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a b s t r a c t

This paper presents a Calphad-type thermodynamic database for the Fe–Nb–Ni system. The stable phases

in this ternary system are liquid, fcc_A1, bcc_A2, C14 Laves, D0a, D85 and L12_fcc but we took also into

account the C15 Laves and the metastable D022 phase because of their engineering interest. Available

optimizations of the unary and binary systems were selected from the literature with the constraint

that the Gibbs energy descriptions must be compatible. The only amendment needed to the selected

assessments concerned the parameters for the D85 in the Fe–Nb system. In addition, ab-initio calculations

have been performed using the VASP in order to help with estimating enthalpies of formation of some

binary end members of the intermetallic compounds. The optimization of the Fe–Nb–Ni ternary system

was performed using mostly experimental data available in the literature.

1. Introduction

This work was initiated as part of a study devoted to the control

of precipitation during processing of Inconel 718, a Ni-superalloy

used in particular to manufacture disks for aeronautic and power

turbines. Its good mechanical properties result from hardening by

precipitation of two semi-coherent phases, mostly the metastable

D022_Ni3Nb (γ ′′) phase complemented with a small amount of

L12_fcc (γ ′ or Ni3Al) phase. This alloy contains Ni, Fe and Cr as

main elements, Nb,MoandAl asmajor additions but also in smaller

quantities Ti, Co, C, Si, Mn, Ta, etc. The phases encountered during

processing and service of Inconel 718 are thematrix fcc_A1 (γ ), the

stable D0a_Ni3Nb (δ sometimes called also β) and the metastable

D022_Ni3Nb (γ ′′) and L12_fcc (γ ′ or Ni3Al). In some occasions,

other phases have been reported as MC and M6C carbides, Laves,

and bcc_A2 (Cr) and possibly η (hcp_Ni3Ti).

For simulating the phase transformations during process-

ing and service, one needs to couple a thermodynamic soft-

ware (Thermo-Calc [1]) with a diffusion one (DICTRA [1], or

MICRESS [2]).Wedecided to focus on the quaternary Cr–Fe–Nb–Ni,

and to build for it both a thermodynamic database and a mobility

database. We present here our work on the ternary Fe–Nb–Ni.

Raghavan [3–5], (Fig. 1) has presented various short assess-

ments and compilations of some references about the Fe–Nb–Ni

system. The phases to take into account are liquid, fcc_A1, bcc_A2,

C14_Laves, D0a, D85 and L12_fcc stable already on the binaries and
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possibly C15_Laves and C36_Laves quoted by some authors [6–

8]. Additionally, the metastable D022 phase is encountered experi-

mentally [9–12].

The general idea of our study is, on one hand, to attempt to

use ab-initio data for optimization work, in particular because we

have to cope with metastable phases, and, on the other hand, to

represent reasonably well the set of experimental data at different

temperatures, with a minimum of parameters to be optimized, in

order to build a quaternary database Cr–Fe–Nb–Ni as simply as

possible. A bibliographic survey of the available optimizations for

the limiting binary systems and of the ternary information will

be first presented. Then ab-initio calculations performed as part

of this work are detailed and compared to literature data. Finally

a Calphad-type optimization, performed with TCCR (Thermo-Calc

Classical version R) [1], is presented and illustrated.

We will use the assumption that the pressure dependence

of the Gibbs energies can be neglected at a pressure about the

atmospheric pressure p◦. Per default, the units in this publication

are atomic or mole, percents or fractions for concentration, Joule

for energies and Kelvin for temperatures.

2. Bibliographic survey

2.1. Unary and binary information

The unary Gibbs energies for the liquid fcc_A1 and bcc_A2

phases have been taken from the database SSOL2 [1]: they are

from Dinsdale [13]. The unary Gibbs energies of formation of pure

elements D0a, C14 and C15 set equal to 5000 J/mol-at. come from

Dupin and Ansara [14] and Coelho et al. [15].
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Fig. 1. Isothermal section of the Fe–Nb–Ni system at 1473 K from Takeyama

et al. [8] reported by Raghavan [5].

We present here a short bibliographic study on previous
estimations or optimizations of the Gibbs energies for the binary
stable phases. The phases liquid, fcc_A1, bcc_A2 are phases
commonly described with substitution on one sublattice for
metallic elements, while the Laves phases C14, C15 and C36
are most of the time described with a two-sublattice model
(A, B, C, . . .)2(A, B, C, . . .)1 according to the Compound Energy
Formalism (CEF). The models adopted for the other phases, D0a,
D85, D022 and L12 will be discussed below.

Themagnetic properties of the phases have only been compiled
by Dinsdale [13] for the unary fcc_A1 and bcc_A2, by Dinsdale and
Chart [16] for Fe–Ni fcc_A1 and by Bolcavage and Kattner [17]
for Nb–Ni fcc_A1. For fcc_A1 in Fe–Nb and bcc_A2 in all three
binary systems, the magnetic properties, namely the second-
order transition temperatures and the magnetic moments, were
simply supposed to vary linearly between the values for pure
elements. For the phases other than fcc_A1 and bcc_A2, the
magnetic properties have neither been discussed nor described
by any of the authors of Calphad-type assessments. As ab-initio
calculations depend in particular on the starting assumption of
the kind of magnetism (especially ferro or antiferromagnetism),
a bibliographic study and a discussion about such magnetic
properties are presented below for all the phases.

2.1.1. Fe–Nb

This binary presents, as stable phases, liquid, fcc_A1, bcc_A2,
C14 and D85 (Fig. 2).

The Fe–Nb available in the SSOL2 database is the one from
Huang [18] where the C14 phase is stoichiometric and where
the D85 (μ) phase is described with a very narrow field of
existence in composition and with a congruent melting, which is
in disagreement with experimental data of Zelaya et al. [19].

Coelho et al. [15] proposed an optimization fitting correctly the
experimental data and with a classical two-sublattice model for
C14 and a model (Nb)6(Fe,Nb)7 for D85.

The binary Fe–Nb has also been optimized by Srikanth
and Petric [20] but with a stoichiometric D85 not fitting the
experimental data. Besides their C14 phase is treated with a three-
sublattice model, not compatible with the two-sublattice one used
by Costa et al. [21] for their optimization of Cr–Nb that we have
selected for ourwork on the Cr–Nb–Ni and Cr–Fe–Nb systems [22].

The most recent assessment from Toffolon and Servant [23]
was finally preferred to Coelho et al. [15]. In fact, Toffolon and

Fig. 2. Fe–Nb phase diagram calculated thanks to the optimization of Toffolon and

Servant [23] (four sublattices for D85).

Servant [23] published two optimizations with two different
models for D85 (a three- or a four-sublattice model).

In order to limit the number of parameters for this phase when
extending the description to higher systems, itwas decided to use a
simple two sublatticemodel for D85. Thereforewe had to re-adjust
the parameters of the D85 with a two-sublattice description.

None of the optimizations took into account any magnetic
properties for the C14 phase or for the D85 one.

Experimentally Read et al. [24] have studied the magnetic
properties of Fe2Nb (C14_Laves) and of the D85 phase by magnetic
andMössbauermeasurements in the range 4–400K. They conclude
that D85 is antiferromagnetic below 270 K and that the C14 is
weakly ferromagnetic. In particular, they present the experimental
evolution of its Curie temperature versus composition. Osipova
and Panteleimonov [25] found that the Fe2Nb intermetallic
compound is paramagnetic at all temperatures but Shiga and
Nakamura [26] found a composition dependent ferromagnetic
behavior.

Inoue and Shimizu [27] have calculated the Density of States
(DOS) for Fe2+xNb1−x C14 by making use of Tight-Binding scheme
and deduce properties of alloys based on the pair approximation
as the Curie temperature and the corresponding ferromagnetic
moment. They compared them to experimental values from Read
et al. [24] and Shiga and Nakamura [26]. According to their
calculation and to the data they quote, the properties are strongly
dependent on the composition.

