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Co­Cr­ and Co­Cr­Mo-based alloys are commercially used in the industry especially for high wear resistance and superior chemical and

corrosion performance in hostile environments. These alloys were widely recognized as the important metallic biomaterials. Here, the first

development of Co­Cr­Mo­Fe­Mn­W and Co­Cr­Mo­Fe­Mn­W­Ag high-entropy alloys (HEAs) based on Co­Cr­Mo metallic biomaterials

is reported. Ingots of six-component Co2.6Cr1.2Mo0.2FeMnW0.27 (Co41.5Cr19.1Mo3.2Fe16Mn16W4.3, at%) HEAs with a minor · phase and of seven-

component Co4.225Cr1.95Mo0.2FeMnW0.2Ag0.5 (Co46.6Cr21.5Mo2.2Fe11Mn11W2.2Ag5.5, at%) and Co2.6Cr1.2Mo0.1FeMnW0.1Ag0.18 (Co42.1Cr19.4-

Mo1.6Fe16.2Mn16.2W1.6Ag2.9, at%) HEAs without an · phase were fabricated. The alloy was designed by a taxonomy of HEAs based on the

periodic table, a treelike diagram, predicted phase diagrams constructed by Materials Project, and empirical alloy parameters for HEAs. The ·

phase formation prevented the formation of solid solutions in Co­Cr­Mo-based HEAs without a Ni element. The · phase formation in as-cast

ingots was discussed based on the composition dependence and valence electron concentration theory.
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1. Introduction

A new class of structural and functional materials, high-

entropy alloys (HEAs), has been widely investigated.1­14)

Based on the entropy-based definition of HEAs using the

mixing entropy (configurational entropy) of the ideal solution

and regular solution,8,9) alloys with mixing entropy

¦Smix ² 1.5R (R is the gas constant) were classified as

HEAs. ¦Smix is expressed as follows.

�Smix ¼ �R
Xn

i¼1
xilnxi ð1Þ

�Smix � 1:5R ðHEAÞ ð2Þ

where R is the gas constant and xi is the mole fraction of the i-

th element. Based on the entropy-based definition, medium-

entropy alloys (MEAs) and low-entropy alloys (LEAs) were

defined as follows:

1:0R � �Smix � 1:5R ðMEAÞ ð3Þ

�Smix � 1:0R ðLEAÞ ð4Þ

Table 1 shows the values of ¦Smix in equiatomic CoCr,

equiatomic CoCrMo, and typical Co­Cr-based and Co­Cr­

Mo-based metallic biomaterials, as a typical example of

the classification of alloys based on the mixing entropy.

Commercial Co­Cr-based and Co­Cr­Mo-based metallic

biomaterials are multicomponent alloys; however, ¦Smix of

these alloys was below 1.5R.

Some preliminary attempts toward the application of

HEAs for metallic biomaterials have been reported. In

subsequent discussions herein, HEAs for metallic biomate-

rials are called “bio-HEAs.” Various Ti­Nb­Ta­Zr­Mo bio-

HEAs have been developed, such as equiatomic TiNbTaZr-

Mo HEAs,15­19) nonequiatomic Ti2.6NbTaZrMo,17) and

Ti1.4Zr1.4Nb0.6Ta0.6Zr0.6, Ti1.7NbTaZrMo0.5, and Ti1.5NbTa-

ZrMo0.5 HEAs.18) Wang et al. examined the application of

the TiNbTaZrMo bio-HEA to orthopedic implants.19) Yuan

et al. reported the structure and properties of biocompatible

TiZrHfNbxTax (x = 0.4, 0.5, 0.6, 0.8) bio-HEAs and bio-

MEAs, including the alloy design for a low Young’s

modulus.20) Motallebzadeh et al. reported the microstruc-

tural, mechanical, and electrochemical characterization of

TiZrHfNbTa and Ti1.5ZrTa0.5Hf0.5Nb0.5 bio-HEAs for bio-

medical applications.21) Popescu et al. developed

TiZrNbTaFe bio-HEAs for medical applications.22)

TiZrHfCr0.2Mo and TiZrHfCo0.06Cr0.06Mo bio-HEAs were

developed as low-melting-temperature-type bio-HEAs whose

liquidus temperature was estimated to be lower than

2000K.23) TiNbTaZr MEAs without toxic elements have

been reported to show a strong body-centered-cubic (BCC)

solid solution formation tendency and superior ductility.15,24)

The constituent elements of above-described bio-HEAs

reported to date are similar to those of refractory HEAs

(RHEAs).25­31) The main and fundamental constituent

elements of the above-described bio-HEAs were group IV

elements of Ti and Zr and group V elements of Nb and Ta.

Co­Cr-based and Co­Cr­Mo-based alloys are commer-

cially used in the industry; for example, Stellite is a range of

Co­Cr alloys designed for high wear resistance and superior

Table 1 ¦Smix values of equiatomic CoCr, equiatomic CoCrMo, and

typical Co­Cr-based and Co­Cr­Mo-based metallic biomaterials.
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chemical and corrosion performance in hostile environ-

ments.32) Co­Cr-based and Co­Cr­Mo-based alloys were

also recognized as one of the most important materials for

metallic biomaterials together with stainless steel, pure-Ti

and Ti alloys. In fact, Co­Cr-based and Co­Cr­Mo-based

alloys have been commercially used as metallic biomaterials

for the past 20 years,33­39) particularly for surgical implants,

such as ASTM F753,40) ASTM F1537,41) and JIS T 740242)

alloys.

