ATYRATERY

[

l







ORNL-2548
Chemistry - General
TiD-4500 (15th ed.)

Contract No., W-7405-eng-26

REACTOR CHEMISTRY DIVISION

PHASE DIAGRAMS OF NUCLEAR REACTOR MATERIALS

R. E. Thoma, Editor

DATE ISSUED

NBV 6 1959

AL LAGORATORY | RY

S

UNION CARBIDE CORPORATION
for the

U.5. ATOMIC ENERGY COMMISSION 3 445L 0023248 B






INTRODUCTION
1.

2. METAL-FUSED-SALT SYSTEMS

3.

1.1
1.2,
1.3.
1.4.
2.1.
2.2,
2.3.

2.4.
2.5.

FUSED-SALT SYSTEMS

The System LiF~NaF.............
The System LiF—~KF.......c.....
The System LiF~RbF..............
The System LiF-CsF..............
The System NaF—KF .............
The System NaF —RbF ............
The System KF-RbF ..............
The System LiF~NoF~-KF......
The System LiF-NaF-RbF....
The System LiF~KF ~RbF......
The System NaF -KF-RbF ...
The System NaBF ,-KBF,......
The System NaF-FeF, .........
The System NaF~Nif,.........
The System RbF~CaF,, ........
The System LiF-NaF -CaF,..
The System NaF ~MgF ,-CaF,
The System NaF -KF~AIF ...
The System LiF-BeF, ...
The System NaF-BeF, ..........
The System KF~BeF, ............
The System RbF~Bef, .........
The System CsF~BeF, ..........
The System LiF~NaF-BeF,..
The System LiF-RbF -BeF ..
The System NaF—KF-BeF, ..

3.1
3.2,
3.3,
3.4.
3.5.
3.6.
3.7.
3.8.
3.9

3.10.
3.1
3.12.
3.13.
3.14.
3.15.
3.16.
3.17.
3.18.
3.19.
3.20.
3.21.
3.22.
3.23.
3.24.
3.25.
3.26.
3.27.
3.28.
3.29.
3.30.
3.3L
3.32.
3.33.

The System Silver—Zirconium

CONTENTS

METAL SYSTEMS

The System Indium—Zirconium ..ot aens
The System Antimony —ZirCOoniUm c....ivccrinniieiirrriericete ettt s es s s s s

The System Lead-Zirconium..

The Sodium Metal-Sodium Halide Systems ..o
The Potassium Metal~-Potassium Halide Systems .co.ooiviiiniiiiciie
The Rubidium Metal—Rubidium Halide Systems ..ot
The Cesium Metal~Cesium Halide Systems ...t esenn,
The Alkali Metal—Alkali Metal Fluoride Systems ...ccoovnivcini s

The System NaF—RbF -BeF,

The System NaF ~ZnF, ...
The System KF—ZnF, .........
The System RbF—ZnF, ...
The System LiF=YF ..
The System LiF-ZrF , ...........
The System NaF~ZrF ...........

..........................................................................................

..........................................................................................

...........................................................................................

..........................................................................................

..........................................................................................

™
1t



3.34.
3.35.
3.36.
3.37.
3.38.
3.39.
3.40.
3.41.
3.42.
3.43.
3.44.
3.45.
3.46.
3.47.
3.48.
3.49.
3.50.
3.51.
3.52.
3.53.
3.54.
3.55.
3.56.
3.57.
3.58.
3.59.
3.60.

3.61.
3.62.
3.63.
3.64.
3.65.
3.66.
3.67.
3.68.
3.69%.
3.70.
3.71.
3.72.
3.73.
3.74.
3.75.
3.76.
3.77.
3.78.
3.79.
3.80.
3.8
3.82.
3.83.
3.84.

The System KF =ZrF 4o 56

The System RbF-»ZrF4 ...................................................................................................... 57
The System CsF—ZrF f o 58
The System LiF-NaF ~ZrF , oo, 60
The System NaF ~KF ~ZrF | 62
The System NaF —RBF—ZrF /s 64
The System NaF-CrF,~Zrf ;2 The Section NaF-CrF, ~ ZrF i, 66
The System NaF —CelF j—ZrF e, 67
The System LiF—CelF g 68
The System NaF —HIF ;s 70
The System LiF—ThF . e 72
The System NaF —ThF oo 73
The System KF =ThF | s 74
The System RBF —ThF /e, 76
The System BeF , —ThE ;s 77
The System Bel ) wUF | o 78
The System Mng-»ThF4 ..................... et e e e etk et e e e en b ra et s en ettt et e entrnas 79
The System LiF—BeF2~ThF4 .......................................................................................... 80
The System Nal ~ZrF4~T!1 F4 .......................................................................................... 82
The System L'x'F»U’F3 ........................................................................................................ 84
The System LiF~UPF 85
The System NCIF:'-—UF3 ...................................................................................................... 86
The System NaF —UF , o e 88
The System KI —UF | e 90
The System RbF-»UFI1 ...................................................................................................... 9N
The System CsF—UF s 92
The System ZrFA-UFA ...................................................................................................... 93
The System SnF, —UF oo 94
The System PbF, —UF ;. 95
The System Th FA U e 96
The System LiF—NaF—UF , . 98
The System LiF-KF~—UF4-. ............................................................................................... 101
The System LiF—RbFE—UF , oo e 102
The System NaF —KF —UF i 103
The System NaF ~RbF —UF ;.o 104
The System LiF~BeF ) ~UF ;oo 108
The System NaF —BeF , “UF ;s 110
The System Nalb —PbF ) UF /e, 113
The System KF=PbF 5 —UF | 114
The System NaF —ZrF  —UF , oo 116
The System LiFwThFA:-—UF4 ............................................................................................ 119
The System NaF-ThF,-UF,: The Section 2NaF.ThF ,~2NaF.UF, ... 124
The System LiF—PUF 5 s 125
The System LiCI=FeCl, s 126
The System KCI-FeCl, s 127
The System NaCl—ZrCl 128
The System KO ZEC 130
The System LiCleC|3 ...................................................................................................... 131
The System LiCI-UCH i 132
The System NoCl-UCLy i 133
The System NaCl-UCH ;o 134



U02$04 SO U O S (oot e e ceet e ee s e seiee et s taeanen e s e nraaan e en

3.85. The System KCI-UCT, ettt en e e e vea e e neenee
3.86. The System RBCI-UC, oot
3.87. The System CSCEmUCh s
3.88. The System K CrF  ~Na, CrF  LigCrF g o
. OXIDE AND HYDROXIDE SYSTEMS . oottt et e ee e ee e reeeeeas e senen
4.1. The System Si02~-ThO2 ....................................................................................................
4.2, The System LiOHNAOM .ottt sttt ae e e nn e
4.3.  The System LiOH—KOH ..ot seser ettt ese st ettt eens s
4.4. The System NaOH—KOH ..o e et et er s b s e enees
4.5. The System NaOH«RBOH ..ottt es e e s ann e nnsane
4.6. The System Ba(OH)Q-—Sr(OH)2 ..........................................................................................
o AQUEDUS SYSTEMS L.ttt tens et tsaraa et ts b esbes o1 ss e s as e tee s ens e st on e st eemeeen
5.1. The System UOz—PQOS-HQO, 25°C 1SOtherM ..e v et ev e
5.2. The System UO,~H PO, -H,0, 25°C Isotherm ...,
5.3.  The System U(HPO,),~Cl,0,-H,0, 25°C Isotherm ...,
54. The System U0, ~Na,0-CO,-H,0, 26°C Isotherm ...,
5.5.  Portions of the System ThO, -Na,0-CO,-H,0, 25°C [sotherm ...
5.6.  The System Na,0-C0,~H,0, 25°C Isotherm ..o
5.7.  Solubility of Uranyl Slﬁfate I WATEr e e
5.8. Two-Liquid-Phase Region of UO,50, in Ordinary and Heavy Water .....cccoiveuninnne.
5.9.  The System U, ~S0, —H, 0 i i
5.10. Coexistence Curves for Two Liquid Phases in the System
UO,S0,~H, 50, =M, 0 o
5.11. Two-Liquid-Phase Region of the System U0,S0, ~H, S0, ~H 0 oo
12. Two-Liquid-Phase Coexistence Curves for UO3—Rich Solutions in
the System U0, -850, -H,0 With and Without HNO...coioi
5.13. Solubility of UO; in H,50,~H, 0 Mixtures ..o
5.14. Effect of Excess H,S0, on the Phase Equilibria in Very Dilute

15. Second-Liquid-Phase Temperafures of UOZSOA-Li2504 Solutions eeveeeeisineiin
16. Second-Liquid-Phase Temperatures for UO,S0, Solutions Containing

5.20.

5.21.
5.22.

5.23.
5.24.
5.25.
5.26.
5.27.
5.28.
5.29.
5.30.

Li2504 Or BeSO, oo s

17. Second-Liquid-Phase Temperatures for BeSO4 Solutions Containing U03
18. The System NiSO,~U0,50,~H,0 at 25°Ce.cii s

9. Phase-Transition Temperatures in Solutions Containing CuSO,,

UO,S0,, and Hy80 s
The Effect of CuSO, and NiSO, on Phase-Transition Temperatures:

0.04 m UO,S0,; 0.01 m HySO v
The System UO,-~Cu0-NiO-5G,;~D,0 at 300°C; 0.06 m SO, .coovvvrvreiennnen.
Solubility of Nd,(S0,), in 0.02 m UO,50, Solution Containing 0.005 m

H,SO, (180 —300PC) ..t eeeceteerereeercerer e ecee et eve s esas e enssras e stsaman ek st seteassees i
Solubility of LGZ(SO“)3 in U02504 SOlUBIONS (oo
Solubility of CdSO, in UO,S50, Solutions ..o
Solubility of Cs,50, in UC,s0, SolHIONS et
Solubility of Y,(S0,), in UD,50, Solutions ...
Solubility of Ag,S0, in UD,50, 50lutions ..,

Solubility at 250°C of BaSO, in U0,50,~H,0 Solutions ee.oeviecersicrersossorsier

Solubility of H,WO, in 0.126 and 1.26 M U050, .occrvimsmocsiorso

Phase Stability of H,WO, in 126 M UC),‘,F2 ..................................................................



vi

5.31.
5.32.

5.33.

5.34.

5.35.
5.36.
5.37.

5.38.
5.39.
5.40.

5.41.
5.42.

The System UO,(NO,) ,—H, O e
Phase Equlllbrlo of U(% und HF in Stoichiometric Concentrations

(AQUEDUS SYSTEMY...ieimiiriiient it ee s ceene et ceer st en ettt ee et e eeaereerae e rens
Solubility of Uranium Trioxide in Orthophosphoric Acid Solutions ..cccooevvvvcieenan..
Solubility of Uranium Trioxide in Phosphoric Acid at 250°C .....occccvveevveecieee e,
Solubility of UO, in HyPO, SolUtion ... cserenesecssne .
The System UO,CrO, —H,0 oo
Variation of Li,CO, Solub:h’ry with UO,CO, Concentration at Constant

Co Pressme (250°C) ......................................................................................................
The 8ystem Li,0_U0,~CO,~H,0 at 250°C and 1500 pSi....... oo
The System ThINO, ), LH, 0% 2 oo
Hydrolytic Stability of Thorium Nitrate~Nitric Acid and Urany|

Nitrate SolUtiONS cuii ettt et e e
The System ThO,-CrO;—H, 0 at 25°C .o
Phase Stability of ThO,-H,PCO,~H,0 Solutions at High Concentrations

OF ThO et et et et



PHASE DIAGRAMS OF NUCLEAR REACTOR MATERIALS

INTRODUCTION

This compilation presents the phase diagrams for possible materials for nuclear reactors
developed at the Cak Ridge National Laboratory over the period 1950-59. It represents the
efforts of certain personnel in what are now the Chemical Technology, Metallurgy, Chemistry, and
Reactor Chemistry Divisions of ORNL. This document also contains diagrams originated by
other installations under contract to ORNL during that interval. In addition, a few diagrams from
the wunclassified literature have been included when they form part of completed systems
sequences.

No general discussion of the principles of heterogeneous phase equilibrium hos been
included since excellent discussions are available in many well-known publications. Equilibria
in several of the fused-salt systems presented below have been described in some detail in a

1

recent publication by Ricci.' Nor has any attempt been made to assemble the phase equilibrium

data on reactor materials available from many other sources. For such information the reader is

2-6

referred to other recently published compilations of phase diagrams and to the several new

works dealing specifically with nuclear reactor materials.”~?

While some of the diagrams presented below are the result of fundamental researches, most
were obtained in support of the ORNL programs in development of fluid-fueled reactors. Others
have been developed as a consequence of ORNL interests in reprocessing of nuclear fuels,
reactor metallurgy, production of uranium and thorium from raw materials, and studies of
mechanisms of corrosion.

Much of the research effort was devoted to searches for systems of direct use as fluid fuels
or blanket materials; unpromising systems were often given only cosual attention. The diagrams
in this collection, accordingly, vary widely in the degree of completeness of examination. A
brief description of the status of the work is presented in each case; in a few cases, where no

detailed description of the system has been published, the available data have been included

with the diagram.

. E. Ricei, Guide to the Phase Diagrams of the Fluoride Systems, ORNL-2396 (Nov, 19, 1958).

2), F. Hogerton and R, C. Grass (eds.), The Reactor Handbook, vol 2, AECD-3646 (May 1955),

3. Lyman (ed.), Metals Handbook, American Society for Metals, Cleveland, Ohio, 1948,

1E. A, Rough and A, A, Baver (eds.), Constitution of Uranium and Thorium Alloys, BMI-1300 (June 2,
1958),

5E. M. Levin, H. F. McMurdie, and F. P, Hall, Pbase Diagrams for Ceramists, The American Ceramic
Society, Columbus, Ohio, 1956.

SE. M. Levin, H. F. McMurdie, and F. P. Hall, Supplement to Phase Diagrams for Ceramists, The
American Ceramic Society, Columbus, Ohio, 1959,

7B, Yates, Materials for Use in Nuclear Reactors. Information Bibliography, 1GRL-1B/R-15 (2nd ed.),
1958,

BH. H. Hausner and S5, B. Roboff, Materials for Nuclear Power Reactors, Reinhold Publishing Corp.,
New York, 1955,

8. Kopelman (ed.), Materials jor Nuclear Reactors, McGraw-Hill Book Co., New York, 1959,



1. METAL SYSTEMS
1.1. The System Silver-Zirconium

J. O. Betterton, Jr., and D. S. Easton, ""The Silver~Zirconium System,'’ Trans. Met. Soc.
AIME 212, 470-75 (1958).

A detailed investigation was made of the phase diagram of silver—~zirconium, particularly in
the region 0 to 36 at. % Ag. The system was found to be characterized by two intermediate
phases, Zr,Ag and ZrAg, and a eutectoid reaction in which the f-zirconium solid solution de-
composes into a-zirconium and Zr,Ag. It was found that impurities in the range 0.05% from the
iodide-type zirconium were sufficient to introduce deviations from binary behavior; with partial

removal of these impurities an increase in the a-phase solid solubility limit from 0.1 to 1.1 at. %

Ag was observed.
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1.2. The System Indium~Zirconium

J. O. Betterton, Jr., and W. K. Noyce, ‘*The Equilibrium Diagram of Indium-Zirconium in the
Region 0~26 at. pct In,”" Trans. Met. Soc. AIME 212, 340~42 (1958),

The zirconium-rich portion of the indium=—zirconium phase diagram was determined as a
study of the effect of alloying a trivalent B-subgroup element, indium, with zirconium in group
IVA. The temperature of the allotropic fransition was found to rise with indium, terminating in a
peritectoid reaction, [5(9.3% In) + ¥(22.4% In) === a(10.1% in) at 1003°C. In this respect the

effect of indium is analogous to that of aluminum in zirconium and titanium alloys.
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1.3. The System Antimony~-Zirconium

J. O, Betterton, Jr., and W. M. Spicer, "' The Antimony~Zirconium System in the Range 0 to 5
at. pct Antimony,”’ Trans. Met. Soc. AIME 212, 456-57 (1958),

The solubilities of antimony in the a ond £ forms of zirconium were determined between
750 and 1300°C. The a phase forms by o peritectoid reaction; the a/{a + 8) and B/(a + B) phase
boundaries rise in temperature with increasing antimony. Impuyrities in the 99.5% zirconium were
sufficient to influence the phase boundaries, and the variation reported is approximate. The
restricted phase solubility of the terminal zirconium phases, which is especially characteristic
of this system, is thought to result from the low free energy of the ZrZSb phase.
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1.4, The System Lead~Zirconium

G. D. Kneip, Jr., and J. O. Betterton, Jr.,, cited by E. T. Hayes and W. L. O'Brien,
““Zirconium Equilibrium Diagrams,’’ p 443-83 in The Metallurgy of Zirconium, ed. by B. Lustman
and F, Kerze, Jr., McGraw-Hill Book Co., New York, 1955,
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2, METAL-FUSED.SALT SYSTEMS

2.1, The Sodium Metal~Sodium Halide Systems

M. A. Bredig and J. E. Sutherland, “‘High-Temperature Region of the Sodium~Sodium Halide
Systems,”’ Chem. Ann, Prog, Rep. June 20, 1957, ORNL-2386, p 119. Subsequent report on these
systems to be published.
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2.2. The Potassium Metal~Potassium Halide Systems

J. W. Johnson and M. A, Bredig, ‘‘Miscibility of Metals with Salts in the Molten State. lll. The
Potassium—Potassium Halide Systems,” J. Phys. Chem. 62, 604 (1958),

Complete miscibility of metal and salt exists in the KX~K systems, X = F, Cl, Br, and !, at
and above 904, 790, 727, and 717°C, that is, as close as +47, +18, ~7, and +22° respectively,
to the melting points of the salts. The asymmetry of the liquid-liquid coexistence areas,
especially of the fluoride and chloride systems, as indicated by the consolute compositions
(20, 39, 44, and 50 mole % metal, respectively), is largely explained by the difference in molar
volumes of salt and metal. At the monotectic temperature, the solubility of the solid salts in the
liquid metal, as well as of the metal in the liquid salt phase, is much [arger than in the case of
the sodium systems.
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2.3, The Rubidium Metal~Rubidium Halide Systems

M. A. Bredig and J. W, Johnson, ‘Rubidium—Rubidium Halide Systems,’’ Chem, Ann. Prog.
Rep, June 20, 1957, ORNL.2386, p 122; M. A, Bredig, J. E. Sutherland, and A. S, Dworkin,
“Molten Salt—Metal Solutions. Phase Equilibria,”’ Chem. Ann. Prog. Rep. June 20, 1958,
ORNL-2584, p 73. Subsequent report on these systems to be published.
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2.4. The Cesium Metal~Cesium Holide Systems

M. A. Bredig, H. R. Bronstein, and W. T. Smith, Jr., ""Miscibility of Liquid Metals with
Salts. H., The Potassium—Potassium Fluoride and Cesium~Cesium Halide Systems,” J. Am,
Chem. Soc. 77, 1454 (1955),

Miscibility in all proportions of cesium metal with cesium halides at and above the melting
points of the pure salts, and of potassium metfal with potassium fluoride 50° above the melting
point of the salt, occurs, The temperature-concentration range of coexistence of two liquid
phases decreases in going from sodium to potassium systems and disappears altogether for the
cesium systems. The solubility of the solid halides in the corresponding liquid alkali metals,

at a given temperotfure, increases greatly with increase of atomic number of the metal.
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2.5. The Alkali Metal—~Alkali Metal Fluoride Systems
e M. A, Bredig, J. E. Sutherland, and A. S. Dworkin, “'Molten Salt-Metal Solutions. Phase
Equilibria,”’ Chem. Ann. Prog. Rep. June 20, 1958, ORNL-2584, p 73,
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3.1.

sci.

