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Abstract 
Cubic carbides (titanium, tantalum, niobium, and zirconium carbides) can 

constitute a significant proportion of so-called cubic and cermet grades, 

where it is added to substitute a portion of tungsten carbide. It is thus 

critical to understand and be able to thermodynamically model the cubic 

carbide systems. In order to do this, the thermodynamic descriptions of 

lower order systems, such as the Ti-Cr-C system, need to be well studied. 

To approach this goal, an extensive literature survey of thermodynamic 

data and phase diagram information on the Ti-Cr-C system, the Ta-Cr-C 

system, the Nb-Cr-C system and the Zr-Cr-C is presented in this work. 

Experiments are performed in the Ti-Cr-C system using powder metallurgy 

and heat treatments. The solubility of Cr in FCC_TiC phase was 

experimentally measured at 1773K and compared with previous studies 

showing that the solubility reported earlier is too large. Thereafter, a re-

optimization of FCC_TiC and liquid interaction parameters of the Ti-Cr-C 

system was performed taking into account the experimental data obtained 

both from previous studies and this work. The Gibbs energy descriptions of 

the Cr-carbide end members were compared between the one from the in-

house database [SandvikTDB] and from other studies. With the new 

description, the solubility of Cr in FCC_TiC is better described. 
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1. Introduction 

Cemented carbides is a class of hard composite materials which are used in tools for 

machining of materials where both high wear resistance and high toughness of the tool are 

necessary. Most of the carbide cutting tools are those made primarily of tungsten carbide. 

About 70% of cemented carbides products in the market are made of tungsten carbide 

grades, some of which have titanium carbide and tantalum carbide additives. The other 

30% are made of coated inserts, cemented titanium carbide and ceramics or cermets [Gop 

1998]. 

Initially, cemented carbides consisted of tungsten carbide and a cobalt-rich binder phase. 

A cermet is also composed of ceramic and metallic constituents. It has a unique 

combination of high temperature hardness, chemical wear resistance and low density. 

Therefore, cermets can be used instead of cemented carbide in saws and other brazed 

tools due to their superior wear and corrosion properties. Cubic carbides (titanium carbide, 

tantalum carbide etc.) are used in most cermets and many cemented carbide grades 

[sandvik link]. The solubility of Cr in cubic carbides is critical when producing both cermets 

and cemented carbides. Therefore, the Ti-Cr-C, the Ta-Cr-C, the Nb-Cr-C and the Zr-Cr-C 

systems were selected to study in this work. 

The production process of cemented carbide includes:  

1. Wet milling 

2. Pressing 

3. Dewaxing / Presintering 

4. Sintering 

5. Post sintering treatments 

The raw materials consist of fine powders of tungsten carbide, metallic cobalt and other 

carbides according to the grade specification.  

Ball milling is carried out mainly to de-agglomerate, homogenize and reduce the particle 

size of the powder blend and processing aids but also to form active surfaces and achieve 

a defect structure in order to be able to sinter to full density and eliminate porosity, 

Granulation or spray drying can provide good flow and fill properties for the final pressing. 

The shape of the compacts is given by the green consolidation. In the hard metal industry, 

paraffin wax is commonly added to the powder as a lubricant to facilitate pressing and also 

to have some green strength for preventing damage during handling. The wax should be 

removed after the pressing in case the wax changes the products physically or chemically. 

Sintering temperature should be set at which the liquid phase is about 15 mass% of the 

compact and the phases are carbides and liquid phase. Sintering of cemented carbides is 

normally carried out in the temperature range of 1350⁰C to 1650⁰C depending on the 
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composition [Gop 1998]. Therefore, experimental studies are conveniently done close to 

the sintering temperatures.  

Computational thermodynamics is a time-saving and economic way to develop new 

materials. CALPHAD (CALculation of PHase Diagrams), which is one of these methods, is 

often employed to model the Gibbs energy of each phase and simulate multicomponent 

multi-phase behavior in complex systems by minimizing the Gibbs energy. The successful 

use of CALPHAD relies on properly assessed multicomponent databases, which 

consistently describe various thermodynamic properties. The databases should always 

show consistency with available experimental data, for example, thermodynamic 

properties, such as heat capacities, enthalpies of formation or mixing and phase diagram 

information, such as solubility limits and invariant equilibrium temperatures. [Han 2007] 

Optimization of the parameters in the database is a necessary part of CALPHAD. It is 

performed by considering various experimental data. However, since experiments are 

expensive and time-consuming, all data available in the literature should be sought. Also, 

all types of measurements that are quantitatively related to any thermodynamic property 

should be considered. 

In the present work, reported thermodynamic data and phase diagram data have been 

collected and reviewed for the Ti-Cr-C, Ta-Cr-C, Nb-Cr-C and Zr-Cr-C systems. 

Additionally, experiments were performed for Ti-Cr-C system to obtain more experimental 

data where necessary. Based on the collected data both from literature and experiments, 

the ternary interaction parameters of Ti-Cr-C and Ta-Cr-C systems were optimized. 

2. Background of different systems 

2.1 Ti-Cr system 
There are four stable phases in the Ti-Cr system, i.e. the liquid phase, titanium-rich close-

packed HCP, BCC solid solution and three modifications of Laves phases, C14, C15 and 

C36 near the stoichiometry TiCr2. C15 has a cubic crystal structure and is the lower 

temperature phase which is stable below 1943 K, whereas C14 and C36 are hexagonal 

and form at high temperatures [Mur 1987].  

According to Saunders [Sau 1999] and Cupid [Dam 2011], the minimum melting point was 

calculated at 1677K with the composition of 56.7 at% Ti. These values are consistent with 

other values measured by Murray [Mur 1987], Zhuang [Zhu 2000] and Ghosh [Gho 2002] 

who implied a minimum melting point at approximately 1683 K.The eutectoid reaction HCP 

↔ BCC + TiCr2 occurs at around 940K determined by Murray [Mur 1987], which was 

verified later by Zhuang [Zhu 2000] and Ghosh [Gho 2002], while the calculated values by 

Saunders [Sau 1999] and Damian [Dam 2011] are 960K. Mikheev et al [Mik 1962] 

determined a higher eutectoid temperature which is 40K higher than other proposed 
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values. Murray argued that this discrepancy is due to the impurity of the starting material 

[Mur 1987]. McQuillan [McQ 1963] implied that the eutectoid reaction reasonably occurs 

below 940K in BCC filed if the heat treatment is longer. 

The solubility of Cr in HCP is also analyzed by several authors. The values are consistent 

with the maximum solubility of 0.6 at% Cr at a temperature of approximately 940 K. 

Measurements of thermodynamic quantities in the Ti-Cr system are available from the 

work of Pool et al [Poo 1968]. The activity of chromium in the Ti-Cr solid solution was 

measured in the temperature range from 1523 K to 1653 K within the composition range 

from 10 to 90 at % Cr. Pool also obtained the free energy of formation of the C14 phase as 

-3260 J at 1523 K.  

In this work, an in-house database [SandvikTDB] is compared to the thermodynamic 

description from the literature. It can be seen in the following figures that the descriptions 

of Laves phases are mostly missing in the in-house database [SandvikTDB]. In the 

description from the literature, the Laves phases are included and the regions of stability of 

the Laves phases have successfully been calculated (see Figure 1).  

 

Figure 1: Phase diagrams of the Ti-Cr system Left: Calculated using in-house database 
[SandvikTDB]. Right: Calculated using the description from [Sau 1995] and compared with the 
experimental data from [Min 1971], [Mik 1962] and [Rud 1969]  

2.2 Cr-C system 
The existence of stable chromium carbides in the Cr-C system is well determined as 

Cr3C2, Cr7C3 and Cr23C6. Overall, this system has been widely investigated by numerous 

authors. Ab initio calculations and thermodynamic modeling have also been used to 

analyze this system. 

The eutectic reaction L↔Cr7C3 + Cr3C2 occurs at various temperatures according to 

different authors. The highest value is 2045 K calculated by Khvan et al [Khv 2012] 
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whereas the lowest value measured by Rudy et al [Rud 1969] is 45 K lower than that of 

Khvan. The formation of Cr23C6 from the melt occurs on cooling, which will result in the 

eutectic reaction L → Cr + Cr23C6. The measurements of the eutectic reaction also vary 

significantly. Khvan et al [Khv 2012] obtained the largest value, 1849 K, while other 

authors’ measurements agreed well, approximately 1807 K. The solubility of C in solid Cr 

was measured by Rudy [Rud 1969]. The calculated results by Khvan [Khv 2012], Lee [Lee 

1992], Andersson [And 1987] and Hillert [Kaj 1990] meet a reasonable agreement with 

Rudy, approximately 0.3 at % C. 

 

Figure 2: Cr-C phase diagram calculated using the thermodynamic description taken from Lee [Lee 
1992] and with the experimental data by [Rud 1969].  

The thermodynamic description of Cr-C in the in-house database [SandvikTDB] 

corresponds to the preferred thermodynamic description in the literature taken from Lee, 

except for the metastable FCC CrC end-member. At present, no reassessment of the 

stable phases in this system is necessary (see the phase diagram in Figure 2) although 

the stabilities of the Cr-carbides are not very well determined due to large experimental 

scatter [Lee 1992][Kap 2015]. 

