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1 

I* INTRODUCTION 

I n  r e c e n t  y e a r s  i t  has  been r e a l i z e d  t h a t ,  a l t h o u g h  b e t a  

t r e a t m e n t  does  remove a l a r g e  f r a c t i o n  of t h e  t e x t u r e  of a l p h a  

f a b r i c a t e d  uranium, y e t  t h e r e  may be  a s u b s t a n t i a l  t e x t u r e  

a c t u a l l y  induced by t h e  b e t a  t r e a t m e n t .  Th i s  s t u d y  w a s  begun 

f o r  t h e  Working Committee of t h e  F u e l  Element Development Com- 

-c------ -~ 

--- 

m i t t e e  t o  deve lop  a s y s t e m a t i c  d e s c r i p t i o n  of t h e  e f f e c t  of b e t a  
--la- I__ -- ------- 

t r ea tmen t  v a r i a b l e s  i n f l u e n c i n g  t h e  t e x t u r e ,  g r a i n  s i z e  and d i s -  
\ -- _- - 

&tion..in una l loyed  d inge t -and  i n g o t  uranium. The a i m  of t h e  
----- - - -  - _ _ _ _ -  -- -- -. 

program w a s  t o  l e a r n  enough of t h e  c h a r a c t e r  of b e t a  t r e a t m e n t  so 

t h a t  anyone who wished t o  b e t a  t r ea t  uranium cou ld  more e a s i l y  

s e l e c t  t h e  b e s t  h e a t  t r ea tmen t  consonant  w i t h  t h e  r e a c t o r  r e q u i r e -  

ments of t e x t u r e  and g r a i n  s i z e .  A t  t h e  same t i m e ,  i t  w a s  hoped 

t h a t  some b a s i c  unde r s t and ing  of t h e  r e s u l t s  would emerge, b u t  

t h e  primary e f f o r t  w a s  t o  be  t h e  c o l l e c t i o n  of a spec t rum of d a t a  

which had p r e v i o u s l y  been r e s t r i c t e d  t o  s p e c i a l  s i z e s  and h e a t  

trea trnent s . 
This  r e p o r t  summarizes work performed s i n c e  Nov. 1, 1959 

on t h e  s t u d y  of t h e  b e t a  t r e a t m e n t  of uranium. Owing t o  t h e  r a t h e r  

l a r g e  number of v a r i a b l e s  s t u d i e d ,  i t  was dec ided  t o  c o n s t r u c t  a 

r e f e r e n c e  r e p o r t  i n  which a p a r t i c u l a r  v a r i a b l e  cou ld  be  found 

r e a d i l y .  It is  hoped t h a t  t h i s  has  been accomplished by a n  o u t l i n e  

and t a b l e  of c o n t e n t s  ( p. v t o i x )  as w e l l  as by s u b j e c t  headings  

a t  t h e  t o p  of each page, and marg ina l  n o t e s .  

The r e p o r t  encompasses seven  p rev ious  p r o g r e s s  r e p o r t s  as 

w e l l  as work performed s i n c e  t h e  l a s t  p r o g r e s s  r e p o r t .  The p r e -  

v ious  r e p o r t s  have d e s c r i b e d  p r o g r e s s  d u r i n g  t h e  fo l lowing  p e r i o d s :  
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Repor t  Pe r iod  

NMI-2800 Nov. 1, 1959 - Apr. 1, 1960 

NMI-2801, NOV. 1, 1959 - Aug. 31, 1960 

NMI-2802 Sept .  1, 1960 - Nov. 30, 1960 

NMI-2803 Dec. 1, 1960 - Mar. 31, 1961 

NMI-2804 Apr.1 1, 1961 - J u l y  31, 1961 

NMI-2805 Aug. 1, 1961 - NOV. 30, 1961 

NMI-2806 Dec. 1, 1961 - Mar. 31, 1962 

Date I s sued  

Apr. 18, 1960 

S e p t .  23, 1960 

Dec. 27, 1960 

Apr. 21, 1961 

Sept .  1, 1961 

Dec. 29, 1961 

Apr. 13, 1962 

This f i n a l  r e p o r t  summarizes t h e  e f f e c t  of  composi t ion  of un- 

a l l o y e d  uranium ( i n g o t  v s ,  d i n g o t ) ,  p r i o r  d e l t a  c o n d i t i o n ,  geo- 

met ry ,  h e a t  t r e a t m e n t  and a p p l i e d  stress on c o o l i n g  ra te ,  g r a i n  

s i z e  and t e x t u r e  observed  i n  t h e  b e t a  t r e a t m e n t  of r o d s  and t u b e s ,  

A l l  t h e  d a t a  ( excep t  G v s .  p o s i t i o n  d a t a )  making up the graphs  

p r e s e n t e d  i n  t h e  main t e x t ,  as w e l l  as data on the rma l  behav io r ,  

g r a i n  s i z e  and d i s t o r t i o n ,  chemica l  a n a l y s e s ,  materials inven to ry  

r e c e i v e d ,  and d e s c r i p t i o n s  of expe r imen ta l  methods and equipment 

used  are c o n t a i n e d  i n  Appendix B. 

t h e  g r a p h i c a l  r e l a t i o n  between G 

of r o d  and tube  s i z e s  s t u d i e d .  

3 

Appendix A c o n t a i n s  f i g u r e s  of 

and r a d i a l  d e p t h  of t h e  range  
3 
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11. SHORT SUMMARY OF RESULTS OF BETA TREATMENT PROGRAM 
. ’  

Unalloyed d i n g o t  and i n g o t  r o d s  and tubes  have been s t u d i e d  

f o r  a v a r i e t y  of b e t a  t r e a t m e n t s .  

from 4 t o  1 i n c h ,  i n n e r  d i a m e t e r s  from 3.5 t o  0.5 i n c h ,  and wa l l  

t h i c k n e s s e s  from 0.9 t o  0 .1  inch .  Rod d i a m e t e r s  were 1.8, 1.1 

and 0.5 inch .  C e r t a i n  a u x i l i a r y  s t u d i e s  involved  1 - inch  d iameter  

d i s c s  0.03 inch  t h i c k .  Cooling ra tes  from t h e  b e t a  phase ranged 

from about  8OO0C t o  1°C/sec. 

( t e x t u r e )  h a s  been d e s c r i b e d  c h i e f l y  by t h e  growth index,  G3,* 

which p r e d i c t s  t h e  d i r e c t i o n  and e x t e n t  of a n i s o t r o p i c  growth 

i n  a l p h a  uranium under n e u t r o n  i r r a d i a t i o n .  

Tube o u t e r  d i a m e t e r s  ranged 

The degree  of p r e f e r r e d  o r i e n t a t i o n  

A .  Gra in  S i z e  and Shape 

1. D e l t a  Cond i t ion  ( s e e  page 20) 

Unalloyed d i n g o t  and i n g o t  uranium have been 

shown t o  be v e r y  s e n s i t i v e  t o  p r i o r  d e l t a  h e a t  t r e a t m e n t .  A 

change i n  d e l t a  t r ea tmen t  b e f o r e  a f i n a l  water quench from t h e  

b e t a  phase may cause  a s h i f t  of abou t  fou r  FEDC g r a i n  s i z e  numbers. 

- __c-- - ___._I_-_ 

2. Beta Treatment Time and Temperature (see page 2 6 )  

Gra in  s i z e s  found a f t e r  021 quenching 1 - inch  

d i ame te r  by 1 /4 - inch  t h i c k  i n g o t  d i s c s  t h a t  were b e t a  t r e a t e d  

over  r anges  of 2 t o  64 minutes  a t  690 t o  755 C were s l i g h t l y  

c o a r s e r  (1 /2  t o  1 FEDC g r a i n  s i z e )  i n  t h e  r e g i o n  of 10 t o  64 

minutes  a t  690 t o  735’. 

0 

3 .  Cooling Rate (see page 29) 

For a g i v e n  d e l t a  c o n d i t i o n ,  t h e  c o o l i n g  ra te  

from t h e  b e t a  phase i s  of major importance i n  de t e rmin ing  t h e  

f i n a l  a l p h a  g r a i n  s i z e ,  which i s  u s u a l l y  t h e  f i n e s t  f o r  a water 

quench, i n t e r m e d i a t e  f o r  o i l ,  and c o a r s e s t  f o r  a n  a i r  c o o l .  The 

macro (3X) g r a i n  s i z e  or  shape does  n o t  p rov ide  a good i n d i c a t i o n  

of t h e  e x t e n t  o r  s e v e r i t y  of t e x t u r e  p r e s e n t .  
- - - - - - - - - - -  
*For a d e f i n i t i o n  of  G s e e  Appendix B,  p. B-5. 

3’  
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4 .  A i r  Delay Before  O i l  Quenching  (see page 2Sj 

An a i r  d e l a y  b e f o r e  o i l  quenching coa r sens  t h e  

g r a i n  s i z e  towards t h e  s i z e  r e a l i z e d  by a n  o r d i n a r y  a i r  c o o l .  

5. R e c r y s t a l l i z a t i o n  (see page 30) 

0 
P o s t - b e t a  t r e a t m e n t  r e c r y s t a l l i z a t i o n  a t  600 C 

s l i g h t l y  r e f i n e s  t h e  g r a i n  s i z e ,  excep t  i n  t h e  case of a i r -  

cooled  specimens,  which do n o t  r e c r y s t a l l i z e .  

6. Applied S t r e s s  (see page 30) 

Limited exper iments  on t h e  a p p l i c a t i o n  of s t r e s s  

i n  t h e  b e t a  phase,  b e t a - a l p h a  phases and h i g h  a l p h a  phase d o s t  

show any d e t e c t a b l e  e f f e c t  on t h e  f i n a l  a l p h a  g r a i n  s i z e  o r  shape. 

B. D i s t o r t i o n  (See page 3 0 )  

Most-of the  d imens iona l  changes seem t o  be  caused by 

The 
/ 

the,%dsfer.enc_e_in t e x t u r e  b e f o r e  and a f t e r  b e t a  t r e a t m e n t .  

r e l a t i o n  between p e r c e n t  l e n g t h  and d i ame te r  changes ( A  L and A D) 
i n  r o d s ,  and t h e  a x i a l  G b e f o r e  b e t a  t r e a t m e n t ,  i s  g i v e n  a p p r o x i -  

mate ly  by t h e  r e l a t i o n s  
3 

% A L  = -2.2 G3Ax -0.23 

% Q D = +0.64G3Ax 

D i s t o r t i o n  a f t e r  b e t a  t r e a t m e n t  i s  more uni formly  d i s t r i b u -  

t e d  w i t h  s lower  c o o l i n g  ra tes  from t h e  b e t a  phase ;  t h e  e f f e c t ,  i n  

rods ,  of i n c r e a s i n g  t h e  c o o l i n g  r a t e  i s  g e n e r a l l y  t o  i n c r e a s e  the  

tendency t o  l eng then  o r  t o  d e c r e a s e  t h e  tendency  t o  s h o r t e n .  

3Ax 
b e f o r e  b e t a  t r e a t m e n t  i s  n o t  a p p a r e n t  from p l o t s  t h a t  show l a r g e  

scat ters  i n  t h i s  r e l a t i o n s h i p .  

I n  tubes  t h e  r e l a t i o n  between d imens iona l  changes and G 

No d i E f e r e n c e s  i n  d i s t o r t i o n  have s o  f a r  been observed 

among b e t a - t r e a t e d  p i e c e s  w i t h  d i f f e r e n t  d e l t a  h i s t o r i e s .  

I n  g e n e r a l ,  no d i f f e r e n c e s  i n  d i s t o r t i o n  can  be a t t r i b u t e d  

to compos i t iona l  d i f f e r e n c e s  between d i n g o t  and i n g o t .  
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C. Texture and Growth Index (see page 37) 

1. Radial Texture Di s t r ibu t ion  

A preferred o r i e n t a t i o n  ( t ex tu re )  of c r y s t a l l i t e s  

i s  induced by any cooling r a t e  (within the range studied)_fEm 

the beta  phase. This t ex tu re  i s  such t h a t  the G i s  negative 

p a r a l l e l  t o  the  thermal gradient experienced by the uranium 

during cooling from the beta  phase. The induced t ex tu re  tends 

t o  vanish (G approaches zero) when the thermal gradient vanishes,  

a s  i n  the  r a d i a l  d i r ec t ion  near the midwall of tubes o r  near the 

cen te r  of rods.  These c h a r a c t e r i s t i c s  of induced t ex tu re  cause 

the  r a d i a l  d i s t r i b u t i o n  of r a d i a l  G 

value a t  t he  cooling surfaces  and an approximately zero value a t  

a tube midwall; accordingly, the  G d i s t r i b u t i o n  curve usual ly  

assumes an  inverted "U" shape i n  both dingot and ingot .  

case (beta quench of dingot i n t o  500°C molten s a l t )  a "Ut' r a d i a l  

G d i s t r i b u t i o n  was observed. 

c- 

3 

3 

t o  have a la rge  negative 3 

3 
In one 

3 
Parameters have been introduced t o  descr ibe the degree of 

r a d i a l  t ex tu re  penetrat ion o r  the extent  of t o t a l  t ex tu re  induced 

by beta  treatment:  

r a d i a l  merit = w /2r 
0 

where r i s  the  r a d i a l  depth where G has increased t o  -0.10. 3 
W 

i n t eg ra t ed  ne t  r a d i a l  t ex ture ,  = rG3(2r/wo)dr r 
0 

W 

in t eg ra t ed  absolute  r a d i a l  t ex tu re ,  l?i, 1 = lT3(2 r /wo)d r  I 
0 

where w is t h e  w a l l  thickness,  

G (2r/w ) is t he  experimental curve showing t h e  dependence 3 0 

of r a d i a l  G 

0 

on r a d i a l  depth expressed as 2r/wo. 3 
Larger values  of r a d i a l  merit i nd ica t e  shallower t ex tu re  penetrat ion.  

2. Beta T r e a t m n t  Time and Temperature ( see  page 50)  

Beta treatment times longer than 8 minutes a t  beta  

temperature do not a f f e c t  f i n a l  G 

times seem t o  make G 

a f t e r  an o i l  quench, but s h o r t e r  
3 

s l i g h t l y  more negative.  3 
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0 
No e f f e c t  of b e t a  t empera tu res  between 695 and 755OC 

i s  observed on t h e  G a f t e r  a n  o i l  quench. 3 
Dingot w a s  not  s t u d i e d  under t h e s e  c o n d i t i o n s .  

3 .  P r i o r  Delta Cond i t ion  (see page 42) 

I n  d r a s t i c a l l y  quenched i n g o t  and d i n g o t  b a r s  

t h a t  have enough d i f f e r e n c e s  i n  d e l t a  h i s t o r i e s  t o  cause  a g r a i n  

s i z e  change, a G3 i n c r e a s e  of abou t  0.01 i s  a s s o c i a t e d  w i t h  a 

u n i t  d e c r e a s e  i n  FEDC g r a i n  s i z e  number. 

4 .  Cooling Rate from Beta Phase ( s e e  page 50) 

I n  i n g o t ,  t h e  s e v e r i t y  of induced r a d i a l  t e x t u r e  

p e n e t r a t i o n  as judged by r a d i a l  m e r i t  i n  i n f l u e n c e d  s u b s t a n t i a l l y  

by t h e  c o o l i n g  ra te  R 

by c o o l i n g  ra te .  

produce t h e  s h a l l o w e s t  t e x t u r e  p e n e t r a t i o n  i n  i n g o t ,  b u t  d i n g o t  

s e e m s  less s e n s i t i v e  t o  t h i s  ra te .  However, a s t u d y  of t h e  e f f e c t  

of c o o l i n g  r a t e  i n  i n t e g r a t e d  r a d i a l  t e x t u r e  i n  b o t h  i n g o t  and 

d i n g o t  shows t h a t  slow c o o l i n g  r a t e s  ( less  t h a n  about  2 C p e r  

second) and f a s t  c o o l i n g  r a t e s  ( g r e a t e r  t h a n  abou t  200 C pe r  

second) produce s u b s t a n t i a l l y  more i n t e g r a t e d  t e x t u r e  than  i n t e r -  

b u t  i n  d i n g o t  i s  somewhat less in f luenced  

t o  100°C per  second 
B' 0 

Cool ing  rates of abou t  50 

0 

0 
v- 

1.- -- 

-_I. 
-- - 

0 0 media te  c o o l i n g  rates ( abou t  50 C t o  100 C per  s econd) .  
. 

5 .  Comparison of OD and I D  Tube I n t e g r a t e d  Tex tu res  ( s e e  p. 53) 

I n  g e n e r a l ,  t h e  asymmetry i n  r a d i a l  G r a d i a l  
3 

d i s t r i b u t i o n  i s  g r e a t e r  i n  tubes  w i t h  lower 1 D : w a l l  r a t i o s ,  where 

t h e  c i r c u l a t i o n  of t h e  c o o l i n g  medium i s  somewhat more r e s t r i c t e d .  

A s t u d y  of 45 tubes  of d i f f e r e n t  s i z e s  and c o o l i n g  rates showed 

t h a t  a n  ave rage  of abou t  one h a l f  of t h e  t o t a l  i n t e g r a t e d  t e x t u r e  

developed w a s  formed on t h e  o u t e r  c o o l i n g  s u r f a c e s ,  and t h a t  t h e r e  

was abou t  twice as  much t e x t u r e  on t h e  o u t e r  s u r f a c e s  as on t h e  

i n n e r  s u r f a c e s  of tubes .  
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6.  A i r  Delay Before  O i l  Quench (see page 5 7 )  

An a i r  d e l a y  b e f o r e  a n  o i l  quench i n c r e a s e d  t h e  

r a d i a l  t e x t u r e  p e n e t r a t i o n  i n  i n g o t ,  and a n  i n c r e a s e  i n  a i r  d e l a y  

i n c r e a s e d  t h e  t e x t u r e  p e n e t r a t i o n  toward t h e  maximum found a f t e r  

a n  o r d i n a r y  a i r  c o o l .  

7 .  H o t - s a l t  Quenching of Thin Discs (see page 61) 

A s t u d y  of s u r f a c e  G on t h i n  (0.030-inch) i n g o t  3 
and d i n g o t  d i s c s  quenched from t h e  b e t a  phase i n t o  mol t en  sa l t  a t  

660 t o  2OO0C f o r  10 minutes  a t  t empera tu re ,  t h e n  water quenched, 

i n d i c a t e d  t h a t  t h e r e  i s  a r e g i o n  of h o t - s a l t  quenching t empera tu res  

t h a t  produces t h e  l e a s t  t e x t u r e d  t r a n s f o r m a t i o n  p r o d u c t s  by quench- 

i n g  i n  Houghton L H - 2 3 5  s a l t  a t  550 t o  425 C ;  e x c e p t ,  t h a t  t h e  

least  t e x t u r e d  p roduc t s  i n  i n g o t  cor respond t o  a s u r f a c e  G of 

abou t  -0.10, and i n  d i n g o t  t o  a s u r f a c e  G of abou t  -0.16 a t  t h e s e  

t empera tu res .  However, i f  a d i f f e r e n t  mol ten  s a l t  (Houghton DT-275) 
i s  used  on d i n n o t  d i s c s  a t  t h e s e  t empera tu res ,  t h e  t e x t u r e  appea r s  

t o  v a n i s h  a t  a quench tempera ture  of abou t  535 C. 

have n o t  been s t u d i e d  under t h e  same c o n d i t i o n s . )  

0 

3 

3 

0 ( I n g o t  d i s c s  

The s t u d y  of t h i n  d i s c s  i n d i c a t e d  s t r o n g l y  t h a t  a c e r t a i n  

r ange  of h o t - s a l t  quenches of d i n g o t  t ubes  would l e a d  t o  a de -  

c r e a s e d  p e n e t r a t i o n  of r a d i a l  t e x t u r e  as compared w i t h  t h a t  i n -  

duced by con t inuous  c o o l i n g .  

8. H o t - s a l t  Quench of  Tubes ( s e e  page 63) 

A l i m i t e d  s t u d y  of h o t - s a l t  (Houghton Draw-Temp 

275)  quench (10 minutes  i n  b a t h )  of 1.5 inch-OD by 0.5 inch-ID 

i n g o t  t u b e s  a t  400 or  2OO0C and d i n g o t  t ubes  a t  500, 400 and 

300 C showed t h a t  i n t e r m e d i a t e  quenching rates (R ) c a n  be ob- 

t a i n e d  and t h a t  t h e s e  i n t e r m e d i a t e  ra tes ,  l i k e  t h o s e  a l lowed by 

o i l  quenches,  s u c c e s s f u l l y  produce sha l low t e x t u r e  p e n e t r a t i o n  

and small  v a l u e s  of i n t e g r a t e d  r a d i a l  t e x t u r e .  

i n g o t  and d i n g o t  i n d i c a t e d  t h a t ,  f o r  t h i s  s i z e , h o t - s a l t  quench 

t empera tu res  of 400 t o  500 C induce  less t e x t u r e  t h a n  do lower 

t empera tu res  

0 

B 

R e s u l t s  on b o t h  

0 
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9. I n t e r n a l  F r e e  S u r f a c e s  (see page 72) 

The i n s e r t i o n  of i n t e r n a l  f r e e  s u r f a c e s  w i t h i n  

i n g o t  b a r  i s  found t o  cause  a s h a r p  p o s i t i v e  i n c r e a s e  i n  G i n  

a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  f r e e  s u r f a c e  a t  t h e  i n t e r f a c e ,  

a f t e r  a d r a s t i c  quench, when t h e  i n t e r f a c e  i s  i n  a r e g i o n  of 

h i g h  thermal  g r a d i e n t  and i n  a r e g i o n  b e l i e v e d  t o  have a ve ry  

low thermal  g r a d i e n t ,  b u t  n o t  a t  a n  i n t e r m e d i a t e  g r a d i e n t .  A 

f u r t h e r  s tudy  of d r a s t i c a l l y  quenched i n g o t  and d i n g o t  b a r s  

e l e c t r o p l a t e d  w i t h  0.002-inch n i c k e l  seems t o  conf i rm t h e  s h a r p  

inc rease  i n  G i n  a h igh  thermal  g r a d i e n t  n e a r  the  p l a t i n g .  The 

same r e s u l t s  were n o t  found i n  i n g o t  tube under 0.020 t o  0.005 

i n c h  of Z i r c a l o y  c l a d d i n g ,  p o s s i b l y  because  of a s u p e r i o r  metal- 

l u r g i c a l  Zi rca loy-uranium i n t e r f a c e ,  o r  a g r e a t e r  s i m i l a r i t y  of 

thermal  c o n d u c t i v i t y  between Z i r c a l o y  and uranium, which would 

n o t  cause  such  a l a r g e  i n t e r r u p t i o n  of t h e  thermal  g r a d i e n t  as 

may have occur red  under t h e  n i c k e l  e l e c t r o p l a t e .  

3 

3 

10. Applied S t r e s s  ( s e e  page 68) 

S t r e s s  a p p l i e d  d u r i n g  t h e  b e t a - t o - a l p h a  t r a n s -  

fo rma t ion  seems t o  be  more e f f e c t i v e  i n  modifying induced t e x t u r e s  

t h a n  stress a p p l i e d  on ly  i n  t h e  b e t a  phase,  b u t  t h e  r eason  i s  no t  

unde r s tood .  
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111. RESULTS AND DISCUSSION 

A summary of t he  work, l i s t i n g  b a s i c  s izes  and cool ing 

media used, i s  presented i n  Table I. 

A.  Thermal Data 

The thermal behavior or  uranium tubes and rods during 

be ta  t reatment  and quenching w a s  determined by t ime-temperature 

curves au tomat ica l ly  recorded on a Brush osc i l lograph  employing 

thermocouples loca ted  a t  var ious  depths  below the  sample surface.  

A complete summary of the  thermal behavior of a l l  uranium 

samples, inc luding  both continuous and discont inuous cool ing,  

i s  given i n  Appendix 8, Table B-IV. 
a re :  

The parameters of i n t e r e s t  

(1) tA , t h e  hea t ing  t i m e  necessary t o  reach che a lpha- to-  

be t a  t ransformation temperature from room temperature 

C 

(2) tBla, t h e  time during which the  beta- to-alpha t r ans -  

formation takes  p lace  on cool ing  

( 3 )  

( 4 )  

Ar,  t h e  mean temperature of t ransformation on cooling 

RB, t h e  cool ing r a t e  i n  t h e  be t a  phase j u s t  before  the  

beta- to-alpha t ransformation 

(5) Ra, t h e  cool ing r a t e  i n  t h e  alpha phase j u s t  a f t e r  

the  t ransformation.  

1. E f f e c t  of Composition 

It was not  be l ieved  t h a t  t h e  d i f f e r e n c e  i n  compo- 

s i t i o n  between unalloyed d ingot  and unalloyed ingot  has  any sub- 

s t a n t i a l  e f f e c t  on t h e  thermal behavior during be ta  t reatment .  

apparent  f a s t e r  However, t h e r e  i s  a tendency f o r  d ingot  uranium t o  e x h i b i t  f a s t e r  
cool ing  of dingot  

hea t ing  r a t e s  i n  molten s a l t  a n d . f a s t e r  cool ing  r a t e s  i n  a l l  
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TABLE I 

Summary of Experimental  P rogres s  on Beta Treatment of Uranium Rods and Tubes 

I 1 
D imens ions  

( i n )  Chemistry Desig- 
n a t i o n  

OD Wall i 
I 

1 
t 
! 

! 
I 

C 1.8 Rod I Ingot  

I 

DC 1.8 Rod Dingot 
i - 1  j 1 

I I 

Data Obtained 
Coo l i n g  ! I I 
Medium .I Grain 1 Growth 

D i s t o r t i o n  Size Index 

300.C A i r  
250C Poco 2 O i l  
250C Poco 2 O i l  ( a )  
250C Poco 2 O i l  (b)  
250C Houghto K O i l  
550C Water 
12 C Water 

I 
I 
I 
I 

I 
I 1  

* 

300.C A i r  I /  
250C Poco 2 O i l  I /  
250C Houghto K O i l  : *  i 
550C Water i /  
120C Water I /  
25 C Br ine  j l  



Desig- 
n a t i o n  

DH 
(DC) 

2.0 N 250C Poco Houghto K O i l  * * 
550C Water n n 
1 2  C Water * * l * j n  

0.3 / Ingot  

L 

Table I (Continued) 11 

I I I 

L ' 3.9 
I 
I 

i 

i Dimens ions  

( i n )  I Chemistry 

OD I Wall 1 

; *  
! 

I 250C Poco 2 O i l  
250C Houghto K O i l  * * n 
55 oC Water n n 
12 C Water * * 

I 

i 0.2 Ingot  

d 30zC A i r  n i  n * 

Cooling 
Medium 

! 

i 
I 
I 

Dingot 

i l  I : /  I 
I ! /  I 

I .  

