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PHYSICAL, MECHANICAL, AND IRRADIATION PROPERTIES 
OF THORIUM AND THORIUM ALLOYS 

Joseph P. Hammond 

ABSTRACT 

Physical and mechanical property data on thorium and 
thorium alloys were reviewed, and information pertinent 
to nuclear reactor application is compiled. 

INTRODUCTION 

Information on physical and mechanical properties of thorium and 

its alloys was reviewed, and an up-to-date compilation was prepared for 

use in the forthcoming revision of the Reactor Handbook. We are publish- 

ing this compilation now for prompt availability, in view of the interest 

in thorium-matrix fuels for desalination reactors. 

PHYSICAL PROPERTIES OF THORIUM METAL 

Radioactive and Decay Process 

Natural thorium is practically pure 232Th. This isotope is radio- 

active with a half-life of 1.39 X lOlo years and is the first naturally 

occurring member of the radioactive series that decays to ‘08Pb. 

decay scheme,’ listing particle emissions and half-lives in the radio- 

isotopes, is summarized in Table 1. 

The 

Physical Properties 2-1 

The physical constants 

Table 4 lists thermodynamic 

of thorium are given in Tables 2 and’3. 
functions. 

E 

. 
. 
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Table. 1. Thorium Dis in t eg ra t ion  Series"  

I so tope  Emission Half -Li fe  Daughter Energy 
( M e V )  

Thorium 
( 2 3 2 T h )  

MesothorJum I 

Mesothorium I1 

( 22  8Ra ) 

(228Ac) 

Radiothorium 
( 2 2  8Th) 

Thorium X 
(224Ra) 

Thoron 
( 2 2  'Rn) 

Thorium A 
(2"Po) 

Thorium B 
(212Pb) 

Thorium C 
( l2 B i  ) 

Thorium C'  

Thorium C" 
( O*Tl)  

(212Po) ~ 

Alpha 

Beta 

Beta 
Gamma 

Alpha 

Gamma 

Alpha 

Gamma 

Alpha 

Gamma 

Alpha 

Beta 

Gamma 

Alpha 

Gamma 
Beta 
Gamma 

Alpha 

Beta 

Gamma 

4.01 
3.95 

0.055 

1.11 
0.058 

10  
91  

5.43 
5.35 
0.08 
21 
14 
17 

5.68 . 
5.44 
0.24 

6.29 i 

5.74 
0.54 . 

6.78 

0.34 
0.58 
0.239. 
0.30' 
0.11-0.41 

6.05 
6.09 

0.040 
2.25 
2.20 
8.87 

(9.5-10. 5)b 

1.80 
1. -2.38 
2.61 
0.58 
0.51 
0.23-1.09 

1.39 X lolo y 

5.7 y 

6.13 h r  

3.64 days 

56 sec - 

0.15 sec 

10.64 h r  

60 rnin 

Mesothorium I 

Mesothorium 11 

Radiothorium 

Thorium X 

Thoron 

Thorium A 

Thorium B 

Thorium C 

Thorium C" 

Thorium C'  

Lead ( s t a b l e  
'08Pb) 

0.30 x sec 

3.1 rnin 

a Data taken from D .  T .  Goldman and J .  R .  Roesser ( e d s . ) ,  Chart of . 

Nuclides, 9 th  e d . ,  r ev ised  t o  Ju ly  1966, General E l e c t r i c  Company, 
Schenectady, N e w  York, 1966. 

' bRadiations from shor t - l ived  daughter. 

. 

/ 
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Table 2. Physical Properties of Thorium 

Property Values Reference 

P 

Crystallography 
Crystal structure 11375°C 
Xattice parameter, A 

Crystal structure >1375"C 
Lattice parameter, A 

Density, g/cm3 
The ore t i c a1 
Calcium-reduced (as cast) 
Arc - me It e d io d id e 

Elastic constants, 25°C 
Modulus of elasticity, psi 
Shear modulus, psi 
Poisson's ratio 
C ompr e s sib i 1 it y , c m2 /dyne 

Melting point, O C  

Boiling point, "C 

Heat of fusion, kcal/mole 

Heat of sublimation, kcal/mole 

Heat of vaporization, kcal/mole 

Vapor pressure 1757 to 1956°K 

Superconducting temperature, "K 
Magnetic susceptibility of 
iodide grade, cgs units 
20°C 
-183°C 

Work function, ev 

Hall coefficient, cm3/~oulomb 

Emissivity 
10251425°C (A = 6670A) 
Molten (A = 650OA) 

Face-centered cubic. 2 
2 

Body-centered cubic 3 
3 

a0 (25°C) = 5.0843 * 0.002 
a0 (1450°C) = 4.11 k 0.01 

11.72 
11.5 to 11.6 
11.66 

10.3 X l o 6  
4.1 X l o 6  
0.27 
16.4 x 10-13 

1570 

3 3 00-4 5 00 

4 . 6  

131 5 

<170 6 

28780 + 5.991 5 log P (atm) = - 
1.3 to 1.4 4 

7 

, 

To 

0.54 X 
0'. 64 X 

3.39" 4 
-8.8 X (b) 4 

8 
0.38 
0.40 

a 

bThis value corresponds to a density of conduction electrons of 

Represents an average of best values. 

7.1 X electrons/cm3 or 2.4 electrons/atom. 
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Table 3 .  P r o p e r t i e s  of  Thorium a t  Various Temperatures 

Mean C o e f f i c i e n t  
of Thermal 
Expans ion" 

E l e c t r i c a l  
R e s i s t i v i t y  

( pohm- em) 

Temperature Thermal Conduhtivity" 
("C) ( e a 1  see-1 em-1 0c-1) 

(10-6/"c) 

25 
100 
2 00 
300 
400 

' 500 
600 
650 
700 
800 
900 

20-100 
30-300 
3 0-5 00 
30-700 
30-900 
30-1000 

0.090 
0.093 
0.096 
0.100 
0.102 
0.106 
0.108 

16.95 
21.45 
27.35 
33.20 
38.85 
44.20 
49.20 

53.80 
58.04 
62.00 

11.55 
11.65 
11.9 
12.5 
12.5 
12.65 

. 

a 0. N .  Ca r l so  -- e t  a l . ,  "The Metallurgy of Thorium and I t s  Alloys," 
Proc'. I n t e r n .  Conf. Peaceful  U s e  A t .  Energy, Geneva, 1955 - 9 ,  74-106 ( 1 9 5 6 ) .  

bAmes Laboratory,  Semi-Annual Summary Research Report i n  Physics 
f o r  January-June 1959, IS-14  (October 1959) .  

- 

Table 4 .  Thermodynamic Functions of Thorium" 

Temperature 

"C 

Value of Function, c a l  mole-' "C-I 

" K  C S" (H" - H;)/T -(F" - H;)/T cv P 

0.304 0.106 -2 53 20 1.106 1.106 3.410 
-22 3 50 4.048 4.042 2.770 1.801 0.969 
-1'73 100 5.482 5.460 6.135 3.369 2 .  766 
-12 3 150 5.965 5.927 8.460 4.164 4.296 

. -73 2 00 6.217 6.161 10.215 4.648 5.567 
-2 3 250 6.392 6.318 11.623 4.980 6.643 

25.00 298.16 6.532 6.441 12.760 5.220 7.540 
27 300 6.538 6.446 12.799 5.228 '7.571 

a M. Griffe1 and R .  E .  Skochdopole, "The Heat Capacity and Entropy 
of Thorium,from 18 t o  300"K," J .  Am. Chem. SOC. - 7 5 ,  5250-5251 ( 1 9 5 3 ) .  - 
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Effects of' Irradiation on Physical Properties 

L 

Unlike uranium metal, face-centered cubic thorium has excellent 

resistance to damage by irradiation exposure. 

anisotropy-induced growth produced in orthorombic uranium by thermal 

cycling or irradiation, and its shape and surface quality remain 

essentially unaltered. 

It is not subject to the 

When 232Th is irradiated, it captures a neutron and decays to form 

233U with emission of two betas. 

a small volume increase resulting from the buildup of fission product atoms 

within the thorium lattice. This volume increase occurs approximately 

linearly with the amount of fissioning'and at a rate of less than 1% per 

atomic percent burnup. When thorium is exposed to high levels of burnup 

at temperatures exceeding approximately 670°C, rapid and nonlinear swelling 

occurs and is attributed to the precipitation and expansion of fission gases. 

Figure 1 shows the density and dimensional changes of right-cylindrical 

The latter isotope fissions and produces 

slugs of thorium and Th-5$ 2 3 5 U  alloy that were irradiated unrestrained in 

sodium-potassium at central metal temperatures of 50 to 200°C. 

even after heavy burnups, were small and independent of initial uranium 

concentration and fabrication and heat-treatment history. 

All changes, 

Thermal conductivity after irradiation has been estimated by Bowman 

and co-workers12 from electrical &kistivity measurements made on 

cyclotron-bombarded thorium wires. The results, given in Table 5, show 

thermal conductivity to decrease by about 5 to 8% at irradiation saturation. 
Linear thermal expansion was measured13 on two irradiated and one 

1 

unirradiated specimens of Th-ll$ U alloy. 

of over 25 X 1 0 - 6 / o C  were observed for the irradiated samples; this is 

twice the value ordinarily obtained on u9irradiated material. This effect 

was attributed to expansion and contraction of internal pockets of fission 

gas. 

Thermal expansion coefficients 
1 
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Burnup, At. o/o 

Fig .  1. 
Uranium Cyl inders  as a Resul t  of I r r a d i a t i o n .  
and J -  H .  K i t t e l ,  "Ef fec t s  of Radia t ion  upon Thorium," The Metal Thorium, 
Proc. Conf. ,  Cleveland, 1956, 278 (1958).  1 

Chnages i n  Dimensions and Density of Thorium and Thorium- 
[Reprinted from F. G .  Foote 

Table 5.  E f f e c t  of 38-Mev Alpha-Part ic le  Bombardment on t h e  
Thermal Conduct ivi ty  of Thorium Wires" 

Conduct ivi ty ,  w ern-' " C - l  

Uni r rad ia ted  I r r a d i a t e d  

Decrease a t  
Sa tu ra t ion  

Temperature 

($) b ("C) 

0.402 0.372 7.5 
0.431 0.406 5 . 8  

300 
5 00 

a Computed from tkie Wiedemann-Franz r a t i o  and e l e c t r i c a l -  
r e s i s t i v i t y  da t a .  F. E .  Bowman -- e t  a l . ,  Cyclotron I r r a d i a t i o n  
Damage of Thorium, S t a i n l e s s  S t e e l ,  and Zirconium, NAA-SR-287 
( A p r i l  1, 1954,). 

bSatura t ion  value,  assuming no back anneal ing.  
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MECHANICAL PROPERTIES OF THORIUM METAL ' 

Hardness 

The hardness of the different grades of thorium for various conditions 

at room temperature14 is indicated by representative values in Table 6. 
The change in hardness of worked Ames thorium as a function of temperature15 

is. illustratFd in Fig. 2. 

Table 6. Hardness of Thorium at Room Temperature" 

~ ~ ~~~ 

Hardness of Thorium, VHN 

Method of Production Cold Worked Cold Worked 
80% and Annealed As Cast 

Iodide 40 75 35 
h e  s 75 110 65 
Pressed and sintered 14 0 110 

a T. C. Runion, B. A. Rogers, and S. H. Paine, "Thorium," . 

pp. 211-226 in Reactor Handbook, (ea. by C. R. Tipton, Jr.) 
2nd ed., Vol. I, Interscience, New York, 1960. 

z 
I a n 

0 io0 200 300 400 500 600 700 800 
TEMPERATURE, O C  

Fig. 2. Change in Hardness of Ames Thorium with Temperatude.* 
[Reprinted from p. 222 in Reactor Handbook (ed. by C. R. Tipton, Jr. ), 
2nd ed. Vol. I, Interscience, New York, 19'60.1 

"A. D. Schwope,. G. T. Muehlenkamp, and L. L. Marsh, Mechanical and 
Metallurgical Properties of Thorium, BMI-784 (Nov. 18, 1952). 

J 
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1 Recrystallization Temperature 

The recrystallization characteristics of thorium were established by 

examining hardness and microstructure while varying the amount of reduc- 

tion by cold rolling and temperature of annealing. The recrystallization 

temperatures of Ames and iodide thorium" are given in Table 7. 
the principal contaminant in Ames thorium, does not appear to have a 

very significant effect on the recrystallization temperature range. 

