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ABSTRACT 

. 

The thermal cyc l ing ,  i r r a d i a t i o n  behavior ,  and f a b r i c a t i o n  charac-  

t e r i s t i c s  of uranium a r e  s t r o n g l y  dependent upon g r a i n  s i z e ;  a sma l l e r  

g r a i n  s i z e  y i e l d s  t h e  b e t t e r  p r o p e r t i e s .  Grain ref inement  of c a s t  uranium 

may be  accomplished e i t h e r  by ho t  working i n  t h e  h igh  a lpha  temperature  

range  o r  by hea t  t rea tment ;  ref inement  by t h e  l a t t e r  method was t h e  ob- 

j ec t  of t h i s  i n v e s t i g a t i o n .  The v a r i a b l e s  s t u d i e d  were time, temperature,  

specimen s i z e ,  m u l t i p l e  quenching, and a lpha -amea l ing  a f t e r  quenching. 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  have l e d  t o  t h e  fo l lowing  con- 

c l u s i o n s ,  w i t h i n  t h e  scope of t h e  experimental  cond i t ions :  

1.) The g r a i n  s i z e  of c a s t  uranium may be  apprec i ab ly  r e f i n e d  by 

beta-quenching. 

2 . )  Time  and temperature  i n  t h e  b e t a  phase are n o t  s i g n i f i c a n t  i n  

de te rmining  t h e  f i n a l  a lpha  g r a i n  s i z e .  

3 . )  Mult ip le  beta-quenches (two t o  four  times) produce b e t t e r  g r a i n  

s i z e  ref inement  than a s i n g l e  quench. 

4 . )  Alpha-annealing a f t e r  beta-quenching causes  r e c y s t a l l i z a t i o n ,  

b v t  does n o t  g r e a t l y  a f f e c t  t h e  g r a i n  s i z e .  

5 . )  Gamma-quenching i s  no t  recommended as a p r a c t i c a l  h e a t  treat- 

ment. 

. 

H L  ...................... 
. .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ~ ~ . -  .- 
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I. INTRODUCTION 

The g r a i n  s i ze  and g r a i n  o r i e n t a t i o n  of massive uranium have con- 

s i d e r a b l e  i n f l u e n c e  on i t s  f a b r i c a t i o n  q u a l i t i e s  and on i t s  behavior  

du r ing  thermal c y c l i n g  and i r r a d i a t i o n .  Both thermal c y c l i n g  and ir- 

r a d i a t i o n  produce s u r f a c e  roughening i n  coarse-gra ined  uranium, and 

e i t h e r  process  can cause  axial changes of l e n g t h  when t h e  metal  ex- 

h i b i t s  a h igh  degree  of p r e f e r r e d  or ientat ion.  (') 
ext ruded  uranium d i s c l o s e d  t h a t  p i eces  extruded from coarse-gra ined  

b i l l e t s  have rough o r  s t r i a t e d  s u r f a c e s ,  whereas p i eces  ex t ruded  from 

f ine -g ra ined  b i l l e t s  a r e  smoother. (2) 

are undes i r ab le ,  t h e  g r a i n  s i z e  of c a s t  uranium is r e f i n e d  t o  enhance 

t h e  s u r f a c e  smoothness of subsequent ly  extruded forms. Two d i f f e r e n t  

methods of g r a i n  ref inement  have been used i n  p repa r ing  e x t r u s i o n  b i l l e t s :  

(1) h o t  working i n  t h e  h igh  alpha-temperature  range ( lOOO°F t o  1200'F) 

by e i t h e r  hammer forg ing ,  press forg ing ,  o r  pre-ex t rus ion ,  and (2) h e a t  

t r ea tmen t s  r e s u l t i n g  i n  t h e  formation of new g r a i n s  by h e a t i n g  and coo l ing  

through one o r  more phase changes.  

t h e s e  processes result i n  extruded products  having about  t h e  same s u r f a c e  

q u a l i t y ,  a l though t h e  g r a i n  s i z e  of hot-worked c a s t  uranium is  an o rde r  

of magnitude f i n e r  than t h a t  of h e a t  t r e a t e d  c a s t  uranium, 