30zC A i r  
250C Houghto 4102 O i l  

250C Poco 2 Oil 
250C Houghto K O i l  
550C Water 
1 2  $ Water 
50OOC S a l t  
40OOC S a l t  
300 C S a l t  

550c Poco 2 O i l  

I I 
I 
! I 3OoC A i r  

1 I 

Data Obtained 

Grain Growth 1 1 Index 1 D i s t o r t i o n  Size 

* 
* j 

i I * 

* * j  

I I _  I I I 
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cool ing  media. 

t h a t  t h e  higher oxida t ion  r a t e  of ingot  increases  the  amount 

of thermal i n s u l a t i o n  between metal and thermocouple, thus y i e l d -  

ing  apparent ly  slower cool ing  r a t e s  i n  ingot .  The thermal d i f f e r -  

ences between d ingot  and ingot  a r e  s t a t i s t i c a l  a t  most and extrem- 
e l y  small ,  even when compared wi th  the  dev ia t ions  i n  r e s u l t s  f o r  

repeated treatment of a s i n g l e  composition. 

It has  been suggested by J .  X. Minor (HAPO) 

2 .  E f fec t  o f  P r i o r  Condition 

It was no t  be l ieved  t h a t  p r i o r  condi t ion  has  

any s i g n i f i c a n t  e f f e c t  on thermal behavior,  al though no thermal 

ana lyses  were made on samples having d i f f e r e n t  h i s t o r i e s  but  

i d e n t i c a l  geometries and compositions.  However, samples 

machined from ingot  tube and samples of i d e n t i c a l  geometry 

machined from dingot  rod showed l i t t l e  d i f f e r e n c e  i n  thermal 

p rope r t i e s .  Since cons iderable  t e x t u r a l  d i f fe rences  p r e -  

surnably e x i s t  between these  two materials, i t  may be i n f e r r e d  

t h a t  a t  l e a s t  i n  t h i s  r e s p e c t  p r i o r  cond i t ion  does not  s i g n i f i -  

c a n t l y  a f f e c t  thermal p rope r t i e s .  

3 .  E f f e c t  of Geometry 

The hea t ing  t i m e  needed by the  sample t o  reach 

t h e  alpha-be ta t ransformation,  tA , var i ed  from a s  l i t t l e  a s  

36 seconds f o r  2- inch OD by 0.1-inch w a l l  i ngo t  tube ( s i z e  T) 

t o  about 200 seconds f o r  1.8-inch diameter  rod ( s i z e  C) and 

3.9-inch OD by 0,9- inch w a l l  tube ( s i z e  A ) .  Cooling r a t e s  i n  a 

given quench medium showed correspondingly high v a r i a t i o n s  wi th  

sample s i z e .  For rods ,  hea t ing  and coo l ing  r a t e s  decreased 

wi th  increas ing  depth from the  su r face ,  a s  would be expected. 

However, a l though t h e  OD su r face  of tubes gene ra l ly  exhib i ted  

t h e  h ighes t  hea t ing  and cool ing  r a t e s ,  t h e  r a t e s  obtained a t  

t h e  I D  w e r e  u sua l ly  lower than those  observed a t  midwall or  o the r  

in te rmedia te  po in t s .  This is presumably due t o  a "tunnel" e f f e c t  

i n  which the  c i r c u l a t i o n  of t h e  hea t ing  or  cool ing  medium i s  

r e s t r i c t e d  on the  inner  su r face  of the  tube.  Molten s a l t  may 

even momentarily f r e e z e  a t  t he  end of the  tube during hea t ing  

C 

tunnel  e f f e c t  i n  
cool ing  



13 

Thermal Data 

o r  quenching, thus f u r t h e r  r e s t r i c t i n g  the  passage of the  

hea t ing  o r  cool ing medium. This e f f e c t  ( f a s t e r  cool ing  a t  

midwall than a t  ID) was most pronounced fo r  1.5-inch OD by 

0-5- inch  I D  ( s i z e  H) ,  1-inch OD by 0.5-inch I D  ( s i z e  P ) ,  and 

3- inch OD by 2.5-inch I D  ( s i z e  M) tubes ,  It appears  t h a t  the  

tunne l  e f f e c t  i s  most pronounced i n  tubes  having smaller  i n s i d e  

diameters  (where hea t  flow i s  most r e s t r i c t e d )  and th inner  wa l l s  

(where midwall cool ing  does not lag  s u b s t a n t i a l l y  behind OD 

cool ing)  

thermal g r a d i e n t s  
In 1 in. rods  

Since the  growth c h a r a c t e r i s t i c s  of be t a  t r e a t e d  uranium 

are  a s soc ia t ed  wi th  the  d i r e c t i o n  (and perhaps magnitude) of 

t h e  thermal g rad ien t s  produced during cool ing ,  a s tudy was made 

t o  determine t h e  type and s i z e  of thermal g rad ien t  produced a t  

var ious  depths  below the  cool ing  su r face  f o r  th ree  r e p r e s e n t a t i v e  

cool ing  media. By employing cool ing  curves obtained a t  d i f f e r e n t  

depths  below t h e  sample su r face ,  i t  was poss ib l e  t o  ob ta in  t h e r m 1  

g rad ien t s  ( 4  T/ r )  f o r  t h e  i n t e r v a l s  between two successive 

thermocouple placements. 

p l o t t e d  versus  cool ing  t i m e  i n  Fig.  1. Typical  g rad ien t  curves  

a r e  presented f o r  water-quenched, oil-quenched, and a i r - coo led  

1.1-inch diameter rods i n  Curves I, I1 and I11 respec t ive ly .  

Each one of t he  curves r ep resen t s  the  thermal grad ien t  across  

t h e  ind ica t ed  r a d i a l  i n t e rva l*  a s  shown i n  Curve I V .  Curve I V  

d e p i c t s  t h e  temperature d i s t r i b u t i o n  ac ross  t h e  r a d i u s  f o r  each 

quench medium as der ived from Curves I, 11, and 111 f o r  the  

s p e c i f i c  t i m e s  ind ica ted .  (Each t i m e  w a s  a r b i t r a r i l y  chosen t o  

show t y p i c a l  thermal behavior during a given quench. Owing t o  

the  wide v a r i a t i o n s  i n  t o t a l  cool ing  t i m e  a s soc ia t ed  wi th  the  

t h r e e  quenching media, i t  w a s  n o t  poss ib l e  t o  s e l e c t  a common 

These thermal g r a d i e n t s  have been 

t i m e  which would i l l u s t r a t e  t h e  t y p i c a l  temperature d i s t r i b u t i o n  
- - - - - - - - - - -  
*The c a l c u l a t i o n s  employed i n  t h i s  work assume a l i n e a r  gradienir 

ac ross  the  i n t e r v a l  s tud ied ,  which i s  not ,  of course,  a t r u e  
r ep resen ta t ion .  However, these  curves a r e  q u a l i t a t i v e l y  va l id  
f o r  determining the  cool ing behavior of t he  samples. 
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Fig.  1 - Thermal g rad ien t s  and temperature d i s t r i b u t i o n s  found i n  1 .1- inch diameter ingot  
bar  during cool ing from the be ta  phase. 

Curve I: 
Curve 11: 
Curve 111: 
Curve I V :  

Drawing NO. RB-1129  

0 
Thermal grad ien t  vs. cool ing  t i m e  for  15 C water quench. 

0 
Thermal grad ien t  vs.  cool ing  t h e  for  25 $ Poco No. 2 O i l  quench. 

Thermal grad ien t  vs.  cool ing time fo r  25 C a i r  cool .  
Temperature v a r i a t i o n  wi th  depth below OD a f t e r  s p e c i f i c  times i n  
var ious  cool ing  media. 

L 
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f o r  a l l  t h r e e  quenches.) 

The f a c t  t h a t  t he  maximum thermal g rad ien t s  observed 

during o i l  quenching are n o t  those nea res t  t he  sample surface, 

may be explained i n  terms of t he  e f f e c t  of t he  beta-alpha 

t ransformation on the  c h a r a c t e r i s t i c  cool ing  curves of the  con- 

c e n t r i c  annular  increments,  which may be considered t o  compose 

t h e  f u l l  wall  th ickness  of t h e  cool ing  cy l inde r .  With increas-  

ing  d i s t a n c e  from the  su r face ,  t h e  cool ing  of each increment 

l ags  behind t h a t  of t he  overlaying increment by an  amount d e t e r -  

mined by the  r a t e  of hea t  e x t r a c t i o n  by t h e  quenching medium, 

the  thermal conduc t iv i ty  of t he  uranium and the  sample geome1:ry. 

The temperature d i f f e r e n t i a l  between ad jacent  annu l i  general:!y 

decreased wi th  increas ing  d i s t ance  from the  sur face .  However, 

during the  t ransformation w i t h i n  a given annulus,  t h e  evolving 

hea t  of t ransformation r e t a r d s  t h e  cool ing  process .  Depending 

on the  rate of h e a t  e x t r a c t i o n  compared w i t h  the  ra te  of t r ans -  

formation (evolu t ion  of r eca l e scen t  h e a t ) ,  t he  cool ing  r a t e  raay 

dece le ra t e ,  be a r r e s t e d ,  or  r eve r se  ( reca lescence) .  This re- 

t a rda t ion  reduces the  temperature d i f f e r e n t i a l  between the  

t r ans  forming annulus  and the  under ly ing  untransformed annulus,  

which cont inues t o  cool  through the  be ta  phase. I f  t he  e f f e c t  

of the recalescence on the temperature differential is suffi- 

ciently pronounced, the gradient between them can reach even a 

lower value than gradients observed at greater depths, thus ac- 
counting f o r  the  observation t h a t  the maximum thermal gradients  

found during an oil quench lie at some intermediate sample depth, 
r a t h e r  than n e a r e s t  t h e  sur face .  In water  quenching, t he  r a t e  

of hea t  e x t r a c t i o n  i s  so high t h a t  t h e  r e t a r d a t i o n  of cool ing 

by heat of transformation is negligible, so that the maximum 
thermal gradients are nearest the surface. During air cooling, 

the rate of heat extraction is so small that recalescence donti- 

nates, and the thermal gradients are very small throughout the 
sample volume. 
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4 .  E f f e c t  of Heat Treatment 

For a given sample geometry, cool ing ra tes  

inc rease  i n  the  o r d e r : a i r ,  o i l ,  water (or  b r i n e ) .  Althougt 

considerable  v a r i a t i o n  i n  cool ing rate occurs wi th  varying 

sample geometry and thermocouple loca t ion ,  the cool ing rates 

i n  t h e  b e t a  phase can almost i n v a r i a b l y  be categorized as 

t y p i c a l  cool ing follows: a i r :  1 t o  1O0C/sec.; o i l :  10 t o  10O0C/sec.; water: 
rates from f3 

Ind iv idua l  cool ing rates range from about 100 t o  1000°C/aec. 

800°C/sec. f o r  a water-quenched 0-1-inch w a l l  ingot  tube t o  

1°C/sec. f o r  t he  i n t e r i o r  of an  a i r - coo led  1.8-inch diameter 

i ngo t  rod. 

cool ing . i n  a i r ,  
O i l ,  water mation t i m e s  and temperatures i s  shown g r a p h i c a l l y  i n  Fig.  2 
t ed  on ingot  
TTT diagram where the  cool ing curves f o r  1.1-inch diameter rods quenched 

The importance of cool ing r a t e s  i n  terms of t r a n s f o r -  

i n  var ious media are superimposed on a t ime-temperature-trans- 

formation p l o t  given by Jepson*(l) f o r  ingot  composition. 

Curves are shown i n  each case f o r  t h e  OD thermocouple ( a c t u a l l y  

0.06 inch below t h e  su r face )  and the  c e n t e r  thermocouple, No 

d a t a  were a v a i l a b l e  f o r  the  TTT diagram f o r  t i m e s  l e s s  than 

10 seconds; t he  "nose" of the  curve,  which i s  undetermined, 

i s  shown schematical ly  by a dashed l i n e .  Because TTT charac- 

t e r i s t i c s  may va ry  w i t h  small changes i n  composition, the  

Jepson curves (which are f o r  i n g o t - l i k e  uranium) are  not  t o  

be taken as exact  values  f o r  t hese  s t u d i e s .  However, i t  i s  

r e a d i l y  seen t h a t  considerable  v a r i a t i o n  i n  t ransformation 

- - - - - - - - - - -  
* Jepson determined the  TTT diagram from d i l a t o m e t r i c  r e s u l t s  

on 1.8 inch diameter by 1 inch samples quenched from 30 
minutes a t  72OoC i n t o  a lead ba th  f o r  isothermal  t r a n s f o r -  
mation. The t y p i c a l  composition was (ppm): 

C 0 N Fe A 1  S i  C r  Mn 
700 15 20 2 100 40 20 5 15 
--- ----- 



1 

700 

0 
600 

c 
3 c 
E 
d) a 

I- 
500 

400 

.I .2 .4 .6 .8 1.0 2 4 6 8 1 0  20 40 6080 120 200 
Time, Seconds 

I I 1 I I I I I I  I I I I I I I I I  I I  I I I 1 1 1 1 1  I I 

I 3 ' ~  H,O Cooling O.D. 
A I3'C H 2 0  Cooling Center 
0 55'C H2Q Cooling O.D. . 5 5 ' ~  H,O Cooling Center 

25°C Poco No.2 Oi l  O.D. 0 30°C Air Q.D. 
025'C Poco No.2 Oil Center ' 0 30°C Air Center 

I I I I I I I I I  I I I I I I I I I  I I  I I I 1 1 1 1 1 1  I 

Fig. 2 - Rela t ion  of TTT c h a r a c t e r i s t i c s  t o  OD and cen te r  cooling curve of 1.1-inch diameter 

Drawing No. ingot  rod cooled i n  d i f f e r e n t  media. 
f o r  composition including 700 pprn C ,  100 pprn Fe, 40 ppm A l ,  20 ppm S i .  
x2 - 1252 

TTT c h a r a c t e r i s t i c s  a r e  from Jepson(1) and a r e  
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cool ing  r a t e s  i n  
d i f f  er e n t  o i 1s 

t i m e  and temperature can be caused by varying t h e  cool ing 

medium. Since t h e r e  are  i n d i c a t i o n s  (see p. 61) t h a t  t he  

isothermal  t ransformation temperature can a f f e c t  t h e  G 

and s i n c e  t ransformat ion  k i n e t i c s  vary d r a s t i c a l l y  i n  d i f f -  

e r e n t  reg ions  of t he  TTT diagram, the  cool ing r a t e s  are un- 

doubtedly very important a 

3’ 

The curves f o r  the  a i r -cooled  sample agree  w e l l  w i th  

the  Jepson diagram, but  h i s  da t a  a r e  not  complete enough 

t o  permit comparison wi th  d a t a  f o r  water-quenched samples. 

For the  o i l  quench, the  thermal a r r e s t s  a r e  considerably 

higher  than the  temperatures  pred ic ted  by Jepson. It should 

be  noted t h a t  h i s  d a t a  a r e  f o r  700 ppm carbon, whereas the  

cool ing  curves shown rep resen t  metal conta in ing  about 440 ppm 

carbon. This a s  w e l l  a s  s i z e  e f f e c t s  may expla in  the  observed 

dev ia t ions  from h i s  TTT diagram. 

W a r m  and co ld  water  quenches a r e  seen t o  have very 

s i m i l a r  cool ing  curves .  The s i m i l a r i t y  

uranium t o  w a r m  and co ld  water  quenches 

i n  G ana lyses .  On the  o ther  hand, t he  

t h r e e  media, a i r ,  o i l ,  water, a r e  q u i t e  
3 

of response of 

has  a l s o  been confirmed 

d i f f e r e n c e s  among the  

prominent, and t h e r e  

i s  l i t t l e  or  no over lap  of t he  cool ing  curves f o r  these  media 

i n  t h e  t ransformat ion  reg ions .  This  impl ies  t h a t  t h e  t r a n s -  

formation product  i n  the  f u l l  c ros s - sec t ion  of a 1.1-inch 

diameter rod i s  unique f o r  each medium. Moreover, t h i s  de- 

marcat ion between a i r ,  o i l  and water  appears  t o  e x i s t  f o r  a l l  

geometries s tud ied .  

An a t tempt  t o  o b t a i n  in te rmedia te  cool ing  rates by 
0 hea t ing  of t he  Poco No. 2 o i l  t o  55 C r e s u l t e d  i n  e s s e n t i a l l y  

no changes i n  thermal behavior .  Using room-temperature, 

Houghto K quenching o i l  r e s u l t e d  i n  s l i g h t  i nc reases  i n  cool ing 

r a t e s  , whi le  the  use  of room temperature Houghto-Quench 4102 

o i l  (conta in ing  a m i c a  s l u r r y )  success fu l ly  achieved cool ing  
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rates midway between those obtained fo r  Poco No. 2 and 

a i r -cooled  samples. Quenches i n t o  25 C b r ine  and i n t o  

0 C b r i n e  d i d  not  appear t o  y i e l d  any s i g n i f i c a n t  i nc rease  

i n  cool ing  ra te  over t he  s tandard warm and co ld  water  quenches. 

0 

0 

Severa l  s t u d i e s  of discont inuous cool ing  rates were 

made during the  course of r o u t i n e  b e t a  t rea tments .  These 

were (1) an  increas ing  a i r  de lay  t ime before  a f i n a l  r o o w  

temperature o i l  quench, and (2) quenches i n t o  500, 400, 

300 o r  200°C molten s a l t  (Houghton Draw Temp 275) (10 minutes 

a t  temperature) before  a f i n a l  room temperature water  quench. 

The e f f e c t  of a i r  de lays  on t h e  thermal p r o p e r t i e s  of ingot  

rod and tube was neg l ig ib l e .  That is ,  those  parameters 

measured during the  a i r - c o o l  po r t ion  of t h e  cool ing  cycle 

were i d e n t i c a l  t o  the  parameters found f o r  continuous a i r  

cool ing ,  and the  p r o p e r t i e s  s tud ied  during the  oil-quencl- 

po r t ion  of the  cool ing cyc le  were i d e n t i c a l  t o  those ob- 

ta ined during continuous o i l  quenching. The in t e r rup ted  hot  

s a l t  quenches were found t o  inc rease  i n  s e v e r i t y  wi th  decreas-  

ing  s a l t  temperature ,  a s  would be  expected. 

s a l t  y ie lded  cool ing  r a t e s  midway between those obtained f o r  

o i l  and water .  

s a l t  y ie lded  be ta  cool ing  r a t e s  more c l o s e l y  comparable t.o 

those a s soc ia t ed  wi th  room temperature Poco No. 2 o i l  quenches. 

However, wi th  increas ing  s a l t  temperature t h e  reduct ion  i n  

tempera ture  d i f f e r e n t i a l  be tween quench m e d i u m  and sample r e -  

s u l t e d  i n  longer t ransformat ion  t i m e s  and lower alpha cool ing 

r a t e s  than  those a s soc ia t ed  wi th  o i l  quenching. Quenching i n  

500 C s a l t  r e s u l t e d  i n  b e t a  cool ing  r a t e s  somewhat slower than 

i n  Poco No. 2 o i l  quenches, bu t  s t i l l  f a s t e r  than  e i t h e r  a i r  

cool ing  o r  quenching i n  Houghto-Quench 4102 o i l .  

0 Quenching i n  200 C 

Quenching i n  3OO0C and, p a r t i c u l a r l y ,  i n  4OO0C 

0 
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5. E f f e c t  of S t r e s s  

It i s  not  expected t h a t  cooling r a t e s  w i l l  

be a f f e c t e d  by the  a p p l i c a t i o n  of s t r e s s  during cool ing.  It  

i s  not  known whether the a p p l i c a t i o n  of stress might be 

expected t o  i n c r e a s e  t h e  t ransformation ra te  or/and change 

the  t ransformation temperature,  These two parameters could 

ex :rt a considerable  in f luence  on the  be t a - t r ea t ed  p r o p e r t i e s .  

B. Grain S i z e  and Shape 

A f t e r  each be ta  t reatment ,  a hemicylinder was 

c u t  from the  tube o r  rod. The c r o s s - s e c t i o n  exposed was 

macro-etched i n  HC1 and HNO t o  r e v e a l  the  macro-grain s'ize. 3 
Photomacrographs (3X) of t h i s  su r f ace  were then compared 

w i t h  s tandard 3X macro-grain s i z e  photomacrographs suppl ied 

by t h e  FEDC. (2)* Although t h e  assignment of g r a i n  s i z e  i s  a 

somewhat s u b j e c t i v e  ma t t e r ,  the  d e v i a t i o n  among d i f f e r e n t  

observers  f o r  t h e  g r e a t  ma jo r i ty  of e s t ima tes  i s  no more than 

1/2 g r a i n  s i z e  number, 

1. E f f e c t  of Composition 

It i s  recognized t h a t  no d i scuss ion  of the  

e f f e c t  of composition on g r a i n  s i z e  and shape i s  complete wi th -  

ou t  a thorough knowledge of the  p r i o r  d e l t a  cond i t ion  of the 

uranium under s tudy.  Since changes i n  composition may change 

t h e  thermal treatment necessary t o  produce the  "optimumt' 

>k $< 

** 
d e l t a  cond i t ion  d e l t a  cond i t ion  , t he  c r i t e r i o n  of i d e n t i c a l  p r i o r  h e a t  t r e a t -  

ments may not  be a s u f f i c i e n t  guarantee of e q u a l i t y  of i n i t i a l  

d e l t a  cond i t ions  e 

g r a i n  s i z e ,  It i s  g e n e r a l l y  accepted t h a t  dingot ,  which u s u a l l y  con- 
dingot t a i n s  less impur i t i e s  than ingo t ,  w i l l  show coa r se r  g r a i n  

and inao t  - 
s i z e s  than ingo t .  During t h i s  program, s t u d i e s  ind ica t ed  t h a t  

* Four d i f f e r e n t  se ts  (A-,  B - ,  C -  and D-), r ep resen t ing  
d i f f e r e n t  s i z e s  and cool ing r a t e s ,  are given,  The g r a i n  
s i z e  numbers i n c r e a s e  w i t h  decreasing s i z e .  

s i z e  of t h e  compounds formed between uranium and o the r  
elements p re sen t .  
cond i t ion  t h a t  produces the  f i n e s t  alpha g r a i n  s i z e  a f t e r  
b e t a  t reatment .  

;W Delta cond i t ion  r e f e r s  t o  the  d i s t r i b u t i o n  and p a r t i c l e  

By "optimum" i s  meant t h a t  d e l t a  
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t h i s  assumption i s  not always r e l i a b l e .  It i s  t r u e  f o r  

some s i z e s  and not f o r  o t h e r s .  It  i s  l i k e l y  t h a t  t h e  

d e l t a  response d i f f e r s  somewhat between t h e  two compositions, 

s o  t h a t  t he  f i n a l  b e t a - t r e a t e d  g r a i n  s i z e  may be c h i e f l y  depen- 

den t ,  f o r  example, upon the  r educ t ion  and t h e  temperature of 

f a b r i c a t i o n .  

The p r i o r  d e l t a  cond i t ion  a l s o  appears t o  e x e r t  a 

marked e f f e c t  on the  occurrence of columnar g r a i n s .  I n  

in s t ances  where t h e  p r i o r  cond i t ion  w a s  a s - f a b r i c a t e d ,  

s e v e r a l  cases  o f  pronounced columnar growth were observed 

a t  t he  cool ing su r faces  i n  be t a  t r e a t e d  ingo t ,  bu t  none 

w e r e  found i n  dingot .  

seem t o  cause a somewhat decreased tendency t o  columnariza- 

t i o n  i n  dingot  which experienced the  same thermal g r a d i e n t s  

during be ta  quenching, i t  i s  not c l e a r  what p a r t  of the tendency 

i s  due t o  p r i o r  d e l t a  condi t ion,  which w i l l  be shown t o  have 

a considerable  in f luence  or1 columnarization. 

Although compositional d i f f e r e n c e s  

2 .  E f f e c t  of P r io r  Condition 

marked e f f e c t  o f  S t u d i e s  a t  Mallinckrodt have shown t h a t  dingot 

i n  o rd ina ry  
d ingo t  and ingo t  

treatment containing minor a d d i t i o n s  of i r o n  and s i l i c o n  can be h e a t  

t r e a t e d  ( d e l t a  t r ea t ed )  t o  con t ro l  g r a i n  s i z e , ( 3 )  by d i s s o l -  

ving the d e l t a  compounds i n  b e t a  uranium and by p r e c i p i t a t i n g  

these  compounds by hea t ing  a t  some s u i t a b l e  temperature i n  

the  alpha phase f o r  s e v e r a l  hours be fo re  a f i n a l  be t a  t r ea tmen t ,  

Recent work i n  t h i s  NMI program has shown t h a t  d e l t a  treatment 

can cause a s h i f t  of about four  FEDC (3X) grair ,  s i z e  numbers 

i n  dingot  (63 ppm Fe, 3 5  ppm S i )  and ingot") (115 ppm Fe and 

50 ppm S i )  1.1-inch diameter rods  d r a s t i c a l l y  quenched from 

the  be t a  phase a f t e r  d i f f e r e n t  p r i o r  d e l t a  treatments.  For 
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0 example, a 645 C/8-hour anneal of a s - f ab r i ca t ed  ingot  

w i l l  produce ve ry  coa r se  (A-2 and A-3) FEDC g r a i n  s i z e s  

a f t e r  a cold water quench from the b e t a  (F ig .  3A) whereas 

the omission of the 645 C p r i o r  d e l t a  treatment w i l l  g ive  

much f i n e r  (A-5 t o  A-7) g r a i n  s i z e s  i n  both compositions 

(F ig .  3B), An unsuccessful  attempt was made t o  r e f i n e  t h e  

g r a i n  s i z e  of b e t a - t r e a t e d  ingo t  from the  a s - f a b r i c a t e d  

cond i t ion  by f i r s t  b e t a  t r e a t i n g  ( t o  d i s s o l v e  d e l t a ) ,  then 

r e p r e c i p i t a t i n g  d e l t a  f o r  8 hours a t  525, 425 or 325OC 

be fo re  a f i n a l  be t a  t reatment .  The g r a i n  s i z e  due t o  the  

425 C p r i o r  d e l t a  t reatment  gave the  g r e a t e s t  refinement,  

approaching t o  w i t h i n  one o r  two FEDC numbers t h e  g r a i n  s i z e  

of t he  b e t a - t r e a t e d  sample, which had had a n  a s - f a b r i c a t e d  

p r i o r  condi t ion.  It i s  understood t h a t  2 t  NLO the  r o l l i n g  

temperature of t he  ingo t  rod had been about 625 C (1155 

and t h a t  t h i s  temperature w a s  chosen as the  temperature which 

would produce the f i n e s t  g r a i n  s i z e  upon a f i n a l  be t a  quench 

i n t o  wa te r ,  'Evidently the  r o l l i n g  cond i t ions  do not  r e s u l t  

i n  ' d e l t a '  t i m e s  and temperatures too seve re  t o  achieve the  

b e s t  p r i o r  d e l t a  cond i t ion  f o r  the  f i n e s t  b e t a - t r e a t e d  g r a i n  

s i z e ,  even though our h e a t  t reatments  i nd ica t ed  t h a t  625 C 

would be too h igh ,  However, i t  would be expected t h a t  w a r m  

0 

0 

0 0 
) ,  

0 

r a d i a l  d i s t r i -  working during r o l l i n g  could a l t e r  the  p r e c i p i t a t i o n  r a t e  
bu t ion  of g r a i n  
s i z e  and s i z e  of the  d e l t a  p a r t i c l e s .  An i n t e r e s t i n g  f e a t u r e  of 

the  r a d i a l  d i s t r i b u t i o n  of g r a i n  s i z e  throughout t h e  c r o s s -  

s e c t i o n  of bo th  the ingo t  and d ingo t  b a r s  was t h a t  t h e  d e l t a  

agglomerating treatment (without p r i o r  be t a  t reatment)  tended 

t o  produce much coa r se r  g r a i n s  a f t e r  b e t a  treatment a t  mid- 

r a d i u s  than a t  e i t h e r  the  OD o r  rod c e n t e r  (see Fig.  3-A), 

It i s  poss ib l e  t h a t  a t  t he  OD the  d r a s t i c  cool ing r a t e  over- 

whelmed the  e f f e c t  of d e l t a  t reatment ,  but  t h a t  a t  mid-radius 

t h e  e f f e c t  of w a r m  working (during f a b r i c a t i o n )  caused an  



3x RF-8274 

F i g .  3 A  - F u l l  c r o s s - s e c t i o n  of 1 .1- inch  d i ame te r  by 4- inch  long ingot  r o d  
( c o n t a i n i n g  115 ppm Fe and 50 ppm S i )  w a t e r  quenched from 
t h e  b e t a  phase a f t e r  a 6 4 5 O C ,  8-hour i e l t a  agglomerat ing anneal  
of t h e  a s - f a b r i c a t e d  c o n d i t i o n  (K-8). 

