic straining to 30% results in distinct planar character
istics with a high density of dislocations (Fig. 8a–c). In addition to the 
increment of dislocation density, plastic strain accommodation occurred 
simultaneously through another deformation mechanism known as 
deformation twinning. For all specimens, additional diffraction spots 
corresponding to deformation twins were observed in the SADP ob
tained from the <110> zone axis. The DF images obtained using these 
additional {111}-type g vectors (Fig. 8d–f) indicate well-defined twin 
substructures along the {111} planes. With increasing Mo content, the 
thickness and the interspacing of the twins reduce, resulting in refined 
twinning substructures for the Mo15 and Mo18 alloys. In particular, the 
Mo18 alloy exhibits the highest twinning activity among the present 
alloys: an average twin thickness of ~8.7 nm and interspacing of ~33.7 
nm. In addition to the twin substructure, the dislocation substructure 
varies with the Mo content. For the Mo8 alloy (Fig. 8a), a high density of 
dislocations induced by large plastic deformation accumulated in the 
form of dislocation cells (DCs) inside the grains. Notably, the DCs were 
penetrated by deformation twins. With increasing Mo content, no 
prominent DC formation was observed (Fig. 8b,c). Rather, the disloca
tion substructures were altered from DCs to high-density dislocation 
walls (HDDWs). Fig. 8c clearly shows the Mo18 alloy with the disloca
tion substructure of HDDWs penetrated by refined deformation twins. 

4. Discussion 

4.1. Solid-solution stability and solid-solution strengthening 

The Hume–Rothery rules are effective means of determining the 
formation of solid solutions, which is preferred when the systems consist 
of elements with similar atomic sizes, crystal structures, electronega
tivities, and valencies. Because the border between the solvent and so
lute gradually becomes meaningless when configuring CCAs, empirical 
criteria for predicting solid-solution phase formation have been devel
oped through extended Hume–Rothery rules and thermodynamic pa
rameters [14,16,67]. According to these criteria, for a single FCC 
solid-solution, the following composition-weighted terms fulfill these 
requirements: i) atomic size difference (δ ≤ 6.6%), ii) atomic packing 
parameter (γ ≤ 1.175), iii) mixing enthalpy (-15 kJ mol− 1 < ΔHmix < 5 
kJ mol− 1), and iv) average valence electron concentration (VEC ≥ 8.0). 
Table 4 reveals that the Mo8, Mo15, and Mo18 alloys satisfy the 
empirical criteria for the formation of a single FCC solid solution. 
Compared to previously reported FCC CCAs composed of 3d-transition 
metals, the (CoNi)100-xMox alloys exhibit higher values of δ and γ, 
which are associated with the large atomic size difference between re
fractory elements (Mo) and 3d-transition metal elements (Co, Ni) [68]. 

The large atomic size difference substantially introduces a decrease 
in the stability of the solid solution in terms of the lattice strain energy 
[69]. As illustrated in Figs. 2 and 3, a higher temperature is required to 
maintain a single FCC solid-solution phase with increasing Mo content, 
indicating a reduction in structural stability in the FCC solid solution. 
Below the temperature of the single FCC phase region, where the effect 
of configurational entropy is reduced while that of enthalpy becomes 
dominant, Mo15 and Mo18 decompose into disordered FCC and HCP 
solid solutions, and ordered D019 (Fig. 4). The thermodynamic calcu
lation also demonstrates a reduction in the thermodynamic stability of 
the FCC solid solution with increasing Mo concentration. The minimum 
temperature required to form a single FCC solid solution increases from 
660 to 1200◦C when the Mo content is increased from 8 to 18 at%. 
Although D019 is not predicted to be an equilibrium phase in the in
termediate temperature region, it may be attributed to the partial 
disorder-order transformation, considering that Co3Mo having the D019 

Table 2 
Tensile properties and average grain sizes of the single FCC structured (CoNi)100- 

xMox alloys at various processing conditions.  