But other authors describe the Fe2Nb C14 phase as a very weak
anti-ferromagnetic phase. The Néel temperature was determined
to be about 10 K [28,29] by magnetization measurements and
Nuclear Magnetic Resonance (NMR), 21.4 K [30] by measuring
the temperature dependence of hysteresis loops, initial Alternative
Current (AC)-susceptibility and Zero Field Cooled-Field Cooled
(ZFC-FC) magnetizations, or 18 K by Crook and Cywinski [31]
thanks to Direct Current (DC) magnetization.

In fact, Crook and Cywinski [31] and Turtelli et al. [30]
explain a more complicated magnetic behavior of the Fe2Nb C14
with a ferro–antiferro magnetic competition depending on the
temperature and on the composition.

For the bcc_A2 phase, the linearity and the slope deduced
from the unaries [13] is in good agreement with the ab-
initio calculations for Fe-rich Fe–Nb bcc_A2 alloys, performed by
Kobayashi et al. [32] with the Koringa–Kohn–Rostoker Coherent
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Fig. 3. Fe–Ni phase diagram calculated thanks to the optimization of Lee [35]

(above 790 K).

Potential Approximation (KKR-CPA) based on the Local Spin
Density Approximation (LSDA).

2.1.2. Fe–Ni

The stable phases are liquid, fcc_A1 and bcc_A2 (Fig. 3) and
additionally L12_fcc and L10 at temperatures below 790 K.

Xing et al. [33], Gabriel et al. [34], Dinsdale and Chart [16] and
Lee [35] have optimized Fe–Ni. But following Miettinen [36], the
binary Fe–Ni we selected was taken from the database SSOL2 [1]
(from [16]) and themodification proposed by Lee [35] for the liquid
has been introduced, in order to be able to use the optimization of
the ternary Cr–Fe–Ni from [36,37] for the quaternary system later
on. It has to be noticed that the final aim of Lee’s modification [35]
was to better fit the Fe-rich composition properties, which is not
our aim as we are interested in the Ni-rich side properties. But the
modification does not lead to any lesser agreement of the rest of
the diagram.

The modelling of the magnetic properties of fcc_A1 is from
SSOL2 [16].

Below 790 K, the ordered (Ni3Fe) L12_fcc is stabilized. This
part will be discussed later on (see 2.1.5). The L10 phase (about
45% Fe–55% Ni) found stable at lower temperature (below about
590 K according to the calculation from Ohnuma et al. [38]) in
Fe–Ni alloys from meteorites equilibrated for millions of years in
space [39,40], has not be taken into account.

2.1.3. Nb–Ni

This binary presents the phases liquid, fcc_A1 and bcc_A2, D0a

and D85 (Fig. 4).
The optimization from Bolcavage and Kattner [17] with two-

sublattice models for D0a and for D85 compatible with our other
choices has been chosen and introduced. Other assessments by
Kejun et al. [41], Chen and Du [42] and Joubert et al. [43] were
rejectedmainly because theD85 (μ)was describedwith three, four
or five sublattices.

It has to be noticed that Bolcavage and Kattner [17] took into
account the composition dependence of the ferromagnetic Curie
temperature of the Ni-rich fcc_A1 solid solution determined by
Ali-Zade et al. [44], with corresponding magnetic moment mixing
parameters equal to 0, which means that the magnetic moment
vary linearly with the composition.

Fig. 4. Nb–Ni phase diagram calculated thanks to the optimization of Bolcavage

and Kattner [17].

Osipova and Panteleimonov [25] found Ni3Nb to be paramag-
netic at all temperatures. Fangt et al. [45] investigated a single crys-
tal of Ni3Nb D0a (but with impurities, in particular, of Fe) with
X-ray diffraction to determine the structure and with bulk mag-
netic measurements and neutron polarization analysis to charac-
terize the enhanced paramagnetic behavior: D0a is found to be
paramagnetic, at least above 1.5 K, in agreement with [25].

Ravindran et al. [46] have investigated the physical properties
of Ni3Nb D0a non magnetic using the Tight-Binding Linear-
Muffin Tin-Orbital Method (TBLMTO) within the Local-Density
Approximation (LDA) and propose their heats of formation
(referred to Ni fcc_A1 and Nb bcc).

2.1.4. The D022 phase

For this phase, magnetic determination, ab-initio results and
optimized data are available only for the unaries.

In Inco718, D022 is a tetragonal metastable phase formed on
quenching and transforms to the stable orthorhombic D0a. There
are many structures related to D022 and the continuity between
different lattices depends on the tetragonal c/a ratio [47], which
has caused some confusion of names used for such lattices in
some publications. This led us to also investigate data for the body
centered tetragonal (bct) structure as it is closely related to the
D022 structure.

It has to be pointed out that some of the data of the literature
are for thin layers and not for bulk.

Mitsuoka et al. [48] have evaluated the magnetic moment of Fe
bct from magnetization and Mossbauer spectra measurements for
the Fe–C, Fe–N and Fe–Ni–C systems. They estimate it to vary from
2.2 to 2.6 μB/at. depending on the c/a ratio.

Kattner and Boettinger [49] have optimized the ternary system
Ti–Al–Nb where this phase is stable based on the stable Al3Nb
and Al3Ti D022 and for that in particular the �Gform. of Nb D022

(reference liquid). We made the modification to refer it to Nb
bcc_A2 and we obtained a �H form.(Nb4, 0 K) = 87126.2 J/mol (or
88000 J/mol. using their own Gibbs energies). It can be compared
with the value obtained for pure Vanadium D022 proposed by
Watson and Hayes [50]: �H form.(V4, 0 K) = 32000 J/mol It has
to be noticed that Watson and Hayes [50] do not specify the
structure of their Ni3V phase but it is well-known that, in the Ni–V
binary system, the disordered fcc_A1 solid solution 75% Ni–25% V
transforms below about 1318 K [51,52] to form an ordered bct
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phase [47] and more precisely a D022 as confirmed by X-ray
diffraction in the most recent studies like for instance [53–55]. In
both cases [49] and [50], theD022 ismodelledwith a two-sublattice
model (A, B, C)1(A, B, C)3.

Kamada et al. [56] have experimentally evaluated the magnetic
moment of Ni bct on a bcc-Fe(001) layer to be 0.8μB at 4.5 Kwhere
they assume that the moment of Fe is equivalent to that of bulk Fe.
Zhu et al. [57] have conducted a systematic ab-initio study on the
Curie temperature as a function of the tetragonal distortion (c/a)
i.e. the gradual transformation from Ni bcc_A2 (c/a = 1) to Ni
fcc_A1 (c/a = 1.414), using the Linearized Augmented Plane-
Wave (LAPW) method in the Local Spin-Density Approximation
(LSDA) togetherwith theMonte-Carlo (MC) simulations. They have
calculated the Curie Temperature, TC, of Ni D022 to increase of some
180 K from the TC(Ni bcc) to TC(Ni fcc) with the c/a ratio. But their
TC(Ni bcc) and TC(Ni fcc) Curie temperature are significantly lower
than those in the SSOL2 database where the difference is besides
only 58 K.

Zhang et al. [58] have investigated the structural stability
and theoretical strength of fcc_A1 crystals under uniaxial loading
by combining the Modified Analytical Embedded Atom Method
(MAEAM) with the Modified Born Stability criteria. From their
energies of formation of Ni bct and Ni fcc_A1, we can deduce
the �H form. (0 K) of Ni bct referred to Ni fcc_A1. Nothing about
magnetism is specified in the publication.

Watson and Hayes [50] has optimized the Ni–V system
and proposes the Gibbs energy of formation of Ni4 D022. His
�H form.(Ni4, T = 0 K) is 5 times lower than the one deduced from
the ab-initio calculations [58].

2.1.5. The L12_fcc phase

The L12_fcc ⇔ fcc_A1 transformation is an order–disorder
transition and has to be modelled as such [59,60]. This means
that the Gibbs energies of the pure elements Cr, Fe, Nb and Ni
in the L12_fcc ordered phase are equal to the fcc_A1 ones. It
is possible to introduce a specific magnetism for L12 by adding
to the magnetic properties (transition temperature and magnetic
moment) of fcc_A1 additive ordered terms [61]. This can be done
only for the case when there are enough data for the fitting.

