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ABSTRACT 

SILVA, A.A.A.P. Thermodynamic modeling and critical experiments on the Al-
Fe-Nb system. 2015. 168p. Thesis (Doctoral in Science) – Escola de Engenharia 
de Lorena, Universidade de São Paulo, Lorena, 2015. 
 

The equilibrium diagrams are the starting point and the guideline to predict and 
control the microstructure that will form during processing materials. Despite 
experiments being necessary in binaries and ternaries systems, it is difficult to 
experimentally determine phase diagrams of higher orders systems over wide 
ranges of compositions and temperature. The CALPHAD (CALculation of PHAse 
Diagrams) method was developed in order to solve this problem. The essence is 
to optimize the parameters of thermodynamic models that describe the Gibbs free 
energies of each phase aiming to reproduce the experimental and estimated (ab-
initio) data. The compound energy formalism (CEF) is widely used in order to 
describe phases which present several sublattices. It allows the modeling of a 
large variety of phases and numerous methods have been developed to treat 
different situations. The activities in this work developed a new approach of the 
CEF (NACEF) based on a mathematic analysis of the parameters which leads to a 
new formulation of the Gibbs free energy function evolving new independent 
parameters in which new independent parameters are obtained to express the 
Gibbs free energy. This approach was used in this work to describe the 
intermetallic phases with two-sublattice in which the only defect type is anti-sites 
(A,B)a(A,B)b. The Al-Fe-Nb system was chosen due to its importance for the 
manufacturing process of several families of alloys currently used, e.g. steels, light 
alloys, and also for the development of new materials for high temperatures 
application. The binaries Al-Nb and Fe-Nb were reassessed and the Al-Fe-Nb 
system was assessed for the first time using literature information and new 
experimental data.  
 

Keywords: Al-Fe-Nb system, phase diagram, thermodynamic modeling. 

  



 
 

 
 
 
 
 
 

 

 



 
 

RESUMO 

SILVA, A.A.A.P. Modelagem termodinâmica e experimentos críticos no 
sistema Al-Fe-Nb. 2015. 168p. Tese (Doutorado em Ciências) – Escola de 
Engenharia de Lorena, Universidade de São Paulo, Lorena, 2015. 

 

Os diagramas de equilíbrio são o ponto de partida e a diretriz para prever e 
controlar a microestrutura ao final do processamento de um material. Apesar de 
experimentos serem necessários em sistemas binários e ternários, é muito difícil 
determinar experimentalmente diagramas de fase de sistemas de ordens 
superiores numa vasta amplitude de composições e temperatura. A fim de 
solucionar este problema, o método CALPHAD (CALculation of PHAse Diagrams) 
foi desenvolvido. A essência consiste em aperfeiçoar os parâmetros de modelos 
termodinâmicos que descrevem as energias livres de Gibbs de cada fase de 
modo a reproduzir as informações experimentais ou estimadas (ab-initio). O 
compound energy formalism (CEF) é amplamente utilizado para descrever fases 
que apresentam várias sub-redes. Ele permite a modelagem de uma grande 
variedade de fases e vários métodos têm sido desenvolvidos para o tratamento de 
diferentes situações. As atividades deste trabalho ajudaram a desenvolver uma 
nova abordagem para o CEF (NACEF) com base em um estudo matemático dos 
seus parâmetros termodinâmicos que levou a uma nova formulação para função 
da energia livre de Gibbs envolvendo novos parâmetros independentes. Esta 
nova abordagem tem sido utilizado como parte do presente trabalho para modelar 
fases intermetálicas binárias constituídas de sub-redes cujo único defeito é do tipo 
anti-sítio (A,B)a(A,B)b. O sistema Al-Fe-Nb foi escolhido devido a sua importância 
para o processo de fabricação de diversas famílias de ligas usadas atualmente, 
e.g. aços, ligas leves e, além disto, é um sistema importante para o 
desenvolvimento de materiais para aplicações em altas temperaturas. Neste 
trabalho os binários Al-Nb e Fe-Nb foram reavaliados e o sistema Al-Fe-Nb foi 
modelado pela primeira vez utilizando as informações da literatura e novos dados 
experimentais.  
 
Palavras-chave: Sistema Al-Fe-Nb, diagrama de fases, modelagem 
termodinâmica. 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

RÉSUMÉ 

SILVA, A.A.A.P. Modélisation thermodynamique et expériences critiques sur 
le système Al-Fe-Nb. 2015. 168P. Thèse (Doctorale en sciences) – Escola de 
Engenharia de Lorena, Universidade de São Paulo, Lorena, 2015. 
 

Les diagrammes d’équilibre sont le point de départ et la ligne directrice qui permet 
de prévoir et contrôler les phases pouvant se former au cours de différents 
processus industriels. Bien que l’étude expérimentale soit nécessaire pour les 
systèmes binaires et ternaires, elle est difficilement envisageable pour déterminer 
les diagrammes de phases des systèmes d’ordre supérieur sur de larges gammes 
de composition et de température. Afin de contourner ce problème, la méthode 
dite CALPHAD (CALculation of PHAse Diagram) a été développée. Son principe 
consiste à optimiser les paramètres des modèles thermodynamiques utilisés pour 
décrire l´énergie libre de Gibbs de chaque phase à partir d’informations 
expérimentales ou estimées (ab-initio). Le modèle appelé « Compound Energy 
Formalism » (CEF) est largement utilisé pour décrire les phases qui présentent 
plusieurs sous-réseaux. Ce modèle et ceux qui en dérivent permettent la 
modélisation d'une grande variété de composés. Les activités menées au cours de 
ce travail ont permis de développer une nouvelle approche du CEF (NACEF) 
basée sur une étude mathématique de ses paramètres thermodynamiques. Elle a 
conduit à une nouvelle formulation de la fonction d'énergie libre de Gibbs faisant 
intervenir de nouveaux paramètres indépendants. Cette nouvelle approche a été 
utilisée dans le cadre de ce travail afin de modéliser les phases intermétalliques 
binaires constituée de deux sous-réseaux présentant des défauts uniquement de 
type anti-sites (A,B)a(A,B)b. Le système Al-Fe-Nb sur lequel porte notre étude a 
été choisi en raison de son importance dans la fabrication de nombreuses familles 
d'alliages tels que les aciers, les alliages légers et plus récemment dans le 
développement de nouveaux matériaux réfractaires à base Nb pour des 
applications à hautes températures. Dans ce travail, de nouvelles modélisations 
des bordures binaires Al-Nb et Fe-Nb et pour la première fois du ternaire Al-Fe-Nb 
sont proposées en utilisant la NACEF et en s’appuyant sur les informations issues 
de la littérature ou obtenues dans cette étude.  
 
Mots-clés : Système Al-Fe-Nb, diagramme de phase, modélisation 
thermodynamique. 
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1. Introduction and Objectives 

 

 

1.1 – Phase diagrams and CALPHAD 

 

 ‘‘Phase diagrams are the beginning of wisdom not the end of it’’.  

William Hume-Rothery [1] 

 

 The microstructure of an alloy includes the type of phase(s) as well as its 

morphology. This is closely related to the physical and chemical properties and 

consequently the performance of the alloy. Known as roadmap of the materials, 

phase diagrams are one of the most important tools in the field of materials 

science and engineering. It is the starting point and the guideline to predict the 

phases that will form in the final microstructure of several processes such as: 

melting, casting, solidification, crystal growth, joining, welding, solid-state reaction, 

heat treatment, phase transformation, oxidation, vapor deposition, material’s 

design, etc. [1,2]. 

 For phase equilibria in binary and ternary systems over limited 

compositional regions, experiments are necessary and useful; however it is very 

difficult to experimentally determine phase diagrams of higher orders systems over 

wide ranges of composition and temperature. Commonly, commercial alloys 

contain more than three elements (often more than ten), so one of the challenges 

in this field has been to use an alternate approach to obtain multicomponent phase 

diagrams [1,2].  

 The CALPHAD method (Calculation of Phase Diagrams) was developed in 

order to predict these multicomponent systems. Extrapolation methods make 

possible to anticipate the behavior of high order systems starting from description 

of lower order systems. The calculated multicomponent phase diagrams must be 

verified. However, in this case, the number of experiments is much lower 

comparing to the exclusively experimental determination. This tool provides an 

economic and practical method of solving industrial and technological problems. 

However, as these calculations require efficient computers and the experimental 

study of phase diagrams still prevails [1,3–5].  
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Figure 1 – CALPHAD route for thermodynamic modeling. 
 

 
Source: This work. 

 

 Figure 1 schematically represents the path used in the CALPHAD method. 

The essence is to optimize the parameters of thermodynamic models for the Gibbs 

free energy of the constituent phases in the lower order systems (binaries and 

ternaries) in order to reproduce the known thermodynamic and phase equilibria 

data [2]. Thermodynamic models (functions containing adjustable parameters) to 
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describe the phases present in the system are chosen based on the phase 

crystallographic structure. After choosing the model, relevant data are selected 

from the available literature. This information may be thermodynamic (enthalpy of 

formation of alloys, mixing enthalpy, specific heat, etc.) or related to phase 

equilibria (solubility limits of the phases, temperature of invariant reactions, solidus 

and liquidus). The parameters are then optimized in order to fit the system 

properly with the key information (binary and ternary). These functions, once fitted, 

are able not only to reproduce the input information but also to predict phase 

equilibria behavior and thermodynamic properties of higher order systems by 

extrapolation. These Gibbs free energy values enable us to calculate reliable 

multicomponent phase diagrams in many instances. To be accepted and used, 

extrapolations must be supported by key experiments. For the uncommon cases in 

which there is a quaternary phase [6], optimization of model parameters for this 

phase is necessary. 

 Based on the sublattice model, the compound energy formalism (CEF) [7] is 

commonly used in CALPHAD assessments in order to describe the Gibbs free 

energy of phases which present several sublattices [8]. It allows the modeling of a 

large variety of phases and several methods have been developed to treat 

different situations like, for example, the long range order in intermetallic phases 

including order-disorder transformations. Hillert and Staffansson [7] developed this 

formalism for a phase with 2 sublattices occupied by 4 elements. After that the 

model was extended by several authors [8–12]. In a work of Fiorani et al. [13] 

which will be published soon, a mathematical analysis of the thermodynamic 

parameters of the CEF is performed in the case of a two-sublattice binary phase 

where the only defect type is (A,B)a(A,B)b anti-sites. From this analysis, a new 

formulation of the Gibbs free energy function is developed by imposing constraints 

on the CEF, in which new independent parameters are obtained to express the 

Gibbs free energy, providing a way to increase the possibilities of thermodynamic 

descriptions for this type of phases. This approach here called New Approach of 

the Compound Energy Formalism (NACEF) will be used in this work to describe 

the intermetallic phases with long range order and compared with the classical 

CEF. 
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1.2 – Applications of Al-Fe-Nb alloys 

 The knowledge of the phase equilibria in Al-Fe-Nb system is important for 

understanding the microstructure, and the manufacturing process of several alloy 

families currently used in steel, energy, light alloys and ferroalloy industries. 

Beside this, alloy of the Al-Fe-Nb system have also potential for applications in 

high temperature (Fe-Al-rich) and ultrahigh temperatures (Nb-rich). 

 

Fe-Al alloys 

 Fe-Al alloys with Al contents between 10 and 30 wt% have potential 

application in high temperature due to the formation of a very stable alumina 

(Al2O3) layer (passivation) which protects the substrate [14,15]. These alloys have 

good resistance to oxidation and also good resistance to environment containing 

H2S and SO2 [15,16]. In commercial terms, these alloys are interesting because of 

their higher specific strength compared to stainless steel due to the difference in 

the densities of Cr and Al (Cr = 51.9961 g/mol, Al = 26.9815 g/mol) [14]. 

Furthermore, the Al2O3 is also more stable at high temperatures than Cr2O3. 

Despite these interesting properties, the commercial applicability of these alloys 

are not yet possible due to some unsatisfactory mechanical properties such as low 

ductility at ambient temperature, low mechanical strength at high temperatures 

and low resistance to creep [14,17]. A possible way to increase the mechanical 

strength at high temperature and the creep resistance of these materials is the 

introduction of fine and well distributed precipitates in the microstructure. Three 

categories of precipitates have a higher potential: carbides, intermetallics, and 

dispersions of stable oxides. Among the various elements that can be used for 

formation of intermetallic precipitates (Cr, Ti, Mn, Si, Mo, V and Ni) is Nb, which 

can not only increase the mechanical strength of these alloys through precipitation 

of a second phase (e.g. carbides in C containing alloys), but also harden it by solid 

solution [15,18–20]. Then, these materials are of great interest in the energy 

industry (application in steam turbines) as well as in the chemical and oil industries 

where materials with low density, high strength and high corrosion resistance are 

required [21,22].  
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Nb-Based alloys 

 Nb-Based alloys are potential materials for high temperatures applications 

that can improve the performance in engines that work with Brayton cycle (e.g. jet 

engines and gas turbines for energy generation) [23]. In these equipments, the 

efficiency is directly related to the operating temperature of the combustion 

chamber, the higher the gas temperature in this region, the greater the overall 

efficiency of the process, resulting in economy of fuel, higher thrust and power 

output [23,24]. Ni-based superalloys are the currently used material in the most 

critical jet engine components nowadays but they already work very close to their 

temperature limit (90% of Ni melting point) [25,26]. Nb-based superalloys are of 

great interest for these applications as Nb has higher melting point and lower 

density compared to Ni. The weaknesses in Nb alloys are low oxidation resistance 

[27] (catastrophic behavior under oxidizing environments) and only moderate 

resistance at high temperatures [28]. The Al may increase the resistance at high 

temperatures of Nb alloys forming a secondary aluminide phase in the same 

sense as γ/γ’ for Ni-based superalloys. The Al may also act as a Al2O3 former and 

increase the oxidation resistance [29]. 

 

 The three binary diagrams that form the Al-Fe-Nb system have been 

extensively studied and recent thermodynamic modeling are available in all three 

cases, Al-Fe [30,31], Al-Nb [32] and Fe-Nb [33]. The ternary phase diagram is 

subject of recent studies: Raghavan [34] published a review on this ternary which 

was mainly based on the work of Palm [35] and Prymak and Stein [36], who 

studied the isothermal sections at 1000, 1170 and 1300 °C and the liquidus 

projection. Recently, Stein et al. [37] proposed the isothermal sections at 1000, 

1150 and 1300 °C as well the liquidus projection, for the whole ternary 

composition domain. However, a CALPHAD assessment of the complete system 

is not found in the literature.   
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1.3 – Objectives 

 Experimental review of the solubility limits of phases in the Nb-Al system at 

different temperatures to solve inconsistencies in the literature.  

 Reassessment of the binaries systems Fe-Nb and Nb-Al using the new 

approach [13] for the long range ordered intermetallic phases in order to test its 

performance. 

 Experimental determination of the liquidus projection and isothermal section of 

the Al-Fe-Nb at 1400 °C in order to complement the literature information.  

 Thermodynamic assessment of the ternary Al-Fe-Nb system. 
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2. CALPHAD, CEF and NACEF 

 

 

2.1 – CALPHAD 

 

 The CALPHAD method (CAlculation of PHAse Diagrams) is very well 

described in many books such as that of Saunders and Miodownik [38] and of 

Lukas et al. [39]. The purpose of this section is to present the fundamentals and 

introduce the thermodynamic model used in the description of the ordered phases 

present in the systems studied in this work. 

 The CALPHAD method is based on the formulation of mathematical models 

that describe the molar Gibbs free energy (G) functions of each phase of a system 

as a function of temperature (T), pressure (P) and constitution (C). Application of 

this method is important in several areas of materials science and engineering. For 

real engineering alloys, for example, thermochemical information of high-order 

systems may be obtained by extrapolation from lower-order systems modeled via 

CALPHAD. Another example is the description of the energy of metastable 

structures for pure elements obtained from extrapolations from binary solutions to 

the unary systems, which may be used to help the development of ab initio 

calculations. For those examples, the models should describe G including 

conditions in which the phases are not stable. The general form of the G model 

(    for a hypothetic phase ϕ is given by the sum of different contributions 

[4,5,38,39]:                         (1) 

 The first term          is the weighted average of the molar Gibbs free 

energies of each compound (or element) in the crystal structure of the phase in 

question. The second term         refers to the ideal interaction of the various 

atoms. The atomic bonds are considered indistinguishable, and then only an 

entropic contribution of the random distribution of atoms in their sub-lattices is 

taken into consideration. The third          refers to non-ideal interactions of 

different atoms. In real materials, the atomic bonds between different atoms are 

unique and atomic mixture should then result in an additional Gibbs free energy, 
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this is why the third term is called non-ideal or excess term. The last term        represents contributions that can be also be added for special cases, for 

example the energy associated with the magnetism that occurs in systems with 

elements such as Fe and the energy associated with surface effects, that is 

important for the case of nanomaterials [4,5,38,39]. 

 The total Gibbs free energy of a system for a given condition (T, P and C) is 

the weighted sum of the Gibbs free energies for each individual stable phase. To 

calculate the thermodynamic equilibria of a system, it is necessary to find the state 

with the minimum total Gibbs free energy of all possibilities. When this is stated, it 

is possible to determine the stable phase(s), its amount and composition as well 

as the thermodynamic data like heat capacities, chemical potentials etc. 

[4,5,38,39]. 

 

2.1.2 – Models for the Gibbs free energy 

 Solid phases have crystal structures described by crystallographic 

parameters which include equivalent positions (Wyckoff positions) for the atoms. 

Liquid phase may contain neutral or ionic species that interact when forming a 

solution. The physical-chemical nature of these phases guides the choice for the 

models of their Gibbs free energy functions. These functions contain adjustable 

parameters and their numerical values are determined by an optimization 

procedure that minimizes the root mean squared differences between 

experimental/theoretical and calculated information. The operator of the 

assessment may attribute weights for different data and needs to be careful, so 

that the extrapolations and metastable states are reasonable. The result of the 

modeling is kept in a file which contains, for each phase, the model used and the 

numerical values obtained for the different coefficients, which is called the phase 

description [38,39]. 

 Phase diagrams may be calculated using different reference states for the 

Gibbs free energies. The assessments results are only directly compatible among 

them if the same reference states were used. The entropic term of the Gibbs free 

energy is null at 0 K. The SGTE (Scientific Group Thermodata Europe) suggested 

the use of the enthalpy of a pure element in its stable state at room temperature 

and pressure (298.15 K and 101325 Pa) as reference (null value) for the enthalpic 
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contribution [38,39]. Metastable states for the pure elements are then described by 

their energy related to the stable states. These energy differences may be 

estimated by ab initio calculations. This concept is called “lattice stability”. 

 

Models for phases with fixed composition 

 Dinsdale [40] compiled the Gibbs free energy functions of the pure 

elements derived from the specific heats and enthalpies of transformation and 

developed Eq. 2, a way to express the G of a phase by a polynomial which relates 

this energy with temperature. The parameters a, b, c, and d are defined 

experimentally for each particular phase and can be adjusted from Cp measures. 

“n” represents a set of integers typically taking the values of β, γ and -1. The left-

hand side of the equation is defined as the Gibbs free energy relative to a SER 

where HSER is the enthalpy of the pure element or substance in its defined 

reference state.                              
  (2) 

 In the case where the phase in question is stoichiometric and has no 

measured heat capacity, the Kopp–Neumann rule can be applied. In this model, 

the heat capacity of the compound is equal to the weighted average of the heat 

capacities of the pure elements. The Gibbs free energy of the compound will then 

be taken from the descriptions of the pure elements that form it with an additional 

term for excess contribution. Eq. 3 shows G (    ) for a hypothetic stoichiometric 

compound ϕ. The (         ) term refers to the molar Gibbs free energy which is 

given by the weighted average of the Gibbs free energies of the pure elements in 

their stable form. The term (        is standard formation energy of the compound 

represented in the form of the equation where the coefficients a and b may be 

associated to the enthalpy and entropy of formation of the compound [5,38]. 

                     (3) 

             (4) 
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Models for phases with solubility 

 The term “solution” is used for phases which can vary in composition. All 

elements can be present in all phases in some level, but for practical purposes it 

may be possible to ignore the compositional variations for some compounds [38]. 

The first assessment reports were focused on the description of phases with low 

contents of interstitial and defects, but the need to cover the whole range of 

composition increased and an adequate description of the properties of solution 

phases with sublattices had to take their existence into accout. This started with 

the introduction of the concept of “lattice stability” in order to describe the whole 

composition range for substitutional solutions. Several efforts have been made to 

develop models for physical interactions between atoms in phases with 

sublattices, for example the Bragg-Williams model [41]. 

 There are several models to describe the G of a solution phase: 

 Randon substitutional models 
 Simple mixtures 

 Dilute solutions 
 Ideal Solution 
 Non-ideal solutions (Regular and non regular solution models) 

 Sublattice Models 
 Compound energy formalism (CEF) 

 Ionic Liquid Models 
 Cellular models 
 Modified quasichemical models 
 Sublattice models 
 Associated solution models 

 Aqueous solutions 

 

 The compound energy formalism (CEF) is the model adopted in most 

thermodynamic databases due to its versatility. In this model, the phases are 

described considering to the number of sublattices in the crystal structure that can 

be grouped. Several methods have been developed to treat different situations 

using this formalism [1]. 
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2.1.2 – Extrapolation 

 There are several numerical methods based on geometrical considerations 

to extrapolate the Gibbs free energies functions of phases in multicomponent 

systems from lower order systems. The Kohler and Colinet methods are 

symmetrical, like the Muggianu method, and treat the contributions from the three 

binary systems in the same way, but refer the contributions from the binaries to 

different compositions along the binary side as shown in Figure 2. The Toop 

method treats one of the three elements differently. The differences among the 

methods are usually small. The Toop method is used when one of the constituents 

behaves very differently from the others. For example, when mixing carbon or 

oxygen with two metals [39]. 

 The currently dominant method is based on the equation developed by 

Muggianu et al. [42]. The equations of this model promote a symmetric 

extrapolation of influence of each lower order system which composes the 

multicomponent system to be extrapolated. The Muggianu method has the easiest 

formulation, starting from the Redlich-Kister [43] formalism, and thus is preferable 

[39]. Eq. 5 shows the excess energy using the Muggianu extrapolation for a sub-

regular solution in a ternary system [38]. 

 

                                                                               (5) 
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Figure 2 – Geometric representation of the methods for ternary extrapolation. [a] Muggianu, [b] 
Kohler, [c] Colinet, [d] Toop. 
 

  
[a] Muggianu [b] Kohler 

  

  
[c] Colinet [d] Toop 

 
Source: Saunders and Miodownik [39]. 
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2.2 – Compound Energy Formalism (CEF)  

 CEF is nowadays widely used in CALPHAD assessments in order to model 

the Gibbs free energy of phases which show variation in composition. It allows the 

modeling of a large variety of phases and numerous methods have been 

developed to treat different situations like, for example, the long range order in 

intermetallic phases including the order-disorder transformations. Based on the 

sublattice model, the CEF was introduced 40 years ago by Hillert and Staffanson 

[7] and extended by Sundman and Ågren [8] to describe the thermodynamic 

properties of phases with two or more sublattices that have a variation in 

composition (i.e., non-stoichiometric). The CEF is a model for calculating the 

Gibbs free energy by knowing the occupation of the sites of the crystal structure of 

the modeled compound. The CEF predicts configurational entropy and the energy 

of the compound from the end-members (stable or metastable). The deviation 

between reality and the values obtained by the CEF is usually fixed with an excess 

polynomial term using the Redlich-Kister [43] formalism. The CEF reduces to the 

regular solution model when all sites except one are vacant [41]. 

 Phases with two or more sublattices may be described by the general 

formula (i,j)a(k,l,m)b where i and j are components (elements, molecules, ions) that 

are mixed in the first sublattice and k, l and m in the second. The a and b 

coefficients are the stoichiometric coefficients and one mole of compound then has 

a + b moles of atoms. The phase constitution is described by the occupation 

fraction    , where J is any type of species (atom, molecule, ion or vacancy) and S 

represent the sublattice. In the compositional limits there will be only one species 

in each sublattice, the stoichimetric compounds are then classified with end-

members of the "solution phase" or end-members compounds.  The Gibbs free 

energy of the solution phase must have a value at the end-members. In some 

cases, this information may be inaccessible experimentally but it may be possible 

to predict properties of such a compound by extrapolation or by ab initio 

calculations [38].  

 In CEF, the term of reference of G is the weighted contribution of the Gibbs 

free energy of each end-member in the crystal structure of the phase in question 

( ). Eq. 6 shows the mathematical model used in the CEF to describe the terms of 

reference: 
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                                   (6) 

 The sum term represents the influence of each element (i, j, ..., k) in each 

sublattice (s, t, ..., u). The term G (i: j: ...: k) is the Gibbs free energy for the   

structure when all sites are occupied 100% by the element i, j,..., k.  

 The ideal term in CEF is given by Eq. 7. The ideal entropy of mixing term 

refers to the assumption of random mixing within each sublattice.              
         

             (7) 

 The term    is the stoichiometric coefficient for a sublattice p and the 

second sum describes the effect of the ideal mixing within the sublattice p. 

 The excess term for the Gibbs free energy is described by Redlich and 

Kister [43] formalism whose expression can be very complicated in the case of 

multiple elements with multiple sublattices. For example, Eq. 8 describes the 

excess energy for two sublattices and mutual interaction between two components 

(elements) in only one.            
        

                        
                     

      (8-1) 

                               
 (8-2) 

                                 

 The interaction parameters          and          are optimizable and can be 

dependent on temperature. In this example they describe the mutual interaction of 

constituent i and j in one sublattice when the other sublattice is only occupied by 

the k element. This description may be extended to any number of elements and 

sub-lattices. In the CALPHAD method the “   ” parameters are generally 

described as A + B * (T) and the interaction order (Z) normally varies between 0 

and 2 [5]. 
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2.3 – New approach of the Compound Energy Formalism (NACEF) 

 In the present work, the binary phases of the system Fe-Nb and Al-Nb were 

modeled with a new approach for the CEF developed by Fiorani et al. [13]. In this 

approach, referred as NACEF, a new formulation of the Gibbs free energy function 

is derived, in which the new parameters are obtained from constraints of the CEF 

parameters. NACEF provides a way to increase the possibilities of thermodynamic 

descriptions for this type of phases. Firstly the NACEF uses independent 

parameters in which the physical sense is clearly and simply drawn. This 

advantage is presented in the end of this section. Secondly with this approach, it is 

possible to make compatible 2 sublattices models with multiple sublattices models 

using the same optimized parameters, as will be illustrated, for the σ and µ 

phases, in the sections 4 and 5 of this work. To present the NACEF, a 

summarized mathematical analysis of the thermodynamic parameters of the CEF 

is performed in the case of a two-sublattice binary phase where the only defect 

type is (A,B)a(A,B)b anti-sites.  

