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First-principles thermodynamic modeling for the Al-Nb-Ni ternary system
Arkapol Saengdeejing , Ryoji Sahara and Yoshiaki Toda

Computational Structural Materials Group, Materials Evaluation Field, Research Center for Structural Materials, National Institute for 
Materials Science, Tsukuba, Japan

ABSTRACT
In CALPHAD methodology, used for thermodynamic database construction, the first-principles 
calculations based on the density functional theory have increasingly become important tool 
to provide an input data for assessing the thermodynamic database. As the advancement in 
computational power, it is evident that the first-principles calculations has become integral 
part for determining the thermodynamic properties of the phases within the multi-component 
system than the time consuming and costly experimental procedures. The alloys development 
process can be significantly accelerated, especially in the complex multi-component systems. 
With first-principles data for both end-members thermodynamic descriptions and interaction 
parameters, the Al-Nb-Ni ternary thermodynamic database construction can be rapidly estab
lished. Without relying on any experimental data for solid-state phases, the first-principles Al- 
Nb-Ni thermodynamic database can exhibits most of the features comparing with the experi
mental phase diagram.

IMPACT STATEMENT
The first-principles phase diagram can reproduced most of the features presented in published 
experimental phase diagram. It enable rapid construction of thermodynamic database where 
experiments are time consuming and costly.
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1. Introduction

Phase diagram is an important tool for both academic 
and commercial development of new alloys. Modern 
phase diagrams calculated from open source or com
mercialized programs are not only a figure that illus
trate phase relations with respect to the variables 
presented along the axis in the phase diagram but 
also are the result of calculations based on the thermo
dynamic principles derived from the thermodynamic 
databases. CALPHAD methodology [1], where the 

multi-component thermodynamic database is estab
lished, has become an essential tool for alloys devel
opment since established in 1970s. Traditionally, the 
assessment of thermodynamic parameters are solely 
conducted through the collective of experimental data 
[2–6]. However, it is time consuming and expensive 
experimental procedures are required to obtain accu
rate thermodynamic descriptions for all phases 
appearing in any specific system. With the advance
ment in computational techniques, coupled between 
first-principles calculations and experimental data are 
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increasingly becoming an attractive procedure to help 
shorten the assessment of the multi-component ther
modynamic database. Enthalpy and entropy of forma
tion of a single compound used to describe the free 
energy of the end-members in a complicated sublattice 
model are calculated by first-principles data [7,8]; the 
flexibility and robustness of first-principles calcula
tions in aiding the development of the CALPHAD- 
type thermodynamic database is increasingly appeal
ing. In our previous attempt, we successfully con
structed the thermodynamic database of the Al-Ni-Ti 
ternary system by employing only first-principles cal
culations results [9].

In this work, the Al-Nb-Ni ternary system is chosen 
because Nb is an important alloying element in the Ni- 
based superalloys. The binary database of the Al-Nb, 
Al-Ni, and Nb-Ni systems are combined to create the 
Al-Nb-Ni ternary database. Previously, the first- 
principles Al-Ni binary thermodynamic database has 
been published [8]. Thus, there is no need to recon
struct the Al-Ni binary system. There are several pub
lished thermodynamic databases for both Al-Nb 
[4,10–12] and Nb-Ni [13–15] binary system but not 
a single one that have been assessed using only first- 
principles results or incorporated some of the first- 
principles calculations. Because there are several avail
able literature, the data can be used for the validation 
of the established thermodynamic database. The Al- 
Nb-Niternary system have been modeled using experi
mental data by Du et al. [16]. The Al-Nb-Ni ternary 
system, as well as the Al-Ni-Ti system, are major 
constituent atoms of practical nickel-based superal
loys. Intermetallic compounds, such as Al3Nb and 
NbNi3, with high melting points are expected to 
apply to ultrahigh-temperature materials. Therefore, 
the phase diagram of the Al-Nb-Ni ternary system is 
important for engineering purposes.

2. Methodology

The CALPHAD methodology is an approach used to 
calculate the thermodynamic properties, including the 
phase diagram, of any materials ranging from pure 
element to multi-component systems. The general 
principle of CALPHAD is to parameterize the tem
perature, composition, and/or pressure dependent 
Gibbs free energy of the individual phase using the 
thermochemical data, such as heat capacity, mixing 
energy, formation enthalpy, activity, etc., of individual 
phases coupled with phase equilibria data between 
phases [17]. Typically, the molar Gibbs free energy 
description of φ phases (Gφ

m) as a function of tempera
ture (T) can be express as: 

where a, b, c, d, e, and f are the fitted parameters. The 
function can be expanded to obtain a better fitting of 
the free energy description. For a pure element, at least 
three sets of either experimental or first-principles 
calculations data are required for evaluating all the 
parameters of the Gibbs free energy function defined 
in Equation 1. Entropy (S) can be derived from the 
following expression: 

Enthalpy (H) can be expressed as: 

Finally, the heat capacity (Cp) can be derived from the 
first derivative to the temperature of the enthalpy: 

Typically, formation enthalpy (�FH), entropy (ST), 
and temperature dependent heat capacity (CpðTÞ) are 
used to fit all the parameters of the Gibbs free energy 
description. For a phase with solubility, the Gibbs free 
energy can be described as follows: 

0Gφ
m is the summation of the weighted end-member’s 

Gibbs free energy, that is in case of binary system, it is 
the summation between the Gibbs free energy of pure 
components weighted and their respected mole frac
tion of each component. idealGφ

mix is the mixing energy 
according to W. L. Bragg et al. [18] in each phase. 
exGφ

mix is the excess Gibbs energy that represents the 
deviation from an ideal solution. The typical Gibbs 
energy for the binary solution phase is expressed as: 

where 0Gφ
i , xφ

i , and R are the molar Gibbs free energy 
of the i element in the φ phase, mole fraction of i 
element within the φ phase, and molar gas constant, 
respectively. To ensure that all the CALPHAD ther
modynamic databases are compatible with each other, 
the pure element Gibbs free energies are standardized. 
The pure element Gibbs energy descriptions can be 
obtained from Dinsdale et al. [19]. A Redlich-Kister 
polynomial [20] is used for the excess Gibbs energy: 

where nLφ
A;B is the non-ideal interactions between 

A and B elements, and typically defined as: 
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where nAφ, nBφ, and nCφ are the parameters that 
should be evaluated [21].

For the intermediate compounds with solubility, 
the free energy is described using compound energy 
formalism (CEF) [22]. The end-member free energy is 
formulated using Neumann-Kopp rule [23]: 

where 0GAiBj
m , �FH, and �FS are molar Gibbs free 

energy of AiBj structure, formation enthalpy, and for
mation entropy, respectively.

Thermo-Calc Software [24] is used for thermody
namic database construction and assessment.