TEMPERATURE (°C)

14

3, FUSED-SALT SYSTEMS

The System LiF..NaF

A. G. Bergman and E. P. Dergunov, ‘‘Fusion Diagram of LiF~KF—-NaF," Compt. rend. acad.

U.R.S5.5. 31, 753~54 (1941).

The system LiF—NaF contains a single eutectic at 60 LiF-40 NaF (mole %), m.p. 652°C.
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UNCLASSIFIED
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Fig. 3.1. The System LiF-NaF.
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3.2. The System LiF~KF
A. G. Bergman and E. P. Dergunov, ‘“Fusion Diagram of LiF~KF~NaF,"" Compt. rend. acad.
sci. U.R.S.S. 31, 75354 (1941).
The system LiF-KF contains a single eutectic ot 50 LiF-50 KF (mole %), m.p. 492°C.
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3.3. The System LiF-RbF

C. J. Barton, T. N. McVay, L. M. Bratcher, and W. R. Grimes, unpublished work performed at

the Oak Ridge National Laboratory, 1951-54.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % Lif Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
44 470 Eutectic L == RbF + LiF+RbF
47 475 Peritectic L +LiF;jLiF-RbF

General characteristics of the system have been reported by E. P. Dergunov, ‘*Fusion Dia-

grams of the Ternary Systems of the Fluorides of Lithium, Sedium, Potassium, and Rubidium,"’

Doklady Akad. Nauk S.S.5.R. 58, 1369-72 (1947).
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Fig. 3.3. The System LiF-RbF,
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3.4. The System LiF-CsF
C. J. Barton, L. M. Bratcher, T. N. McVay, and W. R. Grimes, unpublished work performed

at the Oak Ridge National Laboratory, 1952-54.

Preliminary diagram.

Invariant Equilibria

Invariant
o .
Mole % CsF Temperature Type of Equilibrium Phase Reaction
in Liquid °c) at Invariant Temperature
55 495t 5 Peritectic LiF + L == LiF:CsF
o 63 4751 5 Eutectic L ===LiF+.CsF + CsF
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Fig. 3.4, The System LiF-CsF.
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3.5. The System NaF -KF

A. G. Bergman and E. P. Dergunov, ‘‘Fusion Diagrom of LiF~KF-NaF,”" Compt. rend. acad.
sci. U.R.S.S. 31, 753-54 (1941).

The system NaF—KF contains a single eutectic ot 40 NaF-60 KF (mole %), m.p. 710°C.
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3.6. The System NaF=RbF
C. J. Barten, J. P, Blakely, L. M. Bratcher, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1951,
e Preliminary diagram. The system NaF-RbF contains a single eutectic at 27 NaF-73 RbF
{mole %), m.p. 675 t 10°C.
General characteristics of the system have been reported by E. P. Dergunov, ‘‘Fusion Dia-

grams of the Ternary Systems of the Fluorides of Lithium, Sodium, Potassium, and Rubidium,”’
Doklady Akad. Nauk S.5.S.R. 58, 1369-72 (1947).
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3.7. The System KF~RbF

C. J. Barton, J. P. Blakely, L. M. Bratcher, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1951.

Preliminary diagram. The system KF—RbF contains a solid solution minimum at 28 KF-

72 RbF (mole %), m.p. 770 +10°C.
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o 3.8. The System LiF=NaF-KF
A. G. Bergman and E. P. Dergunov, “Fusion Diagram of LiF~KF~NaF,’" Compt. rend. acad.
sci. U.R.5.S. 31, 753-54 (1941).
The system LiF-NaF-KF contains a single eutectic at 46.5 LiF—11.5 NaF—42.0 KF
(mole %), m.p. 454°C.
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Fig. 3.8. The System LiF—-NaF —KF,
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3.9. The System LiF~NaF.RbF
C. J. Barton, L. M. Bratcher, J. P. Blakely, and W. R. Grimes, unpublished work performed

at the Qak Ridge National Laboratory, 1951,
Preliminary diagram. The system LiF-NaF~RbF contains a single eutectic at 42 LiF-6

NaF~-52 RbF {mole %), m.p. 430 + 10°C. The composition and temperature of the ternary peri-
tectic point have not yet been determined.

General characteristics of the system have been reported by E. P. Dergunov, “Fusion Dia-
grams of the Ternary systems of the Fluorides of Lithium, Sodium, Potassium, and Rubidium,”’
Doklady Akad. Nauk §5.5.5.R. 58, 1369-72 (1947}. Dergunov lists the composition and tempera-
ture of the ternary eutectic as 46.5 LiF~6.5 NaFF-47 RbF (mole %)}, m.p. 426°C.
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Fig. 3.9. The System LiF~MNaF-RhF,
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3.10. The System LiF~KF~RbF
C. J. Barton, J. P. Blakely, L. M. Bratcher, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1951.
- Preliminary diagram. The system LiF-KF~RbF contains a single eutectic at 40 LiF~32.5
KF~27.5 RbF (mole %), m.p. 440 +10°C.

General characteristics of the system have been reported by E. P. Dergunov, *‘Fusion Dia-

grams of the Ternary Systems of the Fluorides of Lithium, Sodium, Potassium, and Rubidium,”’
Doklady Akad. Nauk S.S.S.R. 58, 1369~72 (1947).
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Fig. 3.10, The System LiF-KF~RbLF.
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3.11. The System NaF-KF-RbF
C. J. Barton, L. M. Bratcher, J. P. Blakely, and W. R. Grimes, unpublished work performed

at the Oak Ridge National Laboratory, 1951,

Preliminary diagram. The system NaF~KF-RbF contains a single eutectic at 21 NaF-5

KF~74 RbF (mole %), m.p. 621 £ 10°C.
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3.12. The System NaBF ~KBF,

R. E. Moore, J. G. Surck, and W. R. Grimes, unpublished work performed at the Oak Ridge
‘National Laboratory, 1957.

Preliminary diagram. The system NaBF ,—KBF ; contains a single eutectic ot 88 NaBF -
12 KBF, (mole %), m.p. 355°C. The dotted line wos obtained from thermal effects representing

incompletely understood solid-phase transformations of KBF , and NaBF .
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3.13. The System NaF -FeF,
R. E. Thoma, H. A. Friedman, B. S. Landau, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1957.

Preliminary diagram.

Invariant Equilibria

invariant
Mole % FCFZ Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
30 680 Eutectic i ’: NaF + NquFer
50 783 Congruent melting point L &= Ne F-FeF2
63 745 Eutectic L= NoF:Fef, + FeF,
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Fig. 313, The System NaF-FeF ..
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3.14. The System NaF-NiF,

R. E. Thoma, H. A. Friedman, B. S. Landau, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1957.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % NiF, Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperatyre
23 795 Eutectic L & NaF + NaF-NiF,
50 1045 Congruent melting point L — NaF-NiF,
57 1040 Eutectic L &= NaF-NiF, + NiF,
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Fig. 314 The System NaF-NiF,.
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3.15. The System RbF-CaF,

C. J. Barton, L. M. Bratcher, R. J. Sheil, and W. R. Grimes, unpublished work performed at

the Oak Ridge National Laboratory, 1956.

Preliminary diagram.

Invariant Equilibria

Invariant
o .
Mole % COFZ Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
9 760 Eutectic L &= RbF + RbF-CoF2
50 1m0 Congruent melting point LﬁRbF-CcF2
57 1090 Eutectic L == RbF-CaF2 + CaF,
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3.16. The System LiF-NaF-CaF,

C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed at the Oak
Ridge National Laboratory, 1955-56.

Preliminary diagram. The system LiF-—NaF—-CuF2 contains a single eutectic at 53 LiF-
36 NaF-11 CaF, (mole %), m.p. 616°C.
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Fig. 3.16. The System LlF-—NaF—Cqu.
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3.17. The System NaF -MgF ,~CaF,
C. J. Barton, L. M. Bratcher, J. P. Blakely, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1955-56.

Preliminary diagram.

Invariant Equilibria

Composition of Liquid

(mole %) Temperature Type of Solids Present
(°C) Equilibrium at Invariant Temperature
NaF C0F2 MgF2
65 23 12 745 Eutectic NaF, NaF-MgFZ, and CaF,
35 28 37 905 Eutectic COFZ’ Mng, and NcF~MgF2
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The minimum temperature along the quasi-binary section NoF.MgF,~CaF, occurs at the
composition 36 NaF 36 MgF ,-28 CaF, (mole %), at 910°C.

The existence of the compound Na7-MgF, was previously reported by A. G. Bergman and
E. P. Dergunov, Compt. rend. acad. sci. U.R.S.S. 31, 755 (1941).

Ternary systems of alkali fluorides with MgF, have been reported by Bergman et al. as
follows: the system LiF~NaF-MgF, by A. G. Bergman and E. P. Dergunov, Compt. rend. acad.
sci. U.R.S.S. 31, 755 (1941); the system LiF-KF-MgF, by A. G. Bergman and S. P. Parlenko,
Compt. rend. acad. sci. U.R.S.S. 31, 818-19 (1941); the system NaF~KF-MgF, by A. G. Bergman
and E. P. Dergunov, Compt. rend. acad. sci. U.R.S.S. 48, 330 (1945).
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3.18. The System NcF-«KF—AIF3
C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed at the Qak

Ridge National L aboratory, 195152,

Preliminary diagram. No study has been made at the Oak Ridge National Laboratory ‘of the
phase relationships occuiring within the system NaF-KF—A|F3. Phase diagrams have been
reported for the AIF binary systems, NaF-AIF; [P. P. Fediotieff and W. P. lljinsky, Z. anorg.
Chem. 80, 121 (1913); also N. A. Pushin and A. V. Baskow, ibid. 81, 350 (1913)] and KFwAlFs,
[P. P. Fediotieff and K. Timofeef, Z. anorg. u. allgem. Chem. 206, 265 (1932)].
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3.19. The System LiF-BeF,

This phase diagram is a composite from several published sources
data derived at the Oak Ridge National Laboratery (R. E. Moore, C. J. Barton, R. E. Thoma,
and T. N, McVay) and ot the Mound Laboratory (J. F. Eichelberger, C. R. Hudgens, L. V. Jones,
and T. B. Rhinchammer). Thermal gradient quenching data (ORNL) and differential thermal

1-3 and from unpublished

analysis data (Mound Laboratory) have served to corroborate this composite diagram.

Invariant Equilibria

Invariant
Mole % BeF, Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
33.5* 454 Peritectic L+ LiF &= 2LiF-BeF,
o 52 355 Eutectic L &2 2LiFBe F, + BeF,
- 280 Upper temperature of 2LiF~BeF2 + BeF2 i LiF-BeF2

stability for Li F-BeF2

*Ref 3.

Roy, Roy, and Osborn have reported the presence of the compound LiF-2BeF, in the system
LiF-BeF, although neither the Mound Laboratory nor the ORNL. data have indicated the exist-

ence of this compound.

b, M. Roy, R. Roy, and E. F. Osborn, J. Am. Ceram. Soc. 37, 300 (1954).

2. V. Movoselova, Yu. P. Simanov, and E. I. Yarembash, J. Phys. Chem (U.S.S.R.}) 26, 1244 (1952).

3John L. Speirs, The Binary and Ternary Systems Formed by Calcium Fluoride, Lithium Fluoride, and
Beryllium Fluoride: Pbase Diagrams and Electrolytic Studies, Ph.D. thesis, University of Michigan, May
29, 1952.
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3.20. The System NaF -BeF,
D. M. Roy, R. Roy, and E. F. Osborn, "Fluoride Model Systems: Ill. The System NaF-
BeF, and the Polymorphism of Na,BeF, and BeF,,"” J. Am. Ceram. Soc. 36, 185 (1953).

Invariant Equilibria*

Invariant
Mole % BeF Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature

3 570 Eutectic L == NoF + (1-2N0F-BeF2
33.3 600 Congruent melting point L= «-2NaF:BeF

- 320 Inversion @-2NaF:BeF, & a“2NaF.BeF,

- 225 Inversion a’-2NaF-BeF, == -2NaF-BeF,
43 340 Eutectic L —= a-2NaF:BeF, + (5-NaF-BeF,
50 376 £ 5 Congruent melting point L= 3 ’-NaFuBer
55 365 Eutectic L =t INaF-BeF, + BeF,

*Roy, Roy, and Osborn did not list invariant equilibria; those shown are estimates made from the reportec
work and from experiments performed at the Ook Ridge National Laboratory.
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3.21, The System KF-BeF,

R. E. Moore, C. J. Barton, .. M. Bratcher, T. N. McVay, G. D. White, R. J. Sheil, W. R.
Grimes, R. E. Meadows, and L. A. Harris, unpublished work performed at the Oak Ridge National

Laboratory, 1955-56.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % BeF2 Temperature Type of Equilibrium Phase Reaction
In Liquid ©cy at Invariant Temperature
19 720 Eutectic L g:iKF+3KF-BeF2
25 740 Congruent melting point [ == 3KF-BeF,
27 730 Eutectic L 7= 3KF-BeF , + a-2K FeBeF,
33.3 787 Congruent melting point L == a-2K F-BeF2
- 685 Inversion a-2KFeBeF, == B-2K F-BeF,
52 390 Peritectic 5-2KF-BeF, + L 7= KF:BeF,
59 330 Eutectic L =2 KF+BeF, + [.KF*2BeF,
66.7 358 Congruent melting point L == CL-KF-2BeF2
- 334 Inversion a-KF-2BeF, === [.KF-2BeF,
72.5 323 Eutectic L == S-KF-2BeF, + Bef,

This system has been reported by M. P, Borzenkova, A. V. Noveselova, Yu. P. Simanov,
V. 1. Chernikh, and E. 1. Yarembash, ““Thermal and X-Ray Analysis of the KF-BeF, System,”
Zbur. Neorg. Khim. 1, 2071-82 (19564).
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3.22. The System RbF~BeF,

R. E. Moore, C. J. Barton, L. M. Bratcher, T. N. McVay, G. D. White, R. J. Sheil, W. R.
Grimes, and R. E. Meadows, unpublished work performed at the Oak Ridge National Laberatory,
1955-56.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % Ber Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
16 675 Eutectic L F_JRbF+3RbF-BeF2
25 725 Congruent melting point L&— 3RbF-BeF2
27 720 Eutectic L (--——--3‘BRbF-BeF2 +2RbF-BeF2
33.3 800 Congruent melting point L FﬁQRbF-BEFz
50.5 442 Peritectic L + 2RbF-BeF, ;z%RbF-Ber
61 383 Eutectic L &= RbF:BeF, + RbF:2BeF,
66.7 464 Congruent melting point L _ﬁﬁ RbF-ZBeF2
81 397 Eutectic L T RbF:2BeF, + BeF,

This system has also been reported by R. G. Grebenshchikov, ‘‘Investigation of the Phase
Diagram of the RbF-BeF, System and of Its Relationship to the BaO~SiQ, System,'’ Doklady
Akad. Nauk 5.5.S.R. 114, 316 (1957).
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3.23. The System CsF-BeF,

0. N. Breusav, A. V. Novoselova, and Yu. P. Simanov, ‘' Thermal and X-Ray Phase Analysis
of the System CsF-BeF, ond Its Interrelationships with MeF and BeF, Systems,’” Doklady
Akad. Nauk S.S.S.R. 118, 935-37 (1958).

Invariont Equilibria

{nvariant

Mole % BeF2

Temperature

Type of Equilibrium

Phase Reaction

in Liquid ©cy at Invariont Temperature
14 598 Eutectic L &= CsF + [5-3CsF-BeF,
23.5 659 Peritectic a-2CsFBeF, + 1 &= a-3CsF-BeF,
- 617 Inversion a-3CsF-BeF, &= [-3CsF-BeF,
33.3 793 Cangruent melting point L= CL-2C5F-BeF2
- 404 Inversion a-2CsF-BeF, = ﬁ-zCsF.Ber
48 449 Eutectic L &= a-2CsF:BeF, + a-CsF-BeF,
50 475 Congruent melting point L= a-CsF+BeF,
- 360 Inversion a-CsF.BeF, ¢ (5-CsF-BeF,
- 140 Inversion [B-CsFeBeF, == ¥-CsF-BeF,
58.4 393 Eutectic L = a-CsF:BeF, +ﬁ-csF~289F2
66.7 430 Congruent melting point | a-CsF.2Bef,
- 450 Inversion a-CsF-2Bef, ¢ 5.CsF.2BeF,
77.5 367 Eutectic

L= ﬁ-CsFQBer + BeF2
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3.24. The System LiF-NaF-BeF,

R. E. Moore, C. J. Barton, W. R. Grimes, R. E. Meodows, L. M. Bratcher, G. D. White, T. N.
McVay, and L. A. Harris, unpublished work performed at the Qak Ridge National Laboratory,
1951.-58.

Preliminary diagram.

