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INTRODUCTION 

T h i s  compi lat ion presents the phase diagrams for poss ib le  mater ia ls for nuclear reactors 

developed a t  the Oak Ridge Nat ional  Laboratory over the period 1950-59. It represents the 

efforts o f  certain personnel in what are now the Chemical  Technology, Metallurgy, Chemistry, and 

Reactor Chemistry D iv i s ions  of ORNL. Th is  document a lso  contains diagrams originated by 

other insta l la t ions under contract  t o  ORNL during that  interval.  In addition, a few diagrams from 

the unc lass i f ied l i terature have been included when they form part o f  completed systems 

sequences. 

No general d iscuss ion of  the pr inc ip les o f  heterogeneous phase equi l ibr ium has been 

included since excel lent  d iscuss ions are avai lab le in many well-known publicotions. Equ i l ib r ia  

i n  several o f  the fused-sal t  systems presented below have been described in  some deta i l  in  a 

recent publ icat ion by Ricci. '  Nor hos any attempt been made to assemble the phase equi l ibr ium 

data on reactor mater ia ls ava i lab le  from many other sources, For such information the reader i s  

referred t o  other recent ly  publ ished compi lat ions of  phase diagrams2-' and to the several new 

works deal ing spec i f i ca l l y  w i th  nuclear reactor m a t e s i ~ l s . ~ - ~  

While some of the diagrams presented below are the resu l t  o f  fundamental researches, most 

were obtained in support o f  the ORNL programs in development of  f luid-fueled reactors. Others 

have been developed as a consequence o f  ORNL interests in reprocessing of nuclear fuels, 

reactor metallurgy, product ion o f  uranium and thorium from raw materials, and studies of 

mechanisms o f  corrosion. 

Much o f  the research ef for t  was devoted t o  searches for systems of  d i rect  use as f lu id  fuels 

or blanket materials; unpromising systems were often given only  casual attention. The diagrams 

in th is  col lect ion, accordingly, vary w ide ly  in the degree o f  completeness of examination. A 
brief descr ipt ion o f  the status of the work i s  presented in each case; in  a few cases, where no 

deta i led descr ipt ion of the system has been published, the ava i lab le  data have been included 

w i th  the diagram. 

'J. E. Ricci, Guide  to the  P h a s e  Diagrams o/ the Fluoride Sys t ems ,  ORNL-2396 (Nov. 19, 1958). 
2J. F. Hogerton and R. C. Grass (eds.), T h e  Reactor  Handbook, vol 2, AECD-3446 (May 1955). 

3T. Lyman (ed.), Metals  Handbook, American Society for Metals, Cleveland, Ohio, 1948. 
4F. A. Rough and A. A. Bauer (eds.), Const i tu t ion  of Uranium and Thorium A l l o y s ,  BMI-1300 (June 2, 

5E. M. Levin, H. F. McMurdie, and F. P o  Hall, Phase  Diagrams /or Ceramis t s ,  The American Ceramic 

*E.  M. Levin, H. F. McMurdie, and F. P. Hall, Supplement t o  P h a s e  Diagrams /or  Ceramis t s ,  The 

7t3. Yates, Mater ia ls  for U s e  in  Nuc lear  Reactors .  Information Bibliography, IGRL-I B/R-15 (2nd ed.), 

8H. H. Housner and S. B. Roboff, Mater ia ls  /or Nuclpar Power  Reac tors ,  Reinhold Publishing Corp., 

9B. Kopelman (ed.), Mater ia ls  /or Nuc[ear  Reac tors ,  McGraw-Hill Book Co., New York, 1959. 

1958). 

Society, Columbus, Ohio, 1956. 

American Ceramic Society, Columbus, Ohio, 1959. 

1958. 

New York, 1955, 
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1. M E T A L  SYSTEMS 

1.1. The System Silver-Zirconium 
I #  J. 0. Betterton, Jr., and D. S. Easton, The Si lver-Zirconium System,” TYUIZS, Met. SOC. 

AIME 212, 470-75 (1958). 
A detai led investigation was made of the phase diagram of silver-zirconium, par t icu lar ly  in 

the region 0 to  36 ut. % Ag. The system was found to  be character ized by two intermediate 

phases, Zr,Ag and ZrAg, and a eutectoid reaction in  which the p-zircanium so l id  solut ion de- 

composes in to a-zirconium and Zr,Ag. I t  was found that i tnpurit ies in the range 0.05% from the 

iodide-type zirconium were su f f i c ien t  to  introduce deviat ions from binary behavior; witl-i part ial  

removal of these impurit ies an increase i n  the a-phase so l id  so lub i l i t y  l i m i t  from 0.1 to 1.1 at. % 

A g  WQS observed. 
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1.2. The System Indium-Zirconium 

J. 0. Betterton, Jr., and W. K. Noyce, “The Equi l ibr ium Diagram of Indium-Zirconium in the 

Region 0-26 at. pc t  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 ef fect  o f  a l loy ing  a t r iva lent  B-subgroup element, indium, w i th  zirconium in  group 

IVA. The temperature of  the a l lo t rop ic  transit ion was found t o  r i se  w i th  indium, terminating in a 

per i tecto id  reaction, p(9.3773 In) + y(22,4% In) ~ ~ ~ ( 1 0 . 1 %  In) a t  1003’C. In th is  respect the 

ef fect  o f  indium i s  analogous t o  that of aluminum in zirconium and t i tanium alloys. 
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Fig. 1.20, The System Indium--Zirconium in the Peritectshid Region (0-13 
at. % In). 
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1.3. The System Antimony-Zirconium 

J. 0. Retterton, Jr., and W. M. Spicer, “The Ant imony-Zirconium System i n  the Range 0 t o  5 
at. pct Antimony,” Trans. Met. SOC. AIME 212, 456-57 (1958). 

The so lub i l i t ies  of antimony in the a and p forms of zirconium were determined between 

750 and 13OOOC. The a phase forms by a peri tectoid reaction; the a/(a + p )  and @/(a + p) phase 

boundaries r i se  in  temperature wi th  increasing antimony. Impurit ies in the 99.5% zirconium were 

suf f ic ient  to inf luence the phase boundaries, and the variat ion reported i s  approximate. The 
rest r ic ted phase so lub i l i t y  o f  the terminal zirconium phases, which i s  especia l ly  characterist ic 

of th is  system, i s  thought to  resul t  from the low free energy of the Zr,Sb phase. 
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1.4. The System Lead-Zirconium 

G. D. Kneip, Jr., and J. 0. Betterton, Jr., cited by E. T. Hayes and W. L. O'Brien, 

d I  Zirconium Equilibrium Diagrams," p 443-83 in The Metallurgy o/ Zirconium, ed, by B. Lustmcin 

and F. Kerze, Jr., McGraw-Hil l  Book Co., New York, 1955. 
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2.1. The Sodium Metal-Sodium Halide Systems 

M. A. Bredig and J. E. Sutherland, "High-Temperature Region of the Sodium-Sodium Halide 

Systems," Chf?7?2. Ann. Prog. R e p .  June 20, 19.57, ORNL-2386, p 119. Subsequent report on these 

systems to be published. 
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Fig. 2.1. The Sodium Metal-Sodium Halide Systems. 
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2.2. The Potassium Metal-Potassium Ha l ide  Systems 

J, W. Johnson and M. A. Bredig, "Misc ib i l i t y  of Metals w i th  Salts in the Molten State. 1 1 1 .  The 

Potassium-Potassium Ha l ide  Systems," 1. Phys. Chem. 62, 604 (1958). 

Complete m isc ib i l i t y  of metal and sa l t  ex is ts  i n  the KX-K systems, X = F, CI, Br, and I ,  a t  

and above 904, 790, 727, and 717OC, that is, as c lose  as +47, +18, -7, and +22q respectively, 

t o  the melt ing points of the salts. The asymmetry of the l iqu id - l iqu id  coexistence areas, 

especial ly of the f luor ide and chloride systems, as indicated by the consolute composit ions 

(20, 39, 44, and 50 mole % metal, respectively), i s  largely explained by the dif ference in  molar 

volumes of sa l t  and metal. At the monotectic temperature, the so lub i l i t y  of the so l i d  sal ts in the 

l i qu id  rnetai, as we l l  as of the metal in the l iqu id  salt phase, i s  much larger than in the case of 

the sodium systems. 
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0,9,@ COOLING CURVES 
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Fig. 2.2. The Potassium Metal-Potassium Halide Systems. 
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2.3. The Rubidium Metal-Rubidium Ha l ide  Systems 

M. A. Bredig and J. W. Johnson, “Rubidium-Rubidium Ha l ide  Systems,” Chem. Ann. Prog.  

Rep. June 20, 19.57, 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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Fig. 2.3. The Rubidium Metal-Rubidium Halide Systems. 
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2.4. T h e  Cesium Metal-Cesium Hnlide Systems 

M. A. Bredig, H. R. Bronstein, and W. T. Smith, Jr., “M isc ib i l i t y  of L i q u i d  Metals w i th  

The Potassium-Potassium Fluor ide and Cesium-Cesium Ha l ide  Systems,” I. Am. Salts. 

Chem. SOC. 77, 1454 (1955). 

11. 

M i sc ib i l i t y  i n  a l l  proportions of cesium metal w i th  cesium hal ides at  and above the melt ing 

points o f  the pure salts, and of potassium metal wi th potassium f luoride .”above the melt ing 

point  of the salt, occurs. The temperature-concentration range of coexistence of two l iqu id  

phases decreases in going from sodium to potassium systems and disappears altogether for the 

cesium systems. The so lub i l i t y  of the so l id  hal ides i n  the corresponding l i qu id  a l ka l i  metals, 

a t  a given temperature, increases greatly w i th  increase of atomic number of the metal. 
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Fig. 2.4. The Cesium Metoll-Cesium Halide Systems, 
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2.5. The Alkal i  Metal -Alkal i  Metal Fluoride Systems 

M. A. Bredig, J. E. Sutherland, and A. S. Dworkin, “Molten Salt-Metal Solutions. Phase 

Equilibria,” Chem. Ann. Prog. Rep.  lune 20, 19S8, ORNL-2584, p 73. 
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Fig. 25. The Alkali Metal-Alkali Metal Fluoride Systems, 
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3. FUSED-SALT SYSTEMS 

3.1. The System LiF--NaF 
A.  G. Bergman and E. P. Dergunov, “Fusion Diagram of LiF-I 

sci. U . K . S . S .  31, 753-54 (1941). 
F-NaF, l8  Cornpt. rend. acul 

The system LiF-NaF contains a single eutectic o t  60 LiF-40 N a F  (mole %), m.p. 652°C. 

4000 -- 
900 ~ 

\ 

U N C L A S S i F I E D  
O R N L ~ ~ L R - D W G  20457  .---- 

I 
LIF 10 20  3 0  4 0  5 0  60 70 8 0  90 N a F  

NaF ( r n o l e % l  

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. ncnd. 

sci. U.R.S.S.  31, 753-54 (1941). 
The system L i F - K F  contains a single eutectic at 5 0  L i F - 5 0  K F  (mole %), m.p. 492OC. 
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Fig. 3.2. The System LiF-KF. 
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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 perfarmed at 

the Oak Ridge National Laboratory, 1951-54. 
P re I i mi nary d i agra m . 

Invariant Equi I i bria 

Invariant 
Phase Reaction 

at Invariant 'Temperature 
Temperature Type of Equilibrium Mole % L i F  

in L iquid  
(OC ) 

44 

47 

470 

475 

Eutect ic L e R b F  + L iF-RbF 

Peri tect i  c L + L i F  & L i F * R b F  

General characteristics of the system have been reported by E. P. DergMnOV, "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. 33 The S y s t e m  LiF-RbF. 
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3.4. The System LiF-CsF 
C. J. Sarton, L .  M .  h a t c h e r ,  T. N. McVay, and W. R .  Grimes, unpublished work performed 

at the Oak Ridge National Laboratory, 1952-54. 
Preliminary diagram. 

Invariant Equil ibria 

Invariant 
Phase Reaction 

a t  Invariant Temperature 
Temperature Type of Equilibrium Mole "/o C s F  

in Liquid ("C) 

55 495 2 5 Per i tect ic  L iF  -1 L L i F a C s F  
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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, “Fus ion Diagram of LiF-KF-NaF,”  Compt. rend. acad. 

sci. U.R.S .S .  31, 753-54 (1941). 
The system NoF-KF contains a single eutectic a t  40 NaF-60 KF (mole %), m.p. 710°C. 
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Fig. 3.5. The Sys tem NaF-KF. 
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3.6. The System NaF-RbF 
C. J. Barton, J .  P. Blakely,  L. M. Bratcher, and W. R. Grimes, unpublished work performed 

Preliminary diagram. The system N a F - R b F  contains a single eutectic at 27 NaF-73  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, Sodium, Potassium, and Rubidium,” 

Doklady ‘4kad. Nauk S.S.S.R. 58, 1369-72 (1947). 

at the Oak Ridge Nat ional  Laboratory, 1951. 

(mole %), m.p. 675 t 1OOC. 
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Fig. 36. The System NaF-RbF. 
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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 Nat ional  Laboratory, 1951. 
Prel iminary diagram. The system KF-RbF contains a so l id  solut ion minimum at  28 KF- 

72 RbF (mole %), m.p. 770 k 10°C. 

UNCLASSIFIED 
ORML-LR-D'NG 35486 

400 
KF 40 

T . 
I i 

A -  
30 40 5 0  60 70  80 2 0  

RbF h o l e  %) 

RbF 

Fig. 3.7. The System KF-RbF. 
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3.8. The System L iF -NaF-KF 
A .  G. Bergman and E. P. Dergunov, “Fusion Diagram of L iF-KF-NaF,”  Compt.  rend. acud. 

The system LiF-NaF-KF contains a single eutectic at 46.5 LiF-11.5 NaF-42.0 KF 
S C ~ .  U . R J . 5 .  31, 753-54 (1941). 

(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, b. M. h a t c h e r ,  J. P. Blakely,  and W. R. Grimes, unpublished work performed 

at the Oak Ridge Nat ional  Laboratory, 1951. 
The system L iF -NaF-RbF contains a single eutect ic  a t  42 LiF-6 

NaF-52 RbF (mole %), m.p. 490 3- 10°C. The composition and temperature of the ternary peri- 

tec t i c  point have not yet been determined. 

Prel iminary diagram. 

General characterist ics of the systein have been reported by E. P. Dergunov, "Fus ion Dia- 

grams of the Ternary systems of the Fluor ides of Lithium, Sodium, Potassium, and Rubidium," 

Doklndy Aknd. Nnuk S.S.S.R. 58,  1369-72 (1947). Dergunov l i s t s  the composition and tempera- 

ture of the ternary eutect ic  as 46.5 LiF-6,5 NaF-47 RbF (mole %), m.p. 426°C. 
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Fiy.  39. 'The S y s t e m  LiF-NaF-RbF. 

22 



........ 

......... 

......... 

,~ 

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 s i n g l e  eutect ic  a t  40 LiF-32.5 

KF-27.5 RbF (mole X), m.p. 440 k 10°C. 
General character is t ics  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 Aknd. Nauk S.S.S.R. 58, 1369-72 (1947). 
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Fig, 3.10. The System LiF-KF-RLF, 
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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 

a t  the Oak Ridge Nat ional  Laboratory, 1951. 
Prel iminary diagram. The system NaF-KF-RbF contains a single eutect ic  ab 21 NaF-5  

KF-74 HbF (mole %), m.p. 621 t 10°C. 

RbF 
7’35 UNCLASSIFIED 

OANL-LR-DWG 35482 

Fig. 3.11. The System NaF-KF-RhF, 
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3.12. The System NaBF,-KBF, 
R. E. Moore, J. G. Surak, and W. R .  Grimes, unpublished work performed at the Oak Ridge 

National Laboratory, 1957. 
Preliminary diagram. The system NaBF,-KBF, contains a single eutectic at 88 NaBF,- 

12 KBF, (mole %), m.p. 355°C. The dotted line was  obtained from thermal effects  representing 

incompletely understood sol id-phase transformations of KBF, and NaBF,. 
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Fig. 3.12 The System Na6F4-KBF4. 
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3.13. The System NaF-Fef, 

at the Oak Ridge National Laboratory, 1957. 
R .  E. Thoma, H. A. Friedman, 3. S. Landau, and W. R. Grimes, unpublished work performed 

Preliminary diagram. 

Invariant Equilibria 
-__. ..... ........ __I___. - 

Invariant 
Phase Reaction 

a t  Invariant Temperature 

Mole % FeF2 
in Liquid 

Temperature Type  o f  Equilibrium 
("C) 

........ ........ ....... -- - ........ 
30 680 Eutectic L --xi= NaF + NaF*FeF2 

50 783 Congruent melting point L FL& NaF.FeF 2 

63 745 Eutectic L F A  NaF.FeF2 + FeF2 
........... .......... ___. ........ ---.-.-___ ........ . 

FeF2 (mole %) 

Fig. 3.13, The System NaF-FeFZ. 
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3.14. The System NaF-NiF, 

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

Preliminary diagram. 
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Invariant  
Phase Reaction Temperature Type of Equilibrium Mole % NiF2 

in Liquid ("C) ot Invariant Temperature 
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Fig. 914 The System NaF-NiFr 

27 



3.15. The System RbF-CaF, 
C. J. Barton, L. M. h a t c h e r ,  R. J. Sheil, and W. R. Grimes, unpublished work performed at 

the Oak Ridge National Laboratory, 1956. 
Preliminary diagram. 
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Fig. 3.15, The S y s t e m  RbF-CaFT 
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3.16. The  System L iF -NaF-CaF,  

Ridge National Laboratory, 1955-56. 

36 NaF-11  CaF,  (mole %), m.p. 616OC. 

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

Preliminary diagram. The system L iF -NaF-CaF,  contains a single eutectic a t  53 LiF- 
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Fig. 3 16. The System LiF-NaF-CaFT 
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3.17. The S y s t e m  NaF-MgF2-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 Temperature Type of Solids Present 

(OC) Equilibrium at Invariant Temperature (mole %) _- - 

...- 
CaF2 MgF2 

______. 

NaF 
..... .____ _.- -..- 

23 12 745 Eutectic NaF, NaF'MgF2, and CaF2 
65 

35 28 905 Eutectic CaF2, MgF2, and NaF*MgF2 37 
..... _.... ... __I__-.. _____ ..... 
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Fig. 3.17~. The System NaF-MgF2-CaFr 
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The minimum temperature along the quasi-binary section NaF-MgF,-CaF, occurs at  the 
composition 36 NaF-36 MgF,-28 CaF, (mole X), at 910°C. 

The existence of the compound NaF.MgF, was previously reported by A. G. Bergman and 

Ternary systems of alkal i  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, Cornpt. rend. acaa’. 

sci. U.R.S.S. 31, 755 (1941); the system LiF-KF-MgF, by A. G. Bergman and S. P. Parlenko, 
Compt. rend. mad. 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). 

E. P. Dergunov, Compt. rend. acad. sc i .  U.R.S.S. 31, 755 (1941). 
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3.18. The System NaF-KF-AIF, 

Ridge Nat ional  Laboratory, 1951-52. 
C. J. Barton, L. M. Bratcher, and W. R .  Grimes, unpublished 

Prel iminary diagram. No study has been made at the Oak Ridge 

phase relat ionships occurring w i th in  the system NaF--KF-AI  F,. Phase diagrams have been 

reported for the AIF, binary systems, NaF-AIF, [P. P. Fed io t ie f f  and W. P. I l i insky,  Z.  anorg. 

