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RECRYSTALLIZATION OF HEAVILY COLD-ROLLED URANIUM SHEET 

W. R. Yario and L. T. Lloyd 

ABSTRACT 

Changes in mean expansion coefficients upon annea l ­
ing u ran ium sheet that had been rolled to 80% reduction in 
thickness at room t empe ra tu r e indicated that th ree different 
p r e f e r r ed or ienta t ions could be developed upon r e c r y s t a l l i ­
zation. One p re f e r r ed orientat ion, which is essent ia l ly the 
same as that of the a s - r o l l e d m a t e r i a l , resul ted from annea l ­
ing for long t imes at 360°C or at a lower t e m p e r a t u r e ; a 
second type was c rea ted by annealing for modera te t imes 
between 400° and 600°C; and the third accompanied gra in 
coarsening at 650°C. The m i c r o s t r u c t u r e s of the a s - r o l l e d 
and annealed specimens were ex t remely heterogeneous b e ­
cause of the l a rge gra in s ize p re sen t p r i o r to final fabricat ion 
at room t e m p e r a t u r e . The a s - r o l l e d s t r u c t u r e s consis ted of 
heavily deformed a r e a s and sma l l e r quantit ies of lightly d e ­
formed m a t e r i a l . The annealing of the fo rmer was c h a r a c ­
te r ized by init ial c rea t ion of very fine r ec rys t a l l i z ed gra ins 
which were absorbed la ter by discontinuous growth of l a r g e r 
g r a i n s . Lightly deformed a r e a s , upon annealing, f i r s t ex­
hibited r ecove ry by polygonization and then underwent no rma l 
r ec rys t a l l i za t ion . 

I. INTRODUCTION 

The r ec rys t a l l i za t ion of cold deformed, polycrys ta l l ine alpha u r a ­
nium has been the subject of numerous invest igat ions; unique anaong these 
is the work of Cabane and Petit.(•'•) In their study of u ran ium sheet, rol led 
to 80% reduct ion in th ickness at room t e m p e r a t u r e , the au thors repor ted 
r ec rys t a l l i za t ion at t e m p e r a t u r e s between 320° and 420°C without the o c ­
c u r r e n c e of a p r e f e r r e d or ienta t ion change. At t e m p e r a t u r e s jus t above 
420°C they found that a second r ec rys t a l l i za t ion occur red ; this was a c ­
companied by a change in p r e f e r r e d or ienta t ion . P r e s u m a b l y the la t te r was 
not the same as the n o r m a l "secondary r ec rys t a l l i z a t i on" that would occur 
a t t e m p e r a t u r e s nea r the upper l imit of stabil i ty of the alpha r ange . 

Because the r ec rys t a l l i za t ion of deformed polycrys ta l l ine u ran ium 
without a p r e f e r r e d or ienta t ion change had not been repor ted previously , a 
p r o g r a m has been under taken to verify this phenomenon. The p re sen t work 



was p e r f o r m e d on h i g h - p u r i t y u r a n i u m , for it w a s fel t t ha t the p u r i t y of the 
m e t a l m i g h t be a s ign i f i can t f a c t o r . The t e c h n i q u e s u t i l i z e d w e r e s l igh t ly 
d i f fe ren t f r o m t h o s e of C a b a n e and P e t i t . To ve r i fy the va l id i ty of the p r e s ­
ent m e t h o d s , a r r a n g e m e n t s w e r e m a d e t h r o u g h Cabane to exchange t e s t m a ­
t e r i a l s . A p o r t i o n of the s a m e ingot of h i g h - p u r i t y u r a n i u m i n v e s t i g a t e d in 
the p r e s e n t w o r k w a s s e n t to the C o m m i s s a i r i a t a I ' E n e r g i e A t o m i q u e 
C e n t r e d ' E t u d e s N u c l e a i r e s de Sac l ay and , in r e t u r n , A r g o n n e N a t i o n a l 
L a b o r a t o r y r e c e i v e d s o m e of the m a t e r i a l u s e d in the o r i g i n a l work of 
Cabane and P e t i t . 

II. M A T E R I A L S AND E X P E R I M E N T A L TECHNIQUES 

A. M a t e r i a l s and F a b r i c a t i o n 

C h e m i c a l a n a l y s e s of the h i g h - p u r i t y u r a n i u m ingot H P X - l 6 a n d 
the s h e e t N s a m p l e f u r n i s h e d by C a b a n e a r e g iven in T a b l e I. In bo th m e t a l s 
the p r i m a r y i m p u r i t i e s w e r e the l i g h t e r e l e m e n t s : c a r b o n , n i t r o g e n and 
oxygen . 

T A B L E I 

C h e m i c a l A n a l y s e s of M a t e r i a l s 

Element* 

C 
N 
o 
Al 
Cu 
Fe 
Mg 
Mn 
Ni 
Si 

Composit ion (parts per mil l ion by weight) 

High-Pur i ty 
Uranium Ingot 
HPX-16 (top) 

34, 38 
LIO 

23, 24 
7 
2 
4 
1 

L I** 
L5 
10 

F r e n c h Mater ia l 

Analyses Repor ted 
by F r e n c h 

28 
36 

5 
6 

100 

Analyses Determined 
at ANL 

31 
67 
27 
10 
10 
40 

2 
3 
5 

20 

*A11 o t h e r e l e m e n t s a r e be low the l i m i t s of s p e c t r o c h e m i c a l 
d e t e c t i o n for a n a l y s e s p e r f o r m e d a t A N L 

**L i n d i c a t e s t h a t t he m a t e r i a l c o n t a i n s l e s s t han the i n d i c a t e d 
quan t i ty of the p a r t i c u l a r e l e m e n t s . 

* * I n d i c a t e s t h a t a n a l y s e s w e r e not r e p o r t e d . 



The F rench sheet N sample was p repared from biscuit produced 
by calcivun reduction of UF4, A suitable portion was given a breakdown roll 
at 600°C and then heat t reated in a salt bath for one-half hour at a t e m p e r a ­
ture within the beta phase (720°C), followed by cooling in a i r to room t em­
p e r a t u r e . Subsequent to this , the sample was annealed for 5 hours at500°C 
and furnace cooled. Finally, it was rolled to 80% reduction in thickness at 
room t e m p e r a t u r e . 

Four different samples were fabricated at ANL. Two of these, 
B555 and A50, served to determiine suitable room t empera tu re - ro l l i ng 
p rocedures for prepar ing the two port ions of the high-puri ty uranium ingot 
HPX-16, subsequently re fe r red to as HP-1 and H P - 2 . In the prepara t ion 
of these samples , the procedure followed by Cabane and Pet i t was dupli­
cated as near ly as possible with the exceptions that the heat t r ea tmen t s in 
the beta phase and at 500°C were ca r r i ed out in an evacuated container 
ra ther than in a liquid salt bath. These deviations from the procedure 
were adopted in o rder to reduce contamination of the samples . 

The sequence of operat ions in the prepara t ion of the samples 
is depicted in F igure 1. The a s - c a s t s t ruc ture of the round ingot was 

Flgiire 1. Sequence of Operations Employed in Fabricating Sheet Samples. 
Dimensions refer to preparation of f i r s t portion of high-purity ingot 
(HP-1). 



b r o k e n up by f a b r i c a t i o n a t 600°C, u s ing l ead a s a p r e h e a t ba th . F l a t s u r ­
f a c e s w e r e d e v e l o p e d p a r a l l e l to the c y l i n d r i c a l a x i s of the round by p r e s s ­
ing a t 600°C. The p i e c e w a s then r o l l e d a t the s a m e t e m p e r a t u r e in a 
d i r e c t i o n p e r p e n d i c u l a r to the o r i g i n a l c y l i n d r i c a l ax i s to a t h i c k n e s s of 
a p p r o x i m a t e l y one half of the o r i g i n a l d i a m e t e r . The s a m p l e was then 
f l a t t ened by p r e s s i n g a t 600°C and s u b s e q u e n t l y m a c h i n e d a t r o o m t e m ­
p e r a t u r e into a r e g u l a r g e o m e t r i c a l s h a p e and to r e m o v e any s u r f a c e con­
t a m i n a t i o n r e s u l t i n g f r o m the 600°C t r e a t m e n t s . The r e s u l t i n g s l a b w a s 
p l aced in a c o n t a i n e r wh ich w a s e v a c u a t e d and s u b m e r g e d in a lead ba th a t 
720°C. Af ter hold ing for one -ha l f hou r a t t h i s t e m p e r a t u r e , the s a m p l e 
w a s cooled in a i r to r o o m t e m p e r a t u r e . Th i s t r e a t m e n t p r o d u c e d a n e a r l y 
r a n d o m o r i e n t a t i o n . The c o n t a i n e r was a g a i n e v a c u a t e d and p l a c e d in a 
l ead ba th a t 500°C w h e r e i t was held for five h o u r s and then f u r n a c e cooled 
to r o o m t e m p e r a t u r e . The p u r p o s e of th i s t r e a t m e n t was to r e d u c e the 
i n t e r n a l s t r e s s e s wi th in the s l a b . 

