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Abstract 

Thermodynamic modelling is an effective approach to accelerate the development of novel 

materials such as V-based alloys. In the present work, the results of thermodynamic modelling 

of the ternary system V-Ti-B using the “CALculation of PHAse Diagrams” (CALPHAD) method 

are presented. The thermodynamic descriptions of the binary systems V-Ti, V-B, and Ti-B are 

based on available publications whereas thermodynamic parameters for the ternary system 

stem from the iterative approximation to the experimental investigations, which further serve 

for verifying the calculated phase diagram. Thus, eight different alloys in the compositional 

range of 10 to 40 at.% Ti and B were analyzed aiming at identifying the evolving phases. A set 

of thermodynamic parameters is proposed. The calculated isothermal phase diagram at  

1673 K exhibits a high degree of agreement with the literature and experimental observations. 

In our further work, the thermodynamic data generated in this study will be useful to develop 

the quaternary V-Ti-Si-B system. 

1. Introduction 

It is well-known that the enhanced operation temperature of gas turbines would lead to an 

increase in their overall thermal performance [1]. Due to their attractive properties such as high 

solidus temperatures and often exceptional mechanical properties, refractory metal-based 

alloys may substitute the currently used Ni-based superalloys. For the latter, the operating 



 

 
 

temperatures in gas turbines are very close to their solidus temperature, therefore, a notable 

increase in inlet gas temperature with these alloys cannot be expected [2]. Nowadays, several 

refractory metal-based systems, such as Nb- or Mo-based are currently under intensive 

investigations aiming at the practical implementation of such materials in high-temperature 

environments [1, 3].  

Thermodynamic modelling is usually used to accelerate the development of novel  

high-temperature materials since phase equilibria at elevated temperatures are particularly 

important for them. For example, a deep understanding of phase equilibria and thermodynamic 

modelling has successfully contributed to the development of Mo-based alloys. Xiong et al. 

performed the thermodynamic assessment of the Mo-Nb-Ta refractory system [4]. For 

instance, materials using Mo, Nb, and Ta by the addition of Si form Si-rich phases which are 

widely used for their superheat resisting alloys due to the oxidation resistance and the high 

melting points [4, 5]. Aiming at the development of refractory alloys with moderate density,  

Yang et al. introduced Mo-Si-Ti alloys and proposed a thermodynamic description of this 

system [6] which was further pursued by Azim et al. who carried out thermodynamic 

calculations to understand the effect of Ti additions on the constitution of Mo-Si-(B)-Ti  

alloys [7]. It was found that some alloys containing body-centered cubic (bcc), Mo5Si3 (T1), and 

Mo5SiB2 (T2) phases show an improved oxidation behavior due to the formation of SiO2-TiO2 

layers [7, 8]. These theoretical, i.e. thermodynamic modelling and experimental investigations 

on the Mo-Si-Ti system were identified by Obert et al. who observed a further improvement of 

the oxidation behavior of Mo-Si alloys if Ti content increases [9]. Moreover, these alloys 

possess an enhanced creep resistance and a substantially decreased density. The formation 

of titanium silicide Ti5Si3 was declared to be the main reason for such a significant 

enhancement in the alloy performance [8].  

The V-Si-B system yields a notable similarity to the aforementioned Mo-Si-B system. The 

V-Si-B alloys are being studied by several research teams. The phase stability of the V-Si-B 

system was reported by Nowotny et al. and served as a reference for Nunes et al. to study the 

phase relations in this system at 1600°C [10, 11]. Krüger et al. investigated the mechanical 

properties of the V-Si-B system and showed that the selected alloys possess very attractive 

values of specific creep resistance in a temperature range of 900 – 1050°C [12]. Similarly to 

the Mo-Si system, V-based disilicides with stoichiometry (V,M)Si2 (M= Ti or Cr) form in the  

V-Si system. These disilicides do not suffer from pesting and are able to form a protective SiO2 

layer indicating that the oxidation behavior of V-Si-based alloys can be adjusted by controlling 

the characteristics of the disilicides such as phase fraction, their size, and distribution in the 

matrix [13]. The above consideration implicates that the V-Si-B system can also be considered 

as a prospective candidate for applications at high temperatures [12]. 



 

 
 

In line with the Mo-Si-(B)-Ti alloys which exhibit improved mechanical properties, density, 

and oxidation behavior a similar positive effect may be anticipated in the case of V-based 

alloys. In our studies, the development of novel V-Ti-Si-B alloys should also be guided by 

thermodynamic modelling. The ternary V-Si-B database has been developed by our team. As 

thermodynamic modelling is based on extrapolation, the V-Ti-B system is necessary to extend 

the existing database V-Si-B and create a quaternary system V-Ti-Si-B. 

