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Preface

This volume is the seventh in the series Phase Diagrams for
Ceramists and the second to appear since the National Institute
of Standards and Technology (NIST) [formerly National Bureau
of Standards] and the American Ceramic Society (ACerS) embarked
on a jointly-sponsored Ceramic Phase Equilibria Program. The goal
of the Program is to support growth and progress in the ceramics
industry by providing relevant critically-evaluated phase diagrams.
To achieve this, a multiyear program was established to improve
currency with the archival literature and to provide critically-
evaluated phase diagrams for oxides, salts, carbides, nitrides, borides,
compound semiconductors, and chalcogenides. Computer graphics,
database management, computer evaluation and predictive modeling
are being used where possible to produce databases for distribution
and generation of computer-typeset products. Program updates ap-
pear periodically in the American Ceramic Society Bulletin.

Program Origins: For over fifty years the National Bureau of Stan-
dards (now NIST) and ACerS have collaborated on the publication
of evaluated phase diagrams of ceramic systems, best represented by
the series Phase Diagrams for Ceramists, Volumes I-V. The joint
Ceramic Phase Equilibria Program, representing a continuation and
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expansion of the effort to make ceramic phase information readily
and comprehensively available, was initiated in December 1982.

Program Responsibility: To achieve the goals of the expanded pro-
gram a multiyear effort was established with support from NIST and
other federal agency programs and from a fund-raising effort man-
aged by the ACerS. NIST provides overall coordination and techni-
cal guidance and ensures quality data coverage and evaluation. NIST
has also developed a prototype PC graphics database. The ACerS is
responsible for the production aspects and dissemination of the data
in both printed and computer database forms.
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Introduction

1. GENERAL EDITORS’ COMMENTS

This volume, VII, in the Phase Diagrams for Ceramists series in-
cludes 934 Figures containing 1057 diagrams of salt systems collected
from the literature between 1975 and 1983,' together with some over-
flow from earlier volumes. Only systems with halide and certain
oxyanion salts are included in the present volume. “Mixed” systems
containing salts with other substances are not included here (except
for selected salt-metal and salt-gas systems) and will be covered in
future volumes. With the exception of certain salts with oxygen-con-
taining anions, no oxides are included.

For purposes of system classification, the rule used in deciding
whether a substance is a “salt” or an “oxide” is as follows. Com-
pounds of elements whose oxides are solid at 25°C and 1 atm are
designated as the component oxides and these were included in Vol-
ume VI (e.g., chromates, molybdates, tungstates, etc.). Oxyanions of
those elements whose oxides are gaseous under the above conditions
are classified as salts and are included in the present volume (e.g.
carbonates, nitrates, sulfates, chlorates, etc.).

There are two significant differences between Volume VII and
previous volumes: (1) the use of formatted commentaries and (2) the
inclusion of a substantial number of thermodynamically optimized
diagrams. Formatted commentaries have been introduced in an at-
tempt to minimize phraseology while maintaining uniformity of cov-
erage and allowing the reader to find the desired information quickly
(e.g., X-ray confirmation of the solid solutions and compounds on the
diagram, methods used in determining the liquidus, etc.). This vol-
ume is also the first to contain optimized diagrams, diagrams gener-
ated by the application of thermodynamic methods in producing the
best fit to binary data from many sources. A number of the ternary
diagrams included have been calculated from the optimized binary
data. In this area, the General Editors gratefully acknowledge the
competent efforts of Prof. Arthur D. Pelton, Dr. James M. Sangster,
and their colleagues at the Facility for Analysis of Chemical Thermo-
dynamics at the Ecole Polytechnique de I'University de Montréal
(see Section II of this Introduction).

There are individuals whose names do not appear on the title page
who deserve acknowledgement and thanks for their contributions to
the publication of this book. The graphics programs with which dia-
grams were digitized, edited, and plotted are those used for Volume
VI, written by Peter K. Schenck with Jennifer R. Dennis Ver-
kouteren. Cathy Senna and Teresa Brittle assisted in the keyboarding
of commentary texts. Thanks also go to Mary A. Clevinger for ad-
vice and assistance in the handling of the typeset text material. The
following people assisted in the phase diagram graphics data effort to
produce Volume VII: Daniel Pennington, Raymond Yang, Timothy
King, Richard Wilson, Peggy O’Neil, Steven Peart, Thomas Green,
Theresa Messina, and Barbara Lee.

For a fuller discussion of the procedures used in collecting, evalu-
ating, and editing the diagram information, and a description of the
computer graphics software used in digitizing, storing, retrieving,

vii

and plotting the phase diagrams, the reader is referred to the “Gen-
eral Guidelines” and “Graphics Program” sections in Volume VI.

The individuals listed below are the editors who contributed to
Volume VII. The commentaries submitted by each are identified in
the book by the initials shown.

M.F.B. Michael F. Berard, Iowa State University, Ames.

J.J.B. Jesse J. Brown, Jr., Virginia Polytechnic Institute
and State University, Blacksburg.

L.L.Y.C. Luke L. Y. Chang, University of Maryland, College
Park.

L:P.C. Lawrence P. Cook, National Institute of Standards
and Technology.

Y1 Yves Dessureault, Ecole Polytechnique de Mont-
réal, Canada.

AM.G. Ahmed M. Gadalla, Texas A&M University, Col-
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C.M.K. Carolyn M. Kramer, The Gillette Company,
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Canada.
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II. CRITICAL COUPLED EVALUATION OF PHASE DIAGRAMS AND THERMODYNAMIC
PROPERTIES OF BINARY AND TERNARY ALKALI SALT SYSTEMS*

by James M. Sangster and Arthur D. Pelton}

1. INTRODUCTION

There exists a wealth of data on phase diagrams involving salts of
the alkali metals in previous volumes of Phase Diagrams for Ce-
ramists' and in other data compilations.”” Where systematic critical
evaluation has been attempted, the contribution of a thermodynamic
simultaneous analysis of the data has not been fully utilized. For the
common-ion binary systems of salts of the alkali metals, there exists
also a large amount of data on mixing and excess thermodynamic
properties® in both the liquid and solid states. A comprehensive cou-
pled evaluation of the phase diagrams and thermodynamic properties
of 124 binary and 60 ternary alkali salt systems is presented in this
volume.

The binary systems include all 40 possible common-anion (AX-
BX) and all 30 possible common-cation (AX-AY) systems involving
the alkali halides (A, B = Li, Na, K, Rb, Cs; X, Y = F, Cl, Br, I), as
well as all 54 additional possible common-cation and common-anion
binary systems involving the cations Li*, Na*, K* and the anions
F-, Cl-, NOj, SO;~, CO;~, OH .

The ternary systems include all 60 possible common-anion (AX-
BX-CX) and common-cation (AX-AY-AZ) systems involving the al-
kali halides.

An extensive literature survey of available phase diagram and ther-
modynamic data was carried out for all binary and ternary systems.

Binaries

A critical analysis and evaluation of the binary data was per-
formed with a view to obtaining a “best” evaluated phase diagram
and a set of “best” evaluated thermodynamic parameters for each
system. To this end, a computer-assisted coupled analysis of the
phase diagram data and the thermodynamic data for each system has
been employed. Mathematical expressions for the thermodynamic
properties of all known phases have been obtained which are consis-
tent with the measured thermodynamic properties and phase dia-
grams as well as with established thermodynamic principles and
theories of solution behavior. The parameters of these expressions are
reported here and have been used to generate the computer-calcu-
lated diagrams in the compilation. The following section of this dis-
cussion describes the computer-coupled thermodynamic/phase
diagram analysis used in the critical evaluation of binary phase dia-
gram data. This procedure enables the evaluator to test the thermo-
dynamic consistency within and among all reported phase diagram
and excess property measurements. This procedure, we believe, re-
sults in a much more rigorous and objective assessment of all data
than has hitherto been possible. Futhermore, it enables a thermody-
namically correct smoothing of the experimental data to be per-
formed and a “best” phase diagram to be calculated.