Specimen Processing 
condition 

Average 
grain size 
(μm) 

Yield 
strength 
(MPa) 

Tensile 
strength 
(MPa) 

Total 
elongation 
(%) 

(CoNi)92Mo8 CR (80%) +
700◦C / 1 h 

1.98 ±
1.12 

686 938 41.5 

CR (80%) +
750◦C / 1 h 

2.39 ±
1.36 

601 896 42.8 

CR (80%) +
800◦C / 1 h 

4.60 ±
3.24 

511 851 44.2 

CR (80%) +
900◦C / 1 h 

9.34 ±
4.79 

372 784 46.4 

CR (80%) +
1000◦C / 1 h 

22.2 ±
11.5 

296 741 55.7 

CR (80%) +
1200◦C / 1 h 

38.7 ±
20.2 

244 708 56.6 

(CoNi)85Mo15 CR (80%) +
1000◦C / 1 
m 

2.27 ±
1.45 

816 1193 42.1 

CR (80%) +
1000◦C / 1 
m 30 s 

3.08 ±
1.65 

727 1135 51.3 

CR (80%) +
1000◦C / 2 
m 

3.70 ±
1.90 

687 1111 52.1 

CR (80%) +
1000◦C / 5 
m 

7.33 ±
3.49 

575 1068 54.1 

CR (80%) +
1000◦C / 1 h 

18.8 ±
8.78 

445 973 56.9 

CR (80%) +
1200◦C / 1 h 

38.0 ±
21.7 

332 908 69.8 

(CoNi)82Mo18 HPT +
1100◦C / 1m 

1.85 ±
0.86 

1005 1326 51.5 

CR (80%) +
1050◦C / 2 
m 

4.44 ±
2.24 

674 1157 52.2 

CR (80%) +
1100◦C / 2 
m 

11.3 ±
5.10 

545 1085 56.6 

CR (80%) +
1100◦C / 10 
m 

28.2 ±
14.4 

438 1007 70.4 

CR (80%) +
1200◦C / 1 h 

44.1 ±
22.5 

382 963 71.6 

CR (80%) +
1250◦C / 1 h 

58.2 ±
31.5 

363 958 69.2  
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structure is stable at low temperatures and that both have identical 
compositions (Fig. 4c). 

The addition of Mo to the equiatomic binary CoNi alloy not only 
affects the solid-solution stability but also improves the solid-solution 
strengthening from 59 MPa in the CoNi alloy [70] to 229 MPa in the 
Mo18 alloy. Solid-solution strengthening in CCAs is generally attributed 
to their distorted lattice and the subsequent local fluctuation in the 
solute-dislocation interaction energy [19,71]. To describe the lattice 
distortion and solid-solution strengthening of CCAs with various 
elemental combinations, new approaches have been proposed beyond 
the solid-solution strengthening model based on the classical sol
vent–solute concept used in conventional alloys. Oh et al. [19,20] 
demonstrated that the atomic-level pressure, which originates from 
charge transfer among the constituent elements, introduces a local 
fluctuation in the elastic strain field in the lattice and thus lattice 
distortion. Okamoto et al. [18] reported that the RMS atomic displace
ment, which indicates how far each element deviates from its ideal 

lattice site on average, can represent lattice distortion and correlate well 
with the solid-solution strengthening of CCAs. To verify that these ap
proaches can also be applied to the (CoNi)100-xMox system containing 
the refractory element Mo, ab initio calculations were performed as 
follows. 

First, for the calculation of atomic charge transfer, the relationship 
between the Bader volume and the Bader charge (charge transfer) for 
each element at each alloy composition and volume was computed 
based on Bader analysis (Supplementary Fig. 4). Mo atoms are found to 
have positive Bader charges, whereas those of Ni and Co atoms are 
distributed around zero, and the overall Bader charge differences are 
found to increase with increasing Mo content. For each alloy and con
stituent element, the Bader volumes and charges are negatively corre
lated. The same trend is also observed for various other FCC [20] and 
BCC [72] CCAs. Fig. 9a summarizes the standard deviation (SD) of the 
Bader charge, displaying that the overall scattering in the charge 
transfer of the constituent elements increases with increasing Mo con
tent. It has been reported that a large scattering in charge transfer in
troduces a higher atomic level pressure [19], which suggests a greater 
lattice distortion in alloys with higher Mo content. 

