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ARTICLE INFO ABSTRACT

Keywords: ASTM F1058 Co-22Cr-17Fe-15Ni-4Mo (mol%) alloys (equivalent to Co-20Cr-16Fe-15Ni-7Mo in mass%) are

C?—Cr alloy widely used in biomedical applications, particularly in balloon-expandable stents, which require a combination

I;_lgh e;tr()lpy alloy of high ultimate tensile strength (UTS), good ductility, and low 0.2 % proof strength. To optimize the mechanical
iomedica

properties of these alloys, it is essential to understand their plastic deformation behavior. In this study, first-
principles calculations, microstructural analysis, and mechanical property evaluation were used to investigate
the stacking fault energy (SFE) and plastic deformation behavior of these alloys as a function of their Ni and Fe
content. First-principles calculations indicated that their SFE increased with increasing Ni and Fe content, with
Ni influencing the SFE more than Fe. Experimentally, increasing the Ni content suppressed the y-to-¢ stress-
induced martensitic transformation during plastic deformation, resulting in improved ductility without
compromising strength. With increasing Ni content, the plastic deformation mechanism in the early stage
changed from martensitic transformation and/or deformation twinning to dislocation slip, attributable to an
increase in the SFE. This study indicates that SFE evaluation by first-principles calculations is an effective
approach for designing Co-Cr-based multicomponent systems from the perspective of plastic deformation
mechanisms.

Stacking fault energy
First-principles calculation
Special quasi-random structure
Mechanical properties

1. Introduction plastically deformed states [16-18]. To optimize the mechanical prop-

erties of these alloys, it is essential to understand their plastic defor-

High-entropy alloys (HEAs), first proposed by Cantor et al. [1] and
Yeh et al. [2], have attracted considerable attention in recent years.
HEAs and other multicomponent alloys with a face-centered cubic (fcc)
structure possess high compositional freedom and exhibit remarkable
properties. In particular, their low stacking fault energy (SFE) promotes
deformation twinning and strain-induced martensitic transformation
(SIMT), enabling these alloys to overcome the strength-ductility
trade-off [3-5]. Notably, Co—Cr-Fe-Ni-Mo alloys with a fcc structure
(y-phase) exhibit high ultimate tensile strength (UTS) and ductility, with
Mo primarily contributing toward solid-solution strengthening [6-13].
The Co-22Cr-17Fe-15Ni-4Mo alloys (mol%) (equivalent to
Co-20Cr-16Fe-15Ni-7Mo in mass%), also known as ASTM F1058, are
widely used in medical applications, including balloon-expandable
stents and medical wires [14-16], which require high UTS, good
ductility, and a low 0.2% proof strength owing to application in
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mation behavior. The plastic deformation behavior of Co-based alloys
depends on their SFE [19]. Several studies have reported the effects of
alloying elements on the SFE of Co-Cr-Fe-Ni-Mo alloys [6,9,20,21].
Similar to HEAs, ASTM F1058 alloys have been reported to achieve
simultaneous improvements in strength and ductility through defor-
mation twinning [21], indicating that precise control of SFE in ASTM
F1058 alloys is a promising strategy for further enhancing their me-
chanical properties. To achieve this, first-principles calculations have
been used to estimate the SFE, even for negative values [6,22-27]. Two
primary methods are used for SFE calculations: the exact muffin-tin
orbital-coherent potential approximation (EMTO-CPA) method based
on the mean-field theory, and the supercell method combined with a
special quasi-random structure (SQS) [28]. Wei et al. [6] calculated the
generalized stacking fault energy (GSFE) of Co-Cr-Fe-Ni-Mo alloys
using the EMTO-CPA method; however, this approach does not account
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Abbreviations and compositions of the (a) quaternary and quinary alloys and (b) binary and ternary alloys in the calculations along with their GSFEs, and in (c)

experiments along with their grain sizes.