For each of the 124 binary systems included in this volume, the
details of the evaluation procedure are given in the commentary ac-
companying the phase diagram for that system. Not all reported ex-
perimental points are shown on the phase diagram in each case.
However, all references found for each system have been included
and discussed. The evaluated equations for the thermodynamic prop-
erties of all phases are given. The phase diagrams shown were calcu-
lated from these equations and are considered to be the best
evaluated diagrams which can be deduced from the data currently
available. The “probable maximum inaccuracy” of the evaluated

phase diagram has been estimated for each system. Phase boundaries
indicated by dashed lines are considered to be less accurately known.

Ternaries

For the ternary systems, the ternary thermodynamic properties
were calculated, via solution models, from the optimized values of
these properties in the three binary subsystems. The ternary diagrams
were then calculated from these ternary properties. Ternary dia-
grams calculated in this way are consistent with the assessed binary
diagrams and with thermodynamic principles. The techniques used to
calculate the ternary phase diagrams are described in Section 3.

Experimental liquidus surfaces have been reported for 47 of the 60
possible common-ion ternary alkali halide systems treated in the
present volume. These data are of varying degrees of accuracy. For
instance, the binary subsystems of a reported ternary often disagree
significantly with the assessed binary diagrams. For the systems for
which data are available, the thermodynamically calculated diagram
was compared with the reported diagram and, in most cases, agree-
ment was within experimental error limits. In five systems, a small
empirical correction term was added to bring the calculated and re-
ported diagrams into coincidence.

Because of the consistently excellent agreement between calcu-
lated and reported ternary diagrams in these and many other salt
systems,'® we can calculate with confidence the phase diagrams for
the remaining common-ion ternary alkali halide systems for which no
reported phase diagrams exist.

A calculated ternary diagram is, of course, consistent with the as-
sessed phase diagrams of its binary subsystems. All liquidus and
solidus isotherms are consistent with thermodynamic principles and
with all available thermodynamic data. Solidus as well as liquidus
surfaces are generated.

For each of the 60 common-ion alkali halide ternary systems in the
present volume, the details of the evaluation procedure are given in
the commentary accompanying the phase diagram for that system.
All references found for each system are listed and discussed. The
calculated ternary phase diagrams are considered to be the best eval-
uated diagrams which can be deduced from the data currently avail-
able. The “probable maximum inaccuracy” has been estimated for
each system.

Pure Salts

In the course of the evaluations, a consistent set of melting and
transformation temperatures and Gibbs energies was adopted for the
pure salts. In some cases, these values were re-assessed from data in
the recent literature. Details of the assessments are included here in
Section 5.

In Section 4 are tabulated the temperatures and Gibbs energies of
fusion and transformation of the pure salts. While most of the pure
component data were taken from a recent standard source,’ a re-eval-
uation using more up-to-date data was found necessary in a few cases,
as indicated in Section 5. It should be noted that for all binary and
ternary systems reported here, one consistent set of melting points
and transformation points for the pure salts has been adopted. In

*A similar discussion of this topic appears in J. Sangster and A. D. Pelton, J. Phys. Chem. Ref. Data, 16 [3] 509-561 (1987).
{Centre de Recherche en Calcul Thermochimique, Ecole Polytechnique de Montréal, P. O. Box 6079, Station ‘A’, Montréal, Québec, Canada

H3C 3A7.



many reported experimental binary and ternary phase diagrams, the
melting points and transformation points of the pure salts differ sig-
nificantly from these values. Account was taken of this problem in
the evaluations.

Computer Programs

All computer programs form part of the F*A*C*T computer sys-
tem. The interactive computer programs which were used in the
optimizations and phase diagram calculations are described in Ref.
11. These programs are available “on-line” or on diskette and further
information may be obtained from the authors.

2. COMPUTER-COUPLED THERMODYNAMIC/PHASE
DIAGRAM ANALYSIS OF BINARY SYSTEMS

Introduction

As well as providing a set of self-consistent thermodynamic
equations which simultaneously reproduce the thermodynamic prop-
erties and the phase diagram of the system, the technique of coupled
thermodynamic/phase diagram analysis yields a thermodynamically
correct ‘“smoothing” of the experimental data. Futhermore,
discrepancies among various sets of data can often be resolved in this
way and error limits can more easily be assigned. Unknown or uncer-
tain phase boundaries can often be estimated with good precision,
and, conversely, some reported phase boundaries can be rejected as
being inconsistent with the thermodynamic properties of the system.
Finally, such a thermodynamic analysis is the first step in estimating
ternary and higher-order phase diagrams from binary data. A short
bibliography on computer-coupled thermodynamic/phase diagram
analysis and calculation'™'® should suffice to orient the reader. The
principles of simultaneous least-squares optimization of thermody-
namic and phase diagram data are described in Ref. 10. The interac-
tive computer programs which were used in the optimizations and
phase diagram calculations are described in Ref. 11.

Thermodynamic Relationships

For equilibrium between a solid and a liquid phase in a binary

system with components A and B, we may write Eq. 1.

RTIna{ — RTInai = —AwGR 1)

The quantities a£ and a} are the activities of A on the liquidus and

solidus at temperature 7. Here, A,GR is the Gibbs energy of fusion

of A at T and R is the gas constant. Setting the ideal activities equal
to the mole fractions X and X* we may write Eq. 2.

RT In X{/Xi + GE© — GE® = —AwGR @

G and G*® are the partial excess Gibbs energies of A in the liquid

and solid. These quantities are zero in an ideal solution. The relation-

ship between the excess Gibbs energies and the activity coefficients,
v“ and 7", in the liquid and solid are given in Egs. 3 and 4.

GE) = RTIn v{ A3)
GE® = RTIn y4 @)

With molten salt solutions, care must be taken in applying Eq. 2 to
components which contain more than one mole of cations or anions
per mole of component. For example, in the Li,SO,-K,SO; system,
each mole of Li,SO, supplies two moles of Li* ions which mix with
the two moles of K* ions supplied by each mole of K,SO,. Hence,

for each component, the ideal term in Eq. 2 must be multiplied by a
factor 2, as in the following example.

2RT In X{is04/Xiirs0s + GIE‘;S%).; = Gle(;§04 = _AfuxGEqS(),g (%)

On the other hand, for the system Li,SO4Li,CO; no factor 2 should
be included since in this case it is the anions, SO and CO?% , which
mix, and each mole of component Li,SO; or Li,COj; supplies only
one mole of anions.

An equation identical to Eq. 2 can be written for the other compo-
nent, B. If the Gibbs energies of fusion are known, and if the excess
Gibbs energies are also known as functions of temperature and com-
position, then these two equations can be solved simultaneously by
numerical methods to calculate the liquidus and solidus lines. Con-
versely, if the liquidus and solidus are known along with the excess
Gibbs energies for one phase, then the excess Gibbs energies of the
other phase can be calculated.

A relationship identical to Eq. 2 also applies along the phase
boundaries for equilibrium between two solid phases. In this case, the
Gibbs energy of fusion in Eq. 2 is replaced by the Gibbs energy of
allotropic transformation.

