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Abstract 

 

The thermodynamic properties of the Co-Cr-Mo ternary system have been described. 

Available experimental data on the system have been assessed and applied to optimize 

the parameters used in the thermodynamic models within the Calphad method. 

 Meanwhile, samples were made by the powder metallurgical process and heat treated 

(sintered) at 1573 K to investigate the phase diagram data related to the intermetallic 

phases, such as σ, μ and R phases present in the system. 

 With the optimized thermodynamic description, we are able to fit most of the 

experimental data in the literature and from this work. However, the one-phase field 

of R is too narrow in the present description. Furthermore, at 1573 K the extension of 

the phase boundary of σ toward the Co corner needs to be improved. In addition, the 

calculated phase diagram at 1573 K shows a fcc-bcc-σ three-phase equilibrium near 

the Co-Cr binary side. This is not shown in the experimentally determined ternary 

phase diagram but is necessary in order to match the recent data on the Co-Cr binary 

system. 
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1 Introduction 

1.1 Background of the Co-Cr-Mo system 

 

Co, Cr and Mo are the fundamental elements in Co-based alloys used nowadays. 

Historically, Elwood Haynes discovered the high mechanical strength and stainless 

nature of Co-Cr alloys and later on added Mo and W as strengthening agents
[1]

. This 

kind of alloys possesses high resistance to corrosion and wear, as well as good 

mechanical strength even at elevated temperature. It is because of these properties 

they are widely used in industries for high temperature and wear applications. In the 

present days, the main application of Co-Cr-Mo alloys is for surgical implants, such 

as hip and knee replacements, bone recovery and dental implants due to its good 

biocompatibility. 

Other than Co-based alloys, Co is often added in the so called hard metal cemented 

carbides as a binder phase. Cr on the other hand, plays a role not only to enhance this 

binder phase’s corrosion resistance, but also inhibit the grain growth of carbides, 

which has a strong relation to the hardness of materials
[2]

. The addition of Mo is 

believed to improve the mechanical properties of the binder phase due to its relatively 

larger atomic size
[7]

, and also proven to be a grain growth inhibitor
[3]

. 

Numerous investigations have been made and indicated that the chemical composition, 

different fabrication processes, and the resulting microstructures have great influence 

on the properties of the final products
[4–7]

. In order to understand the phase transition 

within the alloys, an explicit determined phase diagram is thus desirable. 

 

 

Fig. 1.1 The Co-Cr phase diagram. 
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Fig. 1.2 The Co-Mo phase diagram. 

 

                          

Fig. 1.3 The Cr-Mo phase diagram. 

 

To study the Co-Cr-Mo ternary system, it is necessary to start looking at the 

constituent binary systems. Co-Cr, Co-Mo and Cr-Mo have been assessed several 

times and the descriptions are continually improving. Their phase diagrams that are 

well accepted today are shown in Figs. 1.1–1.3
[8–10]

. 

In the three phase diagrams, there are a total of four terminal solution phases: liquid, 

fcc, hcp and bcc.  

At high temperature, Co forms the fcc (Face Centered Cubic) matrix, which is the 

major contribution to the mechanical strength of Co-based alloys
[1]

. Though the 

transformation of fcchcp (Hexagonal Close-Packed) will gradually occur at low 

temperature or under strain, however, this transition is sluggish and therefore most fcc 

http://en.wikipedia.org/wiki/Close-packing
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phase would retain after cooling down to room temperature
[11]

. It should be noted that 

in the middle temperature range, there is a magnetic transition from paramagnetic fcc 

to ferromagnetic fcc. This phenomenon has been confirmed by Oikawa et al. in an 

investigation of Co-Cr at low temperature using the diffusion couple technique
[12]

. 

Simultaneously, a similar magnetic transition was also found in the hcp phase. 

On the other hand, bcc (Body Centered Cubic) is the stable form of both Cr and Mo 

from room temperature to liquidus. Therefore the Cr-Mo system in Fig. 1.3 shows an 

isomorphous system with a miscibility gap at low temperature. 

Other than the terminal solution phases, there are three intermetallic phases which are 

σ, µ and a line compound Co3Mo. It should be pointed out that there is a discrepancy 

on the lower temperature limit of σ phase stability in the Co-Mo system. This will be 

discussed in section 3.1.  

Contrary to numerous assessments on the binary systems, there is not much attention 

paid on the ternary phase diagram. In 1951 Rideout et al. determined a part of 

Co-Cr-Mo ternary isothermal section at 1473 K experimentally
[13]

. In the center of the 

phase diagram, a ternary intermetallic R phase, which is a hard and brittle phase, was 

found. Following Rideout in 1955, Darby et al. examined the isothermal section at 

1573 K and found that the σ phase had a wide one-phase region and extended from 

the Co-Cr side to the Co-Mo side
[14]

. The phase diagrams determined by Rideout and 

Darby are shown in Figs. 1.4–1.5 respectively. The binary and ternary phases of the 

Co-Cr-Mo system and their structure data
[15]

 are shown in Table. 1.1. 

 

                                      

Fig. 1.4 The Co-Cr-Mo phase diagram at 1473 K. 
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Fig. 1.5 The Co-Cr-Mo phase diagram at 1573 K. 

 

Table. 1.1  

     
Lattice parameters 

(nm) 

Phase  

designation 
Composition 

Pearson's  

symbol 

Space 

group 
Type a c 

bcc (Cr),(Mo),(Cr, Mo) cl2 lm3m W … … 

fcc (γCo) cF4 Fm3m Cu … … 

hcp (εCo) hP2 P63/mmc Mg … … 

 Co9Mo2 h … … … … 

σ Cr8Co7 tP30 P42/mnm σ (Fe, Cr) 0.8758 0.4536 

 Co9Mo15    0.92287 0.48269 

Co3Mo Co3Mo hP8 P63/mcm Ni3Sn 0.51245 0.41125 

μ Co7Mo6 hR13 R3m Fe7W6 0.4762 2.5015 (a) 

R Co49Cr21Mo30 hR53 R3 R(Co,Cr,Mo) 1.0903 1.9342 (a) 

(a) Lattice parameters for hexagonal cell    

 

1.2 Computational Thermodynamics—The Calphad method 

 

Thermodynamics describe the equilibrium state of a system. Since every system is 

trying to reach this state, it is thus essential for phase transformation and process 

simulation to know this state. Many mathematical models have been developed to 

describe the thermodynamic properties of materials, and proven to be very useful in 
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developing new material since they can save the time and money for experimental 

works.  

However, an explicit model should have the ability to reproduce experimental data 

and make predictions to reality. In Computational Thermodynamics (CT), a state 

function called Gibbs energy is used to describe the equilibrium state of a system, 

which will be reached by minimizing the Gibbs energy. The function is chosen 

because it is a function of temperature, pressure and composition, which can be easily 

controlled and measured in experiments. A CT model contains adjustable parameters 

which are used to fit experimental data. Therefore, the quality of the CT model is 

based on the fitting and the ability to reproduce the available experimental data. On 

the other hand, as new experimental and theoretical data are continuously examined, 

model parameters also need to be adjusted and optimized. 

Phase diagrams can be calculated using Gibbs energy functions, and simultaneously, 

available phase diagram information, thermo-chemical data, as well as theoretical data, 

i.e. ab-initio calculation, can also be used to assess the parameters in the Gibbs energy 

models selected for different phases. This is called the “Calphad method”. The models 

with parameters fitted to all available data can further extrapolate to more complex 

multi-component systems, or applied to other simulation methods that use 

thermodynamic information, such as diffusion kinetics, phase transition and 

microstructure evolution simulations, such as phase field.   

 

1.3 Aim of this work 

 

The main goal of this work is to acquire a better thermodynamic description of the 

Co-Cr-Mo system by applying the Calphad method and experimental works, since 

this system forms the foundation for Co-based alloys and is also crucial for further 

extrapolation to higher-order system, such as steels containing these elements and 

cemented carbides as mentioned before. This investigation focuses on a temperature 

range from 1373–1573 K, where phase diagram data are available and can be used to 

fit the parameters in the Gibbs energy models. Nevertheless, because there are not 

much experimental data which can be used in the Calphad method, a set of 

experiments were also conducted to gather more information for our assessment. 

As mentioned earlier, Rideout and Darby have examined the Co-Cr-Mo phase 

diagram at different temperatures. However, there is not much experimental 

information that can be used in the Calphad method from their results, such as two- 

phase equilibrium data. Furthermore, Gupta
[15]

 made a review on the system and 

pointed out that the σ phase region in the ternary phase diagram at 1573 K determined 

by Darby was not consistent with the recent data on Co-Cr binary system. That is, the 
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σ phase is only stable below 1560 K in the binary Co-Cr system in Fig. 1.1. However, 

the ternary phase diagram at 1573 K in Fig. 1.5 shows the phase region of σ at the 

Co-Cr side. Therefore, efforts should be made to modify the ternary phase diagram at 

1573 K.  

A recent experiment has been conducted by Zhao
[16]

 at 1373 K and was also used for 

optimizing the model parameters in this work. Furthermore, we also conducted a 

series of experiments at 1573 K near the Co-rich side to reassess the phase diagram 

data and gather more equilibrium information at this temperature to be used in the 

optimization.  