Af ter the above p r e p a r a t i o n , the s a m p l e s w e r e r o l l e d to a p ­
p r o x i m a t e l y 80% r e d u c t i o n in t h i c k n e s s a t r o o m t e m p e r a t u r e in a d i r e c t i o n 
p a r a l l e l to the o r i g i n a l c y l i n d r i c a l a x i s . The r o l l i n g cond i t ions of t h e s e 
f a b r i c a t i o n s and the r o l l i n g s a t 600°C for e a c h s a m p l e a r e given in Tab le II. 
F o r ro l l i ng a t r o o m t e m p e r a t u r e , the p r i n c i p a l v a r i a b l e s w e r e the s i z e s of 
the r o l l s and the a c c o m p a n y i n g r e d u c t i o n s p e r p a s s . In a l l i n s t a n c e s c a r e 
w a s t a k e n to m a k e s u r e tha t the t e m p e r a t u r e of the s a m p l e did not r i s e 
s e n s i b l y above r o o m t e m p e r a t u r e . 

TABLE II 

Rolling Conditions Employed for P r epa ra t i on of Samples 

Sample 
Number 

B 555 
A 50 
HPX-16-1 
HPX-16-2 

60G°C Rolling 

Roll 
Diameter 

(in.) 

5 

5 
5 

Number 
of 

P a s s e s 

11 

22 
16 

Total 
Reduction 

(%) 

29 

34 
35 

R o o m - T e m p e r a t u r e Rolling* 

Roll 
Diameter 

(in.) 

5 
9 

17 
9 

Average 
Reduction 
per P a s s 

(%) 

0.5 
8.1 
9.0 
9.7 

Number 
of 

P a s s e s 

200 
19 
17 
16 

Total 
Reduction 

(%) 

80 
80 
80 
81 

*The lead end of the sample was r eve r sed between each p a s s . 

**Sample A50 had been rolled at 600°C followed by 50% reduction in thickness at 
300°C p r io r to the heat t r ea tmen t in the beta phase employed in the p resen t 
work. 



B. Exper imenta l Techniques: 

Two types of specimens were prepared from the HP fabr icat ions; 
these were meta l lographic specimens of random size , and d i l a tomet r i c 
spec imens 1,000 in. in length, 0.200 in. in width, and approximately 0.080 in. 
in th ickness . Each of the la t te r was p repa red with the long dimension ei ther 
pa ra l l e l (longitudinal specimens) or perpendicular ( t r ansve r se specimens) 
to the roll ing d i rec t ion and lying in the rolling plane. All spec imens were 
cut f rom the sheet samples with an ab ras ive cut-off wheel and ground to 
final d imens ions ; pa r t i cu la r ca re was taken so as not to overheat dur ing 
these opera t ions . 

All heat t r ea tmen t s were performed in molten baths of e i ther 
lead or b i smuth- lead eutec t ic . Specimens annealed for Short per iods of 
t ime (that i s , up to 60 minutes) were coated with si l icone g rease and i m ­
m e r s e d d i rec t ly in the molten me ta l . All o thers were cleaned by e l e c t r o -
polishing; they were then wrapped in tantalum foil and placed in a s ta in less 
s tee l container which was subsequently evacuated to a p r e s s u r e of approxi ­
mate ly 1 X 10"^ m m of m e r c u r y and i m m e r s e d in the molten bath for heat 
t r e a t m e n t . In al l c a ses the spec imens were a i r -coo led to room t e m p e r a t u r e 
subsequent to the annea l s . 

Expansion curves were obtained with a quartz differential 
d i l a tomete r .(2) The ra te of heating in all t es t s was approximate ly 1°C per 
minute , while the cooling ra te was uncontrol led. Only data obtained on 
heating were m e a s u r e d because of e r r o r s that could be introduced if the 
quartz push rod did not follow the specimen upon cooling. Dilatation curves 
of a s - r o l l e d spec imens were m e a s u r e d up to 315°C, and the annealed spec i ­
mens were run to 10°C below thei r t e m p e r a t u r e s of heat t r e a t m e n t . The 
m e a s u r e of d i l a tomet r i c behavior finally adopted was the mean expansion 
coefficient between 200° and 300°C. The upper t e m p e r a t u r e was dictated 
by the behavior of the a s - r o l l e d spec imens and the min imum annealing 
t e m p e r a t u r e of 320°C. The lower t e m p e r a t u r e was chosen in an effort to 
reduce e r r o r s due to imprope r seat ing of the spec imen . All data for the 
de te rmina t ion of the t h e r m a l expansion coefficients were co r r ec t ed for 
the expansion of qua r t z . 

Metal lographic observa t ions were obtained from spec imens 
p r e p a r e d specif ical ly for that purpose and f rom many d i l a tomete r spec i ­
mens after t es t ing . These were p r epa red by grinding on wa te r - lub r i ca t ed , 
rota t ing, s i l icon carbide papers up through 600 mesh , followed by s u c ­
cess ive mechanica l polishing with diamond a b r a s i v e s of 6, 3 and 1-micron 
s i z e s . The spec imens were then e lec t ropol ished in a solution containing 
5 p a r t s or thophosphor ic acid, 5 pa r t s ethylene glycol and 8 pa r t s ethyl 
alcohol at a c u r r e n t densi ty of 30 m i l l i a m p e r s per square cen t ime te r for 
5 to 10 minu te s . All observa t ions , m e a s u r e m e n t s and photographs were 
obtained with polar ized light i l lumination of a Bausch and Lomb r e s e a r c h 



Metal lograph. I n c a s e s where photographs were to be taken at high magnif ica­
tion (near lOOOX) par t i cu la r ca re was n e c e s s a r y during the surface p repara t ion 
to prevent removal of inc lus ions . If these were torn out, the depress ions 
would sca t t e r the polar ized light beam and much of the t rue s t ruc tu re would 
be obl i tera ted during the long exposure t imes requi red for photographing. 
F o r this pa r t i cu la r application the diamond ab ra s ive polishing was p e r ­
formed by hand on lens t i ssue laps r a the r than using rotating cloth l aps . 
F o r reasonable con t ras t a t high magnifications up to 1350X, the SOX APO, 
1.40 N.A. objective in conjunction with the 5X hyperplane eyepiece proved 
to be the bes t combination. 

M e a s u r e m e n t s of the volume percen t of r ec rys ta l l i za t ion were 
made with a Bausch and Lomb g r a i n - s i z e eyepiece . By counting the number 
of squa res covering r ec rys t a l l i zed m a t e r i a l in a specific field and dividing 
this by the total number of squa re s , the fract ion of the m a t e r i a l r e c r y s t a l ­
l ized was determined.(3) Fifty random a r e a s were m e a s u r e d for each 
spec imen so as to insu re s ta t i s t i ca l sampl ing. Grain size i neasu remen t s 
were de te rmined by a line in tercept method.(3) In each case the length of 
line for approximate ly 500 gra ins was measu red ; th is , divided by the num­
b e r of g ra ins , yielded the average gra in d i a m e t e r . The m e a s u r e m e n t s of 
ha rdnes s of the a s - r o l l e d m a t e r i a l were made with a Be rgsman m i c r o -
h a r d n e s s t e s t e r , using a load of 100 g r a m s applied for 15 seconds . 

IIL RESULTS 

A. Sample Fabr i ca t ions 

The r e su l t s of the p r e l i m i n a r y r o o m - t e m p e r a t u r e fabr icat ions 
of samples B555 and A50 a r e shown pic tor ia l ly in F igure 2. Edge and s u r ­
face c r acks appeared m sample B555 after a reduct ion in thickness of only 
12%. The s izes and number of these i nc reased with fur ther reduct ions , 
and after 45% reduct ion the edge c r acks had grown completely a c r o s s the 
s lab . After 80% reduct ion the piece was ex t remely weak and a sma l l bend 
was sufficient to b reak i t . Metal lographic observa t ions showed that c r acks 
were p r e sen t within the body of the sheet as well a s on the surface and that 
the gra ins nea r the rol l ing sur faces were considerably rr^ore deformed than 
those in the cen te r . Sample A50 showed a few smal l surface c r acks after 
25% reduct ion in th ickness ; however , the s izes and quantity of these did not 
i n c r e a s e apprec iably throughout the r e m a i n d e r of the rol l ing. Edge c r a c k ­
ing appeared after 50% reduct ion but did not grow apprec iably a c r o s s the 
s ample . Metal lographic examinat ion did not show the p r e s e n c e of c r acks 
within the body of the sheet , and the deformat ion was m o r e uniform a c r o s s 
i t s t h i ckness . 
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Figure 2. Appearance of Samples B555 
and A50 After Rolling to 80^ Reduction 
in Thickness at Room Temperature. 