Carbon, 

Table 7. Effect of Cold Work on Recrystallization 
of Throium" 

Recrystallization Temperature, "C 

Start . C omple t e 
Reduction 
in Area 

($1 Ame s Iodide Ame s Iodide 
Thorium Thorium Tho r i m  Thor ium 

80 52 0 500 62 5 575 
60 52 0 510-520 62 5 600 
40 540-550 52 0 650 600 . 
20 550-575 55+575 650 700 

a E. J. Boyle, "Recrystallization of Thorium," - The I 

Metal Thorium, Proc. Conf., Cleveland, 1956, 217-224, 1958. 

Preferred Crystallographic Orientations 

The preferred orientations formed in thorium by both extrusion to 

rod and rolling to plate have been determined. 

textures in Ames thorium fabricated under various conditions. 

Table 8 shows the principal 
. I  

The tensile properties in rolled sheet changed very little with 

orientation of specimens within the rolling plane, which is not unexpected 

for relatively isotropic thorium. For example, yield strength varied 

only 7.5% with specimen orientation for the cold-rolled condition. 
Recrystallization, which produces an entirely new texture (Table 8 ) ,  

diminished the yield strength to about one-third the value for cold- 

rolled material; however, variation of yield strength with specimen 

orientation remained small, about 6%. 
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Table 8. Preferred Crystallographic Textures ' 

in Ames Thoriuma 

Material Condition Orientation Components 
~ ~~ 

Fiber textures 

Cold extruded 

Recrystallized during extrusion 

Recrystallized after extrusion 

Sheet textures 

Cold rolled to 75% reduction 

Cold rolled' to 95% reduction 

Cold rolled to 75% reduction 

Cold rolled to 95%. reduction. 

and recrystallized 

and recrystallized 

.( 111) 

(001) or (114) 
(115) - (236) or 
(013) - (4,10,13) 

(1481 (El), (Oil? (722), 
and (034.) (TOO) 

near (113) (El), 
near ( O l l ~ . ( ~ l ) ,  and 
( 011 1 ( loo)  

(OOl] (100) (the "cubetr 
texture) 

a L. K. Jetter and C. J. McHargue, "Pre.ferred Orienta- - ,  

tion in Thorium," The Metal Thorium, Proc. Conf., Cleveland, 
1956, 161-184 1958). 

I 

The yield strength-of rapidly extruded thorium rod was approximately 

oneAhalf that of slowly extruded rod. This large decrease in strength 

probably resulted from softening effects accompanying recrystallization 

rather' than from the appearance of entirely different textures. 

Tensile Properties 

Considerable useful information in addition to tensile ,properties 

is afforded by plotting tensile stress against strain. Some differences 

in the character of the diagrams obtained on three types of thorium have 

been noted. 

Diagrams for cast Ames thorium occasionally show a yield point, and those 

Diagrams for iodide thorium do not have a yield point. 

for Ames thorium completely annealed after cold working usually do. 
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Diagrams f o r  compacted metal powder a l s o  a r e  l i k e l y  t o  show a y i e l d  

po in t .  

Ames thorium.18 

Figure 3 i s  a s t r e s s - s t r a i n  diagram f o r  cold-worked and annealed 

Fig.  3. S t r e s s - S t r a i n  Graph f o r  Cold-Rolled and Annealed A m e s  
Thorium. 
[Reprinted from p. 219 i n  Reactor Handbook ( ea .  by C .  R .  Tipton, J r . ) ,  
2nd ed . ,  V o l .  I, In t e r sc i ence ,  N e w  York, 1960.1 

Metal was cold r o l l e d  35% and annealed a t  750°C f o r  1 hr .*  

*D. E .  Hamby ( e d . ) ,  Metallurgy of Thorium and Thorium Alloys, 
ORNL-1090, p. 16  (Dee. 7, 1951).  

Rate of s t r a i n i n g  a l s o  a f f e c t s  t he  values obtained i n  t e n s i l e  t e s t s .  

For r e l a t i v e l y  low r a t e s  a 100% increase  i n  the  r a t e  of s t r a i n  changes 

t h e  p rope r t i e s  by only a few percent .  

produces a much s t ronger  e f f e c t .  

ob ta in ing  the  da ta  i n  Table 9. Values f o r  Ames thorium a r e  r ep resen ta t ive  

of metal t h a t  conta ins  0.025 and 0.03% C . I 4  

Such an increase  a t  a higher  r a t e  

Low r a t e s  of s t r a i n i n g  were used i n  

The measured values  of modulus of e l a s t i c i t y  vary widely; a reasonable 

value i s  10.5 :: l o 6  p s i .  

inc luding  t h e  modulus of e l a s t i c i t y , '  i s  shown i n  Fig.  4 .  

The e f f e c t  of temperature on t e n s i l e  p rope r t i e s ,  

I 
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Table 9. Tensi le  P rope r t i e s  of Thoriuma 

 strength, psi '  D u c t i l i t y ,  % 
Method of  

Preparat ion Ultimate 2% Of f se t  Elongation Reduction 
Tensi le  Yield i n  2 i n .  - o f  Area 

Anne a l e  d 

Iodide 18,000 6,000 4 Ob C 

75f 
h e  s d  25,000 15,000 60 
Pressed and s i n t e r e d  35,000 25,000e 35f 25 

8C$ Cold Reduced 

h e s d  45,000 35,000 5 2-3e 
Pressed and s i n t e r e d  %O, 000 3 2-3e 

a T .  C .  Runion, B. A .  Rogers, and S. H.  Paine, "Thorium," pp. 211-226 
i n  Reactor Handbook ( ed .  by C .  R .  Tipton, Jr. >, 2nd ed. Vol. I, 
I n t e r s c i e n c e ,  New York, 1960. 

l eng th .  
bLocal necking allows f r a c t u r e  a t  low elongat ions f o r  2 - in .  gage 

C La rge  r educ t ion  i n  a rea  b u t  d i f f i c u l t  t o  measure. 

dFor content  of about 0.3% C .  
e 

fValues vary through w i d e  l i m i t s .  

E s t i m a t e d .  

P rope r t i e s  i n  Compression . 

Very f e w  measurements have been made on t h e  s t r e n g t h  of thorium i n  

compression. Figure 5 i s  an incomplete s t r e s s - s t r a i n  diagram18 made on 

a t e s t  p i ece  of Ames thorium t h a t  had been annealed a t  750°C f o r  30 min. 

Behavior i n  Creep 

Thorium must be stressed t o  an unusually high f r a c t i o n  of i t s  u l t i -  

mate s t r e n g t h  t o  promote cont inuing creep. To a t t a i n  appreciable  creep 

i n  Ames thorium a t  3 O O 0 C ,  t h e  stress must be wi th in  2000 p s i  of  t h e  

u l t i m a t e  s t r e n g t h .  Calcium-reduced thorium t e s t e d  as sheet  o r  b a r l g  

creeps a t  a lower r a t e  a t  204°C than a t  93 o r  316°C. 

non found i n  s tee l s  i n  t h e  t e s t  range 100 t o  300°C i s  termed 

A similar phenome- 
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Fig. 4. Changes i n  Some Tens i le  P r o p e r t i e s  of Thorium with Tempera- 
t u r e  of Test ing.* 
C .  R .  Tipton, J r . ) ,  .2nd ed . ,  V o l .  I ,  In t e r sc i ence ,  New York, 1960.1 

[Reprinted from p. 221 i n  Reactor Handbook ( ed .  by 
. 

*O. N .  Carlson -- e t  a l . ,  "The.Metallurgy of Thorium and I t s  Alloys," 
Pr,oc. I n t e r n .  Conf. Peaceful  Uses A t .  Energy, Geneva, 1955 2, 
74-106 (1956) .  - 

"b lue  b r i t t l e n e s s "  and i s  a s soc ia t ed  w i t h  s t r a i n  aging. The f a s t e r  t h e  

r a t e  of s t r a i n i n g  thorium a t  a f ixed  temperature ,  t h e  l e s s  i s  t h e  e f f e c t  

of s t r a i n  aging.  The r e s u l t s 2 '  of some creep  t e s t s  on c a s t  Ames thorium 

. 

a t  room temperature and 300°C a r e  g i v e n - i n  Table 10. 

The s t r e s s - r u p t u r e  behavior of extruded calcium-reduced thorium ba r  

conta in ing  0.4$ C depended on t h e  ex t rus ion  r a t e .  

i l l u s t r a t e d  i n  F ig .  6 f o r  ma te r i a l  t e s t e d  a t  300°C. The higher  t h e  speed 

of ex t rus ion  used, t he  lower t h e  rupture  s t r e s s  f o r  a given time under 

s t r e s s .  The ma te r i a l s  extruded a t  t he  h igher  r a t e s  probably - were 

e leva ted  i n  temperature r e l a t i v e  t o  t h e  slowly extruded thorium and had 

d i f f e r e n t  c rys t a l log raph ic  t e x t u r e s .  

This e f f e c t  i s  
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Pig .  5. S t r e s s - S t r a i n  Graph f o r  Ames Thorium i n  Compression.* 
[Reprinted from p .  221 i n  Reactor Handbook ( ed .  by C .  R .  Tipton, J r . ) ,  
2nd e d .  'Vol. I, In te r sc i ence ,  New York, 1960. 3 

0 

- . I - \  - -  - -. - -. _ _  _ _ ~ -  _ _ _ _  *D. E .  Hamby ( e d . ) ,  Metallurgy ot' Thorium and Thorium Alloys,  ORNL-1090,  
p. 16 (Dee. 7, 1951).  

Table 10. Resu l t s  of  Creep Tes t s  on Ames Thoriuma 

t 

( e >  (b )  Creep Rate t 2  
S t r e s s ,  p s i  

Prel iminary During Test  
Temperature tl - 

.I ( h r )  (hr- ' )  ( h r )  ( " C )  

x 10-6 

25 20,000 25,000 4500 3.24 3930 
25 15,000 600 0.82 2200 

15,000 19,000 700 1 .53  12 00 
300 15,000 30.7 2000 

a G .  C .  Danielson e t  a l . ,  Terminal Report of an I n v e s t i g a t i o n  of  t h e  -- 
Prope r t i e s  of Thorium and Some of I t s  Alloys,  ISC-297 (Oct.  1, 1952). 

C 
t2, i n t e r v a l  over which t h e  ind ica t ed  c reep  r a t e  was maintained. 
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5 

Fig. 6. Stress-Rupture Curves for Extruded Ames Thorium. Nominal 
carbon content, 0.040%, 0.505-in. round bar tested at 300°C and 
4 x torr.* 

*R. B. Oliver, Metallurgy Div. Semiann. Progr. Rept. April 10, 1953, 
ORNL-1551, p. 6. 

, ;Fatigue 

Reported value.-; on endurance limit are higher for Ames thorium in 

sheet form than in rod. Differences again probably stem from differences 

in texture and degree to which recrystallization or softening had occurred. 

The endurance limits3 for rotating beam tests conducted on Ames 

thorium rod at room temperature were 12,000 to 12,500 psi for cast 

specimens, 15,000 psi for cold-rolled specimens, and 13,000 psi for' 

specimens forged at 600°C. 

Stress-cycle curves15 for cold-rolled and annealed Ames thorium 

tested as sheet by cantilever bending are shown in Fig. 7. 
limit of l o 7  cycles, the fatigue strengths were 22,500 and 17,500 psi for 
unnotched and notched specimens, respectively. Thorium appears to be 

moderately notch sensitive; that is, once a crack is formed, it is likely 

At an endurance 

to propagate. 4 

. 
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' Fig. 7. Fatigue Behavior of Unnotched and Notched Thorium Sheet , 

Specimens. 
thorium forged and hot rolled at 790°C, cold reduced 50$, and annealed 
3 hr at 735OC.* [Reprinted from p. 223 in Reactor Handbook (ed. by 
C. R. Tipton, Jr.), 2nd ed., Vol. I, Interscience, New York, 1960.1 

Tests were made at room temperature on calcium-reduced 

-*A. D. Schwope, G. T. Muehlenkamp, and L. L. Marsh, Mechanical and 
Metallurgical Properties of Thorium, BMC-784 (Nov. 18, 1952). 

Strength Under Impact 

Ability to resist impact, which reveals the notch sensitivity of a 

metal, is important in such fabrication operations as rolling and forging 

and in certain service applications. The resistance to impact of Ames 

thorium appears to be sensitive to carbon content, according to the 

results given in Fig. 8 for specimens cut from ingots.20 
Temperature also has a considerable effect on the impact strength 

of thorium.20 

exhibits a transition from brittle to ductile failure between 100 and 

5OO0C, as illustrated in Fig. 9. 

