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Foreword

The National Standard Reference Data System provides access to the quantitative data of phys-
ical science, critically evaluated and compiled for convenience and readily accessible through a
variety of distribution channels. The System was established in 1963 by action of the President’s
Office of Science and Technology and the Federal Council for Science and Technology, and
responsibility to administer it was assigned to the National Bureau of Standards.

NSRDS receives advice and planning assistance from a Review Committee of the National
Research Council of the National Academy of Sciences-National Academy of Engineering. A num-
ber of Advisory Panels, each concerned with a single technical area, meet regularly to examine
major portions of the program, assign relative priorities, and identify specific key problems in
need of further attention. For selected specific topics, the Advisory Panels sponsor subpanels
which make detailed studies of users’ needs, the present state of knowledge, and existing data re-
sources as a basis for recommending one or more data compilation activities. This assembly of
advisory services contributes greatly to the guidance of NSRDS activities.

The System now includes a complex of data centers and other activities in academic insti-
tutions and other laboratories. Components of the NSRDS produce compilations of critically
evaluated data, reviews of the state of quantitative knowledge in specialized areas, and computa-
tions of useful functions derived from standard reference data. The centers and projects also
establish criteria for evaluation and compilation of data and recommend improvements in ex-
perimental techniques. They are normally associated with research in the relevant field.

The technical scope of NSRDS is indicated by the categories of projects active or being
planned: nuclear properties, atomic and molecular properties, solid state properties, thermody-
namic and transport properties, chemical kinetics, and colloid and surface properties.

Reliable data on the properties of matter and materials are a major foundation of scientific
and technical progress. Such important activities as basic scientific research, industrial quality con-
trol, development of new materials for building and other technologies, measuring and correcting
environmental pollution depend on quality reference data. In NSRDS, the Bureau’s responsibility
to support American science, industry, and commerce is vitally fulfilled.

A Aubls

ERnEST AMBLER, Director
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Preface

This series of publications is aimed at providing physical properties data on materials used in energy
storage systems. It was inspired by a requirement in the Department of Energy’s Division of Energy Storage
Systems for materials property data needed by its contractors in the timely development of energy storage
devices. As prime contractor for this program, the Lawrence Livermore Laboratory (LLL) has requested the
Office of Standard Reference Data (OSRD) to manage the task of gathering the data, using its established
network of data centers and other identified sources of expertise. The OSRD monitors the progress of work,
reviews the results, and conveys the numerical data to LLL where the data are converted for entry into an
automated data storage and retrieval system. Every effort is made to supply data which have been critically
examined in light of the latest knowledge concerning theory and experiment. However it must be recognized
that in a rapidly moving technology some of the data will be superseded rather quickly as new materials and
techniques are introduced. Thus access to the data via computer terminal as well as publication in this series
should help provide the practitioner with timely and useful data which he requires to solve his problems in
energy storage. Funding for this series of projects from the Department of Energy, Division of Energy
Storage, through the Lawrence Livermore Laboratory, is gratefully acknowledged.

Previous publications in the series ““Physical Proper-
‘ties Data Compilations Relevant to Energy Storage”:

Janz, George J., Allen, Carolyn B., Downey, Joseph R., Jr., and
Tomkins, R. P. T., Physical Properties Data Compilations Relevant
to Energy Storage. 1. Molten Salts Eutectic Data, Nat. Stand. Ref.
Data Ser., Nat. Bur. Stand. (U.S.}, 61, Part I, 244 pp. (March 1978).

Janz, G. J., Allen, C. B., Bansal, N. P., Murphy, R. M., and Tomkins,
R. P. T., Physical Properties Data Compilations Relevant to Energy
Storage. II. Molten Salts: Data on Single and Multi-Component Salt
Systems, Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.), 61,
Part 11, 442 pp. (Apr. 1979).

Miller, G. R., and Paquette, D. G., Physical Properties Data Compila-
tions Relevant to Energy Storage. IIl. Engineering Properties of
Single and Polyerystalline Sodium Beta and Beta” - Alumina, Nat.
Stand. Ref. Data. Ser., Nat. Bur. Stand. (U.S.), 61, Part III, 19 pp.
(June 1979).
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PHYs1cAL PROPERTIES DATA COMPILATIONS
RELEVANT To ENERGY STORAGE
IV. MoLTEN SALTS: DATA ON ADDITIONAL SINGLE AND MuLT1-COMPONENT SALT SYSTEMS

E]
G. J. Janz and R, P. T. Tomkins

Molten Salts Data Center, (Cogswell Laboratory,
Rensselaer Polytechnic Institute, Troy, New York 12181

The present work provides selected data with value
judgements for an additional set of 107 salt systems of
interest as candidate materials for thermal energy
storage sub-systems, for electrochemical energy storage
systems, and in electrochemical aluminum production,
The physical properties assessed are: melting points;
phase diagrams; eutectic compositions; density; surface
tension; viscosity; electrical conductivity; diffusion
constants for ions; heat of fusion; heat capacity;
volume change on fusion; vapor pressure; thermal con-
ductivity (liquid and solid); and cryoscopic constant.
The status of corrosion studies in the form of annotated
bibliographic summaries, and salient observations on
safety and hazards are also reported. A summarizing
series of tables is provided as index to the data-gaps
status for this set of candidate materials.

Key words: Corrosion; data compilations; electro-
chemical aluminum production; electrochemical energy
storage materials; molten salts; physical properties;
safety and hazards; thermal energy storage materials;
thermal properties; thermodynamic properties; trans-
port properties.

*Present affiliation: New Jersey Institute of
Technology, Newark, NJ 07102, and Visiting
Professor, RPI.
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INTRODUCTION

This communication reports critically
evaluated data for an additional list of
some 107 molten salt systems. This work
was undertaken for the NBS-LLL Data Banks
for Energy Research [1=3] and provides a
data base on molten salts that are candi-
date systems particularly for thermal
energy storage and for electrochemical
energy storage, For tle preceding publica-
tions see [4-6]. Critically evaluated
data were reported for some 49 single and
multi-component salt systems in Part II
[5]. This data base is extended from 49
to 157 candidate salt systems in the
present work.

The energy storage areas within the
scope of this task included:

(i) solar and thermal energy
storage subsystems util-
izing inorganic salts in
the PCM mode (phase-change-
materials)

(ii} high temperature (molten
carbonate) fuel cell
systems

high temperature (molten
carbonate) coal gasifica-
tion processes

(iidi)

(iv) super-batteries systems
(the sodium-sulfur and
the lithium-metal sul-
fide battery concepts)
(v) high temperature heat
transfer fluids (e.g.,
Hi-tec)

(vi) molten electrolytes

for high temperature
electroplating of
refractory metals (e.g.,
the Flinak electrolyte
for tantalum plating)

molten electrolytes for
electrowinning of light
metals (such as aluminum
production from molten
cryolite)

(vii)

Closely related research areas are
applications encountered in environmental
areas, viz:

disposition of sulfur (oxides)
in stack gases

disposal of hazardous wastes
without atmospheric pollution
{e.g., "aged" high explosive

and rocket propellants;
chemical warfare agents,...)

disposal of used photo-
graphic wastes (film) (with
silver recovery)

Consideration of these areas were included
in the selection of the candidate salt
systems.

Candidate Salt Systems

The criteria for selection of Candi-
date materials, and the generalized list of
"likely" systems for the selection of
specific candidate systems are in ‘tables
I.1 and I.2, respectively. The present
candidate systems in this task have been
limited to (anhydrous) incrganic salts
(table I1.2-A,B); for the salt hydrates
(table I.2C), see Cantor [ref. 7]. The
sequence of systems in the data tables
follows an anion classification as used
for molten salts data elsewhere [5,8,8].
Within each anion family, the systems are
arranged by cations as in the periodic
chart of elements. There are some excep-
tions (e.g., sulfur, while not a salt, is
inciuded as a component of the alkali
metal polysulfides).

The cumulative list of candidate salt
systems summarized in table I.3, is
arranged alphabetically by metallic
element of the salt system to provide a
facile entry to the data compilations
reported in the preceding and the present
publications. An underscored entry indi-
cates that the data for that system are in
the preceding publication in this series
[5]. The alphabetical listing (by element)
has the feature of cross-indexing, so that
the data for multi-compcnent systems can
be readily accessed by reference to the
cumulative 1list in table I.3.

The following considerations were used
in the selection of the candidate salt
systems.

Molten carbonates - In working systems
(fuel cells, coal gasification, sulfur
emissions scrubbing, heat storage subsys-
tems,..) additional compounds are formed in
trace amounts, and increasing concentra-
tions. Knowledge of the properties of
carbonates with such additives is essential
in evaluating the paraineters contributing
to the overall process(es).

The list was extended from pure carbo-
nate systems to include a selection of
such systems, e.g., NapC03-NaOH, Na,COz-
NaC1l, Li,C03-K,80,, NapC0O3-NaCl-NaOH,...

Molten polysulfides - The lithium and
potassium series of volysulfides were added
to extend the coverage from sodium




polysulfides and sulfur to additional
systems of interest in "super-battery"
type R § D projects.

PCM candidate materials - The multi-
component systems included in the present
list extend the coverage to priority 1
and priority 2 type systems (see: table
2, A and B) with due consideration to the
factors .of economy and safety, and to the
desired thermal properties (see: table
1, A). The hydroxides and their mixtures,
nitrate-nitrite mixtures, the ternary
nitrite-nitrate system (Hi-tec), are
examples of systems thus added.

Cryolite and related systems -
In the industrial production of aluminum,
the molten electrolyte is a mixture of
NazAlFg and Al203 with smaller amounts of
CaF; and AlF; as additives, The candidate
list has thus been extended to include a
selection of such systems, e.g.,

AlF, CaF,, BaF,, MgF,, NagAlF,
and mixtures, e.g., LiF-NaF,
NaF-AlFs, NasAlF -A1203...

6
Additional systems - Various molten
salt systems, notably fluorides, and
nitrate-nitrite mixtures have seen appli-
cation in diverse areas, such as:
refractory metals plating; metal treat-
ment, heat transfer fluids,..., and the
candidate 1ist was extended accordingly.
The KNO3z-NaNO3-NaNOz and LiF-NaF-KF
systems, widely known as "Hi-tec" and
"Flinak" respectively are examples of
systems thus included in this work.

Fundamental Constants, Symbols, Units

The fundamental constants and glos-
sary of symbols and units are in Tables
I.4 and I.5, respectively.

Treatment of Data

Statistical Analysis of Data

The recommended data values were
selected based on the estimates of pre-
cision and uncertainty of the data survey-
ed in the literature. The Percent Depar-

ture also provided a guideline. The
Percent Departure is defined as:
Percent Departure =
1" " n "
compared value tabulated value x 100

"tabulated value'

Here "compared value' and ''tabulated
value" refer to the literature value and
the value recommended in the present
work. Both the "compared value' and the
"tabulated value'" were calculated from

statistical derived equations since the
results had to be interpolated to common
temperatures and common compositions.
Where the data sets from two or more stud-
ies were merged to provide the data base
for the recommended values (either to
extend the temperature range, or to fix the
confidence level) this has been noted in
the data tables. Unless otherwise noted,
all values were recalculated to the Kelvin
temperature scale and are thus reported
throughout.

All calculations were made on the
digital computer facilities at Rensselaer
Polytechnic Institute. The data set of
the recommended study were recalculated
by a one-dimensional analysis, using the
method of least squares, to establish
equations indicating the variations of the
physical quantities with temperature at the
experimental compositions. If the data
base was sufficient, calculations using a
two-dimensional analysis, with a stepwise
multiple regression routine were under-
taken, In this way a physical property-
temperature-composition matrix was devel-
oped. A result of this analysis is that
it enables intercomparisons of property
values at either common temperatures or at
common compositions.

One-Dimensional Analysis

The criterion for choosing the
equation of best fit in the one-dimension-
al analysis was the standard error of
estimate.

This was defined by
3

T Oe - n?
s =l
n-q

where yo = the experimental value at each
temperature, y = the value calculated from
the least squares equation at the same
temperature as y_,, n = the number of
experimental data points, and q = the
number of coefficients in the least square
equation (2 for linear, 3 for quadratic).
The standard error of estimate was computed
from the residuals in the least-squares
routine.

Two-Dimensional Analysis

The computer programs consisted of the
four routines, STPRG, CORRE, LOC and MSTR;
the latter two are storage routines which
have no effect on the accuracy of the
results. In addition a subroutine STOUT
was used to print the results of each
regression step and the subroutine MATRIX,
for printing a matrix of numerical values
from the thus derived equation.



} The abbreviated Doolittle method was
used to select the variables entering the
regression and for calculation of coeffi-
cients. The independent variable included
in each step of analysis was selected by
computing the reduction of sums of squares
of each variable. The variable causing
the largest reduction was added to the
equation and deleted from the table of
sums of squares. The coefficients,
intercept, and statistical parameters for
the new equation were computed and print-
ed. This procedure was repeated until the
maximum proportion of sums of squares to
the total reduced was less than a limit
set by the programmer.

The independent variables used in the
initial selection were chosen from a gen-
eralized procedure, which generated 30
combinations of input variables using
powers, reciprocals, logarithmic and
exponential quantities. It was found
that the procedure cgnsistently selected
the equation (T + C)°, so that the work-
ing program used nine independent varia-
bles. After the final equation was
produced, it was transferred to the MATRIX
routine, which recalculates values at
rounded compositions and temperatures,
within specified boundary conditions. In
the presentation of the matrix, due cogni-
zance is taken of the experimental range
of investigation and of the phase rela-
tionships for the system so that values
are always "interpolated" rather than
'extrapolated". The final step in the
procedure involves the residual analysis
(giving the deviations of the original
values from those computed for the 'best-
fit" equations).

In the programs used (vide infra), a
summary of significant parameters is
printed by the computer at each step in
the regression analysis. These are:
the sum of the squares reduced, Sj; the
ratio Sj/D where D is defined below; and
the cumulative sum of these variables,
Scum 8nd Peyn. These quantities give an
indication“8F the effect of each variable
in the final equation. The programmer's
limit on P was always in the range
0.0001 < Pcum < 0.001.

The standard error in the estimated
y values adjusted for degrees of freedom,
is then given by:

where D = J(y; - i)z, y; = experimental
values, y = avéerage of all experimental
values, and q = the number of independent
variables in the equations.

An F value znalysis of variance was

used to determine if a particular model
was acceptable. Tables of F values indi-
cate that values greater than 2.0 are
acceptable for the routine used here. In
all cases values of F were greater than

1000. The F value is defined as:
F = Scumﬁg
(- S/ -a-1)
where Scum’-q’ D, and n are defined above.

Value Judgements

Precision

Estimates of precision were based on
standard error of estimate analysis. The
standard error of estimate is the end
result of a statistical analysis of the
numerical data, and the statistical anal-
ysis depends on various factors, such as
the number of the data points, the nature
of the concentration dependence and the
temperature dependence of the particular
physical property. The precision is the
standard error expressed as a percent
value. As a general guide, about 60%
of the results lie within the estimate of
precision, 95% within three times the
value. Where the preceding approach was
not possible, we refer to the published
error estimates of the original authors.

Accuracy

Accuracy estimates were based on
assessments of experimental details
including method of measurements, techni-
ques, analytical characterization of
chemicals, and intercomparisons with
results from the same and/or different
laboratories. The accuracy estimates are
more subjective than the estimates of
precision.

For eutectic melting point data, the
values are reported without limits of
accuracy. This is largely because the
experimental details (i.e., cooling/heat-
ing curves) are insufficient for accuracy
estimates.

The various measurement techniques
encountered are summarized in Table I.6.
The range is considerable and shows some
aspects of the complexities and diffcul-
ties in this part of the task, i.e.,
firming up accuracy estimates. Descrip-
tions of experimental details, particular-
iy for molten salts studies, may be found
in recent surveys [8-13], and it is
sufficient to note some particular points
encountered in the present task. The
most widely used techniques appear to be:
Archimedean (density), maximum bubble
pressure (surface tension), capillary and



oscillating sphere (viscosity), ac bridge
{(electrical conductance), chronopoten-
tiometry (diffusion), drop calorimetry
(heat of fusion; heat capacity), dila-
tometric (volume change con fusion) mass
spectrometry-Knudsen cell (vapor pressure),
hot wire (thermal conductivity), and heats
of fusion (cryoscopic constants)., The
accuracy estimates based on these appear
reasonably sound.

Concerning electrical conductivity,
it is now apparent that the quartz capil-
lary dipping cell technique may lead to
values as much as 3-5% too high at
temperatures greater than 900°C [13].

Relative to viscosity measurements,
extreme care must be given to features of
experimental design/technique if the
damped oscillation method (oscillating
sphere) is to be used with confidence. It
is apparent that the recommended viscosity
values for NaCl may be as much as 50% too
high at 900°C, even though the technique,
as conventionally used, should be capable
of an accuracy better than +5% [13],

Phyeical Properties Tables

Values are reported throughout on the
Kelvin temperature scale with the excep-
tion of the melting point data. The
Celsius scale was retained for melting
points for ease of reference to source
materials, Information has been included
relative to two aspects that do not lend
themselves readily to critical assessments,
namely Corrosion and Containment, and
Safety and Hazards. For these two, the
information is reported simply as an
annotated bibliography so as to provide
ready access to the source literature.

The data status for the 157 salt
systems is summarized in table 1.7 in
bar-graph format. An open field indicates
no information found, i.e., a data gap.
Some exceptions te this generalization
are as follows.

The phase diagram field for one-
component systems has been left open in
general although the liquidus-solidus
transition is known, i.e., it is charac-
terized by a single temperature, namely
the melting point temperature. When
pressure - melting temperature is
variant (at nominal pressures) a phase
diagram has been included (e.g., sulfur).