2.1. First-principles calculations

The first-principles calculations, based on the density 
functional theory (DFT), are performed to obtain the 
data needed for the CALPHAD thermodynamic 
database assessment. In this work, all the calculations 
were conducted using the Vienna Ab initio 
Simulation Package (VASP) [25,26]. The electron- 
ion interactions are described using the projector 
augmented wave (PAW) method [27]. The general
ized gradient approximation (GGA) of Perdew-Burke 
-Ernzerhof (PBE) [28] is selected to describe the 
exchange and correlation energy. The PAW potential 
sets are comprised of a 2p12s2 configurations of 
valance electron for Al, 4p65s14d4 for Nb and 3d10 

for Ni. All the calculations are performed with spin 
polarized enable. For the total energy calculations, 
the k-point mesh of Γ-centered Monkhorst-Pack 
[29] is used for integration of the Brillouin zone 
during both structure relaxations and final static 
calculations. The 1st order Methfessel-Paxton smear
ing method [30] is used for with a 0.2 eV tempera
ture broadening parameter for the electronic 
occupation. To obtain highly accurate energy and 
density of states (DOS) during the final static calcu
lation, the Blöchl correction linear tetrahedron 
method [31] is performed. Table 1 lists k-points 
meshes for each structure. Each k-point mesh is 
selected to ensure that convergence of the electronic 
energies is lower than 0.1 meV. All the calculations 
were performed with the cutoff energy of 500 eV.

The Helmholtz free energy as a function of volume 
(V) and temperature of a single structure (FðV;TÞ) 
can be partitioned into the different contributions, 
such as ground state energy (E0KðVÞ), thermal elec
tron excitation (FelðV;TÞ), and vibrational contribu
tion (FvibðV;TÞ): 

The formation enthalpy for each end-member is cal
culated using the following formula: 

where EAaBb
0 is the 0K energy of the AaBb end-member 

with number of a and b atoms, xi is the mole fraction 
of element i, and Ei

0 is the 0K energy of i element in 
their stable structure at 298.15 K.

In CALPHAD, instead of Helmholtz energy, Gibbs 
energy is primarily used. Using Legendre transforma
tion, the Gibbs free energy (GðP;TÞ) is expressed as: 

The contribution to the free energy from thermal 
electron excitation (Fel) where the energy emerge 
from the random occupancy of thermally excited elec
tron in the energy level above Fermi energy is calcu
lated using the following equation [32]: 

where Eel V;Tð Þ is the thermal electron excitation 
energy, n ε;Vð Þ is the electronic density of states 
(DOS) at ε energy, Sel is the bare electronic entropy, 
εF is Fermi energy, kB is Boltzmann constant, and f is 
Fermi distribution function: 

where μe is the electron chemical potential, which is 
equivalent to the Fermi energy at 0 K.

Vibrational contribution (Fvib V;Tð Þ) is corre
sponded to the lattice vibration energy and calculated 
through the phonon density of states (PDOS). 
Supercell method, as implemented in the Alloy 
Theoretical Automated Toolkit (ATAT) [33], are 
used for the PDOS calculations. The minimum separa
tion between perturbed atoms are set to be approxi
mately 10–12 Å to ensure that the interference from 
perturbed atom are isolated from the same perturbed 
atom from periodic boundary condition. The 0.1 Å 
displacement for each perturbed atom is selected for 
the phonon calculations. For better accuracy in force 
constant matrix calculation during the phonon calcu
lations, the 1st order Methfessel-Paxton is used. In this 
work, quasi-harmonic phonon approximation is not 
considered, and only harmonic phonon approxima
tion is performed to reduce the computational time. 
The lattice vibrational contribution is calculated from 
the following equation [34]: 
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where �h, ω, and g ωð Þ are the reduced Planck constant, 
phonon frequencies, and PDOS, respectively.

A disordered configuration in the solution phase is 
obtained using a special quasi-random structure (SQS) 
[35] based on cluster expansion method (CEM) [36]. 
The mixing energy of the fcc, bcc, and hcp lattice is 
calculated from the SQSs at 12.5, 25, 37.5, 50, 62.5, 75, 
and 87.5 at.%. The mixing energy (�mixGÞ) is calcu
lated by the following equation: 

where Gφ
i is the Gibbs free energy of i element in φ 

structure. Additional SQSs have been generated to 
represent the mixing energy of the different elements 
in the sublattice of intermediate compounds. The 
calculated correlation functions of Al3(Al,Nb) SQS 
are listed in Table 2. Up to the 9th pairs of the Al3 
(Al,Nb) SQS pair correlation functions are perfectly 
allied with the pair correlation functions of theore
tical random configuration and all 10th three-body 
clusters (triple) are matched. In this work, the calcu
lated correlation functions of all SQSs, up to at least 
6th pair and 4th triplet, are perfectly matched with 
the theoretical random correlation functions of the 

Table 1. Formation enthalpy, formation entropy and correspond k-point mesh for all structures used 
in this work and from published thermodynamic databases (in parenthesis).

Formation energy

Structures Compositions ΔF H, kJ/mol ΔF S, J/mol-K k-point mesh

Al3Nb Al4 0.00 0.00 13×13x15
Al3Nb −41.52(−41.75a) −7.14
Al3Ni −21.02 3.14
Nb3Al −6.33 −0.27
Nb4 13.97 −1.47
Nb3Ni 9.20 2.85
Ni3Al −39.10 0.16
Ni3Nb −27.71 −19.79
Ni4 0.00 0.00

AlNb2 Al30 6.44 4.44 7×7x7
Al10Nb20 −28.67(−26.77a) −4.88
Al10Ni20 −31.64 −3.27
Nb10Al20 −14.54 −1.85
Nb30 8.03 −1.06
Nb10Ni20 4.65 5.29
Ni10Al20 −30.89 2.37
Ni10Nb20 −10.51 0.59
Ni30 9.59 4.59

AlNb3 Al8 7.61 6.04 11×11x11
Al2Nb6 −17.46(−19.59a) 4.19
Al2Ni6 −25.84 0.18
Nb2Al6 −6.39 −2.12
Nb8 10.14 2.22
Nb2Ni6 −21.46 4.33
Ni2Al6 −23.14 5.04
Ni2Nb6 −5.33 1.10
Ni8 13.22 6.96

NbNi3 Al8 3.17 0.00 11×11x11
Al2Nb6 −9.93 −3.08
Al2Ni6 −39.52 −2.65
Nb2Al6 −32.10 −6.18
Nb8 19.04 0.55
Nb2Ni6 −28.47(−30.80b) −0.53
Ni2Al6 −24.81 0.20
Ni2Nb6 11.13 4.12
Ni8 2.38 0.91

Nb7Ni6 Al39 10.34 5.18 7×7x7
Al18Nb21 −24.03 −3.83
Nb18Al21 2.55 1.71
Nb18Nb21 16.64 −0.90
Ni18Al21 −45.72 0.32
Ni18Nb21 −19.96(−21.96b) −0.50

NbNi8 NbNi8 −12.44(−14.28b) −0.01 11×11x7
AlNbNi2 AlNbNi2 −42.06(−76.19c) 4.00 13×13x13
AlNbNi Al8Nb8Al8 −28.25(−11.24c) −4.68 9×7x7

Al8Nb8Ni8 −41.50 −3.22
Ni8Nb8Al8 −38.55 −2.88
Ni8Nb8Ni8 −18.76(−25.70c) −1.00

a He et al. [12]. 
b Chen et al. [15]. 
c Du et al. [16].
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same composition. The details of all generated SQSs 
are listed in Table 3.