For this phase we found only data for the Fe–Ni and the Nb–Ni
systems.

As part of their optimization of the Cu–Fe–Ni system Servant
et al. [62] have proposed a Gibbs energy description of the Fe–Ni
L12 phase, taken from an unpublished work by Ansara [63].
Ansara [63] used the two-sublattice model (interstitial site not
counted) but Servant et al. [62] converted it to four sublattices. We
translated it ‘‘back’’ to a two-sublatticemodel thanks to conversion
formula [65,62,66]. The four-sublattice model is considered more
general than the two-sublattice one but, again, the purpose here is
to be able to use a simple enough model. The Fe–Ni phase diagram
including L12 is presented on Fig. 5.

It seems appropriate to investigate the literature on magnetic
properties and ab-initio calculations in order to have a point of
comparison and evaluation of the validity of our model and choice.

Himuroa et al. [67] investigated the order–disorder and the
Curie temperatures of FeNi3–Ni3Si and FeNi3–AlNi3 by means
of metallographic observation, Electron Probe Micro-Analysis
(EPMA), Differential Scanning Calorimetry (DSC), electrical re-
sistivity and vibrating sample magnetometry. From their ex-
perimental results, they deduced by extrapolation the Curie
temperature for the ordered L12_FeNi3 to be 953 K; they point out
that they are in agreement with the value of 954 K from Wakelin
and Yates [68]. It has to be noticed that the TC(fcc_A1, FeNi3) cal-
culated from [16] chosen for our thermodynamic database is 888,4
K. Similarly, Ohnuma et al. [38] pointed out that the magnetic mo-
ment of the FeNi3 L12 is slightly higher than the one of fcc_A1 for
the same composition.

Fig. 5. Fe–Ni phase diagram calculated thanks to the optimizations of Lee [35] and

of Servant et al. [62]. The Curie temperature is the dotted line.

Mischin et al. [69] have investigated first-principles calcula-
tions of the energy of FeNi3 and Fe3Ni L12 (reference Fe bcc_A2
and Ni fcc_A1), using the Spin-Polarized Linearized Augmented-
Plane-Wave (LAPW) within the Generalized Gradient Approxi-
mation (GGA) method. They treated the L12Fe3Ni compound as
ferromagnetic. Their value for FeNi3 L12 is in good agreement with
the optimized ones by Ansara [63]. But their energy of formation
calculated for Fe3Ni is drastically different from the one optimized
by Ansara [63] (and with opposite signs).

Lechermann et al. [70] have investigated the physical proper-
ties of the ternary intermetallic systemNi–Fe–Al by combining ab-
initio electron theory and statistical mechanics. They obtained in
particular the energies of formation for Ni3Fe and Fe3Ni L12 re-
ferred to Fe bcc_A2 (ferromagnetic) and Ni fcc_A1 (ferromagnetic)
under the hypothesis of ferromagnetism and of no magnetism.
Their energies of formation at 0 K of Ni3Fe L12 fit with [69,63].

Chen et al. [71] have performed ab-initio calculations on
Fe–Ni L12 alloys by combining the Full Potential Linearized
Augmented-Plane-Wave (FLAPW)within theGeneralizedGradient
Approximation (GGA) method and the Cluster Variation Method
(CVM) through the Cluster Expansion Method. Their curves
obtained by spin-polarized calculation give the formation energy
(reference Fe bcc_A2 and Ni fcc_A1) versus the lattice parameter.
From them, we can deduce (for the minimum of energy) the
�H form.(0 K) of Fe3Ni and FeNi3 L12 (and the corresponding lattice
parameter) under the assumption of ferromagnetism. The authors
remark that magnetism has a crucial role on the phase stability of
the Fe–Ni system. Their values are in good agreementwith the ones
from [69].

Ravindran et al. [46] have investigated the physical properties
of Ni3Nb L12 (and D0a) using the Tight-Binding Linear-Muffin Tin-
Orbitalmethod (TBLMTO)within the Local-Density Approximation
(LDA) andpropose the corresponding heats of formation (reference
Ni fcc_A1 and Nb bcc_A2).

Huang et al. [72] have studied the phase stability of Ni3Nb
and Nb3Ni L12 by using the Linearized-Muffin Tin-Orbital method
with the Atomic Sphere Approximation (LMTO-ASA). They propose
the energies of formation of these two metastable compounds
(reference fcc_A1 for Ni and bcc_A2 for Nb). Their result for
Ni3Nb L12 is close but slightly lower than the energy of formation
obtained by [46].
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Du et al. [73] have optimized the Al–Nb–Ni ternary system and
propose parameters for the metastable Nb–Ni L12 phase. It has to
be noticed that their enthalpy of formation of Ni3Nb (the stable
composition) is half the ab-initio one from [46] but only a third of
the value from [72]. The enthalpy of formation of the Nb3Ni L12

compound was set equal to that of the Ni3Nb L12 by Du et al. [73]
which is only half of the value according to Huang et al. [72].

2.2. Ternary information

2.2.1. Experimental data

Available experimental data are exclusively of the phase
diagram but few are really useful for optimizing the stable
phase diagram. They are from [6–12,74–79]. Most of the samples
experimentally investigated were first arc-melted and quenched.
Then they were held at different temperatures and times to obtain
equilibrium and finally quenched again.

For the alloy 67.3% Fe–3.1% Nb–29.6% Ni, Manenc et al. [9],
Kirman [10] and Manenc [11] agree on the formation of a
metastable D022 at a temperature about 873 K.

Peard and Borland [74] noted also the presence of the
orthorhombic D0a (Fe,Ni)3Nb and of Laves phases Fe2Nb formed
after ageing various time at 1048 K for the alloy 56.4% Fe–3.8% Nb
–39.8% Ni.

Leitch and Chaturvedi [75] have studied the precipitation
reactions in five alloys about 67%–70% Fe–3–1% Nb–30–29% Ni,
homogenized 75 h at 1523 K, aged or not at 1073 K. By measu-
ring the variation in hardness and lattice parameter versus Nb
concentration, they could deduce the limit of solubility of Nb in
fcc_A1 to be about 2.1% in Nb (for 68.5% Fe–29.4% Ni) at 1523 K but
only of 0.6% (for 70.3% Fe–29.1% Ni) at 1073 K.

Quist et al. [12] have studied the influence of Fe on the precipi-
tation of metastable D022 in the system Fe–Nb–Ni. The metastable
D022 does not appear in the binary Nb–Ni alloys but the intro-
duction of Fe promotes it. In particular, they studied four alloys,
1% Fe–10% Nb–89% Ni (Alloy 1), 3% Fe–10% Nb–87% Ni (Alloy 2),
1% Fe–12.5% Nb–86.5% Ni (Alloy 3) and 3% Fe–12.5% Nb–84.5% Ni
(Alloy 4), with impurities of Al, Ti and C (less than 0.06%). Alloys
1 and 2 were treated at 1523 K. The alloys 3 and 4 were held at
1553 K during 30 min, quenched and then aged between 523 and
1273 K for times up to 200 h. For the alloys 1, 2 and 3, they found no
precipitation of L12 nor D022. But for their alloy 4, the precipitation
of D022 occurs during aging at 773 K.

Panteleimonov and Aleshina [76] have studied Fe–Nb–Ni al-
loys annealed at 1173 K during 1800 h on the pseudo binary
Fe2Nb–Ni3Nb, by X-ray Diffraction (XRD), Scanning Electron Mi-
croscopy (SEM) and microhardness, Differential Thermal Analysis
(DTA). They found a pseudo-binary eutectic equilibrium at T =
1563 K:

16.2% Fe–27% Nb–56.8% Ni liquid ⇔ 38.8% Fe–29.8% Nb

–31.4% Ni C14 + 5.1% Fe–25.6% Nb–69.3%Ni D0a

Varli et al. [77] studied by X-Ray diffraction (XRD) samples of
Fe–Nb–Ni alloys aged 600 h at 1223 K and noticed that the D85

phase is continuous across the ternary from Nb6Fe7 to Nb6Ni7
and that the maximum of solubility of Ni in Fe2Nb C14 is at
47% Fe–33% Nb–20% Ni.

