




L 

O m -  TM- 1144 

L 

Contract No. W- 7405-eng- 26 

Metals and Ceramics Division 

PROPERTIES OF THORIUM, ITS ALLOYS, ANTI ITS COMPOUNDS" 

Sigfred Peterson, R. E. Adams, and D. A .  Douglas, Jr. 

*Research sponsored by the U. S. Atomic Energy Commission under 
contract with the Union Carbide Corporation. 

For presentation at the M A  Panel on "Utilization of Thorium in 
Power Reactors," Vienna, Austria, June 14-18, 1965. 



1 

PROPERTIES OF THORIUM, ITS ALLOYS, AND ITS COMPOUNDS 

Sigfred Peterson, R. E. Adams, and D. A .  Douglas, Jr. 

ABSTRACT 

Physical and mechanical data pertinent to nuclear 
application have been reviewed for thorium, its alloys, and 
its ceramic compounds. Thorium-base f'uels are superior to 
uranium at elevated temperatures. Although thorium oxide 
is well characterized, the effect of incorporated uranium 
oxide on its properties is very poorly known. Data are 
incomplete on thorium carbides, but these compounds are 
being actively investigated along with their uranium 
substitution products. 

. 
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INTRODUCTION 

Reactor f u e l s  based on thorium o r  i t s  compounds are important f o r  

fuel economy i n  advanced converters and breeders.  The development of 

such fue ls  requires  considerable physical, mechanical, and o ther  da ta  

on po ten t i a l  materials. Our purpose has been t o  survey t h e  l i t e r a t u r e  

on these materials, report  selected data,  and ind ica te  the areas where 

f'urther data  are needed. 

THORIUM AND ITS f iLQYS 

Although thorium metal has poten t ia l  appl icat ion as a nuclear 

f u e l  base, up t o  now it has been used only as the Core I1 loading f o r  

the Sodium Reactor Experiment. 

reactors ,  and considerable development on thorium metallurgy and 

propert ies  has been car r ied  out.  

been summarized i n  several  reviews 

covered ava i lab le  data  up t o  t h e  period of about 1958 t o  1960. 

examined some of the  more recent data on thorium and i ts  a l loys  as 

an a i d  i n  planning addi t ional  research directed toward es tab l i sh ing  

the  f e a s i b i l i t y  of thorium-fueled reactors .  

It has been proposed f o r  some power 

The r e s u l t s  of t h i s  research have 

the  most comprehensive have 

We have 

Physical Properties of Thorium 

I n  m a n y  respects  the physical and mechanical propert ies  of thorium 

compare favorably with those of uranium. 

compared i n  Table 1. 

of thorium i s  a s ign i f i can t  advantage, s ince the  orthorhombic c r y s t a l s  

of uranium expand unequally i n  d i f f e ren t  d i rec t ions .  

i s  responsible f o r  growth e f f e c t s  and i n t e r n a l  stresses that lead  t o  

accelerated swelling when uranium i s  i r r ad ia t ed  i n  the temperature 

range of 400 t o  550°C. 
prohib i t s  i t s  operation as a fuel above about 66OoC, since f i s s i o n  

gases are released from the l a t t i c e  during atomic rearrangements t h a t  

The physical propert ies  are 

The i so t ropic  face-centered cubic c r y s t a l  s t ruc tu re  

"his anisotropy 

The phase transformation i n  uranium e f fec t ive ly  
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Table 1. Physical Propert ies  of Thorium and Uranium. 

3 : Uranium 
Pure Thorium ( e  transformed) 

Crystal  s t ruc tu re  

Lowest transformation temperature 

Melting point 

Thermal conductivity coef f ic ien t ,  
w cm-l "c-' 

at  100°C 
400°C 
650°C 

" c ( average ) 
Thermal expansion coef f ic ien t ,  

25200°C 
25650°C 
251000"c 

Density, g/cm3 

E l a s t i c  constants (25°C) 

Modulus of e l a s t i c i t y ,  p s i  
Shear modulus, p s i  
Poisson's r a t i o  

face-centered ' 

1400 " C 

cubic 

17500C 

0.38 
0.42 

' 0.45 

11.0 

12.5 

10.4 x lo6 
4.1 x lo6 
0.27 

orthorhombic 

661 " C  

1130°C 

0.28 
0.35 
0.42 

15.5* 
19 

19.0 I 

29.3 x lo6 
0.22 
12.0 x 106 

*Average values f o r  'beta-transformed uranium values f o r  the  
three direct ions are [loo], 27.4 X 
t he  range 0 t o  300°C. 

[OlO], 0;  [OOl], 23.2 f o r  

occur during transformation. The phase transformation of thorium is 

a t  about 1400"C, and it i s  decreased only s l i g h t l y  by many al loying 

elements, as shown by Bannister.' 

"he thermal conductivity of thorium i s  about 30$ grea ter  than 

t h a t  of uranium a t  100°C and about &$ grea ter  a t  650°C. The density 

of thorium i s  s ign i f i can t ly  l e s s  than t h a t  of uranium m e t a l .  

A se lec t ion  from Ames Laboratory's6 values of the heat  capacity 

of iodide thorium follows: 

Temperature, " C  25 100 - 200 400 600 800 1000 
Heat capacity, c a l  mole-' "C-' 6.56 6.75 6.99 7.49 7.99 8.62 9.54 . 

c 
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Darnell and McCollum7 have s tudied the  vapor pressure of thorium i n  

equilibrium with Tho2 and found by extrapolat ion the following r e l a t i o n  

f o r  t he  vapor pressure of pure metal 

l o g  P(atm) = -27,96O/T + 5.575. 

The predominate vapor species above l i q u i d  solut ions of Tho2 i n  thorium 

w a s  Tho, and i t s  vapor pressure w a s  described as 

l o g  P(atm) = -(22,200 k 700)/T + (4.70 k 0.31). 

The s o l i d  s o l u b i l i t y  of Tho2 i n  thorium w a s  3.$ a t  2090°K, and 8 . 8  

a t  2450 O K .  