2.3 Ti-C system 
There are five condensed phases in the Ti-C system: liquid, graphite, BCC Ti, HCP Ti 

stable below 1155 K and FCC_TiC [Sei 1996].  

Rudy et al [Rud 1969] has experimentally determined the Ti-C phase diagram above 1900 

K by using DTA (Differential Thermal Analysis). Two eutectic reactions were reported by 

Rudy et al, L↔TiC + C occurs at 3049 K while L↔βTi + TiC occurs at 1923 K. According 

to [Cad 1953], the maximum solubility of C in BCC is 1.6 at % and 0.6 at % in HCP. 

Frisk et al. [Fri 2003] have revised the thermodynamic description of the TiC1−x phase with 

focus on the melting point of FCC_TiC. According to comparison with previous studies, the 
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description by Frisk gave a better agreement with high temperature heat capacity 

measurements than all previous studies. Also, the phase diagram calculated by using 

thermodynamic data of Frisk shows a good agreement with experimentally determined 

phase equilibria (See the phase diagram in Figure 3) therefore, the description by Frisk is 

preferred and is actually the same as the one in the in-house database [SandvikTDB]. 

 

Figure 3: Ti-C phase diagram calculated using the thermodynamic description by Frisk [Fri 2003] 

2.4 Ti-Cr-C system 
Booker [Boo 1997] has made a great contribution to the ternary Ti-Cr-C system 

experimentally. Nine isothermal sections were determined from the temperature range 

from 1573 to 3073 K in addition to the liquidus surface by using X-ray diffraction, DTA, 

metallographic and melting point techniques. Booker also reported that no ternary phase 

exists in the Ti-Cr-C system. However, Booker showed most of the results as isothermal 

sections and for the most part did not explicitly state which datapoints were measured. The 

explicitly mentioned datapoints are summarized in Table 1. 

At high temperature, a large amount of Cr dissolves in TiC. Booker measured the solubility 

of Cr in TiC at a few temperatures (see Table 1). Cater and Storms claimed that the 

solubility of Ti in Cr3C2 is negligible. Booker has confirmed this finding. Schuster et al [Sch 

1999] used arc melting and annealing at 1573 K to heat treat the samples and measured 

the amount of Ti dissolved in Cr23C6 which was found to be negligibly small. This result 

was also confirmed by the findings of Booker. 

Schuster [Sch 1999] experimentally measured the ternary eutectic temperature for L ↔ 

TiC + Cr3C2 + Cr7C3. Two samples were prepared by arc melting and XRD analysis was 

used to make sure that the Cr3C2, Cr7C3 and trace the amounts of TiC phases were 

present. After metallography revealing a eutectic microstructure, the melting points of 

these two samples were observed by Pirani melting point measurements. The obtained 

temperature of 1933±10 K agreed well with the value given by Booker.  
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Eremenko et al [Ere 1987] measured the invariant phase equilibria. Booker agreed with 

Ermenko on the equilibria qualitatively. However, Booker found the invariant reaction 

temperatures are 10 to 40 K lower than those of the findings by Eremenko [Ere 1987]. 

 

Table 1: Compositions of each phase at invariant equiliria in Ti-Cr-C system [Boo 1997] 

Equilibrium Phase Composition 
Cr at% 

 
C at% 

 
Ti at% 

1773K FCC_TiC 22.79 47.00 30.21 
Cr3C2+FCC_TiC+graphite Cr3C2 60 40 0 

1773K Cr7C3 70 30 0 
Cr7C3+Cr3C2+FCC_TiC FCC_TiC 20.72 44.00 35.28 
 Cr3C2 60 40 0 

2063K Graphite 0 100 0 
Liquid+Graphite+FCC+Cr3C2 FCC_TiC 34.16 44 21.84 
 Cr3C2 60 40 0 
 Liquid 57 37 6 

 

The following isothermal sections were calculated using both the in-house database 

[SandvikTDB] as well as the description of Shuster. At 1773 K, Figure 4, the regions where 

M3C2, FCC_TiC and graphite coexist and M3C2, M7C3 and FCC_TiC coexist calculated by 

the in-house database are different from those calculated by the description of [Sch 1999]. 

Additionally, the M3C2, FCC_TiC and graphite equilibrium fits well with the experimental 

data obtained from [Sch 1999] (See Figure 4). The main difference lies in the interaction 

parameters in the TiC-phase and the description of the FCC_CrC end-member compound.  

 

Figure 4: Isothermal sections of the Ti-Cr-C system Left: isothermal section at 1773K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 1773 calculated using 
database of [Sch 1999], which is compared with the experimental equilibria data from [Boo1997].  
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Figure 5 shows the isothermal section at 2063 K. Regions where FCC exists show notable 

differences in these two calculated sections because of the different thermodynamic 

descriptions as already mentioned. In [Sch 1999], the ternary interaction parameter in 

liquid phase has been optimized, which is another reason causing these differences 

between these two calculations. 

 

Figure 5: Isothermal sections of the Ti-Cr-C system Left: isothermal section at 2063K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 2063 calculated using 
database of [Sch 1999], which is compared with the experimental equilibria data from [Boo1997]. 

A similar difference was also found in the following two calculations, Figure 6, i.e. the 

equilibria between FCC carbide, graphite and liquid phases are different, which is also due 

to the parameters mentioned above. 

As mentioned before, the region in which the FCC_TiC phase exists calculated using the 

description of Schuster is bigger than the one calculated by the in-house database 

[SandvikTDB], which is not only because of the parameters of the FCC phase mentioned 

above, another parameter i.e. Gibbs energy of the metastable Cr-C end-member in the 

FCC phase is also different. In the in-house database [SandvikTDB], this parameter is 

taken from a description of the Fe-Cr-V-C system by Bratberg [Bra 2004]. However, in the 

description of Schuster, this parameter is taken from Lee [Lee 1992]. Furthermore, since 

Booker presented most of his experimental isothermal sections without clearly indicating 

which regions were experimentally determined, some of the equilibria need to be verified 

experimentally with focus on the solubility of Cr in TiC in equilibrium with different Cr-

carbides. 
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Figure 6: Isothermal sections of the Ti-Cr-C system Left: isothermal section at 2273K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 2273K calculated using 
database of [Sch 1999] compared with experimental data from [Ker 1984] 

2.5 Ta-C system 
Tantalum carbides, Ta4C3, hexagonal Ta2C and FCC_TaC, are found to exist as 

nonstoichiometric compounds in the Ta-C system [Gus 2007]. 

The Ta4C3 phase was first found in both the two-phase and the three-phase area in the Ta-

C system over the interval of compositions between hexagonal Ta2C and cubic TaC 

carbides [Les 1958]. Gusev et al utilized X-ray diffraction to experimentally confirm that 

Ta4C3 is a metastable phase between cubic TaC and hexagonal Ta2C carbides, which can 

be in bulk and powdered states over a wide range of temperatures 300 K to 2400 K. [Gus 

2007] 

Ta2C and TaC have extended ranges of homogeneity with a maximum solubility at the 

stoichiometric compositions [Fri 1996]. 

The reaction among Ta4C3, Ta2C and TaC is the result of an order-disorder transformation, 

which happens at 2203±30 K. Ta4C3 is formed by localized precipitation from 

nonstoichiometric TaC and Ta2C [Rud 1965]. Since Ta4C3 is a meta-stable phase, we do 

not consider this reaction in the present work. 

Rudy claimed that the solid solubility of carbon in BCC is temperature-dependent by 

experiments. For instance, it ranges from 7.5 at % C at 3116 K to 2.5 at % C at 2773K 

[Rud 1965]. Vaughan et al [Vau 1960] have measured the solid solubility of carbon in bcc 

experimentally at low temperatures. They reported 0.17 at % at 1773 K and 0.07 at % 

carbon dissolved in tantalum at 1273 K.  

Rudy [Rud 1965] experimentally established the phase diagram of the Ta-C system based 

on X-ray and metallographic studies on heat-treated and quenched samples along with the 

results obtained from differential thermal analysis and melting point determinations. A 
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eutectic reaction, L→bcc+Ta2C, occurs at 3116±7 K in this system. The eutectic point is 

located at 33.5 at % C. Another eutectic reaction, L→TaC+C, occurs at 3718±5 K. A 

peritectic reaction was reported by Rudy [Rud 1965] L+TaC→Ta2C which occurs at 

3653±8 K with 35.5 at % C.  

The phase diagram was calculated using the description from [Fri 1996], see Figure 7, 

which is the preferred description in this work and the same as in the in-house database 

[SandvikTDB]. The calculations were compared with experimental information from several 

studies and showed a good agreement. 

2.6 Ta-Cr system 
There are four phases stable in the binary Ta-Cr system, liquid, BCC, and two allotropes of 

TaCr2 in the C14 and the C15 structure [Zha 2001].  

Kumar [Kum 2000] experimentally proved that C36 structure of TaCr2 exists as a 

metastable intermetallic phase in the Ta-Cr system. C14 exists at high temperatures 

(TaCr2 with hexagonal structure) while C15 exists at the low temperature (TaCr2 with cubic 

structure). 