The present work aims at the thermodynamic modelling of the ternary system V-Ti-B using 

the CALPHAD method and the software FactSage© to perform the thermodynamic 

calculations [14]. The results of this theoretical assessment will be experimentally validated by 

microstructural studies. 

2. Phase equilibria in the V-Ti-B system 

Unfortunately, only a few systems containing the modelling of vanadium-based alloys have 

been treated in literature [10, 11, 15 - 27]. The relevant outcomes of these studies will be 

presented in the following. 

2.1. The V-Ti system 

The binary V-Ti system was assessed by Murray who studied the solubility of V in Ti and 

gained experimental solidus data [15]. Further, a phase diagram was proposed with its stable 

phases (i) the liquid phase, (ii) the close-packed hexagonal (α) solid solution at temperatures 

below 1155 K, and (iii) the body-centered cubic (β) solid solution at temperatures above 1155 

K. Rubtsov et al. [17] investigated the activity of V in the β-phase containing 10 to 20 wt.% V 

at 1023 K, 1073 K, and 1123 K. The authors considered the results as approximated only. 

Therefore, no thermodynamic data were developed for optimization. 

Through the solidus data of Rudy [28], the α-boundary data of Adenstedt [19] and 

Molokanov [20] as well as the β-boundary data of Adenstedt [19] and Ermanis [21], the 

thermodynamic parameters for the liquid, the bcc, and the hcp phases were developed by 

Ghosh [22] and used in this work for the modelling of this binary system.  

2.2. The B-V System 

Nowotny et al. [10], as well as Rudy and Windisch [18] investigated the phase equilibria of 

the system B-V. The phase stabilities of intermetallic phases V3B2, VB, V3B4, and VB2 seem to 

be identical in both studies. Rudy and Windisch [18] carried out additional thermal studies and 

adjusted the solidus-liquidus temperatures. Spear and Gilles [23] confirmed the existence of 

stable phases determined in [10] and [18] by X-ray diffraction (XRD). In addition, the phases 

V5B6 and V2B3 were detected in the equilibrated samples. Due to minor changes in the lattice 

parameters, the homogeneity range of these compounds is considered to be narrow [18, 23]. 

All authors reported the solubility of B in the bcc V [10, 18, 29] as well as the solubility of V in 



 

 
 

the beta-rhombohedral B [18] as negligible. Later Spear and Liao [24] summarized the 

chemical invariant reaction data and proposed a phase diagram based on the experimental 

data. The binary B-V system was more recently re-evaluated by Nunes et al. [11], who implied 

a peritectic formation of V5B6. Lima et al. [30] developed the liquid phase data while  

re-investigating the invariant reactions of the system. Both authors [11, 30] propose the 

following modifications to the existing V-B phase diagram: 

• liquid composition of  

o L ↔ BCC + V3B2 at 12 at% 

o L + VB ↔ V3B2 at 19 at% 

o L ↔ VB2 + B at 95 at% of B 

• VB phase forms congruently 

• peritectic reaction for the formation of V5B6 

o L + V3B4 ↔ V5B6 

• new eutectic reaction 

o L ↔ VB + V5B6 

Table 1 - Crystallographic data of the intermetallic phases of the V-B system [14].shows 

crystallographic data of the stable intermetallic phases published by Villars and Calvert [14]. 

Table 1 - Crystallographic data of the intermetallic phases of the V-B system [14]. 

Phase Pearson Symbol Space Group Prototype 

V3B2 tP10 P4/mbm U3Si2 

VB oS8 Cmcm TlI 

V5B6 oS22 Cmmm V5B6 

V3B4 oI14 Immm Ta3B4 

V2B3 oS20 Cmcm V2B3 

VB2 hP3 P6/mmm AlB2 

 

The thermodynamic information on this system in the following literature relates to the 

enthalpy of formation of the vanadium borides. Spear et al. [31] studied the equilibrium state 

of the ternary V-B-N system as well as the mass-spectrometric enthalpy of vaporization of the 

vanadium borides. In comparison, Topor and Kleppa [27] used drop calorimetry at 1400 K to 

investigate the enthalpy of formation of the vanadium borides. The thermodynamic modelling 

was performed by Spear et al. [32] considering the reference energy of pure elements as zero. 

Recently, Pinto da Silva et al. [26] published a re-optimization of the thermodynamic modelling 

of the V-B system, which is used to model this binary system in this work.  



