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Dedication to Ibrahim Ansara

This series of volumes, presenting thermodynamic properties of binary alloys, is dedicated to the memory
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its origin as a CNRS research project in 1967, through the time of its constitution as a European, non-profit-
making company under French law in 1979, until his sudden, unexpected death in 2001.

Through all those years, Himo missed scarcely a single SGTE meeting and his continual cheerfulness
and enthusiasm, as well as his scientific understanding, were an inspiration to his colleagues both in their
joint work of SGTE database development as well as in their individual research projects in their home
laboratories. He was a friend to everyone in SGTE, and it is the spirit of friendship and warmth that he
promoted that has been largely responsible for the continued close collaboration and achievements of this
diverse international group as a whole.

It is very appropriate to dedicate the Landolt-Börnstein handbooks on binary alloy systems to Himo. In
the preparation of the previous volumes on pure substances, Himo made substantial contributions both as
database manager and as advisor. The present series of volumes on binary alloys has benefited considerably
from his contributions to the review and selection of available assessments during the initial stages of the
work. It is a sad coincidence that it was during a meeting to prepare the first of these volumes that Himo
died.

Philip Spencer



Preface

Thermodynamic data, in conjunction with appropriate software for calculation of complex chemical equi-
libria, are finding wide application in many areas of materials design and development. In particular, the last
25 years have seen enormous advances in the thermodynamic modelling of alloy solution phases, whereby
a knowledge of the underlying crystallographic structure of each phase is fundamental to a reliable rep-
resentation of the thermodynamic properties and phase equilibria of a particular system of interest. With
the aid of thermodynamic calculations, considerable time and costs can and are being saved in producing a
material of the required composition and phase constitution required for a particular application.

SGTE has been at the forefront in providing critically assessed thermodynamic data for alloy systems and
has provided guidelines for the modelling of alloy phases of different types. Major advantages of the SGTE
data are their self-consistency, the fact that they are produced with careful attention to a well-defined quality
procedure and that the expertise of SGTE members in various areas of inorganic chemistry and materials
science allows review of the numbers by highly qualified scientists in the fields concerned.

Following the publication of a first set of four volumes of SGTE compiled thermodynamic properties of
inorganic substances, which dealt with pure substances (Subvolume A), this second set of four volumes
presents selected thermodynamic data for binary alloy systems (Subvolume B). The possibility to continue
to ternary and multi-component systems is also foreseen. The data in the latter would be so presented as to
correspond to potential application themes (steels, light alloys, nickel-base alloys, etc.). The fundamental
equations used in evaluating the data are given in the introduction to the volumes and the models used in
representing the data are also described.

Each book in this binary alloys series is accompanied by a CD, which allows computer calculation of a range
of solution properties for selected temperature and phase composition ranges for the systems presented in
that particular volume. Graphical representations, including the calculated phase diagram for each system,
are also possible. Information on more comprehensive software, allowing complex equilibrium calculations
involving both pure substances and solution phases of different types (e.g. slags, salt systems, aqueous
solutions, etc.), can be obtained from SGTE members. A list of the SGTE membership is presented in the
cover pages of this volume.

Very many scientists, in addition to those currently participating in SGTE activities, have contributed to the
development of the SGTE databases. Their names have become too numerous to list and we respectfully
ask them to accept this acknowledgement of their efforts. However, special recognition is given here to the
late Himo Ansara, who was SGTE Pure Substances Database manager from the beginning and who made
major contributions to these binary alloy volumes. His dedicated work and friendship were an inspiration
to all of his colleagues. We remember him with deep affection and gratitude.

Dr. P.J. Spencer Ithaca, April 2002
Chairman of SGTE, 1992 – 2002
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XIV Introduction

Introduction

The first 4 volumes of this series, under the general heading Thermodynamic Properties of Inorganic Ma-
terials, presents SGTE-compiled thermodynamic data for pure substances, including the elements in their
stable states. The series now continues with a further 4 volumes of SGTE selected and compiled data – this
time for binary alloy systems. For thermodynamic calculations involving alloy solution phases, Gibbs en-
ergies of the pure elements in different stable and metastable states are required. Such data have been
compiled on behalf of SGTE by Dinsdale [91Din] and have recently been updated [02Din]. The values
have found wide use internationally as the basis for thermodynamic assessments of higher order systems.

As with the pure element values, the binary alloy descriptions contained in the present 4-volume series are
not only complete in themselves, but also extend the basis for thermodynamic assessments and calculations
relating to multicomponent alloys.

Members of SGTE have played a principle role in promoting the concept of “computational thermochem-
istry” as a time and cost-saving basis for guiding materials development and processing in many different
areas of technology. At the same time, through organisation of workshops and participation in CODATA
Task Groups, SGTE members have contributed significantly to the broader international effort to unify
thermodynamic data and assessment methods.

The SGTE data can be obtained via members and their agents world-wide for use with commercially avail-
able software developed by some of the members, to enable users to undertake calculations of complex
chemical equilibria efficiently and reliably.

The SGTE Member organisations are:

France: – Institut National Polytechnique (LTPCM), Grenoble
– Association THERMODATA, Grenoble
– IRSID, Maizières-lès-Metz
– Université de Paris-Sud (EA 401)

Germany: – Rheinisch-Westfälische Technische Hochschule (MCh), Aachen
– GTT-Technologies, Herzogenrath
– MPI für Metallforschung (PML), Stuttgart

Sweden: – Royal Institute of Technology (MSE), Stockholm
– Thermo-Calc Software AB, Stockholm

United Kingdom: – National Physical Laboratory (MATC), Teddington
– AEA Technology plc, Harwell

USA: – The Spencer Group

Assessment and selection procedures

The assessments of the binary alloy systems presented in this 4-volume series have all been made using the
so-called “CALPHAD method” [98Sau]. This method results in an optimised parametric description of the
Gibbs energies of the phases of the system when taking into account the crystallographic structure of the
phases and all the experimental thermodynamic and phase boundary data available. The thermodynamic
parameters provide a consistent analytical description of the phase diagram, chemical potentials, enthalpies
of mixing, heat capacities, etc.

SGTE Landolt-Börnstein
New Series IV/19B



Introduction XV

As an example, the relations between the Gibbs energy curves and the phase diagram for the Bi-Sn system
are demonstrated in Figs. 1 and 2, respectively. In Fig. 1 the Gibbs energy curves for the phases in the
Bi-Sn system are given as a function of the mole fraction of Sn, � � � , at

� � � 
 � �

. At fixed pressure,
temperature and composition, the equilibrium of the system is determined by the state with the lowest Gibbs
energy. All equilibrium states are located on the convex hull of the set of G-curves which is constructed
by applying double-tangents to the curves. The tangent points denote the boundaries between one- and
two-phase regions. In Fig. 2, these points are marked on the selected isotherm of

� � � 
 � �

. If this
construction is repeated for other temperatures the complete phase diagram of the system is obtained.

Fig. 1. Gibbs energy functions for the phases in the Bi-Sn
system at 450 K.

Fig. 2. Phase diagram for the system Bi-Sn.

If several published assessments are available for a particular system, selection has been made following an
analysis of how well the available experimental data are reproduced by the description. Compatibility of
the modelling used with respect to assembly of a data set for higher order systems has also been taken into
account.

There are many different phases present in binary systems and, in order to combine their thermodynamic
descriptions in higher order systems, it is important to know their crystal structures as well as the solubilities
of alloyed elements in them. In these volumes, the naming of phases has been carried out as consistently as
possible so as to facilitate identification of the same phase appearing in different binary systems.

The main characteristics of each system are presented in individual reports which generally include

– the calculated phase diagram
– an abstract summarising the main features of the system
– a summary of the various stable and metastable phases defined in the system together with crys-

tallographic information, the phase name used in the database and the thermodynamic model used,
including the occupation of the sublattices

– a table of the invariant reactions
– tables and diagrams with integral quantities
– tables and diagrams with partial quantities
– plots of calculated thermodynamic functions

Criteria for selection of binary alloy assessments
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In order to qualify for selection, the following information was reviewed:
– phase diagram
– thermodynamic information
– documentation
– models used for solution phases
– models used for stoichiometric phases
– feasibility of extrapolation
– compatibility with SGTE unary data

Thermodynamic Modelling

Elements

The Gibbs energy of the pure element i, � � �� � � �
, referred to the enthalpy for its stable state 	 at 298.15 K,

� 
 �� � � � � � � 
 � �
, is denoted by GHSER � . This quantity is described as a function of temperature by the

following equation:
� � � � � � � � � �� � � � � � 
 �� � � � � � � 
 � �

�  ! # � ! & � ' ( * � ! - � / ! 2 � 3 ! 5 � 6 8 ! ; � = ! ? � 6 @
(1)

A number of temperature ranges may be used. The first and second derivatives of this quantity with respect
to temperature are related to the absolute entropy and heat capacity of the compound at the same temper-
ature. Experimental values for heat capacities can thus be directly used in the optimisation and will be
related to the coefficients

& B - B 2 B 5 B ;
and

?
.

For elements which have a magnetic ordering, e.g. Co, Cr, Fe, Ni and Mn, the term GHSER is referred to
a para-magnetic state. An additional term is thus added to the molar Gibbs energy of the magnetic phase.
For elements as well as for solutions, this term is equal to:

� I J K � L � ( * � O ! � � 5 � R �
(2)

where R is
� T � V

,
� V

being the critical temperature for magnetic ordering (Curie temperature
� W

for
ferromagnetic materials or the Néel temperature

� Y
for antiferromagnetic materials), and O the average

magnetic moment per atom of the alloy expressed in Bohr magnetons.

The function
5 � R �

is given as:

R Z � � \ 5 � R � � � � ^ ` � R 6 8 T � � � d ! � � ` � T � � ` � � � T d � � � � R 3 T h ! R @ T � j 
 ! R 8 l T h � � � m T o

R q � \ 5 � R � � � ^ R 6 l T � � ! R 6 8 l T j � 
 ! R 6 / l T � 
 � � m T o

with
o � 
 � � T � � � 
 ! � � � h � � T � 
 � ` 
 � � � T d � � �

.

These equations were derived by Hillert et al. [78Hil] from an expression of the magnetic heat capacityv I J Kw described by Inden [81Ind].

The value of
d

depends on the crystal structure. For example,
d

is equal to 0.28 for fcc and hcp metals and
0.40 for bcc metals [81Ind]. For anti-ferromagnetic alloys the

� V
and O are modelled as negative and they

are divided by an anti-ferromagnetic factor of -1 for bcc and -3 for fcc and hcp before the values are used
in equation (2).

For each element, equation (1) is taken from the SGTE unary database. These data have been published
previously as the SGTE data for the pure elements by Dinsdale [91Din, 02Din].

The function GHSER � is also often used to express the thermodynamic functions of metastable structures
x , different from the stable structure of the pure element. The expression � � y� � � � � � 
 �� � � � � � � 
 � �

is
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equivalent to � � y� � � � � � � �� � � � ! � � � � � � . The term � � y� � � � � � � �� � � �
is often called the lattice

stability of element i in phase x .

Binary compounds

The Gibbs energy of the compound A J B � may be expressed as:

� � � � � � � � � � � 

�� � � � � � � 
 � � � 
 � 


�
� � � � � � � 
 � � � 5 � � �

(3)

where a and b are stoichiometric numbers. The expression for
5 � � �

is identical to that given by equation (1).

Equation (3) can be transformed by applying equation (1) for each component

5 � � � � � � � � � � � � � � � � �� � � � � 
 � � �
� � � � ! � � � � � � � ! 
 � � � � � �

� � � � � � � � � � � ! � � � � � � � ! 
 � � � � � � (4)

The term
� � � � � � � � � �

is the Gibbs energy of formation of the compound referred to the stable elements at
temperature

�
. It can often be taken as a linear function of

�
.

Gaseous species

An expression identical to equation (1) may be used to describe the Gibbs energy of the gaseous species
with the additional

L � ( * � � T � � �
term, where � is the total pressure and � � the reference pressure, usually

0.1 MPa. The species in the gas phase are assumed to form an ideal solution. The reference state for each
vapour species is taken to be the pure components at 0.1 MPa pressure. The thermodynamic properties of
the gas species are normally obtained from vapour pressure measurements coupled to spectroscopic data.
Data for gaseous substances are covered in more detail in subvolume (A) for pure substances.

Many species, i.e. molecules, may exist in the gas phase and each has a Gibbs energy of formation. The
equilibrium within a gas for a given composition at a given temperature and pressure is calculated by min-
imising the Gibbs energy varying the fraction of the species. As the Gibbs energy is used as the modelling
function in most solution databases it is not possible to calculate the critical point for gas/liquid. The models
used for the different liquids are also not compatible with the ideal model for the gas.

Condensed phases

The condensed phases can be divided into three groups.

1: Substitutional solutions

For the substitutional solution 	 , the molar Gibbs energy is expressed as follows:

� �I � � � � � � �
I ! � � � � �I ! � � � �I (5)

with

� � � � � �
I �  

�
� � ! � �

(6)

� � � � �I � L �  
�

� � ( * � � (7)

� � is the molar fraction of component $ with % � � � � � . The term
� � � � � �

I is the Gibbs energy of the phase
relative to the reference state for the components and

� � � � �I is the contribution of ideal mixing entropy.
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The Redlich - Kister equation [48Red], a power series expansion, is used to express the excess Gibbs energy,� � � �I , for the interaction between the two elements $ and � as follows:

� � � �I � � � � �  

� � �

� � �� � � � � � � � � �
(8)

The model parameter
� � �� � can be temperature dependent.

If experimental information for ternary solutions is available then an extra term can be added to equation (8).
For a ternary system A–B–C, this term is equal to:

� � � � � W � �
�

W
(9)

The liquid is in most cases treated as a substitutional solution. For liquids with very strong short range order
the associate model [78Som] or the ionic liquid model [85Hil] has sometimes been used.

For magnetic alloys, the composition dependence of
� V

and O are expressed by:

� V � � � �  
�

� � � � V� ! � V � �
(10)

O � � � �  
�

� � � O � ! O �
(11)

where
� V � �

and O �
are both represented by an expression similar to equation (8).

2: Ordered Phases

The use of the sublattice model, developed by Hillert and Staffansson [70Hil] based on Temkin’s model for
ionic solutions [45Tem] and extended by Sundman and Ågren [81Sun], allows a variety of solution phases
to be treated, for example interstitial solutions, intermediate phases, carbides etc. All of these represent an
ordering of the constituents on different sublattices.

As non-stoichiometric phases are formed by several sublattices, they can be schematically described as
follows:

� 	 B � B � � � �  � 	 B � B � � � � � � � �

where the constituents A, B, ... can be atoms, vacancies, molecules or ions on the different sublattices ....
d

,� , ... are the number of sites. If
d ! � ! � � � � � , then the thermodynamic quantities are referred to one mole

of sites. Most often
d

and � are selected to be the smallest set of integers.

For each sublattice � , the site fraction of the species $ , � �� , is equal to

� �� � � ��
% � � ��

� � ��
� �

� � � �  
� � �� � � � *   

�
� � � � (12)

where � �� is the number of species $ in sublattice s, � � the number of sites in sublattice � , and � the total
number of sites. � � is related to n by � � � � ' d T � d ! � ! � � � �

. The number of sublattices and the species
occupying them, is generally obtained from crystallographical information. The mole fraction of an element
is obtained by

� � � % � � � � ��
% � � � � � � � �" J � (13)

where � �" J is the fraction of vacant sites on sublattice � .
This model also describes stoichiometric phases, in which case the sublattices are occupied only by a single
species, and substitutional phases which have a single lattice.
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The molar Gibbs energy for a phase 	 expressed by the sublattice model is equal to

� �I � � � � � �
�

I ! � � � � �I ! � � � �I (14)

As an example, a two sublattice phase with two elements A and B in each of the sublattices is considered.
Denoting the sublattices with primes at the symbols, the surface of reference for the Gibbs energy is

� � �
�

� � �� � � �� ! � � � � ! � �� � � ��
! � � � �

! � �� � � �� ! �
� � � ! � �� � � ��

! �
� � � (15)

The terms !
� � � �

and !
�

� � � represent the Gibbs energies of the phase 	 for the constituent elements A
and B. The colon separates the different sublattices. The terms !

� � � � and !
�

� � �
represent the Gibbs

energies of the stoichiometric compounds A

B

�
and B


A

�
, which may be stable or metastable. !

� � � �
,

!
�

� � � , !
� � � � and !

�
� � �

are numerically given by equations (3) and (1).

The term
� � �I is related to the molar configurational entropy and is equal to:

� � �I � L � ^ d � � �� ( * � �� ! � ��
( * � ��

� ! � � � � �� ( * � � �� ! � � ��
( * � � ��

� m
(16)

Finally, the excess Gibbs energy
� �I is equal to

� �I � � �� � ��
^ � � �� � �

� � � � ! � � ��
� �

� � � �
m

! � � �� � � ��
^ � �� � � � �

� �
! � ��

�
� � �

� �
m

! � �� � �� � � �� � � ��
� �

� � � �
� � (17)

The terms
� � � � � � and

� � � � � � represent the interaction parameters between the atoms on one sublattice for a
given occupancy of the other, and can be described by a Redlich - Kister polynomial, as follows:

� � � � � � �  

� � �

� � �� � � �� � � � � � � � � � (18)

The parameters
� � � � � � � can be temperature dependent. The term

� � � � � � � � is known as the reciprocal parame-
ter which may be related to the exchange reaction of A and B between the sublattices. It is usually assumed
to be composition independent but may depend on temperature.

The above equations can easily be extended to ternary and higher order systems.

3: Phases with order-disorder transformation

Phases with order-disorder transformation, like
o � /

� � and
o � /

� � / can also be described with the sublattice
method although this disregards any explicit short range order contributions. A single Gibbs energy function
may be used to describe the thermodynamic properties of both the ordered and disordered phases as follows:

� I � � � � �I � � � � ! � � � � �I � � �� �
(19)

where
� � � �I � � � �

is the molar Gibbs energy of the disordered phase, given by equation (5) and
� � � � �I � � �� �

is
the ordering energy given by:

� � � � �I � � � � � 	I � � �� � � � � � � 	I � � �� � � � �
(20)

where
� � � � 	I � � �� �

is given by equation (14). This must be calculated twice, once with the original site
fractions � �� and once with these site fractions replaced by the mole fractions. If the phase is disordered the
site fractions and mole fractions are equal and thus

� � � � �I equal to zero.

To ensure stability of the disordered phase, the first differential of
� � � � 	I with respect to any variation in the

site occupancy must be zero at the disordered state. This enforces some relations between the parameters
in

� � � � 	I as is discussed in [88Ans].

Landolt-Börnstein
New Series IV/19B

SGTE



XX Introduction

Description of the Tables and Diagrams

The diagrams and tables which are presented for the binary systems provide an overview of the major
thermodynamic properties and the mixing behaviour of these systems. Depending on the nature of the
respective system, the number and the type of the presented diagrams and tables varies. For all systems, a
calculated phase diagram, a short abstract and a table listing the condensed phases are provided. Additional
tables and diagrams present data for invariant reactions, integral and partial quantities of the liquid and solid
phases, and standard reaction quantities of intermetallic compounds in the system.

The following list gives on overview of the quantities in the tables and diagrams and their designations. The
definition of these quantities is provided in the following paragraphs.

Symbol Unit Quantity
 �

thermodynamic activity of the component A in a liquid or solid solution� � v
�� J mol

6 8
K

6 8
change of the molar heat capacity at constant pressure upon formation of a
compound� v

� J mol
6 8

K
6 8

change of the molar heat capacity at constant pressure upon formation of a
liquid or solid solution� � I J mol

6 8
integral Gibbs energy of a liquid or solid solution� �I J mol

6 8
integral excess Gibbs energy of a liquid or solid solution� � �

J mol
6 8

partial Gibbs energy of the component A in a liquid or solid solution� ��
J mol

6 8
partial excess Gibbs energy of the component A in a liquid or solid solution� � �

� J mol
6 8

standard Gibbs energy of formation of a compound� 
 I J mol
6 8

integral enthalpy of a liquid or solid solution� 

�

J mol
6 8

partial enthalpy of the component A in a liquid or solid solution� � 
 � J mol
6 8

standard enthalpy of formation of a compound�
� 
 J mol

6 8
enthalpy of reaction per mole of atomsd

� Pa partial pressure of species i� � I J mol
6 8

K
6 8

integral entropy of a liquid or solid solution
� �I J mol

6 8
K

6 8
integral excess entropy of a liquid or solid solution� � �

J mol
6 8

K
6 8

partial entropy of the component A in a liquid or solid solution
� ��

J mol
6 8

K
6 8

partial excess entropy of the component A in a liquid or solid solution� � � � J mol
6 8

K
6 8

standard entropy of formation of a compound
�

K thermodynamic temperature
� W

K Curie temperature
� �

mole fraction of component A in an alloy or compound
�

�
activity coefficient of the component A in a liquid or solid solution

The first diagram shows the phase diagram of the system. The single-phase fields and the compounds
are marked with labels which are used in the tables to refer to the respective phases. All boundaries be-
tween phases which transform into each other by first-order transformations are drawn with solid lines.
Second-order phase transformations and magnetic transformations are denoted by dashed and dotted lines,
respectively.

The table “phases, structures and models”, contains crystallographic data and information on the thermo-
dynamic model in the database. The designations of the phases according to Strukturbericht, prototype,
Pearson symbol and the space group have been collected from various sources, including the original pub-
lication of the assessment and the reference books of Pearson [85Vil], Massalski [90Mas] and Smithells
[92Bra]. The SGTE name is used by the accompanying software on the CD-ROM. The last column of
this table denotes how the sublattices of the crystals have been mapped into a thermodynamic model. The
species which dissolve in a common sublattice are enclosed in parentheses. The indices denote the stoi-

SGTE Landolt-Börnstein
New Series IV/19B



Introduction XXI

chiometric coefficients of the respective sublattices. If a sublattice is occupied by a single species only, the
parentheses have been omitted. Vacancies are denoted by a box ( � ).

The table of “invariant reactions” provides detailed data for the invariant equilibria and special transition
points shown in the phase diagram. For each of these reactions the temperature and the phase compositions
are provided. The compositions of the participating phases are listed in the same sequence as given by the
symbolic equation. The last column gives the reaction enthalpy on cooling for one mole of atoms according
to the respective transformation.

The thermodynamic quantities for the liquid and solid solutions are provided by a set of three tables which
are denoted by a suffix a–c after the Roman number. The first of these tables lists the integral quantities
as well as the change of the molar heat capacity. The other two tables give the partial quantities for the
respective two components.

The integral and partial quantities can often be obtained easily from experiments. Partial molar quantities
are used to describe the thermodynamic behaviour of the individual components. In a binary system, the
partial molar Gibbs energy

� �
of component A can be calculated from the molar Gibbs energy,

� I , at
constant temperature and pressure by the well-known relation:

� � � � I ! � � � � � � � � � I T � � � �
� � � (21)

� �
is also known as the chemical potential of component A and denoted by the symbol �

�
. Similar

relations hold for the partial molar enthalpy, 
 �
, and the partial molar entropy,

� �
.

Partial quantities provide the difference between the values of thermodynamic functions of a component in
a solution and the corresponding values for the pure components. Thus, the partial Gibbs energy

� � �
of

component A is calculated from
� �

in the solution and
� ��

in the pure substance by:

� � � � � � � � ��
(22)

Usually, the values of the pure components are given for their most stable modification at the respective
temperature and pressure. But in order to avoid ambiguities the reference states for each component are
given at the tables. The quantities

� 
 �
and

� � �
are defined accordingly.

The thermodynamic activity
 �

of a component A is closely related to the partial Gibbs energy by:

 � � � � 	 � � � � T L � �
(23)

Therefore, the activity is 1 for pure components in the chosen reference state.

The integral Gibbs energy,
� � I is equal to the difference between the Gibbs energy of one mole of a

solution
� I and the sum of the molar Gibbs energies of the pure components

� �� at the same temperature
and pressure. For a binary system the integral Gibbs energy is:

� � I � � I � � � � �� � � �
� �� (24)

If the reference state of the components is the same phase as the mixture,
� � I is also called the Gibbs

energy of mixing. If the reference state of at least one component is different from the phase of the mixture
then

� � I contains the difference in Gibbs energies for the pure components between two phases. In these
cases

� � I is called the Gibbs energy of formation of the mixture. The quantities
� 
 I and

� � I are
defined accordingly.

The excess quantities describe the deviation of the mixture from the ideal mixing behaviour. The molar
excess Gibbs energy,

� �I , is given by the difference of the integral Gibbs energy and the Gibbs energy of
mixing for an ideal mixture: � �I � � � I � � � �I (25)
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In case of a a simple substitutional solution,
� � �I is given by equation (7) and for solid solutions with several

sublattices an expression similar to equation (16) applies.

The partial excess quantities can be derived from the integral excess functions by relations similar to those
between partial and integral quantities. Thus, analogous to equation (21), the partial excess Gibbs energy
of component A is given by:

� �� � � �I ! � � � � � � � � � �I T � � � �
� � � (26)

Since the heat of mixing is zero for an ideal mixture, the excess enthalpy is identical to the heat of mixing
and the partial excess enthalpy of a component is equal to its partial enthalpy. Therefore, the partial ex-
cess entropy can be calculated from the partial excess Gibbs energy by a temperature derivative or by the
difference from the partial enthalpy:

� �� � � � � � �� T � � �
� � � �

� � � 
 � � � �� � T �
(27)

The activity coefficient is related to the partial excess Gibbs energy by an expression analogous to equa-
tion (23):

�
� � � � 	 � � �� T L � �

(28)

For the case of simple substitutional solutions the activity of a component A is related to its mole fraction
by:

 � � � � � �
.

The preceding equations describe the thermodynamic behaviour of a single phase. In an unconstrained
equilibrium between two phases each component has the same chemical potential and the same activity in
each phase and the integral quantities are linear functions of the composition in a two-phase region. In the
diagrams, the functions are drawn with dashed lines in these regions.

Special considerations apply to stoichiometric compounds. Here, the partial quantities cannot be defined
by the expression given in equation (21) because the composition cannot be varied. Instead, the chemical
potentials are defined by the equilibrium with the next adjacent stable phase.

The table of “standard reaction quantities” provides the Gibbs energy, the enthalpy, and the entropy of
formation for the given compounds from the pure elements in their most stable state at 298.15 K and
0.1 MPa. Phosphorus deviates from this rule since here the white modification is conventionally chosen as
a reference state instead of the more stable red form. All values in this table are given for the reaction of a
total amount of 1 mole of atoms.

Description of the Software

The software provided with the volumes can calculate the printed phase diagrams but it also has some
additional capabilities.

Phase Names

The phase names are the same as used in the volumes. If the phase has a miscibility gap or could appear as
both ordered and disordered in the same system, a ”COMPOSITION SET” number is appended to the name
after a hash sign. For example LIQUID and LIQUID#2 may appear as phase names if there is a miscibility
gap in the liquid phase. Normally the composition set 1 is not identified explicitly. As both phases are
thermodynamically identical the assignment of a specific composition set number is arbitrary. For ordering
in the Au-Cu system for example there are four different composition sets for the FCC phase.
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Diagram Selection

The two basic windows for SGTEbin are shown in Fig. 3. In the text area of the base window references
for data and other key textual information may appear. For the selection of a system press any two of the
elements highlighted in bold print. The four buttons at the bottom of the window will become available.
Four basic types of diagrams can be generated by use of specific buttons. These are,

– the phase diagram,
– the Gibbs energy curves for all phases as a function of composition at a specific temperature
– the activity curves of the two elements as a function of composition at a specific temperature
– a plot of the phase fractions as a function of the temperature for a given composition

Fig. 3. Base window and periodic chart window.

The basic diagrams are obtained by just selecting two elements and the specific button. From these four
calculations an infinite number of modified diagrams can be generated. Some of these will be discussed
below.
In addition to selecting the two elements one can also select the set of phases. The folder tagged ”PHASE”
gives the default selection of stable phases for the selected system. By changing this selection various
metastable diagrams can be calculated.

Phase Diagram

This button will generate a standard temperature - composition phase diagram with the axes in mole frac-
tions and degrees Celsius, see the example in Fig. 4a and 4b. Magnifications and phase labels can be
obtained using specific buttons in the graphical window. The REDEFINE button provides a menu, which
will allow a change of the axes as shown in Fig. 5. Fig. 6 is equivalent to Fig. 4 but now plotted with
activity and temperature in Celsius as axes variables.
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Fig. 4a. The periodic chart window shows the selected
elements in red. Note that the buttons in the lower area
are activated.

Fig. 4b. A binary phase diagram, here Al-Cu.

There are a number of different possible choices for the axis variable, some will be more sensible than
others for a particular phase diagram. You may find it instructive to try a few on your own.

Fig. 5. The REDEFINE window for Al-Cu. Fig. 6. The calculated Al-Cu system using the activity of
Al and the Celsius temperature as axis variables.

G-Curves

In this diagram the Gibbs energies for each phase will be plotted vs composition at a given temperature.
This diagram is related to the phase diagram in that the stable combination of phases is given by the lowest
Gibbs energy at each composition. An example is given in Fig. 7. The number listed to the right of the
diagram identifies each curve. Some phases have limited ranges of existence and stoichiometric phases
appear with a small + sign. It is possible to change the axis to plot any integral quantity such as the enthalpy
or entropy of the phases. In most cases the default for the reference phase for each element is the stable
phase at � � � � �



K.
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A-Curves

In this diagram the activities of the two elements are plotted vs composition at a given temperature as shown
in Fig. 8. The horizontal lines represent two-phase equilibria. It may be useful to change the activity axis to
a logarithmic scale in the REDEFINE window or to plot the chemical potential instead. In most cases the
default for the reference phase for each element is the stable phase at � � � � �



K.

Note the difference between A-CURVES and G-CURVES. In the latter all phases are calculated for their
range of composition. In the A-CURVES diagram the phases are included only where they are stable.

Fig. 7. The diagram calculated by pressing the G curves
button. The Gibbs energy curves are shown for all phases
of the Al-Cu system at � � � � K.

Fig. 8. The diagram calculated by pressing the A curves
button. The component activities in the system Al-Cu are
shown at � � � � K.

Phase Fraction

This diagram gives the amount of the stable phases as a function of temperature for a given composition
as shown in Fig. 9. The amount is given as mass fraction of phase. If one is interested to know how the
amount of the phases varies with composition for a given temperature one can use the A-CURVES button
and then change the axis with REDEFINE.

Fig. 9. The diagram calculated by pressing the
phase fraction button. The curves show the amount
of phase as function of the temperature at a given
composition; the mole-fraction of copper is set to
0.71.
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Features and Errors

Unfortunately all software has errors. If you find a problem with the software please provide details by
sending an email to info@thermocalc.se. Please provide the minimum number of actions needed to repro-
duce the error. If you would like to suggest an additional feature send an email to the same address. One
known problem may occur in the calculation of metastable phase diagrams where there may be a miscibility
gap.
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SGTE Data for Pure Elements

A.T. Dinsdale

The data for each phase of each element are presented graphically in terms of the variation with temperature
of the heat capacity of the various phases and the difference in Gibbs energy between each phase and the
reference phase for the element (ie lattice stability).

The SGTE element data were first presented in September 1989 [89Din] but published in revised form in
1991 [91Din1, 91Din2, 93Din] partially to conform to the 1990 International Temperature Scale [90Pre,
91Rus]. The data have been revised and enhanced since then. Over the last few years these element data
have formed the basis of a number of assessments of binary, ternary and higher order systems which have
appeared in the open literature.

Stable and Metastable Phase Data

In order to model the thermodynamic properties of binary or multicomponent systems data for each element
are required for each phase in which it can form or dissolve. The data for the stable phases are, on the
whole, well defined although serious anomalies still exist requiring further experimental study. Data are
also required for these phases for temperatures outside their range of stability and this is generally much
more of a problem. The traditional CALPHAD approach [70Kau] is to use the enthalpy and entropy of
transition to extrapolate the Gibbs energy difference but to neglect any effects due to a difference in heat
capacity between the phases. These differences, however, can often be substantial.

The extrapolation of the experimental heat capacity data across a solid state transformation is generally
fairly straightforward. The extrapolation of data above and below the fusion temperature is more compli-
cated. If the liquid heat capacity data are extrapolated from above the fusion temperature to lower tem-
peratures there is the possibility that for certain temperatures the liquid phase would have a lower entropy
than the solid phases. This is unreasonable and would be prevented in practice by the occurrence of the
so-called glass transition, which is thought to take place at about 0.25 of the fusion temperature. A similar
problem could occur with the extrapolation of the solid phase data to temperatures well above the melting
point where under certain circumstances the solid could be predicted to become stable again.

These problems need to be avoided and SGTE adopted an interim solution for many elements in which
the heat capacity of the liquid phase approaches that of the most stable solid phase for temperatures below
the melting point [87And]. In a similar way above the melting temperature the heat capacity of the solid
phases approaches that of the liquid phase. This has led to the introduction of terms in

� =

and
� 6 @

into
expressions for the Gibbs energy and removes the possibility of phases becoming incorrectly stable at high
or low temperatures. An alternative method was also used for a number of elements to obtain a smoother
extrapolation of the heat capacities of the solid and liquid phases.

The definition of data for phases which, for a given element, are metastable present even more of a problem
and it has been common to assess these ”lattice stabilities”, ie expressions for the difference in Gibbs energy
between one phase and another, from the critical assessment of data for many binary systems. Many of the
initial set of lattice stabilities used were derived by Kaufman (see for example [70Kau, 77Kau, 78Kau]).
SGTE sponsored the definition of new values for the Gibbs energies of transformation [86Sau, 88Sau] by
considering more recent experimental data for stable phase transformations, taking account of the observed
correlation between the entropy of fusion and temperature of fusion and better theoretical prediction of
the enthalpy difference between two structures for a given element at

�
K. More recent theoretical studies

have indicated that some elements in certain phases may be mechanically unstable for particular ranges
of temperature and pressure [95Chan]. The SGTE unary data published in 1991 provided, according to
the consensus of SGTE members the most reliable data for the elements. These recommended data have
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changed since then as new information became available from experimental studies and improved theoreti-
cal methods and to reflect other currently accepted data.

More recently SGTE has also been at the forefront of the development of more scientific approaches to the
extrapolation of heat capacities through use of Einstein or Debye equations [95Chas] for crystalline phases
and a two state model for the liquid phase [95Ågr, 00Tol]. In due course these will lead to a completely
new set of unary data and form the basis for new and improved thermodynamic databases.

Standard Element Reference

The data for each phase are stored in the form of Gibbs energies relative to the ”Standard Element Ref-
erence” ie the enthalpies of the pure elements in their defined reference phase at � � � � � 


K (denoted as� �

 �

� � ). This reference phase is normally the phase stable at � � l
Pa and � � � � � 


K. The exception to
this rule is phosphorus for which, by convention, the white form is chosen as the reference phase because
the more stable red form is difficult to characterise. This form of data is very convenient to use since all
data in a database stored relative to this reference state are interconsistent and can be combined for the cal-
culation of chemical and metallurgical equilibria. Furthermore each dataset contains all the thermodynamic
information of interest for a particular phase and does not include any anomalous behaviour in a reference
phase. All other thermodynamic functions can be calculated directly from one or more derivatives of the
Gibbs energy expression. The concept of

� �

 �

� � can be best understood by noting that a Gibbs energy
can be subdivided into its enthalpy and entropy contributions. The entropy of an element in a phase has
an absolute value. The enthalpy, on the other hand, and therefore the Gibbs energy, has no absolute value,
and a reference state needs to be defined. The most obvious reference state for the enthalpy is that of the
element in its reference phase at � � � � � 


K. This is the reference state used for tabulation of the enthalpy
of formation at � � � � � 


K. Combination of the enthalpy defined in this way with the absolute entropy gives� �

 �

� � .

The remainder of this section on unary data falls into two parts. The first part is a summary of the transition
data between the stable phases for all elements for which SGTE has solid and liquid data. All thermody-
namic data refer to units of J mol

6 8
. This is similar to the information presented in the Massalski compila-

tion of binary alloy phase diagrams [91Din2] but is updated. The standard entropies at � � � � � 

K for certain

key elements are compatible with the CODATA key values [89Cox] and all temperatures quoted refer to the
ITS-90 temperature scale [90Pre, 91Rus]. These include eight of the fixed points on the temperature scale.

The table includes for each element a number of important properties. After the atomic weight is given the
difference in enthalpy between � � � � � 


and
�

K and the standard entropy at � � � � � 

K of the element in the

defined reference phase. The final five columns relate to the temperature, change in enthalpy, change in
entropy and change in heat capacity associated with any condensed phase transformation occurring within
the element on heating. A number of rows are provided for elements which undergo solid state phase
transformations eg Mn. The final row for a given element is associated with melting.

The second part shows the variation of heat capacity of the various phases as a function of temperature and
also the difference in Gibbs energy between a given phase and the element reference phase.
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� �
� � 


� �
� �

� � �
� �

v
�

weight [J/mol] [J/(mol
'
K)] [K] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

Ag � � ` � � h � � 
 ` � 
 � � � � 
 

FCC A1 � � j � � � j � � � � h � � � � � � � ` ` � � 
 � � �

Al � h � � � � 
 � � 
 � � � � � � j �
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 � j � h �
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 � � � � ` � � �

FCC A1 � j 
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 � h � � � h � � j � � � � � � � � �
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 � � ` � � j � j 
 � h � � 
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Au � � h � � h h 
 h � � h � 
 � � � ` � � � � �
FCC A1 � j j ` � j j � � 
 
 � � � � � j � 
 � � � �

B � � � � � � � � � � � 
 � � BET � j � � � � � 
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Ba � j ` � j j h � � � � � h � � 
 �
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 �
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 � � � � � 
 �
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 j � � � � � � 
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 h � � � � ` � � 
 � � 
 � � h � � � � � � � � j
Bi � � � � � � � � h � � h � h � � 
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 � � � 
 
 � � � � h � � � � � � ` � 
 � � � h 
 � �
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 � � � 
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 � j � � ` j h � � � � � � h j � � � � �
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� � � � � 
 ` j h � � � � � 
 � � FCC A1
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 � � � � ` � � � � � j j h
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 j � � 
 � ` � h 
 � � � � � � � 
 `

Cd � � � � � � h � � ` � 
 � � � �
HCP A3


 � � � � � � h � � � � j � � � � � � � � � � � h h h

Ce � � � � � � ` � � � � � h h � � � 
 �
FCC A1 � � � � � � � � � � � � h � � � � � � h � � � � j j `

BCC A2 � � ` � � � � 
 � h � � � � 
 � � � j � � � � � j h

Co

 � � � j j � � ` h 
 � 
 h ` j � � � � � �

HCP A3
h � � � � � � � ` � 
 � � � h � 
 j � � � � �

FCC A1 � ` h � � � � � h � � � � � � � � � h � � � � � � h �
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v �
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'
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 � � � � h � � 
 � � � � j � 
 � � � BCC A2 � � � � � � � � � � � � � � � � h j � � � � � � ` � � �

Cs � j � � � � 
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 � � j BCC A2 j � � � 
 � � � � h � � � h � � � � � � � � � � �
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h j � 
 � h 
 � � � � j j � � 

FCC A1 � j 
 ` � ` ` � j � h j � � � � � ` h � � � � 
 j � �

Dy � h � � 
 � � � h 
 � � � h ` � � � 
 
 � HCP A3 � h 
 � � � 
 � 
 � � � ` � � � ` ` 
 � � � � � h h

BCC A2 � h � 
 � � � � � j 
 � � 
 � h � ` j 
 � � � � � � � �
Er � h ` � � h ` j � � � � � � � ` j � � ` � � h
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BCC A2 � � � 
 � � � � � � j � � ` � � � � j � � � � � ` j �
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 � ` � � � � � 
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 j � � � � ` h h
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Hf � ` � � � � 
 � � 
 � � � j � 
 h
HCP A3 � � � h � � � 
 � h � � � � � � � � h � � h � h � � `

BCC A2 � 
 � h � � � � ` � � h � � � � � � � 
 � � 
 � 
 
 
 �
Hg � � � � 
 � � j � � � ` 
 � � �

LIQUID � j � � j � � � � � 
 � j � � � ` � 
 ` � � � � � h h

Ho � h � � � j � � ` � � 
 � h � � ` 
 � � � � � HCP A3 � ` � ` � � � � 
 � � h � h � � � � � h 
 � � � ` � � h

In � � � � � � h h � � � � 
 ` � h 

TET A6

� � � � ` 
 j � � j � � ` � h j � j � � � � � �
Ir � � � � � � 
 � h ` � h 
 h j 
 � 
 � 
 �

FCC A1 � ` � � � � � � � � � � � � � � 
 � � � � ` � � � � 
 
 �

K j � � � � � j ` � � � � h � � h � BCC A2 j j h � 
 j � j � � � � h h � � � h � � � � 
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 � � � � 
 � 
 �

BCC A2 � � � j � � � h � � h � 
 � 
 � � � � � � 
 � � j � �

Li
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Mg � � � j � 
 � � � � � � j � � h ` � HCP A3 � � j � � � � � ` h � ` � � � � � j � � � � � � �
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2 Binary Systems: Ag – Al 33

Ag – Al (Silver – Aluminium)

Fig. 1. Calculated phase diagram for the system Ag-Al.