A eutectic reaction, L→Cr (solid solution) +TaCr2, should firstly produce C14 phase when 

cooling down. The C14 phase later will form C15 structure via a eutectoid reaction, 

C14_TaCr2→BCC_Cr + C15_TaCr2, at a low temperature [Kum 2000]. 

 

 

Figure 7: phase diagram of Ta-C system calculated using database of [Fri 1996] with experimental 
data [Rud 1966], [Hos 1972], [Dub 1964], [Les 1958], [Sar 1964], [Geb 1966], [Gav 1975];  
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Figure 8: Left: Ta-Cr phase diagram calculated using the in-house database; right: calculated using 
database of [Pav 2009] and compared with the experimental data from [Dup 1993] 

The complete thermodynamic description of this binary system was firstly presented by 

Dupin [Dup 1993]. Later Pavlu [Pav 2009] re-optimized the parameters based on a 

different description of Gibbs energy of the pure Cr end-member of all Laves phases. 

However, in order to keep thermodynamic descriptions consistent with that of the other 

systems, the description of Dupin was preferred in this work. In [Dup 1993], the description 

of C15 is more complete, compared to the in-house database [SandvikTDB], therefore, the 

region of C15 has been successfully calculated using description of Dupin. However, the 

region of C15 is stoichiometric in the phase diagram calculated by the in-house database 

[SandvikTDB]. (See Figure 8) 

2.7 Ta-Cr-C system 
The solubility of chromium in the tantalum carbide TaC was experimentally measured to be 

6 at % at 1273K by X-ray diffraction and metallographic methods.  However, the solubility 

of chromium in Ta2C at same temperature was found to be lower, i.e. 2 at % [Fed 1968]. 

Velikanova [Vel 2002] measured the melting points at different compositions. Two invariant 

four-phase equilibria were found, L→BCC_Ta+FCC_TaC+TaCr2 at 2203 K and 

L→FCC_TaC+BCC_Cr+TaCr2 at 1948 K. The four-phase equilibrium, 

L+Ta2C→TaC+TaCr2 occurs at 2216K. Furthermore, two three-phase pseudo-eutectic 

reactions were found at 1968 K and 2233 K, which are L→FCC_TaC+BCC_Cr and 

L→Ta2C+TaCr2 respectively. 

[Vel 2001] determined the temperature of equilibria along the solidus surface. Additionally, 

alloys as cast and annealed at subsolidus temperatures were investigated by X-ray 

diffraction, light and electron microscopy and electron microprobe analysis. Coordinates of 

invariant points on solidus surface and lattice parameters of phases of this ternary system 

were given by [Vel 2001] and projection of solidus surface was drawn. 
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Based on the review and comparisons of reliable experimental data, a revised 

thermodynamic description of the ternary system was published [Chu 2011], which is the 

most recent and complete thermodynamic description. The ternary interaction parameters 

in liquid phase, FCC and HCP phases were assessed by considering previous 

experimental phase equilibrium data from Rassaerts [Ras 1965], e.g. phase equilibrium 

data for TaC phase at 1623 K, experimental solubility data for Cr in Ta2C phase at 1273 K. 

In this ternary system, Figure 9 to 12 show the isothermal sections calculated using the 

ternary parameters given by [Chu 2011]. The calculated phase diagrams were also 

compared with the experimental data (obtained by Velikanova [Vel 2001] (see Table 2), 

which are marked with black lines and symbols in the Figures. However, the calculated 

equilibria show a big discrepancy with the experimental data obtained by [Vel 2001]. 

Therefore, the isothermal section at 1623K was additionally calculated and compared with 

the experimental data obtained by Rassaerts [Ras 1965].  

The ternary interaction parameter  𝐿𝐶𝑟,𝑇𝑎:𝐶 and the reciprocal interaction parameter 

𝐿𝐶𝑟,𝑇𝑎:𝐶,𝑉𝐴 in the FCC phase have been optimized by [Chu 2011]. The regions where FCC 

exists are quite different compared to those calculated by the in-house database 

[SandvikTDB]. Additionally, a new ternary interaction parameter (Ta, Cr, C) in HCP phase 

has been added into description of [Chu 2011], these parameters cause the different 

calculations of the HCP and FCC regions.  

Table 2: Compositions of each phase at equiliria in Ta-Cr-C system [Vel 2001] 

Equilibrium Phase Composition 
Cr at% 

 
Ta at% 

 
C at% 

2021K FCC_TaC 19 34.5 46.5 
Graphite+TaC+Cr3C2 Cr3C2 59.3 0.5 40.2 

1977K FCC_TaC 10 45 45 
TaC+Cr3C2+Cr7C3 Cr3C2 59.3 0.5 40.2 
 Cr7C3 68.5 0.5 31 

1849K FCC_TaC 4 52.5 43.5 
TaC+Cr7C3+Cr23C6 Cr7C3 71 0.5 28.5 
 Cr23C6 78.5 0.5 21 

1815K FCC_TaC 2.5 55.5 42 
TaC+Cr23C6+Cr Cr23C6 78 1 21 
 BCC_Cr 98 1 1 

 

In the in-house database [SandvikTDB], the Gibbs energy description of the CrC end-

member in the FCC phase is from the description of Fe-V-Cr-C system [Bra 2004], while 

the description of [Chu 2011] is based on the parameter from Lee similarly to what was 

encountered in the Ti-Cr-C system. This difference will also influence the calculation of the 

solubility of Cr in FCC_TaC. 
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The ternary interaction parameters in liquid phase were evaluated by [Chu 2011]. This 

strongly influences the calculation of the regions where liquid exists. As shown in Figures 9 

to 12, the liquid regions calculated by their description are different from those calculated 

by the in-house database [SandvikTDB].  

According to the discussions above, the ternary interaction parameters of FCC and liquid 

phase need to be optimized in the in-house database [SandvikTDB]. Additionally, more 

reliable experimental data is needed in order to validate the calculations and improve the 

description. 

 

  

Figure 9: Isothermal sections of the Ta-Cr-C system Left: isothermal section at 2021K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 2021K calculated using 
database of [Chu 2011], which is compared with the experimental equilibria data from [Vel 2001].  

 

Figure 10: Isothermal sections of the Ta-Cr-C system Left: isothermal section at 1977K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 1977K calculated using 
database of [Chu 2011], which is compared with the experimental equilibria data from [Vel 2001].  
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Figure 11: Isothermal sections of the Ta-Cr-C system Left: isothermal section at 1849K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 1849K calculated using 
database of [Chu 2011], which is compared with the experimental equilibria data from [Vel 2001]. 

 

 

Figure 12: Isothermal sections of the Ta-Cr-C system Left: isothermal section at 1815K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 1815K calculated using 
database of [Chu 2011], which is compared with the experimental equilibria data from [Vel 2001]. 
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Figure 13: Isothermal sections of the Ta-Cr-C system Left: isothermal section at 1623K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 1623K calculated using 
database of [Chu 2011] and marked with the experimental data by [Ras 1965] 

2.8 Nb-C system 
Five phases are stable in this system: liquid, BCC niobium, graphite and two Nb carbides. 

The existences of carbides were previously reported as Nb2C and NbC. Nb2C exists as 

disordered hexagonal structure at high temperature while orthorhombic form of Nb2C 

exists at low temperature, below 1500K [Rud 1968]. 

There are two eutectic reactions occurring in this system, one occurs in the niobium rich 

region at 2608 K, L→ BCC+ Nb2C. The eutectic point was measured experimentally as 

13.5 at % and eutectic composition range lies between 13.21 at % and 14.34 at % C [Kim 

1961]. The other one, L→ NbC + graphite, occurs in the carbon rich region at 3573K at 

60.5at % C [Hua 1990].  A peritectic reaction, L+NbC→Nb2C, occurs at 3353±50 K, around 

33.3 at % C [Kim 1961], which agrees well with the other results 3363±50 K [Sro 1960] and 

3363±50 K [Nad 1960].  

The upper solubility of carbon in BCC has been reported as 1.8at % at 2173 K, 0.4at % at 

1973 K, 0.2 at % at 1773 K and 0.1at % at 1473 K. The maximum solubility of C in Nb is 5 

at% at the eutectic temperature [Kim 1961]. 

Kimura [Kim 1961] has experimentally investigated the Nb-C system. Solidus (FCC_NbC) 

and liquidus lines were drawn. Homogeneous range of Nb2C was found between 28 at % 

C and 33.3 at %C at eutectic temperature, 2608K. NbC exists between 41 at % C and 50 

at % C below 2273 K. 

The thermodynamic description of this system by Huang and Selleby [Hua 1997] is 

preferred in this work and corresponds to the one in the in-house database [SandvikTDB]. 

This description was modified in order to improve the relative stability between Nb2C and 

NbC in a metastable region based on the completed thermodynamic description by Huang 
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[Hua 1997]. Figure 14 shows the phase diagram calculated using the database of [Hua 

1997]. 