#23,695 1/2X 

Sample 
Roll Diameter (in.) 
Average ^ Reduction per Pass 

B555 
5 
0.5 

A50 
9 

It i s qui te obv ious tha t the r o l l s of s m a l l e r d i a m e t e r did not 
y i e ld a s u i t a b l e s a m p l e . The i m p r o v e m e n t of s a m p l e A50 o v e r B555 u n ­
d o u b t e d l y w a s due to the u s e of r o l l s of l a r g e r d i a m e t e r and to h e a v i e r 
r e d u c t i o n s . Such cond i t i ons r e s u l t in m o r e u n i f o r m d e f o r m a t i o n a c r o s s 
the t h i c k n e s s of the s l a b and r e d u c e the e x c e s s i v e s u r f a c e w o r k h a r d e n i n g . 

B e c a u s e of the i m p r o v e d a p p e a r a n c e of s a m p l e A50 o v e r t h a t 
of s a m p l e B555, the f i r s t p o r t i o n of ingo t H P X - I 6 (HP-1) w a s r o l l e d a t 
r o o m t e m p e r a t u r e on a m i l l of s t i l l l a r g e r d i a m e t e r (17 i n . ) . Edge c r a c k s 
a p p e a r e d in the e a r l y s t a g e s of r o l l i n g ; h o w e v e r , they n e v e r g r e w m o r e 
than 1/8 in . a c r o s s the s u r f a c e . A few s m a l l s u r f a c e c r a c k s deve loped ; 
h o w e v e r t h e s e did not i n t e r f e r e wi th the u s e f u l n e s s of the m a t e r i a l . The 
i n t e r i o r of the s a m p l e did no t show any c r a c k s . A d e t a i l e d d e s c r i p t i o n of 
the n a i c r o s t r u c t u r e wi l l be g iven be low. 

As th i s s tudy p r o g r e s s e d i t b e c a m e n e c e s s a r y to ob ta in a d ­
d i t i o n a l s p e c i m e n s of the h i g h - p u r i t y m a t e r i a l . At t ha t t i m e the 17 in . 
d i a m e t e r m i l l w a s u n a v a i l a b l e and the s e c o n d p o r t i o n of H P X - I 6 (HP-2 ) 



was fabricated on the 9 in. mi l l . The finished product was quite s a t i s ­
factory; however, it had l a r g e r edge c racks than did the A50 or HP-1 
samples . The sma l l e r rol l d iameter used for HP-2 probably accounts 
for the g rea t e r edge cracking than in H P - 1 . On the other hand, the higher 
puri ty and accompanying l a r g e r grain size p r io r to final roll ing explains 
the l a r g e r edge cracking of HP-2 in compar ison to that of sample A50. 
The a s - r o l l e d m i c r o s t r u c t u r e of HP-2 was very s imi la r to that observed 
for H P - 1 . Some differences in the behavior of the two m a t e r i a l s did 
occur upon annealingj these will be d i scussed below. 

B. Di la tometr ic and Volume P e r c e n t Recrys ta l l i za t ion 
Measuremen t s 

In Table III is r eco rded the exper imenta l ly de termined mean 
coefficients of expansion between 200° and 300°C, together with c o r r e s ­
ponding data on the volume percent of rec rys ta l l i za t ion . Some of the 
spec imens were used for meta l lographic observat ions only; there fore , 
no expansion coefficients a r e repor ted for these . 

Due to the labor ious na ture of the m e a s u r e m e n t s of volume 
percent of r ec rys ta l l i za t ion , values were not de termined from each of the 
d i la tomet r ic spec imens . Sufficient m e a s u r e m e n t s were made , however, so 
that the percen t r ec rys ta l l i za t ion was known for each different annealing 
t r ea tmen t . In ca ses where m o r e than one determinat ion of percent r e ­
crys ta l l iza t ion were made for a pa r t i cu la r fabricat ion and heat t r ea tmen t , 
the values agreed well; for example , HP~1 spec imens annealed for 15 hours 
at 400°C gave pe rcen t r ec rys ta l l i za t ions of 93, 94, 96, 97 and 98%. M e a s ­
u remen t s of the percen t r ec rys ta l l i za t ion subsequent to dilatation test ing 
did not give values significantly different from that m e a s u r e d for a spec i ­
men in the annealed s ta te ; for example , a HP- 1 specimen annealed for 
15 hours at 360° C yielded 29% rec rys ta l l i za t ion and o thers annealed and 
dilatation tes ted yielded 26 and 30% rec rys t a l l i z a t i ons . 

The curve of volume percen t of r ec rys t a l l i za t ion of HP-1 
spec imens annealed for a constant per iod of 1 5 hours at var ious t e m p e r a ­
tu res is shown in F igure 3. It has a no rma l "S" shape with a point of in ­
flection at approximate ly 370° C. F igures 4 and 5 show typical expansion 
curves of these spec imens , obtained from longitudinal and t r a n s v e r s e 
d i rec t ions , respec t ive ly . Both se ts of curves indicate a shift of expansion 
coefficient as the annealing t e m p e r a t u r e is i nc reased and a significant 
change for spec imens annealed at 400°C or higher . F o r the longitudinal 
spec imens , the shift in expansion coefficient was somewhat e r r a t i c , but, 
in genera l , it d ec r ea sed as the annealing t empe ra tu r e inc reased . The 
change in expansion coefficient as a function of annealing t e m p e r a t u r e for 
the t r a n s v e r s e spec imens was m o r e consis tent ; an i nc r ea se in the annea l ­
ing t e m p e r a t u r e r e su l t ed in an i n c r e a s e in expansion coefficient. The 
probable r ea son for the e r r a t i c behavior for the expansion of the longitudi­
nal spec imens over that of the t r a n s v e r s e spec imens is i l l u s t r a t ed in 



Volume Percent R e c r y s t a l l i z a t i o n 
TABLE i n 

nd Thermal Expansion Data for Heavily Cold Rolled Uranium Spec ens Given Various Annealing Treatments 

Annealing Treatment 

Temper­
a tu re 

Co 
Time 

As Rolled 

320 • 

I 

360 

370 

f 
380 < 

400 

450 1 

600 

15 hr 

200 hr 1 

400 hr 1 

15 hr .j 

92 hr 1 

165 hr 

200 hr 1 

15 hr 
f 

15 hr i 

2.5 mln 
3.5 min 

5m.n { 

15 m . { 
r 

30 min i 

ih , { 

r 
15 hr < 

92 hr 

15 hr 1 

15 hr 

,L 

Specimen 
Number 

2 

8 

6 

10 
16 
20 

4 
14 

18 

F i r s t Fab r i ca t ion of H 

3nfi;itudinal 

Percent 
Recrys­

t a l l i z e d * 

0 

-••. 

96 
96 

. 

-
-

Specimens 

Mean Expansion 
Coeff ic ien t 

between 
200° and 300°C 
(x lO ' per °C) 

Value 

15.43 

10.35 

11.82 

5.66 
3.50 
6.04 

5.57 
8.17 

3.83 

Change 

As- ro l led 
Value 

0.00 

-5 .08 

-3 .61 

- 9.77 
-11.93 
- 9.39 

- 8.96 
- 7.26 

-11.60 

gh-Pur i ty Uranium-HP-1 

Transverse 

Specimen 
Number 

1 

7 

31 
33 

5 
37 
42 

43 

35 

13 
25 
39 

44 

45 

46 

47 

9 
17 
29 
27 
41 
48 

3 
21 

11 

Percent 
Recrys­

t a l l i z e d ' 

0 

10 

30 
26 

29 
74 

81 

58 

82 
83 
85 

36 

55 

67 

77 

94 
97 

-
-93 

100 

100 

-

Specimens 

Mean Expansion 
Coeff ic ient 

between 
200° and 300°C 
(x lO ' per °C) 