 

 
 

2.3. The Ti-B System 

The Ti-B system was reviewed earlier by Kaufman et al. [33], Murray et al. [16], Bätzner 

[34], and Ma et al. [35]. The results published in [33] and [16] include elder Gibbs energy data 

for the pure elements which were not used in the re-assessment recently done by Witusiewicz 

et al. [36]. Rather, the newer data from Dinsdale [37] served as the basement for the modelling 

of the higher order systems. In the work of Bätzner [34], the solution phases TiB and TiB2 were 

assumed as stoichiometric compounds, although the homogeneity ranges 49-50 at% B [38] 

and 65.2-67.6 at% B [39, 40] were experimentally identified in TiB and TiB2, respectively. The 

thermodynamic description of Ma et al. [35] is based on the same experimental data as in [16]. 

The liquid phase was modelled using the substitutional solution model. The α-Ti, β-Ti, TiB and 

TiB2 phases were modelled as a two-sublattice model and the Ti3B4 phase was modelled as a 

stoichiometric phase. However, Witusiewicz et al. [36] could not reproduce the composition 

and temperature ranges of two-phase equilibria between the liquid phase and the β-Ti and 

boride phases. Due to some discrepancies in the calculations compared to the available 

literature, Witusiewicz et al. [36] did further investigations and optimizations of the 

thermodynamic data. In this work, the set of parameters elaborated by Witusiewicz et al. [36, 

41] was used for the modelling of the ternary V-Ti-B system.  

2.4. The V-Ti-B System 

The first assessment of the ternary V-Ti-B system was done by Kuz’ma et al. [42]. Nearly 

the entire composition range of the system was covered by the investigation of 40 different 

alloys. The phase constitution after heat treatment at 1673 K was studied by X-ray 

diffractometry and metallography. It should be mentioned that neither V2B3 nor V5B6 were 

considered in the work performed by Kuz’ma [42]. In other studies, Tyrell and Koster [43] 

determined the lattice parameter of the (Ti,V)B2 phase. Later, Enomoto [44] summed up the 

experimental thermodynamic data of the system and presented an isothermal section of the 

ternary phase diagram at 1673 K. As no thermodynamic modelling of the V-Ti-B system has 

been done so far, parameters for the system Mo-Ti-B reported in [41] were used in this work 

because of the strong similarity of both systems. 

3. Experimental procedure 

Eight different alloys were prepared to verify and validate the calculated phase diagram. 

The raw materials were weighed in form of vanadium turnings (purity: 99.7 wt%), titanium 

granules (purity: 99.8 wt%), and boron granules (purity: 99.0 wt%). The alloys were remelted 

5 times using arc melting and 2 times levitation melting under an argon atmosphere. The 

material loss for all samples was negligible regarding their mass loss (less than 1.0 wt%). The 

as-cast alloys were sealed in a quartz glass tube under an argon atmosphere and heat treated 



 

 
 

at 1673 K for 100 h. The chemical compositions of the alloys were measured by inductively 

coupled plasma-optical emission spectrometry (ICP-OES / iCap 7600). The nominal and the 

measured compositions are shown in Table 2. Before the metallographic characterization, the 

samples were embedded in a copper-containing resin, ground with SiC abrasive paper up to 

#4000 grit, and polished with 1 µm silicon suspension OPS. The phases were analyzed by 

applying the scanning electron microscope (SEM)/focused ion beam (FIB) FEI NanoLab 600 

and using energy dispersive X-ray spectroscopy (EDS). Phase fractions were evaluated using 

the software ImageJ. The chemical composition of the phases was measured using EDS on 

10 different positions for each phase and is presented as an average value. In addition, the 

phases were identified by X-ray diffraction (XRD) measurements using the PANalytical 

Empyrean device and a step size of 0.053 [°2θ].  

Table 2 - Nominal and measured chemical compositions of the V-Ti-B alloys 

Alloy Chemical composition [at%] 

 V Ti B 

V-32Ti-10B 57.88 31.83 10.30 

V-38Ti-10B 52.91 38.75 8.34 

V-42Ti-10B 48.93 42.86 8.21 

V-23Ti-30B 44.83 22.05 33.12 

V-34Ti-30B 31.59 31.59 36.54 

V-40Ti-30B 27.94 37.88 34.17 

V-10Ti-40B 50.35 9.95 39.71 

V-40Ti-40B 18.94 37.71 43.35 

 

4. Thermodynamic models 

The Gibbs-free enthalpy of pure elements depending on temperature can be described as: 

𝐺 
0

𝑚
𝜑

− 𝐻𝑖
𝑆𝐸𝑅 = 𝐴 + 𝐵𝑇 + 𝐶𝑇 ln(𝑇) + 𝐷𝑇2 + 𝐸𝑇3 + 𝐹𝑇−1 (1) 

where 𝐻𝑖
𝑆𝐸𝑅 is the enthalpy of the stable element 𝑖 at 298.15 K. 

