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ABSTRACT: Ti-Hf-Zr-Nb-Ta refractory high-entropy alloys (RHEAs) exhibiting a dual-phase structure resulting from
martensitic transformation offer significant ductility enhancement, but their design requires precise control of the
phase stability between body-centred cubic (BCC) and hexagonal close-packed (HCP) phases. This study establishes
a comprehensive thermodynamic database for the Ti-Hf-Zr-Nb-Ta system using the 3rd-generation Calculation of
Phase Diagrams (CALPHAD) model. The reliability of the database is validated by the strong agreement between
the calculated thermodynamic properties and phase equilibria and the experimental data for pure element, as well
as for binary and ternary systems. Utilizing this database, the phase stability of various RHEAs within this system
was predicted, showing that all RHEAs exhibit a BCC single phase over a wide temperature range. The HCP phase
is stable and coexists with BCC phase in both quaternary and quinary RHEAs at lower temepratures. Calculations
of the Gibbs energy difference between the BCC and HCP phases (ΔGHCP−BCC ) in TiHfZrTax and TiHfZrNbx alloys
reveal that both Nb and Ta stabilize the BCC phase, with Nb exerting a stronger influence. Significantly, a metastable
BCC+HCP region in the TiHfZrTax and TiHfZrNbx alloys with ΔGHCP−BCC ranging from 1786 to 2230 J/mol. Utilizing
this finding, the critical Nb composition range (0.0367–0.0712) to achieve the metastable BCC+HCP phase is precisely
predicted in TiHfZrTa0.2Nbx alloys, enabling targeted design for martensitic transformation. The predictions show
excellent agreement with existing experimental measurements.
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1 Introduction
RHEAs have emerged as a promising class of materials, distinguished by their exceptional yield strength

and remarkable thermal stability [1–3]. These alloys are characterized by a unique composition that includes
four or more principal refractory metal elements, which combine to form a single-phase BCC phase. To
enhance the mechanical properties of RHEAs, both experimental and theoretical approaches have been
undertaken to develop new types of RHEAs, including those utilizing precipitation strengthening [4,5],
multi-phase structures [6,7], and martensitic transformation [8–10]. Notably, martensitic transformation
in high-entropy alloys (HEAs) have garnered considerable attention due to their exceptional ductility
at room temperature [11,12]. In 2016, a dual-phase FeMnCoCr HEAs were reported with high tensile
strength and exceptional ductility by introducing the martensitic phase transformation [13], which was
obtained by adjusting the contents of Fe and Mn. After that, martensitic transformation was strategically
introduced into the HfZrTiTax RHEAs by decreasing the concentration of Ta. This adjustment aimed to
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thermodynamically destabilize the BCC phase and form a dual-phase structure with both BCC and HCP [12].
Subsequently, a comparable alloy design strategy was implemented for TiHfZrNb [8,14–16], HfZrNbTa [17],
and TiZrHfVNbTa [18] RHEAs to enhance room temperature ductility by regulating the stability of the
constituent phases.

It is widely understood that the martensitic transformation in RHEAs is influenced by the stacking
fault energy (SFE) [19,20]. For an alloy system with a fixed composition, the SFE is predominantly governed
by the free Gibbs energy difference between the phases. Consequently, the martensitic transformation
within the TiHfZr-related RHEAs can be activated by adjusting the phase stability between the BCC and
HCP. However, the significant compositional diversity inherent in RHEAs presents challenges for phase
stability analysis when relying on traditional trial-and-error experimental methods. In addition to experi-
mental methods, computer-aided approaches have gained popularity for predicting material characteristics
[21–24]. Currently, there are numerous empirical or theoretical methods to predict the phase stability for
RHEAs. For instance, by considering the influences of atomic radius, crystal structure, valence electron
concentration, and thermodynamic properties on the solid solution phase, the Hume-Rothery criterion [23]
can be employed to predict the phase formation of RHEAs. This empirical model demonstrates strong
predictive capability for the formation of simple solid solutions in HEAs. However, its effectiveness in
predicting complex multiphase alloys requires further analysis. Furthermore, first-principles calculations
(FP) have also demonstrated significant reliability in phase stability predictions [24–26]. However, for HEAs
with complex compositions, substantial computational resources are often needed, making it challenging to
predict the phase stability efficiently. Additionally, the CALPHAD approach is typically employed to calculate
phase equilibrium and thermodynamic properties of multi-component alloys [27–29], facilitating efficient
predictions of phase stability in RHEAs. It should be noted that the reliability of phase stability predictions
using the CALPHAD method is heavily dependent upon the accuracy of the thermodynamic database, which
must include the Gibbs energy of each phase along with the corresponding parameters.