 

 

 

2 Experimental Methodology 

 

As mentioned in the previous section, Gupta
[15]

 pointed out that the ternary phase 

diagram at 1573 K determined by Darby
[14] 

was inconsistent with the recent data on 

the Co-Cr binary system. Therefore the experiments in this work were performed to 

reassess the phase diagram data and at the same time, to collect more equilibrium 

information at this temperature. 

 

2.1 Experiments Design and Sample Preparation  

 

The compositions of the samples were selected based on the comparison between 

Darby’s work
[14]

 and the previous description from Thermo-Calc Software AB
[17]

. 

Their ternary phase diagrams are plotted in Fig. 2.1(a) and (b) respectively. The most 

significant difference between the two phase diagrams is at the Co-rich corner. In Fig. 

2.1(b), the calculated phase diagram shows the bcc phase appears not only at the 

Cr-rich corner, but also at the Co-rich corner. Therefore, in order to confirm what 

phase would be present, the compositions of the samples were selected around this 

region. The samples were divided into two groups and their compositions are listed in 

Tables. 2.1 and 2.2. The composition of each sample is also indicated in Fig. 2.1.  

The first group of samples contained 46 at% Co and different ratios of Cr to Mo. The 

compositions of this group of samples were selected to re-examine the phase 

boundary of σ phase at the Co-rich side. In Fig. 2.1(a), Darby’s data
 
indicates that 

three of the samples are in the σ one-phase region and one is in the σ-R two-phase 

region. However, the calculated phase diagram indicates that three of them are in the 

bcc-σ two-phase region and one is in the bcc-σ-R three-phase triangle as shown in Fig. 
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2.1(b). Thus the results would show that whether the phase boundary of the σ would 

expand toward the Co-rich corner or not. 

The second group of samples contained 69 at% Co and various ratios of Cr to Mo as 

well. These compositions were selected not only to confirm if the bcc phase would be 

present at the Co-rich corner, but also try to collect the two-phase as well as the 

three-phase equilibrium data, since these compositions cover the two-phase and 

three-phase regions in both of the phase diagrams. 

 

(a) 

(b) 

Fig. 2.1 The compositions of the samples made in this work plotted with (a) the 

experimental findings by Darby
[14]

 and (b) the calculated phase diagram by the 

previous description from Thermo-Calc Software AB
[17]

.  
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Table. 2.1 First Group (46 at% Co) 

Cr : Mo 8 : 2 7 : 3 6 : 4 5 : 5 

Co at% 46 46 46 46 

Cr at% 43.2 37.8 32.4 27 

Mo at% 10.8 16.2 21.6 27 

Co wt% 45.2 43.5 41.9 40.4 

Cr wt% 37.5 31.5 26.0 20.9 

Mo wt% 17.3 24.9 32.0 38.6 

 

Table. 2.2 Second Group (69 at% Co) 

Cr : Mo 5 : 5 4 : 6 3 : 7 2 : 8 

Co at% 69 69 69 69 

Cr at% 15.5 12.4 9.3 6.2 

Mo at% 15.5 18.6 21.7 24.8 

Co wt% 63.9 62.6 61.3 60.1 

Cr wt% 12.7 9.9 7.3 4.8 

Mo wt% 23.4 27.5 31.4 35.2 

 

The samples were produced by the powder metallurgical process as shown in Fig. 2.2 

from pure metal powders (Co 99.5 % purity, Fischer Sub-Sieve Size = 1.75 μm 

produced by OM group. Inc, Cr 99.2 % purity, Average Particle Size < 10 μm, and Mo 

99.95 % purity, Average Particle Size = 3-7 μm produced by Alfa Aesar). Throughout 

the experimental process, it is necessary to prevent the contamination from other 

elements in all the steps because they can affect the composition and the final 

microstructures of the samples.  

 

 

 

 

 

 

Fig. 2.2 Flow chart of the powder metallurgical process used for sample preparation. 

 

The powders were carefully weighted to match the target composition shown in 

Tables. 2.1 and 2.2, then mixed and crushed in a mortar jar to eliminate any possibly 

presence of powder agglomerates. The mixed powders were then pressed with 

single-action pressing at 500 MPa at room temperature into small pellets, which were 

around 1 g in weight, 6.85 mm in diameter and 5.50 mm in height. 

Pure Metal Powder 
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Cr 

Mo 
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Analysis 
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2.2 Heat Treatment (Sintering) 

 

The pressed samples were placed on alumina boats and heat treated in a Simultaneous 

Thermal Analyzer furnace at 1573 K. A stationary pure Ar atmosphere was applied in 

the furnace during the heat treatment process to protect the samples from oxidation 

and other contaminations. The heat treatment time needed to reach the equilibrium 

state can be determined by the time needed for the elements to diffuse through the 

largest powder particles. This can be estimated from the Einstein equation for random 

walk, which is 

 

DtX 2                                                       Eq. 2.1 

 

where D is the diffusion coefficient of the element in the phase with a specific 

composition at a certain temperature. The values for each element were calculated 

from the mobility database in the DICTRA software
[18]

. The element which has the 

lowest diffusion coefficient (the slowest diffusion rate), in this case Mo with D about 

10
-15 

m
2
/sec, will determine the rate for reaching the equilibrium. X is the diffusion 

distance the element has traveled for time t and can be referred to the largest powder 

particles (in this case Cr powders = 10 μm). With Eq. 2.1 and the diffusion coefficient 

calculated by DICTRA, the estimated heat treatment time is 14 hours. Even so, all the 

samples were heat treated for 24 hours to ensure that equilibrium was reached, and 

then cooled down to room temperature in an Ar atmosphere.  

 

2.3 Analyzing Technique 

 

2.3.1 Phase Identification Using Backscatter Electrons in SEM   

 

The versatility of a SEM (Scanning Electron Microscope) makes it a very useful tool 

for measuring material properties including chemical composition, topography, 

crystallography and various other properties, and was therefore utilized to analyze the 

samples in this work.  
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Fig. 2.3 A schematic drawing of a SEM. 

 

The principle of a SEM is by hitting a specimen’s surface with a high-energy 

accelerated electron beam and detecting the large variety of signals generated from the 

interaction between electrons and specimen. The schematic drawing of a SEM is 

shown in Fig. 2.3. Electrons are generated and accelerated to an energy in the range 

1-40 keV by the electron gun. The diameter of the generated electron beam is 

however too large to be used, and therefore several condenser lenses are applied to 

reduce the diameter of the electron beam, and focus the beam on the specimen’s 

surface to get a sharp image, especially at high magnification. In most of the SEM, the 

diameter of the electron beam on the specimen’s surface is less than 10 nm. As for the 

deflection coils, one of the functions is by scanning the beam on the specimen’s 

surface to create a rectangular raster on both the specimen and the viewing screen. 

The other function of the coils is to control the magnification by altering the ratio of 

the dimensions of the raster on the specimen. The detectors are placed to collect 

different kinds of signals generated from the electron-specimen interactions. More 

details of a SEM can be found in [19]. 

When high-energy electrons hit and undergo inside the specimen, it results in events 

of elastic and inelastic scattering and creates large variety of signals, in which, Back 

Scattering Electrons (BSEs) are the electrons reflecting back from the sample through 

elastic scattering. The images generated from the BSEs signals can provide the 

information of compositional contrast in the samples, since more BSEs will be 

reflected by the element with high atomic number. Regions that contain more heavy 

elements, Mo in this case, will reveal brighter areas in a BSE image. Therefore in this 

work, BSE images were utilized to identify the phases, which contains different 

amount of Mo, present in the samples. However, the BSEs signals also depend on 
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other effects such as beam energy, topography of the sample and grain orientation. It 

is for this reason one should be very careful while interpreting the BSE images. 

 

2.3.2 Chemical Analysis Using EDS in SEM 

 

EDS (Energy-Dispersive X-ray Spectroscope) is often found equipped with a SEM to 

provide a chemical analysis of a specimen
[19]

. The EDS results together with the BSE 

images can further help understand and characterize different phases in the samples. 

The principle of an EDS is based on analyzing the characteristic x-rays emitted from 

electron-specimen interaction. When a beam of electrons hits the sample being 

studied, the inner-shell electrons bonded to the atom in the sample might be excited 

and leave an electron hole. The electrons subsequently return to its ground state 

during de-excitation by transition of the outer, higher-energy shell electron to the 

inner-shell to fill the hole. The difference in energy between the inner-shell and the 

outer-shell is thus released in the form of x-rays. Since each element has its own 

unique atomic structure, the energy of the emitted x-ray is thus different. By 

measuring the energy and counts of the characteristic x-rays emitted, the chemical 

composition of the samples can be measured. 

Many factors can affect the accuracy of the EDS analysis. One example is the 

protecting window in front of the detectors, which can absorb low energy x-rays 

generated from light elements and thus makes it difficult to quantify those elements. 