In this work, short-range ordering contribution 
and state-of-the-art approaches for liquid free energy 
calculations are not considered owing to the limited 
computational resources. We discussed the short- 
range ordering and state-of-the-art liquid calculations 
in our previously published work [9].

3. Results and discussions

3.1. Al-Ni

The thermodynamic descriptions for the Al-Ni binary 
system is taken from Davey et al. [8]. The bcc and fcc 
two sublattice model will be used instead of the 

original four sublattice model. All other parameters 
remain unchanged. Figure 1 shows the Al-Ni binary 
phase diagram calculated using two sublattice model 
for both fcc and bcc phases.

3.2. Al-Nb

According to the data presented in the Materials 
Project database [40], there are four existing com
pounds but only three are experimentally observed, 
which are AlNb2, AlNb3, and Al3Nb. To model the 
solubility of all three structures, the two sublattice 
model will be implemented for all intermediate 
phases. Table 4 shows details of crystal structures 
for all compounds. (Al,Nb)3(Al,Nb), (Al,Nb)(Al, 
Nb)2, and (Al,Nb)(Al,Nb)3 sublattice models are 
implemented to describe the solid solubility for all 
three phases in the binary system. To reduce the 
complexity of the calculations, (Al,Nb)(Al,Nb)2 sub
lattice model is chosen instead of more complex (Al, 
Nb)5Nb2(Al,Nb)8, which can correctly represent the 
solid solubility in the σ phase. Table 4 lists the 
sublattice model used for the Al-Nb binary system. 
Figure 2 shows the calculated Gibbs energy of for
mation as a function of temperature for Al3Nb, 
AlNb2, and AlNb3. It can be observed that the 
Gibbs energy of formations are fairly linear at the 
elevated temperature. Therefore, we can use 
Equation 9 to approximate the Gibbs free energy of 
all the end-members. Using linear regression fitting, 
the slope of the plot in Figure 2 is approximated as 
the negative of entropy of formation. Table 1 lists all 
the calculated formation enthalpy and entropy for all 
the end-member structures required to represent 
sublattice model of all three phases in the Al-Nb 
binary system.

Table 2. Correlation function of Al3(Al0:5,Nb0:5) SQS compared 
with theoretical random configuration.

Cluster type
Cluster size, Correlation function

Å Calculated Random

Pair 3.8520 0.0000 0.0000
5.1075 0.0000 0.0000
5.4476 0.0000 0.0000
7.4674 0.0000 0.0000
7.7040 0.0000 0.0000
8.6134 0.0000 0.0000
8.6411 0.0000 0.0000
9.2433 0.0000 0.0000
9.4608 0.0000 0.0000

10.2149 −0.5000 0.0000
10.7291 0.0000 0.0000
10.8952 0.0000 0.0000

Triplet 5.1075 0.0000 0.0000
5.4476 0.0000 0.0000
5.4476 0.0000 0.0000
7.4674 0.0000 0.0000
7.4674 0.0000 0.0000
7.4674 0.0000 0.0000
7.4674 0.0000 0.0000
7.7040 0.0000 0.0000
7.7040 0.0000 0.0000
7.7040 0.0000 0.0000

Table 3. Mixing site, compositions, and size of all SQSs used in this work.
Structures Mixing site SQS composition No. atoms Ref.

fcc (A0:875B0:125) A56B8 64 [8]
(A0:75B0:25) A12B4 16 [37]
(A0:625B0:375) A40B24 64 [8]
(A0:5B0:5) A8B8 16 [37]

bcc (A0:875B0:125) A56B8 64 [8]
(A0:75B0:25) A12B4 16 [38]
(A0:625B0:375) A40B24 64 [8]
(A0:5B0:5) A8B8 16 [38]

hcp (A0:875B0:125) A56B8 64 [8]
(A0:75B0:25) A12B4 64 [39]
(A0:625B0:375) A40B24 64 [8]
(A0:5B0:5) A8B8 64 [39]

Al3Nb A3(A0:5B0:5) A56B8 64 This work
AlNb2 (A1=3B2=3)3 A90B180 270 This work
AlNb3 (A0:5B0:5)B3 A8B56 64 This work
Nb7Ni6 A7(A0:5B0:5)6 A120B36 156 This work
NbNi3 (A0:5B0:5)B3 A8B56 64 This work

A(A0:5B0:5)3 A40B24 64 This work
(A0:5B0:5)C3 A8B8C48 64 This work

L12 (A0:5B0:5)B3 A8B56 64 This work
A(A0:5B0:5)3 A40B24 64 This work
(A0:5B0:5)C3 A8B8C48 64 This work

AlNbNi (A0:5C0:5)BC A8B16C24 48 This work
AB(A0:5C0:5) A8B16C24 48 This work
(A0:5C0:5)B(A0:5C0:5) A16B16C16 48 This work
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Figure 3 illustrates the formation enthalpy for all 
three structures, including their anti-site configura
tions. The solid line represents the convex hull where 
the lowest possible energy of any combinations for all 
the structures exists in the Al-Nb binary system. In 

experimental phase diagram [10], all three phases 
(Al3Nb, AlNb2, and AlNb3) are stable but only for 
data available above 500 �C. The calculated formation 

g’

A1-Ni

Liquid

B2

D
0 1
1

D
5 1
3

A
l 3N
i 5A1-Al

A
l 4N
i 3

Figure 1. First-principles phase diagram of the Al-Ni binary system [8].

Table 4. Information about crystal symmetry, lattice parameters, and CALPHAD sublattice model for all compounds appear in this 
work.

Lattice parameter

Phases Prototypes Pearson SG # atom Models a b c α β γ Ref.