Cast Ames thorium, when tested as Charpy-type specimens, 

The results of impact tests on Izod-type specimens of- Ames thorium, 

shown in Fig. 10, display a narrower transition range centering at 50°C; 1 

interestingly enough, iodide thorium failed to reveal a transition and 
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CARBON ANALYSIS, ppm 

Fig.  8. E f f e c t  of Carbon Content on Impact Strength of Cast Ames 
Thorium, Specimens represented by t h e  open c i r c l e s  were c u t  from i n g o t s  
t h a t  were c a s t  from sc rap  thorium ( i . e . ,  t u rn ings ,  cropped ends of i ngo t s ,  
and t h e  l i k e ) . "  
C .  R .  Tipton, J r . ) ,  2nd ed .  Vol .  I, I n t e r s c i e n c e ,  New York, 1960.3 

[Reprinted from p .  223 i n  Reactor Handbook ( e d .  by 

*G. C .  Danielson -- e t  a l . ,  Terminal Report of a n  I n v e s t i g a t i o n  of  t h e  
P rope r t i e s  of  Thorium and Someof I t s  Alloys, 1%-297 (Oct. 1, 1952).  

showed inc reas ing  enei-gy with lowering of  temperature.  2 2  Iodide thorium 

with as l i t t l e  as 0.05% C shows a t r a n s i t i o n  temperature,  which inc reases  

with carbon con ten t .  

Damping 'Capacity 

The damping capac i ty  ( a b i l i t y  t o  absorb energy under v i b r a t i o n )  of 

thorium specimens subjected t o  t r ansve r se  bending i s  shown i n  F ig .  11. 

This property i s  constant  t o  300°C and r ises  r a p i d l y  a t  higher  temperatures.  

E f f e c t  of I r r a d i a t i o n  on Mechanical P rope r t i e s  

The r e s u l t s  of t e n s i l e  tes ts  a f t e r  two s e r i e s  of low-temperature 

i r r a d i a t i o n s  on unalloyed thorium a r e  reported by Bement. 2 3  ,24 

of  specimens was i r r a d i a t e d  a t  about 150°C t o  f i s s i o n  burnups of 2 3 3 U  

ranging from 0.01 t o  0.04 a t .  $ of t h e  thorium. 

i r r a d i a t e d  a t  about 300°C t o  f i s s i o n  burnups of 2 3 3 U  ranging from 

One series 

Another s e r i e s  was 

. 
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Fig.  9. E f f e c t  of Temperature on Impact Strength of  Cast Ames Thorium. 
Charpy keyhole specimens were used.* 
Handbook ( e a .  by C .  R .  Tipton, Jr. ), 2nd ed. Vol. I, I n t e r s c i e n c e ,  
New York, 1960. 1 

[Reprinted from p. 223 i n  Reactor 

' * G .  C .  Danielson -- e t  a l . ,  Terminal Report of an I n v e s t i g a t i o n  of t he  
P r o p e r t i e s  of Thorium and Some of  I t s  Alloys, 132-297 (Oct. 1, 1952). 

0 . 1  t o  2 a t .  % of t h e  thorium. The r e s u l t s  of room-temperature t e n s i l e  

t es t s  on u n i r r a d i a t e d  and i h a d i a t e d  specimens are  summarized i n  Table 11 

and F i g s .  12 and 13. 

The data show t h a t  u n i r r a d i a t e d  annealed thorium y i e l d s  p l a s t i c a l l y  

a t  about 15,000 p s i  and then work-hardens t o  an u l t ima te  s t r e n g t h  of 

about 25,000 p s i  (Table 11). 

neutron i r r a d i a t i o n  y i e l d s  a t  a stress w e l l  above t h e  former u l t ima te  

s t r e n g t h  of 25,000 p s i ;  then as shown i n  Fig.  12,  it "work sof tens"  t o  

f a i l u r e  a t  a much lower s t r e s s  t han  t h a t  a t  which p l a s t i c  y i e l d i n g  f i r s t  

commenced. Figure 13 shows t h a t  t h e  y i e l d  po in t  i nc reases  and t h e  t o t a l  

e longat ion of thorium decreases p rogres s ive ly  with inc reas ing  dose. 

The same m a t e r i a l  a f t e r  a very s l i g h t  
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Fig'. 10. E f f e c t  of Temperature on Impact Strength of Thorium Showing 
t h e  D u c t i l e - t o - B r i t t l e  Transi t ion.* 
Handbook ( ea .  by C .  R .  Tipton, Jr. ), 2nd ed. Vol. I, I n t e r s c i e n c e ,  
New York, 1960.3 

[Reprinted from p.' 223 i n  Reactor 

*J. A. Milko, Metallurgy Div. Semiann. Progr.  Rept. Oct. 10, 1953, 
ORNL-1625, p. (7. 

The e f f e c t s  of neutron i r r a d i a t i o n  on mechanical p r o p e r t i e s  ,of 
unalloyed thorium a t  room temperature,  590 and 815°C a r e  shown i n  

Table 12  .2 

r e s u l t s  i n  Table 11, t h e  high-temperature r e s u l t s  show a small i nc rease  

i n  t h e  u l t ima te  s t r e n g t h  and a l a r g e  increase i n  t h e  y i e l d  s t r e n g t h .  

Although t h e  room-temperature t e n s i l e  values confirm' t h e  

I 

The hardness of thorium has been shown by var ious inves t iga to r s12 ,26  

t o  inc rease  with i r r a d i a t i o n .  ' 
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12 
Ames Thorium (A-233) hot rolled at 
790'OC and annealed I hr at 790 O C  

-_ 1 1 I 1 J 
0 100 2 0 0  300- 400 500 600 700 

TEMPERATURE, "C 

Fig.  11. Inc rease  i n  t h e  Damping Capacity o f  Thorium with Rising 
Temperature. Decrease i n  modulus of r i g i d i t y  i s  a l s o  shown.* [Reprinted 
from p. 224 i n  Reactor Handbook (ed.  by C .  R .  Tipton, J r . ) ,  2nd e d .  
Vol. I, I n t e r s c i e n c e ,  N e w  York, 1960.1 

*A. D: Schwope, G .  T .  Muehlenkamp, and L.  L.  Marsh, Mechanical'and 
Meta l lu rg ica l  P r o p e r t i e s  of Thorium, BMI-784 (Nov. 18, 1952).  



Table 11. Tensi le  Data f o r  I r r a d i a t e d  and Unirradiated Thorium" 

. I r r a d i a t i o n  Data Strength,  p s i  
Modulus of 

Elongation E l a s t i c i t y  
T o t a l  

(%) ( p s i  ) 
0.2% Offset Tensile Burnup Spec imen 

Dose Spe c imen Origin b 

( neutrons/cm2 ) ( a t .  $1 (fissions/cm3 1 Y i e l d  

x 1020 x 1018 x i o 3  x i o3  x 106 

B- 1 
B-2 
H - 1  
H-2 
EZ 
GZ 
DZ 
FZ 
EW 
GW 
DW 
Fw 
28 
27 
30 
26 
25 
29 

B a t  t e  11e 
B a t  t e l l e  
Hanford 
Hanf ord 
B a t  t e l l e  
B a t  t e l l e  
Hanf ord 
Hanf ord 
. B a t  t e  l l e  
B a t t e l l e  
Hanf ord 
Hanf ord 
B a t  t e l l e  
Hanford . 
B a t  t e l l e  
Bat t e I l e  
Hanf ord 
Hanf ord 

3.4 * 

3 .5  
3 .4  
3 . 5  
5.7 
5 .8  
5.7 
5 .8  
9 .9  

11.6 
31.2 ' 

34.7 
44.6 
49.9 

0.011 
0.012 
0.011 
0.012 
0.035 
0.035 
0.035 
0.035 
0.12 
0.16 
0.95 
1.15 
1.65  
1.90 

3 .2  
3 .5  
3.2 
3 . 5  
11.0 
11.0 
11.0 
11.0 
35 . 
47 

3 00 
340 
480. 
560 

15.7 
15.4 
15.9 
20.7 
37.2 
37.6 
40.3 
39.8 
42.1 
43.9 
43.9 
53.1 
49.8 
53.9 
69 .1  

69 .1  

25 .1  
24.2 
24.9 
28.6 
37.3 
37.8 
40 .3  
39.8 
42.7 
44.4 
43.8 
52.9 
50.8 
56.5 
74 .9  
48. 8d 

75.6 
55.9d 

47 
37 
36.5 
39 
44.2 
34.6 

3.6' 
31.7 

8.4 
2 1 .  oc 
15.6 

7 .4c  
17.8 
13.2 

2 .4  
0.8' 
0.7' 
3 .2  

11.3 
12'. 1 
10.2 

8.2 
7 . 2  
8.7 
9.7 
9 . 1  
8 . 3  
8.9 
8.6 
9 . 1  

12.2 

11.2 
8 .1  
9.6 
8 .6  

10.7 , 

n, 
0 

a Hanford Atomic Products Operation Q u a r t e r l y  Progress Report on Fuels  Development Operation, 
October, November, December 1959, HW-64863 (January 15, 1960) .  CLASSIeFIED. 

D 

C 

Grain s i z e  a t  100% 

Sample broke ou t s ide  of gage length.  

Hanford, 150 g r a i n s / i n . 2 ;  B a t t e l l e ,  50 g r a i n s / i n . 2 .  

dBreaking s t r e n g t h .  

. , I 

\ 
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Fig.  12. S t r e s s -S t r a in  Curves f o r  I r r a d i a t e d  Thorium. See Table 11 
f o r  specimen exposures .* 
(February 1962). 1 

[Reprinted from Reactor Mater. - 5( l), 9 - 

*Hanford Atomic Products Operation Quarter ly  Progress.Report  on Fuels 
Development Operations, October, November, December 1959, HW-64,863 
(Jan .  15, 1960). CLASSIFTED. 

SO 
80 

6 0  5 0  

40 

3 0  

2 0  

IO 

40 

20 

0 0 
01 2 0  

ATOMIC PER CENT BURNUP OF TOTAL ATOMS 
\ 

Fig.  13. Var ia t ion  of Y i e l d  Strength and,Elongat ion of Thorium with 
Burnup.* [Reprinted from Reactor Mater. - - 5(1); 9 (February 1962). 1 

*Hanford Atomic Products Operation Quar t e r ly  Progress Report on Fuels  
Development Operation, October, November, December 1959, HW-64863 
TJan. 15, 1960). CLASSDTED. 
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Table 12. Room- and Elevated-Temperature Tens i l e  P r o p e r t i e s  
o f  I r r a d i a t e d  Thorium" 

Strength,  p s i  T o t a l  
Test Thermal Dose Burnup Elongat i on  

Temperature (neutrons/cm2) (a t*  %) 0.2% Yield U l t i m a t e  i n  1 i n .  
( " C )  ($1 

25 
25 
25 
815 
25 
25 
590 
815 

25 
25 
590 
815 
25 
25 
590 
81 5 

x 1020 x i o3  
b B a t t e l l e  Mate r i a l  

0 16.7 
0 16.4 
0 17.5 
0 4 
8.1 0.077 44.2 
7.1 0.058 44.5 
7.3 0.060 4 4  
7.6 0.065 4 0  

0 
0 
0 
0 
7.7 
8.4 
a. 3 
7.5 

c 
Hanford Material 

21.0 
22.3 
-9 
4 

0.070 . 50.5je 
0.085 48. 6e 
'0.060 4.2 
0.065 . -19 

x i o3  

24.4 
24.6 
26.5 

44.6 
44.9 

-17 

4 7  
-21 

31.7 
29.9 
4-20 
-16 
51.1 
49.5 

4 3  
-19 

41 
50 
57 

4 3  
24 
29 

4 2  
-9 

55 
d 

-92 
4 6  

d 
d 

4 4  
-1 6 

a Hanford Atomic Products Operation Q u a r t e r l y  Progress Report 
on Fuels  Development Operation, October, November, December 1960, 
HW-70355 ( Jan .  13, 1961). CLASSIFIED. 

bGrain s i z e  of 3 grains/cm2 a t  1OOX; con ta ins  70 ppm Fe, 
370 ppm C ,  and 1125 ppm 0. 

295 t o  730 ppm C ,  and 850 ppm 0. 
Grain s i z e  of 23 grains/cm2 a t  1OOX; con ta ins  155 t o  315 ppm Fe, C 

dSample broke ou t s ide  of 1 i n .  gage l eng th .  
e Lower y i e l d  s t r eng th .  
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MECHANICAL PROPERTIES OF THORIUM ALLOYS 

t 

Considerable research has been done on alloying thorium to improve 

its mechanical properties for use in reactor fuel elements. Many poten- 

tial hardeners were found, some of the most effective being C, Zr, Mo, 
U, and Al. More recent studies on thorium have been directed toward 

improvement of elevated-temperature properties. In this connection, 

solid-solution strengthening, precipitation hardening, and hard-particle 

dispersion hardening have figured prominently. 