For the description of different phases, compound energy formalism (CEF) is used. This 

formalism describes the thermodynamic properties of a phase by considering the existence of 

sublattices. Sundman and Agren [45] as well as Hillert [46] described the CEF in detail. The 

Gibbs energy for a phase 𝜙,  𝐺𝑚
𝜑

, can be expressed by the following equation: 

𝐺𝑚
𝜑
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𝐸𝑋  

 (2) 
which can also be written in a shorter form according to Hillert [46]: 
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 (4) 
The symbols in the past equations are described as follows: 

𝑛𝑠 is the stoichiometric coefficient of the sublattice “𝑠”; 
𝑦𝑣𝑎

𝑠  is the site fraction of a vacancy in the sublattice “𝑠”; 

𝑥𝑖 is the mole fraction of the component “𝑖” in the compound; 

𝐺𝑖
𝑠𝑡𝑠𝑡

 
0  is the Gibbs free energy of component “𝑖” at standard state; 

𝑒𝑛𝑑 is an array with “end-member compounds”; 

Δ 𝐺𝑒𝑛𝑑
𝜑

𝑓
0  is the Gibbs free energy of the formation of an end-member of a phase; 

𝑦𝑖
𝑠 is the site fraction of component “𝑖” on the sublattice “𝑠”; 

𝐺𝑚
𝜑

 
𝐸𝑋  is the excess Gibbs energy of the phase 𝜙 

The Redlich-Kister polynomials [47] define the excess term considering the following 

contributions: 

𝐺𝑚
𝜑

 
𝐸𝑋 = 𝐺𝑒𝑥 

𝑏𝑖𝑛 + 𝐺𝑒𝑥 
𝑡𝑒𝑟  (5) 

where the binary excess contribution is calculated by: 

𝐺𝑒𝑥 
𝑏𝑖𝑛 = ∑ ∑ 𝑥𝑖

𝑗>𝑖

𝑥𝑗𝐼𝑖𝑗

𝑖

 

 (6) 

𝐼𝑖𝑗 = 𝐿𝑖𝑗 
0 + 𝐿𝑖𝑗 

1 (𝑥𝑖 − 𝑥𝑗) + 𝐿𝑖𝑗 
2 (𝑥𝑖 − 𝑥𝑗)

2
+ ⋯ (7) 

with 𝐿𝑖𝑗 being the binary excess parameter. 

The ternary excess contribution is calculated by: 

𝐺𝑒𝑥 
𝑡𝑒𝑟 = 𝑥𝑖𝑥𝑗𝑥𝑘𝐼𝑖𝑗𝑘 (8) 

𝐼𝑖𝑗𝑘 = 𝑥𝑖 𝐿𝑖𝑗𝑘 
𝑖 + 𝑥𝑗 𝐿𝑖𝑗𝑘 

𝑗 + 𝑥𝑘 𝐿𝑖𝑗𝑘 
𝑘  (9) 

with 𝐿𝑖𝑗𝑘 being the ternary excess parameter. 

The excess parameters 𝐿𝑖𝑗
𝜑

 
𝑛  and 𝐿𝑖𝑗𝑘

𝜑
 

𝑛  of a phase as well as the Gibbs energy of formation 

of any end members, Δ 𝐺𝑒𝑛𝑑
𝜑

𝑓
0 , are calculated according to equation (1). The coefficients A, B, 

and C correspond to variables, which can be adjusted for an optimization of the procedure 

[26]. 

 

 

 

 

 



 

 
 

4.1. Solution liquid phase 

The liquid phase was modelled as a single sublattice solution of V, B, and Ti.  

4.2. Solutions phases with multiple sublattices 

All phases of the thermodynamic database were modelled as solution phases. The Gibbs 

energy for these phases can be calculated using the CEF equations (1) to (3). 

The (V,B)-bcc phase model was adopted from Pinto da Silva et al. [26] and extended by Ti. 

The remaining phases TiB, VB, (Ti,V)B2, V3B2, V2B3, V3B4, V5B6, and Ti3B4 were optimized by 

iterative approximation to the isothermal phase diagram at 1673 K proposed by Enomoto [44].  

5. Results and discussion 

In this work, a database V-Ti-B was created; the results of thermodynamic calculations will 

be shown below starting with the corresponding binary systems. Figure 1 demonstrates the 

calculated phase diagram of the V-Ti system, which is in good agreement with the phase 

diagram reported in [22].  