Currently, the thermodynamic database for TiHfZr-related RHEAs remains incomplete, which con-
strains the application of the CALPHAD approach in accurately predicting phase stability. It is believed that
a reliable thermodynamic database serves as the foundation for the CALPHAD method. According to the
Redlich-Kister (R-K) theory [30], modeling the Gibbs energy of pure elements is fundamental to develop
the thermodynamic database for multicomponent systems. To accurately capture the physical significance
of the Gibbs energy expression for pure elements, various research groups [27,28,31] have proposed the
development of a 3rd-generation thermodynamic model since 1995. In our recent work, a 3rd-generation
thermodynamic model was proposed by incorporating thermodynamic properties at temperatures below
298 K, as well as the thermal vacancy contribution near melting points [27,28]. This model was subsequently
applied to develop a highly accurate thermodynamic database for the Mo-Nb-Ta-W-Hf-Zr system [27,28].

Consequently, Ti-Hf-Zr-Nb-Ta system was selected for this study. Initially, the thermodynamic database
will be established using our previously proposed 3rd-generation thermodynamic model. This database will
then be applied to analyze phase formation in RHEAs within this system, focusing on the effects of Nb or Ta
addition on the phase stability between BCC and HCP phases in TiHfZr-related RHEAs.

2 Model Description
The Ti-Hf-Zr-Nb-Ta system exhibits three stable phases: BCC, HCP, and Liquid. In our previous

work [27,28], a 3rd-generation thermodynamic model for solid solution phase was proposed, which was
utilized to establish a thermodynamic description of these phases within the Ti-Hf-Zr-Nb-Ta quinary system.
The substitution solid solution model was used for the BCC, HCP, and Liquid phases. It is well known that
the concentration of thermal vacancies increases with rising temperature. Thermal vacancy concentration
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becomes significant when the temperature exceeds 2/3Tm [32]. For pure Ti, THCP→BCC
t is approximately

1166 K, which is below 2/3Tm. It indicates that the vacancy concentration in the HCP phase is likely to be quite
low. Consequently, the contribution of thermal vacancies to the Gibbs energy of the HCP phase is considered
negligible. Therefore, thermal vacancies (Va) were included in the substitution solid solution model of the
BCC phase, represented as (Ti, Hf, Zr, Nb, Ta, Va). While, for HCP and Liquid phases, the model was utilized
(Ti, Hf, Zr, Nb, Ta) without thermal vacancies. The Gibbs energy expression is as follows:

Gϕ
m = ∑

i
xi

oGϕ
i + RT [∑

i
xi ln xi + ln (1 − yv a)] + [

yv a
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Gv a + RT yv a
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in which R and T are the gas constant and absolute temperature. oGϕ
i is the 3rd-generation of Gibbs energy of

pure element i, and x is the mole fractions of each element. Li , j and Li , j ,k are the interaction parameters. yv a
is the thermal vacancy concentration, and Li ,v a is the interaction parameter between element i and thermal
vacancy. In the equilibrium state, the equilibrium concentration of thermal vacancy is given as [32]:

yv a = exp
⎛
⎝
−

Gv a + 0Li ,v a (1 − yv a)2

RT
⎞
⎠

, (2)

It can be found that the value of Gv a + 0Li ,v a close to the formation energy of thermal vacancy
with negligible yva. In BCC phase, Li ,v a is determined based on the thermodynamic properties and the
concentration of thermal vacancies at elevated temperatures, particularly when T > 2/3Tm.

The 3rd-generation of Gm of Ti in the BCC and HCP phases were derived from the heat capacity,

oGBCC/HCP
i = ∫ CBCC/HCP

p dT − T ∫
CBCC/HCP

p

T
dT , (3)

CBCC/HCP
p represents the heat capacity in BCC or HCP phases, which is described with the Segmented

Regression (SR) model [33],

CBCC/HCP
p = 9R( T

θD
)

3

∫
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(4)

where θD is the Debye temperature. The last two terms correspond to the Bent-Cable equation with Γ {⋅}
serving as indicator function. The coefficients β1, β2, τ and γ require optimization based on the relevant
experimental data for either BCC or HCP phases.

The Gibbs energy expression for a pure element in the Liquid state is formulated with the Two-State
model [34],

Gl iq
i = E0 +

3
2

Rθam
E + 3RT ln [1 − exp(−θam

E
T
)] − RT ln [1 + exp(−A+ BT + CT ln T

RT
)] − D

2
T2, (5)
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in which θam
E represents the amorphous Einstein temperature. The coefficients A, B, C, D and E0 can be

determined from the experimental data in the Liquid phase.

