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The phase equilibria of the Co-Cr-Si ternary system at 1000 and 1200 °C were comprehensively revisited using
X-ray diffraction (XRD) analysis, microstructural observations, and quantitative compositional analysis by field-
emission electron probe microanalyzer equipped with wavelength dispersive X-ray spectroscopy (FE-EPMA/
WDS). Compared to previous work, the y(Co)/e(Co) phase boundary was newly established, and the solubility
ranges of binary and ternary intermetallic compounds were successfully refined. Utilizing electron backscatter
diffraction (EBSD) analysis, the compositional boundaries where the £¢(Co) phase disappears were found to shift
slightly toward the Co-Si-rich side with increasing temperature. Several binary silicide phases exhibited well-
defined solubility ranges, and the (-Co2Si phase was stabilized by Cr addition. The solubility range of the y
phase expanded toward the Cr-Si-rich side with increasing temperature, whereas that of the R phase contracted.
The N phase was found to exist as a ternary compound adopting the MnsSis-type structure at 1200 °C, but it
decomposed into p-CoySi and a eutectoid microstructure consisting of the (Co,Cr)Si and Cr3Si phases at 1000 °C.
Based on these results, isothermal sections of the Co—Cr-Si phase diagram at 1000 and 1200 °C were constructed.

1. Introduction

The global demand for biomaterials continues to grow as the elderly
population increases worldwide. Metallic biomaterials account for
approximately 70-80% of implanted medical devices and play a critical
role in restoring the functionality of damaged hard tissues, thereby
improving patients’ quality of life. However, conventional metallic
biomaterials, including stainless steels, Ti-based alloys, and Co-Cr al-
loys, still suffer from insufficient wear and corrosion resistances and
limited biocompatibility. In particular, the large mismatch in Young’s
modulus between metallic implants and human bone often induces the
stress-shielding effect, which accelerates bone resorption and reduces
long-term implant stability [1,2].

Recently, Co-Cr-Al-Si (CCAS) alloys with the potential to overcome
these limitations have been reported [3]. These alloys retain excellent
wear and corrosion resistance while exhibiting an exceptionally low
Young’s modulus. Specifically, the Young’s modulus of <001 > -ori-
ented single crystals is as low as 10-30 GPa, comparable to that of
human cortical bone and considerably lower than that (190-240 GPa) of
implant-grade stainless steels and conventional Co-Cr alloys [1,4].
Moreover, CCAS alloys show substantial superelasticity associated with
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a thermoelastic martensitic transformation from the B2 to the Ll
structure, resulting in recoverable strains of up to 17%, nearly twice that
of commercial Ti-Ni shape-memory alloys. These properties render
CCAS alloys promising for the development of next-generation
biomaterials.

Si plays a crucial role in the design of CCAS alloys. In the Co-rich part
of the Co-Cr-Al ternary system, phase separation into A2 and B2 phases
occurs during water quenching from the B2 single-phase region at high
temperatures (over 1100 °C) [5], making it difficult to retain the ordered
single-phase structure. However, an examination of the isothermal
phase diagram at 1200 °C for the Co-Cr—(ALSi) (ALSi = 1:1)
pseudo-ternary system revealed that Si addition considerably expands
the B2 single-phase region compared with that in the Co-Cr-Al ternary
system [6], facilitating martensite transformation in off-stoichiometric
CoCr(AlSi) alloys [3,7,8].

The CALPHAD (Calculation of Phase Diagrams) method predicts
phase diagrams using thermodynamic parameters optimized based on
phase-equilibrium data of binary and ternary systems, providing guid-
ance for the design of multicomponent alloys. Recently, we conducted
phase-equilibrium experiments at temperature exceeding 1500 °C [9,
10] and determined the phase diagrams of the Co-Si [11], Co-Cr [12],
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Fig. 1. (a) Nominal compositions (filled circles) of the Co-Cr-Si alloys exam-
ined in the present work and constituent binary phase diagrams: Co-Si [11],
Co-Cr [12], and Cr-Si [13]. (b) Previously reported phase diagram of the
Co—Cr-Si ternary system at 1000 °C [14].

and Cr-Si [10,13] binary systems, which are important binary sub-
systems of the Co-Cr-Si ternary system (Fig. 1(a)). A precise under-
standing of phase equilibria in the Co-Cr-Si ternary system is essential
for optimizing CCAS alloy compositions and developing reliable ther-
modynamic databases for advanced biomaterials. However, the
currently available phase diagram of the Co-Cr-Si ternary system ex-
hibits limited accuracy in terms of individual phase boundaries, as it is
based primarily on microstructural observations and X-ray diffraction
(XRD) analyses [14], as illustrated in Fig. 1(b). To address this limita-
tion, this study was aimed at experimentally revisiting the phase equi-
libria of the Co—Cr-Si ternary system.
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2. Literature review

Several researchers have examined the phase equilibria of the
Co-Cr-Si ternary system [14-16], enabling the construction of
isothermal sections at various temperatures and the identification of
multiple ternary intermediate phases. In 2010, Gupta reviewed experi-
mental data regarding the phase equilibria in this system [17]. Details
pertaining to stable solid phases and their crystal structures in the
Co—Cr-Si system are presented in Table 1.

The earliest investigation into the Co—-Cr-Si system at 1175 °C was
conducted by Gupta et al. [15]. Alloys were prepared by arc melting
electrolytic Co and Cr with high-purity Si under an Ar atmosphere,
followed by annealing at 1175 °C for 72 h and water quenching. Using
XRD and metallographic analyses, they constructed a partial isothermal
section covering the region related to the ¢ phase extending from the
Co—Cr binary system into the ternary system. They noted that the sol-
ubility limit of Si in the o phase is approximately 17 at% and that the
Cr3Si phase extends substantially into the ternary region, reaching
approximately 20 at% Co.

