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. A COMPILATION O F  THORIUM BINARY PHASE DIAGRAMS 

0. N.  Ga'i-lson and E. R .  Stevens ,  

'ABSTRACT 
T . . 

The known phase  d i a g r a m s  and c rys ta l lographic  data  fo r  the 

in te rmedia te  phases  for, 63  b inary  s y s t e m s  of t ho r ium have'be@.n com-  
e 

pil-ed in  th is  r epo r t .  A brief  d i scuss ion  together  with a complete .  
. . 

bibl iography for  each  s y s t e m i s  included. s he c6mpilatid< i s  based 

on a l i t e r a tu r e  survey  through 1967 and supplements  the  m o r e  - - s e l e c -  

. l i v e  and condensed vers ion ' sumrnar ized  in a sect ion of the forthcoming 

thi rd  edition of"the Reactor    and book on Mater ia l s .  



. . 

. . 

INTRODUCTION - 

Thor ium m e t a l  and i t s  al loys have . r ece ived .a  cons iderab le  amount  

of at tention in  r e cen t  y e a r s ,  pa r t i cu la r ly  by organizat ions  engaged in  

r e s e a r c h  onmuclea r  m a t e r i a l s .  . o he ma jo r  i n t e r e s t  in  t ho r ium de r ive s  

. f rom i t s  potential  usefulness  a s  a b reeder .  m a t e r i a l  in  advanced a tomic  

r e a c t o r s .  P r i nc ipa l  emphas i s  of the a l loy s tud ies  h a s  been on i m p r o v -  . 

ing  the .corros ion r e s i s t ance  and s t r eng th  p r o p e r t i e s  of thor ium me ta l  

and in de te rmin ing  i ts 'compatabil i ty with o the r  mat .er ia ls  such  a s  fuel  

claddings o r  s t r u c t u r a l  components .  Inasmuch  a s  the phase  d i a g r a m  

prov ides  valuable  a n d ' n e c e s s a r y  informat ion fo r  u s e  in the development  

of a pa r t i cu l a r  al loy,  many 0.f the b inary  s y s t e m s  o f ' t ho r ium have been 

invest igated.  Sixty- three  of these  s y s t e m s  a r e  s u m m a r i z e d  i n  th is  r e p o r t .  

The au thors  of th i s  compilat ion have exhau-stively surveye.d the 

published l i t e r a t u r e  on' the subject  and have a t tempted to keep a b r e a s t  

of work cu r r en t l y  in  p r o g r e s s .  ' Some of the e a r l i e r  work which w a s  
i 

e i t he r  r a t he r  p r e l im ina ry  in na tu r e  o r  was  c a r r i e d  out on poor qual i ty  
' 

, . 

t ho r ium m e t a l  h a s  been omitted en t i re ly  whe re  these  r e s u l t s  have ob-  
. . 

-viously been superseded  by m o r e  comple te  arid a c c u r a t e  work.  However,  

whe re  t h e r e . a r e  conflicting r e su l t s  .of in te rp re ta t ions  the au thors .have  

not t r i ed  .to r e so lve  the points  of. d i s ag reemen t  but ' r a t he r  to p r e s e n t  . 

the  evidence in  question i s  objectively and coricis e l y - a s  poss ible .  In 

ins tances  whe re ' i t  was  poss ib le  to do so,  the r e s u l t s  of two o r  m o r e  
I 

inves t igat ions  have beencombined  into a compos i te  d i ag ram.  A bib-  

l iography of the per t inent  work i s  provided should the r e a d e r  wish  m o r e  . . 
'-A 

deta i led  informat ion on a speci f ic  s y s t e m .  



. . '. 4 . 1 ,  t 
I l r  1 ,  - I  ' . . . 

Thor ium exhibits two allotropic modifications; a face-centered 

cubic f o r m ,  alpha, s table  a t  r o o m  tempera ture  and a high tempera ture  

body-centered cubic form,  .be ta .  ., The, t rans i t ion  ' temperature  between 

these  two f o r m s  has  been repor ted  anywhere f r o m  1350" to 1400°C de -  

pending upon the puri ty  of the metal .  - This variation should' be kept in 

mind when analyzing th i s  collection of d i ag rams .  The mvsL recent  

v-Alue a s  determined a t  the Ames Laboratory on high purity tlluriulil i s  

1 350°* 10°C, and the general ly  #accepted value for  the melting point, i s  

about 1755" * 5 ° C .  The atomic d iameter  of thor ium i s  a re la t ively , 

- 
l a r g e  3 . 5 9  1 and i t s  electronegativity i s  1 .  3 on the Pauling sca le .  

v 

Many of the phase d i ag rams  presented in  this compilation a r e  quite 

tentative and need fur ther  investigation. As higher pur i ty  thor ium becomes 

available and experimental  techniques l o r  de t e rn~ in ing  phase diagra&s a r  e 

improved, m o r e  complete information will undoubtedly be forthcoming; 

,The phase relationships f o r  thosc sys t ems  of importance to fuel  

e lement  fabrication and other, r eac to r  application have been summar ized  

by the authors  of this r epo r t  in a section of the forthcoming third  edition 

, of the Reactor Handbook on Mater ia l s .  The authors  would l ike t,o a c -  

knowledge the encouragement and support  of Dr .  David H. ~ u r i n s k ~  of 

the Brookhaven National Laboratory,  editor of the chapter  in which that  

section will appear .  His suggestion led to -the preparal iuu ol t h i s  r epo r t  

which supplements the m o r e  select ive and condensed handbook vers ion.  '. 
.Thanks a r e  expres's ed to those colleagues a t  the Ames  Labora tory  whose 

helpful s.uggestions and discussions contri'buted a g rea t  deal  to this manuscr ipt .  

A special  note of thanks i s  due M r .  Robert  Lichtenberg f o r  his ass i s tance  in 
1 

searching the l i t e ra ture ,  p repar ing  the d i ag rams  and compiling the c rys t a l -  

lographic data .  



THE THORIUM - ALUMINUM SYSTEM 

The Phase  Diagram 

'While var ious  invest igators  have studied this sys tem,  

1 
Murray  has  ca r r i ed  out the mos t  detailed investigation and has  p ro -  

posed the d i ag ram presented in  Fig.  1.  The s y s t e m  i s  charac te r ized  

by s i x  intermetal l ic  compounds and th ree  eutect ics .  The compounds 

Th2A1, Th3A12 and ThA12 a l l  mel t  congruently while ThA1, "Th A1 " 
. 2  3 

and ThAl a r e  for-med by per i tect ic  react ions .  A.unique fea ture  of 3 

this d iagram is the eutectoidal decomposition of Th  3 A1 2 .  and "Th2A13" 

a t  1075" and 1 100°C; respectively.. Van vucht2  ag rees  with the d ia -  

l 
g r a m  of Mur ray  with the exception of the composition of "Th 2 A1 3 " 

which he p re fe r s  to designate a s  ThAlx with the possible s toichiometry 

of Thl 2A11 9 .  , . 

1 
Mur ray  r epo i t s  the solid sdlubility of aluminum i n  thor ium 

a t  1300" and 1000°C a s  0:85 at: 70 and 0 . 4  a t .  70, respectively,  and 

Bannister and  hornso on^ h i v e  shown that  aluminum depres ses  the 
r .  

t ransformation tempera ture  of thor ium by an  inve r se  per i tect ic  r e a c -  

.tion to 1382°C.  
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Crys ta l lography  

C r y s t a l  Unit c e l l  o ,  S p a c e  
Compound l a t t i ce  dimensions,A Z Type . group  Ref.  

Th2Al Te t ragona l  , a = 7 . 6 1 4  . 4 C16 14 /mcm 4 
, ~ ~ 5 . 8 5 7  . CuA12 

Th3A12. T e t ragonal  a  = 8.'125 2 D 5 ,  . ,  ~ 4 / m b m  4 
c = 4. 217 U3Si2 

ThA1. Or thorhombic  a = 4. 42 Bf C m c m  5, 2 
b = l l .  45 C r B  
c = 4 .19 .  ' 

" T.h2A13" T e t ragona l  a  = 9. 870 - - - ,. '1 
c  = 7. 837 

ThA12 Hexagonal a  = 4. 388 1 .  C32 ~ 6 / m m m  4 
c = 4.  162 AlB2 

ThA13 Hexagonal a  = 6.  500 2 DO19 ~ 6 ~ j r n r n c  4 
c = 4. 626 Ni3Sn 

R e f e r e n c e s  
. . 

\ 1 .  J .  R .  M u r r a y ,  The Thor ium-Aluminum S y s t e m ,  J .  I n s t .  

Meta.1.s 87 349 (1959). - - - 
2 .  J .  H. N .  van Vucht, T e r n a r y  S y s t e m  Th-Ce-Al ,  Phi l l ips  R e s .  

Rept .  - 16 (1961) 

' . 3. G .  H .  ~ a n n i s t e r  and J .  R 'I'homson, T h e  Body-Centered ' 

b 

Cubic to F a c e - C e n t e r e d  Cubic P h a s e  T r a n s f o r m a t i o n  in  . 

T h o r i u m  and Some T h o r i u m - R i c h  Alloys,  B r i t i s h  Rept .  

AERE -R -4428 (1 963) .  

4.  J .  R .  M u r r a y ,  The  C r y s t a l  S t r u c t u r e s  of S o m e  T h o r i u m  

Compounds,  J .  Ins t .  Meta l s .  - 84 91 (1955).  



5. P. B. B r a u n  and J; H . .  N., van Vucht, A1-Th I n t e r m e t a l l i c  , 
- 

Compounds..  I I . ,  Acta  c r y s t .  - 8 246 (1955).  

T H E  THORIUM - ANTIMONY SYSTEM 

T h e  P h a s e  D i a g r a m  

1 
Hayes  and Gordon have d e t e r m i n e d  the  solubil i ty of t h o r i u m  i n  

l iquid ant imony a t  s e v e r a l  t ~ m p e r a t i i r ~ ~  and r c p o r t  v n l u c s ' ~ s  lu l lows:  

T e m p .  "C Solubil i ty 

- w i  YO Th a t .  To T h  

650 ." < 0..05 -< 0 . 0 3  
2 

Izcrro r e p u r l s  t h r e e  cdmpounds,  ThSb, T h  S b  and 'I'hSb2. 
3 4 

* C; r y s  tal lo0graphy 

- -- 
C r y s t a l  Unit c e l l  Space  

Compound l a t t i c e  d imensions ,A Z Type g roup  Red. 

ThSb C ubi c  

Th3Sb4 Cubic 

ThSb2 Te t ragona l  'a = 4. 353 ' 2 C38 ~ 4 / n m m  2 
c l =  9 .  172 . ' C uZSb 



/ 
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THE THORIUM - .ARSENIC SYSTEM 

The  P h a s e  D iag ram 

No d i a g r a m  h a s  be,en r epo r t ed  fo r  the phase  equi l ibr ia  i n  the  , 

- 
t ho r ium-a r sen i c  s y s t e m ;  however ,  t h r e e  compounds,  ThAs, Th3As4 

. and ThAs2,  with two c rys ta l lograph ic  f o r m s  have been identified. 

Crys ta l lography  . 

C r y s  t a l  U n i t c e l l  Space 
Compound la t t i ce  dimensions,A Z Type group Ref .  , 

ThAs Cubic a = 5:972 4 Dl F m 3 m  1 
NaCl 

-ThAs2 Te t ragona l  a = 4.086 2 ~ 3 8 -  ~ 4 / n m m  1 . 

c = 8. 575 Cu2Sb , 

a -ThAs2 Or thorhombic  a = 7. 287 4 C23  Pmnb 2 
h 9.784 PbC12 
c = 4 .002  . 
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Acta  C r y s t .  - 8 360 (1955). . 