 

Figure 14: phase diagram of Nb-C system calculated using database by [Hua 1997] and is 
compared with the experimental data by [Sto 1969] 

2.9 Nb-Cr system 
Laves phase C14 (high-temperature phase) and C15 (low-temperature phase which is 

stable at room temperature) are stable in the Nb-Cr system while C36 is meta-stable [Kum 

2003]. The terminal solid solutions of Cr and Nb have a BCC crystal structure and are 

mutually soluble to some extent. 

 

Figure 15: Left: phase diagram of Nb-Cr system calculated using the in-house database 
[SandvikTDB]; right: phase diagram of Nb-Cr system calculated using database by [Net 1993] 
compared with experimental data 
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The phase relationships and solubilities were experimentally determined and experimental 

phase diagram was constructed by [Tho 1992]. The Cr-Nb system is a double eutectic 

system containing two eutectic reactions, L→BCC_Cr+C15 at 81.5 at % Cr and 

L→BCC_Nb+C15 at 50.5 at % Cr. The eutectic temperatures are 1913 K and 1933 K 

respectively. Previous studies have proved that the intermetallic compounds C14 and C15 

have a homogeneity range between approximately 30 and 38 at % Nb [Pav 2009].  

Costa Neto et al [Net 1993] presented a thermodynamic assessment of the Nb-Cr system 

but the most recent assessment is by Pavlu [Pav 2009]. The enthalpies of formation for 

C14 and C15 Laves phase were re-determined by ab initio calculations. However, in order 

to keep the Gibbs energy of pure Cr end-member consistent for all Laves phases, the 

thermodynamic description by Neto is preferred in the present work. 

Figure 15 shows the phase diagrams calculated using the in-house database 

[SandvikTDB] and the database by Neto [Net 1993] respectively. However, it is not 

possible to calculate the same phase diagram shown in the paper even when using the 

presented thermodynamic description by [Net 1993], see Figure 16.   

 

Figure 16: The phase diagram of the Nb-Cr system which is given in [Net 1993] 

2.10 Nb-Cr-C system 
An isothermal section at 1323K has been published by Fedorov [Fed 1968]. Later, the 

quasibinary section of NbC-Cr has been studied experimentally by [Guh 1972] and the 

melting point of the quasi-eutectic reaction was determined as 1383±10 K at 76±0.5 wt % 

Cr. The solidus projection has been constructed experimentally by Bondar and Velikanova 

[Bon 1996]. A more recent experimental investigation of quasibinary system NbC-Cr has 

been published by Dovbenko and Bondar [Dov 2000].They thought the results by [Guh 

1972] are doubtful, therefore, the temperature of NbC+BCC_Cr+liquid quasi-eutectic was 

re-measured and reported as 1913K. In [Dov 2000], melting temperatures were measured 

by differential thermal analysis. The temperatures of invariant reactions 

L→BCC_Cr+NbC+Cr23C6 and L→Cr+NbC+C14_NbCr2 are 1825K and 1891K 
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respectively. Later, Velikanova [Vel 2001] constructed an experimental solidus projection. 

Temperatures and compositions of invariant equilibria and lattice parameters of phases 

were given by [Vel 2001].  The liquidus surface projection was later published by [Vel 

2002].  

Fedorov [Fed 1968] has claimed that the solubility of Cr in the NbC does not exceed 5 at 

% at 1323 K while Cr carbides dissolve less than 1 at % Nb. Later, Guha and Kolar [Guh 

1972] reported that the solubility of Cr in NbC at 1383 K is 5.7 at % while the solid solubility 

of equivalent NbC in Cr was found to be about 1 at %, which are in good agreement with 

the finding by Fedorov. 

In order to describe the solubility of Nb in Cr Carbides, Khan [Khv 2012] has optimized 

some ternary thermodynamic parameters of liquid, FCC, HCP, M23C6. Based on the 

experimental data from [Vel 2001], enthalpies of formation for hypothetical end-members 

were calculated by ab initio methods. Additionally, the liquid phase parameters were 

optimized for the ternary system considering the experimental data [Vel 2001]. Phase 

compositions of Nb and Cr carbides at solidus temperatures were calculated. Isothermal 

sections at 1874, 1839, 1623 and 1323 K were calculated by [Khv 2012]. 

Figures 17 to 19 show the calculated isothermal sections using the database of [Khv 

2012]. These phase diagrams were compared with the experimental data by [Vel 2001] 

(See Table 3). The experimental and calculated liquidus regions do not fit well. As 

mentioned by [khv 2012], it may be possible to improve the calculations by making a small 

shift in the Gibbs energy of NbC and Nb2C phases. Additionally, the reassessments of the 

binary Nb-Cr system at liquidus temperatures will contribute to the accurate calculations of 

the liquid phase in the ternary system. Therefore, the thermodynamic descriptions of the 

binary systems Cr-Nb and Nb-C need to be optimized considering the reactions involving 

the liquid phase. However, at solidus temperatures, the calculated diagrams show a good 

agreement with the experimental data. 

Two binary interaction parameters in the liquid phase 𝐿𝐶𝑟,𝑁𝑏:𝑉𝐴 and 𝐿𝐶𝑟,𝑉𝐴:𝐶 have been 

optimized in the database of [Khv 2012] and a ternary interaction parameter in liquid phase 

was added into the description by [Khv 2012], which strongly influences the regions where 

liquid phase exists. As can be seen from Figures 16 to 18, liquid regions calculated using 

the database by [Khv 2012]differ from those calculated by the in-house database 

[SandvikTDB]. 

The Gibbs energy expression of the FCC_CrC end-member can influence the calculations 

of solubility of Nb in Cr carbides. In the database by [Khv 2012], the expression of Lee is 

adopted which is proved to better represent the regions of Cr carbides and FCC phase. 

Another parameter was optimized by [Khv 2012], a ternary interaction parameter in the 

FCC phase, which also contributes to a better calculations of the solubility of Nb in Cr 

carbides.  
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Table 3: Compositions of each phase for equilibria in the Nb-Cr-C system [Vel 2001] 

Equilibrium Phase Composition 
Cr at% 

 
Nb at% 

 
C at% 

2013K FCC_NbC 15 43 42 
Graphite+NbC+Cr3C2 Cr3C2 59.1 0.7 40.2 

1938K FCC_NbC  7.5 46.2 46.3 
NbC+Cr3C2+Cr7C3 Cr3C2 59.1 0.7 40.2 
 Cr7C3 69.9 0.2 30.9 

1853K FCC_NbC 4 50 46 
NbC+Cr7C3+Cr23C6 Cr7C3 70.5 0.4 29.1 
 Cr23C6 78.8 0.5 20.7 

1825K FCC_NbC 3 51.3 45.7 
NbC+Cr23C6+Cr Cr23C6 78 1.3 20.7 
 Cr 98.8 0.2 1 

 

Ternary interaction parameter in HCP was added to the database of [Khv 2012]. 

Therefore, calculations of HCP regions are obviously different from those calculated using 

the in-house database [SandvikTDB]. 

 

 

Figure 17: Isothermal sections of the Nb-Cr-C system Left: isothermal section at 2013K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 2013K calculated using 
database of [Khv 2012], which is compared with the experimental equilibria data from [Vel 2001]. 
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Figure 18: Isothermal sections of the Nb-Cr-C system Left: isothermal section at 1938K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 1938K calculated using 
database of [Khv 2012], which is compared with the experimental equilibria data from [Vel 2001]. 

 

Figure 19: Isothermal sections of the Nb-Cr-C system Left: isothermal section at 1825K calculated 
using the in-house database [SandvikTDB]; right: isothermal section at 1825K calculated using 
database of [Khv 2012], which is compared with the experimental equilibria data from [Vel 2001]. 

2.11 Zr-Cr system 
There are six stable phases in this system: liquid, BCC_Cr, HCP_Zr, the Laves phases 

ZrCr2 (C14, C15, C36) [Gon 2005]. C14 and C36 phases have a hexagonal structure while 

C15 phase has a cubic structure. The (BCC+HCP+C15) / (BCC+C15) and HCP/ 

(BCC+HCP+C15) boundary temperatures were determined by metallography in [Rum 

1969]. Cubic C15 ZrCr2 is stable up to 1832 K.  

The eutectoid and eutectic transformations have been investigated in [Gon 2005]. The 

temperature of HCP→BCC+C15 has been experimentally measured as 1113 K and the 

eutectoid composition is 1.3 at % Cr. The temperatures where the HCP phase starts to 

disappear and completely disappears were given. The temperature for the eutectic 
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transformation L→HCP+ZrCr2 is 1653 K according to [Gon 2005] and it occurs at 26.5 at % 

Cr. 

A complete thermodynamic description was firstly given by Zeng [Zen 1993]. Later, Pavlu 

calculated the total energies of Laves phases with various occupations in equivalent lattice 

sites in all three structural forms: C14, C15 and C36 by ab initio calculations. Gibbs 

energies of Laves phases were re-modeled and calculated phase diagram of Zr-Cr system 

is given by [Pal 2009] (See Figure 20).  

However, in the in-house database [SandvikTDB], a sublattice model of the form 

(Cr,Zr)2(Cr,Zr)1 was used for modeling all three structural forms, C14, C15 and C36. 

