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Résumé

Les terres rares, en vertu de leurs propriétés magnétiques, électroniques et chimiques uniques, gagnent
en importance dans les industries électroniques, des centrales, des télécommunications et des
technologies vertes. Les aimants de terres rares possedent des propriétés trés supérieures par rapport
aux aimants traditionnels. lls disposent d’une puissance et d’une longévité plus élevées, et d’'une
meilleure usinabilité a haute température. Le déséquilibre entre la demande et I'approvisionnement en
terres rares a accru l'importance du recyclage et de I'extraction des terres rares a partir des aimants
permanents usagés. Cependant, le manque de données thermodynamiques sur les systémes de terre
rare a rendu difficile la conception de procédés efficaces de recyclage et d’extraction. A cet égard, les
calculs thermodynamiques peuvent servir d'outil rentable en termes de temps et d’argent afin de
concevoir un procédé de recyclage des aimants permanents usagés. L'aimant permanent de terre rare le
plus commun est I'aimant au néodyme (Nd,Fe4B). Divers éléments tels que Dy, Tb, Pr, Cu, Co, Ni, etc.

sont également ajoutés pour améliorer ses propriétés magnétiques et mécaniques.

Afin d'effectuer des calculs thermodynamiques fiables pour le procédé de recyclage des terres rares, des
bases de données thermodynamiques précises pour les terres rares et leurs alliages sont requises. Les
bases de données thermodynamiques peuvent étre développées en utilisant la méthode dite CALPHAD.
Le développement de bases de données basé sur la méthode CALPHAD consiste essentiellement en
|'évaluation critique et en I'optimisation de toutes les données thermodynamiques et de diagramme de
phase disponibles. En conséquence, un ensemble de fonctions thermodynamiques cohérentes pouvant
reproduire tous les données thermodynamiques et de diagramme de phase fiables est obtenu pour
toutes les phases dans un systeme donné. La base de données contenant les fonctions optimisées
d'énergie libre de Gibbs peut étre utilisée pour calculer des réactions chimiques complexes pour
n'importe quels procédés a haute température. Typiquement, une routine de minimisation de |'énergie
libre de Gibbs, telle que présente dans le logiciel FactSage, peut étre utilisée pour obtenir I'équilibre

thermodynamique précis dans un systeme comprenant de multiples composants.

Dans le cadre du développement d’une base de données thermodynamiques pour le recyclage des
aimants permanents et la conception d’alliages de magnésium, toutes les données thermodynamiques
et de diagramme de phase dans la littérature pour les quatorze systemes binaires Fe-terre rare incluant
Fe-La, Fe-Ce, Fe-Pr, Fe-Nd, Fe-Sm, Fe-Gd, Fe-Tb, Fe-Dy, Fe-Ho, Fe-Er, Fe-Tm, Fe-Lu, Fe-Sc et Fe-Y sont

évaluées de maniére critique et optimisées pour obtenir les paramétres du modele thermodynamique.



Les parametres du modeéle peuvent ensuite étre utilisés pour calculer les diagrammes de phases et les
énergies libres de Gibbs de toutes les phases en fonction de la température et de la composition. Cette
base de données peut étre incorporée a la base de données thermodynamiques présente dans le logiciel
FactSage afin de calculer des réactions chimiques complexes et des diagrammes de phase pour le

procédé de recyclage des aimants de terres rares.



ABSTRACT

Rare-Earth elements by virtue of its typical magnetic, electronic and chemical properties are gaining
importance in power, electronics, telecommunications and sustainable green technology related
industries. The Magnets from RE-alloys are more powerful than conventional magnets which have more
longevity and high temperature workability. The dis-equilibrium in the Rare-Earth element supply and
demand has increased the importance of recycling and extraction of REE’s from used permanent
Magnets. However, lack of the thermodynamic data on RE alloys has made it difficult to design an
effective extraction and recycling process. In this regard, Computational Thermodynamic calculations
can serve as a cost effective and less time consuming tool to design a waste magnet recycling process.
The most common RE permanent magnet is Nd magnet (Nd,Fe4B). Various elements such as Dy, Tb, Pr,

Cu, Co, Ni, etc. are also added to increase its magnetic and mechanical properties.

In order to perform reliable thermodynamic calculations for the RE recycling process, accurate
thermodynamic database for RE and related alloys are required. The thermodynamic database can be
developed using the so-called CALPHAD method. The database development based on the CALPHAD
method is essentially the critical evaluation and optimization of all available thermodynamic and phase
diagram data. As a results, one set of self-consistent thermodynamic functions for all phases in the given
system can be obtained, which can reproduce all reliable thermodynamic and phase diagram data. The
database containing the optimized Gibbs energy functions can be used to calculate complex chemical
reactions for any high temperature processes. Typically a Gibbs energy minimization routine, such as in
FactSage software, can be used to obtain the accurate thermodynamic equilibrium in multicomponent

systems.

As part of a large thermodynamic database development for permanent magnet recycling and Mg alloy
design, all thermodynamic and phase diagram data in the literature for the fourteen Fe-RE binary
systems: Fe-La, Fe-Ce, Fe-Pr, Fe-Nd, Fe-Sm, Fe-Gd, Fe-Tb, Fe-Dy, Fe-Ho, Fe-Er, Fe-Tm, Fe-Lu, Fe-Sc and
Fe-Y are critically evaluated and optimized to obtain thermodynamic model parameters. The model
parameters can be used to calculate phase diagrams and Gibbs energies of all phases as functions of
temperature and composition. This database can be incorporated with the present thermodynamic
database in FactSage software to perform complex chemical reactions and phase diagram calculations

for RE magnet recycling process.
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Chapter 1: Introduction

Rare Earth elements (REEs) are a group of seventeen elements (including Scandium,
Yttrium and the lanthanide series) that exhibit same characteristic chemical and physical
properties. These properties make them valuable to the electronic, appliance, green
technology, weapon and medical device manufacturing industries. Compounds of REE
with other metals (like Co, Fe, Ni etc.) have unique properties of luminescence, thermal
and electrical conductivity, magnetism and ability to act as catalysts and polishing

compounds.

They are not only indispensable for some electronic gadgets of today, like computers,
music systems, mobile devices, televisions and MRI machines, but also holds a key to
more greener technology of the future. They contribute to the development of more
efficient and environment friendly version of everyday products such as cars and light
bulbs. REE compounds revolutionized the magnet industry by making them smaller and
more powerful with increased longevity, and high temperature workability, which are
used in motors and generators that power electronics, telecommunications, electric
automobiles and turbines. The ability of REE alloys to store hydrogen makes them an

important component in the hybrid car batteries.

The typical alloying behavior of the rare earth metals or more specifically the lanthanide
elements (except Yttrium and Scandium) have some typical, specific characteristics that
can be attributed to their electronic configuration. The normal electronic configuration of
the lanthanides in the metallic state is 4f“(5d,6s)3 , that is a trivalent electronic state, with
the exception of Ytterbium (Yb) and Europium (Eu) which have divalent electronic state
4£"1(5d,6s)*. Due to the trivalent electronic states of the rare earth metals, the group of
elements can be categorized as a family where they show similar or periodic physical and
chemical behavior. Looking more closely as we move across the lanthanide series with
increasing atomic number we can see minute variation in their chemical and elemental
properties. This small variation of the elemental property such as electronic configuration

and atomic dimensions influences the constitutive property of the elements.



The REEs are traditionally divided into light (lanthanum through samarium) and heavy
elements (europium through lutetium, with yttrium), the latter being more economically
important. The global market of the rare earth elements is monopolized by China. It
accounts for 50 per cent of world’s rare earth element deposits, however 95 to 97 percent
of the global supply. In 2010, the de facto supplier of these elements, China announced
drastic cuts in REE exports, which caused serious concerns for the manufacturing
industries all around the world. In the face of underdeveloped mining operations and
mine explorations of REEs in the rest of the world. The mineral extraction and processing
of rare earths also involves significant environmental risks by spreading radioactive
material and toxic chemicals, and acidification of soil which almost nullifying the
benefits accrued by their ‘green’ technological applications. Thus, recycling of rare earth
metals from permanent magnet scraps becomes inevitable to keep the balance between
supply and demand. Since the recycling process of the magnet materials has not been
well established yet, fundamental research on the thermodynamic behavior of rare earth
magnet materials and on the chemical reactions between the magnet materials and the

solvent medium are critical to understand and improve the rare earth recycling process.

In order to aid the aforesaid objective, Computational Thermodynamics serve as a
powerful instrument. Computational thermochemistry based on the CALPHAD method
is a modern tool that helps to obtain quantitative data to guide the development and
optimization of materials processing. To design an efficient recycling process for Rare
Earth alloys, a thermodynamic database containing model parameters, which describes
the thermodynamic properties of the involved phases as a function of temperature and
composition must be developed. Such thermodynamic database along with a Gibbs
energy minimizing software like FACTSAGE (FactSage 6.2) will help us in processing
the useful phases and suggest the process variables, which is otherwise obtained by trial

and error experiments money and time.

As part of large thermodynamic database development for the RE containing alloy
system, the present work focus on the critical evaluation and optimization of the Iron-
Rare Earth systems whose intermediate compounds show interesting magnetic and

absorption properties.



In this work, thermodynamic modeling of the binary systems including Fe-La, Fe-Ce, Fe-
Pr, Fe-Nd, Fe-Sm, Fe-Gd, Fe-Tb, Fe-Dy, Fe-Ho, Fe-Er, Fe-Tm, Fe-Lu, Fe-Y and Fe-Sc
have been carried out. Due to insufficient experimental data, the Fe-Yb, Fe-Eu and Fe-
Pm(promethium being radioactive) systems were neither critically evaluated or modeled.
All available thermodynamic and phase diagram data for these Fe-RE systems were
collected and critically assessed for their reliability. The Gibbs energies of all phases
were represented by appropriate model equations. The parameters of these models were
obtained by an optimization procedure using the FactSage (FactSage 6.2) software. A
systematic study to evaluate thermodynamic properties of compounds which are not
known based on the other systems and the similarity between Fe-RE systems. The
thermodynamic property database prepared in this work can be integrated with other
binary and multi-component systems to provide a complete multi-component database

for REE recycling process design and other applications.



Chapter 2: CALPHAD thermodynamic modeling
2.1 CALPHAD

Calphad is an acronym for the CALculation of PHAse Diagrams, better described as

“The computer coupling of Phase Diagrams and Thermochemistry”.

For more than 30 years, several research groups around the globe have been collaborating
to develop methods and techniques to produce data, which provide thermodynamically
consistent description of different phases and help, predict phase diagrams of several
material system. This commune of scientist is known as CALPHAD (CALculation of
PHAse Diagrams) and the methodology followed by these researchers is better known as
“The CALPHAD approach”.

Under the CALPHAD approach, several kinds of thermodynamic information such as
phase diagram data, enthalpy data, and Gibb’s energy data are critically evaluated and
optimized simultaneously. The usage of a proper model is crucial as it will make the
optimization reproduce experimental data more successfully and increases its predictive
ability in the higher order system. Optimization is deemed successful which can reflect
the thermo-chemical properties of a phase with a minimum number of adjustable
parameters. Over the years various parametric models are developed which enables
thermodynamic modeling of solutions like liquids, solid solutions, intermetallic

compounds, oxides, order-disorder transformation and several others.

The correlation between thermodynamics and phase equilibria was established more than
a century ago by J.W. Gibbs. Van Laar[1] in 1908 described the relation between the
thermodynamic properties and the equilibrium phase diagram for a binary system.
Wagner[2] in 1952 elaborated some features of equilibrium phase diagram and the
interdependence of Gibbs energy, enthalpy and entropy values. Meijering[3] produced a

summary of earlier work on phase diagram construction using the thermo-chemical data.

In the early days phase diagram were drawn by common tangent construction to the hand
calculated Gibbs Energy curves. Kubachewski and Chart[4] summarized this approach

for phase diagram calculation.



The wider applicability of thermodynamic phase diagram calculation technique was
attained when Kaufman[5] illustrated the importance and use of the concept of “lattice
stabilities” while calculating phase diagrams. The differences in Gibbs energy of
different stable and metastable lattice structure of an element with respect to temperature,
lattice stability, made the calculation of the equilibrium boundaries between different

phases of a system more accurate.

Hillert[6] proposed that phase equilibrium calculations can be more realistic by the
synergy of experimental phase diagram data and thermodynamic data using various
computer techniques, thus the assessed thermodynamic properties can be more
universally applicable. During this time the computer calculation of phase diagram was at
rudimentary stage. Kaufman’s group in US, Ansara’s group (led by I. Ansara) in
University of Grenoble, France, Hillert’s group (led by M. Hillert) in Royal Institute of
Technology, Stockholm, Sweden and Kubachewski’s group (led by O. Kubachewski) in
National Physical Laboratory, Teddington, UK were engaged in computer calculation of

phase diagrams.

The inaugural CALPHAD meet was organized by Larry Kaufmann in 1973 at ManLabs
in Boston. Discussions on various topics were reported, including reevaluation of the
lattice stabilities of metals, high temperature specific heat of liquids and influence on
Gibbs free energy, binary phase diagram calculation by several techniques, ternary phase
diagram calculations by various interaction models, magnetic effect on Gibbs free energy
and proposal for universal thermo-chemical notation. Later in 1979, in conjunction with
the CALPHAD conference a CALPHAD journal was published. Since then this journal
serves as the primary literature source for articles representing detailed thermodynamic
formalisms and assessed parameters of many alloys, slag, oxides and many aqueous

systems.

The publication of optimized phase diagram data phase diagram data by least square
optimization method by inputting different type of data by Lukas et al.[7] replaced the
previous rigorous hand calculation procedure in order to establish consistency between

experimental thermodynamic properties and phase boundary values. In present times a



number of computer software packages combined with thermodynamic property
databases are commercially available for calculating multi-component phase diagrams
and phase equilibria. The most prominent of these packages include FactSage [8],

MTDATA [9], Thermo-Calc [10].
2.2 Thermodynamic modeling

Thermodynamic models are required to adequately represent the thermodynamic
properties of materials. Complex solutions require sophisticated and refined models for
the proper representation of their thermochemical properties. A good model should be
able to represent the thermodynamic properties with just a small numbers of adjustable
parameters. For this, the model should be based on the structure of the solution to
adequately represent the configurational entropy of the solution. Also these models have
high predictive capability in higher-order systems. Hence, models should be developed
which can describe the configurational entropy of the solutions without the addition of

large arbitrary model parameters.
General equations:
The standard Gibbs energy of a pure component i can be written as:
G? = H'-TS? (2.1)

where G2, H? and S are respectively the standard Gibbs energy. Enthalpy and entropy of

species I, and T is the absolute temperature.

When two components A and B are mixed then the energy of the solution depends on the
interaction between A and B atoms or molecules. The Gibbs energy of a solution in

which there is no interaction between A and B is an ideal solution for which:
G™ = gan, + gpng — TAS™ (2.2)

where G™ is the molar Gibbs energy of the solution, glis the molar Gibbs energy of

Sconf

component i, and A is the configurational entropy obtained by random mixing of np



moles of A and ngmoles of B on the same sublattice and X; is the mole fraction of

species i.
ASCO =—R(nuln X, + ngln Xp) (2.3)

However in reality, atoms of the component present in a solution have interaction among
them. Such interactions can be called g%, the molar excess Gibbs energy of the solution.

In this casethe energy of the solution can be stated by:
G™ = ginyg + gong — TASY + (n, + ng) gt (2.4)

gE is often expanded as a polynomial in the mole fractions as:
9" = La XXy (2.5)

where the excess interaction parameters qi{g (= a+ bT + cT? .....) may be temperature

dependent.

In many cases, the thermodynamic property of a binary solution can be well described
with the expression in Eq. (2.5). For binary system often don’t deviate a lot from ideality,
however when Gibbs energy expression from a lower order system is used to predict the
thermodynamic properties of a higher-order system many inconsistencies arise. Even
sometimes in a binary system a larger number of interaction parameters are required in
this simple polynomial based model in order to reproduce all thermodynamic

experimental data available for the system.

To adequately represent the thermodynamic properties of liquid phase, Pelton et al. [11]
and Pelton and Chartrand[12] developed the Modified Quasichemical Model (MQM).
They modified the classical quasichemical model by improving the configurational
entropy term of the model. MQM has been applied only to metallic alloys but to liquid
slag, sulphides, and salts. The utility of the MQM over a random-mixing model can be
better realized with these solutions which show more ordering than metallic solutions,

and where the configurational entropy terms become more important.



2.3 Modified Quasichemical Model (MQM) for liquid solution

In the present work the MQM was used to model liquid solution in all binary systems.
Recently, the model has been described in detail by Pelton et al.[11]. A brief summary is

presented here.

