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DEVELOPMENT OF THORIUM-URANIUM-BASE 
FUEL ALLOYS 

Mar t in S. F a r k a s , Ar thur A. B a u e r , and Ronald F. Dickerson 

1 horium-uranimn alloys ti ere studied with the aim of developing alloys ivith 
improved irradiation behavior by control of microstructure. The effect of thorium 
purity, melting technique, hot and cold uorking, and heat treatment on microstructure 
was investigated. The most significant microstructural differences occurred as a 
result of casting technique. The arc-melted alloys exhibited the most nearly ideal 
structure, that of a homogeneous dispersion of small-diameter uranium particles in a 
thorium matrix. 

In addition, the rate of work hardening, recrystallization behavior, density, 
and hot hardness of thorium-uranium alloys were determined. As uranium content 
increases, the rate of work hardening increases. The recrystallization temperature 
of thorium was found to increase by over 100 C when uranium is present. 

Molybdenum, niobium, zirconium, and zirconium in conjunction with niobium 
were added to thorium-uranium with the aim of increasing irradiation resistance by 
stabilizing the gamma-uranium phase and/or improving the high-temperature strength 
of the alloy. It was found that small additions of molybdenum or niobium were effec­
tive in stabilizing the gamma-uranium phase, while zirconium was an effective 
hardener at temperatures up to 600 C. 

Zirconium additions to thorium-uranium alloys were effective in improving 
the 300 C trater corrosion resistance of thorium by a factor of two. 

INTRODUCTION 

The conservat ion and economic ut i l izat ion of nuc lea r fuels leads to the cons ide r a ­
tion of b r e e d e r r e a c t o r s for the generat ion of nuc lea r power. Breeding can be a c c o m ­
pl ished e i ther by the u ran ium 238-plutonium 239 cycle or by the thor ium 232-uranium 233 
cycle . The theore t i ca l breeding gain (0. 03 for plutonium and 0. 31 for u r an ium-233 at 
t h e r m a l ene rg i e s ) , which i s the number of excess neut rons avai lable for the accumula ­
tion of a fuel spec ies after allowing for the neut rons r equ i r ed to rep lace the fuel burned 
and the neut rons requ i red to mainta in the chain reac t ion , shows that breeding is a theo­
re t i ca l poss ib i l i ty r e g a r d l e s s of the fuel cycle cons idered . However , not all of the ex­
c e s s neut rons produced during fission of the fuel a r e avai lable for cap ture by the b r e e d ­
ing m a t e r i a l since a number will be absorbed by var ious components of a r e a c t o r . 
Consequently, when cons ider ing a r e a c t o r operat ing with t h e r m a l o r ep i thermal neu­
t r o n s , it becomes obvious that the g r e a t e s t poss ib i l i ty of achieving breeding l ies with 
the thor ium 232-uranium 233 cycle . 
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Despite the dis t inct advantage offered by the t h o r i u m - u r a n i u m fuel cycle for 
breeding with t h e r m a l and ep i thermal n e u t r o n s , t h o r i u m - u r a n i u m - b a s e fuels have r e ­
ceived only slight considera t ion. This lack of i n t e r e s t and emphas is s t ems in pa r t from 
the handling p rob l ems involved in the reconst i tu t ion of the fuel. Uranium-233 exhibits 
a high alpha activity. However , it is felt that if sufficient advantage could be demon­
s t r a t ed in fuel p e r f o r m a n c e , as compared with u r a n i u m - b a s e fuels , then this advantage 
might outweigh the disadvantages during fuel r ep roces s ing . 

The purpose of this r e s e a r c h is to examine the p r o p e r t i e s and behavior of 
thor ium-uran iuna-a l loy fuels and to inves t igate the poss ibi l i ty of developing fuel alloys 
with improved p r o p e r t i e s , consider ing p r i m a r i l y the a r e a s of improved i r r ad ia t ion and 
co r ro s ion behavior . It is a l ready known that thor ium exhibits much g r e a t e r r e s i s t ance 
to radiat ion damage than uran ium. Thor ium exis ts in a f ace -cen te red-cub ic c ry s t a l 
s t ruc tu re which i s much l e s s suscept ib le to i r r ad i a t i on embr i t t l ement than ei ther the 
or thorhombic alpha u ran ium s t r u c t u r e or the body-cen te red-cub ic s t ruc tu re of g a m m a -
stabi l ized u ran ium al loys . Thor ium, being cubic in s t ruc tu re and exhibiting no phase 
t r ans fo rmat ions at conceivable r e a c t o r operat ing t e m p e r a t u r e s , is essent ia l ly i so t ropic 
in na ture and, consequent ly, undergoes none of the an iso t ropic growth and bumping and 
warping exhibited by u ran ium during i r r ad i a t i on and t h e r m a l cycling. It has a lso been 
demonstrated^ ' that t h o r i u m - u r a n i u m alloys r e s i s t swelling during i r r ad ia t ion to t e m ­
p e r a t u r e s of about 600 C at 1 a /o total burnup while the i r r ad ia t ion-swel l ing t e m p e r a ­
tu re for alpha u ran ium and a lpha -u ran ium-phase al loys is about 400 C. 

APPROACHES TO IMPROVED IRRADIATION AND 
CORROSION BEHAVIOR OF 

THORIUM-URANIUM-BASE ALLOYS 

T h o r i u m - u r a n i u m alloys exhibit a m i c r o s t r u c t u r e consis t ing of u ran ium pa r t i c l e s 
d i spe r sed in a thor ium ma t r i x . Thus the thor ium ac ts as a containing and res t r a in ing 
m a t r i x , and the damage due to f ission f ragments is local ized in the u ran ium pa r t i c l e s 
and the thor ium immedia te ly adjacent to the p a r t i c l e s . In b inary t h o r i u m - u r a n i u m 
a l loys , it is bel ieved that i n c r e a s e d r e s i s t a n c e to radiat ion damage can be obtained if: 

(1) The u ran ium pa r t i c l e s ize is smal l enough that f ission f ragments 
produced in the u ran ium lodge a lmos t ent i re ly in the t ho r ium, 
r e s t r i c t i ng the i r r ad ia t ion damage pre fe ren t ia l ly to the t h o r i u m , 
"which is m o r e r e s i s t an t to such damage. 

(2) The u ran ium pa r t i c l e s a r e d is t r ibuted randomly within the thor ium 
gra ins and not at the gra in bounda r i e s , which would provide a 
mechan i sm and site for r a r e - g a s diffusion and agglomerat ion . 

(3) The u ran ium is kept in pa r t i c l e fo rm, s ince once it becomes con­
tinuous i t will act as the m a t r i x , and u ran ium i r r ad ia t ion behavior 
will be observed. 

(1) References at end. 
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The re la t ionship between u ran ium pa r t i c l e s ize and the probable f i ss ion-f ragment 
dis t r ibut ion between the thor ium m a t r i x and u ran ium pa r t i c l e has been developed from 
geomet r i ca l cons idera t ions and is given as follows: 

^ = 1 150 - 50 
( ! ) • 

where P is the probabi l i ty , in p e r cent , that the fission f ragments will lodge in the 
thor ium m a t r i x , a is the f i ss ion- f ragment r ange , and d is the d i ame te r of the u ran ium 
pa r t i c l e under considera t ion. If one a s s u m e s that the fission f ragments have an average 
range equivalent to a 4-Mev alpha p a r t i c l e , then the i r range in u r an ium is 6. 46 M- The 
dis t r ibut ion of fission f ragments as a function of u ran ium pa r t i c l e s ize for this range is 
shown in F igure 1. It can be seen tha t , if the u ran ium pa r t i c l e d i ame te r is l e s s than 
the f i ss ion-f ragment r ange , 6. 46 /i, then a l l of the f ission f ragments should lodge in the 
thor ium. This is the des i r ed condition. 
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FIGURE 1. PROBABLE DISTRIBUTION OF FISSION FRAGMENTS IN THORIUM 
MATRIX AS A FUNCTION OF URANIUM PARTICLE SIZE IN A 
THORIUM-URANIUM FUEL ALLOY 

In addition to m i c r o s t r u c t u r a l con t ro l , alloying with l ow-neu t ron -c ros s - sec t ion 
e lements provides a means of improving i r rad ia t i .n i pe r fo rmance of t h o r i u m - u r a n i u m 
al loys . Three approaches have been cons idered h e r e : 

(1) Alloying to i n c r e a s e the s t rength of the thor ium m a t r i x and, h e n c e , " 
i ts r e s i s t a n c e to radiat ion swelling. Zirconium s t rengthens thor ium 
by sol id-solut ion hardening and was the re fo re evaluated as an addition. 

(2) Alloying to s tabi l ize g a m m a - u r a n i u m - p h a s e pa r t i c l e s which exhibit 
improved i r r ad ia t ion behavior and f i ss ion-gas re tent ion as compared 
with alpha uran ium. Niobium and molybdenum additions were e m ­
ployed because ne i ther i s soluble in t h o r i u m , and both will s tabi l ize 
the gamnia-uraniuiTi phase at low concent ra t ions . 
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(3) A l loy ing to i n c r e a s e t he s t r e n g t h of t h e t h o r i u m m a t r i x a n d to 
s t a b i l i z e g a i x t n i a - u r a n i u m p a r t i c l e s . To s t u d y t h i s c a s e a d d i t i o n s 
of b o t h z i r c o n i u m a n d n i o b i u m to t h o r i u m - u r a n i u m w e r e u s e d . 

A t t e m p t s to i m p r o v e c o r r o s i o n r e s i s t a n c e h a v e b e e n b a s e d on two a p p r o a c h e s . 
T h e y a r e : 

(1) A l l o y i n g a n d h e a t t r e a t i n g to p r o d u c e a c o n t i n u o u s c o r r o s i o n -
r e s i s t a n t p h a s e s u r r o u n d i n g t h e t h o r i u m . T h i s i n v o l v e d 
a l l o y i n g wi th z i r c o n i u m to p r o d u c e t h e u r a n i u m - z i r c o n i u m 
d e l t a p h a s e a s t h e u r a n i u m p h a s e in t h e a l l o y a n d t h e n h e a t 
t r e a t i n g to h a v e t h i s p h a s e f o r m a g r a i n - b o u n d a r y n e t w o r k . 