Value 

18.59 

18.92 

18.07 
18.06 
19.15 

-

18.98 

19.44 
20.54 

-

-
20.96 
23.01 
22.10 
22.07 

-
22.14 
22.49 

22.27 

Change 
from 

As-rol led 
Value 

0.00 

0.33 

-0.52 
-0 .53 

0.56 

_ 

0.39 

0.85 
1.95 

-

-
-

2.37 
4.42 
3.51 
3.48 

-
3.55 
3.90 

3.68 

Second 

Specimen 
Number 

•• 
5 
6 

28 
3 1 

27 
9 

7 
8 

30 
29 

35 
25 
20 
36 
12 
13 
37 
14 
15 
22 
16 
17 

1 
3 

Fabr ica t ion of High-Puri ty 
lIranium-HP-2 

Transverse 

Percent 
Recrys­

t a l l i z e d -

0 

72 

75 

-

91 

-
98 

94 

-

49 
62 

82 
81 

85 

-
88 
91 

99 

Specimens 

Mean Expansion 
Coeff ic ient 

between 
200° and 300°C 
(x lO ' per °C) 

Value 

19.73 

20. 16 
19.79 
18.69 
19.52 

20.15 
21.00 

21.26 
21.01 
21.61 
21.02 

20.51 
20.76 

20.62 
20.99 

22.80 
22.33 
21.39 
23.54 
24.87 
25.57 
24.27 

Change 
from 

As- ro l led 
Value 

0.00 

0.43 
0.06 

-1 .04 
-0 .21 

0.42 
1.27 

1.53 
1.28 
1.88 
1.29 

0.78 
1.03 

0.89 
1.26 

3.07 
2.60 
1.66 
3.81 
5.14 
5.84 
4.54 

French Uranium - Sheet N 

Transverse Specimens 

Specimen 
Number 

17 

16 

4 

18 

9 
13 

17 
19 

11 

12 

21 

14 

Volume 
Percent 
Recrys-

t a l l i z e d -

0 

30 

10 

57 

58 
65 

-80 

5 1 

84 

99 

100 

Mean Expansion 1 
Coeff ic ien t 

between 
200° and 300°C 
(x lO ' per °C) 

Value 

19.81 

19.34 

18.99 

-19.23 

19.49 

-

19.73 

20.44 

-
21.67 

Change 
from 

As- ro l led 
Value 

0.00 

-0 .47 

-0 .82 

--0 .58 

-0 .32 

-

-0 .08 

0.63 

-
1.86 

•All volume percent r e c r y s t a l l i z a t i o n measurements were obtained from metal lographic surfaces prepared p a r a l l e l to the ro l l i ng d i r e c t i o n and perpendicular to the plane of r o l l i n g . 

Mean expansion c o e f f i c i e n t value i s the average of t h r e e de terminat ions as follows: specimen HP-2-2 = 19.73 i n . / i n . / ° C , specimen HP-2-11 - 20.38 i n . / i n . / ° C and specimen HP-2-26 = 19.07 i n . / i n . / ° C . 

Dash ( - ) i n d i c a t e s t ha t the measurements were not made. 

(» 
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Figure 3. Volume Percent Recrystallization of HP-1 Specimens Annealed 
for a Constant Time Interval of 15 Hours at Various Temperatures. 
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Figure h. Dilatation Curves of 
Longitudinal HP-1 Specimens 
Annealed for a Constant Time 
Interval of 15 Hours at Various 
Temperatî ires. Specimens were 
tested in a direction parallel 
to the rolling direction. 
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Figiire 5- Dilatation Curves of 
Transverse HP-1 Specimens An­
nealed for a Constant Time 
Interval of 15 Hours at Various 
Temperatures. Specimens were 
tested in a direction perpen­
dicular to the rolling direction 
and lying in the rolling plane. 
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Figure 6, where the long dimension r ep re sen t s the dilatation test ing 
di rect ion. It is obvious that the t r a n s v e r s e specimen encompasses more 
bands of the heterogeneously deformed s t ruc ture than does the longitudinal; 
therefore , the former yields a more s ta t is t ical ly valid dilatation curve . 
For this reason, all subsequent the rmal expansion curves were obtained 
from t r a n s v e r s e spec imens . 

Data for the change of mean expansion coefficient between 200° 
and 300°C, as compared with that obtained from an as - ro l l ed specimen, as 
a fiinction of the volume percent recrys ta l l i za t ion of HP-1 t r a n s v e r s e 
specimens annealed for 15 hours at var ious t empera tu re s a r e plotted in 
F igure 7. The change of expansion coefficient is obviously not a l inear 
function of percent rec rys ta l l i za t ion . No significant change occurred until 
r ec rys ta l l i za t ions of more than 80% were obtained by annealing at 380°C. 
Annealing t rea tments at t empera tu re above this resul ted in appreciable 
changes of the expansion coefficient. F r o m these r e su l t s , the effects of 
volume percent recrys ta l l i za t ion and annealing t empera tu re upon the 
change in mean expansion coefficient cannot be separa ted . Consequently, 
the remaining work was performed on specimens annealed for long t imes 
at low tennperatures and short t imes at high t empera tu re s to yield speci ­
mens with relat ively high percents of recrys ta l l i za t ion . 



Figure 6. HP-1 Specimens Annealed for 15 Hoirrs at 360OC, Tested 
in The Dilatometer and Macroetched. 

a. Transverse specimen 
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b. Longitudinal specimen 
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Figure 7. Change of Mean Ex­
pansion Coefficient between 
200° and 300°C, over that 
Obtained from an As-rolled 
Specimen, as a Function of 
Volume Percent Recrystal­
lization for Transverse HP-1 
Specimens Annealed I5 Hours 
at Various Temperatures. 
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In F igure 8 and 9 a r e plotted the volume percents of r ec rys t a l ­
lization of specimens from each of the three m a t e r i a l fabricat ions as a 
function of the logari thm of annealing t ime at 360° and 400°C, respect ive ly . 
The in teres t ing feature of these plots is the difference in the amount of 
recrys ta l l i za t ion observed for the same annealing t r e a t m e n t s . Specimens 
of HP-2 recrys ta l l i zed more rapidly than did those of H P - 1 . The la t te r . 

Figure 8. Volume Percent Recrystallization of 
Specimens from the Three Material Fabrications 
as a Function of Annealing Time at 360°C. 
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#25.103 

Figure 9- Volume Percent Recrystal-
lation of Specimens from the Three 
Material Fabrications as a Function 
of Annealing Time at U00°C. 
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in turn , r ec rys ta l l i zed m o r e rapidly than did sheet N spec imens . The 
higher impur i ty content of sheet N explains i ts sma l l e r volume of r e ­
crys ta l l iza t ion . Since both of the HP specimens were p repa red from the 
same ingot, chemical composit ion cannot explain their difference. The 
only plausible var iab le is the p rocedure used for p repara t ion of the two 
s a m p l e s . Every a t tempt was made to duplicate their p repara t ions with 
the exception of the rol l s ize for the 80% reduction at room t e m p e r a t u r e . 
Apparently the sma l l e r rol l d i ame te r used to fabr icate HP-2 resul ted in 
a l a rge r quantity of res idual in terna l s t r e s s e s within the rolled sheet . 

Another in te res t ing feature of the plot of data for HP m a t e r i a l s 
in F igure 9 is the apparent r ep resen ta t ion of each set by two s t ra ight 
l i ne s . Such behavior is indicative of twop3:j3T:eases of regrys ta l l i za t ion . Also, 
the discont inui t ies occur at approximate ly 80% rec rys ta l l i za t ion . This i s 
in ag reemen t with the discontinuity observed in the plot of change in mean 
coefficient of expansion as a function of volume percen t of r ec rys ta l l i za t ion 
for spec imens annealed at 400°C (Figure 10). 

F i g u r e s 10 and 11 show data for the change of the mean coef­
ficients of expansion as a function of the volume percent of r ec rys ta l l i za t ion 
of HP-2 and sheet N spec imens , respec t ive ly . The mos t significant feature 
of F igu re 10 is that, by annealing for long per iods of t ime at 360°C, as high 
as 98% rec rys ta l l i za t ion can be obtained with only a smal l change in ex­
pansion coefficient. If, however, spec imens a r e annealed at 400°C to com­
parab le r ec rys t a l l i za t ions , an apprec iable change is observed in the 
expansion coefficient. Annealing for 15 nainutes or l e s s at 400°C produced 
changes in expansion coefficient s imi l a r to those observed for comparable 
r ec rys ta l l i za t ions obtained by annealing at lower t e m p e r a t u r e s . The m a g ­
nitudes of the changes in the expansion coefficient of HP-2 m a t e r i a l annealed 
at 400°C to a lmos t complete r ec rys t a l l i za t ion were g rea t e r than those for 
s imi l a r HP-1 specimens^ The changes in expansion coefficient for sheet N 
spec imens were considerably sma] le r than those for the HP-2 m a t e r i a l . 
Sheet N spec imens armealed at t e m p e r a t u r e s below 400°C showed negative 
changes, whereas ones annealed at 400° or 450°C showed essent ia l ly ze ro 
and posit ive changes, r espec t ive ly . The smal l quantity of this m a t e r i a l 
that was avai lable did not p e r m i t extensive experimentat ion; however, i t s 
behavior appea r s to be quite s imi l a r to that of the HP m a t e r i a l s . 