In the MQM in the pair approximation, the following pair exchange reaction between

atoms A and B on neighboring lattice sites is considered:
(A-A)+ (B-B)=2(A-B) ; Agus (2.6)

Let na and ng be the number of moles of A and B, nj; be the number of moles of (i-))
pairs, and Z, and Zg be the coordination numbers of A and B. The pair fractions, mole

fractions, and “coordination-equivalent” fractions are defined respectively as:

Xij = nyj/(nyga + npp + Nyp) (2.7)
XA =nA/(nA+nB) = 1_XB (28)
Yy =Zmna/(Zang + Zgng) = ZpXy/(ZpXa + ZpXp) =1 —Yp (2.9)

The following equations may be written:

Za X4 = 2ny4 +nyp (2.10)
ZgXp = 2ngp + nyp (2.11)
The Gibbs energy of the solution is given by:

G™ = (ny g3 +ng gp)-TASOVI + (ny5/2)Agap

= (ny g4 +ng gl )-TASOMI + gE (2.12)



where g and g3 are the molar Gibbs energies of the pure components and AS€°™9 ig
the configurational entropy of mixing given by randomly distributing the (4-4), (B-B)

and (4-B) pairs in the one-dimensional Ising approximation:
ASCO™M9 = —R(nyln X, + ngin Xp)
~R[nus I(X4a/Y5) + nppin( Xpp/Yip) + napln (Xap/2Y,Yp)] (2.13)

Agap 1s expanded in terms of the pair fractions:
Agap = Ag3p + Xiz1 9hpXan + Yjs1 gﬁ’BXég (2.14)

where 4945, 92% and g% are the parameters of the model which may be functions of

temperature.

The equilibrium pair distribution is calculated by setting
(aG/anAB)nA’nB = 0 (215)

This gives the “equilibrium constant” for the quasichemical reaction of (Eq. 1):

2

Xip_ — gexp (_Agi) (2.16)

XaaXaB RT

As Agap becomes progressively more negative, the reaction (Eq. 2.1) is shifted
progressively to the right, and the calculated enthalpy and configurational entropy of

mixing assume, respectively, the negative “V” and “m” shapes characteristic of

SRO(short range ordering).

The composition of maximum SRO is determined by the ratio of the coordination

numbersZ, /Zg, as given by the following equations:

1 1 2n44 1 nap
_:T(—)+T(— (2.17)
Zp ZAA 2npatnap ZAB 2npatnap



1 _ 1 (271¢)Jr 1 (L) (2.18)

- B B
ZB ZBB ZTLBB+TLAB ZBA 2n33+nAB

where Z2, and Z45 are the values of Z, respectively when all the nearest neighbors of an
A are A’s and when all nearest neighbors of an A are B’s, and where Z55 and Z5, are
defined similarly. Note that Z4; and Z5, represent the same quantity and can be used

interchangeably.

Although the model is sensitive to the ratio of the coordination number, it is less sensitive
to their absolute values. The use of the one-dimensional Ising model in Eq. 2.13
introduces a mathematical approximation into the model which we have found, by
experience, can be partially compensated by selecting values of Z, and Zp which are

smaller than the actual values.
2.4 Compound energy formalism [13] for solid solution

The solid solution appearing in a binary system is usually treated with a random-mixing
single-sublattice model. As the name suggests, this model assumes the random mixing of
the atoms, one randomly replacing the other by substitution on lattice sites. The Gibbs
energy of such a solution in which atoms A and B replace each other on lattice sites is

given as:
G™ = (x49% + x59g3) + RT [xy4lnx, + xglnxg] + g (2.19)

where gf and x; are the Gibbs energy and mole fraction of i component in the system

and g® is the excess Gibbs energy to produce the interactions between atoms. Typically

g® is expressed by the Redlich-Kister formula:

gE = 2i(X4 XBLZB(XB_XA)L' (2.20)

Excess parameters L are the model parameters of the model.
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2.5 Stoichiometric intermetallic phases

If the thermodynamic properties of the solid intermetallic phase are unknown, typically
Newman Kopp rule was used in the present study. That is, the Gibbs energy function for

any stoichiometric phase A«By per mole of atoms is represented as:
9By (T) = X"Tygg + ﬁgg + AHy — TAS; (2.21)

where AH; and AS; are the enthalpy and entropy of formation of the compound from A
and B elements respectively. This can be model parameter to reproduce the phase
diagram and available thermodynamic property data. If the entropy at 298 K of
intermetallic phase is available from its low temperature heat capacity data, the AS; can
be fixed. AH; can be fixed based on the enthalpy of formation at 298 K. Of course, if the
high temperature heat capacity is known, AH; and AS; parameters can be in function of

temperature.

In FACTSAGE [8] the magnetic contribution (Gy,q4) of a metal or its alloys are

considered to calculate the Gibbs free energy. Where G4, can be defined as,

Gmag = RTIn(B + 1)g(r) where =T1 where T, is the critical temperature for

magnetic ordering, i.e. the Curie temperature(T.) for ferromagnetic ordering and Neel
temperature(Ty) for anti-ferromagnetic ordering. B is the magnetic moment.  is a
quantity related to the total magnetic entropy and is set equal to the Bohr magnetic

moment per mole.

1

g(0) = %{1 _ [E + % (p~t—1) (i + 2y i)]} when 1<1 (2.22)

140 p 6 135 600

-5 -15 T_ZS

9@ = {5+ 5 + il when =1 2.23)

518 11692 —
Te0c

where D = T2 T 192 P 1 — 1), p is dependent on the structure of the intermetallic

phase. p=0.4 for b.c.c. structure and p=0.28 for the others
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2.6 Prediction of Enthalpy using theoretical calculations

The enthalpy of formation is one of the important thermodynamic properties of a metallic
compound that determine the stability of the compound, therefore experimentation
primarily by drop solution calorimetry is done to determine the formation enthalpies. Due
to the lack of availability of experimental data several computational techniques are
employed to get a reasonable estimate for the formation enthalpy of the compounds.

Theoretical methods can be broadly classified into the following four types:

e First principle calculations, within the density-functional theory framework.

e Statistical mechanics based approaches, using atomistic simulation techniques
like molecular dynamics.

e Solution thermodynamics, with experimentation and extrapolation, for example
CALPHAD method

e Semi empirical methods like Miedema’s model.

Each of the above methods has some advantages and disadvantages. Highly accurate
values can be predicted from the first principle calculations although crystal structure
information is essential and the computation is cost intensive. Atomistic simulations
alongwith statistical mechanics can also be used, however this requires knowledge of
several physical properties and intricate models which may not be universally applied
and also requires complex computation. The CALPHAD as explained will be the basis of
our current study. Though this approach predicts a phase diagram fairly fast, it is limited
by the availability of experimental data. Unreliable and inconsistent database often

predict something which is completely erroneous.

Amongst the semi-empirical approaches, Miedema’s approach is the most commonly
used theoretical calculation technique for the enthalpy of formation of compounds.
Miedema proposed a semi-empirical model for calculation of enthalpies of formation and
mixing enthalpies in solid and liquid binary metal systems. The semi-empirical nature of
this formalism comes from the element specific constants involved in the calculations are

derived from the physical properties of the elements and are subsequently adjusted to
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give the best possible fit for the experimental data available. The process of parameter
adjustment to reproduce the experimental data enables the model to predict the enthalpy

of formation for the compounds in binary alloy systems.
2.6.1. Miedema’s model and calculations

The principle and application of this model was elaborated by Boer et al. [14]. The model
considers that the alloys are made up of cellular atoms of the constituent elements, each
with a defined volume. When these atomic cells are brought into contact they will form
an alloy. However this will lead to difference in electron density ny,s at the boundaries of
the two metal atoms causing a repulsive contribution. Electron transfer into higher energy
levels in the system is required to eliminate the electron density in homogeneity giving a

positive contribution to the enthalpy estimation. This contribution was found to be

proportional to the squared difference in the cube root of the electron densities, n%;;’ of
the constituent elements in the bulk metal state. The value of ny,s has been derived for
the transition metal system from the experimental Bulk modulus and molar volume data.
For non-transition metals, the superposition of the charge densities if free atoms placed in

the respective lattice points yields an acceptable approximation for ny,¢ [14].

The electronic charge and chemical potential difference (4¢*) provides the negative
contribution to the enthalpies of formation and mixing aiding stabilization of the systems
with respect to the constituent elements. This electronegativity term originally derived
from the work functions(¢) of the pure metals and later adjusted (¢*) to reproduce the
experimental data for enthalpies of formation for the compound. This contribution is
proportional to the square of the difference of electronegativity term (A4¢*?) of the
constituent elements of the binary system. Thus the formulation for the interfacial

enthalpy of formation between neighbouring atoms is proportional to:
AHmterface o« —p(Ad*)? + Q(An‘l/lg )2 = Rp, (2.24)
with

AH™terface: Enthalpy effect at the interface between dissimilar atomic cells.
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P, Q: Constants for specific combination of metals, tabulated in Boer et al. [14].

Ad™ : Difference of Miedema electronegativities of the constituents (adjusted with

experimental data).

Anys @ Difference of electron densities at the Wigner Seitz cell boundary of the
constituents. This is derived from physical properties and electronic structure

calculations.

R,, This term expresses the hybridization term, which accounts for the extra stabilizing
interaction of the p-electrons of the main group metal to the d-orbitals of the transition
metal component. Experimental analysis shows that within a group of elements R can be

considered to be constant.

Later Zhang et al. [16] prescribed some correction factors in order to have better
prediction of the enthalpy of formation of the compounds. They suggested that the atomic
size difference would reduce the contact surface area between the dissimilar atoms of the
compound lowering the package density of the crystalline lattice. They proposed an

equation of formation enthalpy

S(c). VB

AH} = f(). = (=P + QUnys )?) (2.25)

)av

where f(c) is a function of alloy composition , which takes into account the chemical
short range-ordering(CSRO) effect in the formation enthalpy of an ordered intermetallic

compound on .

f(e) = yeiep[1 +8(cics)?] (2.26)

Where the CSRO(y) is 8 for the intermetallic compound and is constant for the
compound. The pre-factor S(c) is aimed to accommodate the effect of size difference of

atoms on the contact surface and the bonding energy. S(c) is expressed as,

S(e) = 1= 3|V = v/ — ™). (2.27)
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|I/;12/3 - V;/g| is an absolute value and is positive..

Sun et al.[15] restated the equations for formation enthalpy of the binary alloy system for

both ordered and disordered alloys.

w2 -(89)2-a(r/p)
-2 2/3:,2/3 (q/p)(Any, )= —( 22
ap = 2PV i v anif g (229
For disordered alloys
AH, o = xal1+pua xp(Pa—9p)1Xxp[1+UE X4 (Pp—Pa)] 2199
an = Jas xAVj/3[1+#A xp(ba=dp)]+xpVa*[1+1p x4(dp—ba)] ( )

For ordered alloys

2/3.,2/3
(MH,p)oraer = MHap X |1+ X J4_Tp 74D (2.30)

f,cm’><(9«f,4Vj/3 [1+ua xB((bA—(bB)HxBV;B [1+ug xa(bg—b4)]

In this study we calculated the formation enthalpy of the compounds by using Miedema

Calculator as available in http://zrftum.wordpress.com/ which basically uses the Eq. 2.29.

We used MATLAB and Maple to calculate the equation proposed by Sun et al. [15] tried
to evaluate the enthalpy of formation of liquid which can be termed as disordered alloy
and that of the compounds which are the ordered alloys for some of the binary phases
where experimental data was unavailable and the predictions were coherent to the
periodic trend of these alloys. During the present work we also found out that the original
Miedema’s equation cannot be directly used to predict the enthalpy of formation of
compounds or that of liquid, as it require some correction factors for the decrease in

molar volume in the elements in the lanthanide series.
2.7 Procedure of critical evaluation/optimization of system

The objective of the present work was to critically evaluate and develop the
thermodynamic database for Iron-Rare-Earth based alloys. In this regard, fifteen binary

systems were critically evaluated and optimized:
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All the calculations and optimizations in the present work were performed with the
FactSage thermochemical software (FactSage, 2009). The critical evaluation and

optimization were carried out with the following procedure:

i) The binary systems to be optimized during the present work were identified:

i) Collection of data in the literature for the system:

All the data in the literature on the thermodynamic properties of the chosen systems
were collected. These data were phase diagram data, thermodynamic properties like
enthalpy of mixing in a solution phase or enthalpy of formation for compounds,

activity of constituents in a solution, etc.
111) Choosing appropriate thermodynamic model for given phases:

As stated in Chapter 2.2, an adequate model representing the Gibbs energy functions
for a phase is required. This is very important since a good physical model based on
the structure of the phase increases the accuracy of predictions of solution properties
in multi-component systems. In the present work, the Modified Quasichemical Model

(MQM) capable of taking into account short range ordering was chosen.
1v) Critical evaluation of collected experimental data:

The experimental data reported in the literature from each other beyond the stated
experimental error range. The simultaneous optimization of various thermodynamic
data which includes the phase diagram data and the thermodynamic properties of the

phases removed the inconsistency amongst the thermodynamic data.
V) Optimization of model parameters for the system:

After evaluation of the experimental data, optimization was performed on the basis of
selected reliable data to obtain the values of the model parameters. Even though
FactSage has an optimization software, the Optisage module in FactSage, in present

work, the optimized parameters are obtained by trial and error method.
vi) Back-calculation of all thermodynamic data and phase diagram:
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One satisfactory model parameters were obtained; all the thermodynamic data and

experimental data were back-calculated for comparison with the optimized values.
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Chapter 3. Thermodynamic modeling of Fe-RE binary systems

3.1. The Fe-La (Iron-Lanthanum) System

Gschneider [1] reviewed the Iron-Lanthanum system and suggested a diagram which
shows a eutectic reaction and an unusual flattened liquidus region on the Fe-rich side.
This finding was later confirmed by Kepka et al.[2]. The system has a eutectic reaction.
Savitsij et al.[3] proposed two compounds in their phase diagram, LaFes and LaFe,
peritectically melting at 1350 and 1100°C, respectively, quite analogous to the Iron
Cerium system, which was later withdrawn in their next assessment Savitski et al.[4].
Independent research by two other groups of Richerd [5] and Daane [6] and Wallace et
al. [7] confirmed that there are compounds existing in this binary system. The non
existence of the LaFes was confirmed by Ning et al. [8] where a prediction was made for
some new intermetallic compounds between transition metals and rare earth metals. The
hydrogen absorption capacities of FeyLa alloys as done by Guidotti [9] changed very
little when x was increased from 0 to 5, and it behaved similar to that of pure La as a
binary system would have behave without any intermetallic compounds. Povoden [10]
reported that the solubility of La in y-Feg is not significantly higher than solubility of La
in a-Feg at 930°C.

3.1.1. Phase diagram data

A reduction of the transition temperature of a-Fesis— y-Fegs for La saturated Fe is 6 °C.
The y-Fey, —0-Feg transition temperature is increased by 12 °C as compared to
polymorphic phases of pure Fe Zhang et al. [11]. In the phase diagram proposed by
Richerd [5] the y-Fes and 8-Feg was not reported. The maximum solubility of La in a-
Fe is lesser than 0.1at. % at 1053K and less than 0.2 at. % at approximately 1160 K [2,
12]. Richerd [5] used microscopic and microprobe analysis of [ron with varying amount
of Lanthanum impurities found the maximum solubility of La in a-Fey between 0.34 and
0.36 at. % at 930°C. Savitskii [3] reported larger solubility of La in a-Fesand y-Fegs ,
however in there subsequent publication on the same system the used the solubility

values from Daane[12]. The maximum solubility of Fe in B-Lag is reported to be lesser
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than 0.25 at.% at around 780 °C [1, 13, 14]. Richerd[5] determined the solubility of Fe in
B-Lags to be 0.25at. % at the solidus temperature of 880 °C.

Richerd[5] investigated the system in the La-rich side and found an eutectic point at 91.5
at. % La (96.4% wt. % La) and 780 + 5 °C. Haefling et al.[6] assumed the anomalous
liquidus to be “real” and is not due to formation of two immiscible liquids. Richerd[5]
did not carry out any experiment in the iron rich side to comment on the weird flattening.