Borusevich and Gladyshevskiy [14] established isothermal sections
at 800 and 1000 °C using XRD and metallographic analyses of annealed
alloys. Specimens were prepared from electrolytic Cr (99.9%), Co
(99.99%), and Si (99.96%) in corundum crucibles under an Ar atmo-
sphere and subsequently heat-treated, although the annealing time was
not reported. They determined the solubility ranges of the o, CrsSi,
CrsSis, and a-CosSi phases and identified two ternary compounds, i.e.,
the R (near the Co3Crs3Siz composition) and y phases (near the CosCrsSiz
composition). In addition, they proposed the existence of another
ternary compound, termed the N phase (near Coy 5Crs 5Si3 composition),
reported to be stable above 800 °C.

Kunitsin et al. [16] investigated the phase equilibria of the Co—-Cr-Si
ternary system at 1150 °C using electron probe microanalyzer (EPMA).
Ingots were prepared from raw materials of Cr (99.9%), Co (99.99%),
and Si (99.99%) using arc-melting. Both diffusion couples and equili-
brated alloys were examined, and the specimens were heat-treated for
300 h. Experiments of CogpSizg/Cr and CoySigg/Cr diffusion couples
revealed the presence of solid-solution phases, intermetallic compounds,
and an unidentified phase designated as the T phase in the Co-Cr-Si
ternary system. EPMA measurements of equilibrated alloys confirmed
that the T phase exhibits a solubility range of 24-29 at% Si and 3-7 at%
Cr at 1150 °C. Additionally, they investigated the solubility ranges of
other solid-solution, binary, and ternary compound phases and con-
structed an isothermal section of the phase diagram at 1150 °C.

3. Experimental procedures

Co—Cr-Si alloys were synthesized from high-purity Co (99.9%), Cr
(99.99%), and Si (99.999%). The nominal compositions of the fabri-
cated Co-Cr-Si alloys are indicated by the red filled circles in Fig. 1(a).
Ingots were produced using a high-frequency induction melting furnace
under an Ar atmosphere. These ingots were sliced into small specimens,
and their surfaces were mechanically polished to remove oxide layers.
Alloy compositions are reported in atomic percent (at%) unless other-
wise noted.

Each specimen was encapsulated in a quartz glass tube filled with Ar
gas. Subsequent heat treatments were conducted in electric resistance
furnaces at 1000 and 1200 °C, followed by rapid quenching in ice water.
The chemical compositions of the equilibrium phases were measured
using a field-emission electron probe microanalyzer (FE-EPMA: JEOL
JXA-8500F, Japan) equipped with wavelength-dispersive X-ray spec-
troscopes (WDS), operating at an accelerating voltage of 20 kV and a
beam current of 10 nA. For each phase, concentrations were measured at
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Table 1
Crystal structure information for three binary systems and one ternary system in the Co-Cr-Si system.
System Phase Pearson symbol Space group Strukturbericht designation Structure Proto-type Lattice parameters, nm Reference
a b c

Co-Si y(Co) cF4 Fm3m Al Cubic Cu 0.3545 (18]
g(Co) hP2 P63 /mmc A3 Hexagonal Mg 0.2507 0.4070 (18]
Co3Si - - - - - - - -
a-CosSi oP12 Pnma C23 Orthorhombic Co,Si 0.4918 0.7109 0.3738 [19.20]
B-Co,Si hP6 P63 /mmc B8, Hexagonal NisIn 0.3963 0.5024 [21]
CoSi cP8 P2;3 B20 Cubic FeSi 0.4448 [22]
CoSiy cF12 Fm3m C1 Cubic CaF, 0.5353 [23]
(Si) cF8 Fd3m A4 Diamond C 0.5431 (24]

Co-Cr y(Co) cF4 Fm3m Al Cubic Cu 0.3545 (18]
e(Co) hpP2 P63 /mmc A3 Hexagonal Mg 0.2507 0.4070 (18]
c tP30 P4, /mnm D8, Tetragonal oCrFe 0.8758 0.4536 (7]
a(Cr) c2 Im3m A2 Cubic w 0.2910 (25]

Cr-Si a(Cr) cl2 Im3m A2 Cubic w 0.2910 (25]
CrsSi cP8 Pm3n Al5 Cubic CrsSi 0.4558 [26.27]
CrsSis ti38 I4/mcm D8, Tetragonal W5Si3 0.9170 0.4636 (28]
CrSi cP8 P2,3 B20 Cubic FeSi 0.4620 [29]
CrSiy hP9 P6,22 C40 Hexagonal CrSiy 0.4428 0.6368 (30]
(i) cF8 Fd3m A4 Diamond ¢ 0.5431 [24]

Co-Cr-Si X cI58 I43m Al2 Cubic aMn 0.8705 [31]
R hR53 R3 D8, Rhombohedral R(Co, Cr, Mo) 1.0587 1.8730 (171
N - - -

10 distinct locations. Electron backscatter diffraction (EBSD) was used
to identify the crystal orientation and structure. XRD analysis was per-
formed using an X-ray diffractometer (Rigaku SmartLab, Japan) with Cu
Ka radiation to determine the crystal structures of the Co—-Cr-Si alloys.

4. Results and discussion

The equilibrium compositions of the Co-Cr-Si alloys heat-treated at
1000 and 1200 °C are summarized in Tables 2 and 3, respectively. Based
on these results, isothermal phase diagrams of the Co-Cr-Si ternary
system were constructed.