In addition to the charge transfer effect, the RMS atomic displace
ment of the (CoNi)100-xMox system was also computed from the ideal 
FCC lattice sites to the relaxed atomic positions with equilibrium vol
umes (see Supplementary Note 1). As shown in Fig. 9b, similar to charge 
transfer, the overall RMS atomic displacement increases significantly 
with increasing Mo content. When the concentration of Mo exceeds 10 at 
%, the Mo atoms show the largest RMS atomic displacements, followed 
by Co and Ni. This may be the consequence of Mo having a substantially 
larger atomic volume than Co and Ni; unless in a dilute concentration 
where Mo atoms are mostly surrounded by Co and Ni, Mo atoms repel 
each other from ideal FCC lattice sites. Note that the RMS atomic 
displacement may be affected by chemical short-range order, as previ
ously demonstrated for the VCoNi alloy [73]. A comparison of the RMS 
atomic displacement in the (CoNi)100-xMox system with other FCC CCAs 
(Fig. 9c) reveals that even small additions of Mo can considerably 

Fig. 6. Mechanical properties of the (CoNi)100-xMox alloys. Engineering tensile stress–strain curves at room temperature of the (a) Mo8, (b) Mo15, and (c) Mo18 
alloys. (d) Yield stress (measured by 0.2% offset) versus the reciprocal of the square root of the average grain size of the alloys. (e) Strain-hardening rate curves of the 
annealed alloys with similar grain sizes. (f) Overview of the yield strength versus tensile elongation compared to other CCAs and TWIP steels. Detailed compositions 
and properties of the CCAs and TWIP steel are summarized in Supplementary Table 1. 

Table 3 
Shear modulus (G), Poisson’s ratio (ν), solid-solution strengthening (σ0), and 
Hall–Petch coefficient (ky) of the various FCC CCAs, CoNi binary alloy, and pure 
Ni.   

G 
(GPa) 

ν σ0 

(MPa) 
ky 

(MPa⋅μm1/2) 
Refs. 

Ni 76 0.31 22 180 [4,17] 
Ni-40Co 86 0.29 52 181 [4,17] 
FeCoNi 60 0.35 63 366 [4,17] 
CrCoNi 87 0.30 216 568 [4,10,17] 
V0.4Cr0.6CoNi 85 0.31 296 755 [13] 
V0.7Cr0.3CoNi 90 0.31 337 844 [13] 
VCoNi 72 0.33 380 878 [8] 
CrFeCoNi 84 0.28 123 276 [4,17] 
CrFeMnCoNi 80 0.26 125 494 [4,17] 
(CoNi)92Mo8 85 0.31 127 771 This work 
(CoNi)85Mo15 98 0.29 213 915 This work 
(CoNi)82Mo18 96 0.32 229 1028 This work  
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increase the RMS atomic displacements of the alloys. In particular, when 
the concentration of Mo reaches 20 at%, the RMS atomic displacement is 
comparable to that of the VCoNi alloy with high solid-solution 
strengthening attributed to severe lattice distortion [8]. Consequently, 

the above ab initio calculations for charge transfer and RMS displace
ment indicate that Mo plays an effective role in increasing the lattice 
distortion in the (CoNi)100-xMox system. Additionally, these results 
indicate that the correlation between lattice distortion and 

Fig. 7. Deformation structures of the Mo8, Mo15, and Mo18 alloys, with similar grain sizes, deformed to an engineering strain of 2%. STEM images of the (a, b) Mo8, 
(c, d) Mo15, and (e, f) Mo18 alloys. (g) High-resolution TEM image and (h) FFT pattern obtained from the Mo18 alloy showing the additional diffraction spots 
corresponding to the nano-twins. 