For exploratory studies directed to high-temperature alloys, hot , 

hardness has frequently been used as a preliminary test. Elevated- 

temperature tensile and creep tests have been conducted on the more 

promising alloys. 

parable because of differing impurity\levels in the thorium base and 

differing fabricating or testing techniques. 

The results of separate studies are not always com- 

In discussing the properties of thorium alloys, hot-hardness results 

are first reviewed. Subsequently, the individual alloy systems are 

treated in order of their merit from the point of view of nuclear and 

high-temperature properties. 

Survey of Hot Hardness of Arc-Melted Thorium Alloys 

Oak Ridge National Lab0rator9~ has'studied the effects of binary and 

ternary additions to arc-melted thorium and evaluated the results by hot- 

hardness traverses on hot-rolled plate. Battelle2' has conducted similar 

- studies on thorium-uranium and thorium-uranium-base alloys. The hot- 

hardness results stemming from these investigations are listed in Table 13 

in order of hardness at 600, 750, and 800°C. 
The elements C, In, U, and Zr all have significant solid solubility 

in thorium. Of these elements, carbon was principally effective below 

500"C, although carbon in combination with Cr, Mo, U, and Be appeared to 

enhance hardness at 600°C. As single addTtions, indium and zirconium 
had the strongest effect on hardness at 600°C and higher. 

the greatest effect in raising the recrystallization temperature. 2 7  

seen in Table 13, 10% Wthorium-base alloys containing small or moderate 

They also had 

As 
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T a b l e  13. Thor ium-Base  Alloys i n  
O r d e r  of Decreasing H a r d n e s s  

Allo? C o m p o s i t i o n  
(wt  $1 

Hardness 
(kg/mm2 

O R N L ~  
BMIC 
BMId 
BMIC 
BMIC 
BMIC 
BMIC 
ORNLb 
BMIC 
O R N L ~  
O R N L ~  
BMIC 
BMIC 
BMId 
ORNLb 

ORNL 
B M I C  

ORNLE 

ORNLE 

ORNLt 

0RNLb 

BMIe 
me 
BMIe 

ORNL 
ORNLb 
OR%b 
BMT 
BMId 
BMId 
ORNL; 

BMIe 
BMId 
O R N L ~  
O R N L ~  
ORNLb 
O R N L ~  
ORNLb 
ORNLb 
ORNLb 
O R N L ~  

ORNL 

ORNL 

600°C 

4 I n  
10  U-0.5 A1 
10 v-10 zi-2 Nb 
10 u-o.1 Be 
10  U-0.2 c 
10  v-10 Y 
10 W1.5 Mo-0.2 C 
2 I n  
10  73-0.2 Be 
10  Z r  
5 Z r  
10 U-2 m 0 . 2  c 
10 w Nb 
10 U-10 Z r  
5 Zr0.2 c 
20 Z r  
5 v-0.2 c 
10  U-2 MO 
4 In-5 Zr 
2 In-0.2 C 
2 cr-0.2 c 
20 u 
5u ' 

10 u 
2 Mc-0.2 C 
5 v-o.2 c 
0.2 A1-0.2 C 
8 N b  
10 u-2 Nb 
10 U-20 Z r  
10 U-1.5 MO . 

0.2 m . 2  c 
5 Ti-0.2 C . 
15 U 
10 u-25 Z r  
0.2 c 
5 T i  
20 u 
0.4 A1 
8 C r  
0.2 A1 . 

5 v. 
5 u  

91 
75.7 
73.2 
69.1 

. 67.3 
66.1 
64.7 
63 
62.3 
59 
59 
58 
56.6 
54.5 
54 
54 
50 
49.3 
49 
49 
47 
46.2 
45.4 
45.4 
44 
44 
43 
43 
42.7 
42.4 
41.1 
40 
40 
39.2 
39.2 
38 
37 
36 
35 
35 
32 

' 32 
. 30 



25 

c 

I 

Table 13. (continued) 

Compos it ion Hardness 
Alloy" (.wt $1 ( kg/mm2 . 

O R N L ~  
O R N L ~  
O R N L ~  
O R N L ~  
O R N L ~  
O R N L ~  
ORNLb 
O R N L ~  
ORNL: 

O R N L ~  
ORNLb 
O R N L ~  

ORNL 

ORNL; 

O R N L ~  

0RNLb 

OFiNLb 
O R N L ~  

O R N L ~  
ORNLb 

ORNLb 
O R N L ~  
O R N L ~  
ORNLb 

ORNL 

ORNL; 

ORNL; 

ORNL 

ORNLb 

ORNL 

ORNZb 

O R N L ~  
0RNLb 
O R N L ~  
O R N L ~  
O R N L ~  
ORNLb 
O R N L ~  
O R N L ~  
O R N L ~  
O R N L ~  
0RNLb 
ORNLb 

8 Mo 
0.15 C 
2 -0.2 c 
10 u 
4 Mo 
4 Cr 
4 m  
2 m  
2 Mo 
0.10 c 
thorium 
2 Cr 
0.2 Be 

750°C 

4 In 
5 Zr ' 

4 Irr5 Zr 
5 v-0.2 c 
2 In 
5 Zr0.2 c 
5 u-0.2 c 
20 Zr 
10 Zr 
8 N b  
5 Ti-0.2 C 
5 Ti 
2 Irr0.2 c 
0.2 B d . 2  C 
5 v  
2 cr-o.2 c 
0.2 Al-0.2 C 
0.4 A1 
0.2 A1 
20 u 
% Cr 
5 u  
% Mo 
2 Mo-0.2 C 
4m 
10 u 
4 Mo 
2 N b  
0.2 Be 
0.2 c 

30 
29 
29 
28 
27 
27 
26 
26 
24 
23 
22 
21 
21 

55 
37 
34 
33 
31 

\ 31 
26 
25 
25 
25 
24 
23 
23 
20 
20 
20 
20 
19 
19 
18 
18 
1% 
17 
17 
17 
15 
15 
14 

13 

, 

14 - 
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Table 13. (continued) 

C omposi t ion Hardness 
Alloy" (wt $1 ( kg/mm2 

~ 

ORNL~ 4 Cr 
ORNL~ 2 Mo 
ORNL~ 0.15 C 
ORNL~ thorium 
0R.NLb 2 Cr 
ORNL~ 2 w 0 . 2  c I 
ORNLb 0.10 c 

BMIC 
BMIC 
BMIC 
BMIC 
BMIe 
BMIC 
Bid 
BMTC 
BMId 
BMIe 
BMIC 
BMId 

BMIe 
BMCd 
md 
BMIe 

BMIZ 
BMI 

800°C 

~ 

13' 
13 
11 
11 
11 
11 
9 

10 F0.2 Be 
10 U-0.1 Be 
10 F O .  5 A1 
10 W1.5 Mo-0.2 C 
5 u  f 

10 u-0.2 c- 
10 U-1.5 Mo 
10 IF10 Y 
10 U-10 Zr 
10 u 
10 u-4 m 
10 u-2 m 
10 u-2 Nb-0.2 c 
10 u-10 zr-2 m 
20 u 
10 U-25 Zr 
10 TJ-20 Zr 
15 U , 

29.6 
27.3 
26.9 
24.3 
24.0 
22.5 
22.4 
22.4 
22.2 
22.1 
21.3 
20.3 
19.8 
17.2 
14.0 
11.8 
10.7 
10.6 

a Nominal Composition prepared by arc melting. 

bAmes thorium, tested in hot-rolled condition. Ref: 
J. A. Burka and J. P. Hammond, Evaluation of Thorium-Base 

, Alloys for High-Temperature Strength, ORNL-3777 (April 1965). 
C Ames thorium, tested in as-cast condition. Ref: 

M. S. Farkas, A. A. Bauer, and R. J. Dickerson, "Development 
of Thorium-Uranium and Thorium-Uranium-Base Alloys for Breeder 
Applications," pp. 468497 in Proceedings of the Thorium Fuel 
Cycle Symposium, Gatlinburg, Tennessee, December 57, 1962, 
TID-7650, Book 2 (July 1963). 

dIodide thorium, tested in as-cast condition. Ref: Ibid. 
e 

- 
Ames thorium, tested in hot-rolled condition. Ref: Ibid. - 
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a d d i t i o n s  of Be, Al, Nb, Mo, Z r ,  o r  Y a t  600 and 800°C gave high hardness .28 

Beryllium and aluminum form compounds with both t h e  uranium and thorium 

and probably c o n t r i b u t e  t o  s t r e n g t h  by d i spe r s ion  hardening and, t o  some 

e x t e n t ,  by s o l i d - s o l u t i o n  hardening. Niobium, molybdenum, and, t o  a 

l e s s e r  e x t e n t ,  zirconium s t a b i l i z e  the  body-centered cubic ( y) modifica- 

t i o n  of t h e  uranium i n  these  a l l o y s  and poss ib ly  con t r ibu te  t o  s t r e n g t h  

by s t a b i l i z i n g  a f i n e l y  dispersed gamma phase. 

Thorium Strengthened by Dispersion Hardening 

I n v e s t i g a t o r s  a t  ORNL have a number of means f o r  i n t r o -  

ducing s t a b l e  f i n e  d i spe r s ions  i n  thorium; r ep resen ta t ive  hot-hardness 

r e su l t s  a r e  given i n  Table 14. Excel lent  d i spe r s ion  s t r u c t u r e s  were 

achieved i n  thorium derived from t h e  f r a g i l e  hydride ba l l -mi l l ed  with 

u l t r a f i n e  ThO2. 

and s t r e n g t h  a t  800°C. However, carbon has a d e l e t e r i o u s  e f f e c t  on prop- 

e r t i e s ,  and r e s t r i c t i n g  carbon pickup and c o n t r o l l i n g  t h e  f i n a l  oxide 

content  by t h i s  method proved d i f f i c u l t .  That carbon has a harmful 

e f f e c t  on hardness a t  800°C i s  seen by comparing specimens 5 and 3 o f  

Table 14 (and by in fe rence  4 and 2 ) .  

Extruded rod of t h i s  m a t e r i a l  displayed good hardness 

A f i n e  d i spe r s ion  of  i n t e r m e t a l l i c  UBe13 i n  thorium, introduced by 

a s p e c i a l  procedure of " s p l a t  cooling" atmoized p a r t i c l e s  of  t h e  a l l o y  

while ' s t i l l  molten, a l s o  gave good hardness t o  800°C (specimen 6, Table 14), 
By f a r  t h e  best hot-hardness r e s u l t s  were obtained by an i n t e r n a l  

boronation process  devised t o  form a s t a b l e  zirconium boride d i spe r s ion  

(specimens 7 and 8) .  

isotope i n  t h e  form of  200-A soot  i s  blended i n t o  an u l t r a f i n e  powder of 

thorium con ta in ing  4.65% (10 a t .  %) Z r  i n  s o l i d  s o l u t i o n .  

case of t h e  ThO2-hardened ma te r i a l ,  t he  thorium i s  rendered f i n e  by b a l l -  

m i l l i n g  it a s  hydride.  Boron i s  then  introduced and t h e  mixture con- 

s o l i d a t e d  and hot  extruded t o  rod. 

s u b s t a n t i a l  carbon ( 3 / 4  t o  l%), as did two of t h e  ThO2-hardened specimens 

(specimen 5 and presumably 4 ) ,  from t h e  hydrocarbon gr inding l i q u i d  used i n  

mi l l i ng .  However, t h e  boronated a l l o y s  showed t h e  e x t r a o r d i n a r i l y  high 

hot  hardness i n  s p i t e  of carbon contamination. That t h e  boron i n  

I n  t h i s  process a s m a l l  amount of separated "B 

A s  i n  t h e  

The boronated a l l o y s  picked up 



Table 14. Hot Hardness of Dispersion Hardened Thorium Alloys" 

Chemic a 1 Analys i s HardnessC (DPH) at Temperature 
Method of Additives (wt $1 (OC1 

(wt $1 Specimen Hardeningb 
B C 0 25 500 600 700 800 

1 None None 85 30 22 15 

3d Tho2 embedment 10 Tho2 0.14 220 91 63 43 31 

5e Tho2 embedment 10 Tho2 1.05 296 91.5 60.5 21.5 5.5 
gf SLI s 1.3 Be 139 86 71 45 28 
7g Boronation 4.65 Zi-0.54 B 0.43 427 129.5 92 70.5 74.5 
88 Boronat ion 4.65 21-0.14 B 0.15 0.91 0.53 403 152 94 62 53 
9h Carburization 4.65 Zr 0.77 280 88 33 16 10 

2d Tho2 embedment 5 Tho2 123 53 41 29 21 

4e Tho2 embedment 5 Tho2 326 126.5 68.5 23 7 

"J. P. Hammond, Metals and Ceramics Div. Ann. Progr. Rept. June 30, 1967, OWL-4170, p. 106. 
bThorium used to prepare each alloy was from a calcium-reduced grade analyzing 99.8% Th, 

340 ppm C, 2000 ppm 0, and 180 ppm N. 
C Each value is an average of two measurements. 

dFine dispersion 'was prepared by dry ball-milling 0.03-p Tho2 with hydrided thorium in ordinary 
mill, followed by vacuum hot pressing in graphite at 1000°C and extruding at 900°C. 

e Fine dispersion was prepared by ball-milling 0.03-p Tho2 with hydrided thorium in a high- 
energy mill, followed by dehydriding, cold pressing, vacuum sintering at 800"C, and extruding at 
750°C. The high carbon content was attributed to carbon picked up from a hydrocarbon grinding 
liquid used in ball-milling. , 

fFine dispersion is based on the ThBe13 intermetallic and was prepared from powder made by the 
SLIS technique. Powders were consolidated by hot-upset-extrusion at 600°C. 

gFine dispersion was prepared by boronating a finely ground thorium alloy powder containing 
4.65% Zr in solid solution. 
dehydrided, and a 200-A boron soot was introduced by dry blending. Consolidation was by vacuum 
sintering at 800°C and extruding at 750°C. 
gained from a hydrocarbon grinding liquid used in ball-milling. 