In an a t tempt to de te rmine the stabil i ty of the r ec rys t a l l i zed 
s t r uc tu r e obtained from a pa r t i cu la r annealing t r ea tment , some of the 
d i l a tomet r i c spec imens were subjected to second and third anneals and 
observed for changes in mean coefficient of expansion and volume percent of 
rec rys ta l l i za t ion ; the data for these a r e given in Table IV. In genera l , if 
the p r io r heat t r ea tmen t had resu l ted in near ly 100% recrys ta l l i za t ion , an 
additional anneal did not affect the change in expansion coefficient; however, 
if the sample was not completely r ec rys t a l l i z ed by the f i r s t t r ea tment , a 
change did occur . The exceptions to this a r e for the thi rd t r ea tmen t s of 
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Figure 10. Change of Mean Ex­
pansion Coefficient between 
200° and 300°C, over that Ob­
tained from an As-rolled 
Specimen, as a Function of 
Volume Percent Recrystalliza­
tion for Transverse HP-2 
Specimens Annealed for Vary­
ing Periods of Time at 
Various Temperatures. 
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Figure 11. Change of Mean Expansion Coefficient between 200° and 
300°C, over that Obtained from an As-rolled Specimen, as a Fiinction 
of Volume Percent Recrystallization for Transverse Sheet N Speci­
mens Annealed for Varying Periods of Time at Various Temperatures. 
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TABLE IV 

Volume Pe rcen t Recrys ta l l iza t ion and Change in 
Mean Expansion Coefficient for Specimens Given 

Second and Third Annealing Trea tments 

Specimen 
Number 

Tempera tu re 
(°C) Time 

Volume 
Percen t 
R e c r y s ­

tal l izat ion 

Change 
of Mean 

Expansion 
Coefficient 

(x 10^ per °C) 

F i r s t Annealing Trea tment 

HP-2-31 
H P - 2 - 8 
HP-2-13 
N-14 
H P - 2 - 6 
HP-2-14 

320 
360 
400 
450 
320 
400 

400 hr 
200 hr 
15 min 

15 hr 
200 hr 
3 0 min 

85 
98 
81 

100 
72 
88 

-0.21 
1.21 
0.89 
1.86 
0.43 
3.07 

Second Annealing Trea tment 

HP-2-31 
H P - 2 - 8 
HP-2-13 
N-14 
H P - 2 - 6 
HP-2-14 

400 
400 
400 
600 
650 
650 

15 hr 
15 hr 
15 hr 
15 hr 
48 hr 
48 hr 

~ 100 
- 1 0 0 
- 1 0 0 

100 
100 
100 

4.77* 
1.21 
5.38 
1.94 
5.22 
6.89 

Third Annealing Trea tment 

HP-2-31 
H P - 2 - 8 
HP-2-11 
N-14 
H P - 2 - 6 
HP-2-14 

650 
-

650 
-
-
-

48 hr 
-

48 hr 
-
-
-

100 
-

100 
-
-

-

6.23* 
-

7.27 
-
_ 

-

•Changes in mean expansion coefficients repor ted for second 
and th i rd heat t r ea tmen t s a re the changes in mean expansion 
coefficient over that of an a s - r o l l e d specimen and not that of 
the previous heat t r ea tment . 



specimens HP-2-13 and H P - 2 - 3 1 , wherein 48-hour anneals at 650°C do 
change the expansion coefficient. Grain coarsening definitely occur red in 
these c a s e s . Similar behavior was observed for the second anneals of 
spec imens H P - 2 - 6 and H P - 2 - 1 4 . 

C. Metal lographic Observat ions 

The as = rolled and annealed m i c r o s t r u c t u r e s of the th ree m a ­
t e r i a l s were ex t remely he terogeneous . Considerable var ia t ions were 
noted within individual spec imens ; however, all th ree m a t e r i a l s yielded 
s imi l a r observat ions with r ega rd to the types of s t r u c t u r e s p resen t and 
thei r behavior upon annealing. The observat ions of HP and sheet N m a ­
t e r i a l s a r e separa ted in the following purely for convenience. All the 
photomicrographs , except where noted, a r e mounted with the roll ing 
d i rec t ion ve r t i ca l and were obtained from sur faces polished para l l e l to 
the roll ing d i rec t ion and perpendicular to the rolling planes (longitudinal 
sect ion) . 

1. HP a s - r o l l e d s t r u c t u r e s : The banded HP a s - r o l l e d s t r u c ­
tu re i s i l lus t ra ted in F igure 12. No apprec iab le differences were observed 
for longitudinal or t r a n s v e r s e (perpendicular to the rolling d i rec t ion and 
roll ing planes) sect ions of the a s - r o l l e d or annealed spec imens . The types 
of deformed s t ruc tu re zones whose behavior can be followed, at leas t in 
par t , throughout the var ious annealing t r ea tmen t s a r e labeled in F igure 12. 
Each zone probably originated from a grain p resen t p r io r to fabricat ion at 
room t e m p e r a t u r e . The differences in appearances of the zones a r i s e from 
var ia t ions in thei r deformation modes , as indicated by their or ienta t ions 
with r e spec t to the deforming forces.(4) 

Seventy volume percent of the HP-1 a s - r o l l e d s t ruc tu re 
was s imi la r to the a r e a designated as A in F igure 12a. It is f ibrous in 
appearance and, undoubtedly, r e p r e s e n t s the mos t heavily deformed 
por t ions , s ince the average m i c r o h a r d n e s s was 386 VHN (Vickers ha rd ­
nes s number ) . The next mos t prevalent deformed s t r uc tu r e was zone B; 
it occupied 15 volume percent , had a ha rdness of 335 VHN, and appeared 
s imi l a r to the peppery or "speckled" a r e a s desc r ibed by Cabane and 
Petitl-'-) and Madsen.(^) The dist inct , na r row, bent bands of zone C occupied 
13 percen t of the s t ruc tu re and had a ha rdness of 365 VHN. The remaining 
2 percen t appeared s imi l a r to that designated as D in F igure 12b. This 
zone had the lowest ha rdness (205 VHN) and r ep resen ted lightly deformed 
m a t e r i a l . The s t ruc tu re of HP-2 a s - r o l l e d spec imens were s i m i l a r to 
those of HP»1 spec imens ; however, var ia t ions were noted in the amounts 
of the different zones . As - ro l l ed HP=2 spec imens contained 43% zone A, 
36% zone B, 18% zone C and 3% zone D. 
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Figure 12. Microstructures of As-rolled HP-1 Specimens Showing 
Types of Deformed Structure Zones. 

a. Transverse section 

C — * K A + B 4 ^ 
#19,783 Pol. Light 

b. Longitudinal section 

B —*4*-
iiOOX 

#19,887 P o l . Light ilOOX 
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Figure 13. Microstructures of HP-, 
Various Temperatures. 

a. 320°C (iCf recrystallized) 

C î' A 
#19.(^77 Pol. Light 40CX 

c. 370°C (5B/ recrystallized) 

A >\* B 
#21,342 Pol. Light 400X 

e. 400<»C (95/ recrystallized) 

D -^\ 
#1V.68(^ Pol. Light 400X 

Specimens Annealed 1? Fours st 

b. 1CC°C (2b^' r e c r v s + a l l i z e d ) 

d. 3<iG°C ( t3f r e c r , y s t a l l i z e d ) 

I* D 
#20,812 Pol. Light 4C0X 

f. 450"'C (lOOf recrystallized) 

#19f689 Pol. Light 150X 



2. S t r u c t u r e s of H P s p e c i m e n s a n n e a l e d 15 h o u r s at v a r i o u s 
t e m p e r a t u r e s : M i c r o s t r u c t u r e s of H P - 1 m a t e r i a l a n n e a l e d 15 h o u r s a t 
v a r i o u s t e m p e r a t u r e s a r e shown in F i g u r e 13, T h e s e do not r e p r e s e n t 
a l l t h e t y p e s of s t r u c t u r e s found in t h e s p e c i m e n s , bu t t h e y s e r v e to i l l u s ­
t r a t e the m a i n o b s e r v a t i o n s . 