Kepka and Skala[2] confirmed the findings.
3.1.2. Thermodynamic data

Berezutskii et al.[15] And Esin et al.[16] determined the enthalpies of mixing of Fe-La
liquid from 0-35 at.% at 1450°C and from 60 to 100 at.% Fe at 1650°C respectively by
using solution calorimetry. The liquidus of La shows unusual flattening.Similar
phenomena has also been referred in Ce-Mn[17, 18] and La-Mn[19] system. Although no
explanation has been provided for the flattening by Haefling [20] and Srenl’nikova[17]
discount any chance of a miscibility gap. Iandelli [18] and Rolla et al.[19] support a
miscibility gap. Kubachewski[21] suggested that with respect to the small difference in
the value of Gibbs energy and the possible influence of impurities, grain boundary and
strain energies arriving to a definite conclusion is impossible. Previous assessment by
Zhang[11] also suggests that miscibility gap is the only thermodynamically acceptable in
such a binary phase diagram. The phase diagram proposed by Povoden[10] do not show
any miscibility gap.

Table 3.1.1. Optimized thermodynamic data of the La-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: Z5¢,, = zL3, =7k, =7k =6

AGrora = 6270 — 3762 Xpeore — 1045X, 414
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Solid Solution (parameters of the Compound Energy Formalism with two-sublattice
approach) (Fe,La)} (Va)!

FCC OLkera = 56430+0.6061T
BCC OLfera = 56430+0.6061T
HCP "Lfera = 250800

3.1.3. Reference

1. Gschneidner, K.A., Jr., Binary Alloy Systems. Rare Earth Alloys1961, NewYork: Van
Nostrand.
2. Kepka, M., J.Skala, Effect of Rare-Earth Elements on Prop- erties of Steels. Hutnik

(Prague), 1972. 22(v): p. 12-17

3. Savitsij, E.M., Rare Metals and Alloys. Dom Tekhniki,Moscow, 1959.

4, Savitskii, E.M., Rare-Earth Metals,. Metalloved. Term. Obrab. Met. Trans., 1961. 9.

5. Richerd, J., Lanthanum and Cerium in Pure Iron. Mem. Sci. Rev. Metall, 1962. 59(78): p.
539-548.

6. Haefling, J.F. and A.H. Daane, Iron-Lanthanum System. Inst. At. Res.

7. Wallace, W.E., K.A. Gschneidner, Jr., Editor.

8. Ning, Y.-T., et al., The prediction and synthesis of some new intermetallic compounds

between transition metals and rare earth metals. Journal of the Less Common Metals,
1989. 147(2): p. 167-173.

9. Guidotti, R.A., G.B. Atkinson, and M.M. Wong, Hydrogen absorption by rare earth-
transition metal alloys. Journal of the Less Common Metals, 1977. 52(1): p. 13-28.

10. Povoden-Karadeniz, E., et al., Thermodynamic Assessment of the La-Fe-O System.
Journal of Phase Equilibria and Diffusion, 2009. 30(4): p. 351-366.

11. Zhang, W. and C. Li, The Fe-La (Iron-Lanthanum) System. Journal of Phase Equilibria,
1997. 18(3): p. 301-304.

12. Spedding, F.H. and A.H. Daane., ed. The Rare Earths. 1961, John Wiley & Sons: New
York.

13. Van Diepen, A.M. and F.K. Lotgering, Méssbauer effect in LaFe;,014. Journal of Physics
and Chemistry of Solids, 1974. 35(12): p. 1641-1643.

21




14.

15.

16.

17.
18.
19.

20.
21.

Nassau, K., L.V. Cherry, and W.E. Wallace, Intermetallic compounds between lanthanons
and transition metals of the first long period. I. Preparation, existence and structural
studies. Phys. Chem. Solids, 1960. 16,p. 123-30.

Berezutskii, V., N. Usenko, and M. Ivanov, Thermochemistry of binary alloys of
lanthanum with 3d-Transition Metals. Powder Metallurgy and Metal Ceramics, 2006.
45(5): p. 266-271.

Esin, Y.O., A.F. Ermakov, M.G. Valishev, G.M. Ryss, P.V. Geld, and E.S. Levin, Enthalpy of
Formation of Liquid Binary Alloys of Iron with Lanthanum and Cerium. Zh. Fiz. Khim.,
1981. 55(7): p. 1665-1669.

Strel’nikova, M.S.M.a.l.A., Trans. Inst. Met. Akad. Nauk SSSR 1957. 2: p. 135-138.
landelli, A., Lincei-Rend. Sc. fis. mat. e nat., 1952. 13: p. 265—-268.

Rolla, L. and A. landelli, Beitréige zur Kenntnis der Metalle der seltenen Erden und ihrer
Legierungen. Die Legierungen des Lanthans mit Mangan. Berichte der deutschen
chemischen Gesellschaft (A and B Series), 1942. 75(12): p. 2091-2095.

Haefling, J. F., A.H.Daanes, Iron-Lanthanum System.

Kubaschewski, O., Iron-Lanthanum,lron-Binary Phase Dia-grams1982, New York:

Springer-Verlag.

22



Figures

1600 T y T y T . T
A Ri .
Liquid + Fe(BCO) Richerd(1962):DTA,metallography
1400 | — 1
\ ‘\\\\ Liquid
1200 + T
'S
6 [ Liquid + Fe(FCC) \
Liquid + La(BCC)
°‘5‘1000 Ny a(BCC)
S
= Liquid + F
- qui e(BCC) N
£ 800 F ; ?7/*
5 784°C 0.887
E_ Liquid + La(BCC)
v 600 7
o
Fe(BCC) + La(FCC)
400 .
200 .
Fe(BCC) + La(HCP)
0 1 L 1 L 1 L 1 L
0.00 0.20 0.40 0.60 0.80 1.00
Mole fraction La
Fe La
Fig 3.1.1. The optimized Fe-La system.
2000 T T T T T
Liquid
1600 [ g
BCC I —
S oo b Fee -
2
2
g FCC + Liquid
D
E 800 L BCC - Liquid + BCC i
—
/
e
/
( Fe(BCC)+La(FCC)
400 | .
€  Kepka et al. and Spedding et al.
0 1 N 1 N 1 N 1 N
0 0.001 0.002 0.003 0.004 0.005
Fe Mole fraction La La

Fig. 3.1.2. Iron-rich side of the Fe-La phase diagram.

23



Partial and Integral enthalpy(kJ/mol-K)

Liquid

<&
FCC + Liquid
800 FCC

o

e FCC + Fe(s)

E \

s

%]

E‘ ¢ Richerdetal-099751153K) \

%]

= 400 @ Nassau et al.-<0.9975(1053K) \-

Fe(s) + La(s)
0 N 1 N 1 N 1 N 1
0.995 0.996 0.997 0.998 0.999 1.000
Fe Mole fraction La La
Fig. 3.1.3. Lanthanum-rich side of the Fe-La phase diagram.
14.0 T T T T T T T T T

-10.0

-16.0

-22.0

-28.0

-34.0

-40.0

—— This work(integral H
— This work(delHy,)

mix)

— This work(delH, ,)

O Esin(1981)-delH,,;-1923K A Berezutskii(2006)-delH, -1723K
O Esin(1981)-delH,-1923K ® Berezutskii(2006)-delH.-1723K
<|> Esinq1981)-dellHLa-192§K | | | |

0.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Mole fraction La

Fig.3.1.4. Enthalpy of mixing of Fe-La alloy at 1923K and 1723K

24

1.0



3.2. The Fe-Ce (Iron-Cerium) system

The Fe-Ce system was assessed Zhang [1], Su et al. [2], by Marazza et al. [3] and
Okamoto[4]. The Fe-Ce phase diagram in Massalski [5] was redrawn from the original
form of Zhang’s phase diagram [1]. Due to phase rule violation, the enlarged Ce-rich
portion of the diagram presented by Massalski [5] was deleted by Zhang [1]. Su et al.

[2] assessed the Ce-Fe system by thermodynamic modeling.
3.2.1. Phase diagram data

The Cerium-Iron system was first investigated by Vogel [6] who reported presence of
CeFe; and Ce,Fes . Vogel suggested the solubility of Ce in alpha and gamma iron (12 and
15 wt. % respectively), which was rather weird according to Jepson and Duwez[7]
considering the quite dissimilar atomic radius of Ce and Fe. They presented a modified
phase diagram which suggested solubility of cerium in iron to be 0.4 wt. % at 815-1015
°C instead of 12 wt. % and the Iron rich phase suggested by Vogel to be corresponding to
CeFes instead of CejFes with the help of X-ray diffraction techniques. Some other
researchers [8, 9] also reported the presence of CeFe, and CeFes as the intermetallic
phases. Later other researchers reported the presence of only two intermetallic stable
phases cubic CeFe, and CeFe; with MgCu, crystal structure [10]. Johnson [11] and
Buschow at al. [12] reported that there are only two compounds in this binary system
which are CeFe; and Ce;Fe ;. Ce,Fe;7 polymorphically transform from B-Ce,Fe;7 which
is ThyFe;7-type rhombohedral to a-Ce;Fe;; ThyNij;-type hexagonal. Gschneidner [13]
reported the binary phase diagram with two intermetallic compounds CeFe, and Ce,Fe;;.
With the help of thermal, microscopic and x-ray diffraction techniques Chuang et al.[14]
investigated the phase diagram. The phase diagram of Chuang et al.[14] resembles to that
suggested by Gschneidner[13].

This system have two compounds CeFe, and Ce,Fe;7 melting peritectically, and terminal
solid phases a-Fe(bcc A2), o-Fe(bcc_A2), y-Fe(fcc_Al), 6-Ce(bcc_A2), y-Ce (fcc_Al)
and B-Ce (dhcp). The solid solubility of cerium in (a-Fe) is 0.038 at.% at 900°C, 0.035%
at 850°C[14] and 0.019 at. % at room temperature as suggested by Yan et al [15] and

Zhang et al.[16]. The 8-Fe — y-Fe transformation temperature increases by 5 °C (from
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1394 °C) and that of y-Fe — a-Fe increases by 10 °C (from 912 °C) when cerium is
added.

3.2.2. Thermodynamic Data

The low temperature heat capacity was measured by Janssen [17] by Quantum design
Magnetic Property Measurement System (MPMS) for the Ce,Fe;7 and by Haldar et al.
[18] for the CeFe, by Physical Property Measurement System(PPMS) instruments. The
S,9g for Ce,Fe; 7 and CeFe, are obtained by integrating the low temperature heat capacity
values. No enthalpy of formation data for both compounds is experimentally determined.
Esin[19] determined the mixing enthalpies of liquid in the Ce-Fe system in the
composition range 0-35 at.% Ce at 1627°C. Burylev [20] determined the activities of the
binary system at 1227 °C by thermodynamic calculation rather than experimentation.
Esin’s data could not be reproduced as the Ce,Fe;; phase could not be formed if liquid
was made more stable in the iron rich side, with the obtained experimental entropy. The
integral data reported by Esin' was well reproduced by the current optimization, but due
to lack of experimental details we are not sure about the partial data reported by them.
We used a couple of temperature dependence parameter for the excess gibbs energy for
the liquid. As reported by Buschow” Ce2Fel7 have a polymorphic transformation,
However we are not sure of the temperature and in this assessment such transformation is
not considered, if the transformation can be introduced we can reproduce the S298 as

reported by Janssen et al.>
3.2.3. Magnetic Data

Both the intermetallic phases of Cerium and Iron are magnetic in nature. The Curie
temperatures of these phases are below room temperature 235K and 238K [21] for CeFe;
and Ce,Fe;7 respectively. The Sy value for both these phases includes the magnetic

contributionas they are derived from low temperature heat capacity (C,) data.

Table 3.2.1. Optimized thermodynamic data of the Ce-Fe system.

Liquid phase (Quasichemical model parameters)
Coordination numbers: Z5¢, = Z&8e = 288, = 288, = 6
AGgrece = —1337.6 + 6270Xgr,
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Solid phases

AHfogg,g (kJ mol'l)

Compound Optimized Experimental Reference
elements as elements as reference
reference

CeFe, -13.4 - -

C62F617 -19.8 - -

S°29s (J mol'l K_l)

Compound S°29s S°293 Reference
Optimized Experimental

CeFe, 122.96 122.960235 [22]

CeyFerr 627 679.6028 [23]

C, (J mol' K™)

Compound Optimized Reference

CeFe, G = C(Ceqep)) +

2Cp(Feper)129.79

298-1000 K 74.402363+ 0.031010687 -273202T2* +2.631762E-6T>

1000-1811 K 153.358443-0.034502894T -233728507% +1.228891E-
5T?

1811-2000K 198.329843--0.052092974T 2306341472
+1.1581786E-5T>-4.132854E33E-33T""°

C62F617

298-1000K 489.4109+0.17635688T -2557738T*+ 9.85983E-6T>

1000-1811K  647.32306-0.045329732T -48757034T7 +2.9174126E- Cp = 2Cy(Ceqnep))
5"[‘2 + 1 7Cp(Fe(bcc))

+5.007363
1811-2000K 1029.57996-0.104185948T 4612682872

+2.3163572E-5T>-3.5129259E34T'°

Solid Solution (parameters of the Compound Energy Formalism with two-sublattice
approach) (Fe, Ce)} (Va)!!

FCC

BCC

ILfece = -12540+41.8T

"Lgece = 50160
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Compound Magnetic moment Curie Temperature(K) References

CeFe, 2.48 235 [21]
CesFey 29.7 238 [21]
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3.3. Fe-Pr (Iron-Praseodymium) system

The binary Fe-Pr phase diagram has been proposed by several researchers Ray, Zhuang
et al., Burkhanov et al., Tian et al, and Bér et al.[1-5]. Ray, Zhuang et al., Tian et al.., [1,
2, 4] based their phase diagram on DTA and XRD analysis. Kubachewski[6] reported a
phase diagram based primarily on Ray[1] with minute alterations. Ray[1] and Zhuang et
al. [2] reported two stoichiometric phases ProFe 7 and PrFe,, whereas Tian et al. [4] in his
phase diagram only exhibited one phase Pr,Fe;;. The PrFe, phase also appeared in
Kubaschewski [6] as an equilibrium phase. It was found that Fe,Pr forms under high
pressure as reported by Cannon et al. [7], Shimotomai et al. [8]. Kubaschewski[6] in his

reported phase diagram had no PrFe; intermetallic phase.
3.3.1. Phase diagram data

The phase diagram of Zhuang et al. [2] seems to be thermodynamically improbable.
Okamoto [9] suggested possible contamination during the experiments which has not
been reported or else the phase diagram was in weight percentage composition scale
instead of atomic percentage as is reported. Okamoto [9] stated the discrepancies which
include erroneous melting point estimation of y-Fe, and the slope of the liquidus seems to
be too steep in comparison with the empirical trend. Bar et al. [5] did experiments and
thermodynamic assessment, and presented a phase diagram which is very similar to those
reported by Tian et al.[3], Okamoto[4] and Burkhanov et al.[9]. The solubility of Pr in Fe
at 900° C as suggested by Burkhanov et al [3] is 0.25 at. % . The a-Pr—p-Pr
transformation temperature is 796° C [10], 790° C (Moffat) and 795° C [4, 6, 11] which
are very similar. The melting point of Pr was reported to be 918°C by Kubaschewski[6]
and Tian et al. [4], 917°C by (Moffat) and 931°C [10, 11]. As suggested by Bar et al. [5]
the L+8-Fe<> y-Fe and y-Fe+Fe ;Pr,«>a-Fe invariant reactions are at 1398°C and 916°C
respectively. Bar et al. [5] also gave a L+B-Pr <> a-Pr peritectic reaction temperature is
lower than the pure Pr polymorphic transformation point. Ray et al. [12] and Ray [13]
mentioned a compound as PrFe;, but later Kripyakevich et al. [14] and Weik et al. [15]
found the intermetallic phase is ProFe;7 with the thombohedral Th,Zn;7 crystal structure.
Single crystal and X-ray diffraction studies conducted by Johnson [16] confirmed
existence of Fe;7Pr,. The compound has a peritectic melting at 1165°C [12], 1108°C
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(Moffat), 1310°C [2], 1102°C [4] and 1105°C [5]. The low temperature heat capacity data
was reported by Mandal et al. [17] which were also considered to get the entropy of
PI‘zFen at 298K.

Although the PrFe, phase was reported by several researchers as discussed above,
Cannon et al. [7] first mentioned that this is phase is formed at high pressure, Mansey et
al.[18] reported that it is impossible to form this phase under their experimental
conditions with normal atmospheric pressures. Shimotomai st al. [8] when casted the
alloy at a stoichiometric ratio of PrFe; obtained an elemental Pr and compound Pr;Fe;;
without any detectable PrFe,. In the same work they mentioned synthesizing the PrFe,
(C15) phase at 55kbar. This phase can also be formed by quenching the melt at 7.7GPa
pressure [19]. Tian et al. [4] heat treated at 600°C, no PrFe, phase was observed, and no
peritectic reaction was detected by either magnetic or thermal analysis. Burkhanov et al.
[3] annealed the Pr-Fe alloys at 400°C and 600°C, where in addition of aPr and Pr,Fe;7,
metastable PrFe, with (C14) and (C15) structure. He suggested that the metastable PrFe,
go through a structural rearrangement to Pr,Fe;; (Fe,Pr (C14) [cubic-MgCu,-type] —
PrFe; (C15) [hexagonal-MgZn;-type] — PryFe 7 [MgZn,-type].