The alloy was hydrided, ball-milled in a high-energy mill, and then 

The high carbon content was attributed to carbon 

hprocessed the same as specimens 7 and 8 except that no boron was added. 

Iu co 

? 1 '  ! I 
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conjunction with zirconium and not carbon accounts for the high hot hard- 

ness was proven by a supplemental experiment conducted to introduce carbon 

while excluding boron from the thorium-zirconium alloy (specimen 9). 

Without boron, these alloys showed very low hot hardness. 

is warranted on boronated thorium-zirconium alloys to eliminate carbon 

Contamination and determine mechanical properties. 

Further work 

, 
Effects of Interstitial Solutes on T h ~ r i u m ~ ~ , ~ ~  

The effects of the interstitial atoms normally found in bomb-reduced 

thorium (carbon, nitrogen, and oxygen) on the tensile strength, yield 

strength, hardness, and ductility of iodide thorium that has been worked 

and annealed are presented in Fig. 14. For ready reference, the normal 

composition ranges of carbon, nitrogen, and oxygen in calcium-reduced 

metal are indicated in the graph. Carbon, with a room-temperature 

solubility of 0.35$, has a marked solid-solution hardening effect on 

thorium, whereas oxygen, with a very low room-temperature solubility, 

has a negligible effect. 

present ,in calcium-reduced material is not known. Larger amounts of 

The effect of the 0.009 to 0.016% N normally 

nitrogen raise moderately the tensile strength, yield strength, and 

hardness of thorium. 

Thorium-Uranium Alloys 

Uranium is an essential ingredient in thorium fie1 alloys because it 
l 

is added to provide a fissionable isotope and it forms as a product of 

neutron irradiation. Uranium is moderately soluble in thorium, 32 the 

solubility being around 1.1% at 600°C and about 1.8% at 1100°C. 
in excess of the solubility limit exists as free uranium, which at levels 

in excess of about 15% is present as a grain-boundary network regardless 

of fabricating procedure used.28 

Uranium 

Below 15% U, the composition of the 
alloy and metallurgical treatment will govern the size and distribution 

of the uranium phase, which, in turn, affects the physical properties 

and irradiation performance. 

erate free uranium and decrease strength. 33 

Heating to high temperature tends to agglom- 
Thorium-uranium alloys are' 

. 
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Fig .  14. E f f e c t  o f  Some I n t e r s t i t i a l  Solu tes  Normally Found i n  
Bomb-Reduced Thorium on t h e  Room-Temperature Tensi le  P rope r t i e s  and 
Hardness of Iodide Thorium. 
t reatments:  
cold reduced 50$, annealed i n  argon 2 h r  a t  8 5 O o C . *  
0.080% 0; arc-melted,  cold reduced 85%, vacuum annealed 0.5 h r  a t  650°C.** 

Base metal compositions and me ta l lu rg ica l  
BMI -,0.012$ C ,  0.080% 0; forged and hot  r o l l e d  a t  '700°C, 

ORNL - 0.015% C ,  

*R. M. Goldhoff -- e t  a l . ,  A Study of t h e  Strengthening of Thorium by 
Alloying, Cold Work, and Aging, BMI-'7'76 ( N O ~ .  1, 1952).  

**J. A. Milko, R .  E .  Adams, and W .  0. Harms, "The Mechanical P rope r t i e s  
of Thorium and High-Thorium Alloys," The Metal Thorium, Proc. Conf. 
Cleveland, 1956. 1 8 6 2 1 6  (1958).  

. 
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. 

r e a d i l y  melted and f ab r i ca t ed  t o  uranium contents  of 50%; Table 15  shows 

t h a t  t h e  room-temperature s t r e n g t h  of a l l o y s  based on bomb-reduced 

thorium increases  with t h e  uranium content .  3 4 ~  ' 
B a t t e l l e 2 8  f i n d s  t h a t  Th-5$ U has g r e a t e r  creep s t r e n g t h  a t  600 and 

700°C than a l l o y s  of g r e a t e r  amounts of uranium, a s  shown i n  Fig.  15 .  

Data of Atomics In t e rna t iona l '  show t h a t  a Th-9% U a l l o y  has  considerable  

. creep s t r eng th  a t  600°C and t h a t  mechanical work f u r t h e r  increases  the  

creep s t r eng th .  

performance i n  a l l o y s  containing 15% U and l e s s ,  al though thorium with 

uranium t o  25% gives  good r e s i s t a n c e  t o  swel l ing.  

K i t t e l  -- e t  a l .  3 6  found somewhat super ior  i r r a d i a t i o n  

T.horium-Uranium-Containing Alloys 

B a t t e l l e  Memorial I n s t i t u t e 2  a l s o  inves t iga t ed  t h e  room- and high- 

temperature mechanical p rope r t i e s  of f ab r i ca t ed  t e r n a r y  a l l o y s  containing 

10% U, shown i n  Table 16 along with r e s u l t s  f o r  thorium and Th-lO$ U 

a l l o y  f o r  comparison. Observe t h a t  t h e  add i t ion  of 1 .5% Mo o r  2% Nb 

t o  Th--l% U has  l i t t l e  e f f e c t  on t h e  t e n s i l e  p rope r t i e s  of t h e  base a l l o y  

a t  room o r  e leva ted  temperature,  whereas the  incorpora t ion  of 1% Z r  o r  

10% Z r  and 2% Nb has a very s u b s t a n t i a l  e f f e c t .  

c a l l y  reversed i n  c reep  a t  600 and ?OO"C, a s  shown i n  F ig .  16. The 

add i t ion  of 1.5% Mo, 2% Nb, or  0.1% Be t o  Th-10% U increases  i t s  creep 

s t r e n g t h  by 50 t o  75%. 

This e f f e c t  i s  dramati- 

This r e v e r s a l  i n  mechanical p rope r t i e s  between shor t -  and long-time 

t e s t s  i s  a t t r i b u t e d  t o  the p rope r t i e s  of t h e  grain-boundary network of 

uranium found i n  these a l l o y s  and t o  t h e  r e l a t i v e  e f f e c t s  of t h e  a l loy ing  

add i t ions  i n  s t a b i l i z i n g  the  gamma modif icat ion of t h i s  cons t i t uen t  and . 

thus  confer r ing  thermal s t a b i l i t y  t o  t h e  network. The con t r ibu t ion  of 

zirconium t o  s t r eng th  i n  short- t ime tes t s  stems pr imar i ly  from so l id -  

so lu t ion  s t rengthening of t he  thorium matrix.  

Advanced Technology L a b 0 r a t o r i . e ~ ~ ~  s tudied  t e r n a r y  add i t ions  t o  

thorium containing 5 and 10% U .  

t h e  base a l l o y s  a t  600 and 800°C could be e s s e n t i a l l y  doubled by a l loy ing .  

The most no t iceable  improvements were obtained with 2 and 5% Z r  add i t ions  

Tens i le  and s t r e s s - rup tu re  s t r eng ths  of 



Table 15. Mechanical Properties of Bomb-Reduced-Thorium-Uranium Alloys" 

Analyzed Strength, psi Elongation Reduction Hardness 

(wt % u)  . Yield 

Reference (w) in 1 in. of Area 
Tensile (%) ($1 0.2% Offset C ompos it ion 

Una 1 lo ye d 
1.00 
5.08 
10.2 
20.6 
30.9 
40.6 
51.2 
49.1 

19,400 
25,600 
27,400 
30,000 
30,800 
36,100 
38,500 
40,100 
43,500 

31,700 
\38,400 
42,300 

&7,600 
55,800 
62,400 

45,000 

66,500 

46 
37 
38 
35 
38 
24 
28 

10 

50 
51 
44 
50 
41 
34 
35 
23 
26 

79 
104. 
105 

122 
131 
143 
146 
146 

34 
34 
34 
34 
35 
35 
35 
35 
35 

w tu 

~~ ~ 

Annealed 2 hr at 850°C. a 

, 
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Fig. 15. Creep Strength of Thorium-Uranium Alloys." [Reprinted 
fr'om Reactor Mater. - 6( 4), 20 (Winter 19631964). 3 

- 

*M. S. Farkas, A. A. Buer, and R. J. Dickerson, "Development of 
Thorium-Uranium and Thorium-Uranium-Base Alloys for Breeder Applications," 
pp. 468497 in Proceedings of the Thorium Fuel Cycle Symposium, 
Gatlinburg, Tennessee, December Y?, 1962,' TID-7650, Eook 2 (July 1963). 
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Table 16.  Tensi le  P r o p e r t i e s  of Thorium-Base Alloys" 

Strength,  p s i  Composition T e s t  Elongat i on  
i n  1 i n .  

Tensi le  (4) ' 

(ba l  Th) Temperature 0.2% Offset 
Yield ( w t  $3) ("C) 

A m e s  thorium 
1 0  u 
10  U-1.5 Mo 
10 u-2 Nb 
10 U-10 Z r  
10  u-10 zr-2 Nb 

Ames thorium 
1 0  u 
10  U-1.5 MO 
10 u-2 Nb 
10 F l O  Z r  
10  u-10 zl-2 Nb 

Ames thorium 
10  u 
10  u-2 Nb 
10 IF10 Z r  
1 0  u-10 zr-2 Nb 
10 U-0.1 Be 

2 5-29 
25-29 
2 5-29 
2 5 2 9  
2 52.9 
2 5 2 9  

600 
600 
600 
600 
600 
600 

700 
700 , 

700 
700 
.700 
700 

34,900 
26,900 
26,400 
22,900 
35,200 

13,800 
13,800 ' 

12,550 
19,600 
19,200 

4,280 
8,800 
8,400 

15,400 
12,100 

8,610 

39,200 

11,220 

37,700 
37,700 
41,000 
35,400 
53,200 
60,400 

15,700 
17,970 
17,700 
18,000 
28,400 
25,640 

8,090 
10,300 
10,800 
20,000 

' 13,910 
11,200 

13 
13.5 
15 
22 
12 
14 

26 
4 1  
43 

44 
48 

58 
44 
66 
39 
77 
47 

37 

a M. S. Farkas,  A .  A. Eauer, and R .  J .  Dickerson, "Development of  
Thorium-Uranium and Thorium-Uranium-Base Alloys f o r  Breeder Applkat ions," . .  
pp. 468-497 i n  Proceedings of t h e  Thorium Fuel  Cycle Symposium 
Gatl inburg,  Tennessee, December 5 7 ,  1962, ED-7650, Book 2 ( J h y  1963) .  

. 
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to the Th-5% U and Th-lO% U alloys, prepared by carefully controlled arc 
melting and heat treated by quenching and aging. 