Despite the commercial usage of Co­Cr­Mo alloys as

metallic biomaterials, no studies have attempted to develop

Co­Cr­Mo-based bio-HEAs whose (Co+Cr+Mo) ratio was

above 50%. In the present work, the alloy design and the

development of Co­Cr­Mo­Fe­Mn­W and Co­Cr­Mo­Fe­

Mn­W­Ag HEAs based on Co­Cr­Mo metallic biomaterials

are reported.

2. Alloy Design

The ternary Co­Cr­Mo alloy was the starting alloy system

of the bio-HEAs. Based on the taxonomy of HEAs,11) the

combination of Co, Cr, and Mo was considered inappropriate

for solid solution formation compared with CoCrFeMnNi1)

as the typical 3d transition metal HEA (3d-HEA) and

HfNbTaTiZr28,29) as the typical RHEA. Figure 1 shows part

of the periodic table and the main constituent elements

of RHEAs and 3d-HEAs. RHEAs were designed using

group IV elements (Ti, Zr, Hf ), group V elements (V,Nb, Ta),

and group VI elements (Cr,Mo,W). The main constituent

elements of the 3d-HEAs were Cr, Mn, Fe, Co, Ni, and Cu.

Cr was a constituent element of both the RHEA and 3d-

HEAs. The combination of Co­Cr­Mo implies a mixture

of the constituent elements of the RHEAs (Cr and Mo) and

3d-HEAs (Cr and Co); such a combination has not been

commonly investigated in HEAs.8,9) In fact, the formation

of the · phase has been reported in various HEAs whose

constituent elements were a mixture of Mo (RHEA group)

and Cr, Mn, Fe, Co, Ni, and Cu (3d-HEA group):

AlCoCrxFeMo0.5Ni (x = 0, 0.5, 1.0, 1.5, 2.0),43) Co1.5CrFe-

MoxNi1.5Ti0.5 (x = 0.5, 0.8),44) AlCoxCrFeMo0.5Ni (x =

1.5, 2.0),44) and AlCoCrFe1.5Mo0.5Ni.
44)

A parametric approach is applicable for the rough design

of HEAs. The parametric approach was applied for the alloy

design of Ti­Nb­Ta­Zr­Mo bio-HEAs.15­18) In the present

study, the alloy system and alloy compositions of Co­Cr­

Mo-based HEAs were examined based on the empirical alloy

parameters, including the following empirical parameters:

mixing entropy ¦Smix,
8,9) mixing enthalpy ¦Hmix,

8,9) a

parameter for evaluating the difference in the atomic radii

of the constituent elements, ¤,8,9) and a dimensionless

parameter +, which was calculated using both ¦Smix and

¦Hmix.
8,9,44) The mixing enthalpy of the i­j atomic pair ¦Hi­j

the atomic radii of the i elements ri are important parameters

for calculating ¦Hmix, ¤, and +. The values of ¦Hi­j and ri
were obtained from the Takeuchi’s literature.45) ¦Hmix, +,

and ¤ are expressed by the following equations.

�Hmix ¼
Xn

i¼1

Xn

j 6¼i
4�Hijxixj ð5Þ

� ¼
Tm ��Smix

j�Hmixj
ð6Þ

¤ ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Xn

i¼1
xi 1�

ri

�r

� �

r

ð7Þ

where Tm and �r are the average melting temperature and

average atomic radii, respectively.

The alloy design of Co­Cr­Mo-based HEAs was

performed based on the treelike diagram (Fig. 2) and

parametric approach (Fig. 3) using the empirical alloy

parameters of ¦Smix, ¦Hmix, ¤(¦Hmix), ¤, and +. The phase

diagrams predicted using Materials Project42,43) (Fig. 4) were

also used. Figure 2 shows the design of the Co­Cr­Mo-based

HEAs using the treelike diagram. The following strategy was

adopted to select the constituent elements. (1) Co­Cr­Mo

alloys were selected as the starting alloy system (Fig. 2(a)).

(2) The total amount of Co­Cr­Mo elements in HEAs was

more than 50% (at%) in the design of the Co­Cr­Mo-based

HEAs. (3) Alloys with ¦Smix ² 1.5R were designed for

Fig. 1 Part of periodic table focusing on the constituent elements of

RHEAs and 3d-HEAs. Fig. 2 Treelike diagram for the alloy design of Co­Cr­Mo-based HEAs.
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satisfying the entropy-based definitions of HEAs.8,9) (4)

Based on the parametric approach for using the empirical

alloy parameters, low absolute values of ¦Hmix (¹20 ¯

¦Hmix ¯ 5) and ¤ (¤ ¯ 6.6) and a high value of + (+ ¯ 1.1)

were considered to be favorable for solid solution formation

based on a previous report for the development of Ti­Nb­Ta­

Zr­Mo bio-HEAs by the parametric approach.15) To obtain

optimum ¦Hmix, ¤, and +, the selection of elements with low

¦Hi­j for Co, Cr, and Mo, and those with a similar value

of ri compared with Co, Cr, and Mo, was considered to be

favorable. Fe was considered a suitable element based on

Fig. 3; the absolute value of ¦Hi­j (i = Co, Cr, or Mo,

j = Fe) was below 5 [kJ/mol], and rFe was similar to rCo and

rCr. Mn was also considered to be a suitable element because

of the low absolute value of ¦Hi­j (i = Co, Cr, or Mo,

j =Mn). The addition of Fe and Mn to the Co­Cr­Mo alloy

system results in the formation of the Co­Cr­Mo­Fe­Mn

alloy system (Fig. 2(b)). (5) The absolute values of ¦Hi­j

(i = Co, Cr, or Mo, j = W) were near zero, and those of

¦Hi­j (i = Fe or Mn, j = W) were also low (Fig. 3(a)). rW
was similar to rMo (Fig. 3(b)). Despite the significantly high

Tm of W (Fig. 3(c)), which makes fabrication of the ingots

difficult via melting and casting, W was selected as the

candidate additional element for Co­Cr­Mo-based HEAs.