3.3.2. Thermodynamic data

The experimental data of Gibbs energy of formation by Bar et al. [5] who did EMF
experiments (galvanic cells using CaF; as a solid electrolyte) between 800 and 1200 K.
He also measured activity of Praseodymium at various temperatures (650, 700, 750 and
800 °C) and the EMF change with temperature. The experimental data are all reproduced
by our optimization and are shown in Fig.3.3.1. The optimized heat capacity of Pr,Fe;;
compound (obtained using the heat capacity functions of the elemental constituents Fe
and Pr) was increased by 45.17 J mol'K™! in order to fit the experimental low
temperature heat capacity data by Mandal et al. [17]. But on integration of data the Sjog
obtained could not be used for optimization, 30.842J/mol-atoms were used instead of
37.7J/mol atoms which was obtained by integration. As the Curie temperature of the
PryFe 7 is 283 K (below 298 K) the low temperature heat capacity data is integrated from
OK to 298.15 K and the magnetic contribution is taken into consideration in the Sjog of

the intermetallic phase.
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Experimental data on liquid were not found in the literature. The thermodynamic
optimization of the Fe-Pr system is performed using the Gibbs energy and activity data
from Bar et al. [5]. The Sy93 was determined from Mandal et al.[17] low temperature heat
capacity calculations. . The optimized values for the model parameters are listed in Table
3.3.1. The phase diagrams and other thermodynamic properties calculated with the
optimized set of model parameters are shown in Figs. 3.3.1 to 3.3.4 and compared with
experimental data. The calculated curves are in good agreement with the measured
values. EMF variation with temperature data reported by Bar et al.[5] was converted to

activity data and presented with assessed activity data in Fig. 3.3.3.
3.3.3. Magnetic Data

The Magnetic data for the four intermetallic phases were obtained from Buschow|[20].
However the optimization was not influenced by magnetic contribution to the Gibbs

energy.
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Table 3.3.1. Optimized thermodynamic data of the Pr-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: ZE¢r, = Z8fp, = Z8re, = ZF5,. = 6
AgFePT = 14‘63 - 6.27T - (5434)XF€F€

Solid phases
AH /%595 (kJ mol")
Compound Optimized Experimental Reference
elements as reference elements as reference
PI‘zFen -23.4737 - -
S°29s (J mol'l K_l)
Compound S 208 S 208 Reference
Optimized Experimental
Pr,Fe;; 620 717.207 [17]
C, (J mol' K™)
Compound Optimized Reference
PI‘QFGW
298-500K 537.5783 -0.14220032 T -4659746T*+ 0.00030822255T> G =
500-800K 445.5249+0.16940072T -2630206T*+2.0764674E-5T* 2Cy(Prinep))
800-1068K 537.5783 +0.66479768 T +437249942-0.000181096242T> +17Cp(Fe(pee)
1068-1204K 1611.9837214-1.071210344T -286337566T*+ ) +88.352
0.000377946978T>
1204-1811K 485.6825+0.14951568T -26302067" +6.010554E-6T>
1811-3800K 867.9394-3.5129259E34T "

Solid Solution (parameters of the Compound Energy Formalism with two-sublattice
approach)(Fe, Pr)! (Va)

FCC OLpep: = 44726
BCC OLfepr = 41800
Compound Magnetic moment Curie Temperature(K) References
PryFe;; 30.6 283 [20]

36




3.3.4. References

1.

10.

11.

12.

13.

14.

Ray, A.E., The Iron-Praseodymium Phase Diagram, 1969, Air Force Materials Laboratory:
Ohio. p. 13.

Zhuang, Y., H. Zhou, and J. Zheng, Phase diagram of binary praseodymium-iron system.
Jinshu Xuebao, 1987. 23, p. B42-B43.

Burkhanov, G.S., et al., Equilibrium and metastable phases in Pr-Fe alloys. Metally, 1994
p. 163-9.

Tian, J., Y. Huang, Liang J., THE Pr-Fe-B TERNARY SYSTEM. Sci. Sin., 1987. 30 (Ser. A(Engl.
Ed.)): p. 607-619.

Bar,S., H.J. Schaller, Zur Konstitution und Thermodynamik von Fe-Pr-Legierungen. Z.
Metallkd., 1995. 86 p. 388—394.

Kubaschewski, O., IRON-Binary Phase Diagrams1982, Berlin: Springer.

Cannon, J.F., D.L. Robertson, and H.T. Hall, Synthesis of lanthanide-iron Laves phases at
high pressures and temperatures. Mater. Res. Bull., 1972. 7, p. 5-11.

Shimotomai, M., H. Miyake, and M. Doyama, Magnetic characteristics of Laves phase
1:2 praseodymium-iron compound. J. Phys. F, 1980. 10, p. 707-13.

Okamoto, H., Phase Diagrams of Binary Iron Alloys. ). Phase Equilib., ed. H.
Okamoto1993, Materials Park, Ohio: Materials Information Society.

Hultgren, R.D., R.L. Orr, P.D. Anderson, K.K. Kelly, Selected Values of Thermodynamic
Properties of Metals and Alloys1963: Wiley.

Massalski, T.B., Binary Alloy Phase Diagrams,ASM International, 1990, 2.

Ray, A.E., K. Strnat, and D. Feldmann, Preparation and thermomagnetic analysis of
compounds of Ce, Pr, and Nd with Fe having the approximate composition RFe7. Proc.
Conf. Rare Earths Res., 3rd, Clearwater, Florida, 1964. 1963, p. 443-57.

Ray, A.E., The crystal structure of CeFe7, PrFe7, NdFe7, and SmFe7. Acta Crystallogr.,
1966. 21,p. 426-30.

Kripyakevich, P.I. and D.P. Frankevich, New compounds of the lanthanides with Mn and

Fe, and their crystalline structures. Kristallografiya, 1965. 10, p. 560.

37



15.

16.

17.

18.

19.

20.

Weik, H., et al., Investigations of the structure and magnetic behavior of peritectic Pr-Fe
and Nd-Fe compounds of the type RFe7 by neutron diffraction. Proc. Conf. Rare Earth
Res., 4th, Phoenix, Ariz., 1965, p. 19-25.

Johnson, G., D.H. Wood, G.S. Smith and A.E. Ray, Refinement of a Th,Zn;, Structure. Acta
Crystallogr. Sect. B, 1968. 24: p. 274-276.

Mandal, K., A. Yan, P. Kerschl, A. Handstein, O. Gutfleisch and K.H. Muller, The study of
magnetocaloric effect in R,Fe;; (R=Y, Pr) alloys. Journal of Physics D:Applied Physics,
2004. 37: p. 2628-2631.

Mansey, R.C., G.V. Raynor, and I.R. Harris, Rare-earth intermediate phases. V. The cubic
Laves phases formed by rare-earth metals with iron and nickel. J. Less-Common Metals,
1968. 14, p. 329-36.

Tsvyashchenko, A.V. and S.V. Popova, New phases melt quenched under high pressure in
R-Fe systems (R = Pr, Sm, Dy, Tb, Ho, Er, Tm, Yb, Lu). Journal of the Less Common Metals,
1985.108(1): p. 115-121.

Buschow, K.H.l., Intermetallic compounds of rare earth and 3d transition metals. Rep.

Prog. Phys., 1977. 40, p. 1179-256.

38



Figures

1600 T T T T T LRSABISIN T IRRRRRARER IRARRRARAR
+  Ray(1969):DTA+XRD
® Zhuang et al.(1987):DSC+XRD
¢ Tian et al.(1987):XRD+DTA
1400 . & Bar et al.(1995):EMF 7
A o ° ° ° ]
[ ]
Liquid + Fe(FCC) o
1200 1 T . 1
/ . %0, ® or etec . @ *K\o . ° . 1
o%1000 t N° Liguid i
b 4 o
o & o ]
§ N ° g{%
s 800 [ . " Liquid + Pr,Fe,(s) ~ ./§/‘/7‘+.‘d
=9 65 ()C \ O < Liquid + Pr(s) J
g Lot .+ L O r 4 O, o §—° T B ¥ - S S
& 600 e e ° * * c0s ° ° °
z
400 |+ -
E Pr(s) + Pr,Fe,(s)
200 | = .
(| ) IR 1 A [ Leviieiyes Leviieiis Leveienies Leviviiye Lo iieiyes Loveueiiss Leveieiyes

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fe Mole Fraction Pr Pr

Fig 3.3.1. The optimized Fe-Pr system.

1000 [ . . . . . . . . . _
900 — /
800 _— —
700 | _— .
P ;
500 [ .
400 F .
300 [ —

® Mandal et al.(2004):PPMS
200 ]

[ 4
| @
| ®
100 9
0} 1 1 1 1 1 1 1 1 1
0

200 400 600 800 1000 1200 1400 1600 1800 2000
Temperature(K)

Heat Capacity-Cp(J/mol-K)

Fig. 3.3.2. Low temperature heat capacity value for Pr,Fe;;.

39



0.782 Fe + 0.218 Pr

In(activityy,)

®  Bar(1995)-Activity of Pr with change in Temperature

-1.0 1 1 1 1 1 1 1
800 850 900 950 1000 1050 1100 1150 1200
Temperature(K)

Fig. 3.3.3. Temperature dependence of activity measured on an alloy of 21.8 at. % Pr.

0r }::ﬂ:fifkfikfifiii’a -
n .}
L] u v 3
YV 'S P4 3 _—
-0.20 b
"£0.40
A - ° -
i ® log,(a,) at 6500C
= = log,,(a,) at 700 C
g .o v log,(ap) at 750 C
<060y o ¢ log,(a,,) at 800°C 1
on g
=
-0.80 b
-1.00 | b
I
-1.20 . 1 . I . I . 1 .
0 0.20 0.40 0.60 0.80 1.00

Mole fraction Pr

Fig. 3.3.4. Activity of praseodymium Pr-Fe alloys.

40



3.4. The Fe-Nd(Iron Neodymium) system

The Fe-Nd system was assessed by Zhang et al. [1], Okamoto [2] and Marazza et al. [3].
The first assessment by Zhang [1] reported only one intermetallic compound Nd,Fe,7,
based on the experimental study of Schneider [4]. Landgraf [5] discovered another stable
phase of the Fe-Nd system, the intermetallic compound NdsFe;7. The assessment of [2]

and [3] included the new intermetallic compound.
3.4.2. Phase diagram data

Phase relations in the Fe-Nd system were experimentally determined by Terekhova et al.
[6] using thermal analysis and XRD, Che et al. [7] with XRD and DTA, Schneider ef al.
[8] by metallography XRD and DTA, Faudot et al [9], Landgraf et al. [5] and
Hennemann et al. [13] using DTA. The experimental phase diagram data are given in

Fig. 3.4.1.

Solubility of Nd in bee Fe were measured by He et al. [10] and Wang et al. [11] using the
positron annihilation technique, Zhang et al. [12] with the aid of XRD lattice parameter
measurements and EPMA, Hennemann et al. [13] using XRD lattice parameter
measurements and Li and Xing [14] using EPMA. The experimental data are plotted in
Fig. 3.4.2. The solid solutions of Nd in bcc and fcc Fe are modeled using the Compound
Energy Formalism, where the first sublattice contains the substitutional species (Fe and
Nd), and the second sublattice contains interstitials (vacancies). As no data were
available regarding the solubility of Nd in fcc Fe, the same model parameters as for the

bee solid solution were used.
3.4.2. Thermodynamic data

The only experimental data on the heat capacity were reported by Aune and Seetharaman
[15] for the compound Nd,Fe;; by means of the DSC. However, insufficient information
was given to convert their data into SI units. The heat capacity function for NdsFe;7; and
Nd,Fe;; were, therefore, determined based on the heat capacity functions of the

constituents Fe and Nd.
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The standard Gibbs energy of formation of Nd,Fe;; was determined between 973 and
1073 K by Hennemann et al. [13] and between 966 and 1022 K by Xi and Ji [16] from
EMF measurements (galvanic cells using CaF, as a solid electrolyte). More recently,
Gozzi et al. [17] evaluated the standard Gibbs energy of formation of Nd,Fe,; using the
same type of galvanic cell. The optimized heat capacity of the Nd,Fe;; compound
(obtained using the heat capacity functions of the elemental constituents Fe and Nd) was
decreased by 27 J mol”" K™ in order to fit the experimental data on the Gibbs energy of
formation and to have the compound stable at room temperature. Henneman et al. [13]
also determined the standard Gibbs energy of formation of NdsFe;; between 973 and
1073 K by EMF measurements in the (Nd,Fe;7 + NdsFe;7) two-phase field and using the
standard Gibbs energy of formation of Nd,Fe;;. The experimental data and optimized
functions for the Gibbs energy functions of the compounds Nd,Fe;; and NdsFe;; are
shown in Fig. 3.4.3 and Fig. 3.4.4, respectively. The calculated chemical potential of Nd

is compared with the experimental data of Hennemann ef al. [13] in Fig. 3.4.5.

Experimental data on liquid were not found in literature. The thermodynamic
optimization of the Fe-Nd system was performed using the Gibbs energy of formation of
the intermetallic compounds Nd,Fe;; and Nd,Fe;; and the critically assessed phase
diagram data. The optimized values for the model parameters are listed in Table 3.4.1.
The phase diagrams and other thermodynamic properties calculated with the optimized
set of model parameters are shown in Figs. 3.4.1 to 3.4.5 and compared with
experimental data. The calculated curves are in good agreement with the measured

values.
3.4.3. Magnetic Data

The magnetic properties of the intermetallic compound Nd,Fe;; were taken from the

thermodynamic optimization by Hennemann et al. [13].
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Table 3.4.1. Optimized thermodynamic data of the Fe-Nd system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: z* =z¥ -z¥ =z" =6

NdNd NdFe FeNd

Ag,.. =4184+54392x, Jmol’

Solid phases

AH /%595 (kJ mol'")

Compound OV BRI ot

Nd,Fe; 10.0 -

NdsFe; 11.5 -

8208 (J mol” K™)

Compound S°29s Optimized S°293 Experimental Reference

Nd,Fe; 669.5 -

NdsFe; 893.5 -

C, (J mol' K™

Compound Optimized Reference

NdFer7 480 +0.14729118 T+ 3.8318154 10° 7> - 2769754 T~ 2 Cp(Nd) + 17

298-2000K Cp(Fe)

NdsFe;;

298.2000 K 22%2057764;20.14395443 T+ 8.6779554 10° T* - é;j(pl;(s;ld) +17

Magnetic properties

Compound Magnetic moment Curie Temperature (K) Reference
Nd,Fe;; 43.7 327 [13]

Solid Solution (parameters of the Compound Energy Formalism with two-sublattice
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3.5.The Fe-Sm (Iron-Samarium) system
3.5.1. Phase diagram data

The Samarium Iron phase diagram was experimentally investigated by Buschow[1]. He
used X-ray diffraction technique, metallography and thermal analysis (with a DTA) to
determine the crystal structure of the phases and compounds, the type of invariant
reaction, respective temperatures and several points on the liquidus line. There are three
stoichiometric intermetallic compounds in the binary system formed by peritectic
reactions: Smy Fey7 [2] (ThyZn;;-type), SmFe; [3] (PuNis-type) and SmFe; [4, 5]. All the
compounds show ferromagnetic behavior. Zinkevich et. al [6] in their assessment did a
detailed study about the magnetic characteristic(Magnetic moment and the Curie
temperature) of the compounds in the system which are otherwise all ferromagnetic. The
SmFe; and Smys3Feq single crystals are prepared by a modified self flux method by
Samata et al.[7, 8]. The thermodynamic stability of these phases is not verified by any
thermal analysis hence not considered. While studying the ternary Sm-Fe-Ti system by
using diffusion triple technique and electron microprobe analysis Liu et al.[9] found only
SmFe;, SmFe; and SmyFe;; phases after annealing the Fe Sm sample for 500hrs at
600°C. They also found an appreciable homogeneity range for each of the intermetallic
phases which was different as stated by Buschow[1]. The maximum solubility of Sm in
a-Fe is very small (0.3at.% or less) and the solubility of Fe in a-Sm was undetectable[6].
Due to lack of experimental details about the Sm solubility in a-Fe it is not considered in
the present assessment. Fig. 3.5.1. shows the phase diagram obtained from the current

assessment.
3.5.2. Thermodynamic data

For the compounds no enthalpy of formation data is reported by any of the previous
experimentation. Zinkevich[6] measured the low temperature heat capacity for the
Sm,Fe ;7 phase by using PPMS quantum Design instrument from 5 to 298K. They also
presented a value of Sj¢3 experimental by integrating the heat capacity curve from 0 to
298.15 K which is 36.6J/mol-K. In our current optimization we found that the error in
integration and the standard deviation (5% as reported by Zinkevich) is around 15%, the

S298 value used in this current modeling is 31.6J/mol-K.
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Berezutskii[ 10] measured the mixing enthalpies in homogeneous melts of Samarium with
Iron system by using high temperature calorimetric methods for the entire composition
range. The mixing enthalpy is negative with a minimum for Fe- Sm system at 1556°C to
be -4.20+0.93kJ/mol. He reported the partial enthalpies of the samarium and iron in the
melt. Fig. 3.5.3. shows the partial enthalpy and integral enthalpy obtained from the

current assessment against the experimental data.
3.5.3. Magnetic Data

The magnetic moment for the compounds SmFe, and SmFe; are obtained from
Buschow’s compilation of magnetic data[11]. The magnetic data of SmFe; as measured
by [12] is quite similar to that mentioned by Buschow. While that of SmFe, the value of
Bohr magneton reported by Buschow is close to that of [13] who measured the magnetic
properties at room temperature. The magnetic properties for SmyFe;; were obtained from
[6] assessment and is 1.83(up per mole of atoms) and 394K as the bohr magneton and

curie temperature respectively.