For certain systems, such as the
cryolite multi-component systems, the in-
vestigations were directed only to the

properties of density, surface tension,
viscosity, and conductance, largely from
the viewpoints of the liquid state proper-
ties of this molten electrolyte and cur-
rent efficiencies. While the open fields
for the remaining properties do indicate
that no information was found in these
areas, the data gaps do not appear to be
significant relative to the physical
properties of cryclitic electrolytes for
aluminum electrolysis.

It should be noted also that heats
of fusion measurements for multi-component
systems are meaningful normally only at
points of fixed compositicn, such as
stoichiometric compounds and/or eutectic
compositions and/or minimum melting solid
solutions. An open field for this
property thus indicates a significant data
gap if it is apparent from the liquidus-
solidus equilibrium (i.e., the phase
diagram) that one or more of the preceding
features occur in this system.

A ready insight into the data status/
data gaps for the salt systems is given
from table I.7. The use of table 1.3
{one-ccmponent, multi-component systems
1.D. # index) together with table I.7
(data status/data gaps - systems I.D. #
index) provides a useful and facile guide
to the data compilations of this series
li.e., ref. 4 and present work].

Acknowledgements

We acknowledge with pleasure pre-
publication vesults from various
colleagues during the course of this work.

Technical typescript was by Candace
Bornt and Elizabeth Schoonmaker. For
statistical analysis and computer pro-
gramming, we acknowledge the assistance of
Robert McNamee, Eric Boskin and Mark
Chudzicki. Lisbeth A. Wilcox contributed
significantly to preparation of final
copy.

L. H. Gevantman, Office of Standard
Reference Data, National Bureau of
Standards is thanked for continued
interest throughout the course of this
work,

This work was made possible, in
large, by financial support from DOE -
Division of Emergy Conservation, Data
Management Group, Lawrence Livermore
Laboratory, and the Office of Standard
Reference Data, National Bureau of
Standards.



(1]

[z]

(3]

[4]

[5]

[6]

[7

10. References to Introducticn

Hampel, V. E., Data Management
Group, Lawrence Livermore Labora-
tory, Univ. California, and
Gevantman, L. H., Office of
Standard Reference Data, National
Bureau of Standards.

Hampel, V. E., Henry, E. A., Kuhn,
R. S., and Lyles, L., "dequisition,
Storage, Retrieval, Display and
Utilization of Computeriaed Data
im the LLL Data Bank of Physical
and Chemical Properties', Proc.
5th International CODATA Confer-
ence (1976), Pergamon Press, N.Y,
(1978).

Hampel, V. E., and Quick, T. M.,
"Research Leading to the Produc-
tion and Early Use of HNumeric
Data Banks of Materials Proper-~
ties and Systems Analysis”,
(Project Summary); Proc. Znd Ann.
Thermal Energy Storage Contrac-
tors' Information Exchange Mts.
ORNL-Conf-T10955 (1977); NTIS,

U. S. Dept. Commerce, Springfield,
Va.

NSRDS-NBS-61, Part I., "Physical
Properties Data Compilations
Relevant te Energy Storage. I.
Molten Salts: FEutectie Data’,

(G. J. Janz, et al.), U. 8. Gov't
Printing, Office, Washington,
{(March, 1978).

NSRDS-NBS-61, Part II., "Physical
Properties Data Compilations
Relevant to Energy Storage. II.
Molten Salts: Data in Single and
Multi-Component Salt Systems”,

(G, J. Janz, et al.}, U. S. Gov't
Printing Office, Washington
(April, 1979).

NSRDS-NBS-61, Part III., "Physical
Properties Data Compilations
Belevant to Energy Storage. III.
Engineering Properties of Single
and Polyerystalline Sodium Beta and
Beta"-Alumina", (G. R. Miller and
D. G. Paquette), U. S. Gov't
Printing Office, Washington
(June, 1979).

1 Cantor, S., "Thermophysical Proper-
ties and Behavicural Characteris-

tics of Phase-Change Materials',

(Project Summary}; Proc. 2nd Ann.

Thermal Energy Storage Contractors'

Information Exchange Meeting;
ORNL-Conf-T10955 (1977); NTIS,

U. S. Dept. Commerce, Springfield,

Va.

[11]

{1z]

[13]

Janz, G. J., et al., Molten Salte
Data, Vol. 4, Pt, 2; J. Physical
and Chemical Ref. Data, 4, 871
(1975). -

Janz, G. J.,
Academic Press, N.Y.

"Molten Salts Handbook',
(1967).

Bockris, J. O'M., White, J. L., and
MacKenzie, J. D., "Physicochemical
Measurements at High Temperatures’,
Butterworths, London (1959).

Corbett, J. D., and Duke, F. R,, in
"Teehniques of Inorganic Chemis-
try”, Vol, 1, Wiley-Interscience,
N. Y. (1963).

Bailey, R. A., and Janz, G. J.,
in "The Chemistry of Non-Aqueous
Solvents”, Vol. 1, Academic

Press, N. Y. (1966).

Janz, G. J., "Molten Salts Calibra-
tion Quality Data”, J. Physical
and Chemical Ref. Data, 9, in
press (1980}. -



Tables to Introduction

Table I.1. Criteria for the selection of candidate materials

A. (For thermal energy storage systems (pcM)® and for
electrochemical energy storage (ESB)b

1. Thermodynamic properties

2. Chemical properties

(1) suitable melting point
(ii) high heat of fusion
(iii} congruent melting

(iv) small volume change on
melting

(v) high thermal conductivity
(vi) heat capacity
{vii) density

(viii) surface tension

(1) safety
(ii) stability

(iii) non-corrosive to
container materials

3. Economy

(1) inexpensive

(i1} availability

B. Additional censiderations for electrochemical
energy storage (ESB)

(i) electrical conductivity

(ii) diffusion constants for ions

(iii) transport number for ions

(iv) cryoscopic constant
{(v) emf series of metals

(vi) reference electrodes

(vii) thermodynamic activity coefficients

a(PCM); phase-change materials; b(ESB); electrochemical storage batteries



Table I.2. Likely candidates list (salt systems)

A, Systems utilizing single salts (I.IIa and I.IIb)

I. Cations I1. Anions
a
lithium chloride bromides
sodium nitrates iodides
potassium carbonates sulfates
magnesium polysulfides phosphates
calcium fluorides thiocyanates
barium hydroxides vanadates
nitrites borates
sulfides tungstates
chromates
formates
acetates

B. Systems utilizing mixtures of salts

(a) Eutectics (2 or more salts from I.IIa)
{(b) Eutectics (2 or more salts from I.IIb)}

(c) Eutectics (2 or more salts from I.IIa, I.IIb)

C. Systems utilizing salt hydrates

Congruently melting salts with water of hydration

10



Table I.3.

[The underscored system numbers identify the systems
reff5]);

List of candidate salt systems

that were in the first list of candidates (see:
the system numbers not underscored identify the systems
in the second list cof candidates (i.e., this work)]

AlF3

A1203

Al

273

&

KC1

Lic1
NaCl
NaCl-KCl1

KF

LiF

NaSAlF6
N33A1F6~A1203
NaF

KsALF
LigAlF,
NagAlF

Na ALF ~AlF,
NasALF -CaF,
NasAlF-LiAlF,
NagALF -LiF
NagALF -NaCl
NagAlF,-$i0,

1=

BZOS-NaSAlF6

BaCl2

CaClZ

(2]
= o

[ 7SI (VIR [ X
o (O v

135
154
8s

140
141
138
134
153
156
152
153
157

84

54
100

]

6

BaF

BeF

CaClZ

CaF

Ca(NOy) ,

KC1
LiC1
MgCl2
Na3A1F6
NaCl

LiF
NasAlF
NaF

Na3A1F6

BaCl2
XC1
KCl«MgClZ
KC1-NaCl
LiC1l-XCl
MgCl2
NaCl

LiF

Na3A1F6
N33A1F6-A1203
NaF

NaNO

94
89
98
139
91

52
80
134
84

131

foo

100
93
99
95
37
a7

51
79
133
153
83

72
103

K3A1F

K,CO

KC1

KF

L]

H

§31

A1203

KC1
KCH
LiZCO3

Li S0,

2
NaZCO3
NaZCOS-LiCOS
NaCl

AlCl3
BaCl2
CaCl2
K2C03
KZSO4

LiCl
LiClaCaCIZ
MgCl2
MgClZ-CaCI2
NaZCO3

NaCl
NaC1~A1C13
NaCl-CaCl2
NaCl-LiC1

NaCl-MgC1,

AlF

Na3A1F6

67
140

147

fes

86
77
130




Table I.3.

List of candidate salt systems - Continued

KNO

KNO,

KOH

KZSO

;82
X283
K,S,
K,Sg

K286

Kst

4

NaF
NaF-LiF

KOH

LiNOg

Mg (NO5) ,
NaNO
NaNO;-LiNO,
NaNOS-NaNOZ
NaNo,

NaNO3
NaNO2

K,CO4
KNO
NaOH

LizCO3

Lizso4

KC1

NaCl
NaZSO4-LiZSO4

34
78

144
102
104

45

46
148
147

58
146
106

70
126
144
107

58
59
60
61
62
63
150

LifAlF,

Li,C04

LiCl

LiF

Li

Alzos
NasAlF6
NasAlFG'AlZOS

K,C05

K,S0,

Licl

LiOH

Li,50,

2C03
Na,C0;-K,C05

Na

A1C13
BaClz
KC1
KCI-CaCl2
KC1-NaCl
LiZCO5
LiF
LiF-LiBr
LiF-LiI
LiOH
LiNO3
MgClz
NaCl

AlFq

Ban

CaFZ

KF

LiCl
LiCl-LiBr

o |9
© |V |&

LT T N £ )
[T s B s ]

[
LE I
v N

£ s
o {0

foy
Fy
(=]

LiNO,

LiNo,

LiOH

LiZSO4

Li,S
Li,S,
Li,S,
Li,S,

LiBr

- LiCl-Lil

- LiOH

- NajAlF¢

- NasAlF6-A1203
- NaF

- NaF-KF

- KNO3
~ LiCl
- LiOH
NaNO3
NaNOS-KNO3

- NaNOz

- LiZCO3
- LiCl

- LiF

- LiNO4

- K,C0y
- K,50,

- K,50,-Na,S0,
- Li,C0,

- NaCl

- LiF-LiCl

40
109
128
152

76

78

73
108

68
122
110
109
142

w i~
o |»n

12



Table I.3. List of candidate salt systems - Continued
LigAlFg 108 | NaF 2
LiI 26
LiF 128 AlFq 85
- LiF-LiCl 40
Mng 132 Ban g4
NaCl 136 CaFZ 83
Mg
NaF 129 KF 63
MgCl, 7 KF-LiF 78
- BaCl, 98 | Na,COq 1 MgF, 82
- CaCl, 99 K,COg 44 LiF 76
- KC1 92 KZCOS-LiZCOS 41 Na3A1F6 129
- KCl-CaClz 99 KC1 119
- KC1-NaCl 96 :
Li,COo4 iz NaNe, 14
- LicCl 88 -
NaCl 113 ca(nog), 103
- NaCl 90
NaCl-NaOH 151 LiNog 101
NaOH 125 KNO 45
MgF, 50 5 -
KNO;-LiNO4 46
- NagAlF, 13z { NaCl 5
KNOS-NaNO3 148
- NaF 82 AC1g 30
KNOZ 146
BaCl2 91
NaCl 116
Mg (NO 71 CaCl 32
8(N03); 2 = NaOH 143
- KNOg 104 K,C04 114
NaNO2 145
Xc1 28
Na KC1-A1C1, 36
- NaNo, 74
KCl-CaCl2 9s
NaSAlFﬁ 66 LiNOZ 105
KC1-LicCl 38
- AlFs 135 KNO3 147
KC1-MgCl, 147
- A1203 139 KNOZ 106
KZSO4 118
- Al1,0.-AlF 154 NaNO 145
273 7S Lic1 87 3
- A1203-CaF2 1583 . NaNOS-KNO3 148
L12504 4
- AIZOS-LiSAlF6 156
MgC1, 90
- AL,05-LiF 152 NaOH 69
Na3A1F6 136
- A1203-NaC1 185§ KOH 107
NasAlFG-AIZO3 155§
- A1203-Si.02 157 Nazcos 125
NaZCOS 113
- B,0; 138 , NaCl 115
NaOH 115
- Ba.Cl2 137 N3C1‘N82003 151
NaOH-NazCO3 151
- BaFZ 134 NaNO3 143
NaNO3 116
- Ber 131
NaZSO4 117
- Can 133 Nazs 20
- XF 130

13



Table I1.3. List of candidate salt systems - Continued

S Si
Na,s, 21 2 =
Sulfur 19 | §io,
Na,$S 22
273 = - - -
KySy 150 NazAlF,-Al,0, 157
Na,S, 23 - LipSye 149
- Nazsx 33
NazSS 24
Nazsx [NazS-Sulfur] 33
NaZSO4 17
- KZSO4-LiZSO4 48
- NaCl 117

14



Table I.4. Fundamental constants

Symbol Name Values
23 -1
Ny Avogadro constant 6.022045 (31) x 10"“mol
F Faraday constant 9.648456 (27) x 10% ¢ mo17?L
e Electron charge 1.6021892 (46) x 10719 ¢
R Gas constant 8.31441 (26) J K-%Tol_%l
1.98719 (6) cal K "mol

Fundamental constants from: CODATA Bulletin No. 11 (Dec. 1973)

In each case the digits in parentheses following a numerical value
represent the standard deviation of that value in the decimal places
indicated for its final digits
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Table I.5. Symbols and units

Physical quantity Units
Thermodynamically defined activity dimensionless
A Pre-exponential factor as in text
C Concentration mol %
C Heat capacity cal K lmo1™?t
D Diffusion coefficient em?s Tt
E Energy of activation cal mol™*
Heat of fusion kcal mol ™t
Cryoscopic constant K mo1™! kg_l
Ky Equilibrium dissociation constant atm
M1 Apparent molecular weight g rnol—1
pvap Vapor pressure mm Hg
t Temperature (Celsius} °C
T Temperature (Kelvin) K
Tm Melting temperature °C
To Ideal glass transition temperature K
v, Molar volume of solid em®mo1™t
AVf Change in molar volume on fusion cmsmol'1
(AVf/Vs)% Percent molar volume change dimensionless
X Mol fraction dimensicnless
v Surface tension dyn cm_l
n Viscosity cp or poise
K Electrical conductance ohm™ 1 cn?
A Thermal conductivity cal em Y571kt
I Density g Cm—S

For conversion between SI and cother units: For conversion of thermal conductivity:

1mNsmn?=1cp=1nPas to: multiply by:
1mNm =1 dyn en”? mw m™ ikt 4.184 x 10°
4.184 J mo1™! = 1 cal mo1t wn ikt 4.184 x 102
133.3 Pa = 1 torr = 1 mm Hg J oem Ykt 4,184
kcal m Thr-lx 1 3.600 x 10°
BTU £t thr lEL 2.419 x 102

16



High temperature experimental techniques

Table I.6.
Density Cryoscopic constants
Archimedean freezing point lowering
(dilute solution)
dilatometric
freezing point depression
flotation {phase-rule)

maximum bubble

pycnometric

from heats of fusion

Thermal conductivity
(liquid, solid)

Vapor pressure

Surface tension

maximum bubble
Wilhelmy slide plate
pin detachment
capillary rise
sessile bubble

pendant drop

manometry
(sickle or spoon gauge)

dew point
boiling/reduced pressure
vapor transpiration
Knudsen effusion

Mass spectrometry and
Knudsen effusion

hot wire - absolute and
modified hot wire

concentric cylinder -
absolute and transient

optical plane - absolute
and transient

radial heat flux

linear heat flux

flat plate - steady state
comparative method

others

Diffusion

Viscosity

capillary
oscillating sphere
oscillating cylinder

falling sphere

Heat of fusion
Heat capacity

Electrical conductance

dc bridge
ac bridge

transformer bridge

isothermal calorimetry
drop calorimetry

differential-scanning
calorimetry (DSC)

phase-rule (freezing
point data)

solution calorimetry

Volume change on melting

gas manometry
dilatometric

pellet expansivity

chronopotentiometry
linear sweep voltammetry

dc polarography

oscillographic polarography

faradaic impedance
chronoamperometry
rotating disc electrode
porous frit
electrophoresis
wave-front interferometry

capillary

17
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Phkysical Properties Data Tables
System 50 MgF2

1. Melting Temperature (Tm)

Melting point:
1263° + 5°C

References {1-8].

2. Density (p)
Measurement method: Archimedean technique (9]
o = 3.235 - 5.24 x 10741 (50.1)

precision: not estimated uncertainty: ~ % 1 .0%

Table 50.1. Density from equation {50.1)

T P_g T 03

(K) (g em 7) (K) (g em 7)
1650 2.370 1900 2,239
1700 2.344 1950 2.213
1750 2,318 2000 2.187
1800 2.292 2050 2.161
1850 2.266 2100 2.135

References [9]

3. Surface Tension (vy)
No Data
4. Viscosity (n)
No Data
5. Electrical Conductance (k)

No Data
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6.

7.

(50) Mng

Safety and Hazards

(1)

(ii)

(1)

(i)

A, Hazard rating

Toxicity: inorganic fluorides are generally irritants
Vapor pressure: at m.pt, 1263°C, < 0.5 mm.

B. Disaster hazards

Molten salt bath "explosions": i.e., explosive generation of
steam due to bulk water "carry-over'" and/or equipment failure;
i.e., explosive expansion of '"trapped" air.

Fluorides, when heated to decomposition, or contacted with
acids, emit highly toxic fumes.

References [10-15].