 

Figure 1: V-Ti phase diagram calculated using the thermodynamic data by Ghosh [22] 

 



 

 
 

Figure 2 shows the calculated phase diagram of the binary system V-B based on the data 

published by Pinto da Silva et al. [26]. The database created in this work exhibits only negligible 

deviations compared to results found in the literature. 

 

Figure 2: Calculated V-B phase diagram based on the thermodynamic data by Pinto da Silva 
et al. [26] 

 

The phase diagram of the binary Ti-B system is shown in Fig. 3. The parameters were 

adapted from Witusiewicz et al. [36]. The according reactions are presented in the work of  

[36, 41]. The results in this work are in perfect agreement with the calculated data given in [36] 

and [41]. 



 

 
 

 

Figure 3: Ti-B phase diagram based on the thermodynamic data published in [36] 

The developed thermodynamic database also shows a good agreement between the 

calculated ternary phase diagram of the V-Ti-B system and the isothermal phase diagram by 

Enomoto [44]. The optimized parameters representing coefficients of the Gibbs energy of each 

phase are listed in Table 3.  

Table 3 – Optimized thermodynamic parameters for the ternary V-Ti-B system 

Phase Model Parameter Equation 

bcc (V,Ti)1(B,va)3 𝐺𝑇𝑖:𝐵
𝐵𝐶𝐶

 
0  𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 3 ∗ 𝐺𝐵
𝑆𝐸𝑅

 
0 − 174000.24 − 34 ∗ 𝑇 

  𝐿𝑇𝑖:𝐵,𝑣𝑎
𝐵𝐶𝐶

 
0  −160162.96 + 30 ∗ 𝑇 

TiB (Ti,V)1(B,Ti,V)1 𝐿𝑇𝑖:𝐵,𝑇𝑖
𝑇𝑖𝐵

 
0  −35924.76 + 24 ∗ 𝑇 

VB (V,Ti,va)0,5(B,va)0,5 𝐺𝑉:𝐵
𝑉𝐵

 
0  0.5 ∗ 𝐺𝑉

𝑆𝐸𝑅
 

0 + 0.5 ∗ 𝐺𝐵
𝑆𝐸𝑅

 
0 − 55079.445 − 1.911 ∗ 𝑇 

  𝐺𝑇𝑖:𝐵
𝑉𝐵

 
0  0.5 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 0.5 ∗ 𝐺𝐵
𝑆𝐸𝑅

 
0 − 50000 

  𝐺𝑣𝑎:𝐵
𝑉𝐵

 
0  0.5 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 28579 

  𝐺𝑉:𝑣𝑎
𝑉𝐵

 
0  0.5 ∗ 𝐺𝑉

𝑆𝐸𝑅
 

0 + 88805 

  𝐺𝑇𝑖:𝑣𝑎
𝑉𝐵

 
0  0.5 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 25000 

  𝐺𝑣𝑎:𝑣𝑎
𝑉𝐵

 
0  −4108.4 ∗ 𝑇 

  𝐿𝑉,𝑇𝑖:𝐵
𝑇𝑖𝐵

 
0  −195770 + 17 ∗ 𝑇 

  𝐿𝑉,𝑇𝑖:𝐵
𝑇𝑖𝐵

 
1  −5000 



 

 
 

  𝐿𝑉:𝐵,𝑣𝑎
𝑇𝑖𝐵

 
0  −90000 

(Ti,V)B2 (B,V,Ti)1(B,V,Ti)2 𝐺𝐵:𝐵
(𝑇𝑖,𝑉)𝐵2

 
0  3 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 79628 

  𝐺𝐵:𝑉
(𝑇𝑖,𝑉)𝐵2

 
0  𝐺𝐵

𝑆𝐸𝑅
 

0 + 2 ∗ 𝐺𝑉
𝑆𝐸𝑅

 
0 − 29580 

  𝐺𝑉:𝐵
(𝑇𝑖,𝑉)𝐵2

 
0  2 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 𝐺𝑉
𝑆𝐸𝑅

 
0 − 138325 − 12.281 ∗ 𝑇 

  𝐺𝑉:𝑉
(𝑇𝑖,𝑉)𝐵2

 
0  3 ∗ 𝐺𝑉

𝑆𝐸𝑅
 

0 + 165000 

  𝐺𝑇𝑖:𝐵
(𝑇𝑖,𝑉)𝐵2

 
0  −360600 + 1.865 ∗ 𝑇 + 1.2547 ∗ 𝑇 ∗ ln(𝑇) 