(a)
Composition (number of atoms in 108-atom-supercell) Generalized stacking fault energy/mJ-m>
Group in calculations Abbreviation -
Co Cr Fe Ni Mo YusF YisF YuTF YESF
Base-cal C0¢.42Crg.23F€eg.16Nig.15MO0g 05 45 25 17 16 5 287 -12 300 89
. Co09.31Cro,.23Feg,.16Nig.25M0g 05 34 25 17 27 5 339 79 392 87
56-x)Col6FexNi
(56-)Col6FexNi C00.56CT0.25F€0 16M00 05 61 25 17 - 5 309 —40 250 50
) C00.31Cro.23F€0.27Nig 15M0g.05 33 25 29 16 5 317 14 359 82
57-y)CoyFel5N:
(57-y)CoyFel5Ni €00.57Cr0,23Ni0.15M0g 05 62 25 - 16 5 360  -24 361 58
(b)
Composition (number of atoms in 144-atom-supercell) Generalized stacking fault energy/mJ-m
Abbreviation
Co Cr Fe Ni YusF YISF YutF YESF
Coy.75Nip.25 108 - - 36 285 -82 244 -65
C00.64Cro.25Nio.11 92 36 - 16 261 -159 154 -158
Coo.75Feq.25 108 - 36 - 237 84 295 95
Cog.64Crp.25F€0.11 92 36 16 - 255 -140 218 -169
(©
Composition (mol%) P
Group in experiments Abbreviation Grain size/um
Co Cr Fe Ni Mo Mn C d
Base-exp Coo.40Cro.22Feg.17Nig.15M0g.04 39.5 22.4 16.9 14.6 4.1 2.0 0.40 18
Co0.45Cro.23Fe0,16Nio.10M00.04 44.6 22.6 16.4 9.9 4.1 2.0 0.43 15
(55-x)Col6FexNi C00.49Cr0.23F€0.16Ni0.0sM0p 04 49.3 22.7 16.4 5.0 4.2 2.0 0.40 16
Coy.54Cro.23Fe.16M0g 04 54.4 22.9 16.0 - 4.2 21 0.39 8
Co0.45Cro.23Fe0,11Nig.15M0g.04 44.6 22.5 10.8 15.4 4.1 2.1 0.38 15
(55-y)CoyFel5Ni Co0.50Cro.23Fe0.06Nip.15MO0g.04 50.1 22.8 5.6 14.6 4.1 2.2 0.41 18
Coy.55Cro.23Nip.15M0g 04 54.9 23.1 - 14.9 4.3 2.3 0.44 17
Co0.40Cro.22Feg.11Nig.21M0g.04 39.8 22.1 10.9 20.7 4.0 2.1 0.44 26
C00.40Cro.22Fe0.06Nig.26MO00.04 39.9 22.1 5.7 25.7 4.1 2.1 0.43 26
(70-x — y)CoyFexNi C00.35Cr0.22F€0.16Ni0.20M0p 04 35.3 22.3 16.2 19.6 4.1 2.0 0.43 22
Coy.35Crg.22Feg.11Nig 26MO0g 04 34.8 21.9 11.1 25.7 4.0 2.0 0.44 19
C00.30Cr0.22F€0.17Ni0.24M00,04 30.5 22.2 16.5 24.3 4.1 2.0 0.43 19

for local lattice distortions [29,30]. Conversely, the supercell method
with an SQS can simulate random local atomic environments, enabling
analyses of lattice distortions and crystal stability at the electronic-state
level [31,32]. To the best of our knowledge, the SFE of Co-Cr-Fe-Ni-Mo
alloys estimated by first-principles calculations via the supercell method
with an SQS has not been reported to date.

Ni and Fe, which are completely solid-soluble in Co, are essential
elements for the design of Co-Cr alloys. When added to pure Co, both
elements increase the SFE of the system [33]. Thus, alloys with a wide
range of SFEs can be designed by varying the alloy composition,
particularly the content of Ni and Fe. A comprehensive understanding of
the relationship between the computational prediction of SFE and its
experimental analysis is indispensable.

Practically, both corrosion resistance and biocompatibility must be
considered when modifying the Ni and Fe content in the alloys. It has
been demonstrated that Cr and Mo effectively enhance corrosion resis-
tance [34]. In the alloy design, the Cr and Mo contents were set to the
same molar fractions as in the ASTM F1058 alloy to ensure sufficient
corrosion resistance. An increase in Ni content may raise concerns
regarding biocompatibility. However, the alloy with a Ni content of
36 mol% (ASTM F562 alloy, Co-36Ni-23Cr—6Mo (mol%), MP35N) [35]
has been practically used in medical implants for many years. Therefore,
the maximum Ni content of 27 mol% employed in this study is consid-
ered to fall within a biocompatible range, particularly when Cr and Mo
are also present to enhance corrosion resistance.