The integral excess Gibbs energy, G*, is related to the partial ex-
cess Gibbs energies by the following equation.

G* = XAGK + XsG§ (6)

Conversely, the partial properties can be obtained from the integral
property through Eq. 7, where i = A or B.

dG*
dX,

i

Gf=G* + (1 - X)) )

The excess Gibbs energy can be written as in Eq. 8, where H” and
S* are the excess enthalpy and entropy, respectively.

g% = g~ — T5" ®)

In most cases, it can be assumed that H” and S* are independent of
temperature. In only three of the 124 binary systems in the present
compilation were the data of sufficient precision and available over a
wide enough temperature range to merit inclusion of a temperature-
dependent term in the expressions for H% and S%. The details are
discussed in the commentaries for these particular systems. For the
remainder of the present discussion, it will be assumed that H* and
S are independent of temperature.

Polynomial Expressions of Excess Properties

For phases (solid and liquid) with extended ranges of solubility, H*
and S* may be expanded as polynomials in the equivalent fractions as
follows.

H® = (gaXa + qoXp)YaYs(ho + mYs + hYE + .. )) )

SE = (gaXa + geXp)YaYn(so + 1¥s + Y3 + .. ) (10)
The h; and s; are empirical coefficients. The factors g and gp are the
number of equivalents per mole of component. For example, gn.ci =
1, gkys04 = 2. Ya and Yy are the equivalent fractions as defined in Eq.
11.
Ya = qaXa/(@aXa + gsXp) = (1 — Yp) (11)
The factor (gaXa + gsXp) in Egs. 9 and 10 is the number of equiva-
lents per mole of solution.
Although H* and S could also be expressed as polynomials in the
mole fractions X, and X, experience has shown that expansions in



terms of the equivalent fractions generally give somewhat better rep-
resentations with fewer coefficients. Futhermore, in the calculation
of activities in multicomponent reciprocal systems, it is an advantage
if equivalent fractions are used consistently.

If g» = gs = 1, as is the case in a system of two alkali halides such
as NaCl-KCl, then the equivalent fractions are identical to the mole
fractions and the factor (gaXa + g¢sXs) is equal to unity. In such
cases, we have usually simply written Egs. 9 and 10 as polynomials in
Xa and Xi.

Expressions for the partial properties can be obtained by differenti-
ating Eqgs. 9 and 10 via Eq. 7 to give the following equations.

Hf = ga §0 hi(Yy — i¥Ya)Y§" (12)
Sk = qAEO s(Ys — iYa) Y5 13)
Hf = gsYi Eo hi(i + DY} (14)
S§ = guYA Eﬂ sii + DYg (15)

Using the preceding equations, the following quantities are derived.
Gf = RTInyn = Hf — TS§ (16)
G§ = RTIn yy = Hf — TS§ amn

The empirical coefficients 4, and s; are found by the simultaneous
optimization of the thermodynamic and phase diagram data. If only
the first terms, A, and s,, in the empirical series Eqs. 9 and 10 are
nonzero, then the solution is termed “regular”. If two terms are re-
quired to fit the data, then the system is called “subregular”. Experi-
ence has shown that most common-ion molten alkali salt solutions
approximate quite closely to regular or subregular behavior. No
more than three terms were required in Egs. 9 and 10 for any of the
124 systems in the present compilation and usually one or two terms
sufficed. If only limited experimental data are available, then the as-
sumption of regular or subregular behavior will yield an acceptable
approximation.

Experience with molten alkali salt solutions has also shown that
the enthalpic term H” in Eq. 8 is generally larger in absolute magni-
tude than the entropic term 7S Hence, if available data are limited,
it is a reasonable assumption to set S£ = 0 and to assume that G* is
temperature independent.

As a general rule, the larger the radius of the cations and/or anions
and the smaller the difference between the radii of the two cations in
a common-anion binary system (or between the two anions in a com-
mon-cation binary system), the more closely the above approxima-
tions (one- or two-term polynomial expansions; S¥ = 0) are obeyed.

Solid Solutions with Limited Solubility: Henrian Behavior

In certain systems, limited solid solubility of only a few mole
percent of one component in the other is observed. Such solid solu-
tions may be considered to be Henrian solutions. That is, letting com-
ponent A be the solvent, the activity of A is ideal (Raoultian).

ai = Xiand G =0 (18)
For the solute, B, the activity coefficient vy = a§/X3 is independent
of composition. Hence, G = RT In v} is also independent of com-
position, and can, to a reasonable approximation, be taken to be inde-
pendent of temperature.

Gf® = RT In y} = constant (19)

In a few systems, a linear temperature dependence of G5* has been
assumed.

In such cases of limited solid solubility of solute B in solvent A, we
note that Eq. 2 alone is sufficient to permit G’ to be calculated
along the liquidus, if the solidus and liquidus lines are known, since
GEY = 0.

Limiting Slopes of Liquidus Lines: Estimation of Solid Solubility

In some systems, the extent of solid solubility is not known. In
such cases, the measured limiting slope of the liquidus line (dX‘/dT)
at X’ = 1 (pure A) can permit the extent of solid solubility to be
estimated. In the limit at X, = 1, both the liquid and solid phases
become Henrian such that G5® and G5'*) both approach zero. Simi-
larly, for X5 =~ 1, the Gibbs energy of fusion of A is well approxi-
mated by the expression Ap HR(1 — T/Trua)) Where A HYR is the
enthalpy of fusion of A at its melting point, Ty.a). Differentiation of
Eq. 2 in the limit at X» = 1 then yields Eq. 20.

dx{ dXx; AsHY
d; = dT" = R—(;?’f:))z when X, = 1 (20)

(In the case of a salt such as A = Na,SO, in the system Na,SO;-
K,SO, where each mole of A yields two moles of Na* ions, a factor
2 must be involved in the denominator on the right-hand-side of Eq.
20.)

From the known enthalpy of fusion and the measured limiting lig-
uidus slope, dX ¢ /dT, the limiting solidus slope, dX*/d T, can be cal-
culated. If this slope is close to zero, then the solid solubility is of
limited extent.

Optimization Procedure

The actual steps followed in an optimization will vary from sys-
tem to system. Details are given in the commentary for each system.
However, some general observations can be enunciated.

In 71 of the 124 binary systems in the present volume, H*‘) in the
liquid phase has been measured calorimetrically, usually by Prof. O.
Kleppa and co-workers. These data, which are generally very reli-
able, have been fitted to one-, two-, or three-membered series as in
Eq. 9.

In the cases of systems with limited solid solubility, Eq. 2 was then
used under the assumption of Henrian solid behavior to calculate
excess Gibbs energies along the A- and B-liquidus lines. That is, GX*
was set equal to zero for the solvent, according to Eq. 18. Combining
these excess Gibbs energies with the already-fitted calorimetric liquid
enthalpies permitted the excess liquid entropy S”*’ to be calculated
and then smoothed by representation as a one- or two-member (very
exceptionally a three-member) polynomial as in Eq. 10. The Henrian
constant of Eq. 19 could then be calculated from the measured solu-
bility limits for each of the two solid solutions. In those few systems
for which calorimetric liquid enthalpies were not available, S/’ was
set equal to zero, and the values of G&*) = H™) obtained from the
phase diagram were then smoothed by polynomial representation as
in Eq. 9.