Thorium has e l a s t i c  and mechanical propert ies  a t  room temperature 

somewhat i n f e r i o r  t o  those of uranium. The mechanical proper t ies  of 

thorium metal are dependent on impurity and a l loy  content and on the  

tex tures  and cold work developed during fabr ica t ion  treatments. The 

pures t  thorium, made by decomposition of thorium iodide,  has when 

annealed t e n s i l e  s t rengths  of 16,000 t o  20,000 ps i ,  y i e l d  s t rengths  

from 5000 t o  10,000 ps i ,  and considerable d u c t i l i t y .  Commercial 

thorium, produced by bomb-reduction of thorium f luor ide ,  contains carbon 

and o ther  i n t e r s t i t i a l .  impuri t ies  which strengthen thorium, as shown i n  

Fig. 1. I n  the  c a s t  or wrought and annealed condition t h i s  metal has 

good d u c t i l i t y  and t e n s i l e  and y i e l d  s t rengths  varying upward from 

about 25,000 and 18,000 ps i ,  respect ively.  

rapidly,  and t e n s i l e  s t rengths  are increased 5@ and y i e l d  s t rengths  

doubled by cold reductions of 5@ o r  less. 

cold work, bu t  not excessively so. 

Table 2. 

Thorium work hardens 

Duct i l i ty  is  reduced by 

Representative d a t a l  are shown i n  

Thorium metal i s  readi ly  fabr icated by cast ing,  powder metallurgy, 

extrusion, ro l l i ng ,  and other  methods. Cold worked material starts t o  

r e c r y s t a l l i z e  and anneal a t  s l i g h t l y  above 5OO0C, although temperatures 

up t o  '700°C may be required t o  ensure complete annealipg f o r  s l i g h t l y  

worked material. 
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Fig. 1 Effect of Some Interstitial Solutes Normally Found in 
Bomb-Reduced Thorium on the Room-Temperature Tensile Properties and 
Hardness of Iodide Thorium. 
treatments: 
cold reduced 5@, annealed in argon 2 hr at 850°C. 
0.08% 0; arc-melted, cold reduced 85$, vacuum annealed 0.5 hr at 650°C.) 

(Base metal compositions and metallurgical 
ElMI - 0.012?$ C ,  0.08@ 0 ;  forged and hot rolled at 700"C, 

ORNL - 0.01% C, 



6 

Table 2. Typical Propert ies  of Wrought-Annealed and 

Cold-Worked Thorium at  Room Temperature 

~ ~ ~~ ~ 

Yield 
Strength, Reduction 

Tensile 0.2% Elong- Gage i n  
Condition Strength Offset a t ion  Length Area 

When Tested (Psi  1 ( P s i )  (46 1 ( in .  1 (k 1 
Iodide 

Wrough t-annealed 
shee ta 

Wrought - annealed 
b sheet  

Bomb-Reduced 

rodC 

rodd 

rode 

rod 

sheetg 

rodh 

sheeti 

sheeti  

Extruded- annealed 

Extruded-annealed 

Wrought-annealed 

Ektru ed-annealed 

Wrough t-annealed 

Cold ro l l ed  3 7 . S  

Cold ro l l ed  2% 

Cold r o l l e d  5% 

$ 

17,300 

19,700 

30,000 

34,400 

33,700 

38,500 

39,600 

49,000 

5,8,700 

65,400 

6,900 36 2 

11,200 44 .1 

21,700 51 2 

27,600 51 2 ,  

26,300 55 1 .4  

31,900 48 2 

30,300 -- I- 

45,400 20 1 . 4  

54,800 11 1 

61,600 5 1 

62 

60 

74 

73 

69 

69 

52 

61 

39 

16 

a Average of 4 l o t s ,  cold reduced 8$, annealed 0.5 h r  a t  650°C. 

bForged and hot  ro l l ed  a t  7OO0C, cold ro l l ed  5@, annealed 2 h r  
a t  850°C. 

extrusion. 

extrusion. 

cold reduced 37.5$, annealed 0.5 h r  a t  750°C. 

extrusion. 

Average of 4 l o t s ,  0.0% C, annealed 0.5 h r  a t  750°C after 

dAverage of 4 lots, 0.0% C, annealed 0.5 h r  a t  750°C after 

e 

fAverage of 4 l o t s ,  0.09$ C, annealed 0.5 h r  a t  750°C after 

gForged and hot  ro l l ed  a t  700"C, annealed 1 h r  a t  750"C, 0.11% C. 

hAverage of 3 l o t s ,  0.06 t o  0.08% C, reduced 7 8  by extrusion,  

i O . l l $  C, forged and hot  ro l l ed  a t  700°C p r i o r  t o  cold ro l l i ng .  

C 

Average of 4 l o t s ,  0.06 t o  0.08% C, reduced 9% by extrusion, 

cold r o l l e d  37.$. 
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The modulus of e l a s t i c i t y '  of thorium i s  about 10.4 X lo6 p s i  

at 25°C and it decreases l i n e a r l y  with increasing temperature t o  about 

7 X lo6 p s i  a t  500°C. 

25OC decreasing by 7400 psi/"C t o  300°C were more recent ly  reported by 

Livt?sey8 as the  result of dynamic measurements. For uranium, values of 

27 X lo6 a t  25°C and 23.4 x lo6 at  300°C have been reported.* 

S l igh t ly  higher values of 11.6 x lo6 p s i  a t  

Thorium Alloys 

Considerable research has been done on a l loy ing  thorium t o  improve 

the  mechanical propert ies  f o r  use i n  reac tor  fuel elements. Many 

po ten t i a l  hardeners were found, some of the most e f f ec t ive  being C, Zr, 
A l ,  In ,  Mo, and U. Detailed information on e f f e c t s  of spec i f i c  elements 

and metal lurgical  f ac to r s  involved can be found i n  earlier reviews. 1- 3 

More recent  s tud ies  of thorium have been directed toward improvement of 

high-temperature propert ies ,  and w e  s h a l l  b r i e f l y  summarize the  data 

from several recent  s tud ies  on po ten t i a l  f u e l  a l loy  systems. 