 

Thermodynamic modeling based on the CEF 

 In the case of a two-sublattice binary phase (A,B)a(A,B)b, the molar Gibbs 

free energy is divided into three parts when the physical contributions are not 

considered:                    (9) 

 The three terms represent respectively the reference part, the ideal entropy 

of mixing contribution and the excess part and they can be written as: 

Srf (1) (2)
m i:ji j

i j

G y y G  
(10) 

(1) (1) (2) (2)
m    ln ln
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Ex (1) (1) (2) (1) (1)
m i,j:k

0

(2) (2) (1) (2) (2)
k:i,j

0

(1) (1) (2) (2)
i,j:i,j

i j k i j

k

i j k i j

k

i

i j i

i i

i

j

j j

G y y y y y L

y y y y y L

y y y y L

 



 



 

 

 

 



 
   (12) 
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 The site fraction       gives the fraction of the constituent i in sublattice s. 

The site multiplicities are “a” and “b” with:      .      is the Gibbs free energy 

of the configuration      and        ,         and           the interaction parameters. 

 When the phase is totally disordered, the site fractions of all constituents 

are equal in all sublattices i.e. when               . The differential of the Gibbs 

free energy with respect to any variation of the site fraction is: 

( )m
m ( )

 s
is

i
i s

G
dG dy

y

 
  

   (13) 
 

 At fixed temperature and composition, this differential should be zero at 

equilibrium which gives the following equation for the equilibrium fraction of anti-

site defects [39]. 

m m m m

(1) (1) (2) (2)
0 

A B A B

G G G Ga a

b by y y y

   
  
  




 (14) 

 

 The thermodynamic descriptions of order-disorder transformations are 

usually treated from the approach introduced by Ansara et al. [44,45]. The 

contribution of the ordering part is added to the description of the disordered state 

and the total Gibbs free energy is then expressed as: 

 dis ord
m mm G x GG    (15) 

   ord ord ord
m m mG G y G y x     (16) 

       is the molar Gibbs free energy of the disordered phase where the 

excess part is given by a Redlich-Kister series. 

 dis 0
m i

0

 lni i i i j i

i

j

i

G x G RT x x x x x x L
 



       
(17) 

 The parameter    can be temperature dependent.     expresses the 

molar Gibbs free energy of the pure component i.        is the ordering energy, i.e. 

the energy difference between the ordered and the disordered phases and will 

always be zero when the phase is disordered. This treatment allows the ordered 

phase and the disordered phase to be described independently. In order to ensure 

that the disordered state is always possible, a necessary and required condition, 

given in Eq. 14, is that the Gibbs free energy always has an extremum when               . When the disordered phase is stable, this extremum must be a 
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minimum. This leads to constraints between the thermodynamic parameters 

describing ordering [44,45]. 

(1)

m m m m

(1) (1) (2) (2)
0 

AA
A B A B y x

G G G G

y y y y

a a

b b


    
   

   



 

(18) 

Mathematical analysis 

 Based on CEF, fifteen parameters of the following matrix are considered: 

A,B:A,B

2
A,B:*

2
*:A,B

1
A,B:A

1
A,B:B

1
A:A,B

1
B:A,B

0
A,B:A

0
A,B:B

0
A:A,B

0
B:A,B

A:B Ref

B:A Ref

A:A Ref

B:B Ref

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 









L

L

L

L

L

L

L

L

L

L

L

G GAB GAB

G GBA GBA

G GAA

G GBB

 

 

 The character ‘‘*” in a sublattice means that the parameter is independent of 

the occupation of that sublattice. 

 The four terms       are defined as follow:               (19)               (20)                        (21)                        (22) 

where       
 is the Gibbs free energy of the pure component i in the structure of the 

considered phase. 
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 Thus we obtain the Gibbs free energy as expressed by the following 

relations:                                 (23)  

 Where:                                                                          (24) 

   

2 (1) (2) (1) (2)
m

(1) (1) (2) 0 (1) (1) (2) 0 (1) (2) (2) 0 (1) (2) (2) 0
A,B:A A,B:B A:A,B B:A,B

(1) (1) (1) (1) (2) 1 (1) (1) (1) (1) (2) 1
A,B:A A,B:B

 

       

   

A B B A

A B A A B B A A B B A B

A B A B A A B A B B
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y y y L y y y L y y y L y y y L

y y y y y L y y y y y L

y

 

   

   

    
   

(1) (2) (2) (2) (2) 1 (1) (2) (2) (2) (2) 1
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2 2
(1) (1) (1) (1) 2 (2) (2) (2) (2) 2

A,B:* *:A,B

(1) (1) (2) (2)
  A,B:A,B

   

   

 

A A B A B B A B A B

A B A B A B A B

A B A B

y y y y L y y y y y L

y y y y L y y y y L
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 (25) 

 It should be noticed that the Gibbs free energy         is the sum of 

terms which are the product of a function f of site fractions by the energy U of the 

corresponding parameter. 

 Srf Ex 1 2 (1) (1) (2) (2)
m m m m  , , , *    A B A BG G G y y y yf UG  

(26) 
 

 For a phase modeled as (A,B)a(A,B)b, the constraints for the mole fractions 

and the site fractions are given by the following relations:          (27)               (28)               (29)                  (30) 

 Accordingly, for each specific composition, only one of the four site fractions 

is independent. Thus, the ordering can be described by only one long range order 

variable (LROV) which can be expressed by:                                  (31) 

 The phase is disordered when       . The totally ordered configurations     and     are obtained when        and        , respectively. 
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 Thus, it becomes possible to express the four fractions from this long range 

order variable (LROV):                   (32)                  
(33)                  
(34)                   (35) 

 Taking into account the above equations, it appears that the Gibbs free 

energy defined by Eqs. 10 to 12 can be also written as a function of this long 

range order variable (LROV). The ideal contribution (Eq. 11) becomes: 

        
                                                                                                                       

    (36) 

 The case of the other two contributions (Eq. 10 and Eq. 12) is detailed in 

the following, taking into account that the mole fractions can be written:                   (37)                   (38) 

 From Eq. 32 to 35 and Eq. 37 and 38, it comes that for each of the fifteen 

parameters considered, the corresponding function f, as defined by the CEF, is 

mathematically equivalent to the following form:  
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 (39) 

where the coefficients N and O are equal to zero, except for the parameters       

and      for which N=1 and O=1 respectively.  

 It should be noted that the coefficients D to M, are linked to the ordering 

part, and the coefficients A to C are linked to the disordering part. 
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 In the case of the four parameters (end-members) involved in the term     

(Eq. 24), their function f (Eq. 39) is reduced to: 
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2
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x x
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 (40) 

 Taking into account Eq. 19 to 22, it is possible to demonstrate that     

becomes the reference term: 

1 0 a:b a:b Ref
m A B m

0
A BG x G x G G    (41) 

 In the case of the thirteen parameters involved in the term     (Eq. 25), 

their function f (Eq. 39) is reduced to: 
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 Accordingly,     is reduced to: 
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where the new parameters     and    are obtained from the CEF parameters 

using the matrix       defined as follow: 

 

A,B:A,B
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(44) 

 The matrices        obtained in the cases where a = b and a = 3b are 

given in Table 1. Finally, for a modeling based on the CEF, the corresponding total 

G is mathematically equivalent to: 

   

       

     

   

   

0 a:b a:b
m A B

2

2 3

2

0

2

3

m

4

 

 

 

 

 

      
        
      

    





Id
A

A A A

A A A

B

B B B

B B B

B BA A

A B

G

P0 P1 P2

P10 P11 P12 P13

P20 P21 P22

P3

G x G x G

x x x x x x

LROV x x x x x x

LR

0

O

P

V x x x x

LROV x x

L

1

ROV

3

P40

 (45) 

 

 Thus, the Gibbs free energy contains intrinsically one disordered excess 

part which is expressed in a Redlich-Kister form by the parameters   . The 

ordered excess part is described by the parameters     for which the physical 

meaning of the degree   and   are discussed in the next section. 

Note that Eq. 15 and Eq. 16 are reduced to: 

   dis o
m mm

rd
G x G LROVG    (46) 
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where        will always be zero when the phase is disordered, i.e., when  

LROV = 0. 

Table 1 – Matrix Qa:b for phases where a = b and a = 3b. 

:a b   a:bQ  

a b  

 

0 0 0 1 1 1 1 1 1 1 1 2 2

0 2 2 0 0 0 0 2 2 2 2 0 0

0 0 0 3 3 3 3 1 1 1 1 0 0

0 4 4 2 2 2 2 0 0 0 0 0 0

2 1 1 1 1 1 1 1 1 1 1 1 1

0 0 0 3 3 3 3 1 1 1 1 0 0

2 6 6 0 0 0 0 0 0 0 0 0 0

0 0 0 1 1 1 1 1 1 1 1 0 0

0 4 4 2 2 2 2 0 0 0 0 0 0

1 1 1 1 1 1 1 0 0 0 0 0 0

4 0 0 0 0 0 0 4 4 4 4 4 4

0 0 0 4 4 4 4 4 4 4 4 0 0

    
  

   
  

      
     

  
   

  
   

 

1/16

1/ 4

1/ 4

1/ 8

1/ 8

1/ 8

1/ 8

1/ 8

1/ 8

1/ 8

1/ 8

1/ 4

1/ 44 4 4 4 4 4 4 0 0 0 0 0 0

 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
      




 

 

3a b

 

0 0 0 8 8 24 24 12 12 4 4 8 8

32 16 48 16 16 16 16 8 8 24 24 4 4

0 0 0 24 24 72 72 4 4 20 20 0 0

32 32 96 0 0 64 64 0 0 0 0 0 0

40 4 36 12 12 12 12 2 2 18 18 3 3

0 0 0 12 12 108 108 10 10 6 6 0 0

8 24 216 24 24 72 72 0 0 0 0 0 0

0 0 0 2 2 54 54 3 3 9 9 0 0

24 8 2

    
       

   
 

      
     

    
   

  16 16 16 0 0 0 0 0 0 0 0

9 1 81 3 3 27 27 0 0 0 0 0 0

64 0 0 0 0 0 0 32 32 32 32 16 16

0 0 0 64 64 64 64 32 32 32 32 0 0

64 64 64 64 64 64 64 0 0 0 0 0 0

1/ 256

1/ 64

1/ 64

1/128

1/128

1/128

1/128

1/ 64

1/ 64

1/ 64

1/ 64

1/16

1/16
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Gibbs free energies of the totally ordered configurations BaAb and AaBb  

 Eq. 45 allows to define the Gibbs free energy of the totally ordered 

configurations      and     . The corresponding energies       and       can 

be obtained by introducing in Eq. 45 the following conditions: 

a b ,B A 1BAx x a and LROb V    (47) 

a b 1A B , BAx xa b an OVd LR     (48) 

 This leads to the relationships Eq. 49 and Eq. 50 that give the Gibbs free 

energies of the two compounds regardless of the new parameters  

   

     

   

 
 

a b

0 a:b 0 a:b
B A A B

2

2 3

2

 

 

 

 

ab P0 P1 a P2 a

P10 P11 a P12 a P1

U b G a G

b b

b b b3 a

P20 P21 a P22 a

P30 P31 a

P

b

4

b

b

0
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a b

0 a:b 0 a:b
A B

2

2

A B

3

2

 

b

ab P0 P1 P2

P10 P11 P12 P13

P2

U a G G

a b a b

a b a b a

0 P21 P22

P

b

a b a b

a b30 P31

P40





  





     
      
     
   



 

 (50) 

 As an example, in the case of a phase where    , it comes: 

0.5 0.5

0 a:b 0 a:b
B A B A

1 1 1
2 2 4

P0 P1U 0 P20 P3 PG G 0 40       (51) 

0.5 0.5

0 a:b 0 a
A

:b
A BB

1 1 1
2 2 4

P0 P10 P20 P30 PU G G 40        (52) 

  

Optimizing the new parameter 

 In order to directly optimize the new independent parameters, it is 

necessary to express the CEF parameters in the following way: 
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A,B:A,B

2
A,B:*

2
*:A,B

1
A,B:A

1
A,B:B

1
A:A,B

1
a:bB:A,B

0
A,B:A

0
A,B:B

0
A:A,B

0
B:A,B

P  

P10

P11

P12

P13

P20

P21

P22

P30

P31

P

L

L

L

L

L

L

L

40

L

L

L

P0

P1

P

L

GAB

GB 2A

  
  
  
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
   

























 

(53) 

where the matrix        is obtained by :       =         (54) 

 The matrices        obtained in the cases where a = b and a = 3b are given 

in Table 2. 

 

Table 2 - Matrix Pa:b for phases where a = b and a = 3b. 

  a:bP  

 

 

0 0 0 0 0 0 8 0 0 24 0 0 24

0 0 0 1 0 0 1 0 1 1 0 0 1

0 0 0 1 0 0 1 0 1 1 0 0 1

0 0 1 2 0 1 0 1 2 4 0 1 4

0 0 1 2 0 1 0 1 2 4 0 1 4

0 0 1 2 0 1 0 1 2 4 0 1 4

0 0 1 2 0 1 0 1 2 4 0 1 4

0 1 1 1 1 1 1 3 1 7 1 3 3

0 1 1 1 1 1 1 3 1 7 1 3 3

0 1 1 1 1 1 1 3 1 7 1 3 3

0 1 1 1 1 1 1 3 1 7 1 3 3

1 0 0 0 1 0 0

 
 

   
 

   
   
     

  
    

     
       

 

1

1

1/ 2

1/ 4

1

1/ 2

1/ 4

2 0 4 1 0 0

1 0 0 0 1 0 0 2 0

1/ 2

1/ 4

1/ 4

1/ 4

1/ 8

1/164 1 0 0

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 


 
 
 
 
  

 

Continues. 
 
 

:a b

a b
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Table 2 - Matrix Pa:b for phases where a = b and a = 3b (Continued). 

  

 

0 0 0 72 0 0 8 0 24 24 0 0 216

0 0 0 27 0 0 9 0 3 1 0 0 81

0 0 0 1 0 0 1 0 1 1 0 0 1

0 0 9 0 0 3 12 1 8 4 0 27 108

0 0 9 0 0 3 12 1 8 4 0 27 108

0 0 1 8 0 1 4 1 0 4 0 1 12

0 0 1 8 0 1 4 1 0 4 0 1 12

0 3 3 9 1 5 7 3 9 7 9 27 9

0 3 3 9 1 5 7 3 9 7 9 27 9

0 1 5 19 1 1 1 3 5 7 1 9 39

0 1 5 1

  
 

   
 
   

    
    
     

     
     
  9 1 1 1 3 5 7 1 9 39

1 1 2 4 1 2 4 2 4 4 3 6 12

1 1 2 4 1 2 4 2 4 4 3 6

1

1/ 2

1/ 8

1/ 32

1

1/ 4

1/16

1/ 2

1/ 8

1/ 4

1/16

1/

12

64

1/ 256

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 


 
     
      
      


 
 
  

 

 

 For a phase where    , this leads to express the CEF parameters in a 

database in the following way:  

A,B:A,B
36

2
2L P22 P40 P2    (55-1) 

2
A,B:*

1 1 1
4

1 1
44 164

L P13 P22 P31 P40 P2   (55-2) 

2
*:A,B

1 1 1
4 4 4

1 1
4 16

L P13 P22 P31 P40 P2    (55-3) 

1
A,B:A

1 11 1 1 1
2 2 82 2

1
2 4

L P12 P13 P21 P30 P31 P40 P1 P2       (55-4) 

1
A,B:B

1 11 1 1 1
2 2 82 2

1
2 4

L P12 P13 P21 P30 P31 P40 P1 P2      (55-5) 

1
A:A,B

1 1 1 1
2 2 2 2

1 1 1
2 8 4

L P12 P13 P21 P30 P31 P40 P1 P2      (55-6) 

1
B:A,B

1 1 1 1
2 2 2 2

1 1 1
2 8 4

L P12 P13 P21 P30 P31 P40 P1 P2      (55-7) 

A,B:
0

A
1 1

2 4

3 31
4 8

31 1 1
2 4 2 4

4 16
7

L P11 P12 P13 P20 P21 P22 P30 P31

P40 P0 P1 P2

    

 








 (55-8) 

A,B:
0

B
1 1

2 4

3 31
4 8

31 1 1
2 4 2 4

4 16
7

L P11 P12 P13 P20 P21 P22 P30 P31

P40 P0 P1 P2

    










 (55-9) 

:a b  a:bP

3a b
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0
A:A,B

1 1 31 1 1
2 4 2 4

3 31
4 8 16

2 4

7
4

L P11 P12 P13 P20 P21 P22 P30 P31

P40 P0 P1 P2

     



 


 (55-10) 

0
B:A,B

1 1 31 1 1
2 4 2 4

3 31
4 8 16

2 4

7
4

L P11 P12 P13 P20 P21 P22 P30 P31

P40 P0 P1 P2

     



 


 (55-11) 

                                               (55-12)                                                (55-13)             (55-14)             (55-15) 

 

Discussion 

 Figure 3 illustrates some aspects of the physical meaning of the new 

parameters of Eq. 45 through their effects on Gibbs free energy curves obtained at 

500 K for a phase where     in an A-B binary system. Figure 3 (a) shows that 

for the composition independent parameters i.e.    , the stability range around the 

ideal composition decreases when the value of the degree   increases, i.e. that 

the behavior tends towards that of a stoichiometric compound. Figure 3 (b) shows 

the thermodynamic behavior obtained with the simultaneous use of parameters 

P20 and the composition dependent parameters: P21 and P22. 

 

Analysis of a modeling based on the end-members      
 The physical meaning of a modeling based on the four end-members will be 

discussed in the case of a phase with a=b=0.5. The CEF parameters are: 

0 a:b 0 a:b
A B

A:B

0 a:b 0 a:b
B:A B A

0 a:bA:A
A

B:B 0 a:b
B

1 1
2 2

1 1
2 2

G G GAB
G

G G G GBA

G
G

G
G

     
       
   
   
    

 (56) 

 The energies       and       of the totally ordered configurations BaAb and 

AaBb are given by the two end-members     : 
a b

0 a:b 0 a:b
B A B:A B A

1 1

2 2
U G G G GBA     (57) 
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a b

0 a:b
A B

0 a:b
A:B A B

1 1

2 2
U G G G GAB     (58) 

which determine the two CEF parameters GBA and GAB. 

From this study (Eq. 45), comes that the corresponding Gibbs free energy can be 

expressed as: 

   2a:b Cfg 0 a:b 0 a:b
m m A B

1 1 1  
2 2 4

PG G G G LROV0 P10 LR V P2O 0      (59) 

with:               (60)                     (61)                     (62) 

 Considering only these three parameters P10, P20 and P0, it was shown in 

this work (Eq. 51 and Eq. 52) that the energies       and       can be expressed 

as: 

a b

0 a:b 0 a:b
B A B A

1 1 1
2 2 4

U G G P0 P10 P20     (63) 

a b

0 a:b 0 a:b
AA BB

1 1 1
2 2 4

U G G P0 P10 P20      (64) 

 These last two equations show that there is an infinite number of 

possibilities in the choice of those parameter values which give the same energies       and      . Thereby, a modeling based only on the end-member, as in  

Eq. 55, involves a particular solution which, in addition, is the same regardless of 

the crystallographic structure for all phases with    . 

 To illustrate this, consider the case where                     and                 which leads to the energies                and                  . Figure 3 (c) shows the Gibbs free energies calculated with 

different values for the parameters P10, P20 and P0 leading to the same 

compound energies. Note that the black curve in Figure 3 (c) corresponds to the 

set of parameters involved by the modeling based on the four end-members as 

defined by Eq 55. 

 For any modeling of a phase (A,B)a(A,B)b based on the CEF, the non-ideal 

Gibbs free energy can be expressed by a single function. It is the sum of a 

classical reference term, an excess disorder part expressed by a Redlich-Kister 

series and one excess order part which is a function of the independent long range 
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order variable (LROV). In this new expression of the Gibbs free energy, all the 

excess parameters are independent. Furthermore, these parameters can be 

optimized independently by imposing constraints to the CEF parameters. 

 

Figure 3 – Effects of the new parameters on Gibbs free energy functions. 
[a] Gibbs free energy of mixing for a phase with a=b calculated at 500 K using a constant value  
of: –10 kJ/mol for different parameters listed in Table 3. The black line represents the 
disordered part. [b] Gibbs free energy of mixing for a phase with a=b calculated at 500 K using 
different sets of parameters listed in Table 3. The black line represents the disordered part. [c] 
Calculated Gibbs free energy at 500 K for a phase with a=b using different sets of parameters 
listed in Table 3. 

 
[a] 

Continues. 
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Figure 3 – Effects of the new parameters on Gibbs free energy functions (Continued). 
 

 
[b] 

 

 
[c] 

 
Source: Fiorani et al. [13]. 
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Table 3 – Sets of parameters used to plot the graphs in the Figure 3. 

  Parameters Values (kJ/mol) 

 Figure 3 (a) Figure 3 (b) Figure 3 (c) 

Parameters P10 P20 P30 P40 P20 P21 P22 P10 P20 P0 

Green -10    -10 15  -5  -20 
Red  -10   -10  20 -5 -3.75 -5 
Blue   -10  -10   -5 -5  

Magenta    -10 -10  -20 -5 -1.25 -15 
Black          -5 -2.5 -10 
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3. Experimental procedure 

 

 

3.1 – Alloys manufacturing  

 In this work, high purity materials were used to manufacture the alloys: Al 

(minimum purity: 99.999 wt. %) and Fe (minimum purity: 99.95 wt. %) both from 

Alfa Aesar and Nb (minimum purity: 99.5 wt. %) produced in DEMAR-EEL-USP 

via electron beam refining. The materials were weighed on an analytical balance 

with accuracy of 0.1 mg to produce alloys with aimed compositions. Alloys were 

manufactured with initial masses between 1 and 5 g depending on the 

experiments planned for the sample (heat treatment, microstructural analysis etc.).  

 

Arc-melting 

 The weighted materials in the appropriate compositions were melted in an 

arc furnace with water-cooled copper crucible, under argon atmosphere and non-

consumable tungsten electrode. Before melting the furnace chamber was purged 

three times by establishing of primary vacuum of approximate 0.02 mbar (~ 2 Pa) 

and injection of approximately 0.9 bar (~ 90 kPa) of argon. Each alloy was melted 

with the establishment of a low current electric arc between the electrode and the 

crucible and a progressive increase of the current. Five melting steps were carried 

out for each alloy. Between the melting steps, the ingots were turned upside-down 

in an effort to produce homogeneous samples. Before each step, a piece of pure 

Ti (getter) was melted to remove residual impurities, water vapor, oxygen and 

nitrogen, from the argon that may be present in the furnace atmosphere. The final 

melt ends with the abrupt interruption of the arc aiming to obtain a typical as-cast 

structure. After melting, the samples were weighed again to measure possible 

mass losses at this stage. 

 

Heat treatment 

 Heat treatments were carried out aiming at reaching the thermodynamic 

equilibrium of the samples. Two different routes were used on this stage: (a) the 

heat treatments at temperatures below 1200 °C were performed in tubular 

resistive furnaces (Blue - Lindberg) and the samples were encapsulated in quartz 
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tubes under argon atmosphere. The Al-rich samples (Al at.% > 60%) were 

wrapped in Ta foil to avoid contact and reaction with the quartz. To finish the heat 

treatments the alloys were cooled in air but inside the capsules. (b) Heat 

treatments above 1200 °C were carried out in a resistive (Ta heating element) 

furnace under argon. This furnace has a water-cooled steel chamber and the 

samples are placed in the interior of the resistance which is heated by an electric 

current. The temperature control is performed by optical pyrometer calibrated 

against the melting point of pure elements. To finish the heat treatments, the alloys 

were cooled inside the chamber with argon injection.  

 

 

3.2 – Alloys Characterization 

X-ray diffractometry (XRD) 

 X-ray diffraction experiments were performed to identify the phases present 

in the samples. The samples were broken in a steel pestle to obtain powder 

passing sieve of 80 mesh (178 µm). After this step, a magnet was used to remove 

possible particles of Fe powder from the steel pestle. The following conditions 

were adopted: 40 kV voltage; 30 mA current; 0.02º angular step; 15s per step; and 

angle (β ) ranging from 10 to 90°. The experiments were performed at room 

temperature under Cu-Kα radiation. The phases present in the sample were 

identified by comparison between experimental and simulated diffractograms, 

using PowderCell Software [46] with crystallographic information reported by 

Villars and Calvert [47]. 

 

Scanning Electron Microscopy and Electron Probe Micro-Analysis 

 The micrographs of the alloys were obtained via SEM with support of EPMA 

analysis to identify the phases and measure their compositions. Samples were 

prepared according the following route: (1) hot/cold mounting; (2) manual grinding 

with SiC sandpaper, in the sequence: 220, 400, 600, 1200, 2400, 4000; (3) Final 

polishing with a colloidal silica suspension (OP-S); (4) ultrasonic cleaning for 15 

minutes; (5) coating with carbon (only for FEG and WDS analysis). The 

conventional images were obtained in the backscattered electrons scanning mode 

with conventional tungsten filament (TM3000, Hitachi and JSM-6010LA, JEOL). 
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High resolution images were obtained with a Field Emission Gun (JSM-7600F, 

JEOL) SEM equipment. An energy dispersive electron probe microanalyses (EDS) 

equipment Swift-ED3000, Oxford Instruments, is coupled in the Hitachi SEM while 

the JEOL have integrated EDS analyzer. The wave length X-ray spectroscopy 

(WDS) analyses were performed in a SX100 (CAMECA) instrument equipped with 

5 spectrometers.  