Af ter a n n e a l i n g at 320°C ( F i g u r e 13a) v e r y fine r e c r y s t a l ­
l i z e d g r a i n s a p p e a r e d in A z o n e s . T h e s e w e r e a r r a n g e d in b a n d s e l o n g a t e d 
in the r o l l i n g d i r e c t i o n and cou ld be r e s o l v e d , wi th di f f icul ty , on ly at m a g ­
n i f i c a t i o n s of lOOOX o r m o r e . Annea l ing at 360°C ( F i g u r e 13b) c a u s e d an 
i n c r e a s e in the a m o u n t of r e c r y s t a l l i z a t i o n in zone A. The f i n e - g r a i n a r e a s 
w e r e s e p a r a t e d by b a n d s of s u b g r a i n e d s t r u c t u r e . In i s o l a t e d c a s e s , l a r g e r 
g r a i n s w e r e found a m o n g the fine g r a i n s and a p p e a r e d to be g r o w i n g by 
a b s o r p t i o n of the fine g r a i n s . T h e s e p r o c e s s e s w e r e e n h a n c e d b y a n n e a l i n g 
at 370°C ( F i g u r e 13c) . The a m o u n t of r e c r y s t a l l i z a t i o n i n c r e a s e d , the 
quan t i t y of s u b g r a i n e d bcinds d e c r e a s e d and the s i z e s and q u a n t i t i e s of 
g r a i n s g r o w i n g at t h e e x p e n s e of the fine r e c r y s t a l l i z e d m a t e r i a l i n c r e a s e d . 
At t h i s t e m p e r a t u r e it w a s diff icul t to d i s t i n g u i s h b e t w e e n the o r i g i n a l zone A 
and zone_B. Af te r a n n e a l i n g at 380°C al l zone A m a t e r i a l w a s r e c r y s t a l l i z e d , 
and a l m o s t a l l of the fine g r a i n s had b e e n a b s o r b e d by l a r g e r o n e s ( F i g u r e 13d) 
Annea l ing at h i g h e r t e m p e r a t u r e s c a u s e d a g e n e r a l i n c r e a s e of the g r a i n 
s i z e . 

Zone B a r e a s a l s o w e r e p a r t i a l l y r e c r y s t a l l i z e d by a n n e a l ­
ing at 320°C, The effect of i n c r e a s e d a n n e a l i n g t e m p e r a t u r e w a s g e n e r a l l y 
p a r a l l e l to tha t of zone A un t i l the two b e c a m e i n d i s t i n g u i s h a b l e a f t e r 
a n n e a l i n g at 380°C. S i m i l a r to the b e h a v i o r of zone A, a n n e a l i n g at 360°C 
r e s u l t e d in a beg inn ing of a b s o r p t i o n of the fine r e c r y s t a l l i z e d m a t e r i a l 
by the l a r g e r g r a i n s . 

A n n e a l i n g at 320°C c a u s e d an i n c r e a s e in c o n t r a s t b e t w e e n 
the b a n d s p r e s e n t in zone C ( F i g u r e 13a) . T h i s c o n t r a s t i n c r e a s e d a s the 
a n n e a l i n g t e m p e r a t u r e w a s i n c r e a s e d to 360*° and 370°C. In m a n y c a s e s 
the a r e a s a p p e a r e d s u b g r a i n e d , a s if a s s o c i a t e d wi th k ink b a n d s and t h e i r 
p o l y g o n i z a t i o n by r e c o v e r y p r o c e s s e s . T h i s t ype of s t r u c t u r e i s i l l u s t r a t e d 
in F i g u r e I6b for a s p e c i m e n a n n e a l e d 92 h o u r s at 360°C, Af te r a n n e a l i n g 
at 380°C r e c r y s t a l l i z a t i o n b e g a n to o c c u r in zone C and an a n n e a l at 400°C 
w a s suff ic ient to c o m p l e t e t h e p r o c e s s . 

No a p p a r e n t c h a n g e s w e r e o b s e r v e d in zone D a r e a s un t i l 
an a n n e a l i n g t e m p e r a t u r e of 380°C w a s r e a c h e d ( F i g u r e 13b). T h e n such 
a r e a s a l s o began to show p o l y g o n i z a t i o n and , in s o m e c a s e s the p r e s e n c e 
of a few, s m a l l r e c r y s t a l l i z e d g r a i n s l o c a t e d at t w i n - t w i n o r t w i n - k i n k 
band i n t e r s e c t i o n s ( F i g u r e 17). T h i s b e h a v i o r w a s e n h a n c e d by a n n e a l i n g 
at 400°C, but c o m p l e t e r e c r y s t a l l i z a t i o n did not o c c u r un t i l a n n e a l i n g at 
450°C. 



Recrys ta l l i zed gra ins of the original , m o r e heavily 
deformed zones A and B did not appear to grow into the lightly deformed 
zones C and D; instead, the la t te r two a r e a s developed their own r e c r y s ­
tal l izat ion "nuclei ' ' after an anneal at sufficiently high t e m p e r a t u r e s . 
Specimens annealed for 15 hours at 450°C (Figure 13f) were completely 
r ec rys ta l l i zed , with considerable banding being evident in the s t r u c t u r e . 
The grain size var ied from band to band, but within each a r e a was com­
pa rab l e . Var ia t ions in cont ras t were evident between neighboring gra ins 
within a given band; some bands showed high cont ras t , whereas o thers 
showed ve ry l i t t le . Annealing at 600°C caused an ove r - a l l i nc r ea se in 
gra in s ize but did not yield any evidence of grain coarsening . 

3, S t ruc tures of HP spec imens annealed for var ious t imes 
at different t e m p e r a t u r e s : The above descr ip t ion demons t r a t e s the 
genera l behavior of the var ious deformed zones upon annealing. By the 
addition of a t ime var iab le , ce r ta in of these rec rys ta l l i za t ion p r o c e s s e s 
a r e delineated m o r e c lea r ly . 

F igure 14 shows photographs i l lus t ra t ing the r e c r y s t a l ­
l izat ion p r o c e s s e s in the heavily deformed zones A and B. An a r e a of 
predominant ly fine gra ins with some unrec rys ta l l i zed m a t e r i a l is shown 
in F igure 14a. After 92 hours at 360°C l a r g e r gra ins were found in these 
a r e a s and appeared to be growing from the fine gra ins (Figure 14b). An 
anneal for 165 hours resu l ted in a la rge port ion of the smal l gra ins being 
absorbed by the l a r g e r ones, as shown in F igure 14c. After 400 hours at 
360°C all of the fine gra ins had been consumed (Figure 14d). The fo rma­
tion and absorpt ion of the fine gra ins occur red at different r a t e s for the 
var ious deformed bands of a given spec imen. Therefore , a pa r t i cu la r 
deformed band may show rec rys ta l l i za t ion to fine gra ins , whereas the 
fine gra ins in the next band may be a lmos t completely absorbed by the 
l a r g e r g r a in s . Other bands showed var ious s tages of the formation of 
fine gra ins and thei r absorpt ion . This same phenomenon was observed 
for spec imens annealed at t e m p e r a t u r e s as low as 320° and as high as 
400°C. The p r i m a r y differences were , obviously, the t imes n e c e s s a r y 
for completion of the p r o c e s s and the re la t ive r a t e s at which the ve ry 
fine gra ins formed and at which they were absorbed by l a rge r ones . These 
factors a r e i l lus t ra ted in Table V, wherein data for the total volume p e r ­
cent of r ec rys ta l l i za t ion and volume percen t of ve ry fine r ec rys t a l l i zed 
gra ins a r e tabulated. At 360°C the p r o c e s s was complete after 200 hours , 
whereas at 400°C it was near ly complete in 15 h o u r s . A specimen an­
nealed at 320°C for 400 hours showed 85% rec rys ta l l i za t ion but s t i l l had 
70% fine g r a i n s . On the other hand, annealing for 15 minutes at 400°C 
to 85% rec rys ta l l i za t ion yielded only 14% fine g r a in s . Annealing at this 
higher t e m p e r a t u r e inc reased the rat io of the la rge gra ins to the ve ry 
fine g ra ins . 