Observat ion of a lpha-  

Since rough-surfaced f u e l  e lements  

' 
J 
\ 

', 

Grain r e f i n e d  b i l l e t s  made by any of 

Because t h e  ho t  working of c a s t  uranium is dependent upon t h e  

a v a i l a b i l i t y  of e x t r u s i o n  and fo rg ing  p res ses  of a p p r o p r i a t e  s i z e ,  heat 

t rea tment  is sometimes t h e  only f e a s i b l e  method of o b t a i n i n g  g r a i n  re- 

finement p r i o r  t o  f i n a l  ex t rus ion .  Although i t  has been known t h a t  h e a t  

t r e a t i n g  can  produce g r a i n  re f inement  i n  c a s t  uranium, t h e  e f f e c t s  of 

many of t h e  h e a t  t rea tment  v a r i a b l e s  had n o t  been e s t a b l i s h e d ,  i n c l u d i n g  

temperature  of t rea tment ,  time a t  temperature ,  specimen size,  and alpha-  

annea l ing  a f t e r  h e a t  t r ea tmen t s .  The purpose of t h e  work r epor t ed  h e r e  

'A'Fe G. Foote,  Nuclear Metal lurgy,  Vol.1, A M ,  1955. 
(2)D. Krashes and J. M. F i t z p a t r i c k ,  "Grain' Refinement of Cast Uranium", 

NMI-1153, Ames Information Meeting, 1956. 

C m  A1 ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
" *  ^^I n " 0 "  e 0 0 0  D O  0 0 0 0 0 0  0 0  
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was t h e  de t e rmina t ion  of t h e  e f f e c t  of t h e s e  v a r i a b l e s  on t h e  g r a i n  re- 

finement o b t a i n a b l e  by h e a t  t r e a t i n g  c a s t  uranium, 

11. EXPERIMENTAL METHODS AND MATERIALS 

A. Materials 

The r eac to r -g rade  uranium used i n  t h i s  i n v e s t i g a t i o n  was ob-* 

t a i n e d  from t h e  Feed Materials Processing Center of t h e  Nat ional  Lead 

Company i n  t h e  form of c a s t i n g  No. 1539, 3 inches i n  diameter by 34 inches 

long. The a n a l y s i s  of t h i s  material, given i n  t h e  t a b l e ,  i n d i c a t e s  an 

impuri ty  c o n t e n t  which may be considered normal. 

Bo Experimental Methods 

Specimens of two d i f f e r e n t  s i z e s  were used. The smaller were 

1 / 2  i nch  t h i c k ,  30° s e c t o r s  of t h e  3 i nch  diameter c r o s s  s e c t i o n  of t h e  

i n g o t .  The l a r g e  specimens were round s l u g s ,  2 inches t h i c k  and 3 inches 

i n  diameter ,  Consequently, a s l u g  w a s  heav ie r  than a pie-shaped spec i -  

men by a f a c t o r  of 48.* 

.. 

All h e a t  t r ea tmen t s  were performed i n  s a l t  po t s  c o n t a i n i n g  e i t h e r  a,  

ca rbona te  o r  ch lo r ide -base  sa l t .  A t  temperatures above t h e  beta-gamma 

phase t r ans fo rma t ion ,  t h e  ca rbona te  s a l t  caused e x t e n s i v e  c o r r o s i o n  of 

t h e  uranium, wh i l e  c o r r o s i o n  w a s  cons ide rab ly  less i n  t h e  c h l o r i d e  s a l t .  