This study investigates the effects of the Ni and Fe content of
Co-22Cr-17Fe-15Ni-4Mo (mol%) alloys on the SFE, plastic deforma-
tion, and mechanical properties of the system. The SFE was evaluated
through first-principles calculations using the supercell method com-
bined with an SQS, and the corresponding changes in microstructural

evolution during plastic deformation and mechanical properties were
analyzed experimentally. Unless otherwise stated, the alloy composi-
tions are expressed in mol% in this study.

2. Materials and methods
2.1. Materials

The alloy compositions used in the calculations and experiments are
summarized in Table 1(a), (b), and (c), respectively. As for the quater-
nary and quinary alloys in Table 1(a), the compositional equivalent to
the specified alloys (as per ASTM F1058) is labeled the Base-cal
(Co0.42Crg.23Feg.16Nig 15Mog 05) alloy, the alloys with varying values of
Ni content compared with that of the Base-cal alloy are labeled (56—x)
Col6FexNi (x = 0-25), and the alloys with varying values of Fe content
are labeled (57-y)CoyFel5Ni (y = 0-27). To investigate the effects of Ni
and Fe content on the SFE, the SFE of Co-X binary and Co-Cr-X ternary
subsystems (X =Ni or Fe) was calculated. The compositions of the bi-
nary and ternary alloys are listed in Table 1(b). The labeling of the
experimentally fabricated alloys (Table 1(c)) can be summarized as
follows: the compositional equivalent to the specified alloys (as per
ASTM F1058) is labeled the Base—exp (C00V40CI'0'22F80V17Ni0.15M00'04)
alloy, alloys with a lower Ni and Fe content than the Base-exp alloy are
labeled (55-x)Col6FexNi (x =0-10) and (55-y)CoyFel5Ni (y =0-11),
respectively, and alloys with different values of both Ni and Fe content
are labeled (70-x-y)CoyFexNi (x =20-26, y =6-17). In both compu-
tational and experimental systems, the Cr and Mo concentrations were
maintained constant, as mentioned in the Introduction, to ensure
adequate corrosion resistance and biocompatibility.

While the computational alloys consist of Co, Cr, Fe, Ni, and Mo, the
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Fig. 1. Schematics of supercells with a nine-layer fcc structure and a relative translation along (112) direction. To clearly represent the stacking sequence and
introduction of dislocation, atomic layers are color-coded: gray and blue spheres represent atoms in alternating layers.

experimental alloys include Mn and C to match the ASTM F1058 alloy
composition. The exclusion of Mn and C from the computational alloys is
justified as follows. Mn was excluded due to its relatively low content, as
this study focused on the effects of Ni and Fe on SFE and mechanical
properties in the Co-Cr-Fe-Ni-Mo system. Although C can influence SFE
even at low concentrations [36,37], it is an interstitial element, and its
incorporation requires systematic modeling and analysis, which is
beyond the scope of this study. The effect of C on the SFE of multi-
component alloys is being investigated using first-principles calculations
and will be reported in a future study.

2.2. Calculations

In multicomponent alloys, structural features such as short-range
order (SRO) can significantly affect SFE and mechanical properties
and therefore warrant careful consideration [27]. However, in this
study, the experimental alloys underwent final heat treatment followed
by quenching from high temperatures (see 2.3). From the perspective of
configurational entropy, such processing is expected to promote a
random atomic distribution [32]. Thus, SRO was assumed to be negli-
gible in our calculations, and SQS models were employed to represent
the random solid solution. The SQS models in this study were generated
using the mesgs code of the Alloy Theoretic Automated Toolkit [38,39],
following the procedure reported by Zhou et al. [31,40]. In this
approach, the random atomic distribution in alloys is described by
correlation functions based on a spin representation, where an occupa-
tion variable S; is defined at each lattice site i. As an index of SRO, the

correlation function is defined as [[S1S2---Sk for a cluster of k sites
k,m

spanning a distance m. The average correlation function IIi,, was ob-
tained by averaging II; , over all symmetry-equivalent clusters in the
lattice. In a perfectly random alloy, site occupation is independent of the
occupation of other sites; that is, TTx,, = <Si)k. Accordingly, the SQS

_ 2
models were optimized by minimizing the deviation, (Hk,m - Hi?ns) R

SQS

ensuring that ITy' >

closely approximates the ideal random solution for all

selected k and m. In this study, k was set to 4 for m = 2. The resulting
deviations are provided in Table S-1.