4.1. Phase equilibria on the Co—Cr-rich side

A narrow two-phase region exists between the y(Co) and &(Co)
phases in both the Co-Si [11] and Co—Cr [12] binary systems. The £(Co)
phase remains stable up to the melting temperature in the Co-Si binary
system [11], whereas it is stable only below 967 °C in the Co—Cr binary
system [12]. In phase-equilibrium experiments of Co-Cr-Si ternary
system, preparing samples with coexisting y(Co) and &(Co) phases is
highly difficult due to its narrow two- or three-phase region, making it
challenging to experimentally determine their phase equilibria. How-
ever, in this work, the composition range where the €¢(Co) phase exists at
1000 °C and 1200 °C was successfully determined based on the differ-
ence in microstructural features between the originally stable &(Co)
phase and the transformed e(Co) phase characterized by SEM

observation and EBSD analysis. Figure 2 shows the microstructures of
Co—Cr-Si alloys containing the y(Co) and &(Co) phases after equilibra-
tion at 1000 and 1200 °C. A distinct change in the microstructural fea-
tures of the Co solid-solution phase is observed between the
compositions Co-30Cr-15Si and Co-35Cr-15Si at 1000 °C (Fig. 2(b,c))
and between Co-25Cr-15Si and Co-30Cr-15Si at 1200 °C (Fig. 2(f,g)).
In alloys with lower Cr contents, individual grains of the Co
solid-solution phase exhibit a uniform contrast. In contrast, in alloys
with higher Cr contents, the inclusions of Co solid-solution phase exhibit
plate-like internal structures.

To further examine the microstructural characteristics, EBSD mea-
surements were performed. Figure 3 presents the inverse pole figure
(IPF) and phase maps of Co—Cr-Si alloys containing the y(Co) and &(Co)
phases following heat treatment at 1000 and 1200 °C. Data points with
confidence index (CI) values below 0.05 are excluded, and crystal
orientation information is shown only for the y(Co) and &(Co) phases.
The IPF map reveals difference in the microstructural features of the
€(Co) phase: The e(Co) phase in the Co-25Cr-15Si alloy exhibits a single
orientation within crystal grains (Fig. 3(c)). In contrast, the £¢(Co) phase
in the Co-30Cr-15Si alloy displays a more complex microstructure with
different crystal orientations (Fig. 3(d)). Similar differences were
observed between the microstructures of the Co-30Cr-15Si and
Co-35Cr-15Si alloys heat-treated at 1000 °C (Fig. 3(a,b)). These mi-
crostructures were likely formed via transformation from the y(Co)
phase during cooling. Indeed, y(Co) with a face-centered cubic structure
has been reported to transform into a martensitic hexagonal close-
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Table 2

Equilibrium compositions of the Co-Cr-Si ternary system at 1000 °C.
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Nominal composition (at%)

Annealing time (h)

Equilibrium phase

Equilibrium composition (at%)

Phase 1 / Phase 2 / Phase 3 Phase 1 Phase 2 Phase 3
Cr Si Cr Si Cr Si

Co-2Cr-20Si 72 €(Co) / a-CoySi 2.6 +0.1 14.9 +0.2 0.7 £ 0.1 31.3+0.1

Co-5Cr-20Si 168 €(Co) / a-CoxSi 6.4+ 0.1 15.4 +£ 0.1 1.6 £0.1 31.8+0.1

Co-5Cr-40Si 168 p-CoxSi / (Co,Cr)Si 83+0.2 33.3+0.2 0.5+0.1 49.3 +0.1

Co-8Cr-20Si 168 €(Co) / a-CoxSi 10.2 + 0.1 15.2 4+ 0.1 2.8+0.1 31.3+0.1

Co-10Cr-20Si 168 €(Co) / a-CoxSi 12.7 £ 0.1 15.5+ 0.1 3.8+0.1 31.7 £ 0.1

Co-10Cr-30Si 240 ¥ / 0-Co,Si 25.3+0.4 21.6 £ 0.2 6.0+0.1 32.1+03

Co-10Cr-35Si 336 p-CoySi / (Co,Cr)Si 11.1 £ 0.1 33.6 £ 0.1 1.2+0.3 49.4 + 0.2

Co-10Cr-40Si 240 p-Co,Si / (Co,Cr)Si 16.8 £ 1.0 33.3+0.8 1.1+0.1 49.2 +0.1

Co-10Cr-80Si 120 CoSi, / CrSiy / (Si) 5.6 +1.0 65.8 + 0.4 329+0.1 66.7 + 0.1 0.1+0.1 99.8 +£ 0.1
Co-15Cr-60Si 336 (Co,Cr)Si / CoSiy / CrSiy 3.4+0.2 50.1 £ 0.1 3.7+0.1 64.6 +£ 0.1 33.2+0.2 65.9 +0.2
Co-18Cr-40Si 1200°C72h — 168 h p-Co,Si / (Co,Cr)Si 247 £ 0.2 33.4+0.4 2.2+0.4 49.2 + 0.4

Co-20Cr-15Si 168 €(Co) / % 19.5+ 0.1 13.9+0.1 26.2 +0.2 19.1 £ 0.1

Co-20Cr-20Si 1200°C1h - 168 h €(Co) / x / a-CouSi 16.3 +0.3 15.6 +£ 0.1 23.5+0.2 20.1 £ 0.2 55+0.1 31.3+0.1
Co-25Cr-15Si 168 €(Co) / % 22.8+0.1 12.4 +0.2 29.1 +0.2 17.7 £ 0.2

Co-25Cr-258i 168 x / B-CoxSi 28.7 £ 0.1 23.2+0.1 9.2+ 0.1 32.3+0.1

Co-29Cr-26Si 1008 x / R/ p-CoaSi 29.2+0.1 23.5+0.1 349+0.1 24.4+0.1 10.5+ 0.4 32.1+0.2
Co-30Cr-15Si 168 €(Co) / % 24.8 + 0.2 11.3+0.1 31.1+0.1 16.7 + 0.1

Co-30Cr-45Si 1200 °C120h —» 168 h CrsSiz / (Co,Cr)Si 57.7 + 0.4 37.1+0.1 13.0 + 0.4 49.3+0.1