Therefore,  most h e a t  t r ea tmen t s  above 1418'F (770OC) were c a r r i e d  o u t  i n  

a c h l o r i d e  s a l t  and e i t h e r  a c h l o r i d e  o r  ca rbona te  s a l t  used a t  lower 

temperatures.** 

Each h e a t  t r ea tmen t  was i n i t i a t e d  by h e a t i n g  i n t o  e i t h e r  t h e  b e t a  

o r  t h e  gamma-temperature range, The pie-shaped specimens were given a 

minimum of 16 minutes and a maximum of 128 minutes i n  t h e  s a l t  p r i o r  t o  
---------- 

jPResults of h e a t  t reatment  of s l u g s  from 4-3/4 inch  diameter and 6-3/4 
inch  diameter i n g o t s  are  given i n  t h e  appendix. 

s t a i n l e s s  s tee l  pots  a t  t h e  a i r - sa l t  i n t e r f a c e s .  
s tood  t h a t  mi ld  s teel  p o t s  w i l l  c o n t a i n  c h l o r i d e  s a l t s  without  undue 
a t t a c k ,  a l though t h e r e  i s  no experience of t h i s  a t  NMI. 

**One disadvantage of molten c h l o r i d e  sal ts  i s  t h a t  they w i l l  a t t a c k  
However, it i s  under- 

...................... '. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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quenching. I n  a l l  experiments w i th  t h e  l a r g e r  s lugs ,  each h e a t  t reat-  

ment included a cons t an t  hea t ing  t i m e  of 45 minutes .  The range of t h e  

hea t ing  temperature  i n v e s t i g a t e d  was from 1250°F (677OC) t o  1650°F (900OC). 

I n  many cases ,  t h e  quenched specimens were given a 2 h r  a lpha-anneal  a t  

e i t h e r  1000°F ( 5 3 8 O C )  o r  1175'F (635OC), 

C.  Metal lographic  P repa ra t ion  

Each specimen was sec t ioned  wi th  a w e t  c u t o f f  wheel t o  expose 

an  i n t e r i o r  s u r f a c e  f o r  examination. D i f f e r e n t  po l i sh ing  and e t c h i n g  

procedures  were used f o r  macro and mic ros t ruc tu re .  

t h e  sec t ioned  specimens were ground on a b e l t  sander  t o  a.No. 500 g r i t  

f i n i s h .  

d r o c h l o r i c  ac id ,  r i n s e d  i n  water, r i n s e d  i n  50:50 n i t r i c  a c i d  and f i n a l l y  

washed i n  co ld  water. The p repa ra t ion  of t h e  sec t ioned  specimens f o r  

microexamination s ta r ted  wi th  po l i sh ing  t h e  specimens on wheels covered 

w i t h  s i l i c o n  c a r b i d e  po l i sh ing  paper,  graded from 320 t o  600 g r i t .  Fol- 

lowing t h i s ,  t h e  specimens were pol i shed  on s i lk -cove red  wheels w i t h  a n  

a b r a s i v e  of Linde A i n  a 10% o x a l i c  a c i d  s o l u t i o n ,  then e l e c t r o p o l i s h e d  

i n  an e l e c t r o l y t e  comprised of or thophosphoric  ac id ,  s u l p h u r i c  a c i d  and 

water (1:2:2 by volume). 

For macroexamination, 

The specimens were then success ive ly  e tched  i n  concent ra ted  hy- 

I 

111, RESULTS AND DISCUSSIONS 

A. GeneraL E f f e c t s  of B e t a  and Gamma-Quenching 

The g r a i n  s t r u c t u r e  of c a s t  uranium i s  r e f i n e d  by h e a t i n g  i n t o  

t h e  b e t a  o r  gamma-phase temperature  range and quenching. The s t r u c t u r a l  

changes and ev iden t  g r a i n  ref inement  which occur  are shown i n  F igs .  1 

and 2.  Both t h e  c a s t  and t h e  h e a t - t r e a t e d  s t r u c t u r e s  c o n t a i n  numerous 

subgra ins ,  and t h e  g r a i n  boundaries  are  very i r r e g u l a r .  I n  some of t h e  

s u r f a c e  g r a i n s  of t h e  beta-quenched specimens t h e r e  i s  a n o t i c e a b l e  ten-  

dency t o  grow perpendicular  t o  t h e  s u r f a c e .  I n  t h e  gamma-quenched speci-  

mens, however, o r i e n t e d  growth is  q u i t e  pronounced, and t h e  o v e r - a l l  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . .  ..! . . . .  r :  .. . . . . . .  - - - -  ^ ^  



g r a i n  s t r u c t u r e ,  p a r t i c u l a r l y  t h a t  of t h e  s lug ,  resembles t h e  o v e r - a l l  

s t r u c t u r e  of an e n t i r e  c a s t i n g .  I .  