2. F .  ~ u i l i z e r ,  A C23-Type Modification of ThAs2, Nature  

THE THORIUM -' BERYLLIUM SYSTEM 

T h e  P h a s e  D i a g r a m  

.The  somewhat  tentat ive phase  d i a g r a m  of Badaeva and Kuznetsova 1 

i s  shown in F ig .  - 2. The compound, ThBel 3, me l t s  congruently a t  about 

1930°C and has  the composit ion,  92. 86 a t .  70 beryl l ium.  A'eutect ic  

o c c u r s  a t  38. 5 a t .  70 be ry l l i um and 1240°C, and th'e per i t ec t i c  point 

i s  n e a r  0.03 a t .  7o~thor ium and 1330" C. The  solubilj ty  of t ho r ium i n  

be ry l l i um is l e s s  than 0. 01 a t .  70 f r o m  1250°C to r o o m  t empera tu r e .  

T h o r i u m  d isso lves  l e s s  than 1 a t .  70 be ry l l i um a t  1150% and this  de-  

c r e a s e s  to a r o o m  t e m p e r a t u r e  value,of n e a r  ze ro .  

C r y s  ta i lography I 

C :ryn ta l  . U n i t c e l l  Space 
Compound la t t i ce  dimensions ,  A Z Type group Ref .  

ThBe13 Cubic, 



BERYLLIUM. W T  % 

F i g .  2 .  
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THE THORIUM - BISMUTH SYSTEM 

T h e  Phase  Diagram 

A previously reported phase diagram1 i s  so tentative and incon- 
, 

s i s t en t  with the crysta l lographic  data that i t  i s  not presented herein .  . 
1 .  

Two compounds, ThgBiq a i d  ThBi2, have'been identified by F e r r o ,  2 

who a l so  r epo r t s  the  possible  exis tence of two additional compounds 
8 '  

i n  the  vicinity of ThBi. No tvidence.  was found for  the Th Bi phase which 2 

e a r l i e r  invest igators1 had reported.  Other  fea tures  df the sys t em t h a t  

have been fa i r ly  well established a r e  a eutectic a t  1350°C and approxi-  . 

ma.tely 21 a t .  % bismuth,  a horizontal  a t  a'bout I Z S U U C ,  pro'ba'bly a s -  

sociated with the ~ h ~ ~ i ~  phase,  a i d  a horizontal  a t  271 " C extending 

f r o m  67 a t .  70 bismuth to  pu re  bismuth.  



.The solubility of thorium in liquid bismuth has been. studied ex- 

tensively and the data of Hayes and ~ o ~ d o n '  a r e  presented below: 

. Temp. "C ylubili;;. yo, 
wt 0 - 

' Crys ta l  Un i t ce l l  ' Space 
Compound latt ice . dimensions, A Z Type group Ref .'- 

Th3Bi4 Cubic, 

ThBi2 Tetraganal a = 4.492 2 C38 ~ 4 / n . r n m  2 
c = 9. 298 CuZSb 
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THE TIIORIUWI - HURON SYSTEM 
. , 

The Plla'se U i a g ~ a r n  . 

Brewer  e t  a l .  have repor ted  a . few f ea tu r e s  of the thor ium-boron 

s y s t e m  but a phase  d i ag ram i s  not avai lable .  A elrtectic react ion,  oc -  

c u r r i n g  at 1 550°C, l i e s  between t ho r ium and a compound, ThB4. 

Thb r ium t e t r abo r ide  hAs a n a r r o w  range ,  of homogeneity and me l t s  

somewhere  above 2500°C. ~ a f f e r t ~ '  r epo r t s  that  the  melt ing point of 

Crys ta l lography  

- - .- 

C ryota l  Unit c e l l  I Space 
Compour~d la t t ic  e dirne.ns!.~ns,A Z Type group Ref .  
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THE THORIUM - CADMIUM SYSTEM 

The  P h a s e  ~ i a ~ r a m  

~ r o w n l  h a s  identif ied one compound, ThCd2, i n  th i s  s y s t e m  but a  

p h a s e  d i a g r a m  h a s  not been proposed.  



Crys ta l lography  

C r y s  t a l  U n i t c e l l  Space 
Compound la t t i ce  . dimensions ,  P. Z Type group ' . Ref.  ' 
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THE THORIUM - CARBON SYSTEM 

The  P h a s e  D i a g r a m  

A phase  d i a g r a m  for  the  thor ium-carbon s y s t e m  was f i r s t  p r o -  

1 
posed  by 'Wilhelm and Chiotti.. Modifications and variation's suggested 

. . . . 
by l a t e r  investigatb.r.$. ..h'av% tended to produce a r a t h e r  confusing p i c tu r e  

. . 
of the phase  equi l ibr ia  fo r  th is  s y i t e m .  Recently,  Chiotti e t  a l .  ' have 

proposed.  a composi te  d i a g r a m  a s  shown i n  F ig .  3 .  

The effect  of carbon on the  solid s t a t e  t rans format ion  o f  thor ium 

was  es tabl ished by ~ h i o t . t i  and Doolry,  while. the  solidus-l iquidus da ta  
' 

1 
a r e  f r o m  the  e a r l i e r  work of Wilhelm and Chiotti .  A miscibi l i ty  gap 

lying between tbe t ho r ium and ThC phase  f ie lds  i s - b a s e d  on the data  of 

4 
Chiott i  and White. 

The congruently melt ing compound, ThC2, ex i s t s  in  t h r ee  differ.- 
. . 

ent  c rys ta t l ine  modifications although there  a r e  discrepancic ' s  in  t he  

5 
r epo r t ed  t r ans fo rma t ion  t e m p e r a t u r e s .  Langer  e t  a l . ,  Henny and 

\ 



- , Fig.  3 .  



6 7 ,  
Jones, '  and Hill and Cavin have studied the allotropic t ransformations 

in  thorium dicarbide.  Langer e t  al .  reported the t ransformations t e m -  , 

pera tu res  a s  1427" and 1481 "C; Henny and Jones reported the two t r a n s -  

formation t empera tu res  to be 1410" and 1500°C. These values differ 

2 
f r o m  those given by Chiotti e t  al.. and shown in Fig:.  3. Substoichio- 

m e t r i c  composition lowers  'both solid s ta te  t ransformations uf Lhuriurrl 

dica=bide.  

Crys t a l  Unit ce l l  Space 
Compound latt ic e dimensions,A Z Type group Ref. 

ThC Cubic a = 5. 346 4 B1 Fm3m- - 
NaCl - 

. p-ThC2  T e t r  agonal a = 4.235 - - - !J 
. . c = 5.408 

@ 1460°C 

y -ThC2 Cubic a = 5 . 8 0 7  - .  - 5 
@1540°C , 
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THE THORIUM - CERIUM SYSTEM 

The Phase  Diagram 

The d i a g r a m  shown in F ig .  4 combines the data  of Bannister and 

~1 
Thomson and Weiner et a l .  Ba in i s t e r  and Thomson have shown that  

c e r i u m  lowers  the t ransformation tempera ture  of thor ium and proposed 

an inve r se  per i tect ic  react ion a t  approximately 1300°C and 3 0  a t .  010 

ce r ium.  This i s  in  agreement  with the solidus data of Weiner et  a l .  

who postulated a per i tect ic  react ion n e a r  the ce r ium- r i ch  end of the 

sys tem,  thus stabil izing the face-center  ed cubic f o r m  of cer ium.  The 

r e s u l t  i s  the continuous s e r i e s  of solid solutions between a - t h o r i u m  and 

Y - ce r ium shown in the d iagram.  

3 
Van Vucht suggested the possibil i ty of continuous solid solubility 

4 
between the bcc 6 - ce r ium and 6 - thor ium fo rms .  Gschneidner a l so  

questions the existence of the  per i tect ic  reaction.  . 

No compounds a r e  found i n  t h e  sys tem.  
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THE THORIUM - CHROMIUM SYSTEM, 

The  P h a s e  D i a g r a m  , 

1 
Wilhell-11 e l  a l .  r e p o r t  a  s imple  eutect ic  d i a g r a m  for,  th is  sy s t em 

a s  is  shown in  F i g .  5. The eutect ic  reac t ion  o ,ccurs  a t  1235°C and 

25  a t .  70 chrdomi;m. The  tkrrninal  solid solubi l i t ies  w e r e  not d e t e r -  

Crys ta l lography  

X - r a y  diffraction st.i.tdies indicatc  the abseace  uf compounds be- 

tween thoriutrl and ch romium.  

R e f e r e n c e s  
c .  

1 .  H. A.  ,Willlelm, A.  S .  Newton, A. H. Da.ane and C.  Nehcr ,  

T h o r i u m  Metallurgy,  CT-3714 (1946) 

THE THORIUM - COBALT SYSTEM 

The  P h a s e  D i a g r a m  

The phase  diap;rarn for  the  thor ium-rok~a l t  b y  blcm proposed by 

'1 : 
~ h o m s o n  is  shown in  Fig .  6. The  exis tence  of f ive compounds w a s  

conf i rmed .   our of these  T h  7 Cog,  ThCo, ThCo5 and ~h Co melt 2 1 7' 

congruent ly  a t  11 88",, 11 37", 1,437" and 1462"C, r c s p e c t i + ~ ~ l y ,  while 
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the  fifth compound, des ignated a s  "ThCo3", m e l t s  incongruently a t ,  

1125°C.  Eutect ic  reac t ions  occur  a t  20 a t .  70 cobalt  and llOO°C, 
. 

40 at.. 7' cobal t  and 1037"C, 62 a t .  70 cobalt  and 975"C, 88. 5 a t .  Yo 

cobal t  and 1300°C, and 95 a t .  % cobalt  and 1387°C. 

The  compound ThCo5 i s  of va r i ab l e  composi t ion with a -max imum 

r ange  of 4 . a t .  70 a t  1300"~  dec r ea s ing  to  about 2 a t .  % a t  1100°C. 

Crys ta l lography-  

C r y s t a l  Unit c e l l  . ,o Space 
Compound la t t i ce  dimensions,.A Z Type . group Ref .  

Hexagonal a = 9. 883 ,, 2 D102 P63mc  2, 3 Th7C03 
c, = 6.'200 Th7F e3 

ThCo Or thorhombic  a = 3 .  74 4 Bf ' C m c m  2, 1 
b = 10 .88  C r B  
c = 4 . 1 6  

- 
"ThCo3 " Hexagonal a = 5 .038  . - . -  - 2, 1 

c = 24.64 

ThCo5 Hexagonal . a = 5.  0.1. 1 DZd ~ 6 / m m m  2 
c = 3 .97  CaZn5 

Th2C01 7 Monoclinic a = 9 .62  2 - c 2 /m 2 .  
b = 8 .46  . 

'c = . 6 ;  32 
-6  '= 99" 06' 
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THE THORIUM - COPPER SYSTEM 

T,he Phase  Diagram , . 

1 
The tentative thorium-copper phase d i ag ram reported by Elliott . 

i s  shown in Fig.  7 .  This work  is based p r imar i ly  on, the data of 

2 3 4 
Wilhelm et a l .  , Murray ,  and Gi-ube and .Botzenhardt. Recent i n -  

vestigations by  hornso on^ conf i rm the thorium-rich eutectic a t  about 
. . 

27.a t .  O/O copper 'but indicate that  the.eutectic tempera ture  of 1037°C 
1 

i s  about 100°C higher than shown in Fig.  7. The discrepancies  in  the 

da ta  a r e  ascr ibed  to differences in  the purity of the thorium .used in  

the  var ious investigations.  

Crystal lography . 

Crys ta l  U n i t c e l l  Space 
Compound la t t ice  dimensions,  A Z Type group Ref. 

ThZCu Tetragonal  a = 7 , 2 8  4 Clh ~4/nsrn,  h 
c = 5 .74  CuA12 
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THE: THORIUM -. ERBIUM SYSTEM 

The Phase Diagram . 

Uy and ~ u r r '  have r epo r t ed  that  addit ions of e r b i u m  r a i s e  the  

a l lo t ropic  t rans format ion  t e m p e r a t u r e  of thor ium.  At about 2. 5 a t .  qlo . 

e r b i u m  th i s  effect  r e a c h e s  a maximum.  

Norman e t  al. indicate that  the solid solubil i ty boundary fd r  

e r b i u m  in t ho r ium is between 50 and 60 a t .  7, a t  900°C. I 



Crysta l lography . . 