Fig. 8. Deformation structure of the Mo8, Mo15, and Mo18 alloys, with similar grain sizes, deformed to an engineering strain of 30%. STEM images of the (a) Mo8, 
(b) Mo15, and (c) Mo18 alloys. Corresponding DF images and SADPs (inset) showing the twin substructures of the (d) Mo8, (e) Mo15, and (f) Mo18 alloys. 
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solid-solution strengthening can be extended to the (CoNi)100-xMox al
loys that include the refractory element Mo. 

4.2. Grain-boundary strengthening 

In addition to solid-solution strengthening from the distorted lattice 
of the (CoNi)100-xMox alloys, grain-boundary strengthening contributes 
to their high yield strength. Particularly, in the case of Mo18, which 
exhibits a yield strength of ~1 GPa, the strengthening contribution of 
grain-boundary strengthening accounts for ~77% of the total value of 

yield strength, indicating a strong sensitivity of the yield strength to 
grain refinement. To reveal the fundamental mechanism of grain- 
boundary strengthening represented by the Hall–Petch relation, 
various models were proposed. Based on the model with a grain-interior 
source of dislocations (Frank–Read source), the higher friction stress 
leads to a higher Hall–Petch coefficient [8,74]. It is confirmed that the 
friction stress, representative of solid-solution strengthening, and the 
Hall–Petch coefficient are correlated in the (CoNi)100-xMox alloys 
(Supplementary Fig. 5). However, the linear tendency of the present 
alloys deviates toward higher Hall–Petch coefficients in comparison 
with other alloys, implying that only the correlation between 
solid-solution strengthening and Hall–Petch coefficient is insufficient for 
unraveling the origin of the strong sensitivity of the yield strength to 
grain refinement in the (CoNi)100-xMox alloys. 

To account for the high Hall–Petch coefficients of the (CoNi)100-xMox 
alloys, their SFE may be considered. Okamoto et al. [75] described that 
the reduction of SFE causes the increase of the Hall–Petch coefficient for 
FCC metals. Thus, to investigate the effect of Mo on SFEs in the (CoN
i)100-xMox alloys, SFEs were computed through ab initio calculations, as 
shown in Fig. 10. For the equiatomic CoNi alloy (x=0), the computed 
SFE is approximately 10 mJ/m2 at 0 K. This is in reasonable agreement 
with previously reported ab initio SFE [76,77]. With an increase in Mo 
content, the SFE continuously decreases to negative values. Such nega
tive ab initio SFEs at 0 K are often found in various 3d-transition 
metal-based HEAs [77–79]. Finite-temperature lattice vibrations 
slightly increase the SFE (Fig. 10c), as also found in a previous study 
[13], whereas the compositional trend may not be largely affected by 

Table 4 
Atomic size difference (δ), atomic packing parameter (γ), mixing enthalpy 
(ΔHmix), and average valance electron concentration (VEC) of the various FCC 
CCAs, CoNi binary alloy, and pure Ni.   

δ (%) γ VEC ΔHmix (kJ mol− 1) 

Ni - - 10 - 
Ni-40Co 0.0 1.000 9.6 0 
FeCoNi 0.75 1.017 9 -1.3 
CrCoNi 1.12 1.026 8.3 -4.9 
V0.4Cr0.6CoNi 2.66 1.087 8.2 -8.8 
V0.7Cr0.3CoNi 3.26 1.087 8.1 -11.6 
VCoNi 3.67 1.087 8 -14.2 
CrFeCoNi 1.03 1.026 8.3 -3.8 
CrFeMnCoNi 0.92 1.026 8 -4.2 
(CoNi)92Mo8 3.22 1.132 9.2 -1.8 
(CoNi)85Mo15 4.21 1.132 9.0 -3.1 
(CoNi)82Mo18 4.51 1.132 8.9 -3.5  

Fig. 9. Ab initio calculations for the lattice distortion of the (CoNi)100-xMox system (x = 0–20 at%). (a) Standard deviation (SD) of the Bader charges and (b) RMS 
displacements of alloys as a function of the Mo content. The solid black lines show the values for all the elements, whereas the dotted blue, gray, and purple lines 
show the values of Co, Ni, and Mo, respectively. (c) The RMS displacement for various FCC CCAs [8]. 