The Co­Cr­Mo­Fe­Mn­W alloy system was designed as

shown in Fig. 2(c). (6) Ag was the particular element whose

¦Hi­j (i = Co, Cr, Mo, Fe, Mn, or W, j = Ag) had large

positive values, indicating the low possibility of the

formation of Ag-related intermetallic compounds in the

Co­Cr­Mo­Fe­Mn­W­Ag alloy system. Ag was selected as

the minor element for Co­Cr­Mo-based HEAs, resulting

in the Co­Cr­Mo­Fe­Mn­W­Ag alloy system, as shown

in Fig. 2(d).

The additional elements for the alloy design of the Co­Cr­

Mo-based HEAs were discussed based on the predicted phase

diagrams constructed by Materials Project46,47) in the present

study. The predicted phase diagrams constructed by Materials

Project were effective to discuss the formation of ordered-

structure and/or intermetallic compounds in CoCrCuFeNi

HEAs48) and multicomponent immiscible alloys, such as

Fe­Cu­Nb­B,49) Fe­Cu­Si­B,50) Fe­Cu­Zr­B,50) Fe­Ag­

Si­B,51) Co­Cu­Zr­B,52) Al­Co­La­Pb,53) and Cu­Ag­La­

Fe.54) Based on the research works for the application of

Materials Project,48­54) an attempt was made to study the

addition of Fe, Mn, W, and Ag to the Co­Cr­Mo alloy

system. Figure 4 shows the predicted phase diagram of the

quaternary alloy system constructed by Materials Project.

Figure 4(a) shows the Co­Cr­Fe­Ni alloy system for the

Fig. 3 (a) Mixing enthalpy ¦Hi­j for i­j atomic pairs, (b) atomic radii of

the i elements ri, and (c) melting temperature of the i elements (Tm)i: the

data for ¦Hi­j and ri were obtained from Takeuchi’s literature.45)

Fig. 4 Predicted phase diagram of quaternary alloy system constructed by

Materials Project:44,45) (a) Co­Cr­Fe­Ni alloy system as the typical

system of 3d-HEAs, (b) Ti­Nb­Ta­Zr alloy system as the typical system

of bio-HEAs, and (c) quaternary alloy systems as the typical system

of Co­Cr­Mo-based HEAs, (c1) Co­Cr­Mo­Fe, (c2) Co­Cr­Mo­Mn,

(c3) Co­Cr­Mo­W, and (c4) Co­Cr­Mo­Ag.
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typical alloy system of 3d-HEAs, such as CoCrFeMnNi.1)

Various ordered structures and/or intermetallic compounds

were observed, as indicated by the red and black circles in

Fig. 4(a), where the compound with the largest negative

formation energy was L12-type Ni3Fe (¹0.094 eV).55) This

indicates the tendency of face-centered-cubic (FCC)-based

ordering structure formation in CoCrFeNi alloys. The

appearance of L12-based ordering was actually reported in

CoCrMnNi MEAs.56) Figure 4(b) shows the Ti­Nb­Ta­Zr

alloy system for the typical alloy system of bio-HEAs,

such as TiNbTaZrMo.26­30) No appearance of the ordered

structures and intermetallic compounds was observed in the

Ti­Nb­Ta­Zr alloy system, indicating a tendency for the

formation of immiscible alloys. The possibility of the

decomposition of the BCC phase was examined in TiNbTaZr

MEAs based on the thermodynamic calculation.27)

Figures 4(c1)­4(c4) show the Co­Cr­Mo-based quaternary

alloy systems as the typical system of Co­Cr­Mo-based

HEAs. The intermetallic compounds were observed in the

Co­Cr­Mo­X (X = Fe,Mn,W,Ag) alloy system. The

compounds with the highest negative formation energy

were Fe9Co7 (¹0.064 eV)57) in Co­Cr­Mo­Fe (Fig. 4(c1));

Mn2CrCo (¹0.044 eV),58) and D019-Co3Mo (¹0.044 eV)59)

in Co­Cr­Mo­Mn (Fig. 4(c2)); Co3Mo (¹0.044 eV)59) in

Co­Cr­Mo­W (Fig. 4(c3)); and Co3Mo (¹0.044 eV)59) in

Co­Cr­Mo­Ag (Fig. 4(c4)). The highest negative formation

energy in the compounds in the predicted phase diagram of

the Co­Cr­Mo­X (X = Fe,Mn,W,Ag) alloy system was

significantly small (Figs. 4(c1)­4(c4)), and the absolute value

was smaller than that of Fe9Co7 (¹0.064 eV)59) in Co­Cr­

Mo­Fe (Fig. 4(c1)). This implies that the compound

formation tendency in the Co­Cr­Mo­X (X = Fe,Mn,

W,Ag) alloy system was not so high and that Co­Cr­Mo-

based HEAs with X (X = Fe,Mn,W,Ag) elements were

considered to be feasible. Based on the parametric approach

(Fig. 3) and the predicted phase diagrams constructed by

Materials Project (Fig. 4), the alloy systems of five-

component Co­Cr­Mo­Fe­Mn (Fig. 2(b)), six-component

Co­Cr­Mo­Fe­Mn­W (Fig. 2(c)), and seven-component

Co­Cr­Mo­Fe­Mn­W­Ag (Fig. 2(d)) were designed.