No compo.u~ds  have been repor ted  for  th i s  sy s t em.  
-. 
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Metals  - 11 395 (1966). . ' 

' THE THORIUM - GADOLINIUM SYSTEM 

The P h a s e  ~ i a g r a m  

The  r e su l t s  o f U y  and Bur r1  have shown that  a;dditions of 

gadolinium r a i s e  the  t r a n ~ f o r ~ a t i o n  t empera tu r e  of thor ium to a 
, . 

maximum a t  about 5 a t .  % gadolinium; fur ther ,addi t ions  reGerse  t h i s  

. . 
effect. 

soluble to about 60 at.,.. yo /ot 900°C. 

No compounds.have been repor ted  fo r  th is  sy s t em.  . . 
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THE THORIUM - GALLIUM SYSTEM 

The  P h a s e  D iag ram 

A compound; ThGa2, has  been identified by Br6wn1 and confirmed 

2 
by Holleck e t  a l .  'The l a t t e r  r e p o r t  an  additional, compound in the 

ga l l ium-r ich  port ion'of .the s y s t e m  but th is  phase  has  not been c h i - -  

a c t e r i zed .  . . 

Crys ta l lography  

C r y s t a l  U n i t c e l l  s p a c e  
compound la t t i ce  di rn .ensi~n6,  A Z Type group , R el. 

. . ThGaZ T et ragonal  a = 4 .243  
, Cc 1 4 ~ / a m d  1 

c = 14.  h q n  a - TliSi 

Refe rences  

'1. A. Brown, M.X2 Compounds of Tho r ium and the Po lymorph i sm 

uf Tho r ium Disil icide,  Acta C r y s t .  - 14  860 ( 1  961 ) .  
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S t ruc tu r e  of 'YhGa and RuIn3 (in G e r m a n )  Monatsh. Chem.  
2 

THE THORIUM - GERMANIUM SYSTEM 

The  P h a s e  D iag ram 

The number  and exact  s to ich iomet ry  of compounds i n  the  t ho r ium-  

ge rman ium s y s t e m  have not  been c l e a r l y  es tabl ished,  but phase  di-a- 

1 
g r a m s  f o r  th is  s y s t e m  have been proposed by S techer  e t  a l .  and Brown 

2 
and Nor r eys .  The  tentat ive d i a g r a m  of Brown and Nor reys ,  containing ' 

seven ' in te rmedia te  phases  and t h r e e  eu tec t i cs ,  i s  s h o w n ~ i n  F ig .  8. . " 

They have de te rmined  the s t r u c t u r e s  of .  s i x  of t he se  phases  and ass igned  

, fo rmulae  c 'orresponding to, the i r  apprqx imate  s to ich ipmet r ies .  Tha'rp 

3 1 
e t  a l . ,  S techer  e t  a l .  and 8rown4'  r e p o r t  compounds i n  th i s  s y s t e m  . 

. . 

having di f ferent  s to ich iomet r ies  and ~ o & ~ o s i t i o n s  f r o m  those  l i s t ed  i n  

, the table  of c rys ta l lograph ic  da ta  below. Howet.er, khe c rys ta l lograph ic  . 

data  of Brown and Nor r eys  only a r e  p r e sen t ed  h e r e  'because of t he i r  . 

'cornpatibi1it.y~wit.h the: 'phase diagram, I t  is appa ren t  that  additional 

work  is needed on the phases  and phase  re la t ionships  i n  th i s  s y s t e m .  
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C r y s  t a l l ~ p r ~ a p h y  

a C r y s t a l  ~ n i t ' c e l l  . Space 
Compound 1atti.c e dimensions,A Z Type group Ref. 
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ThGe Cubic a = .  6.046 4 B1 F m 3 m  2 . 
NaCl 

ThGel .  5 Orthorhombic  

ThGel. 6 Orthorhombic  

ThGe2 0 r thorhombic  

- A1B 
c 32fdefect) 

P c c m  
o r  
P c c 2  

- Cc(defect.) 
Fddd 

4 C49 c m c m  
ZrSi2 . 

< 

Thg 9Ge2 Or tho rhombic  a =  1.6.642 - - Crnmm 2 
b = 4 .023  
c = 4.160 ' 
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5 .  A Rrnxxm, h l X i  Co1.1lpouiids of Thorium and the Polymorphism 

of Thorium Di.silicide, Acta Crys t .  14 860 ( I  961). 

THE TH0RIU:M - GOLD SYSTEM 

The Phase Diagram 

A composite d iagram based on the work of Raub and Engel, 1 

2 3 ~ r o w n  and recent  resu l t s  of Thomson i s  presented in Fig.  9. Three  

compounds, ThZAu, ThAuZ and ThAu3, have been reported although 

t h e r e  i s  crystallographic evidence for  the f i r s t  two,comp6~mds only. 

Brown has shown tl;at the cempound identified by Raub and Engel a s  

ThgAu5 i s  actually ThAua , Thomaon placaa the aulecric reaction be- 

tween thorium and Th Au a t  ll.OO°C and 20 at .  70 gold and the solubili.ty 2 

of thbriurn in  gold a t  much l e s s  th.an 2 'a t .  %. . - 
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C r y s  tallog$aphy 

- - 

C r y s t a l  Unit c e l l  O Sp.ac e 
Compound l a t t i c e  dimensions ,  .A Z Type group Ref.  ' 

Th2Au T et ragonal  a = 7 .42  4 C16 14/mcm 4 : 
*. 

c = 5.95' -CuA12 

ThAu2 Hexagonal a = 4.740 1 C32 ~ 6 / m m m  2 
c = 3 .402  \ .A1B2 

Re fe r ences  

1 .  E .  Raub and M. Engel,  ~ 1 1 0 ~ s  of Tho r ium with Copper,  
I .  

Silver  and Gold, Z .  E lek t rochem.  49 487 (1943). . - 
2. A .  Brown, MX Compounds of Thor ium and the Po lymorphism 2 

of Tho r ium Disil icide,  Acta C r y s t .  14  860 (1 961).  - 
3. J .  R .  Thornson, Melt ing and S t ruc tu r a l  Cor re la t ions  of Some 

Thor ium-Rich  Eut,ectics, J. Nucl. Ma te r .  - 15 88 (1 965). 

4 .  . J .  R .  Mur ray ,  The  C r y s t a l  S t ruc tu r e  of Some Thor ium Com-  

Pounds, J .  l n s t .  Meta l s  - 84 91 (1955-56). 

THE THORIUM - HAFNIUM SYSTEM 

T h e  P h a s e  . D i a g r a m  

' I 1 
Thc d i a g ~ a l l l  ill F ig .  10  w a s  determined by Gibson' e t  a l .  The 

s y s t e m  cons i s t s  of a eutectoid r eac t i on  a t  11. 3 a t .  70 hafnium and 

1295 "C, a eutect ic  , r e ac t i on  a t  3 1 . 0  a t .  70 hafnium and 1450°C and an  

i n v e r s e  per i t ec t i c  reac t ion  a t  about 96 .9  a t .  70 hafnium and 1600°C. 

The  solubil i ty of t ho r ium in  hafnium i n c r e a s e s  f r o m  negligible a t  ambient  

t e m p e r a t u r e  to about 2 . 6  a t .  70 at the eutectic and eutectoid reac t ion  , 
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i s o t h a r m s .  ~ a x i m u m  solubility o f  hafnium in  thor ium i s  about 6.  4 

a t .  % a t  r o o m  tempera ture . '  

T h e r e  a r e  no compounds in th is  sy s t em.  - 

- References  

1. E.  D .  Gibson, B. A. Loomis  and 0 .  N.' C a r l s o ~ ,  Thn.riunl 

X.1rc~niurn and T h o r i u ~ ~ ~  - Hafnium a l l o y  System,  Trans .  

ASM 50 348 (1958).  

THE THORIUM -' HOLMIUM SYSTFM' - 
The  P h a s e  D iag ram 

Uy and ~ u r r '  r e p o r t  that  additions of holmium rai ,se the t r a n s -  

f o rma t ion  t empera tu r e  of thor ium to a max imum a t  about 5 a t .  % 

holmium.  At g r e a t e r  concentra t ions  th is  effect i s  r eve r sed .  

L 
Kato and O ' H a r e  d e s c r i b e  an unidentified pltase i n  thoriulll- 

hulmium al loys  of cornpcraition 50, at. yo' to 7 U  a t .  yo holmium at t e m -  

p e r a t u r e s  1.1p to 1000°C. 

No s t r u c t u r e  da ta  at-r reported I u r  [ h i s  unidentified phase .  

1 .  J .  C .  Uy and A.  A .  B u r r ,  The ~ f f e c t  of Cer ta in  Rare-Eai- th  

Solutes upon the  F. 6 .  C .  /B .  C.  C. T rans fo rma t ion  T e m p e r a -  . 

t u r e  of Thorium,  J .  Les s -Common  Metals  11 149 (1 966).  \ - 



2. H. Kato and S .  A .  O 'Ha re ,  Tho r ium Alloy Sys tem,  Rept .  

USBM-U-1109 (Albany Metal lurgy R e s e a r c h  Cente r ,  1964) 

p. 9. . . 

T h e . P h a i e  D iLgram,  
, . 

The  solubil i ty of hydrogen in t ho r ium i n c r e a s e s  rapidly  f r o m  about 

1 a t .  '$0 a t  300" to  above 20 a t .  '$0 a t  800°C.  Pet -erson and West lake  
1 

I - 
.have studied th is  solubility us ing t h r e e  g r ades  of t ho r ium and found that  . 

the  p r e s e n c e  of .carbon grea t ly  enhances  the solubil i ty.  The  r e s u l t s ,  

f o r  c.rysta1 b a r  thor ium,  which a r e  .in good ag reemen t  with da t a  of 

2 
Mal le t t  and Campbell ,  a r e  given below: 

. . 

Temp.  "C Solubility,. a t .  '$0 H 
. - 

C rysta l lography 

. C r y s t a l  Unit cell .-sGac 
Compound la t t i ce  

0 

dimensions,A Z Type . group  Re f .  
- 

T ~ H ~  T e t r  agonal  a = 4 . 1 0  2 L ' ~ ~  14 /mmm 3 
c = 5 .03  ThH2 

Cubic 
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THE THORIUM - INDIUM SYSTEM 

\ 

The Phase  Diagram , 

The par t ia l  phase diagram in  Fig. 11 was established by Murray ,  1 
- .  

A eutectic react ion occurs  between a -thorium and a congruently nlelLillg 

compound, Th21n, a t  1160°C and about 18 at. % indium. Twu other 

compounds, ThInZ and ThIn j ,  havc been reported but l i t t lc i s  known 

about L'hc phase equilibrium in this  region of the system. Bannister and 

2 
Thomson observed that indium has  l i t t le effect on the transforma.tion 

of thorium and indic.ate that the solubility of indium in thorium i s  .g rea ter  

than 5 at .  70 a t  1400°C. 
. . 
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C rys t a l  Unit ce l l  .o Space 
Compound la t t i ce  dimensions,A Z Type ' g ~ o u p  Ref. 

Th21n T e t r  agonal a = 7. 787 . 4 C16 ' 14/mcm 1 .  
CuA12 c = 6. 113 

Cubic 
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THE THORIUM - IRIDIUM SYSTEM 

The  Phase  Diag ram 
. - 

1 
Thomson has  proposed the phase 'd iagram of Fig.  12 by covering 

. . 

a lmos t  the en t i re  composition range  of this sys tem.  Eutec t ic ' reac t ions  

occur  a t  about 1.5 a t .  OJo i r i d ium and' 1337°C and 35 at.. 70 i r i d ium and . 

I .  
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1 4 6 2 " ~  and a l s o  i n  i r i d ium- r i ch  a l loys  a t  approximately  57 at.. yo and 

90 a t .  % i r id ium.  Compounds having the fo rmulae  Th71n3, T H r ,  T H r 2  

and ThI r  have been definitely es tabl ished and evidence i s  given f o r  two 
5 

o ther  compounds tentat ively identified a s  I1ThIr3" and ThIr . The 
X 

pe r i t e c t i c  compound, ThIrx, of composit ion c lo se  to 40 a t .  70 i r i d i u m  

i s  believe'd to decompose  eutectoidally just  below the  1462°C eutectic 

hor izontal  a s  i s  s e e n  f r o m  the  d i ag ram.  