+3.131 ∗ 10−3 ∗ 𝑇2 − 4.105 ∗ 10−7 ∗ 𝑇³ 

  𝐺𝑇𝑖:𝑉
(𝑇𝑖,𝑉)𝐵2

 
0  𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 2 ∗ 𝐺𝑉
𝑆𝐸𝑅

 
0 + 65000 

  𝐺𝑉:𝑇𝑖
(𝑇𝑖,𝑉)𝐵2

 
0  𝐺𝑉

𝑆𝐸𝑅
 

0 + 2 ∗ 𝐺𝑇𝑖
𝑆𝐸𝑅

 
0 + 65000 

  𝐿𝐵:𝐵,𝑇𝑖
𝑇𝑖𝐵

 
0  98091 

  𝐿𝑇𝑖:𝐵,𝑇𝑖
𝑇𝑖𝐵

 
0  98091 

  𝐿𝐵,𝑇𝑖:𝐵
𝑇𝑖𝐵

 
0  −103672.21 + 30 ∗ 𝑇 

  𝐿𝐵,𝑇𝑖:𝑇𝑖
𝑇𝑖𝐵

 
0  −103672.21 + 30 ∗ 𝑇 

  𝐿𝐵,𝑉:𝐵
𝑇𝑖𝐵

 
0  −103672.21 + 30 ∗ 𝑇 

  𝐿𝐵,𝑉:𝑉
𝑇𝑖𝐵

 
0  −103672.21 + 30 ∗ 𝑇 

  𝐿𝑉,𝑇𝑖:𝐵
𝑇𝑖𝐵

 
0  246400 − 236 ∗ 𝑇 + 0.0538 ∗ 𝑇² 

  𝐿𝑉,𝑇𝑖:𝐵
𝑇𝑖𝐵

 
1  −81315 + 34.26 ∗ 𝑇 

V3B2 (V,Ti,va)0.6(B,va)0.4 𝐺𝑇𝑖:𝐵
𝑉3𝐵2

 
0  0.6 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 0.4 ∗ 𝐺𝐵
𝑆𝐸𝑅

 
0 − 1000 

  𝐺𝑣𝑎:𝐵
𝑉3𝐵2

 
0  0.4 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 28579 

  𝐺𝑉:𝑣𝑎
𝑉3𝐵2

 
0  0.6 ∗ 𝐺𝑉

𝑆𝐸𝑅
 

0 + 71805 

  𝐺𝑇𝑖:𝑣𝑎
𝑉3𝐵2

 
0  0.6 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 10000 

  𝐺𝑣𝑎:𝑣𝑎
𝑉3𝐵2

 
0  −1108.4 ∗ 𝑇 

  𝐿𝑉,𝑇𝑖:𝐵
𝑉3𝐵2

 
0  −169970 + 14 ∗ 𝑇 

  𝐿𝑉,𝑇𝑖:𝐵
𝑉3𝐵2

 
1  −49500 

  𝐿𝑉:𝐵,𝑣𝑎
𝑉3𝐵2

 
0  −75000 

V2B3 (V,Ti,va)0.4(B,va)0.6 𝐺𝑇𝑖:𝐵
𝑉2𝐵3

 
0  0.4 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 0.6 ∗ 𝐺𝐵
𝑆𝐸𝑅

 
0 − 25000 

  𝐺𝑉:𝐵
𝑉2𝐵3

 
0  0.6 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 0.4 ∗ 𝐺𝑉
𝑆𝐸𝑅

 
0 − 48079.445 − 2 ∗ 𝑇 

  𝐺𝑣𝑎:𝐵
𝑉2𝐵3

 
0  0.6 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 28579 

  𝐺𝑉:𝑣𝑎
𝑉2𝐵3

 
0  0.4 ∗ 𝐺𝑉

𝑆𝐸𝑅
 

0 + 88805 

  𝐺𝑇𝑖:𝑣𝑎
𝑉2𝐵3

 
0  0.4 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 10000 

  𝐺𝑣𝑎:𝑣𝑎
𝑉2𝐵3

 
0  −3108.4 ∗ 𝑇 

  𝐿𝑉:𝐵,𝑣𝑎
𝑉2𝐵3

 
0  −75000 

  𝐿𝑉,𝑇𝑖:𝐵
𝑉2𝐵3

 
0  −109970 + 17 ∗ 𝑇 

V3B4 (V,Ti,va)0.43(B,va)0.57 𝐺𝑇𝑖:𝐵
𝑉3𝐵4

 
0  0.43 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 0.57 ∗ 𝐺𝐵
𝑆𝐸𝑅

 
0 − 25000 

  𝐺𝑉:𝐵
𝑉3𝐵4

 
0  0.57 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 0.43 ∗ 𝐺𝑉
𝑆𝐸𝑅

 
0 − 50379.445 − 2 ∗ 𝑇 

  𝐺𝑣𝑎:𝐵
𝑉3𝐵4

 
0  0.57 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 28579 

  𝐺𝑉:𝑣𝑎
𝑉3𝐵4

 
0  0.43 ∗ 𝐺𝑉

𝑆𝐸𝑅
 

0 + 88805 

  𝐺𝑇𝑖:𝑣𝑎
𝑉3𝐵4

 
0  0.43 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 10000 



 