Fig. 10. Ab initio calculations for the SFE of the (CoNi)100-xMox system (x = 0–20 at%). Example for supercell models of chemically disordered FCC (CoNi)80Mo20 
alloy (a) without SFs and (b) with a SF obtained by the tilted-supercell approach. Labels A, B, and C correspond to the stacking sequence of the {111} planes, and the 
interlayer spaces sandwiched by the red labels to the SFs. The simulation cells are repeated twice along the 〈111〉 direction to better visualize the tilted-supercell 
approach. (c) Ab initio SFEs of the alloys as a function of the Mo content. The dashed blue and the solid red lines show the results at 0 K and at 300 K with the 
contributions of lattice vibrations, respectively. 
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such finite temperature contributions [80]. Other factors, such as 
chemical short-range order [81] and interstitial alloying [82] may also 
modify the SFE. 

To verify the characteristic tendency of the SFE according to the Mo 
content obtained through ab initio calculations, experimental quantifi
cation was conducted for the (CoNi)100-xMox alloys at room temperature 
through weak-beam DF TEM analysis (Fig. 11). The SFE of each alloy 
was calculated based on partial dislocation analysis. The weak-beam DF 
TEM images acquired from <111> zone axis using three independent 
<220>-type g vectors for the 2%-strained Mo18 specimen in Fig. 11a–c 
reveal the extended SF formed by dissociation of a perfect dislocation 
into two Shockley partial dislocations. The Burgers vectors of the indi
vidual dislocations were identified using the g⋅b = 0 technique. In the DF 
image using g = 202 (Fig. 11a), both partial dislocations are visible, but 
in the DF images using g = 022 (Fig. 11b) and g = 220 (Fig. 11c), one of 
the two partial dislocations is invisible. The 2%-strained Mo15 and Mo8 
specimens were also analyzed via identical Burgers vector analysis as 
shown in Fig. 11d,e, revealing that the expanded width of dissociated 
partial dislocations increases from 10.4 nm to 22.0 nm with the increase 
in Mo content. Consequently, the SFE of the Mo8, Mo15, and Mo18 al
loys were estimated as 19.6, 14.6, and 6.4 mJ/m2, respectively 
(Fig. 11f). In good agreement with the compositional trend observed in 
the theoretical prediction, the SFE decreases considerably with 
increasing Mo content. Additionally, it is notable that the (CoNi)100- 

xMox alloys present lower SFE values than the CrCoNi alloy (22 mJ/m2), 
which is known as a representative FCC CCA with a low SFE [9]. 
Therefore, both theoretical calculations and experimental measure
ments demonstrate SFE reduction with increasing Mo content in the 
(CoNi)100-xMox system. The low SFE values of the (CoNi)100-xMox system 
can contribute to the enhanced grain-boundary strengthening in terms 

of the dislocation multiplication in the lattice. It is generally known that 
the activation of multiple cross-slip promotes bulk dislocation multi
plication through the generation of Frank–Read sources [83]. As dis
cussed in the partial dislocation analysis, the SFE is directly correlated 
with the interspacing of the dissociated partial dislocations. A low SFE 
hinders the association of partial dislocations into perfect dislocations, 
as required for cross-slip. Therefore, the low SFE regime of the current 
alloys can increase the activation barrier for the multiple cross-slip 
mechanism and the consequent dislocation multiplication in the 
grains, resulting in the elevated Hall–Petch coefficient. 

However, it should be noted that the Frank–Read source is not the 
only source of dislocations in polycrystalline materials. Based on the 
grain-boundary ledge model, at the initiation of plastic deformation, the 
grain boundary not only hinders the glide of dislocations emitted from 
the interior source but also acts as a dislocation source itself by dislo
cation emission from the ledges [84]. In line with this model, the 
Hall–Petch coefficient is often noted to be affected by grain-boundary 
segregation. It is reported that the doping of interstitial or substitu
tional solutes, which results in solute segregation at grain boundaries, 
can lead to an increase in the Hall–Petch coefficient in ferritic steels [85, 
86] and Ni alloys [87]. The grain-boundary segregation can stabilize the 
dislocation emission site, which makes it harder for the grain boundaries 
to emit dislocations [88]. Araki et al. [89] demonstrated that the carbon 
segregation at grain boundaries in ferritic steel increases the critical 
stress required for dislocation emission. Additionally, molecular dy
namics simulations on the quinary CCA revealed that the atomic 
composition of the grain boundary mediates the stress required for 
dislocation emission [90]. The increase in the Hall–Petch coefficient 
through the doping of interstitial solutes has previously been observed 
even in FCC CCAs [91,92], although the underlying mechanisms have 
not yet been revealed. In this work, the elemental distribution analysis 