The Vienna Ab-initio Simulation Package based on density functional
theory was used for GSFE calculations [41-44]. The interactions be-
tween valence electron and nuclei were modeled using projector
augmented waves [45,46]. Valence electrons were treated within the
generalized  gradient approximation employing the Per-
dew-Burke-Ernzerhof formula for the exchange-correlation potential
[47]. Spin-polarized calculations were conducted.

Supercells were constructed using fcc primitive cells (3 x 4 x 9 and
4 x 4 x 9). Each supercell consisted of nine layers with a total of 108
(for quaternary and quinary alloys) or 144 atoms (for binary and ternary
alloys), stacked along the [111] direction. Convergence tests established
the cutoff energy at 500 eV and the k-point mesh at 4 x 4 x 2 for 3 x 4
x 9 supercells and 4 x 4 x 1 for 4 x 4 x 9 supercells. The convergence
criterion for structural relaxation was set to 107> eV-atom ™ _.

After structural optimization, dislocations were introduced by
selecting the 4th to 6th layers from the bottom, whose compositions
approximately match the overall alloy composition. Subsequently, a
vacuum layer of ~10 A was introduced along the [111] direction to
eliminate interatomic interactions under three-dimensional periodic
boundary conditions, followed by the introduction of dislocations. To
avoid the relaxation of unstable stacking structures, such as unstable
stacking fault (USF) and unstable twin fault (UTF), atomic displace-
ments along the [111] direction were allowed during structural optimi-
zation in the GSFE calculations.

Schematics of the supercells before and after the introduction of a
dislocation, viewed along the [110] direction, are shown in Fig. 1. The
magnitude of the Burgers vector (bp) was set to \/Lg, where a represents

the lattice constant after structural relaxation. In the first step, the upper
section, consisting of four upper layers, was sheared using 0.5bp and
1.0bp (with increments of %bp) along the [ﬁ2] direction to introduce a
USF and an intrinsic stacking fault (ISF), respectively. In the second step,
the lower section of the ISF-introduced supercell, consisting of four
lower layers, was sheared using 0.5bp and 1.0bp (with increments of %bp)

along the [112] direction to introduce a UTF and an extrinsic stacking
fault (ESF), respectively. When labeling the layers A, B, and C from
bottom to top along with [111] direction, the stacking sequence in a
perfect crystal is ABCABCABC. For supercells containing ISFs and ESFs,
the stacking sequences become ABCAB][ABCA and ABCA]C[BCAB,
respectively, where the symbol ‘][’ denotes the location of the inter-
ruption in the stacking sequence, as shown in Fig. 1. The GSFE (yggp),
considering USFs, ISFs, UTFs, and ESFs, was calculated using the
following equation:

Egsr — E
Yask = % 1

where Eggr is the total energy of the system with the GSF, E, is the total
energy of a relaxed perfect crystal, and A is the area of the stacking-fault
plane. Notably, the value of y;g¢ corresponds to the SFE at 0 K.

The accuracy of the calculations was validated by determining the
ISF energy (yg;) of pure Ni. The nearly equal calculated values of yg for
the 3 x4 x9 and 4 x4 x 9 supercells (128 and 135 mJ-m’Z,
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Fig. 2. (a) Generalized stacking fault energy curves and (b) changes in y;g with the Ni or Fe content.

respectively) are consistent with the literature (y;gz = 121-137 mJ .m 32
[24,48,49], confirming the accuracy of the calculations reported in this
study.