T h e . r e s u l t s  presented  i n  Sec t ions  B and C, below, show t h e  e f f e c t  

of time, temperature,  m u l t i p l e  quenching, alpha-annealing and s i z e  of 

specimen on t h e  g r a i n  s t r u c t u r e  of h e a t - t r e a t e d  c a s t  uranium. 

B. Heat Treatments Or ig ina t ing  i n  t h e  Beta-Phase Temperature 
Range 

1. Time and Temperature 
I 

For t h e  t ime-temperature s t u d i e s ,  some pie-shaped spec i -  
0 mens were hea ted  t o  1250 (30 F above t h e  a lpha-be ta  transfonnation),1300, 

1350 and 1400°F (18’F below t h e  beta-gamma t ransformat ion)  and then he ld  

f o r  times of 16, 64 and 128 minutes p r i o r  t o  quenching. 

s t r u c t u r e s  obta ined  by t h e s e  t rea tments  are i l l u s t r a t e d  by t h e  macros and 

photomicrographs of F igs .  3 and 4. Extensive examination of t h e  s t r u c -  

t u r e s  of t hese  specimens has l e d  t o  t h e  fo l lowing  conclus ions  f o r  t he  

ranges of times and temperatures  i n  these  experiments:  

Examples of 

a )  For a l l  temperatures  w i t h i n  t h e  b e t a  range, t h e  g r a i n  

s i z e  i s  independent of t h e  t i m e .  

b) The g r a i n  s i z e  i s  independent of t h e  hea t ing  temper- 

a t u r e  w i t h i n  t h e  b e t a  range. 

Two of t h e  p o s s i b l e  explana t ions  f o r  t h e s e  r e s u l t s  are  as fol lows:  

a)  Alpha g r a i n s  are nuclea ted  p r imar i ly  a t  t h e  g r a i n  

boundaries  of t h e  b e t a  phase. 

n o t  p o s s i b l e  t o  hea t  b e t a  g r a i n s  t o  a s u f f i c i e n t l y  h igh  temperature  

Therefore ,  i t  must be  i n f e r r e d  t h a t  i t  is  

(be- 

cause  of t ransformat ion  t o  gamma-uranium) t o  exceed t h e  beta-grain s i  

obta ined  on f i r s t  t ransforming t h e  a lpha  t o  b e t a ,  This may n o t  apply 

h igh  p u r i t y  uranium. 

b) Alpha g r a i n s  are nuc lea t ed  p r imar i ly  by impuri ty  

e 

t o  

p a r t i c l e s ,  such as oxides  and ca rb ides .  I n  such a case,  t h e  p r i o r  be-a 

g r a i n  s i z e  would have a minor e f f e c t  on t h e  f i n a l  a lpha  g r a i n  s i z e .  

- ”  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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However, t h e  e f f e c t  of mu-l t iple  quenching on g r a i n  s i z e ,  p resented  

below, g ives  more suppor t  t o  t h e  f i r s t  exp lana t ion ,  

2. Mul t ip l e  Quenching 

Increased  g r a i n  ref inement  may be obta ined  by hea t ing  t o  

and quenching from a given b e t a  temperature  s e v e r a l  t i m e s ,  (2)  To es t ab -  

l i s h  t h e  maximum g r a i n  ref inement  o b t a i n a b l e  by m u l t i p l e  beta-quenching, 

several of t h e  pie-shaped specimens were given from one t o  fou r  quenches, 

from both  1250°F and 1400°F. 

temperature  the  g r a i n  s t r u c t u r e  i s  d e f i n i t e l y  r e f i n e d  by a second be ta -  

quench, b u t  t h a t  a d d i t i o n a l  quenches do no t  cause f u r t h e r  re f inement  

(see F ig .  5 f o r  series a t  1250'F). 

which i s  n o t i c e a b l e  i n  t h e  s t r u c t u r e  of t h e  specimen g iven  a s i n g l e  

quench i s  broken up by a second quench. 

quenches impl ies  an upper l i m i t  on t h e  number of a lpha  n u c l e i  t h a t  can 

form as a r e s u l t  of going through t h e  phase change. 