Ch~nr .  80, 121 (1913); a lso  N. A. Pushin and A. V. Baskow, &id. 81, 350 (1913)l and KF-AIF, 
[P. P. Fed io t ie f f  and K. Timofeef, Z.  anorg. u. allgenz. Chem. 204, 265 (1932)l. 

work performed a t  the Oak 

National  Laboratory of the 

Na F 

3” Fig. 3 18. The System NuF-KF-A! F 
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3.19. The System L iF-BeF,  

T h i s  phase diagram i s  a composite from several  publ ished sources'-3 and from unpublished 

data der ived at the Oak Ridge Nat ional  Laboratory (R. E. Moore, C. J. Barton, R. E. Thoma, 

and T. N, McVay) and at  the Mound Laboratory (J. F. Eichelberger, C. R. Hudgens, L. V. Jones, 

and T. 5. Rhinehammer). Thermal gradient quenching data (ORNL) and d i f ferent ia l  thermal 

analysis data (Mound Laboratory) have served t o  corroborate t h i s  composite diagram. 

Invariant Equilibria 

lnvar iant 

Temperature Type of Equilibrium Mole % BeF2 
in Liquid 

(OC) 

Phase Reaction 
at Invariunt Temperature 

33.5* 454 Peritectic L f LIF e 2LiF.BeF2 

52 355 Eutectic I, 2LiF*6eF2 -t BeF2 

- 280 Upper temperature of 2LiF*BeF2 + 6eF2 e LiF.BeF2 
stability for L iF-BeF2 

*Ref 3. 

Roy, Roy, and Osborn have reported the presence of the compound L iF .2BeF2  i n  the system 

L iF -BeF ,  although neither the Mound Laboratory nor the ORNL data have indicated the ex is t -  

ence of this compound. 

'0, M. Roy, R. Roy, and E. F .  Osborn, J. Am. Ceram. SOC. 37, 300 (1954). 

,A. V. Novoselovb, Yu. P. Simanov, and E. I .  Yarembash, J. P b y s .  C h e n  ( U . S . S . R . )  26, 1244 (1952). 

3John L. Speirs, The Binary and Ternary S y s t e m s  Formed by  Calcium Fluoride,  L,ilhium Fluoride,  and 
P h a s e  Diagrams and E l e c t r o l y t i c  S tudies ,  Ph.D. thesis, University of Michigan, May Beryl l ium Flzroride: 

29, 1952. 

LINCLASSIFIF3 
ORNL--LR-D>G 1G47GR 

CreF*Irnola%) 

Fig. 3.19. The Sys tem LiF-BeFT 
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3.20. The System NaF-BeF,  
D. M. Roy, R. Roy, und E. F. Osborn, “Fluor ide hlodel Systems: Ill. The System NaF- 

BeF, and the Polymorphism of Na,BeF, and BeF,,” 1. A m .  Cernm. SOC. 36, 185 (1953). 

Invar iant  Equilibria* 

Invar iant  
Phase Reaction 

at Invar iant  Temperature 
% B e F 2  Temperature Type of  Equilibrium 

_l-l _______.........._.. ~ 

(“C) in Liquid 

31 570 Eutectic L NaF + a-2NaF-5eF2 

33.3 600 Congruent melting point  L .(:-& u-2NaF.BeF 2 

- 320 Inversion 

- 225 Inversion 

43 310 Eutectic L -2 %-2NoF-BeF2 + /?-NoF.BeF2 

50 376 ?c 5 Congruent melting po in t  L <::.x:-? /Y’-NaFoBeF2 

55 365 Eutectic L ?::.:-:.‘ ,i?‘-NoF-BeF2 + BeF 2 

*Roy, Roy, and Osborn did not l i s t  invariant equilibria; those shown are es t ima tes  mode from the reportec 
work and f r o m  exper iments performed a t  the Oak Ridge National Laboratory. 
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3.21, The System KF-&E, 
R. E, Moore, C. J. Barton, L. M. Bratcher, T. N. McVay, G. D. White, R .  J. Sheil, W. R.  

Grimes, R. E. Meadows, and L. A. Harris, unpublished work performed a t  the Oak Ridge Nat ional  

Laboratory, 1955-56. 
Prel iminary diagram. 

Invar ian t  Equ i l i b r i a  

... .... .___ ...... I....-____ 

Invar ian t  
Mole ’36 BeF2 Temperature Type of Equ i l ib r ium Phase React ion 

ut Invar iant  Temperature (OC) In L i q u i d  

.... II__ ...... .- .........I__ 

19 720 Eutec t ic  L KF + 3KF*BeF2 

25 740 Congruent melt ing po in t  L e 3KF.BeF 

27 730 Eutec t ic  L & 3KF-BeF2 -t a - 2 K F - B e F  

33.3 787 Congruent melt ing po in t  L a-2KF-BeF 

2 

2 

2 

- 685 Inversion a-2K F-BeF2 _I 0-2K F - B e F 2  

p-2KF-BeF2 t L +KF-BeF 2 

KF.BeF2 + p-KF-2BeF 2 

52 390 P eri t ec t i  c 

59 330 E u t e c t i c  

66.7 358 Congruent melt ing po in t  , r-.-.- u-KF-2Be:‘ 

........ 1 

I -.1 
2 

- 334 Invers ion  a-KF=2BeF2 +/-K F.2BeF2 

1 72.5 323 Eutec t ic  [j-KF.2BeF2 t 5eF2 

This System has been reported by M. P. Borzenkova, A. V. Novoselova, Yv. P. Simanov, 

V. 1 .  Chernikh, and E. I .  Yarenibash, “Thermal and X - X s y  Analys is  of the KF-SeF, Systain,” 

Zhur. Neorg. Khim, 1, 2071-82 (1956). 
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3.22. The System RbF-BeF, 
R. E. Moore, C. J. Barton, L. M. Brateher, T. N. McVay, G. D. White, R. J. Sheil, W. M. 

Grimes, and R. E. Meadows, unpublished work performed at the Oak Ridge National  Laboratory, 

1955-56. 
Prel iminary diagram. 

Invariant Equilibria 

Invariant 
Mole % BeF2 Temperature Type of Equilibrium Phase Reaction 

a t  Invar iant  Temperature 
(OC) in Liquid 

16 

25 

27 

33.3 

50.5 

61 

66.7 

81 

675 

72 5 

720 

800 

442 

383 

46 4 

397 

Eutectic L RbF + 3RbF.BeF2 

Congruent mel t ing  point 

Eutectic L 3RbF-BeF2 + 2RbF*BeF2 

Congruent melt ing point L 2RbF-BeF2 

L e 3RbF*BeF2 

Peritectic 

Eutectic 

Congruent m e l t i n g  point  

Eutectic L RbF.2BeF2 + BeF 

L e RbF*2BeF2 

2 

This system has also been reported by R. G. Grebenshchikov, “lnvestign?isn sf the Phase 
Diagram of the RbF-BeF2  System and o f  I t s  Relat ionship to  the BoO-Si02 System,” Doklady 

Akad, Nauk S.S.S.R. 114, 316 (1957). 
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3.23. The System CsF-BeF, 
0. N. Breusov, A. V. Novoselova, and Yu. P. Simanw, “Therrrial and X-Ray Phase Ana lys is  

of the System CsF-BeF2 and I t s  Interrelat ionships w i th  MeF and BeF2 Systems,” Doklady 

Akad. Nauk S.S .S .R .  118, 935-37 (1958). 

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

Invariant ’ BeF2 Teniperoture 
(“C) in Liquid 

14 

23.5 

- 

33.3 

- 

48 

50 

- 

- 

58.4 

66.7 

- 

77.5 

598 

6 59 

617 

793 

404 

449 

4 75 

360 

110 

393 

480 

450 

367 

Invariant Equil ibria 

Type of Equilibrium Phase Reaction 
a t  Invariant Temperature 

2 Congruent melt ing point 

Inversion a-2CsF.8aFg P-2CsF*BeF2 

L <:-& a-2CsF.BeF 

2 Eutectic L C L - ~ C S F - B ~ F ~  + a-CsF-BeF 

Congruent mel t ing  point I .  U-CsF*BeF2 

Invers ion  a-Cs F. Be F2  ;-:::::A P-Cs F. BeF2 

Inversion P-CsF.t3eF2 & ‘Y-CsF .BeF2  

Eutectic I .  e a-CsF*BeF, +,“-CsF-2BaF2 

Congruent mel t ing  po in t  

Inversion 

I .  + a-CsF*2BeF2 

a.CsF.‘1RftF + p - c  s F a 2 B k F  2 

L e /3-CsF-2BeF2 + BeF 2 E utec t i c 

......... _. ........... ........................ _. ........ __ ........... 
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3.24. The System LiF-NaF-BeF, 
F?. E. Moore, C. J. Barton, W. R. Grimes, R. E. Meadows, L. M. Rratcher, G. D. White, T. N. 

McVay, and L. A.  Harris, unpublished work performed at the Oak Ridge National  Laboratory, 

195 1-58. 
Prel iminary diagram. 

Invariant Equilibria* 
. . . . ~ _ 1 1 _ . . ~ . . .  _I ..... I _ ~ _ _  _ . 

Composition of L iquid 
(mole X) 

Invar iant  Solids Present 
at  Invariant Point ___.___ ......... Tempefuture Type of Equilibrium 

~ 

L i F  No F BeF2 !OC) 

15 58 27 480 Eutectic NaF, LiF, and 2NoF'*BeF2 

23 41 36 328 Eutectic I..iF, 2NaFeBeF2, and 
2NaF.L.i F.2BeF2 

20 40 40 355 Congruent mel t ing  point 2NaF*LiF.2BeF2 

5 53 42 318 Eutectic 

31.5 31 37.5 315 Eutectic 

No F-  Be F2, 2No F.BeF2, 
and 2NaF*LiF-2EeF2 

2LiF*BeF2, L iF ,  and 
2NuFoLi F.2BsF2 

* Invar ian t  equilibria shown in the phase diagram by the intersect ions of dotted-line boundary curves 
have not been determined with sufficient precis ion to  be listed in the table. 

Minimum Temperature on Alkemade Lines 

Alkemode l i n e  Temperature Composition of L iquid ( m o l e  X) 
-...___ ...... 
L iF NaF Be F2 (OC) 

...... I__ ......... .~ ......... .... .___............_I_ . 

16 56 28 485 2Na F-BeF2-L i F 

26 37 37 

11 44 45 

16 45 39 343 2 N a F . B e F 2 - 2 M a F . L i F . 2 R ~ ~ ~  

30.5 31 38.5 316 2 L  i F- Be F2-2M0 F* L i F- 2Be F 

Phase relat ionships of two of the ternary compounds in this system have been reported by 

W. Jahn ["Sit icate Models. V. NaLi (BeF4) ,  a Model Substance for Mant ice l l i te ,  Cah4g(SiO4);'' 

Z.  nnorg. 7~ allgem. Chem. 276, 113-27 (1954); "Si l icate Models. VI. Nu, l i (BeF, ) , ,  a New 
Compound in the Ternary System NaF-LiF-BcF,, and Ifis Relat ion t o  Merwinite, Ca,Mg(SiO,),," 
Z. anorg. u. a l l g ~ m .  Chem. 237, 274-86 (1954)l. 
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3.25. The System LiF-RbF-BeF, 
T. B.Rhinehammer, D. E. Etter,  C. R. Hudgens, N. E .  Rogers, a n d  P. A. T u c k e r ,  u n p u b l i s h e d  

work performed a t  t h e  Mound Laboratory. 

P r e I i rn i nary d i agr a ni . 

Invariant Equilibria and Singular Points 

Composition of 
Liquid (mole W )  

L i F  RbF BeF2 

Temperature Type of 
("C) Equi I i br ium Solid Phases Present 

40.0 20.0 40.0 

33.3 33.3 33.3 

33.0 8.0 59.0 

26.0 12.0 62.0 

12.0 29.0 59.0 

11.0 34.0 55.0 

11.5 35.5 53.0 

9.0 40.0 51.0 

50.0 8.0 42.0 

41.5 19.5 39.0 

35.0 25.5 39.5 

23.0 40.0 37.0 

30.0 35.0 35.0 

41.0 39.5 19.5 

43.0 50.0 7.0 

43.0 54.0 3.0 

43.0 55.0 2.0 

485 t 5 Congruent 2LiF.RbF*25eF2 

546 f 5 Incongruent 

melt ing point 

melt ing point of 
L i F-RbF-He F2 

295 k 5 Eutectic 2LiF.5eF2, 2Li  F.RbF.2BeF2, and BeF2 

305-320 Peritectic 2 1  i F * R b  F*2Be F2,  Rb F. 2Be F2, and Be F2 

334 t 5 Quasi-binary 2L i  F-RbF-2Be F2 and RbF.2BsF2 

300 k 5 Eutectic 2biF-RbFo2BeF2, RbF-BeS,, and RbF*2BeF2 

335 + 5 Peritectic 

380 k 5 Peritectic LiF.RbF*BaF2, 2 R b F . B s F 2 ,  and R b F . B P F 2  

426 k 5 Peritectic 

473 i 5 Quasi-binary L i F  and 2LiF.RbF.2BeF2 

eutec t ic  

2L i F.RbF.2Re F2; L i  F-RbF-Be F, ,  and RbFmBa F2 

L i  F, 2L i F. R'uF-2Be F2, and 2L.iF.R.e F2 

eutec t ic  

470 i 5 Peritectic 

530 5 5 Peritectic L iF ,  2RbF*BeF2, and LiF.RbF*BeF2 

544 k 5 Maximum on the L i F  and LiF*RbF-BcF2 

L i F, 2L i F-KbF.%Re F2, and L i F*RbF.Be F2 

boundary 

640 3- 5 Quasi-binary L i F  and 2RbF-5eF2 

527 f 5 Peritectic LiF, 3RbF-5eF2, and 2RbF.BeF2 

470 f: 5 Peritectic LiF, LiF-RbF, and 3RbFvBeF2 

462 7t 5 Eutectic LiFaRbF, RbF, and 3RbF-BeF2 

eutectic 
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3.26. The System NaF-KF-BeF, 
R. E. Moore, C. J. Barton, L. M. botcher ,  T. N. McVoy, and W. R. Grimes, unpublished work 

performed at the Oak Ridge National Laboratory, 1952-55. 
Prel iniinary diagram. Phase relationships within tho system NaF-KF--ReF,  have not yet 

become so well defined a t  the Oak Ridge National Laboratory that the compositions and tem- 

peratures of  the invariant points may be listed. 

U N C L A S S I Fi E 0 
O B N L - L R - D W G  38114 

2" 
Fig, 3.26. The System NaF-KF-BeF 
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3.27. The System NaF-RbFaBeF,  
R. E. Moore, C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed 

at the Oak Ridge National Laboratory, 1954-57. 
Preliminary diagram. 

Invariant Equlllbria and Singular Points 

Comaosition of 
Temperature Liquid (mole X) 

NaF RbF BeF2 

20.5 68.5 11.0 61 0 Eutectic RbF, NaF, and 3RbF.BeF2 

50 37.5 12.5 640 Quasi-binary eu tec t ic  3RbF.BeF2 and NaF 

46 38 16 635 Eutectic 3RbF*BeF2, 2RbF.BeF2, and NaF 

45 37 18 650 Quasi-binary eutect ic 2RbF.BeF2 and N a F  

37 33 30 570 Peritectic 2RbF.6eFZ, NaF, and 2NaF.4RbF.3BeF2 

52 15 33 477 Eutectic 2NaF*4RbF-3BeF2, NaF, and 2NaF.BeF2 

33 33,7 33.3 580 Peritectic 2RbF.BeFg and 2NaF.4RbF*3BeF2 

51.7 15 33.3 480 Quasi-binary eu tec t ic  2NaF-4RbF.36eF2 and 2NaF.BeFZ 

Type of Equilibrium Solids Present a t  Invariant Temperature ec ) 

UNCLASSIFIED 
ORNL-LR-DWG 22543R2 

BE BINARY EUTECTIC 
BP BINGRY PERlTECTlC 
CM CONGRUENT MECrlNG POINT 
IM INCONGRUENT MELl-ING POINT 
I E TERNARY EUTECTIC 
7-P TERNARY PERlTECTlC 

TEMPERbTLJRES BeF2 
GRE IN "C CM 543 

COMPOS1 l lON IN mole '% 

BE 720 

CM 786 CM 992 

Fig. 3.27. The System NaF-KbF-BeFq 
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3.28. The System N a F - Z n F 2  

6 

5 00 

- 

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

Ridge National Laboratory, 1952. 

00---- 

P re I i m i nary d iagra m . 

Invariant Equil ibria 
....... ......... .......... -_______._ ___.. ..... - ____. --____ __ 

Invariant 
Mole 76 ZnF2 

in 1-iquid 
Temperature Type of Equilibrium Phase Reaction 

at Invariant Temperature ("C) 
.......... ... I___.. ..... __ ----. -- . ~ . . . .  

2 635 Eutectic I .  N a F  -1- NaF-ZnF 33 

50 

6 9  685 

748 i 10 Congruent melting point L. & N a F * Z n F 2  

Eutectic L e NaFaZnF + ZnF 2 2 
1_1...... ........ ____.. ._ ---I_____.. ......... . b N C L A  S S I F- IE D 

DVVG 14627 R ~ . . . ~  ............ , 
.............................. 

I 

900 - 

-1 - 1  ................. 1 
7 0  8 0  90 ZnF2 

4% 
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3.29. The System KF-ZnF, 
C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed a t  the Oak 

Ridge National Laboratory, 1952. 
Preliminary diagram. 

Invariant Equi l ibr ia  

Invariant 

Temperature Phase Reaction 

o t Invariant Temperature 
Type of  Equi I ibrium Mole % ZnF2 

in  L iquid  (OC) 

21 670 Eutectic L e K F  + 2 K F - Z n F 2  

30 720 t 10 Peri tect ic  L + K F * Z n F 2  e 2 K F * Z n F 2  

50 850 k 10 Congruent melting point  L e K F * Z n F 2  

80 740 5 5 Eutect ic L e K F * Z n F 2  + Z n F 2  
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Fig. 3.29. The System KF-ZnFr 
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3.39. The System RbF-ZnF, 
C. J. Barton, I. M. Bratcher, and W. R.  Grimes, unpublished work performed a t  the Oak 

Ridge National Laboratory, 1952. 
Preliminary diagram,. 

Invariant Equi l ibr ia  
. . . .. .. ... ..._.. ____ ...____... ....- - 

Invariant 
Mole % ZnF2 Temperature Type of Equilibrium 

("C) in Liquid 

Phose Reaction 
at lnvariont Temperature 

....- _.... . ...... ... ...- . . . . . . .. 

Eutectic L ;.& RbF + 2RbF.ZnF2 21 595 k 10 

32 620 t 10 Peritectic L + RbF*ZnF2 y? 2RbF*ZnF2 

50 730 5 10 Congruent melting point 1. RbF*ZnF2 

70 650 Eutectic L, RbF*ZnF2 + ZnF2 
.. . . .... .._ 

900 

id 
LT 
3 5 700 
r 
W 
a z 
W 
t- 

600 

500 

400 

UNCLASSIF IE3  
D W G  15349 R 

LL" 
c 
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n 
N 
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/pd 
1,: 

N 

i ,  0 

a 

60 70 80 90 ZnFz 40 50 

ZnF2 (mole %) 

Fig. 3.30. The System RibF-ZnFT 
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3.31. The System LiF-YF, 

Ridge National Laboratory, 1958-59. 
R. E. Thoma, C. F. Weaver, and H. A. Friedman, unpublished work performed a t  the Oak 

Pre I i rn inary di agrarn. 

lnvariant Equilibria 

I nvari ant 
Mole % Y Fg Temperature Type of Equilibrium Phase Reaction 

at Invariant Temperature (OC) 
in L iquid  

19 6 95 E utect i c L e  LiF -i LiF*YFg 

Peri tect ic  L + YF3 LiFIYF, 49 815 

...-.. 