Crys ta l lography  

C r y s  t a l  U n i t c e l l  Space 
Compound la t t i ce  . dimensions ,  A Z Type group Ref.  

T h71 r.3 Hexagonal a = 10.076 2 D10. P63mc .2 
. . c  = 6 .  296 ~ h 7 6 e ~  

. o r  
a = 10.06 
c = 6 .290  

. . i 3 

ThIr  Or thorhombic  . a = 3. 894 4 Bf C m c m  4 
b = 1 1 . 1 3  ' C r B  . 

c = 4.266 

ThI r2  Cubic a = 7.6615' 8 C15 Fd31n ' 5 
. or n/a&!Cu2 

a = 7 . 6 6 4  3 

T M r 5  . Hexagonal ,a = 5. 315 - DZd - 6 
c. = 4. 288, CaCu5 . 
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THE THORIUM - IRON 'SYSTEM 

The P h a s e  D iag ram 

' The thor ium-iron phase  . d i a g r a m  shown in  F ig .  13 i s  that  of . 

/ 1 
Thomsnn. Fou r  compounds w e r e  identified and charac te r ized .  'Three  

t 

01 these ,  Th7Fe3, ThFe,  and ThFes ,  me l t  incongruently a t  96Zb, ' l Z U O O  
2 

and 121Z°C, respect ively ,  while Th2Fe17 me l t s  congruently a t  1462°C. 

Eutect ics  a r e  located a t  45 a t .  70 i r o n  and 875°C and 94 a t .  Yo i r o n  and 
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Crysta l lography 
I 

- .  C r y s t a l  Unit ce l l  Space 
Compound la t t i ce  dimensions,A Z Type group Ref. 

\ Th7Fe3 Hexagonal a ' =  9 .823 2 D102 P63mc  2,'3. 

c = 6.211 Th7Fe3 

ThFe3  Hexagonal . a = 5 . 1 8  ' '- 9 NbBe3 R% 4 
c = 2 5 . 2  - 

Th2Fel 7 Monoclinic a = . 9 . 68  2 - C2/m 2 
b = 8.56 

'. C =  6 .46  
. . 6 = 99O20' 

. . 
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; 
THE THORIUM - LANTHANUM SYSTEM 

The Phase  ~ i a ~ r a m  

A d iag ram has  not been-proposed for  this system. . Evans et al. 1 

have determined the la t t ice  spacings for the thorium-lanthanum sys tem 

and conclude that a -thorium and -lanthanum f o r m  a continuous s e r i e s  

of solid solutions. 
\ 

C rystallography 

No compqunds have been observed in this system. 

Reference , . 

1. D. 'S. Evans, G.  V .  Raynor and R. T .  Weiner, The Lattice 

Spacings of Thorium-Lanthanum Alloys, J. ~ u c l ' .  Mater . 
2 121 (1960). . - 

THE THORIUM .- LEAD SYSTEM 

The Phase  Diagram 

The par t ia l  phase d iagram for  the tho.riun-lead system shown 

in  Fig.  14 is f r o m  the compilation of Rough' and ~ a u e r l  but, in addition, 

L 
includes the identified compound, ThPb, reported by Brown. The . 

colnpound, ThPb2, has  not 'been confirmed. 
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Crystal lography 

C rys t a l  U n i t c e l l  ' .  Spa.ce 
Compound la t t ice  dimensions,  A Z Type group Ref. 

ThPb  T etragonal  a = 4.545 4 c', 14~ /a rnd  2. , 

c = 5.644 CL -ThSi2 

ThPb3 Cubic a = 4. 855 I L12 P m 3 m  . ' 2  
ar 

a = 4.856 AuC.u3 3 
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, ThSn3andThPb3 ,  A c t a C r y s t .  - 1 1 7 3 7 ( 1 9 5 8 ) . ,  
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TI-IIZ TIIORIUM - LUTETIUIVI SHS,TEM 

The Phase  Diagram 

1 - Uy and B u r r  have found that  s l ~ l a l l  concentrations of  lu te t ium.  ' 
. . 

r a i s e  the t ransformat ion  tempLrature  of thor ium attaining . . a tempera ture-  

max imum a t  about 5 a t .  .$I. 

C1ryotnllogrn.phy 

No compounds have been repor ted  - for  this  sys tem.  
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.THE THORIUM - MAGNESIUM SYSTEM 

The Phase  Diagram 

Two intermetal l ic  compounds have be'en observed for  this sys  tem. 
# 

Peterson  e't al .  identified a hexagonal Laves phase, T ~ M ~ ~ ,  (MgNiZ 

type) which transform's to the cubic f o r m  between 700" and 800°C. 

L 
.Peterson and Sundaram report . that  this phase decomposes peritectically 

. a t 7 8 0 ° C .  Based on the d-spacing and intensity data of Yamamoto and ' 

Rostoker, f o r  the phase "ThMg5", Gladyshevskii e t  a l .  have de ter -  

mined i t s  struc'ture to be  cubic Th Mg isomorphous with Th6Mn23. 
, 6 23' 

p e t e r  son e; 61. and pe te r son  and sundaram2 confirmed the la t te r  r e -  

sul ts  and observed'that.  this compound'decomposes peritectically a t  

Yamamoto and Rostoker located a eutectic a t  92. 9 at .  70 mag- 

nesium and 582°C and determined the solid solubility of thorium in 

magnesium a t  the eutectic tempera ture  to be  0 .49  a t .  %thor ium.  

A composite phase d iagram based on the aboveinformation and ' 

other published data i s  presented in Fig.  15. 
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C rystal logr 'aphy 

C.rys ta l  Unit c e l l  D Space 
Compound la t t i ce  " dimensions ,  A Z Type group Ref. 

cr -ThMg2 Hexagonal a = 6 .086  8 C'36 pb3 /mmc  1 . 

(low temp.  ) c = 1 9 . 6 4  MgNi2 - 

fi -ThMgz Cubic a = 8. 570 . 8 C15 F d 3 m  1 
(high temp.  ) -. . MgCu2 
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THE,THORIUM - MANGANESE SYSTEM 

The  P h a s e  D iag ram 

T h r e e  compounds,  ThMnZ, Th6Mn23 and ThMn12, Gave been 

identif ied.  ~ i l h e l m  et  a l . '  r e p o r t  a eutectic a t  911°C a t  a composi-  

t ion g r e a t e r  than 20 a t . ,  O/o manganese  but a phase  d i a g r a m  has  not been 

proposed.  

Crys ta l lography  

. . - - .- - - -- - 

C r y s t a l  Unit ce l l  Space 
Compound l a t t i c e  dimensions,A Z Type group Ref.  

~ h ~ n ~  Hexagonal a = 5.476 4 C14 ~ 6 ~ / r n r n c  2 
c = 8 .931  MgZn2 ' . 

1 ~ ~ 6 ~ ~ 2 3  Cubic 

ThMn 
12 

T e t r  agonal a = 8 .74  2 ~2~ 1 4 / m m m  3 
c = 4 .95  , ThMnl 
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THE THORIUM -. MERCURY SYSTEM 

The Phase  ~ i a ~ r a m  

Further,  investigatio'n i s  needed to clar i fy some discrepancies in 

the phase relationships; therefore,  no phase d iagram i s  presented in 

this repor t .  Three  compounds with formulas ,  ThHg, ThHg2, and 

ThHg3, have been identified, but data by ~ t t m i ~ e r '  and Messing a n d  , 
* 

2 3 
Dean do not support the proposed d iagram of Domagala e t  al. 

Crystallography . . 

. , 
Crys ta l  . Unit ce l l  ' Space 

Compound lat t ice  dimensions,A Z Type group Ref. 

s .  

ThHg Cubic a = 4.80 2 - F m 3 m  3, 4 

ThHg2 Hexagonal a = 4.82  1 C32 ~ 6 / m r n k  1 
c = 7.49 AlB2 

ThHg3 Hexagonal a = 3.364 
1 . 'A3' ~ 6 . ~ / m m c  5, 4 

c = 4.907 . Mg 

. . 

1.  , P. ~ t t h a ~ e r ,  Contributions to the System Mercury-Thorium, 

Monatsh. Chem. 96'441 - (1 965,). 

2. A..  F. Messing and 0. C.  Dean, Solubilities of Selected Metals 

in ' ~ e r c u r ~ :  ~ e i - m e x '  P r q c e s  s ,  USAEC Rept. ORNL-2871 

June (1960). , 

3 .  - 'R. F: Domagala, R. P. Elliott and W. Rostoker; The Sys tem 

.Mercury-Thorium, Trans .  Met. SOC. AIME - 21 2 393 (1958). 



4. W .  B. Pearson ,  A Handbook of Lattice Spacings and Struc-  

tu res  of Metals and Alloys (Pergamon P r e s s ,  New York, 

1967). ' 

5. R. F e r r o ,  .The Crys ta l  Structures  of ThHg3, ThIn3, ThT13, 

ThSn3 and. ThPb3, Acta Crys t .  - 11 737 '(1958.). 

THE THORIUM. -.MOLYBDENUM SYSTEM 

The Phase  Diagram 

1 
McMasters  et  a l .  have proposed the phase d iagram presented 

i n  Fig.  16. A eutectic occur s ' a t  15 .4  at .  70 molybdenum and 1380°C 

and a eutectoid a t  l e s s  than 0. 24 a t .  70 molybdenum and 1358°C. The 

t e rmina l  solid solubilities a r e  negligible. 

Crystallography 

.No compounds exist  in  this system. 

Rcforenses 

I )  

1 .  0.  D. McMasters ,  P. E. Palmer and W .  L. 

Thorium-Molybdenum Phase  Diagram, J. Nucl. Mater .  

7 151 (1962). - 
THE THORIUM - NEODYMIUM SYSTEM 

, 

'The Phase ;  Diagraim 

Uy and ~ u r r '  repor t  that rieodymium ra i ses  th& transformation 

tempera ture  of thor ium to a maximum a t  about 5 a t .  70 neodymium. 

2 
Kato and Copeland repor t  that the transformation tempera ture  of thorium 
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i s  decreased  to 11 60°C by the addition of 50 at .  70 neodymium but make 

no mention of the maximum in  the temperature-composition curve.  

. 5  
~ a t o  and O'Hare found a continuous decrease  in the solidus fr.om 

the melting point of thorium to that of neodymium indicative'of a s e r i e s  

of solid solutions a c r o s s  the ent i re  ~ c ~ x - & ~ o s i t i o n  range a t  elevated t em-  

pe ra tu res .  

Cry stallo&aph~y 
. . I  

There  a r e  no compounds in the thorium-neodymium system. 
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THE THORIUM - NICKEL SYSTEM 

. 'l'he Phast: Diagram 

The d iagram shown in  F ig .  1'7 i s  essentially that of Hurl1 aild 

1 2 
Basse rman  , incorporating .the l a t e r  resu l t s  of Thomson. Five com- 

pounds have been identified i n t h i s  sys tem;  ThNi and ThNi5 which mel t  

congruently a t  1200" and 1 5'30°C, respectively, and the,peri tect ic  

' /  





compounds Th7'Ni3, ThNi2 and Th2Nil 7 -  The eutectic temperatur 'es  

and composi t ions  a r e  f a i r l y  well  es tabl ished although Thomson '  s value 

for-  t he  t ho r ium- r i ch  eutect ic  i s  1062°C a s  compared  to the  e a r l i e r  

va lue  of 1000°C. The per i t ec t i c  hor izontal  as'sociated with T h  Ni i s  
7 3 

a l s o  shown as 11 12"C, as'  de te rmined  by ~ h o m s o ' n  r a t h e r  than 1050°C 

. n o  was previously  r e p n r t . 4 .  

Crys ta l lography  

C r y s t a l  Unit ce l l  Space 
Conipound la t t i ce  dimensions ,  4 Z Type group R.ef. 