Small quantities of Ag are often added to aluminium alloys to improve their high temperature mechanical
properties. The critically assessed dataset for this system adopted by SGTE is from Lim et al. [95Lim]
which is based on an earlier assessment of Spencer and Kubaschewski [87Spe]. The system is characterised
by complete mixing in the liquid phase and substantial solid solution in each of the crystalline elements.
There are also solid solution ranges for the bcc, hcp and cubic

o � j structures. In addition to phase diagram
studies the data of Lim were based upon experimental activity and enthalpy of mixing measurements in both
the liquid and crystalline phases. The agreement between the critically assessed data and the experimental
values is reasonable.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Al) 8
fcc

o � Cu
& � � � � j �

FCC A1 (Ag,Al) 8
bcc

o � W
& � � � � j �

BCC A2 (Ag,Al) 8
cub

o � j O Mn
&

� � �
�

� 8 j � CUB A13 (Ag,Al) 8
hcp

o j Mg
?

� � �
h 3 T � � &

HCP A3 (Ag,Al) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
	

�
� 
 / (J/mol)

fcc + liquid �� bcc peritectic � � 
 � � � � � � h � � � � j � � � � � � � 
 � j j
liquid �� hcp congruent � � � ` � h � � j 
 � � � j 
 � � � � h � h

liquid �� bcc + hcp eutectic � � � j � � � � j � h � � � ` � � � j � � � � � � �

fcc + bcc �� hcp peritectoid � � � � � � � � � j � � � j 
 � � � j � � � � � �
bcc �� hcp congruent � � � � � � � � j � � � � j � � � � � �

liquid �� hcp + fcc eutectic � � � � � � � h 
 h � � � � j � � ` � � � � � j j �
fcc + hcp �� cub peritectoid

` j � � h � � � � � � � � j � � � � � j � � 
 j

Table IIIa. Integral quantities for the liquid phase at 1300 K.

� �
	

� � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � h � � � � � ` h � j � � ` � � j j ` � � � � ` � � � � � �

� � � � � � � � � � � � � 
 � � 
 � � � � � 
 � � � � � � � � � � � � �

� � j � � � � j ` � � � 
 � � � h � 
 
 � � ` � � h � � � � � � � � � �

� � � � � � � � h � 
 � � � h h ` � � � � � ` j � � � � � � � � � � � �

� � 
 � � � � � � ` ` � j � � 
 ` � � h j � h h � 
 � � � � � � � � � �

� � h � � � � � ` � h � � � h � ` � � � � � 
 � ` � � � j � h � � � � �

� � ` � � � � � h � � � � � h j ` � � � � � � � � h � � � � � � � � � �

� � � � � � � � � � � � 
 � 
 � � ` � � � h � j � � � � � � � � � �

� � � � � � � � � � � � j j � ` � j � � j � 
 � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Al(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
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Table IIIc. Partial quantities for Al in the liquid phase at 1300 K.
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Table IVa. Integral quantities for the stable phases at 820 K.
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Table IVc. Partial quantities for Al in the stable phases at 820 K.

Phase �
�

	

� � �
	

� 
 �
	

� � �
	

� ��
	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � j � � h � � � j h � � h 
 � � � � � � � � � � � � � 


� � � 
 � � � � � � � � � � � � � j � � � � � � � � � � j 
 � � j � � � � � � � � � � 


� � � � � � j ` � h � � � ` h � � � j � � � j � � � � h � � � h � � � � � � � � � � � j
� � � 
 � � � � 
 
 � � � � � � ` � � � � h � � � 
 h � j � � � � � � � � � 
 � � � � �
� � � � j � � � h � j � � j ` � � ` � � h 
 � � � � ` � j � ` ` � � � � j h � � � � h

hcp
� � � j � � � � h � j � � � � 
 � � � � j � � � � � ` j � � � � ` � � � � j h � � � 
 


� � � 
 � � � � h � � � � � ` � � � j � j � h � � � � � � � � � � � � � � � � � � � h `
� � j � � � � � � h h � � � � � � � � � � 
 � � � � h 
 ` � � � � ` � � � 
 � � � � � �
� � j 
 � � � 
 � � ` � � � ` � � � � 
 � � � ` � � � � j j � � � � � ` � � � ` `
� � � � � � � � � � � � 
 � ` � 
 j � � j � j � � � � ` � � � � � h � � � � �

� � � � j � 
 h j 
 j � h ` � � � h 
 � ` � � � � � 
 j � � � � � � � � j �
fcc

� � ` � j � 
 h j � j � 
 � � j � j � � � � � � � ` � � � � � � � � � ` 


� � � � � � 
 
 � � � h � � � � � ` � ` � � � � j � � � � � � � � � 
 j
� � � 
 � � 
 � j ` � � � � � � � 
 � 
 � � � j � � � � � ` � � � � �
� � � � � � � j � j j � � � � j � � � � � � � 
 � � � � j � � � � � j
� � � 
 � � � ` � � ` � � � � � ` h � � � � � � � � h � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Al(fcc)

Fig. 4. Integral quantities of the stable phases at
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Fig. 5. Activities in the stable phases at

�
=820 K.
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Ag – Au (Silver – Gold)

Fig. 1. Calculated phase diagram for the system Ag-Au.

Both Au and Ag are noble metals used in jewellery and electronic applications. Both elements crystallise
in the fcc structure and form a continuous series of solutions both in the liquid and crystalline phases. The
composition range where the two phases are in equilibrium is very small. The critical assessment of data
for this system selected by SGTE was published by Hassam et al. [88Has] based on the phase diagram
and activities in the fcc phase compiled by Hultgren et al. supplemented by more recent experimental
thermodynamic properties of the liquid phase.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Au) 8

fcc
o

� Cu
& � � � �

j
�

FCC A1 (Ag,Au) 8
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Table IIa. Integral quantities for the liquid phase at 1350 K.
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Table IIb. Partial quantities for Ag in the liquid phase at 1350 K.
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Table IIc. Partial quantities for Au in the liquid phase at 1350 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1350 K.
Fig. 3. Activities in the liquid phase at

�
=1350 K.

Table IIIa. Integral quantities for the stable phases at 1200 K.
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Reference states: Ag(fcc), Au(fcc)

Table IIIb. Partial quantities for Ag in the stable phases at 1200 K.
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Table IIIc. Partial quantities for Au in the stable phases at 1200 K.
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� ��
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 �
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K)] [J/mol] [J/(mol

'
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 � � � � � 
 
 � � � � � � � � � � � � � � � � �
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� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Au(fcc)

Fig. 4. Integral quantities of the stable phases at
�

=1200 K.
Fig. 5. Activities in the stable phases at

�
=1200 K.
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Ag – Bi (Silver – Bismuth)

Fig. 1. Calculated phase diagram for the system Ag-Bi.

The silver-bismuth system is part of the commonly used solder system Pb-Sn-Ag-Bi-Sb-Zn. Therefore,
this system has been studied in many experimental investigations. Detailed reviews of experimental data
are given in [80Ell, 93Kar]. The thermodynamic parameters have been assessed several times [76Zim1,
76Zim2, 93Kar, 94Kat, 98Luk, 99Ass]. The description of [98Luk] is accepted here because it has been
tested in multicomponent systems. This thermodynamic description is an update of that of Zimmermann et
al. [76Zim2] in order to make it compatible with the SGTE unary descriptions of [01Din].
The Ag-Bi system is a simple nearly degenerate eutectic system. The fcc solid solution has a retrograde
solidus with a maximum solubility of about 2.5 at.% Bi. The solid solubility of Bi in fcc-Ag has been
determined by thermoelectric power measurements, from lattice parameter data and by electron probe mi-
croanalysis. The solid solubility of Ag in solid Bi is negligible and it has not been measured systematically.
The enthalpy of mixing of liquid Ag-Bi alloys has been measured by calorimetry. The activities of Ag and
Bi in the liquid have been determined by EMF and vapour pressure measurements. All phases are modelled
by the substitutional solution model. The calculated thermodynamic quantities and the phase diagram agree
well with the experimental data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Bi) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Bi) 8
o

7
o

7 � As
? L

2
L

j
�

RHOMBOHEDRAL A7 Bi 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � � � 
 / (J/mol)

liquid �� fcc +
o

7 eutectic

 j 
 � � � � � 
 � � � � � � � � � � � � � � h � �

Table IIIa. Integral quantities for the liquid phase at 1300 K.
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Reference states: Ag(liquid), Bi(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
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Table IIIc. Partial quantities for Bi in the liquid phase at 1300 K.
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Reference state: Bi(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1300 K.
Fig. 3. Activities in the liquid phase at

�
=1300 K.
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Ag – Ge (Silver – Germanium)

Fig. 1. Calculated phase diagram for the system Ag-Ge.

The Ag-Ge system has been critically assessed by Chevalier [88Che]. A review of the literature concerning
the Ag-Ge system has been published by [80Ell]. The phase diagram is rather simple and of eutectic type,
with a complete mutual solubility in the liquid state, a limited solid solubility of germanium in the silver rich
terminal solid solution, and a negligible solid solubility of silver in pure crystalline germanium; there are
no compounds in the system and the liquid and the fcc-phase has been modelled as a simple substitutional
solution.
The liquidus curve has been investigated by thermal analysis [29Bri, 36Mau, 75Pre]. The solid solubility
of Ge in Ag has been studied by conventional techniques by [29Bri, 36Mau, 40Owe, 40Hum, 50Now].
The calculated eutectic temperature, and composition are very close to the mean experimental values. The
maximum solubility of germanium in the silver rich fcc solid solution, is in complete agreement with
the experimental results of [75Pre], considered to be the most accurate work. The solubility of silver in
germanium is so small that solid Ge has been modelled as a pure phase.
The calculated enthalpy of mixing of the liquid phase is in agreement with the calorimetric measurements
[68Cas, 69Cas, 68Wit]. The calculated partial Gibbs energy of elements in the liquid phase is in good
agreement with emf measurements [71Bat], and mass spectrometry measurements [79Mar]. It is difficult
to reconcile the calculated chemical potential of germanium in the fcc solid solution with experiments on
gas-solid equilibria [74Jac].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Ge) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Ge) 8
o � o �

C(diamond)
& �

8
� -

j
�

DIAMOND A4 Ge 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid �� fcc +
o �

eutectic � � j � j � � � � � � � � � h � � � � � � � 
 j � �

Table IIIa. Integral quantities for the liquid phase at 1300 K.
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Reference states: Ag(liquid), Ge(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
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Table IIIc. Partial quantities for Ge in the liquid phase at 1300 K.
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 � � � � � � � � ` ` � � 
 � 
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� � � � � � � � � � � � j � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Ge(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1300 K.
Fig. 3. Activities in the liquid phase at

�
=1300 K.
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Ag – In (Silver – Indium)

Fig. 1. Calculated phase diagram for the system Ag-In.

The Ag-In system has been critically assessed by Chevalier and Fischer [01Che], and is of interest for nu-
clear safety applications. The phase diagram as compiled by Moffatt [81Mof] presents a complete mutual
solubility in the liquid state, limited solid solubility of indium in the silver rich terminal solid solution,
and negligible solid solubility of silver in pure indium. There are two intermediate solid solutions, bcc
with a very narrow temperature and composition range, and hcp with a larger existence range, which could
transform into a different structure (

� �
) below 473 K. Three intermediate compounds have been identified:

Ag 3 In, Ag / In 8 6 � with a limited nonstoichiometry range and AgIn / , strictly stoichiometric. All solution
phases have been described with a simple substitutional model and the three compounds have been consid-
ered as stoichiometric.
The calculated liquidus is in good agreement with experimental data in the silver-rich domain by [34Hum,
37Hum], and in an extended composition range by [35Wei, 70Cam]. The calculated solidus and solid-
solid phase transitions are in better agreement with [35Wei] than with [70Cam], which disagree on the hcp
limits. The temperatures of the invariant reactions including the bcc phase are in agreement with the works
of [35Wei, 70Cam, 91Hor]; the temperatures of the three invariant reactions in the indium rich-region agree
with [70Cam, 91Hor]. The Ag / In � hcp temperature is well represented, as the upper temperature of
Ag 3 In (460 K). However, the (

� �
) phase below 473 K is replaced by a two-phase region Ag 3 In + Ag / In

below 458 K.
The calculated mixing enthalpy of the liquid phase is within the range of data measured by Kleppa [56Kle]
at 723 K, Nozaki et al. [66Noz] at 1100 K, Castanet et al. [70Cas] at 743 K and 1280 K, Béja [66Bej] at
1028 K and Qi et al. [89Qi] at 1300 K.
The partial Gibbs energies of silver and indium are in good agreement with the experimental results of
[89Qi, 69Alc] at 1300 K. The partial Gibbs energies of indium are in good agreement with experimental
results of [63Prz, 72Pre] at 1000 K, and [81Kam] at 1050 K and 1250 K. The partial Gibbs energy of indium
in fcc solid solutions is in good agreement with the measurements of [73Jac] at 900 K and [73Mas] at 1000
K. Enthalpies of formation of fcc and hcp solid solutions have been determined by [61Orr] at 317 K and
[56Kle] at 723 K. The thermodynamic data of the compounds have been estimated.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,In) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,In) 8

Ag 3 In
o

3 Mg
?

� 2 � 6 3 T � � &
AG3IN1 Ag 3 In 8

bcc
o

2 CsCl
&

� 2 �
�

3
�

BCC A2 (Ag,In) 8
hcp

o
3 Mg

?
� 2 � 6 3 T � � &

HCP A3 (Ag,In) 8
Ag / In 8 � 0 3 AlFe 3 & �

16
� � j �

D03 AG2IN1 Ag / In 8
AgIn /

v
16 Al / Cu �

�
12

�
4

T � & �
C16 AG1IN2 Ag 8 In /

o
6

o
6 In �

�
2

�
4

T � � �
TETRAGONAL A6 In 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

fcc + liquid �� bcc peritectic � ` ` � � � � � � ` � � � ` � � � � � 
 � � 
 � �
fcc + bcc �� hcp peritectoid � � h � ` � � � � � � � � j � � � � � � � � � � �
bcc �� hcp + liquid eutectoid � j j � j � � � 
 j � � � 
 � � � j � � � � � ` `

hcp �� Ag / In congruent

 h � � h � � j j j � � j j j � � � 
 �

hcp �� Ag / In + liquid eutectoid
� ` ` � ` � � � � � � � j j j � � � � h � � � � �

hcp �� Ag 3 In congruent
� h � � � � � � 
 � � � � 
 � � 
 � �

hcp �� Ag 3 In + Ag / In eutectoid
� 
 � � � � � � 
 h � � � 
 � � � j j j � h h j

hcp �� fcc + Ag 3 In eutectoid
� � j � � � � � j j � � � � � � � � 
 � � j � j

Ag / In + liquid �� AgIn / peritectic
� j � � � � � j j j � � � 
 � � � h h ` � � 
 � �

liquid �� AgIn / +
o

6 eutectic
� � � � h � � � h ` � � h h ` � � � � � � j ` j �

Table IIIa. Integral quantities for the liquid phase at 1300 K.
� � � � � I �
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Reference states: Ag(liquid), In(liquid)
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Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
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Reference state: Ag(liquid)

Table IIIc. Partial quantities for In in the liquid phase at 1300 K.
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Reference state: In(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1300 K.
Fig. 3. Activities in the liquid phase at

�
=1300 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � � � � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

Ag 3 In 8 � � � 
 � � h h � 
 � 
 � � ` � � � � � � � � � �

Ag / In 8 � � j j j � ` � ` � � ` � � ` � � � � � � � � � �

Ag 8 In / � � h h ` � j � h h � j � h h � � � � � � � � � �
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Ag – Ir (Silver – Iridium)

Fig. 1. Calculated partial phase diagram for the system Ag-Ir.

Experimental information for this system is very scarce. In the recommended description [86Kar] for this
system, a simple substitutional model has been used to represent the properties of mixing of the liquid and
fcc phases using the solubility curve for Ir in liquid Ag and the approximate eutectic temperature of 1234 K,
as reported by [86Kar], as a guide in deriving the thermodynamic parameters. Because of the uncertainty
of available experimental values, and because the gas phase becomes stable at temperatures a little higher,
the description is best used for temperatures below ca. 2300 K.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Ir) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,Ir) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�

� 
 / (J/mol)

liquid �� fcc
�

+ fcc
� �

eutectic � � j � � � � � � � � � � � � � � � � � � � � � j 
 `
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Table IIIa. Integral quantities for the liquid phase at 2000 K.
� � �

� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � 
 � � � 
 � j � � � j � 
 j � � � � � 
 j � � � ` �
� � � � � � � ` � � h 
 � � 
 ` � h 
 j � � � � h � � � � �

� � � � 
 � j � � � � � � � � � � h � ` h � � � 
 � � � � � h
� � � � � � j j � � ` � � � � � � ` � � � h � � � � � � � � � �
� � � � � � j j 
 � � � � � � � � � � � � ` � � � j � � � j � 


Reference states: Ag(liquid), Ir(fcc)

Table IIIb. Partial quantities for Ag in the liquid phase at 2000 K.
�

� K � � � K � 

� K � � � K � �� K � �� K  � K � � K

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � 
 � � � � � � � � � � � � � � � � � � � 
 � � � � �

� � � � � � � h � 
 � � � � � 
 � � � � � � � � � � � � � � �

� � � � 
 � � j � � � � � � � h � � � � � � � � � � � h � � � � �
� � � � � � j � � � � � � � h � � � � � � � � � � � � � � � � � �
� � � ` � � j � � � h � � � � � � h � � � � � � � � � � � � � � �

Reference state: Ag(liquid)

Table IIIc. Partial quantities for Ir in the liquid phase at 2000 K.
� � �

� �
� �

� 
 � �
� � � �

� �
� �

� �
� �

 � � � � �
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � ` � h h � h 
 � ` � � � � 
 � � � � � � � 
 � � 
 � h
� � � � 
 � � � ` h j � h 
 � � 
 � � h � h h 
 j � � � � � 
 � � � � � 
 � 
 � � � ` `
� � � � � � � � ` ` � � 
 � � 
 � � � � � j h � � � � � � � 
 � � � � � � j � � � � h `
� � � � 
 � 
 
 h � � 
 � h j � 
 � 
 � � h � � ` 
 � � � 
 � � � � ` � h � ` � ` � 


� � � � � � � j � � � � � j � � j � � � � h j ` � 
 � � � 
 � � � � � � � � h � � � �
� � � � � � � � � ` j � � � � j h h h j 
 � 
 � � � 
 � � � � � � � � 
 � h h �

Reference state: Ir(fcc)
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Fig. 2. Integral quantities of the liquid phase at
�

=2000 K.
Fig. 3. Activities in the liquid phase at

�
=2000 K.
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Ag – Mg (Silver – Magnesium)

Fig. 1. Calculated phase diagram for the system Ag-Mg.

Small additions of Ag can be used to improve the precipitation-hardening process in Al-Cu-Mg alloys. The
thermodynamic description of [97Lim] has been selected, because it updates a previous assessment [84Nay]
and it provides new experimental data for the thermodynamic description of the compounds Ag / 3 Mg = = and
AgMg � .
The liquid, fcc and hcp phases are modelled as simple substitutional solutions whereas Ag 3 Mg and AgMg
are described as ordered solution phases with

�
� / and

�
� structure, respectively. The compound Ag / 3 Mg = =

represents the high-temperature ( �
�

) and the low-temperature ( � ) modification of a phase with narrow com-
position range, but due to the lack of data they are not distinguished in the description.
The calculated phase diagram is in acceptable agreement with literature data for the liquidus throughout
the whole composition range. The solidus curves next to the terminal fcc and hcp phases are also well
reproduced. The two-phase region fcc/AgMg and the field of the Ag 3 Mg phase exhibit lager deviations
from experimental data. The calculated heats of formation for the liquid, fcc, Ag 3 Mg and AgMg phases
reveal also certain deviations from experimental data. However, the authors have refrained from using more
parameters especially for the ordered phases in order to facilitate extrapolations to higher-order systems.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Mg) 8

fcc
o

� Cu
& � � � �

j
�

FCC L102 (Ag,Mg) 8

Ag 3 Mg
�

� / AuCu 3
&

�
�

�
�

j
�

FCC L102 4(Ag,Mg) 8

AgMg
�

2 CsCl
&

� � �
�

j
�

BCC B2 2(Ag,Mg) 8

Ag / 3 Mg = =
' ' ' ' ' ' & �

*
' ' '

AGMG3 Ag / 3 Mg = =

AgMg � ' ' ' ' ' ' ?
� *

' ' '
AGMG4 Ag 8 Mg �

hcp
o

j Mg
?

� � �
h

3
T � � &

HCP A3 (Ag,Mg) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � K �
� 
 / (J/mol)

liquid �� AgMg congruent � � � � � h � � � � h � � � � h � � � � h �
liquid �� fcc + AgMg eutectic � � � � � � � � j j 
 � � � ` ` � � j � � � � h � � �

AgMg + liquid �� Ag / 3 Mg = = peritectic
` h � � 
 � � h � 
 � � � � � � � ` ` � � � � h 
 �

liquid �� Ag / 3 Mg = = + hcp eutectic
` � ` � � � � � h � � � ` ` � � � � h 
 � � 
 � � h

Ag / 3 Mg = = + hcp �� AgMg � peritectoid
` j � � j � � ` ` � � � � h � � � � � � � � � h �

fcc + AgMg �� Ag 3 Mg peritectoid
h h 
 � � � � � j � � � j j ` � � � j � � � � � `

Table IIIa. Integral quantities for the liquid phase at 1323 K.
� � K � � I �


 I � � I � �I
� �I

� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � j � h � � j j h � � 
 � j � h ` ` � � � � � � � � � � �

� � � � � � � ` � � j � ` 
 � � ` � � j � � � � � � � j � � ` � � � � � �

� � j � � � � � � � j � � ` � j � � j ` j � � 
 � h � � � � � � � � � � �

� � � � � � � � � � h � � � � � � � � � 
 � j � � ` � � j � � � � ` � � � � �

� � 
 � � � � 
 h j ` � � � � 
 � � � � � ` 
 � � � � � j 
 � � � � � � � � �

� � h � � � � � 
 � 
 � � � h � � � � � 
 � j � � ` � � � � � � � ` � � � � �

� � ` � � � � � 
 � ` � � � � ` � � j ` j � � � ` � ` � � � � � � � � � �

� � � � � � � h h 
 � � h � � � ` � � j � � � � � � ` j � � ` � � � � � �

� � � � � � � ` ` 
 � j ` h � � � 
 � j � h � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Mg(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1323 K.
� � K � � � K �



� K � � � K � �� K

� �� K
 � K � � K

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � j � 
 
 j � � � � � � � � � � � � � � � � � j 
 � � � � �
� � � � � � 
 h � h � � � � � � � h ` j � j � j � � � � � � � � 
 � h � � ` � 


� � ` � � � � � � 
 � � � h � j � � � � h � ` � � ` � � � � � � � j h h � � 
 � j
� � h � � � � � � j h � � � � � ` � 
 � � � � � � � ` j � � ` � � � � � � � � j � j
� � 
 � � � � h h � � � � � � � � � � � � ` 
 � � � � � � 
 � � � � � � � � � � � � ` �
� � � � � � j h � ` � � � ` � 
 ` � � � � ` � � � h ` � 
 ` � j h � � � � j 
 � � � � �
� � j � � � � � � j ` � � � � j � � � � � � � � j 
 h � j � � � � � � � � � � � � � � j �
� � � � � � h j j � � � � � � � � � h � � h ` � � 
 h � 
 � j � � � h � � � � j � � � � h
� � � � � � � � ` h � � j � 
 � � j 
 � ` � h � 
 h � j j � h � 
 h � � � � � � � � � � h
� � � � � � � � � � � j � � � h � � � � � � � � � h � � � � � � � � � �

Reference state: Ag(liquid)
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Table IIIc. Partial quantities for Mg in the liquid phase at 1323 K.
� � K � �

� K �

 � K � �

� K � �
� K

� �
� K

 
� K � � K

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � h ` � � ` h � � ` � � � � � h � � � � � � � � � �
� � � � � � � 
 h � ` � j � j ` � j 
 � ` � h � h � � � � � h � 
 h � � � � � � � � � � �

� � � � � � h � j � � � � � j � � � h � � h ` � � h h � � � j � � � h � � � � j � � � � �

� � j � � � � � � h � � � � h h � � � � � � � � j � � � h � � � � � � � � � � j � � � � �
� � � � � � j 
 � h � � � 
 j � j � � � � ` � � � 
 � � � ` � j h � � � � � � � � � � �
� � 
 � � � � � h � h � � � � 
 � � � � � ` 
 � � ` � � � 
 � � � � � � � � h � � � � j
� � h � � � � h � 
 � � h j � � ` � 
 � � � � � h � � j � � ` � � � � � � � � j � �

� � ` � � � � ` h 
 � j � � ` � � � � h � 
 � � � � � � � � � � � � � � � 
 � �
� � � � � � � � � � � � � 
 � � � h ` j � � 
 j j � � � � � � � h j 
 � � ` � �

� � � � � � � ` ` h � j � ` � � � � � � h � ` � � � � � � � � 
 � � � � � 


� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Mg(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1323 K.
Fig. 3. Activities in the liquid phase at

�
=1323 K.
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Table IVa. Integral quantities for the stable phases at 773 K.

Phase � � K � � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

fcc
� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � h j � � ` � � j � � � � � � h 
 � 
 � � � ` ` � � � � � �

� � � � � � � � � 
 
 � � � h � � j � � � � � � � � j � � � � � ` � � � � � �

� � � � 
 � � 
 � ` � � � � � � � j � ` � � � � � � � � � � � � � � � � � � �

AgMg
� � j 
 � � � � 
 
 � � � � � � � � � � � 
 � � ` h � � � � � 
 � ` � � � j �
� � � � � � � � � � � � � � � � � � � j � � � � � � � ` � � � 
 � � � � � �
� � 
 � � � � � 
 j ` � � � h 
 j � � � j � � � � � � � � � � � h � � ` 
 j
� � h � � � � � � 
 ` � � � j j � h � j ` � � � ` h � � � � � � j � � � � �
� � h � � � � � j � � � � � � � � ` � � � � � � h 
 � � � � h ` � � � � � `

liquid
� � � � 
 � � � � � � � � j � � h � � h � � ` � h � � � � � 
 � � � 
 � h
� � � � � � h ` ` � � � ` ` � � � � h � � � � � � � � � � � � � � h � j

hcp
� � � ` � � � h � ` � 
 ` 
 � � j � h � � h � � � j h � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(fcc), Mg(hcp)

Table IVb. Partial quantities for Ag in the stable phases at 773 K.

Phase �
� K � � � K �



� K � � � K � �� K

� �� K
 � K � � K

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � ` � j � � j 
 ` � � 
 h � � � � � h � � � j � � � � ` 
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 h � � � � � � � 
 � 


� � ` 
 
 � ` � � 
 � ` � j j � � � � � � h � � h � � � � 
 � � � � � h � � j � j

AgMg
� � h � � � ` � � 
 � � ` � 
 � � � � 
 
 � j ` � � � h � 
 h ` � � � � h � � 
 h �
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 � � � � h 
 � � � � j � � ` � � � � � � � � � � � � ` �
� � 
 � � � � h h j � � j � � 
 � � � � � j ` � � h 
 j � � � � � ` � � � � � h � � � � h
� � � � � � � j � j � � 
 � ` j � � � � � j � h � � ` ` � � � h � 
 � � � � � � � � � � � �
� � j ` � � � 
 � ` � � 
 � j 
 h � � � � � ` � � ` � 
 � � 
 � ` � � � � � � � � � � � �

liquid
� � � � 
 � � 
 � ` � � � ` 
 � � j 
 � ` j j � j � h h � � � � � � � � � � � � � � � � 
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 � � 
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� � � � h � 
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 � � � � � j h � j � ` 
 
 � j � h � � � j � 
 h 
 � � � � � � � � � `
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 � � � j j � � � � � � � � � � h
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Table IVc. Partial quantities for Mg in the stable phases at 773 K.

Phase � � K � �
� K �


 � K � �
� K � �

� K
� �

� K
 

� K � � K
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � � 
 h � � � � ` ` � � � � � � � � � � � � � � � � � � � �

� � � � � � ` � � � � � 
 � � � h � � � � � j � 
 
 � � j � � � � j � � � � � � � � � � �

� � � � � � � � � � � � j � h j h � � � ` � h � j � � � 
 � � � h j h � � � � � � � � � j
� � � � 
 � � � h � 
 � j � � � ` � � � � 
 
 � j � h � h � � ` ` � � � � � � � � � � `

AgMg
� � j 
 � � � � h � 
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 � � � j 
 h � � � � � � � � � �
� � � � � � j h � � j � j � ` � � h � � � ` � � � ` ` � � � � ` j 
 � � � � j � � � � �
� � 
 � � � � � � j 
 � � � 
 j � � � � � j � � � j � h � � � ` ` � � � � 
 ` � � � 
 �
� � h � � � � � � � � � � ` h � � � � � � � � � 
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 � � � � � h j � � ` j � � � � � �

liquid
� � � � 
 � � � � � h � � � � � � 
 � � � h � j � � ` j h � � ` j � � � � � �
� � � � � � � � h ` ` ` ` � � � j � 
 h � h � � � 
 � � � � ` � � � � � �

hcp
� � � ` � � � � h � � h � � � j j � � � � � � � � � � � ` � � � � � h

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Mg(hcp)

Fig. 4. Integral quantities of the stable phases at
�

=773 K.
Fig. 5. Activities in the stable phases at

�
=773 K.

Table V. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � K � � �
� / (J/mol)

� �

 � / (J/mol)

� � �
� / (J/(mol

'
K))

� � v
�� / (J/(mol

'
K))

Ag / 3 Mg = = � � ` ` � � � � j � h � � � h � � � � � � � � � � � � � �

Ag 8 Mg �
� � � � � � � h � � � � � � � 
 � � � j � j � j � � � � �
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Ag – Os (Silver – Osmium)

Fig. 1. Calculated phase diagram for the system Ag-Os.

The description presented here for the Ag-Os system is based on the very limited phase diagram information
given by [Massalski, 86Kar]. As such, a large uncertainty is associated with the tabulated values. At normal
pressure, the condensed phases are no longer stable at temperatures above ca. 2450 K. This should be borne
in mind when viewing the tables and figures. The phase diagram presented here (which has been calculated
by elimination of the gas phase) results from fitting the solubility of Os in Ag-rich alloys to experimental
data. Although the present description relates to all compositions and temperatures, it is best used for Os
contents below � 10 at.% and temperatures below � 2500 K.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Os) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,Os) 8

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP A3 (Ag,Os) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �

�
�

� 
 / (J/mol)

liquid �� liquid
�

+ liquid
� �

critical j j � � � � � � 
 � � � � 
 � � � � 
 � � �

liquid
� �

�� liquid
�

+ hcp eutectic j � � ` � � � � ` ` � � � � � h � � � � � � � j � 
 �
liquid

�

�� fcc + hcp eutectic � � j � � h � � � � � � � � � � � � � � � � � � j j j
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Table IIIa. Integral quantities for the liquid phase at 2000 K.
� � �

� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � 
 � � h � � h 
 � � j � ` j 
 
 � � � 
 
 � � � � �
� � � � � � � � j � � � � � 
 ` 
 ` � � � � � � � � � � � 


� � � � 
 � � j h � j � � � � � � � � � 
 j � � � h � � � � � �

Reference states: Ag(liquid), Os(hcp)

Table IIIb. Partial quantities for Ag in the liquid phase at 2000 K.
�

� K � � � K � 
 � K � � � K � �� K � �� K  � K � � K
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � 
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 � � � � �

� � � � � � � h j 
 � � � � � 
 � � � � � � � � � � � � � � �

� � � � 
 � � � � � � � � � � 
 � � � � � � � � � � � h � � � � �

Reference state: Ag(liquid)

Table IIIc. Partial quantities for Os in the liquid phase at 2000 K.
� � �

� �
� �

� 
 � �
� � � �

� �
� �

� �
� �

 � � � � �
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � j � h � � ` � � � � � � � � � 
 � � � � � ` � � ` � �
� � � � 
 � � ` � h 
 � � � � � 
 
 � � j � ` � � � � � � � � � 
 � � j 
 � ` � � � � �

� � � � � � h � � h � � j 
 � � � � � ` 
 ` � j � � � � � � � 
 � � h � � h � � � � h
� � � � 
 � � � � � ` � 
 � � 
 � h � � j ` � � � � � 
 � � � � � h ` � � h �

Reference state: Os(hcp)

Fig. 2. Integral quantities of the liquid phase at
�

=2000 K.
Fig. 3. Activities in the liquid phase at

�
=2000 K.
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Ag – Pb (Silver – Lead)

Fig. 1. Calculated phase diagram for the system Ag-Pb.

The silver-lead system is part of the commonly used solder system Pb-Sn-Ag-Bi-Sb-Zn. Therefore, the Ag-
Pb system has been studied experimentally many times. A detailed review of experimental data is presented
in [80Ell]. The thermodynamic parameters for the Ag-Pb system have been assessed several times [76Zim,
81Ash, 86Hay, 87Kar, 94Lee, 98Roe, 00Luk]. The assessment of [00Luk] has been accepted here. It is
based on the same experimental data as [76Zim] and additionally includes a very precise determination of
the liquidus for Pb-rich compositions [79Esd].
The system is characterised by a continuous solution of the elements in the liquid phase and a wide misci-
bility gap in the solid state. The solubility of Pb in fcc-Ag has been determined by thermoelectric power
measurements, micrographically and by lattice parameter data. The solubility of Ag in solid Pb is derived
from diffusion measurements, thermo-resistometric investigations, electrical resistivity and lattice parame-
ter measurements. In liquid Ag-Pb alloys, the enthalpy of mixing has been measured calorimetrically and
the activities of Pb and Ag have been derived from EMF and vapour pressure measurements. All phases
are modelled by the substitutional solution model. The calculated thermodynamic quantities and the phase
diagram are in good agreement with the experimental data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Pb) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Pb) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � w �
�

� 
 / (J/mol)

liquid �� fcc
�

+ fcc
� �

eutectic

 ` h � � � � � 
 
 � � � � � � � � � � � 
 � j �

Table IIIa. Integral quantities for the liquid phase at 1300 K.
� w �

� � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � j � � 
 � � � � j � � � � � � � � � ` � h � � h � �
� � � � � � � � j � � � � ` 
 � j 
 � 
 ` 
 � � � � � � � � � �
� � j � � � 
 h 
 j � � � � h � 
 � � � 
 � � � 
 � � � � h j �

� � � � � � h � � � j � � � ` � � ` � � � 
 j � � h � � � � � h j
� � 
 � � � h � h � j ` � j ` � 
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� � h � � � 
 � 
 � j h � � ` � j j � � � � � � � ` � � � � � h j
� � ` � � � 
 j 
 
 j j j ` h � h � h � � � � � � h � ` � � h j �

� � � � � � � � � j � h � 
 
 � � ` h � � h � � j � 
 � � � � �
� � � � � � j � j � � 
 � j j � 
 � � � ` 
 � � � � ` � � h � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Pb(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
� � K � � � K �



� K � � � K � �� K

� �� K
 � K � � K
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'
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'
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� � � � � � � h � j j h 
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� � ` � � � j � h � � � h j � ` 
 � � � � h � � ` � h � � h � j � � � � �

� � h � � � 
 � � ` � ` � � 
 � � � ` � ` � � � � ` � � � h � 
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 � ` j � � ` � � h � 
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 � � 
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Reference state: Ag(liquid)
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Table IIIc. Partial quantities for Pb in the liquid phase at 1300 K.
� w

�

� � w
�

�


 w
�

� � w
�

� �w
�

� �w
�

 w
�

� w
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � 
 � � � � � j � � h � � � � � � � � � � � �
� � � � � � � � � � 
 � � ` h ` � 
 � � � ` j � � j 
 � � ` � � � � j � � � j � �

� � � � � � � j ` h � � � ` j � ` � h � � j h j ` � � � 
 � � � � � � � � � � �

� � j � � � � h � � ` 
 j j � j � � ` � j � � � j � � h � � � � � � � � j ` �
� � � � � � ` � � � 
 � � � � � � � h � � ` � � � � � 
 � � � 
 � 
 � � � � h
� � 
 � � � 
 h � 
 � j h � ` � h � � � � h ` � � � � � � � 
 � � � � � � �
� � h � � � � � 
 � � � 
 ` 
 � h � � � � h � � � � 
 � � � h h � � � � � �

� � ` � � � j j � h � ` 
 h j � � 
 h � h � � � � � � � � ` j � � � � � �

� � � � � � � � � � � � � � � j � � � � � � � 
 j � � � � � � � � � � �
� � � � � � � � j ` � � h � � � � � � � � � h 
 � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Pb(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1300 K.
Fig. 3. Activities in the liquid phase at

�
=1300 K.
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Ag – Pd (Silver – Palladium)

Fig. 1. Calculated phase diagram for the system Ag-Pd.

Alloys of Ag and Pd form a complete range of solid and liquid solutions. The selected thermodynamic data
for the system are based on the phase diagram presented by Massalski together with the results obtained
by Karakaya and Thompson [87Kar]. A simple substitutional solution model has been used to represent
the thermodynamic properties of the liquid and fcc phases. The data are valid for all compositions and
temperatures, but particularly in the range 1000 – 2000 K. The present assessment [98Spe] is preferred over
that of [99Gho] because the latter presents mixing enthalpies of relatively high magnitude for the liquid and
solid phases which is rather surprising for a system with the given complete miscibility ranges.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Pd) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Pd) 8
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Table IIa. Integral quantities for the liquid phase at 1850 K.
� w �

� � I �
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Reference states: Ag(liquid), Pd(liquid)

Table IIb. Partial quantities for Ag in the liquid phase at 1850 K.
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Ag – Pd (Silver – Palladium)

Fig. 1. Calculated phase diagram for the system Ag-Pd.