Figure I 4 . HP-1 Specimen Annealed a t 360°C for Varying Per iods 
of Time. 

a. Annealed 15 hours 
(30^ recrysta]lized) 

b. Annealed 92 hours 
(74% recrystallized) 

/5̂ 21,347 Pol. Light 4OOX #21,324 Pol. Light 4OOX 

c. Annealed 165 hours 
(81% recrystallized) 

d. Annealed 400 hours 
(94f recrystallized) 

#21,434 Pol. Light 40OA //22,24V î oi. Light lOOOX 



TABLE V 

Effect of Annealing T r e a t m e n t upon Amount of Speckled-Appear ing A r e a s 

Annealing 
T rea tmen t 

T e m p e r ­
a ture 

rc) 
T i m e 

A s - r o l l e d 

320 1 

360 • 

400 -

^ 

200 h r 
400 h r 

15 h r 
92 h r 

200 h r 

2.5 m i n 
5 m i n 

15 m i n 
30 m i n 

15 h r 
92 h r 

H P - 1 S p e c i m e n s 

V o l u m e 
P e r c e n t 
R e c r y s ­
t a l l i z e d 

0 

30 

V o l u m e 
P e r c e n t 

S p e c k l e d 

15 

25 

H P - 2 S p e c i m e n s 

V o l u m e 
P e r c e n t 
R e c r y s ­
t a l l i z e d 

0 

72 
85 

91 
98 

49 
82 
85 
88 

100 

V o l u m e 
P e r c e n t 
S p e c k l e d 

36 

60 
70 

2 
0 

24 
17 
14 

4 .5 
2 

S h e e t N S p e c i m e n s 

V o l u m e 
P e r c e n t 
R e c r y s ­
t a l l i z e d 

0 

57 
65 

51 

99 

V o l u m e 
P e r c e n t 

S p e c k l e d 

20 

19 
11 

39 

0 

The c h a n g e s in a p p e a r a n c e of the fine g r a i n s a s a r e s u l t 
of v a r i o u s a n n e a l i n g t r e a t m e n t s a r e i l l u s t r a t e d in F i g u r e 15 . Af te r 
ZOO h o u r s a t 3Z0°C, the fine g r a i n s could be r e s o l v e d a t m a g n i f i c a t i o n s of 
lOOOX o r g r e a t e r ( F i g u r e 15a) . I n c r e a s e d t i m e a t t e m p e r a t u r e , o r a n ­
n e a l i n g for s h o r t e r t i m e s a t h i g h e r t e m p e r a t u r e s , y i e lded a s l i gh t ly l a r g e r 
g r a i n s i z e ( F i g u r e s 15b and 15c) . Only a s m a l l quant i ty of the fine g r a i n s 
w a s o b s e r v e d in a s p e c i m e n a n n e a l e d 15 h o u r s a t 400°C ( F i g u r e 15d); t h e s e 
w e r e e l i m i n a t e d by i n c r e a s i n g the a n n e a l i n g t i m e . 

In g e n e r a l , the v e r y fine g r a i n s w e r e f o r m e d and, for the 
m o s t p a r t , w e r e a b s o r b e d by the l a r g e r g r a i n s b e f o r e r e c r y s t a l l i z a t i o n 
took p l a c e in the l igh t ly d e f o r m e d zones C and D. Typ i ca l e x a m p l e s of 
t h e s e zones in s p e c i m e n s a n n e a l e d for r e l a t i v e l y long t i m e s a t low t e m ­
p e r a t u r e s and for s h o r t t i m e s a t h igh t e m p e r a t u r e a r e shown in F i g u r e 16. 
Zone D a r e a s r e c r y s t a l l i z e d to g r a i n s a s l a r g e a s , o r l a r g e r than, t h o s e 
c r e a t e d by a b s o r p t i o n of the v e r y fine g r a i n s ( F i g u r e s l 6 a and l 6 d ) . As 
t i m e a n d / o r t e m p e r a t u r e of a n n e a l i n g w a s i n c r e a s e d , the p r o p o r t i o n of 
r e c r y s t a l l i z a t i o n a l s o i n c r e a s e d . The zone C a r e a s g e n e r a l l y showed the 
s a m e b e h a v i o r ; h o w e v e r , p r i o r to t h e i r f inal r e c r y s t a l l i z a t i o n , they 
a p p e a r e d a s s u b g r a i n s ( F i g u r e s l 6 b and l 6 c ) . 
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Figure 15. The Change in Appearance of Very Fine Recrystallized 
Grains in HP Specimens. 

a. Annealed 200 hours at 320°C b. Annealed 400 hours at 320"'C 

-»«-
#22,020 Pol . Light lOOOX #22,01o Pol, Li.ght lOOOX 

c. Annealed 5 minutes at 400°C d. Annealed 15 hours at 40C°C 

#21,3^0 Pol. Light L200X ,#22,01V Pol. Light lUOOX 
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Figure IL. Recrystallization Behavior of Lightly Deformed Areas 
in HP Specimens. 

a. Annealed V2 hours at 3<̂ 0°C 
{lk% recrystallized) 

b. Annealed V2 hours at 3t O'C 
(74/ recrystallized) 

#21,323 Pol. Light 
l«-c—^1 

#21,317 Pol . Light 4OOX 

c. Annealed V2 hours at 3£0°C 
(74^ recrystallized) 

d. Annealed 5 minutes at 400"'C 
(b2̂ ' recrystallized) 

#21,320 Pol. Light 4C0X #21,378 Pol. Light lOOOX 



Because of the ex t reme heterogenei ty of deformation in 
these m a t e r i a l s , the final r ec rys ta l l i zed grain s ize was not uniform in a 
pa r t i cu la r specimen; however, data for average gra in s ize did yield some 
in te res t ing r e su l t s (Table VI). As would be expected, spec imens annealed 
for long t imes at low t e m p e r a t u r e s had r a the r smal l grain s izes and those 
annealed at high t empe ra tu r e gave l a r g e r g r a in s . It is in te res t ing to note 
that spec imens annealed at 360° and 400°C to comparable percen t r e c r y s t a l ­
l izat ion had approximate ly the same rec rys ta l l i zed grain s i ze . 

TABLE VI 

Average Grain Size, Volume Pe rcen t Recrys ta l l iza t ion and Change 
in Mean Expansion Coefficient for Selected HP-2 Specimens 

Annealing Trea tment 

T e m p e r a t u r e 
(°C) 

320 
360 
400 
400 
650 

Time 
(hours) 

200 
200 

1 
15 
48 

Average Grain 
Size (mm) 

0.0007 
0.0043 
0.0035 
0.0049 
2.5 

Volume P e r c e n t 
Recrys ta l l i zed 

72 
98 
91 
99 

100 

Change in Mean 
Expansion 
Coefficient 

( x l O p e r ° C ) 

0.43 
1.53 
3.81 
5.84 
6.89 

F igu re 17 i l l u s t r a t e s the behavior of a lightly deformed 
a r e a in a spec imen annealed for 15 hours at 380°C. The port ion outlined 
in F i g u r e 17a probably r e p r e s e n t s a single gra in p r io r to fabricat ion a t 
room t e m p e r a t u r e . Many r ec rys t a l l i zed gra ins a r e p r e sen t at the tips of 
the el l ipt ical ly shaped a r e a . The non - r ec rys t a l l i z ed port ion was divided 
into th ree p a r t s (labeled 1, 2 and 3 in F i g u r e s 17a and 17b) by bands of 
fine g r a in s . Area 1 was separa ted from a r e a 3 by a r a the r obvious band, 
one gra in wide. The boundary between a r e a s 1 and 2 was a lso a band of 
r e c ry s t a l l i z ed g ra ins , as shown in F igure 17b. Within a r e a s 1 and 3 faint 
l ines , labeled T, were pa ra l l e l to the common boundary; these appear to 
be twins . No twins can be seen pa ra l l e l to the boiindary between 1 and 2; 
however, it i s concluded that both of the boundary gra in bands were 
formed by the r ec rys t a l l i za t ion of twinned m a t e r i a l . The number of g ra ins 
was inc reased at the junction of the two boundar ies ; a l so , the r ec rys t a l l i zed 
m a t e r i a l surro\inding a r e a s 1, 2 and 3 a r r anged was geomet r ica l ly in a 
m a n n e r s i m i l a r to that between the boundary bands . It s e e m s likely, then, 
that the in te r sec t ing points of twins and the twins themse lves se rve as 
p re fe ren t i a l s i t es for r ec rys t a l l i za t ion . 

Another meta l lographic observa t ion per t inent to the annea l ­
ing of HP m a t e r i a l is i l lus t ra ted in F igu re 18, where typical s t r u c t u r e s of 
spec imens annealed for 48 hours at 650°C a r e shown. The macroe tched 



Figure 17. Recrystallization Behavior of a Lightly 
Deformed Area in a HP Specimen Annealed 15 Hours at 
380''C (Rolling direction horizontal - 83% recrystal­
lized). 

22itar̂ K"' 

#2C,bll Pol. Light 250X 

b. Metallographic stage rotated 67° from a. 