(2) A l l o y i n g to p r o d u c e a m o r e s t a b l e o x i d e l a y e r on t h e t h o r i u m 
a n d one w h i c h wou ld a c t a s a b a r r i e r to f u r t h e r o x y g e n p e n e t r a ­
t i on . T h i s s e c o n d a p p r o a c h i n v o l v e d a l l o y i n g wi th e l e m e n t s t h a t 
f o r m s t a b l e o x i d e s w h i c h m a y b e s o l u b l e in T h 0 2 - T h e s e a d d i t i o n s 
i n c l u d e c e r i u m , l a n t h a n u m , r u t h e n i u m , t i t a n i i i m , a n d y t t r i u m . 

E X P E R I M E N T A L T E C H N I Q U E S 

B i n a r y i o d i d e a n d A n i e s t h o r i u m - u r a n i u m a l l o y s w e r e p r e p a r e d b y a r c a n d 
i n d u c t i o n m e l t i n g a n d c a s t i n g i n to b a r f o r m . T h e b a r s w e r e ho t r o l l e d a n d subsequen t ly 
co ld r o l l e d to ZO, 6 0 , 8 0 , a n d 90 p e r c e n t r e d u c t i o n s . H o t - h a r d n e s s s p e c i m e n s w e r e 
o b t a i n e d f r o m h o t - r o l l e d m a t e r i a l . R e c r y s t a l l i z a t i o n s t u d i e s w e r e p e r f o r m e d on 
s p e c i n a e n s r e m o v e d f r o m t h e c o l d - r o l l e d m a t e r i a l . M e t a l l o g r a p h i c e x a m i n a t i o n of t h e 
a s - c a s t , h o t - r o l l e d , c o l d - r o l l e d , a n d h e a t - t r e a t e d a l l o y s v/as p e r f o r m e d . 

T e r n a r y a n d q u a t e r n a r y t h o r i u m - u r a n i u m a l l o y s w e r e a r c m e l t e d i n to w i r e b a r s , 
a n d s p e c i m e n s fo r h o t - h a r d n e s s t e s t s a n d t h e r m a l a n a l y s i s w e r e r e m o v e d f r o m t h e h o t -
r o l l e d b a r , a f t e r w h i c h t h e r e m a i n i n g m a t e r i a l w a s c o l d r o l l e d to a ZO p e r c e n t r e d u c ­
t ion . S p e c i m e n s for h e a t - t r e a t i n g a n d m e t a l l o g r a p h i c s t u d i e s w e r e r e m o v e d f r o m the 
c o l d - r o l l e d p l a t e . 

Al loy P r e p a r a t i o n 

S p e c t r o g r a p h i c a n a l y s e s of t h e A m e s a n d i o d i d e t h o r i u m u s e d in t h i s i n v e s t i g a t i o n 
a r e l i s t e d b e l o w : •• 

A n a l y s i s , p p m 
Al B B e Ca C r Cu F e Mg Ni _Si_ Z r 

A m e s t h o r i u m 10 0. 5 50 10 10 2 30 1 5 10 150 
Iod ide t h o r i u m 10 0. 5 - - 5 - - 2 5 <1 Z 13 <3 
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All other me ta l l i c s were below the l imi t of detection. Since the iod ide- thor ium ana lys i s 
was pe r fo rmed on only one of s eve ra l ba tches rece ived from the p r o d u c e r , it mus t be 
cons idered only as typical . No analyscb were pe r fo rmed for carbon and ni t rogen; how­
eve r , these ana lyses were obtained l a t e r on thor ium-10 w/o u ran ium al loys . 

In o r d e r to avoid introduction of i m p u r i t i e s , cha rges were p r e p a r e d immedia te ly 
p r i o r to mel t ing. Charge p repa ra t ion cons is ted of pickling the Ames thor ium and iodide 
z i rconium; e lectropol ishing was uti l ized to clean the u ran ium. The molybdenum, n i ­
obium, and iodide thor ium needed no special p repa ra t ion . 

The b inary alloys were p r e p a r e d with b iscui t u ran ium and two g rades of t ho r ium, 
Ames and iodide. Vacuum-induct ion heats of 5 , 10, and 20 w/o uraniuna were mel ted in 
z i rconia c ruc ib les and cas t into graphi te molds . B a r s 5 in. long by 1/2 in. in d i ame te r 
were obtained. A r c me l t s of 5 , 10, 15, and 20 w/o u ran ium containing both g rades of 
thor ium were a lso p r e p a r e d . Each alloy was mel ted at l e a s t eight t imes in a tungsten-
tip a r c furnace and was then cas t into a finger b a r 3 in. long by 1/2 in. in d i amete r . 

Wet -chemica l and vacuum-fusion ana lyses of the cas t thor ium-10 w/o u ran ium 
alloys a r e p r e sen t ed below: 

Induct ion-mel ted iodide thor ium 
Induct ion-mel ted Ames thor ium 
A r c - m e l t e d iodide thor ium 
A r c - m e l t e d Ames tho r ium 

Ana lys i s , ppm 
Carbon 
120 
770 
190 
710 

Nitrogen 
10 
80 
90 
90 

Oxygen 
1660 
1560 
680 
1590 

Spect rographic ana lyses of the induct ion-mel ted 10 w/o u ran ium alloys a lso 
showed that both the Aimes and iodide alloys contained 100 ppm z i r con ium, indicating 
that the iodide alloy absorbed z i rconium from the z i rconia mel t ing c ruc ib le . P r e s u m ­
ably the c ruc ib le is the source of high oxygen content in the induct ion-mel ted iodide 
al loy, as compared to the a r c - m e l t e d iodide alloy. 

It can be seen that the carbon content of the Anies m a t e r i a l was high compared 
with that of the iodide m a t e r i a l . Oxygen was the other contaminant which was signifi­
cantly h igher in the Ames m a t e r i a l than in the iodide thor ium. 

The t e r n a r y and qua te rna ry alloys were p r e p a r e d using iodide t ho r ium, b iscui t 
u r a n i u m , c r y s t a l - b a r z i r con ium, h igh-pur i ty molybdenum, and t r i p l e - s i n t e r e d niobium. 
The a r c - m e l t i n g techniques desc r ibed above were used to obtain finger b a r s . The c o m ­
posi t ions p r e p a r e d a r e l i s ted below: 

Thor ium-10 w/o u r a n i u m - 1 . 5 w/o molybdenum 
Thor ium-20 w/o u r a n i u m - 3 w/o molybdenum 
Thor ium-10 w/o uraniuna-Z w/o niobium 
Thoriuna-ZO w/o u r a n i u m - 4 w/o niobiumi. 

The above alloys have composi t ions designed to produce g a m m a - p h a s e u ran ium 
pa r t i c l e s in a thor ium ma t r i x . 
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Thor ium-10 w/o u ran ium-10 w/o z i rconium 
Thor ium-20 w/o u ran ium-20 w/o z i rconium 
Thor ium-25 w/o u r an ium-25 w/o z i rconium. 

The above composi t ions were designed to produce a s t rengthened thor ium m a t r i x 
for improved i r r ad i a t i on behavior and a m i c r o s t r u c t u r e containing the delta u r a n i u m -
zi rconium p h a s e , which, if continuous throughout the a l loy, would poss ib ly improve 
co r ro s ion r e s i s t a n c e . 

Thor ium-10 w/o u r a n i u m - 5 w/o z i rconium-Z w/o niobiumi 
Thor ium-15 w/o u r a n i u m - 7 . 5 w/o z i r con ium-3 w/o niobium 
Thor ium-20 w/o u ran ium-10 w/o z i r con ium-4 w/o niobium 
Thor ium-10 w/o u ran ium-10 w/o z i r con ium-2 w/o niobium 
Thor ium-15 w/o u r an ium-15 w/o z i r con ium-3 w/o niobium 
Thor ium-20 w/o u ran ium-20 w/o z i r con ium-4 w/o niobium. 

Composi t ions l i s ted above were chosen in an a t tempt to provide an alloy that con­
tained both gamma-s t ab i l i z ed u ran ium p a r t i c l e s and a s t rengthened thor ium phase for 
improved i r r ad i a t i on r e s i s t a n c e . Improved c o r r o s i o n r e s i s t a n c e was a lso sought from 
the standpoint of forming a de l t a -phase envelope around the thor ium gra ins . 

Additional composi t ions were invest igated only from the standpoint of co r ros ion 
r e s i s t a n c e and a r e l i s ted under the sect ion enti t led "Cor ro s ion Resu l t s " , 

Fabr ica t ion and Heat T rea tmen t 

After cas t ing , the b inary alloys and the molybdenum- and niobium-containing 
alloys were hot rol led at 1500 F to 0. 2-in. f la ts . The other t e r n a r y and qua te rna ry 
alloys were hot rol led to 0. 2-in. at 1800 F; however , the thor ium-10 w/o u r a n i u m -
5 w/o z i r con ium-2 w/o niobium and the thor ium-10 w/o u ran ium-10 w/o z i rcon ium-
Z w/o niobium alloys c racked severe ly . Subsequent hot roll ing of additional b a r s of 
these l a t t e r two composi t ions was successful at 1500 F . 

The b inary alloy p la tes were cold reduced by 20, 60, 80, and 90 pe r cent. After 
80 p e r cent reduct ion edge cracking was evidenced on all except the a r c - m e l t e d iodide-
thor ium alloys containing 5, 10, and 15 w/o u ran ium. After 90 pe r cent cold reduct ion, 
al l of the b ina r i e s showed at l eas t slight edge c rack ing , although none was badly 
c racked . 

The t e r n a r y and qua te rna ry al loys were cold reduced 20 p e r cent; however , edge 
cracking was obse rved in the t h o r i u m - u r a n i u m - z i r c o n i u m al loys and two of the 
q u a t e r n a r i e s . 