As a five-component Co­Cr­Mo­Fe­Mn HEA, equiatom-

ic CoCrMoFeMn HEA (FM-Eq in Fig. 2(b)) was designed as

the starting alloy. Among Co, Cr, Mo, Fe, and Mn, the atomic

radius of Mo (rMo) was largest, and that of Mn (rMn) was

smallest (Fig. 3(b)), enabling the design of a CoCrMox1Fe-

Mnx1 alloy (x1 ¯ 1). To achieve the condition ¦Smix ² 1.5R,

x1 = 0.35 was selected, resulting in a CoCrMo0.35FeMn0.35
HEA (FM-1 in Fig. 2(b)). CoCrMox2FeMn alloy (x2 ¯ 1)

and CoCrMoFeMnx3 alloy (x3 ¯ 1) were considered to

suppress the ¤ parameter related to the difference in the

atomic radius of the constituent elements. Moreover, x2 =

x3 = 0.2 was designed, resulting in CoCrMo0.2FeMn (FM-2

in Fig. 2(b)) and CoCrMoFeMn0.2 (FM-3 in Fig. 2(b))

HEAs. A Cox4CrMoFeMn alloy (x4 ² 1) was designed,

because previously developed Co­Cr­Mo-based metallic

biomaterials were Co-rich alloys, such as ASTM F75.40) To

achieve the condition ¦Smix ² 1.5R, x4 = 2.7 was selected,

resulting in a Co2.7CrMoFeMn HEA (FM-4 in Fig. 2(b)). The

alloy design that started from equiatomic CoCrMoFeMn

HEA (FM-Eq in Fig. 2(b)) was not considered to be effective

for developing Co­Cr­Mo-based HEAs because of · phase

formation in the ingots. For developing six-component

Co­Cr­Mo­Fe­Mn­W-based and seven-component Co­Cr­

Mo­Fe­Mn­W­Ag-based HEAs, the starting alloy selected

was not equiatomic CoCrMo but Co0.65Cr0.3Mo0.05, whose

composition was similar to ASTM F75.40) As an alloy whose

atomic ratios of Fe, Mn, and W are the same, (Co0.65Cr0.3-

Mo0.05)y1FeMnW (y1 = 6.5) was designed, resulting in

Co4.225Cr1.95Mo0.325FeMnW HEA (FMW-1 in Fig. 2(c)).

Among Co, Cr, Mo, Fe, Mn, and W, the atomic radius of

W (rW) was largest, and that of Mn (rMn) was smallest

(Fig. 3(b)), resulting in the design of (Co0.65Cr0.3Mo0.05)y2-

FeMnz2Wz2 alloy. To achieve the condition of ¦Smix ² 1.5R,

y2 = 4.0 and z2 = 0.47 were selected, resulting in Co2.6Cr1.2-

Mo0.2FeMn0.47W0.47 HEA (FMW-2 in Fig. 2(c)). The Tm
of W was much larger than that of other constituent elements

in the Co­Cr­Mo­Fe­Mn­W alloy system (Fig. 3(c)). To

suppress the concentration of W, (Co0.65Cr0.3Mo0.05)y3-

FeMnWz3 alloy was designed, resulting in Co2.6Cr1.2Mo0.2-

FeMnW0.27 HEA at y3 = 4 and z3 = 0.27 (FMW-3 in

Fig. 2(c)). As denoted in the latter part (Fig. 6), the · phase

in the Co­Cr­Mo­Fe­Mn­Walloys shows the tendency to be

enriched in Mo and W. To decrease the Mo and W

concentration from Co­Cr­Mo­Fe­Mn­W alloys, seven-

component Co­Cr­Mo­Fe­Mn­W­Ag alloys were consid-

ered. The Co4.225Cr1.95Mo0.2FeMnW0.2Ag0.5 HEA (FMWA-1

in Fig. 2(d)) was designed from Co4.225Cr1.95Mo0.325FeMnW

HEA (FMW-1 in Fig. 2(c)) to decrease the atomic ratios

of Mo (FMW-1, 0.325¼ FMWA-1, 0.2) and W (FMW-1,

1 ¼ FMWA-2, 0.2). The Co2.6Cr1.2Mo0.1FeMnW0.1Ag0.18
HEA (FMWA-2 in Fig. 2(d)) was designed from Co2.6Cr1.2-

Mo0.2FeMnW0.27 HEA (FMW-3 in Fig. 2(c)) to decrease the

atomic ratios of Mo (FMW-3, 0.2 ¼ FMWA-2, 0.1) and W

(FMW-3, 0.27 ¼ FMWA-2, 0.18). The alloy compositions

and (Co+Cr+Mo) ratio are summarized in Table 2. The

(Co+Cr+Mo) ratio of all alloys in Table 2 (five-component

Co­Cr­Mo­Fe­Mn alloys of FM-X1 (X1 = Eq, 1, 2, 3, 4),

six-component Co­Cr­Mo­Fe­Mn­W alloys of FMW-X2

(X2 = 1, 2, 3), and seven-component Co­Cr­Mo­Fe­Mn­

W­Ag alloys of FMWA-X3 (X3 = 1, 2)) was more than

50%, and most alloys were above 60%.