3 Thermodynamic Modeling for Ti-Hf-Zr-Nb-Ta System
The Ti-Hf-Zr-Nb-Ta system comprises 5 pure elements, 10 sub-binary and ternary systems. Our recent

studies have reported the 3rd-generation thermodynamic descriptions for pure Hf, Zr, Nb, and Ta in the
BCC, HCP, and Liquid phases. Additionally, the binary and ternary assessments related to these elements
under the 3rd-generation framework have also been reported [27,28]. Thus, the present work will focus on the
Ti-related binary and ternary systems, as well as developing a comprehensive thermodynamic database for
Ti-Hf-Zr-Nb-Ta system. The thermodynamic assessment and calculations were performed using Thermo-
Calc software [35].

3.1 The 3rd-Generation Thermodynamic Description for Pure Ti
To determine the thermodynamic parameters of HCP, BCC, and the Liquid phases of pure Ti, it

is essential to utilize the thermodynamic properties and thermal vacancy concentration as input data.
Desai [36] evaluated all thermodynamic properties of pure Ti from 0 to 3800 K based on a comprehensive
review of the reported experimental data. The phase transition temperatures, enthalpies, and entropies
between the BCC and HCP phases (TBCC→HCP

t , ΔHBCC→HCP
t and ΔSBCC→HCP

t ), as well as between the BCC
and Liquid phases (TLiq→BCC

t , ΔHLiq→BCC
t and ΔSLiq→BCC

t ), were recommended by Desai [36]. Furthermore,
the heat capacity of the Liquid phase was also provided. The thermal vacancy contribution of Ti (yv a) at its
melting point was determined by Kraftmakher [37] by measuring the enthalpy changes of pure Ti at various
heating rates near the melting point. By extrapolating the elastic modulus from the Ti-Ni binary alloys, Ristić
et al. [38] obtained the Debye temperature for pure Ti in its amorphous state (θam

D ). The Einstein temperature
of amorphous Ti (θam

E ) was calculated to be 214.2 K based on the relationship θam
E = 0.714θam

D [34]. All
thermophysical properties utilized to evaluate the thermodynamic parameters of pure Ti are listed in Table 1.
Subsequently, the 3rd-generation Gibbs energies for Ti in BCC, HCP, and Liquid phases are evaluated by
using the Eqs. (2)–(5), with the corresponding expressions presented in Table 2.

Table 1: Thermophysical properties of pure Ti [34,36–38]

Element TBCC→HCP
t

(K)
ΔHBCC→HCP

t
(J/mol)

ΔSBCC→HCP
t

(J/mol)
TLiq→BCC

t
(K)

ΔHLiq→BCC
t

(J/mol)
ΔSLiq→BCC

t
(J/mol)

θam
D

(K)
CLiq

p
(J/mol/K)

yva

Ti 1166 4170 3.576 1945 14,550 7.481 300 46.29 0.017

Table 2: Summary of the optimized thermodynamic parameters in Ti-Hf-Zr-Nb-Ta system

Thermodynamic parameters of each phase (J/mol)
Liquid

Gl iq
Ti = 4071.81 + 25.172T ln(1 − e−

214.2
T ) − 2.14 × 10−3T2 − 8.314T ln(1 + e−(4.705×104−7.481×T−0.683T ln(T))/8.314T)

0LLiq
Ti ,Nb = 5144.29 0LLiq

Ti ,Ta = 5378.70 0LLiq
Ti ,H f = −5013.50 − 7.01T 0LLiq

Ti ,Zr = −21450.12 + 10.05T
BCC

GBCC
Ti =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

−3074.36 − 8.00 × 10−3T − 1.78 × 10−3T2 − 1.52 × 10−8T3 + 24.94 ln (e 269
T − 1)T 0 < T ≤ 1945

−44004.37 + 164.96T − 20.62T ln (T) + 4.59 × 1019T−5 − 2.68 × 1038T−11 + 24.94 ln(e 269
T − 1)T T > 1945

(Continued)
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Table 2 (continued)

Thermodynamic parameters of each phase (J/mol)
LBCC

Ti ,VA∶VA = +1.149 × 105 − 54.45T
0LBCC

Ti ,Nb = 12315.25 0LBCC
Ti ,Ta = 13479.62 0LBCC

Ti ,H f = 1386.24 − 7.31T 0LBCC
Ti ,Zr = −4280.45 + 3.48T

0LBCC
Nb ,Ta ,Ti = −165700; 1LBCC

Nb ,Ta ,Ti = 0; 2LBCC
Nb ,Ta ,Ti = 0 0LBCC

Nb ,Ti ,Zr = 0; 1LBCC
Nb ,Ti ,Zr = 0; 2LBCC

Nb ,Ti ,Zr = 5000.0
0LBCC

Ta ,Ti ,Zr = −4000; 1LBCC
Ta ,Ti ,Zr = 0; 2LBCC

Ta ,Ti ,Zr = 33000
HCP
GHCP

Ti =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−11493.84 + 2.68T − 3.83 × 10−3T2 + 4.61 ln(e 135.93
T − 1) ⋅ T + 20.32 ln(e 297.84