H igh - t empera tu re heat t r e a t m e n t s (800 C and above) were pe r fo rmed in a vacuum 
furnace mainta ined at a p r e s s u r e of 10~^ m m of m e r c u r y o r l e s s . 

L o w - t e m p e r a t u r e r ec rys t a l l i za t ion heat t r e a t m e n t s were pe r fo rmed by suspending 
spec imens in a lead bath at the r equ i r ed t e m p e r a t u r e . After the de s i r ed length of t ime 
had e lapsed , the spec imens were wate r quenched. 
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Metal lographic and X-Ray Diffraction Techniques 

Metal lographic p repa ra t i on of t h o r i u m - u r a n i u m al loys is not a wel l -developed 
a r t , and cons iderab le effort is involved in developing suitable m i c r o s t r u c t u r e s . The 
methods developed in this invest igat ion have proven mos t sa t i s fac tory ; however , choice 
of a p r o p e r etchant i s s t i l l subject to t r i a l and e r r o r . 

Specimens were mounted in Bakeli te and wet ground through 600-gr i t pape r . Vi­
b r a t o r y polishing was employed, using Linde B ab ra s ive on Microcloth . E i ther water 
o r a 10 volume p e r cent oxalic acid solution was used as a suspension medium for the 
ab ra s ive . The etchants that were used a r e l i s ted below: 

(1) 5 volume p e r cent sodium hydroxide at 6 v dc for 60 to l60 sec 

(2) 200 cm^ of ethyl alcohol and 20 cm-' of pe r ch lo r i c acid applied 
at 35 to 70 V dc for 2 to 5 sec 

(3) 200 cm of ace t ic acid and 20 cm-^ of p e r c h l o r i c acid applied at 
35 V dc for 1 to 5 sec 

(4) 100 cm^ of g lycer in , 100 cm^ of ace t ic ac id , and 10 cm-^ of 
n i t r i c acid applied at 35 v dc for 1/2 to 3 sec 

(5) 100 cm^ of g lyce r in , 50 cm^ of ace t ic ac id , and 5 cm^ of n i t r i c 
acid applied at 6 v dc for 5 to 30 sec . 

The b inary alloys were etched in one of the f i rs t four solutions mentioned. The t e r n a r y 
and qua te rna ry al loys were etched in Solutions (2), (3), o r (5). 

In some c a s e s , chemica l etchants p roved unsa t i s fac tory and vacuum-cathodic 
etching techniques were employed. These techniques were usual ly highly successfu l , 
p a r t i c u l a r l y with the b inary a l loys . Excel lent ox ide-par t i c le re tent ion and phase de l ine­
ation was obtained. However , s ince a l a r g e number of spec imens were being examined, 
chemica l etching was the p r e f e r r e d method for p repa ra t ion . 

Samples to be used for X - r a y diffraction examinat ion were wet ground to conical 
forin. They were then e lec t ropol ished in a ZrCl2-AlCl3 solution and mounted in a 57. 3-
m m Debye c a m e r a with the X - r a y b e a m impinging on the tip of the cone. F i l t e r ed i ron 
radiat ion was used for examination. 

Hardness M e a s u r e m e n t s 

R o o m - t e m p e r a t u r e h a r d n e s s values were obtained on mounted and polished speci­
mens as pa r t of the r ec rys t a l l i za t ion s tudies . V icke r s d iamond-pyramid h a r d n e s s 
readings were taken using e i ther 2 - 1 / 2 - o r 10-kg loads . 
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Hot -ha rdnes s values were obtained on pol ished spec imens using a Vickers 
indenter and a load of 730 g. Values were genera l ly obtained at room t e m p e r a t u r e and 
200, 400, 500, 600, 800, and 900 C. Specimens were heated in a v a c u u m - r e s i s t a n c e 
furnace , and the h a r d n e s s indentat ions were made in situ. Measu remen t s were p e r ­
formed after indentations had been made at the t e m p e r a t u r e s of i n t e r e s t and after the 
spec imens had cooled and been renaoved from the furnace. 

Cor ros ion Test ing 

The t e r n a r y and qua te rna ry alloys were co r ro s ion tes ted in degassed and deion-
ized wate r at 200 C. Cor ros ion s p e c i m e n s , obtained from ho t - ro l l ed flat p l a t e s , 
m e a s u r e d approximate ly 3/8 by 3/8 by 0. 2 in. They w e r e wet ground on Z40-gri t 
p a p e r , heat t r e a t e d , and lightly ground again to remove any oxide that was formed. 
The double grinding was pe r fo rmed so that the sur faces would re ta in as l i t t le cold work 
as p o s s i b l e , since cold working is known to have a de le te r ious effect on the co r ros ion 
r e s i s t a n c e of tho r ium a l loys . 

The spec imens were weighed, m e a s u r e d , and placed on tes t . Exaixiination of the 
al loys was made after exposures of 24, 72, l 6 8 , 336, and 504 h r . This examination 
cons is ted of a de te rmina t ion of the weight change and a v isual inspect ion to de te rmine 
the type of a t tack and the surface condition. Weight change p e r unit a r e a was calculated 
on the bas i s of the or iginal surface a r e a of the uncor roded specimen. 

T h e r m a l Analys is 

T i m e - t e m p e r a t u r e t h e r m a l ana lyses were pe r fo rmed on smal l ( less than 1/8-in. 
cube) s p e c i m e n s , which were spot welded to p la t inum-pla t inum 10 w/o rhodium t h e r m o ­
couples . The spec imens were heated in a vacuum-induct ion furnace at a ra te of 400 C 
p e r m in , the heating curve being recorded . P h a s e changes were indicated by changes 
in slope of the heating curve . The values r eco rded were an ave rage of at l e a s t two de ­
t e rmina t ions . Although the heating r a t e was fas t , it i s felt that superheat ing was not 
significant as v e r y smal l spec imens were used and reproducib le a r r e s t s were obtained. 
Cool ing-curve data were not cons ide red , as compar i son with heating curves showed that 
m a r k e d supercool ing occur s in the al loys studied. 

Density M e a s u r e m e n t s 

Densi t ies of t h o r i u m - u r a n i u m alloys were de te rmined by p r e c i s e l y measu r ing the 
d imensions of rods reduced 80 p e r cent by cold swaging and then calculat ing the volume. 
The rods were then weighed and the densi ty calculated. 

Thor ium dens i t ies were obtained by the d i sp lacement method on 60 p e r cent cold-
reduced p la te . 
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EXPERIMENTAL RESULTS AND DISCUSSION 

As a r e su l t of the p r o g r a m , data were obtained which p e r m i t a descr ip t ion of the 
effects of cas t ing , fabr ica t ion, and h e a t - t r e a t m e n t va r i ab le s on the s t r u c t u r e of 
t h o r i u m - u r a n i u m al loys . The effect of u r an ium composi t ion on hot h a r d n e s s and densi ty 
was de te rmined and the cold working and r ec rys t a l l i za t i on behavior of the b inary al loys 
were studied. 

T e r n a r y and qua te rna ry additions to the b inary al loys and the i r effect on const i tu­
t ion, co r ro s ion r e s i s t a n c e , and hot h a r d n e s s were a lso invest igated. 

The t h o r i u m - u r a n i u m const i tut ional d i ag ram is reproduced for r e fe rence purposes 
in F igure 2. 

Binary T h o r i u m - U r a n i u m Alloys 

M i c r o s t r u c t u r e 

The only definite difference in m i c r o s t r u c t u r e between alloy m a t e r i a l p r e p a r e d 
from Ames and f rom iodide thor ium was in the amount of thor ium oxide p r e sen t . The 
al loys p r e p a r e d from Ames tho r ium contained cons iderably m o r e oxide inc lus ions , r e ­
flecting the higher oxygen content of the thor ium used in the alloy p repa ra t ion . 

The technique of cast ing had a much m o r e pronounced effect on m i c r o s t r u c t u r e , 
not only d i rec t ly after cast ing but after subsequent working. This effect was not too 
not iceable in the 5 w/o u ran ium al loy, which showed ve ry l i t t le evidence of u ran ium 
prec ip i ta t ion . Apparent ly a cons iderab le por t ion of the u ran ium is re ta ined in solid 
solution in the thor ium due to fa i r ly rapid solidification and cooling of the cas t b a r s . 
Up to 10 w/o u ran ium i s soluble in alpha tho r ium at elevated t e m p e r a t u r e s (Figure 2), 
although this solubili ty d e c r e a s e s to l e s s than 1 w/o nea r room tenapera ture . The u r a ­
nium that does p rec ip i t a t e in the 5 w/o u r a n i u m alloy occurs as a ve ry finely d i spe r sed 
phase (Figure 3a). 

In the thor ium-10 w/o u ran ium a l l oys , a r c - m e l t e d m a t e r i a l exhibited a nea r ly 
uniform d i spe r s ion of random u ran ium p a r t i c l e s (F igure 3b). In the induct ion-mel ted 
ixiaterial , the u ran ium tended to concen t ra te at g ra in boundar ies (Figure 3c). F u r t h e r ­
m o r e , the g ra in -boundary -p rec ip i t a t ed u r a n i u m tended to form a continuous g ra in -
boundary phase . This became m o r e obvious at h igher u r an ium concent ra t ions . In the 
20 w/o u ran ium alloy the u ran ium phase at the gra in boundary , as can be seen in F i g ­
u r e 3d, was quite heavy and continuous in a major i ty of the gra in boundar ies . One 
could expect such a s t ruc tu re to exhibit p r o p e r t i e s s i m i l a r to the continuous a lpha-
u ran ium m a t r i x phase . 