Al3Nb Al3Ti tI8 I4/mmm 4 (Al,Nb,Ni)3(Al,Nb,Ni) 5.1075 5.1075 5.1075 136 136 64 [41]
AlNb2 (σ) (Cr0:5Fe0:5) tP30 P42/mmm 30 (Al,Nb,Ni)(Al,Nb,Ni)2 10.0028 10.0028 5.2014 90 90 90 [10]
AlNb3 Cr3Si cP8 Pm�3n 8 (Al,Nb,Ni)(Al,Nb,Ni)3 5.2133 5.2133 5.2133 90 90 90 [42]
NbNi3 Cu3Ti oP8 Pmmn 8 (Al,Nb,Ni)(Al,Nb,Ni)3 4.2560 4.5616 5.1240 90 90 90 [43]
Nb7Ni6 (μ) Fe7W6 hR39 R�3m 39 (Al,Nb)7(Al,Nb,Ni)6 4.9436 4.9436 27.0921 90 90 120 [64]
NbNI8 V4Zn5 tI18 I4/mmm 9 NbNi8 5.6739 5.6739 5.6739 96 96 143 [44]
AlNbNi2 AlCu2Mn cF16 Fm�3m 4 AlNbNi2 4.2460 4.2460 4.2460 60 60 60 [45]
AlNbNi MgZn2 hP12 P63/mmc 24 (Al,Ni)Nb(Al,Ni) 5.0545 8.4908 8.0346 90 90 90 [46]
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Figure 2. Gibbs energy of formation as a function of tempera
ture for Al3Nb, AlNb2, and AlNb3 compounds.
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Figure 3. Formation enthalpy for binary compounds and their 
corresponding end-members of sublattice model, (Al,Nb)3(Al, 
Nb), (Al,Nb)(Al,Nb)2, and (Al,Nb)(Al,Nb)3, with connected con
vex hull of the Al-Nb binary system.

Sci. Technol. Adv. Mater. Meth. 4 (2024) 6                                                                                                                                 A. SAENGDEEJING et al.



energy of AlNb3 is above the convex hull. 
Experimental measurement and estimation for the 
enthalpy of formations at 298.15 K (�FH�) show 
some discrepancy for the stability of AlNb3 phase 
[47–52]. The recent enthalpy of formation measure
ment shows that AlNb3 is not formed in the convex 
hull [50]. The published thermodynamic database 
based on experimental assessment listed the enthalpy 
of formation of AlNb3 end-member at 298.15 K above 
the convex hull. Because there are no experimentally 
verification of AlNb3 stability at considerably low 
temperature (below 0 �C), we can assume that AlNb3 
is unstable at 0 K. Table 1 shows the enthalpy of 
formation of stable compounds obtained from the 
published thermodynamic database [12] in parenth
esis. The differences between the enthalpies of forma
tion calculated from the DFT and the values extracted 
from the assessed thermodynamic database are typi
cally within �3 kJ/mol of each other. According to the 
sublattice models that represent the solid solution of 
all three intermediate compounds in Al-Nb binary 
system, 5 types of binary interaction parameters, for 
example (Al3Nb), nLAl3Nb

ðAl;NbÞ3Al, 
nLAl3Nb
ðAl;NbÞ3Nb, nLAl3Nb

Al3ðAl;NbÞ, 
nLAl3Nb

Nb3ðAl;NbÞ, 
nLAl3Nb
ðAl;NbÞ3ðAl;NbÞ, are available for each sub

lattice model. Not all the interaction parameters will 
be significantly affected on the solubility of the solu
tion phases. The SQSs are generated according to the 
selected interaction parameters. The SQS with the 
equiatomic configurations within the sublattice will 
be used for obtaining mixing energy, which will be 
used to evaluate the interaction parameters. Table 3 
lists the generated SQSs for the Al-Nb binary system.

Table 5 lists the calculated enthalpy of mixing of 
the SQSs for Al-Nb binary system. We encountered 
a convergence problem while calculating the energy 
of AlNb2 SQS. Thus, the mixing energy of AlNb2 
SQS is currently unavailable. The interaction para
meters within each sublattice model will be evalu
ated based on the calculated enthalpy of mixing 
with the assumption of regular solution (only 0th 

interaction parameter is used). The interaction 

parameter can be directly obtained from the follow
ing equation:

Within the regular solution model, the temperature 
dependent interaction parameter will not be obtained 
owing to the computational expensive of the SQS for 
finite temperature properties.

For disordered phase, the mixing energy calculated 
from first-principles calculations corresponded to the 
excess term presented in Equation 5. For simplicity, 
only 0th-ordered interaction parameter will be used. 
Both temperature independent and dependent terms 
in the interaction parameters are fitted through the 
Equation 19. Figure 4 shows calculated SQS enthalpy 
of mixing (0 K) across the composition range for fcc, 
bcc, and hcp structures. There are some anomaly with 
the results, especially at higher at.% Nb in fcc and hcp 
lattice. The mixing enthalpy seems to be more stable 
compared to the lower at.% Nb. The mixing enthalpy 
at 50 at.% Nb of bcc and hcp seem to be significantly 
more stable than that at 37.5 and 62.5 at.% Nb. This 
can occurred when relaxing the atomic position of the 
SQS by DFT, especially when the atomic size between 
two mixing elements are moderately different. The 
SQS, which should represent the disordered 

Table 5. Mixing enthalpy of SQS for interaction parameters evaluation.
Mixing structures SQS composition Mixing enthalpy, eV/atom

Al3(Al,Nb)-Al3Nb Al56Nb8 0.0507
(Al,Nb)(Al,Nb)2 Al90Nb180 N/A
(Al,Nb)Nb3-AlNb3 Al8Nb56 0.0532
(Nb,Ni)Ni3-NbNi3 Nb8Ni56 0.0201
Nb(Nb,Ni)3-NbNi3 Nb40Ni24 0.0441
Nb7(Nb,Ni)6-Nb7Ni6 Nb120Ni36 N/A
(Al,Nb)Ni3-L12 Al8Nb8Ni48 −0.0938
(Al,Ni)Ni3-L12 Al8Ni56 0.0123
Nb(Nb,Ni)3-L12 Nb40Ni24 −0.0999
(Al,Nb)Ni3-NbNi3 Al8Nb8Ni48 0.0113
(Al,Ni)NbNi-AlNbNi Al8Nb16Ni24 −0.0267
AlNb(Al,Ni)-AlNbNi Al24Nb16Ni8 −0.0940
(Al,Ni)Nb(Al,Ni)-AlNbNi Al16Nb16Ni16 −0.1773
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Figure 4. Mixing enthalpy of fcc-, bcc-, and hcp-disordered 
phases from SQS for the Al-Nb binary system.
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configuration, tends to collapse into ordered structure. 
By comparing the calculated radial distribution func
tion (RDF) between collapsed SQS and initial disor
dered structure, it usually shows largely deviation 
from the initial disordered structure. Further discus
sion about this problem is presented in our previous 
work [9]. If any calculated SQSs show both abnormally 
enthalpy of mixing and the deviation from the initial 
structure RDF, we excluded all the anomaly results 
from the interaction parameters evaluations. Finite 
temperature phonon calculations were performed on 
SQSs to obtain the vibrational contribution to the free 
energy. The total free energy can be obtained from 
combining 0K, electron excitation, and vibrational 
contributions as presented in Equation 10. Figure 5 
shows finite temperature mixing energy of fcc SQS at 
0, 500, 1000, 1500 and 2000 K. Only the finite tem
perature at 25, 50 and 75 at.% Nb were obtained owing 
to the higher computational resource required at other 
concentration. Only the data from 12.5 to 50 at.% Nb 
were excluded owing to the anomaly mention earlier. 
With these data points, temperature dependent inter
action parameters were evaluated according to 
Equation 7. The solid lines in Figure 5 show the 
calculated excess term at 0, 500, 1000, 1500 and 2000 
K from the interaction parameters listed in Table 6.