Table 3.5.1. Optimized thermodynamic data of the Sm-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers:ZE¢,, = Z8M = Z3M. =Z3M =6
AGresm = —1337.6 + 6270Xpore
Solid phases
AH 295 (kJ mol ™)
Compound Optimized Experimental Reference
elements as elements as reference
reference
SmFe, -23.6 - -
SmFes -24.8
SmpFey; -32.54 - -
8208 (J mol” K™)
Compound S 208 S 208 Reference
Optimized Experimental
SmFe, 116 - -
SmFe3 147 - -
SmyFe; 620 695.4 [6, 14]
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C, J mol' K)

Compound Optimized Reference
SmFez Cp =
) 5 Co(Smnep)) +
298-700 K 48.6771+ 0.118098087 -1451007% +-5.9913576E-5T 2C,(Fegneo)
700-1190 K 149.6936-0.077314327-8032976 T +4.5937422E-5T>
1190-1345K  -334.3912202-0.527562756T +79894768T> -
0.000164365788T>
1345-1811K 97.2366+0.01759008 T -309436T°+7.07124E-7T>
1811-2100K 142.208-4.132854E33T°
SmF63
298-700K 72.1914+0.126893127 -29981877°-5.9560014E-5T> C,=
700-1190K 173.2079-0.06851928T -8187694T>+4.6290984E-5T> Co(SMinep)) +
1190-1345K -310.8769202+0.536357796 T +79740050T- 3Cy(Feper)
0.000164012226T>
1345-1811K 120.7509+0.02638512T -464154T7%+1.060686E-6T>
1811-2100K 188.208-6.19928 1E33T1°
Sm2F617
298-700K
700-1190K 472.040140.35053168 T-2301534 77-0.000115230846 T> C, =
X 5 2Cy(Smypep)) +
1190-1345K 674.0731-0.04029312 T-18077286 T~ +9.647115E-5 T 17Cy(Fe(hoo)
+69
1345-1811K  -294.0965404+1.169461032T + 1577782027
-0.00032413527T>
1811-2000K 569.1591+0.14951568T -2630206 T2 +6.010554E-6T>
Compound Magnetic moment Curie References
Temperature(K)
SmFe, 2.68 688 [11]
SmFe; 4.6 650 [12]
Sm,Fe;; 34.2 394 [6]
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3.6. The Fe-Gd (Iron-Gadolinium) system

The binary Fe-Gd system was assessed by Liu et al. [1], Okamoto [2] and Zinkevich et
al.[3]. They all reported Fe,Gd, Fe;Gd, Fe;7Gd, and Fe,3Gde.

3.6.1. Phase diagram data

The Iron Gadolinium was first investigated by Novy et al[4]. In their work they reported
seven intermetallic phases with the following Gd-Fe ratios: 2:3, 1:2, 1:3, 2:7, 1:4, 1:5,
and 2:17. The authors stated five invariant reactions. With the help of thermal analysis
and melting point determination the eutectic reaction was established to be about 13 wt
pct Fe at around 860°C between Gd rich side and Gd,Fe;. Peritectic reactions were
reported at 2:3, 1:2, 1:3 and 2:7 compounds. The liquidus determination was not
complete for the whole range of composition, and only with Iron content in excess of 50
wt. % was predicted. Copeland et al.[5] also investigated the binary system and suggested
three intermetallic phases GdFey, GdFe; and GdFe, all of them melting incongruently by
peritectic reactions. In the investigation done by Spedding [6] similar phases were
reported. Savitski and co-workers [7-9] also studied the Iron Gadolinium system and

presented a complete phase diagram.

Savitski [7] reported solubility of gadolinium in iron and that of iron in gadolinium less
than or equal to 0.1 at. % Gd(at 800 °C) and 0.6 at.% Fe at 700 °C, respectively. At the
peritectoid temperature 932+5 °C the solubility of Gd dissolved in a-Fe and y-Fe were
estimated to be 0.7 and 0.5 at. % respectively. Eventhough the solubility of Gd and Fe at
800 °C and 700°C was reproduced in the current assessment the peritectoid solubility of

Gd seems to be overestimated with respect to current optimization.

Savitski et al. [7] reported two compounds Gd,Fe;7 and GdFe, with peritectic melting
along with a eutectic at 12 wt pct.Fe at 830°C between Gd rich side and Gd,Fe;. Later in
another work [8] they reported four intermetallic phases Gd,Fe;7, GdFes, GdFe; and
GdFe, all formed by peritectic reactions. There is a eutectic reaction Liquid — a-Fe +
GdFe,, a peritectoid reaction y-Fe + Gd,Fe;; — a-Fe alongwith a couple of metatectic
reactions 0-Fe — Liquid + y-Fe and B-Fe—Liquid + a-Gd were suggested. Novy[4]

presented the phase FesGd to melt congruently melting while Savitskii proposed a
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incongruent melting. In line with the other Iron Rare Earth binary investigations, this
phase was suggested by Kubaschewski[10] to have an formula of Gd¢Fe,; with an
incongruent melting. In all the recent assessments [1-3], four intermetallic compounds,
GdyFe;7, GdgFe,s, GdFes and GdFe, and even in this assessment the same phases were
considered. The present work is in agreement with the results of Savitskii et al. but
inconsistent with Novy and Copeland’s work [5]. Atiq et al. [11] suggested the
polymorphic transformation of the Gd,Fe;; phase in rhombohedral(Th,Zn;; type) and
hexagonal(ThyNi;7 type) structures. The structural transformation takes place at around
148842 K but this is not included in this work. A recent assessment has also been done
by Atiq et al. [12]. He also suggested a phase diagram along with some phase diagram
points determined by thermal arrests. The phase diagram also points at the Gd,Fe;;
polymorphic transformation. As pointed out by Zinkevich[3] Liu’s assessment shows
deviation from the experimental values of enthalpy of formation without sufficient
explanation. Both Zinkevich’s and Liu’s assessment fails to suggest a phase diagram till
the room temperature, so the stability of the intermetallic phases cannot be estimated,
where we found that Gd,Fe;7 is unstable at room temperature. Along with this the set of
Gibb’s energy equations presented by Liu was not reproducible to create the phase

diagram.
3.6.2. Thermodynamic Data

Colinet et al.[13] [14] measured the enthalpy of formation at room temperature of the
three intermetallic phases GdFe;, GdFe; and Gd,Fe;; by calorimetric method involving
dissolution of the compound in molten aluminum. Deodhar et al. [15] also reported the
activation energy of Iron Gadolintum compounds with temperature, but their
experimental results seems to be inconsistent. The low temperature heat capacity of
GdFe, was taken by the experiment of Germano and Butera [16, 17] , from this the

entropy of the intermetallic phase is evaluated.

The intermetallic compounds formed by Fe-Gd were termed as daltonides which means
having a non-measurable homogeneity range [7]. The solubility of gadolinium in iron and

and that of iron in gadolinium was reported by Copeland, Burov and Savitskii. The
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solubility of gadolinium in iron is less than or equal to 0.1 at.% Fe(1073 K)and 0.6 at.%
Fe(973 K) respectively as reported by Savitskii[6].

The heat of mixing in the liquid was measured by Nikolaenko and Nosova[18]at 1850K.
The enthalpies of formation of Gd,Fe;7, GdFe; and GdFe, are taken from the work of
Colinet et al.[19].

3.6.3. Magnetic Data

The magnetic properties such as the Bohr magnetons per mole and Curie temperature of
the intermetallic phases are taken from the Wallace and Segal[20] which was also

referred in the previous assessment by [1].

Table 3.6.1. Optimized thermodynamic data of the Gd-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: Z5¢z, = ZE4cq = 25%:, = ZES.4 =

AGrega = —8987 + 5.434T — 3762X24cq4 + 3.762TX2qcq + 7106X2, 5 — 4.18T X2 ke

Solid phases

AH 295 (kJ mol ™)
Compound Optimized Experimental Reference
elements as elements as reference
reference
GdFe, -26.7 -34.8+8.7 [14]
GdFe; -30.4 -37.2+13.6 [14]
Gd6Fez3 -170.0 - -
GdyFey; -47.5 -43.7+£3.8 [14]
S205 (J mol' K1)
Compound Sozgs Sozgg Reference
Optimized Experimental
GdFe, 109.6 115.596674 [17]
GdFe3 142.4 - -
Gd6F623 1042.5 -
Gszen 641 - -
C, (J mol' K™)
Compound Optimized Reference
GdFez Cp =
298-1000 K 83.0579031+0.023294890427 -292104.53304T Co(Gdhep))
242.595168456E-6T2 +

1000-1508 K 83.9963197+0.021294580227-3094361 +4.674393642E-6T>

56




1508-1811K  161.136687-0.0125387692T +-59023216.6T~ +4.542119688E-  2Cp(Fepec)
6T +11.31
GdFe3
298-1000 K 107.5722031+0.032089930427 -446822.53304T C,=
2+2.948730456E-6T* Co(Gdhep)
1000-1508 K 107.5106197+0.03008962022T -464154T°+5.027955642E-6T>
1508-1811K 16%.136687-0.0125387692T-59023216.6T2+4.542119688E- 3C,(Feqeo)
6T
1811-3600K  206.108087-0.03012884927 -58713780.67+3.834995688E - 2.3
6T>-4.132854E33T"°
Gd6F€23
298-1000 K 763.0047186+0.23651478252T-3454525.19824T C,=
>+1.9460192736E-5T" 6Co(Gdhep))
1000-1508 K 76%.6352182+O.22451292132T—3558514T2+3.1935543852E- +
ST 23Cy(Fe(oee)
1508-1811K  1225.477422-0.02151282487 -355841197.6T
243.1141900128E-5T> )+73.84
1811-3600K  1742.648522-0.18077309527 -352282683.6T
2423009974128 E-5T>-4.7527821E34T°
Gd2F617 Cp:
298-700K 2Cy(SMhep)
298-1000 K 473.8017062+0.160925300847-2595543.06608 T n
249.786642912E-6T> 17C,(Fe
1000-1508 K 473.6785394+0.15692468044T -26302067+1.3945093284E- P> e
2 ) +24.6158
1508-1811K  627.959274+0.0892579816T -120057767.2T
24+1.3680545376E-5T>
1811-3600K  1010.216174-0.0602576984T -117427561.2T°+7.669991376E-

6T%3.5129259E34T'°

Solid Solution (parameters of the Compound Energy Formalism with two-sublattice
approach) (Fe, Gd)! (va)

FCC OLpega = 44726
BCC OLfega=12.54+20.9T
HCP "Lfega=31350+16,72T
Compound Magnetic moment Curie Temperature(K) References
GdFe, 3.35 782 [20]
GdFe; 1.6 728 [20]
GdgFess 14.8 468 [20]
Gd,Fey; 21.2 472 [20]
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3.7. The Fe-Tb (Iron Terbium) system

The Iron terbium system was assessed by Susanne et al.[1] and Okamoto[2] . They
reported four intermetallic phases TbFe,, TbFes, TbeFe,; and TbyFe ;. Even though the
laves phase TbFe, has important magneto-strictive properties this system is not being

reviewed much.
3.7.1. Phase Diagram data

The Iron terbium phase diagram was reported by Dariel et al. [3] and Orlova et al.[4].
Both of them reported the four intermetallic compounds which is characteristic of Iron-
heavy Rare-Earth alloys. Dariel et al. [3] conducted X-ray analysis, metallography and
thermal analysis. Orlova[4] determined the melting point of the compounds with an
pyrometer with an error of +50 K and then the elemental composition of the samples
were determined by chemical analysis and neutron activation which also had a reported
error of 3%. The phase diagram reported as stated by Okamoto [2] possesses
thermodynamically improbable features. Thus the data from their experiments were not
used to verify the present assessment. Dariel et al. [3] presented the phase diagram based
on metallographic, DTA, X-ray diffraction and electron probe microanalysis techniques.
The solubility of Tb in dFe is not reported, but Okamoto [2] hints of some solubility.
Dariel et al. [3] reported that the solubility of Tb in a-Fe as 0.07+0.03at. % which was in
agreement to his EPMA experiments which suggested solubility of 0.1+0.05 at. %. The
current assessment does not include Tb solubility in a-Fe. The TbyFe;; has two
polymorphic forms: a-TbyFe 7 (ThyZn;7-type rhombohedral) and B-Tb,Fe;7 (ThyNij7-type
hexagonal) with some ambiguous behavior as reported by Okamoto [2]. TboFe;; exhibits
a peritectic melting at 1312 °C[3], Orlova et al. reported a congruent melting at about
1500 °C which seems improbable considering the trend of the same compound in other
Iron-Rare Earth binary systems. TbsFe,; forms peritectically from Tb,Fe;; and Liquid at
1276 °C [3]. The room temperature stability of Tb,Fe 7 and TbsFe,; has been questioned
by Okamoto [2] as also stated by Buschow[5], who did X-ray analysis of quenched and
annealed samples to get elementary Fe and TbFe; after decomposition. TbFes also have a
peritectic melting at 1212°C [3]. TbFe; and a-Tb reacts eutectically at 847°C as reported
by Dariel[3] which is 1050°C by Orlova[4] this could not be reproduced by this work
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considering the pyrometer technique to erroneously overestimate the melting
temperature. TbFe, has a peritectic melting point of 1186°C [3]. It us cubic at high
temperatures, however it is distorted to a rhombohedral structure below the curie

temperature due to the magnetostriction[6].
3.7.2. Thermodynamic data

Gozzi et al. [7] reported the enthalpy of formation for the Tb,Fe;; phase by using
galvanic cells, CaF, single crystal serving as the electrolyte. The reported value was
found to be very low. Later Meschel et al.[8] in their work related to shape memory alloy
calculated the formation enthalpy of the same phase by direct synthesis calorimetry.
There reported value has more than cent percent error range. In their tabulation the value
referenced as Gozzi et al.’s data [7] is -3.3kJ/g-atom which in the original paper is -
1.3kJ/g-atom. Eventually the enthalpy values are approximated very similar to that of
Iron-Dysprosium system. The enthalpy of formation of Tb,Fe;; phase lies well within the
data reported by Meschel et al. [8]. For the TbFe, phase Meschel et al. [8] reported
enthalpy of formation with almost 50% error, which is found lower than the optimized
value in this assessment. The value in the assessment is chosen considering the trend of
the other heavy rare earth-Iron alloys with similar stoichiometry. There is no liquid data
available for the Iron Terbium binary system. The liquid Gibbs energy data is used

similar to Iron-Dysprosium system.
3.7.3. Magnetic data

The four phases TbFe,, TbFes, TbeFe,; and Tb,Fe 7 are magnetic in nature. The value of

magnetic moment and the Curie temperature are obtained from Buschow [9].
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Table 3.7.1. Optimized thermodynamic data of the Tbh-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: ZE,, = Z10., =