Table 3 summarizes the empirical alloy parameters of

¦Smix, ¦Hmix, ¤, and +, together with the ¤(¦Hmix)

parameter.60) The alloys with low absolute value of ¤(¦Hmix)

have the tendency to show the solid solution phase without

the difficulty in the fabrication of the ingots via casting

process. Among alloys in Table 3, the ¤ value of the alloy

Co4.225Cr1.95Mo0.2FeMnW0.2Ag0.5 (FMWA-1) was not sat-

isfied with the condition ¤ ¯ 6.6; however, the absolute

value of ¦Hmix was nearly zero, and it had the largest +

value among the alloys in Table 3. The empirical alloy

parameters of the other alloys were satisfied with the

conditions of ¦Hmix (¹20 ¯ ¦Hmix ¯ 5), ¤ (¤ ¯ 6.6), and

+ (+ ¯ 1.1). The value of ¤(¦Hmix) in Co­Cr­Mo-based

alloys in Table 3 was similar to those of the conventional 3d-

HEAs,1,8,9) RHEAs,25­31) and HE brasses.61,62) This implies

the possibility that the solid solution formation in alloys in

Table 3 was large from the viewpoint of the parametric

approach using empirical alloy parameters.
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3. Experimental Procedures and Calculation Details

Arc-melted ingots of the Co­Cr­Mo-based HEAs were

prepared in an arc-melting furnace from a mixture of pure-

element lumps. The total amount of the ingot was

approximately 20 g. Co flakes (3N), Cr granules (3N), Mo

shots (3N), Fe flakes (3N), Mn flakes (3N), W shots (3N),

and Ag shots (3N) were used as pure-element lumps. To

achieve homogeneous distributions of the constituent

elements in the alloys, the alloy ingots were melted more

than 10 times and maintained in a liquid state for

approximately 120 s during each melting cycle. The cooling

rate during arc-melting was approximately 2 © 103K/s.16,63)

X-ray diffraction (XRD) analysis was performed with Cu-K¡

radiation to identify the constituent phases. The solidification

microstructures of the arc-melted ingots were investigated by

scanning electron microscopy (SEM) backscattered electron

(BSE) imaging and by electron probe microanalysis with

wavelength-dispersive spectroscopy (EPMA-WDS). The

thermodynamic calculations were performed with FactSage

(ver. 7.3) using the thermodynamic databases for alloy

systems from Scientific Group Thermodata Europe (SGTE)

2017.64)

4. Results

The main constituent phases of the arc-melted ingots of

five-component Co­Cr­Mo-based Co­Cr­Mo­Fe­Mn HEAs

of FM-X1 (X1 = Eq, 1, 2, 3, 4) was identified as · phase by

XRD patterns. Figure 5 shows XRD patterns of the arc-

melted ingots of six-component Co­Cr­Mo­Fe­Mn­W

HEAs of FMW-X2 (X2 = 1, 2, 3). XRD intensity profiles of

the FCC phase in Co0.239Cr0.239Fe0.468 alloy, HCP phase in

Co0.64Cr0.32Mo0.04 alloy, and · phase in Co0.475Cr0.31Mo0.215
alloy are shown in the bottom part of the figure.65) In the

alloys Co4.225Cr1.95Mo0.325FeMnW (FMW-1) and Co2.6Cr1.2-

Mo0.2FeMn0.47W0.47 (FMW-2), the constituent phases are

identified as a mixture of HCP (indicated by the black filled

circle, ) and · phase (indicated by the open star, ). In

contrast, the main constituent phase was identified as FCC

Table 2 Alloy composition of Co­Cr­Mo-based HEAs (atomic percent).

Table 3 Empirical alloy parameters of Co­Cr­Mo-based HEAs (atomic percent).
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phase (indicated by the open circle, ) in alloy Co2.6Cr1.2-

Mo0.2FeMnW0.27 (FMW-3), where the · phase was also

observed as the minor phase.

To investigate the solidification microstructure, SEM-BSE

images were obtained from the central region of the ingots.

Figure 6 shows SEM-BSE images of the arc-melted ingots

of six-component Co­Cr­Mo­Fe­Mn­W HEAs of FMW-X2

(X2 = 1, 2, 3). The randomly dispersed black contrast regions

indicated by the black arrows were the polishing artifacts

related to SiC from abrasive papers.66) A fine eutectic-like

structure was observed in alloy Co4.225Cr1.95Mo0.325FeMnW

(FMW-1) (Fig. 6(a)). The gray-contrast dendrite phase

(indicated by the index A) and white­gray-contrast

interdendrite region (indicated by the index B) were ob-

served in the alloy Co2.6Cr1.2Mo0.2FeMn0.47W0.47 (FMW-2)

(Fig. 6(b)). The area ratio of the white­gray-contrast

interdendrite region (indicated by the index D) vs. gray-

contrast dendrite region (indicated by the index C) in alloy

Co2.6Cr1.2Mo0.2FeMnW0.27 (FMW-3) (Fig. 6(c)) was much

lower than that of alloy Co2.6Cr1.2Mo0.2FeMn0.47W0.47

(FMW-2) (A vs. B in Fig. 6(b)). Based on the XRD pattern

(Fig. 5) and SEM-BSE images (Fig. 6(c)), the gray-contrast

dendrite region (C) and white­gray-contrast interdendrite

region (D) were considered to correspond to the FCC phase

and · phase, respectively, in alloy Co2.6Cr1.2Mo0.2FeMnW0.27

(FMW-3). The quantitative composition analysis results of

the dendrite (C) and interdendrite (D) regions by EPMA-

WDS are shown in Table 4. The dendrite (C) and

interdendrite (D) regions both contain all constituent

elements. A significant difference between the atomic

compositions of Fe and Mn was not observed between the

dendrite (C) and interdendrite (D) regions, compared with the

other elements of Co, Cr, Mo and W. The constituent phases

and the solidification microstructure depended strongly on

the alloy composition in six-component Co­Cr­Mo­Fe­Mn­

W HEAs.