Th7Ni3 Hexagonal a = 9 ;  885 2 Dl02  .Ph3mr. .  3,  4 
c = .6 .  225 Th7Fe3 

ThNi . Orthorhombic  a = 1 4 . 5 1  . . 8  - P n m a  .3 
b '=  4 .31  
c = ' 5 . 7 3  

T hNi Hexagonal . a . = 3.960 1 C32 ~ 6 / m m m  3 , 5  
c = 3.844 AlB2 

ThNig Hexagonal a = - 4 .  97 1 ~2~ . ~ 6 / m m m  3 
c = .  4,. 01 (;aZn5 

Th2Ni Hexagonal a = .  8. 3'7 , 2  - p b 3 / m m c  3 
c = 8 .14  
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THE THORIUM - NIOBIUM SYSTEM 

The  P h a s e  ~ i a ~ r a m  . . 

The  d i a g r a m  presen ted  in  F ig .  18  comdines  the data  of Ca r l son  

1 
e t  a l .  and of ~ a n n i s t e r  and Thomson. The  f o r m e r  es tabl ished that  

the sy s t em 'cons i s t s  of a s ingle  eutectic a t  17.  8 a t .  70 niobium. and 1435°C 

but m e r e l y  indicated s o m e  lowering of the a -8  t r ans format ion  t e m p e r a -  

t u r e  of thor ium by the addition of niobium. The l a t t e r  invest igators  ob-  

s e rved  a significant lowering of th is  t rans format ion  by niobium and 
.. 

postulated the ebtectoid reac t ion  a t  1367°C incorpora ted  into the dia-. 

g r a m .  The' solubil i ty of niobium i n  a - thor ium i s  es t imated  a t  1 to 2 

a t .  % a t  th is  t empe ra tu r e .  

Crysta l lography , , 

No compounds we re  found i n  tliis sy s t em:  . , 
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G. H. Bannister and J. R .  Thornson, ,The Body-Centered 

Cubic to Face-Cente'red Cubic Phase  Transformation in 

Thor ium and Some Thor ium Alloys, Br i t i sh  Rept. AERE-.  

THE THORIUM - NITROGEN S'YSTEM 

The p h a s e  Diagram 

The par t ia l  phase d i ag ram shown i n  Fig.  19 was proposed by - 

~ b n z  et  a l .  The thor ium-r ich  end of the s y s t e m  i s - cha rac t e r i zed  by 

a per i tect ic  a t  about 8.  2 a t .  70 nitrogen and 1605°C. Two compounds, 

ThNand  Th3N4, have been unambiguously established, and the s t ruc tu re  
I 

of a third compound identified a s  Th2N3.-has been determined.  Benz 

1 
et  a l .  question the exis tence of the la t te r  =ompound s ince i t s  s t ruc  - 

2 
t u r e  a n d l a t t i c e  constants a r e  identi=al to that of Th N. 0: Chiotti . , 2 2 

deterrnined.the melting point of ThN to be  2630°C. 

Crystal lography 

Crys t a l  . Unit c ell  Space . 
Compound la t t ice  . dimensions, Z Type group R.ef .: 

ThN. Cubic a = '5.14'4 4 '  B1 F m 3 m  2, 3 
NaCl . ' 

Th2N3 . Hexagonal ' a  = 3.883 1 D52 p%l 4 
c = 6.187 La203 
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THE THORIUM - OSMIUM SYSTEM . 

The Ph.ase Diag ram 

~ h o l i l s o n '  proposed the  phase  d i a g i a m  of F ig .  20 fo r  this  sy s t em.  

T h e r e  a r e  two compounds, ,  T h  Os3  and ThOs2, with mel t ing points i n  
7 

exces s  of 1500°C 'and a thi rd ,  des ignated a s  ThOs decomposing 
> f a  

per i t ee t i ca l ly  a i s o  above 1.500°C. The  composit ion of the  l a t t e r  i s  

es t imated  a s  approximately  40 a t .  70 osmium.  Eutect ic  reac t ions  occu r  
I 

a t  1 3  a t .  70 o s m i u m  and 1287"C, .36 a t .  70 o s m i u ~ n  atid 1487"C, and 85 

a t .  % o s m i u m  and g r e a t e r  than 1500°C. 
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T h e r e  i s  v e r y  l i t t le  solubil i ty of o s m i u m  in  t ho r ium a t  t empe ra -  

t u r e s  up to 1000°C.  

Crysta l lography 

Crys t a l  Unit ce l l  Space 
Compound la t t i ce  dimensions,A Z Type group Ref.  ' 

T h 7 0 s 3  Hexagonal a = 10.031 2 D102 PS3mc 2 
c = 6 .296  Th7Fe3  

o r  
a = 10 .02  3 
c = 6 . 2 8 5 ,  

ThOs2 Cubic a = ,7.7050 8 C15 - . F d 3 m  .4 
MgCu2 

' . 
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THE THORIUM - OXYGEN SYSTEM 

The  P h a s e  D i a g r a m  
, 

Very  l i t t l e  is known about the  thor ium-oxygen phase  s y s t e m  and 

no p h a s e  d i a g r a m  h a s  been p roposed .  I t  i s  genera l ly  recognized that  

t h e r e  is only one compound in  the s y s t e m  having the fo rmu la  T h o 2  and , 

1 7. mel t ing  a t  3300 100°C. Kundle repor ted  a monoxide having the B1, 

NaCL - tYPe s t r u c t u r e  but th i s  has  not  been ver i f i ed  by o ther  inves t i -  

\ g a t o r s .  

3 
P e t e r s o n  ha s  de te rmined  the solid solubil i ty of oxygen in thor ium 

to b e  quite low and give's values  i n  p a r t s  p e r  mil l ion a t  t h r ee  t e m p e r a -  .. 
t u r e s  a s  1000" - 35, 1100" - 52, 1200°C -. 90. 

C rys ta l lopraphy  

C r y s  t a l  Unit c e l l  Space ' 

Compound l a t t i c e  d imensions ,A ' Z  Type group Ref.  
G .  

T h o 2 -  Cubic a a 5 . 5 9 5 5  4 C1 Fr1131rr 4 
CaFZ 
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THE THORIUM - PALLADIUM SYSTEM 

The P h a s e  D iag ram 

1 
' Thomson has  investigated th is  s y s t e m  in  r a t h e r  complete  de ta i l  

and has  proposed the  phase  d i a g r a m  presen ted  i n  F ig .  21. T h e r e  a r e  ' 

t h r e e  congruently melt ing compounds in th is  sy s t em,  Th2Pd, "ThPd" 
. -. 

and ThPd3 melt ing a t  '1162'C, 141 Z°C and > 1500°C, respect ively . .  

Another compound, Th3Pd5 decomposes  per i t ec t i ca l ly  a t  1 , 3 8 7 ' 0 ~ w h i l e  ' 

a fifth phase ,  tentat ively identified a s  "Th3Pdq11 me l t s  incongruently a t  . 

1325°C. At 1 0 0 0 ' ~  ThPd3, ThPd4 and T h P d i  exhibit na r row  ranges  of 

homogeneity. 

T h r e e  eutectic reac t ions  occur ,  one a t  23 a t .  O/b pal ladium and 

1 11 2"C, another a t  36 a t .  70 pal ladium and 1 137"C, and the th i rd  a t  

62 a t .  70 pal ladium and 121 7" C.  T h e r e ' i s  a m in imum in  the  liquidus 

and solidus a t  88 a t .  70 pal ladium and 1 125" C ,  indicative of a wi2e ' range 

of. solid solubil i ty of thor ium in palladium. 
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C rysta l lography . . 

C r y s t a l  Unit ce l l  Space 
Compound la t t i ce  dimens'ions,A Z Type group Ref .  

T h2Pd T e t ragonal  a = 7. 330 4 C16 14 /mcm 2 . 
c = 5.930 CuAIZ 

o r  
a, = 7.  308 
c = .5. 960 1 

"ThPd" Orthorhombic  a = 7. 25 - - - 1 
b = 4 .57  
c = 5 .86  ' 

- .  
1 ThPd5 ~ K 2 m  3 Th3Pd5 Hexagonal a = 7:149 

c = 3. 899 - .  

ThPd3 Hexagonal a = 5. 856 D02.4 ~ 6 ~ / m m c  4 
TiNi3 c = 9. 826 

ThPd4 Cubic . a . =  4. 110 1 L12 P m 3 m .  5 
Cu3Au 

, . 

References  

1 . J .  R .  T,hom'son, Alloys of Tho r ium with Cer ta in  Trans i t ion  

Meta l s .  III. The Sys t em ~ h o ' r i u m - p a l l a d i u m ,  J .  L e s s -  

Common Metals  - 6 94 (1964). . 
\ 

2. '  R. F e r r o  and R. Capell i ,  The  P h a s e . C l 6  Type i n  the  Thor ium-  

Pa l lad ium Alloy Sys tem,  Acta C r y s t .  - 14 1095 (.1961). 

3. J. R .  Thornson, The  c r y s t a l .  s t r u c t u r e  of Th3Pd5 a n d  

Th3Pt5,  Acta C r y s t .  - 16 320 (1963). 

4 .  A .  E. Dwight, J .  W.  Downey and R .  A. Conner; J r . ,  Some 

AB3 ~ o m ~ o . u n d s  of the  Trans i t ion  Metals ,  Acta C r y s t .  14 



5. J . R .  Thornson, T h e C r y s t a l S t r u c t u r e o f  ~ h ~ d ~ , ~ d v a n .  

X-ray  Anal. 6 91 (1963). 

THE 'THORIUM - PHOS.PHORUS SYSTEM 

' The Phase  Diagram 

1 2 
'Early work on this  sys tem by Meisel and Strotzer  et  a l .  in-  

dicated the existence of two compounds, Th P and substoichiometric 
3 4 

\ 

ThP.  According to Meisel,  ThP, crystall izing with the NaC1-type 

s t ruc tu re  is always deficient i n  phosphorus. 

Recently, a par t ia l  phase d iagram has been proposed by Javorsky ' 

. . 

and Benz, a s  i s  shown in  Fig. .  22. A eutectic occurs  a t  1608 20°C 

and about 9 . 9  at .  70 phosphorus. The monophosphide mel t s  congruently 

a t  2990°C and i s  stable over a composition range a t  'elevated tempera-  . 
t u re s  with a minimum phosphol-us content of 49:5 a t .  % a t  16000 C and 

above. E a r l i e r  work by Gingerich and wilson4 had indicated that the 

homogeneity range 'of the monophosphide, 'ThP1 _,, extends f r o m  the 
I .  

T h P ~ .  55. (- 33.6 at .  % phosphorus) to ThPO. 96 (-- 49 at .  % phosphorus) 

a t  1000°C. This dispari ty  in resu l t s  was explained by Javorsky and 

Benz a s  due either to T h o  contamination o r  incomplete reaction en- . 2  

counter,ed by Gingerich and Wilson in preparation of the i r '  specimens. 

- 
Cr'ystallography 

/ 

C rys  tal. Un i t  c ell 
O .  Space 

Compound lat t ice  dimensions, A Z Type 'group Ref. 

ThP  C ubi c a = 5. 81 8 4 B1 Fm3 m ,1 
NaCl 

Th3 P4 Cubic 
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THE THORIUM - PLATINUM SYSTEM 

The Phase  Diagram ' I  

A phase d iag ram has been proposed f o r  this sys t em by Thomson 1 

a s  i s  shown ili F ig .  23. I t  consis ts  of a t  leas t  th ree  congruently melt'- 

- ing compounds, ThPt,  Tli3Pt5 and "ThPt3", adjoined by eutectics a t  

17, 5 2 ,  69 and '90 a t .  % platinum.' There  a r e  a l so  the following peritectic 

compounds: Th7Pt3, I1Th3Pt4, I1ThPt2, " I1ThPt4" and "ThPt5.'I1 The 

terminal  solid solubility in each co-mponent i s  negli.gible, The identified 

compounds include Th P t  ThPt  and Th3Pt. 7 3' 





Crys ta l lography  . . 

C r y s t a l  ' Unit ce l l  . Space 
Compound la t t ice .  ' dimensions ,  A Z Type group Ref.  