Overlapping of peaks is often seen in analyzing materials containing elements which 

have similar characteristic x-ray energy. If the detection limit of the EDS equipment is 

lower than the difference in x-ray energies between the elements, the accuracy of the 

EDS analysis will be affected. Moreover, the sample itself can also influence the 

intensity of the emitted x-rays, which depends on the density and materials the x-rays 

have to pass through. In most case EDS can only give a qualitative chemical analysis 

of materials. However, for metallic materials such as the Co-Cr-Mo system, the EDS 

can provide an accurate quantitative analysis. 

 

2.3.3 X-ray Diffraction Technique 

 

The crystallographic structure of different phases in the samples was identified by 

XRD (X-ray diffraction) technique, which utilizes a beam of x-rays to hit the samples 

being studied. The incident x-rays will be elastically scattered and diffracted by the 

electron cloud of individual atoms in the crystalline samples. However, most of the 

diffracted x-rays will have destructive interference, only the x-rays which have 
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constructive interference will leave the samples. The condition of constructive 

interference is described by Braggs’ law 

 

 sin2dn                                                      Eq. 2.2 

 

where n is an integer. Assuming two parallel lattice planes are separated by the 

interplanar distance d as shown in Fig. 2.5. The incident x-rays have a wavelength λ. 

The diffracted x-rays will have a constructive interference and maximum intensity 

when the angle θ between the lattice planes and the incident x-rays fulfills Eq. 2.2. 

Therefore, the angles and the intensity of the diffracted x-rays depend on the type and 

arrangement of atoms in the sample. The intensity of the x-rays diffracted from 

different angles are collected and plotted. By comparing the x-ray diffraction patterns 

with a reference or a database, the structure of the phases can be identified.  

 

                                     

Fig. 2.5 Bragg’s law. 

 

 

 

3 Thermodynamic Modeling 

 

In this assessment, the modeling work was done by using Thermo-Calc
[18]

, which is a 

computer software not only powerful to calculate thermodynamic and phase diagram 

information, but also convenient to model thermodynamic properties. A module called 

PARROT within the software can let the user fit model parameters to all kinds of 

experimental data. Furthermore, it allows the user to set the data’s uncertainty 

according to different experiments.    
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3.1 Data Collection 

 

In the Calphad method, two types of experimental data have to be chosen for 

optimizing model parameters. One type is thermodynamic properties and the other is 

phase diagram information of the system. Both kinds of data are important for 

modeling and thus must be examined and selected carefully. However, the 

experimental data of this system are very few, only phase diagram data within a 

certain range of temperature are available. 

The most recent data were collected from Zhao
[16]

, who used the diffusion-multiple 

technique to examine the ternary phase diagram at 1373 K shown in Fig. 3.1. 

 

 

Fig. 3.1 Experimentally determined phase diagram of Co-Cr-Mo at 1373 K by Zhao 

using diffusion-multiple techniques
[16]

. 

 

In Zhao’s work, numerous two-phase equilibria were explicitly measured by EPMA 

(Electron Probe Micro Analysis), and the three-phase equilibria were extrapolated 

from the examined two-phase tie-lines. It should be noted that the three-phase 

equilibria, μ-R-bcc and σ-R-bcc, and fcc-Co9Mo2-μ, which are plotted with dash-lines 

in the figure, were not well determined, thus they were not used in this work.    

There is one important thing in Zhao’s result that should be pointed out. As mentioned 

earlier in Section 1, there is a discrepancy on the lower temperature limit of the σ 

phase in the Co-Mo binary phase diagram. Quinn et al. studied and discovered that 

this temperature should be at 1523 K by using X-ray and metallographic analysis
[20]

. 

On the other hand, Heijwegen et al. and Katayam et al. used the diffusion-couple 

method and determined this value at 1273 K
[21–22]

 (chosen by Davydov for evaluation 

shown in Fig. 1.2). However, in Zhao’s experimental results, it was shown that the σ 
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phase did not extend to the Co-Mo side. Furthermore, Joubert and Dupin also found 

that there was no σ phase forming at 1423 K
[23]

. Therefore, the σ phase parameters 

were modified to fit Quinn’s results. 

Rideout and Darby’s works
[13–14]

 were also applied in this assessment. Even though 

there are no two-phase tie lines which can be used within the Calphad method, the 

three-phase equilibria shown in their works were applied to optimize the model 

parameters. 

 

3.2 Model Selection 

 

The Gibbs energy model in this assessment is based on the Compound Energy 

Formalism (CEF) as discussed by Lukas et al.
[24]

. Each phase can be described by a 

single Gibbs energy function. 

 

Gm
∅ = Gm

∅srf − T Sm
∅cfg
+ Gm

∅phys
+ Gm

∅E                                                                      Eq. 3.1  

 

“srf” in the first term means surface of reference, which represents the “unreacted” 

mixture of the pure constituents’ Gibbs energy in the phase. Sm
∅cfg

 in the second term 

is the configurational entropy, which is determined by the number of possible 

arrangement of the constituents. T denotes the thermodynamic temperature. Gm
∅phys

 

describes the contribution from specific physical properties to the Gibbs energy, such 

as magnetic. Finally, the last term is called excess Gibbs energy describing the 

remaining part of the real Gibbs energy excluding the first three terms.  

 

3.2.1 Substitutional Solution Model 

 

The solution phases: fcc, bcc and hcp, are present in the temperature range in this 

study and were described by using substitutional solution models. A substitutional 

solution means that different kinds of atoms can have the same opportunity to occupy 

lattice positions in the unit cell. In other words, the arrangements in these crystalline 

phases are “disordered”. The expression of this model and the terms corresponded to 

the CEF are as followed 

Gm
∅srf =∑xi

n

i

Gi
∅                                                                                                                Eq. 3.2 
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−T Sm
∅cfg
= +RT∑xi

n

i

ln xi                                                                                             Eq. 3.3 

 

Gm
∅E = Gm

∅
binary

E + Gm
∅

ternary
E + Gm

∅
higher−order

E                                                          Eq. 3.4 

 

Gm
∅phys
= Gm

∅mag
                                                                                                                Eq. 3.5 

 

xi is the mole fraction of different elements. Gi
∅ is the Gibbs energy of pure elements 

in the phase referred to their standard state at 298 K and 1 bar. It is temperature 

dependent and can be expressed as a power series in temperature. 

 

Gi
∅(T) = a + bT + cT lnT + dT2 + eT3 + fT−1 + gT7 + hT−9                               Eq. 3.6 

 

a,b…h are constants, and the values of each element in the phases are collected from 

SGTE data assessed by Din
[25]

. Eq. 3.3 is the configurational entropy which describes 

a random mixing of elements in the phase. R is the gas constant. 

So far, Eqs. 3.2–3.3 represent an ideal substitutional solution, which means all 

elements are mixed randomly and no interaction between unlike atoms. The excess 

Gibbs energy term describes the contribution of this interaction and physical 

properties other than Gm
∅phys

 to the Gibbs energy. For binary excess term it can be 

expressed as Redlich-Kister series, 

 

Gm
∅

binary
E =∑xi

n

i,j

xjLij
∅                                                                                                        Eq. 3.7 

Lij
∅ =∑(xi

n

i,j

− xj)
v ∙ Lij

∅v                                                                                                   Eq. 3.8 

where 

Lij
∅v = a + bT                                                                                                                      Eq. 3.9 

 

Lij
∅  is the interaction parameter between elements i and j. a and b in Eq 3.9 are the 

excess enthalpy and excess entropy respectively, which are also adjustable parameters 



18 

 

to be optimized to fit experimental values. v is the various term which represents 

regular solution when it is zero, subregular solution when it is 1 and so on. The binary 

interaction parameters had been assessed by Kusoffsky et al., Davydov and Frisk et al. 

from their investigation of the three constituent binary systems
[8–10]

. Their values were 

adopted in this work. 

The main optimization work in this study focused on optimizing the ternary 

interaction parameters within these phases, which can be expressed as 

 

Gm
∅

ternary
E = xixjxkLijk

∅                                                                                                     Eq. 3.10 

 

where Lijk
∅  is the ternary interaction parameter. If it is independent of composition, it 

can be written as 

 

Lijk
∅  = a + bT                                                                                                                   Eq. 3.11 

 

However, in some cases it may also depend on composition, suggested by Hillert
[26]

  

 

Lijk
∅  = vi Lijk

∅  i + vj Lijk
∅  

j
+ vk Lijk

∅  k                                                                           Eq. 3.12 

where  

vi = xi + (1 − xi − xj − xk)/3                                                                                     Eq. 3.13 

vj = xj + (1 − xi − xj − xk)/3                                                                                     Eq. 3.14 

vk = xk + (1 − xi − xj − xk)/3                                                                                   Eq. 3.15 

 

Eq. 3.12 allows the composition-dependent interaction parameters to behave 

symmetrically while extrapolating to higher-order systems. However in this study, 

only composition-independent ternary interaction parameters (Eq. 3.11) were used. 

The last term, Gm
∅mag

 is the magnetic contribution to the Gibbs energy expressed by 

Hillert and Jarl
[27]

. 