 

3.3 – Thermodynamic Modeling 

 The thermodynamic modeling of Al-Fe-Nb system and its respective 

binaries were performed according to the CALPHAD method (CAlculation of 

PHAse Diagrams). It consists in adjusting the coefficients of the Gibbs free energy 

functions for each phase that result in a good reproduction of the experimental 

data available for the studied system. In this method, the software (Thermo-calc or 

Pandat) optimizes these coefficients via a least squares method, allowing the 

description of the Gibbs free energy curves as a function of temperature and 

composition. The optimization of the coefficients is performed by minimizing the 

error which is the difference between the experimental information and the 

calculated result. In order to lead the modeling process, one can: 

a. Vary the number of adjustable coefficients that describe each phase; 

b. Change the weights of experimental values; 

c. Include estimated experimental information; 

d. Change the model adopted to describe the phases. 

 The process ends when the calculated values satisfactorily describe the 

experiments. 

 For example, for modeling a binary system, the method comprises a first 

step which is the critical assessment of the literature on the system under study. 

From the cristallographyc information of the phases, models are chosen for the 

Gibbs free energy functions that will describe these phases. The thermodynamic 

description of the pure components is typically known. Using thermodynamic 

experimental data (e.g. mixing enthalpy, enthalpy of formation, etc.) and phase 

diagrams (e.g. phase transformation temperatures, solubility limits, etc.) a file 

containing the experimental data is built. The file containing the models with the 

experimental data feed the optimization module of the thermodynamic calculation 
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program. The last squared method is used to quantify how next the calculated 

properties are of the input data. The optimization consists of a cyclic process of 

minimization of this difference and is completed when a minimum value is 

reached, respecting as best as possible the known properties of the system. 
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4. The Nb-Al system 

 

 

4.1 – Literature Information 

 Due to its importance for superconductors and high-temperature materials, 

the Nb-Al phase diagram has been investigated by many authors. The early 

studies of this system [48–55] are all in relatively agreement in terms of phase 

stability, except Richards [52] which indicates the presence of 2 high temperature 

phases (Nb7Al3 and Nb17Al3) which are not reported by other authors. In these 

studies, there are some discrepancies in terms of the nature of the phases 

formation. For example Nb3Al (A15) is reported to be formed either peritectoidically 

or peritectically, while Nb2Al (σ) is reported to be formed either congruently or 

peritectically.  

 

Figure 4 – Phase diagram of the Al-Nb system proposed by Elliott and Shunk [56]. 
 

 
 

 
Source: adapted from Elliott and Shunk [56].  
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 The compilation of Elliott and Shunk [56] summarizes all studies in this 

system up to 1981 and proposes a phase diagram (Figure 4) which, in terms of 

invariant reactions and phase equilibria, is very close to the currently accepted one 

[32]. 

 

Phase stability and crystallographic information 

 Today, three intermetallic phases are considered stable in the Nb-Al 

system: Nb3Al (A15), Nb2Al (σ) and NbAl3 (D022). The first two present a large 

composition range and are formed via peritectic reaction, while the latter has 

congruent formation and a narrow range of homogeneity. Table 4 presents the 

crystallographic structural information and Table 5 the atoms positions (Wyckoff) 

for the stable solid phases in the Al-Nb system, compiled by Villars and Calvert 

[47]. 

 

Table 4 – Crystallographic information of stable solid phases in the Al-Nb system [47]. 

Phase 
Strukturbericht 

Designation 
Pearson 
Symbol  

Space 
Group 

Prototype 

NbSS (BCC) A2 cI2 Im  m W 
Nb3Al (A15) A15 cP8 Pm  n Cr3Si 

Nb2Al (σ) D8b tP30 P42/mnm CrFe 
NbAl3 (D022) D022 tI8 I4/mmm TiAl3 
AlSS (FCC) A1 cF4 Fm  m Cu 

 

Table 5 – Wyckoff positions of the atoms in the intermetallic phases in the Al-Nb system in the ideal 
stoichiometry [47]. 

Phase Occupation Wyckoff x y z 

Nb3Al (A15) 
Al (1) 2a 0 0 0 
Nb (1) 6c 0.25 0 0.5 

Nb2Al (σ) 

Al (1) 2a 0 0 0 
Al (2) 8i 0.0665 0.2615 0 
Nb (1) 8i 0.535 0.128 0 
Nb (2) 4g 0.3965 0.6035 0 

Nb (3) 8j 0.318 0.318 0.252 

NbAl3 (D022) 

Al (1) 2b 0 0 0.5 

Al (2) 4d 0 0.5 0.25 

Nb (1) 2a 0 0 0 

  

Phase equilibria data 

 The most complete experimental work on the Al-Nb system was carried out 

by Jorda et al. [57]. In this paper the authors determined the phase solubility in the 

diagram via metallographic, XRD and EPMA analysis. The authors also used 
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thermal analysis levitation (LTA) and differential thermal analysis (DTA) to 

determine the temperature of the invariant reactions, solidus and liquidus. 

 The Al-rich side is characterized by a degenerated equilibrium in which the 

Liquid, NbAl3 (D022) and AlSS phases are involved. This invariant reaction has been 

reported both as eutectic [51,52,58] and peritectic [48,49,53,59]. Zhu et al. [60] 

performed DSC measurements with different scanning rates (2, 5, 10 K/min) in 

heat treated samples in order to determine the nature of this equilibrium. The 

suggested temperature was 661.44 °C, so, the invariant reaction is peritectic type 

as the melting point of Al is 660.3 °C.  

 Witusiewicz et al. [32] performed new experiments (DTA and P-A) aiming at 

the determination of the high temperature solidus and liquidus lines. In general 

their results are in agreement with the previous information. Witusiewicz et al. [32] 

measured temperature of the degenerated Al-rich reaction as 657 °C ± 5 (DTA), 

but despite this the authors modeled the reaction as peritectic. 

 Kokot et al. [61] studied the solubility of the phases via XRD analysis of the 

lattice parameters at 1100 °C. 

 

Thermodynamic data 

 Several studies present estimated proposals for enthalpies of formation of 

the compounds in this system based both in calculations as well as on 

experimental results.  Gelashvili and Dzneladze [15] estimated the enthalpies of 

formation of the compounds calculating the changes in the free energy of the 

process of reduction of Al and Nb oxides with CaH2.  Colinet et al. [16] reported 

the enthalpy of formation of the intermetallic phases via first principle calculations 

(full potential Linear Muffin tin orbital, FP-LMTO). Shilo et al. [17] carried out vapor 

pressure measurements in the high-temperature range 1844-2146 K using the 

Knudsen Effusion Method. Meschel and Kleppa [18] and Mahdouk et al. [19] 

conducted experiments of Direct Reaction Calorimetry (DRC). George et al. [20] 

performed Electromotive Force (EMF) measurements in the intermediate 

temperature (973 to 1078 K) range by using solid-state electrochemical cells using 

CaF2 as solid electrolyte. George et al. [20] and Shilo et al. [17] also measured the 

activities of Al in the system. Table 6 shows the enthalpies of formation of the 

intermetallic phases in this system and also the calculated enthalpies for the end-

members. 
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Table 6 – Enthalpies of formation (kJ/mol-atoms) for the end-members of A1η, σ and D022. 
 Nb3Al (A15) Nb2Al (σ) NbAl3 (D022) 

Reference 

A
l 3

A
l 

A
l 3N

b 

N
b

3A
l 

N
b 3

N
b 

A
l 2

A
l 

A
l 2N

b 

N
b

2A
l 

N
b 2

N
b 

A
lA

l 3
 

A
lN

b 3
 

N
b

A
l 3

 

N
bN

b 3
 

Witusiewicz et al. 
[32] 
(CALPHAD) 

5.0 5.0 -19.1 4.9   -27.8  20.0 5.0 -42.7 20.0 

George et al. [62]  
 
(EMF) 

  -13.7    -32.2    -46.2  

Zhu et al. [60] 
 
(CAPHAD) 

  -19.1 4.9   -27.8 3.0   42.7  

Mahdouk et al. [63] 
 
(DRC) 

  -19.7    -29.8    -49.4  

Servant and 
Ansara [64]  
(CALPHAD) 

5.0  -16.8 5.0   -22.9  20.0  -39.8 20.0 

Colinet et al. [65] 
(Calculated, LMTO-
FP) 

  -19.0    -24.9    -41.5  

Meschel and 
Kleppa [66] 
(DRC) 

  -13.7        -40.5  

DeBoer et al. [67]b 

(Calculated, 
Miedema Model) 

  -28.0    -36.0    -29.0  

Shilo et al. [68] a, b 
 
(Knudsen Effusion) 

  -19.3    -24.9    -32.6  

Gelashvili and 
Dzneladze [69] 
(Estimated) 

  -22.0    -33.5    -36.4  

a apud George [62] 
b apud Mahdouk [63]             

 

CALPHAD Modeling in the literature 

 The Al-Nb system was firstly described according to the CALPHAD 

methodology by Kaufman and Nesor [70] who considered the compounds to be 

stoichiometric. Latter, it was reassessed by Kaufman [71] where Nb2Al (σ) was 

modeled as a substitutional solution. Kattner and Boettinger [72] also assessed 

the system and described the intermetallic phases Nb3Al (A15) and NbAl3 (D022) 

with two sublattices and Nb2Al (σ) with three. Recently, Zhu et al. [60] and 

Witusiewicz et al. [32] reassessed the system including new experimental data 

(DSC, P-A and DTA). Table 7 summarizes sublattices models applied for the 
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description of the intermetallic phases in the Nb-Al system assessed by different 

authors. 

 

Table 7 – Sublattice models used in literature assessments of the Nb-Al system. 

Reference 
Sublattice model 

Nb3Al (A15) Nb2Al (σ) NbAl3 (D022) 
Witusiewicz et al. [32] (Al,Nb).75(Al,Nb).25 (Al,Nb).533(Al,Nb).333(Nb).134 (Al,Nb)1(Al,Nb)3 
Zhu et al. [60] (Nb)3(Al,Nb)1 (Al,Nb)5(Nb)2(Nb,Al)8 NbAl3 
Shao [73] (Nb).75(Al,Nb).25 (Al)0.267(Nb)0.133(Al,Nb)0.6 Nb.25Al.75 
Servant and Ansara [64] (Al,Nb).75(Al,Nb).25 (Al,Nb).533(Al,Nb).333(Nb).134 (Al,Nb).25(Al,Nb).75 
Kattner and Boettinger 
[72]  

(Nb).75(Al,Nb).25 (Nb).533(Al,Nb).333(Nb).134 (Al,Nb).25(Al,Nb).75 

Kaufman [71] Stoichiometric (Al,Nb) Stoichiometric 
Kaufman and Nesor [70] Stoichiometric Stoichiometric Stoichiometric 

 

 As can be observed in Table 7 the Nb2Al (σ) phase has been modeled by 

many authors [13,14,19,27,28] with 3 sublattices, where Nb is the only element in 

at least one of the sublattices. This is inconsistent with the model type 

(Al,Nb)0.13333(Al,Nb)0.53334(Al,Nb)0.33333 that should be used, as indicated in some 

studies [74,75] of the crystal structure and of the nature of the defects of σ. 

Joubert [74] investigated the σ site occupancy via Rietveld refinement of X-ray 

diffraction data and Mathieu et al. [75] investigated simplifications for the σ phase 

sublattice models, evaluating the best agreement with the experimental phase 

diagram. In the present work, the Gibbs free energy of σ is described with β 

sublattices, however, using the NACEF the result is exactly the same as when this 

phase is described with 3 or 4 sublattices, as will be discussed in detail in the 

results and discussion topic of this section. Moreover, the NACEF [13] covers the 

whole composition range which is not the case of the previous models. 
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Figure 5 – Calculated Al-Nb phase diagram proposed by Witusiewicz et al. [32] along with 
experimental data.  
 

 
 
Source: This work.  
References: Jorda et al. [57], Kokot et al. [61], Wicker et al. [55], Witusiewicz et al. [32], Zhu et al. 
[60].  
  

 Figure 5 shows the phase equilibria and Figure 6 the thermodynamic 

properties of the Al-Nb system with the parameters calculated in the assessment 

of Witusiewicz et al. [32]. The experimental points are the same that those used in 

the present assessment for purpose of comparison. 
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Figure 6 – Calculated thermodynamic properties of the Al-Nb system with the parameters 
optimized by Witusiewicz et al. [32]. 
Enthalpy of formation at [a] 1533, 1620 and 1699 K with the experimental data (reference states 
are BCC Nb and Liquid Al) and at [b] 298K with the experimental data (reference states are BCC 
Nb and FCC Al). [c] Calculated activity of components in the Al-Nb system  at 1078K referred to 
FCC Al and BCC Nb. 
  

  
[a] [b] 
  

 
 [c] 
Source: This work.  
References: Mahdouk et al. [19], Colinet et al. [16], DeBoer et al. [67], Meschel and Kleppa [66], 
Shilo et al. [68], George et al. [62]. 
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4.2 – Results and discussion  

Experiments 

 No systematic work in terms of solubility limits measurements in the phases 

via EPMA is found in the literature. Inconsistencies between the most recent 

assessment [32] and heat treated Al-Fe-Nb ternary alloys (analyzed in this work 

and by Stein et al. [37]) pointed out that this investigation is necessary.  In order to 

verify the solubility limits in the phases of the Al-Nb system, 3 different alloys were 

prepared via arc melting high purity raw materials. The global compositions of the 

alloys are in the 3 two-phase fields. Table 8 shows the composition of the alloys, 

the mass losses associated with the melting steps, and the calculated composition 

interval for each alloy assuming that all mass losses were either from Nb or Al.  

Results indicate that all alloys are in the expected composition range, even the 

alloy Nb60Al that had an important mass variation due to homogeneous losses in 

the arc melting stage.  

 

Table 8 – Compositions analysis of the Nb-Al alloys prepared via arc melt. 

Alloy Id Aimed 
Composition (at.% Al) 

Mass Variation 
During Melting (%) 

Possible Composition Interval* 
(at.% Al) 

a b 
Nb12Al 12.0 0.9157 9.4 12.1 
Nb23Al 25.1 0.8744 23.1 25.2 
Nb60Al 59.9 7.3285 53.1 62.5 

* calculated composition attributing mass loss to (a) Al or (b) Nb. 
 

 Samples of each alloy were heat treated in 3 different conditions: (1) 

annealing at 1400 °C for 75h; (2) annealing at 1400 °C for 75h and subsequent 

annealing at 1200 °C for 200h; (3) annealing at 1400 °C for 75h and subsequent 

annealing at 1000 °C for 600h. 

 Figure 7 presents the diffractograms of the alloys equilibrated at the 3 

temperatures. All peaks were identified and only the expected phases are present 

in the alloys. Table 9 shows the volume fractions of the phases obtained by 

Rietveld refinement of the diffractograms performed with Powdercell software [46], 

together with the composition of the phases measured via EPMA in at least 8 

points. Figure 8 presents the SEM micrographs of the alloys after the different heat 

treatments showing the evolution of the microstructure of the alloys.  

 



67 
 

Table 9 – Composition limits of the phases of the Al-Nb system measured via EPMA.  

Alloy – Temperature 
Composition Measurement By EPMA at. % Al 

[XRD - Volume %] 
 NbSS (BCC) Nb3Al (A15) 

Nb12Al – 1400 °C 8.7 ± 0.3 [84.5] 19.0 ± 0.2 [15.5] 
Nb12Al – 1200 °C 4.6 ± 0.3 [27.8] 18.9 ± 0.3 [72.2] 
Nb12Al – 1000 °C 4.6 ± 1.0 [21.5] 19.0 ± 0.2 [78.5] 

 Nb3Al (A15) Nb2Al (σ) 
Nb23Al – 1400 °C 22.7 ± 0.2 [87.4] 31.1 ± 0.4 [12.6] 
Nb23Al – 1200 °C 22.6 ± 0.2 [90.6] 31.3 ± 0.2 [9.4] 
Nb23Al – 1000 °C 22.5 ± 0.2 [90.4] 31.5 ± 0.2 [9.6] 

 Nb2Al (σ) NbAl3 (D022) 
Nb60Al – 1400 °C 42.3 ± 0.2 [48.0] 74.2 ± 0.2 [52.0] 
Nb60Al – 1200 °C  39.6 ± 0.4 [36.2] 74.6 ± 0.1 [63.8] 
Nb60Al – 1000 °C 36.5 ± 0.4 [35.1] 74.5 ± 0.2 [64.9] 

 

 

 Alloy Nb12Al in all conditions presents grains of NbSS and intergranular 

Nb3Al (A15). In the interior of the NbSS grains, precipitates of Nb3Al (A15) are 

observed in the samples equilibrated at 1000 and 1200 °C, but not in the sample 

equilibrated at 1400 °C. The formation of these precipitates is due a solid state 

precipitation of Nb3Al (A15) that came from a supersaturated NbSS. Two 

hypothesis can be stated to explain the non observation of these precipitates in 

the sample heat treated at 1400 °C: (1) the Al solubility in NbSS at 1400 °C is 

higher than at 1200 and 1000 °C; or (2) these precipitates are present in the alloy 

heat treated at 1400 °C and are not SEM-detectable because they have no time to 

coalesce and grow during the 75h of heat treatment. XRD indicates an increasing 

of the fraction of NbSS with the temperature which is more relevant between the 

temperatures 1200 and 1400 °C. This reinforces the hypothesis number 1. 

 No significant change is observed in the microstructures of the Alloy Nb23Al 

with the heat treatment conditions. These samples show Nb3Al (A15) matrix and a 

low volume fraction of distributed Nb2Al (σ). XRD refinement confirms that there is 

no important difference in terms of volume fraction of the phases between 1000 

and 1200 °C, and a small increase of the fraction of Nb2Al (σ) at 1400 °C. 

 SEM micrographs of Alloy Nb60Al present a microstructure with alternate 

plates of Nb2Al (σ) and NbAl3 (D022). No volume fraction differences can be noted 

between the micrographs. XRD refinement indicates that the volume fraction of 

Nb2Al (σ) increases with temperature, specially between 1200 and 1400 °C. 
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 Results of the EPMA measurements are shown in Table 9 and plotted 

Figure 9. It is possible to observe that the measurements in the BCC phase, 

specially in the alloys heat treated at 1000 and 1200 °C, are not self consistent 

probably because of the influence of the Nb3Al (A15) precipitates. The limits of the 

phase Nb3Al (A15) are in agreement with other literature data as well as the Nb-

rich limit of the Nb2Al (σ) phase. The Al-rich limit of the Nb2Al (σ) phase exhibit the 

most important discrepancies with the most recent assessment. Our results are in 

agreement with the values found in the ternary samples (this work and Stein et al. 

[37]). 

 

Figure 7 – Diffractograms of the Alloys: [a] Nb12Al, [b] Nb23Al and [c] Nb60Al annealed at 1000, 
1200 and 1400 °C. 
 

 
 

 
 

[a] 

[b] 
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Figure 7 – Diffractograms of the Alloys: [a] Nb12Al, [b] Nb23Al and [c] Nb60Al annealed at 1000, 
1200 and 1400 °C (Continued). 

 

 
 
Source: This work. 
 

Figure 8 – Evolution of the microstructure of the Alloys Nb12Al, Nb23Al and Nb60Al after heat 
treatments at 1000, 1200 and 1400°C. 
 

   
   

   
   

   
 
Source: This work. 
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Thermodynamic assessment of the Al-Nb system 

 The evaluation of the thermodynamic properties of the solution and 

compound phases were derived from an optimization procedure using the 

available experimental phase equilibria and thermodynamic data and also new 

experimental information (from this work) using the module PARROT contained in 

the Thermo-calc software. Table 10 consolidates the experimental 

(thermodynamic and phase equilibria) and ab initio data available for this system. 

The data indexed with the letter “A” were used for the optimization, i.e., the values 

were compiled in the PARROT module. The index “B” indicates that the values 

were only used graphically to compare with the calculated values, guiding the 

optimization process. The letter “C” indicates that the data were not used in the 

assessment due substantial discrepancies with the other data.  

  

Table 10 – Summary of Experimental and Ab initio information available for the Al-Nb System. 
Information Reference Technique Index 

Temperatures 
(Solidus/Liquidus) 

Jorda et al. [57] DTA/LTA A 
Wicker et al. [55] DTA B 
Witusiewicz et al. [32] DTA/PA A 
Zhu et al. [60] DTA A 
Lundin and Yamamoto [53] DTA C 
Baron and Savitskii [51] TA C 
Svechnikov et al. [54] TA C 

Phase solubility 
Range 

This work EPMA A 
Kokot et al. [61] XRD B 

Jorda et al. [57] 
EPMA B 

MA B 
XRD A 

Lundin and Yamamoto [53] 
MA C 

Hardness C 
XRD C 

Svechnikov et al. [54] XRD C 
 Glazov et al. [48,49] Hardness C 

Activity 
George et al. [62] EMF A 
Shilo et al. [68] Knudsen Effusion A 

Enthalpy of 
Formation of 
Intermetallic Phases 

Colinet et al. [65] LMTO-FP A 
De Boer et al.  [67] Miedema A 
Meschel et al. [66] DRC A 
Shilo et al. [68] Knudsen Effusion A 
George et al. [62] EMF A 
Mahdouk et al. [63] DRC A 

A – Information used in the optimization 
B – Information used for checking the model 
C – Not used 
  

 Table 11 shows the thermodynamic parameters obtained from this 

assessment. The thermodynamic descriptions of the pure elements were obtained 
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from [40]. The Liquid, FCC and BCC solutions were modeled as substitutional 

solutions and the excess Gibbs free energy was modeled according to the Redlich 

and Kister model [43]. The intermetallic phases were described according to the 

NACEF approach [13], i.e., with two sublattices where the atoms of Fe and Nb 

may occupy both of them. The equations were modeled for the range of 298.15 to 

6000 K.  

  
Table 11 – Optimized thermodynamic parameters for binary Al-Nb system. 

Phase Thermodynamic Parameters 
Liquid              = GALLIQ  

(Al,Nb)            = GNBLIQ             = -87790.9 +16.0495*T 
BCC - NbSS          = GHSERFE  
(Al,Nb)1(Va)3         = GHSERNB  

            = -55679.1 +0.6623*T 
            = 43556.7 -22.0036*T 

FCC - AlSS          = GHSERAL  
(Al,Nb)1(Va)1         = GFCCNB  

            = -72713.0  
            = -21926.8  

A15 - Nb3Al            = GHSERAL + 5000.0  
(Al,Nb)0.75(Va)0.25            = GHSERNB + 4894.9  

     = -31628.0  
     = -5599.9  
     = 4917.8  

σ - Nb2Al       σ  = GHSERAL + 3000.0  
(Al,Nb)0.66667(Va)0.33333       σ  = GHSERNB + 3000.0  

     = -41680.3+3.3902*T  
     = -34179.8 +7.4041*T 
     = 8423.6  
     18125.8  

D022 - NbAl3              = GHSERAL + 20000.0  
(Al,Nb)0.75(Va)0.25              = GHSERNB + 20000.0  

     = 53298.6 -5.3133*T 
     = 3865.0  

  

 From the assessed values Figure 9 and Figure 10 were plotted along 

published experimental data and those determined in the present work. Figure 9 

shows the calculated phase diagram and, in general, a very good agreement was 

obtained.  Important improvement was obtained in fitting the solidus/liquidus lines 

in comparison with the assessment of Witusiewicz et al. [32]. The solidus related 

to the BCC phase obtained by Jorda et al. [57] and Witusiewicz et al. [32] are in 

contradiction so the second one was considered.  For the other solidus/liquidus 
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temperatures, the authors are in agreement so both were taken into account. The 

liquidus temperatures related NbAl3 (D022) measured by Wicker et al. [55] are not 

compatible with the values found for the congruent melting of the NbAl3 (D022). As 

the last temperature was measured several times by Witusiewicz et al. [32], the 

fitting trended to adjust to the values of the NbAl3 (D022) congruent melting. The 

solubility limits of Nb2Al (σ) were measured in this work (EPMA) and a very 

different result was found in comparison with previous results [57,61]. These new 

data were considered with more weight in the calculation because the previous 

limits were determined by metallographic [57] and XRD analysis [61] which are 

less precise than EPMA. This new solvus permit even better adjustment to the 

solidus values proposed by Jorda et al. [57]. The BCC solubility limits measured in 

the present work were not adjusted because the composition measurements were 

not consistent probably due to the presence of Nb3Al (A15) precipitates inside the 

NbSS in the samples analyzed. 

 Figure 10 shows the thermodynamic data calculated with the parameters of 

this optimization. In Figure 10 (a) the enthalpies of formation for the alloys in this 

system is calculated at 1533, 1620 and 1699K and are compared with 

experimental information of enthalpy measurements of Mahdouk et al. [63] at 1533 

K (for D022) and 1699 K (for A15 and σ). Figure 10 (b) compares the enthalpies of 

formation for the alloys in this system, calculated at 298 K, with experimental 

information from several authors. Figure 10 (c) presents the activity of Al in the 

system, comparing with the values reported by Shilo et al. [68] and George et al. 

[62] The fit of the thermodynamic data with the calculated curves is very 

satisfactory. 

 Figure 11 shows the Nb2Al (σ) phase modeled with the NACEF described 

with 2 and 3 sublattices, using the same optimized parameters and showing that 

the results are exactly the same. The description of the Nb2Al (σ) phase with γ and 

4 sublattices is presented in the Appendix B. 
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 Figure 9 – Calculated Al-Nb phase diagram proposed in this work along with experimental data.  
 

 

 
  

Source: This work.  
References: Jorda et al. [57], Kokot et al. [61], Wicker et al. [55], Witusiewicz et al. [32],  
Zhu et al. [60]. 
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 Figure 10 – Calculated thermodynamic properties of the Al-Nb system with the parameters 
optimized in this work.  
Enthalpy of formation at [a] 1533, 1620 and 1699 K with the experimental data (reference states 
are BCC Nb and Liquid Al) and at [b] 298K with the experimental data (reference states are BCC 
Nb and FCC Al). [c] Calculated activity of components in the Al-Nb system  at 1078K  referred to 
FCC Al and BCC Nb. 
 