2.3. Experimental

Alloy ingots (¢20 mm, 500 g) with the compositions listed in Table 1
(c) were fabricated by high-frequency induction melting under Ar using
pure metals and Cr3Cy powder as raw materials. Because the carbon
content of ASTM F1058 lies within 0.24-0.72 mol% (0.05-0.15 mass%),
~0.4 mol% of carbon was added to the alloys used in experiments. The
ingots were hot-forged in air at 1473 K to reduce their diameter to
¢12 mm and then machined to $10 mm. The heat-treatment procedures
used in this study are reported in detail elsewhere [21]. Briefly, the
specimens were subjected to solution-treatment in SiO2 ampoules with
Ar gas at a pressure of approximately 0.03 MPa at room temperature at
1473 K for 18 ks. Cold swaging in air caused a diameter reduction to
¢$7.0 mm in most specimens, except for (55-x)Col5FexNi (x = 0-10)
alloys, in which the diameter was reduced to $8.0 mm. The swaged alloy
bars were heat-treated in SiO, ampoules with Ar gas at a pressure of
approximately 0.03 MPa at room temperature at 1273-1323 K for 0.9 ks
followed by water quenching. Subsequently, scanning electron micro-
scopy—electron backscatter diffraction (SEM-EBSD, JSM-7800F,
JSM-IT800, JEOL Ltd. Tokyo, Japan) and transmission electron micro-
scopy (TEM, JEM-2100, JEOL Ltd. Tokyo, Japan) were used for micro-
structural analysis. The mechanical properties of the alloys were
evaluated using a tensile testing machine (RTF-1325, A&D Co., Ltd.
Tokyo, Japan). The tensile tests were performed in accordance with the
ASTM E8 [50]. Alloy bars were processed into specimens with a gauge
length of 10 mm and a diameter of ¢$3 mm and tested at room temper-
ature under a nominal strain rate of 1.67 x 10™s™.

3. Results and discussion
3.1. Effect of Ni and Fe content on SFE

The calculated GSFE curves for the Co-Cr-Fe-Ni-Mo alloys are
shown in Fig. 2(a). Table 1(a) summarizes the calculated USF, ISF, UTF,
and ESF energies (yygp; 71sp> Yutr, and 7ggp, respectively). For all systems,
the GSFE shows local maxima at sheared increments of 0.5bp (yygp) and
1.5bp (yyrp) with a local minimum at 1.0bp (yigp), resulting in bimodal
curves.

The changes in y;g; with the addition of Ni or Fe are shown in Fig. 2
(b). Replacing Co with Ni or Fe increases the ygp; replacement with Ni
causes a more significant increase in y;g; than that with Fe. This trend

Cog 75Nig 25 -4 Cog7sFegos -
400 C0g64Cro25Nig 11 ¥ C0g64Cro25F€0 11 4~ n
300

N
o
o

3
o
o

o

-100

-200

0 0.5 1 1.5 2
Displacement along 1/6<112>

Generalized stacking fault energy, yese / mJ * m2

Fig. 3. Generalized stacking fault energy curves of Cog7sFeg s,

C00.64Cro.25F€0.11, C00.75Nip.25, and Cog.64Cro.25Nig 11 alloys.

differs from the first-principles calculation results for Co-X binary sys-
tems reported by Achmad et al. [51-53], which indicate that replace-
ment with Fe increases the y;g; more significantly than that with Ni.
Achmad et al. use fcc supercells composed of 20 or 22 atoms with
alloying elements segregated around the ISF. An experimental study by
Morral [54] indicates that Fe increases the SFE more than Ni in Co-X
binary systems. In contrast, a study by Ikeda et al. [25] investigating the
effects of alloy composition around stacking faults on yg using
first-principles calculations with the EMTO-CPA method indicates that
the ygz of Co-Cr-Fe-Mn-Ni alloys increases with increasing atomic
fraction of Ni or Fe near the stacking fault, with the increase being more
significant for Ni than for Fe. Thus, according to Ikeda et al., the yg; in
Co—Cr-Fe-Mn-Ni alloys increases more on Ni addition than on Fe
addition. The trend of the calculation results obtained in this study,
which indicates that the y;g; increases more on Ni addition than on Fe
addition, aligns with the trend reported by Ikeda et al. Notably, multi-
component alloys containing Cr are used in both studies. The interaction
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Fig. 4. EBSD inverse pole figure (IPF) and phase maps of the alloys after heat treatment at 1273 K for 0.9 ks.

between Cr and Ni or Fe in Co-Cr multicomponent alloys is considered
to be associated with the yg; of such systems. To examine the effects of
Ni and Fe on the SFE further, GSFE calculations were conducted for
Co-X binary and Co-Cr—X ternary systems (X = Ni or Fe). The GSFE