With inc reas ing amounts of u r a n i u m , the a r c - m e l t e d al loys a lso showed i n c r e a s ­
ing amounts of u r an ium (Figures 3e , 3f, and 3g), However , while the u r an ium pa r t i c l e s 
i n c r e a s e d in s ize and t h e r e was a tendency for p a r t i c l e s to appea r in g ra in bounda r i e s , 
the u ran ium phase was not cont inuous, and a fair ly random dis t r ibut ion of pa r t i c l e s was 
mainta ined. 
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The differences in m i c r o s t r u c t u r e between a r c - and induct ion-cas t m a t e r i a l can 
be a t t r ibu ted to the different cooling r a t e s employed in the two cast ing p r o c e s s e s . The 
a r c - c a s t m a t e r i a l was mel ted and cooled on a wa te r -coo led copper hear th . The cooling 
ra t e was rapid and apparent ly produced a sequence of events such tha t , as the mel t 
supercooled , the u ran ium segrega ted to form liquid pools which were then entrapped by 
the solidifying thor ium. Subsequent cooling was sufficiently rapid that the uranivim solu­
ble in tho r ium at e levated t e m p e r a t u r e s was essen t ia l ly re ta ined in thor ium solid solu­
tion. Induct ion-mel ted m a t e r i a l , which was cas t into carbon c r u c i b l e s , underwent a 
s lower and m o r e nea r ly equi l ibr ium solidification and cooling p r o c e s s . As the mel t 
solidified, t ho r ium gra ins formed which re jec t the u r a n i u m - r i c h phase . This u ran ium 
phase thus appeared a t the g ra in boundar ies of the thor ium g ra ins . Additional g ra in -
boundary u ran ium prec ip i ta t ion from thor ium solid solution could have occu r red during 
subsequent cooling to room t e m p e r a t u r e . 

It was found poss ib le to e l iminate a ma jo r por t ion of the u r an ium gra in-boundary 
p rec ip i t a te in the induction mel ted thor ium-10 w/o u ran ium alloy by heat t rea t ing at 
1000 C and wate r quenching. The r e su l t s of this heat t r e a t m e n t a r e shown in F igure 3h. 
It can be seen that the u ran ium gra in-boundary concentra t ion was l e s s pronounced as a 
resu l t of solution of u ran ium in the thor ium. However , the uran ium pa r t i c l e s st i l l 
tended to r e s ide at g ra in boundar ies . 

Cold- and hot -worked s t r u c t u r e s of t h o r i u m - u r a n i u m alloys were found to be e s ­
sent ia l ly de te rmined by the cas t s t r u c t u r e . If the ca s t s t r u c t u r e contained a random 
d i spers ion of u r an ium p a r t i c l e s , working did not apprec iably a l t e r t h i s , although l a rge 
reduct ions did cause elongation of the p a r t i c l e s . If the cas t s t r u c t u r e contained u ran ium 
at the g ra in bounda r i e s , working emphas ized the a l r eady elongated p a r t i c l e s , and a 
uraniuna s t r i nge red s t r u c t u r e resu l ted . Thus s t r inger ing was m o r e pronounced in the 
induct ion-cas t and in the h igh-uran ium a l loys . 

Hot working the cas t 1/2-in. - d i a m e t e r b a r s at 1500 F to 0. 2-in. flat p la tes (ap­
prox imate ly a 40 p e r cent reduct ion in area) did not significantly a l t e r the a s - c a s t s t r u c ­
tu re of the a l loys . Some slight addit ional p rec ip i ta t ion of u ran ium may have occu r r ed as 
a r e su l t of heating to the t e m p e r a t u r e of working. However , if it did, the u ran ium ap ­
paren t ly p rec ip i ta ted on the p a r t i c l e s a l ready p r e s e n t in the s t r u c t u r e . 

The effect of subsequent cold work is i l l u s t r a t ed by the s t r u c t u r e s show in F ig ­
u r e 4. A r c - and induct ion-cas t thor ium-10 w/o u ran ium-a l loy s t r u c t u r e s after 20 and 
80 p e r cent cold reduct ions appear in F igu re s 4a through 4d. The induct ion-cas t alloys 
exhibited much m o r e pronounced elongation or s t r inger ing of u ran ium p a r t i c l e s . How­
eve r , when the u r a n i u m content was i n c r e a s e d to 20 w / o (F igure 4e) , the a r c - c a s t alloy 
also exhibited a decided s t r i nge red s t r u c t u r e . Elongation of u ran ium pa r t i c l e s was a lso 
m o r e evident in the 10 w/o u ran ium alloy after a 90 p e r cent cold reduct ion (Figure 4f). 

Cold Work and Recrys ta l l i za t ion 

The effect of cold work on the h a r d n e s s of t h o r i u m - u r a n i u m alloys is r eco rded in 
Table 1. Compar ison of the 10 w/o u ran ium alloys shows that al loys p r e p a r e d from 
Ames thor ium were h a r d e r and work hardened m o r e rapidly than al loys p r e p a r e d from 
iodide thor ium. This h igher h a r d n e s s apparent ly was a r e su l t of the higher carbon con­
tent of the Ames thor ium. The a r c - m e l t e d iodide alloy was a lso h a r d e r than i ts com­
panion induct ion-mel ted alloy. This h igher h a r d n e s s is bel ieved to ref lect re tent ion of 
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uranivim in tho r ium solid solution during a r c cast ing to produce sol id-solut ion ha rden­
ing; the m o r e slowly cooled induc t ion-cas t alloy re jec ted u ran ium while cooling to room 
t e m p e r a t u r e and, consequent ly, was softer. 

TABLE J. THE EFFECT OF COLD WORK ON HARDNESS OF 

THORIUM-URANIUM ALLOYS 

Uranium 
Content 

(Balance Thorium), 

w/o 

10 

10 

10 

10 

5 

15 

20 

Type of 

Thorium Used 

Iodide 

Iodide 

Ames 

Ames 

Iodide 

Iodide 

Iodide 

Melting 

Method 

Art 

Induction 

Arc 

Induction 

Arc 

Arc 

Arc 

Vickers Hardness 

Hot 

Rolled 

103 

9 4 . 1 

122 

123 

107 

98 

105 

Number (10-KgLoad) 
Cold Reduced Percentage 

20 

111 

109 

142 

132 

114 

117 

132 

60 

130 

121 

151 

153 

123 

13cS 

141 

80 

135 

128 

159 

159 

123 

138 

150 

Shown 

90 

143 

138 

177 

175 

134 

157 

157 

Examinat ion of the data for the a r c - m e l t e d iodide al loys indicates l i t t le effect of 
u ran ium on the a s - h o t - r o l l e d h a r d n e s s . However , a s u ran ium content i n c r e a s e d , the 
ra te of work hardening inc reased . 

Recrys ta l l i za t ion of cold-worked t h o r i u m - u r a n i u m alloys was found to be ex­
t r e m e l y sensi t ive to the amount of cold work i m p a r t e d and to the t e m p e r a t u r e of heat 
t r ea tmen t . Hardness changes accompanying r ec rys t a l l i za t ion heat t r e a t m e n t s a r e 
shown in F igu re s 5 through 8. 

The effect of annealing thor ium-10 w/o u ran ium-a l loy spec imens at 675, 700, and 
725 C after 80 p e r cent cold reduct ion i s shown in F igure 5. The ha rdnes s d e c r e a s e d 
sharply and then leveled off; the tinae at which the leveling off occu r r ed i n c r e a s e d from 
about 3 to 7 min with dec reas ing t e m p e r a t u r e . While this d e c r e a s e in ha rdnes s might 
normal ly be a t t r ibu ted to r ec rys t a l l i z a t i on , meta l lographic observat ion indicated that 
the h a r d n e s s d e c r e a s e was the resu l t of a combination of r ec rys t a l l i za t ion and gra in 
growth. The same al loy, when annealed at 800 C following a 60 p e r cent cold reduction 
a lso underwent pa r t i a l r ec rys t a l l i za t ion and g ra in growth. The duplex gra in s t r u c t u r e , 
typical of that resul t ing from a combination of these two p r o c e s s e s is shown in F ig ­
u r e 4h. A fully r ec ry s t a l l i z ed s t r u c t u r e produced by annealing at 800 C following a 
90 p e r cent cold reduct ion was previous ly shown in F igure 4g. 
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Specimens cold reduced 90 pe r cent and annealed at 675 and 700 C showed b e ­
havior s i m i l a r to the 80 pe r cent reduced m a t e r i a l (F igure 6). Only at 725 C did c o m ­
plete r ec rys ta l l i za t ion occu r , with r ec rys t a l l i za t i on being accompanied by a much 
l a r g e r and m o r e rapid ha rdnes s d e c r e a s e than accompanies the p r o c e s s of pa r t i a l r e ­
c rys ta l l i za t ion and gra in growth. 

On the b a s i s of these obse rva t ions , it appea r s that a c r i t i ca l amount of cold work 
and a c r i t i ca l t e m p e r a t u r e of heat t r e a t m e n t a r e r equ i r ed for complete r ec rys t a l l i za t ion 
of the t h o r i u m - u r a n i u m al loys . The fact that s t r e s s re l ief in m a t e r i a l with low degrees 
of cold work and at low t e m p e r a t u r e s occur s by a combination of r ec rys ta l l i za t ion and 
gra in growth indicates a nonuniform s t r e s s concentra t ion in the ini t ial ly cold-worked 
m a t e r i a l . The u r a n i u m - p h a s e pa r t i c l e s p r e s e n t in the s t r u c t u r e a r e undoubtedly r e ­
sponsible for this lack of uniformity , the s t r e s s probably concentra t ing in the vicinity 
of the u ran ium p a r t i c l e s . 

It should be noted that the r ec rys t a l l i za t ion t e m p e r a t u r e of thor ium is about 
600 C. Thus the p r e s e n c e of u ran ium in the s t r u c t u r e effectively r a i s e s the r e c r y s t a l ­
l izat ion t e m p e r a t u r e by over 100 C. 