..... 

..... 

1401 

130( 

i20( 

110t 

100C 
- 
0 

W rL 
- 
$ 9oc 
K L L I  

2 
W t 

800 

7GO 

600 

500 

400 

I - - - . - -  

H I 

I I+ I 

YF3 50 10 80 90 I. IF 40 20 30 40 
YF3 (rncile 7") 

Fig, 331. T h e  System LiF-YFg.  
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3.32. The System LiF-ZrF, 
R.  E. Moore, F. F. Blankenship, W. 18. Grimes, H. A. Friedman, C. J. Barton, R. E.  Thoma, 

and H. Insley, unpublished work performed at the Oak Ridge Nat ional  Laboratory, 1951-56. 
Prel iminary diagram. 

Invariant Equilibria 
. . .. .. .. . ...- ... . . . .. .. 

Invar iant  
Phase Reaction 

a t  Invar iant  Temperature 
Mole % ZrF 4 Temperature Type of Equilibrium 

... . . . . . . ...... 
("C) in Liquid 

____..- -. 
21 598 Eutectic L ~d L i F  + a-3LiF*ZrF4 

Congruent melting point L 4 662 \--- a-3LiFoZrF 25 

._ 475 Inversion a-3 L i F - Zr F -4 $-3 L i F - Zr F 

- 470 Decompo s i t i o n  /li-3LiF.ZrF4 L i F  + 2LiF-ZrF4 

29.5 570 Eutectic L -& a-3LiF*ZrF4 -t- 2LiF*ZrF4 

33.3 596 Congruent melting point  L 4 2LiF.ZrF4 

49 507 Eutectic 

51.5 520 Peri tect  ic L + ZrF, + 3 ~ i ~ a 4 ~ r F ~  

----.- ...- 2L i  F.ZrF4 + 3L.iF.4ZrF4 

- 466 Decomposition 3LiF-4ZrF4 &- 2LiF*ZrF4 + ZrF4 

. .... . . . ...... 
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3.33, The System NaF-ZrF, 
C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore, and R. E. Thonla, “Phase  Equilibria 

in the Systems NaF-ZrF4,  UF,-ZrF,, and NaF-Zrf , -Uf  4 , 1 1  I .  Phys.  C h e n .  62, 665-76 (1958). 

In v a r i  ant E qui I i br i a 
~ ...... ........ ........ 

Invar iant  ’ ZrF4 Temperature Type of Equilibrium 
(“C ) in Liquid 

Phase React ion 

at  Invariant Temperature 

20 747 Eutectic L ,--\NaF + 3NaF.ZrF4 

25 850 Congruent melting paint L e 3NaFaZrF4* 

I 523 Inversion a-5NaF.2ZrF4 4 $-5NoF.2ZrF4 

30.5 500 Eutectoid 

34 640 Per itect i c  

39.5 544 Peritectic 

a-5NoF*2ZrF4ss j k ~ N a F - 2 Z r F  4 - t  
+ ’)’-2NaF*ZrF4 

L + 3NaF.ZrF4(ss, ea. 27.5 mole % 
ZrF,) a-5NaF.2ZrF4 

L + a-5NaF.2ZrF4(ss, 30 mole % 
Zr F,) -& a-2Na F. %r F4 

- 533 Inversion a-2Na F- Zr F4 -e P-2Ncr F Zr F 

- 505 Inversion P-2Na F.ZrF4 -‘ Y-2Na F-ZrF4 

40.5 500 Eutectic L -4Y-2NaF.ZrFd + 7NaF.6Zrf4ss 

46.2 525 Congruent melting point L 7NaF-bZrF4 

49.5 512 Eutectic L -4 7NaF.6ZrF4 + 3NaF.4ZrF4 

56.5 53 7 Per itect ic L t- ZrF4 +3NaF.4%rF4 
..... ._ ......... 

* A  determination of the c r y s t a l  structure of 3NaF-ZrF4 has been reported by L. A. Harris, “The Crystal 
Structures of NagZrF7 and No HfF7,” Acta Cryst.  12, 172 (1959). 3 
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UNCLASSIFIED 
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Fig, 3.33. The System NoF-ZrF4. 
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3.34. The System KF-ZrF, 

performed at  the Oak Ridge National Laboratory, 1951-55. 
C. J. Barton, H. Insley, R.  P. Metcalf, R. E. Thoma, and W. R. Grimes, unpublished work 

Prel irninary diagram. 

Invariant Equilibria 
......... ........ ~ - . .  ..... ..__ 

Invariant  
Phose Reaction Mole % ZrF4 

in  Liquid 
Temperature T y p e  of Equilibrium 

("C) at  Invariant Temperature 
...... ......... - --.-...-__l_ ........... 

L F k  K F  + 3KF.ZrF4 14 765 Eutectic 

910 Congruent melting point L 3KF-ZrF4 25 

36 590 Peritectic 

40.5 412 Peritect ic 

42 390 Eutectic 

3KF.ZrF4 + L e 2KF-ZrF4 

2KFnZrF4 t f .  Gz? 3KF*2ZrF4 

L e 3K F.2ZrF4 + K F. 21 F, 

so 47s Congruent melting point L .+ KF.ZrF4 

440 Eutectic L e KF-ZrF  + Z r F  55 
4 4 

...... .......... 
__I... ..... __ ____ ....... ....I -- 

UNCLASSIFIED 

Fig. X34. The System KF-ZrFq. 
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3.35. The System RbF-ZrF, 
I?. E. Moore, R. E. Thoma, C. J. Barton, W. R, Grimes, H. Insley, B. S. Landau, and W. A. 

Friedman, unpubl ished work performed a t  the Oak Ridge Nat ional  Laboratory, 1955-56. 
Prel iminary diagram. 

Invariant Equil ibria 

Invar iant  
Phase React ion 

o t  Invariant Temperature 
'Ole % ZrF4 Temperature Type of Equilibrium 

ec) in Liquid 

10 

25 

34 

- 
I 

42 

44.4 

48 

50 

- 
54 

57 

710 

a 97 

620 

460 

370 

410 

445 

390 

423 

391 

400 

447 

Eutectic 

Congruent melting point 

Per i tect ic 

Inversion 

Lowered i nver s ion 
and decomposition 

Eutectic 

Congruent melting point 

Eutectic 

Congruent melt ing point 

lnvers ion 

Eutectic 

Per i tec t  ic 

L $ RbF f 3RbF.ZrF4 

L e 3 R b F . Z r F 4  

L i- 3RbF*ZrF4ss $ a.2RbF.ZrF 4 

a -2  R b F Zr F4 ?:& p- 2 Rb Fa Zr F 

a - 2 R b  F.ZrF4ss ,8-2Rb F.ZrF4ss 

L @ a-2RbF*ZrF4ss + 5RbF-4ZrF4 

L 5RbF.4ZrF4 

i. 5RbF-4ZtF4 + P-RbF*ZrF4 

L $ a-RbF-ZrF 

a-RbF-ZrF, P-RbF+ZrF4 

L & a-RbF*2rF4 + RbF-2ZrF4 

L i- ZrF4 +RbF-2ZrF4 

4 
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3.36. The System CsF-ZrF, 
C. J. Barton, L. M. Bratcher, and W. R. Grimes, unpublished work performed at the Oak 

Ridge National Laboratory, 1952-53. 
Prel  irnilnary diagram. 

lnvari an t Equi I i br io 
. ~ 

Invariant 
Mole % ZrF4 Temperature Type of Equilibrium 

(OC) in Liquid 
Phase Reaction 

at Invariant Temperature 

.... Î  

9 640 Eutectic L + CsF + 3CsF.ZrF4 

25 775 Congruent melting point L 3CsF-ZrF4 

4 35 520 Peritectic L + 3CsF.ZrF4 2CsF-ZrF 

40 420 Eutectic L ;-" 2CsF.ZrF4 +a-CsF*ZrF4 

50 515 Congruent melting point L e a-CsF-ZrF, 

- 3 20 Inversion a-CsF-ZrF, & ,8-CsF.ZrFq 

4 59 470 E utect ic  L a-CsF-ZrF, f ZrF 
........................... 
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UNCL CSSlFlED 
OHNL-LR--DWG 18963 
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..... ......... 
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ZrFs (liiol? %)  

Fig, 3.336, The System CsF-ZrF4. 
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3.37. The System LiF-NaF-brF, 
F. F. Blankenship, M. A. Friedman, H. Insley, R. E. Yhoma, and W.  R. Grimes, unpublished 

work performed a t  the Oak Ridge Not ional  Laboratory, 1953-59. 
Prel iminary diagram. 

lnvor i ant E qu i I i br ia  

Composition of Liquid 
(mole 75) Temperature Type of 

lnvar ioni ec, 
L i F  N o F  ZrF4 

Solids Present 
a t  Invariant Temperature 

37 52 11 

55 22 23 

32 36 32 

31 35 34 

31 34.5 34.5 

26 37 37 

29 25.5 45.5 

29 24.5 46.5 

28 24 48 

604 

590 

450 

448 

445 

425 

44 9 

453 

475 

Eutectic 

Eutectic 

Per i tec t i c  

Peritectic 

Peritectic 

Eutectic 

Eutectic 

Per i tec t i c  

Per i tec t  i c  

NaF, LiF, and 3NaF.%rF4 

a-3LiF.ZrF4, 3NaF.ZrF4ss, and L i F  

,&3LiF-ZrF4, 3NoF*ZrF4ss, and 2LiF.ZrF4 

3NaF. Zr F4, a-5Na F-2ZrF4ss, and 2L i F. Zr F, 

2NaF.ZrF4, a-5NaF.271rF4ss, and 2LiF.ZrF4 

2NaF-ZrF4, 7NaF.6ZrF4, and 2LiF.ZrF4 

7NaF*6ZrF4, 3NaF.4ZrF4ss, and 2LiF*ZrF4 

3NnF*4ZrF4ss, 3LiF.4trF4ss, and 2L iF.ZrF4 

3NaF.4ZrF4is, 3LiF.dZrF ss, and ZrF4 
4 

60 



..... 

UNCLASSIFIED 
ORNL-LR-DING 381t5 

ZrF4 912 

1TEMPERATIJRE IN "C -850 
COMPOSITION IN mole 'YO 

...-.. 

.....-. 

r.7 

.7 

P.. 

.._ . . 

..,. . . 

... . .. 

k - 8 0 0 4  +++H++INDICATES SOLID SOILIJTION 

E-652 
NaF 
990 

F i g  3.37. The System LiF-NaF-ZrF4. 

I.IF 
845 
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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 Nat ional  Laboratory, 1951-55. 
Pre I iminary d iagrarn. 

Invariant Equi I ibria* 

Inva r ian t  Composition of 

L-iquid 'I** Temperature Type of Equilibrium Solids Present a t  Invar iant  Poirit 
NaF KF ZrF, ec I 

34 

45 

61 

52 

48 

33 

12 

40 

39 

11 

10 

15 

22 

25 

21 

20 

58 

38 

19 

17 

18 

32 

51 

21 

21 

49 

48 

40 

33 

25 

29 

30 

8 

17 

20 

31 

34 

35 

37 

39 

40 

40 

42 

45 

45 

50 

51 

50 

695 Eutectic 

72 0 f utec t i  c 

71 0 E utect i c 

Per i tect  i c 

Peritectic 

Peritectic 

Peritectic 

Peritectic 

Peritectic 

Per i tec t  ic 

385 Eutectic 

Eutectic 

Peritsct ic 

Eutectic 

Eutectic 

432 Congruent melting point 

NaF, KF, and 3KF-ZrF4 

NaF, 3KFzPrF4, and 3NaF-3KF-2ZrF4 

NaF, 3NaF.ZrF4, and 3NaF-3KF-2ZrF4 

3NaF.ZrF4, 3NaF-3KF*2ZrF4, and 

3NaF.ZrF4, Na F- KF-Zr F,, and 

3NoF.3KF.2ZrF4, 3KF.ZrF4, and 

No F. KF.ZrF4 

5NaF.2ZrF4 

NaF-KF-ZrF4 

3KF.ZrF4, 2KF- l rF4,  and 
Na F. K F. Zr F, 

5NaF.2ZrF4, 2NaF*LrF4, and 
Na Fo KF.ZrF4 

2NaF.ZrF4, 7NaF.6%rF4, and 
NaF-KF-ZrF, 

2KF*ZrF4, 3Kf.2%rF4, and 
NaF. K F.LrF4 

3KF.2ZrF4, KF.ZrF4, and 
No F. KF.ZrF4 

KF.ZrF4, NaF.KF*frF4, and 
2NaF.3KF.5ZrF4 

NaF.KF.ZrF4, 7NoF.6ZrF4, and 
2NaF.3KF.5ZrF4 

7NoF*BZrF4, 3NaF.4ZrF4, and 
2NaF.3KF.5ZrF4 

3NaF*4ZrF4, ZrF,, und 
2N a F - 3 K F .5Z r F 

2NaF-3KF.5ZrF4 
___.... 

*Three solid phases have been observed routinely in the cornposition region 30-50 mole % ZrF, which 
Whether these exhibit primary phasesat the liquidus surface has have not been identified as  to composit ion. 

not yet  been determined. 
**Compositions of invariant points  shown by the intersect ion of dotted boundary curves  are approximate. 
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UNCLASSIFIED 
ORNL-LQ-DWG 35480 

A .  2NaF-3KF.5ZrG 
B. NoF K F Z r G  
C. 3NaF-3KF-ZZrF4 

TEMPERATLJIII IN 
COMPOSITION IF,, imolc 

Fig. 3.38. T h e  System NoF-KF-ZrF4. The isotherms for the temperatures 600, 650, and 7OO0C 
between the 30 and 40 mole % ZrF4 compositions have been omitted in order not to obscure the phase 

relationships in this polythermal projection. 

... . 

.-. 

>.... 
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3.39. The System NaF-RbF-ZrE, 
I?. E. Thoma, H .  Insley, ti. A. F r i e d m u n ,  and W. R. G r i m e s ,  unpublished work performed a t  

the Oak Ridge Nationul Laboratory, 1951-56. 
Pre I iminary d iagrarn. 

Invariant Equilibria 
~ 

Composition of lnvar iant 

Liquid (mole x) Temperature Type of Equilibrium Solids Present a t  Invariant Paint 

NaF RbF ZrF4 ec 1 

23 

50 

37 

39 

36.3 

34.5 

34 

33 

28.5 

28 

23.5 

21 

8 

8.5 

6.2 

5 

6.5 

33.3 

25 

72 

27 

32 

26 

24.2 

24 

23.5 

23.5 

21.5 

21.5 

39.5 

40 

50 

47 

45.8 

42 

39 

33.3 

25 

5 

23 

31 

35 

39.5 

41.5 

42.5 

43.5 

50 

50.5 

37 

39 

42 

44.5 

4a 

53 

54.5 

33.3 

50 

643 

72 0 

6 05 

545 

42 7 

424 

422 

420 

443 

446 

4 70 

438 

400 

395 

380 

398 

423 

642 

162 

Eutectic 

E wtec t i c 

Eutectic 

Peritectic 

Peritectic 

Peritectic 

Peritectic 

Eutectic 

Eutectic 

Peritect ic 

Peritectic 

Peritectic 

Eutectic 

Eutectic 

Eutectic 

Eutectic 

Peritectic 

Congruent m e l t i n g  point 

Congruent melt ing point 

NaF, RbF, and 3RbF.ZrF4 

NaF, 3RbF-ZrF4, and 3NaF.7rF4 

3NaF-ZrF4, 3t?bF.ZrF4, and 
NaF.RbF.ZrF4 

3NaF.ZrF4, 5NaF.2%rF4, and 
Na F-R bF.Zr F 4  

5NaF.2ZrF4, 2NaF-ZrF4, and 
No F-R bF.ZrF4 

2NaF*ZrF4, NaF-RbF.ZrF4, and 

3NaF.3RbF.4ZrF4 

2NaF*ZrF4, 7NaF.6LrF4, and 

3NaF-3Rb F-4ZrF4 

7NaF*6ZrF4, 3NaF-3RbF.4ZrF4, and 
Na F.R bF.2ZrF4 

3NaF.4ZrF4, 7NaF.6LrF4, and 
NaF-RbF.2ZrF4 

3NaF*4ZrF4, ZrF4, and 
NaF.RbF-2ZrF4 

NaF.HbF.ZrF4, 2RbF.ZrF4, and 
3RbF.ZrF4 

NaF.HbF-ZrF4, 2RbF-ZrF4, and 
3NaF-3RbF.4ZrF4 

3NaF-3RbF.4ZrF4, 2RLF.ZrF4, and 
5RbF.4ZrF4 

3NaF-3RbF.4ZrF4, 5RbF.ZrF4, and 
NaF-RbF-2ZrF4 

NaF-KbF.2ZrF4, 5RbF.4%rF4, and 
RbF-Zrf, 

NaF.KbF-2ZrF4, RbF.ZrF,, and 
RbF.2ZrF4 

ZrF4, NaF.RbF.2ZrF4, and 
R'oF*2ZrF4 

No F-  R b F. Zr F 

NoF-RbF.2ZrF4 
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Minimum Temperatures on Alkemade Lines 

Te mper u t ur e Composition of Liquid (mole 76) 

No F RbF ZrF4 (OC ) 
Alkemade Line 

24.75 

6 

7.5 

8.5 

28 

22 

29 

37 

47 

36 

30 

24.75 

44 

46.5 

48.5 

28 

40 

41.5 

24.5 

28 

48 

36.7 

51.5 

50 

46 

43 

44 

38 

49.5 

38.5 

25 

16 

33.3 

455 

402 

405 

405 

435 

442 

450 

610 

732 

777 

598 

NaF.RbF*2ZrF4-ZrF4 

No Fa R b F -2Zr F4- R b F Zr F4 

No F-Rb F.2Zr F4-5RbF.4Zr F4 

3No F.RbF.4Zr F4-5Rb Fo4Zr F4  

3 N a F * R b F* 4 Zr F - Nu F R b F * 2 Zr F 

3Na F a  3Rb F-4Zr F4-2R b F. Zr F4  

NaF*RbF.2ZrF4-7NaF-6ZrF4 

No F.RbF. Zr F4-3NaF. Zr F4 

3Na Fa Zr F4-3R b F. Zr F4 

NaF-3RbF.ZrF4 

Nu F-Rb F. Zr FA-3 Rb Fa Zr F4  

COHPOSlTlON IU mole% 
TFMPERATUTURE IN "C 

lIP!C!.ASS!F'ED 
ORNL-LR -DWG 160504 

ZrFa 910 

n NoF RoF.2ZrQ 
b 3Nni-3RbF4Zr5 
C. NcF R o i Z r G  

Fig. 3.39. T h e  System NoF-RbF-hrFa. 

...-.- T 
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3.40. The System NaF-CrF,-ZrF,: The Section NoF.CrF,  - ZrF, 
R. E ,  Thoma, H. A. Friedman, 5.  S. Landau, and W. R. Grimes, unpublished work performed 

at the Oak Ridge National Laboratory, 1956-57. 
Preliminary diagram. NO invariant equil ibria occur for compositions lying on the section 

NaF.CrF,-ZrF,.  