T − 1) 0 < T ≤ 985.54
−16770.70 + 105.354T + 0.01T2 − 2.75 × 10−6T3 − 16.06T ln (T) + 4.61 ln (e 135.93

T − 1)T + 20.32 ln(e
297.84

T − 1)T
985.54 < T ≤ 1945
−25073.59 + 162.62T − 21.12T ln (T) − 5.56 × 1019T−5 + 4.84 × 1038T−11 + 4.61 ln(e

135.93
T − 1)T + 20.32 ln(e 297.84

T − 1)T
T > 1945

0LHCP
Ti ,Nb = 14593.68 0LHCP

Ti ,Ta = 9525.81 0LHCP
Ti ,H f = 8624.82 − 8.63T ; 1LHCP

Ti ,H f = −2980.13
0LHCP

Ti ,Zr = −2421.00 + 7.90T ; 1LHCP
Ti ,Zr = 628.16

Using the established Gibbs energy expressions, the heat capacity (Cp), heat content (HT −H298.15),
Gibbs energy (Gm), and thermal vacancy of Ti were calculated from 0 to 4000 K and compared with
measured data (Fig. 1). Fig. 1a presents the calculated heat capacities of pure titanium in the HCP, BCC,
and Liquid phases. Additionally, the Cp of Ti in the HCP phase was calculated down to 0 K using the
SGTE database [39]. As illustrated in Fig. 1a, the calculations from SGTE show obvious deviations from
the measured data. Fig. 1b shows the calculated enthalpy of Ti, which increases linearly with temperature,
and a sharp increase is observed at the phase transition temperatures. These calculations are generally
consistent with the recommendations provided by Desai [36]. Additionally, the curves of Gm for each
phase of pure Ti were calculated (Fig. 1c). The Gm of BCC phase (red line) is positioned between that of
HCP phase (blue line) and Liquid phase (green line) from 1166 to 1945 K, indicating that the BCC phase
exhibits the highest thermodynamic stability within this temperature range. It demonstrates that the present
thermodynamic description accurately captures the lattice stability of Ti across the entire temperature
range. Fig. 1d depicts the temperature dependence of thermal vacancy concentration for pure Ti, illustrating
a nonlinear increase with rising temperature. The calculated results closely align with experimental data [35],
supporting the assertion that the established 3rd-generation Gibbs energy expressions can effectively predict
the thermodynamic behaviour of Ti across a wide temperature range.

Figure 1: (Continued)
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Figure 1: Calculated curves of pure Ti for (a) heat capacity, (b) heat content, (c) molar Gibbs energy and (d) thermal
vacancy concentration in BCC phase, compared with reported data [36,37]

3.2 Thermodynamic Modelling of Sub-Binaries in the Ti-Hf-Zr-Nb-Ta System
Various research groups have conducted detailed evaluations of the measured phase diagrams and

thermodynamic properties in the Ti-Hf [40], Ti-Zr [41], Ti-Nb [42,43], and Ti-Ta [44] systems. This study
focuses exclusively on analyzing the data subsequent to their work. For the Ti-Ta system, Na and Warnes [45]
identified the phase boundaries between the BCC and HCP+BCC phase region from 400 to 600○C. Recently,
Marker et al. [46] and Uesugi et al. [47] calculated the formation enthalpies of the BCC phase in the Ti-Zr,
Ti-Nb, and Ti-Ta systems using FP methods. Considering the experimental data, the binary thermodynamic
parameters in the Ti-Hf, Ti-Zr, Ti-Nb, and Ti-Ta systems have been evaluated and are summarized in Table 2.

Fig. 2 presents the calculated phase diagrams for the Ti-Hf, Ti-Zr, Ti-Nb, and Ti-Ta binary systems,
which agree well with most of the measured data (i.e., for Ti-Hf [48,49], Ti-Zr [48,50–53], Ti-Nb [48,54–57],
and Ti-Ta [45,48,58–60]). The calculated phase boundaries of the BCC and BCC+HCP phases in the Ti-Nb
binary system align closely with the findings from Zakharov et al. [57], though they show some deviation
from the experimental results presented by Hansen et al. [56], as illustrated in Fig. 2c. It has been reported that
the diffusion rate of Nb in Ti-Nb alloys significantly decreases with increasing Nb content [42], complicating
the attainment of thermodynamic equilibrium, even after extended annealing at temperatures below 1000 K.
The deviation may be attributed to the experimental data being obtained under non-equilibrium conditions.