/ 

Th7Pt3 
Hexagonal a = 10.:126 2 D102 P63mc  2 .  

c = 6.346 Th7Fe3 - 
T h P t  0rthorhcrmbi.c a. = 3. 900 Bf C m c m  3 

b = 11 .09  C r B  
c = 4 . 4 5 4  - 

,Th3Pt5 Hexagonal a = ' 7 . 1 6 2  1 Th3Pd5 ~ c 2 m  4 
c = 3.908 

. . 
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THE THORIUM - PLUTONIUM SYSTEM . 

The p h a s e  D iag ram 

A compos i te  d i a g r a m  for  t h e  thorium-plutonium s y s t e m  i s  shown 

in F ig .  24. The plutonium-r ich end i s  f r o m  schonfeldl  and the  thor ium-  

r i c h  end, including the  l iquidus,  i s  f r o m  Bochvar e l  a l .  ' The plutonium-rich 
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port ion of th is  d i a g r a m  is' i h  genera1 ,agreement  with the e a r l i e r  r e su l t s  

3 
of .Pbole  e t  a l .  The  d r a s t i c  lowering of the t rans format ion  t empera tu r e  

. . 
4 of t ho r ium as shown in  Fig .  24 has  not been conf i rmed by invest igators  

a t  Harwel l  o r  Los  Alamos and t h e r e  a r e  discr.epancies i n  the repor ted  
- 

solubil i ty l im i t s  of plutonium in  thor ium.  T h e r e  a r e  s t i l l  unresolved.  

,d i f ferences  i n  the  shape of the  thorium-liquidus,  the t empe ra tu r e s  of 

t he  pe r i t e c t i c  and eutectic hor izontals  and of the v 'arious phase  traiis- 

fo rmat ions  in  plutonium. 

(1: rys ta l lography  

Only one compound, tentat ively identified as  ThPu  uccurs  in 
2' 

3 
th i s  sy s t em.  Poole  e t  al .  indexed i f  6ri rhe basis u l  all urlllulllullllic 

c e l l  with a = 9 .820  A ;  b = 8 .164  A and c = 6.6'81 and p r e f e r r e d  the  

fo rmula  T h  P u  6 13'  
I 
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' 8  

~ h e ' p h a s e  D iag ram 

. 1  ' 

Norman et  al. de te rmined  la t t i ce  spacings  of thor ium-praseodymium 
- 

al loys  and found that  the solid solubil i ty exceeds  90 a t .  O/o pra seodymium 
. . 

' i n  thor ium a t  '900°C. 

P r e l i m i n a r y   investigation,^ by Kato, and cope land2  r evea l ed  that  

addit ions of .p raseodymium' lowers  the t rans format ion  t empera tu r e  and 

mel t ing point of tho'rium. 

No .compounds have been  fdund in  th is  sy s t em.  
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THE -THORIUM - RHENIUM .SYSTEM . . . 

. . 
\ ~ h k '  Phase  Diagi-am 

A diagram has  not been proposed for  this sys t em although one com-  

1 
pound, ThRe2, has  been-identified. Niemiec repor ts  finding no solu- 

. , 

bility in either component. 
I 

Crystal.l.ography =.- - , , 

C rys  ta l  Unit c ell  
O ,  space  

Compound lat t ice  dimensions,  A Z Type group , Ref. 

ThRe2 Hexagonal a = 5.498 4 C14 ~ 6 J r n r n c  1 
c = 9.116 .MgZn2 

o r  
a = 5.492 2 
c = 9.097 
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THE THORIUM - RHODIUM SYSTEM 

The Phase Diagram 
=- 

The phase d iagram shown in  Fig.  25 was proposed by Thomson. 
1 

Four  eutectics and seven compounds compose the principal fea tures  of 
. . 

the  system. Eutectic points have beeri established a t  20 a t .  O/o rhodium 
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and 1,237"C, .34 a t .  70 rhodium.and 131 2"C, 64 a t .  70 rhodium and 1425°C 
. . 

and 87 a t .  % rhodium and 1450" C.   he compounds, Th7Rh3, ThRh and 

~ h ~ h ~ ,  mel t  congruent ly  a t  136Z0, > 1 500" and > 1 ~ O O ~ C ,  respectively,  

while ThRh2 decomposes  per i tec t ica l ly  a t  > 1500°C and has  a solid s ta te  

t r ans fo rma t ion  i n  the tempera ture  range of 1200" - 1300°C. The s t r u c -  

t u r e  of the high t empera tu re  modification, ,3 - ~ h ~ h ~ , '  has  been d e t e r -  

mined but the low t e m p e r a t u r e  f o r m ' i s  s t i l l  unknown. Three  other 

compounds, tentatively identified a s  "Th3Rh4I1, "ThqRh511 and " ~ h ~ h ~ ' $  

w e r e  detected in  this s y s t e m  but the i r  c rys t a l  s t ruc tu re s  have not been 

determined.  They f o r m  by per i tec t ic  react ions  a t  1487O, 1450" and 

> 1 500°C, respect ively.  

C r y s  tal lography ' 

C rys ta l  Unit cel l  
. o  $ace 

Compound la t t i ce  dimensions,  A Z Type group ' Ref. 

. . 
ThqRh3 Hexagonal a = 10.'031 2 D l 0  P63mc 2 .  

c = 6 . 2 8 7  Th7$e3, 

ThKh Orthorhombic a = 3.866 4 . Bf' C m c m  4 
b = 11 .,24 C r B  

. c = 4.220 

8 -ThRh2 Hexagonal a . =  4. 629 2 B82 ~ 6 ~ / m m c  1, 5 
. . c = 5. 849 . Ni21n 
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THE THORIUM - RUTHENIUM SYSTEM 
4 

The  P h a s e  D iag ram . . , 

 hornso on's' proposed d i ag ram for the thor ium-ru then ium sys t em 

i s .  shown in. F ig .  26. Th ree  compounds, Th7Ru 3' ThRu, and T ~ R U ~ ,  

have been identified and a fou r th  compound was tentat ively designated 

. a s  "Th3RuZ1'. These  four compounds fnelt congr;ently a t  t empe ra tu r e s  

of 1412", 1462", > 1500" and 1425"C, respectiirely, and a r e  adjoined 

q .by f ive eutectic reac t ions .  ' - I 

Crysta l lography . . 

C rys t a l  , Unit ce l l  
0 .  

Sp.a c e 
Compound la t t i ce  dimensions ,  A .  Z Type group Ref.  

Th7Ru3 Hexagonal a = $. 969 2 Dl02  P63mc 2 
c = 6..302 Th7Fe3  . 

ThRu Orthorhombic  a = 3. 878 ,4 Bf C m c m  3 
b = 11 .29  C r B  . 
'c = 4. 071 

ThRu2 . , . Cubic 
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The  P h a s e  D iag ram i 

Lat t ice  spacing measu remen t s  by Norman e t  al. indicate  that  the  

solid solubil i ty l im i t  of s a m a r i u m  in thor ium i s , be tween  50 -60 a t .  % 

NO compounds have been repor ted  fo r  th is  sy s t em.  
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THE THORIUM - SELENIUM SYSTEM 

The Phase  Diagram 

1 
D'Eye et  al .  proposed a tentative d iagram for  the thorium- 

selenium sys tem which included five compounds, ThSe, Th Se 
2 3' 

Th7Se12, ThSei  and Th3Se7. However, in re-examining this system,'  

Graham and ~ c ~ a ~ ~ a r t '  confirmed the presence  of ThSe only while 2 

qttempts to p repa rc  ThSe, Th Se  a i d  Th St: were unsuccessful. 
7 12  . 2 3 .  

They suggest that these la t ter  three  componnds may be oxygen s t a -  

bilized which could account' fo r  their  fai'lure to reproduce them. Graham. 

and McTaggart 'a lso identified a new compound which they assignkd the 

formula  ThSeZ. 5. 

, In view of the ambiguities in the information thus f a r  available, a 

phase  d iagram has not been presented for  this sys tem.  

Crystal lography 

C ryseal Uni tce l l  Space 
Coil~poui~cl latl ice dimensions, A . , Z Type . group Ref. 

ThSe2 Orthorhombic a = 4.435 4 C23 Prnnb 2,  3 
b = 7 .629  PbC12 - c = 9,. 085 
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THE THORIUM - SILICON SYSTEM 

The Phase  Diagram . 

The phase d iagram proposed by ~ r o k n  and ~ o r r e ~ s '  fo r  thi's 

sys t em i s  presented in Fig. 27. There  a're s ix  compounds r ep resen ted .  

in the diagram, five of which have been fa i r ly  well established by x - r a y  . 

diffraction data. These compounds .are a congruently melting phase 

ThSi and four peritectic compounds, Th3Si2, Th3Si5, Th Si ' and ThSi2. 6 11 
1 

The nomenclature of Brown and Norr  eys has  been pr -eservedin  . 

i l lustrating the high temperature alpha f o r m s  and low temperature beta 

f o r m s  of thecompounds Th Si and ThSi2. Another phase,  -X, has  6 11 
. . 

been suggested to eutectoidally decompose to a, -Th Si and a, -ThSi2. 6 11 

Eutectics a r e  located a t  10 at .  70 silicon and about,1350°-14000C and 

82 at .  '$0 silicon and 1350°C. 

2 
Stecher et al .  have presented data that differs  f r o m  this dia-  

l 

g r a m  in severa l  respects  such a s  the p o l y m ~ r p h i s m  of ThSiZ, the num- 

be r  of compounds and .other general features  of the system. I t  i s  ap-  

parent  that additional work i s  needed in drder- to resolve some of the 

a r e a s  of disagreement .  





Crysta l lography 

C r y s  t a l  U n i t c e l l  Space 
Compound la t t i ce  dimensions ,  A Z Type -  group Ref.  

Th3Si2 T e t ragonal  . a = 7. 835 2 U3Si2 ~ 4 / m b m  . 3 
. c = 4 .154  

T hSi . Orthorhombic  a = 5. 896 4 B27 P b n m  2 , 3  . 
, b = 7.-88 F e B  

c = 4 .148  

Th3Si5 Hexagonal a = 3.985 1 C32 ~ 6 / m m m  4 , 5  
c = 4 .228  A1B2 . 

.8 -Th6Sil Hexagonal a = 4 .013  1. C32 ~ 6 / m m m  .1 
(low temp.  ) c = 4 .258  A1B2 

a -Th6Sil ~ e t r a ~ o n a l  a = 4 .01  - - 14/amd 1 
(high temp.  ) , . . c = 13. 89 

B -ThSi2 Hexagonal a = 4.136 1 C32 ~ 6 / m m m  4 , s  
(low temp.  ) c = 4 .126  AlB2 

a -ThSi2 ~ e . t r a ~ o n a l  a = 4 .135  4 Cc  14/amd 5 
(high t emp .  ) c . =  14.  375 " T hSi 
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5. A. Brown, MX2 Compounds of Tho r ium and the Po lymorph i sm  

of T h o r i u m  'Disi l icide,  Acta C r y s t .  860 (1 961). 

T h e  .=.. P h a s  e_.Diapra.m 

Raub and E n g e l l  s tudied t i e  s i l v e r - r i c h  end of the s y s t e m ' a n d  

proposed  a p a r t i a l  phase  d i a g r a m  showing the  compounds -Th3Ag5 and 

ThAg3: al though the  c r y s t a l  s t r u c t u r e s  of these  compounds w e r e  not 

2 '  
r e p o r t e d ;  Brown has  shown that  the phase ,  ThjAgg actual ly  co r r e sponds  

t o  ThAg2, the  s t r u c t u r e  o f  which was  de t e rmined .  

3 . . 
Recently,  Thomson ,observed a eutect ic  between t ho r ium and a 

th i rd  compound ,  T.h2Ag, a t  30 a t .  % s i l ve r  and 10 lZ0C .  At the eutect ic  

t e m p e r a t u r e  the solubil i ty of s i l v e r  i n  t ho r ium is much  l e s s  than 2 

at. YO. The work  of these  var ious  inves t iga to rs  has been incorpora ted  

in to  the  phase  d i a g r a m  of F ig .  . . 28. 