Al, and Be also significantly improved strength. 
Additions of Nb, Mo, C ,  

Thorium-Zirconium Alloys 

The solid solubility of zirconium in thorium is about 2.5% at 900°C; 

no intermetallics are present. '' 
Data from two laboratories2 O y 3  on room-temperature tensile prop- 

erties of thorium-zirconium alloys containing up to 50% Zr are graphically 

presented37 in Fig. 1'7. 

yield strengths, but a 2% alloy shows a drastic drop in strength values 
A 1% alloy shows a sharp increase in tensile and 

I o s  I Reduction in Area 

- Y  Zirconium Content. wt. % 

Fig. 17.  Effect of Zirconium on Tensile Properties of Wrought 
Annealed Iodide Thorium. 0: 
50%, annealed 1 hr at '75OoC;* A :  cold-reduced 70 to 87%, annealed 2 hr 
at 850°C;** W: 
A: hot-rolled, annealed 20 hr at 825OC.** Lines connect data from two 
laboratories. 
p. 1'76 in Nuclear Reactor Fuel Elements, Metallurgy and Fabrication 
(ea. by A. R. Kaufmann), Interscience, New York, 1962.1 

forged, hot-rolled at 7OO0C, cold-reduced 

cold-reduced 70 to 8 9 ,  annealed 20 hr at 825OC;** 

[Reprinted from I .  B. Roll, "Thorium and Its Alloys," 

*R. M. Goldhoff -- et al., A Study of Thorium-Base Alloys, BMI-720 
(Dee. 26, 1951).  

**G. C .  Danielson -- et al., Terminal Report of an Investigation of 
I .  the Properties of Thorium and Some of Its Alloys, 132-297 (Oct. 1, 1952). 
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below those of t h e  base metal. 

i s  observed i n  thorium when al loyed with o ther  s t rong  carbide formers 

Similar  deprec ia t ion  of t e n s i l e  p rope r t i e s  

and i s  a t t r i b u t e d  t o  removal of carbon from s o l i d  so lu t ion .  Alloys with 

'zirconium contents  increas ing  from 5 t o  50% show steady increase  i n  

s t r eng th .  

The l i m i t e d  da ta  ava i lab le38  on t e n s i l e  p rope r t i e s  of thorium- 

zirconium a l l o y s  a t  800°C a r e  given i n  Table 17. 

increase  r a t h e r  than  decrease with zirconium content i n  t h e  range 0, t o  5% 

a t  high temperature.  Since carbon i n  s o l i d  so lu t ion  does not con t r ibu te  

~ apprec iab ly  t o  t h e  s t r e n g t h  of thorium above 5OO0C, sof ten ing  should not  

Strength appears t o  

be expected t o  accompany any scavenging of  carbon by zirconium. The 

cause of unexpected low d u c t i l i t y  displayed by t h e  5% Z r  a l l o y  was not 

determined but  i s  bel ieved c h a r a c t e r i s t i c  of t h e  a l l o y .  
f 

Table 17. Tensi le  P rope r t i e s  of Thorium- 
Zirconium Alloys a t  800"CaJb 

Strength,  p s i  Intended Elongation 

0.2% Offset Tensile 
( w t  8 Zr) Yield 

C ompo s it ion  i n  2 i n .  
($1 

0 

2 
2140 2885 

4245 5350 

No y ie ld  4570 
.- 

40.0 

55 

0.4 

a J .  A. Burka and J. P. Hammond, "High-Temperature 
Thorium-Base Alloys," Metals and Ceramics Div. Ann. 
Progr.  Rept. June 30, 1964, ORNL-3670, pp. 249-250. 

nized a t  1000°C and hot  r o l l e d  t o  25% reduct ion  a t  
800°C. 

bArc-melted, calcium-reduced base metal, homoge- 

C Average of two t e s t s .  
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Thorium- Indium Alloys 

Indium has restricted solubility in thorium at ordinary temperatures 

It reacts with thorium to form at least 

This suggests that indium may harden 

but is soluble to 0.8% at 800°C. 

one intermediate phase,32 Th2In. 

by both solid-solution strengthening and precipitation hardening. 

Goldhoff et al. 30,3 got indications of excellent room-temperature -- 
strength in an arc-melted Th-2.5% In alloy prepared from bomb-reduced 

thorium. However, they did not analyze for indium, and since indium has 

such a high vapor pressure, it was not certain whether indium or carbon 

was the major contributor to strength.39 

I 

In exploratory hot-hardness studies on arc-melted binary alloys of 

thorium, ORNL found indium to be superior to all other elements as a 

high-temperature hardener.27 

of 55 kg/cm2 at 750"C, which is five times as high as unalloyed thorium 

and substantially higher than all other binary alloys. 

problems imposed by the high vapor pressure of indium when alloys are 

prepared by induction or arc-melting, a powder metallurfg procedure for 

making thorium-indium alloys was devised. Ductile indium was ball-milled 

in alcohol to ultrafine powder, then blended with fine calcium-reduced 

thorium powder; the mixture was consolidated by hot pressing. 

An alloy analyzing 3.8% In gave a DPH value 

To circumvent the 

Table 18 

, 

Table 18. Tensile Properties of Thorium- 
IndTum Alloys at 800"Ca,b 

I 

Indium Content Strength 

Elongat ion (wt 4) (psi> 

U1 t ima t e 0.2% Offset ($1 
Nominal Actual Tensile Yield 

2 1.78 6475 5550 
3 2.60 7315 6330 
4 3.68 6940 612 0 
5 4.38 7810 7130 

10.0 
6.0 
5.5 
20.0 

a J. A. Burka and J. P. Hammond, "High-Temperature Thorium- 
Base Alloys," Metals and Ceramics Div. Ann. Progr. Rept. 
June 30, 1964, ORNL-3670, pp. 249-250. 

bPrepared by powder metallurgy, hot pressed un'der 
argon, homogenized at lOOO"C, and extruded at 900°C. 

. 
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gives the results38 of tensile tests conducted at 800°C on alloys con- 

taining 2 to 5% In; Fig. 18 shows the results of hot hardness traverses 
made on tkiese alloys.38 The alloy that analyzed 4.38% In shows an 

exceptionally good combination of ductility, strength, and hardness at 

%OO"C. 

absorption cross section for fuel application in thermal reactors, its 

While indium does not have a sufficiently low thermal-neutron 

absorption spectrum is favorable for use in fast reactors. 
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Fig. 18. Hardness (1-kg load) -of Thorium and Thorium-Indium Alloys 
at Elevated Temperatures.* 

*J. A. Burka and J. P. Hammond, "High-Temperature Thorium-Base 
Alloys," Metals and Ceramics Div. Ann. Progr. Rept. June 30, 1964, 
ORNL-3670, pp. 249250. 

*J. A. Burka and J. P. Hammond, "High-Temperature Thorium-Base 
Alloys," Metals and Ceramics Div. Ann. Progr. Rept. June 30, 1964, 
ORNL-3670, pp. 249250. 

Thorium-Carbon Alloys 

The solubility of carbon in thorium is 0.2 to 0.35% at room tempera- 

ture and increases with temperature. Several compounds exist. 3 2  

0 As shown in Fig. 14, p. 30, carbon is a potent strengthener of 

thorium. It strengthens by solid-solution strengthening and also by age 

hardening, as exemplified by bomb-reduced throium. Strength imparted by 

carbon persists to temperatures around 400°F; it drops off abruptly with 

further increase in temperature. 



. 

Carbon also had pronounced effect on the impact resistance of 

thorium," illustrated in Fig. 19. Bomb-reduced and iodide thorium con- 

taining 0.16 and 0.21% C, respectively, show low impact resistance and 

a brittle fracture at temperatures near or below room temperature. As 

temperature is increased above a certain level, a higher energy is 

required to produce fracture. Above this transition temperature, the 

fracture is ductile. 

transition- temperature and fractures in a ductile manner even at -196°C. 

Carbon and, to a lesser extent, nitrogen confer age-hardening char- 

Hardening develops on aging carbon-containing 

Iodide thorium containing about 0.02% C shows no 

acteristics to thorium. 3 0  
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AMES THORIUM (O.O3%C, 0.014%N, 0.013% Be, 0.085% Fe, O . O 5 % S l ,  0.05% Co) 

Fig. 19. Impact Behavior of Annealed Thorium Containing Carbon.* 

*J. A. Milko, Metallurgy Div. Semiann. Progr. Rept. Oct. 10, 1953, 
ORNL-1625, p. 7. 
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thorium a l l o y s  t h a t  have been quenched from above approximately 800°C o r  

have been cold r o l l e d .  The degree of  hardening developed i s  t i m e  and 

temperature dependent and inc reases  with t h e  amount of carbon. Maximum 

hardness appears t o  develop a f t e r  hea t ing  from 1 t o  5 h r  a t  temperatures 

between 250 and 350°C. Table 19 gives  t h e  mechanical p r o p e r t i e s  of a 

0.10% C a l l o y  i n  var ious condi t ions of hea t  t r ea tmen t .40  c 
I 

C e r t a i n  a l l o y i n g  ing red ien t s ,  when added t o  thorium containing 

carbon, appa ren t ly  combine with carbon and r e s u l t  i n  so f t en ing .  Titanium, 

molybdenum, niobium, and zirconium have shown t h i s  scavenging e f f e c t .  

Other elements, such as  indium and uranium, appear t o  a c t  independently 

of carbon and augment i t s  s t rengthening e f f e c t .  

Table 19. Mechanical P rope r t i e s  of an Induction-Melted Th-0.10% C 
Alloy i n  Various Conditions" 

Elongation Reduction Har dne s s ' Strength,  p s i  

(VHN) 
Condition 0.2% Offset Tensile i n  1 i n .  of Area 

YieId ($1 ($1 
~~ 

Annealed 2 h r  a t  29,200 40,100 26 48 110 
850°C 

2 h r  a t  850°C 
and quenched 

a f t e r  s o l u t i o n  
anneal 

Solut ion annealed 30,000 40,900 40 49 103 

Aged 20 h r  a t  350°C 29,600 43,600 40 47 113 

C o l d  r o l l e d  20% 49,200 52,100 14 51 12  7 

Cold r o l l e d  20% and 46,000 59,400 20 37 153 
aged 20 h r  a t  
350°C 

Cold r o l l e d  50% 50,400 55,800 10  37 133 

Cold r o l l e d  50% and 56,400 62,200 8 26 159 
aged 20 h r  a t  
350°C 

a R .  M. Goldhoff, H. R .  Ogden, and R .  I .  J a f e e ,  Thorium-Carbon 
Alloys,  AECD-3560 (June 19, 1953).  
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Thorium-Nitrogen Alloys 

The solubility of nitrogen in thorium4’ varies almost linearly from 

0.05% at 850°C to about 0.35% at 1500°C. As- indicated in Fig. 14, p. 30, 
nitrogen apparently gives moderate strengthening up to 0.17$, after which 

strengthening leveled off. 3 0  

ening may contribute to strengthening. Figure 20 shows the effect of 
Both a solid-solution effect and age hard- 
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Fig. 20. Aging Curves for Iodide Thorium Alloyed with Nitrogen.* 
[Reprinted from Reactor Handbook (ed. by C. R. Tipton, Jr.), 2nd ed. 
Vol I, Interscience, New York, 1960.1 

*R. M. Goldhoff et al., A Study of the Strengthening of Thorium by -- 
Alloying, Cold Work, and Aging, BMI-776 (NO~. 1, 1952). 
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age-hardening time and temperature on the hardness of iodide thorium 

containing 0.18 and 0.41% N; 

Thorium-Oxygen Alloys 

Investigations of alloying behavior of oxygen in thorium. indicate 

little, if any, solubility of oxygen in the thorium.32 Thorium and oxygen 

form the stable compound Th02. A preliminary examination of thorium- 

oxygen alloys34 indicated that only a slight strengthening effect was 

achieved by adding oxygen to iodide or bomb-reduced thorium. 

Thorium-Chromium Alloys 

Chromium forms a simple eutectic phase diagram with thorium with no 

known solid solubility at either end.32 Tests conducted at ORNL on alloys 

prepared from three separate lots of iodide thorium indicate that chromium 

improves strength and hardness. '* 
data of representative alloys.39 

strength with increasing chromium, although several discrepancies appear, 

which are probably attributable to varying carbon content among the alloys. 

In thorium-chromium alloys with carbon purposely added (Table 20), 

Table 20 gives tensile and hardness 

The general trend is one of increasing 

the strengthening effect on the iodide thorium by the combination of 

chromium and carbon is quite marked.39 Relatively high strength and 

hardness values were obtained without a severe reduction in ductility. 
' The effects of chromium on the mechanical properties of bomb-reduced 

thorium are not well defined, since the data available represent alloys 

that had received different heat treatments. 

indicate that chromium is a moderate strengthener and hardener of bomb- 

reduced thorium. 