One l a r g e  s l u g  was given a s i n g l e  quench, and a second s l u g  four  

The r e s u l t s  showed t h a t  f o r  e i t h e r  hea t ing  

An incomplete r i m  of columnar g r a i n s  

P A m a x i m u m  number of b e n e f i c i a l  

0 success ive  quenches a t  1250 F. Macros of t h e s e  specimens are  shown i n  

F ig .  6," i n  which t h e  increased  g r a i n  ref inement  obta ined  by m u l t i p l e  

quenching i s  ev iden t ,  I n  a previous unpublished s tudy  made by one of t h e  

au tho r s ,  specimens, 2 inches  t h i c k  wi th  diameters  of 4-314 inches o r  

6-314 inches,  were given as many as s i x  beta-quenches from 1350 F.  It 

w a s  concluded t h a t  m a x i m u m  g ra in  ref inement  i s  obta ined  a f t e r  three o r  

f o u r  quenches. Macros of t h e s e  specimens are  given i n  t h e  appendix.  

0 

*The crack  i n  t h e  c e n t e r  of t h e  sample shown i n  F ig .  6 (b) i s  o f t e n  ob- 
se rved  i n  s o l i d  massive uranium a f t e r  m u l t i p l e  b e t a  t rea tments .  Cracks 
are  caused by t h e  t e n s i l e  s t r e s s e s  a t  t h e  c e n t e r  of t h e  c a s t i n g  r e s u l t i n g  
from t h e  combination of two f a c t o r s :  (1) There i s  a d iscont inuous  
l i n e a r  c o n t r a c t i o n  of about  0.3% when beta-uranium transforms t o  a lpha-  
uranium, and (2),  dur ing  quenching, t h e  o u t e r  p o r t i o n  of t h e  c a s t i n g  i s  
t h e  f i r s t  t o  t ransform t o  alpha-uranium, t h e  c e n t e r  l a s t .  
uranium i s  d r i l l e d  t o  form a b i l l e t  f o r  a tube e x t r u s i o n  and then given 
a m u l t i p l e  b e t a  t reatment ,  no c racking  i s  observed. S ince  t h e  c e n t e r  of 
a c a s t  uranium b i l l e t  i s  probably t h e  least  sound and weakest po r t ion ,  
removing t h i s  by machining accounts  f o r  t h e  l ack  of c racking  i n  t h i s  
case. 

When cast  

e. e.. e. e. .e. . e +  b e  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . .  -. . 
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3. Alpha-Annealing After Beta-Quenching 

(3) Gardner has shown that beta-quenched wrought uranium may 

be made to recrystallize by an alpha-anneal. 

companying the beta to alpha-phase transformation and the high anisotropic 

thermal expansion of uranium are thought to induce sufficient strain in 

the lattice during rapid quenching to cause recrystallization during an 

The large volume change ac- 

alpha-anneal !4) Since this type of heat treatment, beta-quenching followed 

by alpha-annealing, is a potentially useful method by which to obtain 
grain refinement, several of the pie-shaped specimens were quenched from, 

either 1250 or 1400'F and then annealed at either 1000 or 1175'F for 2 hr. 

The microstructures of the specimens quenched from 1250 and annealed at 

1175OF are presented in Fig. 7. The following observations were made: 

a) Recrystallization did not occur during the 2 hr anneal 
at 1000°F but did during the anneal at 1175'F. 

b) The recrystallized grain size for specimens annealed 

2 hr at 1175'F is independent of the number of beta quenches (Fig. 7). 

c) The grain size of the recrystallized structure is 

larger than that of the as-quenched structure after four beta-quenches. 