Figure 6 shows the Al-Nb binary phase diagram 
calculated from the first-principles data. The liquid 
interaction parameters are all equal to zero, corre
sponds to an ideal solution model. The AlNb2 only 
stabilize up to 730 �C. As aforementioned, AlNb3 is 
unstable at 0 K. The stability of AlNb3 begins from 240 
�C. Without the liquid interaction parameters, AlNb3 
stability is extended to high temperature. Even with 
the ideal solution for the liquid phase, the calculated 
Al-Nb phase diagram exhibits all the distinguish 

features similar to the calculated phase diagram from 
He et al. [12] as shown in Figure 7. At the temperature 
above 3500 �C, bcc-disordered phase become stable 
again. It it typical to see this kind of behavior occurs in 
assessed thermodynamic database. Owing to the lim
ited number of terms used in the interaction para
meters, result in the incorrect extrapolation in the 
high temperature region. Thus, we adjust the liquid 
interaction parameters based on the data from 
Witusiewicz et al. [11]. The Al-Nb liquid interaction 
parameters are listed in Table 6. Figure 8 illustrates the 
Al-Nb binary phase diagram calculated with the inter
action parameters of the liquid phase listed in Table 6. 
All the features that comparable with the calculated 
phase diagram from He et al. [12] are presented in the 
calculated phase diagram. In published phase diagram, 
the decomposition of both AlNb2 and AlNb3 are from 
peritectic reaction; however, in our calculated phase 
diagram, AlNb2 in not decompose into liquid phase 
owing to the lower stability of AlNb2 phase. AlNb3 is 
melting congruently instead of peritectic reaction. It is 
possibly from the lower liquid stability at high tem
perature from the liquid interaction parameters. By 
adjusting the liquid interaction parameters, it is pos
sible to achieve the peritectic reaction for the AlNb3 
decomposition. At high temperature, the bcc- 
disordered phase boundary is deviated from He et al. 
[12] phase diagram. It is likely owing to the simplifica
tion of the bcc-disordered interaction parameters. 
Because only 0th-ordered parameter is used, where 
He el al. [12] used both 0th- and 1st-ordered interac
tion parameters. To accurately represent the bcc- 
disordered phase boundary at high temperature, 
more interaction parameters and accurate DFT calcu
lations might needed.

3.3. Nb-Ni

According to Materials Project database [40], there are 
only two stable intermediate compounds (Nb7Ni6 and 
NbNi3). However, based on experimental data [53– 
56], there is one more stable compound (NbNi8). 
According to the literature, NbNi8 is stable from low 
temperature and decomposed via peritectoid reaction 
into NbNi3 and fcc-disordered at 515 �C. There is no 
report of solid solubility in NbNi8. Thus, the stoichio
metric description will be used for NbNi8 phase. 
Nb7Ni6 and NbNi3 phases appear to have solid solu
bility. To accommodate the solid solubility in NbNi3, 
(Nb,Ni)(Nb,Ni)3 sublattice will be employed. Nb7Ni6 
is typically called μ phase. To correctly model the 
solubility in Nb7Ni6 phase, a four sublattice model 
((Nb,Ni)Nb4(Nb,Ni)2(Nb,Ni)6) is required. However, 
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fitted interaction parameters using the mixing energy (line).

Sci. Technol. Adv. Mater. Meth. 4 (2024) 8                                                                                                                                 A. SAENGDEEJING et al.



to reduce to complexity of the sublattice model and 
shorten the calculation times, Nb7(Nb,Ni)6 sublattice 
model is selected to represent the solubility between 
Nb and Ni for Nb7Ni6 phase. Only Ni site can be 
occupied with Nb atom but Nb site cannot be occu
pied by Ni atom. Table 4 lists the sublattice model used 
for the Nb-Ni binary system. Chen et al. [15] also 
selected Nb7(Nb,Ni)6 sublattice model to represent 

the solubility in the Nb7Ni6 phase. The calculated 
DFT results for all the end-member structures in the 
Nb-Ni binary system are listed in Table 1.

Figure 9 plots all the calculated formation enthalpy 
at different Ni concentration for all two structures, 
including their anti-site configurations. There are 
only two structures that formed the convex hull 
(Nb7Ni6 and NbNi3). The enthalpy of formation for 

Table 6. CALPHAD parameters for the Al-Nb-Ni thermodynamic database 
(part 1).

Phases Gibbs/Interactions Parameters

fcc 0Gfcc
Al

a0Gfcc
Al

0Gfcc
Nb

a0Gfcc
Nb

0Gfcc
Ni

a0Gfcc
Ni

0Lfcc
Al;Nb

− 130000 + 18T
0Lfcc

Al;Ni
− 145582 + 8.17T [8]

1Lfcc
Al;Ni

+59552 - 4.7T [8]
2Lfcc

Al;Ni
+65528 - 2.29T [8]

0Lfcc
Nb;Ni

− 75000

bcc 0Gbcc
Al

a0Gbcc
Al

0Gbcc
Nb

a0Gbcc
Nb

0Gbcc
Ni

a0Gbcc
Ni

0Lbcc
Al;Nb

− 75000 + 18T
0Lbcc

Al;Ni
− 93693 + 6T [8]

1Lbcc
Al;Ni

+82380 - 7T [8]
2Lbcc

Al;Ni
+87090 - 4.95T [8]

0Lbcc
Nb;Ni

− 12250 + 3.5T

hcp 0Ghcp
Al

a0Ghcp
Al

0Ghcp
Nb

a0Ghcp
Nb

0Ghcp
Ni

a0Ghcp
Ni

0Lhcp
Al;Nb

− 140000 + 23T

Liquid 0Gliq
Al

a0Gliq
Al

0Gliq
Nb

a0Gliq
Nb

0Gliq
Ni

a0Gliq
Ni

0Lliq
Al;Nb

− 110000 + 20T
1Lliq

Al;Nb
+8500

0Lliq
Al;Ni

− 207109 + 41.32T [8]
1Lliq

Al;Ni
− 10186 + 5.87T [8]

2Lliq
Al;Ni

+81205 - 31.96T [8]
3Lliq

Al;Ni
+4365 - 2.52T [8]