Therefore, in order to have a compatible description, only thermodynamic description of 

Laves phase_C15 can be taken from [Zen 1993].  

2.12 Zr-C system 
There are five stable phases in this system, liquid phase, Zr carbide, graphite, HCP Zr and 

BCC Zr. The focus of the experimental studies on the Zr-C system was set on the 

thermochemical properties and the stabilities of the condensed phases. 

Guillermet [Gui 1995] has analyzed the experimental information of the thermochemical 

properties for instance, enthalpy and heat capacity of Zr carbides, activities of C and Zr in 

Zr carbides, as well as the phase equilibria in Zr-C system. The phase diagram of Zr-C 

system was calculated using the thermodynamic description of [Gui 1995], see Figure 21. 

The calculations were compared with different experimental data, which showed good 

agreement. Therefore, this description is considered reliable and actually corresponds to 

the one in the in-house database [SandvikTDB]. 

 

Figure 20: Left: phase diagram of Zr-Cr system calculated using the in-house database 
[SandvikTDB]; right: phase diagram of Zr-Cr given by [Pal 2009] 
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2.13 Zr-Cr-C system 
The phase equilibria in the Zr-Cr-C system were firstly investigated experimentally by [Fed 

1965]. And the isothermal section at 1573 K was constructed as well.  The following 

equilibria have been proven to exist in this ternary system: ZrC-Cr3C2, ZrC-Cr7C3, ZrC-

Cr23C6, ZrC-Cr and ZrC-ZrCr2.  The quasibinary system was investigated in [Fed 1965]. 

The composition of the metal-rich eutectic in the system was located at 88±0.5 wt % Zr 

and its melting point was measured as 1403±10 K. [Guh 1973] 

 

Figure 21: phase diagram of Zr-C system calculated using database by [Gui 1995] and is compared 
with the data by [Rud 1969] 

 

Figure 22: isothermal section at 1573K using the in-house database [SandvikTDB] and compared 
with the experimental data from [Fed 1965] 

Zr carbide dissolves up to 6 at % Cr while the Cr carbides dissolve negligible amount of Zr 

[Fed 1965]. The solid solubility of Cr in ZrC at 1403 K was detected as 4.5 wt % while the 

solubility of ZrC in Cr is 0.2 wt % [Guh 1973]. 
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There is no thermodynamic description of the ternary Zr-Cr-C system. Figure 22 shows the 

calculated isothermal section at 1573 K using the in-house database [SandvikTDB]. In 

order to construct phase diagrams of this ternary system, the ternary equilibria need to be 

studied and the complete ternary description should be assessed.  

3. Methodology 

3.1 Experimental methods 
In order to obtain more experimental data for optimization as well as experimentally map 

the solubility of Cr in cubic carbides, some experiments were performed in the present 

work.  

3.1.1 Raw materials, heat treatment and sample preparation 

Booker [Boo 1997] has experimentally investigated the Ti-Cr-C system. However, most of 

the data has not been given explicitly. Cr7C3 is the existing chromium carbide in cemented 

carbide [Gop 1998] and the solubility of Cr in TiC is critical for the production of cemented 

carbides. Therefore, the experiments were designed to investigate equilibria containing 

M3C2, M7C3, FCC_TiC and M7C3, M23C6, FCC_TiC.  

The samples were produced by the following process: 

 Raw materials: TiC, Cr3C2, Cr, C;  

 Powder mixing and hot pressing;  

 Equilibration heat treatment;  

 Sample preparation and analysis. 

The raw materials were mixed for 24h without adding any other additives. Appropriate 

amounts of the mixed powders were hot pressed using the calculated theoretical density. 

The theoretical densities were calculated by the following equation: 

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
1

∑ (
𝑤𝑎%

𝜌𝑎
)

 

 

 

Where 𝜌𝑎 represents the density of raw material a while 𝑤𝑎%  stands for the weight 

percent of the raw material a. 

As mentioned in the introduction, sintering is normally conducted in the temperature range 

of 1350 to 1650⁰C. Therefore, the heat treatment temperatures were selected as 1300, 

1400 and 1500⁰C. However, due to the time constraints, only the samples at 1500⁰C were 

analyzed. The heat treated specimens were cut to an appropriate size and mounted in 

conductive resin. The surface of each sample was then polished to a mirror finish. There 



23 
 

are two sets of samples; one set has been heat treated directly for 24h, the other one has 

been arc melted and heat treated for 100h. 

 The samples made in the present work for the Ti-system are listed in Table 4. 

Table 4: Samples made in the Ti-system 

Ti 
system 

%W  

Cr C Ti equilibrium Sample 
name 

Theoretical 
density 

1300⁰C 

65.99 13.51 20.50 Cr3C2, TiC, Cr7C3 ZH111 6.44 

68.98 10.66 20.36 Cr23C6, TiC, Cr7C3 ZH112 6.20 

1400⁰C 

67.29 13.49 19.21 Cr3C2, TiC, Cr7C3 ZH121 6.44 

70.05 10.64 19.30 Cr23C6, TiC, Cr7C3 ZH122 6.21 

 
1500⁰C 

73.20 13.40 13.40 Cr3C2, TiC, Cr7C3 ZH2 6.34 

72.65 10.59 16.76 Cr23C6, TiC, Cr7C3 ZH3 6.35 

46.47 23.76 29.77 Graphite,TiC, Cr3C2 ZH4 4.47 

Following the same procedures, samples were made for the Ta-system. These samples 

have been all hot pressed for 20 min at 1300, 1400 and 1500⁰C respectively. The details 

for these samples are listed in Table 5. However, due to time constraints, these samples 

have not been further analyzed. 

Table 5: Samples made in the Ta-system 

Ta 
system 

%W  

Cr C Ta equilibrium Sample 
name 

Theoretical 
density 

1300⁰C 

45.52 8.61 45.86 Cr3C2, TaC, Cr7C3 ZH211 8.03 

46.68 6.74 45.58 Cr23C6, TaC, Cr7C3 ZH212 8.48 

1400⁰C 

46.17 8.61 45.22 Cr3C2, TaC, Cr7C3 ZH221 8.01 

47.96 6.71 45.33 Cr23C6, TaC, Cr7C3 ZH222 8.42 

 

1500⁰C 

46.82 8.61 44.56 Cr3C2, TaC, Cr7C3 ZH231 7.98 

48.62 6.7 44.68 Cr23C6, TaC, Cr7C3 ZH232 8.39 

3.1.3 Light optical microscope (LOM) 

Light optical microscope is a type of microscope which uses visible light and a system of 

lenses to magnify images of small specimens. The light is condensed and focused in a 

small area of the specimen. The images can be captured by a camera to generate a 

micrograph. The resolution d can be described as: 

𝑑 =
𝜆

2𝑁𝐴
 

Usually, the wavelength of the green light is 550nm. In the air, the highest NA is 0.95 while 

in the oil, it is increased to 1.5. Therefore, the lowest d is around 200nm. In this case, the 

lowest resolution is not enough and SEM is needed. [Van 2011] 
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3.1.4 Scanning Electron Microscope (SEM) 

Scanning electron microscope (SEM) produces images of a sample cross-section by 

scanning it with a focused beam of electrons.  The principle of a SEM is to apply the 

condensed electron beam to the surface of a specimen. Electron beams interact with 

atoms at the surface of the specimen and the electrons lose energy, which results in 

different electrons scattering containing information about the sample’s surface topography 

and composition. 

The electron beam is usually emitted from an electron gun fitted with tungsten filament 

cathode. The electron beam typically has an energy ranging from 0.2 KeV to 40 KeV. 

Condensers in a SEM are used to focus the beam to a spot with 0.4 nm to 5nm in diameter 

in order to obtain a sharp image. Condensed beam passes through pairs of scanning coils 

or pairs of deflector plates in the electron column so that the beam can scan over a 

rectangular area on the surface of the sample. [Sem 2012] 

Secondary electrons and back-scattered electrons are normally detected in a SEM. 

Secondary electron detection usually collects secondary electrons energy below 50eV, 

which are ejected from the specimen atoms by inelastic scattering interaction. This 

detection can produce very high-resolution images of sample surface and reveal the three-

dimensional appearance of the surface structure of the sample. Backscattered electrons 

consist of high-energy electrons. Reflected or back-scattered electrons are generated by 

elastic scattering interactions with specimen atoms. Backscattered electrons are used to 

detect contrast between areas with different chemical compositions and can also be used 

to determine the crystallographic structure of the specimen if a proper electron backscatter 

diffraction setup is used. [Sem 2012] 

3.1.5 Energy-Dispersive X-ray Spectroscopy (EDS) 

Many SEMs are equipped with an energy-dispersive spectroscopy (EDS) module, which is 

an analytical technique to determine the local chemistry of a specimen.  The principle of 

EDS is that each element has a unique atomic structure, therefore when an electron beam 

excites the electrons in the sample, different elements in the specimen will absorb different 

amounts of energy and accordingly X-rays of different energy will be emitted as the 

excitation is relaxed. [Eds 2003] 

In order to stimulate the emission of characteristic excitation from a specimen, a high-

energy beam is needed, such as the electron beam in a SEM. Four primary components 

are needed for EDS, which are the excitation source, i.e. electron beam, X-ray detector, 

the pulse processor and the analyzer. The detector is used to convert the incoming 

photons into voltage signals. [Eds 2003] 

However, EDS normally analyzes various elements at the same time and many elements 

will have overlapping peaks, which will affect the accuracy of EDS. 
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3.1.6 Wavelength-Dispersive X-ray Spectroscopy (WDS) 

Wavelength-dispersive X-ray spectroscopy (WDS) is also a method to analyze the 

composition of a specimen. The principle is similar as EDS, however, using WDS one 

detects the intensity of X-rays of a specific wavelength diffracted by a crystal. The 

wavelength for each element is known. The diffracting crystal is selected by considering 

the interplanar spacing so as to filter out only the wavelength of the desired element. When 

performing WDS measurements, the spectrometer is set to a specific angle for a specific 

element. The accuracy of WDS is better than EDS due to better resolution and therefore 

also less overlapping peaks. 