 

 [a] [b] 

 

 

  [c] 

  
Source: This work.  
References: Mahdouk et al. [19], Colinet et al. [16], DeBoer et al. [67], Meschel and Kleppa [66], 
Shilo et al. [68], George et al. [62]. 
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Figure 11 – [a] Al-Nb phase diagram and [b] Gibbs free energy curves of the Nb2Al (σ) phase 
described with NACEF with 2 and 3 sublattices. 
 

  
[a] 

  
[b] 
 

Source: This work. 
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4.3 – Conclusions 

 Experiments aiming to determining the solubility limits of the intermetallic 

phases in the Al-Nb system lead to values different from those reported in the 

literature. The present experimental results are consistent with the experimental 

data in the ternary (that will be presented in the section 7), especially for the Al-

rich border of the Nb2Al (σ) phase. 

 The Al-Nb system was reassessed using selected data from the literature and 

new experimental information. The agreement with the data is very satisfactory 

in particular with the new phase equilibria data. 

 The performance of NACEF [13] to describe the Gibbs free energy functions of 

intermetallic phases was better than the classic CEF. With the same number of 

parameters or less the NACEF [13] was able to promote a better description of 

the Al-Nb system. The Gibbs free energy of σ is described with β sublattices, 

however, the result is exactly the same as when this phase is described with 3 

sublattices, respecting the 3 independent sublattices determined by Joubert et 

al. [74]. Moreover, the NACEF [13] description of the Gibbs free energy of σ 

covers the whole composition range which is not the case of the previous 

models. 
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5. The Fe-Nb system 

 

 

5.1 – Literature Information 

 Early investigations on the Fe-Nb phase diagram were published in 1938 by 

Eggers and Peter [76] and Vogel and Ergans [77] and in 1939 by Genders and 

Harrison [78]. Vogel and Ergans [77] proposal is in good agreement with the 

currently accepted phase diagram [33], especially in terms of liquidus and solidus 

temperatures. Their work does not take into account the existence of the µ 

(Fe7Nb6) intermetallic phase and the austenite (Fe-Rich FCC) phase is restricted 

to a low solubility of Nb. On the other hand, the proposal from Eggers and Peter 

[76] presents a better agreement for Fe-rich region and suggests the existence of 

another intermetallic phase with high Nb content referred as FexNby with more 

than 70 at.% Nb in the composition. Goldschmidt [79] presented a first complete 

phase diagram with four intermetallic phases: Fe2Nb (C14), Fe6.67Nb6.33 (σ), 

Fe2Nb3 (  ) and a possible high temperature phase Fe0.1Nb0.9 (µ’). The author 

describes the C14 phase with congruent formation at 1610 °C and a range of 

stability between 22 and 42 at.% Nb. The Fe6.67Nb6.33 (σ) phase is formed via a 

peritectic reaction (1340 °C) and decomposes at 565 °C. This phase (Fe6.67Nb6.33) 

latter was revealed to be stabilized by interstitial impurities [80,81]. The author 

describes the Fe2Nb3 phase as “eta-carbide phase” formed by a congruent 

reaction (1450 °C) and with important range of solubility in the region of 60 at.% 

Nb. 

 Since then, several experimental investigations [80–85] and some 

calculations [86–88] in this system were provided. Raman [80] was the first to 

propose the phase µ with stoichiometry Fe7Nb6 (W6Fe7-structure).  

 Figure 12 shows the phase diagram proposed by Bejarano et al. [89] who 

carried out an experimental investigation on the phase equilibria from 20-100 at.% 

Nb. In they work, the µ phase was proposed to be formed peritectically in 

opposition to the earlier studies which classified its formation as congruent. 
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Figure 12 – Phase diagram of the Fe-Nb system proposed by Bejarano [89].  
 

 
 
Source: Adapted from ASM International [90]. 
 
 

Phase stability and crystallographic information 

 Currently two intermetallic phases are considered to be stable in the Fe-Nb 

system: Fe2Nb (C14 - Laves), forming congruently, and Fe7Nb6 (D85 - µ) which  

presents a peritectic formation. Two eutectics can be found in this diagram, 

between -FeSS and C14 and between µ and NbSS. Table 12 shows the 

crystallographic information of the stable solid phases in the system compiled by 

Villars and Calvert [47] and Table 13 shows the Wyckoff positions of the atoms in 

both phases. 

 

Table 12 – Crystallographic information of the stable solid phases in the Fe-Nb system [47]. 

Phase 
Strukturbericht 

Designation 
Pearson 
Symbol 

Space 
Group 

Prototype 

(α, ) FeSS, NbSS – BCC A2 cI2 Im  m W 
γ FeSS – FCC A1 cF4 Fm  m Cu 
Fe2Nb – C14 C14 hP12 P63/mmc MgZn2 
Fe7Nb6 – µ D85 hR13 R  m Fe7W6 
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Table 13 – Wyckoff positions of the atoms in the intermetallic phases in the Fe-Nb in the ideal 
stoichiometry [47]. 

 Occupation Wyckoff x y z 

C14 
Fe (1) 2a 0.1697 0.3394 0.25 
Fe (2) 2a 0 0 0 
Nb (1) 4f 1/3 2/3 0.5629 

µ 

Fe (1) 18h 0.5 0.5 0.09 
Fe (2) 3b 0 0 1/2 
Nb (1) 6c 0 0 0.052 
Nb (2) 6c 0 0 0.154 

Nb (3) 6c 0 0 0.3333 

 

Phase equilibria data 

 Ferrier et al. [82] and Gibson et al. [91] reported important results obtained 

by DTA and magnetic measurements which contribute to establish the phase 

equilibria in the Fe-rich region, as the solubility of Nb in these regions and solidus 

and liquidus temperatures. Bejarano et al. [89] report results about the solubility 

range of phases C14 and µ obtained via EPMA and transformation temperatures 

via DTA. The most recent experimental work on the Fe-Nb system [92] reviews the 

existing information available so far and report new results for the solubility limits 

of the phases obtained from samples annealed at temperatures between 1000 °C 

and 1450 °C. They also determined solidus and liquidus temperatures via DTA 

measurements. 

 

Thermodynamic data 

  Table 14 shows values of enthalpy of formation obtained via experiments, 

ab initio and CALPHAD calculations for the phases C14 and µ. The works of Barbi 

[93] and Drobyshev and Rezukhina [94] present results of energy of formation for 

the C14 phase obtained through electromotive force measurements (EMF), which 

are in agreement. Mathon et al. [95] and Liu et al. [33] obtained via ab initio 

calculation based on density functional theory (DFT) values of enthalpy of 

formation for the intermetallic phases, including their end-members. Both works 

are in agreement concerning the energies at the stoichiometries where these 

phases are stable but some discrepancies exist for the end-member values. 

Meschel and Kleppa [96] reported results for the enthalpy of formation for these 

phases obtained via direct synthesis calorimetry (DRC) at high temperature (1200 

°C).  
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Table 14 – Enthalpies of formation (kJ/mol-atoms) for the end-members of C14 and µ. 

Reference 

Formation Enthalpy (kJ/mol.atoms) 
C14 µ 

F
e 2

F
e 

F
e 2

N
b

 

N
b

2F
e 

N
b

2N
b

 

F
e 7

F
e 6

 

F
e 7

N
b

6 

N
b

7F
e 6

 

N
b

7N
b

6 

Liu et al. [33] 
(DFT) 14.7 -13.2 60.0 16.5  -12.6 -10.1 17.5 

Sluiter et al. [97] 
(DFT) 31.1   15.4    18.0 

Mathom et al. [95] 
(DFT) 38.8 -14.5 2.1 15.6  -13.5   

Lee [98] 
(CALPHAD) 5.0 -23.4 5.0 5.0  -20.5   

Mechel and Kleppa [96] 
(DRC)  -5.3    -6.2   

Huang [99] 
(CALPHAD)  -17.9    -18.4   

Coelho et al. [87] 
(CALPHAD)  -12.2    -11.8   

Srikanth and Petric [100] 
(CALPHAD)  -23.4    -23.3   

Toffolon and Servant [88] 
(CALPHAD) 

5.0 -23.7 34.4 5.0  
-24.2 
(3SL)   

     
-22.1 
(4SL) 

  

De Boer et al. [67] 
(Miedema)  -21    -24   

Drobyshev e Rezukhina [94] 
(EMF)  -20.5       

Barbi [93] 
(EMF)  -23.7       

 

 Three studies report results for the enthalpy of mixing of the liquid obtained 

by calorimetry. Schaefers et al. [85] conducted measurements up to 40 at.% Nb at 

1935 and 2035 K via levitation Calorimetry; Iguchi et al. [83] measured the 

enthalpy of mixing for the liquid between 5 and 25 at.% Nb at 1866 K using a 

isoperibol calorimeter; and Sudavtsova et al. [101] conducted measurements at 

1960 K with sample composition 10 and 20 at.% Nb using an isothermal 

equipment. Ichise and Horikawa [84] determined the Fe activity in Fe-Nb alloys at 

1600 °C using Knudsen cell mass spectrometry (KCMS).  

 

CALPHAD Modeling in the literature 

 The first assessments in this system were made by Huang [99] and latter by 

Coelho et al. [87]. The two most recent assessments for this system, reported by 

Srikanth and Petric [100] and Toffolon and Servant [88], present in general similar 

proposals for the phase diagram, however, they differ significantly in terms of 
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solubility limits of the elements in the intermetallic phases. Both works involve only 

modeling, based on experimental data mainly from Bejarano et al. [89]. Recently, 

Liu et al. [33] assessed this system including new experimental information 

proposed by Voss et al. [92], and their results are in good agreement with the 

experimental data Figure 13. 

 Table 15 indicates the sublattice model chosen for the intermetallic phases 

in these different works. The C14 phase contains three distinct crystallographic 

sites, however it is commonly modeled using two sublattice model 

(Fe,Nb)2(Fe,Nb)1. µ contains 5 sites and is modeled from stoichiometric up to 4 

sublattices. This is inconsistent with the model type 

(Fe,Nb)1(Fe,Nb)4(Fe,Nb)2(Fe,Nb) that should be used, as indicated by Joubert and 

Dupin [102]. They studied the site occupancy in µ via Rietveld refinement of X-ray 

diffraction data. In the present work, the Gibbs free energy of µ is described with 2 

sublattices, however, the result is exactly the same as when this phase is 

described with 4 sublattices, as will be discussed in detail in the results and 

discussion topic of this section. Moreover, the NACEF [13] covers the whole 

composition range which is not the case of the previous models even the one of 

Liu et al. [33]. 

 

Table 15 – Sublattice models used in literature assessments of the Fe-Nb system. 

Reference 
Sublattice model 

C14 (Fe2Nb) µ (Fe7Nb6) 
Liu et al. [33] (Fe,Nb)2(Fe,Nb) (Fe,Nb)1(Nb)4(Fe,Nb)2(Fe,Nb)6 
Mathon et al. [95] (Fe,Nb)2(Fe,Nb) (Nb)6(Fe,Nb)7 
Lee [98] (Fe,Nb)2(Fe,Nb) (Fe)7(Nb)2(Fe,Nb)4 
Toffolon and Servant [88] (Fe,Nb).6667(Fe,Nb).3333 (Fe,Nb)1(Fe,Nb)2(Fe)6(Nb)4 

(Fe)18(Nb)18(Fe,Nb)3 
Coelho et al. [87] (Fe,Nb)2(Fe,Nb) (Nb)6(Fe,Nb)7 
Srikanth and Petric [100] (Fe)6(Nb)4(Fe,Nb)2 Stoichiometric 

 

 Figure 14 shows the thermodynamic properties of the Fe-Nb system 

calculated using the coefficients reported by Liu et al. [33] assessment. The 

experimental points plotted in these figures are the same than used in the present 

assessment for purpose of comparison. 
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Figure 13 – Calculated Fe-Nb phase diagram with the parameters optimized by Liu et al. [33]: [a] 
Complete range and [b] Fe-rich region.  
 

 
[a] 

 
[b] 

 
Source: This work. 
References: Voss et al. [92], Gibson et al. [91], Bejarano et al. [89] and Ferrier et al. [82]. 

  



83 
 

Figure 14 – Calculated thermodynamic properties of the Fe-Nb system with the parameters optimized by 
Liu et al. [33].  
[a] Enthalpy of mixing of liquid at 1935K; [b] Enthalpy of formation of alloys in the system at 298.15 K; [c] 
Activity of Fe at 1873K.  
 

  
[a] [b] 

 
[c] 

 
Source: This work.  
References: Schaefers et al. [85], Iguchi et al. [83], Sudavtsova et al. [101], Ichise and Horikawa [84], 
Meschel and Kleppa [96], Liu et al. [33],  Mathon et al. [95]. 
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5.2 – Results and Discussion 

Thermodynamic assessment of the Fe-Nb system 

 The evaluation of the thermodynamic properties of the phases were derived 

from an optimization procedure using the available experimental phase equilibria 

and thermodynamic data from the literature using the PARROT module contained 

in the Thermo-calc software. Table 16 consolidates the experimental 

(thermodynamic and phase equilibria) and ab initio data available for this system. 

The data indexed with the letter “A” were used for the optimization and those with 

index B were only used graphically to compare and guide the processes of 

optimization. Those with index “C” were not used in any form in the assessment 

due to substantial discrepancies with the other data.  

 

Table 16 – Summary of Experimental and Ab initio information available for the Fe-Nb System. 
Information Reference Technique Index 

Temperatures 
(Solidus/Liquidus) 

Ferrier et al. [82] DTA,  
Magnectic Analysis 

A 
A 

Bejarano et al. [89] DTA A 
Voss et al. [92] DTA A 

Gibson et al. [91] DTA B 
Goldschmidt [79] DTA C 

Phase solubility 
Range 

Bejarano et al. [89] EPMA 
DRX 

B 
B 

Voss et al. [92] EPMA A 

Liquid Enthalpy of 
Mixing 

Iguchi et al. [83] Calorimetry  B 
Sudavtsova et al. [101] Calorimetry B 

Schaefers et al. [85] Calorimetry  A  
Activity Ichise and Horikawa [84] KCMS A 

Enthalpy of 
Formation of 

Intermetallic Phases 

Barbi [93] EMF B 
Drobyshev and Rezukhina [94] EMF B 

Meschel and Kleppa [96] Calorimetry A 
Mathon et al. [95] DFT B 

Liu et al. [33] DFT A 
De Boer et al. [67] Miedema C 

Sluiter [97] DFT C 
A – Information used in the optimization 
B – Information used for checking the model 
C – Not used 
 

 
 The thermodynamic descriptions of the pure elements were obtained by 

SGTE [40] and the SER was taken as the reference state for the Gibbs free 

energy. 

 Table 17 shows the thermodynamic models and the parameters obtained 

from the present assessment. The terminal solid solutions of the system (FCC and 
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BCC) as well as the Liquid were modeled according to the formalism of Redlich 

and Kister [43]. The magnetic contribution were used for the BCC and FCC 

phases. The intermetallic phases were described according to the NACEF 

approach, i.e., with two sublattices where the atoms of Fe and Nb may occupy 

both positions. The equations were modeled for the temperature range 298.15 to 

6000 K.  

 

Table 17 – Optimized thermodynamic parameters for binary Fe-Nb system. 
Phase Thermodynamic Parameters 
Liquid                = GFELIQ  

(Fe,Nb)              = GNBLIQ  

            = -51234 +16.5685*T 
            = 11586 -8.5929*T 
            = 2830  

BCC – Fe(α, )            = GHSERFE  
(Fe,Nb)1(Va)3           = GHSERNB   

         = 1043  
            = 2.22  
            = 15699 -0.9945*T 
            = 16965 -13.8809*T 

FCC – Fe(γ)            = GFEFCC   
(Fe,Nb)1(Va)1           = GNBFCC  

         = - 201  
            = - 2.1  
            = 41004 -27.012*T 

C14 - Fe2Nb           = GHSERFE + 14710  

(Fe,Nb)0.66667(Fe,Nb)0.33333           = GHSERNB + 16540  

 P10 = 25438 +1.457*T 
 P11 = 18074 -5.0645*T 
 P30 = -4192  

µ - Fe7Nb6           = GHSERFE + 17500  

(Fe,Nb)0.5385 (Fe,Nb)0.4615           = GHSERNB + 17500  

 P10 = 32647 -0.7137*T 
 P11 = 6011  
 P30 = -4279  

 

 The end-members of the intermetallic phases represent the Gibbs free 

energy of pure Fe and Nb, respectively, when these elements occupy all positions 

of the crystal structure of the intermetallic phases. The enthalpy of formation of the 

end-members (Fe2Fe; Nb2Nb) of C14 and (Nb7Nb6) of µ were taken from the ab 

initio calculations of Liu et al. [33]. As they did not calculate the value for the end-

member (Fe7Fe6) of µ, the same value of (Nb7Nb6) was assumed. 
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 From the assessed values, Figure 15 and Figure 16 were plotted. Figure 15 

(a) shows the phase diagram in comparison with the experimental data where a 

good agreement can be observed. Figure 5 (b) shows the Fe-rich region of the 

phase diagram in detail. This figure illustrates that the solubility in Nb rich limit 

point of the BCC (Fe- ) phase at 1573K obtained via diffusion couple by Voss et 

al. [92] is not consistent with the experiments of Ferrier et al. [82]. As the several 

measurements of Ferrier et al. [82] are consistent among them we opted to 

disregard this point. The value for the eutectic composition suggested by Voss et 

al. [92] is in contradiction with the liquidus temperatures obtained by Gibson et al. 

[91] and Voss et al. [92] itself via DTA. We opted to consider the values obtained 

by DTA because Voss et al. [92]  determined the composition of the eutectic via 

EPMA analysis of an 13.5 at.% Nb as-cast alloy. Samples in this condition tend to 

present eutectic composition away from the correct value supposedly because of 

segregation of solute. In the present case the composition is displaced for a region 

richer in Fe. 

 The calculated enthalpy of mixing for liquid alloys (1935 K) is presented in  

Figure 16 (a) together with the experimental data. The results from Schaefers et 

al. [85] suggest that there is a variation of the enthalpy with temperature. Liu et al. 

[33] used a “T*ln(T)” term to describe this enthalpy temperature dependence which 

was not adopted in the present assessment because the change in the enthalpy 

with temperature is in the same order of the experimental error. Figure 16 (b) 

shows measurements for the enthalpy of formation of the intermetallic compounds 

at 25 °C with SER reference state. Despite the scale giving the impression of 

disparity between the experimental [81] and calculated [33,95] values, the 

difference among them is lower than 10 kJ/mol-atoms. Our assessment fitted to 

the calorimetric results from Mechel and Kleppa [96]. Figure 16 (c) shows the 

activity of the Fe in the Fe-Nb system. The calculated results are in good 

agreement with experimental data, especially considering the experimental 

dispersion of the results.  

 Figure 17  shows the Fe7Nb6 (µ) phase modeled with the NACEF described 

with 2 and 4 sublattices, using the same optimized parameters and the results are 

exactly the same. It means that beside our model having 2 sublattices, it respects 

the 4 independent sublattices [102]. The description of the µ phase with 4 

sublattices is presented in the Appendix B.  
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Figure 15 – Calculated Fe-Nb phase diagram with the parameters optimized in this work: [a] 
Complete range and [b] Fe-rich region.  
 

 
[a] 

 
[b] 

Source: This work. 
References: Voss et al. [92], Gibson et al. [91], Bejarano et al. [89] and Ferrier et al. [82]. 
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Figure 16 – Calculated thermodynamic properties of the Fe-Nb system with the parameters 
optimized in this work.  
[a] Enthalpy of mixing of liquid at 1935 K; [b] Enthalpy of formation of alloys in the system at 298.15 
K; [c] Activity of Fe at 1873K. 
 

  
[a] [b] 

 
 [c] 
 
Source: This work. 
References: Schaefers et al. [85], Iguchi et al. [83], Sudavtsova et al. [101], Ichise and Horikawa 
[84], Meschel and Kleppa [96], Liu et al. [33], Mathon et al. [95]. 
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Figure 17 – [a] Fe-Nb phase diagram and [b] Gibbs free energy curves of the µ phase described 
with NACEF with 2 and 4 sublattices. 
 

  
  

  
 
Source: This work. 
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5.3 – Conclusions 

 The Fe-Nb system was reassessed using literature information. The agreement 

with the experimental data is very satisfactory. An improvement is observed for 

the solubility limits of the intermetallic phases in comparison with the results of 

Liu et al. [33].  

 The performance of NACEF [13] to describe the Gibbs free energy functions of 

intermetallic phases was better than the classic CEF. With the same number of 

parameters or less the NACEF [13] was able to promote a better description of 

the Fe-Nb system. The Gibbs free energy of µ is described with 2 sublattices, 

however, the result is exactly the same as when this phase is described with 4 

sublattices, respecting the 4 independent sublattices determined by Joubert et 

al. [102]. Moreover, the NACEF [13] description of the Gibbs free energy of µ 

covers the whole composition range which is not the case of the previous 

models. 
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6. The Al-Fe system 

 

 

6.1 – Literature Information 

 The Al-Fe is a very important system for commercial alloys and has 

potential for composing alloys for high temperature applications. The Al-Fe system 

is widely studied and several experimental and modeling investigations are 

available in the literature. [30,31,103–106] 

 

Phase stability and crystallographic information 

 The Al-Fe system is characterized by a wide αFeSS range with the following 

intermetallic phases: B2 and D03 (ordered forms of BCC), FeAl2 (peritectic 

formation), Fe2Al5 (congruent formation), Fe4Al13 (described both as peritectic and 

congruent formation) and Fe5Al8 (peritectic formation and eutectoid 

decomposition). Two eutectic reactions are also found in this system, occurring 

between the phases FeAl2 and Fe2Al5 and other between Fe4Al13 and AlSS. In the 

cases were Fe4Al13 is considered as congruent formation, a degenerated eutectic 

is found between Fe2Al5 and Fe4Al13 with liquid composition close to the second 

phase [107,108]. Table 18 shows the crystallographic information of the solid 

phases considered to be stable in this system and Table 20 shows the Wyckoff 

positions of the atoms in the intermetallic phases, compiled from Villars and 

Calvert [47]. The crystal structure of high temperature Fe5Al8 ( ) was determined 

by Stein et al. [106] as Cu5Zn8 structure using high-temperature neutron 

diffraction.  

 

Table 18 – Crystallographic information of stable phases in the Al-Fe system. 

Phase 
Strukturbericht 

Designation 
Pearson 
Symbol 

Space 
Group 

Prototype 

(α, ) FeSS A2 cI2 Im  m W 
γ FeSS A1 cF4 Fm  m Cu 
Fe3Al D03 cF16 Fm  m BiF3 
FeAl B2 cP8 Pm  m CsCl 

Fe5Al8 ( ) D82 cI52 I4  m Cu5Zn8 
FeAl2 - aP18 P1 FeAl2 
Fe2Al5 - oC16 Cmcm - 
Fe4Al13 - mC102 C2/m - 

AlSS A1 cF4 Fm  m Cu 
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Table 19 – Wyckoff positions of the atoms in the intermetallic phases in the Al-Fe system in the 
ideal stoichiometry [47]. 

Phase Occupation Wyckoff x y z 

Fe3Al 
Al (1) 4a 0 0 0 
Fe (1) 4b 0.5 0.5 0.5 
Fe (2) 8c 0.25 0.25 0.25 

FeAl (B2) 
Al (1) 1a 0 0 0 
Fe (1) 1b 0.5 0.5 0.5 

Fe5Al8 ( )a 

Al (1) 24g 0.3128 0.3128 0.0366 
Al (2) 8c 0.1089 0.1089 0.1089 
Fe (1) 12e 0.3558 0 0 
Fe (2) 8c 0.328 0.328 0.328 

FeAl2 

Al (1) 1a 0.0 0.0 0.0 
Al (2) 1a 0.005 0.357 0.174 
Al (3) 1a 0.086 0.552 0.864 
Al (4) 1a 0.097 0.532 0.531 
Al (5) 1a 0.147 0.117 0.403 
Al (6) 1a 0.206 0.726 0.228 
Al (7) 1a 0.287 0.886 0.659 
Al (8) 1a 0.558 0.426 0.996 
Al (9) 1a 0.643 0.655 0.414 
Al (10) 1a 0.905 0.213 0.728 
Fe (1) 1a 0.365 0.188 0.825 
Fe (2) 1a 0.453 0.382 0.284 
Fe (3) 1a 0.601 0.546 0.705 
Fe (4) 1a 0.741 0.701 0.117 
Fe (5) 1a 0.824 0.896 0.57 

M (1) [2/3 Al + 1/3 Fe] 1a 0.442 0.066 0.104 
M (2) [2/3 Al + 1/3 Fe] 1a 0.574 0.253 0.532 
M (3) [2/3 Al + 1/3 Fe] 1a 0.767 0.014 0.286 

Fe2Al5 Al (1) 8g 0.188 0.3533 0.25 
Al (2) 8f 0 0.0340 0.170 
Al (3) 4a  0 0 0.167 
Fe (1) 4c 0 0.6723 0.25 

Fe4Al13 

Al (1) 8j 0.1366 0.2188 0.5214 
Al (2) 8j 0.1783 0.2790 0.3346 
Al (3) 8j 0.1850 0.2832 0.1106 
Al (4) 8j 0.3677 0.2887 0.1097 
Al (5)  8j 0.4916 0.2666 0.3296 
Al (6) 4i 0.0208 0 0.1712 
Al (7) 4i 0.1768 0 0.7181 
Al (8) 4i 0.1943 0 0.2272 
Al (9) 4i 0.2594 0 0.0392 
Al (10) 4i 0.2623 0 0.4651 
Al (11) 4i 0.4130 0 0.2115 
Al (12) 4i 0.4264 0 0.4197 
Al  (13) 4i 0.5649 0 0.1743 
Al (14) 4g 0 0.2504 0 
Al (15) 2c 0 0 1/2 
Fe (1) 8j 0.3195 0.2062 0.2777 
Fe (2) 4i 0.0969 0 0.0141 
Fe (3) 4i 0.0982 0 0.3766 
Fe (4) 4i 0.4094 0 0.0111 
Fe (5) 4i 0.5851 0 0.3821 

a Parameters from Stein et al. [106]. 
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Phase equilibria data 

 Ikeda et al. [109] studied the phase stability of the BCC phases with A2, B2 

and D03 structures and phase equilibria among these phases in the Fe-rich portion 

using diffusion couples. Stein and Palm [105] measured the liquidus and solidus 

and the second order transitions in BCC mainly confirming the existing data. [110–

116] Works can be found showing the solubility of Fe in Al [117–120] and the α/ -

FeSS loop [112,116,121–124]. 