Co-32Cr-42Si 336 CrsSis / (Co,Cr)Si 55.5+ 0.2 37.2+0.3 53+1.6 48.5 + 0.6

Co-35Cr-158i 1200°C168 h — 168 h y(Co) / 29.8 £ 0.1 88 +0.4 35.2+0.2 149 + 0.1

Co-35Cr-60Si 1200°C120h — 168 h (Co,Cr)Si / CrSiz 37.6 + 0.2 50.1 + 0.3 33.5+0.1 66.4 + 0.1

Co-37Cr-23Si 336 x/R 33.3+0.1 20.9 +0.1 38.3+0.2 23.0+0.1

Co-38Cr-138Si 336 y(Co) /o /y 31.0+0.1 82+0.1 45.1+0.2 10.4 £ 0.1 36.6 £ 0.1 143+ 0.1
Co-40Cr-10Si 1200°C72h — 168 h y(Co) / o 31.2+0.1 8.1+0.1 45.6 + 0.1 10.3 +0.1

Co-40Cr-30Si 1200°C72h - 216 h Cr3Si / p-CoSi 71.6 + 0.3 24.6 +0.2 23.7 £ 0.1 329 +0.1

Co-42Cr-28Si 336 Cr3Si/ R 722+1.5 24.5+0.3 40.7 £ 0.2 27.7 £ 0.2

Co-44Cr-27Si 336 CrsSi/ R 72.1+1.5 24.4+0.3 42.1+0.1 26.6 +£ 0.1

Co-45Cr-15Si 168 6/ 50.0 + 0.2 13.5+0.1 38.8+0.1 16.9 + 0.1

Co-45Cr-37Si 1008 Cr3Si / CrsSis / (Co,Cr)Si 72.6 +1.9 25.2+0.7 56.1 + 0.2 36.8 £ 0.1 57+1.8 48.2 + 0.6
Co-45Cr-458i 1200 °C 120 h— 168 h CrsSi3 / (Co,Cr)Si 59.4+0.2 37.7£0.1 35.2+0.2 49.6 +£ 0.1

Co-46Cr-18Si 336 c/y/R 51.7 £ 0.1 145+ 0.1 39.3+0.2 17.8 £0.2 43.5+0.1 20.8 + 0.2
Co-48Cr-5Si 168 y(Co) /o 36.1 +0.2 3.1+0.1 51.3+0.1 4.5+0.1

Co-50Cr-258i 336 Cr3Si/ R 71.8+ 0.9 23.9+0.1 43.6 +0.2 24.6 +0.2

Co-65Cr-15Si 168 6 / CrsSi 62.8 + 0.4 13.2+£0.3 72.9 + 0.7 22.8+0.5

Co-65Cr-22Si 1200°C72h — 216 h 6 / R/ CrsSi 56.3 + 0.1 15.7 £ 0.1 45.5+ 0.1 22.0+0.1 70.4 + 0.8 23.8+0.1
Co-65Cr-30Si 1200°C72h — 168 h Cr3Si / CrsSis 73.2+0.1 24.7 £ 0.1 55.1 +0.2 36.9 + 0.1

Co-70Cr-15Si 1200°C168 h — 168 h o / Cr3Si 67.7 £ 0.3 11.5+0.3 74.2+0.1 20.2+0.1

Co-78Cr-12Si 1200 °C 168 h — 168 h a(Cr) / o / Cr3Si 89.1 +0.2 41+0.1 69.6 + 0.1 10.3 £0.2 76.4 + 0.2 17.7 £ 0.1
Co-80Cr-15Si 1200°C168h — 168 h a(Cr) / Cr3Si 89.8 +£0.1 40+0.1 76.2 £ 0.2 19.5+0.1

packed phase during water quenching in Co-8Si binary alloys [32].
According to the phase maps (Fig. 3(e-h)), all Co—Cr-Si alloys primarily
consist of the ¢(Co) and y phases. The y(Co) phase is also detected in the
Co-35Cr-15Si alloy heat-treated at 1000 °C and Co-30Cr-15Si alloy
heat-treated at 1200 °C, as shown in Figs. 3(f,h), suggesting partial
retention of the y(Co) phase during water quenching. This indicates that
the £(Co) phase extends toward the Cr-rich side. It disappears across the
compositional ranges from 63.9C0-24.8Cr-11.3Si (at%) to
61.4C0-29.8Cr-8.8Si (at%) at 1000 °C and from 60.7C0-25.2Cr-14.1Si
(at%) to 59.7Co0-28.3Cr-12.0Si (at%) at 1200 °C, representing phase
boundaries of the £(Co) phase in the alloys discussed above.

Figure 4 shows typical microstructures of Co-Cr-Si alloys with low Si
contents after heat treatment at 1000 and 1200 °C for various durations.
The size of each phase was sufficiently large to enable quantitative
analysis by FE-EPMA/WDS. Although several additional regions with
different contrasts are observed in these microstructures, especially in
Figs. 4(b), 4(c), 4(d), and 4(f), these variations arise from channeling
contrast for the labeled phases due to differences in crystallographic
orientation rather than the presence of additional phases. Figure 5
presents the phase diagrams focused on the Co-Cr-rich region. As shown
in Fig. 4(a), the Co-20Cr-20Si alloy heat-treated at 1200 °C for 24 h

exhibits an inhomogeneous microstructure in addition to the £(Co) and
phases. This microstructure likely consists of primary crystals along with
a fine eutectic microstructure, suggesting that it originates from a liquid
phase stable at 1200 °C that transforms into solid phases during water
quenching (inset of Fig. 4(a)). In this study, the composition of the liquid
phase was determined by averaging 10 compositional measurements.
However, accurately determining the equilibrium composition remains
difficult owing to the heterogeneous nature of the microstructure; thus,
the compositions reported herein may exhibit a certain degree of scatter.