Figure 2: (Continued)
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Figure 2: The calculated (a) Ti-Hf, (b) Ti-Zr, (c) Ti-Nb and (d) Ti-Ta phase diagrams compared with experimental
data (Ti-Hf [48,49], (b) Ti-Zr [48,50–53], (c) Ti-Nb [48,54–57] and (d) Ti-Ta [45,48,58–60])

Fig. 3a presents the calculated enthalpy of mixing (Hmix) of Liquid phase in Ti-Zr system, along with
the measurements [61]. The measured Hmix at various temperatures between 2111 and 2347 K is consistent.
Due to the absence of measured data at other temperatures, the Hmix in Ti-Zr system is regarded as
exhibiting a weak correlation with temperature. Consequently, the interaction parameters (a+ bT) for Liquid
phase in Ti-Zr system are employed. A strong agreement between the measurements and calculations is
evident. Fig. 3b–d shows the calculated formation enthalpies of the BCC phase at 0 K for Ti-Zr, Ti-Nb,
and Ti-Ta systems, alongside FP results [46,47]. A reasonable agreement is observed at the Ta-rich and
Nb-rich sides, however, significant deviations are evident at the Ti-rich and Zr-rich sides. The BCC phase is
metastable in pure Ti and Zr at low temperatures. As noted in previous studies [62–66], these BCC phases
exhibit mechanical instability under such conditions. The potential energy surface of mechanically unstable
phases does not show local minima near the ideal lattice; instead, it presents inflection points or saddle
points [66]. However, conventional density functional theory (DFT) calculations tend to anchor energy
assessments at non-physically stable states characterized by high symmetry, due to enforced symmetry
constraints. This methodology overlooks the natural relaxation paths induced by mechanical instability. As a
result, it leads to an overestimation of the energy of unstable phases, ultimately causing deviations in mixing
enthalpy predictions.

Figure 3: (Continued)
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Figure 3: Calculated (a) mixing enthalpy of the Liquid phase in the Ti-Zr system, (b) BCC phase formation enthalpy
of Ti-Zr, (c) Ti-Nb and (d) Ti-Ta systems compared with experimental data [61] and FP calculations [46,47]

3.3 Thermodynamic Modelling of Sub-Ternaries in the Ti-Hf-Zr-Nb-Ta System
The measured phase equilibrium data are only available for the Ti-Nb-Ta, Ti-Nb-Zr, and Ti-Ta-Zr

ternary systems in the literature [45,67–69], while data for the Ti-Nb-Hf, Ti-Ta-Hf, and Ti-Hf-Zr systems
are still lacking. A brief literature review of the reported data for the Ti-Nb-Ta, Ti-Nb-Zr, and Ti-Ta-Zr
ternary systems is presented. Na and Warnes [45] determined the phase boundary between (BCC+HCP)
and BCC in Ti-Nb-Ta system and constructed isothermal sections at 673 and 823 K. Their findings indicate
the presence of a BCC+HCP two-phase region and a BCC single-phase region at these temperatures. Only
one research group investigated the phase equilibrium in Ti-Nb-Zr ternary system [67,68]. Their study
reveals the existence of BCC#1+BCC#2+HCP three-phase region near the Nb-Zr side at 843 K. Additionally,
the BCC and HCP single-phase regions and (BCC#1+BCC#2) and (BCC+HCP) two-phase regions were
characterized. Hoch and Butrymowicz [69] reported phase equilibrium data for the Ti-Ta-Zr system at
1273 and 1373 K. Their experimental results revealed a single-phase region (BCC) and a two-phase region
(BCC#1+BCC#2). The reported data are subsequently used to evaluate the parameters of the above ternary
systems. In contrast, the thermodynamic descriptions for Ti-Nb-Hf, Ti-Ta-Hf, and Ti-Hf-Zr systems are
directly extrapolated from their respective sub-binary systems.

Ti-Nb-Ta system. Fig. 4 illustrates the isothermal sections of the Ti-Nb-Ta system at temperatures of
673, 773, 823, 1073, 1973, and 2173 K. The phase relationships are relatively straightforward, comprising
only three stable phases: BCC, HCP, and Liquid. The solubility of the HCP phase is notably limited. As
temperature increases, the BCC single-phase region continues to expand. A comparison of the calculated
results with experimental data [45] reveals deviations in the isothermal sections at 673 and 823 K, as shown
in Fig. 4a,c. As noted in Ref. [45], the Ti-Nb-Ta alloy demonstrates a slow atomic diffusion rate at 673 and
823 K, suggesting that the alloy may not have reached equilibrium. This incomplete equilibration may
contribute to the observed discrepancies in phase boundaries.