U N C L A S S I F I E D  
O R N L - L R - D W G  13367R 

1000 

900 

800 

700 

600 

500 

400 

\ 
\ 
\ 

L 
~\ 
I \  

NaF CrF2 -t n-NaF, CrF2. 2ZrF4 

1 
I 

I 

~ NaF.CrF2 1 p NoF.  CrF2. 2ZrF4 
I 

NaF.CrF2 10 20 3 0  40 50  60 70 80 90 Z r F4 
ZrF4 (mole %) 

Fig. 340. The Section NaF*CrF2-ZrFC 
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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," I. Chem. Eng .  Data ( i n  press). 

UNCLASSIFIED 
ORNL-LR-D'NG 29164R 

CeF3 (I 38 7°C 1 
A 

E% 

840" 

NoF '800°C 50 70 
(990°C) 

Fig. 3.41~. The  System NoF-CeF3-ZrF,. 

UNCLASSIFIED 
ORNL-LK-DWG 29165K 

PROBABLE NaF.ZrG PRIMARY PHASE FIELDS 

A ZrF4 D 2NoF. ZrF4 
B 3NaF,4ZrF4 E 5NaF.ZZrFq 
C 7NaF.6ZrFq F 3NoF. ZrF4 

50 Yo 70% ZrG 

Fig. 3.416. The System NnF-CeF3-ZrF4 in the Region 30-70 Mole % Nof, 
0-20 Mole % CeF3,  30-70 Mole 5% ZrFqe 
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3.42. The System LiF-CeF, 
C. J .  Barton, L. M. Bratcher, R. J. Sheil, and W. R. Grimes, unpublished work performed at 

the Oak Ridge Not ional  Laboratory, 1956-57. 
Prel iminary diagram. The system L iF-CeF,  contains a s ing le eutect ic  a t  81  LiF-19 CeF, 

(mole %), m.p. 755 t5"C. 
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Fig. 3.42 The System LiF-CeF3. 
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3.43. The System NoF-HfF, 
R. E. Thoma, C. F. Weaver, T. N. McVay, H. A. Friedman, and W. 8. Grimes, unpublished 

work performed at the Oak Ridge Nat ional  Laboratory, 1956-58. 

Pre I i rn i nary diagram. 

Invariant E qui l ibri a 

Invariant 
% HfF4 Temperature Type of Equilibrium 

(OC) in Liquid 
Phase Reaction 

at Invariant Temperature 

._I__ .... ___.-. .____I_.. 

18.5 6 95 E Ute c t ic L + NaF + 3NaF-HfF4 

25 863 Congruent melt ing point L e 3NaF*HfF4* 

34 606 Peritectic L -!- 3NaF.HfF4 + a-5NaF-2HfF4 

- 535 Inversion a-5NaF.2HfF4 P-5NoF.2HfF4 

35 586 Peritectic L + a-5NaF.2HfF4 P-2NaF-HfF4 

I Below 350 lnvers ion ,b-2NaF-HfF4 e Y-2NaF.HfF4 

- Below 350 Inversion Y-2NaF.HfF4 & S-2NaF*i-ifFg 

43 510 Eutectic L P-2NaF*HfF4 + 7NoFs6HfF4 

45 53 1 Peritectic Id t NaF*HfF4 7NaF+6HfF4 

50 557 Congruent melt ing point I ,  ;-" N ~ F * H ~ F ~  

53 535 Eutectic L NaF.tifF4 + HfF4 
.- I ...__I_ ..... ___ ~ . - - . . _ _ I _  .......- 

* A  determination of the c rys ta l  structure of 3NaF.HfF has been reported b y  I-, A. Harris, "The Crystol 4 
Structures of NagZrF7 and Na3HfF7," Acta C r y . 7 ~  12, 172 (1959). 
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F i g  3.43. The System NaF-HfF4. 

UNCLA5SIFIED 
ORNL-LR-DWG 35488 
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3.44. The S y s t e m  LiF-ThF, 
R. E .  Thoma, H. Insley, B. S. Landau, H. A. Friedmarl, and W. R .  G r i m e s ,  “Phase Equilibria 

in the Fused Salt Systems LiF-ThF, and NaF-ThF,,” /. Phys .  Chem. 63, 1266-74 (1959). 

Invariant Equilibria 
......... ...... 

----___..._ ~ ....... -.... ~ - . . .  ...... 
lnvuriant 

Mole 76 ThF4 
in L-iquid Te mper a t  ure Type of Equilibrium Phase Reaction 

(OC 1 at  lnvariont Temperature 
....... ....... ....... . ----...--- ....__ I__.- _ --.----.-.__ __ __ -.---.--__._.I_ 

23 568 Eutectic L r=! LiF + 3LiF.ThF 4 

4 
L -+ 3L iF . lhF  25 573 Congruent melting point 

29 565 Eutectic L -;1 3LiF.ThF4 t 7biF.6-rhF4 

30.5 597 Peritect ic LiF.2ThF4 + L 7LiF-6ThF4 

42 96 2 Peritectic LiF*4ThF4 + L & LiF.2ThF4 

62 a97 Per itectic ThF4 + I ,  LiF.4ThF4 
... ........ ..... -__ - ~ - .  --.--...- . ......... 

Fig. P44, The System LiF-ThF4. 
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3.45. 
R. 

in  the 

The System NaF-ThF, 
E. Thoma, H. Insley, €3. S. Landau, H. A. Friedman, and W. R. Grimes, "Phase Equilibria 
Fused Salt Systems LiF-ThF, and NaF-ThF,," J. P h y s .  Chem. 63, 1266-74 (1959). 

Invariant Equilibria 

Invariant 
Phase Reaction 

5% ThF4 Temperature Type of Equilibrium at  Invariant Temperature 
in Liquid (OC) 

645 Peritectic NaF + r., + a-4NaF*ThF4 21.5 

22.5 618 Eutectic 1. e n,-4NaF.ThF4 + 2NaF*ThF4 

I 558 Decompos it ion P-dNaF-ThF, e NaF i- 2NaF*ThF4 

33.3 705 Congruent melting point L s  2NaF*ThF4 

37 690 Eutectic L ;==! 2NaF.ThF4 t- 3NaFv2ThF4 

40 712 Congruent melting point L + 3NaF.2ThF4 

41 705 E utect i c 
L, 2 - 3NaF*2ThF4 + n-NaF*ThF4 

3NaF*2ThF4 e 2NaF*ThF4 + a-NaF.ThF, 683 Decomposition 

58 83 1 Peritectic ThF4 + L e NaF-2ThF4 

UNCLASSIF IED 
O R N L - L R  - DWG 25528AR 

/... -.-.. 

Thf; (mole %) 

Fig. 3.45. The System NaF-ThFr 
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3.46. Yhe System KF-ThF, 
W. J. Asker, E. R. Segnit, and A. W. Wylie, "The Potassium Thorium Fluorides," J.  Chem. 

SOC. 1952, 4478-79. 
T h i s  system has also been reported by A. G. Bergrnan and E. P. Dergunov, Doklady  Akad. 

Nauk S . S . S . R .  53, 753 (1941) and by V. S. Emelyanov and A. J. Evstyukhin, ' "An invest igat ion 

of Fused-Salt Systems Based on Thorium Fluor ide - ti. NoF-KF-ThF,, NaF-ThF,, and KF- 
ThF,," J'. NucIear Energy  5, 108-14 (1957). 

lnvar i an t E q ui I i br i a  

Invariant 
Mole % ThF4 Temperature Type of Equilibrium Phase Reaction 

in Liquid ("C) ut Invariant Temperature 

..___._. ...II__ ____...l_l_ ..... ___ .._.. 

14 6 94 Eutectic L K F  -t ,8-5KF.ThF4 

- 635 In vers ion a-5KF.ThF4 + ,8-5KF*?hF4 

I 912 Per i tec t  ic  L + 3KF-ThF4 e a-5KF-ThF4 

25 865 Congruent melt ing point L F:.:::.? 3KF-ThF4 

31 691 Eutectic L *3KF-ThF4 + a-2KF.ThF4 

749 Per i tec t  ic L + KF* rhF4  $ a-2KF-'ThF4 - 
- 645 Inversion a-2KF.ThF4 ,&2KF.ThF4 

SO* 905 Congruent melting point L KF.ThF4 

56 875 Eutectic L h KF.T hF4 + KF*2ThF4 

66 930 Per i tec t  ic L + KF-3ThF4 e K F . 2 T h F 4  

4 75 990 Congruent melt ing point L - KF.3ThF 

L KF-3'1"hF 4 + ThF 4 5 5  78 980 Eutectic 
-___I_. ___.._ --__I_ -....- ~ . _ _ ~  .... 

*It has been shown that the compound labeled by Asker et al. has the ac tua l  formula 7KF.6ThF ; cf. R. 
E. Thoma, Crystal Structures o/ Some Compounds of UF4 and T h F 4  w i t h  Alkal i  Fluorides ,  ORNL CF-58-12- 
40 (December 11, 1958). 
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Fig. 346. The System KF-ThF4. 
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3.47. The System RbF-ThF, 
E .  P. Dergunov and A. G. Bergman, “Complex Formation Between A l k a l i  Metal Fluor ides 

and Fluor ides of Metals of the Fourth Group,” Doklady Aknd. ivnuk S . S . S . K .  60, 391-94 (1948). 

lnvor iont  Equil ibrio 
__ 

-I_ - ...... 

Phuse Reaction Type of Equi I i br i urn 

Invar iant  

Mole % ThF4 Temperature 
a t  Invariant Temperature 

(OC) 
in Liquid 

-. ................ 

15 664 E iitect i c  L & RbF t 3RbF-ThF4 

25 974 Congruent mel t ing  point ___\ 3RbF*‘PhF4 

37 762 Eutectic ra -4 3RbF.YhF4 + RbF-ThF, 

50 852 Congruent me It ing point L RbF-ThF4 

54 848 Eutectic L & R b F * T h F 4  t RbF.3ThF4 

75 1004 Congruent mel t ing  point L ---! RbF.3ThF4 

80 1000 Eutectic rA ;d RbFe31hF4 + ThF4 
_ .................. __..I...... II ._ 

UNCLASSIFIED 
O R N  L- L R  - O’UG 2 3461 

1200 ~ ~- - ~ 

1100 

io00  

- 
900 

w 
r 
2 

Q cr w 

L 

a 8 0 0  
5 7 8 0  
t 

7 0 0  

6 0 0  

9 

5 0 0  1 
R D F  I O  20 3 0  40 5 0  6 0  

TIF, ( m o l e  7 , :  
7 0  ThF4 

F i g .  3.47. The System RbF-ThFC 
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3.48. The System BeF,-ThF, 
R. E. Thoma, H. Insley, H. A. Friedman, and C. F. Weaver, “Phase Equ i l i b r i a  i n  the Sys- 

tems BeF,-ThF, and L i F - B e F 2 - T h F 4 , ”  paper to be presented a t  the 136th Nat ional  Meeting 

of the American Chemical Society, A t l an t i c  City, N. J., Sept. 13-18, 1959. 
The system BeF,-ThF, contains a single eutect ic a t  98.5 BeF,-1.5 T h F ,  ( m o l e  X), m.p. 

526 k3OC. 

UNCLASSIFIED 
ORNL-LR-DWG 74551 

--T T I -  
t too 

- 4000 

900 
I- 
Q 
5 800 
a 

C> 

5 
700 

6 00 

5 00 _ - _  
40 20 30 40 50 60 70 80 90 ThF4 

ThF, (mole %)  

Fig. 348. The System BeFZ-ThF 4’ 
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3.49. The System BeF,-UF, 

MLM-1082 (to be published). 

T. B. Rhineharnmer, P. A. Tucker ,  and E. F. Joy, Phase E'yuilihriu in the S y s t e m  net; -UF 
2 4' 

Prel iminary diagram. The system BeF,-UF, contains o single eutect ic at 99.5 BeF,-0.5 

[IF, (mole %), m.p. 535 t2'C. 

I I I I L . l . - L  -.-... 1 
90 80 90 100 

u F4 
4 0  50 60 

4 o o ~ - - l . . L & . 1 - - 1  IO 30 _....____ 1 1 
B9F2 MOLE PERCENT UF4 

4' Fig. 3.49. The System B e F Z - U F  
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3.50. The System MgF,--ThF, 
J. 0. Bloneke, An Investigation of the ThF4-Fused Salt Solutions for €fomogeneous Re- 

actors, ORNL-1030 (June 19, 1951) (declassified with deletions). 

Invariant Equilibria 

Invariant 

Mole % ThF4 Temperature 

(OC 1 in Liquid 
Phase Reaction 

at Invariant Temperature 
Type of Equilibrium 

25 

33.3 

40 

915 Eutectic L & ThF4 + MgF2.2ThF4 

937 Congruent melting point L e MgF2*2ThF4 

92 5 Eutectic L e MgF2*2ThF4 -1- MgFZ 

1200 

1100 

I000 - 
V 
0 
I 

700 

600 
ThF4 10 20 30 

a 9 .1) 

IJNCL ASSIFIEO 
O R N L  - LR -- D W G  2 0  1 6  5 

7 

40 5 0  60 70 80 99 MgFz 
MgF2 ( m o l e  % )  

Fig, 3.50. The System MgF2-ThF4. 
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3.51. The System LiF-BeF,-ThF, 
R. E. Thoma, H. Insley, H. A. Friedman, and C. F. Weaver, "Phase Equi l ibr ia  in the Sys- 

tems BeF,-ThF, and LiF-BeF2-ThF,,"  paper to  be presented a t  the 136th Nat ional  Meeting 

o f  the American Chemical Society, A t l an t i c  Ci ty ,  N. J., Sept. 13-18, 1959. 

In va r i on t E qu i I i bsi a 

Type of 

Invariant 

lnvar iant 
Temperature 

Composition of Liquid 
(mole X j  ._ _I- 

L i F  BeF2 ThF4 (OC) 

Solids Present 
a t  Invariant Point 

15 a3 2 497 + 4  Per i tect  ic ThF4, LiF.4ThF4, und BeF2 

2 33.5 64 2.5 455 + 4  Peritectic LiF.4ThF4, LiF-2ThF4, and BeF 

47 51.5 1.5 356 ? 6  Eutectic 2LiF.5eF2, LiF.2ThF4, and BeF2 

60.5 36.5 3 433 i5 Per i tec t  i c  L i F-2ThF4, 3L  i F.ThF4ss, and 

2 
2L.i F. Be F 

30.5 4 444 f 4  Peritectic LiF, 2LiF.BeF2, and 65.5 
3 L i  F.TliF45,s 

63 30.5 6.5 448 + 5  Peritectic 3LiF.ThF4ss, 7LiF*6ThF4, and 
Li  F.2ThF4 

LNCl  ASSIFIEC 
OPZL-LR-DWS 374204 

ThFq 1 \ 1 1  

iENPERATURE IN 'C 
CG'rlPOSITION IN mole 

/ 

P 465 E 370 

Fig. 3.51~. The System LiF-BoEg-ThFq. 
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Llmit r  of Single-Phose 3LIF. fhF4 Solid Solution 

Composition (mole X) 
LiF BeF2 ThF4 

75 

58 

0 25 

16 26 

20 21 59 

A three-dimensional model of the system LiF-BeF2-ThF, i s  shown in Fig. 3.51b. 

A 
7 

\ T k 

t 

U 

I 
Fig. f51b. Model of the System LiF-BeF2-ThF4. 
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3.52. The System NaF-ZrF4-ThF, 

performed a t  the Oak Ridge Nat ional  Laboratory, 1956-57. 
R.  E. Thoma, H. Insley, B. S. Landau, H. A. Friedman, and W. R. Grimes, unpublished work 

Prel iminary diagram. 

Invariant Equilibria 

Composition of L iqu id lnvor iant 
(mole X) Temperature Type of Equilibrium Solids Present 

at Invariant Point 
NoF ZrF4 ThF4 PC) 

77 

75.5 

63 

65.5 

65.5 

64.5 

58 

58 

53 

49.5 

3 

2.5 

6 

21.5 

24.5 

25.5 

38 

40 

42 

48 

20 

22 

31* 

13 

10 

10 

4 

2 

4 

2.5 

645 

618 

683 

622 

615 

593 

538 

495 

510 

505 

Peritectic 

Eutectic 

Decompos it ion point 

of 3NaF*2ThF4 in 

ternary system 

Par i tect ic 

Per i tect ic  

Peritectic 

Per itect i c  

Eutectic 

Per itect ic 

Eutectic 

NaF, a-4NaF*ThF4, and 3NaF.ZrF4 

a-4NaF*ThF4, 2NaF.ThF4, and 

3Na F- Zr F4  

3NaF*2ThF4, 2NaF.ThF4, and 
NaF.ThF4 

2NaF*ThF4, 3NaF.ZrF4, and 
NaF-ThF4 

3NaF.ZrF4, NaF.ThF4, and 

U-5Na F. 2Zr F4  

a-5NaF.ZZr F4, No F.ThF4, and 
NaF-2ThF4 

a-5NaF.2ZrF4, a-2N0F.ZrF4, and 
NaF.2ThF4 

P-2Na F.ZrF4, NaF-2ThF4, and 
7Na F.6ZrF4-3Na F.2Zr F4ss 

NaF.2ThF4, Th(Zr)F4ss, and 
7NaF.6ZrF4-3NaF.2ThF4ss 

7NoF-6ZrF4, 3NaF-4ZrF4, and 
Zr( Th) F4ss 

*Approximate composition. 

Note: The boundary curve maximum on the Alkemade l ine  7NaF.6ZrF4-ThF4 i s  un l i ke ly  t o  

f a l l  exac t l y  on t h i s  l ine, because pure ThF, does not occur along t h i s  l ine. Since ThF, forms 

s o l i d  solut ions w i t h  both ZrF, and NoF.2ThF4, it i s  not readi ly  determined on which side of 

the Alkemade l ine  t h i s  maximum occurs. 
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UNCLASSIFIED 
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Lo 

Fig. 3.52. The System NoF-ZrF4-ThFC 
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3.53. The System LiF-UF, 
C. d.  Barton, V. S. Coleman, L. M. Bratcher, and W. F?. Grimes, unpublished work performed 

at  the Oak Ridge Nat ional  Laboratory, 1953-54. 
Pre l iminary diagram. The system LiF-UF, contains a s ing le eutectic at 73 LiF-27 UF, 

(mole %), m.p. 770°C. 

UNCLASSIF~IED 
ORNL-I-R-DWG 2923 

Fig. 3.53 The System LiF-UF3. 
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3.54. The System LiF-UF, 
C. J. Barton, H. A. Friedman, W. R. Grimes,H. Insley, R. E. Moore, and R.  E. Thoma, "Phase 

Equilibria in the Alkal i  Fluoride-Uranium Tetrafluoride Fused Salt Systems: I .  The  Systems 

LIF-UF, and NaF-UF,," I .  Am.  Ceram. SOC. 41, 63-69 (1958). 