Invariant Equilibria*

Composition of Liquid

Invariant Solids P
(mole %) T e olids Present
emperature Type of Equilibrivim ot [nvariant Point
LiF NaF BeF, °Cy
15 58 27 480 Eutectic NaF, LiF, and 2N0F:‘Bef:2
23 41 36 328 Eutectic LifF, 2NaF°BeF2, and
2NaF-LiF-2BeF2
20 40 40 355 Congruent melting point 2NanLiF‘ZBeF2
5 53 42 318 Eutectic NoF-BeFZ, 2NaF~BeF2,
and 2N<:1F°LiF-2B«‘E‘F2
31.5 31 37.5 315 Eutectic 2LiF=BeF2, LiF, and

2NaF-Li F-ZBEFZ

*Invariant equilibria shown in the phase diagrom by the intersections of dotted-line boundary curves
have not been determined with sufficient precision to be listed in the table.

Minimum Temperature on Alkemade Lines

Composition of Liquid (mole %)

Temperature Alkemade Line
LiF NaF BeF, ¢y
16 56 28 485 2NaF-BeF ,~LiF
26 37 37 340 2NaF:LiF:2BeF ~LiF
1 44 45 332 NaF:BeF,-2NaF.LiF2BsF,
16 45 39 343 2NaF:BeF ,~2NaF-LiF:2BsF
30.5 31 38.5 316 2LiF:BeF ,~2NaF:LiF-2Bef

Phase relationships of two of the ternary compounds in this system have been reported by
W. Jaha [*'Silicate Models. V. Nali(BeF ), a Model Substance for Monticellite, CaMg(SiO,),"’
Z. anorg. u. allgem. Chem. 276, 11327 (1954); ‘‘Silicate Models. VI, N03Li(BeF4)
Compound in the Ternary System NaF -l iF-BeF
Z. anorg. u. allgem. Chem. 277, 274-86 (1954)].

5+ @ New

y and Its Relation to Merwinite, CaMg(Si0,),,"”
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3.25. The System LiF—RbF-BeF,

T. B.Rhinehammer, D. E. Etter, C. R. Hudgens, N. E. Rogers, and P. A, Tucker, unpublished

work performed at the Mound L aberatory.

Preliminary diagram.

Invariant Equilibria ond Singular Points

Composition of

L Temperature Type of
Liquid (mole %) P Yp R
©C) Equilibrium Solid Phases Present
LiF RbF BeF2
40.0 20.0 40.0 485 1t 5 Congruent 2LiF-RbF-2BeF2

melting paint

I+
(&, ]

33.3 33.3 33.3 544

Incongruent

melting point of
LiF-RbF.BeF,

33.0 8.0 59.0 295+ 5
26,0 12.0 62.0 305-320
12,0 29.0 59.0 334 &£ 5

Eutectic
Peritectic

Quasi-binary
evtectic

11.0 34.0 55.0 300 &
11.5 355 353.0 335 %

9.0 40.0 510 380
50.0 8.0 42.0 426
41,5 19.5 39.0 473

Eutectic

Peritectic

I+

=+

Peritectic

5
5
5 Peritectic
5
5

I+

Quasi-binary
eutectic

I+

35.0 25.5 39.5 470

Peritectic
Peritectic

5
23.0 40.0 37.0 530 £ 5
5

30.0 35.0 35.0 544 t
boundary

41.0 39.5 19.5 640 t 5 Quasi-binary

eutectic
43.0 50.0 7.0 527 1 5 Peritectic
43.0 54.0 3.0 470 £ 5 Peritectic
43.0 55.0 2.0 462t 5 Eutectic

Maximum on the

2LiF-BeF2, 2LiF-RbF-ZBeF2, and BeF2

2LiFoRbFo2BeF2, RbF.2BefF,, and BeF2

24
2LiF-RbF-2BeF2 and RbF-ZBeF2
2LiF-RbF»2BeF2, RbF-Ber, and RbF-2BeF2
2LiF-RbF-2BeF2,. LiF-RbF-BeF2, and RbF«BeF:Z
LiF-RbF-Ber, 2RbF-BeF2, and RbF-BeF2

LiF, 2LiF-RbF-QBeF2, and 2i.,iF-BeF2

LiF and 2LiF-RbF-iBeF2

LiF, 2LiF<-RbF.2BeF,, and LiF-RbF-BeF2

2’
LiF, 2RbF-BeF2, and LiF-RbF-BeF2

LiF and LiF-RbF-BeF2
LiF and 2RbF=BeF2

LiF, 3RbF=BeF2, and 2RbF-BeF2
LiF, LiF:RbF, and 3RbF~BeF2
LiFsRbF, RbF, and 3RbF»BeF2
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3.26. The System NaF-—KF-—Ber

R. E. Moore, C. J. Barton, L. M. Bratcher, T. N. McVay, and W. R, Grimes, unpublished work
performed at the Oak Ridge National Laboratory, 1952-55.

Preliminary diagram. Phase relationships within the system NaF~KF-BeF, have not yet
become so well defined at the Oak Ridge National Laboratory that the compositions and tem-

peratures of the invariant points may be listed.
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Fig. 3.26. The System NuF'-KFwBeFT
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3.27. The System NaF ~RbF~B<F,

R. E. Moore, C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed

at the Ook Ridge National Laboratory, 1954.-57.

Preliminary diagrom.

Invariant Equilibria and Singular Points

Composition of
Liquid (mole %) Temperature

€c) Type of Equifibrium Solids Present at Invariant Temperature
NaF RbF BeF2
20.5 68.5 11.0 610 Eutectic RbF, NaF, and 3RbF-BeF,
50 37.5 12.5 640 Quasi-binary eutectic 3R|:>F-BeF2 and NaF
46 38 16 635 Eutectic 3RbF~BeF2, ZRBF-BeFZ, and NaF
45 37 18 650 Quasi-binary eutectic ZRbF-BeF2 and NaF
37 33 30 570 Peritectic 2RbF-BeF2, Naf, and ZNaF-4RbF-3BeF,
52 15 33 477 Eutectic 2NaF-4RbF-3BeF,, NaF, and 2Nof-BeF,
33 33.7 33.3 580 Peritectic 2RbF~BeF2 and 2NuF-4RbF'3BeF2
51.7 15 33.3 480 Quasi-binary eutectic  2NaF.4RbF.3BeF, and 2NaF-BeF,
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Fig. 3.27. The System NaF —RbF-BeF .

47



3.28. The System NaF—ZnF2

C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed at the Qak

Ridge National Laboratory, 1952,

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % ZnF2 Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
33 635 Eutectic I &= NaF + NcF-Zan
50 748 + 10 Congruent melting point L= NaF-ZnF,
69 685 Eutectic L NaFanF2 + ZnF
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Fig. 3.28. The System NnF—ZnFZ,
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3.29. The System KF~ZnF,

== C. J. Barton, L. M. Bratcher, and W, R. Grimes, unpublished work performed at the Qak

Ridge National Laboratory, 1952.

I:"‘reliminary diagram.

Invariant Equilibria

Invariont
Mole % ZnF2 Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
21 670 Eutectic L &——KF + 2KF-ZnF2
. 30 720 £ 10 Peritectic L+ KF-ZnF2 ‘—‘T—‘—Z\ZKF-ZnFZ
50 850 * 10 Congruent melting point L (—"——’\KF'»Zan
e 80 740 L 5 Eutectic L ﬁKF-ZnF2 + ZnF,
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Fig. 3.29. The System KF~—ZnF2.,
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3.30. The System RbF~ZnF,
C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed at the Oak
Ridge National Laboratory, 1952.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % ZnF2 Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at lnvariant Temperature
21 595 =10 Eutectic L = RbF + 2RbF-ZnF2
32 620 + 10 Peritectic L+ RbF=ZnF2 P 2RbF+ZnF,
50 730 £ 10 Congruent melting point [ r—— RbF:ZnfF,
70 650 Eutectic Lo Rl’)F-ZnF2 + Zan
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3.31. The System LiF-YF,
R. E. Thoma, C. F. Weaver, and H. A. Friedman, unpublished work performed at the Qak
Ridge National Laboratory, 1958~59.

Preliminary diagram.

o Invariant Equilibria

Invariant
Mole % YF3 Temperature Type of Equilibrium Phase R?achon
= in Liquid ©c) at Invariant Temperature
19 695 Eutectic LT/——LiF + LiF-YF.3
49 815 Peritectic L+ YF3 = LiF~YF3
UNCLASSIFIED
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3.32. The System LiF-ZrF

R. E. Moore, F. F. Blankenship, W. R. Grimes, H. A. Friedman, C. J. Barton, R. E. Thoma,
and H. Insley, unpublished work performed at the Oak Ridge National Laboratory, 1951~56.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % ZrF 4 Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
21 598 Eutectic L= LiF + a-3LiFZrF
25 662 Congruent melting point Lo a-3LiF-ZrF ,

- 475 inversion a-3LiF-ZrF, == [-3LiF-ZrF,

- 470 Decomposition [-3LiF-ZrF, == LiF + 2LiF-ZcF
29.5 570 Eutectic L &= a-3LiF+ZeF , + 2LiF-ZrF
33.3 596 Congruent melting point L === 2LiF-ZeF
49 507 Eutectic L &= 2LiF-ZrF , + 3LiF-4ZrF,
51.5 520 Peritectic L + ZrF, == 3LiF-4ZrF

- 466 Decomposition 3LiF-4ZF , T 2LIFZeF , + ZrF
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3.33. The System NaF-ZrF,
C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore, and R. E. Thoma, ‘‘Phase Equilibria

in the Systems NaF—-ZrF4, UF ,~ZrF,, and NaF—ZrF4——UF4,” J. Phys. Chem. 62, 66576 (1958).

Invariont Equilibria

lnvariant
Mole % ZrF4 Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
20 747 Eutectic L &= NaF + 3NaF-ZrF
25 850 Congruent melting point L # 3NaF'ZrF4*
- 523 Inversion (:L-5N<1F-2Zr|:4 o f -5NaF-27ZrF ,
30.5 500 Eutectaid a-5NaF2ZrF ;ss == [3-5NaF.2ZrF , +
+ Ye2NaFeZr Fu
34 640 Peritectic L+ 3NaF-ZrF4(ss, ca. 27.5 male %
ZrFA) = G,-SNGF-QZrF4
39.5 544 Peritectic L+ a-5N0F=27;rF4(ss, 30 mole %
ZrF4) ‘;\ O.-ZNc:f:-}_'J'F‘1
- 533 Inversion a-2NaF-2ZrF , &= B-2MaF-ZrF
~ 505 Inversion B-2NaF.Zr F4 gzt Y INaFeZe Y4
40.5 500 Eutectic L &= y-2Na F-ZrF4 + 7Na F~6ZrF4ss
46.2 525 Congruent melting point L &= 7Nc1F~~6ZrF"4
49.5 512 Eutectic Lo 7Nc:F-6ZrF4 + 3Na F-4ZrF4
56.5 537 Peritectic L+ ZrF4;>3NaF-4ZrF4

*A determination of the crystal structure of 3N<:|F-ZrF4 has been reported by L. A, Harris, ““The Crystal
Structures of Nc3ZrF7 and NasHFF7," Acta Cryst. 12, 172 (1959).
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3.34. The System KF-—ZrF4
C. J. Barton, H. Insley, R. P. Metcalf, R. £. Thoma, and W. R. Grimes, unpublished work
performed at the Oak Ridge National Laboratory, 1951-55.

Preliminory diagram.

Invariant Equilibria

Invariant
Mole % Zer Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature

14 765 Eutectic L &= KF + 3KFZrF
25 910 Congruent melting point L &= 3KF-ZrF
36 590 Peritectic 3KFZiF, + L ;-;*m(Fnsz‘1
40.5 412 Peritectic AKFZeF  + L = 3KFe2ZrF,
42 390 Eutectic L & 3KF:2ZrF , + KFZrF,
50 475 Congruent melting point L gt KF-ZiF
55 440 Eutectic L &= KFZrF  + ZrF
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3.35. The System RbF=ZrF,

R. E. Moore, R. E. Thoma, C. J. Barton, W. R, Grimes, H. Insley, B. S. Landau, and H. A,
Friedman, unpublished work performed at the Oak Ridge National Laboratory, 1955-56.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % ZrF , Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
10 710 Eutectic L “’\—“——’\RbF+3RbF-ZrF4
25 897 Congruent melting point L= 3RbF-ZrF4
34 620 Peritectic L+ 3RbF-ZrF4ss = a-?RbF-ZrF4
- 460 Inversion a-2RbF-ZrF &= -2RbF-ZrF
- 370 Lowered inversion a-2RbF-ZrF 55 e IB-ZRBF-Zerss
and decomposition
42 410 Eutectic L= a-2RbF-Zrf ,s5 + 5RbF-4ZrF
44.4 445 Congruent melting point L= 5RbF~AZrF4
48 390 Eutectic L == 5RbF-4ZrF, + 3-RbF-ZcF,
50 423 Congruent melting point s a-RbFZrF
- 391 Inversion a-RbF-ZrF , &= 3-RbF.ZrF,
54 400 Eutectic L og=2 (I-RbF~ZrF4 + RbF-ZZrF4
57 447 Peritectic L+ ZrF, F==RbF-2Z(F
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3.36. The System CsF-ZrF,

C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed ot the Oak

Ridge National Laboratory, 1952--53.

Preliminary diagram,

Invariant Equilibria

Phase Reaction

at lnvariont Temperature

Invariant
Mole % ZrF4 Temperature Type of Equilibrium
in Liquid ©cy

9 640 Eutectic
25 775 Congruent melting point
35 520 Peritectic
40 420 Eutectic
50 515 Congruent melting point
- 320 Inversion
59 470 Eutectic

L &= CsF + 3CsF.ZrF

L &= 3CsF.ZrF,

L +3CsFZeF = 2CsF.2rF
L &= 2CsF-ZrF , + a-CsF.ZrF,
L &= a-CsF.2rF,
a-CsF-ZrF4F:3 ﬁ-csF-sz4

L === CL-CsF-ZrFA + ZrF4
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3.37. The System LiF-NaF-ZrF,
F. F. Blankenship, H. A. Friedman, H. Insley, R. E. Thoma, and W. R. Grimes, unpublished
work performed at the Oak Ridge National Laboratory, 1953~59,

Preliminary diagram.

Invariont Equilibria

Composition of Liquid

(mole %) Temperature Type of Solids Present
°cy Invariant at Invariant Temperature

LiF  NaoF ZrF,
37 52 1 604 Eutectic NoF, LiF, and 3NaF.ZrF
55 22 23 590 Eutectic a-3LiF.ZeF ,, 3NaF.ZrF (s5, and LiF
32 36 32 450 Peritectic ~ [B-3LiF.ZrF,, 3NaF.ZrF 55, and 2LiF-ZrF
31 35 34 448 Peritectic ~ 3NaF:ZrF,, a-5NaF.22rF 55, and 2LiF-ZeF,
31 34.5 34.5 445 Peritectic ~ 2NoF+ZrF ,, a-5NaF.2Z¢F ss, and 2LiF-ZrF
26 37 37 425 Eutectic 2NaF+ZrF ,, 7NaF+6ZrF ,, and 2LiF-ZrF
29 25.5 45.5 449 Eutectic TNaF6ZtF ,, 3NaF-4ZrF ;s5, and 2LiF.ZrF,
29 24.5 46.5 453 Peritectic = 3NaF:4ZrF  ss, 3LiF.4ZrF ;ss, and 2LiF.ZrF,
28 24 48 475 Peritectic ~ 3NaF-4ZrF 55, 3LiF-4ZrF ;ss, and ZrF,
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3.38. The System NaF-KF-ZrF,
R. E. Thoma, C. J. Barton, H. Insley, H. A. Friedman, and W. R. Grimes, unpublished work
performed at the Oak Ridge National Laboratory, 1951-35.

Preliminary diagram.

Invariant Equilibria*

Composition of

Invariant
H H ar \kk

Liquid (mole %) Temperature Type of Equilibrium Solids Present at Invariant Point

NeF  KF  ZrF, o)

34 58 8 695 Eutectic NaF, KF, and 3KF-ZrF ,

45 38 17 720 Eutectic NaF, 3KF=ZrF4, and 3NaF.3KF-2ZrF

61 19 20 710 Eutectic NaF, 3NaFZrF ,, and 3NaF.3KF-2ZrF

52 17 31 Peritectic 3NaF+ZrF ,, 3NaF-3KF:2ZrF ,, and
NaF-KF-ZrFA

48 18 34 Peritectic 3NaF-ZrF ,, Na FeKF+ZrF ,, and
5N<:F-ZZrF4

33 32 35 Peritectic 3NcF~3KF-2ZrF4, 3KF-ZrF4, and
NaF-KF-ZrF,

12 51 37 Peritectic 3KF-ZrF4, 2KF-ZrF4, and
NaFvKF-Zer

40 21 39 Peritectic 5NuF-2ZrF4, 2NaF:ZrF ,, and
NaFnKF-ZrF4

39 21 40 Peritectic 2NoF+ZrF ,, TNaF-6ZrF ,, and
NaF-KF-ZrF4

11 49 40 Peritectic ZKF'Zer, 3KF.2ZrF,, and
NaF:KF-ZrF ,

10 48 42 385 Eutectic 3KF~2ZrF4, KF-ZrFA, and
Nu::l""-KF-ZrF4

15 40 45 Eutectic KF-ZI’F4, NaF-KF-ZrFA, and
2NaF-3KF-52rF4

22 33 45 Peritectic NaFvKF-ZrFA, 7NaF-6ZrF4, and
2[\«|<:1F-3KF-SZrF4

25 25 50 Eutectic 7NaFn62rF4, 3NaF-4ZrF ,, and
2NaF-3KF-SZrF4

21 29 51 Eutectic 3NcF-AZrF4, Z.rF4, and
f2N<xF-3KF-57,|'F4

20 30 50 432 Congruent melting point 2NaF-3KF-SZrF4

*Three solid phases have been observed routinely in the composition region 30~50 mole % ZrF4 which
have not been identified as to composition. Whether these exhibit primary phases at the liquidus surface has
not yet been determined,

**Compositions of invariant points shown by the intersection of dofted boundary curves cre approximate.
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Fig. 3.38. The System NaF-KF-Z¢F
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The isotherms for the temperatures 600, 650, and 700°C

between the 30 and 40 mole % ZrF4 compositions have been omitted in order not to obscure the phase
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3.39. The System NaF -RbF-ZrF
R. E. Thoma, H. Insley, H. A. Friedman, and W. R. Grimes, unpublished werk performed at
the Qak Ridge National Laboratory, 1951-56.