Skakov et al. [78] studied the effect of the cooling rate of many
alloys from the liquid down to 298 K. Although their results, made
by fast quenching of very small amounts, cannot furnish us with
any useful quantitative data, they point out the influence of the
treatment (and of the size of the sample) on the phases formed. In
particular, with a very fast cooling speed, a solid amorphous phase
and a D85 phase, distorted or not, seem to be formed preferentially
to the stable C14 and D0a.

Savin [6] has studied samples of Fe–Nb–Ni quenched from the

liquid state. The authormeasured, for different quenching rates, by

X-Ray diffraction (XRD) and Scanning ElectronMicroscopy coupled

with an Energy Dispersive X-ray Detection (SEM-EDX), the phases

present and their compositions. At the highest rates, amorphous

state and phases as C15 or distorted D85 appear. They note a

C36 for the composition 40% Fe–40% Ni–20% Nb even at their

lowest quench rate, that is anyway very high (100–1000 K/s).

By comparing their experimental data in the binary systems

with the established binary phase diagrams, they conclude their

experiments obtained for the lowest rate of cooling in the ternary

system to be representative of the stable state at 1273 K. But in

their ternary isothermal section at 1273 K they keep inconsistently

C15 as a stable phase appearing in the middle of the ternary. It

seems reasonable to take only into account their results obtained

for the lowest rate of quenching and therefore to treat C15 as

metastable.

Ueyama et al. [79] have studied the 10% Fe–15% Nb–75% Ni

alloy equilibrated 240 h at 1473 K and then water quenched. They

have determined the composition of the phases in equilibrium by

Electron ProbeMicro-Analyzer analysis (EPMA) and they identified

the phases by powder X-Ray Diffraction (XRD): D0a and fcc_A1.

Takeyama et al. [7] have determined for seven Fe–Nb–Ni alloys,

(5% Fe–15% Nb–80% Ni, 10% Fe–15% Nb–75% Ni, 15% Fe–15% Nb

–70% Ni, 25% Fe–15% Nb–60% Ni, 5% Fe–25% Nb–70% Ni,

15% Fe–25%Nb –60%Ni and 25% Fe–20%Nb–55%Ni), homogenized

24 h at 1523 K and then treated 240 h at 1473 K, the phases in

equilibrium by powder X-Ray Diffraction (XRD) and Transmission

Electron Microscope (TEM). The composition of the phases were

analyzed by Electron ProbeMicro-Analyzer (EPMA). They found for

the sample 25% Fe–15%Nb–60%Ni an unknown phase identified to

be an A3B-type ordered hexagonal hP24 phase that they localized

for the composition 20% Fe–22% Nb–58% Ni. It has to be noticed

that the ‘‘A3B-type’’ does not correspond to a C36 Laves phase but

it seems that the A3B-type was a typographical error and that it

should have been more likely an ‘‘A2B-type’’.

In this case, Savin [6] and Takeyama et al. [7] do not agree

about the composition of the possible C36 phase. Indeed, it

seems unlikely that the C36 could have a composition field of

existence so large (20%–40% Fe–22%–20% Nb–58%–40% Ni) or

such a drastic change from 1273 K at 40% Fe–20% Nb–40% Ni–

20% Fe–22% Nb–58% Ni at 1473 K.

Takeyama et al. [8] have determined for four Fe–Nb–Ni alloys,

(65% Fe–15% Nb–20% Ni, 45% Fe–15% Nb–40% Ni, 15% Fe–25%

Nb–60% Ni and 46.7% Fe–33.3% Nb–20% Ni), the composition of the

phases in equilibrium at 1473 K, on samples equilibrated 240 h at

1473 K, by Electron Probe Micro-Analyzer measurements (EPMA).

Phase identification was done by powder X-Ray Diffraction (XRD).

2.2.2. Ab-initio data

For NbFe2 C14, paramagnetic according to Osipova et Pantelei-

monov [25], Asano and Ishida [80] studied the electronic struc-

ture of both NbCr2 and NbFe2 in both C14 and C15 structures, by

ab-initio calculation using the Linear Muffin-Tin Orbital (LMTO)

method within the framework of the Local Spin Density (LSD) ap-

proximation. They propose the energy of formation of C15 from

C14 for the non-magnetic state. From the optimized enthalpy of

formation at 0 K of NbFe2 C14 (−73200 J/mol) [23] and from [80],

an estimation for the enthalpy of formation of the NbFe2 C15 can

be deduced: −67686.5 J/mol.
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2.2.3. Estimation and optimizations

Miettinen [81] has proposed interaction parameters for the Fe-
rich liquid, bcc_A2 and fcc_A1 phases where the solute contents
are very small. He estimated the liquid one to be equal to the
one evaluated for Cr–Fe–Nb [81] (+40000 J/mol) and the bcc_A2
and fcc_A1 ones to be 0. It should only be considered as a first
approximation to be tested.

This ternary has been already optimized by Saunders and
Miodownik [82] for the encrypted database TTNI6 [1] and by
Valdes et al. [83], but in this latter case, the results are not yet
published. It seems that Valdes et al. [83] reproduce well the
ternary data from Takeyama et al. [7] at 1473 K but contrary to
TTNI6, they chose for the binary Fe–Nb anarrowcomposition range
for C14 like Toffolon and Servant [23] and in this publication. It
seems inconsistent to ignore the wide binary composition range of
C14 at 1473 K obtained experimentally by Takeyama et al. [8] but
to fit the same wide range in the ternary.

2.3. Modelling and possible assumptions

2.3.1. Modelling

Table 1 lists for each phase involved in the ternary Fe–Nb–Ni
system:

- the phase name used in this publication, the name used in
our ternary thermodynamic database (TDB) and other possible
names found in the literature,

- the crystallographic information according to [47],
- the systems where the phase is stable.

The Redlich–Kister–Muggianu formalism of the substitutional
model and the compound energy formalism (CEF) have been used
systematically.

The question mark ‘‘?’’ that can be found in the table means
simply that experimental works disagree about the stability of
the phase in the studied system and that we decided in our
optimization to consider these phases (C15 and C36) as not stable.

For all formula describing a phase Gibbs energy in function of
the temperature and of the composition, magnetism included, see
the Appendix A.

2.3.2. Possible assumptions

2.3.2.1. Reciprocal constraints for two-sublattice CEFmodelled phases.
Considering a stable intermetallic compounds AxBy, the reciprocal
constraints (called also by abuse of the languageWagner–Schottky
constraints [84]) link the Gibbs energy of an antistructure BxAy

compound with those of AxAy, BxBy and AxBy. As long as the com-
position range is enough narrow, it is a very practical method
to estimate the CEF parameter of the antistructure BxAy. Wag-
ner–Schottky intended their model to be restricted to ‘‘dilute solu-
tions of defects’’ i.e. small values of the site fractions ysublat.1 (B) and
ysublat.2 (A), whereas the CEF modelling extends across the whole
system (see Appendix A).

The reciprocal constraints have been introduced in particular
by Costa et al. [21] – for their Cr–Nb optimization we chose for
our Cr–Fe–Nb and Cr–Nb–Ni optimizations [22] –, by Toffolon and
Servant [23] and Bolcavage and Kattner [17], for the Gibbs Energy
of the C14, C15 or D0a intermetallic compounds BxAy containing
antistructure atoms relative to the stable AxBy. These constraints
can be introduced for the entire ternary description of the C14, C15
(and C36) Laves phases and of the D0a phase, so that: for a phase φ
(φ = C14, C15, C36 or D0a) modelled as (A, B)x(A, B)y, with A �= B
and A or B = Fe, Nb or Ni and with (x, y) = (2, 1) for C14, C15 and
C36 or (x, y) = (1, 3) for D0a:

�G(φ, B:A) = �G(φ,A:A) + �G(φ, B:B) − �G(φ,A:B).