Alloys of Ag and Pd form a complete range of solid and liquid solutions. The selected thermodynamic data
for the system are based on the phase diagram presented by Massalski together with the results obtained
by Karakaya and Thompson [87Kar]. A simple substitutional solution model has been used to represent
the thermodynamic properties of the liquid and fcc phases. The data are valid for all compositions and
temperatures, but particularly in the range 1000 – 2000 K. The present assessment [98Spe] is preferred over
that of [99Gho] because the latter presents mixing enthalpies of relatively high magnitude for the liquid and
solid phases which is rather surprising for a system with the given complete miscibility ranges.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Pd) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Pd) 8
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Table IIa. Integral quantities for the liquid phase at 1850 K.
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�

� K � � � K �



� K � � � K � �� K
� �� K

 � K � � K
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � 
 � � � � � ` h � 
 � � � � � � � � � � ` � � � � h `
� � � � � � 
 � ` � � � ` � � � � � 
 
 � � ` � � � � � � � � � ` � � � � � � j
� � ` � � � � ` 
 � � j � h 
 � � � h h � j � h 
 � � � � � � � 
 h h � � � � �
� � h � � � � � 
 � � � � h ` � � � � � ` � � h ` � � � � � � � � � � j � � ` j �
� � 
 � � � � h � j � � 
 
 h � 
 � ` h j � 
 
 h � � � � � � � � j � � � � h � h
� � � � � � � � h ` � � 
 
 � � ` � h � � � 
 
 � � � � � � � � � � ` � � � h � h
� � j � � � � � � h � � � j � � � � � � � � � � j � � � � � � � � � � � h � � ` 
 �

� � � � � � � h � � � � � 
 j h � j � j � � � � 
 j h � � � � � � � � � � � � � � 


� � � � � � j � � j � j � ` � � � � � � 
 j � ` � � � � � � � � � � j � � � j �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Ag(liquid)

Table IIc. Partial quantities for Pd in the liquid phase at 1850 K.
� w �

� � w �
�


 w �
� � w �

� �w �
� �w �

 w � � w �
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � h
� � � � � � � � � ` ` � � � � 
 � � � � � � 
 � � � � 
 � � � � � � � � � � j � � � j j
� � � � � � j � 
 � h � 
 ` h � � j � j � � � 
 ` h � � � � � � � � � j � � � h � �
� � j � � � � � h j � � � � � 
 � � � � � � � � � � 
 � � � � � � � � ` � � � � j �

� � � � � � � � 
 � h � 
 � � ` � h � � � 
 � � � � � � � � � � � � � � � � h
� � 
 � � � ` � � � � h � � 
 � ` h j � h � � � � � � � � � 
 � 
 � � � � �

� � h � � � 
 � j ` � ` � � � � � � ` � ` � � � � � � � � � ` � h � � � � j
� � ` � � � j � � 
 � � � � � � � h h � � � � � � � � � � � � � � � � � � 


� � � � � � � � h � � � h � � � � 
 
 � � h � � � � � � � � � h j � � � ` �
� � � � � � � � ` � j � � � � � ` h j � � � � � � � � � � � � � � � � j

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Pd(liquid)

SGTE Landolt-Börnstein
New Series IV/19B



2 Binary Systems: Ag – Pd 69

Fig. 2. Integral quantities of the liquid phase at
�

=1850 K.
Fig. 3. Activities in the liquid phase at

�
=1850 K.

Table IIIa. Integral quantities for the stable phases at 1200 K.
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Table IIIb. Partial quantities for Ag in the stable phases at 1200 K.
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Table IIIc. Partial quantities for Pd in the stable phases at 1200 K.
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Fig. 4. Integral quantities of the stable phases at
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=1200 K.
Fig. 5. Activities in the stable phases at
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=1200 K.
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Ag – Pt (Silver – Platinum)

Fig. 1. Calculated phase diagram for the system Ag-Pt.

The present data for the Ag-Pt system [98Spe] are based on the somewhat incomplete phase diagram in-
formation presented by [86Mas, 87Kar]. A simple substitutional model has been used to represent the
properties both of the liquid and of the fcc phase. The calculated peritectic reaction temperature and the
associated liquid and (Ag) compositions agree well with experimental observation, but the (Pt) composition
given by the assessment (24 at.%) is considerably higher than that chosen by Massalski (12.5 at.%). The as-
sessment also provides a narrower solidus/liquidus gap in Ag-rich alloys than that presented in Massalski’s
compilation.
In a more recent experimental investigation [96Dur] the phase equilibria in the System Ag–Pt have been
investigated by means of DTA. The observed temperature of the peritectic reaction (1461

�
3 K) confirms the

calculated value, however, other lines of the experimental diagram differ considerably from the calculations.
In addition, X-ray and EMPA on long-time annealed samples [96Dur] revealed that the various uncertain
phases which are indicated in the phase diagram of [87Kar] are not stable. Instead, it has been found
[96Dur] that only one intermediate phase Ag 8 l Pt 8 = is stable below 1076 K.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Pt) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,Pt) 8

Table II. Invariant reactions.
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Table IIIa. Integral quantities for the liquid phase at 2100 K.
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Table IIIb. Partial quantities for Ag in the liquid phase at 2100 K.
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Table IIIc. Partial quantities for Pt in the liquid phase at 2100 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=2100 K.
Fig. 3. Activities in the liquid phase at

�
=2100 K.

Table IVa. Integral quantities for the stable phases at 1200 K.
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Reference states: Ag(fcc), Pt(fcc)

Table IVb. Partial quantities for Ag in the stable phases at 1200 K.
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Table IVc. Partial quantities for Pt in the stable phases at 1200 K.
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Reference state: Pt(fcc)

Fig. 4. Integral quantities of the stable phases at
�

=1200 K.
Fig. 5. Activities in the stable phases at

�
=1200 K.
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Ag – Rh (Silver – Rhodium)

Fig. 1. Calculated phase diagram for the system Ag-Rh.

No experimental thermodynamic data for this system are available and phase diagram information is also
very scarce. The suggested diagram presented by [86Kar], in which only a composition for the Rh-rich
eutectic is shown as having any reliability, is clearly uncertain, but has nevertheless been used as basis for
the present assessment. The assumption of an ideal mixing entropy for the liquid phase has been made here
and while the main features of the system are reproduced by the present thermodynamic description, the
data presented below should only be viewed as approximate values.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Rh) 8
fcc

o
1 Cu

& � � � � j �
FCC A1 (Ag,Rh) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / �
� �
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 / (J/mol)

liquid �� liquid
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Table IIIa. Integral quantities for the liquid phase at 2800 K.
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Table IIIb. Partial quantities for Ag in the liquid phase at 2800 K.
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Table IIIc. Partial quantities for Rh in the liquid phase at 2800 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=2800 K.
Fig. 3. Activities in the liquid phase at

�
=2800 K.
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Ag – Ru (Silver – Ruthenium)

Fig. 1. Calculated phase diagram for the system Ag-Ru.

The available experimental information for this system is very scarce, being limited to the uncertain and
restricted phase diagram proposed by [86Kar]. The present assessment, which makes the assumption of an
ideal entropy of mixing for the liquid phase, allows the Ag-rich eutectic to be reproduced reasonably well.
The thermodynamic parameters obtained for the liquid phase result in a simple eutectic behaviour for the
system, rather than the liquid immiscibility suggested by [86Kar].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Ru) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,Ru) 8

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP A3 (Ag,Ru) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / �
� �

�
� 
 / (J/mol)

liquid �� fcc + hcp eutectic � � � � � � � � � j � � � � � � � � � � � � � � j � 
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Table IIIa. Integral quantities for the liquid phase at 2700 K.
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Table IIIb. Partial quantities for Ag in the liquid phase at 2700 K.
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Table IIIc. Partial quantities for Ru in the liquid phase at 2700 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=2700 K.
Fig. 3. Activities in the liquid phase at

�
=2700 K.

References

[86Kar] I. Karakaya, W.T. Thompson: Bull. Alloy Phase Diagrams 7 (1986) 365–368.

SGTE Landolt-Börnstein
New Series IV/19B



2 Binary Systems: Ag – Sb 81

Ag – Sb (Silver – Antimony)

Fig. 1. Calculated phase diagram for the system Ag-Sb.

While the lead-tin system is a basic building block for a range of commonly used solders there has been a
growing requirement for the development of alternative materials which are more environmentally sound
and provide fewer potential health problems. Tin based solders containing elements such as Ag, Bi, Sb and
Zn are candidate replacements and therefore a detailed understanding of the thermodynamics and phase
equilibria in the Ag-Sb system is required. The selected assessment to be included in the SGTE database is
by Oh et al. [96Oh] and is compatible with the SGTE data for the pure elements [91Din] and has shown to
be successful already in the modelling of multicomponent systems.
The system is characterised by a continuous solution of the elements in the liquid phase, limited solubility
of Sb in the Ag based solid solution, a region of stability for a disordered hexagonal solid solution on the
Ag side of the system and an intermetallic compound Ag 3 Sb (isostructural with Ag 3 Sn) which exists over
a range of homogeneity. Solubility of Ag in the rhombohedral structure of Sb is small. The Ag 3 Sb phase
was modelled as a two sublattice phase allowing a significant range of homogeneity to either side of the
stoichiometric composition. There have been extensive measurements of both thermodynamic properties
and the phase diagram for the system. The experimental data show some scatter but the critically assessed
data are in good agreement with those considered to be most reliable. There have been comprehensive
measurements of the enthalpies of mixing and activities of both components in the liquid and solid phases.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Sb) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Sb) 8

hcp
o

3 Mg
?

� 2 � 6 3
T � � &

HCP A3 (Ag,Sb) 8

Ag 3 Sb
�

6 � CuTi 3 � � 4 � 4
T � � �

L60 AG3SB (Ag,Sb) 3 (Ag,Sb) 8
o

7
o

7 � As
? L

2
L

j
�

RHOMBO A7 Sb 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

fcc + liquid �� hcp peritectic � ` � � � � � � h � � � � h j � � � � � � � 
 � 


hcp + liquid �� Ag 3 Sb peritectic � j 
 � 
 � � � 
 j � � � ` ` � � � � � � h � ` �
liquid �� Ag 3 Sb +

o
7 eutectic

` 
 j � � � � � j h � � � 
 h � � � � � � � j � 
 �

Table IIIa. Integral quantities for the liquid phase at 1300 K.
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Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
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Table IIIc. Partial quantities for Sb in the liquid phase at 1300 K.
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Reference state: Sb(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1300 K.
Fig. 3. Activities in the liquid phase at

�
=1300 K.
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Ag – Si (Silver – Silicon)

Fig. 1. Calculated phase diagram for the system Ag-Si.

The Ag-Si system has been critically assessed by Chevalier [88Che]. The phase diagram is rather simple
and of eutectic type. It shows a complete mutual solubility in the liquid state, no reported solid solubility
of silicon in the silver rich terminal solid solution, and a negligible solid solubility of silver in pure silicon.
There are no compounds in the system and the liquid is modelled with a simple substitutional model. Solid
Si is modelled as a stoichiometric phase.
The calculated liquidus is in good agreement with experimental data determined by thermal and metal-
lographic studies [08Arr, 48Haj, 57Got, 63Hag, 75Pre]. The enthalpy of mixing in the liquid phase has
been calculated by Hassam et al. [83Has] from their own calorimetric measurements. Their results are
very different from those of Robinson and Tarby [71Rob] from partial pressure measurements, but in good
agreement with the EMF results of Sakao and Elliott [74Sak].
The calculated chemical potentials of the elements in the liquid phase are in good agreement with the
selected values of Hultgren et al. [73Hul]. The silver potential agrees with EMF measurements [70Ver,
74Sak], but it deviates substantially from older results [65OKe, 68Tup]. The activity coefficient of silicon
was determined by equilibrating molten silver and silicon nitride at 1673 K in nitrogen + hydrogen gas
mixtures and from the solubility data by Turkdogan and Grieveson [63Tur].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Si) 8

fcc
o

� Cu
& �

4
� �

j
�

FCC A1 Ag 8
o � o �

C(diamond)
& �

8
� -

j
�

DIAMOND A4 Si 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

liquid �� fcc +
o �

eutectic � � � � � � � � � � � � � � � � � � � � � � � � � 
 `

Table IIIa. Integral quantities for the liquid phase at 1700 K.
� � �

� � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � h � � � j � � � ` � � � � j ` � � � � � �

� � � � � � h � � h � � h j � h h h � � h ` � � � � � 
 � � � � �

� � j � � � h � j � � ` � � � h 
 j � h � h � � � � � h � � � � �

� � � � � � ` � j ` � � � � 
 � j h � � � ` h � � � � j � � � � � �

� � 
 � � � ` � ` 
 � ` h j 
 � ` � ` � ` � j � � � � � � � � � �

� � h � � � h 
 h � j � � � 
 � � ` � � � 
 � � � � ` � � � � � �

� � ` � � � 
 ` 
 h j h ` � 
 � 
 � 
 � � ` � � � � h h � � � � �

� � � � � � � h 
 
 j j � � � � h � h � � � � � � 
 � 
 � � � � �

� � � � � � j � � � � � 
 � j � � � � � � � ` � � j � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Si(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1700 K.
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Table IIIc. Partial quantities for Si in the liquid phase at 1700 K.
� �

�
� �

�
�

� 
 �
�

� �
�

�

� �
�

�

� �
�

�

 
�

�
� �

�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � 
 � � � � j � 
 
 � 
 � � � ` � � � � � � � j � �

� � � � � � � ` � � 
 � � � � � h � h � � 
 � � � � � � 
 � 
 � � � � ` � � � h 


� � � � � � � h h � � 
 � � ` � � � ` h j h � h � � � � h � � � � j � ` � � 
 j h
� � j � � � � � � � � h � � � � � � 
 ` � h � � h � � 
 h ` � � � 
 � � � 
 j �
� � � � � � ` 
 � � ` � � � � � � � � 
 � � � � � � � � � � 
 � � � � � h �
� � 
 � � � 
 j � h h ` � � ` � � � 
 � � � � � � j 
 � � � h � ` � � j ` j
� � h � � � j � � � 
 j h ` 
 � � 
 � j j � � � � � � 
 � � ` 
 � � � � h 


� � ` � � � � � � � j 
 � ` j � � j 
 � � � � � � � h � � � � � j � � � h �
� � � � � � � � � � � � 
 h � � j � ` � � 
 
 � � � ` � � � � h � � � � ` `
� � � � � � � � � ` 
 � � � � � � 
 � � � � � � j � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Si(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1700 K.
Fig. 3. Activities in the liquid phase at

�
=1700 K.
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Ag – Sn (Silver – Tin)

Fig. 1. Calculated phase diagram for the system Ag-Sn.

While the lead-tin system is a basic building block for a range of commonly used solders there has been a
growing requirement for the development of alternative materials which are more environmentally sound
and provide fewer potential health problems. Tin based solders containing elements such as Ag, Bi, Sb and
Zn are candidate replacements and therefore a detailed understanding of the thermodynamics and phase
equilibria in the Ag-Sn system is required. A number of good quality assessments has been carried out on
the Ag-Sn system [87Kar, 96Oh, 88Che, 94Kat]. The one by Oh et al. [96Oh] was selected to be included
in the SGTE database because of its basic compatibility with the SGTE data for the pure elements [91Din]
and its successful use already in the modelling of multicomponent systems. A modification of the data for
the fcc phase has been made [99Din] for compatibility with the latest SGTE data for the elements.
The system is characterised by a continuous solution of the elements in the liquid phase, limited solubility
of Sn in the Ag based solid solution, a region of stability for a disordered hexagonal solid solution on the Ag
side of the system and an intermetallic compound Ag 3 Sn which exists over a narrow range of homogeneity.
Solubility of Ag in the body centred tetragonal structure of Sn is small. The Ag 3 Sn phase was modelled
as a two sublattice phase allowing a small range of homogeneity to composition richer in Ag than the
stoichiometric composition. There have been extensive measurements of both thermodynamic properties
and the phase diagram and the assessed data are in very good agreement throughout. There have been
comprehensive measurements of the enthalpies of mixing and activities of both components in the liquid.
Experimental thermodynamic properties for the solid phases are rather more limited.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Sn) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,Sn) 8

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP A3 (Ag,Sn) 8

Ag 3 Sn
�

6 � CuTi 3 � � 4 � 4
T � � �

AG3M Ag 3 (Ag,Sn) 8
bct

o
5 O Sn �

�
4

�
4 8 T  � -

BCT A5 (Ag,Sn) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

fcc + liquid �� hcp peritectic � � h � � � � � � h � � � � � � � � j � � � � � �
hcp + liquid �� Ag 3 Sn peritectic

` 
 � � j � � � j � � � � � h � � � 
 � � � � � �

liquid �� Ag 3 Sn + bct eutectic
� � j � ` � � � 
 � � � � 
 � � � � � � � ` 
 � 


Table IIIa. Integral quantities for the liquid phase at 1250 K.
� � � � � I �


 I � � I � �I
� �I

� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � 
 h � � � � � � h � � � � 
 � � � 
 � � � � � � � � � � �

� � � � � � � 
 j � � � ` � 
 � � h � j � j j � � � � � � j � � � � �

� � j � � � � � � � � � h j j 
 � � 
 � � j 
 � � � � ` ` j � � � � �

� � � � � � � � j 
 h � � � 
 � h � h j � � j j h � � � � � j � � � � �

� � 
 � � � � � � 
 h � � � � ` ` � � � h � � � 
 � � � � 
 j � � � � �

� � h � � � � � j � � 
 � � h � � 
 � � � � � j � � j h � � � � � �

� � ` � � � ` � � � � � h � � � � � � h � � � � j j � � � � � �

� � � � � � h � � j j � � 
 � � � � � � � � j � � � � � � � � � �

� � � � � � j � 
 � � � � j � j � j � 
 ` j � � h � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Sn(liquid)
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Table IIIb. Partial quantities for Ag in the liquid phase at 1250 K.
�

� K � � � K �



� K � � � K � �� K
� �� K

 � K � � K
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � ` � ` � h � � � � � � � � h 
 � � � � � j h � � � � 
 � � � j �
� � � � � � � � � � � � � � h � � ` h � � � � � � � � � � � � � � h 
 � � � � � �
� � ` � � � ` j � � � j ` � j � � � ` � � j h � � � � � � � ` � � � � � � � ` � �
� � h � � � � � j � � � � � � � � � j � 
 � � � � � � � � 
 � � � j ` � � � h � �
� � 
 � � � � � � h � � 
 � j ` h � � � h � 
 ` h � � � � � � � � � � ` � � 
 ` �

� � � � � � � 
 � ` j � � 
 � � � � ` � 
 � 
 � � � � � � � h � � � � h � � 
 h �

� � j � � � � � � � ` � j � � � � � � � � � � 
 h � � � � � j � � � � ` � � � 
 ` �
� � � � � � � � � � 
 � ` 
 � � ` � � � j � 
 � � � j � h j � � � � � � � � h � �
� � � � � � � � � � 
 � ` ` h � � � � � ` � 
 j � � 
 � h ` � � � � h � � � h � �

� � � � � � � j � h 
 � � h � � � � � j j � � � � � � � � 
 j �

Reference state: Ag(liquid)

Table IIIc. Partial quantities for Sn in the liquid phase at 1250 K.

� � � � �
� � �


 � � � � � �
� �

� �
� �

� �
 � � � � �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � ` h j � � � � � ` � 
 � � h � � � � � � � � � � 
 `
� � � � � � � � 
 h ` � � j 
 � � � � � 
 � � � � h h j h � � � � � � � � � � � � � � �
� � � � � � � 
 � � ` � � � � j � h � � h j � � � � � � � ` � � � � � � � � � � 
 �
� � j � � � � 
 � � � ` 
 � � � ` � � � j � � � � � ` � � � � � � h � � ` � �
� � � � � � � � � � � � � j � � � � � j � � � � ` � � 
 � � � � j h h � � � � h
� � 
 � � � ` � � � � h h j ` � � � h h � � � � � j � � 
 � j � � � � h
� � h � � � 
 � � � � � 
 � 
 � ` � j � � ` � � 
 � h � � h � j � � � � �
� � ` � � � j h � ` � j � h j � � 
 � � � � � � � � � � ` � h � � � � �
� � � � � � � j h � 
 ` 
 � � j � � � � � � � � � j � � ` � ` � � � � h
� � � � � � � � � � � � � � � � � � � � ` � � � j h � � � � h � � � � h

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Sn(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1250 K.
Fig. 3. Activities in the liquid phase at

�
=1250 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � � � � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

Ag 3 Sn
� � � 
 � � � h j h � j � � h � � ` � � � � � 
 h �
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Ag – Ti (Silver – Titanium)

Fig. 1. Calculated phase diagram for the system Ag-Ti.

The phase diagram of the Ag-Ti system has been reviewed by [87Mur] and is characterised by two com-
pound phases (AgTi and AgTi / ), which have been modelled here as stoichiometric, and by a rather extensive
bcc ( O Ti) solid solution range, treated in the present assessment as a substitutional solution. The invariant
reactions of the system are reproduced rather well by the present thermodynamic description. Activities
and mixing enthalpies for the liquid phase show large positive deviations from ideality which reflect the
tendency to immiscibility suggested by the rather flat liquidus.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Ti) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,Ti) 8

AgTi
�

11 � CuTi � � 4 � 4
T

�

� �
B11 Ag 8 Ti 8

AgTi /
v � � � MoSi / �

�
6

�
4

T � � �
C11B Ag 8 Ti /

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP A3 (Ag,Ti) 8

bcc
o

2 W
& �

2
� � j �

BCC A2 (Ag,Ti) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

liquid + bcc �� AgTi peritectic � � � j � � � � � � � � � � � � � � 
 � � � � � � � �
liquid �� fcc + AgTi eutectic � � j j � � � � � 
 h � � � 
 j � � 
 � � � � � � 
 �
AgTi + bcc �� AgTi / peritectoid � � � j � j � � 
 � � � � � � j � � h h ` � j � � �

bcc �� AgTi / + hcp eutectoid � � � � � � � � � j � � � h h ` � � � � j � � � � 
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Table IIIa. Integral quantities for the liquid phase at 2000 K.
� � �

� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � j � � � � � � j � � ` � � � j � 
 � � � j � � � � � �

� � � � � � � � � � � � h � � � � j � � � � � � � � ` � � � � � �

� � j � � � � ` h � 
 
 ` ` 
 � � ` � 
 j � � � � � � � � � � � �

� � � � � � 
 � � � h j 
 h 
 � ` � � h � � ` � � � � � � � � � �

� � 
 � � � 
 � � � h h � � 
 � � ` � h j � 
 � � � � � � � � � �

� � h � � � 
 � ` � h j � � 
 � ` � � h � � � � � � � � � � � � �

� � ` � � � � � � 
 
 
 � h 
 � � ` � 
 j j j � � � � � � � � � �

� � � � � � � � ` � � � � � � � � j � � � 
 � � � � ` � � � � � �

� � � � � � j � j j � j 
 � � � ` � � � � ` � � � � j � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Ti(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 2000 K.
�

� K � � � K � 

� K � � � K � �� K � �� K  � K � � K

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � ` � ` � � � � � � � h 
 � � � � � � � � � � � � � � h
� � � � � � � h 
 ` � � � � � � � ` j � � 
 � � � � � ` � � � 
 � � � � h 


� � ` � � � j 
 ` � � � j h j � � � 
 � j 
 ` � � � j � � � � � ` � � � 
 �
� � h � � � � j � ` � j � ` � � j � ` � � h � � � � ` � � � ` ` � � � � � 


� � 
 � � � 
 � 
 � h h � j 
 � � ` � h � ` h � � � � � � � ` j � � � � ` h
� � � � � � 
 � h � � 
 � h ` � ` ` 
 � � ` j � � � 
 ` � � h � � � � ` � `
� � j � � � ` � ` � � � � ` h � � � � � � � � 
 
 � � � � � j � � h j � � � � � `
� � � � � � � � � h � � h � 
 h � j � h h � � h � � � � � � ` � � � 
 j j � � h h 


� � � � � � � ` ` ` � � � � � h � � � � � ` � � 
 � � � � j 
 � � � j � j j � � j j
� � � � � � � � h � � ` � � 
 � ` ` � � � j 
 � � � � � � � 
 � 


Reference state: Ag(liquid)

Table IIIc. Partial quantities for Ti in the liquid phase at 2000 K.
� � �
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� 
 � �
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� �

� �
� �

� �
 

� � � � �
[J/mol] [J/mol] [J/(mol

'
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'
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 � � j � � � j 
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 � `
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 j h � � h � �

� � j � � � ` 
 � � � � � � 
 � � � � � � � � � ` � � � � � j � � h j 
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 � h � 
 
 � � � � � � � h � � � � � � � � � j � � � � 


� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Ti(liquid)
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Fig. 2. Integral quantities of the liquid phase at
�

=2000 K.
Fig. 3. Activities in the liquid phase at

�
=2000 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Ag 8 Ti 8 � � 
 � � � � 
 � ` � � 
 � � � � � 
 � � � � � �

Ag 8 Ti / � � h h ` � � j h 
 � � j � 
 � � � h ` � � � � �
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Ag – Tl (Silver – Thallium)

Fig. 1. Calculated phase diagram for the system Ag-Tl.

A review of experimental phase equilibrium data and thermodynamic measurements have been presented
by [89Bar]. The recommended thermodynamic description [98Luk] is an update of that of Zimmermann et
al. [76Zim], in order to make it compatible with the SGTE unary data.
The Ag-Tl system is a simple nearly degenerate eutectic system. The (Ag) fcc solid solution has a retrograde
solidus with a maximum solubility of about 8 at.% Tl. The solubility of Ag in solid Tl has not been
determined and it is assumed to be very low. The hcp and bcc phases are modelled as pure Tl. The fcc
and liquid phases are described by the substitutional model. The enthalpy of mixing of Ag-Tl liquid alloys
has been measured calorimetrically. The activity of Tl in liquid solutions has been obtained by EMF and
by vapour pressure measurements. Recent measurements of activities of Tl in liquid Ag-Tl [83Kam] are in
good agreement with the measurements used in [76Zim]. The calculated thermodynamic properties and the
phase diagram are in good agreement with experimental data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Tl) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Tl) 8

bcc
o

2 W
& �

2
� �

j
�

BCC A2 Tl 8

hcp
o

3 Mg
?

� 2 � 6 3
T � � &

HCP A3 Tl 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
	

�
� 
 / (J/mol)

liquid �� fcc + bcc eutectic

 h � � � � � � ` h � � � � h � � � � � � � ` j �

fcc + bcc �� hcp degenerate

 � ` � � � � � j � � � � � � � � � � � � j h �

Table IIIa. Integral quantities for the liquid phase at 1300 K.
� �

	

� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � j j � � � � h � j � � j � � � j � � ` j � � � � � �

� � � � � � � � � h � � � j 
 � � � � � � � � � j � j � � � � �

� � j � � � 
 � j � j � ` 
 h � � 
 ` ` h � � � ` ` � � � � � �
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� � 
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 h � � � � �

� � h � � � h � � � j � � j ` � � � � � � h 
 � � � 
 � � � � � �

� � ` � � � 
 h ` h j h � � ` � � j ` � � ` � � � 
 � � � � � �

� � � � � � � ` j � � � � � 
 � � � j h ` � � � h � j � � � � �

� � � � � � j � h � � h � h j � h ` � j 
 j � � � ` � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Tl(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
� � K � � � K � 


� K � � � K � �� K � �� K  � K � � K
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
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 � ` � � � � h � � � � ` � � � � � � �
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 � � � � ` � ` 
 � j ` 
 j � � � � � � � � � h � � � � � j �

� � 
 � � � h h 
 
 j � � � ` � h � j � j ` � � � � � � � 
 � � � � � � �
� � � � � � � j ` 
 
 � � 
 � � � � j � � 
 j � � � � � � � � � h � � � � 
 �
� � j � � � � � ` � h ` ` � � � � � � h � � j � � � � � 
 � � � j ` � � � � j �
� � � � � � � � j h � � � ` � � � � � j � ` j � � � 
 � � j h � � � h 
 � � j � j
� � � � � � � � j � 
 � � � ` ` � ` � � � � j � � j � � � � 
 � � � j � � � j � �
� � � � � � � � � � j � � j � 
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Reference state: Ag(liquid)
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Table IIIc. Partial quantities for Tl in the liquid phase at 1300 K.
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� �

	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
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� � � � � � � � � � ` � � � 
 � � � � � � � � � � � � � � � 
 �
� � � � � � � � j j h � � � j � � 
 � � � � � 
 
 � h � h ` h � � � � ` � � � h h
� � � � � � � � h � ` � � � � � � � � � � � ` � � 
 � 
 � � � � � 
 � � � � � j
� � j � � � � � 
 � h � j � � � � � � � � � � � ` � � � ` � � � j ` � � � � h �

� � � � � � ` � 
 h h 
 � � � � � � 
 � � � � � j � 
 j � � � � ` � � � � � `
� � 
 � � � h � ` � � ` � 
 � � � j 
 � j � � � � h ` � � � 
 h 
 � � � j �

� � h � � � � ` h h j � � � h � � � � ` 
 
 � � � ` j � � h � j � � � ` �
� � ` � � � j 
 � � � � � j � � � � h j j 
 � � � h � � � ` � � � � � j �
� � � � � � � j � � � j � � � � � 
 � � � � 
 ` � � � � � ` � � � � �
� � � � � � � � j 
 � � � � � � j � � � � � 
 � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Tl(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1300 K.
Fig. 3. Activities in the liquid phase at

�
=1300 K.
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Ag – Zn (Silver – Zinc)

Fig. 1. Calculated phase diagram for the system Ag-Zn.

This system has many similarities with the more well known Cu-Zn system. Pure Ag is stable as fcc and
pure Zn has a modified hexagonal structure, here denoted hex-Zn, with a different c/a ratio compared to
normal hcp. There is a complete solubility in the liquid phase and a series of peritectic transformations
with the intermediate phases. The solubility of Zn in fcc-Ag is large but only a few percent of Ag in hex-
Zn. Three intermediate phases are in equilibrium with the liquid, from the Ag side these are bcc, Ag l Zn �

and hcp. In contrast with the Cu-Zn phase the bcc phase does not transform to an ordered
�

2 at lower
temperatures but a hexagonal phase, AgZn, appears instead.
The system is important for solders. There are a lot of experimental data and the assessment reproduces
these well. There are several assessments, the one selected is [98Gom].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Zn) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Ag,Zn) 8

bcc
o

2 W
& �

2
� �

j
�

BCC A2 (Ag,Zn) 8

AgZn
' ' ' ' ' ' ?

� *
' ' '

AGZN Z Zn 8 (Ag,Zn) /

Ag l Zn � � 8 / Cu l Zn �
& �

52
� �

3
�

D82 (Ag,Zn) / Ag / (Ag,Zn) 3 (Ag,Zn) �

hcp
o

3 Mg
?

� 2 � 6 3
T � � &

HCP A3 (Ag,Zn) 8

hex
o

3 Mg
?

� 2 � 6 3
T � � &

HCP ZN (Ag,Zn) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

fcc + liquid �� bcc peritectic � � � � ` � � j � � � � j ` j � � j ` � � h h � �

bcc + liquid �� Ag l Zn � peritectic � j j � 
 � � 
 � � � � h � j � � h � � � � ` h h

Ag l Zn � + liquid �� hcp peritectic � � ` � � � � h � � � � ` � h � � h � � � h ` h �
hcp + liquid �� hex peritectic

` � 
 � h � � � � � � � � � � � � � h � � 
 � � �
bcc + Ag l Zn � �� AgZn peritectoid


 
 � � � � � � � h � � 
 � h � � 
 � � � � ` 
 �

bcc �� fcc + AgZn eutectoid

 j � � � � � � � � � � � � j � � � 
 � � � � 
 �

Table IIIa. Integral quantities for the liquid phase at 1300 K.
� � � � � I �


 I � � I � �I
� �I

� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]
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 ` � � � � �

� � ` � � � � � � � � � 
 j j � j � � � � � j h ` ` � � � � ` 
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� � � � � � � � j � � j � � � j � � � � � � h � 
 � � � � ` � � � � � �

� � � � � � � � � � � � � � � � � � 
 ` � � j ` � � � � 
 � h � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Ag(liquid), Zn(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 1300 K.
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� K � � � K � �� K

� �� K
 � K � � K

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � ` � � � � � � � � � 
 � j � � � � � � h � � � � ` � � � � h �
� � � � � � j h � � � � 
 � � � � h � j � � � ` � � � � � � j � � ` � � � � � � �
� � ` � � � h 
 � � � j j ` 
 � � � � � � � h h 
 � � � 
 � h � � 
 � ` � � ` � �
� � h � � � � � � ` � 
 h � � j � � ` h � � j � 
 � � � � ` � � � � � � � � h h h
� � 
 � � � � j ` � � � � � ` 
 � � � � h � h j � � � � � 
 � � � � � ` � � � 
 
 �
� � � � � � � � � � ` � � � � � � 
 � � j j � � � � j � � � � � 
 � � � � h � � � h 


� � j � � � � j � � � � � � � h j ` � � j h � � � � � h � � � � ` � � � � � ` � � j � �
� � � � � � � � j � h � � h � h � � � � � ` � � � � � � � j � � � 
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Reference state: Ag(liquid)
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Table IIIc. Partial quantities for Zn in the liquid phase at 1300 K.
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Reference state: Zn(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1300 K.
Fig. 3. Activities in the liquid phase at

�
=1300 K.
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Table IVa. Integral quantities for the stable phases at 600 K.

Phase � � �
� � I � 
 I � � I � �I � �I � v 
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'
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Reference states: Ag(fcc), Zn(hex)

Table IVb. Partial quantities for Ag in the stable phases at 600 K.
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Table IVc. Partial quantities for Zn in the stable phases at 600 K.

Phase � � �
� �

� �
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 � �

� �
� �

� �
� �

� �
� �

 
� � � � �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � � � h 
 � � � � � � � h � � h h � � � � � � � � � � �
� � � � � � � � � 
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� � j � � � � 
 ` ` 
 � � � � � � � � � j � � � ` h � � � � � � � � � � � � � � � �
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Reference state: Zn(hex)

Fig. 4. Integral quantities of the stable phases at
�

=600 K.
Fig. 5. Activities in the stable phases at

�
=600 K.
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Ag – Zr (Silver – Zirconium)

Fig. 1. Calculated phase diagram for the system Ag-Zr.

Karakaya and Thompson [92Kar] have reviewed available experimental information for the system and, due
to scarcity of data, presented a phase diagram which is incomplete and not well-defined. The available phase
boundaries have nevertheless been used as basis for the present thermodynamic assessment. The calculated
invariant reactions give reasonable agreement with the proposed diagram. The nearly flat liquidus in the
Ag-rich region of the system and the compound phases present on moving towards Zr-rich compositions are
reflected by the asymmetric behaviour of the calculated enthalpies of mixing and activity values for liquid
alloys.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Ag,Zr) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Ag,Zr) 8

AgZr
�

11 � CuTi � � 4 � 4
T

�

� �
B11 Ag 8 Zr 8

AgZr / v � � � MoSi / �
�
6

�
4

T � � �
C11B Ag 8 Zr /

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP A3 (Ag,Zr) 8

bcc
o

2 W
& �

2
� � j �

BCC A2 (Ag,Zr) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid + bcc �� AgZr / peritectic � � ` � � h � � h 
 j � � ` � 
 � � h h ` � � � h � �

liquid + AgZr / �� AgZr peritectic � � � � � � � � � � � � � h h ` � � 
 � � � � � ` � `

liquid �� fcc + AgZr eutectic � � � h � 
 � � � � � � � � � � � � 
 � � � � � � ` 


bcc �� AgZr / + hcp eutectoid � � � j � � � � � h h � � h h ` � � � � 
 � 
 � � 
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Table IIIa. Integral quantities for the liquid phase at 2200 K.
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� � � � � � � � � ` � 
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Reference states: Ag(liquid), Zr(liquid)

Table IIIb. Partial quantities for Ag in the liquid phase at 2200 K.
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� � � � � � � j � h 
 h � � � � � � 
 j � � � � � � � � � � ` � � � � �
� � � � � � � j � 
 � � 
 h � � � � � � ` 
 ` � � � � 
 � � � � � � � � � �
� � ` � � � j j h � j j j � j � � � h j � h � � � � � � � � � j � � � � � �
� � h � � � 
 � 
 � � 
 � h � � j 
 � � � � h � � � � � � � ` 
 � � � � h �

� � 
 � � � ` � 
 j � � 
 � 
 � � h ` � ` � h � � � � � � � h � ` � � � � 


� � � � � � � � h j j � � h � ` � h � � � � � � � � � h � � � 
 � � � � � 
 j
� � j � � � � � � � h � � j � � � � � � � � � ` � � � � j � � � j j � � � � � �
� � � � � � j � ` 
 � � � ` j � � j � � � � � � j � � � � � � � � � � � � h � � � j �
� � � � � � � � ` � � � ` 
 j � � � � ` � � � h 
 � � � � � � j 
 � � � ` � � � h � �
� � � � � � � � � 
 � 
 
 � � � j ` 
 � � � � ` ` 
 � � � � � � � � ` �

Reference state: Ag(liquid)

Table IIIc. Partial quantities for Zr in the liquid phase at 2200 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=2200 K.
Fig. 3. Activities in the liquid phase at

�
=2200 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Ag 8 Zr 8 � � 
 � � � h ` j j � h � � ` � � � h � � � � � � �

Ag 8 Zr / � � h h ` � � � � � � � � � � � � � � � � � � � � �
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Al – As (Aluminium – Arsenic)

Fig. 1. Calculated phase diagram for the system Al-As (constrained system).

The ability of group III-V compound semiconductors to form miscible substitutional solutions with each
other results in materials with a wide range of electrical and optical properties.
The Al-As system has one intermediate phase, AlAs, which is isotypic with ZnS (sphalerite). The melting
temperature of AlAs was derived from the analysis of the ternary AlAs-GaAs system [84Ans]. The regular
solution interaction parameter of the liquid phase was determined from the analysis of the ternary Al-Ga-
As system [84Ans]. Figure 1 shows the phase diagram at constrained pressure sufficient to maintain As in
the condensed state [94Ans]. Figure 2 represents the calculated equilibrium phase diagram at (0.1 MPa).
Figure 3 shows the partial pressures of several species in the gas phase along the calculated liquidus line of
Figure 1.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,As) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,As) 8

AlAs
�

3 ZnS
& �

8
� �

3
�

B3 ZINCBLENDE Al 8 As 8
o

7
o

7 � As
? L

2
L j �

RHOMBOHEDRAL A7 As 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid �� AlAs congruent � � 
 � � � � � 
 � � � � 
 � � � ` � � � �

liquid �� AlAs +
o

7 eutectic � � � � � � � � � � � � � 
 � � � � � � � � � � h h �
liquid �� fcc + AlAs eutectic � j j � j � � � � � � � � � � � � 
 � � � � � ` j 
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Fig. 2. Calculated phase diagram at 0.1 MPa. Fig. 3. Calculated partial pressures of gaseous species in
the phase equilibria of the constrained system.

Table IIIa. Integral quantities for the liquid phase at 2100 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 2100 K.
�

�
	

� � �
	

� 
 �
	

� � �
	

� ��
	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � ` � � � � 
 ` � � � � � � � ` � � � j � � � � � 
 h � � � 
 �
� � � � � � ` j � � � h � � j � � � � � j � � ` � � j h ` � � h 
 
 � � � � �
� � ` � � � � � � � ` � � � � � h � � � � � ` � h � j � � ` 
 � � � � h � � h j `
� � h � � � � � � � � � � 
 � � � � ` � j � � j � � � 
 � � h h � � � h � � � � � �
� � 
 � � � j j � h � � j � � j � � � j � � � � � � 
 � � � 
 � � � � � � j � � � � h
� � � � � � � ` � ` h � 
 h � � � � � � � ` � j � � ` ` � � � � � � � � � h h � � � h 


� � j � � � h j � h 
 � ` h � � � h � ` 
 � � � � � � j � h � ` � � � � � � h � � � � h
� � � � � � � � � h � � � � � � � j 
 � � � h � 
 
 � 
 � � � � � h � � � � � � � � � � �
� � � � � � � � � � � ` � � � ` � � � h � � � ` � ` � � � j � ` � h ` � � � � � � � � � � `
� � � � � � � � � 
 h � j � � � ` � j 
 j � � � h j � � � � � � � � � `

Reference state: Al(liquid)

Landolt-Börnstein
New Series IV/19B

SGTE



108 2 Binary Systems: Al – As

Table IIIc. Partial quantities for As in the liquid phase at 2100 K.
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Reference state: As(liquid)

Fig. 4. Integral quantities of the liquid phase at
�

=2100 K.
Fig. 5. Activities in the liquid phase at

�
=2100 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.
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� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))
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 h 
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Al – Au (Aluminium – Gold)

Fig. 1. Calculated phase diagram for the system Al-Au.