Figure 7 shows XRD patterns of the arc-melted ingots

of seven-component Co­Cr­Mo­Fe­Mn­W­Ag HEAs of

FMWA-X3 (X3 = 1, 2). XRD intensity profiles of the FCC

phase in Ag and Co0.239Cr0.239Fe0.468 alloy and HCP phase

Fig. 6 SEM-BSE images of the arc-melted ingots of six-component

Co­Cr­Mo­Fe­Mn­W HEAs: (a) Co4.225Cr1.95Mo0.325FeMnW (FMW-1),

(b) Co2.6Cr1.2Mo0.2FeMn0.47W0.47 (FMW-2), (c) Co2.6Cr1.2Mo0.2-

FeMnW0.27 (FMW-3), (b) HEAs: the indices A and C indicate the

dendrite region with gray contrast, and the indices B and D indicate the

interdendrite region with white contrast, respectively, and the black

contrast regions indicated by the black arrows are polishing artifacts

related to SiC from abrasive papers.

Fig. 5 XRD patterns of the arc-melted ingots of six-component Co­Cr­

Mo­Fe­Mn­W HEAs: XRD intensity profiles of FCC phase in

Co0.239Cr0.239Fe0.468 alloy, HCP phase in Co0.64Cr0.32Mo0.04 alloy, and ·

phase in Co0.475Cr0.31Mo0.215 alloy are shown in the bottom part of the

figure.65)

Table 4 EPMA-WDS composition analysis results of gray-contrast

dendrite region (C) and white-contrast interdendrite region (D) in the

arc-melted ingots of the Co2.6Cr1.2Mo0.2FeMnW0.27 alloy (FMW-3).
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in Co0.64Cr0.32Mo0.04 alloy are shown in the bottom part of

the figure.65) Sharp intensity peaks corresponding to · phase

were not observed in Co4.225Cr1.25Mo0.2FeMnW0.2Ag0.5
(FMWA-1) and Co2.6Cr1.2Mo0.2FeMnW0.1Ag0.18 (FMWA-2)

HEAs. Most of the high-intensity peaks can be indexed as

FCC and HCP phases, and minor peaks corresponding to the

FCC-Ag phase were observed. To investigate the distribution

of the FCC-Ag phase in the ingots, the solidification

microstructure was investigated, and the results are shown

in Fig. 8. Figures 8(a) and 8(b) show the SEM-BSE images

of the arc-melted ingots of seven-component Co­Cr­Mo­Fe­

Mn­W­Ag HEAs of FMWA-X3 (X3 = 1, 2) focusing on the

minor Ag-rich region at the bottom side of the ingots. In

Figs. 8(a) and 8(b), the black contrast regions (black arrows)

randomly dispersed in the ingots were identified as the

polishing artifacts related to the SiC from abrasive papers.66)

The existence of a macroscopically phase-separated white

contrast region (indicated by the index E) was observed at

the bottom side in alloy Co4.225Cr1.25Mo0.2FeMnW0.2Ag0.5
(FMWA-1) (Fig. 8(a)) and alloy Co2.6Cr1.2Mo0.2FeMn-

W0.1Ag0.18 (FMWA-2) (Fig. 8(b)). Figure 8(c) shows the

schematic illustration of the position of the Ag-rich

region (E) at the bottom side of the ingots. The solubility

of Ag in the FCC and HCP phases was significantly small,

and an Ag-rich phase with an FCC structure was formed in

the ingots of seven-component Co­Cr­Mo­Fe­Mn­W­Ag

HEAs.

5. Discussion

The formation of the · phase was observed in the arc-

melted ingots of various alloys designed in the present study.

The suppression of · phase formation was most vital for the

development of Co­Cr­Mo-based HEAs without Ni. It was

found that the · phase formation tendency was predicted by

the atomic ratio of (Mo+W), where Mo and W belonged to

the constituent elements of RHEAs and not to 3d-HEAs, as

shown in Fig. 1. Figure 9 shows conditions delineating ·

phase formation in the arc-melted ingots in Co­Cr­Mo-based

HEAs based on the composition of the constituent element,

where the X- and Y-axes correspond to the (Co+Cr+Mo) and

(Mo+W) ratios, respectively. In Fig. 9, the black X-mark

denotes the alloy with the main constituent phase as the ·

phase, the black filled circle ( ) indicates the composite of

the main solid solution phase and the minor · phase, and the

black open circle ( ) implies solid solution formation without

the · phase in the arc-melted ingots. The · phase formation

tended to be suppressed by the decrease in the (Mo+W)

ratio. The increase in the (Co+Cr+Mo) ratio together with

the decrease in the (Mo+W) ratio was considered to be

effective for obtaining the solid solution phase without the

· phase.