Sol id  so lu t ion  hardening, prec ip i ta t ion  hardening, and dispersion 

hardening have all been considered f o r  improving high-temperature 

propert ies  of thorium. For exploratory s tudies ,  hot hardness has been 

a frequent method of evaluation, but  ho t  t e n s i l e  tests and creep tests 

have a l so  been used. The results of separate s tud ies  are not d i r e c t l y  

comparable, probably because of d i f f e r ing  impurity const i tuents  i n  the  

base thorium and s l i g h t l y  d i f f e r ing  experimental techniques. 

Thorium-Uranium Alloys 

Uranium i s  an e s s e n t i a l  const i tuent  i n  thorium fueL a l loys  because 

it i s  added t o  provide a f i ss ionable  isotope and because it i s  a 

product of neutron i r r ad ia t ion .  The s o l u b i l i t y  of uranium w a s  reported 

by Rough and Bauer' as about l.&$ a t  l l O O ° C ,  1.1% a t  600"C, and 0.B 
a t  25°C. Essent ia l ly  similar results were reported by Murray" and 

Bentle, l l  but  a maximum s o l u b i l i t y  l i m i t  of 2.@ a t  1343°C has been 
suggested by Bannister. 

s o l u b i l i t y  a t  1250°C. 

Bentle 's  r e s u l t s  predicted somewhat higher 

Uranium i n  excess of t h e  s o l u b i l i t y  l i m i t  . 
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exis ts  as free uranium, which a t  l eve l s  i n  excess of about 1% i s  

present  as a gra in  boundary network regardless  of. fabr ica t ing  techniques 

used.12 

l u r g i c a l  treatments w i l l  govern the s i z e  and d i s t r ibu t ion  of the  uranium 

phase, which i n  turn  a f f e c t  the  physical propert ies  and i r r a d i a t i o n  

performance. High-temperature hea t  treatment tends t o  cause agglomer- 

a t ions  of uranium and decrease s t rength.13 Battelle12 has s tudied the  

e f f e c t  of cas t ing  and fabr ica t ing  techniques on hot  hardness and creep 

s t rength  of a l loys  containing up t o  2@ U. 

t h a t  !I%-$ U had grea te r  creep s t rength a t  600 and 700°C than alloys 

containing greater mounts  of uranium. 

a t i o n  performance on a l loys  containing 1% u o r  less. 

Below about 1% U, the  composition of the  a l loy  and t h e  metal- 

L i m i t e d  data indicated 

K i t t e l 1 4  found superior  i r r a d i -  

Creep data by Atomics In te rna t iona l ,”  shown i n  Table 3 f o r  

annealed, swaged, and swaged and thermally cycled Th-$ U, show t h a t  

the strengthening e f f e c t s  of mechanical work are re ta ined  a t  600°C. 

Table 3. Creep Data from Th+$ U Tested a t  600°C 

St ra in  Rate S t r e s s  
Alloy Condition (Ps i )  ( V h r  1 
Annealed 

Annealed 

Swaged 

Swaged 

Swaged 

Swaged and 

Swaged and 

Swaged and 

thermally cycled 

thermally cycled 

t h e m a l l y  cycled 

4000 

4500 

6000 

7000 

8000 

5000 

5700 

7000 

0.017 

0.033 

0.010 

0.026 

0.060 

0.0035 

0.0060 

0.017 
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Ternary Alloys Containing Uranium 

Battelle Memorial In s t i t u t e12  also invest igated high- temperature 

mechanical propert ies  of fabr icated ternary a l loys  containing lo$ U. 

Relative behavior of the  a l loys  was the same a t  600 and 700°C. 

a l loys  tested i n  creep, those containing O.$ Be, 1.s Mo, or  2$ Nb 

had creep s t rengths  appreciably above t h a t  of the  binary l@ U alloy; 

some appeared t o  be very s l i g h t l y  stronger than the  binary Th-s U 

a l loy .  

t o  the  binary l@ U a l loy  i n  creep s t rength but had s ign i f i can t ly  

higher t e n s i l e  and y i e l d  strengths a t  both 600 and 700°C. 

t es t  results were a l s o  reported f o r  c a s t  specimens containing the  

various ternary addi t ions t o  Th-le U. Alloys containing l@ Z r ,  

0.14 Be, 0.a C, and 1.$ Mo were s igni f icant ly  harder than the  le U 

base a l loy  a t  600°C and below. 

O f  t he  

Alloys containing both 1@ U and l@ Z r  were somewhat i n f e r i o r  

Hot hardness 

Cole and Wilkinson, l3 of Advanced Technology Laboratories (ATL)  

a l s o  studied ternary additions t o  thorium containing 5 or  10% U. 

Tensile and s t ress-rupture  s t rengths  of the base a l loys  a t  600 and 

800°C could e s sen t i a l ly  be doubled. 

a t t a ined  w i t h  2 and 5$ Zr ,  although additions of Nb, Mo, C, A l ,  and Be 
also s ign i f i can t ly  improved s t rength.  

dispersion hardening were obtained. 

sens i t ive  t o  the s i z e  and d i s t r ibu t ion  of the uranium-phase pa r t i c l e s ,  

and caref'ul control  of melting and heat-treatment procedures w a s  

u t i l i zed  t o  achieve optimum structures and properties. Carbon a t  

l eva l s  of 0.2 and 0.236 only s l i g h t l y  improved the  propert ies  of the  

binary Th-U a l loys  a t  600°C and above but w a s  
and below. However, carbon w a s  detrimental i n  a l loys  t h a t  a lso con- 

ta ined zirconium. 