 
 

  𝐺𝑣𝑎:𝑣𝑎
𝑉3𝐵4

 
0  −3108.4 ∗ 𝑇 

  𝐿𝑉:𝐵,𝑣𝑎
𝑉3𝐵4

 
0  −75000 

V5B6 (V,Ti,va)0.4545 (B,va)0.5455 𝐺𝑇𝑖:𝐵
𝑉5𝐵6

 
0  0.4545 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 0.5455 ∗ 𝐺𝐵
𝑆𝐸𝑅

 
0 − 25000 

  𝐺𝑉:𝐵
𝑉5𝐵6

 
0  0.5455 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 0.4545 ∗ 𝐺𝑉
𝑆𝐸𝑅

 
0 − 52179.445 − 2 ∗ 𝑇 

  𝐺𝑣𝑎:𝐵
𝑉5𝐵6

 
0  0.5455 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 28579 

  𝐺𝑉:𝑣𝑎
𝑉5𝐵6

 
0  0.4545 ∗ 𝐺𝑉

𝑆𝐸𝑅
 

0 + 88805 

  𝐺𝑇𝑖:𝑣𝑎
𝑉5𝐵6

 
0  0.4545 ∗ 𝐺𝑇𝑖

𝑆𝐸𝑅
 

0 + 10000 

  𝐺𝑣𝑎:𝑣𝑎
𝑉5𝐵6

 
0  −3108.4 ∗ 𝑇 

Ti3B4 (V,Ti)3(B)4 𝐺𝑇𝑖:𝐵
𝑇𝑖3𝐵4

 
0  𝐺𝑇𝑖𝐵 + 𝐺𝑇𝑖𝐵2 − 85422.850 − 0.717 ∗ 𝑇 − 0.14 ∗ 𝑇 ∗ ln(𝑇) 

+0.00074𝑇² 

  𝐺𝑉:𝐵
𝑇𝑖3𝐵4

 
0  4 ∗ 𝐺𝐵

𝑆𝐸𝑅
 

0 + 3 ∗ 𝐺𝑉
𝑆𝐸𝑅

 
0  

  𝐿𝑉,𝑇𝑖:𝐵
𝑇𝑖3𝐵4

 
0  −538733 + 92 ∗ 𝑇 

  𝐿𝑉,𝑇𝑖:𝐵
𝑇𝑖3𝐵4

 
1  174130 

 

Figure 4 represents the calculated ternary phase diagram of the V-Ti-B system as compared 

with the corresponding diagram published in ref. [44]. In general, the phase diagram calculated 

in this work bears a striking resemblance with that constructed by Enomoto [44] in the V- and 

Ti-rich regions, while distinctive deviations are visible if B content is between 50 at.% and 70 

at.%. In particular, the quantitative differences between the experimentally determined values 

and calculated phase fractions for all alloys (see Table 2) are shown in Table 4. Most of the 

calculated phase fractions show a reasonable agreement with the corresponding experimental 

values. The majority of the occurring differences are below or around 10 %. Nevertheless, a 

few significant discrepancies were also identified. The calculations of the phase equilibria of 

the alloy V-42Ti-10B reveal two stable phases. However, three phases, i.e., bcc, TiB, and V3B2 

phases were experimentally detected. The alloy V-34Ti-30B shows higher amounts of the TiB 

and the bcc phases in the calculations. It is assumed, that the reason for this inaccuracy is due 

to the lack of reliable data between the ranges of the two-phase field  

bcc + TiB and the three-phase field bcc + TiB + V3B2. Regarding the experimental results, the 

three-phase field bcc + TiB + V3B2 seems to have a higher range than proposed by Enomoto 

[44]. These results reveal that the stability ranges of the two-phase field bcc + TiB and the 

three-phase field bcc + TiB + V3B2 still need further investigations and optimizations to reach 

a higher degree of accuracy. 