Tsai et al. reported that the valence electron concentration

(VEC) was effective to predict the · phase formation in as-

cast ingots of Cr- and V-containing HEAs;67) the VEC range

for the formation of the · phase was 6.88 < VEC < 7.84, and

no · phase formation was found outside this range. The

general applicability of the VEC rule to the formation of the ·

phase in as-cast specimens in other alloy systems has been

uncertain.9) In the present study, an attempt was made to

Fig. 7 XRD patterns of the arc-melted ingots of seven-component Co­Cr­

Mo­Fe­Mn­W­Ag HEAs: XRD intensity profiles of FCC phase in Ag

and Co0.239Cr0.239Fe0.468 alloy and of HCP phase in Co0.64Cr0.32Mo0.04
alloy are shown in the bottom part of the figure,65) (a) Co4.225Cr1.25Mo0.2-

FeMnW0.2Ag0.5 (FMWA-1) and (b) Co2.6Cr1.2Mo0.1FeMnW0.1Ag0.18
(FMWA-2).

Fig. 8 SEM-BSE images of the arc-melted ingots of seven-component

Co­Cr­Mo­Fe­Mn­W­Ag HEAs focusing on the minor Ag-rich region

at the bottom side the ingots (a), (b), and the schematic illustration of

the position of the Ag-rich region at the bottom side the ingots (c):

(a) Co4.225Cr1.25Mo0.2FeMnW0.2Ag0.5 (FMWA-1) and (b) Co2.6Cr1.2Mo0.1-

FeMnW0.1Ag0.18 (FMWA-2).
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summarize the · phase formation tendency in Co­Cr­Mo-

based HEAs without V elements by the VEC rule suggested

by Tsai et al.67) The results are shown in Fig. 10. Figure 10

shows the relationship between VEC and the presence of

the · phase in as-cast ingots, where the black X-mark, the

black filled circle ( ), and the black open circle ( ) mean the

·-prone alloys, the alloys with minor · phase, and ·-free

alloys, respectively. The · phase formation in the present

study was well predicted by Tsai’s criterion for the VEC rules

in · phase formation. The VEC of Ag (VEC = 11) was the

largest among the constituent elements of seven-component

Co­Cr­Mo­Fe­Mn­W­Ag HEAs (VEC values: Co = 9,

Cr = 6, Mo = 6, Fe = 8, Mn = 7, W = 6, and Ag = 11).

The suppression of the · phase formation by the addition of

Ag corresponded to the increase of the VEC of alloys for

VEC > 7.84. The increase in the (Mo+W) ratio led to a

decrease of the VEC value in Co­Cr­Mo-based five-

component Co­Cr­Mo­Fe­Mn, six-component Co­Cr­Mo­

Fe­Mn­W, and seven-component Co­Cr­Mo­Fe­Mn­W­

Ag HEAs, resulting in the satisfaction of the VEC range

6.88 < VEC < 7.84 for · phase formation. The VEC of

Mo and W (VEC = 6) was lowest among Co, Cr, Mo, Fe,

Mn, W and Ag. There was no discrepancy between the strong

compositional dependence of · phase formation summarized

by the (Mo+W) ratio (Fig. 9) and VEC rule for · formation

shown in Fig. 10. The calculation of the (Mo+W) ratio and

VEC was significantly easy for the multicomponent alloys,

and they were effective to predict the · formation in Co­Cr­

Mo-based HEAs.

Ag-rich phase formation was observed at the bottom side

of the arc-melt ingots in seven-component Co­Cr­Mo­

Fe­Mn­W­Ag-based HEAs of Co4.225Cr1.25Mo0.2FeMn-

W0.2Ag0.5 (FMWA-1) and Co2.6Cr1.2Mo0.2FeMnW0.1Ag0.18
(FMWA-2) (Fig. 8). The Ag-rich phase formation at the

bottom side of the arc-melt ingots was also observed in Co­

Cr­Fe­Mn­Ni­Ag HEAs,68) and this was explained by the

liquid-phase separation and the Ag-rich separated liquid

formation. The occurrence of the liquid-phase separation and

the formation of the Ag-rich region was also reported for Ag-

containing Al­Co­Cr­Cu­Ni­Ag HEAs.69) The formation of

the Ag-rich region at the bottom side of the arc-melted ingots

whose morphology was similar to the image in Fig. 8(c)

was found in Ti­Ag immiscible alloys with liquid-phase

separation.63) The ¦Hi­j map (Fig. 3(a)) indicates that the

¦Hi­j of Ag (i = Co, Cr, Mo, Fe, Mn, W, j = Ag) and the

other constituent elements had large positive values. The

large positive values in ¦Hi­j indicate the repulsive nature

between i­j pairs. The Ag element has a repulsive nature

against Co, Cr, Mo, Fe, Mn, and W, indicating the strong

liquid-phase separation tendency in seven-component Co­

Cr­Mo­Fe­Mn­W­Ag HEAs. The thermodynamic calcu-

lation focusing only on liquid phases was effective to

predict the liquid phase separation in multi-component

alloys,49­54,71­73) including the formation of Ag-rich liquid

phase via liquid phase sepatration.51,54,73) Thermodynamic

calculation of the Gibbs free energy of liquid phases in seven-

component Co­Cr­Mo­Fe­Mn­W­Ag HEAs focusing on

the atomic ratio of Ag were performed, where the calculation

details were similar to the previous literatures.49­54,70­73)

The results were shown in Fig. 11. It should be noted here

that only Ag­Co binary alloys system was not assessed in

the binary Ag­X (X = Co, Cr,Mo, Fe,Mn,W) alloy system

in SGTE2017. Figure 11 shows the temperature dependence

of the Gibbs-free-energy curves of liquid phases in

(Co0.421Cr0.194Mo0.016Fe0.162Mn0.162W0.016)1¹xAgx alloys in-

Fig. 10 Conditions delineating · phase formation in the arc-melted ingots

in Co­Cr­Mo-based HEAs based on VEC.