Most noticeable improvement w a s  

Sol id  solut ion hardening and 

"he mechanical propert ies  were 

very e f f ec t ive  a t  400°C 

O f  the. a l loys  t e s t e d  by ATL, superior s t rengths  were obtained f o r  

Table 4 shows typ ica l  r e s u l t s  including the  quenched and aged al loys.  

e f f e c t s  of extended aging treatments. The data  ind ica te  t h a t  overaging 

has no detrimental  e f f ec t s .  The extended aging treatments d id  not 

s ign i f i can t ly  al ter the  microstructure. 
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Table 4. Effec ts  of Aging Treatments on the  Strength 

of Heat Treated Th-U-Zr Alloysa 

U l t i m a t e  
Tensile Yield 

Alloy 
Aging Conditions Strength Strength 

Time (h r )  Temperature ("C) ( P s i  1 (Ps i  1 

2 

100 

170 

2 
200 

2 

100 

170 

2 
200 

2 

100 

170 

2 
200 

2 

100 

170 

2 
200 

850 12,900 11,190 

800 ' 7,700 7,250 

8 50 8,200 7,530 

8 50 
800 

8,350 7,585 

8 50 13,230 

800 11,800 

850 14,115 

850 
800 12,050 

850 9,015 

800 10,500 

850 8,450 

850 
800 10,550 

11,730 

4,800 

12,460 

10,400 

7,870 

8,900 

7,725 

9,230 

850 7,900 7,350 

800 9,250 7,975 

850 11,150 7,330 

850 
800 

8,000 6,650 

-~ ~ 

%sted at 800°C. 
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High-Temperature Strengthening 

Burka and Hammond16 a t  O W L  studied the  e f f e c t s  of many binary and 

some ternary additions t o  arc-melted thorium and evaluated results by 

hot  hardness t raverses  on hot  ro l l ed  p l a t e .  

p r inc ipa l ly  e f fec t ive  a t  below 6OO0C, although 0.a C i n  combination 

with C r ,  Mo, U, o r  Be appeared t o  enhance hot  hardness a t  600°C. 

hardening a l loy  addi t ives  a t  600 and 750°C were 2 or  4% In  and 5'$ Zr. 
The hardness of t he  various al loys a t  600 and 750°C i s  shown i n  Table 5.  

Indium w a s  less e f f ec t ive  as a hardener i n  a l loys  prepared by powder 

metallurgy.17 

and found a eu tec t i c  a t  8.9$ I n  and 1160°C. 

t o  2.5$ a t  1000°C and 0.8% a t  800°C. 

desirable  a l loying element f o r  thermal reac tor  fuel.  

Carbon was found t o  be 

Best 

Murray18 has studied the s o l u b i l i t y  of indium i n  thorium 

The s o l u b i l i t y  decreased 

Indium, of course, i s  not a 

Burka and Hammond17~ l9 a l s o  invest igated the hardening of thorium 

by f i n e  p a r t i c l e  dispersions of Th02. The compacts, fabr icated by 

extrusion of b a l l  milled ThH4 and Tho2 powders,showed high s t rength 

and hardness and considerable d u c t i l i t y  a t  800°C. 

indicated t h a t  cont ro l  of the  oxide and carbon pickup during the  mi l l ing  

w a s  qu i te  d i f f i c u l t .  

The experiments a l s o  

Compatibility with Cladding Materials 

We have not y e t  surveyed information on the  compatibil i ty of 

thorium with po ten t i a l  c lad materials, but l i t t l e  appears avai lable ,  

pa r t i cu la r ly  f o r  the temperature range of power reac tors .  Hanford2' 

has successf'ully c lad  tubular  Th-2.$ U-1.G Z r  by coextrusion w i t h  

Zircaloy-2 and i s  now t e s t i n g  the  material under i r r a d i a t i o n  i n  pressur- 

ized  water. 
7OO0C, bu t  the materials are compatible i n  the  operating temperature 

Zircaloy-2 and the  f u e l  a l loy  in t e rd i f fuse  s l i g h t l y  a t  

range of water-cooled power reac tors .  
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Table 5 .  Thorium-Base Alloys in Order of 
Decreasing Hardness at 600 and 750°C 

600 * C 750°C 
Alloy 

DPH DPH ( w t  $1 
4 In 91 4 In 55 

5 Z r  59 5 v-0.2 c 33 

37 
34 

2 In 63 5 Zr 
10 Zr 59 4 In-5 Zr . 

5 ZrO.2 C 54 2 In 31 
20 Zr 54 5 zr-o.2 c 31 
5 v-0.2 c 50 5 W . 2  C 26 
4 In-5 Zr 49 20 Zr 25 
2 Irro.2 c 49 10 Zr 25 
2 C d . 2  c 47 8Nb 25 
2 M d . 2  C 44 5 Ti-0.2 C 24 
5 M . 2  C 44 5 Ti 23 
0.2 A1-0.2 C 43 2 In-o.2 c 23 
8Nb 43 0.2 Be-0.2 C 20 
0.2 Be-o.2 c 40 5 v  20 
5 Ti-0.2 C 40 2 0 . 2  c 20 
0.2 c 38 0.2 A1-0.2 C 20 

20 u 36 0.2 A1 19 

8 Cr 35 8 C r  18 

5 Ti 37 0.4 A 1  19 

0.4 A1 35 20 u 18 

0.2 A 1  32 5 u  18 
5 v  32 8 Mo 17 
5 u  30 2 M d . 2  C 17 

0.15 C 29 10 u 15 
2 w . 2  c 29 4 Mo 15 
10 u 28 2Nb 14 
4 Mo 27 0.2 Be 14 
4 Cr 27 0.2 c 13 
4Nb 26 4 Cr 13 
2Nb 26 2 Mo 13 

8 Mo 30 4 m  17 

2 Mo 24 0.15 C 11 
0.10 c 23 Thorium 11 
Thorium 22 2 Cr 11 
2 Cr 21 2 Nlro.2 c 11 
0.2 Be 21 0.10 c 9 
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. Summary 

The data  on physical and mechanical propert ies  of thorium metal 

suggest t h a t  it m a y  have considerable po ten t i a l  as a reac tor  fue l .  