—
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curves of Cog.ysFep2s,  Cope4Cro.2sFep11, Coo7sNigos, and
Cog.64Crp.25Nig.11 are shown in Fig. 3, while Table 1(b) lists their com-
positions and yygg, 7igr, Yute, and ygsp Values. Binary systems containing
Fe show a larger value of y;g; than those containing Ni, consistent with
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Table 2
Summary of mechanical properties and the e-phase fraction after alloy fracture.
Group in L . . . R .
experiments Abbreviation 0.2 % proof strength (MPa) Ultimate tensile strength (MPa) Plastic elongation (%) e-phase fraction after fracture (%)
Base-exp Co0g.40Cro 22Feg 17Nig 15M0g 04 578 + 6 1069 + 12 53+1 5
(55-%)Co C00_45Cr0_23Feo_16N?0_10M00_04 565 + 22 1050 + 13 34+4 27
16FexNi C0g.49Cr¢.23Feg.16Nip.05sMO0g.04 610 + 13 983 + 36 12+2 32
Co0¢.54Crg.23F€0.16MO0g 04 620 + 55 812+ 126 3+1 31
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Fig. 6. EBSD IPF and phase maps of the alloys near the fracture surface.

the results of Achmad et al. In contrast, ternary systems containing Cr
show comparable yg: values, regardless of the presence of Ni or Fe.
These results suggest that Fe increases the SFE in Co-X binary systems
significantly; this SFE enhancement ability of Fe is adversely affected by
the presence of Cr in the system. Moreover, the effects of Ni and Fe on
the SFE are different for Co-based binary alloys and Cr-containing Co—Cr

multicomponent alloys. Similar to Cr, Mo is one of the principal alloying
elements in Co—Cr alloys and is expected to interact with Ni and Fe,
potentially influencing the SFE. We are currently conducting both
computational and experimental studies to investigate the effect of Mo
content on the SFE of Co—Cr alloys.
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Fig. 7. (a) e-phase fractions in the vicinity of the fracture surface of the alloys
and TEM bright-field images of the (b) Base-exp and (c¢) Cog.49Cro.23F€o.16-
Nig.0sMo0g.04 alloys, both heat-treated at 1323 K for 0.9 ks and subjected to 5 %
true strain.

3.2. Microstructure and mechanical properties

The EBSD images and grain sizes (d) of all the alloys subjected to
mechanical-property analyses are presented in Fig. 4 and Table 1(c),
respectively. The 0.2 % proof strength, UTS, and plastic elongation as
functions of Ni or Fe content are shown in Fig. 5(a)-(c), respectively, and
the mechanical properties are summarized in Table 2. For most alloys,
the 0.2 % proof strength and UTS values vary within 500-600 MPa and
1000-1080 MPa, respectively. Moreover, an increase in Ni or Fe content
leads to an increase in plastic elongation (Fig. 5(c)). Representative true
stress—true strain curves and work hardening rates are shown in Fig. S-1.
For Coyg 30Crp.22Fep.17Nig.24Mo0y o4 alloy, which has a significantly higher
Ni content, the work hardening rate remains low throughout the entire
plastic deformation process compared with the Base-exp (Cog 40Crg.22-
Feo.17Ni.15M0g.04) alloy.