The FE-EPMA/WDS measurements reveal the presence and compo-
sitional ranges of the ternary y and R phases. As indicated in Table 2 and
Fig. 5(a), the y phase exhibits a solubility range of 23.5-39.3 at% Cr and
14.3-23.5 at% Si at 1000 °C, which is broader than that reported by
Borusevich and Gladyshevskiy [14]. The R phase displays a solubility
range of 34.9-45.5 at% Cr and 20.8-27.7 at% Si at 1000 °C, consistent
with prior results [14]. Compared with the phase diagram at 1000 °C,
the solubility range of the y phase at 1200 °C expands toward the
Cr-Si-rich side, whereas that of the R phase shows a tendency to shrink,
as shown in Tables 2 and 3, and Fig. 5(b).

The present work also reveals that Si dissolves significantly in the ¢
phase, expanding its Cr solubility limits to a wide range of
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Table 3
Equilibrium compositions of the Co-Cr-Si ternary system at 1200 °C.
Nominal composition (at%) Annealing time (h) Equilibrium phase Equilibrium composition (at%)
Phase 1 / Phase 2 / Phase 3 Phase 1 Phase 2 Phase 3
Cr Si Cr Si Cr Si
Co-2Cr-20Si 72 &(Co) / CosSi 2.3+0.1 17.6 £ 0.1 1.7 +0.1 24.1 +£0.1
Co-5Cr-20Si 72 &(Co) / CosSi 5.6 £0.1 17.4+0.1 45+0.1 245+ 0.2
Co-5Cr-30Si 120 Co3Si / a-Co,Si 9.4+ 0.6 24.4+£ 0.5 3.7+0.1 31.8+0.1
Co-5Cr-40Si 96 B-Co2Si / (Co,Cr)Si 83+0.3 344+ 0.7 0.6 + 0.1 49.0 £ 0.1
Co-5Cr-60Si 96 (Co,Cr)Si / CoSiy 9.6 £0.3 50.6 + 0.1 3.1+0.1 64.7 £ 0.1
Co-8Cr-20Si 72 &(Co) / CosSi 8.8+0.1 16.8 £ 0.2 7.3+0.1 23.9+0.2
Co-10Cr-20Si 72 £(Co) / CosSi 11.0£0.2 17.2+£0.2 9.2+ 0.1 24.3 £ 0.2
Co-10Cr-30Si 72 Co3Si / a-CoxSi 15.3+£0.1 25.4+0.3 7.6 +£0.1 32.0+ 0.4
Co-10Cr-35Si 72 B-CosSi / (Co,Cr)Si 10.8 £ 0.7 33.7+0.3 1.2+0.1 48.5 +£ 0.2
Co-10Cr-40Si 72 B-Co2Si / (Co,Cr)Si 16.3 £ 0.3 33.5+0.2 1.4+0.1 49.0 £ 0.1
Co-10Cr-80Si 72 CoSiy / CrSiy / (Si) 1.9+£0.2 66.3 + 0.2 33.0+0.2 66.6 + 0.1 0.1+0.1 99.8 + 0.1
Co-15Cr-20Si 0.5 &(Co) / CosSi 16.3 £ 0.1 16.4 £ 0.1 141 +0.1 23.6 £0.1
Co-15Cr-30Si 72 Co3Si / p-CoaSi 19.4 +£ 0.1 25.6 £ 0.1 13.7 £ 0.3 31.6 £ 0.2
Co-15Cr-60Si 96 (Co,Cr)Si / CoSi; / CrSiy 12.4 £0.2 50.4 + 0.8 4.2+0.3 64.3 + 0.2 32.6 + 0.5 66.1 + 0.2
Co-18Cr—40Si 96 B-CosSi / N / (Co,Cr)Si 24.8+0.3 33.9+0.9 30.5+0.3 37.7+£0.6 3.3+£0.1 49.0 £ 0.3
Co-20Cr-20Si 24 €(Co) / y / Liquid 21.3+£0.2 16.3+ 0.1 25.6 £ 0.2 20.3 £0.1 21.0 £3.3 21.1+1.5
Co-21Cr-27Si 168 % / CosSi / p-CoaSi 29.2+0.1 23.8+0.1 22.14+0.3 25.5+0.1 16.0 +£ 0.3 31.4+0.2
Co-22Cr-28Si 168 % / p-CoaSi 28.9 + 0.1 23.8+0.1 15.8 £ 0.1 31.3+0.1
Co-25Cr-15Si 168 e(Co) / x 25.2+0.2 141+0.2 30.1 £0.1 18.3 £ 0.1
Co-25Cr-25Si 96 ¥ / CosSi 29.4 +0.1 23.8+0.1 22.14+0.1 25.6 + 0.1
Co-30Cr-15Si 168 v(Co) / x 28.3+0.1 12.0 £ 0.1 33.1+0.1 16.7 +£ 0.1
Co-30Cr-30Si 72 R / B-CozSi 39.0 £ 0.3 26.3+0.3 23.1+0.1 32.6 £ 0.2
Co-30Cr-45Si 96 CrsSiz / (Co,Cr)Si 55.8 + 0.1 37.4+0.1 13.4+0.1 49.3 +0.2
Co-31Cr-27Si 168 ¥/ R/ B-CoxSi 32.7 £ 0.2 24.7 £ 0.1 37.0 £ 0.2 254 +0.1 20.2 +0.1 31.8+0.1
Co-32Cr-42Si 168 CrsSiz / N / (Co,Cr)Si 51.7 £ 0.1 36.9+0.1 38.3+0.2 37.3+0.2 59+0.5 48.8+0.2
Co-35Cr-15Si 72 vy(Co) / 31.2+0.1 10.24+0.1 36.2+0.1 15.3+0.1
Co-35Cr-60Si 96 (Co,Cr)Si / CrSiy 37.9+£0.2 49.8 + 0.2 33.8+0.1 65.8 + 0.1
Co-37Cr-23Si 168 %/ R 36.4+0.1 22.2+0.1 40.3 £0.1 23.6 +0.1
Co-40Cr-10Si 336 vy(Co) /o 343 +0.1 89+0.1 45.5 £ 0.2 10.3 £ 0.1
Co-40Cr-13Si 1400°C24h —»72h y(Co) /6 /) 32.6 + 0.1 10.8+£0.1 43.0 £ 0.2 12.6 £ 0.1 37.0+ 0.1 15.8 £ 0.1
Co-40Cr-30Si 120 Cr3Si / p-CooSi 70.0 + 0.6 24.7 £ 0.6 26.7 £ 0.3 33.1+05
Co-41Cr-33Si 168 Cr3Si / p-CoySi/ N 71.5+ 1.0 25.0+ 0.4 29.6 +£ 0.5 33.4+03 37.9+04 37.5+0.8
Co-42Cr-28Si 168 Cr3Si / R / B-CoaSi 70.6 £ 0.2 24.1+0.2 41.0 £0.3 27.1 +£0.2 26.8 +£ 0.5 32.7 £ 0.3
Co-44Cr-27Si 720 Cr3Si /R 70.5 + 0.1 24.4+0.1 41.2+£0.2 26.9 + 0.1
Co-45Cr-15Si 1400°C48h — 168 h o/ 47.0 £ 0.2 14.2+0.2 39.1+0.3 17.3+0.1
Co-45Cr-20Si 168 c/y/R 51.6 £ 0.1 17.3+0.1 409 £0.1 20.0 £0.1 43.5 £ 0.2 22.3+0.1
Co-45Cr-45Si 168 CrsSiz / (Co,Cr)Si 59.1 + 0.1 38.0+£0.2 3524+ 0.1 49.6 + 0.1
Co-46Cr-18Si 168 6/ 50.7 + 0.2 16.3+0.1 40.7 £ 0.2 19.2+0.1
Co-48Cr-5Si 72 y(Co) /& 39.2+0.2 3.6+0.1 51.3+0.1 45+0.1
Co-50Cr-25Si 72 Crs3Si /R 70.4 £ 0.5 23.6 £ 0.4 43.3 £0.5 24.4+£0.3
Co-50Cr—40Si 1300°C72h —»72h CrsSisz / (Co,Cr)Si 57.1 £ 0.2 37.5+0.2 17.3+0.2 49.5+ 0.1
Co-60Cr-30Si 168 Cr3Si / CrsSiz / N 72.0 £ 0.2 248+ 0.1 51.4+0.2 36.5+0.1 38.5+0.2 37.3+0.2
Co-65Cr-15Si 1400 °C48h — 168 h o / CrsSi 64.2 £ 0.1 13.6 £ 0.1 73.0 £0.2 21.6 £ 0.2
Co-65Cr-22Si 240 6/ R/ CrsSi 53.6 + 0.2 18.4+0.1 44.6 £ 0.3 22.8+0.2 69.9 + 0.1 23.6 + 0.2
Co-65Cr-30Si 168 Cr3Si / CrsSis 73.0 £ 0.2 24.7 £ 0.2 54.7 £ 0.2 36.6 + 0.1
Co-70Cr-5Si 168 a(Cr) /o 78.7 £0.1 3.1+0.1 67.6 £0.2 55+0.1
Co-70Cr-15Si 168 o / CrsSi 68.3 + 0.2 12.0£0.1 74.4 £0.1 20.5+ 0.3
Co-78Cr-12Si 336 a(Cr) / o / Cr3Si 83.5+ 0.1 6.5+ 0.1 70.5 + 0.2 11.4+£0.2 75.2 +0.2 19.0 +£0.2
Co-80Cr-15Si 72 a(Cr) / CrsSi 87.4+£0.2 58+0.1 76.2 £0.3 19.9 £ 0.1
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Fig. 2. Back-scattered electron (BSE) images of microstructures in the (a) Co-25Cr-158Si, (b) Co-30Cr-15Si, (c) Co-35Cr-15Si, and (d) Co-38Cr-13Si alloys heat-
treated at 1000 °C, and (e) Co-10Cr-208i, (f) Co-25Cr-158i, (g) Co-30Cr-15Si, and (h) Co-40Cr-108Si alloys heat-treated at 1200 °C. The insets in (c) and (g) show
magnified views of the y-(Co) phase.