Corrosion

Table 50.2. Corrosion studies from primary research literature

Studies (various molten fluorides) References
Cr [20]
Ni-Cr-Fe [18,21]
INOR-8 [18,22-24]
Al [25,26]
Ni-Mo-Cr~-Fe (Hastelloy) [19]
Inconel [24]
Corrosion: molten fluorides (survey) f28-30]

Electro-chemical behaviour of
oxide ions and related species [31]
in melten fluorides

Electro-analytical studies in
molten fluorides [16]

Annotated corrosion biblio. [27,17]

For studies specific to molten MgFZ, see [27,17]. For
thermodynamic (theoretical) considerations, and some
considerations of impurities in the melts, and

"gettering" techniques, see [17].

References {16-31]
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(50) MgF,

8. Diffusion

No data

9. Heat of Fusion (AH;)

Measurement method: drop calorimetry [32]

Table 50.3. Heat of fusion

AHf -1 Uncertainty
(kcal mol 7)

+

13.8 N 2%

References [32-34]

10. Heat Capacity (Cp)

Measurement method: drop calorimetry [39,40]

Table 50.4. Heat capacity

C
El -1 T range
MgFZ (cal X mol ) (K) Uncertainty
2 22.57 1536-1800 *
c (a) 298-1536 *

*
Insufficient data for estimate

3 5.2

(a)cp = 16.93 + 2.52 x 10°°T - 2.20 x 107°T (50.2)

References [35-40)

11. Volume Change on Melting (AVf)

Measurement method: estimated from densities [41]

Table 50.5. Volume change on melting

(AVE/VS) Uncertainty

14.0% ~ o+ 8%

References [41]
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(50) MgF,

12. Vapor Pressure (pva J

P

Measurement methods: cited in table (50.6)

Table 50.6. Vapor pressure, measurements, techniques, and uncertainties

Vapor Pressure Measurements T range uncertainty (in
Ref. Technique (K) vapor pressures)
[42,43] Knudsen effusion, and 1413-1614(b) N oF 37
torsion-effusion(a)
[41] estimated from data base 1600-1940 v o+ 15%
[44] boiling pt - dynamic method 1930-2130 N+ 5%
(a)

torsion-effusion data set selected as recommended data base for this
temperature range

(b)melting point of MgF2 is 1536 K
Equation:
log p(mm) = A + B/T (50.3)
precision: in table 50.7 uncertainty: in table 50.6

Table 50.7. Parameters of equation (50.3) and precisions

Equation T range(K) A ~B Precision

[50.3 A 1536-1614 9.6164 16488.0 v o6.47

[50.3 B] 1600-1940 9.5296 16410.8 v 20%

(50.3 1930-2130 9.6899 16762.3 v 15%

%*for MgF, (solid) in the range 1410 to the m.pt (1536 K), the vapor

pressure may be expressed by : log p(mm) = 12.002 - 20,1443/T (50.4);
estimated precision and uncertainty are, & * 14% and ~ % 37,
respectively.

Table 50.8. Vapor pressure from equatioms in table 50.7

T T
(K) (mm) (X) (mm)
1536 0.076 1930 | 10.11
1540 0.081 1940 | 11.21
1560 0.111 1960 | 13.73
1580 0.152 1980 | 16.75
1600 0.205 2000 | 20.36
1610 0.237 2020 | 24.65
e e = == —ail 2040 | 29,72
1620 0.25 2060 | 35.71
1650 0.38 2080 42.77
1700 0.75 2100 51.03
1750 1.42 2120 | 60.70
1800 2.59 2130 | 66.10
1850 4.56
1900 7.80 2533 760
1920 | 9.601

References [41-46]
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(50) MgF2

13. Thermal Conductivity (liquid) (AE)

No data

14. Thermal Conductivity (solid) (As)

No data

15. Cryoscopic Constant (kf)

Measurement method: calculated from AHE {41}

Table 50.9. Cryoscopic constant

kg
-1 Uncertainty
(K mol “kg)
21.2 v+ 17

References [41]
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System 51 CaF,

1. Melting Temperature (T”)

Melting pecint:
1418° + s°C (7]

References [1-8].

2. Density (pJ

Measurement method: Archimedean technique ([9]
o = 3.179 -3.91 x 107%1 (51.1)

precision: not estimated uncertainty: & * 1%

Table 51.1. Density from equation (51.1)

T e 3 T e _3
(X) (g ecm 7) (K) (g em 7)
1650 2.534 2000 2.397
1700 2.514 2050 2.377
1750 2.495 2100 2.358
1800 2.475 2150 2.338
1850 2.456 2200 2.319
1900 2.436 2250 2.299
1950 2.417 2300 2.280

keferences [9,10}

3. Surface Tension (y)
No Data
4. Viscosity (n)
No Data
6. Electrical Conductance (k)

No Data

6. Safety and Hazards
A. Hazard rating

(i) Toxicity: inorganic fluorides are generally irritants
and toxic.

(ii) Vapor pressure: at m.pt., 1418°C, ~ < 0.5 mm.

B. Disaster hazards

(i) Molten salt bath "explosions': i.e., explosive
generation of steam due to bulk water ''carry-over"
and/or equipment failure; i.e., explosive expansion
of "trapped' air.

(ii) Fluorides, when heated to decomposition, or contacted
with acids, emit highly toxic fumes.

References [11-16]
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(51) Can

7. Corrosion

Corrosion studies from primary research literature

Studies References
Cr {171
Ni-Cr-Fe f18,19]
INOR-8 [19-22]
Al {23,24]
Ni-Mo-Cr~Fe (Hastelloy) [25]
Inconel [22,26]
Corrosion: molten fluorides (survey) [32,26]
Electro-chemical behaviour of
oxide ions and related species [27-29]
in molten fluorides
Electro-analytical studies in
molten fluorides {30}
Annotated corrosion biblio. [32)

For studies specific to molten CaF,, see [26,32] .
For thermodynamic (theroteical) considerations, and
some considerations of impurities in the melts, and

"gettering" techniques, see [32]
References [17-32]

8. Diffusion

No data

9. Heat of Fusion (AH;}

Measurement method: drop calorimetry [34]

Table 51.3. Heat of fusion:

AH?
Eoa
(kcal mol 7)

Uncertainty

7.09 4y 2%

i+

CaF2 {m.pt. 1414°C exhibits a solid-state transition
at 1151°C, for which AH = 1.14 + kcal mol_1

References [33-35]
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(51) CaF2

10. Heat Capacity (Cp)

Measurement method: drop calorimetry [36,38]

Table 51.4. Heat capacity

C
El -1 T range
Can (cal K . mol 7) (X) Uncertainty
(a) 293-1490 #
23.91 1691-~1791 *

(a), 3

p = 14.5610 + 8.4667 x 10 °T (51.2)

Insufficient data for estimate

References [36-39]

11. Volume Change on Melting (AVf)

Measurement method: estimated from densities [40]

Table 51.5. Volume change on melting

BV /v,) Uncertainty

8.0% A+ 10%

References [40]

12. Vapor Pressure (puap)

Measurement method: cited in table 51.6

.able 51.6. Vapor pressure measurements, techniques, and uncertainties

Vapor pressure measurements T range Uncertainty (in
Ref. Technique (K) vapor pressures)
[41] torsion-effusion 1400-1850% vt 3%
[40] established from ~ 4+ 20%

data base =
[42] boiling pt(dynamic) | 2086-2210 N+ 5%

*melting point of CaF2 is 1691 K

Equation: log p(mm) = A + B/T ( 51.3)

precision: in table 51.7 uncertainty: in table 51.7
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(51) caF,

Table 51.7. Parameters of equation (51.3) and precisions

Equation T range (K) A -B Precision
(51.3.4) 1691-1850(a) 11.709 21,708 v 3047
(51.3.B) 1840-2100 8.8853 | 16,738 N 207
(51.3.C) 2086-2210 9.3648 | 17,833 N6 7%

(a)for CaF, (so0lid) in the range 1400 to the m.pt. (1691 K), the
vapor pressure may be expressed by: log p(mm) = 11.175-18,936/T (51.4);
estimated precisions and uncertainties are v + 16% and ~ + 3%
respectively.

Table 51.8. Vapor pressure from equation (51.3}) in table 51.7

T p T P
(K) (mm) (K} (mm)
1691 0.074 1980 2.725
1700 0.087 2020 4.005
1720 0.123 2060 5.800
1740 0.171 || —==mmqemeom——-=-
1760 0.237 2090 6.796
1780 0.326 2110 8.187
1800 0.446 2130 9.829
1820 0.605 2150 11.76
1840 0.815 2170 14.02
————————————— 2190 16.67
1870 0.867 2210 19.75
1900 1.201
1940 1.824 2786 760

References [40-42]

13. Thermal Conductivity (liquid) (AZ)

No data

14. Thermal Conductivity (solid) (AS)

Measurement method: comparative technique: modified parallel
plate assembly [43]

2 3

A = 8.8152 x 107 T+ 0.5331 x 10 1%  (51.5)

- 0.3763 x 10

o

precision; not estimated uncertainty; ~ * 10

Tahle 51.9. Thermal conductivity of solid from equation (51.4)

T A ox 103 T A x 103
-1 -1 _-1 -1 -1 -1
() {cal cm s XK 73 (X) (cal cm s K )
270 0.0254 320 0.0223
280 6.0246 330 0.0220
2990 0.0239 340 ] 0.0218
300 0.0232 350 0.0218
310 0.0227 360 0.0218

The values reported by Charvat and Kingery [46] for polycrystalline
calcium fluoride are about half as large.

References [43-52)
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(51) CaF2

15, Cryoscopic Constant (kf)

Measurement method: calculated from &Hg {40]

Table 51.10. Cryoscopic constant

kf Uncertainty
(K mol-lkg)

62.6 ~ o+ 1%
References [40Q]
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System (52) BaF2

1. Melting Temperature (Tm)

Melting point:
1320° = 5°C  [1]

References [1-8].
2. Density (p)

Measurement method: Archimedean technique [9,10]

p = 5.775 - 0.999 x 10°°T (52.1)

precision: not estimated uncertainty: ~ % 1%

Table 52.1. Density from equation (52.1))

T P_y T P_g
(K) (g cm 7 (X) (g em 7)
1600 4,177 1850 3.927
1650 4,127 1900 3.877
1700 4,077 1950 3.827
1750 4,027 2000 3.777
18300 3.977
References [9,10]
3. Surface Tension (v)
No data
4. Viscosity (n)
No data
5. Electrical Conductance ()
No data
8. Safety and Hazards
A. Hazard rating
(1) Toxicity: inorganic fluorides are generally irritants

and toxic.

(ii) Vapor pressure: at m.pt., 1320°C, ~ < 0.5mm,

B. Disaster hazards

(1) Mclten salt bath "explosions": i.e., explosive
generation of steam due to bulk water "carry-over"
and/or equipment failure; i.e., explosive expansion
of "trapped" air.

{(ii) Fluorides, when heated to decomposition, or contacted
with acids, emit highly toxic fumes,

References [11-16] -
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Table 52.2. Corrosion studies from primary research literature

Studies References
Cr {17]
Ni-Cr-Fe [18,19]
INOR-8 [19-22}
Al [23,24]
Ni-Mo-Cr-Fe (Hastelloy) {251
Inconel [22,26]
Corrosion: molten fluorides (survey) [26,32]

Electro-chemical behaviour of
oxide ions and related species

in molten fluorides [27-29]
Electro-analytical studies in

molten fluorides {301
Annotated corrosion biblio. [31]

No studies specific to molten BaF2 were found. For
thermodynamic (theoretical) considerations, and some
considerations of impurities in the melts, and

"gettering" techniques, see [32].

References [17-32]

8. Diffusion

No data

9. Hz2at of Fusion (AH})

Measurement method: drop calorimetyy [34]

able 52.3. Heat of fusion

T
£

_ Uncertainty
(kcal mol )

3.03 vt 27

References [33-37]

10. Heat Capacity (Cp)

No data
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11. Volume Change on Melting (AVf)

Measurement method: estimated from densities [38]

Table 52.4. Volume change on melting

(AVf/VS) Uncertainty

1% Ao+ 107

References [38]

12. Vapor Pressure (p )
vap
Measurement methods: dynamic boiling point technique [39]

log p = 10.2506 - 17,910/T (52.2)

uncertainty:

o

precision: ~ + 5

Table 52.5. Vapor pressure from equation (52.2)

T P T P
(X) (mm) (x) (mm)
1960 12.97 2120 63.46
1980 16.04 2140 76.11
2000 19.75 2160 90.98
2020 24,23 2180 | 108.4
2040 29.59 2200 | 128.7
2060 36.01 - - - -
2080 43,65
2100 52.73 2533 760

References [39]

13, Thermal Conductivity (liquid) (Al)
No data
14. Thermal Conductivity (solid) (ks)

Measurement method: comparative technique: modified parallel
plate assembly {40]

3 6.2

A = 0.1257 - 0.5831 x 10 °T + 0.8421 x 10 °T° (52.3)

precision: not estimated uncertainty: o

+

10%

Table 52.6. Thermal conductivity of solid from equation (52.3)

. A x 100 r A x 100
-1 -1 -1 -1 -1 -1
{K) (cal cm s K ) (K) (cal cm s K )
270 29.7 330 25.0
280 28.5 340 24 .8
290 27.4 350 24,8
300 26.5 360 24.9
310 25.9 370 25.2
320 25.3

References [40-44]
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15. Cryoscopie Constant (kf)

Measurement method: calculated from AH% [38]

Table 52.7. Cryoscopic constant

kg
-1 Uncertainty
(K mol “kg)
292 N+ 17
References [38]
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System 53 AlF3
1. Melting Temperature (Tm)

Melting point:
does not melt; sublimes with 1 atm equilm press., at ~ 1255°C [9,66,68,71];
by extrapolating high pressure data, a triple peint of 2250°C at 30,000 atm
is predicted [69,74]

References [1-9,66,68,69,71,74]

2. Density (p)

No data

8. Surface Tension (y)

No data

4. Viscosgity (n)

No data

5. Eleetrical Conductance (Kk)

No data

6. Safety and Hazards

A. Hazard rating

(i) Toxicity: inorganic fluorides are generally quite irritant
and toxic.

(ii) Vapor pressure: m.pt., 1272°C; sublimes at ~ 1257°C,

B. Disaster hazards

(1) Molten salt bath "explosion'": i.e., explosive generation of
steam due to bulk water '"carry-over: and/or equipment

failure; i.e,, explosive expansion of ''trapped" air.

(ii) Fluorides, when heated to decomposition, or contacted
with acids, emit highly toxic fumes.

References [10-14]
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7. Corrosion

Table 53.1. Corrosion studies from primary research literature

Studies References
[cx [15]
Ni-Cr-Me alloys (INOR-8; Hastellcys
B, ¥, and N) [16,17]
A | SSNI-12P [18]

Quartz [19]

Al [20]
LVarious metals [21]
TPt [22-26]

B Boron nitride, carbon, Inconel [27-29]
qused Mgo [30]
_impurities in electrolyte [31,32]

C | Graphite [31,32]
_FiC, TiBz, CIBZ, ZrN, Nsz [33-35]

[ Corrosion studies in molten salts
with NaF as one component (e.g.,
€1, CO,5,...) [36-51,58,59}

Electrochemical behavior of oxide
ions and related species in molten

D fluorides [52-54]
Electroanalytical studies in molten
fluorides [55]
Annotated corrosion biBlio. [56]
Corrosion: molten fluorides (survey) [571

A: studies principally in molten NaF, KF, and LiF; no

results reported specifically for molten AlF B: used

3+
largely in fluorides physical properties measurements;
C: technological aspects, in aluminum reduction cells;

D: more genmeral studies, basic principles, and surveys

References [15-59]

46



(53) AlF3
8. Diffusion

No data

o

9. Heat of Fusion (AHf)

Measurement method: heat of solution calorimetry [70]

Table 53.2. Heat of fusion

T AH® )
Phase transition| (K) (kcal mol ™) Uncertainty
A1F3(s)(a+3)* 718 0.16 an ot 1%
AlF, (fusion) k% 26.5 nox 8%

there appears some evidence for a second solid state transition

at ~ 1330°C [69]

k%
the heat of fusion value is gained from heat of solution calorimetry

for A1F3(s) in molten alkali fluorides and ZnF2 at 1025°C by
extrapolation to XA1F3= 1.0 [70]

References [60-63,70]

10. Heat Capacity (Cp)

Measurement method: drop calorimetry [60,61]

Table 53.3. Heat capacity

Cp T range
AlF3 phase (cal K—1 molnl) (X) Uncertainty
AlFB(s,a) (a) 298.1 - 718 AV S 4
Al¥,(s,8) (b) 714 -~ 1400 ~ % 1%
A1F3(liquid) nc data 1845 -

The values in Table 53.3.are based on the calorimetric
measurements of O'Brien and XKelley [60] corrected by

F¥rank [61] for errors in temperature measurements.

2

(a) ¢ = 17.152 + 1.189 x 10727 - 1.953 x 1077772 (53.1)

ps(a)

-3
= + 53,
(b) CPS(B) 21.227 3.26 x 10 T ( 2)

References [60,61,64]

11, Volume Change on Melting (AVf)
No data
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13.

14.

15.

16.

(53) AlF,

Vapor Pregsure (puap)
Does not melt; suﬁlimes with 1 atm equilm press. at ~ 1255°C [9,66,68,71];
by extrapolating high pressure data, a triple point at ~ 2250°C and
~ 30,000 atm is predicted [69].

Molten State: No data.