4Lliq
Al;Ni

− 22102 + 13.16T [8]
0Lliq

Nb;Ni
− 80000 - 6.3T

1Lliq
Nb;Ni

+100000 - 19T
3Lliq

Nb;Ni
+10000

Al3Nb 0GAl3 Nb
Al4

4 a0Gfcc
Al +1000 + T

0GAl3 Nb
Al3 Nb

3 a0Gfcc
Al + a0Gbcc

Nb − 166076 + 28.56T
0GAl3 Nb

Nb3 Al
a0Gfcc

Al +3 a0Gbcc
Nb − 25301 + 1.07T

0GAl3 Nb
Nb4

4 a0Gbcc
Nb +55883 + 5.9T

0LAl3 Nb
Al:Al;Nb

+20000
0LAlNb3

Al;Nb:Nb
+20000

AlNb2 0GAlNb2
Al3

3 a0Gfcc
Al +19326 - 13.33T

0GAlNb2
AlNb2

a0Gfcc
Al +2 a0Gbcc

Nb − 86001 + 14.63T
0GAlNb2

AlNi2

a0Gfcc
Al +2 a0Gfcc

Ni − 94927 + 9.82T
0GAlNb2

NbAl2
2 a0Gfcc

Al + a0Gbcc
Nb − 43614 + 5.56T

0GAlNb2
Nb3

3 a0Gbcc
Nb +24080 + 3.19T

0GAlNb2
NbNi2

a0Gbcc
Nb +2 a0Gfcc

Ni +13964 - 15.88T
0GAlNb2

NiAl2
2 a0Gfcc

Al + a0Gfcc
Ni − 92670 - 7.10T

0GAlNb2
NiNb2

2 a0Gbcc
Nb + a0Gfcc

Ni − 31522 - 1.76T
0GAlNb2

Ni3
3 a0Gfcc

Ni +28756 - 13.77T

a SGTE pure elements database [19].
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NbNi8 is slightly above the convex hull. According to 
literature [53–55], the formation of NbNi8 requires 
a long annealing time and numerous excess vacancies 
from either rapid quenching or charged-particle irra
diation. Therefore, NbNi8 might be stabilized by 
vacancy mechanism. Because the DFT calculation of 
NbNi8 does not contain any vacancy, the NbNi8 is not 
sufficiently stable to form the convex hull in the Nb-Ni 
binary system. Table 1 shows the enthalpy of forma
tion of compounds obtained from the published ther
modynamic database [15] in parenthesis. The two 

stable intermediate compounds are Nb7Ni6 and 
NbNi3, which agree with published experimental 
phase diagram [57] and assessed thermodynamic 
database [13]. Other end-member energies are all 
above the convex hull. To evaluate the interaction 
parameters between end-members, the correspond 
SQSs are generated. Table 5 lists the calculated mixing 
energy from (Nb0:5Ni0:5)Ni3 and Nb(Nb0:5Ni0:5)3 SQS. 
The Nb7(Nb0:5Ni0:5)6 SQS is generated but the con
vergent problem occurs during the DFT calculations. 
Thus, the mixing energy of Nb7Ni6 SQS is unavailable. 
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fcc
A
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b

Figure 6. Phase diagram of the Al-Nb binary system with ideal liquid model.
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Figure 7. Phase diagram of the Al-Nb binary system with liquid interaction parameters from Witusiewicz et al. [11].
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Similar to the Al-Nb binary system, only the tempera
ture independent interaction parameters are evaluated 
and listed in Table 7.

Figure 10 shows the calculated enthalpy of mixing 
across the composition range for fcc-, bcc-, and hcp- 
disordered structures. For fcc results, it seems that the 
data at 75 and 87.5 at.% Nb are outlier because they are 
more stable than other data points. For hcp results, 
similar to fcc, the data at 50 at.% Nb are more stable 
than the nearest data points. Applying the same ana
lysis for SQS in the Al-Nb section, we will exclude the 
outlier data points from the further evaluations. For 

bcc results, the data at 12.5, 25, 37.5, and 50 at.% Nb 
are considered outlier. Because the ground state struc
ture of Nb is bcc, the data point at higher at.% Nb can 
be considered more reliable. The data at 12.5, 25, 37.5, 
and 50 at.% Nb will be excluded. Figure 11 shows finite 
temperature mixing energy of fcc SQS at 0, 500, 1000, 
1500 and 2000 K. Assuming regular mixing behavior, 
the bcc-disordered interaction parameter was 
obtained using only the 75 at.% Nb datasets. The 
interaction parameters of fcc- and hcp-disordered 
phases can be obtained from the same procedure and 
are listed in Table 6.

By employing the ideal solution for the liquid 
phase, the Nb-Ni phase diagram with the first- 
principles calculations data is plotted in 
Figure 12. Both Nb7Ni6 and NbNi3 phases are 
stable while NbNi8 is unstable. NbNi3 stability 
extends to a high temperature before decompose 
into hcp-disordered and liquid phase through the 
peritectic reaction. The hcp-disordered phase is 
presented at high temperature but is not presented 
in any published phase diagrams [13–15,57–59]. 
Figure 13 shows the calculated phase diagram 
from published thermodynamic database from 
Chen et al. [15] that have the NbNi8 phase stable 
up to 515 �C. The solubility of Ni-rich fcc- 
disordered phase seems to be narrower compared 
to published phase diagram. This might be the 
consequence from the vibrational contribution to 
the free energy of the reference phases. In case of 
fcc Nb, imaginary phonon frequencies have appear. 
This results in error when performing the 
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Figure 8. CALPHAD assessed phase diagram of the Al-Nb binary system from He et al. [12].
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integration for vibrational energy owing to the 
ignoring of the imaginary frequencies. This results 
in the inaccuracy on the finite temperature part of 
the interaction parameter of the disordered phases. 
The parameters for the Nb-Ni binary system are 
listed in Table 7. Using the liquid interaction from 
Matsumoto et al. [60], the Nb-Ni phase diagram is 

shown in Figure 14. With liquid interaction para
meters, the stability of high temperature hcp- 
disordered phase is suppressed. The stability of 
both Nb7Ni6 and NbNi3 phases are similar to that 
appearing in the published phase diagram [15]. The 
solubility of Nb7Ni6 is slightly smaller. This prob
ably resulted from the lack of interaction 

Table 7. CALPHAD parameters for the Al-Nb-Ni thermodynamic database (part 2).
Phases Gibbs/Interactions Parameters