IPF Map

@) o WFT 1)

—ﬂ\zw d

¢ b A20 pm
Phase Map

Fig. 3. (a—d) Inverse pole figure (IPF) and (e-h) phase maps of Co-Cr-Si alloys containing y(Co) and €(Co) phases: (a, €) Co-30Cr-15Si heat-treated at 1000 °C for
168 h; (b, f) Co-35Cr-158i heat-treated at 1000 °C for 168 h; (c, g) Co—25Cr-15Si heat-treated at 1200 °C for 168 h; and (d, h) Co-30Cr-15Si heat-treated at 1200 °C
for 168 h. Data points with a confidence index below 0.05 are excluded, and crystal orientation information is shown only for the y(Co) and €(Co) phases (IPF maps).
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Fig. 4. BSE images of three-phase microstructures in (a) Co-20Cr-20Si alloy heat-treated at 1200 °C for 24 h (the inset shows a magnified view of the microstructure
derived from the liquid phase); (b) Co-40Cr-13Si alloy heat-treated at 1200 °C for 72 h; (c) Co-45Cr-20Si alloy heat-treated at 1200 °C for 168 h; (d) Co—20Cr-20Si
alloy heat-treated at 1200 °C for 1 h; (e) Co-65Cr-22Si alloy heat-treated at 1000 °C for 216 h after homogenization at 1200 °C for 72 h; and (f) Co-78Cr-12Si alloy

heat-treated at 1200 °C for 168 h.
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Fig. 5. Phase diagram enlarged for the Co—Cr-rich portion at (a) 1000 °C and
(b) 1200 °C.

approximately 45-70 at% Cr as the Si content increases (Figs. 5(a) and 5
(b)). The o phase can contain up to 15.7 at% Si at 1000 °C, which further
increases to 18.4 at% Si at 1200 °C. These findings indicate that Si
strongly stabilizes the ¢ phase at these elevated temperatures.