3.2 Computational thermodynamics 
To optimize the parameters in databases, i.e. to perform a so-called thermodynamic 

assessment, experimental data is required and suitable parametric models should be 

chosen. 

3.2.1 Experimental data selection 

The experimental data can generally be classified as thermodynamic data or phase 

diagram data. [Han 2007] 

Thermodynamic data includes the calorimetric data which represents the heat transfer 

from a sample to its surroundings and can be measured by calorimeters in different ways. 

Chemical-potential data is also one kind of thermodynamic data, which is normally 

reported as differences of chemical potentials (partial Gibbs energies) or as activities. 

3.2.2 Models for Gibbs energy 

As most experiments are conducted at constant temperature and pressure, Gibbs energy 

is preferred to model than other thermodynamic functions. To appropriately select a model 

for a phase, the physical and chemical properties of a phase should be considered, such 

as crystallography, type of bonding, order-disorder transitions etc. [Han 2007] 

The general form of a Gibbs energy model can be expressed as follows: 

𝐺𝑚
𝜃 = 𝐺𝑚

𝜃
 

𝑠𝑟𝑓 + 𝐺𝑚
𝜃

 
𝑝ℎ𝑦𝑠 − 𝑇 ∗ 𝑆𝑚

𝜃
 

𝑐𝑛𝑓 + 𝐺𝑚
𝜃

 
𝐸  

Where θ denotes the phase; srf stands for surface of reference and represents the Gibbs 

energy of an unreacted mixture of the constituents of the phase. 𝐺𝑚
𝜃

 
𝑝ℎ𝑦𝑠  represents the 

Gibbs energy due to the contribution of e.g. magnetism. 𝑆𝑚
𝜃

 
𝑐𝑛𝑓  is the configurational 

entropy of the phase while 𝐺𝑚
𝜃

 
𝐸  represents the excess Gibbs energy which describes the 

remaining part of the Gibbs energy of the phase. 𝐺𝑚
𝜃

 
𝐸  needs to be specified in different 

cases. 

Models for solutions are widely used in assessments. The term solution can represent all 

kinds of phases which vary in composition. A substitutional solution is one kind of such a 
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model and frequently used for modeling the metallic solutions, such as liquids in which all 

the constituents can substitute for each other. Gibbs energy of a regular solution can be 

expressed using a substitutional model as follows: 

𝐺𝑚 = ∑ 𝑥𝑖

𝑛

𝑖=1

𝐺𝑖
 

 
𝑜 + 𝑅𝑇 ∑ 𝑥𝑖 ln(𝑥𝑖) +

𝑛

𝑖=1

𝐺𝑚
 

 
𝐸  

Where 𝑥𝑖 is the mole fraction of component i. 𝐺𝑖
 

 
0  is the molar Gibbs energy of pure i and 

𝐺𝑚
 

 
𝐸  is the excess Gibbs energy. 

Another widely-used model is the sublattice model. In crystalline solids, atoms may occupy 

different types of sublattices with e.g. different coordination numbers. A simple sublattice 

model can be described as follows: 

(𝐴, 𝐵)𝑚 (𝐶, 𝐷)𝑛 

m and n stand for the ratio of sites on the two sublattices. They are fixed in a crystalline 

solid. The constituents A, B, C and D can be atoms, ions, anti-site atoms, vacancies etc. 

The Gibbs energy can be expressed as follows: 

𝐺𝑚 = ∑  

 

 

∑ 𝑦𝑖
′𝑦𝑗

′′

 

 

𝐺𝑖𝑎𝑗𝑏

 
 

𝑜 + 𝑎𝑅𝑇 ∑ 𝑦𝑖
′

 

 

𝑙𝑛𝑦𝑖
′ + 𝑏𝑅𝑇 ∑ 𝑦𝑗

′′

 

 

𝑙𝑛𝑦𝑗
′′ + 𝐺𝑚

 
 

𝐸  

𝑦𝑖
′ and 𝑦𝑗

′′ are the site fraction of component i on the first and component j on the second 

sublattice respectively.  

3.2.3 Parameter optimization 

In a thermodynamic database, every phase is mathematically defined by the model for its 

Gibbs energy. The Gibbs energy of a phase depends on the adjustable parameters of the 

model. In order to calculate the equilibria accurately enough, there is a need to optimize 

the parameters. [Han 2007] 

Optimization in the Thermo-Calc software package is performed in the module PARROT 

and is on the basis of the least-squares method. The principle of least-squares method is 

to find the optimizing variable values that lead to the minimized sum of the squares of the 

differences between the calculated values and the observed quantities. 
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4. Results and Discussion 

4.1 Experimental results  
The SEM images of sample ZH2 and ZH3 which have been heat treated for 24h are 

shown in Figure 23. The chemical analysis results of these samples by WDS are shown in 

Table 6. 

  

Figure 23: Left: SEM image of sample ZH2 (heat treatment time: 24h); Right: SEM image of sample 
ZH3 (heat treatment time: 24h)  

It can be seen from Figure 23 that there are three phases both in the left image and right 

image. The left one (sample ZH2) contains FCC_TiC (black areas), Cr3C2 (dark areas) and 

Cr7C3 (light areas) while the right one (sample ZH3) which contains FCC_TiC (black 

areas), Cr7C3 (dark areas) and Cr23C6 (light areas). 

Table 6: WDS results for sample ZH2 and ZH3 which have been heat treated for 24h 

Equilibrium Sample Phase Composition 
Cr at% 

 
Ti at% 

 
C at% 

1773K ZH2 FCC_TiC 8.18±2.24 44.07±2.66 47.75±0.95 
FCC_TiC+Cr3C2+Cr7C3  Cr3C2 56.99±0.60 2.78±0.59 40.23±0.10 
  Cr7C3 68.46±0.39 1.88±0.49 29.66±0.28 

1773K ZH3 FCC_TiC 3.55±0.58 48.65±1.94 47.80±0.48 
FCC_TiC 
+Cr7C3+Cr23C6 

 Cr7C3 67.50±0.34 2.91±0.26 29.58±0.29 

  Cr23C6 77.17±0.46 1.49±0.29 21.33±0.41 

 

During the WDS analysis, 6 spots were selected for each phase in each sample. The 

average compositions of each phase were then calculated. The solubility of Cr in FCC_TiC 

in sample ZH2 is much lower compared to the result of Booker [Boo 1997]. Therefore, the 

heat treatment time might not be enough for Cr diffusing into TiC or the result of Booker is 
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not accurate. In order to verify the results, new samples were made, which have been arc 

melted and heat treated for 100h. These samples are renamed as ZH2# and ZH3#. 

Additionally, according to the trial optimization, the solubility of Cr in FCC_TiC at 

equilibrium with graphite and M3C2 is critical to optimize the interaction parameters of 

phase FCC_TiC. Therefore, another new sample which contains graphite, FCC_TiC and 

M3C2 was made, which was hot treated directly after hot pressing without arc melting. It is 

denoted as ZH4. 

    

Figure 24: Left: SEM image of sample ZH2# (heat treatment time: 100h); Right: SEM image of 
sample ZH4 (heat treatment time: 100h) 

After the arc melting, ZH3# is too porous to analyze, therefore only ZH2# has been further 

analyzed together with ZH4. Figure 24 shows the SEM images of sample ZH2# and ZH4.  

It can be seen from Figure 24 that there are three phases in both images. The right image 

in Figure 24 contains graphite (black areas), FCC_TiC (dark grey) and Cr3C2 (light grey) as 

indicated by the arrows. The left one (ZH2#) contains FCC_TiC (dark grey), Cr3C2 (medium 

grey) and Cr7C3 (light grey). 

The results from WDS measurements of the new samples are listed in Table 7. The 

solubily of Cr in FCC_TiC is higher than the previous result (see Table 6), which proved 

that the previous equilibration time, 24h, is not enough. However, when comparing to the 

results from Booker [Boo 1997] (see Table 1), this solubility is still much lower. Since 

Booker also used arc melting it is possible that his heat treatment time was too short and 

resulted in a frozen-in structure from a higher temperature. 