. A  preliminary analysis  of creep data,  high-temperature s t rength,  and 

hot  hardness data  suggests t h a t  a t  temperatures above about 500°C 

thorium i s  s ign i f i can t ly  stronger than uranium. Even a t  temperatures 

of 400 t o  550°C, anisotropy causes in t e rna l  stresses under thermal 

cycling o r  neutron i r r ad ia t ion ,  which decrease the  creep s t rength of 

uranium s ign i f i can t ly  below t h a t  obtained a t  isothermal conditions i n  

the absence of i r r ad ia t ion .  Since thorium, with i t s  i so t ropic  s t ruc ture ,  

m a y  not be subject  t o  such in t e rna l  stresses, i t s  propert ies  may not 

be degraded t o  the  same extent .  However, the e f f e c t  on creep s t rength 

of f i s s i o n  events during i r r a d i a t i o n  of thorium has y e t  t o  be establ ished.  

Recent developments with uranium a l loy  fue l s  have emphasized the 

importance of microstructural  control  f o r  imppoving i r r ad ia t ion  behavior 

of t h e  m e t a l ,  and da ta  indicate  t h a t  f i n e  p a r t i c l e  dispersions are 

most e f f ec t ive  i n  increasing dimensional s t a b i l i t y  of f u e l  a l loys  a t  

high temperature. Similar methods may be e f f ec t ive  with thorium and 

should be invest$gated. 

Thorium fueled reactors  w i l l  l i k e l y  have grea tes t  econonly i f  

i n i t i a l  uranium concentrations are low and i f  generated 233U contr ibutes  

subs tan t ia l ly  t o  the burnup. Thus, long-time operation of the f u e l  w i l l  

be required. Experiments are needed to establish the radiat ion per- 

formance of thorium i n  which burnup of generated 233U is  subs tan t ia l .  

Mechanical property data suggest t h a t  thorium fue l s  m a y  be able 

t o  operate a t  considerably higher temperatures than uranium. If such 

a b i l i t i e s  are t o  be u t i l i z e d ,  consideration must be given t o  compati- 

b i l i t y  of t he  f u e l  with po ten t i a l  c lad materials. 

CERAMIC COMPOUNDS OF THORIUM 

Many thorium compounds e x i s t  with the  high-temperature s t a b i l i t y  

required f o r  usef'ul ceramic bodies. These include "hBe13, ThBr,, ThB6, 
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ThC, ThC2, ThN and higher n i t r ides ,  Th02,. and several  phosphides, 

s i l i c i d e s ,  and su l f ides .  Time does not permit reviewing here  the  

state of knowledge of the propert ies  of most of these except t o  say 

t h a t  f o r  t h e  most p a r t  it i s  incomplete and unverified.  The l i t e r a t u r e  

on ceramic compounds of thorium i s  rampant with guesses, misquotations, 

and incomplete qua l i f ica t ions ,  so the o r ig ina l  sources must be t raced 

for  all data .  

preparing an extensive co l lec t ion  of data  on thorium ceramic compounds. 

Our a t t en t ion  here w i l l  emphasize the compounds of most immediate 

nuclear appl icat ion.  

This w e  have not done f o r  t h i s , b r i e f  review, but  w e  are 
21 

Thorium Dioxide 

Thorium dioxide i s  without doubt the bes t  characterized ceramic 

compound of thorium. Although t h i s  pa r t ly  stems from i ts  study fo r  

nuclear purposes, a grea t  deal of information e x i s t s  because of t he  

non-nuclear u s e f d n e s s  of t he  material. Since tho r i a  i s  the  highest  

melting and the most s t ab le  t o  reduction of all the re f rac tory  oxides, 

it i s  a superior crucible  material f o r  the melting of reac t ive  metals. 

Thoria i s  generally prepared i n  powder form by the thermal decomposition 

of a pu r i f i ed  salt,  usually the oxalate.  This powder cap be consolidated 

by usual ceramic fabrication techniques, such as s l i p  cast ing,  pressing 

and s in te r ing ,  o r  hot pressing. The f ab r i cab i l i t y  and ceramic proper t ies  

can of ten  be r e l a t ed  t o  conditions of preparation of the s t a r t i n g  salt  

and f i r i n g .  Fabrication, propert ies ,  and uses of t h o r i a  ceramics have 

recent ly  been reviewed by Hepworth and Rutherford22 and by mshkewitch. 23 

Thorium dioxide e x i s t s  up t o  i ts  melting point as a s ingle  cubic 

phase with t he  f l u o r i t e  c r y s t a l  s t ructure ,  isomorphous and completely 

miscible with U02. 

measurable extent .  Therefore it i s  s t ab le  t o  high temperature i n  
oxidizing environments. 

vacuum it blackens with loss  of oxygen, although the  loss  i s  i n s u f f i c i e n t  

t o  be r e f l ec t ed  i n  chemical analysis  or latt ice-parameter measurement. 

Unlike U02, t ho r i a  does not dissolve oxygen t o  a 

On prolonged heat ing t o  1800 t o  1900°C i n  

. 

. 
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On reheating i n  air  t o  1200 or  1300°C the  white  color i s  restored.  

When uranium dioxide i s  incorporated i n  thor ia ,  the l a t t i c e  can take 

up extra oxygen i n  proportion t o  the uranium content. 

Table 6 summarizes the  more important physical  and mechanical 

propert ies  of thor ia ,  along with analogous propert ies  of uranium 

dioxide taken from the  compilation by Belle.  2 4  I n  some cases the  

da ta  are a small se lec t ion  of what are avai lable .  The heat  capacity 

i s  known w i t h  precis ion from near absolute zero up t o  over 9OO0C, and 

other  thermodynamic functions have been derived from it.25,26 
precise  data  exist^^^,^^ up t o  2400°C. 

formation are from a compilation2' t ha t  extends up t o  2OOO0C, although 

it i s  not based on the  bes t  and la tes t  data.  The lack of a value f o r  

the heat  of fusion i l l u s t r a t e s  the  state of confusion on propert ies  

of thor ia .  

Mueller, and G u n ~ e l . ~ '  

i n t e rp re t a t ion  of t h e i r  U02-Th02 melting point data and guessed it by 

taking 3R as the  entropy of fusion. 

and higher are given i n  the  compilation by F Q ~ h k e w i t c h ~ ~  and elsewhere, 

bu t  these should be taken as examples of pa r t i cu la r  specimens and-not 

as values t o  be expected. 