Watson and Hayes [50] have made an optimization of the
Ni–V system where the D022 has been modelled with the same
reciprocal constraints:

�G(D022,Ni:V) = �G(D022,V:V) + �G(D022,Ni:Ni)
− �G(D022,V:Ni).

2.3.2.2. The L12 phase. For the L12_fcc phase, constraints are
derived from the fact that L12 must disorder to a fcc_A1 phasewith
the same fraction for each constituent on all its sublattices. These
constraints for the L12 (A, B, C)0.75(A, B, C)0.25 two-sublattice
model can be implemented in different ways [59]. We mainly
found assumptions like in theworks fromDupin et al. [66] for Cr-Ni
and from Du et al. [73] for Nb–Ni:

- the hypothesis �G(L12,A:B) = �G(L12, B:A)
- with or without L(L12,A, B:B) = L(L12,A, B:A)
- with or without L(L12,A, B:A or B) = 2 ∗ �G(L12,A:B)[=2 ∗

�G(L12, B:A)]
- with or without L(L12,A, B:∗) �= 0 but L(L12, ∗:A, B) = 0.

It has to be noticed that none of these approximations is
followed by [63,62] for Fe–Ni.

When extrapolating to higher systems, it is necessary to
check that in the disordered fcc_A1, the same fraction on both
sublattices for each constituent is calculated. To ensure this,
corrective terms for ternary interaction parametersmay have to be
introduced [59,86].

2.3.2.3. Other estimations used. For the phases C14, C15, D0a, and
D022, several assumptions have been more or less systematically
introduced as possible starting estimations:

- A:B is like C:B if A and C are Fe or Ni and A:B is like A:C if B and
C are Fe or Ni,

- A:Nb may be like A:V
- A, B:C = 0 and C:A, B = 0 if A and B are Fe, or Ni
- A,Nb:C = A,Nb:B and C:A,Nb = B:A,Nb
- A,Nb:C = B,Nb:C and C:A,Nb = C:B,Nb.
In the optimization procedure, these initial assumptions will be

kept if they prove to be good enough or if, on the other hand, they
have no impact on the calculation (see Appendix B).

3. Ab-initio calculations

In the following we use AI for ab-initio, TDB for our database,
AFM for antiferromagnetic, FM for ferromagnetic, NFM for non
ferromagnetic (that means calculated non magnetic but under the
hypothesis of a possible ferromagnetism), NM for nonmagnetic PM
for paramagnetic. It has to be noticed that AI-calculations under
the hypothesis of NM or under the hypothesis of FM do not lead
necessarily to the same energy nor the same lattice constant even
if the compound is calculated NFM.

3.1. Method

The lack of experimental data led us to estimate parameters
using the enthalpies of formation at 0 K, �H form. (T = 0 K),
deduced from ab-initio (first-principles) simulations.

Therefore, the energies of Fe and Nb bcc_A2 and Fe, Nb and
Ni fcc_A1 and of all the CEF compounds for the phases C14, C15,
D0a, L12 and D022 have been calculated according to the Density
Functional Theory (DFT) under the hypothesis of ferromagnetic
effect and/or of non-magnetic effect.

In all cases, the approximation used is the Perdew–Burke–
Ernzerhof Generalized Gradient Approximation (PBE-GGA) within
its spin version [87] combined with the Projected Augmented
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Wave (PAW) pseudopotential approach. Most of the comparable

works found in the literature are based on another approximation:

the Local Density one (LDA). But the GGA approximation is

considered to be better than the LDA approximation for most

metallic compounds.

This work has been performed using a computational imple-

mentation program of the Density Functional Theory, the Vienna

Ab-Initio Simulation Package [88–91] combined with the corre-

sponding database from Kresse and Joubert [92]. A 400 eV energy

cut-off has been used for structure optimizations and increased

up to 500 eV for the formation energies. The uncertainty of our

ab-initio calculations due to the imprecision in the convergence is

about 3–5 meV/at., that is to say about 0.3–0.5 kJ/at.

From these energies at 0 K obtained under the hypothesis of a

possible FM state, we deduced first the energies of formation of

all the CEF compounds (FM or NFM) of C14, C15, D0a and D022

referred to the bcc_A2 phase for Fe (FM) and Nb (NFM) and to the

fcc_A1 phase for Ni (FM). In these three cases of Fe bcc_A2 FM, Nb

bcc_A2 NFM and Ni fcc_A1 FM, AI assumptions are in agreement

with experimental data and our TDB.

We calculate also the energies of formation of D0a CEF

compounds under the hypothesis of NM and referred to the same

as above. Then we added to them, the magnetic enthalpy effect

of magnetism of Fe bcc_A2 FM and Ni fcc_A1 FM using the AI

magnetic moment, the Curie temperatures already TDB-optimized

and stored in the SSOL2 database and the formula developed

in Appendix A. Indeed, the enthalpies (and generally the Gibbs

energies) of formation entered in a database according to the SGTE

formalism are referred to the elements in one of their stable (or

unstable) phase without any magnetic effect:

G(φ,AxBy) = A + BT + CT ln T + · · · + xGα
A + yG

β

B

= �Gform.(φ, AxBy) + xGα
A + yG

β

B

with Gα
A and G

β

B most of the time equal to the functions GHSERA

and GHSERB (but not always), see Appendices A and B.

In the case of the energies of formation of all the CEF

compounds of L12, we referred them to the fcc_A1 phase for Fe

(AI-calculated under the hypothesis of NM but experimentally and

TDB-optimizedAFM), for Nb (NFM) and forNi (FM). AI assumptions

are in agreement with experimental data and our TDB only for Nb

fcc_A1 NFM and Ni fcc_A1 FM.

It has to be noticed that whatever is the available ab-initio

method, the proposed parameter is an energy of formation at

0 K. Therefore, under certain conditions, it is possible to discuss

it and enter it as an enthalpy of formation (at 0 K), and under

the assumption of the Kopp–Newman rule (no parameter for the

heat capacity of formation) as an enthalpy of formation at any

temperature.

3.2. Results and discussion

3.2.1. General remarks

There are several restrictions in comparing the optimized or

estimated coefficient A of our TDB (or the other used A of the

literature) and the ab-initio�H under the hypothesis FM (or NFM)

or NM.

First, our different phases, except the L12, can only be described

in an optimization as NM due to the lack of data (on the real

type of magnetism AFM or FM, on the AFM magnetic moment β
if it is AFM and systematically on the corresponding Curie or Néel

temperature). Besides, even in the case of the L12, again due to

the lack of data, our database follows the approximation that the

magnetic moment β and the corresponding magnetic transition

temperature of L12 is equal to the fcc_A1 ones, which means that

the solution is calculated in the database as AFM or FM depending
on the composition.

In most cases we know little or nothing about the kind of
magnetism of the CEF compounds, especially of the ‘‘metastable’’
ones and besides, our ab-initio calculations as the ones of the
literature, have been made only for a possible FM (or NM).

Secondly, Fe fcc is AFM in our TDB,while as explained below,we
used the AI Fe fcc NM for referring the AI enthalpies of formation
of some of the L12 CEF compounds: the difference is −0.25 kJ/mol.
Besides even for Ni fcc and Fe bcc for which we introduced the
corrections of the purely magnetic effect to the AI enthalpy at 0 K,
the differences between the TDB magnetic moments and the AI
ones induce supplementary discrepancies. ForNi fcc, the difference
between the TDB purely magnetic enthalpy at 0 K and the AI
one is +0.28 kJ/mol. For Fe bcc, the corresponding difference is
−0.05 kJ/mol.

Thirdly, when the �Gform.(φ, AxBy) entered in our TDB is
independent of temperature, i.e. reduced to the coefficient A, the
order of magnitude of A is in fact an average of the �H form. −
T�Sform. expression for T belonging to the studied range (more
or less 500–1500 K), which means that an A different from an
AI energy does not mean necessarily that there is disagreement
between both. Besides, the field of validity of all formula in the TDB
is for 298 ≤ T ≤ 3000 K. Anyway, we extrapolated it until 0 K in
particular as in our case for the elements A or B = Fe or Ni and
φ = bcc or fcc:

�HTDB only magn.(φ, AxBy, 298 K) ≈ �HTDB only magn.(φ, AxBy, 0 K).