4.2 Thermodynamic optimization 
There are two groups of parameters to be optimized. One group which is denoted as 1st 

group in the following text has been optimized based on the in-house database 

[SandvikTDB] while in the other group, which is denoted as 2nd group, the Gibbs energy 

description of the CrC end-member in the FCC phase is replaced with the one by Lee 

while the other parameters are kept the same as in the in-house database [SandvikTDB]. 
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In each group, there are two series of optimization. One uses the experimental data by 

Booker [Boo 1997] while the other one uses those measured in the present work. 

Table 7: WDS results of sample ZH2 and ZH3 which have been heat treated for 24h 

Equilibrium Sample Phase Composition 
Cr at% 

 
Ti at% 

 
C at% 

1773K ZH2# FCC_TiC 13.09±0.51 40.92±0.50 45.99±0.22 
FCC_TiC+Cr3C2+Cr7C3  Cr3C2 56.15±1.74 3.62±1.66 40.23±0.59 
  Cr7C3 68.28±0.37 1.64±0.24 30.08±0.36 

1773K ZH4 FCC_TiC 16.79±1.43 36.78±1.52 46.43±0.26 
FCC_TiC 
+Cr3C2+Graphite 

 Cr3C2 57.22±0.47 2.07±0.49 40.71±0.55 

 

A two-sublattice model has been chosen for FCC_TiC, which is as follows: 

(𝐶𝑟, 𝑇𝑖)1 (𝐶, 𝑉𝑎)1 

Therefore, the ternary excess contributions can be written as follows: 

𝐺𝑚
 

 
𝐸 = 𝑦𝐶𝑟

′ 𝑦𝑇𝑖
′ 𝑦𝐶

′′𝐿𝐶𝑟,𝑇𝑖:𝐶 + 𝑦𝐶𝑟
′ 𝑦𝑇𝑖

′ 𝑦𝑉𝑎
′′ 𝐿𝐶𝑟,𝑇𝑖:𝑉𝑎+𝑦𝐶𝑟

′ 𝑦𝐶
′′𝑦𝑉𝑎

′′ 𝐿𝐶𝑟:𝐶,𝑉𝑎 + 𝑦𝑇𝑖
′ 𝑦𝐶

′′𝑦𝑉𝑎
′′ 𝐿𝑇𝑖:𝐶,𝑉𝑎

+ 𝑦𝐶𝑟
′ 𝑦𝑇𝑖

′ 𝑦𝐶
′′𝑦𝑉𝑎

′′ 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝑎 

In the present work, the interaction parameters of Ti-Cr-C system have been optimized. 

The solubility of Cr in FCC_TiC is of primary interest in this work. In order to obtain an 

accurate description, the region where FCC_TiC exists needs to be represented well. The 

calculation of this region is controlled by interaction parameters:  𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝑎, 𝐿𝐶𝑟,𝑇𝑖:𝐶 𝐿𝑇𝑖:𝐶,𝑉𝑎, 

𝐿𝐶𝑟:𝐶,𝑉𝑎 and 𝐿𝐶𝑟,𝑇𝑖:𝑉𝑎. The description of the Ti-C system is well-assessed and complete. 

So the parameter 𝐿𝑇𝑖:𝐶,𝑉𝑎 was not considered in the present optimization. In the trial 

optimization, re-optimization of 𝐿𝐶𝑟:𝐶,𝑉𝑎 only has little influence on the calculation of 

FCC_TiC region. Therefore, only 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝑎 and  𝐿𝐶𝑟,𝑇𝑖:𝑉𝑎 were considered for further 

optimization. 

𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝑎 will drive the FCC_TiC region to change along the blue arrow, schematically 

illustrated in Figure 25, since the site fractions: 𝑦𝐶𝑟
′ , 𝑦𝑇𝑖

′ , 𝑦𝐶
′′ 𝑎𝑛𝑑 𝑦𝑉𝑎

′′  will change 

simultaneously. However, for 𝐿𝐶𝑟,𝑇𝑖:𝐶, the site fraction of C, 𝑦𝐶
′′ is constant, only 𝑦𝐶𝑟

′ , 𝑦𝑇𝑖
′  will 

change, therefore 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝑎will drive the region to change along the brown arrow. 
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Figure 25 Isothermal section of Ti-Cr-C system at 1773K, blue arrow shows the direction to change 

the FCC_TiC region by 𝐋𝐂𝐫,𝐓𝐢:𝐂,𝐕𝐀while the brown arrow shows that by  𝐋𝐂𝐫,𝐓𝐢:𝐂. 

A substitutional model, which is expressed as (𝐶, 𝐶𝑟, 𝑇𝑖)1  , has been used for modeling the 

liquid phase in this work. In this case, the excess interaction can be expressed as follows: 

𝐺𝑚
 

 
𝐸 = 𝑥𝑇𝑖

 𝑥𝐶
 𝐿𝑇𝑖,𝐶 + 𝑥𝑇𝑖

 𝑥𝐶𝑟
 𝐿𝑇𝑖,𝐶𝑟 + 𝑥𝐶𝑟

 𝑥𝐶
 𝐿𝐶𝑟,𝐶 + 𝑥𝐶𝑟

 𝑥𝑇𝑖
 𝑥𝐶

 𝐿𝐶𝑟,𝑇𝑖,𝐶 

Continuously, the optimization was performed to optimize the interaction parameters of 

both liquid and FCC_TiC phases. Also only ternary interaction parameters are considered.  

Additional experimental data used for this optimization were collected from [Iva 1985], see 

chapter 2.4. The considered data are from an isopleth where x(cr)+2.185*x(c)=0.97 as well 

as the isothermal section at 2273K (Figure 5) where liquid has formed. 

Optimization with 1st WDS results or experimental data from Booker 

1st group  

 In the first group of optimization, there are two series of experimental data used. The first 

serie of experimental data is from Booker while the second one is obtained in the present 

work. 

Figure 26 (left) shows the isothermal section of Ti-Cr-C system at 1773K and is evaluated 

from two equilibria: FCC_TiC+ M3C2+M7C3 and Graphite+FCC_TiC+ M3C2 which are 

experimentally given by Booker. It is possible to roughly fit the equilibrium FCC_TiC+ 

M3C2+ M7C3 but it is not possible to fit the two equilibria mentioned above at the same 

time.  
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Figure 26: Left: isothermal section at 1773K calculated by database which was optimized using 
experimental data by Booker [Boo 1997]; Right: isothermal section at 1773K calculated by database 
which was optimized using experimental data in this work. 

The solubility of Cr in FCC_TiC was experimentally measured in this work and used to 

optimize the parameters of FCC_TiC. Isothermal section at 1773 of Ti-Cr-C system was 

calculated, as can be seen in Figure 26 (right). The experimentally measured equilibria 

from this work are marked with black lines and symbols in the same. The carbon content in 

the FCC_TiC phase might be incorrectly measured, since it is lower for the equilibrium at 

higher carbon content, therefore only the Cr content in the FCC_TiC phase was 

considered in the optimization using the experimental data form this work. 

  

Figure 27: Left: isothermal section at 2273K; Right: isopleth. Both were calculated by database 
which was optimized using experimental data by Booker [Boo 1997];  

Figure 27shows an isopleth and an isothermal section at 2273K which were calculated by 

the database optimized using the experimental data from [Boo 1997] and [Iva 1985]. The 

liquid equilibria could not be assessed using the optimization module; therefore the liquid 

parameters were manually adjusted in this work. As can be seen from the figure, the 
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optimized parameters of FCC_TiC can be used to calculate the isothermal section at 

higher temperature and fit the experimental data to some extent.  In Table 8, the optimized 

parameters are listed. 

Figure 28 shows the isopleth and isothermal section at 2273K which were calculated by 

the database optimized using the experimental data from this work and [Iva 1985]. Except 

the discrepancy found at liquid/BCC phase boundary in the isopleth, in the isothermal 

section, there is a considerable discrepancy at the liquid/FCC_TiC phase boundary 

compared to Figure 27. In Table 9, the optimized parameters are listed. 

 

Figure 28: Left: isothermal section at 2273K; Right: isopleth. Both were calculated by database 
which was optimized using experimental data from this work and [Iva 1985];   

Table 8: Optimized parameters using experimental data from Booker [Boo 1997] based on the in-
house database [SandvikTDB]  

 Phase Model Parameter(J/mol of formula unit) 

FCC_TiC (𝐶𝑟, 𝑇𝑖)1 (𝐶, 𝑉𝐴)1 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝐴
𝑓𝑐𝑐

 
0 = -40000 

 (𝐶𝑟, 𝑇𝑖)1 𝐶1 𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
0 = 10000 

  𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
1 = 26240 

Liquid (𝐶, 𝐶𝑟, 𝑇𝑖)1  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
1 = -320000 

  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
2 = -200000 

 

2nd group 

In the second group of optimization, Gibbs energy description of the CrC end-member in 

the FCC phase is replaced with the description by Lee [Lee 1992] 

Figure 29 (left) shows the isothermal section of Ti-Cr-C system at 1773K calculated by the 

database optimized using the experimental data from Booker. It is compared with two 

equilibria: FCC_TiC+ M3C2+ M7C3 and Graphite+FCC_TiC+ M3C2 which are experimentally 
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given by Booker. It is only possible to fit the equilibrium FCC_TiC+ M3C2+ M7C3 well. The 

solubility of Cr in FCC_TiC measured in this work was also used to optimize the 

parameters. The calculated isothermal section at 1773K is shown in the Figure 29 (right). 