The phase diagram of the Al-Au system is dominated by the formation of an array of intermetallic phases
some of which exhibit a range of homogeneity. The most prominent of these phases is Al / Au which
melts congruently at 1333 K. Below 923 K this phase is in equilibrium with the Al rich terminal solid
solution phase which has a maximum solubility of Au of 0.06 at.%. For Au rich compositions there is
a wide range of stability for the liquid phase. The maximum solubility of Al in fcc Au is 16 at.%. On
the whole the experimental data for the phase diagram of the system are consistent. The experimental
thermodynamic properties of the system have mainly been concerned with the liquid phase (enthalpies
of mixing, emf studies and Knudsen cell mass spectrometry) and the intermetallic phases (enthalpies of
formation). There are discrepancies and inconsistencies between the measurements which seem difficult
to resolve. The assessed data for the system were taken from the assessment of Murray et al. [87Mur]
modified by Dinsdale [98Din] to be compatible with the SGTE element data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Au) 8

fcc
o

� Cu
& � � � �

j
�

FCC A1 (Al,Au) 8

Al / Au
v

� CaF /
& �

� �
� �

j
�

C1 AL2AU Al / Au 8

AlAu
�

j � MnP
�

� � � � � 8
T �

B31 ALAU Al 8 Au 8
� AlAu /

v
� � � MoSi / �

� h � � T � � �
ALAU2 Al 8 Au /

Al / Au l
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AL2AU5 Al / Au l

bcc
o

� W
& �
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ALAU4 Al 8 Au �

AlAu �
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Landolt-Börnstein
New Series IV/19B

SGTE



110 2 Binary Systems: Al – Au

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid �� Al / Au congruent � j j � � � � � j j j � � j j j � � � � � j
liquid �� fcc + Al / Au eutectic � � � � � � � � � j � � � � j � � j j j � � � 
 h �
Al / Au +liquid �� AlAu peritectic � � � � � � � j j j � � 
 h j � � 
 � � � � j ` j �
liquid �� AlAu / congruent � � � � ` � � h h ` � � h h ` � � � ` � `

AlAu / + liquid �� Al / Au l peritectic � h � � � � � h h ` � � ` � � � � ` � � � � j 
 `

liquid �� AlAu + AlAu / eutectic � 
 j � � � � h � � � � 
 � � � � h h ` � � � h 
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 � j � � ` � h � � ` � h � j � � h

liquid �� AlAu � + fcc eutectic � � � � � � � � � 
 � � � � � � � � � h � j j � �
liquid �� Al / Au l + AlAu � eutectic � � � � � � � ` � � � � ` � � � � � � � � � h � �
AlAu � �� Al / Au l + fcc eutectoid

` 
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Reference states: Al(liquid), Au(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for Au in the liquid phase at 1400 K.
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Reference state: Au(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.
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 � h � 
 � � � � � �
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Al – B (Aluminium – Boron)

Fig. 1. Calculated phase diagram for the system Al-B.

The Al–B system is of interest because B is added in combination with Ti to Al-alloys in order to promote
grain refinement, precipitation hardening and mechanical reinforcement. Besides this application the AlB 8 /

phase is a promising compound for high temperature thermoelectric applications and aircraft protection.
Out of several thermodynamic assessments [84Kau, 94Dus, 99Cam, 01Luk] the description of [01Luk]
is recommended here. It is based on calorimetric data and on measurements of the liquidus. The phase
diagram presented by [67Ser] contradicts the phase rule as there is no two-phase field between AlB 8 / and
B in [67Ser]. Later it has been concluded by [94Dus] that the phases O

�
AlB 8 / and AlB 8 � , considered to

be stable by [67Ser], are stabilised by impurities. The stability of the Al / B 3 phase is also questionable.
Only two stable compounds are considered by [01Luk]: AlB / and AlB 8 / . The most contradictory point
is the melting characteristics of AlB 8 / . According to [67Ser] the AlB 8 / phase melts incongruently at
2348 K and the B phase can dissolve about 4 at.% of Al. The incongruent melting of AlB 8 / has been
confirmed experimentally [94Dus], but according to the evaluation of [90Car] and calculations of [01Luk]
AlB 8 / melts congruently. There is a big difference of � 80 K between the experimental temperatures of
peritectic melting of AlB / reported by [94Dus] and [00Hal]. The data of [94Dus] are preferred by [01Luk],
because the samples of [00Hal] contained Fe impurities. Enthalpies of formation have been determined
calorimetrically for the compounds AlB / [67Dom] and AlB 8 / [67Dom, 95Mes]. The calculated enthalpies
of [01Luk] closely match the calorimetric data of [95Mes]. According to the thermodynamic description
of [99Cam] the incongruent melting temperature of AlB / is 75 K lower than obtained by [94Dus] and
contradicts the calorimetric data of [67Dom, 95Mes]. The solubility of B in fcc-Al has been found to be
only about 0.0055 at.%.
Both compounds and solid B are treated by [01Luk] as stoichiometric phases. The liquid is described as a
substitutional solution and the solution of boron in fcc-Al is treated as an interstitial solution, analogous to
B–Ni and similar systems.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,B) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 Al 8 (B, � ) 8

AlB /
v

32 AlB / ?
� 3 � 6

T � � �
ALB2 Al 8 B /

AlB 8 / ' ' '
� AlB 8 / � � 216 � 4 8 2 8 2 ALB12 ALPHA Al 8 B 8 /

O B
' ' ' O B

? L
105

L j �
BETA RHOMBO B B @ 3 B 8 /

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / �
�

�
� 
 / (J/mol)

liquid �� AlB 8 / congruent � j h ` � � � � � � j � � � � j � 
 h � � �
liquid �� AlB 8 / + O B eutectic � j � � � j � � � ` 
 � � � � j � � � � � � 
 � � ` `

liquid + AlB 8 / �� AlB / peritectic � j � j � � � � � � ` � � � � j � � h h ` � h � � �
liquid �� fcc + AlB / eutectic � j j � � � � � � � � � � � � � � h h ` � � � ` 
 �

Table IIIa. Integral quantities for the liquid phase at 2500 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 2500 K.
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Table IIIc. Partial quantities for B in the liquid phase at 2500 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=2500 K.
Fig. 3. Activities in the liquid phase at

�
=2500 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al 8 B / � � h h ` � � � � � � � � � � 
 h � � � � � � � � � � �

Al 8 B 8 / � � � � j � � � j � � � � � 
 � ` � � � � � 
 � � � � �
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Al – Bi (Aluminium – Bismuth)

Fig. 1. Calculated phase diagram for the system Al-Bi.

The Al-Bi system is a very simple system showing a wide range of immiscibility in the liquid phase up
to 1310 K where the miscibility gap closes at a composition approximately 20 at.% Bi. It has potential
importance as a key subsystem for bearing alloys and automotive applications. The selected data for the Al-
Bi system are from the critical assessment of McAlister [84McA]. Terminal solid solutions are very limited.
The miscibility gap has been studied extensively between the monotectic temperature of 931 K and the
upper consolute temperature, and the solubility of Al in the liquid at temperatures below the monotectic and
the eutectic at about 543 K. The limited experimental thermodynamic studies have concerned the enthalpies
of mixing and the partial Gibbs energies of Al. The assessed data are in very good agreement with all the
experimental data for the system with the exception of the upper consolute temperature which is calculated
to be 1330 K.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Bi) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Bi) 8

o
7

o
7 � As

? L
2

L j �
RHOMBOHEDRAL A7 Bi 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / �
� �

�
� 
 / (J/mol)

liquid �� liquid
�

+ liquid
� �

critical � j � � � � � � � � � � � � � � � � � � � �

liquid
�

�� fcc + liquid
� �

monotectic � j � � j � � � � � � � � � � � � � � � � � � � � �
liquid �� fcc +

o
7 eutectic
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for Bi in the liquid phase at 1400 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.
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Al – C (Aluminium – Carbon)

Fig. 1. Calculated phase diagram for the system Al-C.

The Al-C system is a part of the Al-C-O system which is important for modelling the carbothermic reduc-
tion of alumina. A critical review of the experimental phase equilibrium data in the system Al-C has been
given by [91Sch]. The phase diagram has been re-evaluated by [92Oka]. The only stable compound in
the system is Al � C 3 . According to experimental determinations it melts incongruently forming liquid and
graphite. However, in the literature there are conflicting data for the temperature of this peritectic reaction.
The melting point of Al � C 3 evaluated by Massalski contradicts several experimental determinations. The
thermodynamic dataset established by [94Gro, 95Gro] is recommended here. It is based on the experimen-
tally determined solubility of carbon in the liquid phase, temperature data for the peritectic equilibrium and
different kinds of data for Al � C 3 : calorimetric measurements of the enthalpy of formation, enthalpy incre-
ments measured by drop-solution calorimetry and enthalpy of decomposition into graphite and gaseous Al
obtained by vapour pressure mass spectrometry.
The solubility of carbon in liquid aluminium is restricted by the decomposition of the liquid phase to
graphite and gas [91Sch]. The upper limits for the stability of the liquid under normal pressure are a
temperature of 2570 K and a carbon content of 25 at.% according to [94Gro]. In the thermodynamic
dataset of [95Gro] the liquid phase is described by a substitutional model. The solid solubility of carbon
in aluminium is very low (0.04-0.08 at.% [92Oka]) and the fcc phase is described by a sublattice model in
[95Gro]. Al � C 3 is treated as a stoichiometric compound in [95Gro].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,C) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 Al 8 (C, � ) 8

Al � C 3 � 7 8 Al � C 3
? L

7
L

j
�

D71 AL4C3 Al � C 3

graphite
o

9 C(graphite)
?

� 4 � 6 3
T � � &

GRAPHITE A9 C 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W �
� 
 / (J/mol)
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liquid �� fcc + Al � C 3 eutectic � j j � 
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Table IIIb. Partial quantities for Al in the liquid phase at 2500 K.
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Table IIIc. Partial quantities for C in the liquid phase at 2500 K.
� W � � W � 
 W � � W � � W � �W  W � W
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'
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'
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Reference state: C(graphite)

Fig. 2. Integral quantities of the liquid phase at
�

=2500 K.
Fig. 3. Activities in the liquid phase at

�
=2500 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
W � � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al � C 3 � � � � � � � � h j j � j � � � � � h � � � � � � � j � 
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Al – Ca (Aluminium – Calcium)

Fig. 1. Calculated phase diagram for the system Al-Ca.

This system has no solubility in the terminal phases and four intermetallic compounds with limited solubil-
ity, all modelled without any solubility. The Al / Ca is a Laves phase and melts congruently whereas Al � Ca
is formed peritectically.
Al and Ca easily react with oxygen and this binary system is mainly interesting as part of a database where
Al and Ca are used as alloying elements in other metals or slags. In a previous assessment, [93Ang], only
two compounds were included but in a more recent assessment, [01Kev1, 01Kev2] two new phases were
detected in the system, Al 3 Ca � which melts congruently and AlCa which forms peritectically.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Ca) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,Ca) 8

Al � Ca � 1 3 Al � Ba �
�
10

�
4

T � � �
D13 AL4CA Al � Ca 8

Al / Ca
v

15 Cu / Mg
& �

24
� -

j
�

C15 AL2M1 Al / Ca 8

AlCa
' ' ' ' ' ' � v

*
v

�
T �

ALCA Al 8 Ca 8

Al 3 Ca �
' ' '

Ca � In 3
 

� 22 � � AL3CA8 Al 3 Ca �
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W J �
� 
 / (J/mol)

liquid �� Al / Ca congruent � j 
 � � � � � j j j � � j j j � � � � � j
liquid + Al / Ca �� Al � Ca peritectic � ` � � 
 � � � � � � � j j j � � � � � � � 
 j 


Al / Ca + liquid �� AlCa peritectic � � h � � � � j j j � � h � h � � 
 � � � 
 � � `
liquid �� fcc + Al � Ca eutectic � � h � � � � � 
 � � � � � � � � � � � � � � ` � j
liquid �� Al 3 Ca � congruent � 
 j � 
 � � ` � ` � � ` � ` � � ` 
 �
liquid �� Al 3 Ca � + bcc eutectic � � ` � h � � ` � 
 � � ` � ` � � � � � � � j ` �
liquid �� AlCa + Al 3 Ca � eutectic � � 
 � � � � h h � � � 
 � � � � ` � ` � � ` h �
bcc �� Al 3 Ca � + fcc degenerate

` � h � � � � � � � � � ` � ` � � � � � � � � �

Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Reference states: Al(liquid), Ca(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for Ca in the liquid phase at 1400 K.
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Reference state: Ca(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
W J � � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al � Ca 8 � � � � � � � � j h j � � � � � � � 
 � � � � � � � � �

Al / Ca 8 � � j j j � � � � � j � � � ` � � � 
 � � � � � � � � �

Al 8 Ca 8 � � 
 � � � � � � h � � � � � � � � � � � � � � � � � �

Al 3 Ca �
� � ` � ` � � j � h � � � � � � � � � � � ` � � � � � �
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Al – Ce (Aluminium – Cerium)

Fig. 1. Calculated phase diagram for the system Al-Ce.

The Al-Ce system is one of a number of rare earth system of interest for its potential for forming metallic
glasses [93Bar]. The data for the Al-Ce system were critically assessed by Cacciamani et al. [98Ans]. The
phase diagram information on the system has been reviewed by Saccone et al. [96Sac] and Gschneidner
and Calderwood [88Gsc] and appears to be well understood. The system is characterised by intermetallic
compounds at five compositions, solid-solid phase transformations have been reported for two of these
compositions. Solid solution in pure Ce and Al is very low. Two of the compounds Al / Ce and AlCe 3 melt
congruently while the other three melt by peritectic reaction. The thermodynamics of the system have been
studied by direct reaction calorimetry.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Ce) 8

fcc
o

1 Cu
& �

4
� �

j �
FCC A1 (Al,Ce) 8

� Al 8 8 Ce 3
' ' '

� Al 8 8 La 3 �
�
28

� � � �
AL11M3 Al 8 8 Ce 3

O Al 8 8 Ce 3 � 1 3 Al � Ba �
�
10

�
4

T � � �
D13 AL11M3 Al 8 8 Ce 3

Al 3 Ce � 0 8 @ Ni 3 Sn
?

� 8 � 6 3
T � � &

D019 AL3M1 Al 3 Ce 8

Al / Ce
v

15 Cu / Mg
& �

24
� -

j �
C15 AL2M1 Al / Ce 8

AlCe
' ' '

AlCe �
v

16
v � & �

AL1M1 Al 8 Ce 8

� AlCe 3 � 0 8 @ Ni 3 Sn
?

� 8 � 6 3
T � � &

D019 AL1M3 Al 8 Ce 3
O AlCe 3

�
1 / AuCu 3

&
� 4 �

�
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�
L12 AL1M3 Al 8 Ce 3
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& �
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� �
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BCC A2 (Al,Ce) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W
�

�
� 
 / (J/mol)

liquid �� Al / Ce congruent � ` 
 � � � � � j j j � � j j j � � h � ` �

liquid + Al / Ce �� O Al 8 8 Ce 3 peritectic � 
 � � � ` � � � � � � � j j j � � � � � � � 
 � j �
O Al 8 8 Ce 3 + Al / Ce �� Al 3 Ce peritectoid � � � � � � � � � � � � � j j j � � � 
 � � j � �

O Al 8 8 Ce 3 �� � Al 8 8 Ce 3 polymorphic � � � j � � � � � � � � � � � � � 
 � �

Al / Ce + liquid �� AlCe peritectic � � � 
 � � � � j j j � � h j � � � 
 � � � � 
 � �

liquid + bcc �� fcc peritectic � � � � � � � � � 
 h � � � � � � � � � � � � � � �
liquid �� O AlCe 3 congruent � 
 � � j � � ` 
 � � � ` 
 � � h h � h
liquid �� AlCe + O AlCe 3 eutectic � � � � � � � ` � � � � 
 � � � � ` 
 � � h � ` j
liquid �� fcc + � Al 8 8 Ce 3 eutectic � � ` � � � � � j � � � � � � � � � � � � � � � � h
liquid �� O AlCe 3 + fcc eutectic � 
 ` � 
 � � � 
 
 � � ` 
 � � � � � � � h � � �

O AlCe 3 �� � AlCe 3 polymorphic

 � j � � � � ` 
 � � � ` 
 � � � � �

Table IIIa. Integral quantities for the liquid phase at 1800 K.
� W
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[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]
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Table IIIb. Partial quantities for Al in the liquid phase at 1800 K.
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Table IIIc. Partial quantities for Ce in the liquid phase at 1800 K.
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Reference state: Ce(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1800 K.
Fig. 3. Activities in the liquid phase at

�
=1800 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
W

�
� � � � / (J/mol)

� � 
 � / (J/mol)
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Al – Co (Aluminium – Cobalt)

Fig. 1. Calculated phase diagram for the system Al-Co.

The Co rich side of this system is of high interest for superalloys. The
�

2 phase has been studied for the
development of alloys for high-temperature applications. The Al rich side is of interest for Al alloys where
the strengthening can be enhanced by the precipitation of Al @ Co / . Finally, the ability of systems based on
this binary to generate quasicrystals on the Al rich side has also generated many recent studies. Thus the
phase diagram and the thermodynamic properties of this system have been widely studied. Nevertheless,
some uncertainties still remain on the Al-rich side of the phase diagram; several forms of the Al 8 3 Co � have
been identified but the different range of stability reported show some disagreements. The thermodynamic
description by Dupin and Ansara [98Dup] is based on the critical assessment of all the available experi-
mental data for the system. The four compounds Al @ Co / , Al 8 3 Co � , Al 3 Co, and Al l Co are modelled as
stoichiometric. The large homogeneity range of the

�
2 compound, AlCo, is described with the compound

energy formalism. The solubility of Al in fcc-Co is large and changes rapidly around the magnetic tran-
sition. The description of the magnetism of the fcc solution leads to a miscibility gap between ferro- and
para-magnetic fcc-Co which has not been experimentally studied.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Co) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC L12 (Al,Co) 8

Al @ Co /
' ' ' ' ' ' �

� 22 � � 8
T &

AL9CO2 Al @ Co /

Al 8 3 Co �
' ' ' ' ' ' � v

� j
v

I AL13CO4 Al 8 3 Co �

Al 3 Co
' ' ' ' ' ' ' ' ' ' ' '

AL3CO Al 3 Co 8

Al l Co / � 8 8 8 Al l Mn /
?

� 28 � 6 3
T � � &

D811 AL5CO2 Al l Co /

AlCo
�

2 CsCl
&

� 2 �
�

3
�

BCC B2 (Al,Co) 8 (Co, � ) 8

hcp
o

3 Mg
?

� 2 � 6 3
T � � &

HCP A3 (Al,Co) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W
�

�
� 
 / (J/mol)

liquid �� AlCo congruent � � � � � � � � � � � � � � � � � � 
 
 � �

liquid �� AlCo + fcc eutectic � h ` � � h � � � � � � � ` 
 h � � � � 
 � � 
 � � j
liquid + AlCo �� Al l Co / peritectic � � 
 � � h � � � 
 h � � � h � � � � � h � � � � � j
liquid + Al l Co / �� Al 3 Co peritectic � � � 
 � � � � � � � � � � � h � � � 
 � � � 
 h `
liquid + Al 3 Co �� Al 8 3 Co � peritectic � j h h � ` � � � h � � � � 
 � � � � j 
 � j � � j
liquid + Al 8 3 Co � �� Al @ Co / peritectic � � � 
 � h � � � � � � � � j 
 � � � � � � � h 
 


fcc �� fcc
�

+ fcc
� �

critical � � � � � � � � � 
 h � � � 
 h � � � 
 h �
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 � � � � � � � � � � h �

liquid �� fcc + Al @ Co / eutectic � j � � j � � � � j � � � � � � � � � � � � � � 
 �

fcc �� AlCo + hcp eutectoid

 h � � � � � � � � � � 
 � � � � � � � � � h `

Table IIIa. Integral quantities for the liquid phase at 2000 K.
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Reference states: Al(liquid), Co(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 2000 K.
� �

	
� � �

	
� 
 �

	
� � �

	
� ��

	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � h � � h � � � 
 � � � � � � � � � j h � � � � � ` � � � � 


� � � � � � 
 � h � � h � h j � � � � � � � � ` 
 � � � � j 
 
 � � ` � � � � � � �

� � ` � � � � � � � � � � ` � � h � j � j � � � 
 � ` ` � h � j � � � � 
 � � � � ` � �
� � h � � � � � 
 � � � j � � � 
 � ` � j � � � � � � � � � � � � 
 � � � � j � � � � 
 � 


� � 
 � � � j � j ` � � 
 � � � � � � � � � h j � � � � � ` � � h � � � h � � � h � � � j � �
� � � � � � � j � � h � h � h � � � � j � � h � � � � � � � � � � � ` ` � � � � ` � � � � � 


� � j � � � 
 ` ` � � � � � � � j � � � � j 
 ` � j ` h � � � � � � j h � � � � j � � � � � �

� � � � � � ` j � ` � � � � � 
 � � ` � � j � � � h 
 � � � � � � j � � � � � � � � � � h �
� � � � � � � � j � j � � � � � 
 � � 
 h � � 
 j � j � � � � � 
 � � � � � � � � � � � �
� � � � � � � � � � � � � � � 
 
 
 � � � � h � ` 
 j � � � � � � � � j 


Reference state: Al(liquid)

SGTE Landolt-Börnstein
New Series IV/19B



2 Binary Systems: Al – Co 131

Table IIIc. Partial quantities for Co in the liquid phase at 2000 K.
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Reference state: Co(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=2000 K.
Fig. 3. Activities in the liquid phase at

�
=2000 K.

Fig. 4. Integral quantities of the stable phases at
�

=1600 K.
Fig. 5. Activities in the stable phases at

�
=1600 K.
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Table IVa. Integral quantities for the stable phases at 1600 K.
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Table IVb. Partial quantities for Al in the stable phases at 1600 K.
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Table IVc. Partial quantities for Co in the stable phases at 1600 K.
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Table V. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
W

�

� � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

Al @ Co / � � � � � � j � h j � � j � � h � � � � � 
 � � � � � � h
Al 8 3 Co �

� � � j 
 � j ` j ` � � j � � h j � � � j h j � � � � j �

Al 3 Co 8 � � � 
 � � j � � � ` � � � � � � � � � h ` � � � � � j h
Al l Co / � � � � h � � � 
 h � � � 
 � j ` � � � h � � � � � � � �
Al 8 Co 8 � � 
 � � � 
 
 � � � � 
 � � ` � � � � � � � � � � � � ` �

References

[98Dup] N. Dupin, I. Ansara: Rev. Métall. 9 (1998) 1121–1129.

Landolt-Börnstein
New Series IV/19B

SGTE



134 2 Binary Systems: Al – Cr

Al – Cr (Aluminium – Chromium)

Fig. 1. Calculated phase diagram for the system Al-Cr.

There is only a small solubility of Cr in fcc Al while Al is very stable in bcc Cr. Many intermetallic phases
form precipitate on cooling from the liquid. Some of these have a significant solubility range but they have
all been modelled as stoichiometric compounds. They form a series of peritectic reactions with the liquid
except the AlCr / compound which forms from the bcc Cr phase. Some of the intermediate phases have
transformations at lower temperatures. Both Al and Cr are important alloying elements in nickel based
superalloys but also in steels and other metals.
There is a limited amount of experimental data, mainly in the Al rich side. The assessment has been done
by N. Saunders and the parameters are reported in COST 507 [98Ans]. To date, the assessment has not
been published separately.

Table I. Phases, structures and models.
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Table II. Invariant reactions.
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 � � j � 
 � h � � �
O Al @ Cr � �� � Al @ Cr � polymorphic � j j j � � � � j � � � � j � � � ` � � �
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Table IIIa. Integral quantities for the liquid phase at 2200 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 2200 K.
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Table IIIc. Partial quantities for Cr in the liquid phase at 2200 K.
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Reference state: Cr(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=2200 K.
Fig. 3. Activities in the liquid phase at

�
=2200 K.

Table IVa. Integral quantities for the stable phases at 1600 K.
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Table IVb. Partial quantities for Al in the stable phases at 1600 K.
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Reference state: Al(liquid)

Table IVc. Partial quantities for Cr in the stable phases at 1600 K.
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Reference state: Cr(bcc)

Fig. 4. Integral quantities of the stable phases at
�

=1600 K.
Fig. 5. Activities in the stable phases at

�
=1600 K.
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Table V. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
W

�
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al 8 3 Cr / � � � j j � � � � � h � � � h � h � � � � ` h � � � � � �

Al 8 8 Cr / � � � 
 � � � � � � � � � j � � � � � � � � � � � � � � j
Al � Cr 8 � � � � � � � h h h � � � ` � � j � j � � � 
 � � � � � �

� Al @ Cr �
� � j � � � � ` j � � � � ` ` � ` � � � � j � � � � � � 


O Al @ Cr �
� � j � � � � � h � � � � � j j � � � j � � � � � � � 


� Al � Cr l � � j � 
 � � ` h 
 � � � ` h 
 � � � � � � � � � � 
 h
O Al � Cr l � � j � 
 � � � ` � 
 � � � j h � � � 
 � � � � � � 
 h
Al 8 Cr / � � h h h � � � ` ` � � � � � � � � � � � � � � � � � �
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Al – Cu (Aluminium – Copper)

Fig. 1. Calculated phase diagram for the system Al-Cu.

The data for the Al-Cu system are taken from the critical assessment of Saunders [98Sau]. The phase
diagram for this system is now well established and is characterised by a number of intermetallic phases
many of which exist over appreciable ranges of homogeneity. The calculated phase diagram is similar to that
recommended in the reviews by Murray [85Mur] and Raynor [44Ray]. There have been many studies of the
thermodynamic properties of the system which are in reasonable agreement except for the measurements of
the enthalpy of mixing in the liquid phase. The assessment of Saunders favoured the experimental results
for the liquid phase of Sandakov et al. [71San] and Heyer [89Hey] over those of Itagaki and Yazawa
[75ita], Kawakami [30Kaw] and Oelsen and Middel [37Oel]. There is generally good agreement between
calculated and experimental data throughout the system.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Cu) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,Cu) 8

Al / Cu
v

16 Al / Cu �
�
12

�
4

T � & �
C16 AL2CU Al / (Al,Cu) 8

AlCu
' ' ' ' ' ' � v

20
v

2
T �

ALCU ETA (Al,Cu) 8 Cu 8

Al @ Cu 8 8
' ' ' ' ' ' ?

� 42 � 6
T � � �

ALCU ZETA Al @ Cu 8 8
� � 8 � � 8 NiAs

?
� 4 � 6 3

T � � &
D81 ALCU (Al,Cu) 8 Cu 8
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� W
& �

�
� �
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BCC A2 (Al,Cu) 8

Al / Cu 3
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*
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j
�

ALCU DELTA Al / Cu 3

Al � Cu @
' ' ' ' ' ' ' ' ' ' ' '

GAMMA H Al � (Al,Cu) 8 Cu �

� � 3 � 8 3 Al � Cu @
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� 52 �
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�
D83 GAMMA Al � (Al,Cu) 8 Cu �
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W
�

�
� 
 / (J/mol)

liquid �� bcc congruent � j � � � � � � ` h 
 � � ` h 
 � � � j �
liquid �� bcc + fcc eutectic � j � � � j � � � � � � � � � ` � � � j ` � � � � � �
liquid + bcc �� Al � Cu @ peritectic � � � j � � � � h ` � � � h � � � � h � � � � � ` �

liquid + Al � Cu @ �� bcc peritectic � � j � � � � � h � � � � h h ` � � h � � � � � ` �

bcc + Al � Cu @ �� � � 3 peritectoid � � 
 � � 
 � � h � 
 � � h 
 h � � h � ` � � � � �

liquid + bcc �� � � 8 peritectic � � � � � � � � 
 � � � � 
 � 
 � � 
 ` ` � 
 � � 
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� � 8 + � � 3 �� Al / Cu 3 peritectoid � 
 � � ` � � 
 ` � � � h � � � � h � � � � � j h
liquid + � � 8 �� AlCu peritectic � � � � � � � j � h � � 
 � � � � 
 � � � � � j �
liquid + AlCu �� Al / Cu peritectic � h � � � � � j � � � � 
 � h � � j � � � � � j � j

� � 8 �� Al @ Cu 8 8 congruent � h � � j � � 
 
 � � � 
 
 � � � 
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 � � � � � 
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 � � � � 
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bcc �� � � 3 + fcc eutectoid � j ` � � � � ` ` � � � h � � � � ` � 
 � � � � �

liquid �� fcc + Al / Cu eutectic � � � � ` � � � ` 
 � � � � 
 � � j � � � � � ` � �

Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Reference states: Al(liquid), Cu(liquid)
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Table IIIb. Partial quantities for Al in the liquid phase at 1400 K.
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Reference state: Al(liquid)

Table IIIc. Partial quantities for Cu in the liquid phase at 1400 K.
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� � � � � � h � � � � 
 � � � � � ` � h � � j � � � � � � 
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 � � � h � �

� � � � � � � � � ` � � h � � � � 
 ` � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Cu(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
W

�

� � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

Al / Cu
� � j j j � � 
 � j � � � 
 � � � � � � � � 
 � � � � �

AlCu
� � 
 � � � � � � � � � � � � � � � � � 
 ` � � � � � �

Al @ Cu 8 8 � � 
 
 � � � � ` j � � � � � � � � � � � � � � � � � �

Al / Cu 3 � � h � � � � � � h � � � � j � � � � � h � � � � � � �
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Al – Fe (Aluminium – Iron)

Fig. 1. Calculated phase diagram for the system Al-Fe.

There is a large solubility of Al in bcc-Fe while Fe is only slightly soluble in fcc-Al. A number of interme-
diate phases are formed in contact with the liquid. The bcc phase has also several ordering transformations
to

�
� and �

�
3 . These are second order at high temperature but first order at low temperature where there is

an interaction also with the ferromagnetic transition in bcc-Fe. The solubility of Al in fcc-Fe is very small
and a characteristic ”gamma-loop” is formed.
Fe is a frequent and important impurity in Al alloys and the solubility is so low that it is important to
control by alloying what kind of intermediate phase is formed. Some of these are less harmful. Al as
alloying element in Fe is gaining interest but it is difficult to have high concentrations as Al easily oxidises
when added to the liquid steel. Al improves the corrosion resistance but the ordering transformations at
low temperatures tend to decrease the mechanical strength of these materials. The region with ordering
transformations at low temperature and low Al content has attracted considerable scientific interest both
experimentally and for modelling chemical and magnetic ordering.
Many experimental data are available although some of these are quite old. The selected assessment of the
system has been given by [93Sei].
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Fe) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Fe) 8

Al 8 3 Fe �
' ' ' ' ' ' � v

102
v

2
T �

AL13FE4 Al 3 / Fe 8 / (Al, � ) =
Al l Fe / � 8 8 8 Al l Mn / ?

� 28 � 6 3 T � � &
AL5FE2 Al l Fe /

Al / Fe
' ' '

Al / Fe
 

� 18 � � AL2FE Al / Fe 8
Al l Fe �

' ' ' ' ' ' & �
16?

' ' '
AL5FE4 (Al,Fe) 8

o
2

o
2 W

& �
2

� � j �
BCC A2 (Al,Fe) 8

�
2

�
2 CsCl

&
� 2 �

� j �
BCC B2 (Al,Fe) 8 (Al,Fe) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

liquid + AlFe �� Al l Fe � peritectic � � � 
 � 
 � � � � h � � � � � � � � � h � � j � `

liquid �� Al l Fe / congruent � � j � � h � � � � h � � � � h � � � � � �
liquid �� Al l Fe / + Al l Fe � eutectic � � j � � � � � j � h � � � � h � � j h h � � � � j �
Al l Fe / + Al l Fe � �� Al / Fe peritectoid � � � � � � � � � � h � � j h h � � j j j � h � j �
liquid + Al l Fe / �� Al 8 3 Fe � peritectic � � � � � � � � � � � � � � � h � � � � ` � � � h � �
Al l Fe � �� Al / Fe +

�
2 eutectoid � j h � � � � � � � � � � j j j � � � h � � ` � ` �

liquid �� fcc + Al 8 3 Fe � eutectic � � ` � � � � � � � � � � � � � � � j ` � � � � � 


Table IIIa. Integral quantities for the liquid phase at 1900 K.
� � �

� � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � j h � � � h ` � � � j h � � � � � � � � � j � j � � � � �

� � � � � � � 
 
 � � � � 
 � 
 � � � � 
 � � ` h j ` � � � � � � � � � � �

� � j � � � � � � j � � � � ` � � � � � � � � � � � ` � � 
 � � 
 ` � � � � �

� � � � � � � � � � � � � � j � h � � � 
 � � � � � � � � 
 � 
 � 
 � � � � �

� � 
 � � � � j � j � � � � � � � � � � j � � � � � � � � 
 � 
 j j � � � � �

� � h � � � � � ` � 
 � � � � � � � � 
 � � � � � � 
 j � 
 � � ` � � � � � �

� � ` � � � � � � j � � � � � j 
 � � � � � � � � ` � � � � � � j � � � � � �

� � � � � � � h � j � � � � � h 
 � � � � ` � � j � h � j � � ` j � � � � �

� � � � � � � � � � � ` � h � � � � h � � � ` � 
 � � � h � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(liquid), Fe(liquid)
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Table IIIb. Partial quantities for Al in the liquid phase at 1900 K.
�

�
	

� � �
	

� 
 �
	

� � �
	

� ��
	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � h h � � � h j � � 
 � � � � � � � � � j � � � � � ` ` � � � ` 


� � � � � � 
 � � h � � � h ` � � 
 � � � � h ` � � � � j � � � � ` � � � � � � �

� � ` � � � � 
 j j � � � � j � � � � � � j � � � � � � ` � � � � 
 � ` � � ` � �
� � h � � � � 
 � � 
 � � 
 � ` ` � � � j � 
 � ` � ` 
 � � � h j j � � j � � � � h j 


� � 
 � � � � � 
 j 
 � � � � � � � � � � � � � � � 
 � 
 � h � ` 
 � � � � � � � � � � �

� � � � � � j � h � ` � j � j � � � � � � � � � � ` � � � � � � � � � � � � j 
 � � j j h
� � j � � � � j � 
 � � � 
 h � � � � � j � � � � � � j � � � � � j � � � � � h 
 � � � � `
� � � � � � 
 ` � � ` � 
 � � � � � � � � 
 � � j � � � � � � j � 
 � � � � � � h � � � � �
� � � � � � ` � 
 � ` � ` � ` � j j � 
 � ` � � � � 
 � � � 
 � 
 
 � � � � � ` � � � h �
� � � � � � � � � h � � � � � 
 j j � � � � ` � � 
 � � � � � � � � � j �

Reference state: Al(liquid)

Table IIIc. Partial quantities for Fe in the liquid phase at 1900 K.

� � �
� �

� �
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 � �

� � � �
� �

� �
� �

� �
 � � � � �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � ` 
 � ` � � � h � � � � � ` � � � � � � � � � � � � 
 �

� � � � � � ` 
 � � � � ` ` � � h � � � � 
 � � j � h h ` � � � � � � 
 � � � � � � � � � h
� � � � � � 
 h � � � � 
 � h � � � � � � � h � j � 
 � � � � � � ` � � � � � � ` � � � j h
� � j � � � � j � 
 
 � � � 
 j � � � � j 
 h � � � � j 
 � � � � j h ` � � � h � � � � � �
� � � � � � j j � j h � j � � � � � � ` � � � � � ` h � � h � � � 
 � � � � � � � j � 


� � 
 � � � � � j � � � � � 
 ` h � � � � � � � j j ` � � � � j � 
 � � � � � � � � � �
� � h � � � � h � 
 � � � j � j 
 � � ` � � � � ` � � � � � � 
 � � � j � � � � 
 ` �

� � ` � � � � � h � 
 � ` j � 
 � � ` h j � 
 � h � � � � � � � � � 
 � � � � ` � h
� � � � � � 
 � � ` � j � h � � � j � � � � j � � � � � � 
 h � � h � � � � � h �

� � � � � � � � 
 j � ` h � � � ` � � � 
 � � � � � � � 
 � � � h ` � � � h j
� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Fe(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1900 K.
Fig. 3. Activities in the liquid phase at

�
=1900 K.
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Table IVa. Integral quantities for the stable phases at 900 K.

Phase � � �
� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

fcc
� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � h � � � � � � � � � � � �
Al 8 3 Fe �

� � � j ` � � j � � � � � � � ` � � 
 � � ` � � � j ` � 
 � h � � � � � j � � � h
� � � � ` � � � h � j � � � h � � � 
 � 
 h j � � j � j � � h � j � � � j � j � �

Al l Fe / � � � � h � � 
 � � � � j � � � 
 � 
 � j ` � � j � � � �

Al / Fe
� � j j j � � h h j � � j � 
 
 � � � � j 
 � � � � � � �

o � ,
�

2
� � 
 � � � � ` j � � � � � � j ` � � � � j h � � h � ` h � � � � � h � � � � j �
� � h � � � � h � � � � � h j � � � � � � � ` � � � � ` � � � � 
 ` 
 � 
 � j � 


� � ` � � � � � h 
 
 � � � j � � � � j � ` � � � ` h � � � � � � � � � � � � �
� � � � � � � ` � � � � � � h � 
 � � � � � � � � � � � � � � ` j � � � � j � j
� � � � � � � � � � � ` 
 � j � � h h � � ` � � � � � � � j 
 � j � � � `

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(fcc), Fe(
o

2)

Table IVb. Partial quantities for Al in the stable phases at 900 K.
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Al 8 3 Fe �
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 j � � 
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 ` h � � � � � � � � h � ` � h � � � � �
� � ` � � � � � � j ` � j � j � � � � � � � � � � � � 
 j

Al / Fe
� � h h ` � � � � j ` � j � j � � � � � � � � � � � � 
 j
� � h h ` � � 
 � ` � � j j 
 � j � � � � ` � � � � j 


o � ,
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2
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 � ` � � � � h j h � j � � � � � j ` j ` � � � ` � 
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 � ` � h � � � � 
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 � j � � � h � h 
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 j h � 
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Table IVc. Partial quantities for Fe in the stable phases at 900 K.

Phase � � �
� �

� �
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 � �

� �
� �

� �
� �

� �
� �

 
� � � � �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � � � � � � � � j h � � � � � � � ` ` � � � � � � � � � � �
� � � � � � � � � � � ` � � � � � 
 
 ` � 
 j ` � j h � � � � � � � ` ` � � � � � � � � � � �

Al 8 3 Fe �
� � � j ` � � � � � � � � 
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 � � 
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Reference state: Fe(
o

2)

Fig. 4. Integral quantities of the stable phases at
�

=900 K.
Fig. 5. Activities in the stable phases at

�
=900 K.