Ti-Nb-Zr system. Fig. 5 illustrates the isothermal sections of Ti-Nb-Zr system at various temperatures.
Similar to the Ti-Nb-Ta system, the solubility of HCP phase is very limited. As depicted in Fig. 5a,b, the
system exhibits a substantial two-phase region comprising BCC and HCP phases at 673 and 773 K. The
decomposition of the BCC phase results in (BCC#1+BCC#2+HCP) region at 843 K, as shown in Fig. 5c. The
calculations show a good agreement with the measurements [67,68]. As the temperature increases to 1073
K, BCC phase becomes more stable, resulting in the further expansion of the BCC single-phase region. At
1973 and 2173 K (Fig. 5e,f), the Liquid phase begins to appear, and its corresponding region expands with
increasing temperature.
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Figure 4: Isothermal sections of the Ti-Nb-Ta ternary system at (a) 673 K, (b) 773 K, (c) 823 K, (d) 1073 K, (e) 1973 K
and (f) 2173 K, compared with experimental data [45]

Figure 5: Isothermal sections of the Ti-Nb-Zr ternary system at (a) 673 K, (b) 773 K, (c) 843 K, (d) 1073 K, (e) 1973 K
and (f) 2173 K, compared with experimental data [67,68]

Ti-Ta-Zr system. As demonstrated in Fig. 6a–d, the phase relationships in the Ti-Ta-Zr system exhibit
similarities to those in the Ti-Nb-Zr system below 1073 K. Above this temperature, a stable miscibility gap
for BCC phase emerges near the Ta-Zr side. The width of this miscibility region diminishes as temperature
increases. Additionally, the calculated phase boundaries for the coexistence of BCC#1+BCC#2 phases at 1273
and 1773 K align well with the experimental measurements, as shown in Fig. 6e,f [69].
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Figure 6: Isothermal sections of the Ti-Ta-Zr ternary system at (a) 673 K, (b) 773 K, (c) 973 K, (d) 1073 K, (e) 1273 K
and (f) 1773 K, compared with experimental data [69]

Ti-Nb-Hf, Ti-Ta-Hf and Ti-Hf-Zr systems. Due to the lack of experimental data on the Ti-Nb-Hf,
Ti-Ta-Hf, and Ti-Hf-Zr systems, their thermodynamic descriptions are extrapolated from the sub-binary
systems. The phase relationships in the Ti-Nb-Hf and Ti-Ta-Hf systems are quite comparable. As illustrated
in Fig. 7a,d, both systems feature a substantial two-phase region (BCC+HCP). Fig. 7b,e demonstrates that at
a temperature of 1073 K, the BCC phase at the Ti-rich end becomes unstable, resulting in a BCC miscibility
gap and (BCC#1+BCC#2+HCP) region. At 1573 K, as shown in Fig. 7c,f, the majority of the composition
region consists of the BCC phase, while the HCP phase remains stable in the Hf-rich corner. Fig. 7g–i
illustrates the isothermal sections of Ti-Hf-Zr system at temperatures of 973, 1373, and 2073 K, respectively.
At 973 K, as shown in Fig. 7g, it contains two single-phase regions (BCC and HCP) along with a narrow
(BCC+HCP) region. The BCC phase region gradually expands while the HCP phase region diminishes at
higher temperatures, as shown in Fig. 7h. At 2073 K, the HCP phase is completely absent (Fig. 7i), leaving
one two-phase region (BCC+Liquid) and two single-phase regions (BCC and Liquid). Given that Ti, Hf, and
Zr primarily exhibit HCP structures as their reference states, they can completely dissolve in the HCP phase
at lower temperatures, thereby significantly enhancing the stability of the HCP phase.

Figure 7: (Continued)
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Figure 7: Isothermal sections in (a–c) Ti-Nb-Hf ternary system at 673, 1073 and 1573 K, (d–f) Ti-Ta-Hf ternary system
at 673, 1073 and 1573 K, (g–i) Ti-Hf-Zr ternary system at 973, 1373 and 2073 K

4 Phase Stability Predictions in Ti-Hf-Zr-Nb-Ta RHEAs
Due to the high expansibility of the CALPHAD approach, it was employed to establish the 3rd-

generation thermodynamic database of the Ti-Hf-Zr-Nb-Ta quinary system by extrapolating from the
present optimized and reported sub-binary and ternary thermodynamic parameters. Subsequently, a sys-
tematic analysis of the phase stability of both quaternary and quinary RHEAs within the Ti-Hf-Zr-Nb-Ta
system was conducted.