In those systems with complete solid miscibility, H”® has been
measured calorimetrically in only a few cases. In general, in these
systems it must be assumed that S = 0 in either the liquid or solid
phase or in both. If G* for the completely miscible solid phase is
positive, then there will be a zone of demixing (i.e., a miscibility gap)
in the solid, whose boundaries and consolute point can be calculated
from the equation for G**. Conversely, if the miscibility gap has
been measured experimentally, then these data can be used to help
determine the coefficients in the expression for G#.'°

Some of the systems studied contain intermediate compounds. In
only two cases have the Gibbs energies of fusion of these compounds
been measured. However, once H*) and S#‘) have been deter-
mined, the Gibbs energies of fusion of the compounds can be cal-



culated from their measured liquidus lines via Eq. 2 if they are as-
sumed to be stoichiometric compounds. Their Gibbs energies of for-
mation from the pure component salts can then also be calculated.
In a few systems, activities of components have been measured by
auxiliary methods. The number of such systems is small. The follow-
ing is a summary showing the number of binary systems out of the
124 in the present study for which different data types were available.

Systems with phase diagram and/or thermodynamic data 121

Systems with EMF (electromotive force) data 7
Systems with vapor pressure data 2
Systems with mass spectrometric data 2

For all those systems having auxiliary data, the pertinent sources
are mentioned and discussed in the commentary for the appropriate
system, and all references have been retained. These data also could
be used, in principle, in the data optimization but were, in fact, not
used because they were too sparse or inaccurate. That is, we favored
phase diagram and thermodynamic data in our optimization and ex-
cluded other types of data because the latter were few and uncertain.
Electromotive force measurements in systems containing alkali
metals are particularly difficult due to spurious effects. The interpre-
tation of vapor pressure data is not entirely unambiguous and precise
measurement is difficult. The mass spectrometric data may be accu-
rate, depending upon the species whose ion currents are used to
derive activities.

Only in the case where no phase diagram or thermodynamic data
were at hand, but auxiliary data were available, would we consider
the use of auxiliary data in the optimization. This case never occurred
among the 124 binary systems reported here. In such a hypothetical
case, auxiliary data would be considered together with qualitative
and quantitative estimates drawn from phase diagram and thermody-
namic properties of analogous systems already studied.

3. COMPUTER CALCULATION OF TERNARY PHASE DIA-
GRAMS

A short bibliography on the computer calculation of ternary dia-
grams is given in Refs. 11-18.

In the thermodynamic approach, the Gibbs energy of a ternary
solution phase is estimated from the optimized Gibbs energies of the
three binary subsystems. The ternary diagram is then calculated from
the estimated Gibbs energies. If experimental ternary data are avail-
able, these may be used to refine the calculations. The interactive
computer program used to calculate the ternary phase diagrams is
described in Ref. 11.

In the case of simple common-ion ternary molten salt solutions in
which G¥ of the binaries can be well represented by simple polyno-
mial expansions, certain “geometric” models, which are based upon
regular solution theory, have proved successful in estimating ternary
properties from binaries. Two of these are illustrated in Fig. 1.

In the “symmetric” or “Kohler” equation, G* at point “p” in the
ternary is related to the binary values at points a, b, and c. The
symmetric (Kohler) approximation is given in Eq. 21, where X4, X3,
and Xc are the component mole fractions.

Gi= (1 — XO'GE+ (1 — XaVGF+ (1 — Xp)'Gy 21

The “asymmetric” or “Toop” equation, also illustrated in Fig. 1, is
given in Eq. 22.

GE= [Xa/(Xa + XOIGE+ [Xc/(Xa + XOIGE+ (1 — Xs)'Gi (22)

X1

SYMMETRIC ASYMMETRIC
(Kohler) (Toop)
B B
Cc
a
cl
/PP N\
A b C A b C

Fig. 1. Gibbs triangle for a common-ion ternary system illustrating
the geometrical relationships involved in the symmetric
(Kohler) equation®' and the asymmetric (Toop) equation.”

In the general case, equivalent fractions Y; should replace the mole
fraction X; in Egs. 21 and 22 and the excess Gibbs energies should
refer to one equivalent of solution. However, in the present volume,
we report on only common-ion alkali halide ternaries in which mole
fractions and equivalent fractions are identical.

The factors multiplying each binary excess Gibbs energy in Egs. 21
and 22 are obtained from regular solution theory such that Egs. 21
and 22 are exact if the ternary solution is strictly regular. The sym-
metric approximation is more appropriate when all three components
are common-ion salts of the same valence (e.g., NaCl-KCI-LiCl),
whereas the asymmetric approximation is recommended for systems
such as KCIl-MgCl,-CaCl, where one salt, KCI, has ions of a valency
different from the other two. In this case, the odd salt becomes com-
ponent B in Fig. 1. The asymmetric approximation is also more ap-
propriate for a ternary solid solution in which components A and C
are miscible at all concentrations but in which B is only sparingly
soluble. Other geometric equations based on regular solution theory
have been proposed. For example, in the “Muggianu” method, G at
the ternary point “p” is related to values of G¥ in the three binaries at
the ends of perpendiculars dropped from point “p” to the binaries.
These equations have been reviewed.' Generally, in the salt systems
in the present volume, all these methods yield very similar results.

The reason that simple equations such as Egs. 21 and 22, which are
based on the regular solution model, give good predictions in ionic
systems is that the basic assumptions of regular solution theory (addi-
tivity of pair-bonded energies, small excess entropy) are satisfied in
ionic systems in which coulombic forces predominate.

When some experimental ternary data of sufficient accuracy are
available, then these can be used to refine the calculations through
the addition of ternary correction terms to the Gibbs energy expres-
sion in Egs. 21 or 22. In the few cases in the present study in which
a ternary correction term was deemed to be justified, one term of the
form aXsXsXc was sufficent. This term is necessarily zero in any
binary subsystem. The coefficient “a™ was chosen to bring the calcu-
lated and reported diagrams into coincidence.



4. THERMODYNAMIC DATA FOR PURE SALTS
Temperatures of fusion (Tf,) or phase transformation (77,) and Gibbs energies of fusion (Aw,G") or phase transformation (A.G°) of pure salts.*

AnG° or ApG° = a + bT + ¢T*> +dTIn T + e/T (J-mol )