Table V. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al l Fe / � � � � h � � � ` h � � j � � � � � � � � h � � � � � � �
Al / Fe 8 � � j j j � � � ` j � � � � h � � � j � � 
 
 � � � � j �
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Al – Ga (Aluminium – Gallium)

Fig. 1. Calculated phase diagram for the system Al-Ga.

An understanding of the phase diagram and thermodynamics of the Al-Ga system is important in order to
model III-V semiconductor systems. The phase diagram is very simple showing moderate solubility (maxi-
mum of approximately 9 at.%) of Ga in solid Al and very low solubility of Al in solid Ga. There is eutectic
slightly below the melting point of Ga with the liquid composition containing approximately 3 at.% Al.
The liquidus surface has been studied by a number of researchers and the agreement is generally very good
particularly for Al rich compositions. There is a fair amount of uncertainty about the extent of the solid
solution of Ga in Al. The thermodynamic data for the system have been studied by direct reaction calorime-
try, micro-calorimetry and emf method. The critically assessed data for this system adopted by SGTE is
by Watson [92Wat] who obtained a thermodynamic dataset in good agreement with all the experimental
information. Other critical assessments have been carried out by Ansara et al. [78Ans], Murray [83Mur],
Sharma and Srivastava [92Sha] and Jayaganthan and Hajra [96Jay].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Ga) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Ga) 8

o
11

o
11 � Ga �

v
8

v � &  
ORTHORHOMBIC A11 Ga 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � J �
� 
 / (J/mol)

liquid �� fcc +
o

11 eutectic � � � � � � � � ` � � � � � � � � � � � � 
 ` h `
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Table IIIa. Integral quantities for the liquid phase at 1000 K.
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Reference states: Al(liquid), Ga(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 1000 K.
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Table IIIc. Partial quantities for Ga in the liquid phase at 1000 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1000 K.
Fig. 3. Activities in the liquid phase at

�
=1000 K.
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Al – Ge (Aluminium – Germanium)

Fig. 1. Calculated phase diagram for the system Al-Ge.

The Al-Ge system is of some interest because of superconducting and semiconducting metastable phases
which can form readily in the system. It is characterised by a simple phase diagram with a eutectic at about
696 K. The solubility of Ge in the aluminium based solid solution is about 2.5 at.%. The solubility of
Al in solid Ge (diamond structure) is about 1.3 at.% although this has not been modelled in the selected
dataset. This dataset is based upon the critical assessment of data of Ansara et al. [79Ans] but modified to
accommodate the adopted data for the pure elements [91Din]. Other critical assessments of data include
those of McAlister and Murray [85McA] and Srikanth et al. [96Sri] but use different data for the elements.
The phase diagram is fairly well characterised by experimental results which are in good agreement with
the critically assessed data. Various studies have been carried out on the thermodynamic properties of the
liquid, the enthalpies of formation and partial Gibbs energies of aluminium.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Ge) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Ge) 8

o � o �
C(diamond)

& �
8

� - j �
DIAMOND A4 Ge 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid �� fcc +
o �

eutectic
h � � � � � � � � � � � � � 
 � � � � � � � 
 h h �
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Table IIIa. Integral quantities for the liquid phase at 1273 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 1273 K.
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Table IIIc. Partial quantities for Ge in the liquid phase at 1273 K.
� � � � �

� � � 
 � � � � � �
� �

� �
� �

� �
 � � � � �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � h h � � � h � � � h � � 
 
 � � � � � � � � � �

� � � � � � j � ` 
 � � � 
 
 j � � � � j ` � � � j � � j � ` � � � � � � h � � � 
 `
� � � � � � � � ` � h � � ` � j � 
 � ` � � � � � ` � � � � j � ` � � � h h � � j j �
� � j � � � � � ` � � � ` � � j � � � 
 � 
 � � � � ` � � 
 ` 
 � � � � � � � � � 


� � � � � � � h � h � � 
 � � � � � � � � � h 
 ` � � � � � 
 � � � � 
 � � 
 j �
� � 
 � � � � � ` 
 � � j � � h h � ` h � � � � � 
 � � � � ` � � j � � � � h 
 �
� � h � � � � � ` ` � � h � � 
 � � � � � � h ` � � � � j � � � � h h � � ` ` `
� � ` � � � 
 � 
 
 � 
 ` � j � 
 � h � � j � � � � h j � � � h � � � � � ` �
� � � � � � � � � h � h � � � � � � � 
 � � � � j ` � � � ` h � � � � 
 �

� � � � � � � � j � � � � � � � � � � � 
 � � � � j � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Ge(liquid)

SGTE Landolt-Börnstein
New Series IV/19B



2 Binary Systems: Al – Ge 153

Fig. 2. Integral quantities of the liquid phase at
�

=1273 K.
Fig. 3. Activities in the liquid phase at

�
=1273 K.
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Al – In (Aluminium – Indium)

Fig. 1. Calculated phase diagram for the system Al-In.

An understanding of the phase diagram and thermodynamics of the Al-In system is important in order to
model III-V semiconductor systems. The phase diagram for the system is dominated by a miscibility gap
in the liquid phase with the upper critical point (approx. 1173 K) biased towards Al rich compositions.
The monotectic occurs at about 910 K, over 20 K below the melting point of Al, with the Al rich liquid
composition containing approximately 5 at.% In. There is considerable uncertainty in the detailed shape
of the miscibility gap with experimental results showing scatter of up to 80 K. There is also uncertainty on
the liquidus phase boundary close to Al. There appears to be no solubility in the pure crystalline elements.
Experimental thermodynamic studies in the system have been concerned with enthalpies of mixing and
partial Gibbs energies of Al derived from emf studies. There is disagreement between the studies of the
experimental enthalpies of mixing. The phase diagram and thermodynamic data for the system have been
reviewed by Murray [83Mur] who also obtained a set of thermodynamic coefficients for the liquid phase.
The dataset adopted by SGTE were derived by Coughanowr [89Cou] reported by Ansara et al. [94Ans].
Other critical assessments have been reported by Ansara et al. [78Ans] and Sharma and Srivastava [92Sha].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,In) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 Al 8
o

6
o

6 In �
�
2

�
4

T � � �
TETRAGONAL A6 In 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid �� liquid
�

+ liquid
� �

critical � � � � � � � � j h h � � j h h � � j h h �

liquid
�

�� fcc + liquid
� �

monotectic � � � � ` � � � � ` � � � � � � � � h h � � � j � �
liquid

� � �� fcc +
o h

degenerated
� � � � h � � � � � � � � � � � � � � � � j � � h

Table IIIa. Integral quantities for the liquid phase at 1300 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 1300 K.
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Table IIIc. Partial quantities for In in the liquid phase at 1300 K.
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Fig. 2. Integral quantities of the liquid phase at
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=1300 K.
Fig. 3. Activities in the liquid phase at
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=1300 K.

References

[78Ans] I. Ansara, J.P. Bros, C. Girard: Calphad 2 (1978) 2, 187–196.
[83Mur] J.L. Murray: Bull. Alloy Phase Diagrams 4 (1983) 271–278.
[89Cou] C.A. Coughanowr: Ph. D. Thesis, University of Florida 1989.
[92Sha] R.C. Sharma, M. Srivastava: Calphad 16 (1992) 409-426.
[94Ans] I. Ansara, C. Chatillon, H.L. Lukas, T. Nishizawa, H. Ohtani, K. Ishida, M. Hillert, B. Sund-

man, B.B. Argent, A. Watson, T.G. Chart, T. Anderson: Calphad 18 (1994) 177–222.

SGTE Landolt-Börnstein
New Series IV/19B



2 Binary Systems: Al – Li 157

Al – Li (Aluminium – Lithium)

Fig. 1. Calculated phase diagram for the system Al-Li.

The addition of lithium to aluminium alloys results in an increase of the strength and Young’s modulus
while the density of the metal decreases. These features are particularly attractive for the application of
Al-Li alloys in the aircraft industry.
Critical evaluations of the Al-Li system and overviews on experimental investigations are given by several
authors [77Sab, 82McA, 89Sau]. The recommended assessment [89Sau] which is reproduced in [98Sau] is
based on a fit of phase equilibria across the whole composition and temperature range of the phase diagram,
including the liquidus and solidus lines, the invariant equilibria and the stability range of the fcc-phase and
the non-stoichiometric AlLi-phase. The other intermetallic phases, Al / Li 3 and Al � Li @ , are assumed to be
stoichiometric compounds. In addition, the optimisation includes a fit of lithium activities in molten and
solid alloys, as well as the heat of mixing in the liquid. For Al � Li @ , a high-temperature modification has
been reported [76Myl], but no thermodynamic data are available, therefore, this compound is modelled as
a single phase.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Li) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,Li) 8

AlLi
�

32 NaTl
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16
� -

j
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Ga / Te 3
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AL2LI3 Al / Li 3

Al � Li @
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Al � Li @
� v
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AL4LI9 Al � Li @
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2 W
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

liquid �� AlLi congruent � ` ` � 
 � � 
 � � � � 
 � � � � 
 h 
 �
liquid �� fcc + AlLi eutectic � h � � � � � � 
 h � � � 
 
 � � � h j � � � � � �

AlLi + liquid �� Al / Li 3 peritectic
` � j � h � � 
 
 
 � � ` ` 
 � � h � � � � � � �

Al / Li 3 + liquid �� Al � Li @ peritectic
h � ` � h � � h � � � � � � � � � h � � � � � � �

liquid �� Al � Li @ + bcc eutectic
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Table IIIa. Integral quantities for the liquid phase at 1000 K.
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Reference states: Al(liquid), Li(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 1000 K.
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Table IIIc. Partial quantities for Li in the liquid phase at 1000 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1000 K.
Fig. 3. Activities in the liquid phase at

�
=1000 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.
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Al – Mg (Aluminium – Magnesium)

Fig. 1. Calculated phase diagram for the system Al-Mg.

The Al-Mg system is one of the key systems for aluminium light alloys with high strength, which are
extensively used for aircraft construction and for other industrial applications. For successful development
of new materials and improvement of existing aluminium and magnesium alloys the phase diagram and
thermodynamic data are crucial. The thermodynamic parameters for the Al-Mg system were assessed
by [82Mur, 90Sau, 94Cha, 98Lia]. The thermodynamic description of [90Sau] was corrected by [98Lia]
taking into account new experimental results and it is accepted by SGTE. According to [98Lia] the

�
-phase

included by [90Sau] is metastable. The assessment is based on the experimental phase equilibria and the
measurements of thermodynamic values. The thermodynamic properties of the liquid were experimentally
obtained from calorimetric measurements, partial pressure data and from EMF data. The thermodynamic
data for the solid phases were obtained from DTA measurements and from EMF measurements.
The system is characterised by complete solubility in the liquid state and a limited solubility of Al in
solid Mg and vice versa. The fcc-Al, hcp-Mg and liquid phases are described in [90Sau] as substitutional
solutions. According to experimental data (see [82Mur]) the phase Al 8 � � Mg � @ and Al 3 � Mg / 3 have narrow
homogeneity ranges and they are treated as stoichiometric compounds [98Lia]. The Al 8 / Mg 8 = -phase has
a remarkable homogeneity range and is described using a sublattice model. The optimised thermodynamic
parameters reproduce well the phase diagram and the thermodynamic data.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Mg) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Mg) 8

Al 8 � � Mg � @ ' ' '
Al 3 Mg / & �

1832
� - j �

ALMG B Mg � @ Al 8 � �

Al 3 � Mg / 3 ' ' '
CoCrMo

? L
53

L
3 ALMG EPS Mg / 3 Al 3 �

Al 8 / Mg 8 = o
12 � Mn

& �
58

� �
3

�
A12 ALMG Mg l (Al,Mg) 8 / (Al,Mg) 8 /

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP A3 (Al,Mg) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � K �
� 
 / (J/mol)

liquid �� Al 8 / Mg 8 = congruent
` j h � h � � 
 j � � � 
 j � � ` � � `

liquid �� Al 8 � � Mg � @ congruent
` � � � � � � j � � � � j � � � � � 
 �

liquid �� fcc + Al 8 � � Mg � @ eutectic
` � j � h � � j h � � � � h h � � j � � � � � 
 �

liquid �� Al 8 � � Mg � @ + Al 8 / Mg 8 = eutectic
` � � � ` � � � � � � � j � � � � � � � � ` ` � j

liquid �� Al 8 / Mg 8 = + hcp eutectic
` � � � � � � h � � � � h � � � � � � � � h 
 � j

Al 8 � � Mg � @ + Al 8 / Mg 8 = �� Al 3 � Mg / 3 peritectoid
h � � � � � � j � � � � � � � � � � j � � � ` 


Al 3 � Mg / 3 �� Al 8 � � Mg � @ + Al 8 / Mg 8 = eutectoid

 � j � � � � � j � � � j � � � � 
 j h � � � j

Table IIIa. Integral quantities for the liquid phase at 1000 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 1000 K.
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 � � � � � � 
 � � h ` � � � � h �
� � h � � � � � ` � � � j � � j � 
 � � � h j � � � � h � � � � 
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Reference state: Al(liquid)

Table IIIc. Partial quantities for Mg in the liquid phase at 1000 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1000 K.
Fig. 3. Activities in the liquid phase at

�
=1000 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � K � � �
� / (J/mol)

� �

 � / (J/mol)

� � �
� / (J/(mol

'
K))

� � v
�� / (J/(mol

'
K))

Al 8 � � Mg � @ � � j � � � � � 
 
 � � � ` 
 � � � 
 � � � � � �

Al 3 � Mg / 3 � � � j � � � � h h � � � � j � � h � � � � � �
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Al – Mn (Aluminium – Manganese)

Fig. 1. Calculated phase diagram for the system Al-Mn.

There is a high solubility of Al in the Mn phases but very small solubility of Mn in fcc-Al. Several interme-
diate phases are formed in contact with the liquid. Recently one of the intermediate phases was identified
as bcc and an order/disorder transformation to

� � detected. All invariant reactions with the liquid are
peritectic. Some of the intermediate phases have transformations at lower temperatures.
Mn is an important alloying element in Al alloys. It is mainly added to control the type of intermediate
phase formed with Fe which is an unavoidable impurity. The Al-Mn system is also important for permanent
magnets and shape memory materials.
From the major thermodynamic evaluations and assessments of the Al–Mn system in the literature [87McA,
92Jan, 99Liu], the most recent is recommended here.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name
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o
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& �
4

� � j �
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Al 8 / Mn
' ' ' ' ' ' & �

27
� � j AL12MN Al 8 / Mn 8

Al � Mn � 2 � Al � Mn �
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D2H AL6MN Al � Mn 8
Al � Mn
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� 574 � 6 3 T � � &

AL4MN Al � Mn 8
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� 30 � � AL11MN4 Al 8 8 Mn �
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o
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�
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� 2 �
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3

�
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hcp
o

3 Mg
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12 � Mn
& �
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cub
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid ��
o

2 congruent � 
 � � � ` � � � � � � � � � � � � � j � �

liquid +
o

2 �� hcp peritectic � 
 j 
 � � � � h � j � � h h � � � h 
 j � j � � 


liquid + hcp ��
o

2 peritectic � � 
 j � � � � � 
 � � � 
 � ` � � 
 j j � j 
 � �
o

2 + fcc �� cub peritectoid � j � � � � � � � � � � � � � j � � � � h � 
 
 � �
liquid +

o
2 �� Al � Mn l peritectic � j j � � � � � � ` � � � j � j � � j h � � � � � �

fcc �� cub congruent � j � j � 
 � � � 
 � � � � 
 � � � � � `
o

2 �� hcp + cub eutectoid � � � � � ` � � ` � h � � h � j � � ` j � � 
 � 
 h

liquid + Al � Mn l �� Al 8 8 Mn � peritectic � � ` � � � � � � � � � � j j � � � � h ` � � � h � �
liquid + Al 8 8 Mn � �� Al � Mn peritectic � � � 
 � � � � � � j � � � h ` � � � � � � � � h � �
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 � � � � 
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 � � � � � � �
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 � � � � 
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liquid �� fcc + Al � Mn eutectic � j � � � � � � � � � � � � ` � � � � j � � � ` h 


fcc + Al � Mn �� Al 8 / Mn peritectoid
` � � � � � � � � � � � � � j � � � ` ` � � � �

Al 8 8 Mn � �� Al � Mn + Al � Mn l eutectoid
h � j � � � � � h ` � � � � � � � j 
 � � � ` `

Al � Mn �� Al 8 / Mn + Al � Mn eutectoid
� � j � � � � � � j � � � ` ` � � � � � � � � �

Table IIIa. Integral quantities for the liquid phase at 1600 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 1600 K.
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Reference state: Al(liquid)

Table IIIc. Partial quantities for Mn in the liquid phase at 1600 K.
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� � � � � � � � � � � � � � � j 
 � � � � 
 j � � � � � � � � 
 ` � � � � � h � � 
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Fig. 2. Integral quantities of the liquid phase at
�

=1600 K.
Fig. 3. Activities in the liquid phase at

�
=1600 K.
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Fig. 4. Integral quantities of the stable phases at
�

=1000 K.
Fig. 5. Activities in the stable phases at

�
=1000 K.

Table IVa. Integral quantities for the stable phases at 1000 K.

Phase � � � � � I � 
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Table IVb. Partial quantities for Al in the stable phases at 1000 K.
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Table IVc. Partial quantities for Mn in the stable phases at 1000 K.
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Reference state: Mn(cub)

Table V. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al 8 / Mn 8 � � � ` ` � ` � � � � � � ` � � � � 
 � j � � � � �

Al � Mn 8 � � � � j � � j h ` j � � 
 � h � � � � h h 
 � � � � � �
Al � Mn 8 � � � � � � � � � 
 ` � � � � j � � h � � 
 � � � � � � �
Al 8 8 Mn �

� � � h ` � � � � 
 ` � � � ` � h � h � � � � � � � � � �
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Al – Mo (Aluminium – Molybdenum)

Fig. 1. Calculated phase diagram for the system Al-Mo.

The system is well known in the Al-rich end and there are several Al-rich compounds, the first is Al 8 / Mo.
At higher Mo content the system is only estimated and the intermetallic phases are treated as stoichiometric
as there is little or no experimental information.
The system is of interest for Mo as addition to Al alloys. It is possible to form an icosahedral phase in the
Al-rich side. This is not included in the modelling where all phases are treated as compounds except the
fcc-Al and bcc-Mo and the liquid which are all treated as substitutional regular solutions. The AlMo phase
is modelled as an ordered

�
� phase. The accepted dataset has been critically evaluated by [98Sau].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Mo) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,Mo) 8

Al 8 / Mo
' ' '

Al 8 / W
& �

26
� �

j AL12MO Al 8 / Mo 8

Al l Mo
' ' '

Al l W
?

� 12 � 6 3 AL5MO Al l Mo 8

Al � Mo
' ' '

Al � W
� v

30
v �

AL4MO Al � Mo 8

Al � Mo 3
' ' '

Al � Mo 3
� v

22
v

2
T �

AL8MO3 Al � Mo 3

Al � 3 Mo 3 =
' ' ' ' ' ' ' ' ' ' ' '

AL63MO37 Al � 3 Mo 3 =

AlMo
�

2 CsCl
&

� 2 �
�

3
�

BCC B2 (Al,Mo) 8 (Al,Mo) 8

AlMo 3
o

15 Cr 3 Si
&

� 8 �
�

j � CUB A15 Al 8 Mo 3

bcc
o

2 W
& �

2
� �

j
�

BCC A2 (Al,Mo) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid + bcc �� AlMo 3 peritectic � � � � � � � � h � � � � ` � � � � ` 
 � � � � 
 ` `

liquid + AlMo 3 �� AlMo peritectic � � ` h � � � � � � 
 � � ` 
 � � � 
 j j � ` � � �
liquid �� Al � Mo 3 congruent � � 
 � � h � � � ` j � � � ` j � j 
 � � �

liquid + AlMo �� Al � 3 Mo 3 = peritectic � � � � � � � � j 
 ` � � � � h � � j ` � � � � � 
 `

liquid �� Al � Mo 3 + Al � 3 Mo 3 = eutectic � � j h � � � � j j j � � � ` j � � j ` � � � 
 � � �
Al � 3 Mo 3 = �� Al � Mo 3 + AlMo eutectoid � ` h 
 � h � � j ` � � � � ` j � � 
 � h � 
 � � �
AlMo �� Al � Mo 3 + AlMo 3 eutectoid � ` j � � � � � 
 � j � � � ` j � � ` 
 � � � j ` ` �

liquid + Al � Mo 3 �� Al � Mo peritectic � j � ` � ` � � � � � � � � ` j � � � � � � j h � �

liquid + Al � Mo �� Al l Mo peritectic � � � 
 � � � � � � � � � � � � � � � h ` � � � � �
liquid + Al l Mo �� Al 8 / Mo peritectic � ` � � h � � � � � � � � h ` � � � ` ` � 
 ` h `

liquid + Al 8 / Mo �� fcc peritectic � j j � � � � � � � � � � ` ` � � � � � � � � h � `

Al � Mo �� Al l Mo + Al � Mo 3 eutectoid j j � � � � � � � � � � � h ` � � � ` j � � h �

Table IIIa. Integral quantities for the liquid phase at 2900 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 2900 K.
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Table IIIc. Partial quantities for Mo in the liquid phase at 2900 K.
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 � ` � h � � � � � � � � � � � h ` � � � � � j � � � � � � � � � � � � � � j
� � � � � � j ` � � � � h 
 � � � � � � � � 
 � j ` � � � j � � � h � � � � � � � � 
 �
� � j � � � � � h � h � � ` 
 j � � h � 
 � � � � 
 � � h � 
 j j � � j � 
 � � � � `
� � � � � � � � � h � � j � ` h � � j � h � � � � h h � � � � � j � � � j � ` � � � � j
� � 
 � � � � ` � 
 h � � � � 
 � � � � � � � � � � j � ` � � ` 
 � � � � � � � � � �
� � h � � � � � � � � � � � h � � � � � 
 � � � � � � � � � � � � � 
 � � � � � � �

� � ` � � � � � � 
 � h 
 ` � � � � j h � j � 
 � � � � � � � � h � � � � � � �

� � � � � � 
 h � � � � h � � � � � � � � � � � � � � � � h � � ` � � � � � � �
� � � � � � � h � � � h � � � � h � � � ` � � � � � � h � � � � ` � � � � `

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Mo(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=2900 K.
Fig. 3. Activities in the liquid phase at

�
=2900 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � �
�

� � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

Al 8 / Mo 8 � � � � j � � � � � � � � � ` � � � � � � ` 
 � � � � �

Al l Mo 8 � � � h ` � � � h � 
 � � j � � � � 
 � � � h � � � � �

Al � Mo 8 � � � � � � � 
 ` � � � � ` 
 � � � 
 � � j � � � � � �

Al � Mo 3 � � � ` j � j � h 
 j � j ` 
 � � � � � 
 
 � � � � � �

Al � 3 Mo 3 = � � j ` � � � � � � � � � � h � � � � � h ` � � � � � �

Al 8 Mo 3 � � ` 
 � � � � � � h � � � � � j � � � 
 
 j � � � � `
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Al – N (Aluminium – Nitrogen)

Fig. 1. Calculated phase diagram for the system Al-N.

The Si-Al-O-N system and its sub-systems are of considerable technical importance for silicon nitride and
oxynitride ceramics. The thermodynamic description of [98Luk] is recommended for the Al-N system.
This optimisation is based on experimental data reviewed by [71Stu] and [86Wri]. The data recommended
in [71Stu] on the heat capacity and the entropy have been measured by adiabatic and drop calorimetry. The
enthalpy of formation of AlN is based on calorimetric data and dissociation pressure measurements. More
recent data on the enthalpy of formation of AlN derived from alkali borate solution calorimetry [97Nav,
99Lia] are in a good agreement with the value recommended by [71Stu]. The melting temperature of AlN
has not been measured due to sublimation under normal pressure. The reported melting temperatures are in
the range from 2423 K to 3123 K [86Wri]. This author recommends 2800 K to be the most credible melting
temperature, because it has been determined under high pressure of N / in order to retard evaporation. Liquid
Al is stable only at very low partial pressures of N / [86Wri]. The solubility of nitrogen in molten aluminium
has been determined by several authors and it is discussed in [86Wri]. In spite of high uncertainties in the
experimental data of [26Iwa], these results are recommended by [86Wri] and they are used in the assessment
of [98Luk]. The solubility of nitrogen in solid aluminium is very low and no credible measurements have
been reported. The liquid phase is described by a substitutional model. The sublattice model is applied to
the fcc phase, and AlN is treated as a stoichiometric compound. The gas phase is considered to consist of
the species Al, Al / , N, N / and N 3 .

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,N) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 Al 8 (N, � ) 8

AlN
�

4 ZnS(Wurtzite)
?

� 4 � 6 3
� &

ALN Al 8 N 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � Y �
� 
 / (J/mol)

liquid + gas �� AlN gas-peritectic � ` � ` � � � � � � � � � 
 � 
 � � 
 � � � j � ` h j `
liquid �� fcc + AlN degenerate � j j � j � � � � � � � � � � � � 
 � � � � � ` � �

Fig. 2. Calculated temperature-
activity phase diagram. Reference
state: N(gas, 0.1 MPa).

Table III. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � Y � � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

Al 8 N 8 � � 
 � � � � � j 
 � j � � 
 � � � � � 
 � � � � 
 � 
 � � h �
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Al – Nb (Aluminium – Niobium)

Fig. 1. Calculated phase diagram for the system Al-Nb.

Aluminium and Niobium are both important alloying elements for high temperature alloys, such as super-
alloys. The intermetallic AlNb 3 phase is also of interest because of its superconducting properties.
The experimental data reported for this system scatter significantly, for example the congruent melting tem-
perature of Al 3 Nb reported by several investigations ranges from 1878 K to 2023 K. The most consistent
phase diagram can be constructed from the data reported by [80Jor] and [76Yer]. The majority of ther-
modynamic assessments of this system are based on these data. The recommended assessment of [97Ser]
reproduces these data well, including liquidus and solidus data, phase boundary data for AlNb / , AlNb 3 and
bcc-Nb and the melting point of Al 3 Nb, and the enthalpy of formation data of the intermediate compounds
reported by [93Mes]. However, the description of the liquid phase results in the formation of an inverse
miscibility gap at temperatures above 4284 K, and the description of this system should, therefore, not be
used for calculations at temperatures above 4000 K.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Nb) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,Nb) 8

Al 3 Nb � 0 / / Al 3 Ti �
�
8

�
4

T � � �
NBAL3 (Al,Nb) 8 (Al,Nb) 3

AlNb / � 8 � � CrFe � � 30 � 4 /
T �

�

�
NB2AL (Al,Nb) � (Al,Nb) l Nb /

AlNb 3
o

15 Cr 3 Si
&

� 8 �
�

j � A15 NB3AL (Al,Nb) 3 (Al,Nb) 8

bcc
o

2 W
& �

2
� �

j
�

BCC A2 (Al,Nb) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � Y
�

�
� 
 / (J/mol)

liquid + bcc �� AlNb 3 peritectic � j � � � � � � ` � � � � � � � � � ` � j � � h � `
liquid + AlNb 3 �� AlNb / peritectic � � � � � � � � h j � � � ` � h � � h � � � � j j � h
liquid �� Al 3 Nb congruent � � h ` � 
 � � � 
 � � � � 
 � � j � � � 


liquid �� Al 3 Nb + AlNb / eutectic � � h � � 
 � � � � � � � � 
 
 � � 
 � h � � � � ` �
liquid + Al 3 Nb �� fcc peritectic � j � � � � � � � � � � � 
 � � � � � � � � � h � �

Table IIIa. Integral quantities for the liquid phase at 2800 K.
� Y

�
� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � h h � � � ` � h ` � � � � j � � � � � j � � � � � � � � �

� � � � � � � � � j � � � j � j ` � � � � h ` � � � � 
 � � � ` � � � � �

� � j � � � � 
 � � 
 � � � � � ` � � � � 
 � � � h � � h � � j � � � � � �

� � � � � � � � � � � � � � � ` � � � � ` � � � � j ` h � h � j � � � � � � �

� � 
 � � � � � � � � � � � � � � � � � � � h � j h � � � 
 � � h � � � � � �

� � h � � � � � � j � � � � j � h � � h � ` � � � ` � � � � � � � � � � � �

� � ` � � � � � ` 
 � � � � � ` j � � j � � � � 
 � � � j � ` j � � � � � �

� � � � � � � 
 � � � � � � � � ` � � ` ` h � j ` h � � � � j � 
 � � � � �

� � � � � � � ` � � � 
 � 
 � � � h � � � � � � j � � � � � 
 � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(liquid), Nb(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 2800 K.
� �

	

� � �
	

� 
 �
	

� � �
	

� ��
	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � h � 
 � � h � � � � ` � � j � � � � h � h � � � j j � � � j `
� � � � � � � ` � � � j ` j h � � � j � � � � � � � � � � � h � � � � ` � � � � �
� � ` � � � � ` � � � � � � � � � � � h � j 
 ` 
 � � � � � ` � � � � h � � � h h
� � h � � � � j ` ` � � 
 � 
 � � � � ` � � j 
 � h � h � � 
 
 � � h � � � � � h j
� � 
 � � � � � j h � � � � h h � � j � h ` h � ` h � � � � � j � � � 
 j � � � � ` �
� � � � � � � j � � � � j � � � � � j � � � � � � ` � � � � � � 
 j h � � j ` � � � � � h
� � j � � � j � � ` � � � j � ` j � � � � � � � h � � � � � � � � � j � � � � j � � ` � �
� � � � � � 
 � h � � � 
 � � � h � � � � 
 � � j � j 
 � � j � � � h � � � � � � � 
 h �
� � � � � � ` j � h � � 
 j � ` � ` � � ` � � � � � h � � � � � � ` 
 � � � � j � � � j j
� � � � � � � � 
 � � � h � � � � h � j � � � � � � � � � � � � � j � h

Reference state: Al(liquid)
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Table IIIc. Partial quantities for Nb in the liquid phase at 2800 K.
� Y

�

� � Y
�

� 
 Y
�

� � Y
�

� �Y
�

� �Y
�

 Y
�

� Y
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � h ` ` � � � � � � � � j ` � ` 
 � � � � � � � � � 
 h
� � � � � � 
 � � h 
 � ` � � j � � h � � � � � ` � � � � 
 � � 
 ` � � � � � � � � ` �
� � � � � � � 
 � � � � 
 � ` j � � j � � ` � � ` 
 
 � � � h � � 
 j � � � � 
 � � ` � j
� � j � � � j � � � � � j � 
 � � � � � � � j � � � � � � � � � � � � � � � � � 
 � � h � �
� � � � � � j � 
 � 
 � � h � j � � � � 
 � � � � � � j � 
 � j h h � � � � ` � � h � �
� � 
 � � � � 
 � ` 
 � � 
 
 ` j j � � h 
 � � � j � � � � � � � � � j j � � � h ` 


� � h � � � � � � � � � ` � � h j � h � � � h � 
 ` � � � 
 
 ` � � � 
 � � � ` h �

� � ` � � � � � ` � ` � � � j � j � � h h � j � � j � � � � � � � h � � � � � h �
� � � � � � h h � � � 
 j ` � � � ` j � � � � ` � � j � � � � ` 
 � � � � � �
� � � � � � � ` 
 � � h � � � � j � � � ` � � � j ` � � � � � � � � � `

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Nb(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=2800 K.
Fig. 3. Activities in the liquid phase at

�
=2800 K.
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Al – Nd (Aluminium – Neodymium)

Fig. 1. Calculated phase diagram for the system Al-Nd.

The Al-Nd system is one of a number of rare earth systems of interest for its potential for forming metallic
glasses [93Bar] with the possibilities for the development of high strength materials. The phase diagram
for the system is dominated by the appearance of a number of intermetallic compounds which, with the
exception of Al / Nd, melt peritectically. There appears to be very little solubility of Nd in solid Al. However,
the solubility of Al in both crystalline phases of Nd is appreciable - perhaps 10% Al in the high temperature
bcc phase and 2% Al in the low temperature dhcp phase. The liquid phase boundaries in equilibrium
with the compound phases seem to be fairly well defined. Thermodynamic studies have concerned the
enthalpies of formation and heat capacities of the compounds, enthalpies of mixing in the liquid, emf and
vapour pressure measurements. The data for the system have been reviewed by Clavaguera and Du [96Cla]
who also provided a full critical assessment of thermodynamic and phase diagram data for the system.
A similar evaluation has also been undertaken by Wang [96Wan]. The dataset adopted by SGTE was an
updated version of that provided by Cacciamani et al. [91Cac], published in the COST 507 final report
[98Ans]. A particular advantage of the data of [91Cac] over those of [96Cla, 96Wan] is that it models the
solubility of Al in the high temperature solid phase of Nd.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Nd) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Nd) 8

� Al 8 8 Nd 3 ' ' '
� Al 8 8 La 3 �

�
28

� � � �
AL11M3 Al 8 8 Nd 3

O Al 8 8 Nd 3 � 1 3 Al � Ba �
�
10

�
4

T � � �
D13 AL11M3 Al 8 8 Nd 3

Al 3 Nd � 0 8 @ Ni 3 Sn
?

� 8 � 6 3 T � � &
D019 AL3M1 Al 3 Nd 8

Al / Nd
v

15 Cu / Mg
& �

24
� - j �

C15 AL2M1 Al / Nd 8
AlNd

' ' '
AlCe �

v
16

v � & �
AL1M1 Al 8 Nd 8

AlNd / v
23 Co / Si � � 12 � �

�  
C23 ALND2 Al 8 Nd /

AlNd 3 � 0 8 @ Ni 3 Sn
?

� 8 � 6 3 T � � &
D019 ALM3 Al 8 Nd 3

bcc
o

2 W
& �

2
� � j �

BCC A2 (Al,Nd) 8
dhcp

o
3

�

� La
?

� 4 � 6 3 T � � &
DHCP A3 Nd 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � Y
�

�
� 
 / (J/mol)

liquid �� Al / Nd congruent � ` 
 ` � � � � j j j � � j j j � � � � h �
liquid + Al / Nd �� O Al 8 8 Nd 3 peritectic � 
 � h � h � � � ` � � � j j j � � � � � � � � � ` �

O Al 8 8 Nd 3 + Al / Nd �� Al 3 Nd peritectoid � � ` 
 � � � � � � � � � j j j � � � 
 � � j � h �

O Al 8 8 Nd 3 �� � Al 8 8 Nd 3 polymorphic � � � � � ` � � � � � � � � � � � � 
 j �
Al / Nd + liquid �� AlNd peritectic � � � � � j � � j j j � � h � j � � 
 � � � � � 
 � �

AlNd + liquid �� AlNd / peritectic � � � � � � � � 
 � � � � h � h � � h h ` � � ` h �
AlNd / + liquid �� AlNd 3 peritectic � � j ` � � � � h h ` � � ` � � � � ` 
 � � 
 � � `

liquid �� AlNd 3 + bcc eutectic � � � � � � � � � � 
 � � ` 
 � � � � � � � 
 � j �

liquid �� fcc + � Al 8 8 Nd 3 eutectic � � � � h � � � j � � � � � � � � � � � � � � � � �
bcc �� AlNd 3 + dhcp eutectoid � 
 
 � j � � � j � � � ` 
 � � � � � � � � 
 
 


Table IIIa. Integral quantities for the liquid phase at 1800 K.
� Y

�
� � I �


 I � � I � �I
� �I

� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
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Table IIIb. Partial quantities for Al in the liquid phase at 1800 K.
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Table IIIc. Partial quantities for Nd in the liquid phase at 1800 K.
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Fig. 2. Integral quantities of the liquid phase at
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=1800 K.
Fig. 3. Activities in the liquid phase at
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=1800 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.
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'
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 � � ` � j ` h � ` � � � � � � � � � � �
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 � � � � ` j � � � 
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Al / Nd 8 � � j j j � � � � h ` � 
 � � ` � � � j � ` � � � � � � �

Al 8 Nd 8 � � 
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Al 8 Nd 3 � � ` 
 � � � � � 
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Al – Ni (Aluminium – Nickel)

Fig. 1. Calculated phase diagram for the system Al-Ni.

This system is the foundation of all Ni-base superalloys with good high temperature properties and good
corrosion resistance. The

� � / ordered phase, AlNi 3 , also known as � �

, has unique mechanical properties
with increasing strength at high temperature. It can also form a coherent precipitation for strengthening the
alloys. The ordered

� � phase, AlNi is also an interesting candidate for shape memory alloys and for high
temperature applications.
The Al-rich part of the system is of less practical interest. There are several assessments of this system,
[97Ans] is preferred as it has been integrated into multicomponent databases and uses a consistent modelling
of the ordered phases based on the Compound Energy Formalism. More theoretically based assessments
using Cluster Variation Methods or Monte-Carlo techniques are available but these have not been extended
to multicomponent alloys.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Ni) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Ni) 8

Al 3 Ni � 0 8 8 Fe 3 C � � 16 � �
�  

D011 AL3NI1 Al 3 Ni 8
Al 3 Ni / � 5 8 3 Al 3 Ni / ?

� 5 � j �
1 D513 AL3NI2 Al 3 (Al,Ni) / (Ni, � ) 8

AlNi
�

2 CsCl
&

� 2 �
�

3
�

BCC B2 (Al,Ni, � ) 8 (Al,Ni, � ) 8
Al 3 Ni l ' ' '

Ga 3 Pt l �
v

16
v � � �

AL3NI5 Al 3 Ni l
AlNi 3 �

1 / AuCu 3 &
� 4 �

� j �
FCC L12 (Al,Ni) 3 (Al,Ni) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � Y
�

�
� 
 / (J/mol)

liquid �� AlNi congruent � � 
 � � � � � � � � � � � � � � � ` h h �

fcc �� liquid + AlNi 3 peritectic � h � j � � � � ` 
 h � � ` h � � � ` � � � � h � 
 `
liquid �� AlNi + AlNi 3 eutectic � h � � � � � � ` � ` � � ` � h � � ` 
 � � � � � � h
liquid + AlNi �� Al 3 Ni / peritectic � � � h � 
 � � � 
 ` � � � � � � � � � � � � � j j
liquid + Al 3 Ni / �� Al 3 Ni peritectic � � � j � 
 � � � ` � � � j 
 � � � � 
 � � � h � � �

AlNi + AlNi 3 �� Al 3 Ni l peritectoid � ` � � 
 � � h � 
 � � ` � � � � h � � � � � � �
liquid �� fcc + Al 3 Ni eutectic � � � � � � � � � � � � � � � � � � 
 � � � � � h 


Table IIIa. Integral quantities for the liquid phase at 2000 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 2000 K.
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Table IIIc. Partial quantities for Ni in the liquid phase at 2000 K.
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Reference state: Ni(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=2000 K.
Fig. 3. Activities in the liquid phase at

�
=2000 K.

Fig. 4. Integral quantities of the stable phases at
�

=900 K.
Fig. 5. Activities in the stable phases at

�
=900 K.
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Table IVa. Integral quantities for the stable phases at 900 K.
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 � h � � � � � � ` � � � � � �

� � 
 
 � � 
 
 j h � � h � 
 � � � h � � 
 � � 
 � � 
 � � � � � � j � � � � 
 �

� � 
 � � � 
 � � ` � � 
 � � 
 � � 
 � � ` � � 
 � � � � � ` � ` � � � � � � � �
Al 3 Ni l � � h � 
 � � � � 
 
 � 
 
 � j h � ` � � � � � � � j � j
AlNi 3 � � ` j � � j � � � h � � j � � ` � 
 � j j � � j � 
 � � � h � � ` 
 � � � j � j

� � ` 
 � � j ` � j j � � � � h � � 
 � 
 � h � j ` � j � � 
 � h � � � � � � �

� � ` 
 � � j 
 � ` h � � � � � � � 
 � � � ` � j 
 h 
 � � 
 � j ` � � � � � � 


fcc
� � � ` h � � � ` ` ` � � � � ` 
 � � � j j � � � h � ` � � j � � � � � � � � � j
� � � � � � � h j j � � � h � 
 � � � � � � j � � j � � ` � � � � � h � � � � � j
� � � 
 � � � 
 � j � � � � h � � � � h � ` � � ` � � � � 
 
 � � � j ` 


� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(fcc), Ni(fcc)
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Table IVb. Partial quantities for Al in the stable phases at 900 K.