Less 

The heat and free energy of 

A value of 21.4 kcal/mole has been a t t r i b u t e d  t o  Lambertson, 

These authors needed a value f o r  a theo re t i ca l  

Mechanical propert ies  up t o  900°C 

The ac tua l  values depend on density,  porosity,  

grain s ize ,  and other  q u a l i t i e s  dependent.on fabr ica t ion  and vary con- 

siderably.  Preliminary measurements on pure dense specimens prepared 

a t  Oak Ridge National Laboratory31 indica te  higher s t rengths  than those 

tabulated.  Recent data31 on the  compressive creep of t h o r i a  are given 

i n  Fig. 2. Thoria i s  a high-temperature semiconductor, so i t s  thermal 

and, even more so, e l e c t r i c a l  conductivity depend on fabr ica t ion  h i s to ry  

and impurity content. The latter property shows qu i t e  wide var ia t ions .  

Although a thorim-base f u e l  will necessarily contain uranium, 
I 

l i t t l e  information exists on the propert ies  of thoria-urania  s o l i d  

solut ions.  

cases intermediate between those of the pure components fabr ica ted  

s imilar ly .  However, t h i s  i s  not true of transport propert ies  such as 

thermal conductivity I 

Physical and mechanical propert ies  are probably i n  most 

Kingeryb2 found lower conductivity f o r  mixed 



Table 6. Impartant Properties of Thorium ond Umnium Dioxidea 
~~~ 

Property Value far Tho2 Reference Value far U02 (Ref. 24) 

G y s t u l  Structure 

Space group 

Lattice parameter, A 

Theoretical density, n/cm 

Interatomic distances, A 

3 

M-M 
0 -0 
M-0 

Thermal Properties 

Mslting point, "C 

Spectral emissivity, A = 0.6 

Thermal conductivity, w cm'l OC-' 

Heat mpaclty, cal male-' OC-' 

Debyo tem&rature, O K  

(298 to 12WC) 

Vapor preuure, ahn 

Th.fiodynamic Properties 

Haat of formotion, AHrn, kcal/mole 

Free enec.8~ of formation, -AFm, 

Entropy, 298OK, cal mole-' "C'I 

Haat of urbllrmtion, kcal/mole 

Entmpy of wblimation, col male-' OC-l 

Mechanical Propertlea 
Elcstlc Raprtiea 

kml/mole 

Young's modulus, kiloban, psi 

Shear modulus, kilobars, pi 

Poluan's mtia 

Modulus of rupture, kiloban, pal 

Compressive strength, kiloban, pi 

Fmcture rtrength, kilobars, pi 

Hardness, Knoop 

Face-centered cubic (CaF type) 

0; Fm3m . 
5.5974 at 26OC 
5.6448 at 942T 
10.00 

2 

3.958 
2.799 
2.424 

3300f 100 

0.53 at 3 W C  to 0.21 at 800°C 
0.2 ta 0.65 at 1300°C depending on 

sample history 

0.103at l 0 0 T  0.034at8000C 
0.086 at 200OC 0.031 at loooOC 
0.060 at 400T 0.025 at 1200°C 
0.044 at 600Y 

17.~60 + 18.C6(104)T - 2.5166(lO5n2 

200 

7.64 -3.CdO(lO4)/T (22W-ZpooOK) 
9.02-3.78 (ld)/T (2170-240O0K) 

293.2 f 0.4 

279.2 0.65 

15.593 f 0.02 

158.7 f 2.5, In mnge 2000-3000°K 
35.3,* 1.0 in mngo 2000-3000'K 

1370, 19.8(106) 

990, 14.3(106) at 30.C 
390, 5.6(106)at 130O0C 
0.17 

0.83, 12,000 

15, 214,000 

1, 14,000 

640 (so0-0 1-J) 
Electrical, Magnetic, and Optiml Properties 

Electrical resistivity, ohm an 1.to > IO4 at 1600°C. depending on 
sample and treatment 

Index of refraction 2.09 . 

32 

.30 
33 
34 

35 

26 

36 

37 
38 

.29 

29 

25 
37 

37 

23 

39 

40 
23 

23 

41 

23 

Face-centered cubic ( 6 F 2  type) 

0; Fm3m 

5.4704 at 20'C 
5.5246 at 946OC 
10.96 

3.868 
2.735 
2.368 

2760 f 30 

0.416 i 0.026 ( m a r  m.p.) 
0.850 at 727OC 
0.370 at 1947OC 

0.1C5 at l00OC 
0.0815 at 200°C 
0.0590 at 4 W C  
0.0452 at 6W°C 
0.0376 at 80'C 
0.0351 at looO°C 

18.45 + 2.431(10-3)T -2.272(lO5)/? 

870'K 
< 600*K 
(3006000 K ) 

10.8 x IO4 (20-926'C) 
9.9 x lod (25-WC) 

10.52 x (26-1000°C) 
141 P = -33,115/7 - 4.026 log T + 23.1 1 I 

10.0 x 1 0 4  (400-900~c) 

259.2 f 0.6 

246.6 f 0.6 

18.6 f 0. I 

137.1 1.7at I W K  
36.4 at IflOO'K 

1930. B . q l 4 ) a t  room t.mpmture 
1827, 26.5(106)at room tmpaoture 
1655, 24.0(14)at W C  
745, 10.8(106)at room temperatwo 

0.302 at room tempamture 

0.965-1.10, 14,000-16,ooO 

4.14-9.65, 60,000-140,000 

0.16-0.37, 2300-5400 5 

b66 f 14 
625 

3 x - at room tmpraturo 
about 10-1 at 5oooc 
about 10-1 at 1000.C 
2.35 
1.2-2.7 
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. 2 Compressive Cree Behavior of Thoria. Specimens were 
isostat Fif c a l l y  pressed a t  35,080 ps i  and f i r e d  i n  a i r  f o r  2 h r  a t  1800°C. 
Density 97.$ of theore t ica l ,  average grain diameter about 10 p. 



18 

oxides than f o r  e i t h e r  pure oxide and s t i l l  lower thermal conductivity 

after the  specimens had been heated under oxidizing conditions.  

Excellent compatibil i ty of t ho r i a  with m e t a l s  r e f l e c t s  i t s  h i &  

thermodynamic s t a b i l i t y .  It i s  the most s t ab le  s o l i d  oxide a t  high 

temperatures, and thus it resists a t tack  by many reac t ive  metals. 

Table 7 summarizes r e s u l t s  from some tests of compatibil i ty of t ho r i a  

with re f rac tory  and other  metals. D a t a  on compatibil i ty w i t h  the  usual 

reac tor  s t r u c t u r a l  m e t a l s  a t  modest temperatures i s  lacking, probably 