Invariant Equi I i  brio 
- -- 

lnvar iant 
Mole % UF4 

in Liquid Temperature Type of Equilibrium Phase Reaction 
(OC) at Invariant Temperatwe - -- ---. I- 

- 4 70 Decompos it ion 4LiF.UF4 ,* LiF + 7LiF.bUF 4 

26 500 Peritectic L i F  + L e- 4LiF .UF.  4 

27 4 90 Eutectic 1- e 4LiF.UF4 t 7LiF.6UF4 

4 40 610 Peritect ic 

57 

L + LiF-4UF4 - 7LiF-bUF 

775 Peritect ic L + uF4+ LiF.4UF 4 
- 

Fig. La54 The System LiF-UF4 
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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 Equilibriu 
.- .... -.p._.____.____--..-.- 

Invariant 
Phase Reaction 

at Invariant Temperoi l sre  
Mole 75 UF3 Temperature T y p e  af Equilibrium 

(OC 1 in Liquid 
~- -_.__I--- _..____..__-- 

27 715 Eutect ic  

35 775 Per itectic L +- UF3$ a - N a F * I J F  3 

- 595 Inversion a-NaF-IJF3 /J-NaF*UF3 
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Fig. 355. The System NaF-UF3. 
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3.56. The System NaF-UF, 
C. J. Barton, H. A. Friedman,W. R .  Grimes, id. Insley, R. E. Moore, and R. E. Thoma, “Phase 

Equilibria in the Alkal i  Fluoride-Uranium Tetrafluoride Fused S a l t  Systems: I. The Systems 

LiF-UF, and NaF-UF,,” / . A m .  Ceram. S O C .  41, 63-69 (1958). 

Invariant Equil ibria 

lnvar i unt 
Phuse React ion  

at Invariant Temperature 
% Temperature Type nf Equilibrium 

(OC 1 in Liquid 

........ 1 a-3N 21.5 618 Eutectic aF.UF4 +NaF 

25 629 Congruent melt ing point L U-~N~F*UFJ, 

a-3NaF.UF4 P-3NaF.UF 
4 - 528 Inversion 

- 497 Decomposition P-3NoF.UF4 NaF + 2NaF-UF4 

28 6 23 Eutectic 

32.5 648 Peritectic 

L .;=-\ a-3NaF-UF4 i- 2NaF.UF4 

I .  t 5NaF-JUF4 e 2NaF-UFg 

4 37 673 Periteetic L + 7NaF.6UF4 \--:! 5NaF-3UF 

- 630 Decomposition 5NaF-3UF4 2NaF.UF4 + 7NoF.6Uf4 

Congruent melting point I ,  ,~ 2 ... ~ 7NuF*6UF4 46.2 718 

56 680 Eutectic L 7NaF-6UF4 + UF4 

- 660 Upper stabil ity l i m i t  7NaF*6UF4 + UF4 e MaF.2UF4 
of Na F- 2U F, 

.... ... .. _.....i___ 
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Fig. 3.56. The System NaF-UFg. 
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3.57. The System KF-UF, 
R.  E .  I h o m a ,  ti. I n s l e y ,  R ,  S. L a n d a u ,  H. A. F r i e d m a n ,  a n d  W. R. G r i m e s ,  "Phase E q u i l i b r i a  

II. The S y s t e m s  KF-UF, in the Alkali  F l u o r i d e - U r a n i u m  T e t r a f l u o r i d e  F u s e d  S a l t  S y s t e m s :  

a n d  RbF-UF,," I .  Am. Cerarn. SOC.  41, 538-44 (1958). 

Invariant Equil ibria 
- -..- 

lnvar iant 
Type of Equilibrium Phase Reaction "le % UF4 Temperature 

at Invariant Temperature Pc, in Liquid 

15 

25 

- 

35 

38.5 

46.2 

54.5 

65 

735 

95 7 

608 

755 

74 0 

789 

735 

765 

Eutectic 

Congruent melting point 

Decomposition 

Peritectic 

Eutectic 

Congruent melting point 

Eutectic 

Peritectic 

L & KF + 3KF-UF4 

L e. 3KF.UF 

2KF.UF4 e- 3KF-UF4 + 7KF*6UF4 

3KF*UF4 + L & 2KF.UF 

4 

4 

r--- 2KF.UF4 + 7KF.6UF4 

L & 7KF*SUF4 

L 7KF.6UF4 + KF*2UF4 

UF, + L KF.2UF4 

1400 

1000 

F 
4 
K 

700 

5 +- 
600 

500 

400 
KF 10 20 30 40 50 60 70 80 90 IJF4 

UF, (mole %) 

Fig. 3.57. The Sys tem KF-UFC 
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3.58. The System RbF-UF, 
R.  E. Thoma, ti. Insley, B. S. Landau, H. A. Friedman, and W. R .  Grimes, "Phase Equi- 

libria in the Alkali Fluoride-Uranium Tetrafluoride Fused Salt Systems: 11. The Systems KF- 
UF,  and RbF-UF,," 3. Am.  Cerum. Svc. 41, 538-44 (1958). 

Invariant Equi l ibr ia  

lnvar iant 
Phase Reaction a t  

Invariant Temperature 
Temperature Type of Equilibrium Mole % UF, 

in Liquid ec 1 

10 710 Eutect ic L e R b F  + 3RbF*UF4 

25 995 Congruent melting point L e 3 R b F . U F 4  

38 818 Peritec t i c L + 3RbF*UF4 & 2RbF*UF4 

43.5 675 Eutect ic L d 2 R b F * U F 4  + 7RbF.6UF4 

44 693 Peri tect ic  RbF-UF, + L 7RbF*6UF4 

50 73 5 Congruent melting point L +RbF*UF, 

55 714 Eutect ic L e R b F * U F ,  -t 2RbF-3UFq 

56.5 722 Peri tect ic  RbF-3UF4 + L 2RbF-3UF4 

5 7  730 Peri tect ic  RbF.6UF4 t L I_\ RbF*3UF4 

70.5 832 Peri tect ic  UF, + I, F? RbF*6UF4 
- 

UNCLASSIFIED 
ORNL-LR-DWG 28525 

400 500 I - - - -  

RbF 

LL 

400 'y ii 500 1 
RbF 10 20 

I .  

30 40 50 60 70 80 90 UF4 
UF4 (mole % 1 

..._I 

....- 

Fig, 3.58. T h e  System RbF-UF4. 
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3.59. The System CsF-UF, 

work performed at the Oak Ridge National Laboratory, 1951-53. 
C. J. Barton, L. M. Bratcher, J. P.  Blakely, G. J. Nessle,  and W. R. Grimes, unpublished 

Preliminary diagram. 

Invariant Equilibria 
... .. ................. ............... 

I_- 

~ 

Invariant 
Mole % U F 4  Temperature Type of Equilibrium Phase Reaction 

(OC) a t  Invariant Temperature in Liquid 
........... 

............. _____. 

7.5 650 Eutectic L e C s F  + 3CsF*UF4 

970 Congruent melting point I .  F' 3CsF*UF4 

800 Peritect ic L + 3CsF*UF4 2CsF-UF4 

25 

34 

41 695 E utsct ic 

50 735 Congruent melting point L a-CsF.UF4 

- 550 lnvers ion a-CsF.UF4 e ,8-CsF.UF4 

53 725 Eutectic L -a-CsF.UF4 + UF, 
............ 

___I .............. I 
-.-II_ ............. 

I I oc 

1000 

9 00 

- 
0 
OI 

800 
n 3 
+ 
a 
W a 

5 700 
I- 

6 00 

5 00 

400  

UNCLASI lF lED 
.......... 0RNL.LR-DWG. 18915 

Uf 
3 

k 
0 
R 

CsF 10 20 
........... 1 ....... 1 ........ 1 ............ 1 

90 " F4 50 60 70 80 40 
UF4 ( m o l e  70) 

Fig. 359 .  The System CsF-hlFq. 
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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-ZrF4, UF,-ZrF,, and NaF-ZrF,-UF,,”]. Phys.  Chem. 62, 665-76 (1958). 
The system ZrF,-UF4 forms a continuous series of solid solutions having a minimum melting 

temperature of 765°C at 77 ZrF4-23 UF, (mole %). 

1050 

... 

9 5 0  

V 

’- 900 
1.1 
K 
3 

1- 4 E 

W a 
8 5 0  

w 

8 O C  

.......... 

_.... 

.......* 

... 

UNCLPSSIFIEU 
ORNL-1.R--DWG 19887 

Fig. 360. The System ZrF4-UF4. 
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3.61. The S y s t e m  SnF,-UF, 
0. J. Thamer and G. E. Meadows, The Systen2.s l i F  -SnF,  and PuFg-SnF2 ,  LA-2285 

( J u l y  1959). 4 

lnvar iant Equi I i b r ia  

1 IOC 

1000 

900 

800 

700 
.-- 
0 

LIJ LL 3 

E LIJ 0. 

I w 
+ 

!Z 600 

I 

Fig. b61. The System SnF2-UF, 
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3.62. The System PbF,-UF, 
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 % U F 4  Temperature Type of Equilibrium 

(“C 1 in Liquid 
Phase Reaction 

at Invariant Temperature 

.- -. l__________l_. 

14.3 920 Congruent melting point L e 6PbF2*UF4 

35 835 Eutectic L +6PbF2*UF4 t 3PbF2.2UF4 

40 840 Congruent melting point L 3PbF2.2UF4 

62 762 * 10 Eutectic 1, -4 3PbF2*2UFq .t UF4 
_..___ _ _ _ _ _ ~ ~  .-..... ___ .____-. 

The eutec t ic  at  qui te  high PbF, concentrations i s  not shown on th i s  diagram. The authors 
examined thermal data but found no evidence of a eutect ic  thermal effect. 

UNCL.AbSlFlED 
DWG14633H 
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Fig. 3.62 The System PbF2-UFc 
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3.63. The System ThF,-VF, 
C. F. Weaver, R. E. Thoma, H. A. Friedman, and H. Insley, "Phase Equi l ibr ia  in the Systems 

UF,-ThF, and LiF-ThF,-UF,," paper presented at the 61st  National  Meeting of the American 

Ceramic Society, Chicago, I l l . ,  May 17-21, 1959. 

The system ThF,-UF, forms a continuous series of so l id  solut ions without a minimum. 
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Fig. 363 The System ThF4-UFC 
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3.64. The System LiF-NaE-UF, 
R. E. Thoma, H .  Insley, R .  S. Landau, H. A. Friedman, and W. R. Grimes, "Phase Equilibria 

111. The System NaF-LiF- i n  the A l k a l i  Fluoride-Uranium Tetraf luoride Fused Salt Systems: 

UF,," 1. Am.  Ceram. SOC. 42, 21-26 (1959). 

lnvari ant Equi I i br io 

lnvar iant 

Temperature 

Composition of Liquid 
Type  of 

Equilibrium 
.(mole 7%) 

._._. 

NaF L i F  uF4 (OC 1 

Solid Phases Present 
a t  Invariant Point 

60 21 19 480 Eufectic 2NaF-UF,, NaF, ond L i F  

65 13 22 4 97 Peritectic /!-3NoF.UF4, 2NaF-UF4, and NaF 

7 65.5 27.5 470 P e r  itectic 7L i F.6UF4ss,* 41. i F.UF4, and L iF 

35 37 28 480 E lite ct  i c 2NaF.UF4, 7NaF-6UF4ss, and L i F  

57 13 30 63 0 Peritectic 2NaF-UF4, 5NaF.31JF4, and 7NaF.61JF4ss 

24.3 113.5 32.2 445 Eui+ctic 7NaF*6UF4ss, L iF,  and 7LiF-6UF4ss 

24.5 23 46.5 602 Eutectic NaF.2UF4, 71.iF.6UF4ss, and 7NaF.6UF4ss 

24.3 28.7 47 605 Peritectic NaF=2UF4, 1.iF.4UF4, and 7LiF.6UF4ss 

23.5 28 48.5 640 Perilectic UF4, NaF*21JF4, and L iF-4UF4 

37.5 10.5 52 660 Peritectic UF,, NaF*2UF4, and 7NaF-6UF4ss 

*The compounds 7LiF.6UF4 und 7NaF.6US4 a s  they occur i n  the ternary sys tem a r e  menibers of the solid 
solution 7LiF-6UF4-7NaF.6UF4. 
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Fig. 3.64~. The System LiF-NaF-UFC 
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3.65. The System LiF-KF-UF, 

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

Preliminary diagram. The system LiF-KF-UF, has not yet been defined a t  the  Oak Ridge 

National Laboratory with sufficient precision to permit the  temperatures and compositions of the 

invariant equilibria to be l isted.  

T E M P E R A T U R E  ("C) 
CCMPOSITION (mole %) 

UF4 1035 

... ~. 

/ A 4000 ... 

1- 3 5 0  - L i  F .  4UF4 

E - 4 9 0  

Fig. 3-65, The Sys tem LiF-KF-UF4. 
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3.66. The  System LiF-WbF-UF, 
C. J. Barton, J. P. Blakely, I.... M. Bratcher, and W.  R .  Grimes, unpublished work performed 

at the Oak Ridge National Laboratary, 1950-51. 
Preliminary diagram. Phase relationships within the system LiF-RbF-UF, have not yet 

become so wel l  defined at  the Oak Ridge National Laboratory that the compositions and tem- 

peratures of the invariant points may be listed. 

b N C ~ 4 5 5 1 F l E D  
O R N L - L R - V M ' G  20634R 

UF4 1035 

TEMPERATURE I N  OC 

COMPOSITION I M  mclo 7o 

Fig. X L t i  The Sys tem LiF-RbF-UF,. 
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3.67, The System NaF-KF-WF, 
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 Nat ional  Laboratory, 1950-58. 
Phase relat ionships w i th in  the system NaF-KF-UF4  have not yet  

become so wel l  def ined at the Oak Ridge Nat ional  Laboratory that  the compositions and tem- 

peratures of the invar iant  points may be l isted. 

Prel iminary diagram. 

C0hlPOSlTiON IN mole “7- 
TEMPERA1 URE IN “ C  

UNCLbSSIFIED 
ORNL-LR-O‘NG 381rZ 

U G  4035 
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Fig. 3.67. The System NoF-KF-UF, 
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3.68. The System NaF-RbF-UF, 
R.  E. Thorna, H. Insley, H. A. Friedman, and W. R. Grimes, unpublished work performed a t  

the Oak Ridge Nat ional  Laboratory, 1955-56. 
Pre I i mi nary d iagram. 

Invariant Equilibria 

Type of 

Equi librium 

Invariant 

Temperature 

Composition of Liquid 
(mole 76) 

NaF RbF UF4 (OC) 

Solid Phases Present 
ut Invariant Point 

18 

46 

44 

45 

52 

41 

57 

33 

32 

26 

25 

27 

33 

42 

73 

33 

33 

30 

23 

26 

8 

30 

29 

27 

25 

22 

14 

3 

9 

21 

23 

25 

25 

33 

35 

37 

39 

47 

50 

51 

53 

55 

670 

470 

500 

4 85 

500 

555 

630 

535 

540 

620 

630 

633 

655 

678 

Eutectic 

Eutectic 

Peritectic 

Per i tcct ic 

Decomposition 

Peritectic 

De compos it ion 

Eutectic 

Per itect i c  

E utcct i c 

Eutectic 

Per i tect ic 

Peritcctic 

Peritcct ic 

RbF, NuF, and 3RbF.UF4 

NaF, NaF-RbF-UF4, and 3RbF.IJF4 

NaF*RbF.UF4, 2RbF.UF4, and 3RbF.UF4 

NaF, 2NaF.UF4, and NaF.RbF.UF4 

3NaF-UF4, NoF, and 2NaF.UF4 

2RbF.UF4, 2NaF-UF4, and NaF.RbF.UF4 

2NaF.IJF4, 5NaF.3UF4, and 7NaF*6UF4 

2RbF*UF4, 2NaF-UF4, and 7RbF*6UF4 

7RbF.4UF4, 2NaF*UF4, and 7NaF.6UF4 

7RbF-6UF4, 7NaF.6UF4, and RbF-UF, 

7NaF.61JFq, RbF.UF4, and 2RbF-3UF4 

7NaF-6UF4, 2RbF-3UF4, and RbF.3UF4 

7NaF.6UF4, RbF.3UF4, and RbF*6UF4 

7NuF.61JF4, RbF.6UF4, and lJF4 
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3.69. The System LiF- 
L. V. Jones, D, E. Etter, C. R. Hudgens, A. A. Hufftnon, T. B. Rhinehammor, N. E ,  Rogers, 

P. A. Tucker, and L. J. Wittenberg, Phase Equilibria in the LiF-BeF - U F  TernaTy Fused Sal t  

Sys tem,  MLM-1080 (Avg. 24, 1959). 
2 4  

A L L  TEMPERATURES ARE IN "C 

E = EUTECTIC 

UhCLASSlFlED 
MOUNDLAB WO 

5G -41 -29  [ R E V )  
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Preliminary diagram. 

u 

Invariant Equil ibrio 

Composition of Liquid 
(mole %) 

L i F  BeF2 UF4 

72 6 22 480 Peritectic (decomposition 4LiF.UF4, LiF,  and 7LiF*6UF4 

Solid Phases Present Temperature 
Type of Equilibrium at  Invariant Temperature (OC)  

of 4LiF.UF4 in the 
ternary system) 

69 

48 

23 8 

51.5 0.5 

45.5 54 0.5 

426 

350 

381 

Eutectic 

Eutectic 

Peritectic 

LiF,  2LiF-BeF2, and 7LiF.6UF4 

7LiF.6UF4, 2LiF.BeF2, and BeF2 

LiF.4UF4, 7LiF*6UF4, and BeF2 

0.5 483 Peritectic UF4, I-iF.4UF4, and BeF2 29.5 70 

The minimum temperature in  the quasi-binary system 2LiF.BeF2-7LiF.6UF4 occurs at  65 
LiF-29 BeF2-6 UF, (mole %) at 438°C. 

A three-dimensional model of the system LiF-BeF2-UF, i s  shown in Fig. 3.69h. 

v 

Fig. 3.696. Model of the System LiF-BeF2-UFC 
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3.70. The System NaF=BeF,=UF, 
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 
Liquid (mole X) 

NaF BeF, UF4 

Temperature Solid Phases Present a t  

Type of Equilibrium Invariant Temperature 

74 12 14 500 Peritectic (decomposition of 3NaF-UF4, NaF, and 2NaF.UF4 
3NaF.UF4 in ternary sys-  
tem) 

72.5 17 19.5 4 86 Eutectic NaF, 2NaF*UF4, and 2NaF.BeF2 

64.5 9 26.5 630 Peritectic (decomposition of 5NaF.3UF4, 2NoF-UF4, and 7NaF.6UF4 
5NaF.3UF4 in the ternary 

system) 

57 42 1 378 Peritectic 2NaF.BeF2, 2NaF.UF4, and 7NaF.6UF4 

56 43.5 0.5 339 Eutectic 2No F. Be F,, NaF.BeF2, and 7No F-6U F4 

43.5 55.5 1 357 Eutectic 7NaF.6UF4, BeF,, and NaF-BeF, 

41 58 1 375 Peritectic 7NaF.6UF4, NaF-2UF4, and BeF, 

26 63 1 409 Peritectic NaF-2UF4, NaF.4UF4, and BeF, 

44 18 38 665 Per i tect ic  7NaF.6UF4, UF4, and NaF.2UF4 

40 47 13 548 Per i tect ic UF,, NaF-2UF4, and NaF.4UF4 

27 72 1 498 Peritectic UF,, BeF,, and NaF.4UF4 

The minimum temperature in the quasi-binary system 2NaF.BeF,-2NaF.UF4 occurs at 66.7 
,*iF-25 BeF,-8.3 UF4 (mble %) a t  528°C. The minimum temperature in  the quasi-binary system 

A three-dimensional model of the system NaF-BeF,-UF, has been constructed by the 
NaF.BeF,-7NaF.6UF4 occurs at  50.5 NaF-48.5 BeF,-1.0 UF, (mole %) a t  367OC. 

authors and i s  shown in Fig. 3.70b. 
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3.71. T h e  System NaF-PbF,-UF, 

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

phase relationships within the system NaF-PbF,-UF,. 