Note: ( 1 )  mid-radius  coa r sen ing  of g r a i n  s i z e  t o  about A-1.5, 
and ( 2 )  columnar g r a i n s  a t  OD.  

+:(K-8), and s i m i l a r  d e s i g n a t i o n s  i n  the F igures  t o  f o l l o w ,  r e f e r s  t o  s i z e  
code and sample number, e.g., s i z e  K, sample number 8. 
of 

For i n t e r p r e t a t i o n  
s i ze  code, s ee  Table  a t  i n s i d e  back cove r .  

. . . . . . . . . - . .. . . - . . . .. . . . . . . . . . . . - .. . . -. . . . - - . ._ - - 
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3x RF-8273 

F i n .  3 B  - Same as F i g .  3A, except  w i thou t  t h e  645OC p r i o r  annea l  ( K - 7 ) .  

Note: (1 )  un i form g r a i n  s i z e  ( A - 6 )  th roughout  s e c t i o n ,  and 
(2 )  only  sha l low c a s e  of columnar g r a i n s  a t  OD.  
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a c c e l e r a t i o n  i n  the  d e l t a  agglomeration r a t e ,  and t h i s ,  i n  

turn,caused g r a i n  coarsening. I n  t h e  c e n t e r  of the  rod the 

degree of w a r m  working would not  have been s o  g r e a t ;  a c c x d -  

ing ly ,  i t  i s  poss ib l e  t h a t  the  d e l t a  agglomeration r a t e  was 

less and t h e  f i n a l  b e t a - t r e a t e d  g r a i n  s i z e  f i n e r .  

With increased t i m e  and/or temperature of any p r i o r  

d e l t a  agglomerization t reatment ,  t h e r e  i s  a n  inc rease  i n  

t h e  ex ten t  of g r a i n  columnarization i n  i n g o t ,  The depth of 

columnarization a f t e r  a b e t a  quench increased by about f i v e  

times (compare Fig.  3A wi th  F ig ,  3B) when a n  a s - f a b r i c a t - d  

ingot  rod w a s  given a 64fC/8 hour p r i o r  anneal ,  ( 4 )  

explanat ion can be o f f e red  f o r  t h i s  e f f e c t ,  or f o r  the  faac t  

t h a t  the  dingot  rod of the same dimensions and wi th  the  same 

h e a t  t reatment  exh ib i t ed  inuch l e s s  columnarization. 

columnar g r a i n s  

ment 
treat- 

No 

3 .  E f f e c t  of Geometry 

I n  gene ra l ,  g r a i n  s i z e s  were observed t o  be 

f i n e r  a t  t h e  cooling su r face  of t he  sample and coa r se r  with 

inc reas ing  d i s t a n c e  from the  su r face .  This was p a r t i c u l a r l y  

t r u e  of the  heavier  samples, where t h e  g r e a t e s t  v a r i a t i o n s  

i n  cool ing r a t e  occurred through the c ros s - sec t ion .  With 

thinner  s ec t ions ,  t h e  g r a i n  s i z e  throughout the  c r o s s -  

s e c t i o n s  became more uniform. It w a s  a l s o  abserved t h a t ,  

f o r  a given quench medium, the  samples wi th  the  smaller 

s e c t i o n s  had g e n e r a l l y  f i n e r  o v e r - a l l  g r a i n  s i z e s ,  I n  most 

cases ,  t hecoa r se : t  g r a i n s  were found a t  t he  cen te r  of rods 

and a t  t he  midwall p o s i t i o n  i n  t u b e s .  The except ions t o  t h i s  

observat ion were the  ingo t  and d ingo t  rods  t h a t  were d e l t a  

t r e a t e d  p r i o r  t o  b e t a  t reatment ,  where t h e  c o a r s e t g r a i n  s i z e s  

were observed a t  t he  mid-radius p o s i t i o n ,  
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Grain S i z e  and Shape 

4 .  E f f e c t  of Heat Treatment 

Grain s i z e  and shape appear t o  be r e l a t i v e l y  
i n s e n s i t i v e  t o  v a r i a t i o n s  i n  b e t a  treatment t i m e  and temper- 

a t u r e .  A number of l - i nch  diameter by 1/4-inch th i ck  ingot  

d i s c s  were be t a  t r e a t e d  over a wide range of temperatures and 

times and quenched i n t o  room temperature o i l .  The be ta -  

t r e a t e d  d i s c s  were then polished t o  a depth of 1/16 inch 

below the  su r face  and the  g r a i n  s i z e s  determined, The re-  

s u l t s  of t h i s  s tudy a r e  shown i n  F ig .  4 ,  where be t a  temper- 

a t u r e  i s  p lo t t ed  a g a i n s t  time a t  temperature, and the  g r a i n  

s i z e  i s  given f o r  t he  va r ious  h e a t  t r e a t i n g  condi t ions.  A l -  

though the  c v e r - a l l  change i n  g r a i n  s i z e  i s  small throughout 

the  ranges of time and temperature, some systematic  v a r i a t i o n s  

i n  g r a i n  s i z e  may be noted. With decreasing be ta  temperature 

and inc reas ing  t i m e  a t  temperature t h e r e  i s  a s l i g h t  tendency 

towards coarsening of the  g r a i n  s i z e .  This region of coarsen- 

ing appears to be def ined f o r  b e t a - t r e a t i n g  temperatures of 

690' t o  735OC and f o r  t i m e s  of 10 t o  64 minutes.  

There i s  a l s o  a tendency f o r  those samples  ly ing  wi th in  

t h i s  r eg ion  and having coa r se r  g r a i n  s i z e s  t o  e x h i b i t  more 

p o s i t i v e  growth ind ices .  This may be seen i n  Fig.  5 where 

growth index ( G  ) i s  p l o t t e d  a g a i n s t  be t a  temperature and the 

g r a i n  s i z e s  a r e  ind ica t ed  next t o  the  corresponding da ta  

po in t s .  

3 

Within the  ranges of b e t a  temperature and time s tud ied ,  

t h e  cond i t ions  of b e t a  treatment do not  appear t o  in f luence  

g r a i n  s i z e  s i g n i f i c a n t l y .  

Grain s i z e  and shape a r e  extremely s e n s i t i v e  t o  the  

s e v e r i t y  of quench a f t e r  b e t a  treatment.  The g r a i n  s i z e  i n -  

va r i ab ly  decreases  wi th  inc reas ing  s e v e r i t y  of quench f o r  a 

given sample geometry, composition, and p r i o r  d e l t a  condi t ion.  
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F i g ,  5 - The r e l a t i o n  between growth index (G3) and FEDC grain s i z e  
of the iqgot d i s c s  (represented i n  Fig .  4) for d i f ferent  
beta temperatures. Drawing No. RA-2138 
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A i r  c o o l i n g  always y i e lded  a c o a r s e  g r a i n  s i z e ,  v a r y i n g  

from FEDC A - 1  t o  A-3. Even i n  t h e  t h i n n e s t  s e c t i o n  ( 2  0 - inch  

OD by 0 , l - i n c h  w a l l  t u b i n g ) ,  where a l l  o t h e r  quenching media 

y i e l d e d  ex t remely  f i n e  g r a i n  s i zes ,  t h e  a i r - c o o l e d  sample  had 

a g r a i n  s i z e  of on ly  A-3 112 ,  I n  some i n s t a n c e s ,  a n  ex t remely  

t h i n  s h e l l  of f i n e  g r a i n s  (about A-5) w a s  observed a f t e r  a i r  

c o o l i n g ,  b u t  t h i s  s h e l l  w a s  v e r y  small compared w i t h  t h e  bulk  

of t h e  sample,  No columnar g r a i n s  were observed a f t e r  a i r  

c o o l i n g ,  

I n  a few c a s e s ,  columnar g r a i n s  i n  i n g o t  were observed 

a f t e r  o i l  quenching of samples having  l a r g e  c r o s s - s e c t i o n s  

G e n e r a l l y ,  however, co lumnar iza t  i on  w a s  a b s e n t  a f t e r  o i l  

quenching 

O i l  quenches r e s u l t e d  i n  a v e r y  uni form i n t e r m e d i a t e  g r a i n  

s i z e  (A-4 t o  A-5) throughout  the c r o s s - s e c t i o n ,  The e x c e p t i o n s  

t o  t h i s  o b s e r v a t i o n  were t h e  2 - 0 - i n c h  OD by 0 - 1 - i n c h  w a l l  i n g o t  

t ube ,  which e x h i b i t e d  a uni form f i n e  g r a i n  s i z e  of A - 7 ,  and the  

ex t r eme ly  heavy s e c t i o n s  ( 1 , 8 - i n c h  d i ame te r  i n g o t  and d i n g o t  

r o d s  [ s i z e s  C and D C ]  and 4 .0- inch  OD by 0 , 5 - i n e h  w a l l  i n g o t  

tube [ s i z e  E ] ) ,  where the  g r a i n  s i z e s  i n  t h e  i n t e r i o r  were 

q u i t e  c o a r s e  (A-2  t o  A - 3 ) .  

F u r t h e r  c o n f i r m a t i o n  t h a t  t h e  g r a i n  s i z e  i s  l a r g e l y  

e s t a b l i s h e d  ( o t h e r  pa rame te r s  be ing  equa l )  by t h e  r a t e  of 

c o o l i n g  through the t r a n s f o r m a t i o n  w a s  ob ta ined  by examination 

of t h e  r e s u l t s  of a i r  d e l a y s  b e f o r e  o i l  quenching of 1 , 8 - i n c h  

d i ame te r  i n g o t  rod  and 1 , S - i n c h  OD by 0 , 5 - i n c h  w a l l  i n g o t  

t u b i n g -  An a i r  d e l a y  t o  t h e  beg inn ing  of t h e  b e t a - a l p h a  t r a n s -  

fo rma t ion  fo l lowed by a room tempera tu re  Poco No. 2 o i l  quench 

gave a g r a i n  s i z e  v i r t u a l l y  t h e  same as t h a t  o b t a i n e d  by a 

d i r e c t  quench i n t o  t h i s  o i l  An a i r  d e l a y  t o  t h e  end of t r a n s -  

fo rma t ion ,  t hen  a n  o i l  quench, r e s u l t e d  i n  a g r a i n  s i z e  t h e  

same a s  t h a t  ach ieved  by a d i r e c t  a i r  c o o l  t o  room t empera tu re .  
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Water- and brine-quenched samples gene ra l ly  e x h i b i t  a 

uniform f i n e  g r a i n  s i z e  of A-5 t o  A-7 .  A few of the  heavier  

s ec t ions  e x h i b i t  i n t e r i o r  g r a i n  s i z e s  a s  coarse  a s  A-3 a f t e r  

water quenching, presumably because of t he  g r e a t l y  decreased 

cool ing  r a t e s  i n  the  i n t e r i o r  of these samples. Columnar 

g ra ins  were observed t o  varying degrees i n  about h a l f  t h e  

water-quenched samples, the  d i f f e rences  i n  response being 

probably due t o  v a r i a t i o n s  i n  p r i o r  d e l t a  condi t ion .  

s l i g h t  r e f i n e -  The e f f e c t  of a pos t -be ta  anneal  (1 hour a t  60OoC) on 
ment of B- 
quenched g r a i n  
by 600°C anrieal 

t he  g r a i n  s i z e  of both d ingot  and ingot  quenched i n  o i l  and 

waterwas found t o  be s l i g h t .  The usua l  r e s u l t  was a small  

( s l i g h t l y  more than one g r a i n  s i z e  number) o v e r - a l l  decrease 

i n  g r a i n  s i z e  accompanied by a s l i g h t  decrease i n ,  but  n o t  

e l i m i n a t i c n  o f ,  the  amount of columnar g ra ins  i n  those r o d s .  

where columnarizat ion was ev ident  

5.  Ef fec t  of Applied Stress During and Af ter  
Heat Treatment 

Severa l  s t u d i e s  have been made on the  e f f e c t  

of appl ied  s t r e s s  during and a f t e r  slow cool ing  of samples 

from the  b e t a  phase,  However, the  macrograin s i z e  i s  essen- 

t i a l l y  unaf fec ted  by appl ied  stress ( e i t h e r  bending o r  t e n s i l e  

s t r a i n i n g )  i n  t h e  a lpha-plus-beta  o r  a lpha phases e 

C .  D i s t o r t i o n  

Permanent dimensional changes occur during be ta  

t reatment  of nea r ly  a11 cold- ,  warm-, o r  ho t - f ab r i ca t ed  rods 

d i s t o r t i o n  re- and tubes.  Analysis  s t rong ly  i n d i c a t e s  t h a t  t he  major causes  
l a t ed  t o  change 
of t ex tu re  of the  d i r e c t i o n  and degree of d i s t o r t i o n  a r e  t ex tu re  and s t r e s s  

changes caused by be ta  treatment and t h e  a s soc ia t ed  cool ing 

r a t e .  Nearly a lL  the  r a d i a l  d i s t o r t i o n  observed i n  rods and 

tubes i s  d i s t r i b u t e d  lengthwise in a "U"-shaped curve,  such 

a s  i s  shown fo r  a cold-water quenched ingot  tube (1.5- inch 

OD by 0.5-inch I D  by 4.0 inches long [H-5]) i n  Fig. 6. The 

bulk of t he  tube length  ( the  3- inch m i d d l e  s e c t i o n )  has 

cont rac ted  r a d i a l l y  (except f o r  the  end e f f e c t )  and the re  

has been an expansion i n  length.  
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F i F .  6 - Dimensional changes in OD and wall thickness with length in a 1.5- 
inch OD by 0.5-inch ID by 4.0-inch long ingot tube quenched from 
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Note: Length changes: +0.24/+0.029 inch (+0.60/+0.73%). 
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Type 

Ingot  

Ingot 

Ingot 

Ingot  

,ingot 

D i s t o r t  ion 

Warm-rolled (K) 

Very ho t -  (S)  
extruded 

transformed) 
(p re s su re  - 

Hot-extruded (C) 

Hot-extruded (DC) 

100-010 +0.03 
(balanced) 

quas i -  MI* 
random 

110 -0.32 

110 -0.33 

1. E f f e c t  of Texture Changes on D i s t o r t i o n  i n  Rods 

It i s  found t h a t  t h e  a x i a l  G ' s  of a s e r i e s  of 3 
a s - f a b r i c a t e d  rods can be c o r r e l a t e d  wi th  t h e i r  subsequent length 

changes on b e t a  treatment.  For example, i n  the  following group, 

€or  the  same cool ing medium, a decrease of p r i o r  a x i a l  G i s  

a s soc ia t ed  wi th  a n  inc reas ing  length change: 
3 

Fabr i ca t ion  and Axial  Axial  
S i z e  Code Texture 

Cold-swaged (Q) +O. 50 

Percent Change i n  Length f o r  
Various Cooling Media I 

25' Poco 55OC 1 3 O C j  
A i r  No. 2 O i l  Water War-er 1 

-2.00 -1.07 -0.98 -0.90 

-0.35 -0.45 -0.05 -0 .06  ' 
I 

9 I 

f 0 .05  +0.08 +0.03 +0.03 

+0.47 +0.40 f0.55 +0.55 

*G3 u n r e l i a b l e  owing t o  very coa r se  g r a i n  s i z e ,  

A q u a l i t a t i v e  explanat ion of these length changes may be seen 

by examining Fig .  7 and by cons ide ra t ion  of t he rna l  expansions 

a s soc ia t ed  wi th  t h e  two as - f ab r i ca t ed  t e x t u r e  extremes (rods 

a x i a l  contrac-  Q and C or DC) Cold swaged rod Q had a strong 010 a x i a l  t e x t u r e  
t i on  of cold (upper diagram). The 010 pole  ( o r  c r y s t a l l o g r a p h i c  d i r e c t i o n )  swaged rod 

c o n t r a c t s  on hea t ing  t o  the  alpha-beta  t ransformation temper- 

a t u r e ,  b u t  a f t e r  t ransformation the  a x i a l  t ex tu re  i s  found 
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Fig, 7 - Schematic of length changes resulting from beta 
treatments of an 010 axial texture (cold-swaged 
rod) and a 110 axial texture (hot-extruded rod) 
Drawing No, RA-2204 
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t o  be quasi-random, 

cool ing t o  room temperature.  The r e s u l t  of two n e t  contrac-  

t i o n s  i n  the alpha phase w i l l  of course mean a ne t  con t r ac t ion  

a f t e r  be t a  t reatment .  Rod Q showed a 0.9 t o  2 . 0  percent con t r ac -  

t i o n  i n  length f o r  a range of cool ing ra tes .  

A random t e x t u r e  w i l l  con t r ac t  on 

_ _  
a x i a  1 expans ion  
O f  hot extruded 
rod 

Hot-extruded rods C and DC have a s t rong  110 a x i a l  t ex-  

t u r e  (lower diagram). This t e x t u r e  w i l l  expand s t rong ly  on 

heat ing t o  the  alpha-beta  t ransformation.  After  transforma- 

t i o n  the  a x i a l  t e x t u r e  becomes quasi-random, as does t h e  010, 

bu t ,  on cool ing t o  room temperature, w i l l  c o n t r a c t  less s t rong ly  

than the  o r i g i n a l  t e x t u r e  expanded on heat ing,  so  t h a t  t h e r e  

w i l l  be a n e t  expansion i n  length .  Rods C and DC showed 0.20 

t o  0.64 percent  length inc reases .  There seems t o  be l i t t l e  

d i f f e r e n c e  i n  d i s t o r t i o n  between ingo t  (C) and dingot (DC) rods .  

F ina l ly ,  an  o r i g i n a l  random t e x t u r e  (e.g. be t a - t r ea t ed  

rod) should experience the  leas t  length change i n  b e t a  t r e a t -  

ment. Rod S showed only 0.03 t o  0.08 percent length inc rease .  

r a d i a l  d i s t o r -  The same c o r r e l a t i v e  tendencies  can be shown f o r  diameter 
t i o n  i n  rods changes. The usua l  a s - f a b r i c a t e d  r a d i a l  t e x t u r e  i s  near the  

151 pole,  which has  a weak p o s i t i v e  c o e f f i c i e n t  of thermal 

expansion (about 10 percent  of t h a t  f o r  t h e  110 po le ) .  

sequently,  a very small r a d i a l  expansion on hea t ing  t o  t h e  

alpha-beta  t ransformation,  followed by a r e l a t i v e l y  l a r g e  

r a d i a l  c o n t r a c t i o n  on cool ing a f t e r  transformation, w i l l  cause 

a n e t  r a d i a l  c o n t r a c t i o n  (s imilar  t o  the  a x i a l  c o n t r a c t i o n  

shown by rod Q ) .  Dingot rod C ,  o r i g i n a l l y  having a 151 r a d i a l  

t e x t u r e ,  con t r ac t ed  0.05 t o  0.35 percent  i n  diameter i n  a l l  

t he  d i f f e r e n t  cool ing media. 

Con- 

r e l a t i o n  between The r e l a t i o n  between percent length and diameter changes 
d i s t o r t i o n  and 

3 p r i o r  a x i a l  G ( A  L, D) and the  o r i g i n a l  a x i a l  G i s  shown i n  Fig.  8 f o r  

a i r ,  o i l  and water quenches. Approximate l i n e a r  r e l a t i o n s  f o r  
3 

~ i n  rods 

these ingo t  rods a r e  shown by the  two s t r a i g h t  l i n e s  which have 

the  equat ions:  
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%,dL = -2.2 G3Ax -0.23 

%A D = +0.64 G3Ax 

It i s  bel ieved t h a t  dingot  rods should show the  same 

d i s t o r t i o n  p r o p e r t i e s ,  but  i n s u f f i c i e n t  da t a  a r e  a v a i l -  

a b l e  t o  p l o t  t h e  r e l a t i o n s h i p .  

I n  order  t o  demonstrate t h e  s t r i k i n g  dependence of 

beta- t reatment  d i s t o r t i o n  on p r i o r  t ex tu re ,  a 6.000-inch 

long by 0.540-inch diameter s e c t i o n  of rod Q (having the  

s t rong  010 a x i a l  t ex tu re )  w a s  b e t a  t r e a t e d  and quenched i n  

room temperature Poco No. 2 o i l .  The s e c t i o n  was found t o  

have contracted 1.03 percent  i n  length and expanded 0.15 

percent  i n  diameter.  The length was machined t o  5.757-inch 

long by 0.504-inch diameter,  b e t a  t r e a t e d  and quenched i n  

cold water .  Af t e r  t h i s  second h e a t  treatment t he  length 

expanded 0 .23  percent and the  diameter contracted 0.38 p e r -  

cen t .  The r e s u l t s  f o r  t he  two hea t  t reatments  a r e  connected 

by a dashed l i n e  approximately p a r a l l e l  t o  the  s o l i d  l i n e  re- 

present ing the  gene ra l  d i s to r t ion -G r e l a t i o n  given i n  Fig.  8 .  3 

2 .  Re la t ive  E f f e c t  of S e v e r i t y  of Cooling on 
D i  s t or t ion  

d i s t o r t i o n  i n  The group of rods descr ibed above shows an 
r cds  and Except f o r  cool ing r a t e  i n t e r e s t i n g  e f f e c t  of d i f f e r e n t  cool ing media. 

the  rod having a quasi-random o r i g i n a l  t e x t u r e ,  the e f f e c t  of 

i nc reas ing  the  cool ing r a t e  was t o  inc rease  the  tendency of the  

rods t o  lengthen or t o  decrease the  tendency t o  sho r t en .  I f  the  

amount of d i s t o r t i o n  were due exc lus ive ly  t o  t he  d i f f e r e n c e  i n  

t e x t u r e  be fo re  and a f t e r  be t a  t reatment ,  the oil-quenched rod 

should be an  exception t o  t h i s  tendency, s i n c e  i t  w i l l  be shown 

[ see  p.531 t h a t  oil-quenched ingot  rod con ta ins  considerably 

l e s s  induced t e x t u r e  than a i r - coo led  or water-quenched ingot  

rods.  It i s  t h e r e f o r e  probable t h a t  t he  s t r e s s  d i s t r i b u t i o n  



d i s t o r t  ion  
i n  tubes  

D i s  t o r  t ion  

d i f f e r e n c e s  among the  rods cooled i n  d i f f e r e n t  media but 

having the  same p r i o r  t e x t u r e  have accounted f o r  the  d i f f e r -  

ences i n  d i s t o r t i o n .  

3 .  E f f e c t  of Te.xture Changes on D i s t o r t i o n  i n  
Tubes 
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I n  tubes ,  thie case  i s  much more complex. 

Although the  length changes i n  a i r - coo led  tubes can be 

c o r r e l a t e d  wi th  p r i o r  a x i a l  G ( a s  i n  the  case  of rods ) ,  

t h e  length change-G c o r r e l a t i o n s  i n  the  o i l -  and water-  

quenched tubes are very poor. The r e l a t i o n  between OD w a l l  

th ickness  changes and t e x t u r e  i s  very obscure and r e q u i r e s  

f u r t h e r  a n a l y s i s .  

3 

3 

Radial d i s t o r t i o n  i n  a i r - coo led  tubes showed much l e s s  

end-swelling than i n  o i l -  or water-quenched tubes.  

Axial  d i s t o r t i o n  ( l eng th  changes) increased i n  the  
0 order :  

quench. 

o i l  quench, a i r  cool ,  55 C water quench, 1 2 O C  water 

I f  tube d i s t o r t i o n  were due exc lus ive ly  tQ tex tu re  

changes by be ta  t reatment ,  i t  would be expected t h a t  the 

percent  change i n  w a l l  th ickness  would be p ropor t iona l  t o  

the  i n t e g r a t e d  n e t  texture?, but  no such r e l a t i o n  was 

discovered. Evident ly  the  e f f e c t  of d i f f e r e n t  s t r e s s e s ,  un- 

doubtedly caused by d i f f e r e n t  cool ing ra tes ,  i s  even more i m -  

p o r t a n t  i n  tube d i s t o r t i o n  than i n  rod d i s t o r t i o n .  

G 3 1  D. Texture and Growth Index ( 

1 .  Growth Index 

The p re fe r r ed  o r i e n t a t i o n  (o r  t ex tu re )  of 

c r y s t a l l i t e s  of a metal may in f luence  s t rong ly  the  p r o p e r t i e s  

of t he  metal. One of the  p r o p e r t i e s  of uranium t h a t  i s  very 

s e n s i t i v e  t o  t e x t u r e  i s  growth under neutron i r r a d i a t i o n .  This 

growth can be predicted by the  growth index, which i s  determined 
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by an x-ray d i f f r a c t i o n  a n a l y s i s  of t he  t ex tu re .  The 

value of t he  growth index i s  based on the  f a c t  t h a t  a n  

alpha uranium s i n g l e  c r y s t a l  under neutron i r r a d i a t i o n  

sh r inks  i n  the  [ l o o ]  o r  a c r y s t a l l o g r a p h i c  d i r e c t i o n ,  ex- 

pands approximately a n  equal  amount i n  the  [OlO] or 

d i r e c t i o n ,  but  remains dimensionally s t a b l e  i n  the  [OOl] 

or 2 d i r e c t i o n .  I n  c a l c u l a t i n g  t h e  growth index of poly- 

c r y s t a l l i n e  uranium, the  & component of the t e x t u r e  i s  given 

a weight of -1, the  component a weight of +1 and the  c 
component, 0, so t h a t  the  value of the index may va ry  be- 

tween -1 and +l. A negat ive index i n d i c a t e s  t h a t  the  

uranium w i l l  sh r ink  i n  the  d i r e c t i o n  f o r  which the  index 

i s  given, a p o s i t i v e  value i n d i c a t e s  growth i n  t h i s  d i r e c -  

t i o n ,  and a va lue  of zero p r e d i c t s  dimensional s t a b i l i t y .  