No effect of composi t ion between 5 and 20 w/o u ran ium or of pur i ty of the alloy 
m a t e r i a l s on r ec rys t a l l i za t ion behavior was noted. F igure 7 shows the ha rdnes s 
changes that accompanied heat t r e a t m e n t at 700 C of 5 , 10, 15, and 20 v//o u r a n i u m -
alloy spec imens cold reduced 80 p e r cent. While the ini t ial and final h a r d n e s s e s were 
dependent on composi t ion , none of the spec imens underwent complete r ec rys ta l l i za t ion . 
F igure 8 shows the ha rdnes s changes that accompanied r ec rys t a l l i za t ion of thor ium-10 
w/o u ran ium alloy spec imens p r e p a r e d from different g rades of thor ium and by dif­
ferent melt ing techniques . Again the p r inc ipa l difference in behavior of the m a t e r i a l s 
was in the ini t ial and final h a r d n e s s e s , the final h a r d n e s s dec reas ing slightly with in ­
c reas ing pur i ty of the final alloy m a t e r i a l . 

Hot Hardness 

The r e su l t s of ho t -ha rdnes s t e s t s on cas t b inary t ho r ium-u ran ium-a l l oy sanaples 
a r e given in Table 2. Carbon i s one of the mos t potent s t r eng thener s of thor ium. F o r 
this r eason the Ames t ho r ium, which contained approximate ly five t imes as much c a r ­
bon as the iodide t ho r ium, was h a r d e r than the iodide m a t e r i a l . This effect c a r r i e d 
over to the a l loys , with the resu l t that the Ames thor ium alloys -were h a r d e r than the 
al loys p r e p a r e d from iodide thor ium. However , the s trengthening effect of carbon is 
los t at t e m p e r a t u r e s above 600 C. Apparent ly the la t t ice s t r a in at low t e m p e r a t u r e s 
due to the in t e r s t i t i a l carbon a toms is re l i eved by the la t t ice expansion of thor ium as it 
i s heated. 

Inc reased u ran ium content did not produce any pronounced hardening effect. In 
fact, at the h igher t e m p e r a t u r e s , 800 and 900 C, some d e c r e a s e in h a r d n e s s appeared 
to occur as u r an ium content inc reased . Uranium i tself i s much softer than thor ium at 
these t e m p e r a t u r e s , with the r e su l t that the bulk h a r d n e s s is lower due to the g r e a t e r 
volume of u ran ium p resen t . No evidence of d i spe r s ion hardening was noted, probably 
because dislocat ion motion is re la t ive ly unimpeded by the spheroidal u r an ium p a r t i c l e s . 
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TABLE 2. HOT-HARDNESS DATA FOR THORIUM-URANIUM ALLOYS 

Uianium 

(Balance T 
w/o 

5 

10 

15 

20 

Content 

horium), Type of 

Thoiium Used 

Ames 

Iodide 
Ames 

Ames 
Iodide 

Ames 
Iodide 

Ames 

Iodide 

Ames 

Iodide 

Ames 

Iodide 

Melting 
Method 

Arc 

Ate 
Induction 

Ate 
Arc 

Induction 

Induction 

Arc 

Arc 

Arc 

Arc 

Induction 
Induction 

Room 

139 
100 
134 

137 
111 
141 

104 

145 

115 

148 

119 
148 

118 

200 C 

1L,2 

76. 5 
100 

96 .6 

. . 
102 
80.5 

-_ 
90.1 

120 

92.2 
101 

102 

DPH at 'I 
400 C 

81. b 
58.6 
73.9 

76.4 
71.5 
76.2 
66.3 

82.3 
67.9 

yo.o 
73.2 
78.5 
82.5 

emperature 
500 C 

62.8 
51.2 
65.4 

65.5 
59.5 
62.2 
55.4 

65.8 
56.2 

68.6 
57.0 
66.0 
59.3 

Indicated 
600 C 

45. 4 
41 

46.1 

45.4 
44.0 
47.3 
38.8 

39.2 
34.4 

46.2 
43.3 
41.8 
37.5 

800 C 

24.0 
--
9.0 

22.1 
17.1 
24. 6 
18.8 

10.6 
13.6 

14.0 
--

15.3 
12.5 

900 C 

14.1 
--
--

11.2 
10.6 
--

11.8 

4.2 

--

--
--

10.2 
9.2 

D e n s i t y D e t e r m i n a t i o n s 

T h e d e n s i t i e s o f t h o r i u m a n d t h o r i u m - b a s e u r a n i u m a l l o y s a r e r e p o r t e d i n T a b l e 3 . 
T h e v a l u e o b t a i n e d f o r t h e d e n s i t y o f i o d i d e t h o r i u m w a s 1 1 . 71 g p e r c m - ^ , w h i c h i s 

TABLE 3. DENSITIES OF ARC-MELTED AND COLD-REDUCED 
THORIUM AND THORIUM-URANIUM ALLOYS 

Alloy Compositions w/o Density, g per cm'̂  

Ames Th 

Ames Th-5 w/o U 

Ames Th-10 w/o U 

Ames Th-15 w/o U 

Ames Th-20 w/o U 

Iodide Th 

Iodide Th-5 w/o U 

Iodide Th-10 w/o U 

Iodide Th-15 w/o U 

Iodide Th-20 w/o U 

11.60 

11.79 

12.01 

12.30 

12.59 

11.71 

11.88 

12.10 

12.33 

12.58 
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c lose to the theore t i ca l densi ty of I I . 72 g p e r cm-^, based on a la t t ice p a r a m e t e r of 
5. 086 A. The Ames thor ium was cons iderably l e s s dense , 11. 60 g p e r cm^. The 
p r e s e n c e of Th02 inclusions accounts for the low densi ty of the Ames m a t e r i a l . L ike ­
wi se , the t h o r i u m - u r a n i u m alloys containing Ames thor ium w e r e l e s s dense than the 
cor responding iodide a l loys . A plot of these dens i t ies v e r s u s a tomic p e r cent compos i ­
tion was l i n e a r , with minor va r i ances being due to deviat ions in nominal composit ion 
and oxygen content of the spec imens m e a s u r e d . 

T e r n a r y and Qua te rna ry Thor ium-Uran iun i Alloys 

M i c r o s t r u c t u r e 

The thor ium-10 w/o u r a n i u m - 1 . 5 w/o molybdenum alloy exhibited a cas t s t r u c ­
t u r e nea r ly identical to the a r c - c a s t thor ium-10 w/o u ran ium al loys ; that i s , a s t r u c ­
tu re containing a fa i r ly uniform d i spe r s ion of the u r a n i u m - r i c h phase . The s t r u c t u r e 
of the thor ium-10 w/o u r a n i u m - 2 w/o niobium alloy was not quite so s i m i l a r and i s i l ­
l u s t r a t ed in F igure 9a. As can be seen , the u ran ium p a r t i c l e d is t r ibut ion i s uniform; 
however , the shape of the p a r t i c l e s indicates that they r e s ide in and conform closely to 
the shape of gra in boundar ies . The thor ium-20 w/o u r a n i u m - 3 w/o molybdenum and 
-4 w/o niobium a l loys , because of the i r high alloy content , exhibited high concen t ra ­
t ions of u r a n i u m - r i c h phase in the g ra in boundar ies . These a l l oys , with additions of 
molybdenum and n iobium, were v e r y s i m i l a r to the cor responding b inary al loys of the 
s a m e u ran ium concentrat ion. 

Additions of z i rconium to t h o r i u m - u r a n i u m alloys cause a significant change in 
m i c r o s t r u c t u r e , as the z i rconium goes into solution in both the u r an ium and the tho­
r ium. The thor ium-10 w/o u ran ium-10 w/o z i rconium alloy exhibited a cas t s t r u c t u r e 
of u r a n i u m - r i c h - p h a s e pa r t i c l e s d i s p e r s e d throughout the tho r ium gra ins and a l so con­
cen t ra ted in the g ra in boundar ies . The thor ium-20 w/o uranium-ZO w/o z i rconium and 
25 w/o u r an ium-25 w/o z i rconium al loys had cas t s t r u c t u r e s that cons is ted of an in ­
t imate mix tu re of t h o r i u m - r i c h and u r a n i u m - r i c h phases . Thus , at these high alloy 
contents the m i c r o s t r u c t u r e s can no longer be desc r ibed as a siiTiple mix tu re of u r an ium 
pa r t i c l e s in a thor ium ma t r i x . 

Additions of niobium and z i rconium together to t h o r i u m - u r a n i u m re su l t in fur ther 
modificat ions of s t r uc tu r e . The a s - c a s t s t r u c t u r e s of thor ium-10 w/o u r a n i u m -
5 w/o z i r con ium-2 w/o niobium, -10 w/o u ran ium-10 w/o z i r con ium-2 w/o niobium, 
-15 w/o u r a n i u m - 1 5 w/o z i r con ium-3 w/o niobium and -15 w/o u r a n i u m - 7 , 5 w/o 
w/o z i r con ium-3 w/o niobium alloys al l exhibited v e r y l a r g e amounts of a u r a n i u m -
r ich p h a s e , appear ing as l a r g e p a r t i c l e s within the t h o r i u m - r i c h phase . An example of 
the s t r u c t u r e s obtained in this group of al loys is shown in F igure 9b. This figure de­
pic ts the t ho r ium-15 w/o u r an ium-15 w/o z i r con ium-3 w/o niobium alloy in the a s - c a s t 
condition. When the u ran ium content was i n c r e a s e d , the m a t r i x s t r u c t u r e underwent a 
m a r k e d change. The thor ium-20 w/o u ran ium-10 w/o z i r con ium-4 w/o niobium and 
-20 w/o u ran ium-20 w/o z i r con ium-4 w/o niobium had a s - c a s t s t r u c t u r e s showing l a r g e 
u r a n i u m - r i c h dendr i t ic p a r t i c l e s in a m a t r i x consis t ing of an in t imate two-phase m i x ­
tu r e . This is i l l u s t r a t ed in F igure 9c , which shows the a s - c a s t s t ruc tu re of t ho r ium-
20 w/o u ran ium-20 w/o z i r con ium-4 w/o niobium. 
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In g e n e r a l , smal l reduct ions by hot rol l ing and cold working had a ni inor effect 
on the m i c r o s t r u c t u r e of the t e r n a r y and qua t e rna ry a l loys . A longitudinal sect ion of a 
thor ium-10 w/o u r a n i u m - 1 . 5 w/o molybdenum alloy is shown in F igure 9d. This alloy 
was hot worked and then cold reduced for a total of 50 p e r cent reduct ion in a r e a . Note 
that t h e r e i s no definite p r e f e r r e d or ienta t ion of u r a n i u m p a r t i c l e s . 