Fig. 11. Dislocation analysis and SFE measurement for the Mo8, Mo15, and Mo18 alloys deformed to an engineering strain of 2%. (a) SADP (inset) obtained from 
<111> zone axis of the Mo18 specimen and the corresponding weak beam DF TEM images using g = 202 (b) g = 022, and (c) g = 220. Weak beam DF images of the 
(d) Mo15 and (e) Mo8 alloys using g = 202, where both partial dislocations are visible. (f) Measured SFEs of the alloys as a function of the Mo content. 
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clearly reveals the presence of enrichment of Mo atoms at the grain 
boundary by ~10% higher than the matrix (Fig. 5). This result suggests 
that the unusual Hall–Petch coefficients of the (CoNi)100-xMox alloys 
originate from the stabilization of grain-boundary sources by employing 
Mo segregation. In consequence, the specific Hall–Petch coefficients of 
the (CoNi)100-xMox alloys are influenced by the three factors associated 
with the addition of Mo element: elevated solid-solution strengthening, 
reduced SFE, and grain-boundary segregation of Mo element. However, 
the ongoing debate regarding the dominant dislocation source mecha
nism in polycrystalline metals [93] makes it challenging to indepen
dently differentiate the influence of each factor on the grain-boundary 
strengthening in the current alloys. Moreover, the degree of segregation 
may vary with annealing conditions, and other factors such as texture 
[94], annealing twin density [21], and dislocation arrangement [95] can 
influence the Hall–Petch coefficient. Thus, more systematic in
vestigations are required to reveal the details of grain-boundary 
strengthening in the present alloys. 

4.3. Deformation mechanisms and strain-hardening capability 

The effects of the Mo content on mechanical responses are featured 
by the enhanced yield strength that stands for the initiation of plastic 
deformation and also the variations in subsequent strain-hardening be
haviors. All the alloys exhibit dislocation glides and SF formation in the 
initial plastic region (2% strain, Fig. 7), whereas the planar character
istics of the dislocation arrangements are intensified with increasing Mo 
content. With further straining (30% strain, Fig. 8), where SFs develop 
into deformation twins, a refinement of the twin substructures and 
transition of dislocation substructures from DCs to HDDWs are observed 
with the change in Mo content. Notably, the deformation mechanisms 
observed in these alloys are associated with low-SFE regimes. It is 
generally known that SFE is a key parameter governing the deformation 
mechanisms of FCC-structured materials [96]. As discussed earlier, the 
reduction of SFE hampers cross-slip, allowing planar slip to be dominant 
during plastic deformation [97]. In other words, dislocations are typi
cally accumulated in the form of HDDWs (planar slips) rather than DCs 
(wavy slips). Thus, the increasing Mo content reduces the SFE and re
sults in the transition of the dislocation substructure from DCs (Mo8) to 
HDDWs (Mo18) (Fig. 8a–c). In addition, the deformation twinning 
substructure is affected by the SFE in the (CoNi)100-xMox alloys. Because 
cross-slip plays an important role in the thickening of deformation twins 
[98], the obstruction of cross-slip due to the elevated Mo content and the 
reduced SFE suppresses the thickening of deformation twins and thus 
contributes to the formation of fine twin substructures in Mo15 and 
Mo18. It has also been demonstrated that the enhanced solid-solution 
strengthening in FCC CCAs retards cross-slip by imposing higher fric
tion stress on partial dislocations [13]. 