C. J. Barton, J. P. Blakely,  G. J. Nessle, L. M. Bratcher, and W. R. Grimes, unpublished 

Preliminary diagram. No study has been made at the Oak Ridge National Laboratory of the 

NaF 
990 

TEMPERATURE IN " C  

COMPOSITION IN mole % 

uF4 
4035 

UNCLASSIFIED 
ORNL-LR-DWG 20455R 

815 

Fig. 3.71. The System NaF-PbF2-UFc 
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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 mode at the Oak Ridge National Laboratory of the 

phase relationships within the system KF-PbF,-UF,. 
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3.73. The System NaF-ZrF,-UF, 
C. J. Barton, W. R. Grimes, H. Insley, R. E. Moore, and R. E. Thoma, “Phase Equilibria 

in the Systems NaF-ZrF,, UF4-ZrF4,  and NaF-ZrF,-UF,,” I .  Phys .  Chenz. 62, 465-76 (1958). 

UNCLASSIFIED 
ORNL-LR-DWG 49886R 
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Invariant Equilibria and Singular Points 
.- 

Composition of L iquid 
(mole W )  Temper a t  we 

Type of Equilibrium CY) __I_- 

Solids Present 
a t  Invariant Point . .  

UF4 __.-- 
NaF ZrF4 

--. 

69.5 

68.5 

65.5 

64.0 

61.5 

50.5 

8 5 0  

8 00 

750 

- 
0 

2 700 
W 
n 
3 
L 

a 
rc 
w 

6 5 0  
5 + 

6 0 0  

550 

500 

4,O 

5.5 

12.0 

27.0 

34.5 

47 

646 Maxi mum temperature 26.5 
of boundary curve 

26.0 640 Peritectic 

22.5 613 Peritectic or 

decompos it ion 

9.0 592 Per i tec t i c  

4.0 540 Peritectic 

2.5 513 Per itect i c  

3NaF.(U,Zr)F4 and 2NaF.UF4 

3NaF*(U,Zr)F4, 2NoF*UF4, 
and 5NaFs3UF4ss 

3Na F.(U, Zr)F4, 5NaFa3U F4ss, 
and 7NoF-6(U,Zr)F4 

3Na F.(U,Zr)F4, 5No F.2Zr F4ssr 
and 7NaF.6(11, Zr)F4 

5NoF.22rF4ss, 2NaF.ZrF4, 
and 7NaF*6( U, Zr ) F4 

7NaF*b(U, Zr)F4, (U, Zr)F4, 
and 3NoF.4ZrF4 

U N C 1-43 S I  Fi E D 
ORNL-LA-OWG 1 3 8 a ~  

~- ~ A I IQUIDUS POINTS FROM THERMAL GRADIENT QUENCdING EXPERIMENTS ~~ - ~ ~ 
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I IQUIDUS POINTS FROM T H t H M A L  ANALYSIS 

D IN lT lA l  COMPOSITION OF FILTRATION MIXTURES 
fl FILTRATION RESIDUE COMPOSITIONS I 
0 FILTRATE COMPOSITIONS ~ ~ ~ 

~ ~~ ~- ~ 
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ZrF4 (mole % I  

Fig. 3.736. The Subsystem 3NaFoUF4-3NaF*ZrFq. 

3 Na F.ZrF4 
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4' 
Fig. 3 7 3 ~ .  The Subsystem 7NaF*bZrF4-7NaF.6UF 
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3.74. The System LiF-ThF,-UF, 
C. F. Weaver, R.  E. Thoma, H. Insley, and H. A. Friedman, "Phase Equilibria in the Systems 

UF,-ThF, and LiF-ThF,-UF,," paper presented at the Q l s t  National Meeting of the American 

Ceramic Society, Chicago, I l l . ,  May 17-21, 1959. 

Invariant Equilibria 
-_____- 

Composition of Liquid Invariant 

(mole %) Te m pe r at ure Type of Solids Present at Invariant Point 
Equi I ibrium 

_- 
L i F  ThF4 UF4 (OC) 

- 
72.5 7.0 20.5 5 00 Peritectic L iF ,  3Li  F*(Th,U)F4, and 7Li  F-6(U,Th)F4 

72.0 1.5 26.5 485 Eutectic LiF, 4LiF*UF4, and 7LiF.6(1J,Th)F4 

53 18 19 609 Peritectic 7LiF.6(U,Th)F4, LiF.2(Th,U)F4, and LiF.4(U,Th)F4 
- 

A three-dimensional model of the system LiF-ThF,-UF, i s  shown in Fig. 3.74e. 
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Fig. 3.74n. The System LiF-ThF4-UF4. 
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Fig. 3.746. The System LiF-ThF4-UF4: The Secrion at 75 Mole X LiF. 
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3.75. The System NaF-ThF,-UF,: The Section 2NaF.ThF4-2NaF.UF, 

the Oak Ridge National Laboratory, 1958-59. 
R. E. Thoma, H. Insley, H. A. Friedman, and C. F. Weaver, unpublished work performed at 

Preliminary diagram. 
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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 Nat ional  Meeting of the American Chemical 

Society, Boston, Mass., Apr. 5-10, 1959. 
T h e  system LiF-PuF, contains a single eutectic a t  80.5 LiF-19.5 PuF3 (mole %), m.p. 

743°C. 
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Fig. 3-76. The System LiF-PuF3. 
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3.77. The System LiCI-FeCl, 
C. Beusman, Activities in the KC1-FeC12 and LiCl-PeCl, Systemq, ORNL-2323 (May 15, 

1957). 

LiCI-40 FeCI, (mole %), m.p. 540°C. 
T h e  system LiCI-FeCI, forms a continuous series of solid solutions with a minimum at 60 

UNCLASSIFIED 
ORNL-LR-DWG. 20942 

/--e 

400 

I 

- - I I L - - - - L - . I - I - .  20 30 40 50 60 .T 0 eo 90 I O 0  
10 

300 
0 

MOLE FeCI, 

Fig. 3.79. The System LiC1-FeCIZ. 
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3.78. The System KCI-FeCI, 
C. Beusman, Activities in the KC1-FeC12 and LiCl-FeC12 Systems,  QRNL-2323 (May 15, 

11957). Anearly identical diagram to this one has been reported by H. L. Pinch and J. M. Hirshon, 
# I  Thermal Analysis of the Ferrous Chloride-Potassium Chloride System,” /. Am.  Chem. soc. 

79, 6149-50 (1957). 

.... 

Invariant Equilibria 

... . . 

c 

lnvar ia nt 

Mole % FeC12 Temperature Type of Equilibrium 
(OC 1 in Liquid 

Phase Reaction 
at Invariant Temperature 

2 L + KCI $ a-2KCI.FeCI Per itect ic 35 385 

- 255 Inversion a-2KCI.FeCI2 P-2KCI.FeC12 

39 355 Eutectic L a-2KCI*FeCI2 + a-KCI*FeCI2 

50 400 Congruent melting point L e u - K C I - F ~ C I  

- 300 Inversion a-KCI*FeC12 e P-KCI*FeCl2 

53 390 Eutectic L e a a - K C I . F e C l 2  + FeCI2 

2 

UNCLASSIFIED 

677O 

1 - * *  
0 - *  1 

* . e ,  - 
- - * .  300° - - 

1 - - 
255O 

- - 
20 0 I I I I I I I I 

70 00 90 100 30 40 50 60 0 I O  20 
MOLE O/O FeC$ 

Fig. 378. The System KCl-FeCIZ. 
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3.79. The System NaCl-ZrCl, 
C. J. Barton, R. J. Sheil, and W. R. Grimes, unpublished work performed at  the Oak Ridge 

National Laboratory, 1956. 
Preliminary diagram. 

Invariant E qu i i i bri n 

. ._. ..- .I.__ 

In va r ian t 
Tempera tu re 

Mole % ZrC14 
Type of Equilibrium Phase Reaction a t  Invariant Temperature 

in Liquid 
P C )  

28.0 

- 
28.5 

33.3 

- 
58 

- 

63 

535 f 5 

445 f 5 

525 ? 5 

626 + 5 

370 * 5  

352 k 5  

312 k 5  

312 k 5  

Per itecti c 

Decornpos i t ion 

Eutectic 

Congruent melt ing point 

Inversion 

Per i tec t i c  

lnvers ion 

Eu tec t i c 

Previous reports on the  system NaCI-ZrCI, have been made by N. A. Berlnzerskts and 0. A. 
Kucherenko, %bur. Priklad. Khim. 13, 1552 (1940), I .  S. Morozov and 5 .  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 NaC1-ZrC14, KC1-ZrCl4, and NaCl-KC1-ZrCl4, Summary Report, 

NYO-3108 (April 7, 1955). 
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Fig. 3-79. The System NaC1-ZrC14 
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3.80. The System KCI-ZrCI, 
c. J. Barton, R. J. Sheil, and W .  R .  Grimes, u n p u b l i s h e d  work performed at the Oak Ridge 

Notional Laboratory, 1955. 

Pr e I i m i na ry  d i agram . 
Invariant Equil ibria 

-. 
Invariant Phase R e n c t i o n  a i  

Invariant 'Temperature 
Type of Equilibrium 

Mole % ZrC14 
in Liquid 

Temperature 

-.- __-. _-___I_-..-. (O C) 
111 

23 600 5 5 Eutectic L e K C I  + 2KCI*ZrCI4 

33.3 790 5 Congruent mel t ing  point L e d  2KCI*ZrCI4 

48 565 f 5 Per i tectic L -t 2 K C I* Z r 2 I e-- a -7 K C 1.6 Zr C I 
- 222 + 4  lnvers ion a . 7 K C I . S Z . C I S ~ - ~ ~ . 7 K C I . 6 Z r C 1 4  

225 LA, Eutectic L +-a-7KCl-6ZrClS + ZrCi4 

_______ 
6 5  

Some phase work on th is  system has been reported by H. H. Kellogg, L. J. Howell, and R. C. 
Sominer, Physical Chemzcnl Properties of the Systems NaCl-LrC/4,  KCl-%rCI4, and NaCl- 

K(7l-%rCl4, Summary Report, NYO-3108 (April 7, 1955), 

U N C L P S S I F I E D  
O R N L - ~ L R - D W G  46152 
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3.81. The System LICI-UCI, 
C. J. Barton, A. 5. 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 a t  75 LiCI-25 UCI, 

(mole %), m.p. 495 t5"C. 
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Fig. 3.81. The System LiCI-UCIS. 
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3.82. The System LEI-UCI, 
C. J. Borton, R. J. Sheil, and V i .  R. Grimes, unpublished work performed at the Qnk Ridge 

National Laboratory, 1953. 
Prel iminary diagram. 

Invariant Equil ibria 

. .. ...__ 
lnvorian t 

Tempera tu re 
Mole % UCI, 

in Liquid 
Type o f  Equilibrium 

(OC) 

Phase Reaction at 

In va r i ant Temper a tur e 

29 415 Eutectic r ,  + ~ L ~ C I - U C I ~  + L i C I  

33.3 430 10 Congruent melting point L + ~ L ~ C I * U C I ~  

48 405 Eutectic L + ~ L ~ C I * U C I ~  -t UCI, 

Some data on this system were reported by C. A. Krows in Phase Diagrams of Some Complex 

Salts of Uranium with Halides of the AIkal i  and Alkaline Earth Metals, M-251 (July 1, 1343). 

U Y C L A S S I F I E D  
OWG 1 9 9 0 4 R  

I 
100 - 

LlCI I O  2 0  3 0  40 50  60 7 0  8 0  90 UCI, 

Uti, irnoie %) 

Fig. 3.82. The System LiCS-LdCl+ 
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3.83. The System NaCI-UCI, 
C. A. Kraus, unpublished work. 

Prel iminary diagram constructed w i t h  the author's permission from data reported i n  Phase 

Diagrams of Some Complex Sal t s  of Uruniunz wi th  Hulides of the  Alkuli  and Alkal ine Earth 

Metals, M-251 (Ju ly  1, 1943). 
The system NaCI-UCI, contains a single eutect ic  a t  67 NaCI-33 UCI, (mole %), m.p. 525OC. 
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Fig. 3.83. The System NaCI-UCIr 
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3.84. The System NoCI-UCI, 
C ,  J. Barton, R .  J. Sheil, A. 9. Wilkerson, and W. R.  Grimes, unpublished work performed at 

the Oak Ridge National Laboratory, 1953. 
Preliminary diagram. 

Invariant Equilibria 

Invariant 
Mole 74 UCI4 

in Liquid 
Temperature Type of Equilibrium Phase Reostion a t  lnvoriont Temperature 

("C) 

30 430 f 5 Eutectic L + N ~ C I  1 ~ N ~ C I - U C I ~  

4 33.3 440 + 5 Congruent melting point L ~ ~ N ~ C I - U C I  

47 370 * 5 Eutectic L e  2NeC1*1ICl4+ unidentified compound 

57 415 k 5 Peritectic L + UCi4 ---:.!unid+ntified compound 

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

Complex Salts of Uranium with [lalides of the Alkal i  and Alkaline Earth Metals, hZ-251 (July 1, 
1943). 

NnCl 10 20  3 0  4 0  5 0  60 70  80 90 UC!, 
Vcl4 (mole %) 

Fig. 3 8 4  The System NaCi-UCi4, 
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3.85. The S y s t e m  KCI-UCI, 

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

Preliminary diagram. 

lnva rian t Equi  I i brio 

In var ion t 
Mole % UCI4 

in Liquid Temperature Type of Equilibrium 
("C) 

Phase Reaction a t  

Invariant Temperature 

25  550 Eu te c ti c L e KCI t 2KCI*UCI4 

33.3 6 30 Congruent melting point L 2KCI-UCI4 

44 3 30 Eutectic L e 2 2 K C I * U C l 4  t KCI*UCl4 

49 345 Per i te c t  i c L f KCI*3UCl4+KCl*UCl4 

61 3 95 Per i tec t ic L t UCI,& KCI*3UCI4 

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

Some Complex Salts  o/ IJranium with t falides of the A l k a l i  and Alkaline Earth Metals, M-251 
(July 1, 1943). 

UNCLASSIFIED 
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Fig. 385. T h e  System KCI-UCIC 
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3.86. The System RbCl-UCI, 
C.  J. Barton, R. J. Sheil, A .  B. Wilkerson, and W. K. Grimes, unpublished work performed 

at  the Oak Ridge National Laboratory, 1954. 
Prc I i m i nary d i agaam. 

Invariant Equilibria 

In variant  Phase Reaction a t  

Invariant Temperature Type  o f  Eq u i I i bri urn Mole X UCI3 
in Liquid 

Tempera tu re 

_... (O C) _.- 

15 610 Eu te t t  i t  L ,RbCI -1 3RbCI*UCI3 

745 2 10 Congruent melting point L *3RbCI-UC13 25 

40 560 ? 10 Per itectic L -1- 3 R b C I . U C 1 3 ~ - 2 R b C I . U C 1 3  

45.5 513 + 5 Eutectic 

49 550 k 10 Pe ritectic 

L +2RbCI*UC13 + RbCI*UCI3 

I, + UC131d-RbCI*UC13 

UNCLASSIFIED 

Fig. 3.86, The System RbCI-UC13. 
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3.87. The System CsCI-UCI, 
C. J ,  Barton, A. B. Wilkerson, and W. R.  Grimes, unpublished work performed a t  the Oak 

Ridge National Laboratory, 1953. 
Preliminary diagram. ...... 

Invariant Equil ibria 

....... 

.._ 

In variant 

Temperature Type of Equilibrium 
Mole 76 UCI4 

in Liquid r 0 . - ,  

Phase Reaction a t  

In variant Tempera ture 

20 505 k 5 Eutectic z ,+csct+ 2 c s c I * u c 1 4  

657 -f 5 Congruent melting point I., 2 c s  c IOU c I 

sa 370 k 5 Eutectic I , + 2 c s c I ~ u c 1 4  + CSCI.2UCl4 

63 382 2 5  Per i tectic L + u c 1 4 ~ - c s c l ~ 2 u c 1 4  

33.3 
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Fig. 3.87. The Sys tem C S C I - U C I ~  ... 
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3.88. The System K,CrF6-Na,CIF6-bi,Cr%6 
5.  J .  Sturm, L. G. Ovesholser, and W. R .  Grimes, unpublished work performed a t  the Oak 

Ridge National Laboratory, 1951-52. 
Pre I im i nary diagram. 

0 X-RAY PATTERN O B r A l N t D  A7 T t i L S E  
COMPOS11 IONS 

/ p/ 

UNCLASSIFIED 
D'NG 17407 
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4. O X I D E  AND H Y D R O X I D E  SYSTEMS 

4.1. The System SO,-Tho, 
L. A. Harris, "A Preliminary Study of the Phase Equilibria Diagram of Th02-Si0,," 1. Am. 

Cerum. SOC. 42, 74-77 (1959). 
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4.2. The System LiOH-No0 
C. J. Barton, J. P. Blakely, K. A. Allen, W. C, Davis,  and 8. S. Weaver, unpublished work 

perforriied a t  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 6. M. Oonzhakov, Zhur. Neorg. Khim. 3, 1433 (1955). 

Invariant Equil i brin 

Mole % LiOH Invariant Temperature Type of Equilibrium 
in Liquid ("C) 

Phuse Reaction o i  

Invariant Temperature 

L $ NoOW +a-NaOH.LiQH 27 219 Eutectic 

40 2 50 Per i tect ic  I .  + LiOH e CL-LiOH*NoOH 

l n v e r s  ion a-L iOH*NuOH e P - L  iOH+NoOH - 180 

U $ I C L P S S  I Fl ED 
S R N L - L P  D+VG 2 C 4 6 3 R  

I r 1  
~~ I- - 

I 

453  

400 1 -  

- 
0 
1 

, / I  3 5 3  
liI 3 

LL 
W a 

W 
t 

a 

2 3 0 3  

250  

20c 

YOOH 10 2 0  3 0  40 5 0  60 70  8 3  90 L O h  
L i O H  (mule %)  

Fig. 4 2 .  The System LiBH-MaOH, 
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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 

a t  the Oak Ridge National Laboratory, 1951. 

Preliminary diagram. 

lnvar i ant Equi I i bri a 

Mole '% KOH Invariant Temperature Phase Reaction at 
Type of Equi I i  br ium 

in Liquid ( "C) Invariant Temperature 

40 315 Incongruent melting point of L + LiOH $3LiOH*2KOH 
3LiOH.2KOH 

70 245 Eutectic L s 3 L i O H . 2 K O H  +P-KOH 

... 

UNCLASSIFIED 
O R N L - L R - O W G  Z 0 4 6 0 R  
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Fig. 43  The System LiOH-KOH. 
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4.4. The System N o 8  

G. von Hevesy, “The Binary Systems NQQH-KOH, KOH-RhOH, and RbOH-NQOH,” Z. 

physik.  Chem. 73, 667-84 (1910). 

U N C L A S S I F I E D  

I 
I 1 b- Q PHASE’  I I 

KOH 10 

Fig, 4.4 The Sys tem NaOH-KOH. 
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4.5. The System NoOH-RbOH 

G. von Hevesy, “The Binary Systems NaOH-KOH, KOH-RbOH, and RbOH-NaOH,” Z. 

physik. Chem. 73, 667-84 (1910). 
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4.6. The System Ba(OH)2-Sr(OH)2 
K. A. Allen, W. C. Davis, and B. S. Weaver, unpublished work performed a t  the Oak Ridge 

National Laboratory, 19511, 
Prel iminnry diagram. The system Ba(OH),-Sr(OH), contains a single eutectic a t  37 

Sr(OH)2-63 Bo(OH), (mole %), i n p .  360°C. 