Fourthly, a CEF compound energy of formation (for Ax+y or AxBy)
contributes to the total Gibbs energy of the phase proportionally
to the fraction of the CEF compound. That means that some CEF
compounds (and especially of course the ones that are stable)
are more important than others to have a good description of
the total Gibbs energy. A disagreement between the AI energy of
formation and the chosen enthalpic A of a Ax+y or AxBy compound
far away from the stoichiometry of the stable composition is not so
important in the modelization for optimization.

Fifthly, for the Ax+y CEF compounds of the D0a and C14 or C15
Laves phases, the previous optimizations had been done using a
Gibbs energy of formation independent of the temperature (and
also of the element A): simply equal to 5000 J/mol of atoms [14,
15]. Therefore it is impossible tomodify them and test the ab-initio
calculations without modifying (re-optimizing) the binaries, a task
that was not our purpose.

3.2.2. Comparison

Wang et al. [93] propose a systematic first-principles calcu-
lation for the total energies of 78 pure elemental solids (bcc_A2
fcc_A1 and hcp_A3) at 0 K using the projector augmented wave
method (PAW)within the generalized gradient approximation and
the Perdew–Wang parameterization (GGA-PW91) [94]. They de-
duce and compare the energies of formation of these 78 elements
fcc (and hcp) referred bcc, to the corresponding enthalpies of for-
mation at 298 K from the SGTE SSOL2 [1] (and from the Saunders’
databank [95]). The study is very interesting but they compare data
under different conditions: for instance Fe is AFM in the SSOL2 [1]
database as it is the case experimentally, while they seem to have
performed the calculation under the hypothesis of FM (or maybe
NM) for all elements. Their results for the energies of formation
of Nb and Ni fcc referred to bcc are in good agreement with ours
(less than 3% of difference). For Nb fcc referred to Nb bcc, the dis-
agreement between [95] and their results is less (+29.5%) than the
disagreement between SSOL2 [1] and their results (+56%) but still
significant. For Ni fcc referred to Ni bcc, the agreement is better:
respectively +13% to +18%. But our enthalpy of formation at 0 K
of Fe fcc referred to bcc (both FM) is 78% higher than their value
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(15.1 kJ/mol and 8.45 kJ/mol respectively) and their value is a bet-

ter fit with the one from SSOL2 [1] (+6%) although Fe fcc is AFM

experimentally and in the databases.

Sluiter [96] has computed the total enthalpies at 0 K of 75

pure elements including Fe, Nb and Ni for several phases including

bcc_A2, fcc_A1, C14, C15 and D85. He listed them in referring to his

results for the fcc pure elements. His first-principles calculations

use the same method as [93]: the projector augmented wave

method (PAW)within the generalized gradient approximation and

the Perdew–Wang parameterization GGA-PW91 [94]. That means

that he calculated also under the assumption of a possible FM.

His results for the enthalpies of formation at 0 K of Fe, Nb and Ni

bcc referred to fcc are in good agreement with [93] (−7.7% for Fe,

−3.6% for Nb and −4.1% for Ni). We deduced from his results the

enthalpies of formation at 0 K of Fe3 andNb3 in C14 and C15 phases

referred to FM Fe and NFM Nb bcc_A2, of Ni3 C14 and C15 referred

to Ni fcc_A1 and of Nb13 D85 referred to Nb bcc_A2. They are in

good agreement with our AI results.

We did not calculate the AI energy of formation of Fe fcc

AFM referred to Fe bcc (FM) and we used, instead, the AI

energy of formation of Fe fcc NM referred to Fe bcc (FM).

Indeed the AI calculation from Kong and Liu [97] led us to the

conclusion that it was not such a bad approximation. Kong and

Liu [97] used the Projector Augmented Wave method within

the Generalized Gradient Approximation (PAW–GGA). From these

authors’AI calculations, we can deduce the energies of formation

of Fe fcc AFM state 1 and state 2 referred to Fe fcc NM: −0.1 and

+0.1 kJ/mol for respective volumes of 10.283 Å3 AFM-1, 10.457 Å3

AFM-2 and 10.245 Å3 NM – our V(Fe fcc NM) = 10.296 Å3–. In

the case of the energy of formation of Fe fcc FM (high-spin and

low-spin) referred to Fe fcc NM, they obtain respectively +1.5 and

−0.2 kJ/mol (for respectively V = 11.981 and 10.390 Å3) while

we obtain 0.5 kJ/mol (for V = 10.296 Å3). Besides their enthalpy

of formation of Fe fcc (high-spin) FM referred to Fe bcc FM is the

same as ours: 15.1 kJ/mol.

Table 2 proposes on one hand a comparison between our ab-

initio results and the ab-initio results from the literature and on

the other hand, a comparison between our ab-initio results after

taking into account the purely magnetic enthalpy of Fe and Ni

and the optimized or estimated coefficients A selected for the

binaries. It appears that, on one hand, our ab-initio calculations and

most of the ones from literature are in good agreement except for

NiNb3 L12 from Huang et al. [72] and that on the other hand, our

ab-initio calculations after the magnetic ‘‘correction’’ and all the

optimized A (enthalpy of formation at 0 K) of the CEF compounds

are in agreement. That is the case for Ni3Nb D0a, Fe2Nb C14 and

FeNi3 L12. Besides our AI evaluation of the energy of formation of

NiNb3 L12 is in good agreement with the optimized value from

Du et al. [73]. On the other hand, although our AI value for the

energy of formation of NbNi3 L12 is only slightly higher than the

energy of formation obtained by [46], it is only two thirds of the

one from [72]. Besides it leads to an enthalpy of formation referred

to the GHSER about double the value optimized by [73]. Comparing

the magnetic moments of the literature and of our AI calculation,

rises the problem of the type of magnetism of the C14 Laves

(especially of Fe2Nb) and of the approximation used in our TDB

that the magnetic properties of L12 are simply equal to the ones

of fcc_A1 . It has also to be noticed that the discrepancies between

the AI energies at 0 K and the enthalpic A value for metastable CEF

compounds can be very big, even if one knows that at the same

time the impact is small on optimization. It has to be pointed out

also that NbNi3 andVNi3 D022 have similar enthalpies of formation,

which could be interpreted as a behavior similar enough to Nb and

V.

Fig. 6. Zoom of the Fe–Nb phase diagram on the composition domain involving

the D85 phase. Comparison between the one calculated thanks to our adjusted

parameters for D85 modelled with a two-sublattice model and the one calculated

thanks to the parameters from Toffolon and Servant [23] with a four-sublattice

model for D85.

4. Calphad-type optimization

4.1. The binary Fe–Nb (adjustement)

Starting from the selected optimization from Toffolon and
Servant [23], the D85 (μ) parameters in the Fe–Nb binary system
were simply adjusted with a two-sublattice description, in order
to reproduce their phase diagram, which can be seen on Fig. 6.
We simply amended the binary interaction parameters 0L and 1L
for this phase, keeping for the Gibbs energy of formation of the
end member Fe7Nb6 the same as optimized by [23] in the case of
the four-sublattice model. The new and previous assessments are
compared in Fig. 6.

Our calculated invariant reactions (temperature and compo-
sition) not including D85 are of course the same as [23]. Our
calculated invariant reaction, temperature and composition, in-
cluding D85 are about the same as [23]. But our peritectic, D85 ⇔
C14 + liquid is slightly lower than [23] (see Table 3).

4.2. Our final choices for all the CEF compounds

Table 2 also presents our final choices for the enthalpies at 0 K
of all the CEF compounds.

As mentioned above, despite some possible disagreements
between the AI starting hypothesis of magnetism and the ‘‘real’’
(experimental or virtual) ones, our AI calculations of enthalpies
are in agreement with those (estimated or optimized) from the
literature at 0 K. Besides, our AI enthalpies andmagnetic moments
and the AI ones proposed by other authors have at least the same
order of magnitude.