/ 
However, these data3 5,43-45 

Thorium-Tin Alloys 

A preliminary investigation showed tin to be only slightly soluble 
in thorium, and an observed embrittling effect suggested that intermetallic 
compound form. 39 



Table 20. Mechanical Properties of Thorium-Chromium Alloys With and Without Added Carbon"' 

Strength, psi 

0.2% Offset Tensile 

Elongation Reduction Analysis, wt % 
Hardness Proportional 

(RH) 
Limit in 2 in. of Area 

Chromium Carbon (psi) ($1 ($1 Yield 

0 
0.25 
0.42 
0.86 
1.81 
2.77 
3.29 
4.95 

' 4.63 
5.39 
7.01 

0.22 
0.28 
0.78 
1.55 
2.42 
3.60 

0.062 
0.016 
0.011 
0.017 
0.009 
0.038 
0.019 
0.015 
0.055 
0.065 
0.058 

0.041 
0.112 
0.104 
0.101 
0.091 
0.075 

3,800 
3,400 
4,000 
10,100 

11,200 

11,100 

5,300 

7,900 

15,600 
14,900 
20,900 

23,100 
26,500 
28,400 
28,900 
32,100 
32,400 

Thorium-Chromium Alloys 

7,900 
5,500 
6,600 
15,100 
10,600 
18,000 
14,800 
23,700 
23,600 
28,100 
36,000 

17,700 
17,800 
20,400 
30,700 
27,700 
35,500 
31,700 

42,400 
45,300 
53,500 

44,100 

Thor ium-C hromium-C arbon Alloys 

28,200 35,700 
32,300 39,500 
36,100 45,500 
38,900 51,500 
41,400 56,000 
46,000 62,200 

29.0 
38.0 
23.0 
29.0 
24.0 
24.5 
19.0 
18.0 
25.0 
5.0 
9.0 

43.0 
42.0 
35.5 
29.0 
32.0 
20.0 

62.0 
.63.0 
34.0 
41.0 
46.0 
46.0 
36.0 
30.0 
40.0 
11.0 
25.0 

66 
62 
64 
90 
82 
95 
90 
100 
100 
105 
110 

55.0 106 
55.0 55 
56.0 58 
37.0 64 
36.0 68 
16.5 68 

"R. E. Adams et al., "Thorium Alloys," pp. 227-247 in Reactor Handbook (ea. by C. R. Tipton, Jr. >, 

bValues given are averages of duplicate tests on material based on iodide thorium and arc 

2nd ed. Vol. I, Interscience, New York, 1960. 

melted, cold rolled about 85$, and annealed 30 min at 650°C. 

b I , I c 

\ 
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A cursory investigation of the effect of tin on the mechanical proper- 
ties of iodide thorium disclosed that even small additions tend to harden 

and strengthen thorium.39 

approximately the same carbon level, indicate that tin is a potent alloying 

The data of Table 21, from specimens with 

element for the given treatment. Ductility appears to be lowered appre- 

ciably even with the low tin additions. 

The addition of tin to bomblreduced thorium also indicates a hardening 

and strengthening effect35 (Table 22). 
in the given treatment as it is in the iodide thorium with its particular 

treat men t . 

This effect is not as pronounced 

Alloys containing up to 2% Sn could be cold rolled to about 85% 
reduction without edge cracking, an indication of good fabricability. 

Thorium-Molybdenum Alloys 

Molybdenum is only very slightly soluble in thorium and forms a simple 

eutectic phase diagram with it.32 

The effects of molybdenum on the tensile properties and hardness of 

iodide thorium39 are given in Table 23. Molybdenum appears to have a 

moderate effect in Strengthening and hardening thcrium; the ductility 

drops off with strengthening, Similar results were obtained3 when 

molybdenum was added to bomb-reduced thorium, as shown in Table 24.  

Little or no improvement in strength properties was obtained up to about 

3% Mo; there is some evidence of softening, presumably because carbon 

scavenges molybdenum. 

.. 

Thorium-Niobium Alloys 

Niobium is soluble in thorium to only 0.1% or less and appears not 

to form intermetallic compounds. 32 

A preliminary study3 showed that niobium moderately strengthens and 

hardens iodide thorium; results are in Table 25. A sligh't softening 
and an accompanying decrease in strength occur at 1 to 2.5% N b .  

again appears to be a carbon-scavening effect.Q Similar trends46 are 

evidenced in the data presented in Table 26 for niobium-containing alloys 
prepared from bomb-reduced thorium. 

This 



Table 21. ,Mechanical P r o p e r t i e s  of Iodide Thorium-Tin Alloys", 

Hardness Elongation Reduction Analxsis,  w t  % proportional Strength,  p s i  

Tin Carbon ( p s i  > 0.2% Offset Tensi-le ( % I  (,%I Rockwell Vickers' 
L i m i t  i n  2 i n .  o f  Area 

Yield 

0.32 0.019 23,000 29,000 31,000 9.0 45.0 102 RH 81 .b 

0.52 0.015 23,700 31,700 36,000 9.0 , 49.0 105 RH 94 

0.97 0.006 28,700 38,000 43,000 9.0 39.0 52 RB 112 

0 0.33 0.017 20,100 27,000 31,700 9.0 44.0 102 RH 83 

0.79 0.017 24,200 38,100 43,000 10.5 50.0 109 RH 106 

1.57 0.012 31,600 46,500 54,000 10 .0  40.0 71 RB 133 
2.00 0.017 39,200 53,000 60,000 8.0 22.0 75 RB 146 

"R. E .  Adams -- e t  a l . ,  "Thorium Alloys," pp. 2277247 i n  Reactor Handbook ( e d .  by C .  R .  Tipton, Jr. >, 
2nd ed. Vol. I, I n t e r s c i e n c e ,  N e w  York, 1960. 

bCold r o l l e d  about 85% and annealed 1/2 h r  a t  650°C; a l l  values a r e  averages O f  two tes t s .  
C 10-kg load;  2 /3- in .  ob,jective. 

e I * L I 



Table 22. Mechanical P rope r t i e s  of  Alloys of Bomb-.Reduced Thorium- with Tin" 

S t  r e  ngth ps ib 

0.2% Offset Tensile 

Tin Elongat i on  Reduction Hardness 
(m) Content i n  1 i n .  of  Area 

( w t  $1 Yield ($1 ($1 
Condit ion 

Una 11 o ye d 29,000 39 y 000 32.0 46.0 106 1 h r  a t  750°C a f t e r  50% 

0.47b 30,000 47 000 2%.*0 43 .0  116 1 h r  a t  750°C a f t e r  50% 

Unalloyed 19,400 31 800 46.0 50.0 79 Cold r o l l e d  50% and annealed 

1.23b 23,000 41,000 1-8.0 35.0 8% Cold r o l l e d  50% and annealed 

1.32' 24,000 40,500 31.0 43.0 96 Cold r o l l e d  50% and annealed 

cold r o l l i n g  

cold r o l l i n g  

2 h r  a t  850°C 

2 h r  a t  850°C 

2 h r  a t  850°C 

b 
4 

a 

bAnalyzed value.  

Intended value.  

R .  M. Goldhoff -- e t  a l . ,  A Study of Thorium-Base Alloys,  BMI-720 (Dee. 26, 1951). 

c 



Table 23. Mechanical P r o p e r t i e s  of  Iodide Thorium-Molybdenum AlloysaJb 

Analysis ,  w t  % St reng th ,  p s i  Proport ional  Elongation Reduction Ha rdne s s 
L i m i t  i n  2 i n .  of Area 

Molybdenum Carbon ( p s i )  0.2% Offset Tensile (%) (%) (RH)  
Yield 

0.33 
0.55 
0.99 

- 1.99 
3.93 
7.70 

0.046 
0.053 
0.040 
0.035 
0.048 
0.050 

3,200 

4,900 
7,500 
7,000 

4,000 

10,000 

5,500 
6,100 
7,900 
13,700 

19,100 
12,200 

18,400 
19,300 

30,000 
30,000 
39,800 

22,000 

39.5 
36.5 
38.5 
27.0 
25.5 
22.5 

50.0 
52.0 
46.0 
42.5 
50.0 
45.5 

74 
72 , 

80 
91 
87 
96 

r- co 

a 
R .  E .  Adams - e t  ,'I a1  "Thorium Alloys," p.  241 i n  Reactor Handbook (ed .  by C .  R .  Tipton, Jr. 1, 

2nd ed .  V o l .  I ,  I n t e r s c i e n c e ,  N e w  York, 1960. 

bSpecimens cold r o l l e d  about 85% and annealed 1/2 h r  a t  650°C. A l l  values given a r e  averages of 
d u p l i c a t e  t e s t s .  

L 



Table 24. Mechanical Properties of Bomb-Reduced-Thorium-Molybdenum Alloys", 

Strength, psi Reduction Elongation Hardness Molybdenum 
Analysis 

(VHN) 
in 1 in. of Area 

Tensile (4) (4) 0.2% Offset 
(wt $1 Y ie Id 

Unalloyed 22,800 35,200 45 82 
0.50 20,100 32,400 29.0 53.0 77 
0.72 25,400 36,900 46.0 101 
2.20 23,000 37,600 31.0 50.0 81 

aR. M. Goldhoff -- et al., A Study of Thorium-Base Alloys, BMI-720 (Dee. 26, 1951). 

%pecimens cold rolled 5% and annealed 2 hr at 850°C. All values are averages 
I _  

of four tests. 

. 



Table 25. Mechanical P rope r t i e s  of Iodide Thorium-Niobium Alloys", 

Hardness Elongation Reduction 
i n  2 i n .  of Area 

Strength,  p s i  

0.2% Offset Tensile 

Analysis,  w t  % Proport ional  

( R H )  L i m i t  

( p s i  1 Y i e l d  ( 8 )  ($1 Niobium Carbon 

0.40 0.042 14,900 25,000 29,100 8.0 47.0 97 
0.85 0.041 15,900 22,800 29,100 7.0 . 48.0 97 

2.44 0.048 6,600 12,700 26,000 22.5 52.0 85 
4.54 0.041 16,000 29,700 39,800 23.0 39.0 101 
9.15 0.052 16,300 31,300 43,400 11.0 46.0 102 

1.29 0.050 12,300 20,200 28,700 19.0 38.0 . 92 

ul 
0 

"R. E .  Adams -- e t  a l . ,  "Thorium Alloys," p. 235 i n  Reactor Handbook ( ed .  by C .  R .  Tipton, Jr. ), 
2nd ed. Vol. I ,  I n t e r s c i e n c e ,  N e w  York, 1960. 

bSpecirnens a r c  melted, cold r o l l e d  about 85%, and annealed 1/2 h r  a t  650°C. A l l  values  given 
a r e  averages of two t e s t s .  

b . I 



51 

Table 26. Mechanical Properties of Bomb-Reduced-Thorium-Niobium AlloysaJb 

Analysis, wt % Strength, psi Proportional Elongation Reduction - 
in 2 in. of Area 

Niobium Carbon (psi 1 Tensile 1 ($1 ($1 0.2% Offset 
Yield 

Limit 

0.25 0.051 28,500 36,000 41,300 20 3 gC 

1.29 0.085 13,600 23,900 34,300 26 44d 

5.37 0.039 '7,500 13,100 30,100 33 59d 

0.69 0.055 18,300 27,200 35,400 23 4gd 

2.28 0.047 5,700 9,500 24,900 40 60d 

9.30 0.036 6,600 13,400 33,200 29 5 Od 

a J. A. Milko, Metallurgy Div. Quart. Progr. Rept. Oct. 31, 1952, 
ORNL-1437, pp. 34. 

bCast 1 1/4-in. -diam billet, swaged to 5/8-in. diameter, and annealed 
1/2 hr at 750°C. 

C Average of three test bars. 

dAverage of four test bars. 

Thorium-Titanium Alloys 

Titanium forms a simple eutectic phase diagram with thorium and has 

very little solid solubility in thorium - probably less than 0.1% at room 
temperature. 32 

Dilute additions and large amounts of titanium in low-carbon iodide 

thorium have a slight hardening and strengthening effect. ' Dilute addi- 

tions of titanium to carbon-containing iodide thorium alloys reduce their 

strength, as illustrated in Table 27. Also, up to about 1% Ti diminishes 

hardness and tensile properties in bomb-reduced thorium, whereas 10% Ti 

appears to have strengthened it3 5, 4 5  (Table 28). 
probably results from titanium combining with carbon, a good interstitial 

solute strengthener. 

The observed softening 
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Table 27. Properties of Annealed Iodide Thorium-Titanium Alloys" 

Elongation Reduction Strength, ,psi 

in 1 in. of Area , 
Hardness C omposi t ion 

(bal iodide thorium) 
($1 ($1 (VHN) 0.2% Offset Tensile 

(wt $1 Yield 

Unalloyed 45 11,200 19,700 45 60 
- 

0.15 C 116 27,300 38,800 46 49 

0.15 C, 0.7% Ti . 50 13 , 400 25,600 16 51 

1.16 Ti 51 1 11,500 23,900 32 45 

a R. M. Goldhoff -- et al., A Study of the Strengthening of Thorium by 
Alloying, Cold Work, and Aging, BMI-776 (NO~. 1, 1952). 