 

CALPHAD Modeling in the literature 

 The latest assessment of this system (Figure 18) was performed by 

Sundman et al. [30]. The model proposed by these authors take into account the 

latest results of Stein and Palm [105] and allows the description of the DO3 phase 

from one model with 4 sublattices for a description of the ordered BCC_B2. To 

allow extrapolation to higher order systems, a version with 2 sublattices for 

BCC_B2 ordering is also given. This last version was used for modeling the 

ternary system in the present work. 
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Figure 18 – Al-Fe phase diagram proposed in the assessment reported by Sundman et al. [30]. 
 

 
 
Source: Sundman et al. [30]. 
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7. Al-Fe-Nb System. Experiments and CALPHAD assessment 

 
7.1 – Literature Information 

 Raman [125] and Burnasheva et al. [126] proposed isothermal sections of 

the Al-Fe-Nb system based on metallographic and X-ray diffraction (XRD) analysis 

at 1000 °C and 800 °C respectively. The two proposals (Figure 19) show an 

important solubility of Al in the phases Fe2Nb (C14) and Fe7Nb6 (µ) and also 

suggest the existence of a ternary phase with composition Nb5Fe4Al (µ’). 

Burnasheva et al. [126] suggest that this phase occurs in a wide composition 

range parallel to µ while Raman [125] indicates a small zone of solubility (see 

highlighted areas in Figure 19). 

 

Figure 19 – Isothermal sections of the Al-Fe-Nb system proposed by [a] Burnasheva et al. [126] 
(800 °C) and [b] Raman [125] (1000 °C).  
 

  
[a] [b] 

 
Source: Adapted from ASM International [90]. 
 

 Bejarano [127] reported an experimental study of the isothermal section at 

1000 °C and a partial liquidus projection (Figure 20) determined by 62 arc melted 

alloys analyzed via optical microscopy (OM), Electron-probe microanalysis 

(EPMA), XRD and differential thermal analysis (DTA). In general, Bejarano [127] 

proposal was similar to the previews studies [125,126], however he did not 

observe the ternary phase (µ’). Instead, a new ternary phase  (approximate 

composition: 08Fe-22Al-70Nb – at.%) was proposed. It should be noted that 
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Bejarano [127] did not perform XRD or any other crystallographic analysis for this 

phase and its existence was proposed via MO and EPMA analyses.  

 

Figure 20 – [a] Isothermal section (1000 °C) and [b] liquidus projection of the Al-Fe-Nb [127]. 

  
[a] [b] 

 
Source: Adapted from Bejarano [127].  
 

 In more recent works [35,36] the Fe-Al-rich side of the Al-Fe-Nb has been 

extensively studied, and more precise information in terms of phase solubility as 

well as liquidus and solidus temperatures are found in the literature. Palm [35] 

focused on the two-phase equilibrium region Fe-α + C14, study alloys with 

constant composition of 5 and 10% at. Nb and up to 40% at. Al. His alloys were 

heat treated at 800, 1000 and 1150 °C and analyzed via EPMA and XRD. Prymak 

and Stein [36] complemented Palm’s [35] study focusing on the Al-rich corner of 

the system using the same investigation techniques for samples heat treated at 

1000, 1170 and 1300 °C. From these samples, Prymak and Stein [36] determined 

the solubility of Nb in the phases of the Fe-Al system as well the effect of the Nb 

on the liquidus/solidus temperatures via DTA.   

 A recent work from the same group [37], investigated the complete liquidus 

projection (Figure 21) and the complete isothermal section (Figure 22) of the Al-

Fe-Nb system at 1000, 1150 and 1300 °C. A total of 50 alloys with compositions 

up to 65.4 at.% Nb were investigated using SEM, EPMA, XRD and DTA analysis. 

No alloys were prepared to determine the solubility limits of the phases NbSS 

(BCC), Nb3Al (A15) and Nb2Al (σ) and their values were just estimated in [37]. 
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Figure 21 – Liquidus projection of the Al-Fe-Nb proposed by Stein et al. [37]. 
 

 
 
Source: Stein et al. [37]. 
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Figure 22 – Isothermal sections of the Al-Fe-Nb system at [a] 1000, [b] 1150 and [c] 1300 °C 
proposed by Stein et al. [37]. 
 

 
 
Source: Stein et al. [37]. 
 
 
 

 Since the work of Stein et al. [37] was not available until recently, there was 

a lack of information in the literature in the Nb rich region, especially in terms of 

high temperature equilibria and liquidus projection. The present experimental work 

focused on the determination of the liquidus projection and isothermal section at 

1400 °C of the Al-Fe-Nb system in the region richer than 20 at.% of Nb. 
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7.2 – Results and discussion: Experiments 

  Table 20 shows the compositions of 22 alloys prepared for this work which 

were analyzed both in the as-cast state and 11 selected after annealing at 1400 

°C/75 h. The results in general agree with the proposal of Stein et al. [37], but a 

few modifications in the solubility of the phases and in the nature of the invariant 

reactions are proposed and will be discussed.  

 
Table 20 – Composition of the Al-Fe-Nb samples prepared in this work. 

Alloy ID 
Aimed Composition 

(at.%) Mass Loss 
(%) 

Possible Composition Interval 
(at.%) 

Al Fe Nb Al Fe Nb 

#00 20 08 72 1.9852 15.1-20.5 5.5-8.5 71.6-76.3 

#01 24 08 68 0.5588 22.9-24.3 7.4-8.2 67.7-68.9 

#02 32 08 60 0.8694 30.5-32.4 7.1-8.2 59.7-61.3 

#03 55 05 40 0.6466 54.4-55.3 4.4-5.1 39.8-40.5 

#04 15 15 70 0.3065 14.2-15.1 14.7-5.2 69.9-70.6 

#05 17 03 80 0.6733 15.3-17.2 2.0-3.1 79.9-81.7 

#06 27 03 70 1.0231 24.9-27.3 1.7-3.1 69.8-72.0 

#07 30 21 49 7.6751* - 

#08 25 05 70 0.8734 23.1-25.3 3.9-5.1 69.8-71.7 

#09 06 32 62 0.3299 5.2-6.1 31.7-32.3 61.8-62.5 

#10 06 37 57 0.2098 5.5-6.1 36.8-37.2 56.8-57.2 

#11 06 42 52 0.1899 5.6-6.1 41.9-42.2 51.9-52.2 

#12 20 28 52 0.6202 18.8-20.3 27.3-28.3 51.7-52.4 

#13 20 20 60 1.4316 16.8-20.4 18.4-20.8 59.6-62.4 

#14 40 10 50 32.0376* - 

#15 40 20 40 2.1098 37.0-40.8 18.2-21.1 39.2-42.0 

#16 55 15 30 9.2088* - 

#17 65 05 30 0.5101 64.6-65.3 4.6-5.1 29.8-30.3 

#18 23 23 54 0.3800 22.4-23.2 22.6-23.1 53.9-54.5 

#19 30 30 40 0.3200 29.2-30.1 29.6-30.3 39.9-40.5 

#20 20 40 40 0.7000 18.9-20.3 39.6-40.6 39.6-40.5 

#21 10 50 40 0.5700 9.1-10.1 49.7-50.5 39.7-40.4 

*Samples presented important mass loss due to fractures during thermal dilatation/contractions in 
the arc furnace.  
  

 Figure 23 shows the liquidus projection of the Al-Fe-Nb system (20-100 

at.% Nb concentration range) proposed in the present work. This determination 

was based on the analysis of 22 arc-melted ternary alloys of whose nominal 

compositions and identification are represented in the Gibbs triangle. 
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 The binary invariant reactions and congruent melting points are represented 

in Figure 23 as: 

 
p1 L + NbSS  A15 2060 °C 
p2 L + A15  σ 1940 °C 
e1 L  σ + D022 1570 °C 
c1 L  D022 1714 °C 
e2 L  NbSS + µ 1508 °C 
p3 L + C14  µ 1523 °C 
c2 L  C14 1646 °C 

 

 6 different primary precipitation regions were observed: NbSS, µ (Fe7Nb6), 

C14 (Fe2Nb), σ (Nb2Al), A15 (Nb3Al) and D022 (NbAl3). Results suggest that the 

primary precipitation region of A15 and D022 are limited while the others advance 

in the ternary, specially the C14 primary precipitation field which occupies a large 

region of the diagram. There are 4 eutectic-type monovariant lines connected to 

each other which cross the ternary diagram from point e1 in the Nb-Al binary up to 

e2 in the Fe-Nb binary. Along the monovariant line involving the phases δ, σ and 

C14 (E1-E2), there is a point of maximum with estimated composition of 

44Nb43Al13Fe (at. %) indicated in the Figure 23 as M1. In the monovariant 

involving L, C14 and D022 there is a point of maximum M2 with estimated 

composition of 30Nb60Al10Fe (at. %). In the monovariant involving δ, σ and µ (U2-

E1) there is point of maximum M3 with estimated composition of 52Nb24Al24Fe 

(at. %). And in the monovariant involving L, C14 and µ (p3-E1) there is point of 

maximum M4 with estimated composition of 51Nb22Al27Fe (at. %). The following 

invariant ternary reactions are proposed:  

 
Class I: E1 L  µ + C14 + σ  
 E2 L  σ + C14 + D022 
   
Class II: U1 L + A15  σ + NbSS 
 U2 δ + σ  µ + NbSS 
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Figure 23 – Proposal for the liquidus projection of the Al-Fe-Nb system in the region richer than 20 
%at. Nb.  
 

 
 
Source: This work. 
Symbols represent the composition of the alloys prepared in this work. Different colors represent 
different primary precipitations. The black symbols represent the alloys positioned in the 
monovariant lines.  
 

NbSS primary precipitation region 

 Alloys #00, #01, #04, #05, #09 and #13 presented primary precipitation of 

NbSS. Figure 24 shows the X-ray diffractograms of these alloys and Figure 25 

shows the SEM/BSE micrographs of selected alloys in this region. 

 XRD indicates the presence of the phases NbSS, σ and µ for all alloys, 

except Alloys #05 and #09. In the Alloy #05, peaks related with the phases NbSS, 

A15 and σ were detected. In the Alloy #09, XRD indicates only the phases NbSS 

and µ.  
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 SEM/BSE micrograph of Alloy 05 (Figure 25 a) shows a large volume 

fraction of NbSS primary precipitates enveloped by A15 and σ in the last region that 

solidifies. This microstructure indicates the peritectic nature of the monovariants 

p1-U1 and p2-U1. Alloy #00 presents a microstructure (Figure 25 b) with large 

volume fraction of the primary precipitates of NbSS enveloped by σ and a 

microconstituent rich in µ in the last region to solidify indicating that the nature of 

the monovariant U1-U2 is also peritectic. Alloy #09 (Figure 25 c) after primary 

precipitation of NbSS the liquid forms the eutectic NbSS + µ, indicating that the 

nature of the monovariant U2-e
2 is eutectic. In Alloys #01 (Figure 25 d) and #13 

NbSS primary precipitates were enveloped by σ and the liquid finished the 

solidification in the eutectic σ + µ. These alloys confirms the peritectic nature of the 

monovariant U1-U2. FEG analysis of Alloys #01 (Figure 25 e) and #13 indicates a 

very fine eutectic formation confirming that the liquid decomposes into σ + µ 

(eutectic type microstructure) according to  the monovariant line L ↔ σ + µ (E1-U2). 

Alloy #04 (Figure 25 f) shows the primary precipitates of NbSS enveloped by σ but 

no signs of the eutectic σ + µ and the last liquid to solidify forms NbSS + µ (eutectic 

type microstructure). The absence of σ + µ eutectic type microstructure in this 

alloy suggests that, during the formation of σ, the δ composition varies close along 

the monovariant U1-U2 and reaches the U2-e
2 line forming eutectic 

microstrucuture. These results indicate that the reaction involving the phases 

NbSS, A15, σ and L and the reaction involving the phases NbSS, σ, µ and L are of 

the Class II type (U1 and U2 respectively). 
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Figure 24 – X-ray diffractograms of the as-cast alloys in the region of NbSS primary precipitation. 
 

 
 
Source: This work. 
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Figure 25 – SEM/BSE Micrographs of the as-cast alloys in the region of NbSS primary precipitation.  
[a] #05; [b] #00; [c] #04; [d] #01; [e] zoom of a dark region of #01 (FEG) and [f] #04. 
 

  
[a] #05 [b] #00  

  
[c] #04  [d] #01  

  
[e] #01 (FEG)  [f] #09 

 
Source: This work. 
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Nb3Al (A15) primary precipitation region 

 Alloys #06 and #08 presented primary precipitation of A15, and as expected 

by the similarity in their compositions, both samples show analogous 

microstructures. XRD (Figure 26) indicates the presence of A1η and σ in their 

microstructures. Figure 27 (a) presents the SEM/BSE micrographs of the Alloy #06 

with primary precipitation of A1η enveloped by σ. Figure 27 (b) shows last region 

to solidify is formed by a eutectic containing µ and σ. Figure 27 (c) shows the 

border between the A15 primary particles and σ with a brighter phase enveloping 

the phase A15 in the Alloy #08. Due to the contrast this phase could be NbSS. This 

suggests that the liquid may cross the NbSS primary precipitation field during 

solidification.  

 These alloys confirm the peritectic nature of the monovariant p2-U1 and the 

eutectic nature of the monovariant U2-E1. These results also confirm that the 

invariant reaction involving the phases L, NbSS, A15 and σ is of the Class II type 

(U1).  

 
Figure 26 – X-ray diffractograms of the as-cast alloys in the region of A15 primary precipitation. 
 

 
 
Source: This work. 
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Figure 27 – SEM/BSE micrographs of the as-cast Alloys #06 and #08 in the region of A15 primary 
precipitation. [a] Alloy #06; [b] detail of the σ + µ region of Alloy #06; [c] FEG of Alloy #08. 
 

  
[a] #06 [b] #06 

 
[c] #08 (FEG) 

 
Source: This work. 
 

µ primary precipitation region 

 Alloys #11 and #12 presented primary precipitation of µ. Figure 28 shows 

the diffractograms and Figure 29 the micrographs of these alloys. The 

diffractograms of these alloys detected the NbSS and µ phases, but Alloy #12 

presented also peaks of σ. The micrographs of Alloy #11 (Figure 29 a) shows 

primary precipitation of µ and when the liquid reaches the e2-U2 line the 

microstructure formed is eutectic type containing NbSS + µ in the last region to 

solidify. Alloy #12 (Figure 29 b) presents few regions of primary precipitation of µ 

and a large volume fraction of the (E1-U2) eutectic type microstructure containing µ 

+ σ. A small region of NbSS + µ eutectic type microstructure is formed when the 

liquid path reaches the e2-U2 line. The microstructure of Alloy #12 suggests that it 

is close to the limit of primary solidification of µ. These alloys confirm that the 

reaction involving the phases σ, µ, NbSS and L is of the Class II type (U2) and also 

confirms the eutectic nature of the monovariant lines: E1-U2 and e2-U2.  

A15 

σ 
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NbSS 

σ 

A15 

A15 
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Figure 28 – X-ray diffractograms of the as-cast alloys in the region of µ primary precipitation. 
 

 
Source: This work. 
 

Figure 29 – SEM/BSE micrographs of the as-cast alloys in the region of µ primary precipitation. 
 

  
[a] #11 [b] #12 

 
Source: This work. 
 

 

Nb2Al (σ) primary precipitation region 

 Alloys #0β, #14 and #18 presented primary precipitation of σ embedded in a 

eutectic matrix also containing σ. Their X-ray diffractograms and micrographs are 

shown in Figure 30 and Figure 31 respectively. The diffractograms of all these 

alloys present the phase σ (Figure 30). For Alloys #02 and #14, C14 phase was 

found as the second eutectic phase while for Alloy #18 the second phase is µ. 

SEM/BSE micrographs (Figure 31) show analogous microstructures for Alloys #02 

and #14, i.e., primary precipitation of σ and a eutectic type microstructure formed 

NbSS + µ 

µ 
σ + µ 

NbSS + µ 

µ 
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by C14 + σ when the liquid reaches the monovariant line E1-E2. However, Alloy 

#02 presents a brighter region (related to the A15 phase) in the core of σ 

precipitates (highlighted in Figure 31 a). Two possibilities can be pointed out: (1) 

this sample shifts the composition in this region to the field of primary precipitation 

of A15 due mass losses in the melting steps or (2) this can be a solid state 

precipitation in the first solidification region of σ due to decreasing of Nb solubility 

in σ with temperature. Alloy #18 presented primary precipitation of σ, and a 

eutectic formed by σ and µ when de liquid reaches the monovariant E1-U2.  

 These alloys confirm the eutectic nature of the monovariant lines E2-E1 and 

E1-U2.  

 

Figure 30 – X-ray diffractograms of the as-cast alloys in the region of σ primary precipitation. 
 

 
 
Source: This work. 
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Figure 31 – SEM/BSE micrographs of the as-cast alloys in the region of Nb2Al (σ) primary 
precipitation: [a] #02, [b] #14 and [c] #18. 
 

  
[a] #02 [b] #14 

 
[c] #18 

 
Source: This work. 
 

C14 (Fe2Nb) primary precipitation region 

 Alloys #15, #16 and #19-21 presented primary precipitation of C14. Their 

diffractograms (Figure 32) indicates that they have only two phases in their 

microstructures with C14 present in all alloys. σ is the second phase in Alloy #15, 

D022 in Alloy #16 and µ in Alloys #19-21. SEM/BSE micrograph of Alloy #15 

(Figure 33 a) shows primary precipitation of C14, with the solidification ending in 

the monovariant C14 + σ (E1-E2). Alloy #16 (Figure 33 b) presents primary 

precipitation of C14, followed by simultaneous precipitation of C14 + D022, with the 

solidification ending with the formation of phases of the binary Fe-Al. The 

micrographs of Alloys #19 (Figure 33 c) , #20 and #21 show that after primary 

precipitation of C14, their solidification paths do not reach the C14 + σ 

monovariant (E1-E2), but  go through the µ precipitation field enveloping C14, and 

σ 

C14 + µ 

σ 

A15 

σ 

C14 + µ 
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the solidification finishing in the U2-e
2 monovariant, forming the eutectic type 

microstructure, containing µ + NbSS.  

 These alloys confirm the eutectic nature of the monovariant lines E2-E1 and 

U2-e
2. 

 

Figure 32 – X-ray diffractograms of the as-cast Alloys #15, #16, #19, #20 and #21 in the region of 
C14 primary precipitation. 
 

 
 
Source: This work. 
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Figure 33 – SEM/BSE micrographs of the as-cast alloys in the region of C14 primary precipitation: 
[a] #15, [b] #16 and [c] #19. 
 

  
[a] #15 [b] #16 

  

 
[c] #19 

 
Source: This work. 
 

NbAl3 (D022) primary precipitation region 

 Alloy #17 presented primary precipitation of D022. Its diffractogram (Figure 

34 a) indicates the presence of D022, σ and C14 in the microstructure. SEM/BSE 

micrographs (Figure 34 a,b) show primary precipitation of D022, followed by 

simultaneous precipitation of D022 + C14 and the solidification ends at the ternary 

eutectic D022 + C14 + σ (E2). 

 This result indicate that the invariant reaction involving phases C14, D022, σ 

and L is of the Class I type (E2) and that a maximum (M2)  exists close to the 

composition 30Nb60Al10Fe (at.%) between Alloys #16 and #17 in the monovariant 

C14 + D022 + L.  
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Figure 34 – [a] X-ray diffractograms of the as-cast alloys in the region of D022 primary precipitation. 
[b,c] SEM/BSE micrographs of the as-cast alloy in the region of D022 primary precipitation. 
 

 
[a] 

  
[b]  [c] 

 
Source: This work. 
 

Simultaneous precipitation 

 Alloys #03, #07 and #10 presented simultaneous precipitation of two solid 

phases in three different monovariant lines. Figure 35 shows their diffractograms 

and Figure 36 their micrographs.  

 Alloy #10 presented a full eutectic microstructure (Figure 36 a), composed 

by the phases NbSS and µ formed in the monovariant U2-e
2. XRD (Figure 35) 

confirms both phases.   

 XRD of Alloy #07 (Figure 35) presented peaks of σ, C14 and µ. As shown in 

the SEM/BSE micrograph in Figure 36 (b), after formation of the eutectic σ + C14 

there are regions of µ (detected by EDS). The microstructure of this alloy does not 

permit to clearly determine the reaction involving C14, σ, µ and δ. A degenerated 

ternary eutectic µ + σ + C14 (Class I) rich in µ could be stated. This is possible 

only if there is a point of maximum in the monovariant lines µ + σ (E1-U2), C14 + µ 

(E1-p
3) and C14 + σ (E2-E1). However, a Class III reaction as proposed by Stein et 

al. [37] is also possible and the region rich in µ in this microstructure is formed in a 

D022 D022 

C14 

C14 + σ + D022 

C14 + σ + D022 
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peritectic type microstructure and the liquid composition do not reaches the 

monovariant U2-e
2. We opted to respect the first hypothesis due to the presence of 

σ and C14 into the µ region.  

 Alloy #03 starts its solidification with precipitation of the eutectic C14 + D022, 

and the solidification finishes with a ternary eutectic σ + C14 + D022 confirming the 

hypothesis stated for Alloy #17 that the nature of the M2-E2 monovariant is eutectic 

type and the invariant reaction evolving C14, D022, σ and δ is of the Class I type 

(E2).  

 

Figure 35 – X-ray diffractograms of the as-cast #03, #07 and #10. 
 

 
 
Source: This work. 
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Figure 36 – SEM/BSE micrographs of the as-cast alloys in the region of Eutectic primary 
precipitation. [a] #10, [b] #07, [c] #03 and [d] #03 (FEG). 
 

  
[a] #10 [b] #07 

  
[c] #03 [d] #03 (FEG) 

 
Source: This work. 
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Isothermal Section of the Al-Fe-Nb system at 1400 °C 

 Selected samples were heat treated at 1400 °C for 75 hours under argon. 

Figure 37 shows the isothermal section at 1400 °C of the Al-Fe-Nb proposed in 

this work. The circles indicate the global composition of the alloys in the Gibbs 

triangle according to the EMPA (WDS) measurements. The triangles symbols 

represent the phase compositions measured via EPMA (WDS).  

 
Figure 37 – Isothermal section of the Al-Fe-Nb system at 1400 °C. 
 

 
 
Source: This work. 
 
 The binary phases Fe2Nb (C14), Fe7Nb6 (µ) and Nb2Al (σ) present an 

important solubility of Al and Fe in their structures as described by previous 

authors [35–37,125–127]. The three binary phases advances into the ternary with 

fixed Nb composition. The binary phase Nb3Al (A15) presents a small solubility of 

Fe in its structure and the phase NbAl3 (D022) does not present significant 
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solubility of this element. XRD analyses of the alloys confirm Stein et al. [37] and 

no indication of ternary phase was found. Bejarano’s [127]  phase has an 

approximate composition of the maximum Fe solubility in the phase Nb2Al (σ). As 

Bejarano [127] did not perform XRD experiment, the  phase was not confirmed 

and may not exist. Four three-phase regions were identified. The region near Fe-

Al side is indicated by dashed lines, because no samples were prepared in this 

region. In general, our proposal is in good agreement with the work of Stein et al. 

[37] for the isothermal section at 1350 °C.  

 In the next paragraphs the microstructural features of the alloys are 

presented in order to justify the phase regions proposed in Figure 37. The alloys 

will be presented in decreasing contents of Nb. Results of EPMA analysis are 

consolidated in Table 21. 

 

Table 21 – EPMA analysis of the samples annealed at 1400 °C/75 h. 

ID Phase 
Phase Composition (% at.) 

Al Fe Nb 
#01 Nb2Al – σ 23.8 ± 0.4 8.8 ± 0.3 67.4 ± 0.6 

#02 
Nb2Al – σ 30.4 ± 0.2 4.8 ± 0.2 64.7 ± 0.1 

(Fe,Al)7Nb6 – µ 38.1 ± 0.6 25.8 ± 1.2 36.1 ± 1.7 

#03 
Nb2(Al,Fe) – σ 41.0 ± 0.2 0.8 ± 0.1 58.2 ± 0.2 

(Fe,Al)2Nb  – C14 53.1 ± 0.1 13.1 ± 0.1 33.8 ± 0.2 
NbAl3 – D022 73.8 ± 0.1 0.4 ± 0.1 25.7 ± 0.0 

#04 
NbSS 7.1 ± 0.1 6.1 ± 0.0 86.8 ± 0.2 

Nb2Al – σ 16.7 ± 0.1 14.6 ± 0.2 68.7 ± 0.3 
(Fe,Al)2Nb – C14 15.5 ± 0.1 34.7 ± 0.2 49.8 ± 0.3 

#05 
NbSS – BCC 9.0 ± 0.3 3.1 ± 0.1 87.9 ± 0.2 
Nb3Al – A15 18.6 ± 0.1 2.0 ± 0.0 79.4 ± 0.0 
Nb2Al – σ 21.4 ± 0.5 7.8 ± 0.9 70.9 ± 1.4 

#06 
Nb3Al – A15 20.8 ± 0.4 1.0 ± 0.2 78.1 ± 0.5 
Nb2Al – σ 26.6 ± 0.1 3.9 ± 0.2 69.4 ± 0.1 

#07 
Nb2Al – σ 27.1 ± 0.0 7.5 ± 0.1 65.4 ± 0.1 

(Fe,Al)7Nb6 – µ 28.8 ± 0.2 24.3 ± 0.2 46.9 ± 0.2 
(Fe,Al)2Nb – C14 33.1 ± 0.0 30.8 ± 0.1 36.1 ± 0.1 

#08 
Nb3Al – A15 19.9 ± 0.6 1.8 ± 0.3 78.3 ± 0.9 
Nb2Al – σ 24.2 ± 0.1 6.3 ± 0.1 69.5 ± 0.1 
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The three-phase fields 

 Figure 38 shows the XRD of Alloys #05, #04, #07 and #03 which are 

positioned in three-phase fields in the isothermal section at 1400 °C. 