4.2. Phase equilibria of binary silicide compounds

Figure 6 shows the microstructures of Co—Cr-Si alloys with the a- and
B-CosSi phases after heat treatment at 1000 and 1200 °C. As indicated in
Table 2, the equilibrium Cr content in the a- and p-Co,Si phases at 1000
°C increases with increasing Si content in the Co-10Cr—xSi alloys.
Moreover, the microstructural characteristics change markedly with
increasing Cr content in the a- and p-Co,Si phases, as shown in Fig. 6(a)-
(d). The phase with lower Cr content (labeled as a-Co,Si) exhibits a
single-phase microstructure in the alloys shown in Figs. 6(a) and 6(b). In
contrast, fine two-phase microstructures are observed in regions labeled
as B-CosSi in Figs. 6(c) and 6(d). For these regions, the chemical com-
positions of the p-Co.Si two-phase region were measured at randomly
selected points and averaged. A fine two-phase microstructure is also
observed in the Co-5Cr-40Si and Co-10Cr-35Si alloys heat-treated at
1200 °C, as shown in Figs. 6(g) and 6(h). These microstructures are
similar to those transformed from the $-CosSi phase in our previous
work on the Co-Si phase diagram [9], where they were considered to
consist of the primary precipitated a-Co,Si phase and fine microstruc-
ture of the a-Co2Si and CoSi phases. In the Co-Si binary system, a-Co2Si
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Fig. 6. BSE images of microstructures containing a- and p-Co,Si phases: (a) Co-10Cr-20Si, (b) Co-10Cr-30Si, (c¢) Co-10Cr-35Si, and (d) Co-10Cr-40Si alloys heat-
treated at 1000 °C, and (e) Co-5Cr-30Si, (f) Co-10Cr-308Si, (g) Co-5Cr-40Si, and (h) Co-10Cr-358Si heat-treated at 1200 °C. The insets in (g) and (h) show magnified

views of the B-Co,Si phase.

and B-CosSi phases are low-temperature and high-temperature phases,
respectively. The p-Co,Si phase cannot be retained by water quenching
as it is stable only at temperatures above 1248 °C. Therefore, the fine
two-phase microstructures observed in the Co-Cr-Si alloys are inter-
preted to originate from the stable p-Co,Si phase existing at elevated
temperatures. Their appearance at 1000 and 1200 °C indicates that Cr
addition stabilizes the B-CosSi phase rather than the a-CosSi phase.
Based on the observed microstructural changes, the phase boundaries
between the a- and $-Co,Si phases were determined. However, further
investigation is required to clarify the mechanism underlying micro-
structure formation and the exact phase boundary between the a- and
B-CosSi phases.

The phase equilibria of the binary silicide compounds in the
Co-Cr-Si ternary system were comprehensively established. Figure 7
shows typical microstructures of the Co-Cr-Si alloys containing binary
silicides after equilibration at 1000 and 1200 °C. Most of the Co-Cr-Si
alloys show a coarse microstructure exceeding 5 pm for each phase. For
alloys exhibiting finer microstructures, such as those shown in Fig. 7(b),
quantitative analysis using FE-EPMA/WDS was conducted only in re-
gions larger than 2 pm. In the Co-21Cr-27Si alloy heat-treated at 1200
°C for 168 h (Fig. 7(c)), the CosSi phase exhibits a fine microstructure
that decomposes into a eutectoid microstructure of the ¢(Co) and a-Co2Si
phases during water quenching. The isothermal sections of the Co-Cr-Si
ternary system determined in the present work are illustrated in Fig. 8.
The single-phase regions of (Co,Cr)Si, a-CosSi, -CosSi, CrsSiz, and CosSi
extend horizontally, indicating that Cr occupies the Co site of these
phases. CoSi and CrSi form a continuous solid-solution phase, desig-
nated as (Co,Cr)Si, and the solubility range of Si narrows toward the CrSi

side, which are consistent with the phase diagrams proposed by Bor-
usevich and Gladyshevskiy [14] and Kunitsin et al. [16]. The
FE-EPMA/WDS measurements reveal a considerable substitution of Cr
for Co in the p-CoxSi phase, with maximum solubilities of 24.7 at% at
1000 °C and 29.6 at% at 1200 °C. On the other hand, the solubility of Co
in the CrsSis phase is 8.0 at% at 1000 and 12.1 at% at 1200 °C. For the
disilicide phase in the Co-Cr-Si ternary system, the solubility of Co in
CrSiy is negligible, whereas the CoSi, phase displays a solubility range
extending toward the Cr-rich side. The Co3Si phase exhibits a certain
solubility range of Si on the Cr-rich side in the Co-Cr-Si ternary system,
although it is typically considered a line compound in the Co-Si binary
system. Kunitsin et al. [16] proposed the existence of a new ternary
compound, labeled the T phase, at 1150 °C. However, our results suggest
that this phase may correspond to Cr-containing CosSi.

4.3. Phase stability of the N phase

Figure 9 shows the three-phase microstructures containing the N
phase in Co-Cr-Si alloys equilibrated at 1200 °C. The FE-EPMA/WDS
measurements reveal that the N phase exhibits a solubility range of
30.5-38.5 at% Cr, while the Si content remains nearly constant at
approximately 37.5 at%, as illustrated in Fig. 8(b).