Table 28. Mechanical Properties of Annealed Bomb-Reduced 
c Thorium- Titanium' Alloys" 

~~ 

1 
Elongation Reduction 

Titanium Content Strength, psi 

Hardness in 2 in. of Area , 
(bal bomb- 

($1 ($> 
re due e d 'thor ibm) 0.2% Offset Tensile 

(wt $1 Yield 

Annealed at 875°C 
Unalloyed 21,300 32 , 600 38 

1 F30 BHNb 9,900 28,000 19 

5 F55 SHIVb 14,800 34,900 19 

1 0  F54 BHNb 25,100 42, 300 13 

Annealed 1 hr at 750°C 
Unalloyed 106 VHN 30,300 39,600 52 

0.22 95 VHN 26,400 38,300 35 49 

1 .20  53 VHN 10,900 23 , 600 33 50 

R. M. Goldhoff et al., A Study of Thorium-Base Alloys, BMI-720 a 
-- 

(Dee. 26, 1951); and H .  A. Wilhelm et al. , Semiannual Progress Report 
in Metallurgy, 1%-203 (March 31, 1 2 > .  

b500-oz load. 
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Thorium-Vanadium Alloys 

As in the preceding three alloy systems, vanadium forms a simple 

eutectic phase diagram with thorium and has very little solid solubility 
32 in thorium. 

Table 29 shows the mechanical properties of thorium-vanadium alloys 

prepared with iodide thorium as a base and carbon maintained at an essen- 

tially 'constant level. 39 Vanadium shows a moderate strengthening and- 

hardening effect in iodide thorium along with a corresponding decrease 

in ductility. A probable tendency toward carbon scavenging may be noted 
at 0.5 to 1% V. 

A similar in~estigation~~ 3 4 6  conducted with bomb-reduced thorium 

seemed to indicate a decrease in strength and ductility with additions of 

vanadium up to 3.5% and- possibly higher (Table 30); this is probably 

associated with removal of carbon from solid solution. 

Thorium-Aluminum Alloys 

Aluminum forms one or more intermetallic compounds with thorium. 

Indications are that it has very low solid solubility in thorium, prac- 

tically nil at room temperature. 32 

thorium-aluminum alloys for study of properties resulted in failure 

because of their inherent brittleness. "7 " , 47 Mechanical property 

data2 O ,  O ,  

presented in Table 31. In the alloys prepared from iodide thorium, the 
small additions of aluminum seem to strengthen and harden the thorium 

only slightly. A similar but somewhat inconsistent pattern is evident 
for the bomb-reduced alloys. 

Preliminary attempts to fabricate 

for alloys containing only small amounts of aluminum are 

Thorium-Beryllium Alloys 

Beryllium forms the intermetallic compound ThBe13 with thorium; this 

intermetallic forms an eutectic with thorium. 32 

solubility in thorium; there is evidence of the brittle beryllide phase 

in iodide thorium containing only 0.07% Be. 

Beryllium has only slight 



Table 29. Mechanical P rope r t i e s  of  Iodide Thorium-Vanadium Alloys", 

Hardness Analysis,  w t  4 Proport ional  Strength,  psi Elongation Reduction 

(RH1 
of Area 

Vanadium Carbon ( p s i )  Yield Tensi le  ($1 ($1 
L i m i t  

0.22 0.036 7,300 11,900 23,400 44.0 63.0 78 
0.50 0.038 5,600 . 7,000 20,800 44.0 62.0 65 

1.85 0.041 7,100 10,500 26,400 36.5 59.0 81 
0.95 0.042 6,200 9,400 23,800 40.0 61.5 75 

3.86 0.045 10,400 17,000 36,100 24.5 48.0 93 
7.81 0.038 13,600 25,800 41,400 21.0 52.0 100 -P 

u 

"R. E .  Adams e t  a l . ,  "Thorium Alloys," p. 238 i n  Reactor Handbook 

bSpecimens cold r o l l e d  about 85% and annealed 1/2 h r  a t  650°C. 
2nd ed .  Vol. I ,  In te rsc ience ,  New York, 1960. 

(ed .  by C .  R .  Tipton, J r . ) ,  

L I 1. I I . 
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Table 30. Mechanical Properties of Bomb-Reduced Thorium-Vanadium Alloysa, 

Analysis, wt $ Strength, psi 
. Proportional Elongation Reduction 

Limit in 2 in. of Area 
Vana d i urn Carbon (psi) ( 5 )  ($1 0.2% Offset Tensile 

Yield 

0.39 0.038 16,200 -20,000 30,900 ' 47.0 57. Oc 
0.59 0.035 13,700 17,900 29,300 57.0 64. Od 
1.17 0.033 13 , 700 16 , 600 27,400 51.0 62. Od 
3.33 0.040 11,400 16,300 33,600 34.0 55. Oe 
6.30 0.087 12,100 20,400 39,500 26.0 40.0' u1 

8.46 0.041 12,700 20,200 36,700 28.0 50.0' u1 

"R. E. Adams - et - * ,  a1 "Thorium Alloys," p. 239 in Reactor Handbook (ed. by C . R. Tipton, Jr. ), 

bCast 1 1/4-in.-diam billet swaged to 5/8-in. diameter and annealed 1/2 hr at 750,"C. 
2nd ed. Vol. I, Interscience, New York, 1950. 

c Average of four test bars. 

dAverage of three test bars. 
e Average of two test bars. 



Table 31. Mechanical P rope r t i e s  of Thorium-Aluminum Alloys" 

JI Hardness Reference C ondi t ion  
($1 

Una 110 ye d 

0.015 

0.17 

Unalloyed 

0.10 

Unalloyed 

0.02 

0.05 

0.10 

11,200 

11,900 

13,000 

19,400 

24,600 

21,500 

28,400 

21,600 

24,600 

19,700 

20,700 

26,600 

31,300 

40,800 

33,400 

38,900 

34,600 

39,000 

Iodide  Thorium 

44b 60 45 vml 

4 gb 69 56 VHN 

c 71 60 vHI\T 

Bomb-Reduced Thorium 

46b 50 79 VHN 

34b 43 90 VHPJ 

54 60 71 RE 

29 

43 

38 

80 RE 

76 RE 

81  RE 

30 

30 

30 

35 

35 

20 

20 

20 

20 

Cold r o l l e d  50% and 
annealed 2 h r  a t  
850°C. 

Cold r o l l e d  50% and 
annealed 2 hr a t  
850°C. 

Cold r o l l e d  50% and 
annealed 2 ' h r  a t  
850°C. 

Cold r o l l e d  50% and 
annealed 2 h r  a t  
850°C. 

Cold r o l l e d  50% and 
annealed 2 h r  a t  
850°C. 

Probably annealed a t  
835°C for 1/2 h r .  

Probably annealed a t  
825°C f o r  112 h r .  

Probably annealed a t  
825°C for 1/2 hr. 

Probably annealed a t  
825°C for 112 h r .  

a c 

b l - i n .  gage l eng th .  

A l l  va lues  a r e  averages of four tests. F rac tu re  ou t s ide  of gage length .  

i r 
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The fabricability of thorium-bery1li.uk alloys is handicapped by 

their brittleness. Mechanical properties of some lean thorium-beryllium 

alloys prepared from iodide th~rium’~’~* are presented in Table 32. 

amounts of beryllium, up to about 0.7%, appear to have a very small hard- 
ening and strengthening effect on thorium. 

Small 

Beryllium is present as an 

impurity in bomb-reduced thorium in amounts ranging between approximately 

0.02 and 0.06% and may contribute slightly to its strength advantage 
over iodide thorium. 

Table 32. Mechanical Properties of Annealed Iodide 
Thorium- Beryllium Alloys” 

Re duct ion 
of Area 

Strength, psi 
Hardness Beryllium 

Analysis Elongation 
(VHN) ( 4 )  ($1 0.2% Offset Tensile 

Yield (wt $1 

Hot Rolled, Cold Rolled to 50% Reduction to 0.040 in. Thick, 
and Annealed 2 hr at 850°C 

0 11,200 19,700 44b 60 45 
0.022 14,700 24,000 3 5b ’ 73 53 
0.066 14,400 22,900 3 Ob 69 . 48 
Cold Rolled to about 85% Reduction and Annealed 1/2 hr at 650°C 

0 
0.02 
0.03 
0.04 
0.11 . 

0.32 
0.50 
0.69 

7,600 
6,700 
7,000 
6,300 
7,800 
10,700 
12,200 
16,900 

18,000 
19,500 
18,600 
19,900 
21,700 
18,500 
24,100 
31,600 

2 7‘ 
3 8‘ 
41‘ 
2 9c 
3 8‘ 
453 
2 9‘ 
2 5‘ 

69 
71 
57 
76 
67 
13 
36 
34 

54 
44 
47 
46 
52 
62 
57 
72 - 

a R. M. Goldhoff -- et al., A Study of the Strengthening of Thorium 
by Alloying, Cold Work, and Aging, BMI-776 ( N O ~ . -  1, 1952); and 
E. J. Boyle -- et al., Metallurgy Div. Quart. Progr. Rept. April 30, 1952, 
ORNL-1302, pp. 5-20. 

1 in. 

In 2 in. C 
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Thorium-Tungsten Alloys 

Tungsten forms a simple eutectic phase diagram with thorium. The 

solid solubility of tungsten in thorium is very Alloys containing 

0.7 and 4% W were readily rolled, and the addition of tungsten appeared to 
have a very slight strengthening effect. 

Thorium-Tantalum Alloys 

The solubility of tantalum in thorium is not known, and information 

on the possible existence of an intermetallic compound appears to be . 
contradictory. Small amounts of tantalum may scavenge carbon and reduce 

the hardness and strength of bomb-reduced thorium. 

about 5%) have a slight strengthening effect. 

Larger amounts (up to 

Thorium Alloys Containing Rare-Earth-Metal Additions 

The effects of holmium, neodymium, and praseodymium on the mechanical 

properties of thorium were studied by the Bureau of Mines.48 

additions increased the tensile strength, yield strength, and elongation 

of thorium. A thorium alloy containing 50% Ho showed a tensile strength 
of 44,000 psi at 320°C and 28,000 psi at 540"C, compared to strengths of 
31,500 and 22,500 psi at these temperatures for pure thorium. Elongation 

increased from 5% for thorium to 9% for W 5 0 %  Ho at 320°C and from 8 to 
16% at 540°C. 

strength of thorium. 

of 23,400 psi and an elongation of 6%. 
similar to those of neodymium. 

Holmium 

Neodymium additions reduced the tensile strength and yield 

At 320"C, a Th-50$ Nd alloy showed a tensile strength 

Praseodymium showed effects 

Effects of Irradiation on Mechanical Properties of Thorium Alloys 

Little information is available on the effects of irradiation on the 

mechanical properties of thorium-base alloys except for thorium-uranium 

. 

alloys. Table 33 illustrates the effects of neutron irradiation on the 

room-temperature mechanical properties of alloys containing 1, 4, and 
5.4% U (93% 2 3 5 U ) .  Central temperatures of the specimens during irradiation 
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Table 33; Mechanical P r o p e r t i e s  of I r r a d i a t e d  and Unirradiated 
Thorium-Uranium Alloys" - 

Strength,  p s i  

0.2% Offset Ultimate 

T o t a l  Accumulated Expo sure  Uranium E l a s t i c  
Content Modulus Elongation Burnup ( w t  $) neutrons/cm* ($1 ( p s i )  Y i e l d  Tens i l e  ( a t .  $1 

\ 

I -- 

I x 1020 x 106 x i o 3  x i o3  
1. ob 0 8.6 49.5 51.7 25.4 
1.0 4.9 0.19 10,8 70.9 71.7 9.6 
4. Ob 0 10.1 51.8 55.7 24.6 
4.0 0.4 0.08 10.3 68.7 68.7 15.6 
4.0 0.7 0.15 10.5 70.7 72.2 15.0 
5. 4c 0 13.1 25.5 41.8 22.3 
5.4 0.25 0.07 10.7 62.6 63.8 13.8 

a Hanford Atomic Products Operation Quarter ly  Progress Report on Fuels 
Development Operation, October, November, December 1960, HW-70355. CLASSIFIED 

bTes ted  as swaged. 
C Annealed. 

were less than 250°C. The da ta  i n d i c a t e  t h a t  i r r a d i a t i o n  increases,  t h e  

y i e l d  s t r e n g t h  s u b s t a n t i a l l y ,  i nc reases  t h e  ult imate s t r e n g t h  only 

moderately, and decreases  t h e  d u c t i l i t y .  
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