Phase �
�

	

� � �
	

� 
 �
	

� � �
	

� ��
	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � h � � � � � � � � � � � � � � � �

Al 3 Ni
� � ` 
 � � � � � � � � � � j � � � � � �
� � ` 
 � � � � � � � � � h ` j � � � � � 
 � � � � � h j

Al 3 Ni / � � h � h � � � � � � � � ` � 
 
 � � � ` � � � j � � � � � h � � h � � � � h j � � h j 


� � h � � � � � ` � � � j � � � � � � � � � 
 h � � � 
 j 
 � � � � � � � � � � h j � � � � �

� � 
 � j � j � � � � � � � � h � � � � � � � � � � � � � � � � � � j � � � � � � � � � � �

AlNi
� � 
 j ` � j � � � � � � ` h � h � � h � h � � ` � � ` � � � � j ` ` � � � � � � � � � �
� � 
 � � � ` � 
 j h � � � � h � � � � � � ` h � ` h j j � � � ` � � ` � � � � � � � � � � �

� � � 
 � � � � j h � � � � � 
 ` � � � 
 � ` � � � � � h � 
 j � � ` � � j � � � � � � � � � � �

� � � � � � � � j 
 � � � � � 
 � 
 ` � � � � � j � � � � � � � ` � � ` � � � � � � � � � � � � � �

Al 3 Ni l � � j ` 
 � � � j 
 � � � � j j 
 � � � � j � � � � � � �

� � j ` 
 � � � h � � � � � � � � � ` � � � � � � � � � � � �

AlNi 3 � � � h � � � � h � � � � � � � � j 
 � � � ` � � � h � j � � � � � h h � � � � � � � � � � �

� � � 
 � � � � � ` h � � � 
 j � ` 
 � � h � � � � � � � � � ` 
 � � ` � ` ` ` � � � � � � � � � �

� � � � � � � � � 
 � � � � � ` � h j � 
 � � � h ` � � 
 � j j � � j � � h � � � � � � � � � � � �

fcc
� � � � � � � � � 
 � � � � � ` � ` ` � ` � � j � � � � 
 � � h � � � � j � � � � � � � � � � � �

� � � � � � � � � ` � � � � 
 
 � � 
 � ` � � � � � � j � � � ` � � h � j 
 � � � � � � � � � � �

� � � 
 � � � h � 
 
 � � � h h j � j � � � � ` � � � � � � j 
 � � � � � � ` � � � � � � � � � �

� � � � � � � � � h � � � ` � � � � j � j � � � � � � � ` � � � � � � � � � �

Reference state: Al(fcc)
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Table IVc. Partial quantities for Ni in the stable phases at 900 K.

Phase � Y
�

� � Y
�

� 
 Y
�

� � Y
�

� �Y
�

� �Y
�

 Y
� � Y

�
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � � h � h � � � � � � ` � � � � � j � � � � � � � � � � � �

� � � � � � � � � 
 � j � � h � � � ` � � � j ` � � � � 
 � � � � � � � � � � � � � � � � � �

Al 3 Ni
� � � 
 � � � � � 
 � j � � � � � � j � � � � � � � � � � � �

� � � 
 � � � � � h � � � � � j h � � h � h � � � � � � �

Al 3 Ni / � � j ` � � � � � h � � � � � � � � � � � � � � � � � � � � j � � � h � � � � � � � � � � � �

� � � � � � � � � � � 
 � � � h ` � ` � � � � � � � � � 
 � � ` � � � � � � � � � � � � � � � �

� � � � ` � � � � � � � � � � � h � � � � � � ` � � j j � � � � 
 � � � � � � � � � � �

AlNi
� � � h j � � � � � � � � � ` � j � � � � � � j � � � � � 
 
 ` � ` � � � � � � � � � � � � � �

� � 
 � � � � � � � j � � � j � � � � h ` � � � � � � � � � � � h � � � � � j � � � � �

� � 
 
 � � � � � � 
 � � � � � � � � h j � � � � h � � � � � � � ` � � � h ` � � � � �
� � 
 � � � � h � � 
 � � h h ` ` � � ` h � � j ` � � � � j � 
 � � � � 
 � � � � h

Al 3 Ni l � � h � 
 � � h � � 
 � j � h � h � � � � j � � � � � � 


� � h � 
 � � � � � � � � � � h 
 � � � 
 � h � � � � 


AlNi 3 � � ` j � � � � � � � � � � j � � � � � ` � 
 � � � � � ` � � � � � � � � � � 
 � � � h �

� � ` 
 � � h j � � � 
 � � � � � � � � � h ` � � � � h h � � � � � h � � � � �

� � ` 
 � � � 
 � ` h � � j � � ` � � j 
 j � � � � h � � � ` � j � � h � j
fcc

� � � ` h � � 
 � ` � � � ` � � � h � � � � 
 j h � � � � � j � � ` � j � � � � �

� � � � � � � h � � � � � � � � � h � � � � j � � � � � j � � � � � 
 � � � � 


� � � 
 � � � � � � � � h � � � � h � � � h � � � � � � � � j ` � � � � h
� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Ni(fcc)

Table V. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
Y

�
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al 3 Ni 8 � � � 
 � � � � 
 � � � � � � � � � � � � � � � � � � � � �
Al 3 Ni / � � � � � � 
 � � ` � � h � � ` � � � � � h j � � � j � �
Al 8 Ni 8 � � 
 � � � h j h ` � � h 
 � � � � ` � � � 
 � � � j � �
Al 3 Ni l � � h � 
 � 
 � ` � � � 
 � j 
 � � 
 � � � � � � � � ` �
Al 8 Ni 3 � � ` 
 � � � � � h � � � � � h � � j � j ` � � � � 
 h �
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Al – O (Aluminium – Oxygen)

Fig. 1. Calculated phase diagram for the system Al-O.

The Al-O system is part of many industrially important systems, ranging from the aluminium production
to ceramics. The compound Al / O 3 is a major constituent of many slag systems and ceramic systems.
A critical review of experimental studies in the Al-O system is given by [85Wri]. The thermodynamic
description of this system is presented by [93Hal] based on a previous assessment of [92Tay]. The only
stable compound in the system is corundum, � -Al / O 3 . It is essentially a stoichiometric compound with a
congruent melting point of 2327 K [85Wri]. The solubility of oxygen in the metallic melt and the solubility
of aluminium in liquid Al / O 3 are very low and their measurement is difficult [85Wri]. Liquid Al exists
only at very low oxygen partial pressures and the experimental data on oxygen solubilities in liquid Al are
contradictory [85Wri]. The oxygen solubility in liquid Al presented by [92Tay] is derived from correlations
between the enthalpy and entropy of solution of oxygen in other liquid metals. The data for the liquid phase
given by [92Tay] have been re-evaluated by [93Hal] assuming that oxygen dissolves as AlO 3 � / in the melt
yielding the same oxygen solubility as in [92Tay]. The solubility of Al in Al / O 3 is much lower than given
in [92Tay], however, due to a lack of experimental data no optimisation has been done. According to both
datasets [92Tay, 93Hal] oxide and metallic liquids react forming a gas phase at 2490 K. The boiling points
of Al and Al / O 3 are calculated to be 2791 and 4000 K, respectively.
Metallic and oxide liquid are described as a single phase exhibiting a very wide miscibility gap. This phase
is described by a two-sublattice ionic model with Al

3 �
-species on the cation sublattice and O

/ 6

, vacancies
and AlO 3 � / on the anion sublattice. The gas phase is assumed to consist of the species Al, AlO, AlO / ,
Al / O, Al / O / , O, O / and O 3 . Al / O 3 is treated as a stoichiometric phase.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid IONIC LIQ Al
3 �

(O
/ 6

,AlO 3 � / , � ) 3
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,O) 8

Al / O 3 � 5 8 � Al / O 3 ? L
10

L j &
CORUNDUM D51 Al

3 �
/ O

/ 6
3

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
� 
 / (J/mol)

gas �� liquid
� �

congruent
� � � � � � � � h � � � � h � � � j h � � ` j

gas �� liquid
�

+ liquid
� �

gas-eutectic � � � � � � � � j � h � � � � � � � h � � � � � j � � �
liquid

� �

�� Al / O 3 congruent � j � ` � � � � h � � � � h � � � � � � � `

liquid
�

�� fcc + Al / O 3 eutectoid � j j � 
 � � � � � � � � � � � � h � � � � � ` � �

Fig. 2. Calculated temperature-
activity phase diagram. Reference
state: O(gas, 0.1 MPa).

Table III. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � � � �
� / (J/mol)

� �

 � / (J/mol)

� � �
� / (J/(mol

'
K))

� � v
�� / (J/(mol

'
K))

Al / O 3 � � h � � � j � h � h � � j j 
 � j � � h � � h � j � � � ` � `
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Al – P (Aluminium – Phosphorus)

Fig. 1. Calculated phase diagram for the system Al-P.

The Al-P system belongs to the group of III-V semiconductor compounds which are important materials
for opto-electronic devices. The Al-P system is characterised by a single very highly melting compound
AlP which is isoelectronic to diamond-type Si.
A review of experimental data was presented in [85McA]. There are several thermodynamic assessments
[81Kau, 94Ans, 01Luk]. The selected assessment for the SGTE database [01Luk] is composed of the
descriptions for the AlP compound and the gas species in the SGTE substance database [99SGTE] and a
single linearly temperature dependent Redlich-Kister excess term for the liquid to reproduce the measured
solubilities [69Bee] of AlP in liquid Al. For the pure elements the SGTE data [91Din] are used. An earlier
assessment [94Ans] includes an additional experimental value, the melting temperature of AlP [74Pev], but
contains a description of AlP with physically impossible negative heat capacity. The selected description of
the liquid is valid only for high Al concentrations. To generate a description covering both, this dilute range
and molten AlP, needs more experimental information. The model for the gas phase contains the species
Al, AlP, AlP / , Al / , P, P / , P 3 , and P � . The liquid phase is described by the substitutional model. AlP and
fcc-Al are treated as stoichiometric phases.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,P) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 Al 8

AlP
�

3 ZnS
& �

8
� �

3
�

B3 ZINCBLENDE Al 8 P 8

P(red)
' ' ' ' ' ' ' ' ' ' ' '

RED P P 8

� P
' ' '

� P
& �

*
' ' '

WHITE P P 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � w �
� 
 / (J/mol)

liquid + gas �� AlP gas-peritectic � j ` ` � 
 � � � � � � � � � 
 � � 
 � � � � j � 
 
 h

liquid �� fcc + AlP eutectic � j j � � � � � � � � � � � � � � 
 � � � � � ` � j
AlP + gas �� P(red) degenerate

` � � � j � � 
 � � � � � � � � � � � � � � � � � 


Fig. 2. Calculated temperature-
activity phase diagram. Reference
state: P(gas, 0.1 MPa).

Table III. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � w � � �
� / (J/mol)

� �

 � / (J/mol)

� � �
� / (J/(mol

'
K))

� � v
�� / (J/(mol

'
K))

Al 8 P 8 � � 
 � � � ` � � � � � � � � � 
 � � � � � 
 
 � j � � � �
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Al – Pb (Aluminium – Lead)

Fig. 1. Calculated phase diagram for the system Al-Pb.

The Al-Pb system is a very simple system showing a wide range of immiscibility in the liquid phase up
to 1695 K where the miscibility gap closes at a composition approximately 34 at.% Pb. It has potential
importance as a key subsystem for bearing alloys and automotive applications. The selected data for the
Al-Pb system are from the critical assessment of Yu et al. [96Yu]. The system had also been assessed
by Ansara [86Ans]. The assessment of Yu et al. is preferred being based on more recent experimental
data. Although Al and Pb crystallise in the same structure terminal solid solutions are very limited. The
miscibility gap has been studied extensively between the monotectic temperature of 932 K and the upper
consolute temperature, and the solubility of Al in the liquid at temperatures below the monotectic and the
eutectic at about 600 K. The limited experimental thermodynamic studies have concerned the enthalpies of
mixing and the partial Gibbs energies of both Al and Pb. The assessed data are in very good agreement with
all the experimental data for the system.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Pb) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Pb) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � w
�

�
� 
 / (J/mol)

liquid �� liquid
�

+ liquid
� �

critical � h � 
 � � � � j j h � � j j h � � j j h �

liquid
�

�� fcc
�

+ liquid
� �

monotectic � j � � � � � � � � � � � � � � � � � h � � � � � �

liquid
� �

�� fcc
�

+ fcc
� �

eutectic
h � � � � � � � � � � � � � � � � � � � � � ` � �
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Table IIIa. Integral quantities for the liquid phase at 1700 K.
� w �

� � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � 
 
 h � 
 � � � � � j � � � � � � � 
 � � � � �

� � � � � � � � � � � j � h h � 
 
 h 
 � 
 � � � j � 
 � � � � �
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Table IIIb. Partial quantities for Al in the liquid phase at 1700 K.
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Table IIIc. Partial quantities for Pb in the liquid phase at 1700 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1700 K.
Fig. 3. Activities in the liquid phase at

�
=1700 K.
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Al – Sb (Aluminium – Antimony)

Fig. 1. Calculated phase diagram for the system Al-Sb (constrained system).

The ability of group III-V compound semiconductors to form miscible substitutional solutions with each
other results in materials with a wide range of electrical and optical properties.
The Al-Sb system is a simple system with one intermediate phase, AlSb, which is isotypic with ZnS (spha-
lerite). None of the solid phases reveals significant homogeneity ranges. Several thermodynamic assess-
ments of this system are published in the literature. Since the liquid phase in this system reveals an ordering
tendency the associate model was used for its description in some of these assessments. The recommended
assessment of [90Cou] used the associate as well as the Redlich-Kister model for the description of the
liquid phase. However, for the construction of multicomponent databases the more general character of the
Redlich-Kister model description is preferable. The assessment of [90Cou] is based on liquidus tempera-
ture, enthalpy of mixing of the liquid, enthalpy content of AlSb and partial Gibbs energy data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Sb) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 Al 8

AlSb
�

3 ZnS
& �

8
� �

3
�

B3 ZINCBLENDE Al 8 Sb 8
o

7
o

7 � As
? L

2
L j �

RHOMBOHEDRAL A7 Sb 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid �� AlSb congruent � j j � � � � � 
 � � � � 
 � � � � � � � �
liquid �� fcc + AlSb eutectic � j � � � � � � � � � � � � � � � 
 � � � � � � � �
liquid �� AlSb +

o
7 eutectic � � h � � � � � ` � � � 
 � � � � � � � � � � 
 � h
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Fig. 2. Calculated phase diagram at 0.1 MPa. Fig. 3. Calculated partial pressures of gaseous species in
the phase equilibria of the constrained system.

Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for Sb in the liquid phase at 1400 K.
� � �

� �
� �

� 
 � �
� �

� �
� �

� �
� �

� �
 

� � � � �
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � h � � � � h � � � � 
 � � � � � � � � � � 


� � � � � � j � � ` � � � � � � � � � ` h � � � h ` � � � h � ` � � � h ` � � h h �
� � � � � � � 
 h � � � ` � � � � j � � 
 h � h � � ` � � � � � h � � � � � � � 
 
 �
� � j � � � � � j � � � � � � � � � j 
 ` � ` j � 
 � � � h 
 j � � � h � � � 
 j �

� � � � � � � ` � � ` � h h � � ` � 
 
 � � h 
 � � � � � � h � � � � � � � � 
 ` �
� � 
 � � � � j � ` � � j � 
 � h � 
 � � � 
 � � � � � � � ` � � j � j � � h � 


� � h � � � � � j j � � � h � 
 � h � � � j � � ` � � � � � � � � � 
 � � ` � �
� � ` � � � h � 
 h � � � � � � � � � � � � � � � 
 j j � � 
 � � � � � � �
� � � � � � j � ` � h 
 � � � � 
 � � � ` j � � � � � � � ` � � � � � � �
� � � � � � � � j � j 
 
 � � � ` h � � � 
 � � � � � � � � � � � � � � j

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Sb(liquid)

Fig. 4. Integral quantities of the liquid phase at
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=1400 K.
Fig. 5. Activities in the liquid phase at
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=1400 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.
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� � 
 � / (J/mol)
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 � � � � � ` ` �

References

[90Cou] C.A. Coughanowr, U.R. Kattner, T.J. Anderson: Calphad 14 (1990) 193–202.

Landolt-Börnstein
New Series IV/19B

SGTE



198 2 Binary Systems: Al – Si

Al – Si (Aluminium – Silicon)

Fig. 1. Calculated phase diagram for the system Al-Si.

Al-Si alloys are the basis of technologically important aluminium castings. Small additions of Na and Mg
vastly improve the properties of binary alloys. The thermodynamic parameters of the Al-Si system have
been optimised in several works [80Doe, 86Mey, 92Cha, 97Feu]. The new dilatometric determination of
the solvus temperature for alloys containing 0.84 mass-% Si by [97Feu] is taken into account in addition
to the experimental data used by previous assessments. The assessment of [97Feu] is recommended here
because more experimental data are taken into account, but the difference between calculations based on
data of [97Feu] and others is quite small.
The phase diagram of the Al-Si systems is a eutectic phase diagram with fcc solid solution. The experimen-
tal phase equilibrium data and thermodynamic measurements mentioned below are used in the optimisation.
Partial Gibbs energy values of the melt are derived from EMF data and vapour pressure measurements. The
calorimetric data for the Al-Si liquid are the enthalpy content, the heat capacity and the enthalpy of mixing.
The maximal solid solubility of silicon in aluminium is determined to be 1.5 at.% at 850 K. The solubility of
aluminium in silicon is as low as 0.016 at.%. The liquid and the fcc phases are described by a substitutional
model and solid Si is treated as a stoichiometric phase.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Si) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,Si) 8
o � o �

C(diamond)
& �

8
� -

j
�

DIAMOND A4 Si 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

liquid �� fcc +
o �

eutectic � 
 � � � � � � � � � � � � 
 � � � � � � � j h ` 


Table IIIa. Integral quantities for the liquid phase at 1700 K.
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Table IIIb. Partial quantities for Al in the liquid phase at 1700 K.
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 � � � 
 � j
� � � � � � � � 
 
 � � � � � � 
 j � � 
 � � � � � � � � � � � 


Reference state: Al(liquid)
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Table IIIc. Partial quantities for Si in the liquid phase at 1700 K.
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� �
�

�

� �
�

�

 
�

�
� �

�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � h � h � � � � j � � � � � � � h � � � � � � � � � h
� � � � � � � j � j h � � � j � � � � � � � j � � � � � � � � j j � � � � � h � � � h j
� � � � � � j � h ` � � ` � � � � j � � � ` � � � j � � � h � h � � � � h � � 
 j �
� � j � � � � j � j � � 
 
 h h � � � ` � � � h � � � � � ` j � � � � � 
 � � h � `
� � � � � � � ` ` 
 � � j 
 � � � � j 
 h � � � � j � � ` j � � � � � 
 � � ` � �
� � 
 � � � � � � 
 � � � � 
 � h � � � � � j � 
 
 � � h � � � � � � j � � � � h
� � h � � � � � � � � � j 
 � � ` � � � � h � � � � 
 � � � � 
 j � � � � � `
� � ` � � � 
 ` � � � � � � j � � � ` � ` 
 � � � j j � � � h h � � � � � �
� � � � � � j j ` � h � � � � � � � � � � � � � h � � � ` � ` � � � � �

� � � � � � � 
 � � 
 � � � � � � � � j � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Si(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1700 K.
Fig. 3. Activities in the liquid phase at

�
=1700 K.
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Al – Ta (Aluminium – Tantalum)

Fig. 1. Calculated phase diagram for the system Al-Ta.

Aluminum and Tantalum are both important alloying elements for high temperature alloys, such as super-
alloys.
Three different versions of the phase diagram have been published as result of different experimental inves-
tigations [85Sch, 90Sub, 95Mah]. Common to all phase diagram versions are the Al 3 Ta and AlTa / phases
in addition to the liquid and two terminal solid solution phases. It is also common that the AlTa / phase
forms peritectically from the liquid and bcc-Ta at temperatures between 2273 K and 2373 K. The Al 3 Ta
phase is shown to form either peritectically or congruently at temperatures between 1823 K and 1903 K.
The number and stoichiometries of the phases reported for the composition regime between Al 3 Ta and
AlTa / differs between these experimental investigations.
Several assessments are based on these different versions of the phase diagram. The assessment of [96Du]
is preferred since it is based on the most comprehensive dataset available for this system. This dataset
includes phase diagram, enthalpy and partial Gibbs energy data. The assessment reproduces the phase
diagram of [95Mah]. The description of the liquid phase results in the formation of an inverse miscibility
gap at temperatures above 5667 K, and the description of this system should, therefore, not be used for
calculations at temperatures above 5400 K.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Ta) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Ta) 8

Al 3 Ta � 0 / / Al 3 Ti �
�
8

�
4

T � � �
D022 AL3TA1 Al 3 Ta 8

Al � @ Ta 3 @ ' ' ' ' ' ' & �
432

� � j �
AL69TA39 Al � @ Ta 3 @

Al 3 Ta / ' ' ' ' ' ' & �
*

' ' '
AL3TA2 Al 3 Ta /

Al = Ta l ' ' ' ' ' ' ?
� *

' ' '
AL7TA5 Al = Ta l

AlTa
' ' ' ' ' ' �

� *
' ' '

ALTA Al 8 Ta 8
AlTa / � � � � CrFe � � 30 � 4 / T �

�

�
SIGMA10 D8B (Al,Ta) l Ta / (Al,Ta) �

bcc
o

2 W
& �

2
� � j �

BCC A2 (Al,Ta) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � J �
� 
 / (J/mol)

liquid + bcc �� AlTa / peritectic � j j � � � � � h j ` � � � � � � � ` 
 h � � � 
 j �

liquid �� Al 3 Ta congruent � � � � � � � � � 
 � � � � 
 � � � ` � � �

Al 3 Ta + liquid �� Al � @ Ta 3 @ peritectic � � � � � � � � � 
 � � � j h ` � � j h � � � � � j `

liquid �� Al � @ Ta 3 @ + AlTa / eutectic � ` ` � � 
 � � � 
 � � � j h � � � h 
 � � � h � � �

Al � @ Ta 3 @ + AlTa / �� AlTa / peritectoid � ` � � � � � � j h � � � h 
 � � � 
 � � � � h � �
Al � @ Ta 3 @ + AlTa / �� Al = Ta l peritectoid � h � � � � � � j h � � � 
 � � � � � � ` � � � � �

Al � @ Ta 3 @ + Al = Ta l �� Al 3 Ta / peritectoid � � � � � ` � � j h � � � � � ` � � � � � � 
 
 �
Al � @ Ta 3 @ �� Al 3 Ta + Al 3 Ta / eutectoid � � 
 h � � � � j h � � � � 
 � � � � � � � � � ` �
liquid + Al 3 Ta �� fcc peritectic � j h � 
 � � � � � � � � 
 � � � � � 
 � � � � � �

Table IIIa. Integral quantities for the liquid phase at 3300 K.
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'
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 � � � � � �

� � � � � � � j j � h � � � � 
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 � � � � � � � � �
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� � 
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� � � � � � � � � ` 
 � � h � h j � � � � j � � h 
 
 � 
 � j � � � � � � �

� � � � � � ` � ` � � � � � h � � � � � � � � � ` � j � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(liquid), Ta(liquid)
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Table IIIb. Partial quantities for Al in the liquid phase at 3300 K.
�

�
	

� � �
	

� 
 �
	

� � �
	

� ��
	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � j � � � � � � � � � � j � � � � h � � � � � ` � � � � h
� � � � � � h � j j � � 
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Reference state: Al(liquid)

Table IIIc. Partial quantities for Ta in the liquid phase at 3300 K.
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 � 
 � � j � � � � � 
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 � � � � � � � � j h ` � j j � � � 
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� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Ta(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=3300 K.
Fig. 3. Activities in the liquid phase at

�
=3300 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � J � � �
� / (J/mol)

� �

 � / (J/mol)

� � �
� / (J/(mol

'
K))

� � v
�� / (J/(mol

'
K))

Al 3 Ta 8 � � � 
 � � � � � � � � � 
 � � h � j � h h j � � � � �

Al � @ Ta 3 @ � � j h � � � � � j � � � � 
 j � � � � � � � � � � � �

Al 3 Ta / � � � � � � � � h j h � � � � ` j � � � � � � � � � � �

Al = Ta l � � � � ` � � � � h � � � � h � � � � � h � j � � � � �

Al 8 Ta 8 � � 
 � � � � ` � � ` � � � � h � � � � � � ` � � � � �
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Al – Ti (Aluminium – Titanium)

Fig. 1. Calculated phase diagram for the system Al-Ti.

This system is of great interest for high temperature applications and for good corrosion resistance. The
ordered

� � � phase, AlTi, has good mechanical properties. The hcp/bcc transition in Ti is moved to higher
temperatures by Al and the shape of this two-phase region has been studied by many authors. The ordering
in the hcp phase at lower temperature, forming a �

� 8 @ structure is very close to this two-phase region and
recently it has been confirmed that

� � ordering of the bcc phase is also stable [94Kai]. But this trans-
formation has not been included in the present diagram which is from [98Sau] with small modifications.
The modelling is based on CEF but the ordered phases are modelled separately from the disordered par-
ent phases. A full assessment of the whole phase diagram with consistent modelling of the order/disorder
transformations is in progress.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Ti) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Ti) 8

Al 3 Ti � 0 / / Al 3 Ti �
�
8

�
4

T � � �
D022 AL3M1 (Al,Ti) 3 Ti 8

Al 8 8 Ti l ' ' ' ' ' ' ' ' ' ' ' '
AL11TI5 Al 8 = Ti �

Al / Ti
' ' ' ' ' '

�
�
24

�
4 8 T  � -

AL2TI Al / Ti 8
AlTi

�
1 � AuCu � � 2 � 4

T � � �
L10 ALTI (Al,Ti) 8 (Al,Ti) 8

AlTi 3 � 0 8 @ Ni 3 Sn
?

� 8 � 6 3 T � � &
D019 AL1M3 (Al,Ti) 3 (Al,Ti) 8

bcc
o

2 W
& �

2
� � j �

BCC A2 (Al,Ti) 8
hcp

o
3 Mg

?
� 2 � 6 3 T � � &

HCP A3 (Al,Ti) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

liquid �� bcc congruent � � � � � 
 � � ` � � � � ` � � � � 
 ` j �
liquid + bcc �� hcp peritectic � ` ` 
 � � � � � � � � � 
 
 
 � � 
 � � � h j � �

liquid + hcp �� AlTi peritectic � ` � h � h � � � j h � � � � � � � � 
 � � � h � � h

liquid + AlTi �� Al 8 8 Ti l peritectic � h 
 � � � � � j � � � � j � � � � j � � � � j � j �
liquid �� Al 3 Ti congruent � h � h � � � � � ` � � � � ` � � � � � � 


liquid �� Al 3 Ti + Al 8 8 Ti l eutectic � h � 
 � � � � � � j � � � ` h � � j � � � � � � � �

hcp �� AlTi 3 congruent � � h � � 
 � � h � � � � h � � � j � 
 �
Al 8 8 Ti l + AlTi �� Al / Ti peritectoid � � 
 � � � � � j � � � � j � � � � j j j � � h � `

hcp �� AlTi + AlTi 3 eutectoid � j � � � j � � 
 � j � � 
 � h � � h � j � j � � `

Al 8 8 Ti l �� Al 3 Ti + Al / Ti eutectoid � � h � � � � � j � � � � � 
 � � � j j j � � � `

liquid + Al 3 Ti �� fcc peritectic � j � � � � � � � � � � � 
 � � � � � ` � � � � � �

Table IIIa. Integral quantities for the liquid phase at 2000 K.
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Reference states: Al(liquid), Ti(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 2000 K.
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Table IIIc. Partial quantities for Ti in the liquid phase at 2000 K.
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Reference state: Ti(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=2000 K.
Fig. 3. Activities in the liquid phase at

�
=2000 K.

Fig. 4. Integral quantities of the stable phases at
�

=900 K.
Fig. 5. Activities in the stable phases at

�
=900 K.
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Table IVa. Integral quantities for the stable phases at 900 K.

Phase � � �
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 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
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Reference states: Al(fcc), Ti(hcp)

Table IVb. Partial quantities for Al in the stable phases at 900 K.
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Table IVc. Partial quantities for Ti in the stable phases at 900 K.
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Reference state: Ti(hcp)

Table V. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.
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Al – V (Aluminium – Vanadium)

Fig. 1. Calculated phase diagram for the system Al-V.

An understanding of the Al-V system is necessary since it is an important sub- system in the commercial
aerospace alloy Ti6Al4V and because vanadium is often added to aluminium alloys as a grain refiner. The
basic phase diagram for the system is fairly well characterised, although the details of the liquidus surface
on the aluminium rich side of the system remain unclear. The system is characterised by a continuous range
of solutions in the liquid phase, substantial solubility of aluminium in bcc-V up to 50 at.% Al maximum at
1933 K, limited solubility of vanadium in fcc-Al with a maximum solubility of 0.3 at.% V and a variety of
aluminium vanadium intermetallic compounds all of which melt peritectically.
The thermodynamic properties of the intermetallic phases have been studied by direct reaction calorimetry.
More recently the enthalpies of mixing in the liquid phase have been measured for Al rich compositions.
Partial Gibbs energies of Al in the bcc solid solution range have been studied by emf and by an isopiestic
technique.
The phase diagram and thermodynamic data for this systems have been critically assessed by Lee and Lee
[86Lee], Murray [89Mur] and Saunders [98Sau]. The data of Saunders have been adopted by SGTE and
COST507 as a basis for the calculation of multicomponent phase equilibria.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,V) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,V) 8

Al 8 � V
' ' ' ' ' ' & �

176
� - j �

AL10V Al 8 � V 8
Al = V

' ' '
Al � l V = � v

104
v

2
T �

AL7V Al = V 8
Al / 3 V �

' ' '
Al / 3 V �

?
� 54 � 6 3 T � � &

AL23V4 Al / 3 V �

Al 3 V � 0 / / Al 3 Ti �
�
8

�
4

T � � �
D022 AL3M1 (Al,V) 3 V 8

Al � V l � 8 / Cu l Zn �
& �

52
� �

3
�

D82 AL8V5 Al � V l
bcc

o
2 W

& �
2

� � j �
BCC A2 (Al,V) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � " �
� 
 / (J/mol)

liquid + bcc �� Al � V l peritectic � � j � � ` � � j ` h � � � ` � � � j � 
 � � � � ` �
liquid + Al � V l �� Al 3 V peritectic � h � � � � � � � h ` � � j � 
 � � � 
 � � � � ` ` �
liquid + Al 3 V �� Al / 3 V � peritectic � � � ` � j � � � � j � � � 
 � � � � � � � � � � �
liquid + Al / 3 V � �� Al = V peritectic � h � � � � � � � � � � � � � � � � � 
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Table IIIb. Partial quantities for Al in the liquid phase at 2200 K.
�

�
	

� � �
	

� 
 �
	

� � �
	

� ��
	

� ��
	

 �
	

� �
	

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � h � � � � ` � � 
 ` � � � � � � � � � � � � � � � � � � � � `
� � � � � � 
 � � � � j j � � � � ` � � � � � � � � � � � h � � � ` 
 ` � � � � h
� � ` � � � � � � h � h � � 
 � � � h � � � j h � � � � � � h � � h � 
 � � � ` �
� � h � � � � j ` � � � � � � ` h � � � � 
 � � j h h � j � � j � � � � ` j � � ` � �
� � 
 � � � � � ` h � � � h � j � � � 
 � j � ` � � � � � � � 
 � � � j � � � � h ` �
� � � � � � � ` j j � � � � 
 � � � � h 
 � � � � 
 ` � � � � � h � � � � � � � � 
 h �
� � j � � � j h � � � � � h j � 
 � � � � h � � � � � � � 
 � � � � � � � j j � � � � j
� � � � � � � � 
 h 
 � j � 
 � � � � h � h � � � � � 
 � � � ` j h � � � h ` � � j j j
� � � � � � h � � j � � j j ` � ` � 
 � ` � j � � h j � j � j � � � � � � � � � � � � j `
� � � � � � � � j 
 ` � 
 � � j j 
 � 
 � � � � � � � � � � � � � � h �

Reference state: Al(liquid)
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Fig. 2. Integral quantities of the liquid phase at
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � "
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al 8 � V 8 � � � � � � � 
 � � � � � � � � � � � ` � � � � � � �

Al = V 8 � � � � 
 � � � � ` � � � j h � � � � � � � � � � � � �

Al / 3 V �
� � � � � � � 
 � j h � � 
 � 
 � � � � j � 
 � � � � �

Al � V l � � j � 
 � � � � j � � � � h � � � � � � � � � � � �
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Al – W (Aluminium – Tungsten)

Fig. 1. Calculated phase diagram for the system Al-W.

An understanding of the Al-W system is necessary since it is an important component system in potential
high temperature aerospace TiAl alloys.
The experimental information on the phase diagram for this system is somewhat sparse. The phase dia-
gram is characterised by a continuous series of solutions in the liquid phase, significant solubility of Al in
bcc-W with a maximum of about 15 at.% at 1600 K, low solubility of W in fcc-Al up to a maximum of
approximately 0.02 close to the melting temperature of Al. There are several intermetallic compounds in
the system, all of which appear to melt peritectically. The three intermetallic phases richest in W are stable
over a relatively narrow temperature range decomposing on cooling by eutectoid reaction. There appear to
be no experimental thermodynamic information available.
The thermodynamic and phase diagram data for the system have been critically assessed by Kaufman and
Nesor [78Kau] and more recently by Saunders [98Sau]. The data of Saunders have been adopted by SGTE
and COST 507 as a basis for the calculation of multicomponent phase equilibria.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,W) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,W) 8

Al 8 / W
' ' '

Al 8 / W
& �

26
� �

3 AL12W Al 8 / W 8

Al l W
' ' '

Al l Mo
?

� 12 � 6 3 AL5W Al l W 8

Al � W
' ' '

Al � W
� v

30
v �

AL4W Al � W 8

Al = = W / 3
' ' ' ' ' ' ' ' ' ' ' '

AL77W23 Al = = W / 3

Al = W 3
' ' ' ' ' ' ' ' ' ' ' '

AL7W3 Al = W 3

Al / W
' ' ' ' ' ' ' ' ' ' ' '

AL2W Al / W 8

bcc
o

2 W
& �

2
� �

j
�

BCC A2 (Al,W) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
� 
 / (J/mol)

liquid + bcc �� Al / W peritectic � � � 
 � ` � � � � j � � � � � � � j j j � � h � �
liquid + Al / W �� Al = W 3 peritectic � ` � h � � � � � � � � � j j j � � j � � � � � ` j
liquid + Al = W 3 �� Al = = W / 3 peritectic � h � � � � � � � ` � � � j � � � � � j � � � � h `

liquid + Al = = W / 3 �� Al � W peritectic � h � � � � � � � � ` � � � j � � � � � � � � � ` 
 �
Al / W �� Al = W 3 + bcc eutectoid � h � � � h � � j j j � � j � � � � � � ` � � j � �
Al = W 3 �� Al = = W / 3 + bcc eutectoid � 
 � � � � � � j � � � � � j � � � � � � � 
 � ` �
Al = = W / 3 �� Al � W + bcc eutectoid � 
 ` � � � � � � j � � � � � � � � � � � � � � � �

liquid + Al � W �� Al l W peritectic � � � � � h � � � � � � � � � � � � � h ` � � � 
 �
liquid + Al l W �� Al 8 / W peritectic � h � � 
 � � � � � � � � h ` � � � ` ` � h � 
 j
liquid + Al 8 / W �� fcc peritectic � j j � h � � � � � � � � ` ` � � � � � � � � h ` h

Table IIIa. Integral quantities for the liquid phase at 3700 K.
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Table IIIc. Partial quantities for W in the liquid phase at 3700 K.
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Fig. 2. Integral quantities of the liquid phase at
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=3700 K.
Fig. 3. Activities in the liquid phase at

�
=3700 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � � � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

Al 8 / W 8 � � � ` ` � � 
 � � � � � � � � � � ` j � � � � � �

Al l W 8 � � � h ` � � j � � � � ` � � � � � � � � � � � � �

Al � W 8 � � � � � � � � � � � � � � 
 � � � � � � � h � � � � �

Al = = W / 3 � � � j � � j � � h � � � � j � � � � � � � � � �

Al = W 3 � � j � � � j � j j � ` � ` � � � � � � � � �

Al / W 8 � � j j j � � � � � 
 � � ` � � h � � � � � �

References

[78Kau] L. Kaufman, H. Nesor: Calphad 2 (1978) 325–348.
[98Sau] N. Saunders, in: I. Ansara, A.T. Dinsdale, M.H. Rand (eds.): ”Thermochemical database for

light metal alloys”, Vol. 2, EUR 18499, 1998, pp.95–98.

SGTE Landolt-Börnstein
New Series IV/19B



2 Binary Systems: Al – Y 217

Al – Y (Aluminium – Yttrium)

Fig. 1. Calculated phase diagram for the system Al-Y.