 

Gm
∅mag
= RTf(τ) ln( β + 1)                                                                                           Eq. 3.16 
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f(τ)

=

{
 
 

 
 1 −

1

A
[
79τ−1

140p
+
474

497
(
1

p
− 1)(

τ3

6
+
τ9

135
+
τ15

600
)],  if  τ < 1

−
1

A
(
τ−5

10
+
τ−15

315
+
τ−25

1500
) ,                                          if  τ ≥ 1

                         Eq. 3.17 

with  

A =
518

1125
+
11692

15975
(
1

p
− 1)                                                                                         Eq. 3.18 

 

β is the Bohr magneton number. τ = T/Tc and Tc is the Curie temperature of the 

material. p depends on the crystalline structure. It is 0.28 for fcc and hcp, 0.4 for bcc 

structure. The parameters of the magnetic contribution were also adopted from the 

previous works
[8–10]

. 

 

3.2.2 Intermetallic Phase Model 

 

σ, μ and R phase are the intermetallic phases that were modeled within the 

temperature range in this study. All of them have complicated crystalline structures 

and certain solubility ranges in the phase diagrams. In this study, a CEF model with 

sublattices and a formalism called Inclusion of Cluster Expansion Formalism
[31]

 were 

applied to describe these phases. 

 

3.2.2.1 R phase 

 

In this study, R phase was modeled by a three-sublattice CEF model, which was 

presented by Fernandez Guillermet in the study of Fe-Mo system
[28]

. The model is 

written as 

 

Gm
∅srf =∑∑∑yi

(1)

n

k

yj
(2)
yk
(3)
Gi:j:k
∅         

n

j

     

n

i

                                                         Eq. 3.19 

−T Sm
∅cfg
= +RT∑a(s)∑yi

(s)

n

i

ln yi
(s)                                                                      Eq. 3.20 

Gm
∅phys
= Gm

∅mag
                                                                                                             Eq. 3.21 

yi
(1)

 represents the site fraction of element i in the first sublattice. a(s) in Eq. 3.20 is 
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the site ratio of the three sublattices. The site ratio presented in [28] was 27:14:12 

based on the coordination number (CN) of each sublattice, with Mo in the second and 

the third site. Later on Andersson et al.
[29]

 suggested that Cr would enter the first and 

the third sublattice deduced from the experimental data. Finally, in the study of the 

crystal structure of R phase by Komura et al.
[30]

, it is suggested that the sites with 

CN12 tend to be occupied by elements at and to the right of Mn in the periodic table, 

such as Co. In conclusion of the previous works, the model adopted here for R phase 

is (Co,Cr)27(Mo)14(Co,Cr,Mo)12. There is no experimental information regarding the 

ferromagnetic transition in the R phase, thus it is neglected here. As for the excess 

term, normally they are not used in the model.  

The main effort was done on optimizing the formation energy of compounds Gi:j:k
∅  in 

Eq. 3.19. The elements in the first sublattice which contains a CN12 can be assumed 

to have the same contribution to the Gibbs energy as they are in a fcc lattice. The 

elements in the second (CN14) and the third sublattice (CN15 and 16)
[28]

 will 

contribute the same Gibbs energy as they are in a bcc lattice, since the second-nearest 

neighbors in a bcc lattice are not much further away than the nearest neighbors
[24]

. 

Therefore, Gi:j:k
∅  can be estimated by the following equation, 

 

Gi:j:k
∅ = 27Gi

fcc + 14Gj
bcc + 12Gk

bcc + a + bT                                                          Eq. 3.22   

 

Gi
fcc  and Gj

bcc are the Gibbs energy of the elements in the fcc and bcc lattice 

respectively. a and b are the model parameters that are needed to be optimized.  

 

3.2.2.2 σ and μ phase 

 

Inclusion of Cluster Expansion Formalism introduced by Ansara et al.
[31]

 was applied 

to describe σ and μ phase in this investigation. The formalism involves an 

order-disorder partition of Gibbs energy into a substitutional and a sublattice 

description
[24]

, even though such phases never disorder. The formalism is thus written 

as 

 

Gm
∅ = Gdis(x)

∅ + Gord(y)
∅                                                                                                    Eq. 3.23 



21 

 

Gdis(x)
∅ =∑xi

n

i

Gi
∅ + Gm

∅                                                                                       Eq. 3.24binary
E  

Gord(y)
∅ =∑∑∑yi

(1)

n

k

yj
(2)
yk
(3)
Gi:j:k
∅ + RT∑a(s)∑yi

(s)

n

i

ln yi
(s)
            

n

j

   

n

i

 Eq. 3.25 

Gdis(x)
∅  and Gord(y)

∅  represent the Gibbs energy from substiutional and sublattice 

description respectively. In the disorder part, Gi
∅ called the lattice stability, is the 

Gibbs energy of pure elements in the metastable intermetallic phase. It should be 

pointed out that these values cannot be assessed by experiment. However, they can be 

acquired from ab-initio calculations. The second term in the disorder part is the binary 

excess term, which represents the binary interactions in each sublattice. On the other 

hand, in the order part Gi:j:k
∅  is the formation energy of compound i:j:k referred to Gi

∅ 

in Eq. 3.24.  

With the contribution from the substitutional description, the Gibbs energy of the 

phase can be described within the whole composition range. One advantage of using 

this new formalism is that it allows all elements to enter all sublattices and one only 

needs to optimize the formation energy of the most stable compounds Gi:j:k in the 

system. 

σ phase has a five-sublattice crystalline structure, but it can be further reduced to 

using only three sublattices in the thermodynamic model
[32–33]

. The site ratio applied 

in this work was (Co,Cr,Mo)10(Co,Cr,Mo)4(Co,CrMo)16. On the other hand, μ phase 

also has five sublattices and can be simplified to four sublattices
[9][23]

, that is 

(Co,Cr,Mo)1(Co,Cr,Mo)2(Co,Cr,Mo)4(Co,Cr,Mo)6. The parameters and values 

concerning the binary systems were adopted from the previous description from 

Thermo-Calc Software AB
[17]

. The main optimization work was focused on 

optimizing the energy of formation for compounds including all three elements. 

 

 

 

4 Results 

 

4.1 Experiment Results  

 

After sintering, the surface of all the samples revealed a thin layer of oxide (less than 
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1 μm). This was due to the slight decline in Ar pressure in the furnace while cooling 

down the samples. The Ar gas tube was empty at the time and failed to maintain the 

pressure. Thus a small amount of oxygen might enter the furnace. The layer was 

removed after grinding with SiC paper. The samples were mounted in bakelite plastic 

resins ground and then polished successively by 9 μm and 1 μm diamond suspension, 

and subsequently analyzed by SEM, EDS and XRD. 

 

4.1.1. Samples with 46 at% Co 

 

The BSE images of the samples in the first group are shown in Figs. 4.1–4.4. The 

chemical analysis results from the EDS are shown in Table. 4.1. 

In Fig. 4.1, the sample which contains Cr:Mo = 5:5 shows two phases (darker and 

brighter areas) in the images. The black areas are the pores in the samples. The EDS 

analysis in Table. 4.1 indicates there is only 7.57 at% Mo difference in composition 

between the two phases and therefore the boundary is not very clear in the BSE 

images due to the small difference in average atomic number between the phases, as 

described previously in Section 2.3.1. These two phases should be the R phase 

(brighter areas) and the σ phase (darker areas) according to their Mo composition and 

the phase diagram and were then identified by the XRD analysis.  

All the other samples within this group show only one phase and pores in the BSE 

images. The dark shadow in the figures might be caused by the topography of the 

samples surface or contaminants from the polishing process, since it could also be 

seen in the SEM images. The EDS and the XRD measurements also showed that there 

is only σ phase in the remaining samples. 

 

(a) (b) 

Fig. 4.1 The BSE image of sample contains 46 at% Co and Cr:Mo = 5:5. (a) Mag = 

2.35 KX. (b) Mag = 6.78 KX. 

 

R σ 



23 

 

(a) (b) 

Fig. 4.2 The BSE image of sample contains 46 at% Co and Cr:Mo = 6:4. (a) Mag = 

1.00 KX. (b) Mag = 4.20 KX. 

 

(a) (b) 

Fig. 4.3 The BSE image of sample contains 46 at% Co and Cr:Mo = 7:3. (a) Mag = 

1.00 KX. (b) Mag = 4.22 KX. 

 

(a) (b) 

Fig. 4.4 The BSE image of sample contains 46 at% Co and Cr:Mo = 8:2. (a) Mag = 

1.01 KX. (b) Mag = 4.19 KX. 
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Table. 4.1 

Sample Co 46 Cr:Mo 5:5 Co 46 Cr:Mo 6:4 Co 46 Cr:Mo 7:3 Co 46 Cr:Mo 8:2 

Phase Dark Bright Single phase Single phase Single phase 

Co at% 43.44 42.14 43.15 45.37 45.75 

Cr at% 29.67 23.39 33.23 37.85 43.05 

Mo at% 26.89 34.46 23.63 16.78 11.20 

 

The results from this group of samples were in accordance with the phase diagram 

data from Darby
[14]

 and confirmed that the phase boundary of the σ phase should 

expand toward Co-rich corner. In addition, they indicated that the previous description 

from Thermo-Calc Software AB
[17]

 needed to be modified to fit Darby’s data. 