because no incompatibil i ty has been found and because anything compatible 

w i t h  UO;! would be less reac t ive  toward thor ia .  

was  t h a t  t h o r i a  contained less than 18 W from the crucible  after pro- 

longed s tudies  of vaporization t o  2600°C. 

t h a t  it is  subject  t o  thermal shock. 

A fu r the r  o b ~ e r v a t i o n ~ ~  

One l imi t a t ion  t o  tho r i a  is  

Table 7. Reactivity of Thoria Toward Metals 

Behavior 
Temperature ("C) of Observed Behavior with 

R e f .  Be Mo Nb N i  S i  Ta T i  W Z r  

No react ion on rap id  43 
heat ing t o  temperature 

Reacts on rap id  heat ing 43 
Heated 20"C/min and 44 
held  15 min a t  
temperature 

N o  reac t ion  

S l igh t  a t t ack  

Severe a t t ack  

No surface damage 

4 min (although l i t t l e  
reac t ion  t o  2300°C) 

Vis ib le  reac t ion  i n  45 

2135 
~- 

279 5 

2155 

1400 1800 1600 1800 1400 1600 1600 
1800 1600 

1800 1800 1800 

1600 

1800 1800 1800 1800 1800 
1900 2200 

.' 
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Thorium Carbides 

Next t o  thor ia ,  t he  most prominent thorium ceramic compounds f o r  

nuclear appl icat ion are the  carbides. 

dicarbide ThC2 can both be prepared by a var ie ty  of techniques. 

Arc-melting of the  elements, pressing and s in t e r ing  of the powdered 

elements, and carbon reduction of the oxide are among the  frequently 

encountered methods. The monocarbide phase apparently is  capable of 

appreciably less but  not grea te r  than the stoichiometric carbon content. 

The same i s  t rue  of the  dicarbide,  and preparations of it frequently are 

The monocarbide ThC and the  

hypostoichiometric. 

Information on propert ies  of thorium carbides i s  very scant  com- 

pared with t h a t  on the  oxide. Properties of the  two carbides are 

summkized i n  Table 8. Comparison with Table 6 points up the many 

gaps i n  our knowledge. Many of these gaps are probably already being 

f i l l e d ,  because of t he  growing i n t e r e s t  i n  these materials. 

several  new publications46- 51 relate t o  the thermodynamic propert ies .  

Information on th6  compatibil i ty of thorium carbides w i t h  o ther  

For example, 

- materials i s  scarce.  This survey has tilrned up nothing on compati- 

b i l i t y  of pure carbides with m e t a l s ,  although l i k e l y  the thorium carbides 

resemble the uranium carbides i n  t h i s .  The carbides are reac t ive  toward 

air and water. 

hydrocarbons result from the react ion of t h e  carbides with water. 5 2 ~  57  

I n  contrast  with the  oxide, the carbides have been studied pr inc i -  

pa l ly  mixed with uranium. Complete isomorphous s o l i d  solut ions e x i s t  

between uranium and thorium monocarbides. 

i s  more complex; an equilibrium diagram has been proposed by H i l l  and 

Cavin. 53 

On s u f f i c i e n t  heat ing o r  subs t i tu t ion  with uranium it gradually t rans-  

forms t o  body-centered te t ragonal .  

w i t h  the  body-centered te t ragonal  uranium compound, but  the two-phase 

region i s  narrow. 

Powders have t o  be handled i n  i n e r t  atmospheres. Various 

The binary dicarbide systeni 

The thorium compound i s  monoclinic but very nearly orthorhombic. 

This phase i s  not completely miscible 

Several thorium compounds, including both carbides, were prepared 

by arc-melting with 10 and 20$ subs t i tu t ion  of uranium f o r  the  thorium.58 
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Table 8. Impartant Properties of Thorium Carbides 

Thc2 ThC 
Property 

Value Reference Value Roference 

Crystal StruchJm 

Lattice parameter, A 

Pseudo-otthwhombic 

10.555 
8.233 
4.201 

Face-centered cubic (NcrCI) 

52 5.346 52 

3 . Theoretical density, g/cm 

Interatomic distance, A 
Th-Th 
C-C 
Th-c 

Thermal Prapertier 

Melting point, OC 

+ecr f i c  hear, col mole-’ 0c-I 
coefficient of linear expansion, 0c-I 

Thermodynamic Properties 

Heat of formation, -AH2%, kcal/mole 

Free energy of formation, -AF, 

Entropy, BWK, ccl mole-’ O C - l  

hcol/mole, 298-2300°K- 

Mes hon i ca I Propert i er 

Hardness, diamond pymmid, 2003 Id 
Electrical Prppertisr 

Electrical resistivity, ohm cm, 25°C 

9.6 

2455 
2640 

13.55 
7.29(10d) for 40-40O0C 
8.Bo(10d) for 40-1oooOC 

44.8 
29.6 f 4.8 
45 -2.6(10-3)1 

19.3 
16.38 

2 600 kg/mm 

30( 1 Od) 

10.61 52 

3.780 
3.780 
2.673 

52 2625 53 
46 

54 

56 
46 

56 

56 
46 

2 52 8% kg/mm 

52 Z(10-9 

52 

52 

52 

52 
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Table 9 l i s t s  several  propert ies  measured and Table 10 gives results 

of compatibil i ty tests w i t h  various mater ia ls .  The same authors a l s o  

reported weight gains i n  a i r  graphically fo r  the  carbides with lo$ 
subs t i tu t ion .  

range 40 t o  1000°C f o r  ThC2 and several  mixed dicarbides containing up 

t o  7% U subs t i tu ted .  