Yttrium is an important additive to refine the macro- and micro- structure of aluminium and its alloys
resulting in an increase of hardness and strength but with little change of ductility. The thermodynamic
parameters of the Al-Y system have been assessed by [89Ran] based on the phase diagram, calorimetric
measurements of enthalpies of formation of Al 3 Y and Al / Y, enthalpies of mixing in the liquid phase,
the chemical potential of Y derived from EMF measurements, and the chemical potential of Al obtained
from vapour pressure data. [95Gro] re-assessed the thermodynamic parameters taking into account new
calorimetric data on the enthalpy of formation of Al / Y and Al / Y 3 . The thermodynamic dataset of [95Gro]
has been accepted here. More recent calorimetric measurements for Al / Y, Al 3 Y, and Al / Y 3 reported by
[97Tim] are in good agreement with calculations of [95Gro].
The system is characterised by a complete miscibility in the liquid and very low (less than 0.1 mass-%)
mutual solubility in the solid state. Five intermetallic compounds Al 3 Y, Al / Y, AlY, Al / Y 3 and AlY / have
been reported. The compound Al 3 Y l reported by [87Ric] is most probably metastable [95Gro]. Two
modifications of Al 3 Y have been found by [60Sny] but only the high-temperature modification has been
confirmed independently as a stable compound. The thermodynamic data are in agreement with the phase
diagram and thermodynamic measurements. The experimental data for the chemical potential of Y and
Al contradict the calculated values and other experimental information on the system. The liquid phase is
described by a substitutional model and the intermetallic compounds are treated as stoichiometric phases.
The mutual solubility of Al and Y in the solid phases is lower than 0.1 mass-%. Therefore, solid Al and Y
are treated as stoichiometric phases.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Y) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 Al 8

Al 3 Y
' ' '

BaPb 3 ? L
12

L j �
AL3Y Al 3 Y 8

Al / Y
v

15 Cu / Mg
& �

24
� - j �

C15 AL2Y Al / Y 8
AlY

�
33 CrB �

v
8

v � & �
B33 ALY Al 8 Y 8

Al / Y 3 ' ' '
Al / Zr 3 � � 20 � 4 / T �

�

�
AL2Y3 Al / Y 3

AlY /
v

23 Co / Si � � 12 � �

�  
C23 ALY2 Al 8 Y /

bcc
o

2 W
& �

2
� � j �

BCC A2 Y 8
hcp

o
3 Mg

?
� 2 � 6 3 T � � &

HCP A3 Y 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

� 
 / (J/mol)

liquid �� Al / Y congruent � ` 
 ` � � � � j j j � � j j j � � � j h �

bcc �� liquid + hcp degenerate � ` 
 � � � � � � � � � � � � j � � � � � � � � � h

liquid �� AlY congruent � � � j � � � � 
 � � � � 
 � � � � h � � �

liquid �� Al / Y 3 + AlY eutectic � � � � � � � � � � � � � j j j � � 
 � � � � h j j `

liquid �� Al / Y 3 congruent � j ` � � � � � h � � � � h � � � � 
 � � `

liquid �� AlY + Al / Y 3 eutectic � j 
 � � � � � 
 h � � � 
 � � � � h � � � � 
 � j �

Al / Y 3 + liquid �� AlY / peritectic � � 
 � � � � � h � � � � ` � � � � h h ` � � � ` �
liquid + Al / Y 3 �� Al 3 Y l peritectic � � 
 j � � � � � � ` � � j j j � � � 
 � � � � j � `

liquid �� AlY / + hcp eutectic � � j ` � ` � � ` � � � � h h ` � � � � � � � � � j `

liquid �� fcc + Al 3 Y l eutectic � � � � � � � � � � � � � � � � � � 
 � � � � � � �

Table IIIa. Integral quantities for the liquid phase at 1800 K.
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� � h � � � j j � 
 � � j h h � � � � � 
 j j � � j ` � h � ` � � � � � � � � �

� � ` � � � � � � ` � � � � � � � � � � 
 h ` � � � � j h � 
 � h � h � � � � �

� � � � � � � � � 
 � � � � � ` 
 � � j � � � � � � h j � j � � � � � � � � �

� � � � � � � � 
 � � � � � � ` � � � ` � � � h h 
 j � � � � 
 � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(liquid), Y(liquid)
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Table IIIb. Partial quantities for Al in the liquid phase at 1800 K.
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 � � j � � h � � � ` � � � � � � h � � � � j � � � � 
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Reference state: Al(liquid)

Table IIIc. Partial quantities for Y in the liquid phase at 1800 K.
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 � h ` h � � � j � � � � ` h
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 � � � j 
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 h � � � h � � � � � h j
� � � � � � j � � � � h ` 
 � � ` 
 � � 
 � � � � � � � ` � � ` ` � � � � h `
� � � � � � � � 
 j � � � j � � � � 
 � � ` h � � � � ` � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Y(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1800 K.
Fig. 3. Activities in the liquid phase at

�
=1800 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al 3 Y 8 � � � 
 � � � � j j h � � ` 
 � � � � � � h � j � � � � �

Al / Y 8 � � j j j � � � ` j h � 
 � � � � � 
 � 
 � � � � � � �

Al 8 Y 8 � � 
 � � � � j ` � � � � 
 � � � � � � j 
 � � � � � �

Al / Y 3 � � h � � � j � ` � 
 � � � � � � � � � � � � � � � � �

Al 8 Y / � � h h ` � j j h 
 � � j 
 � � � � � � 
 � � � � � � �
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Al – Zn (Aluminium – Zinc)

Fig. 1. Calculated phase diagram for the system Al-Zn.

The aluminium-zinc system is the basis of many technically important alloys. Medium-strength Al-Zn-Mg
alloys are known for good weldability and the capability of hardening after welding. Adding Cu to these
ternary alloys results in an appreciable increase of the strength.
An extensive review of experimental data on the Al-Zn system including an evaluation of the thermo-
dynamic functions has been given by [83Mur]. The recommended assessment [93Mey] is an update of
[86Mey]. The evaluation takes into account many experimental data from independent sources. The fit of
the phase diagram is in very good agreement with experimental data throughout the whole composition and
temperature range, except for the miscibility gap in the fcc-phase. Here, the experimental location of the
critical point is around 40 at.% Zn, whereas the calculated value is 35 at.%. Accordingly, in fcc solid solu-
tions calculated values for the enthalpy of mixing and the chemical potential of Zn differ from experimental
data. In liquid alloys the corresponding calculated properties are in very good agreement with experiments.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Zn) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Al,Zn) 8

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP ZN (Al,Zn) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid �� fcc + hcp eutectic
h 
 � � � � � � � � � � h ` j � � � h � � ` j ` �

fcc �� fcc
�

+ fcc
� �

critical
h � 
 � � � � j 
 � � � j 
 � � � j 
 � �

fcc
� �

�� fcc
�

+ hcp monotectoid

 
 � � � � � 
 � � � � � � � � � � � � � � � � `
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Table IIIa. Integral quantities for the liquid phase at 1000 K.
� � �
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'
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'
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'
K)]
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� � ` � � � j 
 � � � � � � 
 � ` � � � � � 
 � � ` � � � � � � �
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Reference states: Al(liquid), Zn(liquid)

Table IIIb. Partial quantities for Al in the liquid phase at 1000 K.
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Reference state: Al(liquid)

Table IIIc. Partial quantities for Zn in the liquid phase at 1000 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1000 K.
Fig. 3. Activities in the liquid phase at

�
=1000 K.

Table IVa. Integral quantities for the stable phases at 650 K.

Phase � � � � � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

fcc
� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � h ` � � � 
 � � � � 
 ` � � � h � � � 
 � � � � � �

� � � � � � � � � � � � � � � h � � � � � � � � � � � � � � � �

� � j � � � � � h � � ` 
 
 � ` � 
 � � 
 
 � � h � h � � � � �

� � � � � � � h ` j � � ` h � � � � � ` ` � � � ` � � � � � � �

� � 
 � � � � ` � j j � � h � � � � � � ` h � � h h h � � � � �

� � h � � � � � 
 j � � h h � � ` � � � � � � � 
 ` h � � � � �

� � h ` � � ` j � j � � � 
 � ` � � � h � � � � 
 � h � � � � �

hcp
� � � ` � � � � � ` j 
 � � � � � 
 � � � � j � ` � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(fcc), Zn(hcp)

Table IVb. Partial quantities for Al in the stable phases at 650 K.
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[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � j � � j h � � � ` � � j ` � � � � � � � � � � j � � � � h
� � � � � � h h � 
 � � � � � j � 
 j ` � � � � j � � � � � � � � � �

� � ` � � � ` h � � j ` � j � � � h � � h j � � j � � � � � h � � � � � �

� � h � � � � � � � j � � � � � � 
 � � 
 � � � h ` ` � � � h � � � � j 
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� � � � � � � j j � � j h � � � ` ` � j h � � � � � 
 � � � ` � � � � � 
 j
� � j � � � � � � ` � h � � � � � � � � � � � � � � � j � � � ` � � � � � � �

hcp
� � � j � � � � � ` � j h � � j � � j � � � h � � � � � � � � � � � ` � � � j � � 
 �

� � � � � � � � 
 � � h � � � � � ` � � � ` 
 � � � � � � � � � � � �

Reference state: Al(fcc)
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Table IVc. Partial quantities for Zn in the stable phases at 650 K.

Phase � � �
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� �

� �
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� � � � �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � j ` � j � � � � j h � � j ` � � � � � � � � h � j
� � � � � � � � � h � � � � � � � � ` � � � h � � � � 
 
 � � � 
 � � 
 � � j �
� � � � � � � j � j � ` � 
 � 
 � � � � ` j 
 
 � � � � ` � � ` � � j � � � �

� � j � � � � � j ` h j � j � � � � � h 
 � ` � � � � � 
 � � � � 
 � � ` 
 �
� � � � � � � 
 � � � � � � � j 
 � � � � � � � ` � � � � � j � � � � � h
� � 
 � � � � � � j � � � h � � h h � � � � � � j � j � � � h � � � ` � �

� � h � � � � � h � j � � � � � j ` � � ` 
 � � � � � � � � � � � � 
 � j
� � h ` � � � 
 � � � � ` j � h � ` � � � 
 � � j � � � � � ` j � � � � �

hcp
� � � ` � � � 
 � � � � � � h j � h � � � � � � � � ` j � � � � j

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Zn(hcp)

Fig. 4. Integral quantities of the stable phases at
�

=650 K.
Fig. 5. Activities in the stable phases at

�
=650 K.
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Al – Zr (Aluminium – Zirconium)

Fig. 1. Calculated phase diagram for the system Al-Zr.

Zirconium can be added in combination with Cr to Al-alloys in order to produce alloys with high specific
modulus and desirable high-temperature properties. The System Al–Zr has been reviewed and critically
assessed by [86Sau, 92Mur, 92Mas]. The selected dataset [98Sau] is an update of [86Sau]. The liquidus
curve, the solidus curve with bcc-Zr, the phase boundaries between hcp-Zr and bcc-Zr as well as those
between bcc-Zr and Zr 3 Al have to be considered uncertain. According to Saunders [86Sau] the phase
Zr � Al 3 does not exist while Zr l Al � is stable down to low temperatures. An internally consistent set of
Gibbs energy data for the system has been derived from an optimization including phase diagram data and
heats of formations of the compounds.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Al,Zr) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Al,Zr) 8

Al 3 Zr � 0 / 3 Al 3 Zr �
�
16

�
4

T � � �
D022 AL3ZR Al 3 Zr 8

Al / Zr
v

14 MgZn /
?

� 12 � 6 3
T � � &

C14 AL2ZR Al / Zr 8

Al 3 Zr /
' ' '

Al 3 Zr / �
�

40
� - -

2 AL3ZR2 Al 3 Zr /

AlZr
� �

BCr �
v

8
v � & �

C23 ALZR Al 8 Zr 8

Al � Zr l
' ' '

Ga � Ti l
? � 18 � 6 3

T � & �
AL4ZR5 Al � Zr l

Al / Zr 3
' ' '

Al / Zr 3 � � 20 � 4 /
T �

�

�
AL2ZR3 Al / Zr 3

Al 3 Zr l � � I W l Si 3 �
�
32

�
4

T � & �
D8M AL3ZR5 Al 3 Zr l

AlZr /
�

8 / Ni / In
? � 6 � 6 3

T � � &
D82 ALZR2 Al 8 Zr /

AlZr 3
�

1 / AuCu 3
& � 4 � �

j
�

L12 ALZR3 Al 8 Zr 3

bcc
o

2 W
& �

2
� �

j
�

BCC A2 (Al,Zr) 8

hcp
o

3 Mg
? � 2 � 6 3

T � � &
HCP A3 (Al,Zr) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid �� Al / Zr congruent � � � h � � � � j j j � � j j j � j � h � �
liquid �� Al 3 Zr congruent � � � � � j � � � 
 � � � � 
 � � � � j h h

liquid �� Al 3 Zr + Al / Zr eutectic � � � ` � � � � � ` ` � � � 
 � � � j j j � � � 
 � �
Al / Zr + liquid �� Al 3 Zr / peritectic � � h � � � � � j j j � � � � � � � � � � � � h � � �

liquid �� Al � Zr l congruent � ` ` � � 
 � � 
 
 h � � 
 
 h � � 
 � ` �

liquid �� Al 3 Zr / + Al � Zr l eutectic � ` h 
 � j � � 
 � 
 � � � � � � � 
 
 h � � 
 h � j
Al � Zr l + liquid �� Al / Zr 3 peritectic � ` � � � � � � 
 
 h � � h 
 j � � h � � � � � ` � �

Al / Zr 3 + liquid �� Al 3 Zr l peritectic � h 
 
 � � � � h � � � � h � h � � h � 
 � 
 � � �
liquid �� Al 3 Zr l + bcc eutectic � h � � � ` � � ` � � � � h � 
 � � ` h � � � ` � � �
Al 3 Zr / + Al � Zr l �� AlZr peritectoid � 
 � � � 
 � � � � � � � 
 
 h � � 
 � � � � j ` �
Al 3 Zr l + bcc �� AlZr / peritectoid � 
 � � � j � � h � 
 � � � � � � � h h ` � � � � �
AlZr / + bcc �� AlZr 3 peritectoid � � 
 � � � � � h h ` � � � ` ` � � ` 
 � � j � � j
Al 3 Zr l �� Al / Zr 3 + AlZr / eutectoid � � � � � h � � h � 
 � � h � � � � h h ` � � � 


AlZr 3 + bcc �� hcp peritectoid � � � � � � � � ` 
 � � � � � � � � � ` � � � � ` �
liquid + Al 3 Zr �� fcc peritectic � j j � � � � � � � � � � 
 � � � � � � � � � h 
 `

Table IIIa. Integral quantities for the liquid phase at 2200 K.
� �

�
� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]
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 ` � � � � � � 
 j � � � � ` � � h 
 
 h � h � � j 
 � � � � �

� � j � � � � � 
 j 
 � � h 
 h � � � � ` j � � � j h � � ` � � � � � � � � �

� � � � � � � j 
 ` � � j � j � � � j � � ` � � � � � h � � � � h h ` � � � � �

� � 
 � � � � � h ` � � j � � 
 � � � � � � ` � � � � � � � � � ` 
 � � � � � �

� � h � � � � j ` � � � � � j h � � � � 
 j ` � � � � ` ` � � � � j j � � � � �

� � ` � � � � � � � � � � � � � � � � � � � j � � ` � � � h � � � � � � � � �

� � � � � � � h � � j � � � � j j � � � � � 
 � h � � � � 
 � � h 
 � � � � �

� � � � � � � 
 � � � � h � j � � � � � h � j 
 ` 
 � � � ` � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Al(liquid), Zr(liquid)
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Table IIIb. Partial quantities for Al in the liquid phase at 2200 K.
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[J/mol] [J/mol] [J/(mol
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K)] [J/mol] [J/(mol

'
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 � � � � ` � � � � `
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� � ` � � � � h h 
 � � � � 
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 � h � � � � � � � j 
 � � ` � h
� � 
 � � � � � � � h � j j ` 
 � � � � j ` � � � � � j ` � � � � � � � � � � h � � � 
 j 


� � � � � � j 
 � � � � � � ` � � � h � � � 
 � � � j � � � � j � � � j � � � � h � � j h h
� � j � � � � ` ` � � � h � ` � � � ` � h � 
 � � 
 ` h � � � ` � h � h � � � ` j � � � � �

� � � � � � h � h 
 � � ` � � j � � � � j � 
 � j � � � � � � � � h � ` � � � j � � � � ` �
� � � � � � ` � � � � � � � j � � � h � � � � � j 
 � � j � � 
 � h � j � � � � � � � � � �
� � � � � � � � � � � 
 � � � j � 
 � � � � � � � j � � � � � � � � � 
 �

Reference state: Al(liquid)

Table IIIc. Partial quantities for Zr in the liquid phase at 2200 K.
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� � � � � � � � � � � � 
 � � � � � � � h � � � � 
 ` � � � � � � � � � � �

� � � � � � ` 
 � � � � � � � � � � � � � � � � � � j j ` � � � j � � � 
 ` � � � � h � � � 
 �
� � � � � � h � � � � � � � � � � � � � ` j � � j � h � � � � j � � � j � � � j 
 � � � ` `
� � j � � � � � � j � � h � ` � � � h � 
 � � � � h � � � � � h � h � � � � � ` � � � � j �
� � � � � � j h � � 
 � � � � � � � j � ` ` � � � � j 
 
 � � � � j � ` � � � j � � � j � `
� � 
 � � � � 
 � � j � � � ` 
 � � � � 
 � � � � � 
 h � � ` � j 
 � � � � 
 � � � 
 � j
� � h � � � � h � � � � � h � 
 � � � � � � 
 � h � ` 
 � � � j 
 � � � � � � � � h � `
� � ` � � � � j � 
 � ` � � h � � ` � � � � � ` � � � � � � � � � 
 � � � � � 
 


� � � � � � � ` h � � � h � � � � � � 
 � h � � � � � � � � � � ` ` � � � � h j
� � � � � � � � � � � � j h � � h ` � � h � � � � � 
 � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Zr(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=2200 K.
Fig. 3. Activities in the liquid phase at

�
=2200 K.
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Al 3 Zr 8 � � � 
 � � j � � h � � � � h � 
 � ` � � j � � � � � �

Al / Zr 8 � � j j j � � j � � � � � 
 � � � � � � � � � � � � � �

Al 3 Zr / � � � � � � � � j � � � � h � � � � � � � � � � � � � �

Al 8 Zr 8 � � 
 � � � � � � h � � � � 
 � � � � � 
 � � � � � � �

Al � Zr l � � 
 
 h � j � � � � � � � � � � � h � � 
 � � � � � �

Al / Zr 3 � � h � � � j h � 
 � � j � � � ` � h � h � � � � � � �

Al 3 Zr l � � h � 
 � j � � j � � j h � � � � h � � � � � � � � �

Al 8 Zr / � � h h ` � j � h j � � j j j ` 
 � 
 � � 
 � � � � � �

Al 8 Zr 3 � � ` 
 � � � 
 j j � � � ` � � � � 
 � 
 � 
 � � � � �
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As – Au (Arsenic – Gold)

Fig. 1. Calculated phase diagram for the system As-Au.

The As-Au system is a simple eutectic with no significant solid state solubility of either component in the
other. The present thermodynamic description [98Spe] gives a good representation of the reported phase
diagram and indicates small positive departures from ideality of activity and enthalpy of mixing values for
the liquid phase. The dataset is based on DTA data [76Gat] and on the critical assessment of [84Oka].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (As,Au) 8
o ` o `

� As
? L � L j �

RHOMBOHEDRAL A7 As 8
fcc

o � Cu
& � � � � j �

FCC A1 (As,Au) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid �� A7 + fcc eutectic � � � � � � � � 
 � � � � � � � � � � � � � j � � h
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Reference states: As(liquid), Au(liquid)

Table IIIb. Partial quantities for As in the liquid phase at 1400 K.
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Reference state: As(liquid)

Table IIIc. Partial quantities for Au in the liquid phase at 1400 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.
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232 2 Binary Systems: As – Cu

As – Cu (Arsenic – Copper)

Fig. 1. Calculated phase diagram for the system As-Cu.

Arsenic is a harmful impurity in copper ores which deserves special special attention in copper smelting.
The As-Cu system has been reviewed by [88Sub] and thermodynamically assessed by [91Tep, 94Pei]. The
dataset of [94Pei] is recommendet here because it provides a good and consistent description of the avail-
able experimental data. The optimization includes data on the phase equilibria across the whole composition
range. The liquidus in the concentration range below 50 at.% As has been determined in very many inves-
tigations. In addition, the component activies in the liquid have been optimised in the range below 40 at.%
As. For the solid solution of As in fcc-Cu, the calculated partial molar Gibbs energy of As shows larger
deviations from the experimental data. For the intermediate phases no other thermodynamic information
have been available than the data from the phase diagram.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid IONIC LIQ Cu
�

(As,As
3 6

, �
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) 8
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� �
�

� j
&

� CU3AS (Cu, � ) 3 As 8

Cu 8 / As l �
�

3 BiF 3
& �
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W
�

�
� 
 / (J/mol)

liquid �� Cu 3 As congruent � � � � � 
 � � ` � j � � ` � j � h � � j
liquid + Cu 3 As �� Cu 8 / As l peritectic � � � � ` � � h 
 � � � ` � � � � ` � h � � � � �
liquid �� Cu 3 As + fcc eutectic � h � � � � � � � 
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liquid �� o `
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 j 
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 j h �

Cu 3 As + fcc �� Cu � As peritectoid
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Cu 8 / As l �� o `
+ Cu 3 As eutectoid


 ` j � � � � ` � h � � � � � � � ` � j � � � `

Table IIIa. Integral quantities for the liquid phase at 1423 K.
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Table IIIb. Partial quantities for As in the liquid phase at 1423 K.
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Table IIIc. Partial quantities for Cu in the liquid phase at 1423 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1423 K.
Fig. 3. Activities in the liquid phase at

�
=1423 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound �
W
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� � � � / (J/mol)
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 � � h � � � j j � � � � � �
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As – Fe (Arsenic – Iron)

Fig. 1. Calculated phase diagram for the system As-Fe.

The system As–Fe is of interest because As is a harmful constituent in certain Fe-Cu and Fe-ores. The
system As–Fe has been reviewed by [91Oka] and a thermodynamic assessment has been given by [93Pei]
which is presented here. For the optimisation of the system data on the phase diagram and the activities of
As and Fe in the liquid have been used. In alloys with less than 50 at.% As there is plenty of experimental
information available but at higher As contents the data are very scarce. The liquid has been modelled
using the ionic 2-sublattice model in order to take account of the strong non-ideal mixing behavior. For
the intermetallic compounds, the calculated Gibbs energies of formation deviate considerably from the
experimental data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name
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/ �
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
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 / (J/mol)
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 � � � � � 
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liquid �� FeAs / + FeAs eutectic � � ` � � � � � � � � � � j j j � � 
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 � � � � � j �
liquid �� Fe / As congruent � � � � � 
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Table IIIb. Partial quantities for As in the liquid phase at 1873 K.
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Table IIIc. Partial quantities for Fe in the liquid phase at 1873 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1873 K.
Fig. 3. Activities in the liquid phase at

�
=1873 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
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� � v �� / (J/(mol
'
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Fe 8 As / � � j j j � � � � � � � � � � 
 � j � � � � � � � � j �
Fe 8 As 8 � � 
 � � � � � 
 � � � � � � � � � � j ` � � � � � � �
Fe / As 8 � � h h ` � � � h � � � � � � 
 � � � � � � ` � � � � ` �
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As – Ga (Arsenic – Gallium)

Fig. 1. Calculated phase diagram for the system As-Ga (constrained system).

The As-Ga system is one of the most important of the group of III-V semiconductor systems used in
optoelectronic and high speed electronic device applications. An understanding of the phase diagram and
thermochemistry of this system is essential in order to model processes for the fabrication of these devices.
The phase diagram for the As-Ga system is very simple featuring a near stoichiometric compound GaAs
which melts congruently at 1510 K, complete miscibility within the liquid phase and negligible solubility
of Ga in rhombohedral As and of As in crystalline Ga. There is a eutectic on the As rich side of the system
at 1067 K and a eutectic on the Ga rich side of the system very close to the melting point of Ga itself.
The critically assessed dataset for this system is from the work of Chatillon et al. [90Cha]. The calculated
phase diagram is in very good agreement with the large number of measurements of the liquidus. The
thermodynamic properties of the system have been studied by Knudsen cell mass spectrometry and drop
calorimetry and are reproduced well by the critically assessed data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (As,Ga) 8
o

7
o

7 � As
? L

2
L

j
�

RHOMBOHEDRAL A7 As 8

AsGa
�

3 ZnS
& �

8
� �

3
�

B3 ZINCBLENDE Ga 8 As 8
o

11
o

11 � Ga �
v

8
v � &  

ORTHORHOMBIC A11 Ga 8
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Table II. Invariant reactions.

Reaction Type
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/ K Compositions / � � J �
� 
 / (J/mol)

liquid �� AsGa congruent � 
 � � � � � � 
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 � � � 
 j � h �
liquid ��

o
7 + AsGa eutectic � � h h � h � � � � ` � � � � � � � 
 � � � � h � 
 �

liquid �� AsGa +
o

11 degenerate j � � � � � � � � � � � 
 � � � � � � � � 
 
 � �

Fig. 2. Calculated phase diagram at 0.1 MPa. Fig. 3. Calculated partial pressures of gaseous species in
the phase equilibria of the constrained system.

Table IIIa. Integral quantities for the liquid phase at 1550 K.
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Table IIIb. Partial quantities for As in the liquid phase at 1550 K.
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Table IIIc. Partial quantities for Ga in the liquid phase at 1550 K.
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Fig. 4. Integral quantities of the liquid phase at
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Fig. 5. Activities in the liquid phase at
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.
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As – Ge (Arsenic – Germanium)

Fig. 1. Calculated phase diagram for the system As-Ge.

Data for the As-Ge system are required in order to model processes for the fabrication of optoelectronic and
high speed electronic devices. An understanding of the phase diagram and thermochemistry of this system
is essential for this purpose.
The As-Ge system is characterised by complete miscibility in the liquid phase, negligible solubility of As
in crystalline Ge (diamond structure), two intermetallic compounds GeAs and GeAs / , and a range of solid
solution of Ge in rhombohedral As. According to the selected SGTE assessment GeAs melts congruently
at 1028 K while GeAs / melts congruently at 1026 K. The solubility of Ge in rhombohedral As is not well
defined. According to [85Uga] this reaches 12 at.% at the eutectic temperature. In the selected dataset,
which was derived by Ansara and Dutartre [84Ans] this solubility has been ignored. The dataset was
based on experimental liquidus temperature and heat capacities of the compound phases. The two sets
of measurements of the vapour pressures in the system were in poor agreement and were not used in the
analysis.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (As,Ge) 8
o

7
o

7 � As
? L

2
L

j
�

RHOMBOHEDRAL A7 (As,Ge) 8

As / Ge
' ' ' ' ' '

� � * �
#  �

AS2GE As / Ge 8

AsGe
' ' ' ' ' ' � v

24
v

2
T �

ASGE As 8 Ge 8
o � o �

C(diamond)
& �

8
� -

j
�

DIAMOND A4 Ge 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid �� AsGe congruent � � � � � � � � 
 � � � � 
 � � � j � � � `

liquid �� As / Ge congruent � � � 
 � h � � j j j � � j j j � � � h � h

liquid �� As / Ge + AsGe eutectic � � � � � ` � � � � 
 � � j j j � � 
 � � � � � � 
 �
liquid �� AsGe +

o �
eutectic � � � � � ` � � 
 � h � � 
 � � � � � � � � j � 
 � �

liquid �� A7 + As / Ge eutectic � � � h � 
 � � � � j � � � � h � � j j j � � h � 
 �

Fig. 2. Calculated temperature-activity diagrams. Reference states: As(
�

� ), Ge(
� �

)

Table IIIa. Integral quantities for the liquid phase at 1300 K.
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Table IIIb. Partial quantities for As in the liquid phase at 1300 K.
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Table IIIc. Partial quantities for Ge in the liquid phase at 1300 K.
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Fig. 3. Integral quantities of the liquid phase at
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=1300 K.
Fig. 4. Activities in the liquid phase at
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � � � � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

As / Ge 8 � � j j j � j � � � � � j � ` � � j � j � � � � � �
As 8 Ge 8 � � 
 � � � � � � � � � � � ` � � � � � j � � � � h
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As – In (Arsenic – Indium)

Fig. 1. Calculated phase diagram for the system As-In (constrained system).

Data for the As-In system are required in order to model processes for the fabrication of optoelectronic
and high speed electronic devices based on III-V semiconductor systems. An understanding of the phase
diagram and thermochemistry of this system is essential for this purpose.
The phase diagram for the As-In system is very simple featuring a near stoichiometric compound InAs
which melts congruently at 1211 K, complete miscibility within the liquid phase and negligible solubility
of In in rhombohedral As and of As in crystalline In. There is a eutectic on the As rich side of the system
at 1005 K and a eutectic on the In rich side of the system very close to the melting point of In itself. The
critically assessed dataset for this system is from the work of Chatillon et al. [90Cha]. The calculated phase
diagram is in very good agreement with the large number of measurements of the liquidus. The thermody-
namic properties of the system have been studied by Knudsen cell mass spectrometry, drop calorimetry and
emf measurements and are reproduced well by the critically assessed data.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (As,In) 8
o

7
o

7 � As
? L

2
L

j
�

RHOMBOHEDRAL A7 (As,In) 8

AsIn
�

3 ZnS
& �

8
� �

3
�

B3 ZINCBLENDE In 8 As 8
o

6
o

6 In �
�
2

�
4

T � � �
TETRAGONAL A6 In 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid �� AsIn congruent � � � � � � � � 
 � � � � 
 � � � j � ` j �
liquid ��

o
7 + AsIn eutectic � � � � � ` � � � � j � � � � � � � 
 � � � � ` ` h �

liquid �� AsIn +
o

6 degenerate
� � � � � � � � � � � � 
 � � � � � � � � j � � j

Fig. 2. Calculated phase diagram at 0.1 MPa. Fig. 3. Calculated partial pressures of gaseous species in
the phase equilibria of the constrained system.

Table IIIa. Integral quantities for the liquid phase at 1250 K.
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Table IIIb. Partial quantities for As in the liquid phase at 1250 K.
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Reference state: As(liquid)

Table IIIc. Partial quantities for In in the liquid phase at 1250 K.
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Fig. 4. Integral quantities of the liquid phase at
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Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � � � � � � / (J/mol)
� � 
 � / (J/mol)

� � � � / (J/(mol
'
K))

� � v �� / (J/(mol
'
K))

As 8 In 8 � � 
 � � � � h ` � h � � � � � � � � � � � � � � � ` � h
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As – P (Arsenic – Phosphorus)

Fig. 1. Calculated phase diagram for the system As-P (constrained system).

An understanding of the thermodynamic data and equilibrium phase relationships for the As-P system is
essential in order to model processes for the fabrication of optoelectronic and high speed electronic devices
based on III-V semiconductor systems. The critically assessed data for the system are taken from the
assessment of Ansara and Chatillon reported in [94Ans]. Earlier assessments of data were published by
Kaufman et al. [81Kau] and Karakaya and Thompson [91Kar]. The phase diagram is characterised by
complete mixing in the liquid phase, appreciable solubility of P in As and of As in red P and the formation
of the intermediate AsP phase which itself exhibits a wide range of homogeneity. The experimental phase
boundary data show considerable scatter reflecting the high vapour pressure experienced along the liquidus
surface. No experimental thermodynamic data have been reported.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (As,P) 8
o ` o `

� As
? L � L j �

RHOMBOHEDRAL A7 As 8
AsP

' ' ' ' ' ' ' ' ' ' ' '
ASP (As,P) 8

P(red)
' ' ' ' ' ' ' ' ' ' ' '

P RED P 8
� P

' ' '
� P

& �

*
' ' '

P WHITE P 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � w �
� 
 / (J/mol)

o `
+ liquid �� AsP peritectic � 
 � � ` � � � � ` � � 
 � � � � � � � � � ` j j �

AsP + liquid �� P(red) peritectic � � ` � ` � � � 
 ` � � ` ` 
 � � h h � � � � j � �
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Fig. 2. Calculated partial pressures of gaseous species in the phase equilibria of the constrained system.

Fig. 3. Calculated phase diagram at
0.1 MPa.

Table IIIa. Integral quantities for the liquid phase at 1100 K.

� w � � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � ` � j � � � � � � � � � � � � �

� � � � � � j ` h j � � j � � � h � � � j � � � � � � � � � �

� � j � � � � 
 � � � � j 
 � � ` � � � j � � � � � � � � � �

� � � � � � 
 � � h � � � � 
 � 
 � h � � � � � � � � � � � � � �

� � 
 � � � 
 j j h � � � � 
 � ` h j � � � � � � � � � � � � � �

� � h � � � 
 � ` ` � ` � 
 � 
 � h � ` � � � � � � � � � � �

� � ` � � � � � � j h � j 
 � � ` � h � j � � � � � � � � � �

� � � � � � � � � 
 � ` � � � � h � � ` � � � � � � � � � � �

� � � � � � � ` � � � j j � � ` � j � j j � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: As(liquid), P(liquid)

Landolt-Börnstein
New Series IV/19B

SGTE



252 2 Binary Systems: As – P

Table IIIb. Partial quantities for As in the liquid phase at 1100 K.
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Table IIIc. Partial quantities for P in the liquid phase at 1100 K.
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Reference state: P(liquid)

Fig. 4. Integral quantities of the liquid phase at
�

=1100 K.
Fig. 5. Activities in the liquid phase at

�
=1100 K.
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As – Sb (Arsenic – Antimony)

Fig. 1. Calculated phase diagram for the system As-Sb (constrained system).

Data for the AsSb system are required in order to model processes for the fabrication of optoelectronic
and high speed electronic devices based on III-V semiconductor systems. An understanding of the phase
diagram and thermochemistry of this system is essential for this purpose.
The As-Sb system is characterised by complete solubility between the components in the liquid and in
the rhombohedral phase above 400 K. Below 400 K a miscibility gap is predicted skewed towards Sb
rich compositions, based on experimentally determined positive enthalpies of mixing. The thermodynamic
properties of the liquid phase have also been determined by emf and vapour pressure studies. The critically
assessed data selected are from Ohtani quoted by Ansara et al. [94Ans].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (As,Sb) 8
o

7
o

7 � As
? L

2
L j �

RHOMBOHEDRAL A7 (As,Sb) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid ��
o `

congruent � � � � � � � ` ` 
 � � ` ` 
 � � ` h h �

o `
��

o ` �

+
o ` � �

critical
� � j � j � � ` ` � � � ` ` � � � ` ` � �
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Fig. 2. Calculated phase diagram at
0.1 MPa.

Table IIIa. Integral quantities for the liquid phase at 1373 K.
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Reference states: As(liquid), Sb(liquid)
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Table IIIb. Partial quantities for As in the liquid phase at 1373 K.
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Reference state: As(liquid)

Table IIIc. Partial quantities for Sb in the liquid phase at 1373 K.

� � �
� �

� �
� 
 � �

� � � �
� �

� �
� �

� �
 � � � � �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � 
 � � � � ` � � � � � � ` � � � � � � � � 
 h
� � � � � � j � � � � � � 
 
 
 � � � � � � � � 
 h � � � ` � � � j � � � h � � � h � �

� � � � � � � � 
 � h � � � � � � ` � h ` 
 � j � ` j � 
 � ` � ` � � � 
 � � � ` 
 `
� � j � � � � 
 � � � � ` � � 
 
 � h � � � � � � h � � � j h � � � � h � � � � � �
� � � � � � � � � � � � � ` � ` � � � � � � j � � � j � � � � � � j � � � � � ` �
� � 
 � � � ` h � ` � � ` � 
 j � 
 j � � h h � � � � � � � � 
 � � � � � � �

� � h � � � 
 j � � � � � h � � � � � � � � � � � � � � ` � � h � h � � � � �

� � ` � � � j h � 
 � h � 
 � � � h j � 
 ` � � � � � j � � ` � � � � � � �
� � � � � � � � h � � � � h � � � � � � � j � � � j 
 ` � � � � � � � � � 


� � � � � � � � � � � j � � � ` � ` � � � � � � � � � � � � ` � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Sb(liquid)

Fig. 3. Integral quantities of the liquid phase at
�

=1373 K.
Fig. 4. Activities in the liquid phase at

�
=1373 K.
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Table IVa. Integral quantities for the stable phases at 600 K.
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Table IVb. Partial quantities for As in the stable phases at 600 K.
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Table IVc. Partial quantities for Sb in the stable phases at 600 K.
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Fig. 5. Integral quantities of the stable phases at
�

=600 K.
Fig. 6. Activities in the stable phases at

�
=600 K.

References

[94Ans] I. Ansara, C. Chatillon, H.L. Lukas, T. Nishizawa, H. Ohtani, K. Ishida, M. Hillert, B. Sund-
man, B.B. Argent, A. Watson, T.G. Chart, T. Anderson: Calphad 18 (1994) 177–222.

SGTE Landolt-Börnstein
New Series IV/19B



2 Binary Systems: Au – Bi 259

Au – Bi (Gold – Bismuth)

Fig. 1. Calculated phase diagram for the system Au-Bi.

According to the review of [83Oka], the phase diagram shows only one intermetallic compound, Au / Bi,
stable in a limited temperature range. From lattice parameter measurements, [35Jur] reported a very narrow
range of existence for the solid phase Au / Bi, which was described as stoichiometric. The reported enthalpy
of mixing shows very small deviation from ideality. The liquid was described by a simple substitutional
solution. The dataset has been derived from the critical assessment by Chevalier [88Che].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Bi) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Bi) 8

Au / Bi
v

15 Cu / Mg
& �

24
� - j �

AU2BI Au / Bi 8
o

7
o

7 � As
? L

2
L j �

RHOMBOHEDRAL A7 Bi 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / �
� �

�
� 
 / (J/mol)

fcc + liquid �� Au / Bi peritectic
h � ` � � � � � � � � � h h ` � � j j j � � j � `

liquid �� Au / Bi +
o

7 eutectic

 � � � j � � � h � � � j j j � � � � � � � � j j �

Au / Bi �� fcc +
o

7 eutectoid j 
 � � � � � j j j � � � � � � � � � � � � h � 
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for Bi in the liquid phase at 1400 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Au / Bi 8 � � j j j � � � � h � � � � 
 � � � � ` 
 �
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262 2 Binary Systems: Au – C

Au – C (Gold – Carbon)

Fig. 1. Calculated partial phase diagram for the system Au-C.

The Au-C system, for which very limited experimental information is available (reviewed by [84Oka]), is
presented by Massalski to a concentration of 6 at.% C only. The system displays eutectic behaviour in this
range. The present thermodynamic description [98Spe] reproduces the reported behaviour satisfactorily,
but should be viewed as being of only limited reliability.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,C) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 Au 8 (C, � ) 8

graphite
o

9 C(graphite)
?

� 4 � 6 3 T � � &
GRAPHITE C 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W �
� 
 / (J/mol)

liquid �� fcc + graphite eutectic � � ` h � � � � � � � � � � � � � � � � � � � � h � j
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
� W � � I � 
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Reference states: Au(liquid), C(graphite)

Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for C in the liquid phase at 1400 K.
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Reference state: C(graphite)

Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.
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Au – Cr (Gold – Chromium)

Fig. 1. Calculated phase diagram for the system Au-Cr.

Experimental phase boundary information is available for Au-rich alloys only. The phase diagram presented
by Massalski is therefore indicated as being uncertain in the Cr-rich range. The present thermodynamic
assessment [98Spe] reproduces the proposed diagram [85Oka] reasonably well, considering the limited
information available, but omits the �

�

phase reported as existing at low temperatures in Au-rich alloys.
The tabulated data should be regarded as of limited accuracy only.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Cr) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Cr) 8

bcc
o

2 W
& �

2
� � j �

BCC A2 (Au,Cr) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W
�

�

� 
 / (J/mol)

liquid + bcc �� fcc peritectic � � � � � h � � � � ` � � � ` ` � � 
 � � � � h � � �
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Table IIIa. Integral quantities for the liquid phase at 2200 K.
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Reference states: Au(liquid), Cr(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 2200 K.
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Table IIIc. Partial quantities for Cr in the liquid phase at 2200 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=2200 K.
Fig. 3. Activities in the liquid phase at

�
=2200 K.

Table IVa. Integral quantities for the stable phases at 1300 K.
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Table IVb. Partial quantities for Au in the stable phases at 1300 K.
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� � �
�

� 
 �
�

� � �
�

� ��
�

� ��
�

 �
�

� �
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � 
 h j � � � � � � � j j � � � � � � � � 
 j ` � � � h 
 � � � h �
� � � � � � j 
 
 � � j 
 ` � � � � � � 
 � � � � � � � � � ` � � � ` � � � � � � �

� � ` � � � 
 j � � � h � � ` � � � h � � � � 
 j � � j � 
 � � � � h � ` � � � h `
� � h � � � h � � � � � � j � � � � � � j � � j � � � 
 � � h � � � 
 j � � � � � `
� � 
 � � � h � � � � � � h � � � � � � 
 � � � � � � 
 � � � � � � 
 j � � � � � `

bcc
� � � � � � h � � � � ` � j � � � � � � 
 j h � � � � � � � ` j � � � 
 j � � � � ` � `
� � � � � � � � ` h � � � j ` 
 
 h � � 
 � j j 
 � � � � � j � � � � j

Reference state: Au(fcc)
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Table IVc. Partial quantities for Cr in the stable phases at 1300 K.