Figure 10 shows the microstructures and powder XRD profiles of the
Co-34.0Cr-37.5Si alloy, whose composition lies close to the single-
phase region of the N phase at 1200 °C. Heat treatments were con-
ducted at 1200 °C for 240 h (Fig. 10(a,c)) and at 1000 °C for 360 h after
homogenization at 1200 °C for 240 h (Fig. 10(b,d)). As shown in Figs. 10
(a) and 10(c), microstructural observations confirm that the alloy
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Fig. 7. BSE images of three-phase microstructures in (a) Co-10Cr-80Si alloy heat-treated at 1000 °C for 120 h, (b) Co-15Cr-60Si alloy heat-treated at 1000 °C for
168 h, (c) Co-21Cr-27Si alloy heat-treated at 1200 °C for 168 h (the inset shows the magnified view of the Co3Si phase), (d) Co-31Cr-27Si alloy heat-treated at 1200
°C for 168 h, and (e) Co-42Cr-28Si alloy heat-treated at 1200 °C for 168 h.
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Fig. 8. Phase diagram of the Co-Cr-Si ternary system at (a) 1000 °C and (b)
1200 °C.

consists entirely of the N single phase after heat treatment at 1200 °C.
Powder XRD results reveal that the N phase adopts the MnsSis-type
(hP16, P63/mcm, 193) crystal structure, with lattice parameters of a
= 6.7878 + 0.0009 A and ¢ = 4.7400 + 0.0007 A. The XRD profile of
the specimen heat-treated at 1000 °C displays peaks corresponding to
the (Co,Cr)Si and CrsSi phases, in addition to those of the N phase
(Fig. 10(b)). As shown in Fig. 10(d), this specimen exhibits a eutectoid
microstructure with grey and black contrasts, as well as a phase with a
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white contrast. The grey phase exhibits a composition of 8.8 at% Cr and
46.7 at% Si, whereas the black phase contains 72.9 at% Cr and 24.5 at%
Si. These results confirm that the eutectoid microstructure consists of the
(Co,Cr)Si and Cr3Si phases, supporting the XRD results for the specimen
heat-treated at 1000 °C (Fig. 10(b)). The white phase exhibits a
composition of 24.9 at% Cr and 33.1 at% Si, corresponding to the
B-Co,Si phase. These findings indicate that the N phase, which is stable
at 1200 °C, decomposes at 1000 °C into p-Co,Si and the eutectoid
microstructure consisting of the (Co,Cr)Si and Cr3Si phases. However,
this decomposition appears to be sluggish, because both the XRD and FE-
EPMA/WDS analyses confirm that the N phase is retained even after
360 h of heat treatment at 1000 °C (Fig. 10(b,d)). The phase equilibria
established at 1000 °C (Fig. 8(a)) support the absence of the N phase at
1000 °C: In the Co—-45Cr-37Si alloy annealed at 1000 °C for 1008 h, a
three-phase equilibrium of the (Co,Cr)Si, CrsSis, and Cr3Si phases is
obtained. In contrast, the three-phase equilibrium involving (Co,Cr)Si,
B-CosSi, and CrsSi could not be precisely determined because the
microstructure was too fine to obtain accurate equilibrium compositions
via FE-EPMA/WDS, even after long-term annealing.

Although Borusevich and Gladyshevskiy [14] suggested that the N
phase is stable above 800 °C, they likely observed the retention of the
metastable N phase owing to insufficient annealing time. According to
the results of the present work, the N phase is a ternary compound stable
only at high temperatures in the Co-Cr-Si system, and it is absent below
1000 °C. However, further investigation would be required to reveal the
phase transformation mechanisms related to the N phase.

5. Conclusion

The phase equilibria of the Co-Cr-Si ternary system at 1000 and
1200 °C were experimentally investigated, and the following results
were obtained.

(1) EBSD analysis reveals characteristic microstructural changes
associated with the transition between the ¢(Co) and y(Co) phases,
indicating that the £(Co) phase disappears near compositions containing
approximately 25 at% Cr and 10 at% Si.

(2) The 6-CoCr phase exhibits a wide solubility range as Si content
increases, and it can contain up to 15.7 at% Si at 1000 °C and up to
18.4 at% Si at 1200 °C.

(3) Microstructural observations of the a- and p-CoSi phases indi-
cate that the B-CoySi phase is stabilized by Cr addition in the ternary
system. FE-EPMA/WDS measurements show significant substitution of
Cr for Co, with maximum solubilities of 24.7 at% at 1000 °C and 29.6 at
% at 1200 °C.

(4) The (Co,Cr)Si phase forms a continuous solid solution between
CoSi and CrSi, with a limited Si solubility range, confirming the previ-
ously reported phase diagrams. The solubility of Co in CrSiy is negligible,
whereas CoSiy exhibits a certain solubility range extending toward the
Cr-rich side.

(5) The ternary y and R compounds exhibit clear solubility ranges, as
indicated in the previous work. At 1200 °C, the y phase expands toward
the Cr-Si-rich region, whereas the R phase tends to contract compared
with that at 1000 °C.
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Fig. 9. BSE images of three-phase microstructures containing the N phase: (a) Co-60Cr-30Si alloy heat-treated at 1200 °C for 168 h, (b) Co-18Cr-40Si alloy heat-
treated at 1200 °C for 96 h, (c) Co-32Cr-42Si alloy heat-treated at 1200 °C for 168 h, and (d) Co-41Cr-33Si alloy heat-treated at 1200 °C for 168 h.
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Fig. 10. Microstructures and powder XRD profiles of the Co-34.0Cr-37.5Si alloy corresponding to (a, c¢) equilibrated N phase after heat treatment at 1200 °C for 10
d and (b, d) non-equilibrium phase structure after heat treatment at 1200 °C for 10 d followed by 1000 °C for 15 d.
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(6) The N phase is a ternary compound adopting the MnsSis-type
(hP16, P63/mcm, 193) structure, and it exists as a stable phase at 1200
°C. At 1000 °C, this phase decomposes into the B-Co,Si phase and
eutectoid (Co,Cr)Si + CrsSi phases.

Overall, this work provides essential experimental data for the
thermodynamic assessment and CALPHAD modeling of Co-based
multicomponent alloys, contributing to their use in advanced
biomaterials.
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