' Crys ta l .  ~ n l  t c cl l  Space  
Ref.  Compound l a t t i c e  dimelisions,  Z Type group 

- .. ->,. - 
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THE THORIUM - SODIUM SYSTEM 

T h e  P h a s e  D iag ram 

A p a r t i a l  d i a g r a m  showing the  p r e s e n c e  of a n  i n t e rme ta l l i c  corn- 

1 pound, ThNa4, h a s  been repor ted  by.Grube and ' ~ o t z e n h a r d t .  Accord-  

2 ing t o  the compila t ion of Rough and' Bauer ,  however,  this. work  ha s  

.been disputed.  

L r y s  ta l lography 
. - 

The p r e s e n c e  of compounds, i n  th is  s y s t e m ' i s  not.'well es tabl ished.  
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The Phas'e Diagram 
, . 

The disagreement among .the ear ly  work of Zachariasen, 1 , 2  

' 4 
E a s t m a n e t  al. and Strotzkr a i d  ~ G b u s c h  prompted Graham and 

I 5 
McTaggart  to reinvestigate the thorium-sulfur system. They c o n -  

f i rmed  the existence of ThS and found a new phase,  ThS2: 5. 2 Unsuc - 

c e s s f d  attempts to f o r m  Th7S12, Th2S3 and ThS reported by the p r e -  

vious investigatbrs were  attributed to the absence of oxygen in the alloys 

which may have had a stabilizing effect on the formation of these three 

phases.  Additional work on the phase equilibria of tEis sys tem i s  

needed before a phase d iagram can be  presented.  ' . 

Crystallography 

C rys  ta l  Unit cell  , Space 
Compound latt ice 1 dimensions,A Z Type, group Ref. 

' C , 

Orthorhombic'  a = 4. 283 4 .C23 
b . =  7.275 . PbCl2 
c = 8.617 

Pmnb 2, 5 

1.  W.. H. Zachariasen, Crystal  Chemical Studies of the 5f- 

Series  of Elements.  IX.  The Crys ta l  s t ruc tu re  of Th S 7 12' 

Acta Crys t .  2 288 (1949). - 



2.  W.  H. Zachariasen,  Crys t a l  Chemical  Studies of the 5f,- 

Se r i e s  of E lements .  X.  Sulfides and Oxy-Sulfides, Acta 

Crys t .  2 291 (1949); 

. 3 .  E .  D. Eastman,  L .  Brewer ,  L .  A. Bromley, P .  W .  Gilles 

. and N. L .  Lofgren, P repa ra t ion  and P r o p e r t i e s  of the 

Sulfides of Thorium and Uranium, J .  Am.  Chem. Scrc. 72 . - 

4. E .  F. S t ro tzer  and M.  Zumbusch, Thor2um-Sulfide, Z. 

anor'g. a l lgem. Chem. 247 41 5 (1941). 

5 -  J. Graham and F. K .  McTaggart ,  Observations on the Sys-  

t e m s  Th-S, Th-Se and Th-Te; Aust. J. Chem. - 13 67 (1960):. 

THE THORIUM - TANTALUM SYSTEM 

, 

The Phase  Diagram 

A phase  d i ag ram for  the  thor ium-tantalum s y s t e m  is of the s imple  

eutectic type a s  shown in  Fig. 29. ~ c ~ a s t e r s  and ~ a r s e n '  reported a 

eutectic a t  5. 1 a t .  70 tantalum and 1565°C with a eutectoid ( s e e  i n se t )  a t  

approximately 1338°C. . The t e rmina l  solid solubil i t ies a r e  quite l imited 

and a r e  es t imated a s  l e s s  than 0 .26  a t .  70 thorium.and 0.  52 a t .  70 tantalum 

a t  the  eutectic t empera ture .  

T h e r e ' i s  no evidence.of compounds i n  this sys tem.  

References  . , 

1 .  , 0'. D. .McMasters  and W. L .  Larsen ,  'Phase Equilibria i n  the 

Thorium-Tantalum System,  J .  Less-Common Metals - 3 31 2 

. (1961). 





THE THORIUM - TECHNETIUM SYSTEM 

The P h a s e  Diag ram 

While a phase d i ag ram has  not been pioposed fo r . t h i s  sys tem,  . ' .  

1 
Darby e t  a l .  have- identified o n e  compound, ThTc2. 

Crystal lography 

Crystcll  Uuit: cel l  
e 

' - SpacL. 
Compound la t t i ce  dimemsioris, A Z Type group ' R el. 

ThTc2 Hexagonal a = 5. 394 4 C14 ~ 6 3 / r n m c  1' 
c = 9.222 MgZn2 

References  

1.  J. B. Darby, J r . ,  A .  F. Berndt  and J. W .  Downey, Some 

In te rmedia te  Phases  i n  the Thorium-Technetium and Uranium- 

Technetium Systems,  J. L e s s  -Common Metals  - 9 465 (1965). .. 

THE THORIUM. - TELLURIUM SYSTEM , 

The Phase  Diag ram 

.' . Like . the other  thorium-chalcogenide sys  terns, the thor ium- 
. . 

t e l lu r ium s 'ystem needs m o r e  study before  a phase d i ag ram can be p r e -  

1 ' 

sented.  Graham and McTaggart  have invesiigated this s y s t e m  and 

identified t h r e e  compounds, Th2Te3, ThTe2 and ThTe3. High pur i ty  

thor ium was used i n  this work and c a r e  was taken to  avoid containination 

of the  reac ted  ma te r i a l s .  Del iberate  addition of oxygen yielded a phase  

with the monotelluride s t ruc tu re  previously reported by D' Eye and 

Sellman. 
2 



Crysta l lography 

C r y s t a l  Unit ce)l Space 
Compound la t t i ce  dimensions ,  A Z .  Type . group Ref.  

Th2Te3 ~ e x a ~ o i a l  a = 12 .49  - - - 1 : 
c = 4 .354  a 

/' 

ThTe2 Hexagonal . a  = 8 . 4 9  - - - 1 
c = .  9 .01  

. . Refe rences  ' . 

1 .  J .  Graham and F. K .  McTaggart , ,  ,Observat ions  on the Sys - 

t e m s ' ~ h - S ;  ~ h - ~ e  and Th-Te,  Aust .  J .  Chem.  13 67 (.1960). 
/ 

- 
. ~ 

2. R .  W .  M. , 'D tEye  and P. G. Sel lman,  The Thor ium-Tel lu r ium 

System,  J .  Chem.  Soc .. 3760 (1954): 

THE THORIUM - THALLIUM SYSTEM 

' The P h a s e  D i a e r a m  
I 

The solubility data f o r  thori1.1m in  liquid t,hallium a t  d i f ferent  
. s 

1  t empera tur .es  repor ted  by Hayes and Gordon .is summar i zed  below: 
< 

Temp.  "C  Solubility . . . , 

wt % Th a t .  70 Th 



L 
F e r r o  r e p o r t s  evidence of an  in te rmeta l l i c  compound, ThT13, but n o .  

.e 

. . 
de t a i l s  a r e  given on the phase  s y s t e m .  

Crys ta l lography  

C r y s t a l  unit '  ce l l  Space 
Compound l a t t i c e  dimensions ,  A Z Type gro.up Ref .  

I 

T ~ T I ~  Cubic ' . i = 4. 748 1 L12. , ~ m 3 m  2 
AuCu3 

1 .  E .  E .  Hayes and. P. Gordon, The Solubility of Uranium arid 

. T h o r i u m  in  ~ i q u i d  Metals  and Alloys, USAEC Rept .  TID- 

2501 -Del . ,  p. 11 5 (1957): 
. ,  

2. R .  ~ e r r o ,  The  Crys t a l  S t ruc tu r e s  of ThHg3, ThIn3, ThT13, 

ThSn3 and ThPb3, Acta C r y s t .  - 11 737 (1958). 

THE THORIUM - TIN SYSTEM 

The  P h a s e  D i a g r a m  , . 
Hayes and ~ ? r d o n '  have repor ted  the solubil i ty of thor ium in  

' l iquid tin a s  follows : 

Solubility ..-- . 
w t 7 0 T h  at.70TTh 



2 
F e r r o  has  identified an intermetal l ic  compound, ThSn3, but a phase . 

d iag ram has n0.t been proposed. a .  

Crystallography 

Crys t a l  Unit cell  Space. 
Compound la t t ice  dimensions,.A Z Type group Ref. 

ThSn3 Cubic a = 4.718 1 L12 ~ m 3 ' m  2 
AuCu3 . 

References  
... 

1.  E. E. Hayes. and. P .  Gordon, The Solubility of 'Uranium and 

Thor ium i n  Liquid Metals and Alloys, USAEC Rept. TID- . . 
2501 -Del. ,  p. 11 5'(1957). - 

2. R .  F e r r o ,  The c r y s t a l  ~ t r u c t u r h s  of ThHg3, ThIn3, ThT13,. 
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' ~ h ~ n ~  and ThPb3, Acta Crys t .  - 11 737 (1958). . 

The p h a s e  Diagram'  

The thorium-ti tanium Pha'se d i ag ram of C i r l s o n  e t  a l .  i s  shown 

in Fig.  30. The s y s t e m  consis ts  of a single eutectic, with l imited t e r -  . 
minal .sol id  solubility and lid compounds. The eutectic l i es  a t  12 a t .  O;lo 

/ 

t i tanium and 1 190°C. The t ransfdrmation t empera tu re s  a r e  re la t ively 

unaffected by the addition of the other component. 

Crystallography 

No compounds a r e  p re sen t  in  the thor ium-t i tanium sys tem.  
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1 .  0 .  N. Car i son ,  J.  M.  Dickinson, H. E .  Lunt and H. A. 

Wilhelm, ~ho r ium. -Co lumbium and Thorium-Ti tanium Alloy 

Sys tems ,  T r a n s .  AIME - 20.6 1.32 (1956). 
' ! * .  

THE THORIUM - TUNGSTEN SYSTEM . 

The  P h a s e  D iag ram 

The dia'gram i n  F ig .  31 i s  taken f r o m  the  compilat ion .of Rough 

'and Bauer .  A eutect ic  point a t  about 8 a t .  %.tungsten and 1380°C i s  

indicated ' in  con t r a s t  .to an  e a r l i e r  value of 1475°C repor ted  by Wilhelm 

e t  al. 
2 

Crysta l lography 

No compounds occur  i n  the thorium-tungst-en sy s t em.  

References  

1 .  F .  A .  Rough and  A. A; Bauer ,  Consti tut ion of Uran ium and 

~ h o r i u m  Alloys, USAEC Rcpt.  BMI -1 300 (1 958). 

\ .  

2. H. 'A. Wilhelm, A. S: Newton, A. H. Daane and C .  Neher,  

, Thor ium Metallurgy,  cT-371'4 (1946). 

. - 

THE THORIUM - URANIUM SYSTEM 

The  P h a s e  D iag ram 

The contributions of var ious  inves t iga tors  a r e  incorporated i n  the  '# 

d i a g r a m  shown in  Fig .  32. The main . fea tures  a r e  those  0; Car l son l  who 

f i r s t  proposed a d i a g r a m  for th is  sy s t em.  cons i s t s  of a liquid 



TUNGSTEN, AT. O/o 1 

Fig .  3 1 .  



I 

URANIUM, WT '10 
10 20 30 40 50 60 70 80 90 . :  

I 1 I .  I I 

F i g .  3 2 .  



immiscibi l i ty  loop and a n  uran ium-r ich  eutectic a t  1086°C. Mur ray  2 

established the region-of immiscibi l i ty  extending f r o m  51 to 94 a t .  70 
3 u r a n i u m  a t  the monotectic t empera ture .  Bentle observed extensive . 

t e r m i n a l  solid solubili.ty in  thor ium a t  e'levated. te.mperature and proposed ~ 

the  i nve r se  per i tec t ic  react ion associated with the t ransformation in  

4- thor ium.  The thor ium solvus data.of Bentle and of Wilson e t  al .  a r e  

included in the diagralii.  

C r yatallography 

T h e r e  a r e  no compounds in this  sys tem.  
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THE THORIUM - VANADIUM SYSTEM 

The Phase  Diagram 
? 