U N C L A S S I F I E D  
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5. AQUEOUS SYSTEMS 

5.1. The System U0,-P,O,-H,B, 25°C Isotherm 

J. M. Schreyer, “The Solubi l i ty of Uranium(1V) Orthophosphates in Phosphoric Acid so- 

lutions,” ]. Am. Chem. SOC. 77, 2972 (1955). 

The transition point between U(HPO4),.6H,O and U(HPO,),.H,PO,.H,O as stable solids 
was at  0.62 t_ 0.02 M U (10.3 wt 76 UO,) and 9.8 + 0.1 M PO, (42.6 w t  % P,O,), density 
1.63 k 0.03 g/mI. The compound U(HP0,)2.H,P0,.H,0 i s  incongruently soluble in water. 

- 

- 

- 

- 

- 

..... 

/I.. 

UNCILASSIFIED 
ORNIL-I R-DWG 1315 

Q MOTHER LIQUO 

0 SLURRIES 

0 IO- 20 30 40 50 60 70 80 90 100 
GRAMS OF P205 PER 100 GRAMS OF MIXTURE 

Fig. 5.1. T h e  System UO2-P2O5-H20, 2SoC Isotherm 
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5.2. The System L1 ,-H,PO,-W,O, 25°C Isotherm 

J. M. Schreyer and 6. F. Baes, Jr., .“The Solubility o f  Uranium(V1) Orthophosphates in 

Phosphoric Acid Solutioii,” I .  Am. Chem. SOC. 76, 351 (1951). 
The normal phosphate (UO2),(P0,),4H2O i s  stable below 0.025 mole % H,PO,. The 

stability ranges are as follows: 

Total Phosphote Molarity 

<0.014 

0.014-6.1 

>6.1 

UNCLASSIFIED 
DvVG 2 0 2 3 3  

mole 96 H,PO, 

Fig. 5.2 The Sys tem U 0 3 - H 3 P 0 4 - H q Q ,  25OC Isotherm. 0-60 mole % U03, 0-60 mole % H3P04. 
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5.3. The System U(HP04)2-C120,-H20, 25OC Isotherm 

J. M. Schreyer and L. R. Phil l ips,  “The Solubility of Uranium(V1) Orthophosphates in 

Perchloric Acid Solutions,” 1. f’hys. Chem. 60, 588 (1956). 
T h e  stable solids in this system are U(HP0,),-2H20, U(H2P04),(C10,),*4H,0, and 

U(H2P04),(CI04),-6H,0. Metastable anhydrous U(HPO,), formed readily in a l l  solution compo- 

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

of U(H,PO,),(CIO,) ,*6H 20. 

_. 

.... ’.’.’ 

.-.-.. 

......\. 

60 

55 

c I 2 0 7  
70 

Fig. 5.3. Schreinemakers’ Projection of the System U02-P205-CI 20,-H20 at 25OC. A projection on 

the U02-CI 207-H20 face, plotted in rectangular coordinates. 

-.- 

in.. e 147 



5.4. The System U0,-Na,B-CQ2-H,0, 26OC isotherm 

C. A. Blake, C. F. Coleman, K. B. Brown, D. G. Hill, R. 5. Lowrie, and J, M. Schmitt, 
I #  Studies in the  Carbonate-Uranium System," 1. Am. Chern, SOC. 78, 5978 (1956). 

UNCLASS IFIE3 
O R N L - L R - D W G  39480 

L...... , '\\J 

Fig. 5-4a. The System U03-Na20-C02-H20 at 26OC. Compositions are 

plotted i n  weight per tent.  I, solutions i n  equilibrium with sodium uranates; 
II, solutions i n  equilibrium with sodium uranyl tricorbonate; Ill, solutions 

i n  equilibrium with uranyl carbonate. A ,  Na2C03; E ,  N a  CO * H  0; c, 
F ,  N O ~ C O ~ * ~ H , ~ Q ;  D ,  Na2C03*  10H20; E ,  No2CO3*NaHCO3.2H.,O 2 - 3  (trona); 2 

NaHC03; G, UQ2C03; H ,  Na41JO2(CO3I3. The entire upper - face o f  the tri- 
angular prism represents pure water. 
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The stable uranium-carbonate solids found were UO,CO, and Na4U0,(C0,),. ?he solution 

composition at  the transition point (not determined exactly) was a t  least 26 wt  % UO,, 5.6 w t  7% 
Na,O, and 7.2 wt 74 CO, (mole rat io UO,:Na,O: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 a t  points in and near the 

planes Na ,O-C0,-H ,O, U0,-Na,O-H ,Or UO,CO,-Na ,CO,-H ,Or Na,UO,(CO,) ,-NaHC0,- 

H,O, U0,-Na,C03-H ,Or U03-NaHC03-H,0, and UO,CO,-Na,O-H,O. 
Related phase equilibria in the system Na,O-U0,-H,O at 50 and 75OC are reported by 

J. E. Ricci  and F. J. Loprest, J. Am. Chpm. SOC. 77, 2119 (1955). 
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Fig. 5.4b. The Section UO2CO3-Na2CO3-H2O at 26OC. 
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5.5. Portions of the System Th0,-Na20-C02-H28, 25OC isotherm 

F. A. Schimmel, unpublished work performed at the Oak Ridge National Laboratory, 1955. 
The stable thorium-carbonate solids found were ThOC03.8H,0 and Na,Th(C0,),.12H20. 

Ternary Points 
............ I__ 

~ __I_ - 
Composition of Solution ( w t  %) 

............ ~. Solid Phases Present 
c o 2  

0.62 12.0 9.96 

........ Tho2 Na2Q ......... II ........- I___ - I_ - . .. ......... 

No6 Th(CO3),.12H20, NaHC03, and 
Na2C03*NaHC03*2H2Q (trona) 

0.48 14.1 10.86 Na6Th(C03)5012t-120, Na2CQ3.10H20, and trona 

.............. __ l_l_ _I_.._.. 

Fig. 5 . 5 ~ ~ .  Perspect ive Representation of  the System ThO,-Pba 0-@Q2-H28 as a Tetrahedron. 2 
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The highest thorium solubility found was 3.35 wt % Tho, (3.06 w t  % Na,O, 3.60 wt 76 CO,) 

in equilibrium with solid Na6Th(C03),*12H20 and ThOCO3-8H,O. (The terminal points of this 
binary line were not established.) The maximum thorium solubility in equilibrium with 

Na,Th(C03),*12H20 and Na,C03~10H,0 was 1.25 wt % Tho, (12.5 wt % Na20, 9.4 wt % CO,); 

with Na6Th(C03)5.12H20 and trona, the highest solubility was 0.7 w t  % Tho, (12.6 wt % Na,O, 
10.4 w t  % CO,). The highest found with Na6Th(C03),*12H,0 and NaHCO, was 1.2 w t  % Tho, 
(5.0 wt 75 Na,O, 6.0 wt % CO,), which was the most dilute NaHCO, solution tested. 
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EQUILIBRIUM SOLID PHASES 

a-b  z + Nal iC03 
b 
b-c NaHC03 -C TRONA 
b-d Z+TRONA 
d z t TRONA t-NnZC0,-10H20 
d-e TRONA + NaZC0,.4OH20 
d - f  z + Na,C0,.10H20 
g -h  z +-rhOCO,-F!H,O 

z t NaHCO, t rHONA 

COMPOSITION wt "Ao 

l z =  Nadl~h(C03)5.i2H201 
( IRONA = Nn2CO3.N~HCOJ~2H2OO) 

v v  ..... v .......... 
Noi;O, e c  TRONA NuHC03 

Fig. 5 5 b .  The System ThO2-No20-CO2-H20 at 25OC. Projection to the Th02-Na20-C02 face 
along radii from the H,O vertex. 
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EQU'LIBRIUM SOLID PHASES 

0-b z+NoHC03 
b z + NaHC03 +TRONA 
b - c  NaHC@3+TRONA 
b - d  z+TRONA 
d 
d-e  TRONA thaZCOJ (OHZO 
d - 1  z + ha,COS 40HZ0 
9-h  z - T h O W 3  RH20 

( 2  '3ha20-ThOZ.5COZ 42HZOl 
(TR@N& = NaZC03 NaHC03 ZH201 

z + TRONA + NaZCCI3 (OH20 

COMPOSITION wt  ?lo 

'\ 

/ 
/ 
. Y O  \ 

\ 

'\ 
\ 

A, 75 

'\, 

~ ~~ 

'\, 

\ 
'\I ( r h o L  CO*', 
2 5  30 

13NaZ0 4i021 

Fig. 5%. The System Th02-Na20-C02-H20 at 25OC. Projection to the ThOZ*C02-3Na2Q*4@02-H20 
Portion from 70 to internal plana, represented as an equivalent triangle, along radi i  from the C02 vertex. 

100 wt % H20. 

152 



..... 

.... 

.... 

,. . . 

5.6. T h e  System No,0-C02-H20, 25OC Isotherm 

F. A. Schimrnel, unpublished work performed a t  the Oak Ridge National Laboratory, 1955. 
Significant changes from the data of Freeth [Phil. Trans. Ruy. SOC. London 233, 35 (1922)l 

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

data of H i  II and Bacon [ I .  Am. Chem. Soc. 49, 2487 (1927)l. 

Transition Points 

Solid Phases Present 

Composition of Solution 

(wt %) 

NoOH*H20 and Na2C03 40.5 0.85 

Na2C03 and Na2C03.H20 31.4 0.72 

Na2C03*H20 and Na2C03.7H20 18.7 6.9 

Na2C03*7H20 and Na2C03-10H20 17.85 7.8 

Na2CG3.10H20 and Na2C03*NaHC03.2H20 (trona) 13.7 10.35 

Trona and NaHC03 11.9 9.5 
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The System Na20-CQ2-H20, 25OC lratherrn 

.... 
.1_11. --- 

Composition of Saturated Solution 
(wt X) Equilibrium Solid Phase _- 

-._ Na20 c02 

41.3 
40.5 
40.45 
31.6 
31.4 
31.1 
29.9 
26.6 
25.2 
23.2 
23.15 
21.15 
19.3 
18.95 
18.57 
18.6 
18.7 
18.5 
17.7 
18.3 
17.85 
17.3 
16.1 
15.6 
15.1 
13.7 
13.28 
13.55 
14.1 
13.7 
17.0 
16.7 
13.8 
11.9 
11.55 
10.5 
9.4 
8.1 
6.4 
5.4 
3.9 
3.56 
3.47 

0 
0.85 
0.8 
0.67 
0.72 
0.78 
0.5 
0.4 
0.55 
0.9 
1 .o 
2.3 
4.3 
6.0 
7.5 
7.8 
6.9 
6.75 
7.95 
7.3 
7.8 
7.88 
7.9 
7.92 
a, 1 
8.85 
9.4 

10.15 
11.0 
10.35 
13.0 
12.7 
10.35 
9.5 
9.3 
8.8 

7.5 
6.5 
5.75 
5.0 
4.95 
4.93 

.a.o 

NaOH.H20 
Na2C03 
Na2C03 
Na2C03 
Na2C03 and No2C03*H20 
Na2C03.H20 
Na2C03.H20 
Na2C03-H20 
Na2CO3*H20 
Na2C03.H20 
Na2C03.H20 
Na2C03.H20 
No2CO3*H20 
Na2C03.H20 
N a 2C O3 *H 2O (metastable) 
N a 2C O3 O H  0 (met ost a b le) 
No2C03*H20 and Na2C03*7H20 
Na2C03.7H20 (metastable) 
Na2C03*7H20 (metastable} 
Na2C03*7H20 
Na2C03.7H2Q and No2C03.10H20 

Na2CO3*1OH2O 
Na2CO3* 1 O H 2 0  
Na2C03-10H20 
Na2C03. 10H20 
NaZCO3- 10H2Q 
No2CO3* 10H20 
Na2CQ3~101-120 (metastable) 

Na2CO3.10H20 and trona* 

Trona (metastable) 
Trona (metastable) 
Trona 
Trona and NatiC03 
NaWC03 
NaHC03 
NaHC03 
NaHC03 
NaHC03 
NaHC03 
NaHC03 
NaHC03 
NaHC03 

N G2 c 0 * 1 ob! 2 0 

-___ .._____. -.- 

*The formula of trona i s  Na2C03*NaHC03*2H20. 
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Fig. 5.6. The System Na20-C02-H20, 25OC Isotherm. 0-50 wt % NaZO, 0-50 wt % C02. 
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5.7. Solubi l i ty  of Uranyl  Sulfate in Water 

1. C, H. Secoy, J .  Am. Chem. SOC. 72, 3343 (1950) (data above 3OOOC). 
2, C. H. Secoy, j .  Am. Chem. SOC. 76, 3450 (1948) (data up to 3OOOC). 
3. L. Helmholtz and G. Friedlander, Physical Properties of Uranyl Sulfate Solrrtions, 

MDDC-808 (1 943) (room temperature data), 

4. C. Dittr ich, 2. physik,, Chem. 29, 449 (1899). 

5. E. V. Jones and w. L. Marshall, HRP guar. Prog. Rep .  March 15, 1952, QRNL-1280, 
p 180-83, 

6. E, V. Jones and W. L, Marshall, N R P  Quar. Prog. Rep .  Jan. 31, 1959, OHNf-2696, 
p 210-1 1. 

The two-liquid-phase region of t h i s  system in  actual i ty  must be represented by the three 

components UO,, SO,, and H,O. The curve representing the boundary of l iqu id- l iqu id  immisci-  

b i l i t y  i s  correct for stoichiometr ic solutions. However, the t i e  l ines w i th in  the region of immisci- 

bi l i t y  do not connect two solut ions containing stoichiometr ic IJO,SO, but rather connect solu- 

t ions containing varying concentrat ions and rat ios of UO, and SO, (Fig, 5,lO). At low concen- 

trat ions and high temperatures, that is, below 0.02 m UO,SO, and above 250"C, hydro lys is  

occurs t o  produce a nonstoichiometr ic solut ion phase. The point  o f  hydro lys is  i s  dependent on 

concentration and temperature (see Sec 5.13). 
Note: Revised data (ref 5) are used to construct the immisc ib i l i t y  boundary in the figure. 

Ear l ier  data (ref 1) showed higher temperatures in th is  region and a possib le  l ike l ihood of ac id  

impurity in  the solutions. 
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Fig. 5.7. The System UQ2S04-H20. 
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5.8. TwoeLiquidmPhase Region of uo,~fJ, i n  ordinary and Heavy Water 

E. V. .Jones and W. L. Marshall, H R P  Quar. Prog. Rep.  March 15, 1952,ORNL-1280, p 180-83. 
The two curves shown are boundary curves for l iqu id- l iqu id  immisc ib i l i ty  obtained by ob- 

serving the phase-transit ional behavior of known UO,SO,-H,O (D,O) solut ions in sealed tubes 

os a function of temperature. For later reference, this procedure i s  designated the v isual -  

synthetic method. As was described in Sec 57, the concentrat ions and composit ions of the two 

phases wi th in  the boundary region at equi l ibr ium cannot be obtained from t h i s  figure. Mixtures 

which are solut ions at lower temperatures separate in to  two l iqu id  phases as the temperature i s  

raised, according to the boundary curves. 
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Fig. 58. Two-Liquid-Phase Region wf U02S04 in Ordinary and Heavy 

Water. 
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5.9. The System UO,-SO3-H2Q 
1. A. Colani, Bull .  SOC.  chim. France [4] 43, 754-62 (1928). 
2. J. S. Gill, E,  V. Jones, and C. H. socoy, H R P  Quar. Prog. Rep .  Oct. 31, 1953, 

ORNL-1658, p 87. 
The 25' data on the SO,-rich s ide are those of Colani. The higher temperature data are 

those of Gil l, Jones, and Secoy, obtained by f i l t ra t ion  techniques a t  temperature, The number 

and ident i ty of the so l i d  phases i n  the UO,-rich regions a t  25, 100, and 175OC arc somewhat 

uncertain. Subsequent unpublished work of F. E. Clark  and C. H. Secoy has disclosed that the 

K so l id  i s  ident ical  (x-ray di f f ract ion) wi th the mineral uranopil i te, 6U03.S0,.xH20, that the G 

so l i d  i s  not ident i f iable a s  any known mineral, and tha t  a t  least  one addit ional unident i f ied 

so l i d  phase occurs a t  25 and 100'. The l iquidus curves for the 25 and 100' isotherms are 

essent ia l ly  correct o s  shown except that the t ransi t ion points ( two so l i d  phoses) occur a t  some- 

what lower concentrat ions than those indicated. 
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Fig. L9b.  The System UQ3-SQ3-H20 at 100OC. 

161 



UNCLASSIFIED 
DWG 21936 

Fig. $99~. The System UQ3-5O3-H2O at 195OC 
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Fig. S9d. The System U03-S03-H20 at 250°C. 
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5.10. Coexistence Curves for Two Liquid Phoses in the System U 
H. W. Wright, W .  L. Marshall, and c. 1-1. Secoy, H R P  Quar. Prog. Rep. Oct. 1, 1352, 

ORNL-1424, p 108. 
A l l  curves in this f igure must extrapolate t o  the c r i t i c a l  temperature of water (374.2OC) 

at zero concentration of uranium. These ore boundary curves which were determined by 

observing sealed tubes in  which immisc ib i l i ty  occurred in U03-SQ3-H2Q solut ions upon varying 

the temperature. As was explained in  Sec 5.7, they do not represent concentrations and compo- 

s i t ions of the two l iqu id  phases w i th in  h e  temperature-concenPrad.ion region of immisc ib i l i ty  

but  are lower solut ion boundary curves, 
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Fig. 5.10. Coexistence Curves for Two Liquid Phases  in  the System UQ2SO4-H2SQ4-H2Q. 
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5,11. TwceLiquidePhose Region of the System UB,SO,-H,SO,- 
R. E. Leed and C. H. Secoy, Chem. Quar. Prog. Rep. Sept. 30, 19.50, ORNL-870, p 29-30; 

C. H. Secoy, Chem. Quar. Prog. Rep.  Dec. 31, 1949, ORNL-607, p 33-38. 
In contrast  wi th  the immisc ib i l i ty  curves shown in Fig. 5.10, each of these curves must 

extrapolate to a c r i t i ca l  temperature curve for SO,-H,O in  which a small or negl ig ib le  omount of 

UO, i s  dissolved. Since SO, d isso lved in H20  (neglect ing any d isso lved UO,) w i l l  elevate the 

cr i t i ca l  temperature, the curves obtained from solut ions containing c1 constant amount of free 

H2S0, w i l l  a l l  extrapolate to cr i t i ca l  temperatures higher than that  (394.2OC) for H,O alone. 
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Fig. 5.11. Two-Liquid-Phase Region of the System h102X)4-H2S04-0%20. 
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5.12. 

E. 

Two-LiquidaPhase Coexistence Curves for U0,-Rich Solutions in the System U 
H,O With and Without HNO, 

, V. Jones and W. L. Marshall, HRP Quar. Prog. Rep. ]uZy 1 ,  1952, ORNL-1318, p 147-48. 
These turves 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 irnmisci bi I ity region. 

-0- u= 1.20 AND CONTAINING 

0.02 M UO,( NO,), A so4 

0-0 280 

270 i 
_ I _ _ - - - . . I . . -  0 I L  40 20 30 40 

TOTAL URANIUM ( W t  %) 

Fig. 5.12. Two-Liquid-Phase Coexistence Curves for UQ,-Rich Solutions 

in the System U03-S03-H2Q With and Without HNQ3’ 
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5.13. Solubility of UO, in H,SO,-H,O 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 i s  n-U0,.H20 below 205OC 

and P-UO,*H,O abave 205°C. These curves represent hydrolysis equilibria. 