Table 53.4. Vapor pressure measurements for solid AlF3

Vapor pressure measurements T range log p(atm) = A + B/T
Ref, Technique (K) A -B
[71] * 980-1613 11,433 17,109
{68) high press. tech. 1550-1900 11,370 17,391

*cited in [71] as merge of Knudsen effusion technique data set for 980-1123K
72], and static equilm manometric technique data set for 1314-1613K ([73].
Hzubl = 78.2(* 0.8) kcal mol~l between 980-1613K; at 298K, the value

recommended is 78.0 kcal mol~l. For additional related studies, see [71],
pPp. 225-229,

References [65-67,71-74]

Thermal Conductivity (liquid) (Al)

No data

Thermal Conductivity (solid) (As)

No data
Cryoscopic Constant (kf)
No data
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System 54 BaCl2

1. Melting Temperature (r,’

Melting point:
962° £ 5°C [2]

References [1-8].

2. Density (p)
Measurement method: Archimedean technique [14]
b = 4.0152 - 0.6813 x 107°T (54.1)

precision: not estimated uncertainty: «~ * 5.0%

Table 54.1. Density from equation (54.1)

T p_3 T 0_3
(X) (g em ™) (K) (g cm 7)
1240 3.170 1310 3.123
1250 3.164 1320 3.116
1260 3.157 1330 3.109
1270 3.150 1340 3.102
1280 3.143 1350 3.095
1290 3.136 1360 3.089
1300 3.130 1370 3.082

References [9-23]

3. Surface Tenston (y)
Measurement method: maximum bubble pressure [12]

vy = 263.2 - 0.0790 T (54.2)

precision: not estimated uncertainty: ~ * 2,0%

able 54.2. Surface tension from equation (54.2)

T Yo T Y -1
(K) (dyn cm ) (K) (dyn cm 7)
1240 165.2 1280 162.1
1250 164.5 1290 161.3
1260 163.7 1300 160.5
1270 162.9 1310 159.7

References [12,21,24-26]
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Viscosity (n)
Measurement method: oscillating sphere [28]

n = 53.203-65.230 x 10°°T + 20.696 x 10° 1% (54.3)

precision: ~ * 1,5% uncertainty: ~ * 10%

Table 54.3, Viscosity from equation (54.3)

T n T n
(K) (cp) (K) (cp)
1250 4,00 1300 3.38
1260 3.87 1310 3.27
1270 3.74 1320 3.16
1280 3.62 1330 3.06
1290 3.50 1340 2.96

References [16,26-30]

Electrical Conductance («)
Measurement method: <classical ac technique [34]
k = 17.479 exp (-5274/RT) {54.4)

precision: ~ * 0.2% uncertainty: ~ x 10%

Table 54.4, Electrical conductance from equation (54.4)

"3 K
T T
(K) (ohm—lcm-l) (K) (ohm-lcm_l)
1240 2.055 1310 2,305
1250 2,091 1320 2.341
1260 2.127 1330 2,376
1270 2,162 1340 2,412
1280 2,198 1350 2,447
1290 2.234 1360 2.483
1300 2,269

References [11,31-34]
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8. Safety and Hazards
A. Hazard rating

(i) Toxicity, soluble barium compounds; such as the chloride,
toxic (oral)

(ii1) Vapor pressure: at m.pt., 962°C, ~ < 0.5mm.

B. Disaster hazards

(1) Molten salt bath "explosions": i.e., explosive generation of
steam due to bulk water "carry-over' and/or equipment
failure; i.e., explosive expansion of "“trapped" air.

{(ii)} Chlorides evolve highly toxic chloride fumes when heated
to decomposition, or contacted with acids.

References [35-40]

7. Corrosion

Table 54.5. Corrosion studies from primary research literature

Studies References

Zr [41]

Fe, steels [42-47]
Ti, zr, Hf, ThCl, {481

Pb, Pb-Bi [491]
Electrochemical aspects {50-511
Thermodynamic approach [52-54]
Corrosion in molten salts/ {551
annotated biblio.

Reviews: Corrosion in molten salts [56-60]

No corrosion studies specifically with molten BaC12
found; the studies above for the use of molten
alkali halides and their mixtures, some containing
BaCl2 as one component, e.g., see [42-45,49]. For

trace amounts of LiZCO3 in molten chlorides, see [59]

References [41-60]
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8. Diffusion
Measurement method: capillary {61]

List of diffusing specles investigated in BaCl2 as solvent
2+

9.

Ba“", C1°
precision: ~ + 0.1%, Ba2+, + 0.1%, C1°  uncertainty: ~ + 20%
Equation:
D = A exp [-E/RT] (54.5)
Table 54.6. Parameters of diffusion equation (54.5)
Species A x 103 E Temp. range
(cmz s-]') (cal mol_l) (K)
Ba’t 0.64 8960 1267-1480
Ccl 2.00 9480 1266-1476

Table 54.8.

Heat of fusion

AH;
-1
(kcal mol ™) Uncertainty
4.0 N+ 5%

BaCl2 (m.pt. 962°C) exhibits a solid state transition

at 920°C and for which AH =

References [63-66]

55

4.10 kcal mol

1

Table 54.7. Self-diffusion coefficients from equations in table (54.6)
D x lO5 (cm2 S-l) D x 105 (cm2 s-l)

T T
(K) Ba?™t c1 (X) Ba’”t c1
1270 1.84 4,67 1380 2.44 6.30
1280 1.89 4,81 1390 2.50 6.46
1290 1.94 4,95 1400 2.56 6.62
1300 1.99 5.10 1410 2.61 6.79
1310 2.05 5,24 1420 2.67 6.95
1320 2.10 5.39 1430 2.73 7.12
1330 2.16 5.54 1440 2,79 7.28
1340 2.21 5,69 1450 2.86 7.45
1350 2.27 5.84 1460 2.92 7.62
1360 2.32 5.99 1470 2.98 7.79
1370 2.38 6.15 1480 3.04 7.96

References [61,62]

Heat of Fusion (AH})
Measurement method: drop calorimetry [63]
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10. Heat Capacity (Cp)

Measurement method: drop calorimetry [64]

Table 54.9. Heat capacity

BaCl C T range Uncertainty
2 P
-1 -1 ()
{cal K mol )
26.61 1198-1235 vt 27
24.96 1235-1339 v o+ 2%

References (64,671

11. Volume Change on Melting (AVf)

Measurement method: estimated from densities [068]

Table 54.10. Volume change on melting

(AVf/Vs) Uncertainty

9.7% vt o107

References (681

12. Vapor Pressure (pvap)

Measurement method: cited in table (54.11)

Table 54.11. Vapor pressure measurements, techniques, and uncertainties

Vapor pressure measurements .
- T range Uncertainty
Ref. Vﬂethod (K) (in vapor pressures)
[69] boiling point techanique 1590-1670 A+ 107
170} modified manometric 1340-1490 (a)
technique (static)

(a)the vapor pressures appear too high (v x 53); this method does
not appear well suited for vapor pressures < 20mm

log p(mm) = 8.5616-13317/T (54.6)

precision: not estimated uncertainty: in table (54.11)
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Table 54.12. Vapor pressure from equation (54.6)

T P T P
(K) (mm) (X) (mm)
1590 1.535 1650 3.095
1600 1.732 1660 3.462
1610 1.951 1670 3.867
1620 2.194
1630 2.464
1640 2.764 1835(a) 760

{(a) normal boiling from modified manometric (static) measurements

References [69,70]

13. Thermal Conductivity {liquid) (Aﬁ)

Measurement method: constriction technique [71,72]

A\ = -2.8590 x 1072 + 25.13 x 10°°T (54.7)

precision: not estimated uncertainty: ~ = 20%

Table 54.13. Thermal conductivity of melt from equation (54.7)

T A x 104 T A x 104

(x) (cal cm_l s_'1 K—l) (x) (cal cm-l s—l K-l)
1240 25.7 1280 35.8

1250 28.2 1290 38.3

1260 30.7 1300 40.8

1270 33.3

References {71,72]

14. Thermal Conductivity (solid) (As)

No data

15. Cryoscopic Constant (kf)

Measurement method: <calculated from AH; [68]

Table 54.14. Cryoscopic constant

kf Uncertainty
(K mo1 lkg)
158 N+ 1%

References [68]
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System 55 LiZS

1. Melting Temperature (Tm)

Melting point:
1365° # 10°C [15]; 1372° (+10°,-5°C) [16]
cooling curve technique[15]; visually by optical pyrometry [16].

References [1-9,15,16]

2. Density (p)

No data

3. Surface Tension (vy)

No data

4. Viseosity (n)

No data

5. Electrieal Conductance (x)

No data

6. Safety and Hazards

(i1)

(ii)

References

A. Hazard rating
Inhalation: variable rating

+ as sulfides and polysulfides, the rating is similar to
sodium hydroxide

* on reaction with moisture/water, H,S is liberated; the
inhalation hazard rating for H,S is severe; i.e.,
highly toxic

vapor pressure: no data

B. Disaster hazards

Molten sulfides and polysulfides may react violently
(explosively) with strong oxidants: H)S evolved on
contact with moisture/water can form explosive mixtures
with air; H,S, highly toxic.

Sulfides and polysulfides when heated to decomposition or
contacted with water, steam, acids, produce highly toxic
fumes (oxides of sulfur, H;8). Dangerous.

[10-14].
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10.

11.

12.

13.

14.

15.

16.

{55) LiZS

Corrosion

For corrosion studies, see: Lizsx-Sulfur (System 149)

Diffusion

No data

Heat of Fusion (AH})

No data

Heat Capacity (Cp)

No data

Volume Change on Melting (AVf)

No data

Vapor Pressure (pvap)

No data

Thermal Conductivity (liquid) (xy)

No data

Thermal Conductivity (eolid) (As)

No data

Cryoscopic Constant (kf)

No data
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System 56 Li,S,

1. Melting Température (Tm)

Melting point: , )
369° * 1°C [7]; in two recent re-investigations
no evidence is found for the existence of lesz;

not supported.

of the Li-sulfur system[15,16]
the earlier work [7] is thus

References [1-9,15,16].

2. Density (p)

No data

3. Surface Tension (Y)

No data

4. Viseosity (nJ

No data

5. Electrical Conductance (k)

No data

6. Safety and Hazards

A. Hazard rating
(i) Inhalation: variable rating

+ as sulfides and polysulfides, the rating is similar to
sodium hydroxide

- on reaction with moisture/water, H;S is liberated; the
inhalation hazard rating for HZS is severe; i.e., highly
toxic

(ii) vapor pressure: no data

B. Disaster hazards

(1) Molten sulfides and polysulfides may react violently (explosively)
with strong oxidants: H,S evolved on contact with moisture/water
can form explosive mixtures with air; H;S, highly toxic.

(i1) Sulfides and polysulfides when heated to decomposition, or
contacted with water, steam, acids, produce highly toxic fumes
(oxides of sulfur, H;S). Dangerous.
References [10-14].
7. Corrosion

For corrosion studies, see: Li,Sx-Sulfur (System 149)

8. Diffusion

No data
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9.

10.

11.

12.

13.

14.

15.

16.

(56) Li,s,

Heat of Fusion (AH})

No data

Heat Capacity (Cp)

No data

Volume Change on Melting (AVf)

No data

Vapor Pressure (p )

No data

vap

Thermal Conductivity (liquid) (Am)

No data

Thermal Conductivity (solid) (xs)

No data
Cryoscopic Constant (kf)
No data
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System 57 L1284

1. Melting Temperature (Tm)
Melting point: . .
unstable (decomposes) [7]; the existence of Li;S4 in the Li-sulfur system

is not observed in two recent and independent sStudies; a monotectic mixture
is found at ~ 64 + 2 atom % sulfur, at 365°  4°C [15,16]

References [1-9,15,16]

2. Density (p)
See: system 149 for L1253.9
3. Surface Tension (Y)

No data

4. Viscosity (n)

No data

5. FEleetrical Conductance (x)

See: system 149 for LiZS:,).9

€. Safety and Hazards

A. Hazard rating
(1} Inhalation: variable rating

+ as sulfides and polysulfides, the rating is similar to
sodium hydroxide

+ on reaction with moisture/water, HZS is liberated; the
inhalation hazard rating for HS is severe; i.e., highly
toxic

(ii) vapor pressure: no data

B. Disaster hazards

(1) Molten sulfides and polysulfides may react violently
(explosively) with strong oxidants: H)S evolved on
contact with moisture/water can form explosive mixtures
with air; H;S, highly toxic.

(ii) Sulfides and polysulfides when heated to decomposition,
or contacted with water, steam, acids, produce highly
toxic fumes (oxides of sulfur, H»S). Dangerous.

References [10-14]1.

7. Corrosicn

For corrosion studies, see: LiZSX-Sulfur (System 149)
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10.

11.

12.

18.

14,

15,

16.

(57) Li,8,

Diffusion

No data

Heat of Fusion (AH})

No data

Heat Capacity (Cp)

No data

Volume Change on Melting CAVf)

No data

Vapor Pressure (p )

No data

vap

Thermal Conductivity (liquid) (Ay)

No data

Thermal Conductivity (solid) (As)

No data

Cryoscopic Constant (kf)

No data
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System 58 KZS

1. Melting Temperature (Tm)

Melting point:
840° £ 5°C [2]

References [1-10]

2. Density (o)

No data

3. OSurface Tenstonm (v)

No data

4. Viscosity (n)

No data

5. Electrical Conductance (x)

No data

6. Safety and Hazards

(i

(i)

(13

(i1}

A. Hazard rating
Inhalation: variable rating

. as sulfides and polysulfides, the rating is similar to
sodium hydroxide .

on reaction with moisture/water, H,S is liberated; the
inhalation hazard rating for Hy;S is severe; i.e., highly
toxic

B. Disaster hazards

Molten sulfides and polysulfides may react violently
(explosively) with strong oxidants: H;S evolved on
contact with moisture/water can form explosive mixture
with air; H,S, highly toxic.

Sulfides and polysulfides when heated to decomposition,
or contacted with water, steam, acids, produce highly
toxic fumes {oxides of sulfur, H;S). Dangerous.

References [11-15]

7. Corrosion

8. Diffusion

No data

9. Heat of Fusion {(aH

No data

For corrosion studies, see: KZS—Sulfur (System 150)

})

10. Heat Capacity (Cp)

No data

11. Volume Change on Melting (LV

No data

f)
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(58) K,S
12. Vapor Pressure (pvap)
No data
13. Thermal Conductivity (liquid) (Az)
No data

14. Thermal Conductivity (golid) (As)

No data
15, Cryoscopic Constant (kf)
No data
16. References
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System 59 KZSZ

1. Melting Temperature (Tm)

Melting point:
475° + 5°C [7]

References [1-9]

2. Denstity (p)

No data

3. Surface Tension (vy)

No data

4. Viscosity (n)

No data

5. Electrical Conductance (k)

No data

6. Safety and Hazards

(1)

(i1)

(1)

(ii)

References

7. Corrosion

8. Diffusion

No data

A. Hazard rating

Inhalation: variable rating

« as sulfides and polysulfides, the rating is similar to
sodium hydroxide

+ on reaction with moisture/water, H;S is liberated; the
inhalation hazard rating for H;S is severe; i.e., highly
toxic

vapor pressure: no data

B. Disaster hazards

Mclten sulfides and polysulfides may react violently
(explosively) with strong oxidants: H;S evolved on
contact with moisture/water can form explosive mixtures
with air; HjS, highly toxic.

Sulfides and polysulfides when heated to decomposition,
or contacted with water, steam, acids, produce highly
toxic fumes (oxides of sulfur, H;S). Dangerous.

[10-14].

For corrosion studies, see: KZS-Sulfur (System 150)
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9.

10.

11.

12.

13.

14.

15,

(59) X,8,

Heat of Fusion (AHS)

f

Measurement method: drop calorimetry [15]

Table 59.1. Heat of fusion

o
AHf Uncertainty

(kecal mol_l)

2.665 v

I+
N
g

References [15]

Heat Capacity (Cp)

Measurement method: drop calorimetry [15]

Table 59.2. Heat capacity
Cp T range
Composition {(cal K"l mol_l) (K) Uncertainty
K282 38.52 750-810 Yok 2%

The heat capacity for K 82 is practically comstant up to
melting. Apparently, K.S7 1like K S4, does not undergo a lst
order solid state trans%tion in t%e vicinity of the melting
point (cf. KZS3’ KZSG’ KZSS)'

References [15]

Volume Change on Melting (AVf)

No data

Vapor Pressure (pvap)

No data

Thermal Conductivity (liquid) (Aﬁ)

No data

Thermal Conductivity (solid) (rg)

Ne data

Cryoscopie Constant (kf)

No data



(59) K,S,
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System 60 KZS3

1. Melting Temperature (Tm)

Melting point:
A 290° & 10°C [7]

References [1-10].
2. Density (p)
No data
3. Surface Tenstion (Y)
No data
4. Viscosity (n)
No data
5. Electrical Conductance («x)
Measurement method: classical ac technique [11]
k = 5.434 exp [-1940/R(T-343)] (60.1)

precision: ~ * 1.0% uncertainty: v = 4,0%

Table 60.1. Electrical conductance from equation (60.1)

T © T X

(K) Cotm™ ! cn™hy () (ohn~t en™ly
570 0.199 640 0.435

580 0.229 650 0.472

590 0.260 660 0.510
600 0.293 670 0.548

610 0.327 680 0.587

620 0.362 690 0.626

630 0.398

References [11]

6. Safety and Hazards

A. Hazard rating
(1) Inhalation: variable rating.

- as sulfides and polysulfides, the rating is similar to
sodium hydroxide

- on reaction with moisture/water, HS is liberated; the
inhalation hazard rating for HZS is severe; i.e., highly
toxic

(ii) wvapor pressure: no data

76



(60) K,Sg

B. Disaster hazards

(i) Molten sulfides and polysulfides may react violently (explosively)
with strong oxidants: H,S evolved on contact with moisture/water
can form explosive mixtures with air; HZS, highly toxic.