Preliminary diagram.

Invariant Equilibria

Composition of

Invariant
Liquid (mole %) Temperature Type of Equilibrium Solids Present at Invariant Point
NeF  RbF  ZrF, cc)
23 72 5 643 Eutectic NaF, RbF, and 3RbF-ZrF4
50 27 23 720 Eutectic NaF, 3RbF-ZrF4, and 3Naf-ZrF ,

37 32 31 605 Eutectic 3NuF-ZrF4, 3RbF~ZrF4, and
NaF-RbF-ZrF4

39 26 35 545 Peritectic 3NaF~ZrF4, SNGF-ZZrFA, and
NaF-RbF-ZrF4
36.3 24.2 39.5 427 Peritectic 5N0F-ZZrF4, 2NaF+ZrF ,, and
Nc:F-RbF-ZrF-’4
34.5 24 41,5 424 Peritectic 2NaF-ZrF ,, NaF-RbF-ZrF ,, and
3NaF+3RbF.4ZrF ,
34 23.5 42.5 422 Peritectic 2NuF~ZrF4, 7NaF-6ZrF4, and
3NaF-3RbF-42rF4
33 23.5 43.5 420 Eutectic 7NuF-6ZrF4, 3NaF-3RbF-4ZrF4, and
NaF-RbF-ZZvF4
28.5 21.5 50 443 Eutectic 3NaF.4ZrF ,, 7NaF-6ZrF ,, and
NaF-RbF-ZZrF4
28 21.5 50.5 446 Peritectic 3NoF-4ZrF4, ZrF,, and
NaFoRbF-ZZrF4
23.5 39.5 37 470 Peritectic NOF'RbF-ZrF4, 2RbF~ZrF4, and
3RbFZrF
4
21 40 39 438 Peritectic NuF-RbF-ZrF4, ZRbF-Zer, and
3NcF-3RbF-4ZrF4
8 50 42 400 Eutectic 3NaFa3RbF-4ZrF4, 2RbF-ZrF , and
5RbF.4ZrF
4
8.5 A7 44.5 395 Eutectic 3NoF-3RbF-4ZrF4, SRbF.ZrF ,, and
NaFanFaQZrF4
6.2 45.8 48 380 Eutectic Na F~RbF-ZZrF4, SRbF-4ZrF,, and
RbF-ZrF4
5 42 53 398 Eutectic NaF-RbF-ZZer, RbF-ZrF4, and
RbF2ZrF
4
6.5 39 54.5 423 Peritectic ZrFA, NaF-RbF.2Z¢F ,, and
R'oF-QZrF4
33.3 33.3 33.3 642 Congruent melting point NaF.Rb F-ZrF‘4
25 25 50 462 Congruent melting point Nclf:-Rbi:-?ZrI'-'4
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Minimum Temperatures on Alkemade Lines

Composition of Liquid {mole %)

Temperature Alkemade Line
NaF RbF ZeF, (°c)
g 24.75 24.75 51.5 455 NaF:RbF-2ZrF - ZrF,
6 44 50 402 NaF+RbF:2ZrF ,~RbF.ZrF
o 7.5 46.5 46 405 NaF-RbF.2ZrF  —SRbF.4ZrF
8.5 48.5 43 405 3NaF-RbF.4ZrF ,—5RbF-4ZrF
= 28 28 44 435 3NaF-RbF-4ZrF (~NaF-RbF.2Z¢F
22 40 38 442 3NaF.3RbF-4ZrF ,~2RbF-ZrF,
. 29 41.5 49.5 450 NaF-RbF.2ZrF ,~7NaF-6ZrF ,
37 24.5 38.5 610 NaF«RbF.ZrF ,~3NaF-ZrF
47 28 25 732 3NaF.ZrF ,~3RbF-ZrF
36 48 16 777 NaF-3RbF-ZrF
30 36.7 33.3 598 NaF+RbF.ZrF ,—3RbF.ZrF,
ORNL LR DS 46350
2rF, 910

900\,

COMPOSITION IN mole %o
TEMPERATURE IN °C

a. NoF-RoF-2Zrf,
b, 3NaF-3RbF-4Zrf
€. NoF-RoF-Zrfy

RbF27rf,

. Paar
£200

% ROF-ZrF, 423
M*- £ 390

SRbF-47r5 445

4 - 3 g
5NaF~22rF4/\)'<\7§r//’/
3NaF-ZeF, e I

Ak
P et

NaF

980

£a75 790

Fig. 3,39, The System NaF-—RbF*ZrFf
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3.40. The System NoF ~CrF,~ZrF : The Section NaF.CrF, ~ ZrF,
R. E. Thoma, H. A. Friedman, B. S. Landau, and W. R. Grimes, unpublished work performed
at the Qak Ridge National Laboratory, 1956-57.

Preliminary diagram. No invariant equilibria occur for compositions lying on the section

NuF-CrF2~ZrF4.
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Fig. 3.40. The Section NuF-CrF2~ZrF4.
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3.41. The System NaF -CeF ,-ZrF

W. T. Ward, R. A. Strehlow, W. R. Grimes, and G. M. Watson, ‘‘Solubility Relationships of
Rare Earth Fluorides and Yttrium Fluoride in Various Molten NaF-ZrF, and NaF-ZrF ~UF,
Solvents,”" J. Chem. Fng. Data (in press).

UNCLASSIFIED
ORNL-LR-DWG 29164R

CeFs (1387°C)

Naf 800°C 50 % ZrF, (918°C)

Fig. 3.41a. The System NuF—CeFa-—ZrF4.
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PROBABLE NaF-Zrf, PRIMARY PHASE FIELDS

A ZrF, D 2Nof - ZrF,
B 3NaF-4ZrF, E 5NaF-2ZrF,

C 7Naf-8Zrf, F 3NaF-Zrfy
20 20

30%2rF,  LE to 50% 70% 7rF,

Fig. 2415, The System NuF-—CeF3—ZrF4 in the Region 30-70 Mole % NaF,
0-20 Mole % CeF 5, 3070 Mole % Z+F
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3.42. The System LiF-CeF,

C. J. Barten, L. M. Bratcher, R. J. Sheil, and W. R. Grimes, unpublished work performed at
the Oak Ridge National Laboratory, 1956-57.

Preliminary diagram. The system LiF-CeF contains a single eutectic at 81 LiF-19 CeF,
(mole %), m.p. 755 % 5°C.
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3.43. The System NaF-HtF
R. E. Thoma, C. F. Weaver, T. N. McVay, H. A. Friedman, and W. R. Grimes, unpublished
work performed at the Oak Ridge National Laboratory, 1956-58.

Preliminary diagram.

Invariont Equilibria

Invariant
Mole % HIF , Temperature Type of Equilibrivm Phase Reaction
in Liquid ©c) at Invariant Temperature
18.5 695 Eutectic L &= MaF + :‘;N«:F-HW4
25 863 Congruent melting point L &= 3NaF-HfF ,*
34 606 Peritectic L + 3NaF-HfF , == a-5NaF.2H#F
-~ 535 Inversion a-5NaF.2H(F | o= 5-5NaF.2HfF
35 586 Peritectic L + a-5NaF-2HfF S @—2NaF-HfF4
- Below 350 Inversion B-zNaF-HfF4 F== y-2NaF-HIF
- Below 350 Inversion ¥-2NaFHEF o2 8~2NaF-HfF4
43 510 Eutectic L 7= [3-2NaF-HFF  + INaF6HfF ,
45 531 Peritectic L + NaF-HfF , === TNaF-6HIF
50 557 Congruent melting paint L= NaF HfF ,
53 535 Eutectic L= NaFHFF , + HIF,

*A determination of the crystal structure of 3NoF-HfF4 has been reported by L, A, Harris, **Ths Crystal
Structures of NQBZTF7 and N03HfF7," Acta Cryst. 12, 172 (1959).
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TEMPERATURE (°C)

UNCLASSIFIED
ORNL-LR-DWG 35488

1050 [ I
950 ——\ i
850 |- N /\\ -
750 \/) \ -
850 Y / - - - —
\
550 |- — 7 \W"f\\l e L— —— ]
us u
o = us &
450 | e 3 G A 3 U s
w | A wl] T
[=} [} o o u.
2|2 e =z [=3
M) 0 ™~ ™~ z
350 N
NaF 0 20 30 40 50 60 70 80 90 HiT,

HiF, {male %)

Fig. 3.43. The System NaF -HfF .
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3.44. The System LiF-ThF,
R. E. Thoma, H. Insley, B. S. Landau, H. A. Friedman, and W. R. Grimes, ‘*‘Phase Equilibria
in the Fused Salt Systems LiF~ThF, and NaF-ThF ,"" J. Pbys. Chem. 63, 126674 (1959).

Invariant Equilibria

Invariant
Mole % ThFA, Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
23 568 Eutectic L & Lif + '.’:LiFoThF4
25 573 Congruent melting point L= 3LiF~ThF4
29 565 Eutectic Lo 3LiF-ThF4 + 7LiF-6ThF4
30.5 597 Peritectic LiF‘2ThF4 +L o= 7LiF-6ThF4
42 762 Peritectic LiF.4ThF’4 + L= LiF-2ThF4
62 897 Peritectic Thl:4 + L= LiF~4ThF4
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Fig. 344, The System LiF-ThF ,
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3.45. The System NaF~ThF
R. E. Thoma, H. Insley, B. S. Landau, H. A. Friedman, and W. R. Grimes, ‘'Phase Equilibria

in the Fused Salt Systems LiF-ThF, and NaF~ThF "’ J. Phys. Chem. 63, 1266-74 (1959).

Invariant Equilibria

Invariant
Mole % ThF"4 Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
21.5 645 Peritectic NaF + L == a-4NaF~ThF4
22.5 618 Eutectic L= o-4NaF-ThF  + 2NaF.ThF,
- 604 laversion a-ANaF-ThF4 s ﬁ-dNuF-ThF4
- 558 Decomposition ﬁ-ANqF-ThFA_ === NaF + ZNGF'ThF4
33.3 705 Congruent melting point L &2 2NaF-ThF4
37 690 Eutectic L= 2NoF-ThF , + 3NaF-2ThF
40 712 Congruent melting point [ o= 3NaF-2ThF4
41 705 Eutectic L= 3Na|:-21"|'\F4 -I~CL-Nc¢F~'1"|-\F4
- 683 Decomposition 3Na F-Tth4 = 2Nc:F'-ThF4 + OL~NaF-ThF4
45.5 730 Peritectic NaF-2ThF , + L 7== a-NaF.ThF
58 831 Peritectic ThF4 + L= NaF-QThF4
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3.46. The System KF«ThF4

W. J. Asker, E. R. Segnit, and A. W. Wylie, ‘‘The Potassium Thorium Fluorides,”’ J. Chem.
Soc. 1952, 4470-79.

This system has also been reported by A. G. Bergman and E. P. Dergunov, Doklady Akad.
Nauk $.5.S.R. 53, 753 (1941) and by V. S. Emelyanov and A. J. Evstyukhin, ‘‘An Investigation
of Fused-Salt Systems Based on Thorium Fluoride ~ I1. NaF —-KF-ThF ,, NaF~ThF ,, and KF -
ThF4,” J. Nuclear Energy 5, 108--14 (1957).

Invariant Equilibria

Invariant
Mole % ThF, 7. ' rature Type of Equilibrium Phase Reaction
in Liquid °C) at fnvariant Temperature

14 694 Eutectic L &=KF + 53-5K F.ThF,
- 635 Inversion a-5KF-ThF, —= B-5KF.ThF,
- 712 Peritectic L +3KF-ThF, === 0-5KF ThF
25 865 Congruent melting point L = 3KF-ThF,
- 570 Decomposition 3KF.ThF, oo /G-SKF-‘\"hF4 + ,8-2K.=.ThF4
31 691 Eutectic L ;!3KF-T11F4 +a-2KF.ThF
- 747 Peritectic L+ KFThF, o= a-2KF-ThF ,
- 645 Inversion a-2KFThF , —= [-2KF.Thf
50+ 905 Congruent melting point L == KF.ThF,
56 875 Eutectic L =2 KFeThF  + KF-2ThF
66 930 Peritectic L + KF-3ThF, ;::‘KF-zThr—'4
75 990 Congruent melting point L == KF-3ThF,
78 980 Eutectic Lo== KF.3ThF, + ThF s

*It has been shown that the compound labeled by Asker et al. has the actual formulo 7KF-6ThF4,‘ cf. R,
E. Thoma, Crystal Structures of Some Compounds of UF4 and TbF4 with Alkali Fluotides, ORNL CF-58-12-
40 (December 11, 1958).
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3.47. The System RbF-ThF
E. P. Dergunov and A. G. Bergman, “Complex Formation Between Alkali Metal Fluorides
and Fluorides of Metals of the Fourth Group,”’ Doklady Akad. Nauk $.5.S.R. 60, 391-94 (1948).

Invariont Equilibria

TEMPERATURE (°C)

76

Invariant
Mole % ThF4 Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
15 664 Eutectic L &= RbF + 3RbF»ThF4
25 974 Congruent melting point L= 3RbFThF
37 762 Eutectic L €:~T\i3RbF-ThF4+ RbLF-ThF,
50 852 Congruent melting point L& RbF.ThF,
54 848 Eutectic L= RbF-ThF4 + RbF-3ThF4
75 1004 Congruent melting point L= RbF-BThF4
80 1000 Eutectic L RbF-fﬁThF4+ThF4
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Fig. 3.47. The System RbF-ThF .
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3.48. The System BeF,-ThF,

R. E. Thoma, H. Insley, H. A. Friedman, and C. F. Weaver, ‘Phase Equilibria in the Sys-
tems BeF,~ThF, and LiF~BeF ,—~ThF,,”" paper to be presented at the 136th National Meeting
of the American Chemical Society, Atlantic City, N. J., Sept. 13-18, 1959.

The system BeF,~ThF, contains a single eutectic at 98.5 BeF,=1.5 ThF, (mole %), m.p.

526 +3°C.
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Fig. 348, The System Ber—ThF4.
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3.49. The System BeF2-UF4

T. B. Rhinehammer, P. A. Tucker, and E. F. Joy, Phase Equilibriu in the System BeF ,—UF
MLM-1082 (to be published).

Preliminary diagram. The system BeF,-UF, contains a single eutectic at 99.5 BeF ,~0.5
UF, (mole %), m.p. 535 +2°C.
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3.50. The System MgF ,~ThF
J. O. Blomeke, An Investigation of the ThF ~Fused Salt Solutions for Homogeneous Re-
actors, ORNL-1030 (June 19, 1951) (declassified with deletions).

Invariant Equilibria

- Invariant
) Mole % ThF4 Temperature Type of Equilibrium Phase Reaction
in Ligquid ©c) at fnvariant Temperature
o 25 215 Eutectic L &= ThF4+ Mng-Tth‘4
33.3 937 Congruent melting point L= MgF2~2ThF4
o 40 925 Eutectic | MgF2’2ThF4 -+ Mgl'::2
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Fig. 3.50. The System MgF ,~ThF .

79



3.51. The System LiF-BeF,-ThF

R. E. Thoma, H. Insley, H. A. Friedman, and C. F. Weaver, *‘Phase Equilibria in the Sys-
tems BeF,~ThF, and LiF~BeF,-ThF,," paper to be presented at the 136th National Meeting
of the American Chemical Society, Atlantic City, N. J., Sept. 1318, 1959.

Invariant Equilibria

Composition of Liquid

Invariant

(mole %) T \ Type of Solids Present
emperature Invariant at Invariant Point
LiF BeF, ThF, c)
15 83 2 497 + 4 Peritectic ThF4, LiF'dThFA, and BeF2
33.5 64 2.5 455 £ 4 Peritectic LiF-4ThF4, LiF-2ThF4, and BeF2
47 51.5 1.5 356 t 6 Eutectic 2LiF-BeF2, LiF-2ThF4, and BeF2
60.5 36.5 3 433 +5 Peritectic LiF-QThF4, 3LiF-ThF455, and
ZL,iF-Ber
65.5 30.5 4 444 + 4 Peritectic LiF, 2LiF-BeF2, and
3LiF~TI1F4ss
63 30.5 6.5 448 + 5 Peritectic 3LiF-ThF4sS, 7LiF-6ThF4, and
LiF.-2ThF
4
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Fig. 3.51a. The System LiF~BeF ,~ThF ,
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Limits of Single-Phase 3LIF-ThF ; Solid Solution

Composition (mole %)

LiF

75

58

59

BeF2

0
16

20

ThF

25

26

21

A three-dimensional model of the system LiF-BeF ,~ThF , is shown in Fig. 3.515.
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Fig. 3.516. Model of the System LiF~BeF ,~ThF ..
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3.52. The System NoF -ZrF ,-ThF,
R. E. Thoma, H. Insley, B. S. Landau, H. A. Friedman, and W. R. Grimes, unpublished work
performed at the Oak Ridge National Laboratory, 195657,

Preliminary diagram.

Invariant Equilibria

Composition of Liquid

Invariant )
(mole %) Temperature Type of Equilibrium S°|'ds.Prese"f
NaF ZrF4 ThF4 ©C) at Invariant Point
77 3 20 645 Peritectic NaF, a-4NaF-ThF4, and 3NnF-ZrF4
75.5 2.5 22 618 Eutectic a-ANoF-ThFA, 2NaF-ThF4, and
3NaF-ZrF
4
63 6 31 683 Decomposition point 3NoF-2ThF4, 2NaF-ThF4, and
of 3NcF-2ThF4 in NaF-ThF4
ternary system
65.5 21.5 13 622 Peritectic 2NuF-ThF4, 3NuF-ZrF4, and
NaF.ThF
4
65.5 24.5 10 615 Peritectic 3NaF~ZrF4, NuF-ThF4, and
0,-5NaF-2ZrF4
64.5 25.5 10 593 Peritectic a-SNaF-2ZrF4, NaF-ThF4, and
Nc:xF-TI'hF4
58 38 4 538 Peritectic a.-5Na F-2ZrF4, a-2Na F-ZrFA, ond
NaF.2ThF
4
58 40 2 495 Eutectic ,6’-2NaF-ZrF4, NaF-2ThF,, and
7NaF«6ZrF ,—3NaF.2Z¢F 55
53 42 4 510 Peritectic NaF-ZThFA, Th(Zr)F4ss , and
7Na Fe6ZrF ,~3NaF-2ThF  ss
49.5 48 2.5 505 Eutectic 7NaF-6ZrF4, 3NaF-4ZrF4, and

Zr(Th) F4ss

*Approximate composition.