 

4.1.2 Samples with 69 at% Co 

 

The BSE images of the samples with 69 at% Co are shown in Figs. 4.5–4.8. It can be 

seen that there are two phases present in all of the samples as expected, one with 

smaller Mo content (darker areas), which corresponds to the fcc phase according to 

the phase diagram, and the other one with higher Mo content (brighter areas). The 

EDS and XRD analysis indicated that the brighter areas are the μ phase. The black 

areas are the pores in the samples. 

As shown in the figures, the phase fraction of the darker areas increases when the 

Cr:Mo ratio increases. This is also in accordance with the phase diagram from 

Darby
[14]

 shown in Fig. 2.1 (a), in which as the Cr content increases, the point moves 

toward the fcc phase boundary.  

 

(a) (b) 

Fig. 4.5 The BSE image of sample contains 69 at% Co and Cr:Mo = 2:8. (a) Mag = 

1.00 KX. (b) Mag = 4.22 KX.  

 

μ 

fcc 
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(a)    (b) 

Fig. 4.6 The BSE image of sample contains 69 at% Co and Cr:Mo = 3:7. (a) Mag = 

1.01 KX. (b) Mag = 5.84 KX. 

 

(a) (b) 

Fig. 4.7 The BSE image of sample contains 69 at% Co and Cr:Mo = 4:6. (a) Mag = 

1.01 KX. (b) Mag = 4.19 KX. 

 

(a) (b) 

Fig. 4.8 The BSE image of sample contains 69 at% Co and Cr:Mo = 5:5. (a) Mag = 

1.01 KX. (b) Mag = 4.19 KX. 

 

However, while looking at the samples in low magnification as shown in Fig. 4.9, the 

samples look inhomogeneous and contain white areas with a diameter around 200–

fcc 

μ 

fcc 

μ 

fcc 

μ 
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400 μm distributed locally in the images. The EDS analysis shows that the white areas 

in Fig. 4.9(a) contain 99 at% Mo which suggests that they are large Mo clusters. The 

grey area surrounding the Mo clusters has the same composition as the μ phase and 

seems to have been gradually growing into the Mo clusters during sintering. It can be 

seen in Fig. 4.9(d), where the big clusters have transformed into the μ phase 

completely. The reason of the formation of the big cluster may be due to the 

incompleteness of crushing of the Mo powder agglomerates in the motar jar during 

sample preparation or perhaps due to agglomerate formation during mixing, since the 

only elements present in the white areas were pure metals. Thus more efforts are 

needed to improve the quality of this group of samples. Even so, the information 

measured at the homogenous areas in Fig. 4.5–4.8 is still useful for confirming the 

results of the optimization performed in this work. 

 

(a)  (b) 

(c) (d) 

Fig. 4.9 Low magnification BSE images show that the samples are not homogeneous 

and contains Mo cluster distributed locally in the samples. (a) Cr:Mo =2:8 with Mag= 

512 X. (b) Cr:Mo =3:7 with Mag=56 X. (c) Cr:Mo =4:6 with Mag=56 X. (d) Cr:Mo = 

5:5 with Mag= 93 X. 

 

The chemical composition of different phases in each sample is analyzed by EDS and 

listed in Table. 4.2. The phase fraction in each sample was estimated by using the 
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interception technique together with the BSE images. The average composition of the 

samples was then calculated from the composition and the phase fraction of the two 

phases based on the lever-rules. From the calculation, it is evident that a small amount 

of Cr (2 at%) is missing in all of the samples compared with the target composition 

shown in Table. 2.2. The missing Cr content might be due to the inhomogeneity in the 

samples, or the formation of Cr oxide on the surface.   

 

Table. 4.1 

Sample Co 69 Cr:Mo 5 : 5 Co 69 Cr:Mo 4 : 6 Co 69 Cr:Mo 3 : 7 Co 69 Cr:Mo 2 : 8 

Phase Dark Bright Dark   Bright Dark Bright Dark Bright 

Co at% 72.79  51.09  74.46  53.92  75.38  54.99  78.42  56.40  

Cr at% 12.44  10.38  11.22  8.85  8.43  6.67  4.54  3.49  

Mo at% 14.77  38.53  14.31  37.22  16.18  38.35  17.05  40.11  

 

The XRD results showed the μ phase, Co3Mo and some Cr oxide on the surface. 

There is no indication of any presence of the bcc and R phases in the samples from the 

XRD. The Co3Mo is a line compound in the Co-Mo binary system and might be 

formed from the fcc phase when cooling down to room temperature in Ar atmosphere. 

This implies that the equilibrium states at high temperature might not be preserved 

after cooling down to room temperature. Therefore, a more rapid quenching method 

should be applied in the future. 

In summary, the results of the second group of samples also agreed with the ternary 

phase diagram determined by Darby
[14

. Meanwhile, they provided the fcc-μ 

two-phase equilibrium data which can be applied to verify the thermodynamic 

description optimized in this work. 

 

4.2 Optimized Thermodynamic Description 

 

The thermodynamic description of the Co-Cr-Mo system had been optimized using 

the experimental data from Rideout, Darby and Zhao
[13-14][16]

. In this work only 

ternary interaction parameters and energy of formation for compounds including all 

three elements were optimized. The calculated phase diagrams at 1373–1573 K are 

shown in Figs. 4.10–4.12. The optimized parameters are listed in the Appendix A. 
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Fig. 4.10 The calculated phase diagram at 1373 K plotted with the experimental data 

from Zhao
[16]

. 

 

For the calculated phase diagram at 1373 K as shown in Fig. 4.10, most of the 

experimental data by Zhao can be well reproduced by this description. However, the 

one-phase region of R is too small to further extend toward the Cr and Mo rich side. 

This can also be seen in the calculated phase diagrams at the other two temperatures, 

especially at 1573 K in Fig. 4.12, in which the phase region of the R is relatively 

smaller compared with the experimental results. It is obvious that the stability of the R 

phase is underestimated in the optimized description. Other than the R phase, there is 

a bcc-σ-μ three-phase equilibrium shown in the phase diagram at Mo-rich side. As 

mentioned earlier in Section 3, this region was not well determined in Zhao’s work. 

However, it could also be caused by the low stability of the R phase in the description. 

Thus additional experimental investigations should be conducted in this region to 

determine what phases would be present. 
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Fig. 4.11 The calculated phase diagram at 1473 K plotted together with the 

experimental data from Rideout
[13]

. 

 

For the calculated phase diagram at 1473 K in Fig. 4.11, the three-phase equilibria of 

fcc-σ-R and fcc-μ-R as well as the phase boundary of each phase are fitted to 

Rideout’s data
[13]

. Other than that, the calculated results show that the σ phase 

gradually extends toward the Co-Mo binary side while increasing the temperature 

from 1373 K. 

    

Fig. 4.12 The calculated phase diagram at 1573 K plotted together with the 

experimental data from Darby
[14]

. 
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As for the calculated phase diagram at 1573 K in Fig. 4.12, the one phase regions of 

fcc, bcc and μ phases are well-fitted to the experimental data determined by Darby
[14]

. 

Moreover, a fcc-bcc-σ three-phase equilibrium triangle is shown in the phase diagram. 

Even though it is not shown in the experimentally determined phase diagrams, but it 

allows the ternary phase diagram to match the recent data on Co-Cr binary phase 

system.  

Considering the σ phase, though the phase boundary near Cr-Mo binary side is in 

accordance with the experimental data, nevertheless, the phase region near the Co-rich 

corner is smaller. The first group of the samples made in this work also indicated that 

the phase boundary of σ should expand toward the Co corner. This will be discussed 

in the following section. In addition, the low stability of the R phase in the description 

makes it only have a small phase region in the center of the isothermal section. As the 

result of the σ and R phases, the fcc-σ-R three-phase triangle in Fig. 4.13 shifts from 

the experimental data determined by Darby
[14]

.  

 

 

 

5 Discussion 

 

The optimized thermodynamic description and the results from the experiments in this 

work are compared and discussed in this section. Future improvement to the 

thermodynamic description of the system is also discussed here.  

 

5.1 Comparison between Experimental and Calculated Results 

 

The comparison between the results from the experiments and the phase diagram 

calculated by the optimized description in this work can be seen in Fig. 5.1.  

For the first group of samples, the analysis showed that one sample contained R and σ 

phases and the others contained only σ phase. The results were in accordance with the 

ternary phase diagram in [14] and confirmed the phase boundary of σ at the Co-rich 

side. However, the phase boundary of σ in the calculated phase diagram does not 

extend enough toward the Co-rich corner. As a result, the equilibrium calculation 

using the optimized description indicates that the compositions of the first group of 

samples are located in the fcc-σ two-phase region. In addition, the low stability of the 

R phase in the description also results in the difference between the experimental and 

calculation results. 
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Fig. 5.1 Comparison between the experimental values and the calculated phase 

diagram from the description optimized in this work. 

 

On the other hand, the second group of samples contained fcc and μ phase, as well as 

some Mo clusters distributed locally in the samples. No R phase was observed in the 

XRD analysis. The formation of the Mo clusters was explained in the previous section. 