AlNb3 0GAlNb3
Al4

4 a0Gfcc
Al +30453 - 24.17T

0GAlNb3
AlNb3

a0Gfcc
Al +3 a0Gbcc

Nb − 69820 - 16.78T
0GAlNb3

AlNi3

a0Gfcc
Al +3 a0Gfcc

Ni − 103361 - 0.72T
0GAlNb3

NbAl3
3 a0Gfcc

Al + a0Gbcc
Nb − 25564 + 8.49T

0GAlNb3
Nb4

4 a0Gbcc
Nb +40578 - 8.88T

0GAlNb3
NbNi3

a0Gbcc
Nb +3 a0Gfcc

Ni − 85851 - 17.32T
0GAlNb3

NiAl3
3 a0Gfcc

Al + a0Gfcc
Ni − 92574 - 20.18T

0GAlNb3
NiNb3

3 a0Gbcc
Nb + a0Gfcc

Ni − 21320 - 4.38T
0GAlNb3

Ni4
4 a0Gfcc

Ni +52889 - 27.85T
0LAlNb3

Al;Nb:Nb
+20000

Al3Ni-D011 0GAl3 Ni
Al12 Ni4

16 a0Gfcc
Al − 620774 + 19.91T + 4.67�10� 2T2

Al3Ni2-D513 0GAl0:6 Ni0:4
Al

a0Gfcc
Al +17122 - 3.50T + 2.19�10� 3T2

0GAl0:6 Ni0:4
Al0:6 Ni0:4

0.6 a0Gfcc
Al +0.4 a0Gfcc

Ni − 58466 + 2.23T + 3.15�10� 3T2

0GAl0:6 Ni0:4
Ni0:6 Al0:4

0.4 a0Gfcc
Al +0.6 a0Gfcc

Al − 28881 - 1.44T + 2.31�10� 3T2

0GAl0:6 Ni0:4
Ni

a0Gfcc
Ni +31967 - 3.86T − 1.08�10� 4T2

0L0LAl0:6 Ni0:4
Al;Ni:Al

− 10388 + 1.02T + 2.08�10� 4T2

0LAl0:6 Ni0:4
Al:Al;Ni

− 16305 + 1.17T + 3.77�10� 4T2

0LAl0:6 Ni0:4
Al;Ni:Ni

− 10388 + 1.02T + 2.08�10� 4T2

0LAl0:6 Ni0:4
Ni:Al;Ni

− 16305 + 1.17T + 3.77�10� 4T2

Al4Ni3 0GAl4 Ni3
Al4 Ni3

4 a0GAlfcc +3 a0Gfcc
Ni − 418712 + 9.04T + 2.24�10� 2T2

Al3Ni5 0GAl3 Ni5
Al3 Ni5

3 a0Gfcc
Al +5 a0Gfcc

Ni − 432983 + 8.15T + 1.49�10� 2T2

6*Nb7Ni6 0GNb7 Ni6
Al13

13 a0Gfcc
Al +134471 - 67.40T

0GNb7 Ni6
Al7 Nb6

7 a0Gfcc
Al +6 a0Gbcc

Nb +33138 - 22.23T
0GNb7 Ni6

Al7 Ni6
7 a0Gfcc

Al +6 a0Gfcc
Ni − 594334 - 4.11T

0GNb7 Ni6
Nb7 Al6

6 a0Gfcc
Al +7 a0Gbcc

Nb − 312429 + 49.76T
0GNb7 Ni6

Nb13
13 a0Gbcc

Nb +216308 + 11.64T
0GNb7 Ni6

Nb7 Ni6
7 a0Gbcc

Nb +6 a0Gfcc
Ni − 259502 + 6.46T

NbNi3 0GNbNi3
Al4

4 a0Gfcc
Al +12688

0GNbNi3
AlNb3

a0Gfcc
Al +3 a0Gbcc

Nb − 39713 + 12.30T
0GNbNi3

AlNi3

a0Gfcc
Al +3 a0Gfcc

Ni − 158086 + 10.6T
0GNbNi3

NbAl3
3 a0Gfcc

Al + a0Gbcc
Nb − 128407 + 24.70

0GNbNi3
Nb4

4 a0Gbcc
Nb +76149 - 2.21T

0GNbNi3
NbNi3

a0Gbcc
Nb +3 a0Gfcc

Ni − 113880 + 2.12T
0GNbNi3

NiAl3
3 a0Gfcc

Al + a0Gfcc
Ni − 99228 - 0.82T

0GNbNi3
NiNb3

3 a0Gbcc
Nb + a0Gfcc

Ni +44509 - 16.48T
0GNbNi3

Ni4
4 a0Gfcc

Ni +9539 - 3.63T
0LNbNi3

Nb;Ni:Ni
+8000

bcc-B2 0Gbcc� B2
Al2

2 a0Gfcc
Al +18500 - 3.94T

0Gbcc� B2
AlNb

a0Gfcc
Al + a0Gbcc

Nb − 6774 + 6.18T
0Gbcc� B2

AlNi
a0Gfcc

Al + a0Gfcc
Ni − 127901 + 2.60T

0Gbcc� B2
NbAl

a0Gfcc
Al + a0Gbcc

Nb − 6774 + 6.18T
0Gbcc� B2

Nb2
2 a0Gbcc

Nb +1000 + T
0Gbcc� B2

NbNi
a0Gbcc

Nb + a0Gfcc
Ni − 3492 - 14.01T

0Gbcc� B2
NiAl

a0Gfcc
Al + a0Gfcc

Ni − 127901 + 2.60T
0Gbcc� B2

NiNb
a0Gbcc

Nb + a0Gfcc
Ni − 3492 - 14.01T

0Gbcc� B2
Ni2

2 a0Gfcc
Ni +18203 - 8.01T

0Lbcc� B2
Ni:Al;Ni

− 60000 - 4T
0Lbcc� B2

Al;Ni:Ni
− 60000 - 4T

aSGTE pure elements database[19].
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parameters. The solid solubility of NbNi3 is much 
larger compared to the published phase diagram. 
The lack of the temperature dependent term in the 
interaction parameters and the error in the fcc- 
disordered energy might be the causes for larger 
solubility range. The bcc-disordered phase bound
ary is comparable to the published phase diagram.

3.4. Al-Nb-Ni

The thermodynamic database for the Al-Nb-Ni tern
ary system is established by combining the Al-Ni, Al- 
Nb, and Nb-Ni binary systems together. All the stable 
ternary compounds listed in Materials Project data
base [40] and indicated in experimental data [16,61], 
including intermediate ternary compounds and 
extended solid solution from binary, are added to 
database. There are only two intermediate ternary 
phases presented (AlNbNi2 and AlNbNi). Another 
ternary phase (M phase) that has been identified as 
high temperature phase by Du et al. [16,62–64]. It has 
the structure that similar to μ-Nb7Ni6 with higher Al 
content. Owing to the complexity of the M phase 
structure, it will be excluded from the modeling. 
Based on the experimental investigation [16,61], 
there are limited solubility range for AlNbNi2 ternary 
phase. Thus, to simplify the model, stoichiometric 
description will be used for AlNbNi2. AlNbNi phase 
has small solubility range for Nb but large solubility 
between Al and Ni. The (Al,Ni)Nb (Al,Ni) sublattice 
will be used to represent the solubility of Al and Ni 
elements in AlNbNi phase. Table 4 lists all the ternary 
sublattice models used in the Al-Nb-Ni system. Table 1 
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presents formation enthalpy and entropy for all ternary 
compounds and the end-members of the sublattice 
models. Additional mixing enthalpy from SQS for 
ternary ((Al0:5Ni0:5)NbNi, AlNb(Al0:5Ni0:5), and 
(Al0:5Ni0:5)Nb(Al0:5Ni0:5)) and extended solubility 
phases from binary are listed in Table 5. Similar to the 
binary interaction parameter evaluations, the SQS 

mixing energy of corresponding each sublattice model 
were used. As aforementioned, only 0 K mixing energy 
calculations are performed owing to the high computa
tional cost for the finite temperature properties of the 
SQS. Owing to the unavailable of the first-principles 
liquid data, only binary liquid interaction parameters 
from the binaries are included. The ternary liquid 
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Figure 13. Phase diagram of the Nb-Ni binary system with liquid interaction parameters from Matsumoto et al. [60].
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Figure 14. CALPHAD assessed phase diagram of the Nb-Ni binary system from Chen et al. [15].
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interaction parameters are all zero. Tables 6, 7 , and 8 
list the available parameters of the Al-Nb-Ni ternary 
system.