I n  p r a c t i c e ,  t h e  amount by which the  growth index may depa r t  

from zero i n  any d i r e c t i o n  i s  d i c t a t e d  by the  r eac to r  r e -  

quirements,  bu t  t h e  a i m ,  of course,  i s  t o  a s s u r e  t h a t  s i g n i f i -  

can t  a n i s o t r o p i c  i r r a d i a t i o n  growth of the r e a c t o r  f u e l  i s  

avoided. 

Two i nd ices ,  G2 (Sturcken)* and G3 (Morris) ,  a r e  p re -  

s e n t l y  being used i n  p red ic t ing  i r r a d i a t i o n  growth behavior.  

G3 
on a desk c a l c u l a t o r ,  but computation of G r e q u i r e s  the a i d  

of a high-speed computer. 

;?;t , which i s  employed i n  these s t u d i e s ,  can be c a l c u l a t e d  

2 

2 .  Texture and Thermal Gradient 

E a r l i e r  work a t  MCW had shown, by a study of 

end-quenched Jominy ba r s ,  that. a considerable  growth index 

g rad ien t  occurs near t he  quenched end of the  b a r .  (5) 

s t u d i e s  have confirmed t h i s .  I n  both dingot  and ingot  uranium, 

NML 

* See r e f .  3 ,  Appendix B .  
**For a d e f i n i t i o n  of G s e e  Appendix B, p ,  B - 5 .  

3’ 
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induced t e x t u r e  
and therma 1 
g rad ien t  

100, 101, 001 
series and 
g r a d i e n t  

severe t e x t u r e  g r a d i e n t s  have been found p a r a l l e l  t o  any 

thermal g r a d i e n t s  t h a t  had formed during the  cool ing from the 

b e t a  phase over a wide range of cool ing r a t e s  (about 800 C /  

second t o  1°C/second). 

den t  of the  p r i o r  f a b r i c a t i o n  t e x t u r e ,  and are  always r e l a t e d  

t o  the  d i r e c t i o n  of the  thermal g r a d i e n t s .  The thermal g rad ien t  

t e x t u r e  i s  o r i en ted  i n  such a way t h a t  t he  preponderance of 

i nd iv idua l  c r y s t a l s  would, i f  placed i n  a r e a c t o r ,  sh r ink  

i n  t h e  d i r e c t i o n  of t he  p r i o r  thermal g rad ien t  and grow a t  

r i g h t  angles  t o  t h i s  d i r e c t i o n .  The c h a r a c t e r i s t i c  su r f ace  

t e x t u r e  i n  the  d i r e c t i o n  of the p r i o r  thermal g rad ien t  i s  

0 

These t ex tu res  appear t o  be indepen- 

shown f o r  the  case  of a d r a s t i c a l l y  quenched tube i n  F i g ,  9 .  

This has a t y p i c a l l y  s t rong  100 pole  d e n s i t y  (o r  s t rong  5 
a x i s  concentrat ion)  which causes  a l a rge  nega t ive  G (-0.51).  

A s  t h e  p r i o r  thermal g rad ien t  decreased t o  zero,  the  monoplex 

100 t e x t u r e  degenerates through the  s e r i e s  100, 101, 001, OkR, 

t o  quasi-random. A t  t h e  cen te r  of a rod o r  a t  t h e  midwall of 

a tube,  where t h e  thermal g r a d i e n t s  tend t o  vanish,  the t ex tu re  

i s  e s s e n t i a l l y  random, so t h a t  t h e  G3 tends t o  approach zero .  

Figure 10 i l l u s t r a t e s  t h e  r e a l t i v e  absence of t e x t u r e  (G = 

-0.02) a t  t h e  midwall of the  same tube whose su r face  t ex tu re  

w a s  shown i n  Fig. 9. 

3 

3 

3 3 .  S e n s i t i v i t y  of Radial  G 

(7 )  It was e s t ab l i shed  a t  both NMI(6) and NLO 
t h a t  t h e  r a d i a l  v a r i a t i o n  of G i n  the  r a d i a l  d i r e c t i o n ,  i . e .  3 
p a r a l l e l  t o  t h e  p r i o r  thermal g r a d i e n t s ,  of both tubes and rods,  

i s  considerably g r e a t e r  than the  r a d i a l  v a r i a t i o n  of e i t h e r  t he  

a x i a l  o r  t a n g e n t i a l  G ' 3 s o  

4 .  ion  Between G, and Grain S ize  
J 

The r e a l t i o n  between g r a i n  s i z e  and G p a r a l l e l  

t o  t h e  thermal g rad ien t  has; been examined i n  the  case  of l - i nch  
3 
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10 

Fig .  9 - Crys ta l log raph ic  ( inve r se )  r a d i a l  po le  f i g u r e  a t  
I D  s u r f a c e  of 4- inch OD by 3- inch  I D  by 4- inch 
long ingot  tube (E-4) quenched from the  b e t a  phase 
i n t o  55OC water .  Note s t r o n r  100 pole  d e n s i t y .  
Drawing No. RA-2115 

Gg = -0.51. 



0 

F i g .  10 - Same as Fig, 9 ,  but a t  midwall (0.247 inch below 
O D ) .  Note .almost complete absence of texture. 
Drawing No. RA-211'4 . 

G3 = -0.02 
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diameter by 1/4-inch t h i c k  ingo t  d i s c s  which were quenched 

from the  be t a  phase i n t o  room-temperature mineral  o i l ,  

a s  w e l l  as f o r  1.1-inch diameter ingot  ba r s  t o  d i f f e r e n t  

d e l t a  condi t ions be fo re  being b e t a  t r e a t e d  and water quenched 

t o  room temperature. (') I n  bo th  cases, t h e r e  seems t o  be a 

s l i g h t  i nc rease  i n  G w i th  an inc rease  i n  g r a i n  s i z e ,  t o  t he  

ex ten t  of about 0.01 G per decrease i n  FEDC g r a i n  s i z e  number. 

Figure 5 has i l l u s t r a t e d  t h i s  f o r  d i s c s .  Figures l l a  and l l b  

show the  more p o s i t i v e  r a d i a l  G d i s t r i b u t i o n  a s soc ia t ed  wi th  

coa r se r  g r a i n s  i n  the  ingo t  and dingot  ba r s  previously h e a t  

t r e a t e d  f o r  a g r e a t e r  d e l t a  p r e c i p i t a t e  agglomeration. How- 

ever,  i t  should be emphasized t h a t  t h e s l i g h t  i nc rease  i n  G 

w i th  coa r se r  g r a i n s  i s  r e s t r i c t e d  t o  cases  i n  which the cool ing 

r a t e  from the  be t a  phase was the  cons t an t  and where the g r a i n  

s i z e  change was caused by some v a r i a b l e  other  than cool ing 

r a t e .  I n  a l l  o the r  cases  where the  cool ing r a t e  va r i ed  sub- 

s t a n t i a l l y ,  t he  g r a i n  s i z e  and G3 a r e  not simply r e l a t e d .  

(For example, coa r se  g r a i n s  formed by slow a i r  cool ing and 

f i n e  g r a i n s  formed by r ap id  water quenching u s u a l l y  exh ib i t  

l a r g e  negat ive r a d i a l  G pene t r a t ion ,  although moderately 

f i n e  g r a i n s  formed a t  intermediate  cool ing rates u s u a l l y  show 

a much shallower G pene t r a t ion .  [see Fig.  121) 

(8) 

3 s l i g h t  i n -  

3 c rease  i n  G 
w i t h  coa r se r  
g r a i n s  

3 

3 

3 

3 

3 
Grain columnarization, o f t e n  found on the  OD a f t e r  some 

of t he  more r a p i d  quenches, and p a r t i c u l a r l y  enhanced a f t e r  

p r i o r  d e l t a  agglomerizing t reatments ,  (5) 

t i o n  of t he  s e v e r i t y  of r a d i a l  t e x t u r e  p e n e t r a t i o n ,  s ince ,  

wheLi columnarization i s  absen t  a t  t h e  OD, severe  t e x t u r e  pene- 

t r a t i o n  may have occurred. 

i s  not a good i n d i i a -  

5. D i s t r i b u t i o n  of Radial  G , Radial  Mer i t ,  3 In t eg ra t ed  Rad ia l  Texture 

A p l o t  of r a d i a l  G vs. r a d i a l  depth from the  3 
i nve r t ed  U shape OD of a be t a - t r ea t ed  rod o r  tube shows t h e  c h a r a c t e r i s t i c  

i nve r t ed  "U" shape Minimum r a d i a  1 G va lues ( l a r g e  negat ive)  of r a d i a l  G - 
depth curve 3 3 
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g e n e r a l l y  occur a t  the  O D - I D  su r f aces ,  w i t h  maximum values  

(near zero) a t  cen te r  o r  midwall. A number of r a d i a l  G 

d i s t r i b u t i o n  curves f o r  a v a r i e t y  of dingot and ingot  rod and 

tube s i z e s  f o r  a number of be t a  t reatments  a r e  given i n  the  

Appendix, Figs .  A - 1  t o  A-12.  The da ta  were normalized s o  t h a t  

r a d i a l  G d i s t r i b u t i o n  could be p l o t t e d  over a range of s i z e s  

f o r  t he  same cooling medium. These normalized curves a r e  given 

i n  the  Appendix, F igs .  A-13 t o  A-23. 

3 

3 

Cer t a in  parameters der ived from the  d i s t r i b u t i o n  of 

r a d i a l  G are  u s e f u l  i n  a d d i t i o n a l  c h a r a c t e r i z a t i o n s  of the  

induced t ex tu res  i n  be t a  t r e a t e d  uranium. The pene t r a t ion  of  

r a d i a l  t e x t u r e  i n  a rod o r  tube can be q u a n t i t a t i v e l y  descr ibed 

by a new parameter, t h e  r a d i a l  mer i t ,  or t he  r a t i o  r o / r ( r o d s )  

or w / 2 r ( tubes )  where r i s  the  r a d i a l  depth where r a d i a l  G 

has increased t o  -0.10, and ro o r  w 

tube w a l l  th ickness ,  r e spec t ive ly .  A l a r g e  r a d i a l  m e r i t ,  t he re -  

f o r e ,  r e p r e s e n t s  a r e l a t i v e l y  shallow r a d i a l  t e x t u r e  pene t r a t ion .  

3 

r a d i a l  mer i t  

3 
I r  Or wo’2r 

0 
0 

i s  the  rod r a d i u s  o r  
0 

The concept of r a d i a l  m e r i t  does not  s a t i s f y  the  quest ion 

of how much r a d i a l  t e x t u r e  i s  a c t u a l l y  introduced i n t o  the  tube 

w a l l  th ickness  by cool ing from the  b e t a  phase. It was decided 

t o  express  t h e  t o t a l  o r  i n t e g r a t e d  r e l a t i v e  r a d i a l  t e x t u r e  by 

another  parameter which can be der ived from a normalized p l o t  

of r a d i a l  G vs.  (2r/wo). I n  such a p l o t  a l l  r a d i a l  G d i s t r i -  

bu t ions  of d i f f e r e n t  tube s i z e s  can be compared f o r  t he  same 

cool ing medium by taking the  i n t e g r a t e d  net r a d i a l  t ex tu re ,  

’rr as  

3 3 

i n t e g r a t e d  ne t  r 
rad i a  1 t e x t u r e  

I’ r y G 3  (2r/w 0 ) d r  . 
Values of IT 

normalized G 

t h i s  a r e a  as a r b i t r a r y  u n i t s  of p o s i t i v e  o r  negat ive values .  

a r e  obtained by measuring t h e  a r e a  between t h e  

vs .  (2r/wo) curves and G 
r 

= 0 and expressing 3 
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Often it may be helpful. t o  know simply t h e  t o t a l  induced 

t ex tu re ,  but without regard t:o s i g n .  Instead of t h e  in t eg ra t ed  

integrated ne t  t ex tu re ,  we may consider  t h e  in t eg ra t ed  abso lu te  r a d i a l  
abso lu t e  r a d i a l  

t ex tu re ,  Inrl, which is obtained the  same as TI except by t e x t u r e  m--l r 
I = I  adding areas  a r i t h m e t i c a l l y ,  not a l g e b r a i c a l l y :  

W 

a. Effect: of Composition 

Difference i n  composition, by i t s e l f ,  

d is  t r  ibu t  ion. ( l o )  

between dingot  and ingot has not been shown t o  a l t e r  t h e  char-  

a c t e r  i s t  i c  r a d  i a l  G 

and G responses of both compos it ions t o  intermediate  cool ing 

r a t e s  w i l l  be shown t o  be clififerent ( s ee  p. 5 3 )  possibly be- 

cause of e i t h e r  a d i f fe ren t :  dlelta phase e f f e c t  o r  d i f f e r e n t  

TTT c h a r a c t e r i s t i c s ,  o r  b0t.h. 

Some of t he  t e x t u r e  3 

3 

b. P r io r  Condition 

No e f f e c t  of p r i o r  t e x t u r e  has been found. 

The t e x t u r e  induced by b e t a  treatment has always been found t o  

be similar and d i r e c t e d  by t h e  beta-alpha thermal g rad ien t s  s o  

t h a t ,  f o r  example, t h e  a x i a l  G g rad ien t  a t  t h e  f l a t  end of a 3 
f ab r i ca t ed  rod a f t e r  b e t a  treatment is  s imilar  t o  t h e  r a d i a l  

G g rad ien t  i n  t h e  same rod. (Obviously a f ab r i ca t ed  rod would 

have s t r i k i n g l y  d i f f e r e n t  a x i a l  and radial  t e x t u r e s  before  b e t a  

treatment . ) 
3 

The p r i o r  d e l t a  cond it i.on (which d r a s t i c a l l y  mod i f  ies t h e  

g r a i n  s i z e  t h a t  can be expected from b e t a  t r ea tmen t )  has a minor 

but d e f i n i t e  e f f e c t  on t h e  r ad ia l  G d i s t r i b u t i o n  i n  ingot and 

dingot  ( see  p. 4 2 ) .  
3 
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c .  Geometry 

The inherent d i f f e r e n c e  in  the  a c c e s s i b i l i t y  

of t h e  ou te r  and inner tube su r faces  t o  t h e  cool ing medium would 

be expected t o  cause some asymmetry i n  the  r ad ia l  G d i s t r i b u t i o n .  
3 

low 1 D : w a l l  It is  found t h a t  i n  general  t h e  tubes with t h e  lowest I D : w a l l  
r a t i o  and asym- 

r a t i o  show the  l e a s t  symmetrical curves f o r  a i r  cools  and water  metry i n  r ad ia l  
G d i s t r i b u t i o n  quenches, although f o r  o i l  quenches t h e  symmetry f o r  a l l  r a t i o s  3 

is markedly b e t t e r  -- probably because the  r ad ia l  G pene t r a t ion  

is  much less in  o i l .  
3 

No systematic  e f f e c t  of w a l l  th ickness  wi th in  t h e  range 

of tube s i z e s  s tudied (wal l s  of 0.498 and 0.115 inch) was found 

on e i t h e r  t h e  su r face  G o r  t he  most negative G It is p o s s i -  

b l e  t h a t ' a n y  systematic  e f f e c t  may have been obscured by t h e  
3 3' 

"hooks" near near-surface "hooks" ( r eg ion  of abrupt increase in  negat ive 
s u  r f ace  rad ia l  G j u s t  below t h e  cool ing s u r f a c e )  i n  t h e  G d i s t r i b u -  

t i o n .  (These hooks have been found by other  workers. 

explanat ion has y e t  been offered f o r  t h e i r  ex i s t ence . )  However, 

a systematic  e f f e c t  of " w a l l "  th ickness  w a s  found i n  t h e  case of 

su r f ace  G3 perpendicular  t o  t h e  f l a t  f ace  of brine-quenched 

1-inch diameter ingot d i s c s .  Figure 13 shows t h e  r egu la r  de- 

c rease  of su r face  G with inc reas ing  thickness  from 0.030 t o  

0.125 inch. 

(11) No 
3 

3 

d.  Heat Treatment 

(1 )  Delta Treatment. The s l i g h t  increase, 

i n  r a d i a l  G w i t h  increase i n  temperature and time of d e l t a  

treatment has a l r eady  been descr ibed ( see  p.  4 2 ) .  

ons t r a t ed  t h a t  it i s  highly probable t h a t  t he  b e t a  g r a i n  s i z e  

i s  a f f ec t ed  by t h e  s i z e  and d i s t r i b u t i o n  of d e l t a  p r e c i p i t a t e s .  

poss ib l e  e f f e c t  It is a l s o  poss ib l e  t h a t  t h e  g r a i n  s i z e  of t h e  b e t a  phase p r i o r  

3 
MCW has dem- 

of j3 g r a i n  s i z e  
on TTT curves t o  t ransformation may a f f e c t  t h e  TTT c h a r a c t e r i s t i c s  of t he  
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* 
u r a n i u m ,  s o  t h a t  f o r  a g iven  c o o l i n g  r a t e ,  a d i f f e r e n t  i n i t i a l  

b e t a  g r a i n  s i z e  may permit t h e  t r a n s f o r m a t i o n  t o  occur  a t  a 

d i f f e r e n t  r e g i o n  on t h e  TTT cu rve .  I f  t h i s  happens, t h e r e  is  

good r eason  t o  b e l i e v e  t h a t  t h e  G 

d i f f e r e n t  d e l t a  t r e a t m e n t s .  Minty and Butcher have a l r e a d y  

sugges ted  t h e  p o s s i b i l i t y  of p e r m i t t i n g  t h e  t r a n s f o r m a t i o n  of 

d i l u t e  U - C r  a l l o y s  t o  occur  i n  t h a t  p a r t  of t h e  TTT curve  where 

t h e  product is  not  o r i e n t a t i o n  dependent .  (13) (For  e f f e c t  of 

double  b e t a  t r e a t m e n t ,  s e e  p.  6 8 . )  

v a l u e s  may be d i f f e r e n t  f o r  3 

( 2 )  Beta  Temperature.  For  a c o n s t a n t  

sample s i z e  and quench, b e t a  t empera tu res  between about 695 

and 755OC d i d  n o t  appear  t o  a f f e c t  G3 s t a t i s t i c a l l y .  

(See F ig .  5.)  

(14)  

( 3 )  Time a t  Be ta  Temperature.  For a con- 

s t a n t  sample s i z e  and quench, b e t a  t r e a t m e n t  t imes  longe r  t h a n  

8 t o  10 minutes do  no t  a p p r e c i a b l y  a f f e c t  t h e  G 3 .  

t r e a t m e n t s  seem t o  d e p r e s s  G s l i g h t l y .  

S h o r t e r  b e t a  
(15)  

3 

( 4 )  Continuous Cool ing  t o  Room Temperature.  

The e f f e c t  of c o o l i n g  r a t e  from t h e  b e t a  phase has a marked 

e f f e c t  on t h e  r a d i a l  d i s t r i b u t i o n  of radial  G3. 

d i s t r i b u t i o n  c u r v e s  ( g i v e n  i n  t h e  Appendix) has  l e d  t o  s e v e r a l  

methods of s u m a r i z i n g  t h e  data .  

A s t u d y  of t h e  

(a) R a d i a l  Merit v s .  Cool ing  Medium 

and S i z e .  F i g u r e s  14 and 15 show t h e  rad ia l  mer i t  of s e v e r a l  

s i z e s  of ingot  and d i n g o t  f o r  d i f f e r e n t  c o o l i n g  media. From 

such p l o t s  it is  s e e n  t h a t :  

_ - - _ - - - _ - - _  
* For example, it is  known t h a t  t h e  a u s t e n i t e  g r a i n  s i z e  can  

a f f e c t  t h e  r a t e  of subsequent  t r a n s f o r m a t i o n  i n  s t e e l .  S ince  
Dome/ (I2) 
P-?,a occur s  by n u c l e a t i o n  and g r a i n  growth, r a t h e r  t h a n  by 
a m a r t e n s i t i c  process ,  it would be expected t h a t  a s m a l l e r  
g r a i n  s i z e  would s h i f t  t h e  TTT c h a r a c t e r i s t i c s  t o  shor t .e r  
t imes  e s p e c i a l l y  i n  t h e  c a s e  of s low c o o l i n g  r a t e s .  

ha s shown t h a t  a t  q u a s i - e q u i l i b r i u m  c o o l i n g  r a t e s ,  
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(i) The r a d i a l  merit of oil-quenched ingot is gen- 

e r a l l y  g r e a t e r  than about 10, whereas f o r  a i r  

cool ing and water quenching t h e  merit  is l e s s  

than 10. 

( i i )  The radial  merit  f o r  a l l  cool ing media increases  

somewhat with increasing rod diameter o r  w a l l  

t h i ckness .  

( i i i )  The rad ia l  merit  of oil-quenched ingot i s  sub- 

s t a n t i a l l y  g r e a t e r  than t h a t  of oil-quenched 

d ingot .  

( i v )  The r a d i a l  merit  found i n  a i r -cooled metal is  

gene ra l ly  intermediate  between t h a t  of t h e  o i l -  

and t h e  water-quenched metal .  

( b )  Radial  Merit  vs.  Cooling Rate. 

Figure 1 2  shows t h e  r e l a t i o n  between r ad ia l  merit  and cool ing 

r a t e  R (about 0.06 inch below OD s u r f a c e )  f o r  dingot  and ingot 

continuously cooled from t h e  be t a  phase. The r a t e s  below about 

10°C/sec. were obtained by a i r  cooling, between 10°C/sec. and 

100°C/sec. gene ra l ly  by o i l  quenching, and over 100°C/sec. by 

B 

e f f i c a c y  of water quenching. It is seen t h a t  intermediate  r a t e s  (about 50 - 
i n t  ermed ia t  e 
cool ing r a t e s  t o  100°C/sec,) enhance rad ia l  merit  of ingot,  but t h a t  r a d i a l  

merit  of dingot does not seem t o  maximize at  t h i s  r a t e .  

h o t - s a l t  quenching, page 6 3 . )  

(See 

( c )  In t eg ra t ed  Radial  Texture  i n  

Figure 16 i l l u s t r a t e d  t h e  r e l a t i o n *  between cool ing 

and in t eg ra t ed  n e t  radial t ex tu re ,  e . 
Tubes. 

r a t e  R It i s  noted B r 

- - - - - - - - - - -  
* Attempts were made t o  finld concomitant r e l a t i o n s  between 

and w a l l  th ickness ,  kr and I D : w a l l  t h i ckness  r a t i o ,  and wr r and t h a t  p a r t  of 'rr 
t hese  r e l a t i o n s ,  t h e  q u a n t i t a t i v e  s c a t t e r  w a s  t o o  g r e a t  t o  
make the  r e l a t i o n  s i g n i f i c a n t  . 

fgrmed i n  t h e  OD regions.  In a l l  of r 
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t h a t  water quenching produces the  l a r g e s t  amount of i n t e -  

g ra t ed  n e t  t e x t u r e  (most nega t ive  fir), but  t h a t  t h e  ingot  

curve may pass  through a rrdnimum'Tr (most p o s i t i v e )  a t  t he  

in te rmedia te  cool ing  rates c h a r a c t e r i s t i c  of o i l  quenching. 

Dingot i s  seen t o  be r e l a t i v e l y  less s e n s i t i v e  i n  i t s  

a b i l i t y  t o  reduce the  amount of t e x t u r e  a t  in te rmedia te  

rates. On t h i s  b a s i s ,  t he  d i f f e rence  between t h e  two compo- 

s i t i o n s  is  less d e f i n i t e  than on t h e  b a s i s  of r a d i a l  m e r i t ,  

bu t  t he re  i s  a tendency fo r  ingot  t o  con ta in  less in t eg ra t ed  

t e x t u r e  a t  in te rmedia te  cool ing  r a t e s .  (The two dingot  

p o i n t s  a t  2.2 and 4.5Oc/sec were obtained from very asym- 

metr ical  r a d i a l  G d i s t r i b u t i o n  curves wi th  l a rge  negat ive 

OD r eg ions  and equa l ly  l a r g e  p o s i t i v e  midwall reg ions ,  so 

i t  i s  poss ib l e  t h a t  they  a r e  not  r e p r e s e n t a t i v e  d ingot  a i r  

r 

3 

coo l s  .) 

The e f f e c t  of OD cool ing  r a t e  on I 'Trr 1 i s  shown i n  
0 Fig.  17 .  We see t h a t  a minimum of OD cool ing  r a t e  of-70 C/  

sec. produces t h e  l e a s t  amount of r a d i a l  i n t eg ra t ed  abso lu te  

t ex tu re ,  and t h e  d i s p a r i t y  between ingot  and d ingot  i s  some- 

what less than i n  t h e  p l o t  of i n t e g r a t e d  net  t ex tu re .  It i s  

s t i l l  t r u e ,  however, t h a t  fo r  in te rmedia te  coo l ing  r a t e s  

d ingot  con ta ins  somewhat more r a d i a l  i n t e g r a t e d  t e x t u r e  than 

ingo t ,  s i n c e  the  d ingot  group l i e  i n  gene ra l  above the ingot  

group . 
I f  a tube contained a symmetrical r a d i a l  texture d i s t r i -  

bu t ion  throughout the  w a l l ,  the  h ; ' s  assoc ia t ed  wi th  t h e  OD 

asymmetry i n  
'rr d i s t r i b u t i o n  

and I D  would be equal ,  s o  t h a t  t h e  f r a c t i o n  of hr (OD) would 

be 50 percent .  r Some measure of the  asymmetry may be appre-  

c i a t e d  by t h e  depar ture  from 50 percent  a c t u a l l y  found. I n  

a group of 45 dingot  and ingot  tubes cooled i n  a i r ,  molten 

s a l t ,  o i l  and water ,  i t  w a s  Eound t h a t  t h e  h; (OD) averaged 

63 percent  of t h e  t o t a l  hr (OD + ID) t ex tu re ,  and had the  I I 
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d i s t r i b u t i o n  as shown i n  Table 11. W e  can see from t h i s  

t a b l e  t h a t  n e a r l y  ha l f  (42%) of t h e  cases f e l l  i n  the  

41-60% quasi-symmetrical region,  bu t  t h a t ,  on the  average, 

f o r  a l l  cool ing media, t h e  t e x t u r e  induced by b e t a  treatment 

w i l l  tend t o  be concentrated on the ou te r  su r f ace  of the  

tube. This i s  n a t u r a l l y  expected more f o r  tubes with s m a l l e r  

i n s i d e  diameters .  