Similarly, it was only fitted the Cr content in FCC_TiC. 

Table 9: Optimized parameters using the 1st WDS results based on the in-house database 
[SandvikTDB]  

Phase Model Parameter(J/mol of formula unit) 

FCC_TiC (𝐶𝑟, 𝑇𝑖)1 (𝐶, 𝑉𝐴)1 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝐴
𝑓𝑐𝑐

 
0 = 304900 

 (𝐶𝑟, 𝑇𝑖)1 𝐶1 𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
0 = 54220 

  𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
1 = 103700 

Liquid (𝐶, 𝐶𝑟, 𝑇𝑖)1  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
1 = -320000 

  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
2 = -200000 

 

 

  

Figure 29: Left: isothermal section at 1773K calculated by database which was optimized using 
experimental data by Booker [Boo 1997]; Right: isothermal section at 1773K calculated by database 
which was optimized using experimental data in this work. 

Figure 30 shows the isopleth and isothermal section at 2273K which were calculated by 

the database optimized using the experimental data from [Boo 1997] and [Iva 1985].  As 

can be seen from the phase diagram on the left, the calculated isothermal section at higher 

temperature still has a discrepancy between the experimental results. Similar discrepancy 

is found at the Liquid/BCC phase boundary when calculating the isopleth using the 

optimized liquid parameters. The optimized parameters are listed in Table 10. 
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Figure 30 Left: isothermal section at 2273K; Right: isopleth. Both were calculated by database 
which was optimized using experimental data by Booker [Boo 1997] and uses Gibbs energy 
description of Cr-C end members by Lee [Lee 1992] 

Figure 31 shows the isopleth and isothermal section at 2273K which were calculated by 

the database optimized using the experimental data from this work and [Iva 1985]. 

Similarly, the calculation of FCC_TiC, liquid/FCC_TiC phase boundary is not consistent 

with the experimental phase boundary. The optimized parameters are listed in Table 11. 

 

Figure 31: Left: isothermal section at 2273K; Right: isopleth. Both were calculated by database 
which was optimized using experimental data from this work and [Iva 1985];   

Optimization with 2nd WDS data 

Firstly, the optimization was performed based on the in-house stability of FCC_CrC. The 

measured solubility of Cr in FCC_TiC in the second batch of samples (listed in Table 7) 

was also used to do the optimization while the solubility listed in Table 6 was excluded. 

Interaction parameters of FCC_TiC and liquid phase were optimized together since it was 

now possible to assess some of the liquid equilibria using optimization module. This shows 

that the new measurements are more compatible with the liquid equilibria. Figure 32 
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shows the isothermal section at 1773K, it can be seen that the calculated solubily of Cr in 

FCC_TiC is consistent with the experimental data obtained in this work.  Figure 35 shows 

the isothermal section at 2273K and compared with experimental data by [Iva 1985]. The 

calculated liquid phase+FCC_TiC/liquid phase boundary can be fitted with the 

experimental data by [Iva 1985]. However, the experimental data of equilibria 

liquid+BCC_Cr+FCC_TiC cannot be assessed by using the optimization module, these 

data were excluded during the optimization. As can be seen from Figure 33, the 

BCC_Cr/BCC_Cr+liquid phase boundary is better described with the optimized liquid 

interaction parameters. The optimized parameters in this case are listed in Table 12. 

Table 10: Optimized parameters using experimental data from Booker [Boo 1997] based on 
description from Lee [Lee 1992] 

Phase Model Parameter(J/mol of formula unit) 

FCC_TiC (𝐶𝑟, 𝑇𝑖)1 (𝐶, 𝑉𝐴)1 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝐴
𝑓𝑐𝑐

 
0 = -183700 

 (𝐶𝑟, 𝑇𝑖)1 𝐶1 𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
0 = -33230 

Liquid (𝐶, 𝐶𝑟, 𝑇𝑖)1  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
1 = -350000 

  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
2 = -200000 

 

 

Figure 32: isothermal section at 1773K based on the in-house database [SandvikTDB] which was 
optimized using 2nd WDS results 
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Figure 33: Left: isothermal section at 2273K calculated busing the in-house database [SandvikTDB] 
which was optimized using the 2nd WDS results  

 

Figure 34: isopleth calculated by in-house database [SandvikTDB] which was optimized using 
experimental data obtained in the 2nd WDS results 

Secondly, the optimization was performed based on the stability of FCC_CrC by Lee [Lee 

1992]. Figure 35 shows the isothermal section at 1773K. It can be seen that there is a 

small discrepancy between the calculated and experimental solubility of Cr in FCC_TiC. 

Similarly, the equilibria at 2273 K and liquidus can be assessed by using the optimization 

module after adding the data from 2nd WDS. Therefore, the calculated liquid 

phase+FCC_TiC/liquid phase boundary agrees perfectly with the experimental data by [Iva 

1985], see Figure 36. The BCC_Cr/BCC_Cr+liquid phase boundary is better calculated 

with the optimized parameters, see Figure 37. The optimized parameters are listed in 

Table 13. 
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Table 11: Optimized parameters using the 1st WDS results based on description from Lee [Lee 
1992] 

Phase Model Parameter(J/mol of formula unit) 

FCC_TiC (𝐶𝑟, 𝑇𝑖)1 (𝐶, 𝑉𝐴)1 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝐴
𝑓𝑐𝑐

 
0 = 3886 

 (𝐶𝑟, 𝑇𝑖)1 𝐶1 𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
0 = -4669 

  𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
1 = 14790 

Liquid (𝐶, 𝐶𝑟, 𝑇𝑖)1  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
1 = -300000 

  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
2 = -200000 

 

 

Figure 35: isothermal section at 1773K based on the database with Lee’s description and was 
optimized using 2nd WDS results  

 

 

Figure 36 isothermal section at 2273K calculated by the database with Lee’s description which was 
optimized using experimental data obtained in the 2nd WDS 
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Figure 37: isopleth calculated by the database with Lee’s description which was optimized using 
experimental data obtained in the 2nd WDS 

Table 12: Optimized parameters using the 2nd WDS results based on the in-house database 
[SandvikTDB]  

Phase Model Parameter(J/mol of formula unit) 

FCC_TiC (𝐶𝑟, 𝑇𝑖)1 (𝐶, 𝑉𝐴)1 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝐴
𝑓𝑐𝑐

 
0 = -184100-26.47*T 

 (𝐶𝑟, 𝑇𝑖)1 𝐶1 𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
0 = 57510 

  𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
1 = 5919 

Liquid (𝐶, 𝐶𝑟, 𝑇𝑖)1  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
1 = -138700 

  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
2 = -391300 

 

Table 13: Optimized parameters using the 2nd WDS results based on the description from Lee [Lee 
1992] 

Phase Model Parameter(J/mol of formula unit) 

FCC_TiC (𝐶𝑟, 𝑇𝑖)1 (𝐶, 𝑉𝐴)1 𝐿𝐶𝑟,𝑇𝑖:𝐶,𝑉𝐴
𝑓𝑐𝑐

 
0 = -122300 

 (𝐶𝑟, 𝑇𝑖)1 𝐶1 𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
0 = -15120 

  𝐿𝐶𝑟,𝑇𝑖:𝐶
𝑓𝑐𝑐

 
1 = 14390 

Liquid (𝐶, 𝐶𝑟, 𝑇𝑖)1  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
1 = -227200 

  𝐿𝐶𝑟,𝑇𝑖,𝐶
𝑙𝑖𝑞

 
2 = -310700 

5. Conclusions 
An extensive literature survey of the Ti-Cr-C, the Ta-Cr-C, the Nb-Cr-C and the Zr-Cr-C 

systems is presented, taking into account phase diagram information and thermodynamic 

information. Specifically, an in-house database [SandvikTDB] for these systems was 

compared with previous studies. 
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The solubility of Cr in FCC_TiC was experimentally measured at 1773K in the present 

work. Compared to these results, the solubility measured by Booker is too large. 

The FCC_TiC and liquid interaction parameters in the Ti-Cr-C system were re-optimized 

considering the solubility measured in the present work and experimental data from 

previous studies. The calculated phase diagrams are consistent with the experimental data 

obtained in this work. According to the comparison of Gibbs energy description of the 

FCC_ CrC end member, the one in the in-house database [SandvikTDB] can describe end 

points of FCC_TiC better. With the optimized description, a better fit to the experiment data 

was obtained and the most important region, FCC_TiC in the isothermal section of the Ti-

Cr-C system is thus better calculated.  

6. Future work 
 Analyze more samples made at different temperatures in the Ti-Cr-C system. 

 Perform a similar assessment and analysis of the validity of the experimental data 

for the other cubic carbide systems. 

 Construct a multicomponent database and compare with multicomponent data. 
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