Note: The boundary curve maximum on the Alkemade line 7NaF-6ZrF ,~ThF , is unlikely to
fall exactly on this line, because pure ThF , does not occur along this line. Since ThF, forms
solid solutions with both ZrF , and NaF.2ThF ,, it is not readily determined on which side of

the Alkemade line this maximum occurs.
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3.53. The System LiF-—-UF3

C. J. Barton, V. S. Coleman, L. M. Bratcher, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1953-34.

Preliminary diagram. The system LiF-UF; contains a single evtectic at 73 LiF-27 UF,
(mole %), m.p. 770°C.
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Fig. 3.53 The System LiF-UF ..

84



3.54. The System LiF-v--UF4

C. J. Barton, H. A. Friedman, W. R. Grimes, H. Insley, R. E. Moore, and R. E. Thoma, ‘"Phase
Equilibria in the Alkali Fluoride~Uranium Tetrafluoride Fused Salt Systems: |. The Systems
LiF-—UF4 and NuF-—UF4," J. Am. Ceram. Soc. 41, 6369 (1958).

fnvariant Equilibria

Invariant
Mole % UF4 Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
- 470 Decomposition diLil::-UF4 === LiF 4+ 7LiF-6UF4
26 500 Peritectic LifF + L &= ALiF'-UF4
27 490 Eutectic Lo 4LiF~UF4 + 7LiF-6UF4
40 610 Peritectic L+ LiF-4UF4 == 7LiF-6UF4
57 775 Peritectic L+ UFA‘F"—-—"‘\ L.H":-AUF4
UNCLASSIFIED
ORNL —~1.R—DWG 17457
1100 [ : 4 l I
O T ] T} - ,,!,U_,
200
: |
w |
,:_) 800 [ U
< T
il
&J |
=
wl
= 700 l .
€00 i_
500 o [
@ \ .
w .
LIF - UF, = ‘ W '
~ -4 J
400 - l . ,l
LiF 10 20 30 40 50 60 70 80 30 UF,

UF, (mole %)

Fig. 354 The System LiF-UF
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3.55. The System NaF-UF,
C. J. Barton, V. S. Coleman, T. N. McVay, and W. R. Grimes, unpublished work performed

at the Oak Ridge National Laboratory, 1953-54.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % UF3 Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
27 715 Eutectic L == NaF + CL-Nc:F-UF:3
35 775 Peritectic L+ UFa;:ﬁ a-NaF-UF,
- 595 lnversion a-NaF-UF &= [3-NaF:UF,
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Fig. 355 The System NuF—UFs.
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3.56. The System NaF -UF

C. J. Barton, H. A. Friedman, W. R. Grimes, H. Insley, R. E. Moore, and R. E. Thoma, “Phase
Equilibria in the Alkali Fluoride~Uranium Tetrafluoride Fused Salt Systems: 1. The Systems
LiF-UF, and NaF~UF ,,"" J. Am. Ceram. Soc. 41, 63-69 (1958).

Invariant Equilibria

Invariant
Mole % UF, 1\ crature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature

21.5 618 Eutectic | CL-3N¢JF-UF4 1 NaF
25 629 Congruent melting point L — (1-3Nc:F'UF4

- 528 Inversion a-3NaF-UF, == 3-3NaF-UF

- 497 Decomposition B-aNaF-UF4 @2 NaF + 2NaF.UF,
28 623 Eutectic Lo CL-ISNaF-UF4 + ".ZNc:uF-UF‘1
32.5 648 Peritectic I+ 5NaF=3UF4 e ZNGF'UF4
37 673 Peritectic L+ 7N<1F-6UF4 g 5Nc:F-3UF4

- 630 Decomposition 5NaF-3UF4 e 2N<:F-UF4 +7NaF-6UF4
46.2 718 Congruent melting point L === 7NaF-6UF
56 680 Eutectic L 7N0F-6UF4 + UF4

- 660 Upper stability limit 7NaF.6UF , + UF s NaF.2UF

of NaF-‘ZUF4
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Fig, 3.56. The System NaF-UF .
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3.57. The System Kl"‘—-UF’4

R. E. Thoma, H. Insley, B. 5. Landau, H. A. Friedman, and W. R. Grimes, *“Phase Equilibria
in the Alkali Fluoride—Uranium Tetrafluoride Fused Salt Systems: I{l. The Systems KF-UF,
and RbFu—UFd," J. Am. Ceram. Soc. 41, 538-44 (1958).

tnvariant Equilibria

lavariant .
Mole % UFA Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at Invariant Temperature
15 735 Eutectic L 7= KF + 3KF-UF,
25 957 Congruent melting point L == 3KF-UF,

- 608 Decomposition ZKF-UF4 i---T\-:iKF-UFA —ik7KF=6UF4
35 755 Peritectic 3KF-UF4 + L F% ZKF-UF4
38.5 740 Eutectic L &= 2KF-UF, + 7KF-6UF
46.2 789 Congruent melting point [ 7KF*6UF4
54.5 735 Eutectic L &= 7KF-6UF, + KF:2UF,
65 765 Peritectic UF, + L &= KF-2UF,
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Fig. 3.57. The System KF—UF4.
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3.58. The System RbF-UF,

. R. E. Thomq, H. Insley, B. S. Landau, H. A. Friedman, and W. R. Grimes, ‘’Phase Equi-
libria in the Alkali Fluoride~Uranium Tetrafluoride Fused Salt Systems: |l. The Systems KF~
UF, and RbF-UF ,"” J. Am. Ceram. Soc. 41, 538-44 (1958).

Invariant Equilibria

Invariant
Mole % UF:4 Temperature Type of Equilibrium Phase Reaction at
in Liquid ©c) Invariant Temperature
10 710 Eutectic L\-':“’-——ARbF+3RbF-UF4
25 995 Congruent melting point L ‘r=~”"\-3RbF-UF4
. 38 818 Peritectic L+3RbF-UF4‘¢———‘—-“A 2RbF-UF ,
43.5 675 Eutectic L#——ZRbF-UF4+ 7RbF-6UF ,
44 693 Peritectic RbF.UF , + L &= 7RbF-6UF ,
50 735 Congruent melting point L “"——‘---v_L—RbF'UF4
55 714 Eutectic L ‘——"""’-——-RbF-UFd-F 2RbF.3UF,
56.5 722 Peritectic RbF-3UF4+L;’£2RbF-3UF4
57 730 Peritectic RbF.6UF , + L precsecs RbF:3UF ,
70.5 832 Peritectic UF, + L &===RbF-6UF,
UNCLASSIFIED
ORNL-LR-DWG 28525
1100
1000 - N N —y
o ~ 900 - R
&
Ll
xr 800
........ 5 |
© ; s
& 700 =
% \
i, [ LLYJ‘ Ll_q'
- LT o4 i S S INTL S
600 \ 5 4 B e et R
T w2 bl B e
el re) O Fol N
500 N Gaz e LK*L‘{ o s 0 %P{%’F """ -]
‘ \e} o M~ r o ;ﬂi o
o L L
e RbF 10 20 30 40 50 60 70 80 90 UR,

UF4 (mo!e 0/0)

Fig. 358, The System RbF-UF
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3.59. The System CsF-—-UF4

C. J. Barton, L. M. Bratcher, J. P, Blakely, G. J. Nessle,

work performed at the Oak Ridge National Laboratory, 195153,

Preliminary diagram.

Invariant Equilibria

and W. R. Grimes, unpublished

Invariant
Mole % UF Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
7.5 650 Eutectic L &=2CsF + 3CsF-UF,
25 970 Congruent melting point I & 3Cs F-UF,
34 800 Peritectic L+ 3CsF-UF4 ——2Cs F-UF4
41 695 Eutactic Lo 2CsF-UF, + a-Cs F-UF,
50 735 Congruent melting point L a-CsF-UF4
- 550 Inversion a-CsF-UF, =i ,B-CSF.UF4
53 725 Eutectic L= a-CsF-UF4 + UF4
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Fig. 3.59. The System CsF—-UF‘.
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3.60. The System ZrF ,..UF
C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore, and R. E. Thoma, ‘‘Phase Equilibria
in the Systems NaF-ZrF ,, UF ,~ZrF ,, and NaF-ZrF ,~UF ,,”" ]. Phys. Chem. 62, 66576 (1958).
The system ZrF ,~UF , forms a continuous series of solid solutions having a minimum melting
temperature of 765°C at 77 ZrF4-23 Uf, (mole %).
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Fig. 3.60. The System ZrF4—UF4.
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3.61.

(July 1959).

The System SnF2—~UF4
B. J. Thamer and G. E. Meadows,

Invariant Equilibria

The Systems UF ,~SnF , and Pub 3 =SnfF ,,

LA-2286

Invariant
Mole % UFA Temperature Type of Equilibrium Phase Reaction
in Liquid ©C) at lnvariant Temperature
0.5 212 Eutectic Lo SnF2 4 25nF2‘UF4
4.5 340 Peritectic L+ SnFZ-UF4 =2 I!San-UF4
7.8 371 Peritectic L+ UF, o= $aF . UF,
UNCLASSIFIED
1100
1000
900
800
700 k———J{——) f |
|
| ] o
Ry j&) - - —
Laé :; 350 ‘ T ]
g 2 e | T
5 600 2 300 l— l74,\ | A SOLUBILITIES BY FILTRATION . _| _ 4
o x | h 5 LIQUIDUS POINTS FROM DTA |
& & ‘ HEATING CURVES l
& 2 250 |- ) | - —- ¥ LIQUIDUS POINTS FROM OTA - .—
fu - £ [ [ 7 coounG curves ‘
A7 [ | | | |
500 {— - 200 - [ T \ ‘1 B ‘ - [,’ 7
; ! ! \
i :
150 Lo I T B ‘ i
0 1 z 3 4 5 6 7 8 9 10
400 b s Ur, (mole 7o} |
| | |
/ t i f 1 | J \
300 [ - o e = — - S - {, - # . i ,,
\ \ 1 ‘ i |
! | i : |
i ) | | | | ‘
S L I | e
' ‘ u ud | T
2 > | \
[ EN ;
| ‘
400 e SE— L S OO SO __IHA7 e—s J ,,,,,,,,,,,,,,,,,,,,
San 10 20 30 40 50 60 70 80 90 U,

94

UF, (mole %}

Fig. 361. The System SanwUF4,



3.62. The System PbF2—UF4
C. J. Barton, L. M. Bratcher, J. P. Blakely, G. J. Nessle, and W, R. Grimes, unpublished

work performed at the Oak Ridge National Laboratory, 1950~51.

Preliminary diagram.

Invariant Equilibria

Invariant )
Mole % UFy Temperature Type of Equilibrium Phase Reaction
in Liquid ©c) at Invariant Temperature
14.3 920 Congruent melting point L ﬁéf’bFz-UF4
35 835 Eutectic L ;:___’\6PbF2-UF4 +3PbF2-2UF4
40 840 Congtruent melting polint L == 3|:’bl:2~2U|:4
62 762 £ 10 Eutectic L ;:::iBPbFz-2UF4+ UF4

The eutectic at quite high PbF, concentrations is not shown on this diagram, The authors

examined thermal data but found no evidence of a eutectic thermal effect.
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Fig. 3.62 The System PbF,-UF .
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3.63. The System ThF ,-UF,

C. F. Weaver, R. E. Thoma, H. A. Friedman, and H. Insley, ““Phase Equilibria in the Systems
UF“-ThF4 and LiF-ThF ,~UF ,,"" paper presented at the 61st National Meeting of the American
Ceramic Society, Chicago, lll., May 1721, 1959.

The system ThF ,—UF , forms a continuous series of solid solutions without a minimum.
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3.64. The System LiF-NaF-UF

R. E. Thoma, H. Insley, B. S. Landau, H. A. Friedman, and W. R. Grimes, ‘‘Phase Equilibria
in the Alkali Fluoride—Uranium Tetrafluoride Fused Salt Systems: 1il. The System NaF-LiF -
UFA,” J. Am. Ceram. Soc. 42, 21-26 (1959).

Invariant Equilibrio

Composition of Liquid

Invariant

(mole %) Temperaturs ] Type .of Solid ,Phus.es P;es.em

NoF LiF UF4 ©c) quilibrium at Invariant Point
60 21 19 480 Eutectic 2NaF:UF,, NaF, and LiF
45 13 22 497 Peritectic ;3-3NaF-UF4, 2NaF-UF ,, and NaF

7 65.5 27.5 470 Peritectic TLiF-6UF 55, 4LiF-UF ,, and LiF
35 37 28 480 Eutectic 2NaF.UF,, 7NaF.6UF ;ss, and LiF
57 13 30 630 Peritectic 2NaF-UF,, 5NaF:3UF ,, and 7NaF-6UF ss
24.3 43.5 32.2 445 Euteetic 7NaF+6UF ,ss, LiF, and 7LiF-6UF ,ss
24.5 29 46.5 602 Eutectic NaF.2UF,, 7LiF-6UF ss, and 7TNaF.6UF ,ss
24.3 28.7 47 605 Peritectic NoF-2UF ,, LiF.4UF ,, and 7LiF-6UF ss
23.5 28 48.5 640 Peritectic UF,, NaF.2UF,, and LiF-4UF,

37.5 10.5 52 660 Peritectic

UF4, NaF-2UF4, and 7NaF-6UF4ss

*The compounds 7LiF-6UF4 and 7NaF+6UF ; as they sccur in the ternary system are members of the solid
solution 7LiF-6UF4—-7NqF-6UF4.
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3.65. The System LiF-KF-UF,

C. J. Barton, J. P. Blakely, L. M. Bratcher, and W. R. Grimes, unpublished work performed
at the Ouk Ridge National Laboratory, 1950-51.

Preliminary diagram. The system LiF-KF~UF, has not yet been defined at the Oak Ridge
National Laboratory with sufficient precision to permit the temperatures and compositions of the

invariant equilibria to be listed.
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Fig. 3.65, The System LiF-KF-UF .
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3.66. The System Lil":-—R':)F-UF4

C. J. Barton, J. P. Blakely, L.. M. Bratcher, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1950--51,

Preliminary diagram. Phase relationships within the system LiF=RbF-UF , have not yet
become so well defined at the Oak Ridge National Laboratory that the compositions and tem-

peratures of the invariant points may be listed.
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3.67. The System NaF ~KF-UF
R. E. Thoma, C. J. Barton, J. P. Blakely, R. E. Moore, G. J. Nessle, H. Insley, and H. A.
Friedman, unpublished work performed at the Oak Ridge National Laboratery, 1950-58.
Preliminary diagram. Phase relationships within the system NaoF-KF-UF have not yet
become so well defined ot the Odk Ridge National Laboratory that the cempositions and tem-

peratures of the invariant points may be listed.
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3.68. The System !"«laF-—Rl:»F--UF4

R. E. Thoma, H. Insley, H. A. Friedman, and W. R. Grimes, unpublished work performed at
the Oak Ridge National Laboratory, 1955--56.

Preliminary diagram.

Invariant E quilibria

Composition of LLiquid

Invariant

(mole %) Temrore ET)tp'eb of Solid Phases Present
NaF RbF UF4 €c) quilibrium at Invariant Point
18 73 9 670 Eutectic RbF, NaF, and 3RbF-UF4
46 33 21 470 Eutectic NaF, NcF-RbF-UF4, and 3RbF-UF4
44 33 23 500 Peritectic NcF~RbF-UF4, 2RbF-UF4, and 3RbF-UF4
45 30 25 485 Peritectic NaF, 2NuF-UF4, and NaF-RbF~UF4
52 23 25 500 Decomposition  3NaF:UF,, NaF, and 2NaF.UF,
41 26 33 555 Peritectic 2RbF-UF4, 2NuF-UF4, and NaF-RbFuUF4
57 8 35 630 Decomposition 2NaF-UF4, 5NaF-3UF4, and 7NaF-6UF4
33 30 37 535 Eutectic 2RbF.UF4, 2NaF-UF4, and 7RbF-6UF4
32 29 39 540 Peritectic 7RbF-6UF4, 2NuF«UF4, and 7chF-6UF4
26 27 47 620 Eutectic 7RbF-6UF4, 7NqF.6UF4, and RbF-UF4
25 25 50 630 Eutectic 7NaF-6UF4, RbFuUF4, and 2RbF-3UF—'4
27 22 51 633 Peritectic 7NaF-6UF4, 2RbF,3UF4, and RbF-3UF4
33 14 53 655 Peritectic 7NoF-6UF4, RbF-3UF4, and RbF-éUF4
42 3 55 678 Peritectic

7NaF-6UF4, RbF-6UF4, and UF4
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3.69. The System LiF—BeF2~UF4

L. V. Jones, D. E. Etter, C. R, Hudgens, A. A. Huffman, T. B. Rhinehammer, N. E. Rogers,
P. A. Tucker, and L. J. Wittenberg, Phase Equilibria in the Lz’F-BeF2—UF4 Ternary Fused Salt
System, MLM-1080 (Aug. 24, 1959).

UNCLASSIFIZD
MOUND LAB. NQ.
1035 56-11-29 (REV)
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Fig. 3.692. The System LiF~BeF ~UF .
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Preliminary diagram.

Invariant Equilibria

Composition of Liquid

Temperature Solid Phases Present
(male: %) ©C) Type of Equilibrium

at Invariant Temperature

LiF BeF2 UF4

72 6 22 480 Peritectic (decomposifion 4L|'F-UF4, LiF, and 7LiF-6UF4
of 4Li|:-UF4 in the

ternary system)

69 23 8 426 Eutectic LiF, 2LiF-BeF2, and 7LiF-6UF4

48 51.5 0.5 350 Eutectic 7LiF-6UF4, 2LiF-BeF2, and BeF2
45.5 54 0.5 381 Peritectic LiF-4UF4, 7LiF-6UF,, and BeF2

29.5 70 0.5 483 Peritectic UF4, l_iF-4UF4, and Be F2

The minimum temperature in the quasi-binary system ZZLiF-Ber—7LiF-6UF4 occurs at 65
LiF-29 BeF -6 UF4 (mole %) at 438°C.