ZTb

_ 7Fe —
TbFe — ZFeTb =6

AgFeTb == —2717 - O64‘372T - 2926XTbTb - 5016XF€F€

Solid phases
AH /%595 (kJ mol")
Compound Optimized Experimental Reference
elements as elements as reference
reference
TbFe, -33.30 -16.5+7.2 [8]
TbFes3 -30.79 - -
Tb6F623 -163.00 - -
Tb,Fey7 -41.00 -39.94+58.9 [8]
-24.7 [7]
Sozgs (J mol'l K-l)
Compound Sozgs Sozgs Reference
Optimized Experimental
TbFe, 117.5 122.67 [10]
TbFe3 162.8 - -
Tb6F623 1193 - -
Tb,Feq; 701.34 - -
C, (J mol' K™
Compound Optimized Reference
TbFe, G =
298-600 K 133.624668-0.148862927-1434296T>+0.000154744122T* Co(Tbhepy) +
600-1200 K 81.98996799+0.02310409-654146.0000000027 2Cp(Feqpee))
+5.54215200000002E-6T> 19.0954
1200-1562 K 82.208246799+O.O2O94275T-3O9436T2 +7.11291599999999E-
6T
1654-1811K  256.3397629-0.06564023800000017 -130397016T
2+1.2975306E-5T*
1811-3000K  301.311163-0.0832303179999998T -1300875807"
2+1.2268182E-5T-4.132854E33T°
TbFe3
298-600 K 148.0435-0.140067887 -1589014772+0.000155097684T>
600-1200 K 96.4088+0.031899137 -80886477°+5.895714E-6T* G =
1200-1562K  96.5013+0.02973779T -464154T*+7.466478E-6T° Co(Tb(nep)) +
1562-1811K  270.7585949-0.0568451987 -130551734T>+1.3328868E-5T> 3Cy(Femee)
1811-3000K  338.2156949-0.0832303187 -1300875807+1.2268182E-5E-

6T%6.199281E33T'°
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Tb6F€23

208-600 K 1005.8325 -0.79643208T-1030767477+0.000932353914 T* C,=
600-1200 K 696.0243+0.23536998T -5626774T+3.7142094E-5T> 6Co(Tbhep))
1200-1562 K 696.5793+0.22240194 T -3558514T+4.6566678E-5T* +
1562-1811K  1742.1230694-0.2970959887 -784083994T%+8.1741018E-5T°  23C(Fepeo)
1811-3000K  2259.2941694-0.4993819087 -7805254807°+7.3609092E-5T>- )
4.7527821E34T°
szFen
208-600 K 554.7443-0.18339032 7-4879926 T">+0.00031408455 T* C,=
600-1200K  451.4749+0.1605437T -3319626T+1.568061E-5T* 2Cy(Tbhep))
1200-1562K  451.6599+0.156221027 -26302067+1.8822138E-5T" ¥
1562-1811K  800.1744898-0.016944956T-262805366T+3.0546918E-5T" 17C(Feqeeo
1811-3000K  1182.4313898-0.166460636T -2601751607T+2.4536364E-5T>- )
3.5129259E34T"°
Compound Magnetic moment Curie Temperature(K) References
TbFe, 4.47 704 [9]
TbFe; 3.13 652 [9]
ThsFess 14.8 574 [9]
Tb,Fey; 17.9 408 [9]
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3.8. The Fe-Dy (Iron Dysprosium) system

Thermodynamic assessment of Fe-Dy system was conducted by Landin et al. [1] and
Okamoto [2]. In both of this review the four compounds were suggested DyFe,, DyFe;,
DysFe,; and Dy, Fe;7.

3.8.1. Phase diagram data

The Fe-Dy system was investigated by Van der Goot et al.[3] over the whole composition
range by means of X-ray diffraction, thermoanalysis and metallography. According to
VanderGoot et al. [3] DyFe, is the phase with highest Dysprosium concentration has a
cubic MgCu; structure, the compound with 75% Fe is DyFe; with a rhombohedral PuNis
type of structure, the DysFe,3 phase has cubic Th¢Mnys-type of structure and the iron rich
intermetallic phase is Dy,Fe;; has a hexagonal Th;Ni,;7 type of crystal structure. Based on
the experimental micrographs Vandergoot [3] suggested congruent melting for DyFe;
and Dy,Fe;; and DyFe, and DysFe,s melt peritectically. Susanne et al. [1] in their
assessment suggested that the formation of DygFe,s is by a peritectoid reaction rather
than a peritectic reaction. Susanne also reported that in order to have a eutectic or
peritectic reaction the liquidus curve would be very un-symmetric and such liquid

behavior is thermodynamically improbable.
3.8.2. Thermodynamic data

The enthalpy of formation of the DyFe,, DyFes; and Dy,Fe;7 was measured by Norgren et
al. [4] by indirect solution calorimetry in liquid aluminum at 1100 K. The A4H;°9s (kJ
mol'l) for Dy, ;sFess, DyisFess and Dyaj9Fe 719 to be -11.1, -7.7 and -1.9 respectively. In
Fig. 3.8.2. the enthalpy of formation by current assessment along with Norgren’s
result[4], and Colinet’s band calculation and Miedema’s method, are presented. Recently
Gozzi et al. [5] and Meschel et al. [6] have also reported enthalpy of formation of
Dy,Fe;7 and DyFe, by EMF and direct synthesis calorimetry which do not follow the
trend exhibited by the other heavy rare earth-Iron compounds, thus are not reproduced in
this assessment. The enthalpy of formation data available in literature are presented with
the present assessment values in Fig. 3.8.3. The entropy[Soggg (J mol’ K] of DyFe, was

derived by integrating the low temperature heat capacity data. The present assessment
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agrees well with the experimental data available for the compounds. No experimental

data have been reported in the literature to determine the Gibbs energy for the liquid.
3.8.3. Magnetic data

The magnetic properties such as the Bohr magnetons per mole and Curie temperature of

the intermetallic phases are taken from the Buschow [7], which are tabulated below.

Table 3.8.1. Optimized thermodynamic data of the Dy-Fe system.

Liquid phase (Quasichemical model parameters)

s .7Fe  _ 7Dy _ 7Dy _ SFe _
Coordination numbers:Zpgp, = Zpypy = Zpyre = Zrepy = 6

AGrepy = —2926 — 0.627T — 5016Xpope — 2926Xpyp, — 1254X3 1,

Solid phases

AH°295 (kJ mol™")
Compound Optimized Experimental Reference
elements as elements as reference
reference
DyFe; -33.30 -33.3+4.2 [4]
-4.8+8.7 [6]
DyFe; -30.78 -30.8+5.2 [4]
DysFers -163.5755 - -
Dy,Fe;; -38.9028 -36.1+26.6 [4]
-100.7+32.3 [6]
-87.4 [5]
S205 (J mol K1)
Compound S°298 S°298 Reference
Optimized Experimental
DyFe; 118.6 124.792289 [8]
DyFe3 166.584 - -
Dy6F623 1212.05 -
Dy,Fe7 715.44 - -
C, (J mol' K™
Compound Optimized Reference
DyFe, C,=
298-1000 K 84.2203167+0.019113447314T -317457.8113T" Co(DY (hep))
*+4.22860875E-6T" +
1000-1654 K 101.6569359-0.015791880247-309436.034723975T"* 2C,(Febee)
pLt &(bec)

+2.168929416E-5T>

1654-1811K  329.952552-0.09807025627 -2195419127%+1.727727288E-
5T?

+10.8
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1811-3000K  374.923952-0.1156603362T -219232476T*+1.657014888E-
5T%-4.132854E33T!°
DyF63
298-1000 K 96.9346167+0.027908487314T -472175.8113T
244.58217075E-6T>
1000-1654 K 114.3712359-0.00699684024T -464154.034723975T C,=
*+2.204285616E-5T” Co(DY(hep)
1654-1811K  342.666852-0.0892752162T -2196966307T*+1.763083488E- .
2
o1 ) 3Cy(Feges)
1811-3000K  206.108087-0.03012884927 -58713780.6T>+3.834995688E-
6T%-4.132854E33T'°
DysFens
208-1000 K 699.1792002+0.211426123884T-3606644.8678T C,=
>+2.92608345E-5T" 6Co(DY(hep)
1000-1654 K 803.7989154+0.001994158560000017 -3558514.20834385T .
2+0.00013402494696T> 23C,(Feg,
1654-1811K  2173.572612-0.4916760972T -1318953370T ) Pt Hbeo)
2+0.00010755281928T*
1811-3000K  2690.743712-0.6939620172T -1315394856T*+9.942089328E-
5T%-4.7527821E34T"°
Dy>Fei;
298-700K
298-1000 K 452.5265334+0.152562414628T-2646249.6226T C,=
2+1.30535235E-5T> 2Cy(DYhep)
1000-1654 K 487.3997718+0.08275175952T -2630206.06944795T n
244.797489432E-5T> 17C,(Fe
1654-1811K  943.991004-0.0818049924T -441095158T%+3.915085176E- ) pLTH(beo)
5T?
1811-3000K  1326.247904-0.2313206724T -438464952T%+3.314029776E-
5T%-3.5129259E34T'°
Compound Magnetic moment Curie References
Temperature(K)
DyFe, 5.75 635 [7]
DyFes 3.97 606 [7]
Dy6F623 14.9 534 [7]
Dy,Fe; 16.1 371 [7]
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3.9. The Fe-Ho (Iron Holmium) system

The Fe-Ho phase diagram was investigated by Roe et al.[l1], and also reported by
Kubaschewski[2]. Okamoto [3] also presented the binary phase diagram.

3.9.1. Phase Diagram data

This system was investigated till the eutectic reaction at about 16.5 wt. % Ho by Roe et
al.[1] who established the phase diagram by doing X-ray diffraction, metallographic and
differential thermal analysis techniques. The reported four intermetallic compounds
HoFe,, HoFes, HogFeys and Ho,Fe; 7. They reported eutectic reactions at 16.5 wt.% Fe at
875°C between HoFe, and Ho, 61 wt. pct Fe at 1284°C Ho,Fe;; and HogFe,; and at 79
wt.% between Fe and Ho,Fe;; with a error of +3°C barring the Ho-HoFe, eutectic
reaction. They reported that HogFe,3; and Ho,Fe; 7 melt congruently at 1332°C and 1343°C
respectively. HoFe, and HoFe; have peritectic melting at 1288°C and 1293°C,
respectively. With X-ray diffraction technique they determined the crystal structure of the
intermetallic phases The HogFe,3 and the HoFe, have a cubic crystal structure, Ho,Fe;;

and HoFe; has a hexagonal and rhombohedral crystal structure respectively.
3.9.2. Thermodynamic Data

The low temperature heat capacity measurement for the HoFe, was done by Germano et
al. [4] which was integrated to obtain the Sy9g value. No enthalpy of formation or entropy
data for any other intermetallic phases. The enthalpy of formation is estimated
considering the experimental data obtained for other Heavy rare earth alloys. The liquid

data was kept similar to that of Fe-Dy system which has enthalpy of formation data.
3.9.3. Magnetic data

The magnetic properties such as the Bohr magnetons per mole and Curie temperature of

the intermetallic phases are taken from the Buschow [7], which are tabulated below.

Table 3.9.1 Optimized thermodynamic data of the Ho-Fe system.

Liquid phase (Quasichemical model parameters)

; ; .7Fe  _ 7Ho — 7Ho _ 7Fe  _
Coordination numbers:Zgere = Zijogo = ZtioFe = LFeho = ©
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Agreno = —4180 — 0.418T — 2926Xy010 — 5852XFere
Solid phases
AH¢®305 (kJ mol™")
Compound Optimized Experimental Reference
elements as elements as reference
reference
HoFe, -33.0028 - -
HoFes -31.448 - -
H06F623 -178.0515 - -
H02F€17 -46.55 - -
S°29s (J mol'l K_l)
Compound S°293 S°293 Reference
Optimized Experimental
HoFe, 121.2 127.403431 [5]
HoFe3 166.90 - -
H06F623 1217.07 - -
Ho,Fey7 718.31 - -
C, (J mol'' K™)

Compound Optimized Reference
HoFe, Cp=
298-600 K 80.88+0.03413638T -309436T2-1.3545678E-5T> Cp(HOhep))
600-900 K 97.09-0.01881122T -309436T + 2.9685522E-5T" +
900-1200K  9.34+0.10251688T+ 14062364T> -1.8691674E-5T> 2C(Fe(bec)
1200-1703K  49.11+0.03924458T+ 12058264T>+7.381236E-6T> +10.367
1703-1811K  616.35-0.260633728T-440215382T>+4.1655036E-5T>
1811-3000K  661.32-0.278223808T-439905946T>+4.0947912E-5T> -

4.132854E33T1°
HoFe;s C,=
298-600 K 94.0308+ 0.04293142T -464154T -1.3192116E-5T> Co(HO(hep))
600-900 K 110.2361-0.01001618T+13907646T > + 3.0039084E-5T> +
900-1200K  22.4834+0.11131192T+ 14062364T2-1.8338112E-5T> 3Cy(Feper)
1200-1703K  62.25682+ 0.04803962T+ 11903546 T>+7.734798E-6T>

1703-1811K  629.4935818-0.251838688T-440370100T>+4.2008598E-5T>
1811-3000K  696.9506818-0.278223808T-439905946T>+4.0947912E-5T" -

6.19928 1E33T!°
H06F623
298-600 K 681.7563+0.30156372T -3558514T+0.000182002314T> Cp,=
600-900 K 778.9881-0.01612188T -3558514T72+0.000182002314T* 6Cp(Honep))
900-1200 K 252.4719+0.71184672T +70647686T>-0.000108260862T> +
1200-1703K  491.11242+0.33221292T -5257102T 2+ 4.8176598E-5T> 23Cp(Feqpeo)

1703-1811 K 3894.5329908-1.467056928T -2642994190T >+ )

0.000253819398T>
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1811-3000K  4411.7040908+-1.669342848T-2639435676T *+
0.000245687472T% -4.7527821E34T"°
H02F€17
298-600 K 446.7189+ 0.18260828T -2630206T >+ -2.249505E-5T> Cp=
600-900K 479.1295+ 0.07671308T -2630206T >+ 6.396735E-5T> 2Cy(Hognep))
900-1200K 303.6241+ 0.31936928T+ 26113394T2 -3.2787042E-5T> +
1200-1703K  383.17094+ 0.19282468T +22105194T>+1.9358778E-5T2 17Ch(Fepeo)
1703-1811K  1517.6444636-0.406931936T-882442098T+8.7906378E-5T> )
1811-3000K  1899.9013636-0.556447616T-879811892T>+8.1895824E-5T>
-3.5129259E34T"°
Compound Magnetic moment Curie Temperature(K) References
HoFe, 5.54 608 [6]
HoFes 4.53 571 [6]
HogFess 14.6 530 [6]
Ho,Fe;, 14.8 325 [6]
3.9.4. References
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3.10.The Fe-Er (Iron-Erbium) system

The phase diagram for this binary system was reported by Buschow [1], Meyer [2] and
Koleshnikov [3].

3.10.1.Phase diagram data

Buschow [1] wused differential thermal analysis(DTA), X-ray diffraction and
microstructure evolution. The Iron Erbium binary system is comprised of four
intermetallic compounds. These four stoichiometric compounds ErFe,, ErFe;, Er¢Fes;
and Er,Fe 7 have MgCu,-type(cubic), BesNb type(hexagonal), TheMna3-type(cubic) and
ThyN1;7-type(hexagonal) compounds. Except ErFe, which had a congruent melting at
1360 °C, ErFe;, Er¢Fe,; and Erj;Fe; have peritectic melting at 1345 °C, 1330 °C and 1355
°C respectively. Hence they reported two eutectic and three peritectic reactions in the
proposed phase diagram. No significant solubility of the constituent elements was found
with x-ray analysis. Although Meyer[2] have reported the same stoichiometric
compounds involving similar phase diagram analysis methods of DTA, X-ray analysis
and metallographic methods, the melting points of the compounds are significantly lower.
As stated by Buschow [1] this is due to the reduction of the crucible material by the
molten erbium. This was rectified in their experiments by taking sample amount a order
more than that used by Meyer[2]. Kolesnikov [3] also found the melting points similar to

that of Buschow’s making it more acceptable.
3.10.2. Thermodynamic Data

Norgren et al. [4] conducted indirect solution calorimetry in liquid aluminium at 1100 K
in order to determine the enthalpies of formation of compounds Fe,Er and Fe;Er. The
mean values of ArHsos 15k are -12.5 and -7.9 in kJ/mol of atoms respectively. Gozzi et al.
also reported the enthalpy of formation for Er,Fe;;. These values within the error ranges

are all well reproduced by the current optimization.

Germano and Butera [5] reported the low temperature heat capacity data obtained by
using adiabatic calorimeter system in the temperature range of 15K to 300K with an

absolute error of 1%. Due to the increment in error below 15K upto 4.2K the heat

80



capacity measurements were verified by a pulse calorimeter with similar error of 1%. Szg

was calculated for the ErFe, phase with the low temperature heat capacity data.
3.10.3. Magnetic data

All the compounds in Fe-Er binary system are magnetic. The Bohr magneton and Curie
point data used to define the magnetic properties of these compounds are obtained from

the compilation of magnetic data by Buschow [6].