An examination of the s a m e  group of tubes a l s o  re- 

vealed t h a t  t h e  percentage of i n t e g r a t e d  r a d i a l  t ex tu re  

contr ibuted by the  OD wing t o  the  t o t a l  abso lu t e  r a d i a l  

t ex tu re  ac ross  the  e n t i r e  w a l l  averaged 54% ranging from 11 

t o  95%. 

(d) Normalized Radial  G D i s t r i b u t e  3 
i n  Rods. Appendix Figs.  A-20 through A-23 i l l u s t r a t e  t h e  

normalized t e x t u r e  pene t r a t ion  i n  dingot  and ingot  rods (1.1- 

and 1.8-inch diameter,  r e s p e c t i v e l y )  cooled i n  a i r ,  o i l ,  

hot  water and co ld  water,  r e s p e c t i v e l y .  The marked d i f f2 rence  

d i f f e r e n c e  be- between d ingo t  and i.ng,ot i n  response t o  cool ing r a t e  i s  shown 

tween oil-quenchedonly f o r  the  o i l  quenches. 
dingot  and ingot  A t  r a t e s  permitted by a i r ,  cDld 

- 

rods or ho t  wa te r ,  no essen . t ia1  d i f f e r e n c e  between the  two canposi-  

t i o n s  i s  noted. 

(5) In t e r rup ted  Cooling t o  Room Temperlg 

t u r e  (a i r  delays and ho t  s a l t  quenching) 

a i r  delay 

(a) A i r  Delay. Experiments on 1 . 1 3 -  

inch diameter ingot  and 1.5-inch OD by 0.5-inch I D  ingot  tube 

showed t h a t  an a i r  de l ay  be fo re  quenching i n t o  Poco No, 2 o i l  

merely increased t h e  t e x t u r e  pene t r a t ion  t o  the  maximum shown 

by an  i n f i n i t e  de l ay  i n  a i r  ( a i r  c o o l ) .  A t  about 0.08 inch 

below the  OD and I D  (Fig.  18) and about 0.06 inch below t h e  

rod su r face  (F ig .  19),  t h e  e f f e c t  of a i r  delay disappeared. 
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Below these  r a d i a l  depths,  th.e f u l l y  a i r - coo led  uranium had 

about the  same G l e v e l  as th.e oil-quenched p i ece .  3 

(b) 2 . e  P o s s i b i l i t y  of Isothermal  

Transformation. We have seen from experience wi th  d i f f e r e n t  

cool ing media t h a t  t he  formation of minimum t e x t u r e  pene t r a t ion  

i s  c r i t i c a l l y  dependent on cool ing ra te .  

R i nd ica t ed  i s  between about 50 and 100°C/sec. According 

t o  Duwez, (16) who s tud ied  t:he e f f e c t  of cool ing ra te  on t h e  

a l l o t r o p i c  t ransformation temperature of uranium, a ra te  of 

50 C/sec. would cause beta- to-alpha transformat ion a t  about 

60OoC. 

wi th  a ra te  of about 200OoC;/s;ec. and t ransformation a t  400 C 

a t  about 6000°C/sec. 

t o  determine whether t h i s  dependence on cool ing ra te  i n d i c a t e s  

t h a t  a c e r t a i n  isothermal  t:ramsformation temperature y i e l d s  

the  least o r i e n t a t i o n -  dependent t ransformation product i n  

t h i n  uranium d i s c s .  Dingot: and ingot  d i s c s  (1- inch diameter 

by 0.030-inch th i ck )  were quenched i n t o  b r i n e  a t  0 t o  100°C, 
* 0 Houghton Draw-Temp 275 a t  175 t o  400 C ,  or Houghton Liquid 

Heat 235 a t  425 t o  66OOC.. The r e s u l t s  f o r  the f i r s t  s tudy 

The OD cool ing r a t e ,  

B’ 

0 

H e  found tha t  transformation a t  5OO0C could be obtained 
0 . 

It w a s  f e l t  t h a t  i t  would be cons t ruc t ive  

** 
on ingot  d i sc s (17 )  showed t h a t  t h e  least  su r face  t e x t u r e  w a s  su r f ace  Gq O f  

0 h o t - s a l t  
quenched t h i n  
d i s c s  

obtained i n  t h e  quench-temperature range of 425 t o  550 C .  

Since t h i s  range w a s  obtained by us ing  only LH-235 s a l t  and 

the  e f f e c t  might be due t o  the choice of s a l t ,  DT-275 s a l t  

with the  lower working range w a s  extended i n t o  the  higher 

temperature region.  The r e s u l t s  f o r  both d ingo t  and ingot  a r e  

shown i n  F ig .  20. It i s  seen t h a t  t h e  ingo t  and one branch 

of t h e  dingot  curves are p a r a l l e l  f o r  t h e  same sa l t  quenches, 

and t h a t  t h e  ingo t  d i s c s  hiztve s l i g h t l y  less su r face  t e x t u r e  

* Working range 175-540°C 

** Working range 425-760°C 
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( a s  indicated by a somewhat l e s s  negat ive G ) .  How- 

ever ,  when DT-275 s a l t  i s  used on dingot  d i s c s  up t o  550 C,, 
0 

3 

0 the  G i nc reases  t o  ze ro  a t  about 535 C .  I t  w a s  observed 

t h a t  the DT-275 frothed somewhat a t  the  upper end of i t s  
3 

G3 = 0 on 
su r face  dingot  
d i s c s  a f t e r  - 
535OC quench working temperature ("540°C"). This may have had the e f f e c t  

of slowing the cool ing ra te ,  w i th  the  r e s u l t  t h a t  the  a c t u a l  

t ransformation temperature may e a s i l y  have been higher  than 

t h e  a c t u a l  molten s a l t  temperature.  Y e t  i s  i s  not c l e a r  why 

the  use of LH-235 s a l t  (which d id  no t  f r o t h )  would not have 

provided an  equivalent  cool ing r a t e  a t  some higher molten salt :  

temperature.  Does t h e  ex i s t ence  of su r face  C, = 0 prove the 

absence of thermal g r a d i e n t s  during t ransformation? It i s  

d i f f i c u l t  t o  b e l i e v e  t h a t  a combination of poor heat  t r a n s f e r  

(owing t o  the  f ro th ing  a c t i o n  of t h e  molten s a l t )  and r e c a l e s  

cence e f f o r t  could have el iminated su r face  thermal g rad ien t s  

during t ransformation.  The p o s s i b i l i t y  t h a t  DT-275 corroded 

the  d i s c  su r face  more than LH-235 t o  give a more p o s i t i v e  G3 

w a s  e l iminated by a c a r e f u l  thickness  check of the d i s c s  

before  and a f t e r  h e a t  traatment.  (No more than 0,0015 inch 

per su r face  could have been l o s t  by co r ros ion . )  The r e s u l t s  

w i th  DT-275 on dingot  d i s c s  encouraged an  i n v e s t i g a t i o n  of hot 

s a l t  quenches of 500, 400 and 300 C on dingot  tubes of the 

same s i z e  used i n  a s tudy of 400,  300 and 2OO0C h o t - s a l t  

quenched 1.5-inch OD by 0.5-inch I D  inpot  tubes .  

3 

0 

( c )  Hot S a l t  Quenching of Dingot and 

500°C - 2OO0C Ingot .  Radial  G, d i s t r i b i t i o n  f o r  ho t  s a l t  quenching of  1.5- 
2 

inch OD by 0.5-inch I D  by 4-inch ( s i z e  H) dingot  and ingot  hot s a l t  quenches 
of  dingot  and 
ingot  tubes tube a r e  shown i n  F ig .  2 1  (Normalized curve,  Appendix F i g .  

A-l5b) and Fig.  22 (Normalized curve, Appendix F ig .  A-15a), 

r e spec t ive ly .  As-fabricated ingot  tubes were be t a  t r e a t e d ,  

quenched i n  DT-275 a t  400, 300 or 2OO0C, held f o r  10 minutes 

i n  the  s a l t ,  then water quenched. A s  a r e s u l t  of the  quenchi!Ig 

of t h i n  d i s c s  ( see  above), i t  was decided t o  study dingot  tube 
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-3.51 5"-60 

of t h e  same s i z e  and under t h e  same c o n d i t i o n s ,  except  

quenched i n  500, 400 o r  3OO0C s a l t .  

r e s u l t s  for  bo th  d i n g o t  and i n g o t  may be observed from t h e  

f o  1 lowing : 

A comparison of t h e  

S a l t  
Temp. 

Compo- 
s i t i o n  

(OC) 

i n g o t  
d ingo t  
d i n g o t  
i n g o t  
i n g o t  
d ingo  t 
ave rage  

400 
5 00 
3 00 
3 00 
2 00 
400 
350 
- 

* G ~  p o s i t i v e  

OD 

( O C / s e c . )  RB 

68 
32 
73 
87 

125 
64 
75 

_ _  1- -- - _.----- 

Radia l  
Merit 

I n t e g r a t e d  Rad ia l  Texture  
( a r b i t r a r y  u n i t s  

* 
** 

>loo 
i n d e t e r m i n a t e  
i n d e t e r m i n a t e  

7 . 1  
2.9 

+0.99 2.89 
- 1 . 7 7  5 . 3 1  
-3,78 5 ,29  
-4.74 7.52 
-5.33 6.09 

2 . 1  ?*** I -6.47 6 , 4 7  

u n r e  l i a b  le  ** *** i n i t i a l  G3 >-0. 10 

The p r i n c i p a l  c h a r a c t e r i s t i c s  and d i f f e r e n c e s  are as fo l lows :  

A 3OO0C h o t  sa l t  quench produced t h e  on ly  i n s t a n c e  

i n  t h i s  s t u d y ,  of a v e r y  sha l low OD t e x t u r e  i n  b e t a -  

quenched d i n g o t .  

(i) 

(ii) A 5OO0C h o t  s a l t  quench produced, a l s o  f o r  t h e  f i r s t  

t i m e  i n  t h i s  s t u d y ,  a p o s i t i v e  r a d i a l  G a t  t h e  OD 

i n  d i n g o t  where t h e r e  i s  a p o s i t i v e  G on b o t h  OD 

and I D  w i t h  a n e g a t i v e  G a t  t h e  I D  s i d e  of midwall .  
3 

3 

3 

0 ( i i i ) A  400 C quench of d i n g o t  produces a r a d i a l  G d i s -  3 
t r i b u t i o n  l i k e  t h a t  of a n  o i l  quench ( s e e  F i g .  A.-12). 

( i v )  The h o t - s a l t  quench producing  t h e  least  i n t e g r a t e d  
0 n e t  t e x t u r e  seems t o  be 500 C s a l t  f o r  d i n g o t  and 

400 C f o r  i n g o t .  
0 

(v) The r e s u l t s  f o r  bo th  i n g o t  and d i n g o t  a r e  s imi l a r  

( i n c l u d i n g  p o s i t i v e  r a d i a l  G ' s  a t  t h e  ID),  excep t  

t h a t  a 400 C quench produces a sha l low t e x t u r e  i n  

i n g o t ,  b u t  a 300 C quench forms a sha l lower  t e x t u r e  

i n  d i n g o t .  

3 
0 

0 
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Comparison of h o t - s a l t  quenched dingot  and ingot  tubes 
0 

wi th  in te rmedia te  It cool ing  rates (averaging about 75 C/sec.) 

similar t o  those a t t a i n e d  i n  o i l s  r e v e a l s  ( s ee  F igs .  16 and 

17) t h a t :  

(i) 

B 

I n  ingot ,  the  in t eg ra t ed  net  r a d i a l  t ex tu re ,  fir, 
i s  improved only i n  the  case  of t h e  400 C h o t - s a l t  

quench, whereas i n  the  3OO0C and 20O0C h o t - s a l t  

quenches, the  fir i s  somewhat worse (more negat ive)  

than the  average f i r ’ s  found i n  tubes quenched i n  

o i l  a t  s imi l a r  r a t e s .  

0 

(ii) I n  d ingot ,  a l though the fir a s  w e l l  a s  the  ‘ITr 
f o r  the  500°C and 3OO0C h o t - s a l t  quenches a r e  

smaller than the corresponding average values  

for  s i m i l a r  o i l  quenching r a t e s ,  t h e i r  values  do 

no t  dev ia t e  from the mean of T f  f o r  in te rmedia te  

quench r a t e s  so much a s  the  400 C value of ‘IT r 
does for  ingot .  

r 
0 

(6) A Comparison Between Continuous and 

In t e r rup ted  Coolinj:. 

cool ing  i n  d i f f e r e n t  media, and in t e r rup ted  cool ing ( a i r  

We conclude from a s tudy  of continuous 

c r i t i c a l  va lue  de lays  and h o t - s a l t  quenching), t h a t  a c r i t i c a l  value o f  the  
of cool ing  r a t e  

i n  c o n t r o l l i n g  
amount of rad ia l  
t ex tu re  

cool ing r a t e  (R ) ,  r ega rd le s s  of how i t  i s  achieved, i s  t he  

primary v a r i a b l e  i n  determining the  amount of i n t eg ra t ed  

t e x t u r e  induced by cool ing  from the  b e t a  phase. 

a primary v a r i a b l e  B 

There i s  a l s o  some evidence t h a t  the  pene t r a t ion  and 

amount of r a d i a l  t e x t u r e  i n  d ingot  i s  s l i g h t l y  g rea t e r  than 

i n  ingo t  f o r  t he  s a m e  in te rmedia te  cool ing  r a t e s  which induce 

the  minimum tex tu re .  

(7) Post-Beta-Treatment A n n e a l i n g a t  
6OO0C pos t+  
annea 1 

60OoC. 

G 

No s i g n i f i c a n t  e f f e c t  of a 6OO0C annea l  on r a d i a l  

of ingot  rods or of tubes previously water  quenched from 3 
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(18) the  b e t a  phase was found. 

(8) -e Ef fec t  of a Double Beta Treatment. 

double f3 The e f f e c t  of a second b e t a  treatment w a s  s tud ied  i n  the  case 
t reatment  of a 2.9-inch OD by 2.5-inch I D  ingot  tube, which had a l r eady  

been quenched i n  12 C water (M-8A). 

w a s  unchanged between t h e  O D - I D  su r f aces  and t o  a depth of 

about 0.025 inch. Below t h i s  depth,  the  G curve of the double- 

b e t a - t r e a t e d  sample was found t o  be s l i g h t l y  more p o s i t i v e  

(about 0.06 G3 above the  curve of s i n g l e  be t a  t r e a t e d  sample), 

(See F ig .  A-6.) 

0 The r a d i a l  G d i s t r i b u t i o n  
3 

3 

e .  Ef fec t  of S t r e s s  Applied i n  Beta, Beta- 
Alpha, and i n  High-Temperature Alpha 
Phases. 

During b e t a  treatment and quenching, con- 

siderable s tresses  can be bu i l t  up in localized volumes of the 

sample. Some of t he  poss ib l e  o r i g i n s  of s t r e s s  a r e :  s t e e p  

temperature g r a d i e n t s ,  t ex tu re  changes ( t h a t  could lead t o  

mechanical and thermal a n i s o t r o p i c  changes which would r e s u l t  

i n  geometric r e s t r a i n t s ) ,  and a l l o t r o p i c  volume changes. Since 

these stresses may in f luence  t h e  r e s u l t i n g  G 

sample, the  e f f e c t  of app l i ed  s t r e s s e s  on these  p r o p e r t i e s  was 

s tud ied  . 

p r o f i l e  of a 3 

(1) E f f e c t  of t he  Applicat ion of Bending 

S t r e s s e s  During Cooling From the Beta Phase. The r a d i a l  d i s -  

e f f e c t  of bend- t r i b u t i o n  of G, i n  a n  ingot  rod bent presumably i n  the  be t a  
3 

then a i r  cooled, i s  compared wi th  G i n  an un- 
ing and app l i ed  
t e n s i l e  stress 3 

phase, 

s t r e s s e d  a i r - coo led  rod. F ig .  23. It i s  seen t h a t  t he  r a d i a l  

G i s  considerably more p o s i t i v e  down t o  a r a d i a l  depth of 

about 0.2 inch (Region A) from the  OD a t  t he  convex s i d e  of 

t h e  ben t  ba r .  The r a d i a l  t e x t u r e  i n  t h i s  region w a s  found 

t o  be (150 t o  1$, 

3 

which i s  the  same t e x t u r e  observed i n  the  
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r a d i a l  d i r e c t i o n  i n  ex t ruded  r o d s ,  and has  been p r e -  

d i c t e d  and p r e v i o u s l y  observed  as t h e  compression t e x t u r e  

i n  a l p h a  uranium. It i s  b e l i e v e d ,  t h e r e f o r e ,  t h a t  t h e  out-  

s i d e  s h e l l  w a s  not  b e n t  i n  t h e  b e t a  phase b u t  t h a t  t h e  s u r -  

f a c e  had Had t i m e  t o  t r a n s f o r m  b e f o r e  bending. The r a d i a l  

t e x t u r e . a t  t h e  same r a d i a l  d e p t h s  i n  t h e  u n s t r e s s e d  b a r  w a s  

t h e  expec ted  100 type  which i s  always found p a r a l l e l  t o  t h e  

the rma l  g r a d i e n t .  Below abou t  0.2 i n c h  t h e  t e x t u r e s  i n  b o t h  

b a r s  were v i r t u a l l y  t h e  same (Region B ) .  

(2) The E f f e c t  of E x t e r n a l l y  Appl ied  

T e n s i l e  S t r e s s  During and A f t e r  Cooling from t h e  Beta  Phase. 

The e f f e c t  on G of a p p l i e d  stress (up t o  about  5 p e r c e n t  

s t r a i n )  w a s  s t u d i e d  i n  a 0 .7- inch  d i ame te r  t e n s i l e  specimen 

f o r  v a r y i n g  t empera tu res  of a p p l i c a t i o n .  (*O) A p l o t  of t h e  

r a d i a l  d i s t r i b u t i o n  of r a d i a l  G i s  shown i n  Fig.  24 for  

stress a p p l i e d  a t  room t empera tu re  (W-l), i n  t h e  b e t a  phase 

(W-2), i n  t h e  b e t a  p l u s  a l p h a  ( d u r i n g  t r a n s f o r m a t i o n )  and i n  

t h e  h i g h  a l p h a  (W-3), and f i n a l l y ,  i n  t h e  b e t a  and a l p h a  

phases  s e p a r a t e l y ,  b u t  n o t  d u r i n g  t r a n s f o r m a t i o n  (W-4). 

samples were coo led  i n  he l ium a t  1 t o  2 C/sec. ,  which simu- 

l a t e d  a n  a i r  c o o l .  The G r e s u l t s  are  d i f f i c u l t  t o  i n t e r p r e t ,  
3 

b u t  s i n c e  t h e  G a x i a l  and r a d i a l  d i s t r i b u t i o n s  i n  t e n s i l e  

specimens s t r e s s e d  a t  non- t r ans fo rma t ion  t empera tu res  a r e  

sindlar t o  each  o t h e r  (W-1, W - 2 ,  W-4) b u t  much d i f f e r e n t  from 

t h e  d i s t r i b u t i o n  i n  a specimen s t r e s s e d  d u r i n g  t r a n s f o r m a t i o n  

(W-3), i t  can  be concluded t h a t  such a l i m i t e d  t e n s i l e  s t r a i n  

(5%) d u r i n g  a l l o t r o p i c  t r a n s f o r m a t i o n  i s  more e f f e c t i v e  i n  

changing  t e x t u r e  t h a n  i s  s t r a i n  a t  any o t h e r  t empera tu re .  

The r a d i a l  t e x t u r e  found i n  t h e  r e g i o n  of l a r g e  n e g a t i v e  G 

(about  -0.37) i s  100 t o  101, and i n  t h e  a x i a l  d i r e c t i o n  where 

t h e  G i s  s t r o n g l y  p o s i t i v e  ( abou t  +0.24) i s  001 t o  010. 

C u r i o u s l y ,  a l t h o u g h  b o t h  of t h e s e  t e x t u r e s  i n  t h e  two d i r e c -  

t i o n s  a r e  c h a r a c t e r i s t i c  of t e x t u r e s  induced by a the rma l  

g r a d i e n t  i n  u n s t r e s s e d  m e t a l ,  t h e  amount of t e x t u r e  has  

3 

3 

A l l  
0 

3 

3 

3 
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increased with r a d i a l  depth,  r a t h e r  than decreased a s  i n  

t he  uns t ressed  sample. 

f .  E f fec t  of I n t e r n a l  Free Surface 

(1) I n  a Jo in t ed  lnpot  Bar (C-111.- 

G ,  and f r e e  The f a c t  t h a t  the most pronounced changes i n  t ex tu re  a r e  
s ik faces  i n  a 
j o in t ed ,  d r a s t i -  noted a t  o r  near  the  former cool ing  sur face  had led t o  the 

c a l l y  quenched specula t ion  t h a t  t h e  unique stress and thermal condi t ions  
bar 

generated by a f r e e  sur face  may be respons ib le  f o r  a n  i n  

duced t e x t u r e  p a r a l l e l  t o  the  thermal grad ien t .  To inves-  

t i g a t e  the  e f f e c t s  of f r e e  sur faces  a t  high, moderate and 

low thermal g rad ien t s ,  a j o in t ed  1.8-inch diameter ingot  

bar (C-11) was prepared and pinned together  a s  shown i n  

Fig.  25.  

t i c a l l y  quenched i n t o  13 C water .  A f t e r  hea t  treatment the  

0.995-inch core  was machined out of t h e  cen te r  and the  "free" 

su r faces  w e r e  found t o  be covered wi th  a t h i n  s c a l e  of UO 

i n d i c a t i n g  imperfec t ly  t i g h t  j o i n t s .  The i n s u l a t i n g  e f f e c t  

of the  t h i n  s c a l e  should be kept  i n  mind during cons idera t ion  

of the  r e s u l t s .  Figure 26 d i sp lays  the  a x i a l  G d i s t r i b u t i o n  

ac ross  the  su r face  4-3B ( i n  a r eg ion  of high thermal grad ien t )  

and inc ludes  the  same G d i s t r i b u t i o n  from a s o l i d  bar  of the 

same dimensions and heat  t reatment .  Figure 2 7  shows the 

r a d i a l  d i s t r i b u t i o n  of r a d i a l  G from 0.425 inch t o  0.68 i n c h  

below the  OD i n  a j o in t ed  r eg ion  ( 1 B )  and compares t h i s  d i s -  

t r i b u t i o n  wi th  a neighboring, un jo in ted  reg ion  (1A) i n  the  

same bar  and i n  the  same d i r e c t i o n ;  i n  add i t ion ,  comparison 

i s  made wi th  a s o l i d  ba r  (C-1) of t h e  same s i z e ,  composition 

and hea t  t reatment .  A t  0.4-inch below the  OD of a 1.8-inch 

diameter  ba r ,  the  thermal g rad ien t s  ought t o  be only moderate. 

F i n a l l y ,  an  a x i a l  d i s t r i b u t i o n  of a x i a l  G ac ross  the  reg ion  

2A-2B/3A, the geometr ical  midlength where the  thermal g r a -  

d i e n t s  were supposedly a t  a minimum, i s  given i n  Fig.  28. 

The bar  was be t a  t r e a t e d  a t  72Oo/73O0C and d ras -  
0 

27 
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3 

3 

3 
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From examination of the  a x i a l  d i s t r i b u t i o n  of G i n  a 

high thermal g rad ien t ,  F ig .  26, and of t he  r a d i a l  d i s t r i -  

bu t ion  of G i n  a moderate thermal grad ien t ,  F ig .  27, we 

see t h a t  a "free" su r face  has made a marked d i f f e r e n c e  i n  

t h e  G grad ien t  only where the  former thermal g rad ien t  had 3 
been la rge .  

g rad ien t ,  which i s  o r d i n a r i l y  high only 0.065 inch from the  

water-quenched end i n  a s o l i d  ba r ,  has ,  by the  in t roduc t ion  

of a n  in su la t ed  f r e e  su r face ,  been sharp ly  reduced behind 

t h e  f r e e  su r face  s o  t h a t  t he  thermal environment i s  similar 

t o  the  cen te r  of a quenched bar o r  t he  midwall of a quenched 

tube,  where the  t ex tu re  vanishes  (G = 0 ) .  Moreover, we 3 
could conclude t h a t  s ince  the  in t roduc t ion  of a f r e e  su r face  

ac ross  a reg ion  of moderate p r i o r  thermal g rad ien t  makes no 

d i f f e r e n c e  t o  the  G d i s t r i b u t i o n ,  t he  p r i o r  thermal g rad i -  
3 

e n t s  were a l r eady  too  low, anyway, f o r  a s t rong  induced t e x -  

t u r e  t o  be formed. 

ha l f  inch  between the  two i n t e r n a l  j o i n t s  1B-LA and 2B-3A, 

where the re  should be almost no a x i a l  thermal g rad ien t ,  t h e r e  

i s  a s t rong  a x i a l  G 
a t  t he  exact  thermal c e n t e r  of the bar .  The a x i a l  t ex tu re  

a t  t h i s  p o s i t i o n  i s  100, the  same type t h a t  i s  found p a r a l l e l  

t o  the  thermal g r a d i e n t s  near a cool ing  sur face .  

2B-3A the re  i s  a sharp inc rease  of a x i a l  G3 t o  about G 

very reminiscent  of the sharp increase i n  a x i a l  G a t  the 

j o i n t  0.065 inch  below the  end of t h e  bar  (Fig.  26). 

t r i b u t i o n  of a x i a l  G 

based on p r i o r  experience,  i t  implies  t h a t  a thermal gradient.  

had e x i s t e d  between t h e  j o i n t s  lB-2A/2B-3Ah, wi th  the  lowest 

temperature midway between. 

would e x i s t  only i n  the  r a d i a l  d i r e c t i o n  a t  t h i s  po in t ,  y e t  

i f  t h e  r a d i a l  G 

(F ig .  27) i s  any i n d i c a t i o n  of r a d i a l  thermal grad ien t ,  this 

cannot be apprec iab le .  

3 

3 

We might t he re fo re  conclude t h a t  t h e  thermal 

However, w e  f i n d  i n  Fig.  28 t h a t  i n  the 

grad ien t  w i th  a minimum ( m x .  nega t ive)  3 

A t  t he  j D i i \ t  

= O? 3 

The d i s -  
3 

i n  t h i s  r eg ion  i s  very puzzl ing,  because, 
3 

Presumably a thermal g rad ien t  

d i s t r i b u t i o n  down t o  a depth of 0.68 inch 3 



Texture and Growth Index 

G3 under 
or Zirca 
cladding 

(2) Under Nickel o r  Zi rca loy  I1 Cladding. 