The first observation is in agreement with the data of Wright and 

Riches for wrought beta-quenched dingot uranium, which indicate incu- 

bation periods of roughly 3 minutes at 1175'F and 11 hr at 1000°F. 

It was concluded from this series of experiments, that for the times 
and temperatures employed, the grain size is not profoundly changed by 

alpha-annealing. The recrystallized structure, however, may become more 

random, although this was not investigated. To obtain further grain re- 

finement by alpha-annealing of beta-quenched uranium, it would probably 
be necessary to resort to annealing at lower temperatures for more ex- 

(3) Gardner, H. R. "Grain Refinement Produced by an Alpha Phase Anneal of 

Beta Phase Heat Treated and Water Quenched Uranium", January 3, 1955, 
Hw-34368. 

(4hright, POD., and Riches J, W,, "Contribution to the Study of Recrystal- 
lizatcon of Uranium Quenched from Beta Phase", May 18, 1956, Hw-4311. 

...................... 
~ 

. . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . .  _ _  - - _ - .  - ~ I - _  
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tended per iods  of t i m e .  

Alpha-anneal ing experiments were a l s o  made wi th  t h e  l a r g e  s l u g s ,  

and some i n t e r e s t i n g  r e s u l t s  were obta ined ,  F i g s ,  8 and 9 are macros 

and photomicrographs, r e s p e c t i v e l y ,  f o r  s i n g l e  beta-quenched s l u g s  i n  

t h e  as-quenched and annealed s ta tes .  Annealing d e f i n i t e l y  causes  r e -  

c r y s t a l l i z a t i o n  i n  these  l a r g e  s i z e s ,  being s l i g h t l y  more pronounced i n  

t h e  r i m  than i n  the  core .  Af t e r  anneal ing,  t h e r e  i s  n o t  much d i f f e r e n c e  

between t h e  s t r u c t u r e s  r e s u l t i n g  from four  b e t a  quenches and t h a t  ob- 

t a i n e d  wi th  a s i n g l e  quench. 

When be ta - t r ea t ed  c a s t  uranium b i l l e t s  are  hea ted  t o  1100 t o  1200°F 

f o r  ex t rus ion ,  they are  n e c e s s a r i l y  a lpha-annealed,  Without doubt,  t h e  

good s u r f a c e  obta ined  on tubes extruded from be ta - t r ea t ed ,  c a s t  b i l l e t s  

i s  p a r t i a l l y  a t t r i b u t a b l e  t o  t h e  inadve r t en t  a lpha-anneal  r e s u l t i n g  from 

t h e  b i l l e t  hea t ing .  

C. Heat Treatments Or ig ina t ing  i n  The Gamma-Temperature Range 

1, T i m e  and Temper.ature 

The i n v e s t i g a t i o n  of t h e  t ime-temperature  r e l a t i o n s h i p s  

i n  t h e  gamma-temperature range w a s  n o t  very  ex tens ive .  The gie-shaped 

specimens were he ld  f o r  only two times, 16 and 64 minutes ,  and two temg- 

e r a t u r e s ,  1450 and 1650'F. Photomicrographs of t h e  s t r u c t u r e s  of t h e s e  

specimens are  shown i n  Fig.  10. On t h e  b a s i s  of r a t h e r  l i m i t e d  expe r i -  

mentat ion,  i t  i s  concluded t h a t  gama-quenching can produce g r a i n  r e f i n e -  

ment on ly  w i t h  s h o r t  times a t  low temperatures .  

2 Mu1 t i p l e  Quenching 

Macros and photomicrographs of t h e  c o r e  material of s p e c i -  
0 mens g iven  from one t o  fou r  quenches f r o n  1450 F are  shown i n  F ig .  11. 

Although t h e  g r a i n  s i z e  of t h e  c o r e  m a t e r i a l  w a s  n o t  profoundly a f f e c t e d ,  

t h e  columnar g r a i n s  which p e r s i s t e d  through t h e  second quench were broken 

up by t h e  t h i r d .  