T
or
Salt I-II (K) ax 1073 b ¢ X 10° d e x 1079
LiF s—>¢ 1121 14.518 128.435 8.709 —21.494 —2.65
NaF s—>¢ 1269 10.847 156.584 4.950 —23.978 —1.07
KF s—¢ 1130 13.763 127.035 7.211 —20.962 0
RbF s ¢ 1066 2.388 251.453 19.268 —39.367 2.51
CsF s> 976 3.451 176.219 8.872 —27.372 0
LiCl s> 883 4.420 197.318 16.435 —31.966 0
NaCl s—>¢ 1074 7.735 202.091 11.925 —31.824 0
KCl1 s—¢ 1044 4.755 215.399 12.734 —33.581 1.82
RbCl s—¢ 993 7.759 96.729 5.209 —15.899 0
CsCl a—B 743 —1.806 87.773 8.580 —13.874 0
B—¢ 918 1.755 116.390 2.469 —17.673 0
LiBr s 823 2.079 215.437 20.682 —35.070 2.97
NaBr st 1020 18.327 75.124 6.657 —14.418 0
KBr ¢ 1007 10.483 160.372 11.335 —26.349 0
RbBr s> ¢ 967 10.054 110.999 5.335 —18.410 0
CsBr s—¢ 908 1.890 189.667 5.419 —28.874 0
Lil s—¢ 742 6.591 121.310 14.046 —21.275 0
Nal s—¢ 933 13.940 88.680 6.027 —15.975 0
KI s—>¢ 954 4.656 211.209 14.460 —33.547 2.46
RbI st 920 12.280 107.227 5.502 —18.410 0
Csl s> ¢ 913 48.639 —358.103 —21.213 47.488 4.04
LiNO; s—>¢ 528 25.563 —48.415 0 0 0
NaNO; a—pB 550 4.420 —8.036 0 0 0
B¢ 583 15.177 —26.033 0 0 0
KNO; a—B 403 5.110 —12.680 0 0 0
B—¢ 610 10.129 —16.605 0 0 0
LiOH s—>¢ 750 20.962 —27.949 0 0 0
NaOH a—B 570 6.360 —11.158 0 0 0
B—¢ 593 6.360 —10.725 0 0 0
KOH a—B 522 6.339 —12.144 0 0 0
B—¢ 677 9.372 —13.843 0 0 0
Li,SO, a—B 851 25.650 —30.141 0 0 0
B—¢ 1133 8.990 —17.935 0 0 0
Na,SO, a—B 520 10.811 —20.790 0 0 0
B—¢ 1157 23.012 —19.889 0 0 0
K,SO, a—pB 856 8.954 —10.460 0 0 0
B—¢ 1342 36.819 —27.436 0 0 0
Li,CO; a—p 683 2.238 —3.277 0 0 0
B—¢ 1003 44.769 —44.635 0 0 0
Na,CO; a—f 632 0.368 —0.582 0 0 0
B—y 758 2.536 —3.346 0 0 0
y— ¢ 1131 29.665 —26.229 0 0 0
K,CO; a—B 695 0.230 —0.331 0 0 0
B—¢ 1174 27.614 —23.521 0 0 0

* Data have been taken from the standard reference’ unless otherwise indicated in the following section, “Revision of pure salt thermodynamic
properties”.

xii



5. REVISION OF PURE SALT THERMODYNAMIC
PROPERTIES

Fluorides

RbF

The melting point of RbF is that of Holm®, who took particular
care in its purification. The enthalpy of fusion at this temperature is
22930 J-mol ', obtained from heat content measurements.”

Chlorides

RbCl
The melting point of RbCl has been updated.”

Bromides

RbBr

The melting point has been updated.”® The enthalpy of fusion has
been taken to be 22 868 J-mol~'. This corrected value was obtained
from the entropy of fusion 23.648 J-mol ~'-K ', estimated by an inter-
polative method.***

lodides

RbI

The melting point has been revised upward, and a more recent
representative value was taken from a standard handbook.* The
calorimetric value for the enthalpy of fusion, 24 560 J-mol~', has
been used.”’

Csl
The melting point has been revised upward.”

Nitrates

LiNO;

The standard reference’ contains no data for this compound. A
survey of binary phase diagrams containing LiNO, in two large com-
pilations'” revealed melting points in the range 244°-270°C; more
careful work on the salt itself”**? indicated 253°-255°C. The value
255°C was chosen for the present work. Calorimetric determinations
of the enthalpy of fusion’* indicated values between 24 940 and
26 740 J-mol '; a mean value of 25 563 J-mol ' was used here.

NaNO;

The standard reference’ contains no data on the solid state transi-
tion. Recent reports of the transition temperature®'*>*** give values
between 262° and 277°C; the most recent value, 277°C,*® was adopted
here. Calorimetrically determined enthalpies of transition® %% vary
between 689 and 4686 J-mol~'; again, the most recent value®® of 4420
J-mol ' was used here.

The melting point of NaNO; has been revised upward”****¥ to
310°C. For the enthalpy of fusion, calorimetrically determined values
communicated both before®***#343# and after***'*? the appearance
of the standard reference’ suggested the slightly higher value of
15177 J-mol ' used in this work.

KNO;

The phase transition temperature has been revised upward to
130°C*#4? and the melting point to 337°C.***%4* For the enthalpy
of transition, the most recent*? value of 5110 J.mol ' was used.
Calorimetrically determined enthalpies of fusion**#233333743 yary be-

xiii

tween 9205 and 10 753 J-mol ', and a slightly higher value of 10 129
J.mol ' was used in the present work.

Hydroxides

LiOH
The melting point has been revised upward to 477°C.

NaOH
The phase transformation temperature has been revised upward to
297°C.

KOH
The melting point has been revised upward to 404°C.

Sulfates

Li;,SO,

Although the standard reference’ lists the phase transition temper-
ature as 586°C, careful work on the pure substance,*****'* as well as
values reported in binary phase diagram data,"” indicate a tempera-
ture in the range 572°-579°C. In the present work, 578°€was~
adopted. Calorimetric determinations*>###526* of the enthalpy of
transition indicate values between 24200 and 28 880 J-mol~'. A
slightly revised enthalpy of 25 650 J-mol~' is used here. The melting
point was taken to be 860°C.**** The enthalpy of fusion quoted in the
standard reference’ is 13 800 J-mol~', but three independent determi-
nations, 8990 J-mol !, 7740 J-mol ', and 7669 J.mol ' (Refs. 48, 64,
and 52, respectively), suggest a rather different magnitude. It was
found that the most recent* value of 8990 J-mol ' was more consis-
tent with all the binary phase diagrams containing Li,SO: which
were critically evaluated. This value was, therefore, retained in this
work.

NazSO4

The reported polymorphism of Na,SO, indicates a number of
structural modifications™** but some of these are metastable. For the
purposes of this critical evaluation of binary phase diagrams, it suf-
ficed to retain only the well-established transition at 247°C.

Carbonates

Li,COs

The reported polymorphism of Li,CO;, as determined by thermal
analysis, includes a number of apparent transition temperatures, al-
though investigators do not agree on their status. Reisman®® discov-
ered that some are spurious due to impurities (LiOH, Li,O)
introduced by decomposition or the presence of water. The analysis
should, therefore, be done under a dry CO, atmosphere.”** For
present purposes, one transition at 410°C is retained and the enthalpy
of transition is taken from the standard reference.’” The melting point
has been revised upward to 730°C.* The most recently determined*®
enthalpy of fusion, 73 400 J-mol~', is not consistent with the same
authors’ phase diagram data* for Li,CO;:-Li,SOs, and so the value
from the standard reference,”*® 44 770 J-mol ', was used instead.

N32C03

The same confusion concerning apparent phase transitions in
Li,COs, described above, applies to Na,CO;.”” For present purposes,
two transition temperatures were retained: 359°C and 485°C, after
Janz and Perano.” These temperatures are within 5°C of other inde-
pendent measurements.””***' The enthalpies of transition were also

taken from Ref. 58. The melting point has been revised upward to
858°C.%



K,CO;

The same confusion concerning apparent phase transitions in
Li,CO;, described above, applies to K,COs.”® For present purposes,
one phase transition at 422°C>***% was retained. Although this transi-
tion has been called second-order®*®* with zero enthalpy, volume,
and crystal structure change, its manifestation in a phase diagram
clearly indicates otherwise. The enthalpy of transformation reported
by Janz and Perano®® was used.

6. REFERENCES

1. Phase Diagrams for Ceramists, Vols. 1-5. Edited by E. M. Levin,
C. R. Robbins, H. F. McMurdie, R. S. Roth, T. Negas, and L. P.
Cook. American Ceramic Society, Columbus, Ohio, 1964-1983.

2. Handbook of Solid-Liquid Equilibria in Systems of Anhydrous

Inorganic Salts, Vol. 1, 883 pp. Edited by N. K. Voskresenskaya.