We decided to ignore the discrepancy between AI calculations
and our selected values for the unary CEF compounds and for some
of the antistructure CEF compounds. For C14, C15, D85 and D0a,
we kept generally the idea that Fe and Ni would behave similarly.
We noticed that for C14 the AI enthalpy of Fe2Nb and Ni2Nb are
almost the same. Therefore we choose for the Ni2Nb C14 the same
value optimized by [23] for Fe2NbC14. For C15,wemade the choice
to deduce the enthalpy of formation of C15 Fe2Nb by using the
AI NM calculation from Asano and Ishida [80]. Besides, as our AI
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Table 3
Invariant reaction temperatures (K): comparison between the calculated invariant temperatures from the present work, Toffolon and Servant [23], Coelho et al. [15] and the

experimental data from Zelaya et al. [19].

Invariant equilibrium Present work (Four-sublattices) [23] (Two-sublattice) [15] Experimental [19]

Peritectoid: bcc#1 ⇔ fcc + C14 1215 1215 1232 1233

Eutectoid: fcc + C14 ⇔ bcc#1 1472 1472 1463 1463

Eutectic: bcc#1 + C14 ⇔ Liq. 1667 1667 1646 1643

CongruentMelting: C14 ⇔ Liq. 1904 1904 1920 1903

Peritectic: D85 ⇔ C14 + Liq. 1789 1793 1795 1793

Eutectic: D85 + bcc#2 ⇔ Liq. 1757 1758 1771 1773

enthalpies for C15 Ni2Nb and Fe2Nb have almost the same value,

we introduce the same value for both compounds in the TDB. In the

case of D022, in order to be consistent with the modelling of D0a,

and as we could not adjust any experimental data, we introduced

arbitrarily, for the pure elements, Gibbs energies independent of

the temperature with a value of 5000 kJ/mol per atom. We also

chose to keep a reciprocal model based on our AI calculation for

Fe3Nb and Ni3Nb. For Fe3Nb L12, we noticed that its AI enthalpy of

formation at 0 K was more or less of the same order of magnitude

as the one we obtained for Ni3Nb L12. Therefore, we introduce for

Fe–Nb L12, the parameters proposed by Du et al. [73] for Ni-Nb L12.

4.3. Calphad-type optimization of the ternary Fe–Nb–Ni system
excluding L12

As we mentioned above, the general idea of our study was

on one hand to try to use ab-initio data for optimization work,

in particular because we have to cope with metastable phases.

On the other hand our aim was to represent reasonably well

the different experimental data at different temperatures with a

minimum number of parameters to be optimized, in order to build

a quaternary database Cr–Fe–Nb–Ni as simply as possible

Anyway many parameters (like the interaction parameters of

two elements on each sublattice) other than the enthalpies of

formation at 0 K had to be estimated. We assumed most of the

time that Fe and Ni behaved similarly and in the case of C15, even

similarly as Cr in Cr–Nb C15 from Costa et al. [21]. We set the

entropy of formation of Fe3Nb D022 and D0a equal which made,

at 1500 K, the Gibbs energy of formation of Fe3Nb D0a of the same

order of magnitude as for Cr3Nb D0a [22] and destabilised Fe3Nb

D022 on the binary. It should be noted that the Gibbs energies of

formation we chose for Ni2Nb C14 and C15 are equal respectively

to the one of Fe2Nb C14 [23] and of the one we deduced for Fe2Nb

C15 from [80] combined at [23]. Besides, the entropy of formation

of Fe2Nb C15 (and so of Ni2Nb C15) we introduced is the one we

‘‘optimized’’ for Fe2Nb C15 in Cr–Fe–Nb [22].

These assumptions correspond respectively to:

∗ for a phase φ = C14 (or C15): �Gform.(φ, Fe:Ni) =
�Gform.(φ, Fe:Fe) = �Gform.(φ,Ni:Ni) = �Gform.(φ,Ni:Fe)
= 15000,

∗ for a phase φ = C14,D0a,D85 (or C15), and A =
Fe,Nb or Ni:L(φ,A:Fe,Ni) = 0 = L(φ, Fe,Ni:A) except

L(C14, Fe,Ni:Nb) that has been optimized,

∗ for a phase φ = C14, C15 or D0a:L(φ, ∗:Fe,Nb) =
L(φ, ∗:Nb,Ni) and L(φ, Fe,Nb:∗) = L(φ,Nb,Ni:∗) except

L(D0a, Fe,Nb:Ni) that has been optimized,

∗ �Sform.(D022,Nb:Fe) = �Sform.(D0a,Nb:Fe) so that �Gform.

(D0a,Nb:Fe) ≈ �Gform.(D0a,Nb:Cr) at 1500 K [22],

∗ �Gform.(C14,Ni:Nb) = �Gform.(C14, Fe:Nb) from [23] and

�Gform.(C15,Ni:Nb) = �Gform.(C15, Fe:Nb) deduced from [23,

80],

∗ �Sform.(C15,Ni:Nb) = �Sform.(C15, Fe:Nb) from [22].

Fig. 7. Isothermal section at 1564.05 K of the Fe–Nb–Ni ternary phase diagram.

Comparison with the pseudobinary eutectic from Panteleimonov and Aleshina [76]

at 1563 K.

Fig. 8. Isothermal section at 1563 K of the Fe–Nb–Ni ternary phase diagram.

All the available phase diagram data have been taken into
account in the optimization with various weights. Solubility limits
from tie-lines have not been always entered together as some tie-
lines could be contradictory while the solubility limits could still
be inside the uncertainties used in the optimization.

We did not try to fit absolutely the data from [8] for the ternary
C14 at 1473 K as we could not re-assess the binary Fe–Nb.

We performed our optimization without any ternary mix-
ing parameters for the liquid and without taking into ac-
count the pseudo-binary eutectic found at 1563 K by [76]
(16.2% Fe–27% Nb–56.8% Ni Liq. ⇔ 38.8% Fe–29.8% Nb–31.4% Ni
C14 + 5.1% Fe–25.6% Nb–69.3% Ni D0a) nor the presence of liquid
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Fig. 9. Isothermal section at 1523 K of the Fe–Nb–Ni ternary phase diagram.

from [7] at 1473 K (25% Fe–20% Nb–55% Ni liquid). Therefore we

obtained:

- an eutectic at 1477.07 K: 39.9% Fe–15.1% Nb–45% Ni Liq. ⇔
45% Fe–31.8% Nb–23.2% Ni C14 + 6.2% Fe–24.4% Nb–69.4% Ni

D0a + 58.2% Fe–5.9% Nb–35.9% Ni fcc_A1, but for a liquid

composition too rich in Fe and not enough in Nb or Ni compared

to the liquid composition of [7],

- and a pseudobinary invariant at 1564.05 K: 14.9% Fe–27.4% Nb

–57.7% Ni Liq. ⇔ 39.8% Fe–33.1% Nb–27.1% Ni C14 + 4.2% Fe

–25.1% Nb–70.7% Ni D0a.

Figs. 7–13 show several isothermal sections between 1564.05

and 1073 K. Comparisons with the experimental data at 1564.05,

1563, 1523, 1473, 1273, 1223 and 1073 K show that most of the

different equilibrium fields are respected despite the experimental

uncertainties and disagreements. It has to be noticed that despite

the ambiguity of the data from [6], we took into account in

our calculation some of them: the ones not presenting any

disagreement with a first optimization performed without them.

The corresponding TDB is listed in Appendix B.

4.4. The L12 and D022 phases

Some of the L12 CEF end members have been found to be

magnetic. But as alreadymentioned, themagnetic properties of L12

have been treated as those of fcc_A1.

Fig. 10. Isothermal section at 1473 K of the Fe–Nb–Ni ternary phase diagram.

Fig. 11. Isothermal section at 1273 K of the Fe–Nb–Ni ternary phase diagram.