The e f f e c t  of an  i n t e r n a l  f r e e  sur face  on G d i s t r i b u t i o n  0.065 

inch below the  quenched end of an  ingot  bar  encouraged a s tudy  
3 n i cke l  

1 0 Y  
- 

of the  G d i s t r i b u t i o n  beneath a 0.002-inch f i l m  of n i c k e l  

e l e c t r o p l a t e d  on dingot  (DK-1-P) and ingot  (K-14-P) 1.0-inch 

diameter by 4.0-inch long ba r s  quenched i n  13 C water  fkom the 

b e t a  phase. Each bar  had been p l a t ed  over ha l f  i t s  length,  and 

outgassed (but  not  d i f f u s i o n  bonded). The r e s u l t s  a r e  shown 

i n  F ig .  29. The p o i n t s  f o r  t he  p l a t ed  and bare  metal  were 

taken from adjacent  1- inch long 20 s e c t o r s  on both  s ides  of 

the midlength p o s i t i o n .  The r e s u l t s  show a d e f i n i t e  increase 

i n  G under t h e  p l a t ed  sec t ions ,  and t h a t  t h e  p l a t i n g  i n  b o t h  

dingot  and ingot  d e f i n i t e l y  decreases  the  r a d i a l  t e x t u r e  pene- 

t r a t i o n  compared to  t h a t  a t  and near the  bare  sur face .  The 

e f f e c t  of p l a t i n g  i s  twice a s  deep f o r  ingot  (about 0 . 9 0  i n c h )  

a s  f o r  dingot  (0.10 inch ) .  

3 

0 

0 

3 

The e f f e c t  of a much th i cke r  c ladding between the  quench- 

ing medium and uranium was examined i n  a 2.0-inch OD by 1.8- 

inch I D  by 4-314 inch long ingot  tube c l ad  (by coextrusion)  

with about 0.025-inch Zircaloy-2.  Bands 1 inch wide were 

machined of f  t h e  OD t o  g ive  0.000-, 0.005-, 0.010- and 0.020- 

inch c l ad  th icknesses .  The tube was be t a  t r e a t e d  and quenched 

i n t o  13OC water .  The r a d i a l  d i s t r i b u t i o n  of r a d i a l  G across  

the tube w a l l  i s  given i n  Fig.  30. No apprec iab le  e f f e c t  of the 

cladding was found. A poss ib l e  explana t ion  i s  t h a t  the  metal-  

l u r g i c a l  bonding between t h e  Zi rca loy  and the  uranium was much 

b e t t e r  than between t h e  non-dif fused n i c k e l  p l a t i n g  arid uranium, 

o r  t h a t  the  g r e a t e r  s i m i l a r i t y  of thermal conduc t iv i ty  between 

Zi rca loy  and uranium, would cause l i t t l e  o r  no change i n  thermal 

grad ien t  a t  the Zircaloy-uranium i n t e r f a c e  compared with a 

nickel-uranium i n t e r f a c e .  

3 



79 

I 
M a 

& 
W

 
W

 

o
e

o
a

 

cu 
0
 

Q
) 

'? 
0
 

(D
 

* 
x 

B 
I 

- 
(D

 
(D

 
0
 

Q
) 

+ 
+ 

- 
I 

I 
0
 

2 
8 I 

I 
I 

0
 

8 
c
.
 'E) 

xapu 

0
 



80 

+O. I6 I I I i i 2 

+0.08 

0 

t 
IO -0.08 

(3 

X 
Q) 
0 
C - 

-0.16 
f 
E 

.- Q -0.24 

3 

(3 

- 
0 
0 
(Y 

- 0 

I 0 9 
0 0  

8 ,  

1 @ 0  
s Q  

0 

0 
0 

0 b a r e  OD tube 

0 0.005 i n  Z i rca loy  on OD 

0 

- 0.40 , 

0 0.010 i n .  Z i r ca loy  on OD 

- 0 0.020 in .  Z i r ca loy  on OD 
I 

0 ( a l l  I D ' S  have f u l l  0.025 
0 i n .  Z i r ca loy  c ladding)  

-0.48 I I I I 1 1 1 
0 .020 .040 .060 .O 80 . I  00 . I  20 

O.D. Distance (in.) in Radial Direction from 0.0. 1.0. 

Fig. 30 - Radia l  d i s t r i b u t i o n  of r a d i a l  G i n  loD s e c t o r s  
under 0.020-inch, 0.010-inch ana 0.005-inch 
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Tube quenched from t h e  b e t a  i n  13 C water .  
Drawing No. RA-2382 
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Recommendations €or Further  Study 

IV. RECOMMENDATIONS FOR FURTHER STUDY 

1. I f  i t  i s  des i r ed  t o  decrease the degree of 

r a d i a l  t e x t u r e  pene t r a t ion  i n  be t a - t r ea t ed  uranium rods 

and tubes,  i t  may be poss ib le  t o  do so by a l t e r i n g  the  

d i r e c t i o n  of t he  thermal grad ien t  experienced by the  mesal 

on cool ing from the  be t a  phase during a r ap id  l a t e r a l  quench. 

One i n t e r e s t i n g  p o s s i b i l i t y  i s  t h a t  of a con t ro l l ed  longi tu-  

d i n a l  i n s e r t i o n  r a t e  i n t o  a s u i t a b l e  quenching oil. I n  t h i s  

case ,  the  thermal g rad ien t s  near  the  su r face ( s )  would t e p d  t o  

be r eo r i en ted  toward a d i r e c t i o n  45 from the  a x i a l  direcrion 

( in s t ead  of the  90 or  r a d i a l  o r i e n t a t i o n  caused by t h e  u_s~aB 

l a t e r a l  quench), and the  r e s u l t i n g  r a d i a l  G should be l e s s  

negat ive near  t h e  sur  face (s) . 

0 

0 

3 

2 .  It has been shown t h a t  t he re  i s  an  imporcant r e -  

l a t i o n  between d i s t o r t i o n  found a f t e r  be t a  t reatment  and the  

change i n  ove r -a l l  r a d i a l  and a x i a l  t ex tu re  caused by be t a  

t reatment .  A b e t t e r  understanding of the  d i s t o r t i o n  p r o b l e m  

i n  both tubes and rods would be poss ib l e  by p red ic t ing  t h e  

d i s t o r t i o n  t h a t  would be caused s o l e l y  by a t ex tu re  cbange. 

This could be computed by using the ca l cu la t ed  thermal es-  

pansion c o e f f i c i e n t s  which apply t o  hea t ing  o r  cool ing.  

3 .  Determine the  TTT c h a r a c t e r i s t i c s  of unalloyed 

dingot  and ingot  i n  the form of very t h i n  (0.005-inch t h i ck" )  

uranium sheet. 

a. Study t h e  e f f e c t  of b e t a  g r a i n  s i r e  (var)! 

b e t a  g r a i n  s i z e  by means of p r i o r  d e l t a  

t reatment)  on the  TTT c h a r a c t e r i s t i c s .  

b. Determine whether t he re  i s  an isothermal  

t ransformation whose product  i s  n ~ n -  

o r i e n t a t i o n  dependent. I f  so, r e l a t e  the,  

r e s u l t s  t o  the  t ex tu re  d i s t r i b u t i o n  i n  a 

t h i c k  p l a t e  (0.1-inch) cooled s o  3s t o  t r a n s -  

form i n  t h i s  reg ion .  



Recommendations 

4 .  Determine i n  a beta-phase metastable  a l l o y  

whether t he re  i s  any empir ica l  r e l a t i o n  between the be t a  

t ex tu re  and t h e  t e x t u r e  of t h e  alpha phase transformed from 

i t .  The r e s u l t s  should i n d i c a t e  whether the  alpha t ex tu re  

induced i n  unalloyed uranium by cool ing  from the be t a  phase 

i s  due t o  the  r e o r i e n t a t i o n  of a lpha c r y s t a l l i t e s  by the  

thermal grad ien t  on cool ing,  or whether t he  f i n a l  inducgd 

alpha t e x t u r e  i s  due t o  t h e  r e o r i e n t a t i o n  of beta c r y s t a l -  

l i t e s  on h e a t i n g  we l l  i n t o  the  be t a  phase. 

5. Chiswik(21’ 22’ has found t h a t  ex tens ive  micro- 

s t r u c t u r a l  changes occur on thermal cyc l ing .  It would be 

expected t h a t  t e x t u r e  changes would a l s o  occur i n  b e t a -  

t r e a t e d  uranium during thermal cyc l ing .  

shown t h a t  t he  110 a x i a l  t e x t u r e  i n  rods  tends t o  change toward 

010 a x i a l  t e x t u r e  dur ing  i r r a d i a t i o n .  It would be u s e f u l  to 

know whether t h i s  change could be due p r imar i ly  t o  the  thermal 

cyc l ing  parameter of i r r a d i a t i o n .  Accordingly, a s tudy  of 

t h e  e f f e c t  of thermal cyc l ing  on t h e  t e x t u r e  of uranium d ras -  

t i c a l l y  quenched from t h e  b e t a  phase, would be valuable .  

Shupe (23)  has  

6 .  It had been suggested e a r l i e r  t h a t  a poss ib l e  cause 

of t he  100 t e x t u r e  found p a r a l l e l  t o  the  p r i o r  thermal grad ien t  

i s  a c o o p e r a t i w r o t a t i o n  of c r y s t a l l i t e s  toward the  d i r e c t i o n  

i n  which two of t h e  th ree  alpha phase thermal c o e f f i c i e n t s  

cont rac ted  on cool ing  from the  be t a  phase. 

pose of ob ta in ing  more c l u e s  t o  the  o r i g i n  of t h i s  induced 

t ex tu re ,  so  t h a t  such t e x t u r e s  may be con t ro l l ed ,  two experi-  

ments a r e  suggested.  

For the  pur- (24)  

a. Beta t reatment  of p o l y c r y s t a l l i n e  uranium 

conta in ing  d ispersed  r e f r a c t o r y  compound. It may be p r o f i t a b l e  

t o  test  the  coopera t ive  hypothesis  by be ta  t reatment  of a p ~ l y -  

c r y s t a l l i n e  uranium i n  which the  g ra ins  a r e  somewhat mechani- 

c a l l y  i s o l a t e d  from each o the r  by a coa t ing  of uranium o x i d e .  



If  t he  coopera t ive  hypothesis  is c o r r e c t ,  then such uranium 

should e x h i b i t  considerably less induced t e x t u r e  than ordinary 

uranium subjected t o  the  same hea t  t rea tment ,  

b .  Study of o ther  elements cooled through an a l l %  

t r o p i c  phase change. Another cause of induced t e x t u r e  may be 

a s soc ia t ed  wi th  some pecu l i a r  mode of c rys t a l log raph ic  t r a n s -  

formation between b e t a  and alpha uranium. It may be poss ib le  

t o  determine i n  which genera l  aspec t  t h e  primary cause l i es  by 

discover ing  whether a t e x t u r e  i s  induced i n  face-centered cubic /  

body-centered cubic  or  i n  body-centered cubic/close-packed 

hexagonal t ransformations.  For t h e  FCC/BCC case,  gammalalpha 

i r o n  t ransformation could be s tud ied .  

be ta /a lpha  zirconium t ransformat ion  would be informative.  Irk 

i r o n  (cubic)  t h e  thermal expansion c o e f f i c i e n t  i s  i s o t r o p i c  

and does not  depend on d i r e c t i o n .  I n  HCP zirconium, thermal 

expansion i n  the  d i r e c t i o n  of the  2 -ax i s  i s  about twice t h a t  

f o r  the  expansion along the  2 - a x i s ,  and i s  the re fo re  an i so -  

t r o p i c  ( l i k e  alpha uranium). The discovery of a t ex tu re  p a r s l l e l  

t o  the  t ransformation thermal g rad ien t  i n  p o l y c r y s t a l l i n e  alpha 

zirconium, but  no t  i n  p o l y c r y s t a l l i n e  a lpha  i ron ,  would suggest  

t h a t  thermal expansion an iso t ropy  i s  a l i k e l y  o r i g i n  of induced 

t ex tu re .  

For t h e  BCC/HCP case ,  
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APPENDIX A 

Note: 

i n  sectors  cut  from the middle two inches of 4- inch long tubes and rods 

beta treated a t  720-730°C i n  Houghton LH-980 molten s a l t  and cooled i n  

d i f f e r e n t  media. In each f igure ,  s i z e  i s  constant,  but cool ing  medium 

v a r i e s .  

Figures A-1 through A - 1 2  show rad ia l  d i s t r ibut ion  of rad ia l  G3 
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Note: Figures A-13 through A-24 show radia l  d i s t r ibut ion  of radia l  

G 

i n  Houghton LH-980 molten s a l t  and cooled i n  media described. 

depth p lo t ted  a s  2r/w0 from OD. 

constant ,  but s i z e  v a r i e s .  

i n  tubes and rods of d i f f e r e n t  s i z e s  beta treated a t  720°-730°C 3 
Radial 

In each f igure ,  coo l ing  medium i s  
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Appendix B 

Techn ica l  D e s c r i p t i o n  and Tabular Data 

I. EQUIPMENT 

A - Gages ( d i s t o r t i o n  measurements) 

(1) Hole Gage (Fede ra l  Model 1242 P-1) 

(2)  Wall Gage (Fede ra l  Model KP-120-R1) 

(3 )  OD Gages ( S t a r r e t t ,  3 i n . / 4  in . ,  2 i n . / 3  i n . ,  0 in . /2  in. 

micrometers) 

B. Brush Osc i l l og raph  ( the rma l  measurements) 

1. TemDerature R e c o r d i q  

Rapid tempera ture  r e c o r d i n g  w a s  performed w i t h  a Brush 

r e c t i l i n e a r ,  thermal  w r i t i n g  o s c i l l o g r a p h  (Model RD-2684-50). S i x  of 

e i g h t  p o s s i b l e  r e c o r d i n g  channels  were i n s t a l l e d .  The r e sponse  i s  flai:  

up t o  70 c y c l e s  per  second. The maximum s e n s i t i v i t y  of t h e  ins t rument  

i s  0.1 m i l l i v o l t  p e r  m i l l i m e t e r  of c h a r t ,  o r ,  when u s i n g  a Chromel- 

Alumel thermocouple, about  2.5 C p e r  m i l i m e t e r .  Thus, a t  maximum s e n s i -  

t i v i t y ,  a tempera ture  range  of 100 C i s  d i s p l a y e d  on a 40-mm wide c h a r t ,  

b u t  i n  o r d e r  t o  o b t a i n  t h e  p r e d i c t e d  53OoC thermal  a r r e s t  i n  samples 

cooled  as f a s t  as 1000 C pe r  second as w e l l  as t h e  720 C b e t a  t r e a t i n g  

t empera tu re ,  the  s e n s i t i v i t y  had t o  be  lowered a t  least t o  5 per  

m i l l i m e t e r  of c h a r t .  

0 

0 

0 0 

0 

2. E l i m i n a t i o n  of 60-cyc le  Pickup by F i l t e r i n g  

Some 60-cycle pickup noted  d u r i n g  t h e  i n i t i a l  o p e r a t i o n  
of the oscillograph at maximum sensitivity was eliminated by placing 

a c r o s s  each  i n p u t  terminal a 60-cyc le  f i l t e r  a r r anged  as f o l l o w s :  
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Input 

c2 Tb2 Thermocouple 

0 &M 
c1 = 0.1 uf R1 = 27 K 

R = 13.5 K 
2 

c2 = 0.2 uf 

C. Thermocouples 

T - 2 2 -2 OBK9B24 Aer Opa k Chrome 1 -Alume 1 , 1/ 16 - inch OD, Inc one 1 
clad, ungrounded, 

D. X-ray Diffractometer 

Philips High Angle Goniometer, NaI(T1) scintillation counter, 

pulse height analyzer (type 5233230), copper high-intensity target 
(Type 32147). 

E. X-ray Autmation: Programmer and Print-out 

The x-ray automation equipment was constructed at SRL by 
M r .  L. H. Cook. The automation unit consists of a punched Mylar tape 

which is coded to give direction and rate of scan, stop, print-out, 
etc. 

instruction relays. 

motor with a high-speed gear (7.5 (28) per minute) and a low speed 
(scanning) gear ( 0 . 5  (28) per minute). The accumulated count from the 

regular Philips scintillation counter-amplifier-pulse height analyzer 

circuits is fed into a Baird Atomic high-speed scaler (Model 134). 

The operation of Philips scaler-rate meter section is bypassed but may, 

however, be used simultaneously to make a regular strip chart recording. 

This tape is fed through a sensing head connected to each of the 

The Philips goniometer is driven by a reversible 
0 

0 

When the signal is given by the tape, an adding machine prints 
out the number of counts accumulated during the scan of the diffraction 

profile. After the print-out is complete, the tape instructs the gonio- 

meter driver to move the goniometer rapidly to the next diffraction 
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p r o f i l e  s t a r t i n g  p o s i t i o n ,  a t  which p o i n t  t h e  t a p e  i n s t r u c t s  t h e  d r i v e r  

t o  s c a n  s lowly.  A l t o g e t h e r ,  2 1  d i f f r a c t i o n  p r o f i l e s  and 7 backgrounds 

are  scanned (about 1 hour i s  r e q u i r e d )  and t h e  accumulated p r i n t - o u t  

s t r i p  i s  s e n t  t o  an IBM 704 f o r  t h e  G3 computation. Inc luded  i n  t h e s e  

2 1  p r o f i l e s  are  e x t r a  p r o f i l e s  which may be  used t o  c a l c u l a t e  the  o l d e r  

(3) Growth Index. (now d i s c a r d e d )  G I  ( lJ2) as w e l l  as t h e  newer G 

11. INVENTORY AND CHEMICAL ANALYSES OF METAL RECEIVED 

* 

2 

A t a b u l a r  d e s c r i p t i o n  of s i z e  and weight  of d i n g o t  and i n g o t  

tubes and r o d s  r e c e i v e d  i s  g i v e n  i n  Table B - 1 .  

A l l  t h e  a v a i l a b l e  chemica l  a n a l y s e s  and d e n s i t i e s  are g i v e n  i n  

Table B-2.  

111. EXPERDENTAL METHODS 

A. Heat Trea tments  

1. Delta Treatment 

Delta t r ea tmen t  r e f e r s  t o  t h e  h e a t  t r e a t m e n t  g iven  t o  

a l t e r  t h e  s i z e  and d i s t r i b u t i o n  of t h e  d e l t a  p a r t i c l e s  ( s e e  t e x t ,  p.21, 

S e c t i o n  I11 B. 2 ) .  It c o n s i s t s  of h e a t i n g  t h e  uranium f o r  f a i r l y  long 

t i m e s  a t  a d e s i r e d  t empera tu re  i n  t h e  a l p h a  phase t o  p r e c i p i t a t e  and /o r  

agglomera te  t h e  d e l t a  p a r t i c l e s ,  The d e l t a  may be l a r g e l y  d i s s o l v e d  

by p r i o r  b e t a  t r ea tmen t .  

2 .  Beta Treatment 

The s t a n d a r d  b e t a  t r e a t m e n t  c o n s i s t e d  of h e a t i n g  t h e  

uranium t o  720°/7300C f o r  10 t o  15 minutes  a t  t empera tu re  i n  some s u i t -  

a b l e  mol ten  sa l t ,  such as Houghton Liquid  H e a t  980. 

3 .  Continuous Cooling from Beta Phase by T o t a l  Immersion. 

Continuous c o o l i n g  was performed i n  t h e  fo l lowing  m e d i a :  
0 30 C a i r ,  room tempera ture  Houghto-Quench 4102 (a suspens ion  of mica 

i n  Houghton Martemp O i l  No. 2 ) ,  55 C and room tempera ture  
0 

* 
s e e  S e c t i o n  111 C of Appendix B 
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0 
Poco No. 2 Quenching O i l ,  room tempera ture  Houghto K o i l ,  55 C and 

13 C water. 

b r i n e  w a s  used.  

o i l s  are  g iven(4)  as fo l lows :  

0 0 
I n  some cases room tempera ture  and 0 C s a t u r a t e d  (Nu-Sal) 

Comparisons among r e l a t i v e  quenching speeds of s e v e r a l  quenching 

Quenching O i l  Company G. M. Quenchogeter 
(seconds)  

Houghto K E. F. Houghton 6.25 

S h e l l  Voluta 921 S h e l l  7.8 

S o h i v i  s J -5 3 Standard Ohio 12 

Martemp No. 2 E. F. Houghton 17 

Houghto-Quench 4102 E. F. Houghton 56 

*Cannot be  used t o  compare wi th  quenchometer d a t a  publ i shed  
by Genera l  Motors Corpora t ion .  

4 .  I n t e r r u p t e d  Cooling from Beta Phase 

I n  s e v e r a l  experiments ,  cont inuous  c o o l i n g  from t h e  beta  

phase was i n t e r r u p t e d .  

(1) A i r  d e l a y s  of  about  2, 30 and 60 seconds b e f o r e  

o i l  quenching t o  room temperature .  

(2)  Quench i n t o  mol ten  s a l t .  

(a) Houghton Liquid Heat 235 (working r ange  

7 60°/ 42 5 OC) 

(b)  Houghton Draw-Temp 275 (working range  

54OoC/ 175OC) 

5 .  Annealing a f t e r  Beta Treatment 

The e f f e c t  of annea l ing  on b e t a  t reat .ed g r a i n  s i z e  and 
0 G w a s  s t u d i e d  by h e a t i n g  a sample a t  600 C i n  vacuo. 3 

B. Rout ine Sample P r e p a r a t i o n  

The r o u t i n e  b e t a - t r e a t e d  sample p r e p a r a t i o n  f o r  g r a i n  s i z e  

estimate and x- ray  s tudy  was c a r r i e d  out  as fo l lows :  
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(1) P repa re  t r u e  hemicyl inder  of tube o r  rod f o r  f u l l  4 - inch  l e n g t h .  

( 2 )  Macro-etch i n  c o n c e n t r a t e d  H C 1  ( p r o t e c t  c y l i n d r i c a l  s u r f a c e  

from a t t a c k ) .  Rinse .  Macro-etch i n  c o n c e n t r a t e d  HNO f o r  

optimum c o n t r a s t  f o r  photomacrography a t  3X. 

(3) Cut s e c t o r s  10 t o  20 wide from c e n t e r  2 i n c h e s .  

(4) E l e c t r o p o l i s h  c y l i n d r i c a l  s u r f a c e  t o  remove a l l  ox ide  b e f o r e  

3 

0 

* 
making r a d i a l  G x - r ay  scan  a t  s u r f a c e .  3 

(5) Grind s u r f a c e  t o  d e s i r e d  dep th ,  e l e c t r o p o l i s h  t o  g u a r a n t e e  

removal of a l l  t r a c e s  of c o l d  work as d e t e c t e d  by examina- 

t i o n  of peak i n t e n s i t y  p r o f i l e s  of (110) ,  (021)  and (002) .  

C .  D e f i n i t i o n  and Determina t ion  of t h e  Growth Index G 

(579 i s  d e f i n e d  i n  The e x p r e s s i o n  f o r  t h e  Morr i s  Growth Index G 

3 

3 
accordance w i t h  the r e p o r t  of t h e  X-ray P r e f e r r e d  O r i e n t a t i o n  Meeting 

of November 9 and 10, 1959. ( 7) 

2 2 Ii/Io ) (COS B - COS a) 
4 

Where i r e f e r s  t o  a g iven  d i f f r a c t i o n  peak ( h k l ) ,  A is  t h e  

normal ized  area weight f a c t o r  ( s e e  Table B-3). I .  i s  t h e  e x p e r i -  

menta l  i n t e g r a t e d  i n t e n s i t y  of the  d i f f r a c t i o n  peak ( h k l ) .  I 

i s  t h e  c a l c u l a t e d  i n t e g r a t e d  i n t e n s i t y  of t h e  d i f f r a c t i o n  peak 

( h k l )  ( s e e  Table B-3). a, f3 are  t h e  a n g l e s  between t h e  ( h k l )  

p o l e  and t h e  2 and c r y s t a l l o g r a p h i c  d i r e c t i o n s ,  r e s p e c t i v e l y .  

The 18 unique d i f f r a c t i o n  peaks,  a r e a  weight  f a c t o r s ,  c a l c u l a t e d  

i n t e n s i t i e s  and cos2  f a c t o r s  a r e  g i v e n  i n  Table B-3 t o g e t h e r  w i t h  t h e  

2 0  va lues  f o r  the  backgrounds and t h e  28  r anges  over which t h e  coun t s  

a r e  accumulated a t  a scanning  r a t e  of 1 / 2  (20) /minute .  

W i 

1 

0 i 

0 

- - - - - - I - - - -  

* 
E l e c t r o l y t e  i s  H PO ( conc . ) :  H S O  ( c o n c . ) :  H20:: 1:2:2 ( v o l . )  

3 4  2 4  
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I V .  EXPERIMENTAL DATA 

Experimental  d a t a  f o r  t he rma l ,  g r a i n  s i z e  and d i s t o r t i o n  r e s u l t s  

are con ta ined  i n  Tab les  B - 4 ,  B-5 and B-6 r e s p e c t i v e l y ,  C e r t a i n  d a t a  

d e r i v e d  from r a d i a l  G d i s t r i b u t i o n s  are g iven  i n  Table B-7 and B-8. 

The G3 - p o s i t i o n a l  d a t a  have no t  been t a b u l a t e d ,  b u t  a r e  g i v e n  on ly  i n  

g r a p h i c a l  form. 

3 



c 

S i z e  ( i n . )  ' Length 
OD I I D  Wall {in..) 