A three-dimensional model of the system LiF-BeF,-UF, is shown in Fig. 3.69%.

UNCLASSIFIED
PHOTO 34247

Fig. 3.696. Model of the System LiF—Ber—UFf
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3.70. The System N(:F-Ber-UF4
J. F. Eichelberger, C. R. Hudgens, L. V. Jones, G. Pish, T. B. Rhinehammer, P. A. Tucker,
and L. J. Wittenberg, unpublished work performed at the Mound Laboratory, 1956-57.

Preliminary diagram.

Invariant Equilibria

Composition of

Lo Temperature Solid Phases Present at
Liquid {(mole %) -
¢c) Type of Equilibrium Invariant Temperature
NaF BeF, UF,
74 12 14 500 Peritectic (decomposition of 3NaF-UF4, NaF, and 2N<:F-UF4
3NaF-UF4 in ternary sys-
tem)
72.5 17 19.5 486 Eutectic NaF, QNGF-UF4, and 2NaF-BeF2
64.5 9 26.5 630 Peritectic {decomposition of 5NaF-3UF4, 2NuF-UF4, and 7N¢1F~6UF4
5NaF-3UF4 in the ternary
system)
57 42 1 378 Peritectic 2NaF-BeF2, ZNGF-UFA, and 7N<:F-6UF4
56 43.5 0.5 339 Eutectic 2NaF-BeF2, NaF-Ber, and 7NuF-6UF4
43.5 55.5 1 357 Eutectic 7NaF-6UF4, BeF,, and NaF-BeF2
41 58 1 375 Peritectic 7NaF-6UF4, NaF-2UF,, and BeF,
26 63 1 409 Peritectic Na F-2UF4, NaF.4UF ,, and BeF2
44 18 38 665 Peritectic 7NoF-6UF4, UF,, and NaF-2UF4
40 47 13 548 Peritectic UF4, NuF-2UF4, and NaF.4UF
27 72 1 498 Peritectic UF,, BeF,, and NaF-4UF ,

) The minimum temperature in the quasi-binary system 2NaF.BeF,~2NaF.UF ; occurs at 66.7

LiF-25 BeF ,-8.3 UF , (mole %) at 528°C. The minimum temperature in the quasi-binary system
NaF.BeF,-7NaF.6UF, occurs at 50.5 NoF~-48.5 BeF,-1.0 UF, (mole %) at 367°C.

A three-dimensional model of the system NaF-BeF,-UF, has been constructed by the

authors and is shown in Fig. 3.705.
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Fig. 3.70a. The System NaF—BeF ,-UF ..
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Fig. 3.706. Model of the System NaF —BeF ,—UF ..
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3.71. The System NuF—PbFz—UF4

C. J. Barton, J. P. Blakely, G. J. Nessle, L. M. Bratcher, and W. R. Grimes, unpublished
work performed at the Oak Ridge National Laberatory, 1950~51,

Preliminary diagram. No study has been made at the Oak Ridge National Laboratory of the
phase relationships within the system NcF—PbFz—UF4.

UNCLASSIFIED
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Fig. 371. The System NaF—PbFZ-UF4.
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3.72. The system KF~PbF ,~UF,

C. J. Barton, J. P. Blakely, G. J. Nessle, L. M. Bratcher, and W. R. Grimes, unpublished
work performed at the Oak Ridge National Laboratory, 1950-51.

Preliminary diagram. No study has been made ot the Oak Ridge National Laboratory of the
phase relationships within the system KF-PbF ,—UF .
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Fig. 3.72. The System KF-PbFz—-UFA.
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3.73. The System NquerF4~UF4
C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore, and R. E. Thoma, ‘“Phase Equilibria
in the Systems NuF—ZrF4, UF4—ZrF4, and NaF-ZrF4_UF4,” J. Phys. Chem. 62, 665-76 (1958).
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Fig., 373a. The System NaF -ZrF  -UF ..
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Invariant Equilibria and Singuicr Points

Composition of Liquid

Temperature Solids Present
(mole %) P R
s T Type of Equilibrium at Invariant Point
NaF Zr F4 UF
4

69.5 4.0 26.5 646 Maximum temperature 3NaF-(U, Zr)F4 and 2Na F-UF4

of boundary curve
' 68.5 55 26.0 640 Peritectic 3NaF-(U,Zr)F ,, NaF-UF,
and 5NaF-3UF455

65.5 12.0 22.5 613 Peritectic or 3NuF-(U,Zr)F4, SNoFa3UF4ss,
decomposition and 7NaF.6(U, Zr)F,

64.0 27.0 9.0 592 Peritectic 3Na F-(U,Zr)F4, SNaF.27Zr F4ss,

and 7N::1F-6(U,Zr)f:4

61.5 34.5 4.0 540 Peritectic 5NaF.27Zr F4ss, 2NaF-ZrF4,
and 7N0F-6(U,Zr)f:4

50.5 47 2.5 513 Peritectic '7NaF-6(U,Zr)F4, (U,Zr)F4,
and 3NaFa4ZrF4
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Fig. 373b. The Subsystem 3N0F-UF4~3N0F-ZrF4.
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3.74. The System LiF-ThF -UF,

C. F. Weaver,
UF ,~ThF,
Ceramic Society, Chicago, 1.,

R. E. Thoma,
and LiF-ThF ,-UF ,,

H. Insley, and H. A. Friedman,

Invariont Equilibria

*‘Phase Equilibria in the Systems

' paper presented at the 61st National Meeting of the American
May 17-21, 1959.

Composition of Liquid

Invariant
) (mole %) Temperature Type of Solids Present at Invariant Point
. o, Equilibrium
LiF Thl":4 UF, (°C)
72,5 7.0 20.5 500 Peritectic  LiF, 3LiF+(Th,U)F ,, and 7LiF-6(U,Th)F4
72.0 1.5 26.5 488 Eutectic LiF, 4LiF-UF ,, and TLiF-6(U,Th)F
53 18 19 609 Peritectic

7LiF-6(U,Th)F4, LiF-2(Th,U)F4, and LiFni(U,Th)F4

A three-dimensional model of the system LiF-ThF ,-UF,

LiF
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LiF- 4ThF,

 LiF-2They
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P762
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£ 568"
P609
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e
7
9,
%,

S

%

®.
o)

4LIFUF4 P500" E49O

Fig. 3.74a.

P 640

P 775
7L iF- 68Uk,

is shown in Fig. 3.74e.
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The System LiF~ThF ,~UF ,.
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Fig. 3.745. The System LiF-Th F4~UF ;: The Section at 75 Mole % LiF,
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Fig. 3.74d. The System LiF-—ThF4~UF4: The Section at 33.3 Mole % LiF.
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3.75. The System NaF-ThF ,—UF ,: The Section 2NaF.ThF ,~2NoF.UF
R. E. Thoma, H. Insley, H. A. Friedman, and C. F. Weaver, unpublished work performed at
the Oak Ridge National Laboratory, 1958-59.

Preliminary diagrom.
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3.76. The System LiF-PuF,

C. J. Barton and R. A. Strehlow, ‘‘Phase Relationships in the System Lithium Fluoride—
Plutonium Fluoride,’’ paper presented at the 135th National Meeting of the American Chemical
= Society, Boston, Mass., Apr. 5-10, 1959.

The system LiF-PuF; contains a single eutectic at 80.5 LiF-19.5 PuF, (mole %), m.p.
743°C.
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Fig. 3.76. The System LiF—PuF .,
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3.77. The System LiCl=FeCl,

C. Beusman, Activities in the KCl-FeCl, and LiCl-FeCl, Systems, ORNL-2323 (May 15,
1957).

The system LiCl-FeCl, forms a continuous series of solid solutions with a minimum at 60

LiCl-40 FeCl, (mole %), m.p. S40°C.
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Fig. 3.77. The System LiCi-FeCl,
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3.78. The System KCI-FeCl,
C. Beusman, Activities in the KCl~FeCl, and LiCl-FeCl, Systems, ORNL-2323 (May 15,
1957). Anearly identical diagram to this one has been reported by H, L. Pinch and J. M. Hirshon,

‘‘Thermal Analysis of the Ferrous Chloride—~Potassium Chloride System,” J. Am. Chem. Soc.
79, 614950 (1957).

Invariant E quilibria

Invariant
Mole % FeC'2 Temperature Type of Equilibrium Phase Reaction
in Ligquid ©c) at Invariant Temperature
35 385 Peritectic L + KCl &= a-2KCl-FeCl,
- 255 Inversion a-2KCI-FeCl, &= B-2KCI-FeCl,
39 355 Eutectic L= a-2KCI'FeC|2 + CL-KCI-FeCIz
50 400 Congruent melting point L= CL-KC!-FeCl2
- 300 Inversion a-KCl-FeCl, === B-KCl-FeCl,
53 390 Eutectic L \-‘—-?-—-_\d.-KCI-FeC|2 + FeC|2
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Fig. 3.78. The System KCI-FeCl,,
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3.79. The System NaCi-Z(Cl,
C. J. Barton, R. J. Sheil, and W. R. Grimes, unpublished work performed at the Oak Ridge

National Laboratory, 1956.

Preliminary diagram.

Invariant Equilibria

Invariant
Mole % ZrCI4
in Liquid Temperature Type of Equilibrium Phase Reaction at Invariant Temperature
(°c)
28.0 535 £5 Peritectic L + NaCl == 3NaCl:ZrCl ,

- 445t 5 Decomposition 3NuCi'ZrC|4§- NaCl + a-?NaCI‘ZrCl4
28.5 525+5 Eutectic L ”—23N0Cl'ZrC|4 + a-?NaC!'ZrC|4
33.3 626 + 5 Congruent melting point L r":f— CL-2Nc1Ci'ZrC|4

- 3705 Inversion CL-leaCl'ZrCld‘?‘_;:),IB-ZN":Cl'ZrCl4
58 352 t5 Peritectic L+ [-ZNGCI'ZrCI4€—1’: ®-3NaCl+4Z¢Cl ,

- 312 £5 Inversion a.-3NaCl+4ZrCl, == 5-3NaCl*4ZrCl,
63 3125 Eutectic L &==-3NaCli4ZrCl , + ZrCl,

Previous reports on the system NcCl-—ZrCl4 have been made by N. A. Berlozerskts and O. A.
Kucherenko, Zhur. Priklad. Kbim. 13, 1552 (1940), I. S. Morozov and B. G. Korshunov, Zhur.
Neorg. Khim. 1, 145(1956), and H. H. Kellogg, L. J. Howell, and R. C. Sommer, Physical Chem-
ical Properties of the Systems NaCl-ZrCl,, KCI-Z:Cl, and NaCl-KCl-ZrCl,, Summary Report,
NYO-3108 (April 7, 1955).
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3.80. The System KCI«erCi‘

C. J. Barton, R. J. Sheil, and W. R, Grimes, unpublished work performed at the Ock Ridge

National L aboratory, 1955,

Preliminary diagram.

Invariant Equilibria

Mole % ZrCli Invariant Phase Reoction at
. T4 Temperature Type of Equilibrium . .
in Liquid ° Invariont Tempearature
o]
23 600 5 Eutectic L T==KCl + 2KCI'ZrCl,
33.3 7% t 5 Congruent me lting point L €~:A— 2KCl'ZrC|4
48 565 5 Peritectic L+ 2KCi'ZrC|4'{—T?-:\—QJKCl"SZrCI4
- 222 +4 Inversion a-7f<<:«aézrCld\:--::\_[3-7f<c1-¢szfc14

65 225 1 4 Eutectic L @a.ﬂ(a-ézrcu + ZrCi,

Some phase work on this system has been reported by H. H. Kellogg, L. J. Howell, and R. C.

Sommer, Physical Chemical Properties of the Systems NaCZ-—ZrCl4, KCZ—-ZrCl4, and NaCl-

KCl~ZrCl4, Summary Report, NYQ-3108 (April 7, 1955).
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3.81. The System LiCl-UCI,
C. J. Barton, A. B. Wilkerson, and W. R. Grimes, unpublished work performed at the Oak
Ridge National Laboratory, 1953.
- Preliminary diagram. The system LiCI-UCI, contains a single eutectic at 75 LiCl-25 UCl,
(mole %), m.p. 495 £ 5°C.
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Fig, 3.81. The System LiCI-UCI,
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3.82. The System LiCl-UCI,
C. J. Borton, R. J. Sheil, and W. R. Grimes, unpublished work performed at the Oak Ridge
National Laboratory, 1953.

Preliminary diagram.

Invariant Equilibria

| | Invariant o) R .
o eact t
Mole % UC 4 Temperature Type of Equilibrium 1ase Reaction a
in Liquid ©c) Invariant Temperature
29 415 Eutectic I. & 2LiCl'UCI + LiCl
33.3 430 £10 Congruent melting point LF=2LiCl-UCl,
48 405 Eutectic L& 2LiCluCl, + UCl,

Some data on this system were reported by C. A. Kraus in Phase Diagrams of Some Complex
Salts of Uranium with Halides of the Alkali and Alkaline Earth Metals, M-251 (July 1, 1943).
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3.83. The System NaCI—UCI3

C. A. Kraus, unpublished work.

Preliminary diagram constructed with the author’s permission from data reported in Phase
Diagrams of Some Complex Salts of Uranium with Halides of the Alkali and Alkaline Earth
Metals, M-251 (July 1, 1943).

The system Nc:Cl-—UCl3 contains a single eutectic at 67 NaCl~33 UCI, (mole %), m.p. 525°C.
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Fig. 3.83. The System NoCl-UCl,
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3.84. The System NuCi-—UC|4
C. J. Baiton, R. J. Sheil, A. B. Wilkerson, and W. R. Grimes, unpublished work performed at
the Oak Ridge National Laboratory, 1953.

Preliminary diagram.

Invariont Equilibris

Invariant
Male % UCI4
. L Temperature Type of Equilibrium Phase Reaction at [nvariant Temperature
in Liquid o
()
30 430 £ 5 Eutectic L 7==2NaCl + 2NaClUCl,
33.3 440 £ 5 Congruent melting point L;_.4—._21\101C!"UCl4
47 37015 Eutectic Lz—= 2NaC|*UC|4 + unidentified compound
57 415%5 Peritectic L+ UCI4 ;“_"‘t unidentified compound

A phase diagram of this system has been reported by C. A, Kraus in Phase Diagrams of Some

Complex Salts of Uranium with Halides of the Alkali and Alkaline Farth Metals, M-251 (July 1,

1943).

134

TEMPERATURE {°C}

900

800

700

600 |-

500

400

UNCLASSIFIED
DWG 21104
2

ucy, (mole o)

Fig. 3.84, The System NaCi——UCid.



3.85. The System KCl-UcCl,
C. J. Barton, A. B. Wilkerson, T. N. McVay, R. J. Sheil, and W. R. Grimes, unpublished work
performed at the Oak Ridge National Laboratory, 1954,

Preliminary diagram.

Invariant Equilibria

Mole % UCI Invoriant Phase Reaction at

ele % 4 Temperature Type of Equilibrium ase Redaetion d

in Liquid (°C) Invariant Temperature
25 550 Eutectic L === KCl + 2KClUCI,,
33.3 630 Congruent melting point L \_'T::..."l ZKCI'UCI4
44 330 Eutectic L &= 2KCI*UCI, + KCl-uCl,
49 345 Peritectic L+ KCI'3UCI4(.:...—‘._KCI'UC14

. . — .

61 395 Peritectic L+ UC|4V—. KCl 3UC|4

A phase diagram of this system has been reported by C. A. Kraus in Phase Diagrams of
Some Complex Salts of Uranium with Halides of the Alkali and Alkaline Earth Metals, M-251

(July 1, 1943).
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Fig. 3.85. The System KCI -Uci,
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3.86. The System RbCI-UCI,

C. J. Barton, R. J. Sheil, A. B. Wilkerson, and W. R. Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1954.

Preliminary diagram.

Invariant Equilibria

Mole % UCI Invariant . Phase Reaction at

. o3 Temperature Type of Equilibrium .

in Liquid ©C) Invariant Temperature
15 610 Eutectic L Y”—"___"RbCI + 3RbC|'UC|3
25 745110 Congruent melting point L &=3RbCI-UCi,
40 560 £ 10 Peritectic L+ 3RbC|-UC|3~\_r: 2RbCI*UCI,
45.5 51315 Eutectic L ;.—3_2RbCI'UC|3 + RbCI'UCI3
49 550 £ 10 Peritectic I+ UCI "—‘ARbCI'UCI:;
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3.87. The System CsCI-UCI,
C. J. Barton, A. B. Wilkerson, and W. R. Grimes, unpublished work performed at the Oak

Ridge National Laboratory, 1953.

Preliminary diagram.

Invariant Equilibria

iant
Mole % UCI Invarian Phase Reaction at
. 4 Temperature Type of Equilibrium .
in Liquid ° Invariant Temperature
- (7C)
20 505t 5 Eutectic L &= CsCl + 2CsCi-UCI
33.3 657 £ 5 Congruent melting point Lv':\-2CsC|°UC|4
+ . — . ’
58 370 £ 5 Eutectic Lg==2CsCl UC|4 + CsCl 2UC|4
- 63 382 &5 Peritectic L+ UCI4F"—:\CsCl‘2UCl4
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Fig. 3.87. The System CsCI-—-UC|4.
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3.88. The System KCrF (~Na,CrF (- Li CrF
B. J. Sturm, L. G. Overholser, and W. R. Grimes, unpublished work performed at the Qak
Ridge National Laboratory, 1951-52.

Preliminary diagram.
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4. OXIDE AND HYDROXIDE SYSTEMS
4.1, The System $i0,~ThO,

L. A. Harris, “‘A Preliminary Study of the Phase Equilibria Diagram of ThOz—-SiOz," J. Am,
Ceram. Soc. 42, 7477 (1959).
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Fig. 41, The System Si02~Th02.

139



4,2, The System LiOH-NaOH

C. J. Barton, J. P. Blakely, K. A, Allen, W, C, Davis, and B. S. Weaver, unpublished work
performed at the Oak Ridge National Laboratory, 1951,

Preliminary diagram. A phase diagram of the system LiOH~NaOH has been reported more
recently by N, A, Reshetnikov and G. M, Oonzhakov, Zbur. Neorg. Khim. 3, 1433 (1958).