Table 3.10.1 Optimized thermodynamic data of the Er-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: ZE¢z, = ZEfs, = ZE ., = ZE8,. = 6
AGrpory = —5852 — 8151Xpope — 1672X2. 1. — 6688X 5,5,

Solid phases
AH*295 (kJ mol™)
Compound Optimized Experimental Reference
elements as elements as reference
reference
ErFe; -33.00 -37.5+4.2 [4]
ErFe; -33.033 -31.6+5.6 [4]
ErcFey; -178.052 - -
ErFe;; -41.55 -38 [7]
S205 (J mol’ K1)
Compound S°298 S°298 Reference
Optimized Experimental
ErFe; 128.6 133.79 [5]
ErFe3 165.3 - -
EI’6F623 1209.8 -
Er2F617 723 - -
C, (J mol' K™
Compound Optimized Reference
ErFe, G =
5 ) Co(Ernep) +
298-1802 K 80.8272744+0.015598496T-328598T"+6.422466E-6T 2Cy(Fepee)
+9.0954

1802-1811K  350.5777305-0.114311026T-248255834T> +1.8955554E-5T"

1811-3200K  395.5491305-0.1319011067-247946398T"* +1.824843E-5T>
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ErFe; G =

208-1802 K 148.0435-0.140067887T -158901477+0.000155097684T* Co(Ergnep)) +
3Co(Febeo)

1802-1811K  104.3415744+0.024393536T -483316T+6.776028E-6T>
1811-3200K  96.5013+0.02973779T -464154T>+7.466478E-6T>

EI‘6F623 Cp:
208-1802K  743.6209464+0.190336416T-3673486 T+ 4.2423978E-5T> 6Co(Exnep))
+
1802-1811 K 2362.123683 -0.5891207167 -14912369027+
) 23Cp(FC(bcc)
0.000117622506T )
1811-3200K  2879.294783 -0.791406636T -1487678388 T+
0.00010949058T>- -4.7527821E34T'°
EI‘zFen Cp:

298-600 K 467.3404488+ 0.145532512 T-2668530T%+ 1.7441238E-5T>  2Cp(Er(hep)
1802-1811K  1006.841361 -0.114286532T -4985230027% +4.2507414E-5T> +

1811-3000K  1389.098261 -0.263802212T -495892796 T+ 3.649686E-5T%-  17Co(Fe(bee)
3.5129259E34T"° )

Compound Magnetic moment Curie References
Temperature(K)
ErFe, 4.47 704 [6]
ErFe; 3.13 652 [6]
ErsFess 14.8 574 [6]
ErFe; 17.9 408 [6]
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3.11. The Fe-Tm(Iron Thulium) system

The phase equilibria have been determined by Kolesnichenko et al.[1]. The phase
diagram information was taken by Kubaschewski [2] and Okamoto [3] and represented in

their respective phase diagram compilations.
3.11.1. Phase Diagram data

The phase diagram reported by Kolesnichenko et al [1] by X-ray diffraction and thermal
analysis consists of four binary compounds TmFe; and Tm¢Fe,3with cubic structure and
TmFe; and Tm,Fe;; with hexagonal structure. TmFe, melts congruently at 1200 °C and
the remaining compounds TmFe;, TmgFe,3 and Tm,Fe;; form by peritectic reactions at
1180 °C, 1170 °C, and 1200 °C, respectively. The system forms two eutectic reactions at
1037 °C and 27 at. % Fe and at 1255°C and 82 at. % Fe[1]. In the current assessment the

phase diagram experimental data is well reproduced.
3.11.2. Thermodynamic Data

The low temperature heat capacity measurements for the TmFe, was done by Germano et
al .[4] which was integrated to obtain the S,9g value. No other enthalpy of formation or
entropy data for any other intermetallic phases was available in literature. The Liquid

Gibbs energy is also assumed following trends in heavy rare-earth-Iron binary alloys.
3.11.3. Magnetic data

The magnetic properties such as the Bohr magnetons per mole and Curie temperature of

the intermetallic phases are taken from the Buschow [7], which are tabulated below.
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Table 3.11.1 Optimized thermodynamic data of the Tm-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: ZEsg, = Z4m, =ZIm. =7k =6
Agrerm = —4180 — 2926X1m — 7942Xpere — 2.1TXpere — 0.836XZ.re

Solid phases

AH¢°305 (kJ mol™)
Compound Optimized Experimental Reference
elements as elements as reference
reference
TmFe, -34.60 - -
TmFe; -33.63 - -
Tm6F623 -185.20 - -
Tm2F617 -45.48 - -
Sozgs (J mol'l K-l)
Compound Sozgs S°298 Reference
Optimized Experimental
TmFe, 128 127.5541 [5]
TmFe3 171 - -
TmgFess 1228 - -
TmyFey; 723.9 - -
C, (J mol'' K™)
Compound Optimized Reference
TmFe, Cp=

298-700 K 86.6550974+ -0.00663185T -501400T + 2.369406E-5T* Cp(Tmnep)) +
700-1600 K 84.4837269+ 0.016700574T -2492764T > + 3.087288E-6T" 2Cy(Fe(pee)t5.
1600-1811K  77.4702969+ 0.024359206T -309436T > +7.07124E-7T* 26
1811-1818K  122.4416969+ 0.006769126T -4.132854E33T'°

1818-2300K  -436.822763+ 0.38186078T+ 360764440T>-7.01351 1 E-5T>
-4.132854E33T"°

TmF63 Cp =
298-700 K 104.9093974+ 0.00216319T -656118T2 2.4047622E-5T> Co(TMhep) +
700-1600 K 102.7380269+ 0.025495614T -2647482T 2 +3.44085E-6T> 3Cy(Fepeo)
1600-1811K  95.7245969+0.033154246T-464154T >+ 1.060686E-6T>

1811-1818K  163.1816969+0.006769126T-6.19928 1E33T"°

1818-2300K  -396.082763+ 0.38186078T+ 360764440T2 -7.013511E-
5T%-6.199281E33T'°

Trr16F623
208-700 K 747.0278844+0.05695434T -4710298T

240.000146053542T> C,=
700-1600 K 733.9996614+0.196948884T -16658482T+2.241291E-5T>  6Cy(Tmnep) +
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1600-1811K  691.9190814+ 0.242900676T -35585147°+8.131926E-6T" 23Cy(Fegpec))
1811-1818K  1209.0901814+0.040614756T -4.7527821E34T"°
1818-2300K  -2146.496578+2.29116468T + 2164586640T7 -
0.00042081066T>-4.7527821E34T"°
Tszen
298-700 K 468.4760948+0.10107182T -3014134T >+ 5.1984426E-5T>  C, =
700-1600K  464.1333538+ 0.147736668T -6996862T*+ 6.396735E-5T>  2Cy(Tmenep)) +
1600-1811K  450.1064938+ 0.163053932T+-2630206T> + 6.010554E-  17Cy(Feeo)
6T
1811-1818K  832.3633938+0.013538252+-3.5129259E34T"'°
1818-2300K  -286.165526+ 0.76372156T +721528880T >+
0.00014027022E-5T7 -3.5129259E34T"°
Compound Magnetic moment Curie Temperature(K) References

TmFe, 2.61 599 [6]

TmFes 1.6 537 [6]
TmeFes; 18 475 [6]
TmyFey; 20.4 280 [6]
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3.12. The Fe-Lu (Iron lutetium) System

This Phase Diagram was first investigated by thermal analysis and X-ray diffractography
by Kolesnichenko[1]. The phase diagram thus obtained was redrawn by Kubaschewski[2]
and Okamoto[3].

3.12.1. Phase Diagram Data

Four intermetallic compounds form in the Lu-Fe system. LuFe, has a cubic structure;
LuFe; is orthorhombic; LugFe;s is cubic; and LuyFe;; is hexagonal. LuFe, melts
congruently at 1345°C and the remaining compounds form by peritectic reactions at
1310, 1290, and 1320°C, respectively. The system of Lu forms two eutectic reactions at
970 °C and 27 at. % Fe and at 1275 °C and 82 at. % Fe. The alloys containing < 10.6 at.
% Lu has a polymorphous transition at 915°C. The y-Fe to 6-Fe phase transition of Fe is
unaffected by Lu.

3.12.2. Thermodynamic data

For the four compounds reported no enthalpy of formation data was reported by
experimentation. Germano et al.[4] did low temperature heat capacity measurements for
the LuFe, phase by adiabatic calorimeter. This low temperature heat capacity data was
integrated to obtain the Sj¢3 for the intermetallic phase and adjusted with the high
temperature heat capacity predicted by the algebraic Cp addition of the elemental
constituents was also adjusted. Tereshina et al. [5] by using a PPMS magnetometer
machine determined the low temperature heat capacity measurements for Lu,Fe;7 phase.
For this intermetallic phase Sj¢s calculation and high temperature heat capacity

adjustment was also done as mentioned above.
3.12.3. Magnetic data

The magnetic data was taken from Buschow’s compilation of magnetic data for Iron-

Rare Earth system.
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Table 3.12.1. Optimized thermodynamic data of the Lu-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers: ZE¢p, = ZLY = ZEY., = ZE8, , =6
Agropy = —4221,8 — 0.418T — 2926X,,,1, — 5852 X pore

Solid phases
AH /%595 (kJ mol'™")
Compound Optimized Experimental Reference
elements as elements as reference
reference
LuFe; -28.99 - -
LuFe; -30.83 - -
Lu6Fe23 -185.40 - -
LUQFGW -48.5 - -
Sozgs (J mol'l K-l)
Compound Sozgs Sozgs Reference
Optimized Experimental
LuFe, 108 107.4109 [4]
LuFe3 148.1 - -
Lu6F623 1033.7 - -
LuyFey; 647 647.7395 [5]
C, (J mol' K™
Compound Optimized Reference
LuFe, G =
298-700 K 79.6406+ 0.00720678 T -388882T*+ 1.1451426E-5T> Co(Lugnep)) +
700-1700 K 78.8381+0.01016176T -592534T7 +9.715944E-6T> 2Cy(Fegpec)
1700-1811 K 51.66846+ 0.041390287-3094367 + 7.07124E-7T> +9.0954
1811-1936K  96.63986+ 0.02380027 -4.132854E33T ¢
LuFe; G =
298-700 K 103.1549+0.016001827 -5436007%+1.1804988E-5T> Co(Lugnep)) +
700-1700 K 102.3524+0.01895687 -747252T+1.0069506E-5T> 3Cy(Fewee)
1700-1811K  75.18276+0.05018532T -464154T+1.060686E-6T>
1811-1936K  142.63986+0.02380027 -6.19928 1E33T !¢
1936-6000K  183.129817405107- -2.066427E33T"°
Lu6F623 CP =
298-700 K 736.5009+ 0.139986127-40351907*+ 7.2597738E-5T> 6Co(Luhep))
700-1700 K 731.6859+0.1577167 -52571027*+ 6.2184846E-5T>
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1700-1811 K 568.66806+ 0.345087127 -3558514T"+ 8.131926E-6T~ +
1811-1936K  142.63986+0.02380027 -6.19928 1E33T'° 23Cy(Fepec)
1936-6000K  183.129817405107-2.066427E33T'° )
LuzFen Cp =
298-700 K 483.12+0.12874908 T-2789098 T7+2.7499158E-5T> 2Cy(Luhep))
700-1700K  481.51+0.13465904T -31964027*+ 2.4028194E-5T> +
1700-1811K  427.17+0.197116087 -2630206T* +6.010554E-6T> 17Cy(Fepeo)
1811-1936K  809.43+0.0476004T -3.5129259E34 T™°
1936-3700K  1283.79  -0.1672029927  -4993018607"°+1.9934088E-5T>-
3.5129259E34T"°
Compound Magnetic moment Curie References
Temperature(K)
LuFe, 2.93 596 [6]
LuFe3 - -

LugFeys 43.9 481 [6]

Lu,Fey; 34.2 268 [6]
3.12.4. References
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Okamoto1993, Materials Park, Ohio: Materials Information Society.

4, Germano, D.J. and R.A. Butera, Heat capacity of, and crystal-field effects in, the RFe,
intermetallic compounds (R = Gd, Tb, Dy, Ho, Er, Tm, and Lu). Phys. Rev. B: Condens.
Matter, 1981. 24, p. 3912-27.

5. Tereshina, E.A. and A.V. Andreev, Magnetization and specific heat study of
metamagnetism in Lu,Fe;,-based intermetallic compounds. Intermetallics, 2010. 18(6):
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3.13. The Fe-Y (Iron-Yttrium) System

The Iron Yttrium binary system was investigated by Domagala et al.[1] , Farkas et al. [2],

Assessment has been carried out by Gschneidner[3], Zhang et al. [4] and Du et al. [5].
3.13.1. Phase Diagram data

Domagala et al. [1] carried out experiments in Fe-Y binary system with the help of
quenching and microstructure evaluation technique, couple with X-ray diffraction and
melting point experiments. They suggested 1wt. % solubility of Fe in Y, however
Yttrium undergoes a polymorphic transformation (HCP to BCC) at 1478.5°C, so the
solubility was considered to be in high temperature BCC structure. They reported a
eutectic point at 25 wt. % (L—YtYFe,). The intermetallic phases suggested by him
were YFe;, YFes. YFes and YFey, where YFe, melts peritectically and the compounds
have congruent melting. In the assessment by Zhang et al. the compounds suggested were
that of heavy rare-earth metals alloyed with Iron, namely YFe,, YFe;, Ye¢Fey; and Y,
Fey7. The phase diagram also shows some homogeneity range of the Y¢Fe,; phase and
the YFe,. Due to absence of any experimental data these solubilities were not considered
in the present thermodynamic assessment. Further experimentation is warranted for the
liquidus also as it is present by dotted line in all the previous assessments. The melting
point of the intermetallic phases as reported by Domagala et al. [6] was aimed to

reproduce.
3.13.2. Thermodynamic data

The thermodynamic data available for this binary system is the Gibbs energy of
formation data measured by Subramaniam et al. [6]. He used solid electrolyte
electromotive force cells to determine the Gibbs free energies for the four intermetallic
phases. In the current assessment we treated all the four intermetallic phases as
stoichiometric compounds. The enthalpy of mixing of the liquid data was measured by
Ryss et al. [7] at 1873K for the whole range of composition which agrees reasonable with
our present assessment. The low temperature heat capacity of YFe, was reported by
Dariel et al. [8], However we found while our assessment that the heat capacity tends to

decrease as the temperature is increased above the Curie temperature which seems rather
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strange. Low temperature heat capacity for Y,Fe;; calculation data was obtained from
Mandal et al. [9] with a PPMS device. This was used to evaluate the S,¢s for the
intermetallic phase. When we calculated the entropy of formation for this phase at 973K
the value obtained was very different from that reported by Subramaniam at al. [6] this
would be due to the heat capacity which governs the temperature dependence of the
entropy of formation. The current assessment the heat capacity function with respect to
temperature is assumed by Kopp Newman rule (algebraic addition of constituent element
heat capacity) as illustrated in the table and adjustment of the temperature independent
term to match the low temperature experimental values. The specific heat anomalies of
YFe, were measured and discussed by Dariel et al.[8]. Thus we feel similar anomalies is
also expected for the other systems as the experimentally determind Syos for the Y,Fe;;

phase could also not reproduce the So73 of formation reported by Subramaniam et al.[6].

3.13.3. Magnetic Data

The Magnetic data for the four intermetallic phases were obtained from Buschow([10].