Future work has to be conducted to improve the quality of the samples and reassess 

the phase diagram data in this region. Even though the quality of the samples was not 

perfect, the measured results from the homogeneous area in the samples can still be 

compared with the calculated results. Fig. 5.1 shows that the calculated phase diagram 

agrees well with the experimental results of the second group of samples. This 

confirms the quality of the optimized descriptions for the fcc and μ phases in this 

work, as well as their ability to reproduce experimental data. 

 

5.2 Improvement of the Model Description and Phase Diagram 

 

From the comparison between the calculated phase diagram and the experimental data, 

it can be seen that some parts of the present description need to be modified to acquire 

a better result. Some suggestions for improving the description of different phases are 

discussed here. 

The most significant difference between the calculated results and experimental data 

from both the literature and this work is the R phase. As mentioned earlier, the 

stability of R phase is too low in the present description and results in a small phase 
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region in the ternary phase diagram. One way to improve the description of the R 

phase is by introducing a new model for this phase.  

R phase is commonly found in transition metal alloy systems
[34]

. The model 

(Co,Cr)27(Mo)14(Co,Cr,Mo)12 applied in this work was adopted from the 

investigations of Fe-Mo
[28]

 and Fe-Cr-Mo system
[29]

 as mentioned in Section 3.2.2.1. 

The phase diagram of Fe-Cr-Mo in [29] shows a narrow region of R phase which is 

parallel to the μ phase and located close to the Fe-Mo binary side. This might be the 

reason for the low stability of the R phase in the present description. Thus a general 

model which is able to describe all the known R phases consistently in different 

systems should be established. However, to make such a new model, it is necessary to 

make a thorough investigation on the crystallographic information of R phase, such as 

the site occupancies of the R phase in different alloy systems. 

On the other hand, the comparison between the experimental data and calculated 

results in the previous section indicates that the description of the σ phase needs to be 

improved. One suggestion is to re-examine the parameters and values concerning the 

σ phase in the Co-Cr and the Co-Mo system respectively.  

As mentioned earlier in Section 3.2.2.2, the σ phase in this work was described by an 

order-disorder partitioning model, in which the lattice stability of the pure elements in 

the metastable σ phase Gi
∅ in Eq. 3.25 was adopted from the previous description 

from Thermo-Calc Software AB
[17]

 as shown below.  

 

GCo
σ = 4000 + GCo

hcp
  

GCr
σ = 8000 + GCr

bcc 

GMo
σ = 22100 + GMo

bcc 

 

However, these values in the database are different from the recent results calculated 

by the ab-initio. 

 

Co ∆Eσ−RS = 45580 J/mol      RS(Reference state)  hcp      [35] 

Cr ∆Eσ−RS = 15513 J/mol             RS(Reference state)  bcc      [36] 

Mo ∆Eσ−RS = 23300 J/mol             RS(Reference state)  bcc      [35] 

 

The differences indicate there is still room for improvement to the optimized 

description in this work. Nevertheless, these values are the so-called end-members, 

which are the foundation values in the thermodynamic model. In other words, 

adopting new values from ab-initio calculations means that one also needs to reassess 

the parameters in both the binary and the ternary systems. 

Besides the thermodynamic model, more experimental data concerning this system is 
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still required to be fitted by the Calphad method in order to improve the 

thermodynamic description. For example, the calculated phase diagram at 1573 K 

shows a small region of fcc-bcc-σ three-phase equilibrium near Co-Cr binary side. It 

allows the ternary phase diagram to match the recent data on Co-Cr binary system. 

However, there is no experimental evidence for the appearance of this three-phase 

equilibrium due to experimental difficulties to determine the small composition 

variation in this region. In this case, an experiment can be conducted by applying the 

diffusion-couple and diffusion-multiple techniques. These techniques weld two or 

more pure metals together to form a diffusion-couple or a diffusion-multiple, which is 

then heat treated for some time to allow the elements and phases to diffuse and 

transform between the joined metals. The local equilibrium data can thus be measured 

near the joint surface between the pure metals. These two methods might be able to 

provide a convenient way to assess the small region of this three-phase triangle, and 

investigate additional equilibrium data at the same time. More details about the 

diffusion-multiple technique can be found in Zhao’s work
[16]

. 

 

 

 

6 Conclusions 

 

Available experimental data in a temperature range of 1373–1573 K have been 

assessed and applied to optimize the model parameters in the thermodynamic models 

within the Calphad method.  

Experiments have also been performed by the powder metallurgical process and heat 

treated at 1573 K to reassess the ternary phase diagram data and collect more phase 

diagram data. The results of the experiments made in this work were in accordance 

with the ternary phase diagram at 1573 K determined by Darby in 1955
[14]

. It also 

validated the phase boundary of σ at the Co-rich side in Darby’s work, which showed 

an expansion of the phase boundary toward the Co corner. 

The calculated phase diagram is in good agreement with most of the experimental 

data in the literature and from this work. However, the stability of the R phase is too 

low in the present description and thus the region of the R phase in the phase diagram 

is smaller than the experimental results. The results imply that the R phase model, 

(Co,Cr)27(Mo)14(Co,Cr,Mo)12, adopted from the previous investigation of the 

Fe-Cr-Mo system
[29]

 should be modified and a new model, which is able to describe 

all the known R phases consistently in different systems should be introduced.  

In addition, at 1573 K isothermal section the phase boundary of the σ phase at the 
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Co-rich side cannot be fitted to the experimental data in the literature and from this 

work. The σ phase was described by a formalism introduced by Ansara
[31]

. One 

suggestion to improve the description of this phase is by adopting the ab-initio values 

for the formation energy of the pure elements (lattice stability) in the metastable σ 

phase referred to the elements in their standard state. However, since these values are 

the end members in the thermodynamic model, one also needs to reassess the 

descriptions of the σ phase in Co-Cr and Co-Mo binary systems respectively. 

Other than that, the calculated phase diagram at 1573 K reveals a fcc-bcc-σ 

three-phase equilibrium, which is not shown in the experimental data. However, it 

allows the ternary phase diagram at this temperature to match the recent data on 

Co-Cr binary system. 

Finally, more experimental data in respect to the Co-Cr-Mo system are needed since 

the lack of experimental data is the main obstacle to improve the thermodynamic 

description of the system. 

 

 

 

7 Future work 

 

More experimental data are needed to be used in the Calphad approach and thus 

crucial for improving the thermodynamic description of the Co-Cr-Mo system. To 

collect more experimental data, several plans for the future work are suggested. 

 

1. The quality of the samples made by the powder metallurgical process in this 

work needs to be improved. Better methods for mixing and crushing of the pure 

metal powders should be applied to eliminate the appearance of agglomerates, 

such as ball-mills with inert materials. Longer heat treatment time is also needed 

to ensure the equilibrium state has been reached in case of any agglomerates 

remaining in the samples. In addition, as mentioned in Section 4.1.2, to preserve 

the equilibrium state at high temperature after cooling down to room temperature, 

a quenching method must be applied after the heat treatment process. 

2. So far we only have experimental data in the temperature range of 1373 K–1573 

K. Therefore, more experiments should be conducted to find the phase diagram 

data at other temperatures. As mentioned in Section 5.3, the diffusion-multiple 

technique is a convenient method to investigate the local equilibrium data in the 

ternary system at various temperatures. Several diffusion-multiples can be made 

by welding pure Co, Cr and Mo metals together and then heat treated at different 
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temperatures respectively to examine the phase diagram data of the system. 

 

Meanwhile, the descriptions of the R phase and the σ phase should be modified and 

reassessed as described earlier in the previous sections. Other than that, in this work 

only the descriptions of the phases present in the phase diagrams at temperature 1373–

1573 K, such as fcc, bcc, hcp, R, σ and μ phases were considered and optimized. 

Therefore, the descriptions for other phases have to be optimized when new 

experimental data are available. 
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Appendix A— Model Parameters 

  

fcc phase  (Co,Cr,Mo)
 

 

GCo
fcc − 𝐻Co

SER = +GFCCCO  

GCr
fcc − 𝐻Cr

SER = +GFCCCR  

GMo
fcc −𝐻Mo

SER = +GFCCMO  

L0 CoCr
fcc = +1500 − 9.592T [8] 

L0 CoMo
fcc = −29557.1 + 10.953T [9] 

L1 CoMo
fcc = −1382.2 + 15.371T [9] 

L2 CoMo
fcc = −18135.4 [9] 

L0 CrMo
fcc = +28890 − 7.962T [10] 

L1 CrMo
fcc = +5974 − 2.428T [10] 

L0 CoCrMo
fcc = −2800 This work 

  

f(τ)

= {
1 − 0.86034τ−1 − 0.17449τ3 − 0.007755τ9 − 0.001745τ15,  if  τ ≤ 1

−0.04269τ−5 − 0.001355τ−15 − 0.000285τ−25,                      if  τ > 1
 

[9] 

  

βCo
fcc = 1.35 [25] 

βCr
fcc = −2.46 [25] 

βCoMo
fcc = −3.578 [9] 

TCCo
fcc
= +1396 + 1.9E − 8P [25] 

TCCr
fcc
= −1109 [25] 
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TCCoMo
fcc