(ii) Sulfides and polysulfides when heated to decomposition, or
contacted with water, steam, acids, produce highly toxic fumes
(oxides of sulfur, HZS). Dangerous.

References [12-16]
7. Corrosion

For corrosion studies, see: K,S-Sulfur (System 150}

8. Diffusion
No data
9. HKeat of Fusion (AH;)

Measurement method: drop calorimetry and
differential scanning calorimetry  [17]

Table 60.2. Heat of fusion

Technique AHf 1 Uncertainty
(kcal mol 7)
drop calorimetry 3.860 v+ 2%
DSC 3.500 ~ o+ 10%

(DSC, differential scanning calorimetry)
K253 exhibits a reversible solid state transition at

n 140°C, for which AH = 220 (+ 30) cal mol™ ! [17]).

References [17]

10. Heat Capacity {Cp)

Measurement method: drop calorimetry [17]

Table 60.3. Heat capacity-

C
Bl -1 T range
Composition {cal K mol 7)) (K) Uncertainty
KZS3 37.72 568-680 N~ o+ 27

The temperature dependence of the solid state heat cap-
acity shows a relatively marked increase at v 20° to 30°
before the melting point, 295°C. This is apparently due

to the onset of 1St order solid-state transition just pre-
ceding melting.

References [17,18]
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11. Volume Change on Melting (AVf)
No data
12. Vapor Pressure (pvap)
No data
13. Thermal Conductivity (liquid) (i)
No data
14. Thermal Conductivity (solid) (Ae)
No data
15. Cryoscopie Constant (kf)
No data
16. References
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System 61 KZS4

[
.

Melting Temperature (Tm)

Melting point:
~ 145° ¢ 10°C {7}

References [1-10].
2. Density (p)
No data
3. Surface Tension (Y)
No data
4. Viscosity (n)
No data
5. Eleetrical Conductance (k)
Mecasurement method: classical ac technique [11]
« = 3.0188 exp [-1295/R(T-341)]  (61.1)

precision: ~ 1.1% uncertainty: ~ * 4.0%

Table 61.1. Electrical conductance from equation (61.1)

T « T <
(X) (ohm™ ! cm—l) (K) (ohm_l cm-l)
470 0.019 580 0.197
480 0.028 590 0.220
490 0.038 600 0.243
500 0.050 610 0.267
510 0.063 620 0.291
520 0.079 630 0.316
530 0.096 640 0.340
540 0.114 650 0.365
550 0.133 660 0.390
560 0.153 670 0.415
570 0.175 «680 0.440

References [11}

6. Safety and Hazards

A. Hazard rating
(1) Inhalation: variable rating.

+ as sulfides and polysulfides, the rating is similar to
sodium hydroxide

+ on reaction with moisture/water, H,S is liberated; the
inhalation hazard rating for HZS is severe; i.e., highly
toxic

(ii) vapor pressure: no data.
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(61) K,S,

B. Disaster hazards

(1) Molten sulfides and polysulfides may react violently (explosively)
with strong oxidants: H3S evolved on contact with moisture/water
can form explosive mixtures with air; H;S, highly toxic.

(ii) Sulfides and polysulfides when heated to decomposition, or
contacted with water, steam, acids, produce highly toxic fumes
(oxides of sulfur, HyS). Dangerous.

References [12-16]

7. Corrosion

For corrosion studies, see: K,S-Sulfur (System 150)

8. Diffusion

No data
9. Heat of Fusion (AH})
Measurement method: drop calorimetry and differential
scanning calorimetry [17]
Table 61.2. Heat of fusion
AH .
Technique £ -1 Uncertainty
(kcal mol 7)
drop calorimetry 1.985 Nk 27
DSC 3.400 v + 9%

DSC: differential scanning calorimetry

Kzs4 has a tendency to transform from a crystalline solid to
a glass at temperatures well below melting. The difference in
the values of the AHf (above) suggests that the DSC technique

does not discriminate between prefusion and fusion phenomena.

References [17]

10. Heat Capacity (Cp)

Measurement method: drop calorimetry [17]

C, = -2.151 + 100.6 x 10737 (61.2)

precision: ~ % 0.1% uncertainty: ~ = 2.0%

81



11.

12.

13.

14.

16.

16.

(61) X,S,

Table 61.3. Heat Capacity

Cp Cp
I -1 -1 T -1 -1
(K) (cal K mol 7) (K) (cal K mel 7))
435 41.6 475 45.6
440 42.1 500 48.2
450 43.1 525 50.7

K9S4: The solid state heat capacity for K9S, is practically
constant up to melting. Like KZSZ’ it apparently does not
exhibit a 1lst order solid state transition just before melting
(cf. K253, K3S5, K286). In the solid state, for the temperature
range: 298 - v 432 K, the heat capacity for Kys, [1] is
expressed by:

¢, = 7.859 + 89.76 x 107 °T (61.3)

precision: v £ 0.1% uncertainty: ~ & 2.,0%

References [17]

Volume Change on Melting (AVf)

No data

Vapor Pressure (p )

vap

No data

Thermal Conductivity (liquid) (X )

No data

Thermal Conductivity (solid) (As)

No data

Cryoscopic Constant (kf)

No data
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LX)
.

Melting Temperature (T, J

Melting point:
205° = 5°C [7]

References [1-10].

Density (p)

No data

Surface tension (y)

No data

Viscosity (n)

No data

System 62- X,S

Electrical Conductance (x)

Measurement method: classical ac technique

K =

precision: ~v % 1.0%

Table 62.1.

[11]

2.427 exp [-1245/R(T-354)] (62.1)

Electrical conductance from equation (62.1)

uncertainty: ~ * 4.0%

T K T <

-1 -1 -1 -1
{K) (ohm cm ) (K) (ohm cm )
520 0.055 600 0.190
530 0.069 610 0.210
540 0.083 620 0.230
550 0.099 630 0.250
560 0.115 640 0.271
570 0.133 650 0.292
580 0.151 660 0.313
590 0.170 670 0.334

References [11]
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6. Safety and Hazards

A, Hazard rating

(1) Inhalation: variable rating.

. as sulfides and polysulfides, the rating is similar to
sodium hydroxide

. on reaction with moisture/water, H,S is liberated; the
inhalation hazard rating for HZS is severe; i.e., highly
toxic

(ii) vapor pressure: no data

B. Disaster hazards

(i) Molten sulfides and polysulfides may react violently {explosively)
with strong oxidants: H,S evolved on contact with moisture/water
can form explosive mixtures with air; HZS, highly toxic.

(ii) Sulfides and polysulfides when heated to decomposition, oOT

contacted with water, steam, acids, produce highly toxic
fumes (oxides of sulfur, st). Dangerous.

References [12-16].

7. Corrosion

For corrosion studies, see: KZS—Sulfur (System 150}

8. Diffusion

No data

9. Heat of Fusion (&HS)

r
Measurement method: drop calorimetry and differential
scanning calorimetry [17]
Table 62.2. Heat of fusion
Technique AHf 1 Uncertainty
(kcal mol 7)
drop calorimetry 1.720 N o+ 27
DSC 6.000 ot 8%
DSC: differential scanning calorimetry
K285 has a tendency to transform from a crystalline solid to a
glass at temperatures well below melting. The difference in

the values of AHf (above) suggests that the DSC technique does

discriminate between prefusion and fusion phenomena.

References [17]
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10.

11.

12.

13.

14.

15.

16.

(62) K,S;

Heat Capactity (Cp)

Measurement method: drop calorimetry [17]

Table 62.3. Heat capacity

C
El -1 T range
Composition (cal K mol ) (K) Uncertainty
KZSS 61.54 480-580 N+ 27

KyS5: The temperature dependence of the solid state heat
capacity shows a relatively marked increase at ~ 50° to 60°
before melting. This is apparently due to the onset of a
lst order solid state transition.

References [17,18])

Volume Change on Melting (AVf)

No data

Vapor Pressure ﬁpvap)

No data

Thermal Conduetivity (liquid) (Az)

No data

Thermal Conductivity (solid) (As)

No data

Cryoscopic Constant (kf)

No data

References

Stull, D. R., and Prophet, H., "JANAF Thermochemical Tables”, 2nd Ed.,

1 .

[1] NSRDS-NBS 37; U. S. Gov't Printing Office, Washington, D. C. (1971).

[2] Rossini, F. D., Wagman, D. D., Evans, W. H., Levine, S.,'and Jaffe,
1., "Selected Values of Chemical Thermodynamic Properties”, NBS,
Circ. 500; U. S. Gov't Printing Office, Washington, D. C. (1952).

[3] Barin, I., and Knacke, 0., "Therwochemical Prﬁferties of Imorganic
Substances”, Springer-Verlag, New York (1973).

143 Janz, G. J., "Molten Salts Handbook", Academic Press, N. Y. (1967).

[5] Gray, D. W. (ed.), "dmerican Institute of Physics Handbook", 3rd Ed.,

McGraw-Hill Book Co., N. Y. (1972).

86



(62) X,8

5

[6] Weast, R. C. {ed.) "Handbook of Chemistry and Physics”, 45th Ed. The
Chemical Rubber Co. publ.; Cleveland (1964).

[71 Janz, G. J., Coutts, J. W., Downey, J. R. Jr., Roduner, E., Inorg.
Chem., 15, 1755 (1976).

18] Feher, F., and Berthold, H. J., Z. anorg. allg. Chem., 274, 223 (1953).

[5] Auroux, A., et al., C. R. Acad. Sci. Ser. C, 274, 1297 (1972).

[1G] Landolt-Bdrnstein, "Zahlenwerte Und Funktionen Aus Physik, Chemie,

Astronomie, Geophysik, Und Technik”, 6th Ed. II. Pt. 3; Springer-
Verlag, Berlin, Gottingen, Heidelberg (1956).

[11] Cleaver, B., and Davies, A. J., Electrochim, Acta 18, 719 (1973).
[12] "Dangerous Properties of Materiais", Sax, N, I., Van Nostrand
Reinhold Co., N. Y. (1969).
[13] "Regietry of Toxic Effects of Chemical Substances”, Christensen, H. E,,

and Lubinybyhl, T. T., eds., U. S. Dept. H.E.W; U. S, Gov't Printing
Office, Washington, D. C. (1975).

[14] PPotential Hazards in Molten Salt Bathe for Heat Treatment of Metals”,
National Board Fire Underwriters Research Report No. 2. (1954).

[15] "Handbook of Reactive Chemical Hazards”, Bretherwick, L., Butterworths
Co., London {1975).

{167 Janz, G. J., Tomkins, R. P. T., Downey, J. R., Jr., and Allen, C. B.,
"Safety and Hazards", Chapter in "Euteetic Data”, ERDA TID-27163-Pl;
NTIS, U. S. Dept. Commerce, Springfield, Va. (1977).

[17] Bousquet, J., Letoffe, J. M., and Diot, M., J. Chem. Phys. 71, 1180 (1974).

[18] Diot, M., Letoffe, J. M., Prost, M., and Bousquet, J., Bull Soc. Chim.
4490 (1972).

87



System 63 K286

Melting Temperature (Tm)

Melting point:
190° * 5°C [7]

References [1-10]

Density (p)
No data

Surface Tension (Y)

No data

Vigecosity (n)

No data

Electrical Conductance (k)
Measurement method: classical ac technique [11]

k = 1.099 exp [-798.3/R(T-393)]1 (63.1)

precision: v + 1.5% uncertainty: ~ = 4.0%

Table 63.1. Electrical conductance from equation (63.1)

T < T *
(K) (ohm-1 cm_l) (K) (ohm-1 cm_l)
520 0.046 610 0.172
530 0.058 620 0.187
540 0.071 630 0.201
550 0.085 640 0.216
560 0.099 650 0.230
570 0.113 660 0.243
580 0.128 670 0.257
590 0.143 680 0.270
600 0.157 690 0.284

References [11]
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6. Safety and Hazards

A. Hazard rating
(i) Inhalation: variable rating

+ as sulfides and polysulfides, the rating is similar to
sodium hydroxide

+ on reaction with moisture/water, HyS is liberated; the

inhalation hazard rating for H,S is severe; i.e,, highly
toxic

B. Disaster hazards

(1) Molten sulfides and polysulfides may react violently (explosively)
with strong oxidants: HS evolved on contact with moisture/water
can form explosive mixtures with air; HZS’ highly toxic

(ii) Sulfides and polysulfides when heated to decomposition, or
contacted with water, steam, acids, produce highly toxic fumes
(oxides of sulfur, HZS). Dangerous

References [10-14]

7. Corrosion

For corrosion studies, see: KZS-Sulfur (System 150)

8. Diffusion
No data

9. Heat of Fusion (AHS)

f

Measurement method: drop calorimetry and differential
scanning calorimetry [17]

Table 63.2. Heat of fusion

AHS
Technique £ -1 Uncertainty
(kcal mol )
drop calorimetry 6.200 Nt 2%
DSC 6.300 N o 10%

DSC: differential scanning calorimetry

The assessment of values from the two different
calorimetric techniques appears to confirm

that there is little to transform from the
crystalline state to the glassy state as a pre-
melting phenomena (cf. K284 and KZSS)

References [17]
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10. Heat Capacity (Cp)

Measurement method: drop calorimetry 117]

Table 63.3. Heat capacity-

-1 -1 T range
Compositiorn {(cal K mol 7)) {(K) Uncertainty
K,S 72.69 470-510 ~v o+ 2%

276 -

K,S_.: The temperature dependence of the solid state heat
capacity shows a relatively marked increase at ~v 20° to 30°
before melting. This is apparently due to the onset of a
1st crder solid state transition in this temperature range.

References {17]

11. Volume Change on Melting'(AVf)

No data

12. Vapor Pressure (puap)

No data

18. Thermal Conductivity (liquid) (Az)

No data

14. Thermal Conduectivity (solid) (As}

No data

15. Cryoscopic Constant (kf)
No data
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System 64 Al.S

1. Melting Temperature ()

Melting point: .
1100° * 10°C [4,8]

References [1-8]

2. Density (p)

No data

3. Surface Tension (y)

No data

4. Viscosity (n)

No data

5. Electrical Conductance (k)

No data

6. Safety and Hazards

(1)

(i1)

References

7. Corrosion

No data

8. Diffusion

No data

A, Hazard rating

Inhalation: variable rating.

« as sulfides and polysulfides, the rating is similar to
sodium hydroxide

+ on reaction with mcisture/water, H,S is liberated; the
inhalation hazard rating for HZS is severe; i.e., highly
toxic

vapor pressure: no data; m.pt., 1100°C; b.pt., ~ 1550°C (d).

B. Disaster hazards

Molten sulfides and polysulfides may react violently (explosively)
with strong oxidants: H3S evolved on contact with moisture/water
can form explosive mixtures with air; HZS’ highly toxic.

Sulfides and polysulfides when heated to decomposition, or
contacted with water, steam, acids, produce highly toxic fumes
(oxides of sulfur, HZS). Dangerous -

[9-13]].
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9. Heat of Fusion (AHf)

No data

10, Heat Capacity (Cp)

No data

11. Volume Change on Melting (AVf)

No data

12, Vapor Pressure (pvap)

No data

13. Thermal Conductivity (liquid) (Az)

No data

14. Thermal Conductivity (solid) (As)

No data

15. Cryoscopic Constant (kf)

No data
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System 65 LigAlF,

Melting Temperature (Tm)

Melting point:
785° * 5°C [1]

References [1-34]

Densgity (p)
Measurement method: Archimedean technique [35]
Equation:

a4

p = 3.0475 - 8.400 x 10°°T (65.1)

precision: insufficient data uncertainty: ~ £ 1.5%
for estimate

Table 65.1. Density from equation (65.1)

T P _q T P 3
(x) (g em 7) (K) (g cm ™)
1220 2.023 1280 1.972
1230 2.014 1290 1.964
1240 2.006 1300 1.955
1250 1.997 1310 1.947
1260 1.989 1320 1.939
1270 1.981

References [35]

Surface Tension (Y)

No data

Viscosity (n)

No data

Electrical Conductance (k)

No data
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6. Safety and Hazards

A. Hazard rating

i) Toxicity inorganic fluorides are generally quite irritant
and toxic.

{(ii) Vapor pressure: at m.pt., ~ 785°C, ~ << Smm.

B. Disaster hazards

(1) Molten salt bath '"explosions': 1i.e,, explosive generation of
steam due to bulk water “carry-over" and/or equipment failure;
i.e., explosive expansion of "trapped" air.

(ii) Fluorides, when heated to decomposition, or contacted with
acids, emit highly toxic fumes.

References [36-41]
7. Corrosion

Table 65.2. Corrosion studies from primary research literature

Studies References
cr [42]
Ni-Cr-Mo alloys (INOR-8;
Hastelloys B, W, and N) [43,44]
A SSNI-12P [45]
Quartz [46)
Al (471
Various metals [48]
Pt, Pt~Rh [49-53,87,88]
B Boron nitride, carbon, Inconel [(54-561]
Fused MgO [57]
—
Impurities in electrolyte [58,59]
C | Graphite {58,591
_TiC, TiBz, CrBz, ZrN, Nsz [60-62]
_&orrosion studies in molten salts
with NaF as one component {(e.g.,
c1, CO3,...) [73-78,85,86]
Electrochemical behavior of
D oxide ions and related species
in molten fluorides [79-81]
Electroanalytical studies in
molten fluorides [82]
Annotated corrosion biblio. [831]
Corrosion: molten fluorides(survey) [84]
L

continued
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footnote to Table 65.2
A: studies principally in molten NaF, KF, and LiF;

B: used largely in fluorides physical properties
measurements; C: technological aspects, in aluminum
reduction cells; D: more general studies, basic

principles, and surveys.