 Four three-phase fields were characterized in the isothermal section of the 

Al-Fe-Nb system at 1400 °C: (1) NbSS–A15–σ; (2) NbSS–σ–µ; (3) µ–C14–σ; (4) σ–

C14–D022. XRD of alloys positioned in these fields presented only the respective 3 

phases and comparing with the as-cast state microstructures it may be assumed 

that the samples have reached the equilibrium state.  

 

Figure 38 – X-ray diffractograms of the annealed (1400 °C) alloys positioned in the three phase 
field. 
 

 
 
Source: This work. 
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Figure 39 – SEM/BSE micrographs of the annealed (1400 °C) alloys positioned in the three phase 
fields. [a] #05, [b] #04, [c] #07, [d] #03. 
 

  
[a] #05 [b] #04 

  
[c] #07 [d] #03 

 
Source: This work. 
 
 Positioned in the Field (1) the SEM/BSE micrographs of the Alloy #05 

(Figure 39 a) permits to identify all phases (NbSS, A1η and σ) detected by the XRD 

but as the contrast between phases A1η and σ is small, the distinction is possible 

only by EDS. EPMA analysis (Table 21) of this alloy shows that the individual 

solubilities of Fe and Al in NbSS is kept approximately constant in the ternary in 

comparison with the binaries. In this three-phase field, the maximum solubility of  

Al + Fe in the NbSS is approximately 12.1 at.%. The stability field of A15 is 

restricted to ~ 2 at. % of Fe. Positioned in field (2), the SEM/BSE micrograph of 

the Alloy #04 (Figure 39 b) shows the 3 phases (σ, µ and NbSS) with different 

contrasts among them. EPMA analysis (Table 21) of this alloy permits to define 

the maximum solubility of (Al + Fe) in NbSS and the maximum solubility of Fe 

substituting Al in σ. NbSS solubilizes up to ~13.2 at.% of Al + Fe. σ solubilizes up to 

~ 14.6 at.% of Fe and considering that Fe substitutes for Al, this gives that Fe can 

occupy up to  ~46.6% of the Al sublattice. 
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 Positioned in Field (3), the SEM/BSE micrograph Alloy #07 (Figure 39 c) 

also shows the 3 phases (σ, µ and C14) with different contrasts among them. 

EPMA analysis (Table 21) of σ in this alloy indicates that as Fe substitutes Al, the 

homogeneity range of the phase decreases and tends to the Nb:Al = 2:1 ratio. This 

alloy also indicates the maximum solubility of Al in µ of approximate 28.8 at.%. 

Considering that Al substitutes for Fe in the µ structure, this gives an Al occupancy 

up to 54.2 %at of the Fe sublattice. This value is in agreement with  the results of 

Stein et al. [37] that measured a maximum solubility of Al in µ at 1300 °C of 28.7 

at.%. 

 Positioned in field (4) the SEM/BSE micrographs of the Alloy #03 (Figure 39 

d) also shows the 3 phases (σ, D022 and C14) with different contrasts among 

them.  EPMA analysis (Table 21) of C14 in this alloy indicates that a maximum 

solubility of Al of approximately 53.1 at.%. Considering that Al substitutes for Fe in 

the C14 structure, this gives an Al occupancy up to 80.2 %at of the Fe sublattice. 

EPMA also indicates that D022 does not dissolve Fe. These values are in 

agreement with the results of Stein et al. [37] that measured a maximum solubility 

of 53.1 at.% Al at 1300 °C in C14 and of 54.0 at.% at 1450 °C at.  

 

Tie lines (two-phase-fields) 

 Figure 40 presents the DRX and Figure 41 the SEM/BSE micrographs of 

selected alloys in the two-phase fields. Alloys #19-21 are positioned in the C14+µ 

field. Alloys #0θ and #08 in the A1η+σ field and Alloy #0β σ+C14. The tie-lines, as 

indicated in the Figure 37, were drawn based on the EPMA analysis of these 

samples. 

 

σ single phase 

 As expected by the DRX analysis Alloy #01 is σ single phase. DRX (Figure 

42 a) show only peaks of σ. In the as-cast state, its microstructure was formed by 

NbSS, σ and µ. The micrograph (Figure 42 a) shows a typical single phase 

microstructure. 
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Figure 40 – X-ray diffractograms of the annealed (1400 °C) alloys positioned in the two phase field. 
 

 
 
Source: This work. 
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Figure 41 – SEM/BSE micrographs of alloys annealed at 1400 °C positioned in two-phase fields. 
[a] A1η + σ (Alloy #08), [b] C14 + σ (Alloy #02) and [c] µ + C14 (Alloy #20). 
 

  
[a] #08 [b] #02 

 
[c] #20 

 
Source: This work. 
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Figure 42 – [a] XRD and [b] SEM/BSE micrographs of Alloy #01 annealed at 1400 °C. 
 

 
[a] 

 
[b] 

 
Source: This work. 
 

  

σ 
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7.3 – Results and discussion: CALPHAD assessment 

 This section will present the results of the assessment of the Al-Fe-Nb 

system. As a first step, an extrapolation was performed from the binary systems 

using the software Pandat. Figure 43 shows the liquidus projection and the 

isothermal section at 1400 °C obtained by extrapolation from the binaries Fe-Nb 

and Al-Nb modeled with the NACEF and the Al-Fe also from Sundman et al. [30]. 

No ternary excess parameters were included which means that only contributions 

of the binaries inversely proportional to the distance of the calculated composition 

point were taken into account (Muggianu extrapolation [42]).  

 The main drawback  of the extrapolations is related to the fact that C14 and 

µ phases have important solubility of Al and σ of Fe in their microstructure that are 

not taken into account. For the liquidus projection the stability of C14 and µ should 

be more important, while the BCC_A2 and D022 less important. From the 

isothermal section is possible to note that BCC_A2 is too stable. Then ternary 

parameters are absolutely necessary. Beside this, the extrapolation was helpful in 

guiding the experiments.  

 To guide the assessment, experimental information from the literature was 

complemented with results obtained in this work. Table 22 shows the consolidation 

of the ternary experimental information available for this system. 
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Figure 43 – [a] Liquidus projection and [b] isothermal section at 1400 °C obtained via extrapolation 
of the binaries Fe-Nb and Al-Nb modeled in the present work and Al-Fe taken from Sundman et al. 
[26]. 
 

 
[a] 

 
[b] 
 

Source: This work. 
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Table 22 – Summary of Experimental and Ab initio information available for the Al-Fe-Nb System. 
Information Reference Technique Index 

Temperatures 
(Solidus/Liquidus) 

Prymak and Stein [36] DTA A 
Mota [128] DTA A 

Phase solubility 
Range 

Prymak and Stein [36] EPMA A 
Palm [35] EPMA A 

Primary Precipitation 

Bejarano [127] OM C 
Mota et al. [129,130] OM/SEM A 

Prymak and Stein [36] SEM A 
Stein et al. [37] SEM A 

A – Information used in the optimization 
C – Not used 
 

 The phases A1η, σ, µ and C14 have important solubility in the ternary. 

Beside this, the experimental results show that µ and C14 occurs at constant Nb 

composition. Thus, although these two phases are metastable in the Nb-Al phase 

diagram, their description on this border is essential to account for their ternary 

solubility. For this, the same parameter of their description in the Fe-Nb was used 

in the Al-Nb (substituting Fe by Al) multiplied by a common factor FC14 and Fµ.  In 

the case of the C14 phase, its description in the Fe-Al edge also was necessary 

and was carried out just with the Redlich-Kister parameter:             . Table 23 

presents the description of these phases in the binaries and Figure 44 shows the 

Gibbs free energy of the C14 phase in the 3 binaries. For the solutions L and 

BCC_A2, the implementation of ternary terms was also necessary. 

 

Figure 44 – Gibbs free energy of the phase C14 in the 3 binary systems calculated at 1000 K. 
 

 
 
Source: This work. 
 

 Table 24 presents the ternary coefficients used for this calculation. The 

coefficients              ,               and               were adjusted for the Liquid. For the 

BCC_A2 just the                   parameter was used. 
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Table 23 – Binary parameters introduced in the phases for the metastable descriptions in the 
ternary modelization and lattice stabilities. 

Phase Parameter Value 

A15 – Nb3Al             = GHSERFE+5000 

σ – Nb2Al             GHSERFE+3000        

C14 – Al2Nb 

           = GHSERAL+14710              = -71000 

FC14 = 1.4680             = (FC14) *                       = (FC14) *                       = (FC14) *              

µ – Al7Nb6  

         = GHSERAL+17500 

Fµ = 1.3780          
 
 = (Fµ) *                     

 
 = (Fµ) *                     
 
 = (Fµ) *             

 

 Figure 45 shows the liquidus projection obtained with the present 

parameters. The following ternary invariant reactions are calculated with the 

optimized parameters: 

 

Class I: E1 L  C14 + µ + σ  1646 °C 
 E2 L  C14 + σ + D022  1522 °C 
 E3 L  D022 + Fe2Al5 + Fe4Al13  1141 °C 
 E4 L  D022 + B2 + Fe5Al8  1136 °C 
 E5 L  D022 + Fe5Al8 + FeAl2  1133 °C 
     
Class II: U1 L + A15  σ + A2  1869 °C 
 U2 L + σ  µ + A2  1616 °C 
 U3 L + C14  D022 + B2  1155 °C 
 U4 L + Fe2Al5  D022 + FeAl2  1137 °C 
 U5 L + D022  Fe4Al13 + A1  655 °C 
     
Class III: P L + Fe5Al8 + Fe2Al5  FeAl2  1153 °C 

 

 A good agreement with the experimental data was obtained except for the 

region of primary precipitation A15 that could not be well adjusted. Some 

hypothesis can be stated: (1) the composition of the alloys that presented A15 

primary precipitation  shifted during the arc-melting, (2) these samples may 

present primary NbSS precipitation, however, as these phases form at very high 
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temperature (~2000 °C), the primary precipitates may completely react with the 

liquid forming A15, so the sample presents a microstructure similar to those 

positioned in the A15 primary precipitation field or (3) liquidus is not well 

determined in the Nb-Al binary system.  

 

Table 24 – Ternary parameters of the phases in the Al-Fe-Nb system.  

Phase Parameter Value 

Liquid 

                = 17,758                  = -67,080                  = -62,331  

A2 –  BCC                 = -22,969  

A15 –  Nb3Al 
              = 22,434 -82.8116*T                  = -90,803 -26.4668*T 

σ – Nb2Al 
 

             = -27,164              = 9,551                 =  -126,370  

C14 – Fe2Nb 

                 = -29,366 -4.8125*T                  = -42,320 -24.2745*T               =  -43,151 +4.24*T               =  -2,032  

µ – Fe7Nb6 

               =  -80,984              = -32,418 -2.0496*T             = -2,005                 =  -27,392  

 
 

 Figure 46 presents isothermal sections of the Al-Fe-Nb at 800, 1000, 1150, 

1300, 1400 and 1450 °C showing a good agreement between the calculated and 

experimental data.  Figure 47 presents the monovariant line L + BCC + C14 

temperature variation with Al content. The experimental values were reported by 

Prymak et al. [36] and Mota [128] and the calculated values satisfactorily describe 

the experiments. 
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Figure 45 – Calculated liquidus projection of the Al-Fe-Nb system: [a] along with the experimental 
data and [b] with isothermal lines every 50 °C, solidifications pathway, points of maximum and 
invariant reactions identification. 
 

 
[a] 

 
[b] 

Source: This work. 
References:  this work;  Stein et al. [37];  Prymak et al. [36];  Mota et al. [129]. Different 
colors represent different primary precipitations. The black symbols represent the alloys positioned 
in the monovariant lines. 
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Figure 46 – Isothermal sections of the Al-Fe-Nb. [a] 800 °C, [b] 1000 °C, [c] 1150 °C, [d] 1300 °C, 
[e] 1400 °C, [f] 1450 °C.  
 

 
[a] 800 °C 

 
[b] 1000 °C 

Continues. 
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Figure 46 – Isothermal sections of the Al-Fe-Nb. [a] 800 °C, [b] 1000 °C, [c] 1150 °C, [d] 1300 °C, 
[e] 1400 °C, [f] 1450 °C (Continued). 

 

 
[c] 1150 °C 

 
[d] 1300 °C 

Continues. 
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Figure 46 – Isothermal sections of the Al-Fe-Nb. [a] 800 °C, [b] 1000 °C, [c] 1150 °C, [d] 1300 °C, 
[e] 1400 °C, [f] 1450 °C (Continued). 

 

 
[e] 1400 °C 

12  
[f] 1450 °C 

 
Source: This work. 
The symbols in the figure represents EPMA measurements obtained from:  this work;  Stein et 
al. [37];  Prymak et al.  Palm [35]. The symbols in black represents samples positioned in 
ternary fields while the symbols in grey are de samples positioned in the binary fields. 
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Figure 47 – Calculated BCC + C14 monovariant temperature. 
 

 
Source: This work. 
Experimental values measured via DTA by:  Prymak et al. [36] and  Mota [128]. 
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7.4 – Conclusion 

 As already reported by Stein et al. [37] no ternary phase was found in the alloys 

of the present work. 

 The Experimental results are in good agreement with the results of Stein et al. 

[37]. Few corrections in the solubility of Al and Fe in the NbSS and Fe in the A15 

and σ phases are proposed. 

 Starting from Al-Nb and Fe-Nb reassessed in the present work and Al-Fe from 

the literature [30], the Al-Fe-Nb system was completely assessed for the first 

time using literature information and new experimental data. The agreement 

between calculated and experimental data is very satisfactory.  
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8. General Conclusions 

  

 

 The solubility limits of phases in the binary Al-Nb system were 

experimentally reviewed to solve inconsistencies in the literature. The new 

experimental data in the Al-Nb system are consistent with previous results on this 

binary as well as on the ternary Al-Fe-Nb.  

 The binary systems Fe-Nb and Nb-Al were reassessed using the New 

Approach of the Compound Energy Formalism (NACEF) for modeling long range 

ordering of the non-stoichiometric intermetallic phases. The performance of 

NACEF to describe the Gibbs free energy functions of intermetallic phases was 

better than the classic CEF. With the same number of parameters or less, the 

NACEF was able to promote a better description of the Al-Nb and Fe-Nb systems. 

The Gibbs free energy functions of the intermetallic phases were described 

respecting the independency of the sublattices. Moreover, the NACEF description 

of the Gibbs free energy covers the whole composition range which is not the case 

of previous models for some of the phases. 

 An experimental investigation of the isothermal section (1400 °C) and 

liquidus projection of the Al-Fe-Nb system was performed in order to complement 

the literature information. The results are consistent with a recent publication on 

the same system.  

 The Al-Fe-Nb system was completely assessed for the first time using 

literature information and our new experimental data. The agreement with the 

experimental data is very satisfactory both for the liquidus projection and 

isothermal sections.  
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Appendix A 

ELEMENT /- ELECTRON_GAS 0.0000E+00 0.0000E+00 0.0000E+00! 
 ELEMENT VA VACUUM 0.0000E+00 0.0000E+00 0.0000E+00! 
 ELEMENT AL FCC_A1 2.6982E+01 4.5773E+03 2.8322E+01! 
 ELEMENT FE BCC_A2 5.5847E+01 4.4890E+03 2.7280E+01! 
 ELEMENT NB BCC_A2 9.2906E+01 5.2200E+03 3.6270E+01! 
 
 FUN GALLIQ 298.15 +11005.029-11.841867*T+7.934E-20*T**7+GHSERAL; 
9.33470E+02 Y 
  +10482.382-11.253974*T+1.231E+28*T**(-9)+GHSERAL; 6000 N ! 
 
 FUN GFELIQ 298.15 +12040.17-6.55843*T-3.6751551E-
21*T**7+GHSERFE+GPFELIQ;  
  1.81100E+03 Y -10839.7+291.302*T-46*T*LN(T)+GPFELIQ; 6000 N ! 
 
 FUN GNBLIQ 298.15 +29781.555-10.816418*T-3.06098E-23*T**7+GHSERNB; 
  2.75000E+03 Y +30169.902-10.964695*T-1.528238E+32*T**(-9)+GHSERNB; 
6000 N ! 
FUN GHSERFE 298.15 +1225.7+124.134*T-23.5143*T*LN(T)-.00439752*T**2 
  -5.8927E-08*T**3+77359*T**(-1); 1.81100E+03 Y 
  -25383.581+299.31255*T-46*T*LN(T)+2.29603E+31*T**(-9); 6000 N ! 
 
 FUN GHSERNB 298.15 -8519.353+142.045475*T-26.4711*T*LN(T)+2.03475E-
04*T**2 
  -3.5012E-07*T**3+93399*T**(-1); 2.75000E+03 Y -37669.3+271.720843*T 
  -41.77*T*LN(T)+1.528238E+32*T**(-9); 6000 N ! 
 
 FUN GHSERAL 298.15 -7976.15+137.093038*T-24.3671976*T*LN(T)-
.001884662*T**2 
  -8.77664E-07*T**3+74092*T**(-1); 7.00000E+02 Y -11276.24+223.048446*T 
  -38.5844296*T*LN(T)+.018531982*T**2-5.764227E-06*T**3+74092*T**(-1); 
  9.33470E+02 Y -11278.378+188.684153*T-31.748192*T*LN(T)-
1.230524E+28*T**(-9);  
  2.90000E+03 N ! 
 
 FUN GFEFCC 298.15 -1462.4+8.282*T-1.15*T*LN(T)+6.4E-04*T**2+GHSERFE;  
  1.81100E+03 Y -27097.396+300.25256*T-46*T*LN(T)+2.78854E+31*T**(-9); 
6000 N ! 
  
 FUN GNBFCC 298.15 +4980.647+143.745475*T-26.4711*T*LN(T)+2.03475E-
04*T**2 
  -3.50119E-07*T**3+93398.8*T**(-1); 2.75000E+03 Y -24169.3+273.420843*T 
  -41.77*T*LN(T)+1.52824E+32*T**(-9); 6000 N ! 
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 FUN GALBCC 298.15 +10083-4.813*T+GHSERAL; 6000 N ! 
 
 FUN INV2 298.15 .5; 6000 N ! 
 FUN INV3 298.15 .33333333; 6000 N ! 
 FUN INV6 298.15 .16666667; 6000 N ! 
 FUN INV13 298.15 .076923077; 6000 N ! 
 FUN INV5  298.15  2E-01; 6000 N! 
 FUN INV75  298.15  1.3333333333E-02; 6000 N! 
 FUN INV250  298.15  4E-03; 6000 N! 
 FUN INV3750  298.15  2.6666666667E-04; 6000 N! 
FUN INV7  298.15  1.4285714286E-01; 6000 N! 
FUN INV49  298.15  2.0408163265E-02; 6000 N! 
 
 FUN UN_ASS 298.15 0; 300 N ! 
 
 TYPE_DEFINITION % SEQ *! 
 DEFINE_SYSTEM_DEFAULT ELEMENT 2 ! 
 DEFAULT_COMMAND DEF_SYS_ELEMENT VA /- ! 
 
 
 
 PHASE LIQUID:L % 1 1.0 ! 
 CONSTITUENT LIQUID:L :AL,FE,NB : ! 
 
 PAR G(LIQUID,AL;0) 298.15 GALLIQ; 6000 N ! 
 PAR G(LIQUID,FE;0) 298.15 GFELIQ; 6000 N ! 
 PAR G(LIQUID,NB;0) 298.15 GNBLIQ; 6000 N ! 
 
 PAR G(LIQUID,AL,FE;0) 298.15 -88090+19.8*T; 6000  N ! 
 PAR G(LIQUID,AL,FE;1) 298.15 -3800+3*T; 6000 N  ! 
 PAR G(LIQUID,AL,FE;2) 298.15 -2000; 6000 N ! 
 
PAR G(LIQUID,AL,NB;0) 298.15 -87790.9+16.0495*T; 6000 N ! 
 
 PAR G(LIQUID,FE,NB;0) 298.15 -51234+16.5685*T; 6000 N ! 
 PAR G(LIQUID,FE,NB;1) 298.15 11586-8.5929*T; 6000 N ! 
 PAR G(LIQUID,FE,NB;2) 298.15 2830; 6000 N ! 
 
 PAR G(LIQUID,AL,FE,NB;0) 298.15 17758; 6000  N ! 
 PAR G(LIQUID,AL,FE,NB;1) 298.15 -67080;  6000 N ! 
 PAR G(LIQUID,AL,FE,NB;2) 298.15 -62331;  6000 N ! 
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 TYPE_DEFINITION ( GES A_P_D FCC_A1 MAGNETIC -3.0 2.80000E-01 ! 
 PHASE FCC_A1 %( 2 1 1 ! 
 CONSTITUENT FCC_A1 :AL,FE,NB : VA : ! 
 
 PAR G(FCC_A1,AL:VA;0) 298.15 GHSERAL; 6000 N ! 
 PAR G(FCC_A1,FE:VA;0) 298.15 GFEFCC; 6000 N ! 
 PAR G(FCC_A1,NB:VA;0) 298.15 GNBFCC; 6000 N ! 
 
 PAR TC(FCC_A1,FE:VA;0) 298.15 -201; 6000 N ! 
 PAR BMAGN(FCC_A1,FE:VA;0) 298.15 -2.1; 6000 N ! 
 
 PAR G(FCC_A1,AL,FE:VA;0) 298.15 -104700+30.65*T; 6000 N ! 
 PAR G(FCC_A1,AL,FE:VA;1) 298.15 30000-7*T; 6000 N ! 
 PAR G(FCC_A1,AL,FE:VA;2) 298.15 32200-17*T; 6000 N ! 
 
 PAR G(FCC_A1,AL,NB:VA;0) 298.15 -72713; 6000 N ! 
 PAR G(FCC_A1,AL,NB:VA;1) 298.15 -21926.8; 6000 N ! 
 
 PAR G(FCC_A1,FE,NB:VA;0) 298.15 +41004-27.012*T; 6000 N ! 
 
 
 
 
 TYPE_DEFINITION & GES A_P_D BCC_A2 MAGNETIC -1.0 4.00000E-01 ! 
 PHASE BCC_A2 %& 2 1 3 ! 
 CONSTITUENT BCC_A2 :AL,FE,NB : VA : ! 
 
 PAR G(BCC_A2,AL:VA;0) 298.15 GALBCC; 2900 N ! 
 PAR G(BCC_A2,FE:VA;0) 298.15 GHSERFE; 6000 N ! 
 PAR G(BCC_A2,NB:VA;0) 298.15 GHSERNB; 6000 N ! 
 
 PAR TC(BCC_A2,FE:VA;0) 298.15 1043; 6000 N ! 
 PAR TC(BCC_A2,AL,FE:VA;0) 298.15 -438; 6000 N ! 
 PAR TC(BCC_A2,AL,FE:VA;1) 298.15 -1720; 6000 N ! 
 PAR BMAGN(BCC_A2,FE:VA;0) 298.15 2.22; 6000 N ! 
 
 PAR G(BCC_A2,AL,FE:VA;0) 298.15 -122960+32*T; 6000 N ! 
 PAR G(BCC_A2,AL,FE:VA;1) 298.15 2945.2; 6000 N ! 
 
 PAR G(BCC_A2,AL,NB:VA;0) 298.15 -55679.1+.6623*T; 6000 N ! 
 PAR G(BCC_A2,AL,NB:VA;1) 298.15 43556.7-22.0036*T; 6000 N ! 
 
 PAR G(BCC_A2,FE,NB:VA;0) 298.15 15699-.9945*T; 6000 N ! 
 PAR G(BCC_A2,FE,NB:VA;1) 298.15 16965-13.8809*T; 6000 N ! 
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 PAR G(BCC_A2,AL,FE,NB:VA;2) 298.15 -22969; 6000 N ! 
 
 
 
 TYPE_DEFINITION ( GES AMEND_PHASE_DESCRIPTION BCC_B2 
DIS_PART BCC_A2,,,! 
 TYPE_DEFINITION ) GES A_P_D BCC_B2 MAGNETIC -1.0 4.00000E-01 ! 
 PHASE BCC_B2 %() 3 .5 .5 3 ! 
 CONSTITUENT BCC_B2 :AL,FE,NB : AL,FE,NB : VA : ! 
 
 FUN AD03ALFE 298.15 3900; 6000 N ! 
 FUN AD03FEAL 298.15 -70+.5*T; 6000 N ! 
 FUN BLALFE0 298.15 -.3; 6000 N ! 
 FUN BLALFE1 298.15 -.8; 6000 N ! 
 FUN BLALFE2 298.15 .2; 6000 N ! 
 FUN BMALFE 298.15 -1.36; 6000 N ! 
 FUN L1ALFE 298.15 -634+.68*T; 6000 N ! 
 FUN L2ALFE 298.15 -190; 6000 N ! 
 FUN UBALFE1 298.15 -4023-1.14*T; 6000 N ! 
 FUN UBALFE2 298.15 -1973-2*T; 6000 N ! 
 FUN GPFELIQ 298.15 0.0; 6000.00 N ! 
 
 FUN GB2ALFE 298.15 4*UBALFE1; 6000 N ! 
 FUN GD03ALFE 298.15 2*UBALFE1+UBALFE2+AD03ALFE; 6000 N ! 
 FUN GD03FEAL 298.15 2*UBALFE1+UBALFE2+AD03FEAL; 6000 N ! 
 FUN GB32ALFE 298.15 2*UBALFE1+2*UBALFE2; 6000 N ! 
 