Keter Press, Jerusalem, 1970.

R. E. Thoma, Adv. Molten Salt Chem., 3, 275 (1975).

4. Phase Diagrams of Nuclear Reactor Materials, ORNL-2548. Ed-
ited by R. E. Thoma. Oak Ridge National Laboratory, Oak
Ridge, Tennessee, 1959.

5. Binary Phase Diagrams of Halide Salts, Vol. 2. Edited by W. D.
Robertson. Clearinghouse for Federal Scientific and Technical
Information, Washington, D.C., 1966.

6. Physical Properties Data Compilations Relevant to Energy Stor-
age. I. Molten Salts: Eutectic Data. NSRDS-NBS 61, Part 1, 244
pp. Edited by G. J. Janz, C. B. Allen, J. R. Downey, Jr., and R.
P. T. Tomkins. U. S. Dept. of Commerce, Washington, D. C,,
1978.

7. Phase Diagrams: a Literature Source Book, Vols. 1 and 2. Edited
by J. Wisniak. Elsevier, New York, 1981.

8. Mixing and Excess Thermodynamic Properties: A Literature
Source Book. Edited by J. Wisniak and A. Tamir. Elsevier, New
York, 1978.

9. Thermochemical Properties of Inorganic Substances, Supple-
ment. 861 pp. Edited by I. Barin, O. Knacke, and O.
Kubaschewski. Springer-Verlag, Berlin, 1977.

10. C. W. Bale and A. D. Pelton, Metall. Trans., B, 14, 77 (1983).

11. W. T. Thompson, C. W. Bale, and A. D. Pelton, F*A*C*T
(Facility for the Analysis of Chemical Thermodynamics) Guide
to Operations. McGill University Computing Center, Montreal,
1985.

12. A. D. Pelton; pp. 328-383 in Physical Metallurgy, 3rd ed. Edited
by R. W. Cahn and P. Haasen. North Holland, New York, 1983.

13. 1. Ansara, Int. Met. Rev., 238 [1] 20 (1979).

14. P. J. Spencer and 1. Barin, Mater. Engl. Appl., 1, 167 (1979).

15. A. D. Pelton and C. W. Bale. Thermodynamic Analysis of Ionic
Systems at High Temperature. NACE Symposium on High
Temperature Corrosion, National Association of Corrosion
Engineers, San Diego, 1981.

16. C. W. Bale and A. D. Pelton, CALPHAD: Comput. Coupling
Phase Diagrams Thermochem., 6, 255 (1982).

17. P. L. Lin, A. D. Pelton, and C. W. Bale, J. Am. Ceram. Soc., 62,
414 (1979).

18. A. D. Pelton; pp. 19-48 in Symposium on Computer Modelling in
Phase Diagram Calculations. Edited by L. H. Bennett. The
Metallurgical Society, Warrendale, Pennsylvania, 1986.

19. M. Hillert, CALPHAD: Comput. Coupling Phase Diagrams Ther-
mochem. , 4, 1 (1980).

20. J. L. Holm, Acta Chem. Scand., 19 [3] 638 (1965).

21. C. E. Kaylor, G. E. Walden. and D. F. Smith, J. Am. Chem. Soc. ,
81, 4172 (1959).

22. A. D. Pelton and S. N. Flengas, Can. J. Chem., 48 [22] 3483
(1970).

23. G. Flor, C. Margheritis, and C. Sinistri, J. Chem. Eng. Data, 24
[4] 361 (1979).

ol

Xiv

24

25:

26.

27.

28.

29.
30.

31

32.

33.
34.

35.

36.
37

38.

39.

41.

42.

43.

45.

46.

47.

48.

49.

50.

St.

52.

53.
54.
55.
56.
57.
58.
59.
61.

62.

. J. Richter and W. Vreuls, Ber. Bunsenges. Phys. Chem., 83, 1023
(1979).

J. Richter, W. Vreuls, and W. Winthagen, Ber. Bunsenges. Phys.
Chem. , 84, 231 (1980).

Handbook of Chemistry and Physics, 65th ed. Edited by R. C.
Weast. CRC Press, Boca Raton, 1984.

J. Bousquet, G. Perachon, and J.-C. Remy, Bull. Soc. Chim. Fr.,
No. 1, 238 (1967).

I. I. I’'yasov and A. G. Bergman, Russ. J. Inorg. Chem. (Engl.
Transl.), 9 [6] 768 (1964).

E. Rapoport, J. Phys. Chem. Solids, 27, 1349 (1966).

O. J. Kleppa and F. G. McCarty, J. Chem. Eng. Data, 8, 331
(1963).

E. Schurmann and L. Nedeljkovic, Ber. Bunsenges. Phys. Chem.
74, 462 (1970).

C. Sinistri and P. Franzosini, Ric. Sci., Parte 2: Sez. A, 3 [4] 419
(1963).

H. M. Goodwin and T. H. Kalmus, Phys. Rev., 28, 1 (1909).

L. E. Gastwirt and E. F. Johnson. AEC Report MATT-98.
Princeton, New Jersey, 1961.

P. Ngyuyen-Duy and E. A. Dancy, Thermochim. Acta, 39 [1] 95
(1980).

R. W. Carling, Thermochim. Acta, 60, 265 (1983).

K. Ichikawa and T. Matsumoto, Proc. First Int. Symp. Molten
Salt Technol., p. 485. Kyoto, Japan, 1985.

G. J. Janz, F. J. Kelly, and J. L. Perano, J. Chem. Eng. Data, 9,
133 (1964).

A. Mustajoki, Ann. Acad. Sci. Fenn., Ser. A4, No. 5 (1957).

. O. Greis, K. M. Bahamdan, and B. M. Uwais, Thermochim. Acta,
86, 343 (1985).

M. G. Lowings, K. G. McCurdy, and L. G. Hepler, Thermochim.
Acta, 23, 365 (1978).

K.-H. Breuer and W. Eysel, Thermochim. Acta, 57,317 (1982).
V. A. Sokolov and N. E. Schmidt, Izv. Sekt. Fiz.-Khim. Anal.,
Inst. Obshch. Neorg. Khim., Akad. Nauk SSSR, 26, 123 (1955).

. E. R. Van Artsdalen, J. Phys. Chem., 60, 172 (1956).

K. K. Kelley, Bull. - U.S., Bur. Mines, 584, 168 (1960).

C. N. R. Rao and K. J. Rao, Phase Transitions in Solids.
McGraw-Hill, New York, 1978.

G. W. H. Hohne, K.-H. Breuer, and W. Eysel, Thermochim.
Acta, 69, 145 (1983).

M. A. K. L. Dissanayake and B.-E. Mellander; personal commu-
nication, 1986.

K. Schroeder, A. Kvist, and H. Ljungmark, Z. Naturforsch., A,
27, 1252.(1972).

K. Schroeder and C.-A. Sjoblom, High Temp. - High Pressures,
12, 327 (1980).

C. W. F. T. Pistorius, J. Phys. Chem. Solids, 28, 1811 (1967).

N. K. Voskresenskaya an E. 1. Banashek, Izv. Sekt. Fiz.-Khim.
Anal., Inst. Obshch. Neorg. Khim., Akad. Nauk SSSR, 25, 150
(1954).