Phase � W
�

� � W
�

� 
 W
�

� � W
�

� � W
�

� �W
�

 W
�

� W
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � j � � 
 � � � � j � � � � h � � � ` � � � � � � � h ` �

� � � � � � � � j h j � � 
 h � 
 j � 
 � � � 
 � 
 � � 
 � 
 � h � � � 
 � � � 
 � �

� � � � � � � 
 � � � � � � � 
 � 
 � ` � ` � ` � ` � � ` 
 � � � 
 � � � � 
 `
� � j � � � � � � � h h � � ` � j � 
 � � � � 
 � � � h h h � � ` h j � � 
 � �
� � � � � � � � � � � j j � � � � � h � h � h � � � � ` � � � � � � � � 
 �

� � � � � � � � � � � j h 
 � � � � � � h ` � � � 
 j j � � � � j � � � � `

bcc
� � � � � � � � � 
 � � � 
 � � � � � � � � h � � � � j � � � � �

� � � � � � � j � � � � � � � 
 � � � � � j � � � � � � � � � �

Reference state: Cr(bcc)

Fig. 4. Integral quantities of the stable phases at
�

=1300 K.
Fig. 5. Activities in the stable phases at

�
=1300 K.
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Au – Cu (Gold – Copper)

Fig. 1. Calculated phase diagram for the system Au-Cu.

Au–Cu based alloys are encountered in jewelry, gold coins and dental alloys. In addition, this system is a
treasure for investigations on order/disorder phenomena in alloys. Au–Cu alloys are among the earliest sys-
tems in which order/disorder phenomena have been discovered. Since then, this system has been the subject
of intense experimental and theoretical studies. A comprehensive literature survey over the thermodynam-
ics and crystal structure data has been given by Okamoto et al. [87Oka]. The recommended thermodynamic
description of the system [98Sun] provides a compromise between the models which are presently available
for the Calphad-type modelling and the need to incorporate the ordering phenomena. The ordered phases
with

� � � and
� � / structure are described by a 4-sublattice model which becomes equivalent to a simple

substitutional model for the fcc-phase above the critical temperatures. The dataset has been optimised in
order to provide a good fit of the phase diagram over the whole composition and temperature range. In
addition, experimental mixing enthalpies as well as activities of Cu and Au in liquid and solid solutions
have been taken into consideration in the optimisation.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Cu) 8
fcc

o
1 Cu

& �
4

� � j �
FCC L102 (Au,Cu) 8

Au 3 Cu, AuCu 3 �
1 / Cu 3 Au

&
� 4 �

� j �
FCC L102 3(Au,Cu) 8 1(Au,Cu) 8

AuCu
�

1 � AuCu � � 4 � 4
T � � �

FCC L102 2(Au,Cu) 8 2(Au,Cu) 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � W
�

�
� 
 / (J/mol)

liquid �� fcc congruent � � � � � � � � � � � � � � � � � � � h � �
fcc �� AuCu congruent

h � � � � � � 
 � � � � 
 � � � � 
 � �
fcc �� AuCu 3 congruent

h 
 � � 
 � � ` j � � � ` j � � � ` � �
fcc �� AuCu + AuCu 3 eutectoid


 ` � � � � � h j j � � 
 � h � � h h h � � � ` `
fcc + AuCu �� Au 3 Cu peritectoid


 � � � ` � � j � 
 � � � � � � � j � h � � h �

Table IIIa. Integral quantities for the liquid phase at 1400 K.
� W

�

� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � 
 
 � ` � � � h � � � 
 � � � � � � j � � � � � � � � � � �

� � � � � � � 
 ` 
 � j � � � � � � � � � j ` 
 � � � � � � � � � � � �

� � j � � � � � 
 � � � 
 j � � 
 � � ` � � 
 � ` j � � � � � � � � � �

� � � � � � � � 
 
 � � h � j 
 
 � � � � � h ` � � � � � � h � � � � �

� � 
 � � � � 
 j � � � h � ` 
 h � � � j � ` j � 
 � � � 
 � � � � � �

� � h � � � � 
 � � j � h � � � 
 � � � � � ` � ` � � � � � h � � � � �

� � ` � � � � j j ` � � h � j � 
 � � ` � � h � h � � � � � � � � � � �

� � � � � � � � � � j � � ` � h � � � � � � � h 
 � � � � � � � � � � � �

� � � � � � h � ` � � � h 
 � � � 
 � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Au(liquid), Cu(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
� �

�

� � �
�

� 
 �
�

� � �
�

� ��
�

� ��
�

 �
�

� �
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � j j � � ` h j � � h � � � � � j � � � � � � � � � �
� � � � � � � 
 � ` � j � � � � 
 ` h � � � � � � ` � � � � � � � � � � �
� � ` � � � 
 � 
 
 � � j � � � � h 
 � � � � j � � � j � j � � h � � � � � � 


� � h � � � � � ` h � j � � j � � � � h � � � j � � � � � j � � � � h h � � ` ` `
� � 
 � � � � � � � � � 
 ` � j h � � � j � h � � j � � � 
 � � � � � 
 � � 
 � �

� � � � � � � � � j � � � j ` 
 � � j j � � � � j ` j � � ` � j � � � h � � � � � �

� � j � � � � � � � 
 � � j ` 
 h � � � � � � � � 
 � � � � � � j � � � � � � � � � ` �
� � � � � � j � ` j ` � � � ` j � � � � � � � � � � � � j � � � � � � � � j h � � � ` �
� � � � � � 
 � h 
 ` � � j � � � � � � � � � � � j � 
 
 � � � � � ` � � � � j � � � � �
� � � � � � � � � � � j � � � � 
 h j � � � � 
 � � � � � � � � � � � �

Reference state: Au(liquid)
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Table IIIc. Partial quantities for Cu in the liquid phase at 1400 K.
� W

�

� � W
�

� 
 W
�

� � W
�

� � W
�

� �W
�

 W
�

� W
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � h ` � � � � h � ` � � � � 
 � � � � � � � � � � � �
� � � � � � � h � h � � � � j � j � � � � � � � � � � 
 ` � � � � � ` � � � � � � � � � �
� � � � � � j ` 
 � h � � ` 
 � � � � � � � � � � � ` � � � � � � � � � � � � � � � � �
� � j � � � j � � 
 � � � � h � j � � � � � � � � h � j � � � � j � � � � ` 
 � � � 
 �

� � � � � � � j � � � � � � � � � � � j j � � � � � � h � � ` � j � � � j � � � j � �

� � 
 � � � � h 
 ` h � � � 
 � h � � � j � � 
 � � � � � 
 � � � � � � � � � � �
� � h � � � � � � � 
 � 
 � j � � � � � h � 
 � � � � � � � j � � � j � � � � h � �
� � ` � � � h 
 � ` � � � ` � � � h 
 � � � � j h � � � j � j � � 
 h � � � � � �
� � � � � � j � � � � � � � j � � 
 ` h � � � � � � � � ` � � � ` � 
 � � � j �
� � � � � � � j � ` � � ` � � � ` h j � � � � � � � � � j � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Cu(liquid)

Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.

Table IVa. Integral quantities for the stable phases at 800 K.

Phase � W
�

� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

fcc
� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � j � � j � � � h � � � � j � � � � 
 � � � � � h � � � � � j
� � � � � � 
 � h ` � � ` � � j � � ` � � � h j � � � � � � ` � � ` 
 �
� � j � � � ` � � � � j � � � 
 � � � � � j � j h � � � � � � � � � h
� � � � � � � � j � � � ` � 
 
 � ` � � � � � 
 � � � � � j � � � � `
� � 
 � � � � � � 
 
 � 
 j � � h � � j � � 
 
 � � � � � ` 
 � � � ` �

� � h � � � � � � � � � 
 � � � 
 � ` � � � 
 
 h 
 � � � � j � � � � `
� � ` � � � � � � � � � � � j 
 � � � � � � � j � � � � � � � � � � h
� � � � � � h � � � � j � � � j � � ` � � j h ` � � � � � � ` � � ` 
 �
� � � � � � � � h ` � � � � h � � � j � � � � � � � � � � h � � � � � j

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Au(fcc), Cu(fcc)
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Table IVb. Partial quantities for Au in the stable phases at 800 K.

Phase �
�

�

� � �
�

� 
 �
�

� � �
�

� ��
�

� ��
�

 �
�

� �
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � 
 � � � 
 � � � h h 
 � � � � � � � � � � � � � 
 � � � � `
� � � � � � � j ` � � j � � � � j � 
 � � � � � � 
 j � � � � � � � � � � `
� � ` � � � � ` � j � � ` � � � j j � � j ` � � � � h � ` � � h h � � � � � h
� � h � � � 
 � � � � � � � � j � � � � � � h � � � � � j � � � � � h � � � ` � �
� � 
 � � � � 
 � j � j ` � j h � � j � � j � j j � � � ` 
 � � � ` ` � � 
 
 �

� � � � � � � j � � � � h 
 � � � � h � � � ` j j � � � � j � � � � j j � � j j �
� � j � � � � � h 
 j � � � � � j � � � 
 j ` � � � h � 
 � � 
 � h � � � 
 � � � � ` �

� � � � � � � h � � h � � 
 � ` � � � � 
 h � � � h � � � � � � � ` � � � � � � � � � �
� � � � � � j � � h � � � � ` � h � � � � � � � � � � 
 � � � � ` � j � � � � h � � � 
 h
� � � � � � � � � � � � � � � � ` � � j � 
 � � � � � � � � � � � � h �

Reference state: Au(fcc)

Table IVc. Partial quantities for Cu in the stable phases at 800 K.

Phase �
W

�

� � W
�

� 
 W
�

� � W
�

� � W
�

� �W
�

 W
�

� W
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

fcc
� � � � � � � � � 
 � ` � � � � � � � j � 
 � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � j 
 � � � � � ` � j � � � � j � � � j �
� � � � � � � � j 
 � � � � h � h � � � 
 h � � � j h � h � � � � ` � � � � h � � � � �
� � j � � � � � � h � � � � � j � � � � 
 j ` � � � � 
 � � � 
 � h � � � � � � � � 
 �
� � � � � � � h � � 
 � � � � h � � h � � � � � j � � � � j � � � � � � � � � � 


� � 
 � � � � � ` h h � h � j h h � � j � � ` � 
 h � � � ` 
 � � � ` � � � j � �
� � h � � � ` ` � j � � h h � j � � � � � � j � 
 � � � j � � � � j � � � � 
 � `
� � ` � � � � � j ` � � 
 h h � � j j � � � � h 
 � � � h � ` � � 
 � j � � ` j j
� � � � � � � � � � � � � � � � j � 
 � 
 
 ` � � � 
 j � � � ` j h � � � � �

� � � � � � h � � � � 
 ` � � h h 
 � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Cu(fcc)

Fig. 4. Integral quantities of the stable phases at
�

=800 K.
Fig. 5. Activities in the stable phases at

�
=800 K.
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Au – Ge (Gold – Germanium)

Fig. 1. Calculated phase diagram for the system Au-Ge.

This system is of interest for the electronic industry. An assessment has been provided by Chevalier
[89Che]. The phase diagram is of a simple eutectic type, with a deep eutectic in the gold rich side. The solid
solution of Ge in Au is going up to 3.1 at.% at the eutectic temperature, but the solubility of Au in Ge is
negligible. Two types of metastable phases obtained by splat cooling have been reported for compositions
of Ge in the range from 17.5 to 22.5 at.% [64Luo, 65Ana].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Ge) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Ge) 8

o � o �
C(diamond)

& �
8

� - j �
DIAMOND A4 Ge 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

liquid �� fcc +
o �

eutectic
h j j � 
 � � � � � � � � j � � � � � � � � j � � �
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
� � � � � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � 
 � � � ` � � � � � 
 
 � 
 � h ` � � ` 
 � � � � � �

� � � � � � � j � � � � � � j � ` � � � � � � � h ` � � � 
 � � � � � �

� � j � � � � h h � � � � 
 ` h � � h � j � � 
 j ` j � 
 � � � � � � �

� � � � � � � ` 
 h � � � h � � � � � � j � � ` � h j � 
 � ` � � � � �

� � 
 � � � � ` � h j � � 
 � 
 � � � j 
 � � � � 
 j � � ` � � � � � �

� � h � � � � 
 ` � � � � � ` � � � j � � � ` � � � � � ` � h � � � � �

� � ` � � � � j � ` � � j j � ` ` � � 
 � � h j h ` � � � ` � � � � � �

� � � � � � � � j ` � � � � � j 
 � ` ` � � � 
 � 
 � � h � � � � � � �

� � � � � � h � j h � � � � � j � h � � � � � 
 � � � � ` � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Au(liquid), Ge(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
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 j � � � h j � � � � �
� � � � � � j � � � � � � � 
 j � � � � 
 j h � � � � � � h � � 
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� � � � � � � � � 
 � � � � � h � j ` � j � � h � � � � � � � � � � �
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Table IIIc. Partial quantities for Ge in the liquid phase at 1400 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.
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Au – In (Gold – Indium)

Fig. 1. Calculated phase diagram for the system Au-In.

The thermodynamic assessment of this system by [92Ans] provides good agreement with the invariant re-
actions indicated in the phase diagram presented by Massalski [90Mas]. In this system several intermetallic
phases with narrow homogeneity range transform between high- and low-temperature modifications but due
to the lack of sufficient data they have been modelled as only one phase. Therefore, the phases O / O

�

, � / �

�

and � / � �

are represented by the line compounds Au 3 @ In 8 8 , Au 3 In and Au = In, respectively. Similarly, the
�

phase with a broader stability range is also described as a stoichiometric compound, Au 3 8 In 8 @ . However,
the thermodynamic modelling still allows the thermodynamic properties of this complex system to be de-
scribed with some accuracy and allows portions of the diagram indicated by Massalski as being uncertain
to be presented with greater confidence. The system displays significant negative departures from ideality.
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Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,In) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,In) 8

Au = In � 0 / � Ni 3 Ti
?

� 16 � 6 3 T � � &
AUIN ALPHA1 (Au,In) 8

or
o

3
�

or � La or
?

� 4
hcp

o
3 Mg

?
� 2 � 6 3 T � � &

HCP A3 (Au,In) 8
Au 3 @ In 8 8 ' ' '

Cu 3 3 Sb
?

� 26 � j AU4IN Au 3 @ In 8 8
or Cu 8 � Sb 3 or

?
� *

Au 3 In �
� J O Cu 3 Ti � � 8 �

� �
� AU3IN Au 3 In 8

Au = In 3 ' ' '
Au = In 3 ?

� 60 � j AU7IN3 Au = In 3
Au 3 8 In 8 @ � 5 8 3 Al 3 Ni / ?

� 5 � �

�  
D513 AUIN Au 3 8 In 8 @

AuIn
' ' ' ' ' '  

� *
' ' '

AUIN Au 8 In 8
AuIn / v

1 CaF / & �
12

� � j �
C1 AUIN2 Au 8 In /

o
6

o
6 In �

�
2

�
4

T � � �
TETRAGONAL A6 In 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � � �
� 
 / (J/mol)

fcc + liquid �� Au = In peritectic � j � � � � � � � � � � � � � � � � j � � � 
 � �
Au = In + liquid �� hcp peritectic � � ` � � � � � � � � � � � � � � � h j � � h 
 `

liquid �� AuIn / congruent � � � � � � � h h ` � � h h ` � � � � 
 


liquid �� AuIn congruent
` � j � j � � 
 � � � � 
 � � � � � � �

liquid �� AuIn + AuIn / eutectic
` ` � � j � � 
 � ` � � 
 � � � � h h ` � � � h � �

hcp + liquid �� Au 3 In peritectic
` h 
 � ` � � � � 
 � � � � h � � � 
 � � � � h h

Au 3 In + liquid �� Au = In 3 peritectic
` 
 � � � � � � 
 � � � j � � � � j � � � 
 � � �

liquid �� Au 3 8 In 8 @ congruent
` j � � h � � j � � � � j � � � 
 � � �

liquid �� Au 3 8 In 8 @ + AuIn eutectic
` � j � � � � � � � � � j � � � � 
 � � � 
 � � �

liquid �� Au = In 3 + Au 3 8 In 8 @ eutectic
` � � � � � � j 
 � � � j � � � � j � � � 
 � � j

hcp + Au 3 In �� Au 3 @ In 8 8 peritectoid

 � � � � � � � � � � � � 
 � � � � � � � � � j

Au 3 8 In 8 @ �� Au = In 3 + AuIn eutectoid
� � h � h � � j � � � � j � � � � 
 � � � � � j

Au = In �� fcc + hcp eutectoid
� j � � � � � � � � � � � h h � � � � � � � � �

liquid �� AuIn / +
o

6 eutectic
� � � � � � � � � � � � h h ` � � � � � � j j � �
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
� � �

� � I � 
 I � � I � �I � �I � v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
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� � � � � � � � j j j � � h ` � � � � 
 � � � � � � � � � j � � h � � � � � j
� � 
 � � � � � � � � � � h h 
 ` j � � 
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Reference states: Au(liquid), In(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
�

�
�

� � �
�

� 
 �
�

� � �
�

� ��
�

� ��
�

 �
�

� �
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � 
 � � � 
 � � � � � j h � � � � 
 
 � � � 
 �

� � � � � � � � � ` � � � j ` � � 
 
 ` � � j � � � � � � � � � � h 
 
 � � � � �
� � ` � � � � � h � � � ` � ` � � j � � � 
 � � � � � � 
 h � � � � 
 � � � h � 


� � h � � � � � � � 
 � � � � � � � � j � � � � � � � � j � � j 
 � � � ` � � � � h h
� � 
 � � � � � h ` � � � � � � � � � 
 � � � � j h � � � 
 � � h � � � � 
 
 � � j � �
� � � � � � � � � j � � � ` h � � � � 
 � � � � � � ` j � h � � � � � � � ` ` � � � � j
� � j � � � j � 
 j � � j � � � � j � ` � h � � 
 
 � � � h � � h � � � � j � � � � � �
� � � � � � 
 � j � � � � � 
 � � ` � ` � � � j � 
 ` � � 
 � h h j � � � � � � � � h �
� � � � � � h ` � ` � � � 
 � j � � 
 � � h ` � � � � h � � j � � ` � � � � � j � � � j �
� � � � � � � � � � � � � � � � � 
 j � � � � � ` 
 � � � � � � � � � 


Reference state: Au(liquid)

Table IIIc. Partial quantities for In in the liquid phase at 1400 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Au 3 @ In 8 8 � � � � � � � � � ` � � � ` h � � � j � � � � � � �

Au 3 In 8 � � � 
 � � � � ` � � � � � � 
 
 � � � h h � � � � �

Au = In 3 � � j � � � � j 
 � j � � � � j h � � � j ` � � � � �

Au 3 8 In 8 @ � � j � � � � 
 � � � � � � � � 
 � � � � j � � � � �

Au 8 In 8 � � 
 � � � � � � � � � � � h j � � � � � � � � � � � �

AuIn / � � h h ` � � j � � � � � h ` j � � � � � � � h � � � � �
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Au – Pb (Gold – Lead)

Fig. 1. Calculated phase diagram for the system Au-Pb.

The Au-Pb system is characterised by three peritectically forming compound phases, which in the ther-
modynamic assessment of the system by [86Nab] are modelled as being of stoichiometric composition.
There is good agreement of calculated invariant reactions with those presented in the phase diagram due to
Massalski.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Pb) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Pb) 8

Au / Pb
v

15 Cu / Mg
& �

24
� - j �

AU2PB Au / Pb 8
AuPb / v

16 Al / Cu �
�
12

�
4

T � & �
AUPB2 Au 8 Pb /

AuPb 3 ' ' '
� V 3 S �

�
32

� �
2

�
AUPB3 Au 8 Pb 3

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � w
�

�
� 
 / (J/mol)

fcc + liquid �� Au / Pb peritectic
` � j � � � � � � � � � � � 
 � � j j j � ` � j �

Au / Pb + liquid �� AuPb / peritectic

 � h � j � � j j j � � ` j � � � h h ` � 
 
 ` j

AuPb / + liquid �� AuPb 3 peritectic
� � 
 � � � � h h ` � � � � � � � ` 
 � � � � j �

liquid �� AuPb 3 + fcc eutectic
� � ` � � � � � � 
 � � ` 
 � � � � � � � � � h �
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
� w �

� � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 �

� � � � � � ` ` � � � j � � � j � � j � � � � � 
 � � � � � � � j � � � h
� � j � � � � h 
 � � j � � ` � � 
 � � � � 
 � � � � � � � � � � � ` � �
� � � � � � � � � � ` � � h � h 
 � � j h � � � � j � � � � � � � � � � �
� � 
 � � � � � � � � � � h � ` h � � 
 � � j � � � � � � � 
 � � � � �
� � h � � � � � � 
 ` � 
 � 
 ` � � 
 � � j � � j � � � h j � � � � j
� � ` � � � � � � 
 � � � ` � � � � � � ` � � � � j � � j � � � `
� � � � � � � � � � � � ` ` h � � � � � � � ` h � � j � j j � 
 � 


� � � � � � 
 � j � � � � 
 � � j � � � � � 
 � � � h � � � � h h �
� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Au(liquid), Pb(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
�

�
�

� � �
�

�



�
�

� � �
�

� ��
�

� ��
�

 �
�

� �
�

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � j � h � h � j � � � � � � � � � � � j � h � � � � j � � � � �
� � � � � � � � ` � � � � � ` � � 
 � � � j � � � � � j � � � � ` ` � � � � h �
� � ` � � � 
 � h � � � � � � � � h � � � � � � � � � j � j � � h � ` � � � � 


� � h � � � ` h 
 � � h � � 
 � � � h j � � ` � � � j � � � � � � 
 � � � � � h �

� � 
 � � � � � � � j � ` � � 
 � � h j � � � � � � � j � � � � � � j � j � � ` � 


� � � � � � � � � � � � ` � h 
 
 � 
 � h � � � h j � � � � ` j � � � ` ` � � h � j
� � j � � � � � � � � � 
 � � � � � � 
 � � � h � � � � � � � � � � � ` � � � 
 � j
� � � � � � � ` � h j � � j ` 
 � � � j � � � � j � � � � � h ` � � � � � � � � � �
� � � � � � j ` � � � 
 � 
 � j � � � � h � � � � � 
 � � � ` h � � � � j � � � j � �
� � � � � � � � 
 h � ` � � � � � � 
 � � � � � � � � � � � � � � � h

Reference state: Au(liquid)

Table IIIc. Partial quantities for Pb in the liquid phase at 1400 K.
� w �

� � w �
�


 w �
� � w �

� �w �
� �w �

 w � � w �
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � ` � � � � � � � 
 ` � � � � 
 � ` � � � � � � � j � �

� � � � � � j h j � h � � h � � � � � � � � � � � 
 � j � � � h h j � � � � � � � � j �
� � � � � � � h h � � � ` � 
 h � � � � � j � ` � 
 � � � h � � � � � � � � � 
 � 


� � j � � � � � j � � � � � 
 � � j � � � � � h j ` ` j � � � j � � � ` j � � 
 ` �
� � � � � � � 
 
 h � � � � j � � � � � h � � � � h 
 � � � ` � � � h j � � h 
 `
� � 
 � � � � � h � 
 j � � � � � � � � j � j 
 � h 
 � j � � � � j h � � � ` j `
� � h � � � � j � � j � � � � � ` j � � � j h j � � � � h � � � � � � � � � h
� � ` � � � 
 
 j � j � � j h � � � ` � � j � � j � � j � � � h � � � � � � �
� � � � � � j � j 
 � h � � j � 
 � � � h j � � � h h � � � ` 
 ` � � � � `
� � � � � � � j � � 
 � � � � j 
 � � � h 
 � � � � j � � � � ` � � � � h

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Pb(liquid)
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � w �
� � �

� / (J/mol)
� �


 � / (J/mol)
� � �

� / (J/(mol
'
K))

� � v
�� / (J/(mol

'
K))

Au / Pb 8 � � j j j � � � � � � � 
 � � � � j 
 h � � � � � �

Au 8 Pb / � � h h ` � � � 
 � � � � ` � � � � j ` 
 � � � � �

Au 8 Pb 3 � � ` 
 � � � 
 � ` � � h 
 h � � � � � � � � � � �

References

[86Nab] J.-P. Nabot: Thesis, INPG, Grenoble, 1986.
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Au – Pd (Gold – Palladium)

Fig. 1. Calculated phase diagram for the system Au-Pd.

The system displays a complete range of solid and liquid solutions with a narrow solidus- liquidus gap. The
phase diagram and the compilation of data presented by [85Oka] have been used as basis for the present
thermodynamic assessment [98Spe], but the reported ordering around the compositions Au 3 Pd, AuPd and
AuPd 3 has not been described. There is good agreement of the calculated solidus/liquidus boundaries with
those in Massalski’s diagram and the negative deviations from ideality in the solid phase are consistent with
the reported ordering behaviour.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Pd) 8

fcc
o

1 Cu
& �

4
� �

j
�

FCC A1 (Au,Pd) 8
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Table IIa. Integral quantities for the liquid phase at 2000 K.
� w �

� � I �

 I � � I � �I

� �I
� v 

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � �

� � � � � � h � � h � j � h � � � 
 ` j � � � � � � � � j � � � � � �

� � � � � � � h � � � 
 � � � � � � � h � � j ` � � � � � ` 
 � � � � �

� � j � � � � � � � h � h j � � � � ` � j � � ` � � � � � � � h � � � � �

� � � � � � � j � � h � h ` � � j � � � j � � � � � � � � � � j � � � � �

� � 
 � � � � j � � h � h 
 � � j � � 
 � � � � � � � � � j � 
 � � � � �

� � h � � � � � � � 
 � 
 ` h � j � 
 � j � � ` j � � � � � � j � � � � �

� � ` � � � � � h � 
 � � h � � j � � � � � � � � ` � � � 
 � ` � � � � �

� � � � � � � j ` � � j � � � j � � � 
 � � � � � � � � � ` h � � � � �

� � � � � � 
 � h h � � h � � � � � ` j � 
 h � � � � 
 j � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Au(liquid), Pd(liquid)

Table IIb. Partial quantities for Au in the liquid phase at 2000 K.
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[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � ` � � 
 � � � � h ` h � � � � � � � � � � � � � � � � � � � j
� � � � � � � � h � � � � � � � � � � � � � 
 � � � � ` j 
 � � ` ` � � � � ` j
� � ` � � � h � � � � j � h � � � � h � � � 
 � � � � 
 � � � � h h � � � � � �

� � h � � � � � � ` � � h � � � � � � j � � � 
 � � � � � � � � � � 
 � 
 � � � � �
� � 
 � � � � j � j � � � � � � � � � � ` � � j � � � j � j � h � � � j 
 � � � ` �

� � � � � � � � j � � � � � 
 � � j � � � � � j � � � � � � � � � � � j j � � � � j �
� � j � � � � j � � � � � j ` � � 
 � � � � � j � h ` � � � � � h � � � j � � � ` � j
� � � � � � j � j � h � � 
 j h � � � � � j � � h � j � 
 � j h � � � � 
 � � � ` 
 `
� � � � � � � j 
 � � � � h � � � � j � h � � � 
 j � � � 
 � � � h � � � ` j � � ` � `
� � � � � � � � � h � � � � � 
 � � 
 � 
 � � 
 � � � � � � � � ` � �

Reference state: Au(liquid)

Table IIc. Partial quantities for Pd in the liquid phase at 2000 K.
� w �

� � w �
�


 w �
� � w �

� �w �
� �w �

 w � � w �
[J/mol] [J/mol] [J/(mol

'
K)] [J/mol] [J/(mol
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 � � � � � � � 
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� � � � � � � ` 
 � h � ` � � � 
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Reference state: Pd(liquid)
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Fig. 2. Integral quantities of the liquid phase at
�

=2000 K.
Fig. 3. Activities in the liquid phase at

�
=2000 K.

Table IIIa. Integral quantities for the stable phases at 1300 K.
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 j � � � � � �

� � � � � � � � � � � � � � � � � � � � � � �

Reference states: Au(fcc), Pd(fcc)

Table IIIb. Partial quantities for Au in the stable phases at 1300 K.
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 � j h � � � � ` � � � j � �
� � � � � � j h 
 � � � � � ` � j � j � h � � � � � ` � j � 
 � � � h � � � j � � � j j �
� � � � � � � � � ` h � � � � � � � � j � 
 � � 
 � � � � � � � � j 
 �

Reference state: Au(fcc)

Landolt-Börnstein
New Series IV/19B

SGTE



286 2 Binary Systems: Au – Pd

Table IIIc. Partial quantities for Pd in the stable phases at 1300 K.
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Reference state: Pd(fcc)

Fig. 4. Integral quantities of the stable phases at
�

=1300 K.
Fig. 5. Activities in the stable phases at

�
=1300 K.
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Au – Rh (Gold – Rhodium)

Fig. 1. Calculated phase diagram for the system Au-Rh.

Experimental information for the Au-Rh system is very scarce. Available results are incorporated in the
uncertain phase diagram proposed by Okamoto and Massalski [84Oka], which indicates restricted solid
solubility of the components and an extensive miscibility gap in the liquid phase. The present assessment
[98Spe] results in a calculated phase diagram which reproduces all the features proposed in the diagram of
[84Oka], but with a miscibility gap with a lower critical temperature.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Rh) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Rh) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / �
� �

�
� 
 / (J/mol)

liquid �� liquid
�

+ liquid
� �

critical � � � � � ` � � 
 � � � � 
 � � � � 
 � � �

liquid �� liquid
�

+ fcc monotectic � � j 
 � ` � � � ` � � � � � � � � � � j � � h 
 � h

liquid + fcc �� fcc
�

peritectic � j � j � � � � � � � � � � � ` � � � � h � � � j h �
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Table IIIa. Integral quantities for the liquid phase at 2500 K.
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Reference states: Au(liquid), Rh(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 2500 K.
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Reference state: Au(liquid)

Table IIIc. Partial quantities for Rh in the liquid phase at 2500 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=2500 K.
Fig. 3. Activities in the liquid phase at

�
=2500 K.
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Au – Ru (Gold – Ruthenium)

Fig. 1. Calculated phase diagram for the system Au-Ru.

There is only very limited experimental information available for the Au-Ru system. Okamoto and Mas-
salski [84Oka] have incorporated this rather uncertain data into a proposed phase diagram which indicates
very limited solubility of Ru in Au and a small miscibility gap in the liquid phase. The present assessment
[98Spe] reproduces the main features of the diagram in [84Oka], but results in a miscibility gap with a
smaller concentration range.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Ru) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Ru) 8

hcp
o

3 Mg
?

� 2 � 6 3 T � � &
HCP A3 (Au,Ru) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / �
� �
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 / (J/mol)

liquid �� liquid
�

+ liquid
� �

critical � � h � � � � � 
 � � � � 
 � � � � 
 � � �

liquid �� liquid
�

+ hcp monotectic � j ` � � � � � h h h � � j j � � � � � � � � j j 
 �
liquid �� fcc + hcp peritectic � j j � � � � � � � � � � � � h � � � � � � � � � � �
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Table IIIa. Integral quantities for the liquid phase at 2700 K.
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Reference states: Au(liquid), Ru(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 2700 K.
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Table IIIc. Partial quantities for Ru in the liquid phase at 2700 K.
�

� �

� �
� �

� 
 � �

� �
� �

� �
� �

� �
� �

 
� �

�
� �

[J/mol] [J/mol] [J/(mol
'
K)] [J/mol] [J/(mol

'
K)]

� � � � � � � � � � � � � � � � � � � � � � � � � � � � h � � � �
� � � � � � � � � � � j j � � � � � � � � 
 j j � � � � � � � � � � � j � � � j � �

� � � � � � � � � � � h � � � � j � j � � � h � � � � � � � � � � h � � j � � � �
� � j � � � h � j � � � � � � � � � � � � � � � � � � � � � � � � ` j � � � � � `
� � � � � � 
 � � � � � ` h � ` � h � � � � ` h � � � � � � � � ` ` � � � � j �

� � 
 � � � 
 j � � � � � 
 � 
 � ` h j � � � 
 � � � � � � � � ` � � � � 
 ` �
� � h � � � � � � � h 
 h � � � � � ` h 
 h � � � � � � � � � � � � � j j �
� � ` � � � � j � ` j h � � � � � h h j h � � � � � � � � � � � 
 � � � ` �
� � � � � � j j h � � h � � � � � 
 
 � h � � � � � � � � � � h � � � � ` h
� � � � � � � � 
 
 � � � � � � ` h � � � � � � � � � � � � ` � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � �

Reference state: Ru(liquid)

Landolt-Börnstein
New Series IV/19B

SGTE



292 2 Binary Systems: Au – Ru

Fig. 2. Integral quantities of the liquid phase at
�

=2700 K.
Fig. 3. Activities in the liquid phase at

�
=2700 K.
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Au – Sb (Gold – Antimony)

Fig. 1. Calculated phase diagram for the system Au-Sb.

The gold antimony system is of interest for solders, used in the electronic industry. The terminal gold-phase
is modelled by a substitutional solution. Since there is no significant solubility of gold in antimony, this
phase is treated stoichiometric. In the system, only one intermetallic phase is found, AuSb / , which is de-
scribed as a stoichiometric compound. The values for the invariant equilibria from the selected assessment
[89Che] are in good agreement with data reported by [86Leg, 90Pri].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Sb) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Sb) 8

AuSb /
v

2 FeS / &
� 12 �

 j AUSB2 Au 8 Sb /
o

7
o

7 � As
? L

2
L j �

RHOMBOHEDRAL A7 Sb 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid + A7 �� AuSb / peritectic
` j � � � � � h h � � � � � � � � h h ` � � � � � �

liquid �� fcc + AuSb / eutectic
h j � � j � � j � � � � � � � � � h h ` � � � ` � �
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Reference states: Au(liquid), Sb(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for Sb in the liquid phase at 1400 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Au 8 Sb / � � h h ` � � � 
 � � 
 � � � � j � � � � � � h � �
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Au – Si (Gold – Silicon)

Fig. 1. Calculated phase diagram for the system Au-Si.

The Au-Si system has been critically assessed by Chevalier [89Che]. The phase diagram, reported by
Okamoto and Massalski [83Oka], is a simple eutectic. It shows a complete mutual solubility in the liquid
phase which is described by a simple substitutional model. The terminal solid phases are represented by
practically pure elements.
The calculated liquidus is in satisfactory agreement with the experimental one determined by chemical anal-
ysis of gravity-segregated eutectic liquid [61Hea], thermal analysis [67Ger, 75Pre], equilibration of speci-
mens at temperatures above and below the liquidus line followed by quenching into iced brine [75Ana]. The
agreement between experimental and calculated data is better on the Si-rich side of the eutectic composition
than on the other side.
The calculated enthalpy of mixing of the liquid phase agrees with the calorimetric results [83Has]. The
calculated activities of the elements in the liquid phase are in good agreement with data from Knudsen-
experiments [78Ber].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Si) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Si) 8

o � o �
C(diamond)

& �
8

� - j �
DIAMOND A4 Si 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
�

�
� 
 / (J/mol)

liquid �� fcc +
o �

eutectic
h j h � ` � � � � h � � � � � � � � � � � � � h h 
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Table IIIa. Integral quantities for the liquid phase at 1700 K.
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Reference states: Au(liquid), Si(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1700 K.
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Table IIIc. Partial quantities for Si in the liquid phase at 1700 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1700 K.
Fig. 3. Activities in the liquid phase at

�
=1700 K.
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Au – Te (Gold – Tellurium)

Fig. 1. Calculated phase diagram for the system Au-Te.

According to the review of [84Oka] the system shows only one intermetallic compound and no terminal
solid solution. The optimisation by [94Feu] is accepted here. The shape of the liquidus [10Pel, 65Cab,
77Ber, 94Feu] depicts a tendency for de-mixing on the gold-rich side in agreement with the positive en-
thalpy of mixing of the melt encountered in the same composition range [77Ber]. Heat capacity measure-
ments in good agreement were reported by [71And] and [76Ita], while another value, significantly higher
than that of the others was not used in the optimisation. Starting with the whole literature data set, a sig-
nificantly lower mean square of error was obtained by removing the partial vapour pressure measurements
carried out at 1281 K by [75Pre] and the enthalpies of mixing measured at 1200 K by [77Ber]. These two
investigations, carried out at high temperature, may be inaccurate due to evaporation problems. The same
observation occurred with

v
� measurements in liquid AuTe / by [76Ita] who found a small positive excessv

� value which is in complete disagreement with the evolution of the enthalpy of mixing observed for the
composition � � �

� � � j j j . This is not large enough to model the liquid phase with the associated solution
model. The liquid was thus modelled using the general Redlich-Kister polynomial.

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Te) 8
fcc

o � Cu
& � � � � j �

FCC A1 Au 8
AuTe / v

34 AuTe / � v h v � T �
AUTE2 Au 8 Te /

o � o � � Se
?

� j � j 8 � � HEXAGONAL A8 Te 8
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Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � � �
�

� 
 / (J/mol)

liquid �� AuTe / congruent
` j h � ` � � h h ` � � h h ` � � ` j � j

liquid �� fcc + AuTe / eutectic
` � � � � � � 
 � 
 � � � � � � � h h ` � � h � � �

liquid �� AuTe / +
o � eutectic

h � � � � � � � ` h � � h h ` � � � � � � � ` � h �

Table IIIa. Integral quantities for the liquid phase at 1350 K.
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Reference states: Au(liquid), Te(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1350 K.
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Table IIIc. Partial quantities for Te in the liquid phase at 1350 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1350 K.
Fig. 3. Activities in the liquid phase at

�
=1350 K.

Table IV. Standard reaction quantities at 298.15 K for the compounds per mole of atoms.

Compound � � �
� � � � / (J/mol)

� � 
 � / (J/mol)
� � � � / (J/(mol

'
K))

� � v �� / (J/(mol
'
K))

Au 8 Te / � � h h ` � j � � j � � � � h � � � j � � � � � ` h
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Au – Tl (Gold – Thallium)

Fig. 1. Calculated phase diagram for the system Au-Tl.

The Au-Tl system has been critically assessed by Chevalier [89Che]. The phase diagram is a simple eutec-
tic. It shows a complete mutual solubility in the liquid state, a small solubility of thallium in the gold rich
terminal solid solution, fcc-Au, and a negligible solubility of gold bcc-Tl and hcp-Tl. There is no compound
in the system and all the solution phases were modelled with a simple substitutional model.
The calculated liquidus is in satisfactory agreement with data obtained by thermal analysis [05Lev] and the
eutectic point reported by [48Haj]. The calculated solubility of Tl in solid Au is in acceptable agreement
with the measurements of Raub and Engel [46Rau]. The calculated heat of formation of Tl-rich melts shows
certain deviations from the experimental results [51Kle], whereas the calculated activity of thallium is in
good agreement with EMF measurements at 973 K [56Kle,76Kam] and at 1073 K [76Kam].

Table I. Phases, structures and models.

Phase Struktur- Prototype Pearson Space SGTE Model
bericht symbol group name

liquid LIQUID (Au,Tl) 8
fcc

o
1 Cu

& �
4

� � j �
FCC A1 (Au,Tl) 8

bcc
o

2 W
& �

2
� � j �

BCC A2 (Au,Tl) 8
hcp

o
3 Mg

?
� 2 � 6 3 T � � &

HCP A3 (Au,Tl) 8

Table II. Invariant reactions.

Reaction Type
�

/ K Compositions / � �
	

�
� 
 / (J/mol)

liquid + bcc �� hcp peritectic

 � � � � � � � � � � � � � � � � � � � � j ` �

liquid �� fcc + hcp eutectic
� � 
 � � � � ` � j � � � � � � � � � � � 
 ` ` 
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Table IIIa. Integral quantities for the liquid phase at 1400 K.
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Reference states: Au(liquid), Tl(liquid)

Table IIIb. Partial quantities for Au in the liquid phase at 1400 K.
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Table IIIc. Partial quantities for Tl in the liquid phase at 1400 K.
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Fig. 2. Integral quantities of the liquid phase at
�

=1400 K.
Fig. 3. Activities in the liquid phase at

�
=1400 K.
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