Invoriant Equilibric

Mole % L.iOH Invariant Temperature . Phuose Reaction at
Type of Equilibrium
in Liquid (°C) Invariant Temperature
27 219 Eutectic L == NuoOH + 2-NaOHsL iOH
40 250 Peritectic I+ LiOH == «-LiOH«NaOH
- 180 Inversion a-LiOHsNaOH == [.Li0H:NaOH
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Fig. 42. The System LiOH-NaQH.
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4.3. The System LiOH-KOH
C. J. Barton, J, P, Blakely, L. M. Bratcher, and W, R, Grimes, unpublished work performed
at the Oak Ridge National Laboratory, 1951,

Preliminary diagram,

Invariant Equilibria

Mole % KOH Invariant Temperature ¥ f Equilibri Phase Reaction at
r
in Liquid (°C) ype of Equitibrivm Invariont Temperature
40 315 Incongruent melting point of L + LiOH —==3LiOH.2KOH
3Li0OH.2KOH
70 245 Eutectic L ===3Li0H.2KOH + S-KOH
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Fig. 43 The System LiOH—KOH.
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4.4, The System NaCOH-KOH

G. von Hevesy, ‘‘The Binary Systems NaOH-KOH, KOH-RbOH, and RbOH-NaOH,”’ Z.
physik, Chem, 73, 66784 (1910).
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4.5. The System NaOH~RbOH
G. von Hevesy, ‘'The Binary Systems NaOH-KOH, KOH-RbLOH, and RbOH-NaOH,” Z,
physik. Chem. 73, 66784 (1910).
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Fig. 4.5. The System NaOH-RLOH.
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4.6. The System Ba(OH),-Sr(CH),
K. A, Allen, W. C. Davis, and B. S. Weaver, unpublished work performed at the Oak Ridge
National Laboratory, 1951,

Preliminary diagram. The system Ba(OH),~Sr(OH), contains a single eutectic at 37
Sr(OH)2—63 Ba(OH) , (mole %), m.p. 360°C,
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5. AQUEQUS SYSTEMS

5.1. The System UOZ_PZOS"HZO' 25°C Isotherm

J. M. Schreyer, ““The Solubility of Uranium(lV) Orthophosphates in Phosphoric Acid So-
lutions,”” J. Am. Chem, Soc. 77, 2972 {1955).

The transition point between U(HPO,),-6H,0 and U(HPO,),-H;P0,-H,0 as stable solids
was at 0.62 +0.02 M U (10.3 wt % UO,) and 9.8 + 0.1 M PO, (42.6 wt % P,0;), density
1.63 + 0.03 g/ml. The compound U(HPO),:H;P0,-H,0 is incongruently soluble in water,
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Fig. 5.1. The System UOZ—P 205--H20, 25°C Isotherm,
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5.2. The System UO,~H,P0,~H,0, 25°C Isotherm

J. M. Schreyer and C. F, Baes, Jr., "““The Solubility of Uranium(VIl) Orthophosphates in
Phosphoric Acid Solution,”" J. Am. Chem. Soc, 76, 354 {1954).

The normal phosphate (U02)3(PO4)2'6H20 is stable below 0.025 mole % H;PO,. The

stability ranges are as follows:

Compound Total Phosphate Molarity
(U02)3(P04)2-6H20 <0.014
UO2HPO4-4H20 0.014~6.1
UO,(H,P0,),+3H,0 >6.1
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Fig. 5.2 The System UQ ,—H,P0O —H .0, 25°C isotherm. 0-60 mole % UOj3, 060 mole % HaPO .
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5.3. The System U(HP04)2~C|207—H2O, 25°C lsotherm

J. M. Schreyer and L. R. Phillips, “The Solubility of Uranium(VI) Orthophosphates in

Perchloric Acid Solutions,”” [, Phys. Chem. 60, 588 (1956).

The stable solids in this system are U(HPO4)2~2H20, U(H2P04)2(C104)2-4H20, and
U(H,PO,),(C10,),-6H,0. Metastable anhydrous U(HPO,), formed readily in all solution compo-

sitions tested. X.ray diffraction patterns indicated the existence of three polymorphic forms

of U(H,P0,),(CI0,),:6H,0.
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5.4. The System U0 ,~Na,0-CO-H,0, 26°C isotherm

C. A, Bldke, C, F, Coleman, K. B. Brown, D. G, Hill, R. S, Lowrie, and J, M. Schmitt,
“*Studies in the Carbonate~-Uranium System,”” J, Am. Chem, Soc. 78, 5978 (1956).
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Fig, 3.4a. The System UD;-No,0-CO,—H, 0 o 26°C. Compositions are
plotted in weight per cent. |, solutions in equilibrium with sodium uranates;
[, solutions in equilibrium with sodium uranyl tricorbonate; 111, solutions
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NaHCO3; G, U02CO3; H, NGAUOZ(COB)T The entire upper face of the fri-

angular ptism represents pure water.
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The stable uranium—carbonate solids found were UO,CO, and Na4U02(C03)3. The solution
composition at the transition point (not determined exactly) was at least 26 wt % UO,, 5.6 wt %
Na,0, and 7.2 wt % CO, (mole ratio U0,;:Na,0:CO, = 1:1,0:1.8).

Further data on this system are available from the American Documentation Institute
(document No. 5079). These include compositions, pH’s, and densities at points in and near the
planes Na,0-CO,-H,0, UO,~Na,0-H,0, UO,CO;3-Na,CO,-H,0, Na,U0,(C0O,4);~NaHCO ;-
H,0, U0;-Na,C0,4-H,0, UO;~NaHCO4~H,0, and U0,L04~Na,0-H,0.

Related phase equilibria in the system Na,0-UO0,-H,0 at 50 and 75°C are reported by
J. E. Ricci and F. J. Loprest, J. Am. Chem. Soc. 77, 2119 (1955),
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Fig. 5.4b, The Section U0 2C03—N02CO3-—H 20 at 26°C,
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5.5. Portions of the System ThOz—-NuzO—-Coz—HZO, 25°C isctherm

F. A. Schimme!, unpublished work performed at the Qak Ridge National Laboratory, 1955,
The stable thorium—carbonate solids found were ThOCQO,.8H,0 and N06Th(CO3)5-]2H20.

Ternary Points

Solid Phases Present

Composition of Solution {wt %)

ThO, quo CO2

Nc|6 Th(C03)5-12H20, NaHCOB, and
Na2C03-NaHC03‘2H20 (trona)

N06 Th(CO3)50]2H20, Na2C03']0H2O, and trona

0.62 12.0 9.96

0.48 14.1 10.86

EQUILIBRIUM SOLID PHASES 2

a-b z+NaHCO,

b z+NaHCO; + TRONA

b-¢ NaHCO, -+ TRONA

b-d z+ TRONA

4 2+TRONA rNa,CO4 *OH,0
d-e TRONA +Ng,CO5-10H,0

d=f z+4Na,C05 10H,0 /
g-h z47TnOC0O; 8H,0 /
(2= 3M0,0 - THC, 5C0, 12H,0 /’
(TRONA == Na,GCy - NaHC O - 2H,0) /

/
/

NagTh{COz)g 12H,0 -

{Na,0-C0O,}

L

(3N020>4C02
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(3Nec,0:Th0,-5C0,) S~ N
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(No,0-2CCy)

Fig. 5.52, Perspective Representation of the System ThO ,~Na 0-CO,~H,0 as a Tetsahedron.
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The highest thorium solubility found was 3.35 wt % ThO, (3.06 wt % Na,0, 3.60 wt % Co,)
in equilibrium with solid Na,Th(CO,4);-12H,0 and ThOCO4-8H,0, (The terminal points of this
binary line were not established)) The maximum thorium solubility in equilibrium with
Na,Th(CO,);+12H,0 and Na,C0,-10H,0 was 1.25 wt % ThO, (12.5 wt % Na,0, 9.4 wt % CO,);
with N06Th(CO3)5-12H20 and trona, the highest solubility was 0.7 wt % ThO, (12.6 wt % Na,0,
10.4 wt % CO,). The highest found with NoéTh(CO3)5-]2H20 and NaHCO, was 1.2 wt % ThO,

(5.0 wt % Na,0, 6.0 wt % CO,), which was the most dilute NaHCO, solution tested.
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5.6. The System No,0~-CO,-H 20, 25°C Isotherm

F. A. Schimmel, unpublished work performed at the Oak Ridge Nationa! Laboratory, 1955,
Significant changes from the data of Freeth [Phil, Trans. Roy. Soc. London 233, 35 (1922)]

were found throughout the range; there was closer agreement in the bicarbonate range with the

data of Hill and Bacon []. Am. Chem. Soc. 49, 2487 (1927)]1.

Tronsition Points

Composition of Solution

Solid Phases Present (wt %)

Na,0 co,
NoOH-H,0 and Na,CO, 40.5 0.85
Na,CO, and Na,CO,+H,0 31.4 0.72
Na,CO4H,0 and Na,CO,.7H,0 18.7 6.9
Na,C04:7H,0 and Na,C0,+10H,0 17.85 7.8
Na,CO3:10H,0 and NayCO,:NaHCO4+2H, O (trona) 13.7 10.35
Trona and NaHCO, 1.9 9.5
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The System N020~C02—-H20, 25°C Isotherm

Composition of Saturated Solution

(wt %) Equilibrium Solid Phase
N020 C02
41.3 0 NaOH-H,0
40.5 0.85 N°2C03
40.45 0.8 N02C03
3.6 0.67 N02C03
31.4 0.72 Na2C03 and N02C03-H20
311 0.78 No COa-Hzo
29.9 0.5 Na 2C03-H20
26.6 0.4 Na,C0,4-H,0
25.2 0.55 Na2CO -H 0
23.2 0.9 N02CO 'H2
23.15 1.0 Na,CO,4 H,0
21.15 2.3 N02CO -H20
19.3 4.3 Na COS-H20
18.95 6.0 N02C03-H20
18.57 7.5 N02C0 -H20 {metastable)
18.6 7.8 Na C03-H20 {metastable)
18.7 6.9 Na COB-HZO and N02CO3‘7H20
18.5 6.75 N02CO3-7H O (metastable)
17.7 7.95 Na CO3-7H O (metastable)
18.3 7.3 N02C03 7H,0
17.85 7.8 Na,CO -7H20 and Nu2CO3~10H20
17.3 7.88 Na2C03-10HzO
16.1 7.9 Na2CO3-10H20
15.6 7.92 N02C03-10H20
15.1 8.1 ] N02C03-10H20
13.7 8.85 Na C03-10H20
13.28 9.4 N02C0 +10H,0
13.55 10,15 2CO o'IOH O
141 11,0 2CO -10“ O (metastable)
13.7 10.35 Na,CO,4 «10H 0 and trona™
17.0 13.0 Trona (metcsfuble)
16.7 12.7 Trona {metastable)
13.8 10.35 Trona
11.9 9.5 Trona and NuHC03
11.55 9.3 NaHCO,
10.5 8.8 NaHCO,
9.4 8.0 NaHCO,
8.1 7.5 NaHCO,
6.4 6.5 NoHCO,
5.4 5.75 Nc:HCO3
3.9 5.0 NaHCO,
3.56 4.95 NaHCO4
3.47 4,93 NaHCO,

*The formula of trona is N02C03-N0HCO3‘2H20.
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155




5.7. Solubility of Uranyl Sulfate in Water

1. C, H. Secoy, J. Am. Chem. Soc. 72, 3343 (1950) (data above 300°C),

2. C. H. Secoy, ]. Am. Chem. Soc. 70, 3450 (1948) (data up to 300°C),

3. L. Helmwholtz and G. Friediander, Pbysical Properties of Uranyl Sulfate Solutions,
MDDC-808 (1943) (room temperature data),

4, C, Dittrich, Z. physik, Chem. 29, 449 (1899).

5, E. V. Jones and W. L. Marshall, HRP Quar, Prog. Rep. March 15, 1952, ORNL.1280,
p 180-83,

6, E. V. Jones and W. L, Marshall, HRP Quar. Prog. Rep. Jan. 31, (959, ORNL-2696,
p 21011,

The two-liquid-phase region of this system in actuality must be represented by the three
components UOg, 505, and H,0. The curve representing the boundary of liquid-liquid immisci-
bility is correct for stoichiometric solutions. However, the tie lines within the region of immisci-
bility do not connect two solutions containing stoichiometric U0,30, but rather connect solu-
tions confaining varying concentrations and ratios of U0, and SO, (Fig. 5.10). At low concen-
trations and high temperatures, that is, below 0.02 » UO,50, ond above 250°C, hydrolysis
occurs to produce a nonstoichiometric solution phase. The point of hydrolysis is dependent on
concentration and temperature (see Sec 5.13).

Note: Revised data (ref 5) ore used to construct the immiscibility boundary in the figure,
Earlier data (ref 1) showed higher temperatures in this region and a possible likelihood of acid

impurity in the solutions.
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Fig. 5.7. The System U02504——H20.

157



5.8. TwosLiquidePhase Region of U0, 50, in Ordinary and Heavy Water

E. V. Jones and W, L. Marshall, HRP Quar, Prog. Rep. March 15, 1952, ORNL-1280, p 180~83,

The two curves shown are boundary curves for liquid-liquid immiscibility obtained by ob-
serving the phase-transitional behavior of known U0,50,~-H,0 (D,0) solutions in sealed tubes
as a function of temperature. For later reference, this procedure is designated the visual-
synthetic method. As was described in Sec 5.7, the concentrations and compositions of the two
phases within the boundary region at equilibrium cannot be obtained from this figure. Mixtures
which are solutions at lower temperatures separate into two liquid phases as the temperature is

raised, according to the boundary curves,
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Fig. 5.8 Two-Liquid-Phase Region of U02504 in Ordinary and Heavy
Water.
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5.9. The System UO,-80,-H,0

1. A. Colani, Bull. soc. chim. France [4] 43, 754-62 (1928).

2. J. S. Gill, E, V. Jones, and C, H. Secoy, HRP Quar. Prog. Rep. Oct. 31, 1953,
ORNL-1658, p 87.

The 25° data on the SO,-rich side are those of Colani. The higher temperature data are
those of Gill, Jones, and Secoy, obtained by filtration techniques at temperature. The number
and identity of the solid phases in the UO,~rich regions at 25, 100, and 175°C are somewhat
uncertain, Subsequent unpublished werk of F. E. Clark and C, H. Secoy has disclosed that the
K solid is identical (x-ray diffraction) with the mineral uranopilite, 6U0;.505.x,0, that the G
solid is not identifiable as any known mineral, and that at least one additional unidentified
solid phase occurs at 25 and 100°% The liquidus curves for the 25 and 100° isotherms are
essentially correct as shown except that the transition points {two solid phases) occur at some-

what lower concentrations than those indicated.
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Fig. 5.9a. The System UQ ;~50 ,~H,0 at 25°¢,
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Fig. 5.96. The System U03-—503—H20 at 100°C,
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Fig. 5.9c. The System U0 ;50 ;~H 0 at 175°C.
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5.10. Coexistence Curves for Two Liquid Phases in the System U0,50,-H 30 ,~H 0

H. W. Wright, W, L. Morshall, and C, H. Secoy, HRP Quar., Prog. Rep. Oct. I, 1952,
ORNL.-1424, p 108,

All curves in this figure must exirapolate to the critical temperature of water (374.2°C)
at zero concentration of uranium. These are boundary curves which were determined by
observing sealed tubes in which immiscibility occurred in U03-SO3—~H20 solutions upon varying
the temperature. As was explained in Sec 5.7, they do not represent concentrations and compe-
sitions of the two liquid phases within the temperature-concentration region of immiscibility

but are lower solution boundary curves.
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5.11. Two-Liquid:-Phase Region of the System U0,S0,-H,S0,-H,0

R. E. Leed and C. H. Secoy, Chem. Quar. Prog. Rep. Sept. 30, 1950, ORNL-870, p 29--30;
C. H. Secoy, Chem. Quar. Prog. Rep. Dec. 31, 1949, ORNL-607, p 33-38,

In contrast with the immiscibility curves shown in Fig. 5.10, each of these curves must
extrapolate to a critical temperature curve for SO;~H,0 in which a small or negligible amount of
UO, is dissolved. Since SO, dissolved in H,0 (neglecting any dissolved UO,) will elevate the
critical temperature, the curves obtained from solutions containing a constant amount of free

H,SO, will all extrapolate to critical temperatures higher than that (374.2°C) for H,0 alone.
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5.12. Two-LiquidPhase Coexistence Curves for U0 —Rich Solutions in the System UO;~S0,~
H,0 With and Without HNO,

E. V. Jones and W. L. Marshall, HRP Quar. Prog. Rep. July I, 1952, ORNL-1318, p 14748,
These curves have been obtained by the visual-synthetic method mentioned in Sec 5.8. They
are therefore boundary curves and do not describe compositions and concentrations within the

liquid-liquid immiscibility region.
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5.13. Selubility of U0, in H,50 ,-H 0 Mixtures

W, L. Marshall, Anal. Chem, 27, 1923 (1955),

The data are represented in this manner in order to show the full concentration range on one
figure and to best indicate the degree of precision. The solid phase is a-U0,-H,0 below 205°C
ond 3-UO,.H,0 above 205°C, These curves represent hydrolysis equilibria.
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Fig. 5.13. Solubility of U0, in Hy50 (~H,0 Mixtures.
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5.14. Effect of Excess H,50, on the Phase Equilibria in Very Dilute U0,SO, Solutions
1. W. L. Marshall, Anal. Chem. 27, 1923 (1955).
2. H. W. Wright, W. L. Marshall, and C. H. Secoy, HRP Quar. Prog. Rep. Oct. 1, 1952,
- ORNL.-1424, p 108,
The curves were drawn by C, H. Secoy from data used for Figs. 5.10 and 5,13,
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5.15. SecondsLiquid-Phase Temperatures of U02504—~Li2504 Solutions

R. S. Greeley, S. R. Buxton, and J. C, Griess, ‘‘High Temperature Behavior of Aqueous
U0,80,-1i,50, and UO,50,~BeS0,," paper presented at American Nuclear Society 2nd Winter
Meeting, New York City (Oct. 1957). Also R. S, Greeley and J, C, Griess, HRP Dynamic So-
lution Corrosion Studies for Quarter Ending July 31, 1956, ORNL CF-56-7.52, p 3031,

These data were obtained by the visual-synthetic method mentioned in Sec 5,8,
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5.16, Second-LiquidsPhase Temperatures for U050, Solutions Containing Li,50, or BeSO,
R. S. Greeley and J, C. Griess, HRP Dynamic Solution Corrosion Studies for Quarter Ending
July 31, 1956, ORNL CF-56-7-52, p 30,

Liquid-liquid immiscibility occurs at the boundary curves as the temperature is raised,
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5.17. SecondsLiquid-Phase Temperatures for BeSO, Solutions Containing uo,
R. S. Greeley and J. C. Griess, HRP Dynamic Solution Corrosion Studies for Quarter Ending
July 31, 1956, ORNL CF-56-7-52, p 31.