K. Schroeder; Ph.D. Thesis. University of Goteborg, 1975.

W. Eysel, Am. Mineral., 58, 736 (1973).

A. Reisman, J. Am. Chem. Soc., 80 [14] 3558 (1958).

G. J. Janz, E. Neuenschwander, and F. J. Kelly, Trans. Faraday
Soc., 59, 841 (1963).

A. Reisman, F. Holtzberg, and E. Banks, J. Am. Chem. Soc., 80,
37 (1958).

G. J. Janz and J. L. Perano, Trans. Faraday Soc., 60, 1742 (1964).
S. Z. Makarov and M. P. Shul'gina, Izv. Akad. Nauk SSSR, 5,
691 (1940).

. A. Reisman, J. Am. Chem. Soc., 81 [4] 807 (1959).

J. Jaffray and P. Martin, C. R. Hebd. Seances Acad. Sci., 236, 1755
(1953).

S. J. Schneider and E. M. Levin, J. Am. Ceram. Soc., 56, 218
(1973).

63. J. Jaffray and P. Martin, J. Phys. Radium, 14, 553 (1953).
64. G. Hatem, Thermochim. Acta, 88, 433 (1985).



Table of Contents

21 ¥ T S L O T e P

INETOAUCHON, 50 s 50050 5 51015 w03 w0 5 rios Sros o 5 @F 638300 S @ SIE B3 0is o s oimmio o
I. :General Editors’ COMMENTS « v wsmws o5 58858 swbimn smeimn sioesms
II. Critical Coupled Evaluation of Phase Diagrams and
Thermodynamic Properties of Binary and Ternary Alkali Salt
Systems by James M. Sangster and Arthur D. Pelton.........

A. Metal Plus Halides or Halogens ..............................
I. One Metal Plus One Bromide. . ............. ... ...

II. One Metal Plus One or More Chlorides. .. ..................
III. One Metal Plus One Iodide ............ ...,
IV. Two Metals Plus Chloride or Chlorine .....................

B. Oxyanions ONlY . .:s:euiasisias oo msmesnivocnsnsinsssigess
I. Common Anion SYStemMS. ... ..ovvtintnentnnenennnns
(2) One Carbonate i ss i vvimmmmsme smewe spissspsisoss soiods
(b) Two Carbonates. . .....cccovveeunersoracoesnosossasonos
(c) Two Perchlorates. . .........couiuniuniieninennann..
(d) TWo TOdates .« vwsrm wwrse smpmayas SOEE S35 G nmmmre s Fis
(€) TWo NIELALES: » v sron semiis o smesBEIRE TS S siws i Hiy wave

() Three NItBAtES «ssanoeims aeme Ruissos s ieass saas a5
(2) Two. HydroxXides' .« s v amsms o oo smomsssownsos sasess
(h) TWO: SUITALES. + w3+ 563 sa50 50055 805 56 Tons o5 0506 Sais GEOETHS §

(@) THIEE STUIALES. 505555555 m e «onn s mm s ot o sin 8158 86838 0 B 6 5
II. Mixed Anion SyStems ... ........iuuiuiuiuninenennnnnnen..
(@) TWO OXYANIONS . .o\t vttt ittt e e eee e
(b) Three and Four OXYANIONS ..« ouwsmwsiss 96885 0 smuensnms

C. Oxyanions Plus HalldeS .. . ws sssms s i smanmome s miwwessvssws %
I. Carbonates Plus Halides .........................ccuuiu.n.

II. Perchlorates Plus Halides . ............c. it iiiiinennnnnens
III. Nitrates Plus Halides .. .......... ... ... ... ... i,
IV. Hydroxides Plus Halides . .. ......... ... ... ... i,
V. Sulfates Plus Halides . .............. ... ... ... .
VI. Two Oxyanions Plus Others. . ............. ... ... ... ..

D: Bromides Only . .- « cos sms s ms somins oo s oo s e s o8 95 o wins: o
I: Two: BIOMIAES: o oq s o 5555 5505505 0mwisno s m a6 i 6 558 65 0S5 7

(a) Monovalent Bromides Plus Others......................

(b) Divalent and Trivalent Bromides Plus Others ............

II. Three Bromides. . .. ...t

B. CHIOHAES ONY . v vion s v s ams 59,55 505080 5 5 v o oo 5188 505158
I TWO CHIOTIACS: .o e 555 s@uas 319 855 505 4 seai 5w 0505 FHEPE n@imS
(a) Monovalent Chlorides Plus Others......................

(b) Divalent Chlorides Plus Others. .. ......................

(c) Trivalent Chlorides Plus Others ........................

(d) Tetravalent Chlorides Plus Others . .....................

(e) Pentavalent Chlorides Plus Others . .....................

II. Three Chlorides . ... ...ttt e
(a) Monovalent Chlorides Plus Others......................

(b) Divalent and Trivalent Chlorides Plus Others . ...........

ILL: EOUT IChIOTIAGS « v v vis 5 56 2 5059515508008 550 5 o 5180 555 8 500 0 550 5.0 060 8 05

iii

Page

vil
vil



F. Fluorides Only ... .....ouuiimniie it 317
T. Two Fluorides: . s« swone swasasmsnsins soams susss emame saswa 317

(a) Monovalent Fluorides Plus Others...................... 317

(b) Divalent Fluorides Plus Others......................... 345

(c) Trivalent through Pentavalent Fluorides Plus Others. . .. .. 389

II. Three FIUOrides. . .. .. oottt e 392
III. Four Fluorides . ....... ...ttt 418
G. Todides Only . .....coiniii e 423
T: Twolodides «smssmmems sasws saumpsmsmamuns sovms cwsagemassys 423

(a) Monovalent Iodides Plus Others........................ 423

(b) Divalent and Trivalent Iodides Plus Others .............. 461

II. Three Iodides ... ...t e 469
H. Mixed Halides. . . . ... .. o e e e 485
I. Two Halides . ........ i e 485

II. Three Halides . ......... oottt 526
III. Four Halides . ....... ..ottt e 543
IV Five HAlideS: oo vasmmsmssnsms ensms amuswrusmviams oo sms 855 551
Vo Six Halides: ssiwscms vasnsamins swams smapaswadasms 09ais sass 552
VI. Eight Halides. . .. ......... i 571
I. One Chloride Plus Iodine. .. ...... ...ttt 574
J. Halide Plus Gas. . ...ttt 575
K: TWoOUCTANIAES: ; 5 vuswssmvms smemessommsmssams s @y vmysesgss 576
ANthor INdeX w: sueswscnsws smems st snimsdsswsnis ¥slsss i iaanidss 577
System Index. ... ... oo 581



One Metal Plus Bromide

Figs. 6952-6953

A. Metal Plus Halides or Halogens

l. One Metal Plus One Bromide

Bi-BiBr;

7 T | [s3gel [ T

(62%) L
500 — —
400 — L Two Liquids =1

L+ L)
B 272
300 — 2940

g BiBrs + Ly hg30 BiBr + Ly
BiBr + Ly N

Bi + Ly

218.5° 2050

200 21%) -

B g BiBrz + BiBr BiBr + Bi
La _

a BiBrs + BiBr fool
m
100 [ I I I I I 1
20 40 60 80 100

BiBrs Mol % Bi

Fig. 6952—System BiBri-Bi.
S.J. Yosim, L. D. Ransom, R. A. Sallach, and L. E. Topol, J. Phys.
Chem. , 66, 28-31 (1962).

STARTING MATERIALS: Bi was prepared from reagent-grade
Bi, melted under an inert atmosphere, and filtered through glass
wool to yield a shiny ingot with a melting point of 271.0°C. BiBr;
was prepared by exposing liquid Bi to Br vapor from a bromine
reservoir; the salt was subsequently sublimed to yield material
with a melting point of 218.5°C. Chemical analysis showed 46.5
wt% Bi (vs 46.57% theoretical).