Annealing t r e a t m e n t s at 1000 and 800 C, followed by both furnace cooling and 
water quenching, were pe r fo rmed on the t e r n a r y and qua te rna ry a l loys . The tho r ium-
uran ium-n iob ium and -molybdenum al loys heat t r e a t e d at 1000 C and furnace cooled 
showed agglomera t ion of the u ran ium p a r t i c l e s . This can be seen for the ca se of the 
niobium-containing alloy by compar ing F i gu re s 9a and 9e. F igure 9a depicts this alloy 
in the a s - c a s t s t a t e , while F igure 9e shows this alloy af ter heating at 1000 C for 24 h r 
and furnace cooling. The agglomera t ion and spheroidizat ion of u r an ium pa r t i c l e s as a 
resi i l t of heat t r e a t m e n t is ve ry s t r ik ing. Of note a r e the ve ry smal l pa r t i c l e s of u r a ­
nium that a r e located between the l a r g e r ones . These sm.all pa r t i c l e s evidently p r e c i p i ­
ta ted from solution during furnace cooling. 

The t h o r i u m - u r a n i u m - z i r c o n i u m al loys heat t r e a t e d at 800 and 1000 C and wate r 
quenched exhibited two-phase s t r u c t u r e s of a u r a n i u m - r i c h const i tuent in a m a t r i x of 
alpha thor ium. The tho r ium-25 w/o uraniuna-25 w/o z i rconium alloy quenched from 
1000 C (Figure 9f) showed what appeared to be a f ine-gra ined s ing le -phase s t r u c t u r e . 
X - r a y diffraction study (Table 4) indicated that this alloy and a thor ium-20 w/o u r a n i u m -
20 w/o z i rconium alloy quenched from 1000 C contained a mix tu re of a body-cen te red -
cubic phase and f ace -cen te red -cub ic phase and f ace -cen te red -cub ic alpha thor ium. The 
body-cen te red-cub ic p h a s e , a solid solution of gamixia u r a n i u m , beta zirconium., and 
beta t h o r i u m , can be cons idered as a gamnia -u ran ium solid solution. 

These same a l loys , when furnace cooled from 1000 C, contained alpha t ho r ium, 
but the g a m m a - u r a n i u m phase t r a n s f o r m e d on slow cooling to delta u r a n i u m - z i r c o n i u m . 
The furnace-cooled s t r u c t u r e of the t ho r ium-25 w/o u r a n i u m - 2 5 w/o z i rconium alloy 
appea r s in F igure 9g. The a lmos t continuous g ra in -boundary const i tuent , containing 
da rk speck l e s , is the delta u r a n i u m - z i r c o n i u m phase . Its exis tence in this alloy has 
been supported by X - r a y diffraction identification (Table 4). 

The thor ium-uran ium-z i rcon ium. -n iob ium alloys after heat t r e a t m e n t at 1000 and 
800 C a lso exhibited d i s c r e t e two-phase s t r u c t u r e s , the amount of u r a n i u m - r i c h phase 
inc reas ing with the alloy content. The u r a n i u n i - r i c h p a r t i c l e s in these al loys were 
randomly d i s t r ibu ted , although at high alloy contents they tended to become in t e rcon­
necting. F igure 9h shows the m i c r o s t r u c t u r e of thor ium-10 w/o u r a n i u m - 5 w/o 
z i r con ium-2 w/o niobium, water quenched af ter 24 h r at 800 C. The pa r t i c l e s of 
u r an ium-z i r con ium-n iob ium were re la t ive ly smal l and fair ly randomly dis t r ibuted . 
The thor ium-20 w/o u ran ium-10 w/o z i r con ium-4 w/o niobium alloy is shown in F ig ­
u r e 9i, In this a l loy, the pa r t i c l e s ize was l a r g e and the pa r t i c l e s were nea r ly i n t e r ­
connect ing, although the i r d is t r ibut ion was random. 

The behavior of these qua te rna ry alloys was unusual in that the genera l tendency 
in all of the other b inary and t e r n a r y alloys was for the u r a n i u m - r i c h phase to p r e c i p i ­
ta te as a continuous gra in-boundary phase at h igh-u ran ium concent ra t ions and thus 
a s s u m e the role of the m a t r i x phase . In these qua te rna ry a l loys , even though the 
u r a n i u m - r i c h phase pa r t i c l e s began to join as they m e t one ano the r , the thor ium sti l l 
a s s u m e d the c h a r a c t e r of the m a t r i x phase . 
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TABLE 4 . RESULTS OF X"RAY DIFFRACTION EXAMINATION 

Alloy Composition 
(Balance Thorium), Intensities (^) and Lattice Parameters(b) of Phase Patterns Observed 

w/o Heat Treatment a Th y U-Zr y U-Nb yU-Mo UZr2 U.2MoaU 

20 U-20 Zr 1000 C, W.Q. 

20 U-20 Zr 1000 C, F . C . 

25 U-25 Zr 1000 C, W.Q, 

2 5 U - 2 5 Z t 1000 C, F . C . M - - - - — VS 

10 U - 1 . 5 Mo 800 C, W.Q. 

1 0 U - 1 . 5 M O 800 C, W.Q. + 200hr 
at 500 C, W.Q. 

20 U-3 Mo 800 C. W.Q. 

20 U-3 Mo 800 C. W.Q. + 200 hr 
at 500 C, W.Q. 

10 U - 2 N b 800 C, W.Q. 

20 U - 4 N b 800 C, W.Q. 

VS, 5.036 

MS 

S. 5.036 

M 

VS, 5,075 

VS. 5.085 

VS, 5.075 

VS. 5,085 

VS, 5.085 

VS. 5.085 

M, 3.606 

-_ 

VS, 3.610 

_. 

--

— 

— 

— 

._ 

«-

20 U-4 Nb 800 C. W. Q. + 70 days VS, 5. 084 

at 550 C, W.Q. 

"" 

— 

_. 

— 

S, 3 .451 

MS, 3.432 

MF, 3 .33 

M, 3.39 

VF V 

MF, 3.39 

F ? 

— 

„ 

— 

«« 

— 

— 

--

— 

>_ 

._ 

--

MF-VVt 

__ 

M-VVF 

— 

_-

F 

(a) Legend: S = strong 

M = medium 

F = faint 

V = very. 

(b) Lattice parameters are given in angstroms. 
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Phase Studies 

The stabil i ty of the g a m m a - u r a n i u m pa r t i c l e s produced in t h o r i u m - u r a n i u m alloys 
containing molybdenum and niobium additions was brief ly examined. Metal lographic 
s tudies of gamma-quenched and aged alloys failed to show detectable t rans format ion 
within the u ran ium p a r t i c l e s . X - r a y diffraction examination was r equ i r ed to show the 
t r ans fo rmat ion of the g a m m a - p h a s e pa r t i c l e s during l ow- t empe ra tu r e aging. Data a r e 
r e c o r d e d in Table 4 . 

After aging for long per iods of t i m e , faint pa t t e rns of alpha u ran ium were detected 
in both the molybdenum- and niobium-containing a l loys . In the molybdenum al loy, 
alpha prec ip i ta t ion was accompanied by the format ion of U2M0; res idua l gamma might 
have been p r e s e n t but i ts identif ication was unce r t a in . Alpha prec ip i ta t ion in the 
niobium alloys was accompanied by a m a r k e d shift in the gamma la t t ice p a r a m e t e r 
indicative of niobium enr ichment of the gamma phase . 

Slight shifts a lso o c c u r r e d in the a lpha - tho r ium lat t ice p a r a m e t e r . The i n c r e a s e 
in la t t ice spacing was indicative of re jec t ion of the s m a l l e r u ran ium and possibly 
niobium or molybdenum a toms f rom sol id solut ion. 

Thernaa l -ana lys i s data for t h o r i u m - u r a n i u m - z i r c o n i u m and thor ium-uraniumi-
z i rcon ium-niob ium alloys a r e r e p o r t e d in Table 5. The tentat ive phase t ransfor ina t ions 
assoc ia ted with the therjnal effects r e c o r d e d a r e deduced f rom cons idera t ion of the 
phase re la t ions in the b inary sys t ems involved and f rom phase re la t ions r epor ted by 
Russ ian inves t iga to r s ' ^ ) . 

Hot Hardness 

The effect of t e r n a r y and qua te rna ry alloying on the hot ha rdnes s of t ho r ium-
uran ium alloys is shown in Table 6. 

At t e m p e r a t u r e s of 600 C and below, z i rcon ium was found to be the mos t effective 
ha rdene r of the thor ium-uranium, a l loys . This s t rengthening effect is bel ieved to a r i s e 
p r i m a r i l y f rom d i spe r s ion hardening of the thor ium m a t r i x , although hardening due to 
solid solution of z i rcon ium in thor ium may cont r ibute . However , at higher t e m p e r a ­
t u r e s , this effect was los t , the z i rconium-conta in ing alloys exhibiting an abrupt soften­
ing at about 600 C. The qua te rna ry al loys containing z i r con ium and niobium also showed 
this effect. 

The molybdenum- and niobium-containing a l loys , on the o ther hand, were softer 
than the cor responding b ina ry alloys at t e m p e r a t u r e s of 6OO C and below. While these 
alloys a l so exhibited softening in the vicinity of 6OO C, the degree of softening above 
this t e m p e r a t u r e was not so d ra s t i c as for the z i rconium-conta in ing a l loys . 