Liquid-liquid immiscibility occurs af the boundary curves as the temperature is raised,
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5.18. The System NiSG,~U0,50 ,-H ,0 at 25°C

E. V. Jones, J. 5. Gill, and C. H. Secoy, HRP Quar. Prog. Rep. Oct. 31, 1954, ORNL-1813,
p 166-67.

Also included in the reference are solubility data for this system at 175 and 250°C. The

" data at high temperature are not in sufficient quantity for a diagram to be presented,
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Fig. 5.18. The System Ni504—U02$04-—H20 at 25°C. Compositions ore
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5.19. Phase-Transition Temperatures in Solutions Containing Cu$0,, V0,30, and H, S0,

F. E. Clark, J. S. Gill, R. Slusher, and C. H. Secoy, ]. Chem. Eng. Data 4, 12 (1959).

All data were obtained by the visual-synthetic method mentioned in Sec 5.8 and represent
temperatures at which immiscibility occurred upon raising the temperature, No deductions can

be made regarding compositions within the two-liquid-phase region,

UNCLASSIFIED
ORNL-LR-DWG 244228
J 5.9t mole % ExCESS :

SULFURIC ACID
I

e ——-308°C

“'NG EXCESS SULFURIC ACID

19.25 mole % EXCESS
SULFURIC 6CID

300 e

cuso4(m%)

15 20 20
U0, S04 (wt %o U0, 50, (Wt %) U0, 50, twt %)
t5 — ——— —— —
r/-uo”c—»— 2844 mola 7, EXCESS 38.75 mote 7, EXCESS ——— TEMPERATURE CONTOUR LINES (jsotherms)
{1 e . EXCE: SUFORIE acio FOR APPEARANCE OF TWO LIQUIT PHASES
335

S8 REGION OF BLUE-GREEN CRYSTALLINE SOLIDS
ANt REGION OF RED SOLIDS
& REFERENCE COMPOSITION OF

0.4 m CuSOq
320 0.0m U0,50,
B < REFERENCE COMPOSITION OF HRT FUEL
o g 0.005 m CuS0,
| I 0.04m W0,504
© 20 (PLUS co 0.025 m Hp504)(55%)

UOESO4(W?°73} U0, S04 (wt 7o)

Fig. 519. Phase-Transition Temperatures in Selutions Containing Cu504, U02504, and HZSOA‘I'

174



5.20. The Effect of CuSO, and NiSO, on PhasesTronsition Temperatures:
0.01 = H,S0,

Corrosion Product aund Copper Concentrations, HARD(C)/P-41 (May 1957},

0.04 m UO,S0,;

C. H. Secoy et al., HRP Quar, Prog. Rep. July 31, 1957, ORNL..2379, p 163. Also additional
data:

F. Moseley, Core Solution Stability in the Homogenecous Aqueous Reactor; the Effect of

The curves for liquid-liquid immiscibility were drawn from data obtained by the visual-
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0.04 ¢

185
215 200
{281)
0.02e— o . ) . -
(249> 249) (215) (197) (185)
-282 (—282 229

break in the curve,

e,

-
(Ze2)"

UNCLASSIFIED
ORNL~-LR-DWG 23014 A

ézisa’)ﬁ?z'éiéd

RN RAARARINNIANNN NN

Z
% 3Cu0-S05-2H,0
B 2U03°503-5H0 7 (+CuS0,-H,0)
7 (+NiSO4-H,0) Z
o 002 |- X e \ b
@ 7, (240 (244)
z % 216
%
7
’///////4’///////;7////////////////,4/////////12//
7
0.01 — %, ®
%, (215)
SECOND LIQUID PHASE Y,
%,
7
%,
330 329\1 34(2\[ ",
0 0.01 0.02 0.03
Fig. 5.20.

The Effect of Cu50, and NiSO4 on Phase-Transition Temper-
atures: 0.04 5 UO 2504; 0.01 HZSO4'

synthetic method mentioned in Sec 5.8. Saturation temperatures for solid-liquid equilibria were

obtained by measuring solution concentrations as a function of temperature and determining a

The numbers in parentheses ore temperatures at which the indicated solid
phase appeared upon raising the temperature, Solid phases indicated in parentheses were found
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5.21. The System U0,-Cu0-Ni0-50,-D,0 at 300°C; 0.06 = SO,

J. S. Gill, R. Slusher, and W. L. Marshall, HRP Quar. Prog. Rep. Jan. 31, 1959, ORNL-2696,
p 205-13.

The variation in solution composition in the presence of one, two, and three solid phases was
determined at 300°C from 0.04 to 0.2 m SO,. Solubility relationships at 0.06 m SO, were ob-
tained from these separate solubility curves, and the skeletal volume figure for the five-compo-
nent system was drawn. Other skeletal figures can be drawn at various SO, concentrations.

This investigation is still in progress, and the data are subject to revision.
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5.22, Solubility of Nd2(504)3 in 0.02 m U02504 Solution Containing 0.005 H2504(]80-—300°C)
R. E. Leuze et al.,, HRP Quar. Prog. Rep. April 30, 1954, ORNL-1753, p 17679,
Also included in the reference are preliminary solubility data for rare earth sulfate mixtures

as well as Ce,(S0,); and La,(S0,), in 0,02 m UO,S0,, 0,005 m H,SO,.
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5.23. Solubility of La,(80,), in U0 ,S0 , Solutions

E. V. Jones, M. H. Lietzke, and W. L. Marshall, J. Am. Chem. Soc. 79, 267 (1957); also
The Solubility of Several Metal Sulfates at High Temperatures and Pressures in Water and in
Aqueous Uranyl Sulfate Solution, ORNL CF.55-7-69 (declassified Aug. 23, 1955).

Experimental data for Figs. 5.23-5.27 were obtained by the visval-synthetic method
described in Sec 5.8. The very large effect of U0,S0, must be noted and indicates consider-
able solvation of other species by aqueous UO,S0,.
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5.24. Solubility of Cd504 in UO,SO, Solutions

E. V. Jones, M. H, Lietzke, and W, L., Marshall, J. Am. Chem. Soc. 79, 267 (1957); also
Toe Solubility of Several Metal Sulfates ar High Temperatures and Pressures in Water and in
- Aqueous Uranyl Sulfate Solution, ORNL CF.55.7.69 (declassified Aug. 23, 1955),
See comments in Sec 5.23,
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5.25. Solubility of Cs,80, in U080, Solutions

E. V. Jones, M. H. Lietzke, and W, L. Marshall, J. Am. Chem. Soc. 79, 267 (1957); also
The Solubility of Several Metal Sulfates at High Temperatures and Pressures in Water and in
Agqueous Uranyl Sulfate Solution, ORNL CF-55.7-69 (declassified Aug. 23, 1955).

See comments in Sec 5.23,
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5.26. Solubility of Y2($04)3 in U02$04 Solutions
E. V. Jones, M. H. Lietzke, and W. L. Marshall, J. Am. Chem. Soc. 79, 267 (1957); also
‘ The Solubility of Several Metal Sulfates at High Temperatures and Pressures in Water and in
Aqueous Uranyl Sulfate Solution, ORNL CF-55-7-69 (declassified Aug. 23, 1955),

See comments in Sec 5,23.

UNCLASSIFIED
DWG. 146354

350 ,

300|—

bl
| l
|

\ | TWO LIQUID PHASES
M\ / |
- p
\\ \\/—VtN 1.35 m U0,S0,

L —
N . 250 \. \

IN 1.14 m UO,S0, MWN—M‘R.\
o

1
TEMPERATURE (°C)
!
//:
/
®
{

200 —
............. ~iN 0.427 m UO.SO
B 24 -
150 f— T R
N\
AN
AN
- \ |
~
N
N
™~
6 | 1 | | | | 1 |
0 1.0 2.0 3.0 4.0

Y2 ( 304)3 {wt %)
Fig. 5.26, Solubility of Y2(504)3 in UQ,50 , Solutions.

181




5.27. Solubility of Ag,50, in U0,S0, Solutions

E. V. Jones, M. H. Lietzke, and W. L. Marshall, J. Am. Chem. Soc. 79, 267 (1957); also
The Solubility of Several Metal Sulfates at High Temperatures and Pressures in Water and in
Agueous Uranyl Sulfate Solution, ORNL CF.55.7-69 (declassified Aug. 23, 1955).

See comments in Sec 5.23.
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5.28. Solubility ot 250°C of BaSO, in U0 ,50 ,~H O Sclutions

E. V. Jones, M. H. Lietzke, and W. L. Marshall, J. Am, Chem. Soc. 79, 267 (1957); also
The Solubility of Several Metal Sulfites ar High Temperatures and Pressures in Water and in
Aqueous Uranyl Sulfate Solutions, ORNL CF.55.7-69 (declassified Aug. 23, 1955),

Solutions were filtered from solids at 250°C to obtain the solubility of BaS0, in H,0.
Counting of radioactive barium was used to determine the solubility concentration, The very
large effect of UO,S0, must be noted and indicates considerable solvation of other species by

aqueous UO,50,.
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5.29. Solubility of H,WO , in 0,126 and 1.26 M UO,50,

C. E. Coffey, W. L. Marshall, and G. H. Cartledge, HRP Quar. Prog. Rep. Oct. 31, 1953,
ORNL-1658, p 9699,

The data shown in the figures were obtained by direct sampling of equilibrated solutions, by
the filter bomb method, and by the synthetic method described previously in Sec 5.8, In 0.126 M
UO,SO, the solubility of H,WO, first shows a positive temperature coefficient of solubility and
then, above 100°C, a negative coefficient of solubility. In 1.26 M UO,S0, the temperature
coefficient of solubility is positive up to 285° the temperature at which two liquid phases

form - a characteristic of U02504—-H20 solutions,
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5.30. Phase Stability of H, WO, in 1.26 M UO,F,

C. E. Coffey, W. L. Marshall, and G. H. Cartledge, HRP Quar. Prog. Rep. Oct. 31, 1953,
ORNL-1658, p 96-99.

The methods of solubility and stability determination were the same as for analogous studies
of H,WO, in UO,S0, (Sec 5.29). The data on the figure as drawn show temperatures ot which
hydrolytic precipitation of an unidentified solid phase occurs from solutions stable at lower

temperatures.
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5.31. The System UOZ(N03)2—H20

1. Reported in full by W. L. Marshall, J. S, Gill, and C. H. Secoy, Chem. Quar. Prog. Rep.
March 31, 1951, ORNL.1053, p 2225,

2. Reported in part by W, L. Marshall, J. S, Gill, and C, H. Secoy, J. Am. Chem. Soc. 73,
1867 (1951).

As in the case of the system U0,50,~H,0, hydrolysis occurs at high temperatures and low
concentrations, resulting in precipitation of UO;H,0 from stoichiometric UO,(NO,), solutions.
In addition, decomposition of NO;™ occurs at elevated temperature to produce an equilibrium
vapor phase of nitrogen oxides, Letter A represents a region of complete solution, Data at low
temperature up to point F were obtoined by direct analysis of equilibrated solutions, whereas

the high-temperature data were obtained by the visual-synthetic method described in Sec 5.8,
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5.32. Phase Equilibria of UO; and HF in Stoichiometric Concentrations (Aqueous System)

W, L, Marshall, J. S. Gill, and C, H. Secoy, J. Am. Chem, Soc. 76, 4279 (1954).

The two-liquid-phase region and the region of ‘‘basic’ solid solution + saturated solution

are in actuality segments of the three-component system UO3—HF—~H20, in which the equilibrium

phases are nonstoichiometric with regard to UO,F,. This system is somewhat analogous to the

system UOs—H2SO4-—H20 (see Sec 5.7).
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5.33. Solubility of Uranium Trioxide in Orthophosphoric Acid Solutions

W. L. Marshall, J.S. Gill, and H, W. Wright, HRP Quar. Prog. Rep. May 15, 1951, ORNL-1057,
p 112-15,

The data were obtained for the most part by equilibrating solutions of known concentration in

sealed tubes for various times at different temperatures. Phase changes were observed visually,
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5.34, Solubility of Uranium Trioxide in Phosphoric Acid at 250°C

J. S, Gill, W, L. Marshall, and H, W, Wright, HRP Quar, Prog, Rep. Aug. 15, 1951, ORNL-1121,
p 119-21,

Solution and solid mixtures were equated at 250°C in sealed glass tubes., The tubes were
cooled rapidly to room temperature, and the sclution and solid phases were analyzed. The slow

reversibility of equilibrium conditions made this procedure possible.
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5.35. Solubility of UO, in H,PO, Solution

B. J. Thamer et al., The Properties of Phosphoric Acid Solutions of Uranium as Fuels for
Homogeneous Reactors, LA-2043 (March 6, 1956); W. L. Marshall, J. S. Gill, and H, W. Wright,
HRP Quar. Prog. Rep. May 15, 1951, ORNL-1057, p 112-15; and J. S, Gill, W. L. Marshall, and
H. W. Wright, HRP Quar. Prog. Rep. Aug. 15, 1951, ORNL-1121, p 119-21,

This figure represents a compilation from the data of B. J, Thamer et al. of Los Alamos and
W. L. Marshall et al. of Ock Ridge National Laboratory.
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5.36, The System U0 ,CrO ,~H 0

1. F. J. Loprest, W, L. Marshall, and C. H, Secoy, J. Am. Chem, Soc. 77, 4705 (1955),

2. W, L. Marshall, HRP Quar. Prog. Rep. March 31, 1953, ORNL-1554, p 105-6,

The solid phases are UO2CrO4-5'/2H20 (A) and UOZCrO4-xH20 {B). Curve rs represents
the boundary of a region in which hydrolytic precipitation of a basic uranyl chromate occurs.
In the same concentration range the dichromate, UO,Cr,0,, is stable to the critical temperature
and apparently dissolves in the supercritical fluid (ref 2).
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5,37. Variation of Li,CO, Solubility with UO,CO, Concentration at Constant CO, Pressure
(250°C)

1. F. J. Loprest, W. L. Marshall, and C. H. Secoy, HRP Quar. Prog. Rep. July 31, 1955,
ORNL-1943, p 227--35.
2. W. L. Marshall, F. J. Loprest, and C, H. Secoy, HRP Quar. Prog. Rep. Jan. 31, 1956,
ORNL-2057, p 131-32,
- The solubility relationships in the figure indicate strong complexing of UO,CO, with Li,CO,

under CO, pressure, The formation of HCO,™ species in solution is indicated.
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5.38. The System Li,0-U0,~CO,~H 0 at 250°C and 1500 psi
F. J. Loprest, W. L. Marshall, and C. H. Secoy, HRP Quar. Prog. Rep. July 31, 1955,

ORNL-1943, p 22735,

1,
2. W, L. Marshall, F. J. Loprest, and C, H. Secoy, HRP Quar. Prog. Rep. Jan. 31, 1956,

ORNL-2057, p 131-32.

increases. As temperature is increased, the solution area decreases.

As CO, pressure is increased, the area of complete solution (indicated by the shading)
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5.39. The System Th(NO,),-H,0
1. Reported in full by W. L. Marshall, J. S, Gill, and C. H, Secoy, HRP Quar. Prog. Rep.
Nov. 30, 1950, ORNL-925, p 279-90.

- 2. W. L. Marshall, J. S. Gill, and C. H. Secoy, J. Am. Chem. Soc. 73, 4991 (1951).

Hydrolytic precipitation of ThO, and thermal decomposition of NO,™ in this system occur in

an analogous manner fo the reactions occurring in the system UO,(NO,),~H,0 (see Sec 5,31).

At higher temperatures the two-component system in actuality must be considered in terms of the

three components ThO,, HNO,, and H,0.
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5.40. Hydrolytic Stability of Thorium Nitrate~Nitric Acid and Uranyl Nitrate Solutions

1. W. L. Marshall and C, H. Secoy, HRP Quar. Prog. Rep. Oct. 34, 1953, ORNL-1658,
p 93-96.

2, W. L. Marshall, J. S, Gill, and C. H, Secoy, Chem. Quar. Prog. Rep. March 31, 1951,
ORNL-1053, p 2225,

The data used to draw the individual curves were obtained by observations at various tem-
peratures of tubes that contained different solutions of known concentration. The procedure
was analogous to that used for obtaining data for Fig. 5.33. The curve for hydrolytic precipi-
tation of UOZ(NO‘%)2 is taken from ref 2,
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5.41, The System ThO,~CtO,~H 0 at 25°C

1. H. T.S. Britton, J. Chem. Soc, 123, 1429 (1923).

2. W. L. Marshall, F. J. Loprest, and C, H, Secoy, HRP Quar. Prog. Rep. Jan. 31, 1955,
ORNL-1853, p 205-6.

The phase diagram at 25° was determined by Britton. Points 1-7 indicate compositions
investigated at high temperature by Marshall, Loprest, and Secoy. These solution compositions

were phase stable up to 160°C for point 7 and 320°C for point 1.
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5.42. Phase Stability of Th02—H3P04-—H20 Solutions at High Concentrations of ThO,

W. L. Marshall, experimental data in ORNL. research notebook 2881, p 35 (May 1953).

Solutions of appropriate concentrations were prepared and onalyzed. These solutions were
sealed in glass tubes and shaken at various temperatures for times varying from 1 hr to several
days. In this manner the phase stability boundaries with respect to concentration and temper-
ature were established, At first inspection of the figure it is surprising that more ThO2 can be
dissolved per liter at the lower H,PO,/ThO, ratio than at the higher ratic. Actually, there
is a physical volume limitation due to the high fractional volumes occupied by ThO2 and H3P04
at these concentrations. As any solution is diluted with H,0, hydrolysis of thorium in solution
occurs, At room temperature, solutions in which the H,PO,/ThO, ratio is 5:1 are gels, whereas

10:1 ratio solutions are still fluid,
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