In terms of strain hardening, a higher Mo content induces higher 
strain-hardening rates (Fig. 6e) and consequently improves both 
strength and ductility (Fig. 6f). This tendency can be explained by the 
variation in the SFE according to the Mo content. The transition of 
dislocation substructures from DCs to HDDWs enables gliding disloca
tions to be accumulated more densely inside the grains by impeding 
cross-slip and the subsequent dynamic recovery during plastic defor
mation [99]. Moreover, the refinement of twin substructures introduces 
additional effective interfaces that induce a reduction in the dislocation 
mean free path, which is referred to as the dynamic Hall–Petch effect 
[100]. Thus, with increasing Mo content, both contributions signifi
cantly hindered dislocation glides and increased the strain-hardening 
rate, which enabled the alloys to overcome the strength-ductility 
trade-off. In particular, Mo18 presents an excellent strength–ductility 
combination of 1326 MPa×51.5%, stemming from its high 
solid-solution strengthening, grain-boundary strengthening, and 
strain-hardening capability. Notably, the present investigation, which 
demonstrated the synergetic effect of Mo on strength and ductility in 
single FCC structured (CoNi)100-xMox alloys with a broad range of Mo 

content, suggest the possibility of expanded compositional space in FCC 
CCAs and thus extended mechanical properties. 

5. Conclusions 

In this study, the microstructural evolutions and mechanical prop
erties of the (CoNi)100-xMox alloys (Mo8, Mo15, and Mo18) were sys
tematically investigated. The underlying effect of Mo on the phase 
stability and mechanical properties was investigated via theoretical 
calculations and experimental measurements, which led to the following 
conclusions.  

(1) A single FCC solid solution was maintained up to 18 at% Mo in 
the (CoNi)100-xMox system. With increasing Mo content, the 
minimum temperature required to form a single FCC solid solu
tion increased to 1000◦C and 1050◦C in the Mo15 and Mo18 al
loys, respectively. At lower temperatures, the single FCC solid 
solution in both alloys decomposed into disordered FCC and HCP 
solid solutions and ordered D019, whereas the Mo8 alloy 
remained in the FCC solid solution at 700◦C.  

(2) For the Mo8, Mo15, and Mo18 alloys with a single FCC solid 
solution whose grain sizes were tailored to a range of ~2–60 μm, 
both the strength and the ductility improved simultaneously from 
Mo8 to Mo18. Particularly, the Mo18 alloy exhibited an 
outstanding yield strength of ~1 GPa, a tensile strength of ~1.3 
GPa, and ductility of ~50%, despite being in the recrystallized 
single FCC solid-solution state.  

(3) Through ab initio calculations of the charge transfer and RMS 
displacement, it was revealed that Mo played an effective role in 
increasing the lattice distortion in (CoNi)100-xMox systems. The 
increase in the lattice distortion induced by the introduction of 
Mo enhanced the solid-solution strengthening from 59 MPa in the 
CoNi alloy to 229 MPa in the Mo18 alloy. This result indicated 
that lattice distortion and solid-solution strengthening correlated 
well even in the (CoNi)100-xMox alloys that include the refractory 
element Mo.  

(4) The (CoNi)100-xMox alloys exhibited a strong sensitivity of yield 
strength to grain refinement compared to other FCC CCAs 
composed of 3d-transition metals. The enhanced Hall-Petch co
efficients observed in these alloys can be attributed to the syn
ergistic effects of several factors associated with the addition of 
Mo, such as elevated solid-solution strengthening, reduced SFE, 
and segregation of Mo at grain boundaries. However, due to the 
difficulty in distinguishing the individual contributions of these 
factors, further systematic investigations are required to thor
oughly elucidate their roles.  

(5) During tensile deformation, the higher Mo content induced a 
higher strain-hardening rate and consequently improved both 
strength and ductility. The decreased SFE with elevated Mo 
content caused the transition of the dislocation substructure from 
DCs to HDDWs and the refinement of twin substructures. Both 
transitions in the dislocation and twin substructures significantly 
hindered dislocation glides and produced a higher strain- 
hardening capability. 
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