Figure 15 shows the isothermal section at 900 �C of the 
Al-Nb-Ni ternary system. Two ternary intermediate 
compounds (AlNbNi2 and AlNbNi) are stable at this 
temperature, which agrees with the published ternary 
phase diagram from Bhedwar et al. [61] and the assessed 
thermodynamic database from Du et al. [16]. The 
extended solubility from the binary are presented in 
AlNb3, AlNb2, AlNi-B2, AlNi3, Nb7Ni6, and NbNi3 

phases. The solubility range of AlNbNi phase is limited 
(<5%) comparing to the phase diagrams from Bhedwar 
et al. [61] and Du et al. [16] (>50%). The absence of finite 
temperature interaction parameter might contribute to 
the narrower solubility range of the AlNbNi phase. It is 
proved that the Al-Nb-Ni thermodynamic database from 
the first-principles data can correctly reproduce the pub
lished phase diagram. Figure 16 shows the isothermal 
section at 1127 �C. As the temperature increases, the 
liquid phase field become larger and all the extended 
solubility from binary compounds seem to become larger 

Table 8. CALPHAD parameters for the Al-Nb-Ni thermodynamic database (part 3).
Phases Gibbs/Interactions Parameters

fcc-L12 0Gfcc� L12
Al4

4 a0Gfcc
Al

0Gfcc� L12
AlNb3

a0Gfcc
Al +3 a0Gbcc

Nb − 44216 + 6.01T
0Gfcc� L12

AlNi3
3 a0Gfcc

Al + a0Gfcc
Ni − 167212 + 3.67T

0Gfcc� L12
NbAl3

3 a0Gfcc
Al + a0Gbcc

Nb − 102105 + 10.21T
0Gfcc� L12

Nb4
4 a0Gfcc

Nb

0Gfcc� L12
NbNi3

a0Gbcc
Nb +3 a0Gfcc

Ni − 51723 - 13.76T
0Gfcc� L12

NiAl3
3 a0Gfcc

Al + a0Gfcc
Ni − 83972 - 10.80T

0Gfcc� L12
NiNb3

3 a0Gbcc
Nb + a0Gfcc

Ni +39720 + 10.21T
0Gfcc� L12

Ni4
4 a0Gfcc

Ni

0Lfcc� L12
Al;Nb:Ni

− 50000
0Lfcc� L12

Al;Ni:Ni
+20000

AlNbNi2 0GAlNbNi2
AlNbNi2

a0Gfcc
Al + a0Gbcc

Nb +2 a0Gfcc
Ni − 168240 - 16T

AlNbNi 0GAlNbNi
AlNbAl

2 a0Gfcc
Al + a0Gbcc

Nb − 84747 + 14.40T
0GAlNbNi

AlNbNi
a0Gfcc

Al + a0Gbcc
Nb + a0Gfcc

Ni − 124500 + 9.66T
0GAlNbNi

NiNbAl
a0Gfcc

Al + a0Gbcc
Nb + a0Gfcc

Ni − 115641 + 8.64T
0GAlNbNi

NiNbNi
a0Gbcc

Nb 2 a0Gfcc
Ni − 56280 + 3T

0LAlNbNi
Al;Ni:Nb:Ni

− 31000
0LAlNbNi

Al:Nb:Al;Ni
− 110000

a SGTE pure elements database[19].
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Figure 15. Isothermal section of the Al-Nb-Ni phase diagram at 900 �C.
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as well. Based on the literature, M phase is presented at 
this temperature. Owing to the exclusion of the M phase 
from the modeling, the calculated phase diagram cannot 
accurately reproduce the phase diagram in the region 
where M phase is presented. However, in other regions, 
the first-principles phase diagram is similar to the pub
lished phase diagram [16,61].

4. Conclusion

In this work, we demonstrate that, by employing only 
the data from first-principles calculations, the thermo
dynamic database for the Al-Nb-Ni ternary system can 
be correctly and rapidly constructed. All the invariant 
reactions can be successfully reproduced. Although, it 
cannot accurately reproduce the solubility limit and 
transformation temperatures of every phases, it helps 
by rapidly establishing a preliminary thermodynamic 
databases. To achieve more accurate prediction of the 
calculated phase diagram, higher approximations for 
vibrational contribution, such as quasi-harmonic or 
even anharmonic approximations might be required. 
Other contributions to the free energy, such as mag
netic ordering should be considered. Traditional 
CALPHAD thermodynamic assessment requires sev
eral experimental data, which are costly and time 
consuming. By integrating the DFT calculations data, 
which will help accelerate the thermodynamic data
base development, it provides a guidance on which 
additional data point need to further improve the 
accuracy of the database. By using along side with 
the uncertainty quantification (UQ) [65], the area of 

phase diagram that need more accurate experimental 
or DFT calculations data point can be identified. The 
semi-automated or automated generation of thermo
dynamic database for many unknown systems can be 
achieved. As previously mention, the sublattice mod
els for both σ and μ phases are simplified in order to 
reduce the complexity of the first-principles calcula
tions. To enable the higher compatibility with other 
thermodynamic databases, the modification of the 
sublattice models might needed. However, it is possi
ble to directly replace the sublattice model of both 
phases in the future work without any re- 
optimization of the parameters in the thermodynamic 
database. The main challenge for rapid development 
of the first-principles thermodynamic database is the 
free energy description of the liquid phase. It is possi
ble to calculate the free energy of liquid phase from 
DFT; however, it is rather computational expensive 
owing to the nature of the liquid phase that usually 
require anharmonic contribution because it existed at 
high temperature near or above melting point [66]. 
Currently, performing experimental measurement of 
the temperature and compositions upon the melting 
of the liquid phase are simpler and faster than using 
first-principles calculations. Therefore, experimental 
data point is critical in achieving highly accurate ther
modynamic assessment for any system. First- 
principles calculations play an important role on redu
cing the number of required experimental data points 
and help saving time and cost for the multi- 
component thermodynamic database development.
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AlNi3AlNi
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Figure 16. Isothermal section of the Al-Nb-Ni phase diagram at 1127 �C.
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