The Large s l u g s  were a l s o  given mult iple-quenching h e a t  t rea tments ,  

d'. ....... .*.(,............ . . . . . .  . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . ~ . -  .- 
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but regardless of the number of quenches from 1450°F, the over-all struc- 

ture remained unchanged (Fig. 2), Since the growth of columnar grains is 

favored by slow cooling rates, the repeated formation of columnar grains 
in the large slug even after several quenches might be expected.* 

* 

I , 

3.  Alpha-Annealing After Gamma-Quenching 

The microstructures of some pie-shaped specimens, quenched 
0 either one or four times from 1450 F and then annealed at either 1000 or, 

1175'F, are shown in Fig. 12. Contrary to the results obtained with the 

annealed beta-quenched specimens, recrystallization occurred at 1000 F. 
For some unknown reason, however, the specimens annealed at 1175 F showed 
only partial recrystallization when the specimen was given a single quench, 

and no signs of recrystallization when the specimen was given four quenches. 

When these experiments were carefully rerun, the same results were ob- 
tained. Since recrystallization occurred at 1000°F, the absence or in- 
completeness of recrystallization at 1175OF is unexpected, and without 

any obvious explanation, The grain size of the specimens annealed at 
1000 F is, on the average, coarser than that of the core material after 

quenching, Annealing, however, does result in a structure which has a 

uniform grain size, without columnar grains, 

0 

0 

0 

Gamma-quenching plus annealing of the large slugs did not cause re- 

crystallization of any portions of the specimens. It will be recalled 
that alpha-annealing of beta-quenched slugs did cause recrystallization 

(see Figs. 8 and 9) 

4 ,  Practical Usefulness of Gamma-Quenching 

Gamma-quenching appears to offer no advantages over beta- 
quenching, gives less satisfactory results, and is not recommended for 

practical application, 
---------- 

-? 

* Columnar grains at the rim have a tendency to have the [OOl] parallel 
to the long axis of the grain. 

-- 2.7 ............ . . . . . .  , a ' .  :. : :. ": :: . . . . . . . . . . . . . . . . . .  . .  . . . . . . . . . . .  
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IV, APPENDIX - RESULTS FOR LARGE SLUGS 
- 

The macros presented  i n  F i g s ,  13 through 16 are of l a r g e  s l u g s ,  

4 - 3 / 4  inches  and 6 - 3 / 4  inches  i n  diameter  and 2 inches th i ck ,  each 

quenched from one t o  four  times from 1350 F. 

s lugs  were subsequent ly  annealed a t  1175 F. 
t u r e s  are a l s o  shown. The a d d i t i o n a l  g r a i n  ref inement  achieved by mul- 

t i p l e  quenching of t h e s e  l a r g e  s i z e s  i s  ev ident ,  t h r e e  o r  fou r  quenches 

producing maximum r e f  inemen t 

LI 
I 0 A s e l e c t e d  few of these 

0 Macros of t h e  annealed s t r u c -  

-. , , ...................... - - - - _ _ _  . ~ -  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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f 

1x RF 3515 
(a) As-cast. 

1x RF 34350 
(b) Water-quenched from 1250 F. 

1x RF 3859 
(c) Water-quenched from 1450 F. 

Fig. 1 - Small specimens of cast uranium, showing grain refine- 
ment obtained by water-quenching from (b) beta phase 
and (c) gama phase temperatures. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . .  
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1x RF 4437 
(a) As-cast . 

. . .  

1x RF 4327 
(b) Water-quenched from 1250°F (p) . 

. . . .  c.. ......... 
. .  

. . . .  . .  . . . . . .  

1x RF0432b 
(c) Water-quenched from 1450 F ( y ) .  

Fig. 2 - Large slugs (3 inches diameter x 2 inches thick) of 
cast uranium, showing grain refinement obtained by 
water-quenching from (b) beta phase-and (c) 
phase temperatures , 

gamma 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  



.. 

8 

50X U-269-4 

16 min 

1x RF 344 

64 min 

19 

.O 

5 OX U-269-6 1X RF 3444 

128 min 

. . . .  ....... - , . ~  , .  