Fig. 8 illustrates the calculated phase fractions of quaternary and quinary RHEAs (TiHfZrTa, TiZrNbTa,
TiHfNbTa, TiHfZrNb, NbTaHfZr, TiHfZrNbTa, TiHfZr(NbTa)0.6, TiHfZr(NbTa)0.3 and TiHfZr(NbTa)0.1)
from 500 to 3000 K. The results indicate that the BCC phase predominates during the solidification of all
these alloys, and all alloys exhibit a wide temperature range in which a single BCC phase is maintained.
Notably, the temperature ranges for BCC single-phase stability in TiHfZrTa and TiHfZrNb alloys are 743
and 1055 K, as shown in Fig. 8a,d. This indicates that Nb has a more pronounced effect on expanding the
BCC phase region. However, in the TiHfZrTa, TiZrNbTa, TiHfNbTa, HfZrNbTa and TiHfZr(NbTa)x alloys,
the BCC phase decomposes into BCC#1 and BCC#2 at temperatures below 1500 K. In the TiHfZrTa and
TiHfZr(NbTa)x alloys, the BCC#2 is enriched with Ta, while the TiZrNbTa and TiHfNbTa alloys are enriched
with Ti. This decomposition may be attributed to the existing stable BCC miscibility gap in Nb-Zr, Ta-Zr,
and Ta-Hf binary alloys, which extends into higher-order systems. Although the TiHfZrNb alloy includes
a Nb-Zr binary combination, the incorporation of Hf appears to diminish the compositional range of the
miscibility gap within the Nb-Zr system [27]. As the temperature decreases, the HCP precipitates from BCC
phase in all these alloys, with its phase fraction increasing correspondingly. This trend indicates that HCP
phase becomes more stable at lower temperatures. As illustrated in Fig. 8f–i, as the contents of Nb and Ta
decrease, the fraction of the HCP phase gradually increases, while the fraction of the BCC#2 phase declines.
This observation indicates that the addition of Nb and Ta has a stabilizing effect on the BCC phase while
destabilizing the HCP phase.
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Figure 8: Calculated equilibrium phase fractions as a function of temperature for (a) TiHfZrTa, (b) TiZrNbTa,
(c) TiHfNbTa, (d) TiHfZrNb, (e) HfZrNbTa, (f) TiHfZrNbTa, (g) TiHfZr(NbTa)0.6, (h) TiHfZr(NbTa)0.3 and
(i) TiHfZr(NbTa)0.1 alloys

It has been reported that the BCC phase, formed through solidification at elevated temperatures,
undergoes a martensitic transformation to form a single metastable HCP phase during the cooling process
in TiHfZr alloys [16]. With the addition of Nb or Ta, a metastable dual-phase alloy consisting of BCC
and HCP phases can be observed in the TiHfZrTax and TiHfZrNbx alloys [12,14–16]. However, the alloys
transition to a single-phase BCC phase with further addition of Nb or Ta. As illustrated in Fig. 9a, the
critical concentrations of Nb and Ta required for the transition from the HCP phase to the BCC+HCP phase
are 0.077 and 0.116 in the TiHfZrNbx and TiHfZrTax alloys after annealing at 1273 K [16]. Furthermore,
the critical concentrations for transitioning from the BCC+HCP phase to the BCC phase are 0.116 and
0.167, respectively. To further analyze the phase stability between the BCC and HCP phases, the Gibbs
energy differences between these phases (ΔGHCP−BCC ) for TiHfZrTax and TiHfZrNbx alloys at 1273 K were
calculated, as demonstrated in Fig. 9a. The phase relationships indicate that the BCC phase is the only stable
one in TiHfZrTax and TiHfZrNbx at 1273 K, while the HCP phase is the metastable one resulting from the
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martensitic transformation. The results indicate that as the contents of Ta or Nb increase, the Gibbs energy
difference also increases, suggesting that Nb or Ta enhance the stability of BCC phase. Furthermore, the
values of ΔGHCP−BCC in TiHfZrNbx are higher than those in TiHfZrTax for the same amounts of Nb or Ta,
indicating that Nb has a greater capacity to stabilize the BCC phase than Ta.