The thorium-vanadium phase d i ag ram shown i n  Fig.  33 was 

determined by p a l m e r  e t  a l .  The sys t em i s  charac te r ized  by a 

' eutectic a t  19. 3 a t .  70 vanadium and 1435°C and a eutectoid a t  0 .15 

a t :  70 vanadium'and 1345°C ( see  inset) . '  The .maximum solubility of 

thor ium in vanadium a t  1390°C i s  0. 1 a t .  70.' 

Crystallography . 

T h e r e a r e  no compo.unds in this sys tem.  

References  

1 .  P. E .  Pa lmer ,  0 .  D .  ~ c ~ i s t e ' r s  and W .  L .  ~ a r s e n ,  Thor ium-  

Vanadium Phase  ~ i a g r a m ,  T r a n s .  Quart .  ASM - 55 301,(1962).. . 

THE THORIUM - YTTERBIUM SYSTEM 

The Phase  Diagram 

, . The thor ium-yt terbium s y s t e m  has  been. examined by Evans and 
, . 

1 
Raynor.  . The pu re  meta l s  a r e  essent ia l ly  immisc ib le  in  the liquid 

s ta te  even a t  the melting point of thor ium. Changes in the la t t ice  

p a r a m e t e r s  of a specimen annealed a t  660°C indicate that the l imi t s  of . 

t e rmina l  solid solubility a r e  0. 4 a t .  qlo yt te rb ium in  thor ium and 0. 25 

a t .  % thor ium in  ytterbium. - ~ s c h n e i d n e r '  pointed out that the experi -  
J 

mental  observations of Evans a n d  Raynor a r e  consistent with p r  edic - 
.' . tions. 
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C rysta l lography 

No compounds a r e  found in  the thor ium-y t te rb ium s y s t e m .  

Refe rences  

1 .  D .  .S.. Evans  and G .  V: Raynor ,  The S y s t e m  Thor ium-  

Ytterbiurri: I t s  Alloy P r o p e r t i e s ,  J .  Les s -Common  Meta l s  \ 

2. K .  A. Gschneidner ,  Some Comments '  on the Ytterbium- 

~ h o r i u m  Sys tem,  J. L e s s  -Common Metals  4 - 107 (,1962). 

THE THOR1U.M - YTTRIUM SYSTEM 

The  P h a s e  D iag ram 

1 / 

E a s h  and C a r l s o n ' s  . phase  d i a g r a m  f o r  the thor ium-yt t r iu 'm s y s -  

. t e m  i s  shown in F ig .  34. A continuous s e r i e s  of solid solutions ex i s t s  
. . 

between. the high t e m p e r a t u r e  modificat ions of thor ium.dnd y t t r i um.  
1 

- ' The  B -phase  decomposes  by' a  e i t ec to id  reac t ion  a t  46. 5 a t .  70 y t t r i um 

and 1 375°C. Additions of y t t r i um effect a  max imum i n  the to. f i  

trans'f0,rmation a t  14. 3 a t .  % y t t r i um and 1 4 3 5 " ~ .  Evans  and Raynor  2 

placc . the  boundar ies  of the tw.0 phase  region between the cubic and 

hexagonal solid solutions a t  49 and 69 a t .  70 y t t r i um a t  750°C and a s c r i b e  

th i s  d i sc repancy  i n  r e su l t s  .to d i f fe rences  in  m e t a l  pur i ty .  

C rys ta l lography -.. ."......~..:.- ......,,. .> .,-. .".., ..-, , 

 here is  a n  absence  of compounds i n  the thor ium-y t t r ium'  s y s t e m .  
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Yt t r ium Alloys., . J .  Nucl. M a t e r .  - 2 209 (1960) 

THE THORIUM - ZINC SYSTEM 

The P h a s e  D iap ram , 

1 
Chiott i  and Gil l  have es tabl ished the d i ag ram '  shown in F ig .  35. 

The s y s t e m  i s  cha r ac t e r i z ed  by four congruently melt ing compounds,  

1 

adjoined by eut.ectics. The solubil i ty of t ho r ium i n  zinc d e c r e a s e s  

f r o m  3 .41  a t .  % a t  900°C to 0.0007 a t .  % a t  419'C and h a s  been shown 

to  follow the  re la t ion,  log (a t .  70 Th-) = - 6 2 3 0 / ~  t 5. 850. 

C rys t a l l og raphy .  

C r y s t a l  U n i t c e l l  Spak e 
Compound la t t i ce  d imensions ,  A Z T y p e .  group Ref.  

1 

Th2Zn ~ e t r a g o n a l  . a = 7 .60  4 C16 ' 14lmcrn 2 
.c = 5,.64 A12Cu 

J, 

ThZn2." Hexagonal a = 4 .497  1 C32 ~ 6 / m m m .  3 
AlB2 . .  c = 3.718 

T.h Znq T e t ragonal  a = 4. 273 2 Dl3 14/mmrn 1, 5 
c = 10.359 B aA14 

.u, ?- 

May a l s o  ex i s t  a s  CeCu2-type s t r u c t u r e .  
4 
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Tempera tu r e   ater ria is Phenomena.  Scope 111: T r a n s f o r m a -  
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THE THORIUM - ZIRCONIUM SYSTEM 
. / 

The P h a s e  D iag ram 

t The  phase  d i a g r a m  f o r  the  thor ium-z i rcon ium s y s t e m  proposed 

1 
' , b y  Gibson e t  a l .  i s  shown in  F ig .  36. The t ho r ium- r i ch  port ion of th is  

s y s t e m  has  been inve i t iga t& extensively by .others a l so  and, '  while 

t h e r e  is gene ra l  ag reemen t  about the main  f ea tu r e s  of the d i a g r a m , -  

t h e r e  a r e  di f ferences  i n  s o m e  of the de ta i l s .  The r e su l t s  of the va r ious  

invest igat ions  a r e  summar i zed  in  the ta'ble 'below. 
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SUMMARY O F  RESULTS O F  DIFFERENT INVESTIGATIONS ON T h - Z r  

SYSTEM 

Region of diacrram 

Min imum i n  liquidus 
- sol idus 

Monotec toid 

Max imum of 
immisc ib i l i t y  loop . 

Extent  of immisc ib i l i t y  
gap  at, monotectoid 
t e m p e r a t u r e  

Gibson e t  a l .  1 

45. 9 a t .  O/oo'Zr . 
and 1350°C 

45. 9 a t .  70 Z r  
and 910°C . 

- 52. 2 a t .  Ojb Z r  
and - ' 9 5 5 " ~  

45. 9-59. 9 a t .  70 
Z r  

M u r r a y  3 ' ~ a d a e v a a n d A l e k s e e n k o .  

46 a t .  70 Z r  - 
and 1290°C 

46 a t .  70 Z r  40 a t .  70 Z r  
'and 917.5"C and 920°C , . 

52. 5 a t .  70 Z r  54 a t .  70 Z r  
and 950°C - and '945"C 

'46-5.8 at.. 70 Z r  40-69. 5 a t .  70 /or ' 

Eutectoid 85 a t .  70 Zr  - 88 at.,o/o Z r  86 a t .  Ojb Z r  . 
and 650°C and 650°C ' and 650°C 

Another point of d ibagreement  i s  t he  tho r ium- r i ch  so lvus  which , 

4 5 
Johnson and Honeycombe and Evans and Raynor p l ace  a t  9. 9 a t .  70 

z i r con ium a t  920°C d e c r e a s i n g  to about 5 . 0  a t .  70 a t  650°C.  ~ i b s o n ' s  

solGus boundary l i e s  a t  A u c h  higher  z i r con ium concent ra t ion  a s  i s  s een  

f r o m - t h e ' d i a g r a m ,  a position which i s  supported by the da ta  of Bada&a 

- 3 
and Aleksccnlro. 

Crys ta l lography 
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SUMMARY 

As of the date  of this compilation some  information was 'found on 

'. the phase relationships for  a l l  but a few of the possible  binary sys t ems  
, 8 

of thorium. In summarizing this information the authors  have divided 

the sys tems ,  perhaps somewhat a rb i t r a r i l y  into the four categories  

l is ted below: 
. . 

1.  Completed Sys tems  , 

In ,an  absolute s ense  of course  no alloy s y s t e m  i s  real ly  ever  
- 

complete,but f r o m  an analysis  of the data available approximately one-  

. third of the,  sys t ems  of thor ium a r e  well enough established that addi-  

I . . 
tional work does not appear ,  to be warranted a t  this t ime .  Predominant  

i n  this category a r e  those sys t ems  having pos'sible reac tor  i n t e r e s t  such 

\ 
asrTh-U,  Th-Be, Th-Zr ,  ~ h - ~ f , ,  -Th-C, Th-A1, Th-Mg, Th-Zn and '  

' 

I 

Th-Pu.  Likewise those sys t ems  involving the groups YA and ~ I A  e l? -  
. . 

ments  which f o r m  .simple eutectic sys t ems  with thor ium and the tnansi-  

tion meta l s  iron,  cobalt and nickel a r e  r a the r  well established a s  a r e  the 

Th-Y and Th-Ti  .systems. 

' 2. Nearly  Completed Systems 

This group includes 'a  number of sys t ems  on which a considerable 

amount of work has  been done and ' the  general  fea tures  of.the d i ag rams  

a r e  fa i r ly  wkll established. However, t he re  aye  either conflicting r e -  

. .  sul ts  that  s t i l l  need td be  ' resolved o r  regions ~f the d i ag ram that a r e  
' 

s t i l l  somewhat tentative in  na ture .  Included a r e  the Th-Ag, Th-Au and 
> 

Th-Cu -sys tems  about which some unce.rtainty exis ts  over  the middle 



composit ion r anges .  Some excellent work has  been done on the dif- 

f icult  Th-N and T h - P  sys t ems  for  the thor ium-r ich  end of the d iagrams.  

The analogous sys t ems  of Th-Ce and Th-Si have. a l so  been investigated 

quite extensively but s t i l l  have need fo r  additional work Garticularly on 

the identity and s t ruc tu re  of the compounds. The Th-Ce s y s t e m  has 

a l so  been studied in  considerable  detai l  but uncertainty s t i l l  exis ts  o v e r ,  

the  equi l ibr ium between the high tempera ture  phases .  The compounds 

and phas'e react ions  for .a l1  of the platinum group elements  have been 

determined to an  impres s ive  deg ree  thanks to the effor ts ,  of J . ' R .  

- .  Thomson of Harwell .  The only regions of uncertainty in  any of these 

s y s t e m s  occur  a t  the higher  t empera tu re s .  

3 .  Sys tems  F o r  Which Limited Data Are  Available 

  at her complete crysta l lographic  d a t a ' a r e  available on the cdm- 

pounds of thor ium with As, Bi, B, Cd, Ga, H, Hg, In, Pb,  Mn, ~ a ' ,  

0 ,  Re, S, Sb, Se, Sn, Tc, T e  and T1. However, information re la ted 

to the phase relationships f o r  these  sys t ems  is  quite l imited and ' tenta-  - - 
t ive.  The binary sys tems  of thor ium with many of the r a r e  ea r th  

me ta l s  have been studied i n  a r a the r  cu r so ry  manner .  They a l l  appear  

to f o r m  extensive o r  complete solid solutions with thor ium but, with 

the possible  exception df holmium, do not f o r m  intermetal l ic  com-  

4. Sys tems  F o r  Which No Data Are  Available 

As f a r  a s  the  authors  have been able  to as 'certain no work has  

been reported f o r  the sys t ems  of thor ium with mos t  of the alkali  and 
\ 

alkaline ea r th  metals ,specif ical ly  Li, K, Rb, Cs,  Ca, S r  and Ba.  



Likewise among\ the r a r e  ear th  group of e lements  no data. a r e  available 

f o r  the sys tems  with Dy, Eu, P m ,  Sc, .Tb and T m .  

A c u r s o r y  survey  of the l i t e r a tu re  indicated that some work has  

been done on a few t e rna ry  .systems such a s  Th-U-Zr,  Th-U-Pu, 

Th-U- Al, Th-Ce-Al, Th-Si-Ge, and ~ h - ~ g -  ~ n ;  however the paucity ,of 

information available led to the decision to l imi t  this compilation to 

I .  two component sys t ems .  ' 