ture increased the  thermal expansion; the increase with uranium content 

w a s  monotonic except a t  the  two-phase region. 

Cook e t  al.54.measured the  thermal expansion over the  

Increasing the uranium content o r  the  tempera- 

Table 9. Propert ies  of Arc-Melted Thorium-Uranium Carbides 

Temperature Value f o r  
Property ( " c )  Tho. suo. 1c Tho " suo. 1c2 

Thermal conductivity, 

Thermd expansion, 4 
w cm-l O C - ~  

Hardness , kg/xnm2 
(1 kg load)  

Compressive f r ac tu re  
stress, p s i  

Thermal expansion 
coeff ic ient ,a  O C - ~  

200 
800 

W O O  
0-900 

25 
1000 

25 
975 

40-400 
40-1000 

0.24 0.31 
0.64 0.69 

900 1100 
26 0 160 

1.3 x 105 
6 . 8  x lo4 

1 .5  x 105 
2.3 x 104 
7.84 x 10'6 
9.31 x 

v a l u e s  f o r  12.$ UC2 taken from Reference 54. 
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Table 10. .Compatibility Properties of Thorium-Uranium Carbides 

~~ 

Behavior of (a) Tho.9Uo. IC, (b) Tho. suo. 2C, 
Contact Materials ( c )  Th0.9UO.lc2, (d) ThO.SuO.2c2 

A l ,  Zr 
Inconel, type 321 stainless 

Ta, W 
s tee1 

Nb, Mo 

H20 at 90°C 
Santowax R at 350°C 

NaK at 650°C 

a l l  four, no reaction in 1000 hr at 540°C 
all four, no reaction in 1000 hr at 815°C 

a l l  four, no reaction in 1000 hr at1095"C 
all four, no reaction in 1000 hr at 815°C 
all four, no reaction in 100 hr at 1095°C 
all four, < 0.002 in. penetration in 

(a), ( c ) ,  T ~ C ,  ~hc2 a~ very poor 
Weight loss in mg day-' 

Weight loss in mg day-' 

1000 hr at 1095°C 

(a), 2.0; ( c ) ,  0.3; ThC, 0.35; ThC2, 0.5 

(a), 0.045; (c), 0.015 

Thorium Nitrides 

The thorium nitrides reported are ThN, Th2N3, and T h 3 N 4 .  The 
latter two meJr not both exist, and their use at high temperatures, if 
possible at all, would require high nitrogen pressures. The mononitride 
is stable to its melting point of 2790°C in the presence of sufficient 
nitrogen;.less than 1 atm is needed.59 
crystal structure (NaC1 type) with a lattice parameter of 5.1584 A 

and a narrow composition range. The decomposition pressure in atmos- 
pheres is given by 

It has a face-centered cubic 

log P = 8.086 - 33,2M/T + 0.958(10'17)T5 . 

It can be prepared by induction melting of thorium under 2 aim N2 or 

by hot pressing powder from decomposition of Th2N3. 

a complete series of solid solutions.60 
reactive toward water than UN. 61 

is lacking except for some guessed thermodynamic properties. 

With T h C  it forms 
Thorium mononitride is more 

Otherwise, thorium nitride information 

.' 

. 
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Miscellaneous Thorium Compounds 

Thorium forms two borides,  ThB4 and ThB6. Some ava i lab le  physical  

and thermal data62,63 indica te  that the  te t rabor ide  is  a promising 

ceramic material, and a few propert ies  have been reported5' f o r  mater ia l  

with incorporated uranium. However, the nuclear usefulness of t h i s .  

material requires  separated "B. With s i l i c o n  and beryllium thorium 

forms the  po ten t i a l ly  usefu l  Th3Si2, ThSi, and ThFkl3. The data on 

these compounds i s  qu i t e  scanty, but a f e w  proper t ies  have been s tudied 

f o r  uranium subs t i t u t ion  products. 5 8  Thorium forms severa l  high- 

melting su l f ides  and an oxysulfide ThOS. 

promising ceramic propert ies ,  but we have not y e t  completed a survey 

of them. 

Several of these show 

The compounds ThS and Th2S3 have received the  most a t t en t ion .  

There i s  no in fomat ion  t o  ind ica te  t h a t  phosphides of thorium would 

have nuclear appl icat ion.  

Summary 

The da ta  on physical propert ies  of thorium oxide are qu i t e  

extensive.  The extensive da ta  on mechanical propert ies  i s  misleading, 

however, s ince these  proper t ies  depend grea t ly  on the  fabr ica t ion  of 

t he  specimen. Data on d i f fus ion  i n  t h o r i a  i s  completely lacking. 

Compatibility with many materials i s  excel lent ,  e i t h e r  known from 

experiment or  safely predictable .  However, information on t h o r i a  con- 

t a in ing  uranium i s  very meager. 

replacement, the  disorder  introduced precludes predict ion of proper t ies  

by in te rpola t ion  between those of t h e  components; the scant  data on 

thermal conductivity prove t h i s .  

Despite the regular  isomorphous 

I n  cont ras t  i s  t h e  s i t u a t i o n  on the carbides,  which are of 

i n t e r e s t  only for appl ica t ion  i n  nuclear energy. 

compounds i s  qu i t e  scanty, but  the  rate a t  which new knowledge i s  

being reported i s  qu i t e  high. Reflecting t h e  nuclear i n t e r e s t ,  the  

Information on these 

information on mixed carbides with uranium i s  keeping pace with or  
even exceeding t h a t  on pure thorium carbides.  

The compounds 'I'hBe3.3, ThB4, ThN, ThSi, Th3Si2, ThS, and Th2S3 have 

been p a r t i a l l y  character ized f o r  ceramic nuclear use. 
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