50X U-269-5 1X RF 3442 

F i g .  3 - E f f e c t  of ho ld ing  t i m e  a t  1300°F on t h e  g r a i n  s t r u c t u r e  
of beta-quenched c a s t  uranium. 

i ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  



50X 1250°F U-265-5 

F i g .  4 

5 OX 13 50°F U-269-3 

5 OX 13OOvF U-269-5 

5 OX 1400'~ U-265-3 

Effect  of heating temperature i n  beta range on grain structure of beta-quenched 
cast  uranium held for 128 min a t  temperature. 

WnmmlmW: 4 ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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U-2 54 -8 RF 3435 U-270-4 RF 4027 
50X 1x 5 OX 1x 

One beta quench. Two beta quenches. 

. 

U-270-5 RF 
5 OX 1x 

Three beta quenches. 
, >  

Effect  of repeated beta quench 
samples of cast  uranium. 

4028 U-254-3 RF 4058 
5 OX 1x 

Four beta quenches. 

Fig. 5 

treatments a t  1250°F on structure of small 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  ..-- o - .  
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1x 
(a) One beta quench. 

RF 4327 

c 

. 

1x RF 4329 
(b) Four beta quenches, 

F i g .  6 

Effect  of repeated betaquench treatments a t  1250°F 
on structure of 2 inch thick, 3 inch diameter s lugs 
of cas t  uranium. 

. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  



5 OX U-254-8 50X U-254-3 
One quench. Four quenches. 

50X U-265-7 50X U-254-1 

One quench plus 2 hr anneal at 1175'F. Four quenches plus 2 hr anneal at 1175OF. 

Fig. 7 - Effect of alpha-annealing on beta-treated cast uranium. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  ? . - - ) - .  
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1x 

c 

RF 4327 
One quench. 

L 

1x $? 4328 
One quench plus 2 hr anneal at 1175 F. 

Fig. 8 - Effect of alpha-annealing on beta-quenched 
cast uranium slugs, 2 inches thick x 3 inches 
diameter. 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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U-259-8 5 OX U-259-6 50x 
(a) As-quenched, rim (b) Annealed, rim. 

50X U - 2 59 --7 
(c) As-quenched, core. 

5 OX U-259-5 
(d) Annealed, core. 

Fig. 9 

Photomicrographs of sections shown in Fig. 8. 

.. ,*. * ... . . *  

. . a .  . e ... . 0 . - .  - . .  
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U-254-10 RF 3852A 
5 OX One quench. 1x 

U-270-1 RF 3851 
50X Three quenches. 1X 

U-270-2 RF 3850 
50X Two quenches. 1x 

U-2 54-5 RF 3852B 
5 OX Four quenches. 1x 

F i g .  11 

Effect of  repeated gam-quenching on structure of c a s t  
uranium ( a l l  holding times i n  gam were 16 min).  

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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SOX U-254- 10 

50X 

50X U-254-5 
As -quenched. 

U-254-4 50X 
Annealed 2 hr at 1000°F. 

U - 2 54-6 

50X U-265-6 50X U - 26 5-4 
One quench. Four quenches. 

Annealed 2 hr at 1175'F. 

Fig. 12 - Effect of alpha-annealing on gamma-treated cast uranium. 
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Approx. 1X RF 3407 
One quench plus 2 hr anneal a t  1175'F. 

Approx. 1X RF 3408 
Four quenches plus 2 hr anneal a t  1175'F. 

F i g ,  14 

Effect  of alpha-annealing on the structure of 2 inch thick, 4-3/4 
inch diameter s lugs of cast  uranium beta-quenched from 1350'F. 
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A 

Approx, 1X Two quenches plus 2 hr anneal at 1175OF. RF 3409 

RF 3410 0 Approx. 1X Three quenches plus 2 hr anneal at 1175 F. 

Fig. 16 - Effect of alpha-annealing on the structure of 2 inch tkick, 6-3/4 inch 
diameter slugs of cast uranium beta-quenched from 1350 F. 
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