STARTING COMPOSITIONS: At least 18 mixtures, distributed
more or less uniformly across the diagram.

CONTAINMENT: Vycor, fused silica, or Pyrex were used.

APPARATUS AND TECHNIQUE: The miscibility gap was stud-
ied by decanting and chemically analyzing the salt-rich layer, by
DTA, and by visual observation (metal-rich side). The subsolidus
was studied using DTA. The lower temperature part of the lig-
uidus was studied by decantation. For the DTA experiments,
Chromel-Alumel thermocouples were inserted in a well in the
glass cells. Use of a rocking furnace allowed continuous mixing
of the samples in all experiments.

CHARACTERIZATION: Chemical analysis of decanted material.

SPECIAL POINTS: The authors indicate a critical point at 538°C,
62 mol% Bi.

DISCUSSION: The authors conclude that the solid subhalide BiBr
exists, in agreement with Refs. 1 and 2. The authors interpret
extension of eutectic DTA effects in both directions beyond the

BiBr composition as due to metastability. No X-ray data for this
system are reported, and the existence of BiBr is inferred partly
on the basis of analogy with the Bi-BiCl; system (Fig. 1658).
Results of a cryoscopic analysis of the liquidus are discussed. For
a more recent determination of the miscibility gap and the effect
of pressure, refer to Figs. 6953 and 6954.

1. B. G. Eggnik, Z. Phys. Chem., 64 [4] 449 (1908).
2. G. G. Urazov and M. A. Sokolova, Akad. Nauk SSSR, Inst. Gen.

Inorg. Chem., 24, 151 (1954).
L.P.C.
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Fig. 6953—System BiBr;-Bi.
H. Hoshino, K. Tamura, and H. Endo, Solid State Commun. , 31 [9]
687-689 (1979).

STARTING MATERIALS: Bi of 99.999% purity (metals basis) and
BiBr; purified by subliming the reagent-grade salt under reduced
pressure were used. Starting mixtures were obtained by homoge-
nizing in a rocking furnace at 590°C, followed by annealing at
580°C for 12 h.

STARTING COMPOSITIONS: Fourteen mixtures, distributed
about evenly between 30 and 100 mol% Bi.

CONTAINMENT: Evacuated Pyrex cells were used.
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Bi-BiBr; (cont.)

APPARATUS AND TECHNIQUE: The electrical conductivity of (B)
samples in sealed Pyrex cells was measured using tungsten elec-
trodes calibrated against distilled mercury; temperature drop

along the cells was <0.1°C. Temperature was measured using | ! I {
Chromel-Alumel thermocouples to within 1%.
CHARACTERIZATION: By in-situ study of electrical conductivity L
as a function of temperature; discontinuous changes in the con- 600~ Liquid ]
ductivity were used to delineate the phase boundary.
SPECIAL POINTS: The critical point was determined to be at
544.0° =+ 0.5°C, and 62.0 = 0.1 mol% Bi. - —
DISCUSSION: This diagram represents a somewhat more detailed
version of the 100 kPa (1 atm) miscibility gap than given in Fig.
6952. The 100 kPa (1 atm) position of the critical point is about 500
6°C higher than that given in Fig. 6952. The effect of pressure
on the miscibility gap is given in Fig. 6954. Two: Liqaida 12 kbar
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One Metal Plus Bromide

Bi-BiBr; (concl.)

Fig. 6954—System BiBr;-Bi. (4) Effect of pressure on the miscibil-
ity gap up to 1.5 kbar; (B) up to 17 kbar; (C) effect of pressure on the
critical and monotectic temperatures. T. = critical temperature; T,
= monotectic temperature.

K. Tamura, H. Hoshino, and H. Endo, Ber. Bunsenges. Phys.
Chem. , 84 [3] 235-240 (1980).

H. Hoshino, K. Tamura, S. Hosokawa, K. Suzuki, M. Misonou,
and H. Endo, J. Phys., Collog. (Orsay, Fr.), No. C8, 52-55 (1980).

STARTING MATERIALS: Bi (99.99%) and BiBr;, purified to
99.99% by sublimation of reagent-grade salt.

STARTING COMPOSITIONS: At least six mixtures, distributed
across the two-phase region; compositions stated as accurate
to =0.2 mol%.

CONTAINMENT: Up to 1.5 kbar, a Pyrex liner with tungsten elec-
trodes was used; from 4 to 20 kbar, a fired pyrophyllite cell
(900°C under vacuum, 2 h) was used, with molybdenum elec-
trodes, and niobium end caps.

APPARATUS AND TECHNIQUE: Up to 1.5 kbar, conductivity
was studied using an externally heated autoclave with argon
pressure medium; mixtures were homogenized by rocking the

Figs. 6954-6955

autoclave above the critical temperature. From 4 to 20 kbar, con-
ductivity was measured using a piston-cylinder apparatus with a
graphite heater; homogeneous starting mixtures were obtained by
pretreatment at 18 kbar and 600°C.

CHARACTERIZATION: By in situ study of electrical conductivity
as a function of P-T; discontinuities were used to delineate phase
boundaries.

SPECIAL POINTS: Refer to diagram (C) for the shift in critical and
monotectic temperatures with pressure. The temperature of the
critical point is lowered with increasing pressure, and its compo-
sition becomes more Bi rich (~73 mol% at 15 kbar); with in-
creasing pressure the monotectic temperature increases; at 17
kbar the two-phase region has vanished.

DISCUSSION: Retrograde solubility on the BiBri-rich limb de-
creases rapidly with increasing pressure and disappears at about
1.5 kbar. The authors postulate structural changes in the melt to
account for an inflection at high pressure in the conductivity/
temperature curve near the 50 mol% composition, and imply that
this may relate to the existence of BiBr; in the melt.

L.P.C.

Il. One Metal Plus One or More Chlorides
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Fig. 6955—System AuCl;-Au (Chlorine pressures are calculated.)
E. M. W. Janssen, F. Pohlmann, and G. A. Wiegers, J. Less-Com-
mon Met., 45 [2] 261-273 (1976).

STARTING MATERIALS: Powdered Au metal and crystalline
AuCls.

STARTING COMPOSITIONS: At least 15 mixtures of the end-
members, distributed primarily between AuCl; and AuCl.

CONTAINMENT: Sealed silica glass ampules (DTA) and silica
glass capillaries (high-temperature X-ray) were used.

APPARATUS AND TECHNIQUE: For DTA, silica glass in a
sealed ampule was the reference, and heating rates of 4.3° and
15°C/min were used. For high-temperature X-ray, patterns of
AuCl were taken with a Guinier camera.

CHARACTERIZATION: No additional information given.

DISCUSSION: The melting point of AuCl; is determined from ex-
trapolation of the liquidus; an estimate of the enthalpy of melting
is given. The authors review literature evidence for existence of
a compound with composition AuCl; and conclude that this ma-
terial is not a compound but a eutectic mixture. Chlorine pres-
sures for this equilibrium and the peritectic decomposition of
AuCl are calculated from thermodynamic data. Other vapor spe-
cies are present in these equilibria, however. According to Ref. 1
the dominant binary vapor species is Au,Cly below about 480°C
and Au,Cl, above that temperature.

1. S. E. James and J. P. Hager, Metall. Trans., B, 9 [1] 501 (1978).
LP.C.