Fig. 11 Thermodynamic calculation of the Gibbs free energy of liquid

phase in seven-component Co­Cr­Mo­Fe­Mn­W­Ag HEAs of

(Co0.421Cr0.194Mo0.016Fe0.162Mn0.162W0.016)1¹xAgx alloys including Co2.6-

Cr1.2Mo0.1FeMnW0.1Ag0.18 (x = 0.0291) (FMWA-2) focusing on the

atomic ratio of Ag.

Fig. 9 Conditions delineating · phase formation in the arc-melted ingots

in Co­Cr­Mo-based HEAs based on the composition of the constituent

element: the X- and Y-axes correspond to the (Co+Cr+Mo) and

(Mo+W) ratios, respectively.
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cluding Co2.6Cr1.2Mo0.1FeMnW0.1Ag0.18 (x = 0.0291)

(FMWA-2). The Gibbs free energy of the single-liquid phase

(indicated by the black-broken line) was higher than that of

two-liquid state (indicated by the red-solid line) with a wide

x range in (Co0.421Cr0.194Mo0.016Fe0.162Mn0.162W0.016)1¹xAgx
alloys. This indicates the occurrence of liquid-phase

separation in (Co0.421Cr0.194Mo0.016Fe0.162Mn0.162W0.016)1¹x-

Agx alloys at temperatures at and below 2500K. The liquid

phase separation tendency was also detected in the temper-

ature dependence of the Gibbs-free-energy curves of liquid

phases in (Co0.466Cr0.215Mo0.032Fe0.11Mn0.11W0.022)1¹xAgx
alloys including Co4.225Cr1.25Mo0.2FeMnW0.2Ag0.5 (x =

0.0551) (FMWA-1). The liquid miscibility gap constructed

by the Gibbs free energy is shown in Fig. 12. The inset

in Figs. 12(a) and 12(b) shows the Co­Cr­Mo­Fe­Mn­W-

rich side of the liquid miscibility gap. The mixture of

the separated Co­Cr­Mo­Fe­Mn­W-rich (L1) and Ag-rich

(L2) liquids was more stably existed than the single-liquid

state with a wide x range in (Co0.466Cr0.215Mo0.032Fe0.11-

Mn0.11W0.022)1¹xAgx alloys including Co4.225Cr1.25Mo0.2-

FeMnW0.2Ag0.5 (x = 0.0551) (FMWA-1) (Fig. 12(a)) and

(Co0.421Cr0.194Mo0.016Fe0.162Mn0.162W0.016)1¹xAgx alloys in-

cluding Co2.6Cr1.2Mo0.1FeMnW0.1Ag0.18 (x = 0.0291)

(FMWA-2) (Fig. 12(b)). The formation of the Ag-rich region

in the arc-melted ingots in seven-component Co­Cr­Mo­Fe­

Mn­W­Ag HEAs can be explained by the liquid phase

separation without any discrepancy.

The parametric approach using ¦Smix, ¦Hmix, ¤, and +

was effective to develop Ti­Nb­Ta­Zr­Mo bio-HEAs, while

the approach without any modification was not applicable

for Co­Cr­Mo-based HEAs because of the · phase

formation. The · phase formation in Co­Cr­Mo-based HEAs

was predicted by the compositional map using the (Mo+W)

ratio, and/or the VEC parameter. The combination of various

parameters (¦Smix, ¦Hmix, ¤, +, ¤(¦Hmix), VEC, and

(Mo+W) ratio) was considered to be effective to develop

Co­Cr­Mo-based HEAs. The mechanical properties and

biocompatibility were not evaluated, because the present

study focused on the alloy design. It is planned that these

properties for metallic biomaterials will be reported in future

works.

6. Conclusions

The first development of Co­Cr­Mo-based Co­Cr­Mo­

Fe­Mn­W and Co­Cr­Mo­Fe­Mn­W­Ag HEAs without Ni

elements is reported, where these alloys were designed based

on Co­Cr­Mo-based metallic biomaterials. The obtained

results and conclusions are summarized as follows.

(1) Co­Cr­Mo-based HEAs without Ni were designed by

the taxonomy of HEAs based on the periodic table, a

treelike diagram, a parametric approach using empirical

alloy parameters for HEAs, and the predicted phase

diagram constructed by Materials Project.

(2) Formation of the · phase was observed in the arc-

melted ingots of five-component Co­Cr­Mo­Fe­Mn

and six-component Co­Cr­Mo­Fe­Mn­W HEAs.

(3) The ingots of six-component Co2.6Cr1.2Mo0.2-

FeMnW0.27 ((Co+Cr+Mo) ratio = 0.638) HEA

showed a composite of the main FCC and minor ·

phase.

(4) Solid solutions without the · phase were obtained in

arc-melted ingots of seven-component Co4.225Cr1.95-

Mo0.2FeMnW0.2Ag0.5 ((Co+Cr+Mo) ratio = 0.703)

and Co2.6Cr1.2Mo0.1FeMnW0.1Ag0.18 ((Co+Cr+Mo)

ratio = 0.631) HEAs.

(5) The composition map using the (Co+Cr+Mo) ratio and

(Mo+W) ratio and/or the VEC parameter was effective

for predicting the · phase formation in the ingots of Co­

Cr­Mo-based HEAs.

(6) Liquid phase separation behaviors in seven-component

Co­Cr­Mo­Fe­Mn­W­Ag HEAs can be explained by

the thermodynamic calculation focusing only on liquid

phases.
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