= −3700 [9] 

  

hcp phase  (Co,Cr,Mo)  

GCo
hcp

− HCo
SER = +GHSERCO  

GCr
hcp

− HCr
SER = +GHCPCR  

GMo
hcp

− HMo
SER = +GHCPMO  

L0 CoCr
hcp

= −6436 [8] 

L0 CoMo
hcp

= −29315.7 + 23.775T [9] 

L1 CoMo
hcp

= −27975.9 − 1.936T [9] 

L2 CoMo
hcp

+ 24698.3 [9] 

L0 CrMo
hcp

= +28890 − 7.962T [10] 

L1 CrMo
hcp

= +5974 − 2.428T [10] 

  

f(τ)

= {
1 − 0.86034τ−1 − 0.17449τ3 − 0.007755τ9 − 0.001745τ15,  if  τ ≤ 1

−0.04269τ−5 − 0.001355τ−15 − 0.000285τ−25,                      if  τ > 1
 

[9] 

  

βCo
hcp

= 1.35 [25] 

βCr
hcp

= −2.46 [25] 

TCCo
hcp

= +1396 [25] 

TCCr
hcp

= −1109 [25] 

TCCoCr
hcp

= −1795 [10] 

TCCoMo
hcp

= −1000 [9] 

  

bcc phase  (Co,Cr,Mo,Va)  

GCo
bcc − 𝐻Co

SER = +GBCCCO  

GCr
bcc − 𝐻Cr

SER = +GHSERCR  

GMo
bcc − 𝐻Mo

SER = +GHSERMO  

GVa
bcc = +30T [17] 

L0 CoVa
bcc = +126184 [17] 

L0 CoCr
bcc = +17208 − 13.519T [8] 

L1 CoCr
bcc = −5470 [8] 

L0 CoMo
bcc = +500 + 7.597T [9] 
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L1 CoMo
bcc = −19208.67 [9] 

L0 CrVa
bcc = +182514 [17] 

L0 CrMo
bcc = +28890 − 7.962T [10] 

L1 CrMo
bcc = +5974 − 2.428T [10] 

L0 MoVa
bcc = +209980 [17] 

L0 CoCrMo
bcc = +35000 This work 

  

f(τ)

= {
1 − 0.90530τ−1 − 0.15301τ3 − 0.006800τ9 − 0.001530τ15,  if  τ ≤ 1

−0.06417τ−5 − 0.0020372τ−15 − 0.000428τ−25,                    if  τ > 1
 

[9] 

  

βCo
bcc = 1.35 [25] 

βCr
bcc = −0.008 [25] 

βCoMo
bcc = −3.445 [9] 

TCCo
bcc

= +1450 [25] 

TCCr
bcc

= −311.5 [25] 

TCCoMo
bcc

= −3700 [9] 

  

R phase  (Co,Cr)27(Mo)14(Co,Cr,Mo)12  

GCo:Mo:Co
R = 27GFCCCO + 14GHSERMO + 12GBCCCO − 82000  This work 

GCr:Mo:Co
R = 27GFCCCR + 14GHSERMO+ 12GBCCCO  This work 

GCo:Mo:Cr
R = 27GFCCCO + 14GHSERMO + 12GHSERCR − 458000 This work 

GCr:Mo:Cr
R = 27GFCCCR + 14GHSERMO+ 12GHSERCR − 116000  This work 

GCo:Mo:Mo
R = 27GFCCCO + 14GHSERMO + 12GHSERMO − 180000 This work 

GCr:Mo:Mo
R = 27GFCCCR + 14GHSERMO+ 12GHSERMO This work 

  

σ phase  (Co,Cr,Mo)10(Co,Cr,Mo)4(Co,Cr,Mo)16  

GCo
σ − 𝐻Co

SER = +4000 + GHSERCO [17] 

GCr
σ − 𝐻Cr

SER = +8000 + GHSERCR [17] 

GMo
σ −𝐻Mo

SER = +22100 + GHSERMO [17] 

L0 CoCr
σ = −9630 − 5.25T [17] 

L1 CoCr
σ = +5000 + 3T [17] 

L0 CoMo
σ = +11430 + 12.38T [17] 

L1 CoMo
σ = −86300 + 52.2T [17] 

GCo:Mo:Co
σ = −272000 [17] 
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GCr:Mo:Co
σ = −374000 This work 

GCo:Cr:Cr
σ = −200000 [17] 

GCo:Mo:Cr
σ = −224000 This work 

GCo:Cr:Mo
σ = −510000 This work 

GCr:Cr:Mo
σ = −393000 [17] 

GCo:Mo:Mo
σ = −804000 [17] 

GCr:Mo:Mo
σ = −474000 [17] 

  

µ phase   (Co,Cr,Mo)1(Co,Cr,Mo)2(Co,Cr,Mo)6(Co,Cr,Mo)4  

GCo
μ
− 𝐻Co

SER = +30000 + GHSERCO [17] 

GCr
μ
− 𝐻Cr

SER = +25000 + GHSERCR [17] 

GMo
μ
−𝐻Mo

SER = +27000 + GHSERMO [17] 

L0 CoMo
μ

= −80300 + 15.5T [17] 

L0 CrMo
μ

= −76600 This work 

GCo:Co:Co:Mo
μ

= −251000 [17] 

GMo:Co:Co:Mo
μ

= −25100 + 3520 [17] 

GCo:Cr:Co:Mo
μ

= −300130 This work 

GCr:Cr:Co:Mo
μ

= −300000 This work 

GMo:Cr:Co:Mo
μ

= −240000 This work 

GCo:Mo:Co:Mo
μ

= −251000 [17] 

GCr:Mo:Co:Mo
μ

= −201000 This work 

GMo:Mo:Co:Mo
μ

= −25100 + 3520 [17] 

  

Functions  Data for pure elements are taken from SGTE database
[25]

  

GFCCCO = +737.832 + 132.750762 ∗ T − 25.0861 ∗ T ∗ LN(T)

− 0.002654739 ∗ T2 − 1.7348E − 07 ∗ T3 + 72527

∗ T(−1)  (298.15 < T < 1768);   −16770.075

+ 252.668487 ∗ T − 40.5 ∗ T ∗ LN(T) + 9.3488E + 30

∗ T(−9)  (1768 < T < 6000);  

GFCCCR = −1572.94 + 157.643 ∗ T − 26.908 ∗ T ∗ LN(T)

+ 0.00189435 ∗ T2 − 1.47721E − 06 ∗ T3 + 139250

∗ T(−1)  (298.15 < T < 2180);   −27585.344 + 344.343

∗ T − 50 ∗ T ∗ LN(T) − 2.88526E + 32

∗ T(−9)  (2180 < T < 6000);  

 



42 

 

GFCCMO = +7453.698 + 132.5497 ∗ T − 23.56414 ∗ T ∗ LN(T)

− 0.003443396 ∗ T2 + 5.66283E − 07 ∗ T3 + 65812

∗ T(−1) − 1.30927E − 10 ∗ T4  (298.15 < T

< 2896); −15356.41 + 284.189746 ∗ T − 42.63829 ∗ T

∗ LN(T) − 4.849315E + 33 ∗ T(−9)  (2896 < T < 5000);  

GBCCCO = +3248.241 + 132.65221 ∗ T − 25.0861 ∗ T ∗ LN(T)

− 0.002654739 ∗ T2 − 1.7348E − 07 ∗ T3 + 72527

∗ T(−1)  (298.15 < T < 1768); −14259.666 + 252.56994

∗ T − 40.5 ∗ T ∗ LN(T) + 9.3488E + 30

∗ T(−9)  (1768 < T < 6000); 

  

GHSERCR = −8856.94 + 157.48 ∗ T − 26.908 ∗ T ∗ LN(T)

+ 0.00189435 ∗ T2 − 1.47721E − 06 ∗ T3 + 139250

∗ T(−1)  (298.15 < T < 2180); −34869.344 + 344.18 ∗ T

− 50 ∗ T ∗ LN(T) − 2.88526E + 32

∗ T(−9)  (2180 < T < 6000); 

GHSERMO = −7746.302 + 131.9197 ∗ T − 23.56414 ∗ T ∗ LN(T)

− 0.003443396 ∗ T2 + 5.66283E − 07 ∗ T3 + 65812

∗ T(−1) − 1.30927E − 10

∗ T4  (298.15 < T < 2896); −30556.41 + 283.559746 ∗ T

− 42.63829 ∗ T ∗ LN(T) − 4.849315E + 33

∗ T(−9)  (2896 < T < 5000);        5.00000E + 03 

GHSERCO = +310.241 + 133.36601 ∗ T − 25.0861 ∗ T ∗ LN(T)

− 0.002654739 ∗ T2 − 1.7348E − 07 ∗ T3 + 72527

∗ T(−1)  (298.15 < T < 1768); −17197.666 + 253.28374

∗ T − 40.5 ∗ T ∗ LN(T) + 9.3488E + 30

∗ T(−9)  (1768 < T < 6000); 