References [42-84]

8. Diffuesion

No data

9. Heat of Fusion (AH})

Measurement method: modified drop calorimetry [94]

Table 65.3. Heat of fusior

T AHf _1 Uncertainty
m (kcal mol )
785°C 21.0 ~ o+ 1%

References [29,89-94]

10. Heat Capaecity (Cp)

Measurement method: modified drop calorimetry [89]

Table 65.4. Heat capacity

c
Li,ALF, ’l .1 T range
(cal X mol 7) (K) Uncertainty
L 92.20 ] 1065-1130 O N B

References [89]

11. VYolume Change on Melting (AVf)

No data
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12. Vapor Pressure (Pvap)
Measurement method: boiling point technique [95]
Equation:
log p = 8.5800 - 9884/T (65.2)
precision: insufficient data uncertainty: ~ * 10%

for estimate

Table 65.5. Vapor pressure from equation (65.2)

T P ‘ T p
(K) (mm) (K) (mm)
1220 3.009 1350 18.1
1230 3.501 1360 20.53
1240 4,065 | 1370 23.20
1250 4.708 1380 26.16
1260 5.439 1390 29.46
1270 6.270 1400 33.11
1280 7.213 1410 37.16
1290 8.279 | 1420 41.63
1300 9.483 1430 46,57
1310 10.834 1440 52.01
1320 12.363 1450 58.00
1330 14.074 1460 64.59
1340 15.991 1470 71.81

References [95]

13. Thermal Conductivity (liquid) (AQ)

No data

14, Thermal Conductivity (solid) (AB)
No data

15. Cryoscopie Constant (kf)

Measurement method: calculated from AH% [96]

Table 65.6. Cryoscopic constant

kf Uncertainty
(K mol ‘kg)

17.1 v 1%

i+

References [96]
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System 66 Na,AlF

3 6

1. Melting Temperature (Tm)

Melting point:
1010° & 5°C [9]; 1012° % 2°C ("ultimate purity" cryolite) [25]

References [1-57]

2. Density (p)

Measurement method: Archimedean technique [58]

Equation:
o = 3.2733 - 9.20 x 10°4T (66.1)

precision: ~ % 0,15% uncertainty: ~ * 1,0%

Table 66.1. Density from equation (66.1)

T o} T 3
) | (g en™) () | (g em™?)
1275 2.100 1325 2.054
1280 2.096 1330 2.050
1285 2.091 1335 2.045
1290 2.087 1340 2.040
1295 2.082 1345 2.036
1300 2.077 1350 2.031
1305 2.072 1355 2.027
1310 2.068 1360 2.022
1315 2.064 1365 2.017
1320 2.059 1370 2.013

References [58]

3. Surface Tension (vy)
Measurement method: maximum bubble method [59]
Equation:
y = 297.0 - 12.80 x 107%T (66.2)

precision: not estimated uncertainty: ~ * 5.0%

Table 66.2. Surface tension from equation (66.2)

T Y -1 T Y -1
(X) (dyn cm ™) (K) (dyn cm )
1280 133.2 1330 126.8
1290 131.9 1340 125.5
1300 130.6 1350 124,2
1320 128.0 1360 122.9

References [59]
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3 6
4. Viscosity {(n)
Measurement method: oscillating cylinder [13]
Equation:
n = 1792.468 x 107% exp (12380.3/RT) (66.3)

precision: ~ * (0,17% uncertainty: ~ = 5.0%

Table 66.3. Viscosity from equation (66.3)

T n T n
(K) (cp) {K) (cp)

1290 2.24 1350 1
1300 2.16 1360 1.
1310 2.09 1370 1.69
1329 2.01 1380 1
1330 1.94 1390 1
1340 1.87

References {13]

5. Electrical Conductance (k)

Measurement method: classical technique [62]°

Equation:
K = - 0.03860 + 2.0206 x 10 5T + 0.1670 x 10 97 (66.4)
precision: not estimated uncertainty: ~ * 3.0%

Table 66.4. Electrical conductance from equation (66.4)

T K
(K) (ohm cm‘l)
12890 2.821
1290 2.846
1300 2.870
1310 2.895
1320 2.920
1330 2.944
1340 2,969
1350 2.994
1360 3.018
1370 3.043

References [13,60-83]
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6. Safety and Hazards

A. Hazard rating

(1) Toxicity: inorganic fluorides are generally quite irritant
and toxic,

(ii)} Vepor pressure: at m.pt,, 1000°C, ~ << 0.5mm.

B. Disaster hazards

(1) Molten salt bath "explosions®™: 1i.e,, explosive generation of
steam due to bulk water "carry-over" and/or equipment
failure; i.e., explosive expansion of '"trapped" air.

(ii} Fluorides, when heated to decomposition, or contacted with
acids, emit highly toxic fumes.

References [84-89]

7. C(orrosion

Table 66.5. Corrosion studies from primary research literature

Studies References

cx [90]

Ni-Cr~Mo alloys (INOR-8); Hastelloys

B, W, and N} [91,92]

SSNI-12P [93]

Quartz [94]

AL [85]
[96}

Various metals
L

porm

Pt

Boron nitride, carbon, Inconel

~borrosion studies in molten salts
with Na¥ as one component {(e.g.,
cl, C03,=uo)

Electrochemical behavior of oxide
ions and related species in molten

174,76,80,82,97]
[72,98,99]

qused MgO [100}
Impurities in electrolyte [9,101]
Graphite [9,1011
TiC, TiB,, CrB,, ZrN, NbB {102-104]

- 2 2 2

[105-120,127,128]

fluorides fi21-123}
Electroanalytical studies im molten

fluorides [124]
Annotated corrosionm biblio, {1251
“9arrosion: molten fluorides (survey) [i26]
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footnote to Table 66.5
A: studies principally in molten NaF, KF, and LiFj

B: used largely in fluorides physical properties
measurements; C: technological aspects, in aluminum
reduction cells; D: more general studies, basic

principles, and surveys

References [9,72,74,76,80,82,50-128]
8. Diffusion
Measurement method: see table 66.6

List of diffusing species investigated in NasAlF6 as solvent

2651, A1 05, F7, Na¥, Ta(V), €O,

2

precision: in table 66.7 uncertainty: in table 66.6

Table 66.6. Diffusion techniques, uncertainties and species

Diffusion technique Uncertainty

of recommended study (in values of D) Species
4+ -

capillary o 10% Na ', F

chronopotenticmetry N 107 Ta(V)

double-layer impedance ok 20% CO2

rotating disc electrode ~n ot 207 A1203

Equation:
D = A exp [-E/RT] (66.5)

Table 66.7. Parameters of diffusion equation (66.5), precisioms,
and recommended study

Species A x 103 E Temp. range Precision Recommended
(cm2 s Yy | (cal mol-l) (x) study
+
Na 4.58 10200 1307-1338 NE2.2% {130]
F 0.877 7106 1307-1338 ntl.3% [130]
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Table 66.8. Self-diffusion coefficients, D x 10
from equations in table 66.7

5 2 -1

{cm™ s ™)

T Na F
(k)

1310 9.10 5.72
1320 9.37 5.84
1330 9.65 5.96
1340 9.93 6.08

Table 66.9. Diffusion coefficients for species
not included in table 66.8

Species T B x 105 Recommended
(K) (cm2 s_l) study

Ta (V) 1273 7.0 [1291]

A1203 1323 2.0 (a)

26,1 1324 6.9 [135]

26,1 1325 6.77 [135]

co, ~0.005 [136]1 (b)

(a) This value is a merge of the results reported
by Desclaux and Rolin [131], Thonsted [139], and
Shurygin et al. [133,137,138]. The values reported
were, respectively: -5 2 -1
f131] 1050°C, 2.7 x 10_5cm23_1
{139] 1020°C, 1.5 x 10 “cn”s -5 2 -1
{133,137,138] 1050°C, 1.33 x 10 "em's ~, respectively
(b) This value is based on a so;gbility gf C02 in
molten cryolite of ~ 5 x 10 mol/cm™ at “700°C.

References: Na+, [130,134]; F , [130,134]; AlZO
AL, [135]; CO,, [136].

33 [131-133,137-139];
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9. Heat of Fusion (AH})

Measurement method: drop calorimetry [54,141,145]

Table 66.10. Heat of Fusion

T
Phase transition (x) (kcal K_lmol 1) Uncertainty
solid state: a—>B 833.5 2.22 + 1%
fusion: 8+Zl 1283 26.9 + 17
fusion: B+22 1283 18.76 + 1%

The melting process, R+%,, is normal melting of solid (B)
cryolite; the molten sta%e (%.) consists of cryolite and
its dissociation products (e.g., NE{’ NaAlF,,...) and the
enthalpy of fusion (26.71 kcal mol ) is a composite of
the true heat of fusdon and the substantial heat effect
due to a partial dissociation of liquid cryolite into NaF,/
NaA1F4, and the constituent ions.

The melting process, B+%,, is for the hypothetical
melting process: solid (é)cryolite to liquid cryolite at
unit activity (as molten cryolite in the "undissociated"
state, i.e., as Na3A1F6, liquid).

The values in Table 66.10(above) are based on the calor~
imetric measurements of O'Brien and Kelley [141] as
corrected for an apparent error in temperature measure-
ment by Frank [54], and the measurements of Jenssen-
Holm [145]

References {54,56,141-143,144-147]

10. Heat Capactity (Cp)

Measurement method: drop calorimetry [54,141,145]

Table 66.11. Heat capacity

Cfl -1 T range
Cryolite phase (cal K mol ) (K) Uncertainty
Na3A1F6(s,a) (a) 298.1-833.5 A i ¥4
Na3A1F6(s,B) (b) 833,5-1283 A i 4
liquid 1. 95.86 1283-1350 no+ 17
liquid 2. 76.12 1283-1350 vt 1%

The normal melting of solid B cryolite results in the molten
state, liquid 1, which consists of a solution of cryolite
(NajAlFg) and its constituent components (NaF, NaAlF,..., and
their ions) due to a partial dissociation: NajAlFg +72NaF +
NaAlF, in the molten state of cryolite.

If this value is "corrected" for the heat capacities contri-
bution of the dissociation products and the degree of dis-
sociation, the "trace" heat capacity of liquid cryolite at

unit activity in the molten state (i.e. for liquid 2) 1s obtained.

cont'd
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The values in Table 66.11 (above) are based on the calorimetric
measurements of O'Brien and Kelley [141] as corrected by Frank
[54] for an error in the temperature measurements, and on the
measurements of Jenssen-Holm [145]

(a) € (s,0) = 45.51 + 3.206 x 10721 - 1.755 x 10712
(b) € (s,8) = 36.4 + 3.428 X 10”21
References [54,141,144-146,148-152]
11. Volume Change on Melting (AVf)
Measurement method: estimated from densities [153]
Table 66.12. Volume change on melting
(AVf/VS) Uncertainty
26.52 A 4+ 10%
References [153]
12. Vapor Pressure cP”“F)
Measurement method: boiling point technique [155]
Equation:
log p = 8.6950 - 10400/T (66.6)
precision: not estimated uncertainty: v £ 10%

Table 66.13. Vapor pressure from equation (66.6)

T P T P
(K) (mm) (X) (mm)
1280 3.715 1380 14.41
1290 4,295 1390 16.33
1300 4,955 1400 18.47
1310 5.703 1410 20.85
1320 6.550 1420 23.50
1330 7.507 1430 26.44
1340 8.586 1440 29.70
1350 9.802 1450 33.31
1360 11.17 1460 37.30
1370 12.70 1470 41,70

References [154,155,158]
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13. Thermal Conductivity (liquid) (A,)
Measurement method: modified coaxial-cylinder method [156]
Equation:
A = - 2.280 x 1072 + 18.66 x 10707 (66.7)
precision: not estimated, uncertainty: v * 15%

graphical data only

Table 66.14. Thermal conductivity of melt from equation { 66.7)

T A ox 104 T A x 104
(X) (cal cmnl sn1 Kml) (K) (cal cm--1 s-1 K“l)
1300 14.6 1330 20.2
1310 16.4 1340 22.0
1320 18.3
References [156,157]
14. Thermal Conductivity (sdlid) (As)
No data
15. (Cryoscopic Lonstant (kf)
Measurement method: calculated from AH% [153]
Table 66.15. Cryoscopic constant
kf Uncertainty
(X mol_lkg)
25.5 v+ 1%
References [153]
18. References
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System 67 K3A1F6

Melting Temperature (r, )

Melting point:
990°C + 10°C [16,17]

References [1-19]

Density (p)
Measurement method: Archimedean technique [20]
Equation:

4

0 = 2.776 - 7.398 x 10°°T (67.1)

precision: insufficient data uncertainty: &~ * 1.5%
for estimate

Table 67.1. Density from equation (67.1}

T P 3 T P
(K) (g em 7) (K) (g cm 7)
1270 1.8304 1300 1.8082
1280 1.8320 1310 1.8008
1290 1.8156 1320 1.7934

References [20]

Surface Tension (vy)

No data

Viscosity (nl

No data

Electrical Conductance (x)
Measurement method: classical ac technique [21]
Equation:
£ = -2,6020 + 3.8055 x 107°T (67.2)

precision: insufficient data uncertainty: ~ & 3.0%
for estimate

Table 67.2., Specific conductance from equation (67.2)

S K

T N T

- - -1 -1
(K) (ohm 1 cm l) {K) (ohm cm )
1280 2.27 1320 2.42
1290 2.31 1330 2.46
1300 2.35 1340 2.50
1310 2.38

References [21-24]
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6. Safety and Hazards

A. Hazard rating

(1) Toxicity: inorganic fluorides are generally quite irritant
and toxic,

(ii) Vapor pressure: at m.pt., 990°C, ~ << 0.5mm.

B. Disaster hazards

(1) Molten salt bath "explosions": 1i.e., explosive generation of
steam due to bulk water "carry-over" and/or equipment failure;
i.e., explosive expansion of "trapped" air.

{(ii) Fluorides, when heated to decomposition, or contacted with
acids, emit highly toxic fumes.

References [25-30]

7. Corrogion

Table 67.3. Corrosion studies from primary research literature

Studies References
Mcr [31]
Ni-Cr-Mo alloys (INOR-8;
Hastelloys B, W, and N) [32,33]
A SSNI-12P [34]
Quartz [35]
Al [36]
LYarious metals [37]
Pt [38-42]
B [Boron nitride, carbon, Inconel [43-45]
| Fused Mg0 [46]
Inpurities in electrolyte [47,48]
C {Graphite (47,481
TiCc, TiB,, CrB,, ZrN, NbB [49~51]
L- 2 2 2
—aorrosion studies in molten salts
with NaF as one component (e.g.,
c1, 003,...) [52-67,74,75]
Electrochemical behavior of
D oxide ilons and related species
in molten fluorides [68-~70]
Electroanalytical studies in
molten fluorides [71]
Annotated corrosion biblio. [72]
Corrosion: molten fluorides(survey) [73]

continued
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footnote to Table 67.3
A: studies principally in molten NaF, KF,and LiF;

B: used largely in fluorides physical properties
measurements; C: technological aspects, in aluminum
reduction cells; D: more gemneral studies, basic
principles, and surveys

References [31-75]

8. Diffusion

No data

9. Heat of Fusion C&H%)

Measurement method: modified drop calorimetry [76]

Table 67.4. Heat of fusion

-]
T AHf -1 Uncertainty
m (kcal mol 7)
1000°¢C 29.3 v o+ 1%

References [76]

10. Heat Capaeity

Measurement method: modified drop calorimetry [76]

Table 67.5. Heat capacity

C
P
K,ALF 0 1
3 (cal K mel ) T range Uncertainty
L 93.84 1280-1330 v+ 17

References [76]

11. Volume Change on Melting (AVf)

No data

12. Vapor Pressure (pvap)

No data

13. Thermal Conductivity (liquid) (Az)

No data

14. Thermal Conductivity (solid) (Xs)

No data
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15. Cryoscopic Constant {kf)

Measurement method: calculated from AH;

Table 67.6. Cryoscopic constant

kf Uncertainty
(K mol-lkg)
27.9 o+ 1%
References [78]
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System 68 LiOH

1. Melting Temperature (Tm)

Melting point:
462° x 5°C [2]

References [1-8]

2. Dengity (p)
No data

3. Surface Tension (y)

No data

4. Viscosity (n)

No data

§. Electrical Conductance (k)

No data

6. Safety and Hazards

(i)
(i1)

(1)

(ii)

A. Hazard rating
Toxicity: very caustic and toxic.

Vapor pressure: at m.pt., 460°C, << 0.5mm.

B. Disaster hazards

Molten salt bath "explosions': 1i.e., explosive
generation of steam due to bulk water "carry-over"
and/or equipment failure; i.e., explosive expansion
of '"trapped" air.

Dangerous; reacts with water or steam with evolution
of heat; the aqueous solution is very strongly caustic;
attacks living tissue.