3.87 I 1.94 0.97 I 780 
3.125 1.03 1.05 128 
3.0 0 1.5 36 
1.87 0 0.938 134 
2.085 0 1.043 119 

-- 
Let te r  
Des i g  - 
n a t i o n  

A 
DB 

C 
DC 
D 
E 
F 
DG 
H 
DH(DCj 
DEI 
K 
DK 
J 
L 
M 
3M (DG 
N 
P 
Q 
QQ 
S 
T 

--- -- 

- 

Weight 
( l b s  1 Cond i t ion  
4,720 Extruded i n g o t  
598 Extruded d i n g o t  
174 Ingo t  
251 Ingo t  
279 Extruded d i n g o t  

TABLE B - 1  

Des igna t ion ,  Dimensions, Weights of Uranium Received f o r  Beta Treatment S tudy  

1" dia. x l/4" d i s c s  c u t  from rod K 
3.94 12.81 0.56 I 389 I 1,590 
Designates  a s - f a b r i c a t e d  metal 
3.125 1.84 0.64 499 
1.50 10.38 I 0.55 I i:: 558 

Prepared  from rod DC 
2.078 0.885i 0.60 224 427 

0.61 360 289 
0.55 278 178 

l.22 0 
1.09 0 

b a r ,  prepared from 
0.31 989 2,430 
0.31 I 487 I 930 

Prepared from tube DG 
2.13 1.34 0.39 494 727 
1.09 0.44 0.33 485 259 
0.59 0 0.28 120 22.15 
0.63 0 0.31 424 90 
0.48 0 0.24 127 15.7 --- --- --- --- --- 

As Received 

Extruded i n g o t  

Extruded d i n g o t  
Ingo t  
Extruded d ingo t  
Extruded d i n g o t  
Rol led  i n g o t  
Extruded d i n g o t  

rod  K 
Extruded i n g o t  
Ingo t  
Dingot 
Ingo t  
Ingo t  
Cold swaged i n g o t  
Ingo t  
Hot ex t ruded  i n g o t  
Extruded i n g o t  

I I I I I 

Machi 
OD 

3.853 
-- .- 

--- 
1.845 
1.845 

3.980 

2.960 
1:450 
1.450 

1.18 
1.05 
1.00 
3.890 
2.930 
2.930 
2 .ooo 
1.000 
var  . 
var  . 
v a t .  
1.995 

--- 
--- 

- - -  

d Sizc 
ID 
2.073 --- --- 
0 
0 

3.060 

1.965 
0.500 
0.500 

0 
0 

3.497 
2.510 
2.510 
1.380 
0.500 

--- 
- - *. 

- - -  

- - -  

--- --- 
--- 
1.765 

ID/Wall 
R a t i o  --- 
2.33 --- 
e-- --- 
- - -  
- 0 0  

6.65 

3.94 
1.05 
1.05 

"-- 

- - -  
e-- 

- - -  
- - e  

17.7 
11.9 
11.9 
4.45 
2.00 --- 
--- 
--- 

15.3 



c 
hl 0 

TABLE B-2 

Chemical  A n a l y s e s  and  D e n s i t i e s  of U n a l l o y e d  Dingo t  and I n g o t  R e c e i v e d  f o r  NMI Beta T r e a t m e n t  S t u d y  
(ppm w e i g h t )  

[ A n a l y s e s  f o r  B, P, Cu, Zn, Mo, Sn, Pb a r e  o m i t t e d ]  

Code 

A 
DB 
C 
C 
DC 
DC 
E 

DG 
DG 
DG 
H 
DH 

DH(DC) 
K 

DK 
L 

M 
DM(DG) 
N 
P 
Q 
QQ 
S 

R e f e r e n c e  

1 
2 
3 
4 
5 
6 
7 

3 
9 

10 

11 
12 

13 

HGE-MIO- 3 3 
R.F. Hartmann (MCW),14 Nov. '60 
R.F. Hartmann (MCW),13 June  '62 
NMI a n a l y s i s  No. 517 
R.F. Hartmann (MCW),18 Apr.  '62 
NMI a n a l y s i s  No. 290 
J . E .  Minor (HAPO) 20 S e p t .  '62 

R e f e r  t o  2 above 
R e f e r  t o  2 above 
NMI a n a l y s i s  No. 588 
R.L. S k i n n e r  (BB), 4 Aug. '60 
R e f e r  t o  2 above 
R e f e r  t o  2 above 
R e f e r  t o  2 above 
Same a s  DC 
C.E.  Po lson  (NLO), 16 Mar. '60 
C.E. Polson (NLO), 16 Mar. '60 
C.E.  Po lson  (NLO), 16 Mar. '60 
R e f e r  t o  2 above 
R e f e r  t o  7 above 
NMI a n a l y s i s  No. 314 
J . C .  Mead (NLO), 9 Aug. '60 
Same a s  DG 
HAPO, Lad ing  303919 
R e f e r  t o  13 above  
R e f e r  to 3, 4 above 
R e f e r  t o  13 above 
R e f e r  t o  3, 4 above 

Source  
and Heat  No. 

HAP0 
MCW-253 7 
NLO- TOPA3 11 
NLO-TOM3 11 

MCW-2537 
Mixtu re  of  
e l e v e n  
b i l l e t s  
MCW-2537 
MCW- 2 9 2 1 
MCW- 29 2 1 
NLO- 9063 2 
MCW- 1 73 9 
MCW- 1 82 0 
MCW-1823 

NLO- 89155 
NLO-89467 
NLO- 89 084 

Same a s  

Same a s  
Same a s  
Same a s  

NLO-91380 

D e n s i t y  
g /cm3 

- 
19.02 

DB 

18.9420.06 
( a v .  18.96 

19.04 

18.93 
19.02 
19.00 
19.02 

18.91 
18.93 
18.96 

DB 
E 
E 
18.95 

H 
- - 

6.8 

- 
6.9 
- 

6.0 

- 
2.2 
1.8 
2.5 

0.9 

C 

12 
3 8429 2 
( a v .  366) 

465 

460 
460 
400 

5 00 
43 6 

N 

10 

1 829 
:av.  17) 

7. 

50 
64. 
7. 
6. 

40 
34 
26 

38 

Mg 
- ~ 

:10 
<10 

c10 

c 5  

:10 

4 
15 
18 
11 

5 
:4 
4 

:4 

A 1  
- __ 

<10 

15 

29 

<6 

S i  

32 
31 
49 
39 

2455 
:av.22 

<10 

12 
18 
25 
20 

30 
24 
50 

9.5 

18 

- 
C r  
- - 

<5 
11 
16 
<5 

<12 

<5 

10 
12 
14 
8 

12 
14 
10 

13 

Mn - 
<10 
<10 

<10 

123 
( a v .  10) 

(10 

8 
11 
12 
10 

10 
9 
11 

9 

(No c h e m i c a l  a n a l y s i s  g i v e n )  

Fe 

66 
86 
97 
62 

81229 
(av.83) 

27 
25.9 
58 
45 
75 
60 

94 
115 
115 

72 

- 
c o  

<5 

<5 

N i  - 
14 
33 

8 

15224 
IV. 39 

11 

22 
22 
45 
50 

20 
27 
21 

29 
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TABLE B-3 

2 8  P o s i t i o n s  f o r  D i f f r a c t i o n  P r o f i l e s  and Backgrounds. 

Ca lcu la t ed  I n t e n s  it i e s  (Io 1. Area Weight F a c t o r s  ( A  ) and 
i wi 

3 
Cos2 F a c t o r s  Needed t o  Compute G 

Note: The scanning r a t e  i s  1 / 2 O  (28) /minute)  

( h k l )  

B 
020 
110 
02 1 
002 
111 

B 
022* 
112 
13 0 

B 
13 1 
040 
02 3 
2 00 
04 l* 
113 

B 
132 
133 

B 
114 
150 
223 
152 

B 
B 

3 12 

Range (20) 

29.70 
30.00 - 31.00 
34.50 - 35.35 
35.36 - 36.00 
36.01 - 36.85 
39.00 - 40.00 

4 1  .OO 
46.75 - 48.65 
50.75 - 51.75 
56.50 - 57.50 

59.50 
59.85 - 60.85 
63.00 - 64.00 
64.25 - 65.15 
65.16 - 66.00 
66.01 - 67.00 
67.34 - 68.00 

69.00 
69.00 - 70.25 
83.25 - 84.50 

86.50 
86.80 - 88.05 
90.00 - 91.25 
98.50 - 99.75 
101.10 -u)2.35 

102.50 
121.50 

22.00 - 123.50 

( 5 )  
0 
I 

i 

6.34 
72.7 

51.4 
58.3 

(3.58) 
48.3 

3.37 

100 

40.0 
6.93 

16.8 
8.82 

(4.83) 
11.6 

3.65 
15.3 

10.2 

12.2 
12.8 

7.43 

8.85 

A ( 7  1 
W 
1 

0.0318 
0.0634 
0.0608 
0.0304 
0.0738 

0.0522 
0.0357 

0.0684 

0.0659 
0.0234 

0.0477 

0.0529 
0.0795 

0.0749 
0.0372 
0.0487 
0.0689 

0.0845 

cos  2 p-cos 2 a 

1 
-0.6175 
0.7403 

0 
-0.4869 

-0.2979 
0.3606 

0.3260 

0.2406 
-1 

-0.1809 

0.2532 
0.1845 

-0.1167 
0.7106 

-0.3851 
0.5962 

-0.8296 

B = f o r  background count  accumulated f o r  1 minute.  

* = a l s o  acqui red  f o r  c a l c u l a t i o n  of d i f f e r e n t  growth 
index, G I .  



TABLE B-4a 

Thermal Data f o r  Continuous Cooling of Uranium Tubes and Rods from 720/730°C Molten S a l t  (Houghton LH-980) 

tAc (av.) 

(seconds) 

A i r ,  o i l ,  water 

%/a 

(seconds) 

'r 

(OC) 

25OC A i r  I 250C Houghto 4102 

25OC A i r  
25OC Houghto 4102 
55OC Poco No. 2 
25OC Poco No. 2 
25OC Houghto K 
55OC H 0 
15OC H i 0  

55°C Poco No. 2 
25OC Poco No. 2 
25OC Houghtc K 
55OC H 0 
15OC H i 0  

B R 

(OCtsec) 

25OC A i r  
25OC Houghto 4102 
55OC Poco No. 2 
25OC Poco No. 2 
25OC Houghto K 
55OC H 0 
15OC H i 0  

Ra 
(OClsec) 

I 1.8" Dia. Dingot Rod (DC) 1.1"Dia. Ingot Rod (K) 1.8" D i a .  Ingot Rod (C) 

Depth (in.)  of Thermocouple from OD 

25OC A i r  
25OC Houghto 410 
55OC Poco No. 2 
25OC Poco No. 2 
25OC Houghto K 
55OC H 0 

).080a 0.231 0.234 0.344 0.461 0.692 0.703 0.923b 0.93ab 

171 173 176 168 176 176 180 187 191 

2ad 44.5 55 46 n 21 46 61.5 44 

1.0 - 4.5d 3.ad - - 5.2 - 9.0 

? l:ld 1:3d - l.ld - 2.1 

2.0e 2.0 4.3 3.4 2.5 n 4.6d 5.9 7.3' 
- d  1.0 

0.1 
0.2 - 1.1 0.5 n - 0.3 - 1.4 

3.8 - 4.0 

64gd 650 659 655 n 642 653 657 653 

63ae - 643 648 - - 647 - 644' 
63ae 631 652 648 625 n 637d 629 646 
6 54 - 652 618 - 630 
621 633d 65Zd - 636d 
64 1 - 637 652 619 1 1 629' 

1.6d 1.5 1.4 1.4 n 1.5 1.4 1.4 1 . 2  

32 - 9.5 12 - 7.  ld 
36e 27 15d :id ;4 ;2 l Z d  11 9.2 

0 . 8 ~  1.0 0.9 0.9 n 0.9 0.9 1.0 1.0 - -  
18 12 9.0 - - 7.8 - 
lge 22  26d 15d 20 n 15d 25 
48 23 28 - 32 

38: - ;6d 
62 - 34d 

181d : ;9d l ad  - 
149' - 77e 63d - 

.080a 0.231 0.461 0.692 0.923b 

150 160 160 163 170 

25 31.5 n 56.5 67 

0.4 1.4 1.0 2.3 3.9 
2.5 n 2.7 4.0 3.2 

n n 
n 0.2 0.4 1.1 1.7 

n 0.4 n 

(l.lf) (0.8f) (1.9f) 

65 1 

670 
62 1 

n 
n 
- 

645 

643 
n 
n 

63 7 
(631f) 

n 

622 
642 
6 17 
626 
- 

642 648 

626 633 
640 628 
632 n 
627 623 

(631f) (628fl 

1.7 1.6 n 1.6 1.4 

25 14 15 13 
n 13 13 11 
n 30 24 n 

73 
53 

3 79 
4 74 79 40 29 24 
143f) (41f) (23f) ( l a f )  

1.1 1.0 n 1.0 1.1 

46 35 24 25 27 
n n 23 27 28 
n n 47 40 n 
n 95 49 45 42 

(49f) (38f) (43f 

1.061' 0.150 0.300 0.460 0.610 b 

101 102 104 109 112 

2Zd 21d 29 32 30 

0.7 09 2.1 3.1 3.7 

O.Zd 0.4: 0.4 0.6d 0.9 
0.1 0.1 0.1 0.4 0.7 

3.5 1.9 3.3 3.4d 5.1 

641jd 64gd 651 647d 652 

626 645 634 630d 640 
634d 640d 633d 635 641 

6;4d 6/5d 6;O 6;4d 6;6d 
663d 654d 646d 631d 627d 

d 
2.2' 2.3d 2 .1  2.3d 1.9 

80 34 22 22  
50d 43d ::' 2Zd 2Zd 

lisd i9: 64 ;7d 80 
25Zd 165 84d 60d 79 

1.6d 1.7d 1.6 1.6d 1.8 d 

a = near OD 
b = midwall o r  center  
c = near I D  
d = average of 2 values  
e = average of 3 values 
f = 25OC br ine  quench 
g = O°C b r ine  quench 
n = data  unavailable - = not studied 

(Table continued on next page.) 



C 

3.9" OD, 2.0" I D  Ingot  (A) 

Parameter 

c (av.) 

(seconds) 

tA 

4.0" OD, 3.0" I D  Ingot  (E) 3.0" OD, 2.0" I D  Dingot (DG) 1.5" OD x 0.5" I D  Ingot  (H) 

B/a 

(seconds) 

Quench 
Medium 

TABLE B-4a (continued) 

Thermal Data for Continuous cool in^ of Uranium Tubes and Rods from 72O/73O0C Molten S a l t  (Houghton M-980) 

0.060' 0.447b 0.835' 

! 

Depth (in.) of Thermocouple from OD 

642 641 n 

646 628 643 

607 629 607 

A i r ,  o i l ,  water 2 04 2 03 

25OC A i r  
25'C Houghto 4102 

25'12 Poco No. 2 
25'C Houghto K 
55'C H 0 
15'C Hi0 

55% Poco No. 2 
4.3 10 n 

0.6 1.6 0.6 

0.1 0.7 0.2 

25OC A i r  
25OC Houghto 4102 

25'C Poco No. 2 
25OC Houghto K 
55'C H 0 
15'C H:O 

55OC Poco No. 2 

I !  - 

25OC A i r  
25'C Houghto 4102 

25OC Poco No. 2 
25'C Houghto K 
55'C H 0 
15'C H i 0  

55% Poco No. 2 

~ 

15 10 10 

79 30 75 

420 56 395 

25'C A i r  
25OC Houghto 4102 4 
55% Poco No. 2 

64 
25'C Poco No. 2 
25OC Houghto K 76 

96 
55'C H 0 
15OC H;O n 

0.060a 0.249b 0.398' 

101 101 100 

18 24 34 

n 1.2 n 
1.2 1.2 n 
n 0.2 n 
n 0.3 n 

647 648 642 

n 622 n 
626 621 n 
n 6 18 n 
n 62 1 n 

2.5 2.6 2.6 

58 39 80 
9 1  50 63 

474 115 345 
474 158 441 

1.5 1 .7  1.6 

n 65 n 
67 75 n 
n 126 n 
n 190 n 

).060a 0.124 0.249b 0.368 0.432' 

98 100 98 100 99 

~ 

16 20 15 20 20 

2 . 1  2 . 1  1.0 1.5 n 

n n n 0.8 2.0 

624 646 644 632 643 

607 630 627 625 n 

n n 588 631 635 

2.2 2.3 2.4 2.5 2.3 

49 46 53 47 76 

420 n 72 134 121 

1.4 1.4 1.4 1.5 1.5 

n 66 73 71 n 

n n n 134 292 

0.080a 0.23Eb 0.395' 

103 105 109 

27 25 32 
n 5.1 4.6 
n 1.2 2.6 
n 1.0 0.9 

1.5 1.7 1.2 
0.2 0.5 0.7 

n n 0.4 

647 647 645 
n 645 630 
n 626 622 

640 617 599 
634 625 615 
n 658 622 
n 597 606 

2 .2  2.2 2.2 
n 22 18 
n 39 44 
72 54 36 
34 33 34 

126 66d 52 
197 89d 72 

1.5 1.4 1.5 
n 14 16 
n 45 70 
40 57 46 
37 40  46 

158 88 90 
n 110 202 

(Table continued on next page.) 



c (av.) 

(seconds) 

1.5" OD x 0.5" I D  Dingot [DH(DC)] 

%/a 

(seconds) 

2" OD x 1.4" I D  Ingot  (N) 1.0" OD x 0.5" I D  Ingot  '(P) 3.9" OD x 3 .5"  I D  Ingot  (L) 

TABLE B-4a (cont inuedl  

Thermal Data for Continuous Cooling of Uranium Tubes and Rods from 720/730°C Molten S a l t  (Houghton LH-980J 

25OC Houghto 4102 
55OC Poco No. 2 

25OC Houghto K 
55OC H 2 0  
15Oc H20 

25OC Poco No. 2 

n 4.3 4.5 

3.5 4.0 3.3 
2.5 3.0 2.3 

Quench 
Medium 0.080a 0.23Eb 0.395' 

A i r ,  o i l ,  water  

25OC A i r  
25OC Houghto 4102 
55OC Poco No. 2 
25OC Poco No. 2 
25OC Houghto K 
55OC H 0 
15OC H;O 

628 633d 625 

621 632 630 
644 623 633 

25OC A i r  
25OC Houghto 41C2 
55zC Poco No. 2 
25 C Poco No. 2 
25OC Houghto K 
55OC H 0 
1 5 O C  Hi0 

38 17 16 

37 35 26 
35 27 48 

25OC A i r  
25OC Houghto 4102 
55OC Poco No. 2 
25OC Poco No. 2 

12 1 7  20 

24 29 34 
47 39 56 

1.06Oa 0.155b 0.250' 

75 77 74 

11 14 14 

0.6 0.8 1.4 
1.5 0.9 1.1 

0 .1  n 0.3 

640 640 636 

609 627 618 
611 638 618 

612 n 655 

3.2 3.0 3.2 

132 78  92 
88 72  72 

370 344 370 

2.2 2.4 2.6 

n 56 56 
n 84 98 

380 344 510 

- 0.060a 0.12!ib 0.190' 

62 65 65 

12.5 12.5 12.5 

1 0.9 1.0 
0.7 0.6 0.5 

n n n 

634 633 634 

n 630 606 
613 622 619 

n n n 

3.5 3.7 3.6 

14 2 94 96 
96 88 80 

510 n 330 

3.0 2.8 2.8 

n 54 80 
n 88 96 

n n n 

0.060a 0.09Eb 0.136' 

48 48 50 

13 8 1 2  

0.6 0.5 0.4 
0.2 0.1 0.2 

n n n 

635 637 640 

595 611 623 
600 632 621 

n n n 

4.6 5.1 4.8 

164 112 128 
128 112 116 

630 550 585 

3.6 3.8 3.8 

n 76 108 
152 124 144 

n n n 

(Table continued on next page.) 



TABLE B-4a (continued) 

Thermal Data f o r  Continuous Cooling of Uranium Tubes and Rods from 72O/73O0C Molten S a l t  (Houghton LH-980) 

r 

Parameter 

c (av.) 

(seconds) 

t A 

B/a t 

(seconds) 

*r 

(OC) 

8 
R 

(Oc/sec) 

(Oc/sec) 

0.060a 0.105b 0.150' 
Quench 
Medium 0.055b 

A i r ,  o i l ,  water  

1 

I 1 

25OC A i r  
25OC Houghto 4102 
55OC Poco No. 2 
25OC Poco No. 2 
25OC Houghto K 
55OC H 0 
15OC H:O 

25OC A i r  
25OC Houghto 4102 
55OC Poco No. 2 
25OC Poco No. 2 
25OC Houghto K 
55OC H 0 
15OC Hi0 

25OC A i r  
25OC Houghto 4102 

25OC Poco No. 2 
25OC Hounhto K 

55OC Poco NO. 2 

55OC H 0- 
15OC Hi0 

25OC A i r  
25OC Houghto 4102 
55OC Poco No. 2 
25OC Poco No. 2 
25OC Houehto K 
55OC H 0- 
15OC Hi0 

3" OD x 2.5" I D  Ingot  (M) 13" OD x 2.5" I D  Dingot [DM(DG)] 12" OD x 1.8" I D  Ingot  (T) 

0.060a 0.105b 0.150' 

50 52 50 

I ~~ ~~ 

Depth ( i n , )  of Thermocouple from OD 1 

15 18 18 

1.0 1.3 1.6 
1.1 1.4 1.6 

n 0.4 0.2 
0.1 0.1 0.1 

654 649 64 7 

63 5 6 18 630 
634 622 632 

629 628 646 
64 1 625 632 

2.8 3.1 4.1 

46 63 32 
53 56 32 

122 125 88 
150 157 134 

2.3 2.3 2 .2  

36 39 25 
35 39 26 

158 127  189 
287 2 86 256 

50 51 5 1  

8 10 n 

0.5 0.5 0.9 
0.2 0.4 n 
n n n 
n n n 

34 

5.7 

0.2 
0.2e 
n 
ng 

646 644 n 

646 626 628 
614 642 n 

n n n 
n n n 

63 7 

6 18 
6 17d 

n 
ng 

4.4 4.6 n 

106 98 90 
109 102 100 
680 310 440 
670 650 540 

7.6 

165 
216e 
802 
563' 

4.0 3.4 3.4 

13 0 98 106 
147 148 n 
n n n 
n n n 

5.9 

136 
247e 
n 
ng 



TABIE 8-4b 

Therm1 Data for Interrupted Coolin. of Uranium Tubes and Rods 

0. 08O8 0.231 0.461 0.692 0.923b 

164 164 118 184 185 

(seconds) 

0. 080a 0.23Sb 0.395' 

99 107 112 

i 
629 638' 63 1 625 

636 
638 A i r  640 A i r ,  621 Oil 643 A i r ,  627 O i l  640 A i r ,  621 Oil 653 A i r . ,  635 Oil 

644 63Zd 634d 

' (seconds) t- 640 617 599 

638 A i r  64bd A i r  642 A i r  
624 62Zd 617 
62 1 634d 63 5 
620 62Zd 627 

n 614d 595 

quench 
Med ium 

Air, o i l ,  water 

B - near OD 
b - midwall or center 
c = near I D  
d = average of 2 values 
e - average Qf 3 values 
f = 25OC brine quench 
g = 0% brine quench 
n = data unavailable - - not studied 

1.8" Dianmter Ingot (C) I 1.5" OD x 0.5" ID Ingot (H) 1 1 . 5 "  OD x 0.5" m D ~ ~ O C  rDnmc 

2.oe 
0.8 
25 

2.0 
1.3 
23 

2 . 5  
1.6d 
21 

3?Od 
29 

5.9 
4 .0d  " 

10 30 
2.6 

I 

1.0 

2 
1 ld 
116; 
2.6 

0.9 
0.6 
18 

1.8 
1.9 
3.5 

36e 27 14 12 11 54 36 
1.6d A i r ,  54d Oil l.Sd A i r ,  24 O i l  1.6d A i r ,  16d Oil 1.7d A i r ,  10 Oil 1.4d A i r ,  9.qd O i l  O i l  2 .0  A i r ,  18dOil 2.0 A i r ,  34 O i  

1 . 7 A i r  1 . 6 A i r ,  1 8 0 i l  1 . 6 A i r , 9 . 0 O i l  1.7Air ,4 .6Oil  l . & A i r ,  6 . 2 0 i l  2.ld 2.0 
125 50d 49 
87 52: 2 1  
68 33a 2 1  

19= 

65 
41d 

22 20 

29 23 
2Zd 2Zd 

25 

27 23 
;Id 2Od 

40 

84 
26 
n 
15 

46 
37 
52 
41 
40 
2 1  

I -  

0.080a 0.23Sb 0.395' 

105 110 112 

3.5 4.0d 3.3 

n 2 2  3.8 

13.5 8.0d 10 
1.2 4.hd 4.8 

621 63Zd 630 

n 641' 643 
624 636d 624 
630 634d 638 

37 3gd 26 

73 41d 54 
64 41 
32 2Zd 28 

24 29d 34 

n 30d 33 
7.0 13d 13 
3.0 40d 3.0 



C 

Designation 

Chemistry 
and 

C 
Ingot 

D -C 
Dingot 

TABLE B-5 
0 Grain Sizes' of Uranium Rods and Tubes After Beta Treatment at 725 C for 10-15 Minutes 

+FED, standard 3 X  macro-grain sizes in tangential direction - numbers in parentheses 
indicate grain sizes after post-beta recrystallization (6OO0C, 2 ?!rs ) .  

D imens ions 
-1 
OD 

1.8 

I) 
Wall 

Rod 

i 
1.8 i Rod 

I 

I 
I 
I 

Cooling Medium 

air 
R ,  T. Poco No. 2 

30 sec. air delay, R- T. Poco No, 2 

65 sec. air delay, R. T. Poco No. 2 

R ,  T, Houghto K 
warm water 

cold water 

air 

R. T. Poco No. 2 

R. T. Houghto K 
warm water 

cold water 

R. T. Brine 

Grain Size 
____A_ - ~ _ _ _ _ -  
OD mid-wal l/mid-radius ID/center 

A - 5 c -  - -+A- 1 
-A-2 A-54- - _-. __ 

(A-5f- - -  - --->A-2) 
A - 5<---- --A-2 
( A - 5 4  - ---A-2) 

&A- 1 A - 5 C  - - < c-3 
A-6- - -- - h A - 5  
(A- 7C----  --->A-5-A - 6 - 5) 
A5-A7C-- - -  --A2-A3 

-____ 

( A - 5 G  -- - -,A-2) 

-A 1 -A3 
&A-3) 

h h - 3  
(A-6.5<-- -- +A-3) 
A - 4 G  - - >A2-A3< >A -4 

-------3A-4 A- 6 t -  - -  

( A - 6 t  -I_ &A-4) 
A - 7 t - -  ---A -4 
(A-7<- - - - - F A - 4 )  
A - 6 6 - - -  --A-3.5 

-A-3 - 5)  (A-6<- -. 