 PAR G(BCC_B2,AL:AL:VA;0) 298.15 0; 6000 N! 
 PAR G(BCC_B2,FE:FE:VA;0) 298.15 0; 6000 N! 
 PAR G(BCC_B2,FE:AL:VA;0) 298.15 +2*GB2ALFE; 6000 N ! 
 PAR G(BCC_B2,AL:FE:VA;0) 298.15 +2*GB2ALFE; 6000 N ! 
 
 PAR TC(BCC_B2,AL:FE:VA;0) 298.15 -500; 6000 N ! 
 PAR TC(BCC_B2,FE:AL:VA;0) 298.15 -500; 6000 N ! 
 PAR BMAGN(BCC_B2,FE:AL:VA;0) 298.15 +2*BMALFE-2*BLALFE0; 6000 N ! 
 PAR BMAGN(BCC_B2,AL:FE:VA;0) 298.15 +2*BMALFE-2*BLALFE0; 6000 N ! 
 PAR BMAGN(BCC_B2,AL,FE:*:VA;1) 298.15 +2*BLALFE1; 6000 N ! 
 PAR BMAGN(BCC_B2,AL,FE:*:VA;2) 298.15 +2*BLALFE2; 6000 N ! 
 PAR BMAGN(BCC_B2,*:AL,FE:VA;1) 298.15 +2*BLALFE1; 6000 N ! 
 PAR BMAGN(BCC_B2,*:AL,FE:VA;2) 298.15 +2*BLALFE2; 6000 N ! 
 
 PAR G(BCC_B2,AL,FE:AL:VA;0) 298.15 +2*GD03ALFE; 6000 N ! 
 PAR G(BCC_B2,AL,FE:AL,FE:VA;0) 298.15 -4*GD03ALFE-



151 
 

4*GD03FEAL+4*GB32ALFE 
  +2*GB2ALFE; 6000 N ! 
 PAR G(BCC_B2,AL:AL,FE:VA;0) 298.15 +2*GD03ALFE; 6000 N ! 
 PAR G(BCC_B2,FE:AL,FE:VA;0) 298.15 +2*GD03FEAL; 6000 N ! 
 PAR G(BCC_B2,AL,FE:FE:VA;0) 298.15 +2*GD03FEAL; 6000 N ! 
 PAR G(BCC_B2,AL,FE:*:VA;1) 298.15 +2*L1ALFE; 6000 N ! 
 PAR G(BCC_B2,AL,FE:*:VA;2) 298.15 +2*L2ALFE; 6000 N ! 
 PAR G(BCC_B2,*:AL,FE:VA;1) 298.15 +2*L1ALFE; 6000 N ! 
 PAR G(BCC_B2,*:AL,FE:VA;2) 298.15 +2*L2ALFE; 6000 N ! 
 
 
 
 PHASE AL13FE4 % 3 .6275 .235 .1375 ! 
 CONSTITUENT AL13FE4 :AL : FE : AL,VA : ! 
 
 PAR G(AL13FE4,AL:FE:AL;0) 298.15 -
30680+7.4*T+.765*GHSERAL+.235*GHSERFE; 
  6000 N ! 
 PAR G(AL13FE4,AL:FE:VA;0) 298.15 -
28100+7.4*T+.6275*GHSERAL+.235*GHSERFE; 
  6000 N ! 
 
 
 
 PHASE AL2FE % 2 2 1 ! 
 CONSTITUENT AL2FE :AL : FE : ! 
 
 PAR G(AL2FE,AL:FE;0) 298.15 -104000+23*T+2*GHSERAL+GHSERFE; 6000 N 
! 
 
 
 
 PHASE AL5FE2 % 2 5 2 ! 
 CONSTITUENT AL5FE2 :AL : FE : ! 
 
 PAR G(AL5FE2,AL:FE;0) 298.15 -235600+54*T+5*GHSERAL+2*GHSERFE; 
6000 N ! 
 
 
 
 PHASE AL8FE5 % 2 8 5 ! 
 CONSTITUENT AL8FE5 :AL,FE : AL,FE : ! 
 
 PAR G(AL8FE5,AL:AL;0) 298.15 +13*GALBCC; 6000 N ! 
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 PAR G(AL8FE5,FE:AL;0) 298.15 +200000+36*T+5*GALBCC+8*GHSERFE; 
6000 N ! 
 PAR G(AL8FE5,AL:FE;0) 298.15 -394000+36*T+8*GALBCC+5*GHSERFE; 6000 
N ! 
 PAR G(AL8FE5,FE:FE;0) 298.15 +13*GHSERFE+13000; 6000 N ! 
 PAR G(AL8FE5,AL:AL,FE;0) 298.15 -100000; 6000 N ! 
 PAR G(AL8FE5,AL,FE:FE;0) 298.15 -174000; 6000 N ! 
 
 
 
 PHASE A15 % 2 .75 .25 ! 
 CONSTITUENT A15 :AL,FE,NB : AL,FE,NB : ! 
 
 FUN YVP10 298.15 -31628; 6000 N ! 
 FUN YVP11 298.15 -5599.9; 6000 N ! 
 FUN YVP30 298.15 4917.8; 6000 N ! 
 
 FUN YP10 298.15 YVP10; 6000 N ! 
 FUN YP11 298.15 INV2*YVP11; 6000 N ! 
 FUN YP30 298.15 INV2*YVP30; 6000 N ! 
 
 FUN YGAA 298.15 GHSERAL+5000; 6000 N ! 
 FUN YGBB 298.15 GHSERNB+4894.9; 6000 N ! 
 
 FUN YGBA 298.15 +YP10-YP11+2*YP30; 6000 N ! 
 FUN YGAB 298.15 -YP10-YP11-2*YP30; 6000 N ! 
 
 FUN YL0V1 298.15 +3*YP11-3*YP30; 6000 N ! 
 FUN YL0V3 298.15 -YP11+3*YP30; 6000 N ! 
 FUN YL0V2 298.15 +3*YP11+3*YP30; 6000 N ! 
 FUN YL0V4 298.15 -YP11-3*YP30; 6000 N ! 
 FUN YL1V1 298.15 +YP30; 6000 N ! 
 FUN YL1V2 298.15 +YP30; 6000 N ! 
 FUN YL1V3 298.15 -YP30; 6000 N ! 
 FUN YL1V4 298.15 -YP30; 6000 N ! 
 
 PAR G(A15,AL:AL;0) 298.15 YGAA; 6000 N ! 
 PAR G(A15,NB:NB;0) 298.15 YGBB; 6000 N ! 
 PAR G(A15,FE:FE;0) 298.15 0; 6000 N! 
 
 PAR G(A15,AL:NB;0) 298.15 +YGAB+.75*YGAA+.25*YGBB; 6000 N ! 
 PAR G(A15,NB:AL;0) 298.15 +YGBA+.75*YGBB+.25*YGAA; 6000 N ! 
 PAR G(A15,FE:NB;0) 298.15 0; 6000 N! 
 PAR G(A15,NB:FE;0) 298.15 0; 6000 N! 
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 PAR G(A15,AL:FE;0) 298.15 0; 6000 N! 
 PAR G(A15,FE:AL;0) 298.15 0; 6000 N! 
 
 PAR G(A15,AL,NB:AL;0) 298.15 YL0V1; 6000 N ! 
 PAR G(A15,AL,NB:NB;0) 298.15 YL0V2; 6000 N ! 
 PAR G(A15,AL:AL,NB;0) 298.15 YL0V3; 6000 N ! 
 PAR G(A15,NB:AL,NB;0) 298.15 YL0V4; 6000 N ! 
 PAR G(A15,AL,NB:AL;1) 298.15 YL1V1; 6000 N ! 
 PAR G(A15,AL:AL,NB;1) 298.15 YL1V3; 6000 N ! 
 PAR G(A15,AL,NB:NB;1) 298.15 YL1V2; 6000 N ! 
 PAR G(A15,NB:AL,NB;1) 298.15 YL1V4; 6000 N ! 
 
 PAR G(A15,NB:AL,FE;0) 298.15 22434-82.8116*T;  6000 N ! 
 PAR G(A15,NB:AL,FE,NB;0) 298.15 -90803-26.4668*T; 6000 N ! 
 
 
 
 PHASE SIG % 2 .66667 .33333 ! 
 CONSTITUENT SIG :AL,FE,NB : AL,FE,NB : ! 
 
 FUN SIGVP10 298.15 -41680.3+3.3902*T; 6000 N ! 
 FUN SIGVP11 298.15 -34179.8+7.4041*T; 6000 N ! 
 FUN SIGVP30 298.15 8423.6; 6000 N ! 
 FUN SIGVP31 298.15 18125.8; 6000 N ! 
 
 FUN SIG10 298.15 SIGVP10; 6000 N ! 
 FUN SIG11 298.15 SIGVP11*INV3; 6000 N ! 
 FUN SIG30 298.15 SIGVP30*INV2; 6000 N ! 
 FUN SIG31 298.15 SIGVP31*INV6; 6000 N ! 
 
 FUN SIGL0V1 298.15 4*SIG11-3*SIG30+5*SIG31; 6000 N ! 
 FUN SIGL0V2 298.15 4*SIG11+3*SIG30+5*SIG31; 6000 N ! 
 FUN SIGL0V3 298.15 -2*SIG11+3*SIG30+2*SIG31; 6000 N ! 
 FUN SIGL0V4 298.15 -2*SIG11-3*SIG30+2*SIG31; 6000 N ! 
 FUN SIGL1V1 298.15 SIG30-5*SIG31; 6000 N ! 
 FUN SIGL1V2 298.15 SIG30+5*SIG31; 6000 N ! 
 FUN SIGL1V3 298.15 -SIG30+SIG31; 6000 N ! 
 FUN SIGL1V4 298.15 -SIG30-SIG31; 6000 N ! 
 FUN SIGL2V12 298.15 2*SIG31; 6000 N ! 
 FUN SIGL2V34 298.15 -SIG31; 6000 N ! 
 FUN SIGR0 298.15 -12*SIG31; 6000 N ! 
 
 FUN SIGGAA 298.15 GHSERAL+3000; 6000 N ! 
 FUN SIGGBB 298.15 GHSERNB+3000; 6000 N ! 
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 FUN SIGGCC 298.15 GHSERFE+3000; 6000 N ! 
 FUN SIGGBA 298.15 +SIG10-SIG11+2*SIG30-2*SIG31; 6000 N ! 
 FUN SIGGAB 298.15 -SIG10-SIG11-2*SIG30-2*SIG31; 6000 N ! 
 
 PAR G(SIG,AL:AL;0) 298.15 SIGGAA; 6000 N ! 
 PAR G(SIG,NB:NB;0) 298.15 SIGGBB; 6000 N ! 
 PAR G(SIG,FE:FE;0) 298.15 SIGGCC; 6000 N ! 
 
 PAR G(SIG,FE:NB;0) 298.15 .66667*SIGGCC+.33333*SIGGBB; 6000 N ! 
 PAR G(SIG,NB:FE;0) 298.15 .66667*SIGGBB+.33333*SIGGCC; 6000 N ! 
 PAR G(SIG,AL:NB;0) 298.15 SIGGAB+.66667*SIGGAA+.33333*SIGGBB; 6000 
N ! 
 PAR G(SIG,NB:AL;0) 298.15 SIGGBA+.66667*SIGGBB+.33333*SIGGAA; 6000 
N ! 
 PAR G(SIG,FE:AL;0) 298.15 0; 6000 N! 
 PAR G(SIG,AL:FE;0) 298.15 0; 6000 N! 
 
 PAR G(SIG,AL,NB:AL;0) 298.15 SIGL0V1; 6000 N ! 
 PAR G(SIG,AL,NB:NB;0) 298.15 SIGL0V2; 6000 N ! 
 PAR G(SIG,AL:AL,NB;0) 298.15 SIGL0V3; 6000 N !  
 PAR G(SIG,NB:AL,NB;0) 298.15 SIGL0V4; 6000 N ! 
 PAR G(SIG,AL,NB:AL;1) 298.15 SIGL1V1; 6000 N ! 
 PAR G(SIG,AL,NB:NB;1) 298.15 SIGL1V2; 6000 N ! 
 PAR G(SIG,AL:AL,NB;1) 298.15 SIGL1V3; 6000 N ! 
 PAR G(SIG,NB:AL,NB;1) 298.15 SIGL1V4; 6000 N ! 
 PAR G(SIG,AL,NB:*;2)  298.15 SIGL2V12; 6000 N ! 
 PAR G(SIG,*:AL,NB;2)  298.15 SIGL2V34; 6000 N ! 
 PAR G(SIG,AL,NB:AL,NB;0) 298.15 SIGR0; 6000 N ! 
 
 PAR G(SIG,AL,NB:AL,FE;0) 298.15 -126370.00; 6000 N ! 
 PAR G(SIG,NB:AL,FE;0) 298.15 -27164.00; 6000 N ! 
 PAR G(SIG,NB:AL,FE;1) 298.15 9551.00; 6000 N ! 
 
 
 
 PHASE D022 % 2 .75 .25 ! 
 CONSTITUENT D022 :AL,NB : AL,NB : ! 
 
 FUN ZVP10 298.15 53298.6-5.3133*T; 6000 N ! 
 FUN ZVP30 298.15 3865; 6000 N ! 
 
 FUN ZP10 298.15 ZVP10; 6000 N ! 
 FUN ZP30 298.15 INV2*ZVP30; 6000 N ! 
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 FUN ZGAA 298.15 GHSERAL+20000; 6000 N ! 
 FUN ZGBB 298.15 GHSERNB+20000; 6000 N ! 
 
 FUN ZGBA 298.15 +ZP10+2*ZP30; 6000 N ! 
 FUN ZGAB 298.15 -ZP10-2*ZP30; 6000 N ! 
 
 FUN ZL0V1 298.15 -3*ZP30; 6000 N ! 
 FUN ZL0V2 298.15 +3*ZP30; 6000 N ! 
 FUN ZL0V3 298.15 +3*ZP30; 6000 N ! 
 FUN ZL0V4 298.15 -3*ZP30; 6000 N ! 
 FUN ZL1V1 298.15 +ZP30; 6000 N ! 
 FUN ZL1V2 298.15 +ZP30; 6000 N ! 
 FUN ZL1V3 298.15 -ZP30; 6000 N ! 
 FUN ZL1V4 298.15 -ZP30; 6000 N ! 
 
 PAR G(D022,AL:AL;0) 298.15 ZGAA; 6000 N ! 
 PAR G(D022,NB:NB;0) 298.15 ZGBB; 6000 N ! 
 
 PAR G(D022,NB:AL;0) 298.15 .75*ZGBB+.25*ZGAA+ZGBA; 6000 N ! 
 PAR G(D022,AL:NB;0) 298.15 .75*ZGAA+.25*ZGBB+ZGAB; 6000 N ! 
 
 PAR G(D022,AL,NB:AL;0) 298.15 ZL0V1; 6000 N ! 
 PAR G(D022,AL,NB:NB;0) 298.15 ZL0V2; 6000 N ! 
 PAR G(D022,AL:AL,NB;0) 298.15 ZL0V3; 6000 N ! 
 PAR G(D022,NB:AL,NB;0) 298.15 ZL0V4; 6000 N ! 
 PAR G(D022,AL,NB:AL;1) 298.15 ZL1V1; 6000 N ! 
 PAR G(D022,AL,NB:NB;1) 298.15 ZL1V2; 6000 N ! 
 PAR G(D022,AL:AL,NB;1) 298.15 ZL1V3; 6000 N ! 
 PAR G(D022,NB:AL,NB;1) 298.15 ZL1V4; 6000 N ! 
 
 
 
 PHASE MU % 2 .5385 .4615 ! 
 CONSTITUENT MU :AL,FE,NB : AL,FE,NB : ! 
 
 FUN MUVP10 298.15 32647-.7137*T; 6000 N ! 
 FUN MUVP11 298.15 6011; 6000 N ! 
 FUN MUVP30 298.15 -4279; 6000 N ! 
 
 FUN MUP10 298.15 MUVP10; 6000 N ! 
 FUN MUP11 298.15 MUVP11*INV13; 6000 N ! 
 FUN MUP30 298.15 MUVP30*INV2; 6000 N ! 
 
 FUN FMU 298.15 1.378; 6000 N ! 
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 FUN MUGAA 298.15 GHSERFE+17500; 6000 N ! 
 FUN MUGBB 298.15 GHSERNB+17500; 6000 N ! 
 FUN MUGCC 298.15 GHSERAL+17500; 6000 N ! 
 
 FUN MUGBA 298.15 +MUP10-MUP11+2*MUP30; 6000 N ! 
 FUN MUGAB 298.15 -MUP10-MUP11-2*MUP30; 6000 N ! 
 
 FUN MUL0V1 298.15 +14*MUP11-3*MUP30; 6000 N ! 
 FUN MUL0V2 298.15 +14*MUP11+3*MUP30; 6000 N ! 
 FUN MUL0V3 298.15 -12*MUP11+3*MUP30; 6000 N ! 
 FUN MUL0V4 298.15 -12*MUP11-3*MUP30; 6000 N ! 
 FUN MUL1V1 298.15 +MUP30; 6000 N ! 
 FUN MUL1V2 298.15 +MUP30; 6000 N ! 
 FUN MUL1V3 298.15 -MUP30; 6000 N ! 
 FUN MUL1V4 298.15 -MUP30; 6000 N ! 
 
 PAR G(MU,FE:FE;0) 298.15 MUGAA; 6000 N ! 
 PAR G(MU,NB:NB;0) 298.15 MUGBB; 6000 N ! 
 PAR G(MU,AL:AL;0) 298.15 MUGCC; 6000 N ! 
 
 PAR G(MU,NB:FE;0) 298.15 MUGBA+.5385*MUGBB+.4615*MUGAA; 6000 N ! 
 PAR G(MU,FE:NB;0) 298.15 MUGAB+.5385*MUGAA+.4615*MUGBB; 6000 N ! 
 PAR G(MU,AL:NB;0) 298.15 FMU*MUGAB+.5385*MUGCC+.4615*MUGBB; 
6000 N ! 
 PAR G(MU,NB:AL;0) 298.15 FMU*MUGBA+.5385*MUGBB+.4615*MUGCC; 
6000 N ! 
 PAR G(MU,FE:AL;0) 298.15 0; 6000 N! 
 PAR G(MU,AL:FE;0) 298.15 0; 6000 N! 
 
 PAR G(MU,FE,NB:FE;0) 298.15 MUL0V1; 6000 N ! 
 PAR G(MU,FE,NB:NB;0) 298.15 MUL0V2; 6000 N ! 
 PAR G(MU,FE:FE,NB;0) 298.15 MUL0V3; 6000 N ! 
 PAR G(MU,NB:FE,NB;0) 298.15 MUL0V4; 6000 N ! 
 PAR G(MU,FE,NB:FE;1) 298.15 MUL1V1; 6000 N ! 
 PAR G(MU,FE,NB:NB;1) 298.15 MUL1V2; 6000 N ! 
 PAR G(MU,FE:FE,NB;1) 298.15 MUL1V3; 6000 N ! 
 PAR G(MU,NB:FE,NB;1) 298.15 MUL1V4; 6000 N ! 
 
 PAR G(MU,AL,NB:AL;0) 298.15 FMU*MUL0V1; 6000 N ! 
 PAR G(MU,AL,NB:NB;0) 298.15 FMU*MUL0V2; 6000 N ! 
 PAR G(MU,AL:AL,NB;0) 298.15 FMU*MUL0V3; 6000 N ! 
 PAR G(MU,NB:AL,NB;0) 298.15 FMU*MUL0V4; 6000 N ! 
 PAR G(MU,AL,NB:AL;1) 298.15 FMU*MUL1V1; 6000 N ! 
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 PAR G(MU,AL,NB:NB;1) 298.15 FMU*MUL1V2; 6000 N ! 
 PAR G(MU,AL:AL,NB;1) 298.15 FMU*MUL1V3; 6000 N ! 
 PAR G(MU,NB:AL,NB;1) 298.15 FMU*MUL1V4; 6000 N ! 
  
 PAR G(MU,AL,FE:NB;0) 298.15 -32418.00-2.0496*T; 6000 N ! 
 PAR G(MU,AL,FE:NB;1) 298.15 -2005.00; 6000 N ! 
 PAR G(MU,AL,FE,NB:NB;0) 298.15 -27392.00; 6000 N ! 
 PAR G(MU,AL,FE:FE,NB;0) 298.15 -80984.00; 6000 N ! 
 
 
 
 PHASE C14 % 2 .66667 .33333 ! 
 CONSTITUENT C14 :AL,FE,NB : AL,FE,NB : ! 
 
 FUN C14VP10 298.15 +25438+1.457*T; 6000 N ! 
 FUN C14VP11 298.15 +18074-5.0645*T; 6000 N ! 
 FUN C14VP30 298.15 -4192; 6000 N ! 
 
 FUN C14P10 298.15 C14VP10; 6000 N ! 
 FUN C14P11 298.15 C14VP11*INV3; 6000 N ! 
 FUN C14P30 298.15 C14VP30*INV2; 6000 N ! 
 
 FUN FC14 298.15 1.468; 6000 N ! 
 
 FUN LFARK0 298.15 -71000; 6000 N ! 
 
 FUN C14GAA 298.15 GHSERFE+14710; 6000 N ! 
 FUN C14GBB 298.15 GHSERNB+16540; 6000 N ! 
 FUN C14GCC 298.15 GHSERAL+14710; 6000 N ! 
 
 FUN C14GBA 298.15 +C14P10-C14P11+2*C14P30; 6000 N ! 
 FUN C14GAB 298.15 -C14P10-C14P11-2*C14P30; 6000 N ! 
 FUN LFAGAB 298.15 +.222222*LFARK0+.66667*C14GAA+.33333*C14GCC; 
  6000 N ! 
 FUN LFAGBA 298.15 +.222222*LFARK0+.66667*C14GCC+.33333*C14GAA; 
  6000 N ! 
 
 FUN C14L0V1 298.15 +4*C14P11-3*C14P30; 6000 N ! 
 FUN C14L0V2 298.15 +4*C14P11+3*C14P30; 6000 N ! 
 FUN C14L0V3 298.15 -2*C14P11+3*C14P30; 6000 N ! 
 FUN C14L0V4 298.15 -2*C14P11-3*C14P30; 6000 N ! 
 FUN C14L1V1 298.15 +C14P30; 6000 N ! 
 FUN C14L1V2 298.15 +C14P30; 6000 N ! 
 FUN C14L1V3 298.15 -C14P30; 6000 N ! 
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 FUN C14L1V4 298.15 -C14P30; 6000 N ! 
 
 FUN LFAL0V1 298.15 +.444444*LFARK0; 6000 N ! 
 FUN LFAL0V2 298.15 +.444444*LFARK0; 6000 N ! 
 FUN LFAL0V3 298.15 +.111111*LFARK0; 6000 N ! 
 FUN LFAL0V4 298.15 +.111111*LFARK0; 6000 N ! 
 
 PAR G(C14,FE:FE;0) 298.15 C14GAA; 6000 N ! 
 PAR G(C14,NB:NB;0) 298.15 C14GBB; 6000 N ! 
 PAR G(C14,AL:AL;0) 298.15 C14GCC; 6000 N ! 
 
 PAR G(C14,NB:FE;0) 298.15 C14GBA+.66667*C14GBB+.33333*C14GAA; 6000 
N ! 
 PAR G(C14,FE:NB;0) 298.15 C14GAB+.66667*C14GAA+.33333*C14GBB; 6000 
N ! 
 PAR G(C14,AL:NB;0) 298.15 
FC14*C14GAB+.66667*C14GCC+.33333*C14GBB; 6000 N ! 
 PAR G(C14,NB:AL;0) 298.15 
FC14*C14GBA+.66667*C14GBB+.33333*C14GCC; 6000 N ! 
 PAR G(C14,AL:FE;0) 298.15 LFAGBA; 6000 N ! 
 PAR G(C14,FE:AL;0) 298.15 LFAGAB; 6000 N ! 
 
 PAR G(C14,FE,NB:FE;0) 298.15 C14L0V1; 6000 N ! 
 PAR G(C14,FE,NB:NB;0) 298.15 C14L0V2; 6000 N ! 
 PAR G(C14,FE:FE,NB;0) 298.15 C14L0V3; 6000 N ! 
 PAR G(C14,NB:FE,NB;0) 298.15 C14L0V4; 6000 N ! 
 PAR G(C14,FE,NB:FE;1) 298.15 C14L1V1; 6000 N ! 
 PAR G(C14,FE,NB:NB;1) 298.15 C14L1V2; 6000 N ! 
 PAR G(C14,FE:FE,NB;1) 298.15 C14L1V3; 6000 N ! 
 PAR G(C14,NB:FE,NB;1) 298.15 C14L1V4; 6000 N ! 
 
 PAR G(C14,AL,NB:AL;0) 298.15 FC14*C14L0V1; 6000 N ! 
 PAR G(C14,AL,NB:NB;0) 298.15 FC14*C14L0V2; 6000 N ! 
 PAR G(C14,AL:AL,NB;0) 298.15 FC14*C14L0V3; 6000 N ! 
 PAR G(C14,NB:AL,NB;0) 298.15 FC14*C14L0V4; 6000 N ! 
 PAR G(C14,AL,NB:AL;1) 298.15 FC14*C14L1V1; 6000 N ! 
 PAR G(C14,AL,NB:NB;1) 298.15 FC14*C14L1V2; 6000 N ! 
 PAR G(C14,AL:AL,NB;1) 298.15 FC14*C14L1V3; 6000 N ! 
 PAR G(C14,NB:AL,NB;1) 298.15 FC14*C14L1V4; 6000 N ! 
 
 PAR G(C14,AL,FE:FE;0) 298.15 LFAL0V1; 6000 N ! 
 PAR G(C14,AL,FE:AL;0) 298.15 LFAL0V2; 6000 N ! 
 PAR G(C14,FE:AL,FE;0) 298.15 LFAL0V3; 6000 N ! 
 PAR G(C14,AL:AL,FE;0) 298.15 LFAL0V4; 6000 N ! 
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 PAR G(C14,AL,FE:NB;0) 298.15 -43151+4.24*T; 6000 N ! 
 PAR G(C14,AL,FE:NB;1) 298.15 -2032; 6000 N ! 
 PAR G(C14,AL,FE,NB:NB;0) 298.15 -42320-24.2745*T; 6000 N ! 
 PAR G(C14,AL,FE:FE,NB;0) 298.15 -29366-4.8125*T; 6000 N ! 
 