Our L12 phase description is based on the Fe–Ni L12 optimiza-
tion fromAnsara [63] published by Servant et al. [62], on the Nb–Ni
L12 optimization from Du et al. [73] and on our evaluations of
metastable end members for Fe–Nb L12. The ternary corrective
terms [86,59] necessary to obtain a correctly disordered state have
been entered. Besides two supplementary modifications had to be
done due to the asymmetry of themodelization of L12 on the Fe–Ni
binary compared to the Fe–Nb and Ni-Nb ones. The ternary param-
eter L(L12,Nb : Fe,Ni) was set equal to L(L12, Fe : Fe,Ni) and the
ternary L(L12, Fe,Ni : Nb) includes additively 3 times the binary
interaction L(L12, Fe : Fe,Ni) (see Appendix B). These relations can
be derived from the requirement that the disordered state should
be stable at high temperature. Fig. 14 presents an isothermal sec-
tion of the Fe–Nb–Ni phase diagram at 723 K.

Although some of the CEF compounds have been found
magnetic by ab-initio calculation, due to the lack of data, in
particular on the magnetic transformation temperatures, we did
not introduce in the TDB any magnetism for the D022 phase.
In fact, at this step, nothing more than a first estimation of
the Gibbs energies of the CEF compounds has been done for
D022, due to the lack of useful data in this ternary. Useful
experimental results for optimizations including D022 include also
an L12 based on Ni3(Al,Nb, Ti) largely richer in Al (or Ti) than
in Nb. The introduction of Al as fifth element in the TDB is then
necessary.
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Fig. 12. Isothermal section at 1223 K of the Fe–Nb–Ni ternary phase diagram.

Fig. 13. Isothermal section at 1073 K of the Fe–Nb–Ni ternary phase diagram.

5. Conclusion

The systematic ab-initio simulations, performed in our study,

for all the CEF compounds encountered in the Fe–Nb–Ni ternary,

provided food for thought on the possibilities of using them

for a Calphad-type optimization. This is the case, in particular,

Fig. 14. Isothermal section at 723 K of the ternary Fe–Nb–Ni phase diagram.

because it pointed out, on one hand, good agreement with the
optimized enthalpies at 0 K for all the stable CEF compounds but,
on the other hand, for most of the antistructures and metastable
element structures, big discrepancies with the estimated or
optimized enthalpies at 0 K. It also emphasized the importance of
assumptions on magnetism.

Besides, in the perspective of building a quaternary database
Cr–Fe–Nb–Ni as simple as possible, the Gibbs energies of the stable
or metastable phases, liquid, bcc_A2, fcc_A1, D0a, D85, C14, C15
of the ternary Fe–Nb–Ni system have been determined with a
minimum of optimized parameters. In the case of L12_fcc and
D022, no adjustment could be made due to an absence of useful
experimental data.
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Appendix A. Formula of the Gibbs energy, versus temperature
and composition, and magnetismmodel

Substitutionnal model for disordered solid solutions (liquid, fcc_A1,
bcc_A2):

�Gϕ
m(x

ϕ

i , T ) =
∑

i

x
ϕ

i �G
ϕ

i (T ) + RT
∑

i

x
ϕ

i ln(x
ϕ

i )

+
∑
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∑
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n and L

ϕ
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∑
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lL
ϕ

i,j,k(T )x
ϕ

l

with nLϕ(T ) = A + BT + · · · .
Compound Energy Formalism for a two-sublattice model

(i, j, k)a(i, j, k)b: (phases C14, C15, D0a, D022), for y
s,φ

I the site frac-
tion of the sublattice s (s = 1 or 2):

�Gϕ
m(y

s,L12
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∑
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The case of the order phase L12:
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i , T ) + �GL12

m (y
s,L12
i , T )

− �GL12
m (y

s,L12
i = x

Fcc or L12
i , T )

with L
L12
i,j:k =

∑
n

nL
L12
i,j:k(T )(y

1,L12
i − y

1,L12
j )n

and L
L12
k:i,j =

∑
n

nL
L12
k:i,j(T )(y

2,L12
i − y

2,L12
j )n.

Magnetism

The magnetic contribution to the Gibbs energy was first

proposed by Inden [98] and modified later on by Hillert and

Jarl [99].

The T TDB or calc.
C and βTDB or calc. calculated from the parameters

in the TDB mean respectively the Curie temperature and the

magnetic moment, only in the case of positive values. If the

T TDB or calc.
C and the βTDB or calc. are negative, they are proportional

respectively to the Néel temperature and the corresponding

magnetic moment.

In the case of ferromagnetism, the second-order transition tem-

perature and the magnetic moment, plotted (plot.) or introduced

(intro.) in the Gibbs energy formula, are directly calculated from

the values in the TDB. In the case of antiferromagnetism, the

second-order transition temperature and the magnetic moment,

plotted (plot.) or introduced (intro.) in the Gibbs energy formula,

are then of course the deduced Néel Temperature and correspond-

ing magnetic moment.

Case of φ ferromagnetic (for T ≤ T
exp

C ) at least on a certain

composition field:

T
TDB or calc. or plot. or intro.
C (phase φ �= bcc or = bcc)

= T
exp

C (phase φ �= bcc or = bcc)

βTDB or calc. or plot. or intro.(phase φ �= bcc or = bcc)

= βexp(phase φ �= bcc or = bcc).

Case of φ antiferromagnetic (for T ≤ T
exp

Néel) at least on a certain

composition field:

T TDB or calc.
C (phase φ �= bcc ) = −3 ∗ T

exp

Néel(phase φ �= bcc )

βTDB or calc.(phase φ �= bcc ) = −3 ∗ βexp(phase φ �= bcc )

But T
plot. or intro.
C (phase φ �= bcc ) = T

exp

Néel(phase φ �= bcc )

βplot. or intro.(phase φ �= bcc ) = βexp(phase φ �= bcc )

T TDB or calc.
C (phase bcc ) = −T

exp

Néel(phase bcc )

βTDB or calc.(phase bcc ) = −βexp(phase bcc )

But T
plot. or intro.
C (phase bcc ) = T

exp

Néel(phase bcc )

βplot. or intro.(phase bcc ) = βexp(phase bcc )

with for a binary

A-B : T TDB calc.
C = xAT

TDB
C,A + xBT

TDB
C,B +

∑
xAx

n
BT

TDB
C (xA − xB)

n

and

βTDB calc. = xAβ
TDB
A + xBβ

TDB
B +

∑
xAx

n
Bβ

TDB(xA − xB)
n.

Therefore in a classical TDB:

�GTDB form. tot. = �GTDB form. nonmagn(T ) + �GTDB form. onlymagn.(T )

with:

�GTDB form nonmagn.(φ, AxBy, T ) = A + BT + CT ln(T ) + · · ·
+ x�GTDB form nonmagn.(α, A, T ) + y�GTDB form nonmagn.(γ , B, T )

= �HTDB nonmagn.(φ, AxBy, T ) − T�STDB nonmagn.(φ, AxBy, T )

and

�GTDB onlymagn.(φ, AxBy, T ) = RT ln(βplot. or intro. + 1)f (τ )

= �HTDB onlymagn.(φ, AxBy, T ) − T�STDB onlymagn.(φ, AxBy, T )

with τ = T/T
plot. or intro.
C or N and

f (τ ) = 1 − 1

Z

{
79 · τ−1

140 · p + 474

497

(
1

p
− 1

) (
τ 3

6
+ τ 9

135
+ τ 15

600

)}
for τ = T/T

plot. or intro.
C or N ≤ 1

or

f (τ ) = −1

Z

{
τ−5

10
+ τ−15

315
+ τ−25

1500

}
for τ = T/T

plot. or intro.
C or N ≥ 1

with

Z =
{

518

1125
+ 11692

15975

(
1

p
− 1

)}

where p is the ratio of the magnetic enthalpy due to short range

ordering to the total amount ofmagnetic contributionwith p = 0.4

for bcc and 0.28 for fcc, Hcp and all others solid solutions.
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Appendix B. The TDB determined in this work
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