Table 3.13.1 Optimized thermodynamic data of the Y-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers:Z5¢,, = Z¥, = Z¥., = ZE¢, =
Agpey = —3762 — 5852Xyy — 8360Xpope — 418T Xpope

Solid phases
AH{°05 (kJ mol™)
Compound Optimized Experimental Reference
elements as elements as reference
reference
YFe, -26.968 - -
YFe; -35.156 - -
Y6F623 -213.250 - -
Y2F617 -94.646 - -
S"508 (J mol' K™)
Compound S 208 S 208 Reference
Optimized Experimental
YFe, 108.812 - -
YFe3 142.47 - -
Y6F623 1056.05 - -
Y,Fe; 595 660.7052 [9]
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C, (J mol' K™)

Compound Optimized Reference
YFe, Co = Co(Yinep)
208-1000 K 72.6942992+0.02110440828T -363259.018T + + 2C(Fe(bec
3.212494716E-6T>
1000-1795 K 70.5227827+ 0.0252324404T -309436T> +1.202331204E-6T>
1795-1811K  103.9813111+  0.01295459242T  -36463761.2T>  +
1.1406318528E-6T>
1811-3700K  148.9527111 -0.00463548758T -36154325.2T +
4.335078528E-7T> -4.132854E33T"°
YFes3 Co = Co(Yinep)
298-1000 K 96.2085992+ 0.029899T -517977T> +3.566056716E-6T> + 3Cy(Fe(bee)
1000-1795 K 94.0370827+ 0.0340274804T-464154T +1.556E-6T>
1795-1811K  127.4956+0.02174963242T-36618479.2T
%+1.4941938528E-6T>
1811-3700K  194.9527111-0.00463548758T-36154325.2T"
4.335078528E-7T°-6.19928 1E33T""°
Y6F623
208-1000 K 694.8230952+(0.22337188968T -3881452.108T"
*+2.3164150296E-5T° C,=
1000-1795 K 681.7939962+0.2481400824T -3558514T" 6Cp(Y (hep)) +
2+1.1103169224E-5T> 23Cy(Fepeo) )
1795-1811K  882.5451666+ 0.17447299452T-220484465.2"
2+1.07329731168E-5T>
1818-3700K  1399.7162666-0.02781292548T -216925951.2T
+2.6010471168E-6T>--4.7527821E347"°
Y2F617
298-1000 K 509.0744984+ 0.15654433656T -2737852.036T >+ Cp,=
1.1021295432E-5T> 2CH(Yhep) +
1000-1795K  504.7314654+ 0.1648004008T -2630206T >+ 17Cy(Febee))-
7.000968408E-6 T* 59
1795-1811K  882.5451666+ 0.17447299452T-220484465.2T +
1.07329731168E-5T>
1811-3700K  1399.7162666-0.02781292548T -216925951.2T >+ 2.601E-

6T? -4.7527821E34T"°

Solid Solution (parameters of the Compound Energy Formalism with two-sublattice
approach) (Fe, Y)} (Va)!

FCC
BCC
HCP

ey =-12958

OLFe,Y: 0

"Liey = 16720
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Compound Magnetic moment  Curie Temperature(K) References

YFe, 2.9 542 [10]
YFes 5.24 569 [10]
Y¢Fers 43.1 481 [10]
Y,Fe 32.9 324 [10]
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3.14. The Fe-Sc (Iron-Scandium) System

The Iron Scandium binary system was investigated by Naumkin et al.[1], Bodak et al. [2]
and Hellawell [3] and reviewed by Okamoto[4]

3.14.1. Phase Diagram data

The Fe-Sc binary system exhibits five solution phases. Three of them due to the
polymorphic transformation of Iron (a-Fe— y-Fe— 9d-Fe, which have BCC, FCC and
BCC structures respectively) another two due to polymorphic transformation of Sc (-
Sc— B-Sc, which has HCP and BCC structures respectively). This binary system also has
four intermetallic compounds which are a-ScFe,, B-ScFe,, A-ScFe, (basically ScFe;s)
and ScyoFes. The phase diagram was first investigated by Naumkin[1]. He used X-ray
diffraction and thermal analyses techniques to construct a phase diagram in
compositional range from 0 to 90 at. %. Hellawell[3] reported solubility of Sc in the a-
Fe to be less than 0.5at. %. Bodak et al. [2] found the polymorphic transformation of
ScFe, at higher temperatures, and reported an eutectic reaction (L— a-ScFe,+ a-Sc) at
975°C. The phase diagram had an intermetallic phase Sc;Fe instead of Sc;Fe (reported by
Naumkin[1]) which was later reported to be ScyoFes by Bodak et al.[5]. However in
more recent studies it has been determined the true stoichiometric compound forming is
ScygFeg instead of ScsFe. We found that Bodak et al.[2] did a more recent evaluation,
while critically reviewing we found it more realistic. The solid solubility determined by
Hellawell[3] was also reproduced. The one phase reported in Naumkin et al.’s phase
diagram are all replicated except that in the Iron rich side which we feel was over
estimated, and that of the ScsFe which actually is ScyoFeg.

3.14.2. Thermodynamic data

The enthalpy of formation for ScFe, phase was determined by Selhaoui and Kleppa [6],
who performed direct synthesis calorimetry at 1473+2K with pure a-Fe and pure a-Sc.
Goncharuk et al. [7] also measured the formation enthalpies of both the compounds
ScFe; and ScaygFes at 950 K by using EMF technique. However there is a divergence
between the enthalpy values reported by Selhaoui et al.[6] and Goncharuk [7]. While
critically reviewing the experimental procedure of Goncharuk [7] we found that the
electrode used to measure EMF considers the activity of Scandium against the alloy of
Sc-Si, this may be erroneous as the scandium has some probability of interacting with
molten salt at the elevated temperature. In this assessment we trusted on Selhaoui et al.
[6]’s data as the reference for the formation enthalpy for ScFe, as there method and
experimental procedure has lesser scope of error. The formation enthalpy of ScsFey phase
was reported by Savchenkova et. al[8] which is much overestimated as also reported by
Goncharuk et. al [7]. The transformation energy of ScFe, from the low-temperature to
high temperature polymorph at 1200 °C is 1kJ. The enthalpy of mixing of liquid phase
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was measured at 1873 K by Esin et al. [9] in the compositional range from 0-18 at. % Sc
at 1873 K in the Fe-Sc system. Sudavtsova et al.[10] also reported the enthalpy of
scandium dissolution in molten Iron measured at 1870 K. Both Esin et al.[9]’s data and
Sudavtsova et al.’s [9]data shows very low partial enthalpy of mixing for Scandium at the
Iron rich side which is very hard to reproduce.

3.14.3. Magnetic data
The magnetic data for the Fe,Sc system was obtained from Ikeda et al. [9]

Table 3.14.1 Optimized thermodynamic data of the Sc-Fe system.

Liquid phase (Quasichemical model parameters)

Coordination numbers:Ziér, = Z35, = Z35pe = Z5s. = 3
AgFeSc = —9196 — 3.762T — 4598XSCSC - 1'672TXSCSC

Solid phases
AH{®295 (kJ mol ™)
Compound Optimized Experimental Reference
elements as elements as reference
reference
ScFes(s1) -37.899 -33.6+3.6(298.15K) [6]
-13.922 37.7£3.2(950K) [7]
ScFes(s2) -35.156 - -
ScagFes -355.896 -
-376.71 -395.5+171.5(950K) [7]
ScsFeog -110.677 -828.8+£28 (8]
S0 (J mol! KT
Compound S°29s S°298 Reference
Optimized Experimental
ScFe, 108.3705 - -
ScagFes 1025.54264537874 - -
ScsFeqg 566.2630144 - -
C, (J mol'' K™)
Compound Optimized Reference
ScFe, C, =
298-800 K 75.2168+0.01115224T -453790T > + 1.0578984E-5T> Cp(Scnep)) +
800-1608 K 71.9418+ 0.01873667T -309436T + 5.863194E-6T> 2C,(Febee))
ScFe;(high
temperature)
298-2000 K 71.9418+0.01873667T -309436T > + 5.863194E-6T>
SngF% CP =

298-800 K 958.5436 -0.13392712T -5114574T>+ 0.000288405312T* 29C,(Schep)) +
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800-1608K  863.5686+0.08602135T -928308T >+ 0.000151647402T> 6Cp(Fe(bee)
1608-1811K  -6860.70+ 6.8694752T +2934286914T2-0.001518603828T>
1811-2000K  -6725.7904732+6.816704968T +2935215222T%-

0.0015207252T2 -1.2398562E34 T™'°

Solid Solution (parameters of the Compound Energy Formalism with two-sublattice
approach) (Fe, Sc)} (Va)!l

FCC O fese = 2299
BCC O pese =-17138+12.54T
'Lrese = 4180
HCP "Lfeca = 8360
Compound Magnetic moment Curie Temperature(K) References
ScFe; 1.37 542 [9]
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Chapter 4. Discussion and systematic Analysis

According to the evaluated phase diagrams in the present study, it is easily found that
there is a certain trend in the phase diagram with the periodic number of Rare Earth (RE)
elements. For example, the stable compounds in the Fe-RE binary groups are
summarized in Table 4.1. As can be seen in the table, light RE group has less
intermetallic phases than heavy RE group. In light RE group, no intermetallic phase
forms in Fe-La system, then Fe;RE, Fe;7RE,, Fe;7REs and FesRE are forming with
increasing periodic number of light RE elements. For the heavy RE group, intermetallic
compounds Fe,RE, FesRE, FeysREq and Fe 7RE, are forming for all the binary systems.
This trend tells that heavy RE — Fe system has energetically more negative interaction
between RE and Fe than light RE — Fe system.

Table 4.1. Summary of stable compounds in Fe-RE systems. L = Light RE (La sub-
group); H= Heavy RE (Y sub-group); O = experimental thermodynamic data available;
X= experimental thermodynamic data unavailable. No phase diagram data are available
for Fe-Pm, Fe-Eu and Fe-YDb systems.

- Binary | Phase |Enthalpy of REFe, | REFe, |RE;Fe,;|RE,Fe,;|RE.Fe,;|RE ;Fe;| RE:Fe,
YPE | System |Diagram | Mixing |25 |t |20 |Smo| A S |24 | 5tan| 201 (720 |24 S0 | 258 | 70
L Fe-La o] O
L Fe-Ce o} o} X | o * | o
L Fe-Pr 0 X X0
L Fe-Nd a X X | x| x| X
L Fe-Prm
L Fe-Sm o} o} K| X | x| X X | o
L Fe-Eu
H Fe-Gd o} o} o|lo|o | x| x|x|o|«x
H Fe-Tb o} X oo | X | x| x|x|o|«x
H Fe-Dy Q X o|lo|o | x| x|x|o|«x
H Fe-Ho o} X Mol o | x| x| x| x| x| X
H Fe-Er o} X o|lo|o | x| x|x|o|«x
H Fe-Tm a X Xl o | x| x| x| x| x| X
H Fe-fb
H Fe-Lu o} X X |lo | x| x| x| % |x]|o
H Fe-v Q Q Xl o | x| x| x| x| x| X
Fe-Sc Q X (ORI ¢ O] X |0 |X

In order to examine this trend in more details, the thermodynamic calculations for
enthalpy of formation for compounds and enthalpy of mixing for liquid phase were
calculated from the present thermodynamic model parameters. In addition, the entropies
of solid and liquid were also calculated and plotted in Figs. 4.1 to 4.8.
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The enthalpy of formation for the binary compounds shows minimum at composition
around Xgg = 1/3. The enthalpies of formation of the light-RE-Fe compounds are less
negative than those of the heavy-RE-Fe compounds except samarium. The range of
enthalpy of formation for the light RE — Fe binary series lies in the range of -4.5kJ/mole
(FE-Ce) to -7.5kJ/mol (Fe-Sm) and for heavy RE - Fe series lies between -7.7kJ/mol (Fe-
Gd) to -10.5kJ/mol (Fe-Tm). It is interesting that the enthalpies of formation for all
Fe,RE for the heavy RE elements are about -9 + 1 kJ/mol.

The entropy of formation for both the light and heavy RE - Fe binary phase diagrams
shows a trend with periodic number. The entropy decreases and becomes negative as RE
elements moves across light RE - Fe binary compounds in the periodic table. Regarding
heavy RE system, the entropies of formation for the compounds of Fe;RE and Fe7RE;
are positive for all elements but the entropies of formation for Fe;RE vary from ideal to
negative in general with periodic number of elements.

The similar features are also reflected in liquid solution. The enthalpy of mixing for
heavy RE - Fe systems is more negative than that of light RE - Fe system. The maximum
or minimum of enthalpy curve for liquid solution does not have any definitive trend. The
entropy of mixing of liquid phase shows almost an ideal behaviour except Gd, Sm and La
which is hard to explain in the present study.

Although there are general trends in the enthalpy and entropy of solid state and liquid
state as shown in Fig. 4.1 to 4.8, there are many exceptions in the system. This may be
due to the less accuracy of the thermodynamic modeling induced by lack of experimental
data in particular for thermodynamic properties. Thus, more experimental studies are
needed in future for the Fe-RE system to obtain more accurate thermodynamics of the
system.
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Fig. 4.1 Calculated enthalpies of formation for stable intermetallic compounds at 298 K
in the heavy RE — Fe system. RE = Gd, Tb, Dy, Ho, Er, Lu and Tm.
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Fig. 4.2. Calculated curve of enthalpy of formation for stable intermetallic compounds at
298K in the light RE — Fe system. RE = Ce, Pr and Sm. (no compound for La)
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Fig. 4.3. Calculated entropies of formation for stable intermetallic compounds at 298 K in
the heavy RE — Fe system. RE = Gd, Tb, Dy, Ho, Er, Lu, Tmand Y.
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Fig. 4.4. Calculated entropies of formation for stable intermetallic compounds at 298 K in
the light RE — Fe system. RE = Ce, Pr, and Sm. (no compound for La)
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Fig. 4.5. Calculated enthalpy of mixing of liquid solution at 1973 K for the heavy RE —
Fe system. RE = Gd, Tb, Dy, Ho, Er, Lu, and Tm.
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Fig. 4.6. Calculated enthalpy of mixing of liquid solution at 1973 K for the light RE — Fe
system. RE = La, Ce, Pr, Nd and Sm.
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Fig. 4.7. Calculated entropy of mixing of liquid solution at 1973 K for the heavy RE — Fe
system. RE = Gd, Tb, Dy, Ho, Er, Lu, and Tm.
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Fig 4.8. Calculated entropy of mixing of liquid solution at 1973 K for the light RE — Fe
system. RE = La, Ce, Pr, Nd and Sm.
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Chapter 5. Summary

The aim of the present work was to critically evaluate and optimize the binary systems
Fe-La, Fe-Ce, Fe-Pr, Fe-Nd, Fe-Sm, Fe-Gd, Fe-Tb, Fe-Dy, Fe-Ho, Fe-Er, Fe-Tm, Fe-Lu,
Fe-Sc and Fe-Y as a part of research project to develop the thermodynamic database for

RE recycling process and Mg-RE alloy design.

The CALPHAD method and thermodynamic model used in the present study are
introduced in Chapter 2. The Modified Quasi-chemical Model is used to describe the
thermodynamics of liquid solution, and one sublattice Compound Energy Formalism is
used for solid solutions. Magnetic contribution to the Gibbs energy of an intermetallic
phase is also discussed. The Miedema’s approach to theoretically calculate the enthalpy
of formation for intermetallic phases is also elaborated. In Chapter 3, the thermodynamic
assessments of all the fourteen binary Fe-RE systems are presented. All available
experimental thermodynamic and phase diagram data on each system have been critically
reviewed and discussed for each system. Optimization of all reliable experimental data
has been carried out to obtain model parameters to describe the Gibbs Energy of all
phases. Almost all of the intermetallic phases in Fe-RE systems have magnetic transition
(Curie temperature), which is comprehensively taken account in the present study. RE
elements can be divided into two groups: light RE group including La, Ce, Pr, Nd, Pm
and Sm, and the heavy RE group including Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu and Y. The
phase diagram and thermodynamic data of Fe-RE system shows a periodic trend amongst
each group of RE elements, and this trend could be used to resolve inconsistencies and

lack of the thermodynamic and phase diagram data.

The present systematic thermodynamic study for Fe-RE systems shows some interesting
results. It was found that the light RE elements do not form more than two compounds
with Fe. For example, La forms no intermetallic compound, Pr forms one intermetallic
compound, and Ce, Nd forms two and Sm form three intermetallic compounds, but all
compounds show peritectic melting behaviour. On the other hand, the heavy RE elements
form four intermetallic compounds. All intermetallic compounds in Fe with Gd, Tb and
Dy show incongruent melting while Fe7;RE, in Ho, Eu, Tm, Lu and Y shows congruent

melting behaviour. Sc shows a completely different behaviour from the other RE
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elements. This is mostly probably attributed to the larger size of the light RE metals,
which is due to their electronic configuration (less 4f-shell electrons). The atomic size of
RE elements is decreasing as the RE elements move from left to right in the lanthanide
series. With decreasing the atomic size of REs, the enthalpy of formation of the
intermetallic compounds becomes more negative. Thus, the heavy RE group has more
intermetallic compounds than the light RE group. Also, within the group, the elements
with higher atomic number can form more stable intermetallic compounds. The enthalpy

of mixing for liquid Fe-RE solutions shows similar trend.

The thermodynamic database obtained in the present study can be incorporated to a large
multicomponent thermodynamic database available in FactSage in order to perform
complex chemical reaction calculations and process design for RE recycling and phase

diagram calculations for Mg alloy design.
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