A- 5<-. 
(A-3+-- - - _I_.__ 

A-6-5-+-- __ 

- - __  - 

None 
d -  

4 -  

4 -  

None 
4 -  

I / -  

None 

None 

None 
None 

None 

None 

(Table continued on next page:) 



TABLE B-5 (continued) 

Grain Sizesf of Uranium Rods and Tubes After Beta Treatment a t  725 C for  10-15 Minutes 

'FEDC standard 3X macro-grain s i z e s  i n  tangent ia l  d i r ec t ion  - numbers i n  parentheses 

0 

ind ica te  gra in  s i z e s  a f t e r  post-beta r e c r y s t a l l i z a t i o n  (600°C, 2 ;lrs. ). 

le signa t ion 

Chemistry 
and 

R 
Ingot 

D -K 
Dingot 

S 
Ingot 

Q 
Dingot 

Dimensions 
( 

OD 

1.2 

1.04 

- 

0.48 

0.59 

- 

L 
Wall 

Rod 

Rod 

- 

Rod 

Rod 

- 

- 

Cooling Medium 

a i r  

R.  T. Poco No. 2 

w a r m  water 

cold water 

(8 h r s ,  645OC, wq)*; R.  T. water 
(8 hrs ,  645OC, wq; 8 h r s ,  525OC, wq)*;R.T. mtei 
(p  t r e a t ,  wq; 8 h r s ,  525OC, wq)*; cold water 
(p  t r e a t ,  wq; 8 h r s ,  425OC, wq)*; cold water 
(p  t r e a t ,  wq;  8 h r s ,  325OC, wq)*; cold water 

( f3 t r e a t ,  wq)*; cold water 
(7-8 h r s  a t  525OC, wq)*; cold water 
(8-9 h r s  a t  645OC, wq)*; cold water 

a i r  
R. T. Poco No. 2 
warm Poco No. 2 
warm water 
cold water 

a i r  
R. T. Poco No. 2 
w a r m  Poco No. 2 
w a r m  water 
cold water 

Grain Size 
OD mid-wall/mid-radius ID/center 

- - .- __ - 

A4-A5G- - -A2-A3 
(A-4+--- - -  -A-2) 
B -4+ -- - h B  -5 
(A-5<- - - - - -__ -A-3) 

( A - 7 6 -  -A-6) 
A-6< -A-4 
(C-------A-7-) 
A - 1  .5<---- --A-4 
A-2+--------A-4 
A-5-A-3-A-5 
A - 6 G - - - - - - + A  -4-A - 5 
A-5+----- +A - 3-A - 5 

A-5<- _ -  .- -->A-4 

+----------- A-5 
A-5+ ----+A-2-A-5 
A-5+- - - - - -  +B - 1-B -2 
_ _ ~  

A - 5 - m i x e d V A  -3 
-A-5.5< . - A-5 _____a 
a- A-6 3 -- A-6 

~ ~~ 

A - 5-mi x e d V A  - 3 
-A-5.5- 
A-6< >A-5 
-A-6 
-A-6 

Columnar 
OD I D  

None 

None 

J -  

J -  
4 -  
i -  

None 
None 

None 
None 
None 

None 
None 
None 
None 
None 

None 
None 
None 
None 
None 

(Table continued on next page.) *Treatment pr ior  t o  f i n a l  beta  treatment. 



c 

1 j Designation 
I and 
[ Chemistry 

I A 
I 

Ingot 

E 
' Ingot 

H 
Ingot 

TABLE B-5 (continued) 

0 
Grain Sizest of Uranium Rods and Tubes After Beta Treatment a t  725 C for  10-15 Minutes 

TFEDC standard 3X macro-grain s i z e s  i n  t angen t i a l  d i r ec t ion  - numbers i n  parentheses 
ind ica t e  g ra in  s i zes  a f t e r  post-beta r e c r y s t a l l i z a t i o n  (6OO0C, 2 iirs. ) .  

Dimensions 
(i 
OD - 
3.9 

4 .O 

- 
3.0 

- 

1.5 

L 
J a l l  - 

1.0 

- 

0.5 

- 

0.5 

- 

0.5 

- 

Cooling Medium 

R. T. Houghto 4102 
R. T. Houghto K 
cold water 

air 

R e  T. Poco No. 2 

R. T. Houghto K 
warm water 
cold water 

a i r  
R. T. Poco No. 2 
w a r m  water 

~~ ~~ 

air  
warm Poco No. 2 
R. T. Houghto 4102 
R. T. Houghto K 
R. T. Poco No. 2 
36 sec.  delay R. T. Poco No. 2 
68 sec. delay R. T. POCO NO. 2 
w a r m  water 
cold water 
4OO0C s a l t  R. T. Water 
3OO0C s a l t  R. T. Water 
200 '~ s a l t  R. T. water 

Grain s i z e  
OD mid - w a l  l/mid-r adius IDIcenter 

~~ ~ 

B-3.5< > B - 2 . 5 U B - 3 . 5  
A- 6-A-3-A-6 
A- 6->A - 4 < F A  -6 

A- 5-A 1 -A3-A-4 
(A-b-Al-A3-A-4) 
------A -3.5 
(A-5-A-3.5-A-5) 
-c-3. 
-A-3 -5 - 
f - - - - - - - - - - - - - A - 3 .  

. Y L  , 
P A - 5  - 5 - h  
-A-3.5.- 

C - - - - - - - - - B - 2 . 5 -  
-A-5.5 - B-4 ~ + - c-4- 

A-6 + 
-A-5.5 
-B-2.5- - A-6 

t------------- A-5 
-A-5.5- 
+------- A-6 -A 

-- A-6 - 

c 

Columnar 
OD I D  

None 
None 

J None 

None 

J r !  

r ! V  
d r !  
J J  

None 
None 
None 

None 
J None 

None 
None 
None 
None 
None 
None 
None 

{ None 
None 
None 

(Table continued on next page.) 



c 
W 
0 

TABLE B-5 (continued) 

Designation 

Chemistry 
and 

D -H 
Dingo t 

N 
Ingot 

P 
Ingot 

Grain Sizest of Uranium Rods and Tubes Af te r  Beta Treatment a t  725OC f o r  10-15 Minutes 

+FEDC s tandard 3X macro-grain s i z e s  i n  t a n g e n t i a l  d i r e c t i o n  - numbers i n  parentheses  
i n d i c a t e  g r a i n  s i z e s  a f t e r  post-beta  r e c r y s t a l l i z a t i o n  (6OO0C, 2 hrs .). 

Dimens ions 
3 
OD 
- 

1.5 

2.0 

- 

1 . 0  

L 
Wall - 

0.5 

0.3 

- 

0.25 

~ -~ 

Cooling Medium 

a i r  
warm Poco No. 2 
R. T. Houghto 4102 
R. T. Poco No. 2 
R.  T. Houghto K 
warm water 
cold water 
5OO0C s a l t  R.  T. Water 
4OO0C s a l t  R.  T. Water 
3OO0C s a l t  R ,  T. water 

a i r  
R. T. Poco No. 2 
R. T. Houghto K 
cold water 
-~ ~~~ 

a i r  
R ,  T. Poco No. 2 
R. T. Houghto K 
cold water 

Grain s i z e  
OD mid-walljmid-radius IDjcenter 

B -3< >B-2 
c -4 .5 i  >c -4 

c-4.5< x -4 
t----------- c-5- 
A-7< >A-6 
A-6.5< >A-6 
-B-3.5- 
-B-4.5- - B-5 

B-3.5 

B-2- 
A-4,5 

e---- A-5.5 
f----------- A-4.5- 

P B - 2 -  

A-6- 
A-4 5 

f----------- A-4 

2 o lumnar 
3D I D  

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

None 
None 
None 

d J  

None 
None 
None 

d None 

\ 
(Table  continued on next page.) 



c 

t - - - - - - - - - B - 3 -  - A-5- 
<---- A-5.5- 
+- _I-_-__ A-4.5 -> 

B -4+-- - h B  -3 
-c-5.5- 
a- C-6 ----- 
-A-6 

A-5 
(- A4-A3 h) 
-e---- A-6,5- 

C - - - - - - - - - - - B - 2 . 5  - c-5- 
c-5- 

C-------------- A-6 
-c-7. 

c 

None 
None 
None 
None 

None 
None 
None 
None 
None 

None 

None 
None 
None 
None 
None 

TABLE B-5 (continued) 

Grain Sizest of Uranium Rods and Tubes Af te r  Beta Treatment a t  725OC f o r  10-15 Minutes 

tFEDC standard 3X macro-grain s i z e s  i n  t a n g e n t i a l  d i r e c t i o n  - numbers i n  parentheses  
i n d i c a t e  gra in  s i z e s  a f t e r  post-beta  r e c r y s t a l l i z a t i o n  (6OO0C, 2 llrs . ) .  

<---- A-3.5 
<- A-7 
+-------- C-7 
a - A - 7 -  
C - - - - - - - - - A - 6 -  

A-7'- - A-6 
t------------ A-6- - A-6- 

Designation 

Chemistry 
and 

None 
None 
None 

r/ None 
J None 

None 
None 

I / r /  
J i  

L 
Ingot 

~ 

M 
Ingot 

D -M 
Dingot 

T 
Ingot 

Dimens ions 

OD - 

3.9 

- 

3 .O 

- 

3 .O 

2 .o 

- 

I> 
Wall - 

0.2 

- 

0.2 

- 

0.2 

0.1 

- 

Cooling Medium 

air  
R.  T. Poco No. 2 
R. T. Houghto K 
cold water 

~ ~~ ~~ 

air  
R. T. Poco No. 2 
R. T. Houghto K 
warm water 
cold water 

cold water repeat 

a i r  
R. T. Poco No. 2 
R. T. Houghto K 
warm water 
cold water 

a i r  
R. T. Poco No. 2 
R.  T. Houghto K 
warm water 
Ooc Brine 
cold water 
9 m i l s  Zircaloy clad;  cold water 
20 m i l s  Zircaloy c l a d ;  cold water 
45 m i i s  Zircaioy c i a a ;  coid water 

Grain S ize  Columnar 
OD mid-wafl/mid-radius ID/center I OD I D  
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- 

Code - 
E 

L 

DG 

A 

N 

T 

H ( s e e  
below) 

P 

DH(DC) 
- 

TABLE B-6b -- 
Same a s  Table  8-6 except f o r  t ubes  [Table shows '1. changes i n  l eng th  ( A L ) ,  OD ( A O D ) ,  Wall (AW)] 

P r i o r  Te 

OD Rad ia l  

135 (+0.06) 

1 5 1  (f0.12) 

151  (+0.24) 

151  (+0.16) 

151 (+0.26 

1 5 1  (+0.38) 

151 (+0.36) 

151  (+0.14) 

151  (+0.29) 

J r e :  hk l  (I 

Tangent ia  1 

301 (+0.12) 

301 (+0.10) 

301 (+0.13) 

001 (+0.13) 

001 (+O.LL) 

001 (+0.22) 

001 (+0.17) 

1- 

Axia l  

110 (-0.21) 

110 (-0.23) 

110 (-0.33 

110 (-0.32) 

110 (-0.40) 

L10 (-0.40) 

110 (-0.46) 

110 (-0.39) 

110 (-0.46) 

Note: Tube H a l s o  quenched i n  DT-275 molten s a l t :  

- 

3OoC 
A i r  

AL A(0D) AW 

-0.03 -2.30 -.020 

-0.13 CO.21 +0.51 

+0.32 +0.33 -0.40 

+0.34 +0.20 -0.65 

+0.43 +0.50 -0.59 

+0.56 -0.14 -0.80 

+0.27 +0.10 -0.01 

-0.33 f0.12 co .21  

55OC 
Poco No. 2 O i l  

A L  A( OD) AW 

f0.57 -0.14 -0.80 

C0.35 -0.005 -0.21 

DT-275 molten salt 1 Code 11 4OO0C 3OO0C 2oooc 

H +0.48 -0.41 -1.20 +0.55 -0.21 -0.80 +0.62 -0.14 -0.60 

12OC 
Water 

AL A(oD) Aw 

+0.42 -2.02 -0.10 

+0.44 +0.62 -0.51 

+0.21 +0.29 -1.12 

+0.73 +0.45 -1.61 

C0.54 * -0.65 * -1.00 * 

+0.68 -0.07 -1.60 

+0.79 +0.10 -1.20 

+0.27 +0.14 -1.05 

30°C Houghto-Quench 4102 O i l  

* O°C b r i n e  

c 
W 
0 



* 
S i z e  
Code 

r .  t .  Houghto K Oil 

Mid- 
OD w a l l  I D  T o t a l  

3OoC A i r  
11 - 13 OC water 55 "C water 

Mid- Mid- 
OD w a l l  I D  T o t a l  OD w a l l  I D  T o t a l  

Mid- 
OD w a l l  TD T o t a l  

-2.78 f1 .46  -0.44 -1.76 _ _ _  -_ -  -_ -  --- 
-2.89 +0.16 -1.15 -3.88 
-3.60 +0.02 -1.70 -5.28 

-0.36 f2 .21  -0.58 C1.27 

-1.41 lcO.421 -2.10 [-3.091 
-2.95 fO.84 -2.71 -4.82 

-1.41 +1.21 -1.25 -1.45 

_- -  --- - -_  --- 
-6.75 fc -6.38 -13.13 

-3.78 CO.09 -5.16 -8.85 
-3.60 u1.15 -0.55 0.00 

-4.84 f1.04 -2.33 -6.13 

-5.45 +0.62 -4.83 
-3.61 f2 .80  +0.03t -0.84 

-4.50 f1.84 -1.30 -3.96 

--- 
-8.11 

-10.10 
-7.03 

-6.87 

-6.22 
-4.61 

-9.52 

TABLE 8-7 

I n t e g r a t e d  Rad ia l  T e x t u r e . r  , i n  Tubes Cooled from the  Beta Phase i n  D i f f e r e n t  Media 

400 OC - 10 min. 55 "C Poco No. 2 

+0.31 -0.95 1f1.631 [+0.99] -3.83 f 1 . 1 6  -0.26 -2.93 
-2.87 ft -3.60 -6.47 -2.83 f1 .02  -1.22 -3.03 

Houghton 4102 

300 OC - 10 min. 1 200 OC - 10 min. 500 OC - 10 min. 
-5.71 fO.38 -5.3: - - -  --- _ - _  - - -  -6.13 f1.39 -4.74 

+1.36 -3 .51  fO.38 - 1 . 7 7  -1.46 -3.07 +0.76 -3.78 --- - - -  --- - - -  

Mid- 
OD w a l l  I D  T o t a l  

~~ - 

r .  t .  Poco No. 2 O i l  

Mid- 
OD w a l l  I D  T o t a l  

- - - - - - - - - - - - 
-3.48 +0,81 -3.17 -5.84 

-0.41 t0.14' -0.49 -0.76 
-1.68 -0.75' -1.85 -4.28 

-2.43 fO.76 +1.18 -0.49 

-1.55 f 0 . 7 2  -1.72 -2.55 
-2.74 f 1 . 1 9  -1.94 -3.49 

-0.83 cO.56 -0.42 -0 .71  

- -_ 
f0.32 

tt 
tt 
tt 

f1 .06 
f1.66 

f0.55 - 

_ _ _  
-3.21 

-3.60 
-2.36 

-5.42 

-0.79 
-4.75 

-1.90 - 

_ _ _  
-11.00 

-13.70 
-9.39 

-12.29 

-5.95 
-7.70 

-10.81 

-4.53 

12.80 
-9.75 

-6.46 

-7.59 , -6.47 

+1.43 -4.16 -7.26 
- - - - - - - - - 
ft -1.16 -13.96 
ft -3.33 -13.08 

f0.60 -5.72 -11.58 

ft -8.28 -15.87 
+0.61 -5.28 -11.14 

- - - - - - - - - 

t n e t  v a l u e  b u t  s c a t t e r s  through G = 0 3 
* l e t t e r  preceded by D shows w; a l l  o t h e r s  

0 made from d i n g o t  r ece ived  a s  s i z e  DG I 1 u n c e r t a i n  

ft hr f o r  OD and I D  s epa ra t ed  by max. G 3  near  midwall 

** made from d ingo t  r ece ived  a s  s i z e  DC 



TABLE B-8 

Size 
Code 

E-5 
H- 10 
DH(DC) -1 
E-2 
T -3 
H -4 
DM(DG) -1 
T-5 
A-2 
DH(DC) -10 
M-5 

DH(DC)-5 
H- 7 

M-6 
DH(DC)-7 

DH(DC) -8 
H-13 
H-14 
T-2 

DM(DG)-2 

Effect of Cooling Medium on Certain Characteristics of Radial Texture Distribution 
in Dingot and Invot Tubes 

Percent I Percent Integrated Radial Texture Coo ling Coo ling 

B wo/2r Net (fir) Absolute (Ifirl) at OD 
Medium 
(OC type) 1 Oc/sec. 

1 Rate(R ) Merit Of l n r l  OflTOD -k i I D /  
at OD -~ 

I I 

oil(25Ho) 16.5 +l. 27 3.15 il  
sa  1 t (400s LH) >loo. +o. 99 2.89 11 

i 

air(30) 3.1 0.00 8.30 1 43 87 
oi 1 (25~0) 81. -0.49 4.37 56 67 

66 
48 
99 

oil(25Po) 17. -0.71 1.79 
oi 1 ( 2 5 Po) 26. -0.76 1.04 
air (30) 2.3 -0.84 6.44 I 56 

86 oil(25Ho) j 79. 2.5 -1.76 4.68 
salt(500SDT) 1 32. N -1.77 5.31 : 26 78 

oil(25Ho) 1 216. 6.3 -1.45 3.87 36 53 

oil(25Po) 1 90. to 53. 5.7 -2.55 3.99 I 39 47 

oil(25Po) 1 90. 4.0 -3.49 5.87 47 59 

air (30) ! 7.6 2.1 -3.96 7.64 59 

oil(55Po) 44. (ID) 20. -2.93 5.25 : 73 94 
oil(55Po) 36.(ID) 7. to 3. -3.03 5.07 I 56 70 
oil(25Ho) i 109, 7.6 -3.09 3.93 46 40 
oil(25 4102) I 38. 4.9 -3.29 3.39 57 58 

salt (300SDT) ~ 
73. N -3.78 5.29 66 

oil(25Ho) j 34. 12. -3.88 4.20 59 
oil(25 4102) ' --- 6.6 -3.92 4.78 29 

I 

Po = Poco No. 2 Quenching Oil 
Ho = Houghto K Quenching Oil 

4102 = Houghto-Quench 4102 Oil 

* midwall region below G3 = 0 
** no values; G3 always less than -0.1 

N = not determined, since radial G3 at OD SDT = Houghton Draw-Temp. 275 molten salt 
SLH = Houghton Liquid Heat 235 molten salt is more positive than -0.1, or since G3 
D = Preceding letter of size code near OD fluctuates radically with radial 

signifies unalloyed dingot. depth. 

(Table cont inued on next page) 



TABLE B-8  (continued) 

N e t  (fir) 

Coo 1 ing  
S ize  Medium 
Code ('c type) Absolute ( ) I l r l  

DH (DC) -3 

DM(DG) -3 

DH(DC) -4 

H - 1 1  

M-4 

H - 1 2  
DG-2 
M- 7 
E - 1  
DH(DC) -9 
A - 1  
A-3 

H-3 
DH (DC) -2 
T-4 
D G - 1  
DM(DG) -5 
E -3 
E -4 
DH (DC) -6 
DG -3 
H-6 
H-5 
M- 8 

DM(DG) -4 

- 5 . 7 7  

oi l (25Po) 
s a 1 t ( 3 0 OS LH) 
oil(25Ho) 
a i r  (30) 
o i l  (25Ho) 
s a l t  (200SLH) 
o i l  (25Po) 
water (55) 
a i r ( 3 0 )  
s a l t  (400SDT) 
o i l ( 2 5  4102) 
water (12) 
water (55) 
a i r  (30) 
water (55) 
water (55) 
water (55) 
w a t e r  (12) 
water  (12) 
water(55) 
water (12) 
a i r  (30) 
water (55) 
water (12) 
water (12) 

7.43 Aver age 6 

A t  OD 
Cooling 
Rat e (RB) 
OC/ sec. 

37. 
8 7 .  

109. 

35. 
125. 
49. 

650.? 
2.5 

64. 
15. 

420 e 

650.? 
2 . 2  

126 
802 
428 a 

540. 
474 0 

474. 
197 

126 e 

197. 
540 

4 .5  

2 . 2  

165. 

Rad ia  1 
Merit  
w o / 2 r  

6.4 
7 . 1  
5.5 
2.2 

7 .  t o  3 .  
2.9 
2.5 
1.4 
2.2 
N 
5.8 
2.4 
2 . 1  
6.0 
1.4 
1.1 
1 . 2  
1.6 
2 . 2  
2.0 
1.0 

0.9? 
0.8? 
1.4 

J J .c .c 

- - -  

In tegra ted  Radial  Texture 

-4.28 
-4.74 
-4.82 
-4.83 
-5.28 
-5.33 
-5.84 
-5.95 
-6.13 
-6.47 
-6.87 
-7.26 
-7.70 
-8.85 
-9.39 

-10.87 
-11.00 
-11.14 
-11.58 
-12.29 
-13.08 
-13 a 13 
- 1.3 70 
-13.96 
-15.87 

4.28 
7.52 
6.50 
6.07 
5.32 
6.09 
7.46 
8.07 
8.21 
6.47 
6.87 

10.12 
11.02 
9.03 
9.39 

11 .97  
11.64 
12.36 
1 2  e 7 8  
12.29 
13.08 
13 a 13 
13.70 
13.96 
15.87 

Percent 
of IqrI 

a t  OD 

39 
82 
45 
90 
68 
94 
47 
7 7  
59 
44 
49 
45 
42 
42 

80 
70 
52 
51 

-- 

76;k 

5 5+; 
75+c 

5 1" -L 

74,' 

48" 
9 2 3 ~  

54 

Percent 

O f  lflOD -!- f l IDI  
a t  OD 

48 
829r 
52 
53 
68 
94 
52 
89 
68 
44" 
49" 
52 
49 
42 
76* 
83 
72  
55 
53 
55;k 

7 9  

74<' 

48;k 

5 1: 

92;k 

63 

I I 
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S i z e  Code f o r  Rods and Tubes S t u d i e d  i n  Beta Treatment  Program 

Code 

A 

C 
DC 

E 

DG 

H 
DH (DC) 

K 
DK 

L 

M 
DM (DG) 

N 

P 

--- 
--_I- 

Q 
QQ 

S 

T 
---I- 

--__ - 
OD 

3 3 5 3  

1 a 845 
1.845 

3.980 

2,960 

1.450 
1 A 5 0  

1.18  
1 .05  

3 .890  

2.930 
2.930 

2 ” 000 

1.000 

0 . 6  
0 . 6  

0 . 5  

1.995 

-~ 

--- 

S i z e  
(in> 

I D  -- 

2.073 

0 
0 

3 ‘060 

1.965 

0.500 
0 500 

0 
0 

3.497 

2.510 
2,510 

1.. 380 

0,500 

0 
0 

0 

1.765 

Wall 

0 .890 

rod  
rod 

0 460 

0,498 

0,475 
0,475 

rod 
r o d  

0.197 

0.210 
0.210 

0 ,310  

0 ,250  

1: od 
rod  

rod 

0.115 

Composition -_____- 

I n g o t  

I n g o t  
Dingot 

I n g o t  

Dingot 

I n g o t  
Dingo t DC 

I n g o t  
Dingot 

I n g o t  

I n g o t  
Dingo t DG 

I n g o t  

I n g o t  

I n g o t  
I n g o t  

I n g o t  

I n g o t  



V. REFERENCES FOR APPENDIX B 

137 

1. 

2 .  

3 .  

4. 

5 .  

6 .  

7 .  

Report DP-251 (Del.) (November 1957) (Declass i f ied  October 

4, 1961); E. F.  Sturcken, W .  R .  McDone11, "An X-ray Method 

for  P red ic t ing  Anisotropic  I r r a d i a t i o n  Growth i n  Uranium", 

J .  Nucl. Mat. 7 (1962) 85-91. 

E. F. Sturcken, "A Generalized Growth Index Formalism", 

pp.  9-11,Papers Presented a t  the X-Ray Prefer red  Or ien ta t ion  

Meeting Held a t  Nat ional  Lead Company of Ohio, November 9 and 

I O ,  1959, NWO-804, ( Ju ly  15, 1960) 

Reference 2 ,  pp. 9-24. 

C. E. Polson, (NLO),  A p r i l  2 7 ,  1960, personal  communication. 

P. R. Morris, 'keducing the  Ef fec t s  of Nonuniform Pole D i s t r i b u t i o n  

i n  Inverse  Pole Figure Studies; '  J ,  Appl .  Phys. 30 (1959) 595-596. 

R .  N .  Thudium and P .  R. Morris, "Brief Description of the 

'Area-Weight ' Treatment for  the  18-Plane Set",  pp. 55-57, 

Papers and Discussion from the  X-Ray Prefer red  Or ien ta t ion  

Meeting.Held a t  Argonne Nat ional  Laboratory,  December 15 and 16, 

- 1960, M. H ,  Mueller,  Ed., ANL-6359 (May 1961) .  

Reference 2, pp. 20, 2 2 ,  5 7 .  


	31 SHORT SL?MMARY OF RESULTS OF BETA TREATMENT PROGRAM
	A Grain Size and Shape
	1 Delta Condition
	2 Beta Treatment Time and Temperature
	3 Cooling Rate
	Air Delay Before Oil Quenching
	5 Recrystallization
	6 Applied Stress

	B Distortion
	C TextJre and Growth Index
	Radial Texture Distribution
	Beta Treatment Time and Temperature
	Prior Delta Condition
	Cooling Rate from Beta Phase

	1 Effect of Composition
	2 Effect of Prior Condition
	12 -
	5 Effect of Stress

	B Grain Size and Shape
	1 Effect of Composition
	3 Effect of Geometry
	After Heat Treatment

	C Distxtion
	en Distortion
	Distortion in Tubes
	Texture and Growth Index (G3)
	1 Growth Index
	3 Sensitivity of Radial G
	Effect of Composition
	Prior Condition
	Geometry
	Heat Treatment
	(1) Delta Treatment
	(2) Beta Temperature
	(3) Time at Beta Temperature
	Room Temperature
	Cooling Medium
	Cooling From the Beta Phase
	Beta Phase
	Effect of Internal Free Surface
	Cladding




	V ACKNOWLEDGMENTS
	cooling from the beta phase
	cooling curve of 1.1-inch diameter ingot rod
	after beta treatment e
	annea
	FEDC grain size
	grain size
	length in ingot tube
	cold-swaged and hot-extruded rod
	changes caused by beta treatment of rods
	ID surface of ingot tube

	Fig 10 - Same as Fig 9 but at midwall
	treatments

	Fig 11B - Same as Fig 11A except dingot rod
	and radial merit in ingot and dingot rod and tube
	ingot discs
	treatment on the radial merit


	Grs
	Fig 15 - Same as Fig 14 except for dingot
	net radial texture
	absolute rad ia 1 texture
	tube

	Fig 19 - Same as Fig 18 except in rod
	dingot discs
	distribution in dingot tube

	Fig 22 - Same as Fig 21 except in ingot
	G3 distribution air-cooled ingot rod
	phase e

	Fig 25 - Design of jointed ingot bar
	high thermal gradient
	shown in radial direction
	midlength of bar
	ingot and dingot bars

	ingot tube
	NMI-2805 p
	NMI-2804 p
	NMI-2805 p
	NMI-2806 p
	Air oil water
	55OC Poco
	55OC Poco No
	25OC Poco No
	646 644 n

	55OC Poco No
	25OC Poco No

	55OC Poco NO
	25OC Poco No
	55OC H0-
	15OC Hi0
	55OC Poco No
	25OC Poco No