The EBSD images of the alloys near the fracture surfaces, which are
used to measure the e-phase (hexagonal closed-pack) fraction of the
alloys, are shown in Fig. 6. The e-phase fraction of the alloys as a
function of their Ni and Fe content is shown in Fig. 7. The e-phase is
formed by y-to-e strain-induced martensitic transformation (SIMT)
during plastic deformation. The e-phase fraction decreases significantly
with increasing Ni content, indicating a significant contribution of
dislocation slip toward the plastic deformation mechanism. Represen-
tative XRD patterns of tensile-tested specimens are shown in Fig. S-2.
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The experimental details on the XRD measurements are provided in the
Supplemental Materials. All specimens consisted of a single y-phase
before the tensile test. After testing, the Cog 49Crg.23Fe.16Nig.0sMo0g.04
alloy exhibited a significant amount of e-phase, while the Cog 55Crp 23
Nig.15Mog 04 alloy showed a small amount of e-phase. In contrast, the
Coy.35Crp.22Feq.16Nip.20M0g 04 alloy remained a single y-phase with no
e-phase formation. These results indicate that both Ni and Fe suppress
e-phase formation via SIMT, with Ni having a more pronounced effect.
These observations are consistent with the EBSD results near the fracture
surface shown in Fig. 6. TEM bright-field images of the Base-exp and
Coyg.49Crp.23Feq.16Nip.0sMo0g 04 alloys, respectively, after heat treatment
followed by the introduction of 5 % true strain, are shown in Fig. 8. The
Ni content of the Base-exp alloy (15 mol%) is higher than that of the
Co.49Crp.23Feq.16Nip.0sM0g 04 alloy (5 mol%). Notably, planar disloca-
tions and stacking faults are predominantly observed in the Base-exp
and Cog 49Crg 23Feq.16Nig.0sMog 04 alloys, respectively, indicating that
the primary deformation mechanism in the early stage is dislocation slip
in the former and martensitic transformation and/or deformation
twinning in the latter. With increasing Ni content, the plastic deforma-
tion mechanism changes from martensitic transformation and/or twin-
ning to dislocation slip, reflecting a corresponding increase in SFE, in
agreement with first-principles calculations.

3.3. Relationship between SFE and mechanical properties for alloy
designing

The effects of Ni and Fe on the yg; (SFE) estimated using calculations
and experimentally determined mechanical properties, such as plastic
elongation, UTS, and 0.2 % proof strength, are shown in Fig. 9. Both g
and plastic elongation increase with increasing addition of Ni and Fe
(Fig. 9(a) and (b)). In Co-Cr alloys, the interface between the y- and
e-phases functions as a crack-initiation site [21,55,56]. Therefore,
reducing the e-phase fraction likely improves ductility. The formation of
the e-phase by SIMT is suppressed by an increase in SFE. Thus,
increasing the SFE by adding Ni and Fe is an effective method for
enhancing the ductility of the system. Notably, the increase in plastic
deformation with increasing Ni and Fe addition saturates at ~15 and
10 mol%, respectively, indicating a limit to the SFE-increment effect on
the ductility of Co—Cr alloys.

The changes in strength with increasing Ni and Fe content are min-
imal (Fig. 9(c) and (d)). In Co-Cr-Fe-Ni-Mo alloys, controlling the SFE
and plastic deformation mechanism by adjusting the Ni and Fe content,
particularly the Ni content, which significantly contributes toward
increasing the SFE, enables alloy design that improves ductility while
maintaining a high UTS and low 0.2 % proof strength. Besides contrib-
uting toward the design of biomedical Co—Cr alloys, the insights ob-
tained in this study are expected to drive further development of high-
and medium-entropy alloys.

<7 Stacking fault

Fig. 8. TEM bright-field images of the (a) Base-exp and (b) Cog 49Crg.23F€0.16Nig.0sM0g o4 alloys, both heat-treated at 1323 K for 0.9 ks and subjected to 5 %

true strain.
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4. Conclusions

This study investigated the effects of Ni and Fe content on the plastic
deformation behavior of Co—Cr-Fe-Ni-Mo alloys through a combination
of computational and experimental approaches. The findings of this
study can be summarized as follows:

The y;gr (SFE) derived from first-principles calculations increases
with increasing addition of Ni and Fe; this increase is more pro-
nounced with Ni addition than with Fe addition.

The formation of the e-phase, associated with the y-to-e SIMT
observed in fractured alloys, decreases with increasing Ni content.
This implies that an increase in Ni content increases the SFE,
consistent with the computational results of this study.

With increasing Ni content, the plastic deformation mechanism in
the early stage changes from martensitic transformation and/or
deformation twinning to dislocation slip.

As the Ni and Fe content increases, the strength of the alloy remains
unchanged, whereas its plastic elongation increases through the
suppression of SIMT.

These findings demonstrate that first-principles calculations can
accurately evaluate the SFE, which can be used to understand the
plastic deformation behavior in Co-Cr-based multicomponent
systems.

Thus, this study contributes significantly toward alloy research and is
expected to guide future studies on the design and development of high-
performance multicomponent alloys with unique characteristics for
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biomedical and other specialized applications.
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