 
 
 LIST_OF_REFERENCES 
 NUMBER SOURCE 
 ! 
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Appendix B 

 
 FUN USIG1  298.15  SIGVP10*INV5; 6000 N! 
 FUN USIG2  298.15  SIGVP11*INV75; 6000 N! 
 FUN USIG3  298.15  SIGVP30*INV250; 6000 N! 
 FUN USIG4  298.15  SIGVP31*INV3750; 6000 N! 
 
 
 
 PHASE SIG-3SL  %  3 .13333   .53334  .33333 ! 
  CONSTITUENT SIG-3SL  :AL,NB : AL,NB : AL,NB : ! 
 
 FUN GAAB  298.15  -5*USIG1-25*USIG2-250*USIG3-1250*USIG4; 6000 N! 
 FUN GABA  298.15  +4*USIG1-4*USIG2+128*USIG3-128*USIG4; 6000 N! 
 FUN GBAA  298.15  +1*USIG1+11*USIG2+2*USIG3+22*USIG4; 6000 N! 
 FUN GBBA  298.15  +5*USIG1-25*USIG2+250*USIG3-1250*USIG4; 6000 N! 
 FUN GBAB  298.15  -4*USIG1-4*USIG2-128*USIG3-128*USIG4; 6000 N! 
 FUN GABB  298.15  -1*USIG1+11*USIG2-2*USIG3+22*USIG4; 6000 N! 
 
 PAR G(SIG-3SL,AL:AL:AL;0) 298.15 SIGGAA; 6000 N! 
 PAR G(SIG-3SL,NB:NB:NB;0) 298.15 SIGGBB; 6000 N! 
 PAR G(SIG-3SL,AL:AL:NB;0) 298.15 
0.66667*SIGGAA+0.33333*SIGGBB+GAAB; 6000 N! 
 PAR G(SIG-3SL,AL:NB:AL;0) 298.15 
0.46666*SIGGAA+0.53334*SIGGBB+GABA; 6000 N! 
 PAR G(SIG-3SL,NB:AL:AL;0) 298.15 
0.86667*SIGGAA+0.13333*SIGGBB+GBAA; 6000 N! 
 PAR G(SIG-3SL,NB:NB:AL;0) 298.15 
0.33333*SIGGAA+0.66667*SIGGBB+GBBA; 6000 N! 
 PAR G(SIG-3SL,NB:AL:NB;0) 298.15 
0.53334*SIGGAA+0.46666*SIGGBB+GBAB; 6000 N! 
 PAR G(SIG-3SL,AL:NB:NB;0) 298.15 
0.13333*SIGGAA+0.86667*SIGGBB+GABB; 6000 N! 
 
 PAR G(SIG-3SL,AL,NB:AL:AL;0) 298.15 +4*USIG2-3*USIG3-31*USIG4; 6000 N! 
 PAR G(SIG-3SL,AL,NB:AL:NB;0) 298.15 +4*USIG2+27*USIG3+569*USIG4; 
6000 N! 
 PAR G(SIG-3SL,AL,NB:NB:AL;0) 298.15 +4*USIG2-27*USIG3+569*USIG4; 6000 
N! 
 PAR G(SIG-3SL,AL,NB:NB:NB;0) 298.15 +4*USIG2+3*USIG3-31*USIG4; 6000 
N! 
 
 PAR G(SIG-3SL,AL:AL,NB:AL;0) 298.15 +64*USIG2-192*USIG3+704*USIG4; 
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6000 N! 
 PAR G(SIG-3SL,AL:AL,NB:NB;0) 298.15 +64*USIG2+288*USIG3+3104*USIG4; 
6000 N! 
 PAR G(SIG-3SL,NB:AL,NB:AL;0) 298.15 +64*USIG2-288*USIG3+3104*USIG4; 
6000 N! 
 PAR G(SIG-3SL,NB:AL,NB:NB;0) 298.15 +64*USIG2+192*USIG3+704*USIG4; 
6000 N! 
 
 PAR G(SIG-3SL,AL:AL:AL,NB;0) 298.15 -50*USIG2+375*USIG3+1250*USIG4; 
6000 N! 
 PAR G(SIG-3SL,AL:NB:AL,NB;0) 298.15 -50*USIG2-225*USIG3+50*USIG4; 
6000 N! 
 PAR G(SIG-3SL,NB:AL:AL,NB;0) 298.15 -50*USIG2+225*USIG3+50*USIG4; 
6000 N! 
 PAR G(SIG-3SL,NB:NB:AL,NB;0) 298.15 -50*USIG2-375*USIG3+1250*USIG4; 
6000 N! 
 
 PAR G(SIG-3SL,AL,NB:AL:AL;1) 298.15 +1*USIG3+7*USIG4; 6000 N! 
 PAR G(SIG-3SL,AL,NB:AL:NB;1) 298.15 +1*USIG3+57*USIG4; 6000 N! 
 PAR G(SIG-3SL,AL,NB:NB:AL;1) 298.15 +1*USIG3-57*USIG4; 6000 N! 
 PAR G(SIG-3SL,AL,NB:NB:NB;1) 298.15 +1*USIG3-7*USIG4; 6000 N! 
 
 PAR G(SIG-3SL,AL:AL,NB:AL;1) 298.15 +64*USIG3-1088*USIG4; 6000 N! 
 PAR G(SIG-3SL,AL:AL,NB:NB;1) 298.15 +64*USIG3+2112*USIG4; 6000 N! 
 PAR G(SIG-3SL,NB:AL,NB:AL;1) 298.15 +64*USIG3-2112*USIG4; 6000 N! 
 PAR G(SIG-3SL,NB:AL,NB:NB;1) 298.15 +64*USIG3+1088*USIG4; 6000 N! 
 
 PAR G(SIG-3SL,AL:AL:AL,NB;1) 298.15 -125*USIG3+625*USIG4; 6000 N! 
 PAR G(SIG-3SL,AL:NB:AL,NB;1) 298.15 -125*USIG3-375*USIG4; 6000 N! 
 PAR G(SIG-3SL,NB:AL:AL,NB;1) 298.15 -125*USIG3+375*USIG4; 6000 N! 
 PAR G(SIG-3SL,NB:NB:AL,NB;1) 298.15 -125*USIG3-625*USIG4; 6000 N! 
 
 PAR G(SIG-3SL,AL,NB:*:*;2) 298.15 +2*USIG4; 6000 N! 
 PAR G(SIG-3SL,*:AL,NB:*;2) 298.15 +512*USIG4; 6000 N! 
 PAR G(SIG-3SL,*:*:AL,NB;2) 298.15 -625*USIG4; 6000 N! 
 
 PAR G(SIG-3SL,AL,NB:AL,NB:*;0) 298.15 -768*USIG4; 6000 N! 
 PAR G(SIG-3SL,AL,NB:*:AL,NB;0) 298.15 -300*USIG4; 6000 N! 
 PAR G(SIG-3SL,*:AL,NB:AL,NB;0) 298.15 -4800*USIG4; 6000 N! 
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PHASE SIG-4SL %  4 .13333   .26667   .26667   .33333 ! 
   CONSTITUENT SIG-4SL :AL,NB : AL,NB : AL,NB : AL,NB :  ! 
 
 FUN GAAAB  298.15  -5*USIG1-25*USIG2-250*USIG3-1250*USIG4; 6000 N! 
 FUN GAABA  298.15  +2*USIG1+14*USIG2+16*USIG3+112*USIG4; 6000 N! 
 FUN GABAA  298.15  +2*USIG1+14*USIG2+16*USIG3+112*USIG4; 6000 N! 
 FUN GBAAA  298.15  +1*USIG1+11*USIG2+2*USIG3+22*USIG4; 6000 N! 
 FUN GBBBA  298.15  +5*USIG1-25*USIG2+250*USIG3-1250*USIG4; 6000 N! 
 FUN GBBAB  298.15  -2*USIG1+14*USIG2-16*USIG3+112*USIG4; 6000 N! 
 FUN GBABB  298.15  -2*USIG1+14*USIG2-16*USIG3+112*USIG4; 6000 N! 
 FUN GABBB  298.15  -1*USIG1+11*USIG2-2*USIG3+22*USIG4; 6000 N! 
 FUN GAABB  298.15  -3*USIG1+9*USIG2-54*USIG3+162*USIG4; 6000 N! 
 FUN GBBAA  298.15  +3*USIG1+9*USIG2+54*USIG3+162*USIG4; 6000 N! 
 FUN GABAB  298.15  -3*USIG1+9*USIG2-54*USIG3+162*USIG4; 6000 N! 
 FUN GBABA  298.15  +3*USIG1+9*USIG2+54*USIG3+162*USIG4; 6000 N! 
 FUN GABBA  298.15  +4*USIG1-4*USIG2+128*USIG3-128*USIG4; 6000 N! 
 FUN GBAAB  298.15  -4*USIG1-4*USIG2-128*USIG3-128*USIG4; 6000 N! 
 
 PAR G(SIG-4SL,AL:AL:AL:AL;0) 298.15 SIGGAA; 6000 N! 
 PAR G(SIG-4SL,NB:NB:NB:NB;0) 298.15 SIGGBB; 6000 N! 
 PAR G(SIG-4SL,AL:AL:AL:NB;0) 298.15 
0.66667*SIGGAA+0.33333*SIGGBB+GAAAB; 6000 N! 
 PAR G(SIG-4SL,AL:AL:NB:AL;0) 298.15 
0.73333*SIGGAA+0.26667*SIGGBB+GAABA; 6000 N! 
 PAR G(SIG-4SL,AL:NB:AL:AL;0) 298.15 
0.73333*SIGGAA+0.26667*SIGGBB+GABAA; 6000 N! 
 PAR G(SIG-4SL,NB:AL:AL:AL;0) 298.15 
0.86667*SIGGAA+0.13333*SIGGBB+GBAAA; 6000 N! 
 PAR G(SIG-4SL,NB:NB:NB:AL;0) 298.15 
0.33333*SIGGAA+0.66667*SIGGBB+GBBBA; 6000 N! 
 PAR G(SIG-4SL,NB:NB:AL:NB;0) 298.15 
0.26667*SIGGAA+0.73333*SIGGBB+GBBAB; 6000 N! 
 PAR G(SIG-4SL,NB:AL:NB:NB;0) 298.15 
0.26667*SIGGAA+0.73333*SIGGBB+GBABB; 6000 N! 
 PAR G(SIG-4SL,AL:NB:NB:NB;0) 298.15 
0.13333*SIGGAA+0.86667*SIGGBB+GABBB; 6000 N! 
 PAR G(SIG-4SL,AL:AL:NB:NB;0) 298.15 0.4*SIGGAA+0.6*SIGGBB+GAABB; 
6000 N! 
 PAR G(SIG-4SL,NB:NB:AL:AL;0) 298.15 0.6*SIGGAA+0.4*SIGGBB+GBBAA; 
6000 N! 
 PAR G(SIG-4SL,AL:NB:AL:NB;0) 298.15 0.4*SIGGAA+0.6*SIGGBB+GABAB; 
6000 N! 
 PAR G(SIG-4SL,NB:AL:NB:AL;0) 298.15 0.6*SIGGAA+0.4*SIGGBB+GBABA; 
6000 N! 
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 PAR G(SIG-4SL,AL:NB:NB:AL;0) 298.15 
0.46666*SIGGAA+0.53334*SIGGBB+GABBA; 6000 N! 
 PAR G(SIG-4SL,NB:AL:AL:NB;0) 298.15 
0.53334*SIGGAA+0.46666*SIGGBB+GBAAB; 6000 N! 
 
 PAR L(SIG-4SL,AL,NB:AL:AL:AL;0) 298.15 +4*USIG2-3*USIG3-31*USIG4; 6000 
N! 
 PAR L(SIG-4SL,AL,NB:AL:AL:NB;0) 298.15 +4*USIG2+27*USIG3+569*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL,NB:AL:NB:AL;0) 298.15 +4*USIG2-15*USIG3+77*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:AL:AL;0) 298.15 +4*USIG2-15*USIG3+77*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:NB:AL;0) 298.15 +4*USIG2-27*USIG3+569*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:AL:NB;0) 298.15 +4*USIG2+15*USIG3+77*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL,NB:AL:NB:NB;0) 298.15 +4*USIG2+15*USIG3+77*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:NB:NB;0) 298.15 +4*USIG2+3*USIG3-31*USIG4; 
6000 N! 
 
 PAR L(SIG-4SL,AL:AL,NB:AL:AL;0) 298.15 +16*USIG2-24*USIG3-136*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL:AL,NB:AL:NB;0) 298.15 
+16*USIG2+96*USIG3+1664*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:AL,NB:NB:AL;0) 298.15 +16*USIG2-72*USIG3+680*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:AL:AL;0) 298.15 +16*USIG2-48*USIG3+80*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:NB:AL;0) 298.15 +16*USIG2-96*USIG3+1664*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:AL:NB;0) 298.15 +16*USIG2+72*USIG3+680*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL:AL,NB:NB:NB;0) 298.15 +16*USIG2+48*USIG3+80*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:NB:NB;0) 298.15 +16*USIG2+24*USIG3-136*USIG4; 
6000 N! 
 
 PAR L(SIG-4SL,AL:AL:AL,NB:AL;0) 298.15 +16*USIG2-24*USIG3-136*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL:AL:AL,NB:NB;0) 298.15 
+16*USIG2+96*USIG3+1664*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:NB:AL,NB:AL;0) 298.15 +16*USIG2-72*USIG3+680*USIG4; 
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6000 N! 
 PAR L(SIG-4SL,NB:AL:AL,NB:AL;0) 298.15 +16*USIG2-48*USIG3+80*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:NB:AL,NB:AL;0) 298.15 +16*USIG2-96*USIG3+1664*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:AL:AL,NB:NB;0) 298.15 +16*USIG2+72*USIG3+680*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL:NB:AL,NB:NB;0) 298.15 +16*USIG2+48*USIG3+80*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:NB:AL,NB:NB;0) 298.15 +16*USIG2+24*USIG3-136*USIG4; 
6000 N! 
 
 PAR L(SIG-4SL,AL:AL:AL:AL,NB;0) 298.15 -
50*USIG2+375*USIG3+1250*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:AL:NB:AL,NB;0) 298.15 -50*USIG2+75*USIG3-550*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL:NB:AL:AL,NB;0) 298.15 -50*USIG2+75*USIG3-550*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:AL:AL:AL,NB;0) 298.15 -50*USIG2+225*USIG3+50*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:NB:AL:AL,NB;0) 298.15 -50*USIG2-75*USIG3-550*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:AL:NB:AL,NB;0) 298.15 -50*USIG2-75*USIG3-550*USIG4; 
6000 N! 
 PAR L(SIG-4SL,AL:NB:NB:AL,NB;0) 298.15 -50*USIG2-225*USIG3+50*USIG4; 
6000 N! 
 PAR L(SIG-4SL,NB:NB:NB:AL,NB;0) 298.15 -50*USIG2-
375*USIG3+1250*USIG4; 6000 N! 
 
 PAR L(SIG-4SL,AL,NB:AL:AL:AL;1) 298.15 +1*USIG3+7*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:AL:AL:NB;1) 298.15 +1*USIG3+57*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:AL:NB:AL;1) 298.15 +1*USIG3-25*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:AL:AL;1) 298.15 +1*USIG3-25*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:NB:AL;1) 298.15 +1*USIG3-57*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:AL:NB;1) 298.15 +1*USIG3+25*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:AL:NB:NB;1) 298.15 +1*USIG3+25*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:NB:NB:NB;1) 298.15 +1*USIG3-7*USIG4; 6000 N! 
 
 PAR L(SIG-4SL,AL:AL,NB:AL:AL;1) 298.15 +8*USIG3-8*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:AL,NB:AL:NB;1) 298.15 +8*USIG3+392*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:AL,NB:NB:AL;1) 298.15 +8*USIG3-264*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:AL:AL;1) 298.15 +8*USIG3-136*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:NB:AL;1) 298.15 +8*USIG3-392*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:AL:NB;1) 298.15 +8*USIG3+264*USIG4; 6000 N! 
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 PAR L(SIG-4SL,AL:AL,NB:NB:NB;1) 298.15 +8*USIG3+136*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL,NB:NB:NB;1) 298.15 +8*USIG3+8*USIG4; 6000 N! 
 
 PAR L(SIG-4SL,AL:AL:AL,NB:AL;1) 298.15 +8*USIG3-8*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:AL:AL,NB:NB;1) 298.15 +8*USIG3+392*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:NB:AL,NB:AL;1) 298.15 +8*USIG3-264*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL:AL,NB:AL;1) 298.15 +8*USIG3-136*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:NB:AL,NB:AL;1) 298.15 +8*USIG3-392*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL:AL,NB:NB;1) 298.15 +8*USIG3+264*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:NB:AL,NB:NB;1) 298.15 +8*USIG3+136*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:NB:AL,NB:NB;1) 298.15 +8*USIG3+8*USIG4; 6000 N! 
 
 PAR L(SIG-4SL,AL:AL:AL:AL,NB;1) 298.15 -125*USIG3+625*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:AL:NB:AL,NB;1) 298.15 -125*USIG3+125*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:NB:AL:AL,NB;1) 298.15 -125*USIG3+125*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL:AL:AL,NB;1) 298.15 -125*USIG3+375*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:NB:AL:AL,NB;1) 298.15 -125*USIG3-125*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:AL:NB:AL,NB;1) 298.15 -125*USIG3-125*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL:NB:NB:AL,NB;1) 298.15 -125*USIG3-375*USIG4; 6000 N! 
 PAR L(SIG-4SL,NB:NB:NB:AL,NB;1) 298.15 -125*USIG3-625*USIG4; 6000 N! 
 
 PAR L(SIG-4SL,AL,NB:*:*:*;2) 298.15 +2*USIG4; 6000 N! 
 PAR L(SIG-4SL,*:AL,NB:*:*;2) 298.15 +32*USIG4; 6000 N! 
 PAR L(SIG-4SL,*:*:AL,NB:*;2) 298.15 +32*USIG4; 6000 N! 
 PAR L(SIG-4SL,*:*:*:AL,NB;2) 298.15 -625*USIG4; 6000 N! 
 
 PAR L(SIG-4SL,AL,NB:AL,NB:*:*;0) 298.15 -192*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:*:AL,NB:*;0) 298.15 -192*USIG4; 6000 N! 
 PAR L(SIG-4SL,AL,NB:*:*:AL,NB;0) 298.15 -300*USIG4; 6000 N! 
 PAR L(SIG-4SL,*:AL,NB:AL,NB:*;0) 298.15 -768*USIG4; 6000 N! 
 PAR L(SIG-4SL,*:AL,NB:*:AL,NB;0) 298.15 -1200*USIG4; 6000 N! 
 PAR L(SIG-4SL,*:*:AL,NB:AL,NB;0) 298.15 -1200*USIG4; 6000 N! 
 
 
 
PHASE MU-4SL %  4 .07692   .15385   .30769   .46154 ! 
   CONSTITUENT MU-4SL :FE,NB : FE,NB : FE,NB : FE,NB :  ! 
 
 FUN U1  298.15  MUVP10*INV7*INV13; 6000 N! 
 FUN U2  298.15  MUVP11*INV7*INV13; 6000 N! 
 FUN U3  298.15  MUVP30*INV2*INV7*INV49; 6000 N! 
 
 PAR G(MU-4SL,FE:FE:FE:FE;0) 298.15 MUGAA; 6000 N! 
 PAR G(MU-4SL,NB:NB:NB:NB;0) 298.15 MUGBB; 6000 N! 
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 PAR G(MU-4SL,FE:FE:FE:NB;0) 298.15 0.53846*MUGAA+0.46154*MUGBB-
91*U1-7*U2-686*U3; 6000 N! 
 PAR G(MU-4SL,FE:FE:NB:FE;0) 298.15 
0.69231*MUGAA+0.30769*MUGBB+52*U1+20*U2+128*U3; 6000 N! 
 PAR G(MU-4SL,FE:NB:FE:FE;0) 298.15 
0.84615*MUGAA+0.15385*MUGBB+26*U1+18*U2+16*U3; 6000 N! 
 PAR G(MU-4SL,NB:FE:FE:FE;0) 298.15 
0.92308*MUGAA+0.07692*MUGBB+13*U1+11*U2+2*U3; 6000 N! 
 
 PAR G(MU-4SL,NB:NB:NB:FE;0) 298.15 
0.46154*MUGAA+0.53846*MUGBB+91*U1-7*U2+686*U3; 6000 N! 
 PAR G(MU-4SL,NB:NB:FE:NB;0) 298.15 0.30769*MUGAA+0.69231*MUGBB-
52*U1+20*U2-128*U3; 6000 N! 
 PAR G(MU-4SL,NB:FE:NB:NB;0) 298.15 0.15385*MUGAA+0.84615*MUGBB-
26*U1+18*U2-16*U3; 6000 N! 
 PAR G(MU-4SL,FE:NB:NB:NB;0) 298.15 0.07692*MUGAA+0.92308*MUGBB-
13*U1+11*U2-2*U3; 6000 N! 
 
 PAR G(MU-4SL,FE:FE:NB:NB;0) 298.15 0.23077*MUGAA+0.76923*MUGBB-
39*U1+21*U2-54*U3; 6000 N! 
 PAR G(MU-4SL,NB:NB:FE:FE;0) 298.15 
0.76923*MUGAA+0.23077*MUGBB+39*U1+21*U2+54*U3; 6000 N! 
 
 PAR G(MU-4SL,FE:NB:FE:NB;0) 298.15 0.38461*MUGAA+0.61539*MUGBB-
65*U1+15*U2-250*U3; 6000 N! 
 PAR G(MU-4SL,NB:FE:NB:FE;0) 298.15 
0.61539*MUGAA+0.38461*MUGBB+65*U1+15*U2+250*U3; 6000 N! 
 
 PAR G(MU-4SL,FE:NB:NB:FE;0) 298.15 
0.53846*MUGAA+0.46154*MUGBB+78*U1+6*U2+432*U3; 6000 N! 
 PAR G(MU-4SL,NB:FE:FE:NB;0) 298.15 0.46154*MUGAA+0.53846*MUGBB-
78*U1+6*U2-432*U3; 6000 N! 
 
 
 PAR L(MU-4SL,FE,NB:FE:FE:FE;0) 298.15 +2*U2-3*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:FE:FE:NB;0) 298.15 +2*U2+39*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:FE:NB:FE;0) 298.15 +2*U2-27*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:NB:FE:FE;0) 298.15 +2*U2-15*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:NB:NB:FE;0) 298.15 +2*U2-39*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:NB:FE:NB;0) 298.15 +2*U2+27*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:FE:NB:NB;0) 298.15 +2*U2+15*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:NB:NB:NB;0) 298.15 +2*U2+3*U3; 6000 N! 
 



168 
 

 PAR L(MU-4SL,FE:FE,NB:FE:FE;0) 298.15 +8*U2-24*U3; 6000 N! 
 PAR L(MU-4SL,FE:FE,NB:FE:NB;0) 298.15 +8*U2+144*U3; 6000 N! 
 PAR L(MU-4SL,FE:FE,NB:NB:FE;0) 298.15 +8*U2-120*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE,NB:FE:FE;0) 298.15 +8*U2-48*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE,NB:NB:FE;0) 298.15 +8*U2-144*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE,NB:FE:NB;0) 298.15 +8*U2+120*U3; 6000 N! 
 PAR L(MU-4SL,FE:FE,NB:NB:NB;0) 298.15 +8*U2+48*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE,NB:NB:NB;0) 298.15 +8*U2+24*U3; 6000 N! 
 
 PAR L(MU-4SL,FE:FE:FE,NB:FE;0) 298.15 +32*U2-192*U3; 6000 N! 
 PAR L(MU-4SL,FE:FE:FE,NB:NB;0) 298.15 +32*U2+480*U3; 6000 N! 
 PAR L(MU-4SL,FE:NB:FE,NB:FE;0) 298.15 +32*U2-384*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE:FE,NB:FE;0) 298.15 +32*U2-288*U3; 6000 N! 
 PAR L(MU-4SL,NB:NB:FE,NB:FE;0) 298.15 +32*U2-480*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE:FE,NB:NB;0) 298.15 +32*U2+384*U3; 6000 N! 
 PAR L(MU-4SL,FE:NB:FE,NB:NB;0) 298.15 +32*U2+288*U3; 6000 N! 
 PAR L(MU-4SL,NB:NB:FE,NB:NB;0) 298.15 +32*U2+192*U3; 6000 N! 
 
 PAR L(MU-4SL,FE:FE:FE:FE,NB;0) 298.15 -84*U2+1029*U3; 6000 N! 
 PAR L(MU-4SL,FE:FE:NB:FE,NB;0) 298.15 -84*U2-147*U3; 6000 N! 
 PAR L(MU-4SL,FE:NB:FE:FE,NB;0) 298.15 -84*U2+441*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE:FE:FE,NB;0) 298.15 -84*U2+735*U3; 6000 N! 
 PAR L(MU-4SL,NB:NB:FE:FE,NB;0) 298.15 -84*U2+147*U3; 6000 N! 
 PAR L(MU-4SL,NB:FE:NB:FE,NB;0) 298.15 -84*U2-441*U3; 6000 N! 
 PAR L(MU-4SL,FE:NB:NB:FE,NB;0) 298.15 -84*U2-735*U3; 6000 N! 
 PAR L(MU-4SL,NB:NB:NB:FE,NB;0) 298.15 -84*U2-1029*U3; 6000 N! 
 PAR L(MU-4SL,FE,NB:*:*:*;1) 298.15 +1*U3; 6000 N! 
 PAR L(MU-4SL,*:FE,NB:*:*;1) 298.15 +8*U3; 6000 N! 
 PAR L(MU-4SL,*:*:FE,NB:*;1) 298.15 +64*U3; 6000 N! 
 PAR L(MU-4SL,*:*:*:FE,NB;1) 298.15 -343*U3; 6000 N! 
 

 

 