Above 600 C, t e r n a r y and qua te rna ry additions to t h o r i u m - u r a n i u m - b a s e alloys 
had a significant effect on h a r d n e s s . F u r t h e r m o r e , the effectiveness of the alloy addi­
t ions in producing hardening over that of b ina ry alloys i n c r e a s e d with inc reas ing u r a ­
nium content. T e r n a r y additions of molybdenum, niobium, and z i rcon ium appeared to 
be m o s t effective at the 10 w/o u ran ium l eve l , while the qua te rna ry additions appeared 
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TABLE 5. PHASE TRANSFORMAIIONS AS, DETECTED BY THERMAL ANALYSIS IN 1 HORIUM-URANIUM-ZIRCONIUM AND 
THORIUM-URANIUM-ZIRCONIUM-NIOEIUM ALLOYS 

rrantoforrnation l e m p e r a t u r e , C 
T h - 1 0 » / o U T h - 2 0 w / o U T h - l O u / o U T h - 1 5 w / o U T h - 1 5 w / o U r h - 2 0 w / o U 

T h - I O w / o U T h - 2 0 w / o U I h - 2 5 w / o U -•> w/o Zr - l O w / o Z r -10 w/o Zr - 1 5 w / o Z r - 7 . 5 w/o Zr -20 w/o Zr 
Tentative Phase f raiisformation -10 w/o Zr -20 w/o Zr -25 w/o Zr -2 w/o Nb -4 w/o Nb -2 w/o Xb -3 w/o Nb -3 w/o Nb -4 w/o Nb 

Th + U Z i 2 ^ aTh f UZi-i + 7U-Zr 

;Th 1 UZr^ + 7 U - Z i » a T h +-)U-Zr 

xTh t 7U-Zr->jTh t yU-Zr + 31h 

aTh t -|>U-Zr + STh- oTh + 7U-Zr 

fSTh + 7U-Zr-*pTh ^ liquid 

r h ^ liquid-* liquid 

529 

963 9tj6 990 

TABLE 6. HOT HARDNESS OF AS-CAST THORIUM-URANIUM-BASE ALLOYS PREPARED FROM IODIDE THORIUM 

Composition 
(Balance Tliotium), w/o 

-10 U 

-10 U - l . S Mo 
-10 U-2 Nb 
-10 U-10 Zr 

-10 U-5 Zr-2 Nb 

-10 " - 1 0 Zr-2 Nb 

-15 U 
-15 U - 7 . 5 Zr .3Nb 

-15 U-15 Zr-.3 Nb 

-20 U(a) 
-20 U-3M0 
-20 U-4 Nb 

-20 U-20 Zr 
-20 U-10 Zr-4 Nb 

-25 U-25 Zr 

25 C 

111 

72.9 
89 .4 

161 
110 

138 
115 
146 

173 

118 
103 

94 .8 

226 

153 
262 

sss-sisssBSss^srssssssKS; 

200 C 

--
5 9 . 4 

71.3 
152 

87 .4 

119 
90 .1 

111 
141 

102 
75.8 
77.7 

210 

125 
235 

Diamond 

400 C 

71.5 

5 4 . 4 

60.7 

128 
84.2 

110 

67.9 
106 

137 

82.6 
62.7 

66.6 
190 

116 
194 

Pyramid Hardness, 

500 C 

59 .5 

4 8 . 4 

57 .2 

116 
78.7 

96.4 

56.2 
95.9 

113 

59 .3 
61 .8 
64.2 

161 
106 

— 

— ^ ^ . . . . ^ — ^ „ . „ „ ^ . , . 

kg per mra'^ 
600 C 

44. 0 

41 

42 
54 

57 

73 
34 

65 

81 

1 
7 

5 

8 

'•^ 

4 
0 

5 

37 .5 
54 .3 

52 .5 

65.5 
80 .1 

62.7 

800 C 

17 .1 

22 ,4 

20 .3 
22 2 
I Q i 

17.2 

13.6 
24 .9 

20 .4 

12.5 
21 .5 

--
17.6 

23.6 
22.5 

9LM C 

l u . 6 

--
--
--
10.7 

8.5 

--
13.1 
10.4 

9.2 

--
. . 
. . 
13.8 
12.8 

(a) Induction-melied alloy. All other alloys v/ere arc melted. 
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to i nc rea se in effectiveness at the higher u r an ium leve l s . Based on the q u a t e r n a r y -
alloy data at the 10 and 15 w/o uranium, levels where zirconium, content of the qua te rna ry 
alloy was va r i ed , it appear s that with niobium p r e s e n t , a lower z i rconium content p r o ­
duces g r ea t e r hardening than a higher z i r con ium content. 

Cor ros ion Resul t s 

Cor ros ion tes t s were conducted in degassed and deionized 200 C wa te r . Resul t s 
a r e r epor t ed in Table 7. In addition to t h o r i u m - u r a n i u m - z i r c o n i u m and thor iuni -
u ran ium-z i r con ium-n iob ium a l loys , al loys containing ru then ium, t i tanium, y t t r i um, 
and r a r e - e a r t h additions were tes ted . 

The r epor t ed value for the co r ros ion ra t e of thor ium is - 1 . 5 mg/ (cm2)(hr ) in 
200 C wa te r . (3) Improvement afforded by alloying as found in this invest igat ion i s , at 
b e s t , twofold. 

The mos t r e s i s t a n t al loys w e r e , in gene ra l , those that contained high z i rconium 
concen t ra t ions . Of the group of spec imens water quenched from. 1000 C, thr thoriumi-
10 w/o u ran ium-10 w/o z i r con ium-2 w/o niobium and tho r ium-20 w/o u ran ium-20 w/o 
z i r con ium alloys exhibited co r ros ion r a t e s of about one-half that r epor t ed for thor ium. 
The thor ium-25 w/o u ran ium-25 w/o z i rcon ium alloy cor roded at an ave rage r a t e of 
- 0 . 24 and - 0 . 55 mg/ (cm^) (hr ) after tes t ing for 168 and 336 h r , r e spec t ive ly . However , 
after 504 h r the r a t e i n c r e a s e d to - 1 . 17 m g / ( c m )(hr). The same al loy, furnace cooled 
f rom 1000 C, exhibited a co r ro s ion ra t e after 504 hr of only -0 .79 mg / (cm^) (h r ) . The 
m a r k e d ra te i n c r e a s e of the water-quenched thor ium-25 w/o u ran ium-25 w/o z i rconium 
alloy rnay have been due to s t r e s s e s accoinpanying t r ans fo rmat ion of the gamma 
u r a n i u m - z i r c o n i u m phase . 

Of the al loys co r ros ion tes ted after furnace cooling f rom 1000 C, only the u ran ium 
-25 w/o u ran ium-25 w/o z i rconium alloy exhibited compara t ive ly low co r ro s ion r a t e s 
in the 504-hr tes t pe r iod . 

R a r e - e a r t h , ru then ium, and t i tanium additions to e i the r tho r ium-10 w/o u ran ium 
or thor ium-10 w/o u r an ium-10 w/o z i r con ium alloys did not significantly improve 
co r ros ion r e s i s t a n c e . However , al loys containing these addi t ions , when quenched f rom 
1000 C, did exhibit dec reas ing co r ros ion r a t e s with i n c r e a s e d tes t t i m e s . This 
indicates that a semipro tec t ive oxide coating may form as co r ro s ion p r o c e e d s . 

DISCUSSION 

Binary T h o r i u m - U r a n i u m Alloys 

Thorium.-uraniuixi al loys p r e p a r e d f rom Ames and iodide thor ium show lit t le 
difference in m i c r o s t r u c t u r e e i ther in the a s - c a s t o r worked s t a t e , as ide f rom the 
p r e s e n c e of a g r ea t e r number of oxide inclusions in the alloys p r e p a r e d f rom Ames 
thor ium. This r e su l t s f rom the higher oxygen content of this m a t e r i a l . The higher 
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TABLE 7. CORROSION DATA FOR THORIUM TERNARY AND QUATERNARY ALLOYS EXPOSED IN 200 C WATER 