References [9-14)

7. Corrosion

Table 68.1. Corrosion studies from primary research literature

Studies References

Ni, Cu, Armco Fe and steel [15-17]
Fe, effects of H,0 [18]

Pt, Ag, and alloys [19-21]
Thermodynamics of corrosion [22,24,25]
Corrosion - annotated biblio. [26]
Electrochemical aspects [27]
Peviews: corrosion - molten salts i [23,28-30]

References [15-30]
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8. Diffusion

No data

9. Heat of Fusion (AH;)

Measurement method: drop calorimetry [32]

Table 68.2. Heat of fusion

AHS s
£ -1 Uncertainty
(kcal mol 7)
5.01 Nk 2%
References [31-33]
10. Heat Capacity (Cp)
Measurement method: drop calorimetry [31]

Table 68.3. Heat capacity

CP T range
(cal K-l mol-l) (X) Uncertainty
20.74 744-900 v+ 27

For the crystalline state (400-744.3 K), the
heat capacity 1s given by: (5= 11.988 +

8.24 x 10-3T - 0.2267 x 106772

References [31,32]

11. Volume Change on Melting (AVf)

No data

12. Vapor Presgsure (pvap)

No data
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(68) LiOH
13. Thermal Conductivity (liquid) (A£)

Measurement method: comparative technique, flat slab [34]

3 7

T (68.2)

precision: not estimated uncertainty: v * 15%

A = 1.5384 x 10°° + 6.500 x 10"

Table 68.4. Thermal conductivity of melt from equation (68.2))

. x x 10% . xx 104

(K) (cal en ¥ s71 k71 (K) (cal cn b 71 x7h
760 20.3 820 20.7

770 20.4 830 20.8

7890 20.5 840 2Q0.8

790 20.5 850 20.9

800 20.6 860 21.0

810 20.5 870 21.0

The preceding are for reagent grade quality LiOH. The thermal
conductivity for commercial grade LiOH was also investigated [34]
over the same temperature range (760-870 K), the. thermal con-
ductivity for the molten state of commercial grade LiOH may be
expressed by:

A= 1.3707 x 1073 + 8.7417 x 107'T (68.3)

The values of A for reagent grade and commercial grades LiOH in the
molten state are in close accord (+ 1%Z). The data set was insuf-
ficient for precision estimates; the uncertainty limits are esti-
mated as + 15%.

3

References [34,35]
14. Thermal Conductivity (solid) (As)

Measurement method: comparative technique, flat slab [34]

2 6

T + 21.93 x 107972 (68.4)

1.3269 x 10°° - 29.96 x 10~

>
"

precision: + 1.25% uncertainty: <~ + 15%

Table 68.5. Thermal conductivity of solid from equation (68.4),

A x 104 A x 104

T -1 -1 -1 T -1 -1 -1
(K) {(cal cm s X ) (K) (cal cm s X )
320 53.3 570 33.2

370 51.9 620 31.2
420 45.5 670 30.4

470 40.3 710 30.5

520 36.2

The preceding values are for reagent grade quality LiOH. The solid state
thermal conductivity of commercial grade LiOH was also investigated [34]
The solid state thermal conductivity of commercial grade LiCH over the
same temperature range (320-710 K) may be expressed by:

A= 1.5636 x 1072 - 33.28 x 10°°T + 22.25 x 10 212 (68.5)

The precision and uncertainty estimates are Vv + 2.9% and v + 15%, respectively.
The A values for the commercial grade quality LiOH are higher then for the
reagent grade quality LiOH, (320 K, ~ 20%; 710 K, ~ 9%).

References [34,35]
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15§, Cryoscopic Constant (kf}

Measurement method: calculated from AH% [11]

Table 68.6. Cryoscopic constant

k
f
(K mol lkg) Uncertainty
5.13 N+ 1%

References [11]
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System 69 NaOH

1. Melting Temperature (Tq)

Melting Point:
318° & 5°C [2}

References [1-8].

2. Density (p)
Measurement method: Archimedean technique [8]
o = 2.068 - 0.4784 x 1075T (89.1)

precision: not estimated uncertainty:

Table 69.1. Density from equation (69.1)

T P 3 T O 3
(K) (g cm 7) (K) (g cm ™)
600 (1.781) 670 1,747
610 (1.776) 680 1.743
620 1.771 690 1.738
630 1.767 700 1.733
640 1.762 710 1.728
650 1.757 720 1.724
660 1.752 730 1.719

References [9]

3. Surface Tenston (y)

No data

4. Viscosity (n)

Measurement method: capillary technique ({91

- -7
N = 164.771 - 0.614833T + 7.80340 x 107 %% -3.33334 x 10777 (69.2)
precision: ~ * 2% uncertainty: ~ * 5%

Table 69.2. Viscosity from equaticn (69.2)

T n T n
(K) (ep) (X) (ep)
630 3.79 730 2.11
640 3.52 740 2.03
650 3.28 750 1.96

660 3.07 760 1.90
670 2,87 770 1.84
680 2.70 780 1.78
690 2.55 790 1.72
700 2.42 800 1.66
716 2,31 810 1.59
720 2.20 820 1.52

References [9]
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5. Electrical Conductance (x)
Measurement method: classical ac technique [9]
< = =3.230 + 9.00 x 10°°T (69.3)

precision: ~ % 0,2% uncertainty: insufficient data
for estimate

Table 69.3. Electrical conductance from equation (69.3)

T « T K

(K) (ohm~l cm—l) (K) (ohm_l cm_l)
600 2.17 670 2.80
610 2.26 - 6580 2.89

620 2.35 690 2.98

630 2.44 700 3.07

640 2.53 710 3.16
650 2.62 720 3.25

660 2.71 730 3.34

References [9]

6. Safety and Hazards

A. Hazard rating

(i) Toxicity: very caustic; is corrosive to all body
tissues.

{(ii) Vapor pressure: at m.pt., 318°C, << 0.5mm; at
nv 740°C, ~ lmm.

B. Disaster hazards

(1) Molten salt bath "explosions": 1i.e., explosive
generation of steam due to bulk water '"carry-over"
and/or equipment failure; i.e., explosive expansion
of "trapped" air.

(ii) Dangerous; with water or steam, reacts with evolution
of heat; the aqueous solution is very strongly caustic;
attacks living tissue.

References [10-15]

131



(69) NaoH

Corrosion

Table 69.4. Corrosion studies from primary research literature

Studies

References

Metals

Metals, ceramics, alloys

Stainless steel, Fe-Cr-Ni alloys

Ni~-Cr-Fe; Ni~Si-Cu
Ni-Mo

Ni, Cu, Armco Fe

Al2 3 ZrO2
Ni
Ni-steels

Fe (effects of H20)

Pt, Ag, and alloys

Thermodynamic and electrochemical

approach

Reviews (molten salts corrosion)

Annotated corrosion biblio.

[22]

(16,18,21-23,25,26,
29]

[27]
[18,28]

{30,31,35]

[16]
[16,17,19-21,23-25]

[36]
[37]
[32-34]

{38-40]

[41-43]
[44]

References [16-44]

Diffusion

No data

Heat of Fusion (AHF)

Measurement method: drop calorimetry [45]

Table 69.5.

Heat of fusion

AHf -1 Uncertainty
(kcal mol )
1.52 v+ 27

NaOH (m.pt. 319°C) exhibits a solid-state transition

at 293°C with AH = 1.52 + ~ 2% kcal mol~

References [45-50]

132

1



(69) NaOH
10. Heat Capacity (Cp)
Measurement method: drop calorimetr: [45]
Cp = a + bT (69.4)

precision: in table 69.6 uncertainty: ~ * 3%

Table 69.6. Parameters of equation (69.4) and precisions

NaOH phase T ?i?ge a b x 103 Precision
solid-a 273.2-566.0 7.302 21.66 v+ 0027
solid-B 566.0-592.3 20.56 0
iiquid 593.3-1000 21.409 -1.400 v+ 0017

Table 69.7. Heat capacity from equation(69.4) and parameters
for liquid NaOH in table 69.6

Cp Cp
I BS T T -1 -1
(X) (cal K mol ) (X) (cal K mol )
600 20.6 850 20.2
650 20.5 900C 20.2
700 20.4 950 20.1
800 20.3 1000 20.0

References [45,49,51-56]

11. Volume Change on Melting (AVf)

Measurement method: estimated from densities [57]

Table 69.8. Volume change on melting

(&Vf/VS) Uncertainty

15.77% WY 10%

"+

References [57]

12. Vapor Pressure (p )
vap
Measurement method: «cited in table 69.9

Table 69.9. Vapor pressure measurements, techniques, and uncertainty

Vapor pressure measurements T range Uncertainty (in
Ref, Technique (K) vapor pressures)
[58] Knudsen cell effusicn 870-1130 + 10%

[59] boiling point 1283-1675 + 107
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Equation:
log p{mm) = A + B/T (69.5)

precision: in table 69.10 uncertainty: in table 69.9

Table 69.10. Parameters of equation (69.5) and precisions

Equation T range (XK} A -B _] Precision
(69.5.4) 870-1130 7.0316 6750.9 *
(69.5.8B) 1283-1675 6.9281 6706.4 N 227

%
insufficlient data for estimate

Table 6%9.11. Vapor pressures from equation (69.5) in table 69.10

T p T P
(K) (mm) (K) (mm)
870 0.187 1360 99.31
880 0.229 1400 137.4
920 0.494 1440 186.6
960 0.999 1480 249.6
1000 i.909 1520 328.1
1040 3.471 1560 425.8
1080 6.037 1600 545.3
1110 7.843 1640 690.1
S 1657 760
1280 48.84 1680 863.4
1320 70.40 [

References [58,59]

Thermal Conductivity (liquid) (A%)
Measurement method: modified parallel plate method [60]

4

A= 6.3986 x 10°% + 2,271 x 107°T  (69.6)

precision: *9.6% uncertainty: ~ = 5%

Table 69.12. Thermal conductivity of melt from equation (69.6)

A x 10® » x 10°
T -1 -1 -1 I -1 -1 -1
(K) (cal cm ] K ™) (K) (cal cm s K ™)
600 20.0 800 24.6
650 21.2 850 25.7
700 22.3 875 26.3
750 23.4

*extrapolated values

The sodium hydroxide was analytical reagent grade quality, as-
saying at 97.6% NaOH with 0.32% NayC03. The thermal conduc-
tivity measurements were made in nickel under an atmosphere

of purified hydrogen.

References [60-69]
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14. Thermal Conductivity (solid) (As)

No data

15. Cryoscopic Constant (kf)

Measurement method: calculated from AH; [57]

Table 69.13. Cryoscopic constant

k
f
(X mol—lkg) Uncertainty
18.3 N+ 17

References [57]
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System 70 KOH
1. Melting Temperature (Tm)

Melting point:
360° + 5°C [2]

References [1-8].

2. Density (p)

Measurement method: Archimedean technique [9]]

o = 2.013 - 0.4396 x 10 °T (70.1)

precision: not estimated uncertainty:

Table 70.1. Density from equation (70.1)

T e 3 T P g
(K) (g em 7) (K) (g cm )
640 1.732 760 1.679
650 1.727 770 1.675
660 1.723 780 1.670
670 1.718 790 1.666
680 1.714 800 1.661
690 1.710 810 1.657
700 1.705 820 1.653
710 1.701 830 1.648
720 1.696 840 1.644
730 1.692 850 1.639
740 1.688 860 1.635
750 1.683 870 1.631 B

References [9]
3. Surface Tension (v)

No data

4. Viscosity (n)
Measurement method: capillary technique [9]

n o= 52.7561 - 0.166134T + 1.80314 x 10 *T? - 6.66494 x 10 313 (70.2)

precision: ~ % 1% uncertainty: ~ * 5%

Table 70.2, Viscosity from equation (70.2)

T n T n
(K) (cp) (X) (cp)
680 2.21 780 1.25
690 2.08 790 1.18
700 1.96 800 1.13
710 1.84 810 1.07
720 1.74 820 1.02
730 1.64 830 0.97
740 1.55 840 0.93
750 1.46 850 0.89
760 1.39 860 0.85
770 1.31 870 0.81

References [9]
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5.

6.

Electrical Conductance (k)

(70) KOH

Measurement method: classical ac technique [9]

« = -1.380 + 5.800 x 10 °T (70.3)

precision: ~ % 0.5%

uncertainty: insufficient data
for estimate

Table 70.3. Electrical conductance from equation (70.3)

T < T <
(X) (ohm™* e~ 1) (x) (ohm™ ! cm™ 1y
670 2.51 780 3.14
680 2.56 790 320
690 2.62 800 3.26
700 2.68 810 3.32
710 2.74 820 3.38
720 2.80 830 3.43
730 2.85 840 3.49
740 2.91 850 3.55
750 2.97 860 3.61
760 3.03 870 3.67
770 3.09

References [9]

Safety and Hazards

A.

Hazard rating

(1) Toxicity: highly caustic; very corrosive to all body

tissues.

(ii) Vapor pressure:
N~ 1lmm,

B.

(1) Molten salt bath "explosions':

at m.pt., 360°C, << 0.5mm; at ~ 720°C

Disaster hazards

i.e., explosive generation

of steam due to bulk water 'carry-over" and/or equipment
failure; i.e., explosive expansion of "trapped" air.

(ii) Dangerous; reacts with water or steam with evolution of
heat; the aqueous solution is very strongly caustic; attacks

living tissue.

References [10-15].
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(70) KOH

7. Corrosion

Table 70.4. Corrosion studies from primary research literature

Etudies

References

Ni, Cu, Armco Fe and steel
Fe, effects of H,0

Pt, Ag, and alloys
Thermodynamics of corrosion
Corrosion - annotated biblio.
Electrochemical aspects

Reviews: corrosion - molten salts

[16-18]
[19]
[20-22]
[23-26]
(271
[28]

[24,29-31]

References [16-31]

8. Diffusion

No data

9. Heat of Fusion (AH;)

Measurement method: calcutated {cryoscopy) [32]

Table 70.5. Heat of fusion

AH;
-1
(kcal mol )

Uncertainty

1.98 ~ + 5%

References [32-35]
10. Heat Capacity (Cp)

No data

11. Velume Change on Melting (AVf)

Measurement method: estimated from densities [36]

Table 70.6. Volume change on melting

(AVf/Vé) Uncertainty

13.7% : Ao+ 107

References [36]
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(70) XoH

12. Vapor Pressure (p )

vap’

Measurement method: boiling point technique [37]

log p = 7.3701 - 7162/T (70.4)
precision: ~ * 4% uncertainty: ~ * 10%

Table 70.7. Vapor pressure from equation (7C.4)

T P T P
(X) (mm) (K) (mm}
1440 249.2 1530 488.7
1450 269.6 1540 524.1
1460 291.5 1550 561.6
1470 314.8 1560 601.3
1480 339.6 1570¢ 643.2
1490 365.9 1580 687 .4
1500 393.9 1590 734.0
1510 423.,7 1595.4] 760
1520 455.3 1600 783.2

References [37]

13. Thermal Conductivity (liquid) ()

No data

14. Thermal Conductivity (solid) (As)

No data

15. Cryocscopic Constant (kf)

Measurement method: calculated from AHE [36]

Table 70.8. Cryoscopic constant

k
f
= Uncertainty
(K mol lkg)
22.6 N+ 1%

References [36]
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1.

System 71 Mg(N03)2

Melting Temperature (Tm)

Melting point:

Decomposes {12,13]

Anhydrous Mg (NOz), has been reported stable in the
crystalline state up to v 325°C, although the thermo-
dynamic data are consistent with complete decomposition
to MgO at this temperature.

References [1-13].

Density (p)

No Data

Surface Tension (v)

No Data
Viseoeity (n)

No Data

Electrical Conductance (k)

No Data
Safety and Hazards

(1)
(ii)

(ii)

(iii)

A. Hazard rating

Toxicity: inhalation: low; ingestion: moderate.

Vapor pressure: Mg(NO )g.ZH 0 melts ~ 129°C;
Mg(NO3)2.6H20 melts ~ 85 C; %ittle is known of the high
temperature properties of anhydrous Mg(NO3)2; onset of
decomposition reaction has been cbserved from ~ 130°C
to ~ 390°C, and appears dependent on the composition of
the gas phase.

B. Disaster hazards

Molten salt bath "explosions': i.,e., explosive
generation of steam due to bulk water "carry-over"
and/or equipment failure; i.e., explosive expansion
of "trapped" air.

On decomposition, nitrates emit toxic fumes ({oxides
of nitrogen) viz:

MNO; —3 MNO, + %0, (71.1)

ZMNO2 — MZO + NO + NO (71.2)

2

The subsequent decomposition reactions are complex;
if the gas phase is continuously removed, the nitrite
decomposition (above) to NO and NO, is dominant. If
the gas phase is not immediately removed, the NO may
re-oxidize the nitrite to nitrate.

Nitrates are powerful oxidizing agents; viclent (explosive)
reactions possible in molten nitrates and carbonaceous
materials (organic cpds, oils, carbom,...); aluminum alloys
and bath sludges (e.g.iron oxides); magnesium alloys.
Dangerous.

References [9,14-20]
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7.

10.

11.

12.

13.

14.

Mg (NO,)

from primary research literature

(71)

Corrosion
Table 71.1. Corrosion studies
Studies in molten nitrates

and nitrites

References

Fe, Co, Ni, Cr, Al,...

Cu, Pt, Au, W,...

Zn, Pb, Cu, Ni, Al
Pt, §, steel
Zr

Oxide species

Electrochemical

approach

Thermodynamic redox diagrams

Annotated corrosion biblio.

Reviews/molten salts

[21,23,25]
[22,30,31]
[24,30,31]
[28]

[26]

[29]

[27]
[31,33]
[34,36]
[36]
[37-39]

Ne compatibility studies with molten Mg(N03)2

found;

to nitrates, see [25].

References [21-39]

Diffusion
No Data
Heat of Fusion (AH})
No Data
Heat Capacity (Cp)
No Data
Volume Change on Melting (AVf)
No Data
Vapor Pressure (pvap)
No Data

Thermal Conductivity (1iquid) (x,)

No Data
Thermal Conductivity (solid) (As}

No Data
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15.

16.

(71) Mg(NOg),

Cryosgcopie Constant (kf)

No Data
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Syst 72 )
ystem Ca(NOsjz

1. Melting Temperature (Tm}

Melting point:

561°

+ 4°C [7]

References [1-8].