GHCPCR = −4418.94 + 157.48 ∗ T − 26.908 ∗ T ∗ LN(T) + 0.00189435

∗ T2 − 1.47721E − 06 ∗ T3 + 139250

∗ T(−1)  (298.15 < T < 2180); −30431.344 + 344.18 ∗ T

− 50 ∗ T ∗ LN(T) − 2.88526E + 32

∗ T(−9)  (2180 < T < 6000); 

GHCPMO = +3803.698 + 131.9197 ∗ T − 23.56414 ∗ T ∗ LN(T)

− 0.003443396 ∗ T2 + 5.66283E − 07 ∗ T3 + 65812

∗ T(−1) − 1.30927E − 10

∗ T4  (298.15 < T < 2896); −19006.41 + 283.559746 ∗ T

− 42.63829 ∗ T ∗ LN(T) − 4.849315E + 33

∗ T(−9)  (2896 < T < 5000); 
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Appendix B— EDS Analysis 

 

First Group— Samples with 46 at% Co  

 

Sample Co 46 Cr:Mo 8:2 

Phase σ 

Composition  

(atom%) 
Co error Cr error Mo error 

 45.25 ±1.33 42.86 ±0.81 11.89 ±0.34 

 45.49 ±1.31 42.87 ±0.8 11.64 ±0.35 

 45.710 ±1.21 43.440 ±0.73 10.850 ±0.31 

 46.560 ±1.22 43.010 ±0.67 10.430 ±0.33 

Average 45.75 ±1.27 43.05 ±0.75 11.20 ±0.33 

Max 46.56 ±1.33 43.44 ±0.81 11.89 ±0.35 

Min 45.25 ±1.21 42.86 ±0.67 10.43 ±0.31 

Standard 

deviation 
0.49  0.24  0.59  

 

 

 

 

Sample Co 46 Cr:Mo 7:3 

Phase σ 

Composition  

(atom%) 
Co error Cr error Mo error 

 44.14 ±1.33 38.73 ±0.8 17.13 ±0.4 

 46.46 ±1.23 37.23 ±0.71 16.31 ±0.35 

 44.54 ±1.3 38.14 ±0.76 17.31 ±0.38 

 45.34 ±1.28 37.75 ±0.74 16.92 ±0.38 

 46.39 ±1.28 37.39 ±0.74 16.22 ±0.37 

Average 45.37 ±1.284 37.85 ±0.75 16.78 ±0.38 

Max 46.46 ±1.33 38.73 ±0.8 17.31 ±0.4 

Min 44.14 ±1.23 37.23 ±0.71 16.22 ±0.35 

Standard 

deviation 
0.94  0.54  0.44  
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Sample Co 46 Cr:Mo 6:4 

Phase σ 

Composition  

(atom%) 
Co error Cr error Mo error 

 43.15 ±0.68 33.23 ±0.38 23.63 ±0.23 

 

 

 

Sample Co 46 Cr:Mo 5:5 

Phase σ R 

Composition  

(atom%) 
Co error Cr error Mo error Co error Cr error Mo error 

 43.44 ±0.8 29.67 ±0.43 26.89 ±0.25 42.14 ±0.8 23.39 ±0.41 34.46 ±0.28 

 

 

 

 

 

Second Group— Samples with 69 at% Co 

 

Sample Co 69 Cr:Mo 2:8 

Phase fcc μ 

Composition  

(atom%) 
Co error Cr error Mo error Co error Cr error Mo error 

 78.66 ±1.56 4.49 ±0.47 16.85 ±0.40 56.53 ±1.55 3.37 ±0.54 40.10 ±0.57 

 78.86 ±1.54 4.09 ±0.45 17.05 ±0.38 57.69 ±1.50 3.09 ±0.52 39.21 ±0.56 

 77.97 ±1.55 5.01 ±0.47 17.02 ±0.39 56.64 ±1.54 3.50 ±0.52 39.86 ±0.56 

 78.60 ±1.55 4.13 ±0.45 17.28 ±0.39 54.97 ±1.61 4.39 ±0.57 40.64 ±0.60 

 77.99 ±1.57 4.96 ±0.47 17.05 ±0.39 56.19 ±1.53 3.08 ±0.53 40.73 ±0.57 

Average 78.42 ±1.55 4.54 ±0.46 17.05 ±0.39 56.40 ±1.55 3.49 ±0.54 40.11 ±0.57 

Max 78.86 ±1.57 5.01 ±0.47 17.28 ±0.40 57.69 ±1.61 4.39 ±0.57 40.73 ±0.60 

Min 77.97 ±1.54 4.09 ±0.45 16.85 ±0.38 54.97 ±1.50 3.08 ±0.52 39.21 ±0.56 

Standard 

deviation 
0.37  0.39  0.14  0.87  0.48  0.55  

 

 



45 

 

Sample Co 69 Cr:Mo 3:7 

Phase fcc μ 

Composition  

(atom%) 
Co error Cr error Mo error Co error Cr error Mo error 

 75.24 ±1.54 8.24 ±0.51 16.51 ±0.39 56.39 ±1.49 6.65 ±0.55 36.97 ±0.54 

 75.55 ±1.56 7.80 ±0.52 16.65 ±0.39 54.62 ±1.51 6.35 ±0.57 39.03 ±0.55 

 75.32 ±1.51 8.83 ±0.51 15.84 ±0.37 55.38 ±1.52 6.43 ±0.56 38.19 ±0.55 

 75.80 ±1.51 8.62 ±0.52 15.58 ±0.38 54.57 ±1.54 6.89 ±0.58 38.54 ±0.56 

 75.01 ±1.53 8.65 ±0.52 16.34 ±0.39 54.00 ±1.56 7.01 ±0.59 39.00 ±0.57 

Average 75.38 ±1.53 8.43 ±0.52 16.18 ±0.38 54.99 ±1.52 6.67 ±0.57 38.35 ±0.55 

Max 75.80 ±1.56 8.83 ±0.52 16.65 ±0.39 56.39 ±1.56 7.01 ±0.59 39.03 ±0.57 

Min 75.01 ±1.51 7.80 ±0.51 15.58 ±0.37 54.00 ±1.49 6.35 ±0.55 36.97 ±0.54 

Standard 

deviation 
0.27  0.37  0.41  0.83  0.25  0.76  

 

 

 

 

 

 

 

Sample Co 69 Cr:Mo 4:6 

Phase fcc μ 

Composition  

(atom%) 
Co error Cr error Mo error Co error Cr error Mo error 

 74.35 ±1.49 11.43 ±0.55 14.22 ±0.36 54.03 ±1.46 8.87 ±0.58 37.10 ±0.54 

 74.38 ±1.49 11.49 ±0.54 14.13 ±0.36 53.90 ±1.48 8.67 ±0.59 37.42 ±0.54 

 73.93 ±1.51 11.50 ±0.54 14.57 ±0.37 53.71 ±1.45 9.42 ±0.58 36.87 ±0.54 

 74.95 ±1.53 10.60 ±0.55 14.45 ±0.37 54.08 ±1.5 8.40 ±0.59 37.51 ±0.54 

 74.71 ±1.47 11.09 ±0.51 14.20 ±0.35 53.90 ±1.48 8.88 ±0.58 37.22 ±0.54 

Average 74.46 ±1.50 11.22 ±0.54 14.31 ±0.36 53.92 ±1.47 8.85 ±0.58 37.22 ±0.54 

Max 74.95 ±1.53 11.50 ±0.55 14.57 ±0.37 54.08 ±1.50 9.42 ±0.59 37.51 ±0.54 

Min 73.93 ±1.47 10.60 ±0.51 14.13 ±0.35 53.71 ±1.45 8.40 ±0.58 36.87 ±0.54 

Standard 

deviation 
0.35  0.35  0.17  0.13  0.33  0.23  
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Sample Co 69 Cr:Mo 5:5 

Phase fcc μ 

Composition  

(atom%) 
Co error Cr error Mo error Co error Cr error Mo error 

 72.07 ±1.54 13.12 ±0.58 14.81 ±0.38 52.04 ±1.54 10.35 ±0.64 37.61 ±0.57 

 73.50 ±1.51 11.98 ±0.56 14.52 ±0.37 51.13 ±1.56 10.48 ±0.65 38.39 ±0.58 

 73.16 ±1.53 12.07 ±0.56 14.77 ±0.38 50.76 ±1.57 10.11 ±0.65 39.13 ±0.59 

 72.59 ±1.59 12.54 ±0.58 14.87 ±0.39 50.29 ±1.58 10.84 ±0.67 38.87 ±0.59 

 72.63 ±1.58 12.47 ±0.58 14.90 ±0.39 51.21 ±1.56 10.12 ±0.65 38.67 ±0.59 

Average 72.79 ±1.55 12.44 ±0.57 14.77 ±0.38 51.09 ±1.56 10.38 ±0.65 38.53 ±0.58 

Max 73.50 ±1.59 13.12 ±0.58 14.90 ±0.39 52.04 ±1.58 10.84 ±0.67 39.13 ±0.59 

Min 72.07 ±1.51 11.98 ±0.56 14.52 ±0.37 50.29 ±1.54 10.11 ±0.64 37.61 ±0.57 

Standard 

deviation 
0.49  0.41  0.13  0.58  0.27  0.52  

 