Figure 9: The calculated Gibbs energy differences between BCC and HCP phases (ΔGHCP−BCC ) for (a) TiHfZrTax and
TiHfZrNbx the alloys, (b) TiHfZrTa0.2Nbx alloys

The values of ΔGHCP−BCC for the BCC+HCP dual-phase region in TiHfZrNbx alloys range from 1786
to 2381 J/mol. Interestingly, in TiHfZrTax alloys, these values fall between 1746 and 2230 J/mol, comparable
to those observed in TiHfZrNbx alloys, as shown in Fig. 9a. Then, the Gibbs energy differences for the
TiHfZrTa0.2Nbx alloys were calculated and are presented in Fig. 9b. Based on the observation that the
BCC+HCP dual-phase region occurs within an ΔGHCP−BCC range of approximately 1786 to 2230 J/mol, the
critical compositional range of Nb required to obtain the metastable BCC+HCP phase in TiHfZrTa0.2Nbx
alloys is predicted to be between 0.0367 and 0.0712. This prediction aligns well with the X-ray Diffraction
(XRD) results in the literature [17]. It seems that when the Gibbs energy differences fall within the
aforementioned range, the BCC+HCP metastable dual-phase region can be observed. SFE generally serves
as a criterion for martensitic transformation. While chemical Gibbs energy is the primary contributor to SFE,
this study does not account for the influence of interfacial energy. Although the aforementioned prediction
methods demonstrate promising results for TiHfZrTa0.2Nbx alloys, further validation through additional
experimental results is necessary. In addition, while the predicted Gibbs energy difference can be utilized to
assess the phase stability between BCC and HCP phases, it is inadequate for quantitatively determining the
proportions of the HCP and BCC phases during the martensitic transformation.

The CALPHAD methodology has proven to be a practical approach for developing multicomponent
databases, primarily due to its unique capability of deriving Gibbs energy calculations from thermodynamic
descriptions of binary and ternary subsystems. This characteristic underscores that the accuracy of a
multicomponent database is critically dependent on the precision of lower-order system parameters. In
the current study, the binary and ternary thermodynamic parameters within the Ti-Hf-Zr-Nb-Ta sys-
tem were systematically evaluated, incorporating thermodynamic and phase diagram information. While
additional experimental verification could enhance database reliability, practical limitations arise when
studying refractory alloys. The high melting temperatures of the constituent elements necessitate high-
temperature treatments for refractory alloys to achieve phase equilibrium. These experimental challenges are
especially pronounced in RHEAs, where kinetic limitations from sluggish atomic diffusion further impede
the attainment of equilibrium. Consequently, the existing literature reveals a scarcity of experimental phase
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equilibrium documentation for the Ti-Hf-Zr-Nb-Ta system. Addressing this data gap through targeted
experimental studies remains a critical objective for future research efforts.

5 Conclusion
• The expressions of molar Gibbs energy for BCC, HCP, and Liquid phases of Ti were evaluated using a 3rd-

generation thermodynamic model. The calculated thermodynamic properties accurately reproduce the
measured data, including heat capacity, heat content, and thermal vacancy concentrations. Furthermore,
the proposed Gibbs energy expressions can guarantee lattice stability across the entire temperature range.

• By incorporating the 3rd-generation thermodynamic description of pure Ti, the thermodynamic
parameters for Ti-related binary and ternary systems within the Ti-Hf-Zr-Nb-Ta system were assessed.
Utilizing the thermodynamic parameters derived from this work alongside literature reports, a ther-
modynamic database for Ti-Hf-Zr-Nb-Ta quinary system was constructed with CALPHAD method.
The calculated phase equilibria and thermodynamic properties in sub-binary and ternary systems
demonstrated good consistency with measured data, thereby confirming its reliability.

• Applying the established thermodynamic database, phase stability for the TiHfZrTa, TiZrNbTa,
TiHfNbTa, TiHfZrNb, NbTaHfZr, as well as TiHfZr(NbTa)x RHEAs were predicted. The results indicate
that all alloys exhibit a BCC single phase region within a wide temperature range. The HCP phase
remains stable and coexists with the BCC phase in both quaternary and quinary RHEAs. In TiH-
fZr(NbTa)x alloys, the phase fractions of the HCP phase increase as the contents of Nb and Ta decrease,
indicating that the addition of Nb and Ta tends to destabilize the HCP phase.

• The Gibbs energy differences between BCC and HCP phases in TiHfZrTax and TiHfZrNbx alloys were
calculated, revealing that the addition of Nb and Ta enhances the stability of the BCC phase, with Nb
exerting a more significant influence than Ta. Furthermore, values ΔGHCP−BCC ranging from 1786 to
2230 J/mol indicate the presence of the BCC+HCP metastable dual-phase region. This finding was
utilized to predict the critical compositional range of Nb necessary to achieve the BCC+HCP phase in
TiHfZrTa0.2Nbx alloys, which was determined to be between 0.0367 and 0.0712. These predictions are
in good agreement with previously reported measurements.
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