SOLUSILITY M0L.E RATIO UO,/ H,SO, 

Fig. 5.13. Solubiliry af U03 in  H2504-H2t% Mixtures. 
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5.14. Ef fect  of Excess H,SO, on the Phase Equilibria in Very Dilute UO,SO, Solutions 

1. W. L. Marshall, Anal. Chem. 27, 1923 (1955). 
2. H. W. Wright, W. L. Marshall ,  and C. H. Secoy, H R P  Qual. 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. SecondaLiquidaPhase Temperatures of U 4-Li2S04 Solutions 

R. S. Greeley, S. R. Bwxton, and 4. C. Griess, “High Temperature Behavior of Aqueous 

U02S04-Li2S04 and U02S04-BeS04,” paper presented at American Nuclear Society 2nd Winter 

Meeting, New York City (Oct. 1957). Also R. S. Greeley and J. e. Griess, H R P  Dynamic So- 

lution Corrosion Studies /or Quarter Ending ]uIy  3 1 ,  1956, ORNL CF-56-7-52, p 30-31. 
These data were obtained by the viswal-synthetic method mentioned in Sec 5.8. 
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Fig. 5.15, Seeand-Liquid-Phase Tempesotures of U02S04-Li 2s64 So- 

lutions. 
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5.16. Second-LiquidaPhose Temperatures for UO,SO, Solutions Containing Li,SO, or &SO, 

J u l y  31, 1956, ORNL CF-56-7-52, p 30. 

R. S. Greeley and J. C. Griess, H R P  Dynamic Solution Corrosion Studies {ox Quarter Ending 

Liquid-liquid immiscibil i ty occurs at the boundary curves as the temperature i s  raised, 
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Fig. 116. Second-Liquid-Phase Temperatures for U02W4 Solutions Con- 
taining Li2SO4 or BeSOq. 
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5.17. Second.LiquidePhase Temperatures for BeSO, Solutions Containing Uo, 
R. S. Greeley and J. C. Griess, HRP Dynamic Solution Corrosion Studies for Quarter Ending 

Liquid-liquid immiscibility occurs at the boundary curves a s  the temperature i s  raised. 

J u l y  31, 1956, ORNL CF-56-7-52, p 31. 
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5.18. The System NiSO4-UO2SO4-H2O at  25°C 
E. V. Jones, J. S. Gill, and C. H. Secoy, HRI’ Quar. Prog. R e p .  Oct. 31, 1954, ORNL-1813, 

p 166-67. 
Also included in the reference are solubility data far th is  system at 175 and 25O0C. The 

data a t  high temperature are not in sufficient quantity for a diagram to be presented. 
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Fig. 5.18. The System NiS04-U02S04-H20 at 25*C. Compositions are 
plotted in weight per cent. 
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5.19. PhaseaTransition Temperatures in SaIutions Containing CuSB,, UO,SO,, and H,SO, 
F. E. Clark, J. S. Gil l ,  R. Slusher, and C. H. Secoy, I. C h e m  Eng. Data4,  12 (1959). 
Al l  data were obtained by the v isual-synthet ic method mentioned i n  Sec 5.8 and represent 

No deductions can temperatures a t  which immisc ib i l i t y  occurred upon ra is ing  the teinperoture. 

be made regarding composit ions w i th in  the two-l iquid-phase region. 
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Fig. 5.19. Phase-Transition Temperatures i n  ScPlutions Containing CuS04, U02SQ+ and H2SOC 
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.... 5.20. The Ef fect  o f  CuS04 and NiSO, on Phase-Transi t ion Temperatures: 0.04 m U0,S04; 
0.Q1 rn H,SO, 

c. H. Secoy et al., HRP guar. Prog. Rep. Ju ly  31, 1957, ORNL-2379, p 163. Also addi t ional  

data: F. Moseley, Core Solution Stahiliiy in the Homogeneous Aqr~eorrs Reactor; the Ef /ec t  o/  

Corrosion Product c m n d  Copper Concentrations, HARD(C)/P-41 (May 1957). 
The curves for l iqu id- l iqu id  immisc ib i l i ty  were drawn from data obtained by the v isual -  

synthet ic method mentioned in Sec 5.8. Saturation temperatures for so l id- l iqu id  equi l ibr ia  were 

obtained by measuring solut ion concentrat ions as a funct ion o f  temperature and determining a 

break in the curve. The numbers in parentheses are temperatures at which the indicated so l i d  

phase appeared upon ra is ing the temperature. Sol id phases indicated in parentheses were found 

in smal l  quantity. 
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Fig. 5.20. The Effect of CuSO, and Nim4 on Phase-Transition Temper- 

atures: 0.04 VI U0,S04; 0.01 m !i2s0,. 

1 75 



5.21. The System U6,-CuO-NiO-SQ3-D2O at 300OC; 0.06 m 90, 
J. S. Gill ,  R. Slusher, and W. L. Marshall, H R P  Quar. Prog. Rep. Jan. 31, 1359, ORNL-2696, 

p 205-13. 
The variat ion in  solut ion composition i n  the presence of one, two, and three so l id  phases was 

determined at 3OOOC from 0.04 to 0.2 m SO,. Solub i l i ty  re la t ionships a t  0.06 m SO, were ob- 

ta ined from these separate so lub i l i t y  curves, and the skeleta l  volume f igure for the five-compo- 

nent system was drawn. Other ske leta l  f igures can be drawn a t  various SO, concentrations. 

T h i s  investigation i s  s t i l l  in progress, and the data are subject  t o  revision. 
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5.22. Solubility of Nd,(S0,)3 in 0.02 m UO,SO, Solution Containing 0,005 m tl,SQ,(180-30OoC) 
R. E. Leuze et al., H R P  Qunr. Prog.  Rep .  April  30, 19j4,  ORNL-1753, p 176-79. 
Also included in the reference are prel iminary solubil ity data for rare earth sulfate mixtures 

as wel l  as Ce,(SO,), and La,(SO,), i n  0.02 m U02S0,, 0.005 m H,SO,. 
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Fig. 5.22. Solubility of Nd2(S04),  in  0.02 rn U0,s04 Solution Contoining 
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5.23. Solubility of La2(S0,), in U0,S 
E. V. Jones, M. H. Lietzke,  and W. L. Marshall, 1. Alii. Chem. SOC. 79, 267 (1957); O ~ ~ S O  

T h e  Solubility o/  Several hletal Su l fa tes  at High Temperatures and Pressures in Water atzd 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 visual-synthetic method 

The  very large effect of UO,SO, must be noted and indicates eonsider- described in Sec 5.8. 
able solvation of other species by aqueous UO,SO,. 
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5.24. Solubility of CdSO, in UO,SO, Solutions 

E. V. Jones, M. H. Lietzke,  and W. L. Marshall, 1. Am. Chem. Soc. 79, 267 (1957); also 
The Solubility of Several Metu l  Sulfates ut High Temperatures and Pressures in Water and in 

Aqueous Uranyl Sulfate Solution, ORNL CF-55-7-69 (declassified Aug. 23, 1955). 
See c o m m e n t s  in Sec 5.23. 
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Fig. 5.24 Solubility of  CdS04 in U02504 Solutions. 
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5.25. Solubility of Cs,SO, in UQ,S0, Solutions 

E. V. Jones, M. H. Lietzke, and W. L. Marshall, J. Am. Chem. SOC.  79, 267 (1957); olso 

'I"& Solubility o f  Several Metal Sulfates at High Telnperatures 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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5.26. Solubility of Y,(SO,), in UO,SO, Solutions 

E. v. Jones, M. H. Lietzke,  and W. L. Marshall, I .  Am. Chem. sot. 79, 267 (1957); also 

The  Solubility of Several Metal Sulfates at Nigh Temperatures and Pressures in Water ana in 

Aqueous UranyZ Sulfate Solution, ORNL CF-55-7-69 (declassified Aug. 23, 1955). 

See comments in Sec 5.23. 
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Fig. 5.26. Solubilify of  Y2(S04)3 in U02504 Sclutions. 
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5.27. Solubility of Ag,SO, in UO,SO, Solutions 

E. V. Jones, M. H. Lietzke, and W. I. Marshall, 1. Am. Chem. SOC. 79, 267 (1957); also 
The Solrtbility of Several Metal Sulfates at High Temperatures and Pressures  in Water and in 

Aqueous Uranyl Sul fate  Solution, ORNL CF-55-7-69 (declassified Aug. 23, 1955). 
See comments in Sec 5.23. 
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Fig. 5.27. Solubility of Ag2S0, in U02S04 Solutions. 
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5.28. Solubility at 25OOC of BaSO, in UO,SO,-H,O Solutions 

E. '4. Jones, M. H. Lietzke, and W. L. Marshal'l, J. Am, Chem. Soc. 79, 267 (1957); a l s o  

The Solubility of Several Metal Sulf2tes at High Temperatures and Pressures in Water and in 

Aqueous Uranyl Sulfate Solutions, ORNL CF-55-7-69 (declassif ied Aug. 23, 1955). 
Solutions were filtered from solids at 25OOC to obtain the solubility of BaSO, in H,O. 

Counting of radioactive barium was used to determine the solubility Concentration. The very 

large effect  of UO,SO, must be noted and indicates considerable solvation of other species by 

aqueous UO,SO,. 
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5.29. Solubility of H,WQ, i n  0.126 and 1.26 M UO,SO, 
C. E. Coffey, W. L. Marshall, and G. H. Cartledge, N R P  Quar. Prog. R e p .  Oct.  31, 1953, 

ORNL-1658, p 96-99. 

The data shown in  the f igures were obtained by direct  sampling of equi l ibrated solutions, by 

the f i l te r  bomb method, and by the synthetic method described previously in Sec 5.8. In 0.126 IM 
UO,SO, the so lub i l i t y  of H,WO, f i r s t  shows a pos i t i ve  temperature coeff ic ient  of  so lub i l i t y  and 

then, above IOOOC, a negat ive coef f i c ien t  of  solubi l i ty .  In 1.26 M Uo,sO, the temperature 

coef f i c ien t  of so lub i l i t y  is pos i t i ve  up to  285", the temperature a t  which two l i qu id  phases 

form - a character ist ic of  UO,SO,-H,O solutions. 
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Fig. 529a,  Solubility of H 2 w 0 4  in 0.126 M Uo2mq. 
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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. 11. Cartledge, H R P  Quar. Prog. Rep .  Oct. 31, 1953, 

ORNL-1658, p 96-99. 

The methods of solubility and stabil i ty determination were the same as for analogous studies 

of H,WQ, in UO,SO, (Sec 5.29). T h e  data on the figure as drawn show temperatures at which 

hydrolytic precipitation of an unidentified solid phase occurs from solutions stable Qt lower 

temperatures. 
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5.31. The System UO,(NO,),-H, 
1. Reported i n  full by W. L. Marshall, J. S. Gill, and C. H. Secoy, Chem. Qum. Prog. Rep.  

Match 31, 1951, ORNL-1053, p 22-25. 

2. Reported in part by W. L. Marshall, J. S. Gill, and C. W. Secoy, 1. Am. Chem. SOC. 73, 
1867 (1951). 

As in  the cuse of h e  system UO,SO,-H20, hydro lys is  occurs at h igh temperatures and low 

concentrations, resul t ing in  prec ip i ta t ion of UO,.W,O from stoichiometr ic UO,(NO,), solutions. 

In addition, decomposition of NO,- occurs at elevated temperature to  produce an equi l ibr ium 

vapor phase of ni t rogen oxides. Data a t  low 

temperature up to point I; were obtained by d i rect  analys is  of equi l ibrated solutions, whereas 

the high-temperature data were obtained by the v isual-synthet ic method described in Sec 5.8. 

Le t te r  A represents a region of complete solution. 
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5.32. Phase Equil ibria of UO, and HF in Stoichiometric Concentrations (Aqueaus System) 

W. L. Marshall, J. S. Gill, and C. H. Secoy, 1. Am. Chem, SOC. 76, 4279 (1954). 
The two-liquid-phose region and the region of “basic” sol id solution + saturated solution 

are in actuality segments of the three-component system U0,-HF-H,O, in which the equilibrium 

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

system U0,-H,SO,-H,O (see Sec 5.7). 

UNCLASSlFl ED 
OXNL-LR - - -DWG 19098 

. ~ 1 1 ~ , ~  .......... ! I  .... ~ , ~ . ~  ....... ’--- SOLID +SUPER CRITICAL FLUID 
’ 

H -A-A-A-A-A-A-A-A-A- 1 

350 

300 

250 

k- 

100 

5 0  

0 

-- 5 0  

K 
U N SATU R AT ED SOL UT ION 

y U02F2* 2H20+LlQUID I 

0 0 A OUR DATA 
9 DATA OF DEAN 
0 DATA OF KUNIN 

I l...d .... J L A  ....... 
’ 

0 10 2 0  3 0  40 5 0  60 70 80 90 

WEIGHT PERCENT AS U02F2 

Fig. 5.32 Phose Equilibria of U 0 3  and HF in  Stoichiometric Concentrations (Aqueous System). 

130 



- 

... 

.-... . 

5.33. Solubility of Uranium Trioxide in Orthophosphoric Acid Solutions 

W. L. Marshall, J.S. Gi l l ,  and H. W. Wright, t f R P  Qunr. Prog. Rep.  May 15, 19.51, 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 Ac id  at 250°C 
J. S. Gill, w. L. Marshall, and H. w. Wright, H R P  Quar. Prog. Rep .  Aug. 15, 1951,ORNL-1121, 

Solution and so l id  mixtures were equated a t  2 W C  in sealed glass tubes. 

p 119-21, 

The t ubes  were 

cooled rap id ly  to room temperature, and the solut ion and so l id  phases were analyzed. The slow 

revers ib i l i t y  of equi l ibr ium condi t ions made th is  procedure possible. 
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5.35. Solubility of UO, in H,PO, Soluiion 
B. J. Thamer et al., T h e  Properties o f  Phosphoric Acid Sohilions of Uranium a s  Fue l s  for 

Homogeneous Reactors, LA-2043 (March 6, 1956); W. L. Marshall, J. S. Gill, and H. W. Wright, 

HRP @UT. Prog. Rep. May 1.5, 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 L o s  Alamos and 
W. L. Marshall et al. of Oak Ridge National Laboratory. 
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5.35. The System U02Cr0,-H,0 
1. F. J. Loprest, W. L. Marshall, and C. H. Secoy, /. Am. Chem. SOC. 77, 4705 (1955). 
2. w. L. Marshull, I lRP Quar. Prog. Rep .  March 31, 17 j3 ,  ORNL-1554, p 105-6. 
Tho solid phases are U02Cr0,-51/2H20 ( A )  and U02Cr0,.xH20 ( B ) .  Curve r s  represents 

tlie boundary of a region in which hydrolytic precipitation of a basic uranyl chromate occurs. 

In the same concentration range the  dichromate, U 0 2 C r 2 0 7 ,  is stable to tlie crit ical  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 

1. F. J. Loprest, W. L. Marshall, and C. H. Secoy, H R P  Quar. Prog. Rep .  ]uZy 31, 1955, 

(250 "C) 

ORNL-1943, p 227-35. 
2. W. L. Marshall, F. J. Loprest, and C. H. Secoy, HRI' Quar. Prog. Rep.  ]an. 31, 1956, 

ORNL-2057, p 131-32. 
T h e  solubility relationships in the figure indicate strong complexing of UO,CO, with Li,CO, 

under CO, pressure. T h e  formation of HC0,- species in solution is  indicated. 
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5.38. T h e  System Li,O-UQ,-CB,-H,B at 25OOC and 1500 psi 

1. F. J. Loprest, W. L. Marshall, and C. W. Secoy, HRP Quar. Prog. R e p .  j u l y  31, 1355, 

ORN L-1943, p 227-35. 
2. W. L. Marshall, F. J. Loprest, and C. H. &coy, HRP Quat, Prog. R e p ,  Jan. 31, 1956, 

ORNL-2057, p 131 -32. 
A s  CO, pressure is increased, the area of complete solution (indicated by the shading) 

increases. As temperature i s  increased, the solution area decreases. 
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5.39. The System Th(N03)4-H20 
1. Reported in fu l l  by W. L. Marshall, J. S. Gill, and C. H. Secoy, H R P  Qunr. Prog.  R e p .  

2. W. L. Marshall, J. S. Gill, and C. H. Secoy, 1. Am. Chem. SOC. 73, 4991 (1951). 
Hydro ly t ic  precipi tat ion of Tho, and thermal decomposit ion of NO,- i n  th is  system occur in 

an analogous manner t o  the reoct ions occurring in the system UO,(NO,),-H,O (see Sec 5.31). 
At  higher temperatures the two-component system in actual i ty  must be considered in terms of the 

three components Tho,, HNO,, and H,O. 

NOV. 30, 1950, ORNL-925, p 279-90. 
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5.40. Hydrolyt ic Stabi l i ty  of Thorium Ni t ra te-Ni t r ic  Acid and Uranyl Ni t ra te Solut ions 

1. W. L. Marshall  and C. H. Secoy, H R P  Quar. Prog. Rep .  Oct. 31, 1953, ORNL-1658, 

2. W. L. Marshall, J. s. Gill, and c. H. Secoy, Chern. gum. Prog. Rep .  March 31, 19j1, 

The data used to  draw the indiv idual  curves were obtained by observations a t  various tem- 

peratures of tubes that contained di f ferent solut ions of known concentration. The procedure 

was analogous to  that used for obtaining data for Fig. 5.33. The curve for hydrolyt ic precipi-  

tat ion of UO,(NO,), i s  taken from re f  2. 

p 93-96. 

ORNL-1053, p 22-25. 
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5.41. The System ThQ2-Cr03-H20 at 25°C 
1. H. T. S. Britton, J. Chern. SOC. 123, 1429 (1923). 
2. W. L. Marshall, F. J. Loprest, and C. H. Secoy, HRP Quar. Prog. Rep.  ]an. 31, 19j.5, 

ORNL-1853, p 205-6. 
The  phase diagram a t  2 5 O  was determined by Britton. Points  1-7 ind icate composi t ions 

invest igated a t  h igh temperature by Marshall, Loprest, and Secoy. These so lut ion composi t ions 

were phase stable up  to  16OOC for po int  7 and 320°C for point  1. 
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5.42. Phase Stabi l i ty  of ThB,-H,PQ,-H,O Solutions at High Concentrations of Tho, 
W. L. Marshall, experimental data in  QRNL research notebook 2881, p 35 (May 1953). 
Solutions of appropriate concentrations were prepared and analyzed, These solut ions were 

sealed in  glass tubes and shaken a t  various temperatures for t imes varying from 1 hr t o  several 

days. In th is  manner the phase s tab i l i t y  boundaries wi th  respect to concentration and temper- 

ature were established, A t  f i r s t  inspect ion of the f igure i t i s  surprising that more  Tho, can be 

d isso lved per l i ter  a t  the lower H3P04/Th02 rat io  than a t  the higher rutio. Actual ly,  there 

i s  a phys ica l  volume l imi ta t ion due to the h igh fract ional volumes occupied by Tho, and M,PO, 
a t  these concentrations, As any solut ion i s  d i lu ted w i th  H,O, hydro lys is  o f  thorium in  solut ion 

occurs. A t  room temperature, solut ions in  which the H3P04/Th02 rat io  i s  5 1  are gels, whereas 

1O:l ra t io  solut ions are s t i l l  f luid. 
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