(Balance Thorium, 
Alloy Composition 

w/o 

Corrosion Rate^ mg/(cm'^)hr), at T i m e Interval Indicated 

24 Hr 72 Hr 168 Hr 336 Hr 504 Hr 

10 u-

20 U-

25 U 
10 U 

20 U 
10 U 

15 U 

15 U 
20 U-

10 U 
10 U 

10 U 

10 U 

10 U-

10 U-
10 U 

10 Zr 

20 Zr 

-25 Zr 

•5 Z r -2 Nb 
-10 Zr 

-10 Zr 

•15 Zr 

- 4 N b 

-2 Nb 

-3 Nb 

-7.5 Zr-3 Nb 

-20 Zr - 4Nb 

-2.5 Ce 
•10 Zr 

2 Y 
•10 Zr 

•10 Zr-

10 Zr 
10 Zr 

- 5 . 2 C e 

-2 Y 

- 5 T i 

-3 .2 La 

-2Ru 

Heated 24 Hr at 1000 C, Water Quenched 

-1 .25 

-0 .68 

-0 .24 

- 2 . 1 1 

- 2 . 0 4 

- 0 . 8 6 

-0 .95 

-1 .40 

-0 .65 

- 3 . 5 1 

-2 .58 
- 1 . 4 2 
-1 .97 
-2 .66 

- 1 . 5 1 

- 0 . 1 3 
+0.04 
-2 .20 

-^0.37 

- 0 . 8 3 

+0.18 

- 0 . 1 4 

+0.18 

- 1 . 4 9 

- 0 . 6 8 
- 0 . 0 1 

-2 .12 

- 2 . 7 2 
- 0 . 6 4 

-1 .00 

- 1 . 8 3 

-0 .48 

Disintegrated 

- 3 . 7 9 -3 .56 

Disintegrated 
- 5 . 8 4 

-1 .57 
- 2 . 3 2 

-3 .65 

- 3 . 5 6 

- 1 . 3 6 
- 2 . 1 2 

-3 .08 

1.41 
0.80 

0.55 

1.91 

2.60 

0.78 
1.20 

1.58 
0.95 

1.34 

1.64 

1.93 

Disintegrated 

Disintegrated 

- 1 . 2 1 
-0 .80 

-1 .17 

-1 .76 
-2 .30 

-0 .75 

-1 .23 

-1 .42 
- 1 . 0 1 

-1 .27 
- 1 . 4 1 

-1 .56 

Heated 24 Hr at 1000 C, Furnace Cooled 

10 u 

20 U 

25 U 
20 U-

15 U-
15 U-

20 U-

10 U 
10 U 
10 U-
10 U-

10 U^ 

10 U 

10 U-

-10 Zr 

•20 Zr 

•25 Zr 

10 Zr^ 

15 Zr-

7.5 Z 
•20 Zr^ 

2 . 5 C 
•10 Zr-

•2 Y 
-10 Zr-
10 Zr-

•10 Zr^ 

10 Zr-

4 N b 

3 Nb 
r-3 Nb 

4 N b 

e 
• 5 . 2 C e 

-2 Y 
5 T i 

3 .2 La 

2Ru 

- 2 . 0 3 

- 0 . 0 6 

+0.08 
+0 .21 

+0.15 
- 0 . 3 2 

- 0 . 1 9 

- 2 . 1 1 

-1 .05 
+0.02 

- 1 . 4 9 
-1 .30 

- 2 . 2 8 

-0 .78 
Disintegrated 

-5 .37 -4 .67 
Disintegrated 

- 2 . 1 6 
- 2 . 6 2 

- 2 . 9 8 
- 2 . 9 4 

- 2 . 1 2 
- 2 . 6 4 

- 3 . 0 9 

-2 .52 

-1.80 
-1.08 
-0.42 
-1.14 
-1.10 
-1.82 
-0.82 

-3.70 

-2.08 
-2.54 
-2.96 
-4.48 

1.77 

1.23 
0.74 

1.39 

1.32 

1.83 
1.10 

Disintegrated 

-1 .22 

- 0 . 7 9 
-1 .24 

-1 .24 

Disintegrated 

Disintegrated 

-1.79 
-2.14 

Disintegrated 
Disintegrated 
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carbon content of the Ames thor ium is ref lec ted in slightly higher h a r d n e s s e s at var ious 
s tages of p r e p a r a t i o n , working, and heat t r e a t m e n t , and also in a higher r a t e of work 
harden ing . However , the carbon loses i t s effectiveness as a hardening agent at 
e levated t e m p e r a t u r e s . The higher oxygen content of Ames thor ium also is respons ib le 
for lower densi t ies of t ho r ium-uran iu in alloys as comipared with alloys p r e p a r e d f rom 
iodide thor ium. 

Casting technique has a pronounced effect on the m i c r o s t r u c t u r e of t ho r ium-
u ran ium a l loys , the effect being a t t r ibutable to the cooling ra t e which the alloys encoun­
te r during solidification. The m. ic ros t ruc ture of t ho r ium-5 to 15 w/o uraniuna alloys 
cons is t s of a random d i spe r s ion of u r an ium pa r t i c l e s in a thor ium m a t r i x when the 
alloys a r e a r c mel ted and cas t on a cold, copper h e a r t h . Induct ion-mel ted thor ium-10 
to 20 w/o u r a n i u m a l loys , cas t into ca rbon m o l d s , exhibit g ra in-boundary deposi ts of 
u r an ium. The tho r ium-20 w/o u ran ium alloy contains gra in-boundary deposi ts of 
u ran ium r e g a r d l e s s of melt ing technique. While it is poss ib le to m o r e randomly d i s ­
t r ibute the uranium, in the induct ion-mel ted alloys by quenching f rom 1000 C, complete 
randomizat ion cannot be obtained s ince some pa r t i c l e s r e m a i n in the gra in boundar i e s . 

Working of the induct ion-mel ted alloys r e su l t s in s t r inger ing of the u ran ium phase 
to a g r ea t e r degree than is apparent in the a r c - m e l t e d a l loys . 

Cast ing technique has a slight effect on h a r d n e s s of the a l loys . In the a s - c a s t 
s tate or hot -worked s t a t e , the a r c - c a s t alloys a r e slightly h a r d e r due to re tent ion of 
u r an ium in solution as a r e su l t of the higher cooling ra t e employed in cas t ing . However 
fully r e c r y s t a l l i z e d induct ion-mel ted alloys appear to be slightly h a r d e r as a r e su l t of 
z i rcon ium and possibly oxygen pickup during melt ing in z i rconia c r u c i b l e s . 

The t e m p e r a t u r e of r ec rys t a l l i za t ion of t h o r i u m - u r a n i u m alloys is about 7 25 C for 
90 per cent co ld - reduced m a t e r i a l . This t e m p e r a t u r e is over 100 C higher than the 
r ec rys t a l l i za t i on t e m p e r a t u r e for thor ium. At lower t e m p e r a t u r e s and for lower 
anaounts of cold work , the alloys only undergo pa r t i a l r e c ry s t a l l i z a t i on and gra in 
growth with the r e su l t that a duplex s t r u c t u r e is produced. This behavior is a t t r ibuted 
to the p r e s e n c e of the u r a n i u m pa r t i c l e s which lead to nonuniform s t r e s s concentra t ions 
in the alloy during working. 

F r o m the viewpoint of i r r ad ia t ion behav ior , it is deemed des i rab le to produce a 
t h o r i u m - u r a n i u m s t r u c t u r e in which u r a n i u m pa r t i c l e s a re uniformly d i spe r sed in the 
thor ium m a t r i x . This se t s an upper l imi t of u r a n i u m concent ra t ion at about 15 w/o 
u r a n i u m , sincd the 20 w/o u ran ium al loy, r e g a r d l e s s of cas t ing method, contains 
u ran ium concentra t ions at the g ra in bounda r i e s . In o rde r to obtain a random d i spe r ­
sion of fine u r an ium pa r t i c l e s such that f i ss ion-product daniage and dis t r ibut ion during 
i r r ad i a t i on a r e un i form, a high cooling r a t e during cas t ing , such as is achieved during 
a r c cas t ing , is de s i r ab l e . While u r a n i u m pa r t i c l e s i zes a r e general ly sma l l e r than the 
f i s s ion-product range r e g a r d l e s s of the cast ing technique employed, the pa r t i c l e s in the 
induct ion-mel ted alloys tend to be l a r g e r than those appear ing in the a r c - m e l t e d a l loys . 
A l so , when the u r a n i u m appea r s in the thor ium gra in b o u n d a r i e s , the f i ss ion-product 
range is usual ly exceeded at l eas t in one d i rec t ion . Since it may be difficult to achieve 
the high cooling r a t e s n e c e s s a r y for a fine and r andom u ran ium d i spers ion during ca s t ­
ing of l a rge m e l t s , quenching f rom elevated t e m p e r a t u r e s , while not producing quite as 
r andom a d is t r ibut ion , provides an a l t e rna te method for developing the de s i r ed uraniumi. 
d is t r ibut ion. 
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T e r n a r y and Qua te rna ry T h o r i u m - U r a n i u m Alloys 

T h o r i u m - u r a n i u m alloys containing addit ions of molybdenum and niobium or 
snaall amounts of z i r con ium and niobium exhibit m i c r o s t r u c t u r e s fair ly s imi l a r to their 
b ina ry -a l loy c o u n t e r p a r t s , although the u r an ium is p r e s e n t in the metas tab le g a m m a -
u ran ium fo rm. Zi rconium additions exe r t a pronounced effect on the alloy s t r u c t u r e s , 
a wide va r i e ty of s t r u c t u r e s being obtained as the u ran ium and z i rcon ium content and 
the heat t r ea tmen t a r e va r i ed . In alloys quenched f rom elevated t emper a t t i r e s , the 
u r an ium is p r e s e n t as a gamima solid solution. On slow cooling the gamma t rans fo rms 
to the in te rmedia te u r a n i u m - z i r c o n i u m delta phase . Niobium additions to the 
z i rconium-conta in ing alloys s tabi l ize the gamma p h a s e . 

T e r n a r y and qua te rna ry additions to the t h o r i u m - u r a n i u m alloys have a significant 
effect on hot h a r d n e s s . Z i rcon ium additions i n c r e a s e h a r d n e s s of the b inary alloys 
considerably at t e m p e r a t u r e s up to 600 C. Above this t e m p e r a t u r e , al loys containing 
z i rcon ium soften rap id ly , although the h a r d n e s s is s t i l l g rea t e r than that of co r re spond­
ing b inary a l loys . Alloys containing molybdenum and niobium, on the other hand, a r e 
softer than the cor responding b ina r i e s at t e m p e r a t u r e s of 600 C and below. However , 
while these alloys also soften above 600 C, the r a t e of softening wtih inc reas ing t e m p e r ­
a ture is much l e s s than for the al loys containing z i r con ium, and these alloys also 
exhibit higher h a r d n e s s e s than cor responding binary al loys at elevated t e m p e r a t u r e s . 

On the b a s i s of the co r ros ion studies p e r f o r m e d , it is deemed imposs ib le to 
i nc rea se the c o r r o s i o n r e s i s t a n c e of t h o r i u m - u r a n i u m alloys to any significant extent 
by t e r n a r y or qua te rnary alloying of the a lpha - tho r ium phase s t r u c t u r e . 

F r o m the viewpoint of r e s i s t a n c e to i r r a d i a t i o n damage , two beneficial effects on 
t h o r i u m - u r a n i u m alloys naay be r ea l i zed by t e r n a r y and qua te rna ry al loying. When 
alloyed with molybdenum and niobium, the metas tab le g a m m a - u r a n i u m phase is r e ­
ta ined, the gamma phase being m o r e r e s i s t a n t to radia t ion swelling than the a lpha-
u r a n i u m phase . If hot h a r d n e s s is accepted as an indication of h igh- tem.perature 
s t r eng th , then alloying with molybdenum, niobiumi, and z i r con ium or niobium and 
z i r con ium should i n c r e a s e r e s i s t a n c e of the alloys to swelling when i r r ad i a t ed at high 
t e m p e r a t u r e s . 

Studies of these alloys a r e continuing. 
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