2. Density (p)

No data

3. Surface Temsion (Y)

Measurement method: maximum bubble pressure [9]

precision: not estimated uncertainty: ~ * 2%

[
°

Table 7Z.1. Surface tension

T Yo o
(K) (dyn cm )

833 101.5

References [9]

4. Viscosity (n)

No data

5. Electrical Conductance (k)

No data

6. Safety and Hazards

(1)
(ii)

(i3

(i1}

@3ii)

A. Hazard rating
Toxicity: ingestion, moderate.
Vapor pressure: Addison and Coldrey [10] report the
formation of bubbles in molten Ca(N03)2 at its m.pt.,

561°C; Ca(NO3); loses NO, on decomposition, with for-
mation of Ca0 and oxygen (see (ii) below and [4]).

B. Disaster hazards

Molten salt bath "explosions': 1i.e., explosive generation
of steam due to bulk water "carry-over" and/or equipment
failure; i.e., explosive expansion of "trapped'" air.

On decomposition, nitrates emit toxic fumes (oxides
of nitrogen) viz:

2MNO—>2MNO, + 0,  (72.1)

ZMN02—>- M,0 + NO, (72.2)

2

The subsequent decomposition reactions are complex;
if the gas phase is continuously removed, the nitrite
decomposition (above) to NO and NO, is dominant.

Nitrates are powerful oxidizing agents; violent
(explosive) reactions possible in molten nitrates
and carbonaceous materials (organic cpds., oils,
carbon,....); aluminum alloys and bath sludges (e.g.
iron oxides); magnesium alloys. Dangerous.

References [10-16]
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(72) Ca(xDy),

7. Corrosion

Table 72.2. Corrosion studies from primary research literature
Studies in molten nitrates and nitrites References
Fe [17,19,21]
Fe, Co, Ni, Cr, Al,... [18,26,27]
Cu, Pt, Au, W,... [20,26,27]
Zn, Pb, Cu, Ni, Al {24]
Pt, S, steel [22]
Zr [25]
Oxide species [23]
Electrochemical approach [28,31]
Thermodynamic redox diagrams [30,31]
Annotated corrosion biblio. [32]
salts [{33-35]

Reviews/molten

Ne¢ compatibility studies with molten Ca(NO

found;

to nitrates, see [21],

References [17-35]

8. Diffusion

No data
[
f)

Measurement method:

9. Heat of Fustion (A

drop calorimetry [36]

3)2 were

for effects of alkaline earth chlorides added

Table 72.3. Heat of fusion
o
AHf -1 Uncertainty
(kcal mol ™)
5.67 o+ 2%

Ca(NO3)2 (m.pt. 561°C) exhibits two solid state transitions

at -185°C and 15°C for which the AH values are v 0.9 and

NV 69 cal. mol-l respectively.

References [36,37]
10. Heat Capacity (Cp)

No data
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1.

12,

13.

14.

15.

186,

(72) ca(NO;),

Volume Change on Melting (AVf)
No data

Vapor Pressure (pvap)
No data

Thermal Conductivity (liquid) (An)
No data

Thermal Conductivity (solid) (As)
No data

Cryoscopic Constant (kf)

Measurement method: calculated from AH% [38]

Table 72.4. <Cryoscopic constant

kf
-1 Uncertainty
(K mol “kg)
40.0 LV e 4
References [38]
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Systemn

=

Melting Temperature (Tm)

Melting point:
220° = 5°C (7]

References [1-12}.
2. Density (p)
No data
3. Surface Tension (y)

No data

4. Viscosity (n)

73

LiNO

Measurement method: capillary technique 113]

4.3

n = -14909.1 + 87.5812T - 0.171073T2 + 1.11184 x 10 °°T
precision: ~ £ 0.5% uncertainty: ~ 3.0%
Table 73.1. Viscosity from equation (73.1}
T |
(x) (cp)
510 9.89
520 8.34
Refefences [13]
5. Electrical Conductance ()
Measurement method: classical ac technique [14]
« = -0.397585 - 1.51836 x 10 °T + 7.33374 x 10 97% (73.2)
precision: ~ %= 0.1% uncertainty: ~ 5.0%

(73.1)

Table 73.2. Electrical conductance from equation (73.2)

T K
®) | (ohm~ten™h)
510 0.736
520 0.796
530 0.858

References [141}
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(73) LiNo,

€. Safety and Hazards

(i)

(ii)

(1)

(i)

(iii)

A. Hazard rating

Toxicity: ingestion: severe toxicity; there appears
to be some implication of increased cancer incidence
with chronic ingestion of nitrites.

Vapor pressure: LiNO, {m.pt. 220°C) melts without de-
composition and appears stable to & 300°C; at ~ 350°C,
it is reported to decompose slowly, and this increases
rapidly with increasing temperatures, The product gases
are oxides of nitrogen (toxic); see B. Disaster hazards.

B. Disaster hazards

Molten salt bath "explosions': i.e., explosive generation
of steam due to bulk water "carry-over" and/or equipment
failure; i.e., explosive expansion of "trapped" air.

On decomposition, nitrites emit toxic fumes {oxides of
nitrogen) viz:

2 MNO,—>M,0 + NO + NO, (73.3)

2

ZMNO2 * Ozm——+-2MNO (73.4)

3

The subsequent decomposition reactions are complex;
if the gas phase is not removed, the nitrite may be
oxidized to nitrate (LiNOs).

Nitrites, like nitrates, are powerful oxidizing agents;
violent (explosive) reactions possible in molten nitrates
and carbonaceous materials (organic cpds., oils,
carbon,....}; aluminum alloys and bath sludges (e.g.

iron oxides); magnesium alloys. Dangerous.

References [15-21}

7. Corrosion
Table 73.3. Corrosion studies from primary rescarch literature
Studies in molten nitrates and nitrites References

Fe {22,24,26]
Fe, Co, Wi, Cr, Al,... {23,31,32]
Cu, Pt, Au, W,:.. {25,31,32]
Zn, Pb, Cu, Ni, Al (29]

Pt, S, steel [27]

Zr [30]

Oxide species [28]
Electrochemical approach [33,34]
Thermodynamic redox diagrams [35,36]
Annotated corrosion biblio. [377]
Reviews/molten salts [38-40]

References [22-40]
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10.

11.

12.

138.

14.

15.

16.

(73) LiNO2

Diffusion
No Data
Heat of Fusion CAH})
No Data
Heat Capacity (CPZ
No Data
Volume Change on Melting (AVf)
No Data
Vapor Pressure (pvap)
No Data
Thermal Conductivity (liquid) (Az)
No Data
Thermal Conductivity (solid) (xs)
No Data
Cryoseopic Constant (kf)
No Data
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System 74 NaNO2

1. Melting Temperature (Tm)

Melting point:
282° + 4°C [11]

References [1-157,

2. Densgity (p)
Measurement method: Archimedean technique [16]
o = 2.226 - 0.746 x 107°T (74.1)
precision: not estimated uncertainty: ~ = 1,0%

Table 74.1. Density from equation (74.1)

T P 3 T P 5
(K) (g cm ™) (x) (g cm ™)
570 1.801 650 1.741
580 1.793 660 1.734
590 1.786 670 1.726
600 1.778 680 1.719
610 1.771 690 1.711
620 1.763 700 1.704
630 1.756 710 1.696
640 1.749 720 1.689
References [16,17)
3. Surface Tension (y)
Measurement method: maximum bubble pressure [18]
vy = 141.7 - 0.0378 T (74.2)
precision: ~ 0.5% uncertainty: ~ * 2%

Table 74.2. Surface tension from equation (74.2)

T Yo T Yo
(X) (dyn cm ) (K) (dyn cm )
550 120.9 670 116.4
560 120.5 680 116.,0
570 120.2 690 115.6
580 119.8 700 115.2
590 119.4 710 114.9
600 119.0 720 114,5
610 118.6 730 114.1
620 118.3 740 113.7
630 117.9 750 113.4
640 117.5 760 113.0
650 117.2 770 112.6
660 116.8

References [18,19]
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4. Viscosity (n)

Measurement method:

precision: ~ &

References [17,20,21]

(74) NaNO2

capillary technique [21]}

0.9%

Table 74.3.

n o= 187.118 - 0.876094T + 1.41024 x 10° T2

- 7.71608x 10771 (74.3)

uncertainty: ~ * 5%

Viscosity from equation (74.3)

5. FElectrical Conductance (x)

Measurement method:

precision: not estimated

T n T n
(K) (cp) (K) (cp)
570 3.04 600 2.48
580 2.84 610 2.31
590 2.66
classical ac technique [16]

k = 13.20 exp (-2600/RT) (74.4)

uncertainty: ~ & 5%

Table 74.4. Electrical conductance from equation (74.4)

T K T K

(X) (ohm lem™ 1) (x) (ohm ™ lem™1)
570 1.33 650 1.76
580 1.38 660 1.82
590 1.44 670 1.87
600 1.49 680 1.93
610 1.54 690 1.98
620 1.60 700 2.04
630 1.65 710 2.09
640 1.71 720 2,14

References [16]

6. Safety and Hazards

(i)

(i1)

Toxicity:

Vapor pressure:

A. Hazard rating

NaNO, is permitted in food for human consumption;
there appears to be some implication of increased cancer in-
cidence with chronic ingestion of nitrites

NaNO, (m.pt. 281°C) appears to melt without
onset of decomposition; decomposition is reported at ~ 300°C;
with formation of oxides of nitrogen (toxic); this increases
with increasing temperatures (see B. Disaster hazards)
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(1)

(ii)

(iii)

(74) NaNoO,

B. Disaster hazards

Molten salt bath "explosions': i.e., explosive generation
of steam due to bulk water '"carry-over" and/or equipment
failure; i.e., explosive expansion of '"trapped" air.

On decomposition, nitrites emit toxic fumes (oxides
of nitrogen)viz:

ZMNOZ—~+-M20 + NO + NO2 (74.5.1j

ZMNO2 + 02—)-MN03 (74.5.2)

The subsequent decomposition reactions are complex;
if the gas phase is not continuously removed, the
nitrite may be oxidized to NaNOz, i.e. to the nitrate

Nitrites, like nitrates, are powerful oxidizing agents;
violent (explosive) reactions possible in molten nitrates
and carbonaceous materials (organic cpds., oils,
carbon,....); aluminum alloys and bath sludges (e.g.

iron oxides); magnesium alloys. Dangerous

References [41-49]

7. Corrosion
Table 74.5. Corrosion studies from primary research literature
Studies in molten nitrates and nitrites References

Fe [22,24,26]
Fe, Co, Ni, Cr, Al,... [23,31,32]
Cu, Pt, Au, W,... [25,31,32]
Zn, Pb, Cu, Ni, Al [29]

Pt, S, steel [271

Zr [30]

Oxide species [28]
Electrochemical approach [33,34]
Thermodynamic redox diagrams [35,36]
Annotated corrosion biblio. [37]
Reviews/molten salts [38-40]

References [22-40]

8. Diffusion

No data
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(74) NaNO,

9. Heat of Fusion (AH;)

Measurement method: drop calorimetry [50]

Table 74.6. Heat of fusion

T 0
Ahf -1 Uncertainty
(kcal mol ™)
2.97 ~o+ 57

References [50]

10. Heat Capacity (Cp)
Measurement method: drop calorimetry [50]

C, = 115.21 - 200.49 x 10757 + 126.86 x 167912 (74.6)
Temp. range: 564-630 K

precision: ~ £ 0,1% uncertainty: ~ % 5%

Table 74.7. Heat capacity from equation (74.6}

C Cc
T 131 -1 I 1 -1
(K) (cal K mol ) (K) (cal X mol )
570 42.1 610 40.1
580 41.6 620 39.7
590 41.1 630 39.2
600 40.6

In the solid state, for the temperature range: 383-533 K,
the heat capacity for NaNOz [1] is expressed by:

C, = 38.42 + 230.19 x 10737 - 188.76 x 107812 (74.7)

precision: <~ *1% uncertainty: ~ %t 5%

References [50]

11. Volume Change on Melting (AVf)

Measurement method: estimated from densities [51]

Table 74.6. Volume change on melting

(AVf/Vs) Uncertainty

16.5% N+ 10%

References [51]

12. Vapor Presgsure (pvap)

No data
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17%. Thermal Conductivity (liquid) (Aﬁ)

Measurement method:

A= -4.9249 x 10

precision: » 1%

Table 74.7.

(74) NaNo,

4 6

+ 3.745 x 10 °T (74.8)

uncertainty: ~

steady-state method; coaxial cylinders [52]

+

10%

Thermal conductivity of melt from equation (74.6)

4
T A x 10
(K) (cal

4

s—l K_l

A x 10

T
(X) (cal em™t

)

560
570

580
590

16.8
17.2

References [52-56]

14. Thermal Conductivity (solid) (As)

Measurement method:

precision: not estimated

Table 74.8.

uncertainty: »

Thermal conductivity of solid NaNO2

T
(K3

(cal cm

A x 104

1 -1 -1

s K )

549

15.9

(Melting point,

References {52,54]

15. Cryoscopic Constant (k)

f

Measurement method:

calculated from AHS

NalNGC,_ :

2 558 K)

¢ [51)

Table 74.9. Cryoscopic constant
ke Uncertainty
(X mol—lkg)
14.2 v+ 17

References [51]
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System 75 KNO,
1. Melting Temperature (Tm)

Melting point:
440° + 5°C [1]

References [1-13].
2. Density (p)
Measurement method: Archimedean technique [14]

o = 2.167 - 6.60 x 10T (75.1)

precision: not estimated uncertainty: ~ * 2.0%

Table 75.1. Density from equation (75.1)

T 4] -3
(K) (g em 7)
700 1.705
710 1.698
720 1.692
730 1.685
7490 1.679
750 1.672

References [14]
3. Surface Tension (Y)
Measurement method: maximum bubble pressure [15]
v = 151.6 - 0.0623 T (75.2)

precision: ~ % 0.5% uncertainty: ~ * 2%

3

Table 75.2. Surface tension from equation (75.2)

T Y o1 T Y
(K) (dyn cm ™) (K) (dyn em )
720 106.8 750 104.9
730 106.1 760 104..3
740 105.5 770 103.6

References [15]

4. Viscosity (n)
Measurement method: capillary technique [17]
n = 864.798 - 3.61760T + 5.06274 x 10 °T% - 2.36530 x 107 °T° (75.3)
precision: ~ = 0.3% uncertainty: ~ * 2%

Table 75.3. Viscosity from equation (75.3)

T n
(K) (cp)
700 1.92
710 1.86
720 1.81

References [16-19]
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(75} KNO,,

5. Electrical Conductance (x)

Measurement method: classical ac technique [18]]

©

2

- 4.167433 + 1.148389 x 107 2T - 5.451471 x 10°°1% (75.4)

precision: ~ % 0.1% uncertainty: ~ * 5%

Table 75.4. Electrical conductance from equation (75.4)

K K
T T
-1 -1 -1 -1
(K) (ohm cm ) {X) (ohm cm )
710 1.238 740 1.345
720 1.275 750 1.379
730 1.311

References [18]

6. Safety and Hazards

(1)

(ii)

(iii)

A. Hazard rating

Texicity: 1ingestion toxicity rating, severe; there
appears some implication of increased cancer incidence
with chronic ingestion of nitrites.

Vapor pressure: KNO, (m.pt.440°C) melts without de-
composition, but at ~ 500°C, thermally decomposes into
oxides of nitrogen, and at higher temperatures, to

nitrogen and oxygen as gaseous products (see: B. Disaster
hazards).

B. Disaster hazards

Molten salt bath "explosions'": i.e., explosive generation
of steam due to bulk water 'carry-over' and/or equipment
failure; i.e., explosive expansion of 'trapped'" air.

On decomposition, nitrites emit toxic fumes (oxides of
nitrogen) viz:

ZMNOf—%>MZO + NO + NO, (75.5)

MNOgm—%—MNOz + 50 (75.6)

z

The subsequent decomposition reactions are complex;
if the gas phase is continuously removed, the nitrite
decomposition (above to NO and NO2 is dominant.

In the temperature range 550-600°C, and under oxygen,
the conversion of KNO, to KNO3z goes to completion; be-
tween 650-750°C, the two salt$ interconvert (see above),
KNOz becoming increasingly unstable; above 800°C, the
nittite decomposition: 2 KNO;—»K;0 + Ny + 3/,02 goes
to completion.

Nitrites, like nitrates, are powerful oxidizing agents;
violent (explosive) reactions possible in molten nitrates
and carbonaceous materials (organic cpds., oils,
carbon,...); aluminum alleoys and bath sludges (e.g. iron
oxides); magnesium alloys. Dangerous.

References [20-29]
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7. Corrosion

Table 75.5. Corrosion studies from primary research literature

Studies in molten nitrates and nitrites References
Fe [30,32,34]
Fe, Co, Ni, Cr, Al,... [31,39,40]
Cu, Pt, Au, W,... [33,39,40]
Zn, Pb, Cu, Ni, Al [37]

Pt, S, steel [35]
Zr [38]
Oxide species [36]
Electrochemical approach [41,42]
Thermodynamic redox diagrams [43,44]
Annotated corrosion biblio. [45])
Reviews/molten salts [46-48]

References [30-48]

8. Diffusion

No data

9. Heat of Fusion (AH;)
No data
10. Heat Capacity (Cp)
No data
11, Volume Change on Melting (AVf)

Measurement method: estimated from densities [49]

Table 75.6. Volume change on melting

(AVf/Vs) Uncertainty

8.0% v+ 107

References {49]

12, Vapor Pressure (pvap)

No data

13. Thermal Conductivity (liquid) (Az)

No data
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14.

16.

16.

(75) XNO,

Thermal Conductivity (solid) (AS)
No data
Cryoscopic Constant (kf)
No data
References
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