 

 
 

 

 

Figure 4: Comparison of the isothermal section of the V-Ti-B phase diagram at 1673K; (a) 
literature data [44] and (b) phase diagram calculated in this work (experimentally investigated 
alloys are marked green) 

a) 

b) 



 

 
 

Table 4 - Accuracy of calculated phase fractions in comparison to data derived from 
micrographs of cross-sections 

Nr. Alloy Phase Experimental [%] Calculated [%] Difference [%] 

1 V-40Ti-40B bcc 22.03 22.21 - 0.18 

  TiB 77.97 77.79 + 0.18 

2 V-42Ti-10B bcc 69.04 83.05 - 14.01 

  TiB 18.73 16.95 + 1.78 

  V3B2 12.23 - + 12.23 

3 V-38Ti-10B bcc 67.74 82.12 - 14.38 

  TiB 13.91 13.61 + 0.30 

  V3B2 18.35 4.27 + 14.08 

4 V-32Ti-10B bcc 71.71 78.06 - 6.35 

  V3B2 28.29 21.94 + 6.35 

5 V-10Ti-40B V3B2 89.07 99.78 - 10.71 

  VB 10.93 0.22 + 10.71 

6 V-23Ti-30B bcc 20.45 25.32 - 4.87 

  TiB 9.33 4.53 + 4.80 

  V3B2 70.22 70.15 + 0.07 

7 V-34Ti-30B bcc 18.49 40.52 - 22.03 

  TiB 14.34 44.40 - 30.06 

  V3B2 67.17 15.08 + 52.09 

8 V-40Ti-30B bcc 37.86 44.48 - 6.62 

  TiB 62.14 55.52 + 6.62 

 

Figs. 5 (a) and (b) show the microstructure of selective alloys V-42Ti-10B and V-34Ti-30B 

to be located in the three-phase equilibria area bcc + TiB + V3B2. These alloys were chosen to 

verify the calculated phase boundary between the three-phase field bcc + TiB + V3B2 and the 

two-phase field bcc + TiB. As shown in Fig. 5, both alloys seem to exhibit three phases, namely 

bcc, TiB, and V3B2. The measured compositions of TiB, V3B2 and the bcc phase are 

summarized in Table 5. As EDX data for boron are unreliable Table 5 shows the measured 

metal components recalculated under the assumption of ideal B-contents. 

  



 

 
 

Table 5 – Measured metal components (EDX) of phases in the annealed samples at 1400°C 
for 100h recalculated with assumed stoichiometric ideal B-contents 

Nominal alloy 
composition 

Phases Composition (at.%) 

  V Ti B 

V-42Ti-10B TiB 6.75 43.25 50.00 
 V3B2 54.78 5.22 40.00 
 Vbcc 70.55 29.45 - 
V-34Ti-30B TiB 6.44 43.56 50.00 
 V3B2 51.94 8.06 40.00 
 Vbcc 76.14 23.86 - 

 

 

Figure 5: SEM-BSE and EDS micrographs of (a) V-42Ti-10B and (b) V-34Ti-30B alloys after 
annealing at 1673K/100h (red: V-content; aqua: Ti-content) 

For further identification of the phases, an XRD scan was performed. The XRD pattern is 

presented in Fig. 6 and reveals reflexes that can be attributed to an A2-type crystal structure 

of the bcc phase, a B27-type crystal structure of the TiB phase, and a D5a-type crystal structure 

of the V3B2 phase. The XRD pattern proves the assumption that both alloys belong to the  

three-phase field bcc + TiB + V3B2. 



 

 
 

 

Figure 6: XRD-diffractograms of the alloys V-42Ti-10B and V-34Ti-30B 

Our future studies will concentrate on (i) improvement of the V-Ti-B database and (ii) 

thermodynamic calculations, in particular, of liquidus projections of V-Ti-B alloys. As shown in 

the results, the three-phase equilibria area bcc + TiB + V3B2 needs further research regarding 

the phase boundaries. In addition, the calculation of the liquidus projection relies on further 

investigations of the reaction temperatures of the system. The improvement of the database is 

essential for the creation of the mentioned V-Ti-Si-B system. 

 

 

 

 

 

 

 



 

 
 

Summary 

Refractory metal-based materials such as V-based alloys have been considered to be an 

efficient substitution for widely used Ni-based superalloys. The V-Ti-Si-B system seems to be 

especially attractive due to its prospective specific mechanical properties. To accelerate the 

alloy development, it is aimed at the creation of a V-Si-B-Ti database. In this work, a database 

for the ternary V-Ti-B system – as part of the V-Si-B-Ti system – was developed and the results 

of thermodynamic calculations were experimentally validated. While all binary systems show 

excellent agreement with literature data, some deviations were identified in V-Ti-B alloys with 

the B concentrations between 50 and 70 at.%. It resulted, that both investigated alloys are 

located in the three-phase equilibria area bcc + TiB + V3B2, consequently, there is further 

optimization necessary to reach higher accuracy. Our future investigations will be concentrated 

on the improvement of the database V-Ti-B and the creation of further binary and ternary sub-

systems for the quaternary V-Si-B-Ti system. 
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