#20,815 400X 



Figure 18. Grain Coarsening in a HP-2 Specimen Annealed 200 Hours at 
320''C and Reanriealed 48 Hours at 650°C. 

a. Photograph of macroetched specimen 

Rolling 
direction 

Rolling plane 

#22,467 

Longitudinal plane 
Bright Field 4X 

b. Partially coarsened area in 
rolling plane. 

1. ^ 

#22,4^6 Pol. Light 

c. Uncoarsened area in rolling 
plane. 

#22,453 Pol. Light 5 OX 



d i l a t o m e t e r s p e c i m e n in F i g u r e 18a c l e a r l y i n d i c a t e s that i t h a s u n d e r g o n e 
p a r t i a l g r a i n c o a r s e n i n g . F i g u r e 18b and 18c show, r e s p e c t i v e l y , a 
p a r t i a l l y c o a r s e n e d a r e a and an u n c o a r s e n e d a r e a . 

4 . S t r u c t u r e s of s h e e t N s p e c i m e n s : As was i n d i c a t e d above , 
the s h e e t N m a t e r i a l y i e lded m e t a l l o g r a p h i c o b s e r v a t i o n s v e r y s i m i l a r to 
t hose for the H P s p e c i m e n s . The p r i m a r y d i f f e r e n c e s b e t w e e n the two 
t y p e s of m a t e r i a l s w e r e the r a t e s of the r e c r y s t a l l i z a t i o n p r o c e s s e s . 
T y p i c a l s t r u c t u r e s of s h e e t N s p e c i m e n s a r e shown in F i g u r e s 19 and 20. 

S t r u c t u r e s of zones B and C in the a s - r o l l e d condi t ion a r e 
i l l u s t r a t e d in F i g u r e 19. Shee t N con ta ined 45% by v o l u m e zone A, 20% 
zone B, 24% zone C, and 11% zone D in the a s - r o l l e d cond i t ion . The 
s i m i l a r i t y m b e h a v i o r of t h e s e zones m s h e e t N m a t e r i a l , upon a n n e a l i n g , 
to tha t o b s e r v e d for the H P s p e c i m e n s is i l l u s t r a t e d in F i g u r e 20 . P a r t i a l 
r e c r y s t a l l i z a t i o n to v e r y fine g r a i n s in zone A o c c u r r e d a f t e r a n n e a l i n g 
for 15 h o u r s a t 360°C ( F i g u r e 20a ) . Annea l ing for 200 h o u r s a t 360°C 
( F i g u r e 20b) c a u s e d n e a r l y c o m p l e t e r e c r y s t a l l i z a t i o n of the A and B z o n e s 
to v e r y fine r e c r y s t a l l i z e d g r a i n s , wi th s o m e of t h e s e be ing a b s o r b e d by 
l a r g e r g r a i n s . F i g u r e 20c shows s i m i l a r b e h a v i o r for a s p e c i m e n a n n e a l e d 
for 15 h o u r s a t 400°C. In th i s c a s e , the a b s o r b i n g g r a i n s a r e s o m e w h a t 
l a r g e r than t hose of F i g u r e 20b . F i n a l l y , F i g u r e 20d shows a D zone in a 
s p e c i m e n a n n e a l e d for 92 h o u r s a t 400°C. R e c r y s t a l l i z a t i o n h a s not been 
c o m p l e t e d , but i t h a s r e c o v e r e d suf f ic ient ly to y ie ld s u b g r a i n e d a r e a s . 

Figure 19- Microstructures of As-rolled Sheet N Specimen. 

a. B type zone b. C type zone 

#22,015 Pol. Light lOOOX #22,152 Pol. Light UOOX 
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Fi2iire 20. I-ticrostructures of Annealed Sheet N Specimens. 

a. Annealed 15 hours at 360°C 
(10% recrystallized) 

b. Annealed 200 hours at 360''C 
(ty recrystallized) 

#21,748 Pol. Light 400X #21,894 Pol. Light lOOOX 

c. Annealed 15 hours at 40C''C 
(84?< recrystallized) 

d. Annealed 92 hours at 400"C 
(99% recrystallized) 

#21,747 Pol. Light lOOOX #-ii, ̂ /+9 Pol. Light 400X 



IV. DISCUSSION 

A. Effect of Annealing upon P r e f e r r e d Orientat ion Changes 

As indicated previously, Cabane and Petite^/ concluded from 
the i r work that u ran ium sheet heavily rol led at room t e m p e r a t u r e can be 
r ec rys t a l l i zed in the t e m p e r a t u r e range from 320° to 420°C without change 
in p re fe r r ed or ienta t ion. Annealing at higher t e m p e r a t u r e s caused a 
second rec rys ta l l i za t ion and an accompanying change in p r e f e r r e d o r i en ­
tat ion. Since that t ime, Cabane and Blanchonl") have per formed expe r i ­
m e n t s , s imi la r to the or iginal ones, on F r e n c h u ran ium of cu r r en t puri ty 
and high-pur i ty u ran ium (HPX-16) furnished by ANL, but they failed to 
confirm the previous obse rva t ions . 

On the other hand, the p re sen t work, a l so performed on HPX-16 
m a t e r i a l , tended to confirm the or iginal observa t ions of Cabane and Pe t i t . 
The r e su l t s c lea r ly show that r ec rys ta l l i za t ion to an extent as high as 98% 
can be obtained by long- t ime anneals at 360°C with essent ia l ly no change in 
expansion coefficient; whereas , if the m a t e r i a l is annealed to comparable 
r ec rys t a l l i za t ion at 400°C, an apprec iable change in expansion coefficient 
may be observed . In addition, it has been demons t ra ted that anneals at high 
t e m p e r a t u r e s in the alpha phase a r e accompanied by a second change in 
expansion coefficient and that the re is meta l lographic evidence of gra in 
coarsen ing . The p resen t work suffers in that p re fe r r ed or ienta t ions were 
not de te rmined d i rec t ly ; r a t h e r , t he rma l expansion was used to give an 
ind i rec t m e a s u r e m e n t . Indeed, it was imposs ib le to obtain any m e a s u r e m e n t s 
of p r e f e r r e d or ienta t ion because of the l a rge grain s ize p r io r to final fab­
r ica t ion and, there fore , the inabili ty to obtain s ta t i s t ica l ly valid X - r a y data . 

The fai lure of Cabane and Blanchon to observe r ec rys t a l l i za t ion 
without change in p r e f e r r e d or ientat ion at the lower t e m p e r a t u r e s can be 
a t t r ibuted to the fact that thei r annealing t imes were re la t ive ly shor t (2 and 
24 hours ) . In the p re sen t work, t imes of 92 hours , or g r ea t e r , were r e ­
quired before apprec iab le r ec rys t a l l i za t ion was found at 360°C. C o r r e s ­
pondingly longer t imes were requ i red for annealing at lower t e m p e r a t u r e s , 
whereas only 15 hours was requi red at 400°C. 

The fac tors which control the r ec rys t a l l i za t ion at lower t e m ­
p e r a t u r e s of u ran ium heavily rol led at room t e m p e r a t u r e without a p r e ­
f e r r ed or ienta t ion change a r e not unders tood. The m i c r o s t r u c t u r a l 
fea tures do not c o r r e l a t e d i rec t ly with this phenomenon. Fo r example , it 
is not a ssoc ia ted with the p r e sence of ve ry fine r ec rys t a l l i z ed g r a i n s . 
Eighty-five pe rcen t r ec rys t a l l i za t ion can be obtained at 400°C with only 
a sma l l change in expansion coefficient (Table V). Appreciable amounts 
of ve ry f ine-gra ined m a t e r i a l were found in this condition. Upon fur ther 
r ec rys t a l l i za t ion the expansion coefficient i nc reased grea t ly and the 
m i c r o s t r u c t u r e s showed the amounts of ve ry fine gra ins to be dec rea s ing 



rapidly. On the other hand, the amount of ve ry f ine-grained ma te r i a l de ­
c r e a s e d to zero upon annealing for 200 hours at 360°C, and the expansion 
coefficient was essent ia l ly unchanged. In addition, the differences in p r e ­
fe r red or ientat ion of a lmost fully r ec rys t a l l i zed specimens annealed at 
360° and 400°C cannot be asc r ibed to differences in grain size as shown 
in Table VI. A specimen annealed for 15 hours at 400°C had an average 
grain d iamete r of 0.0049 mm and a change in mean expansion coefficient 
of 5.84 X 10" per °C, whereas annealing for 200 hours at 360°C to a com­
parable rec rys ta l l i za t ion yielded a s imi la r average grain d iamete r of 
0.0043 mm but only had change in expansion coefficient of 1.53 x 10 per 
°C. In addition, a specimen annealed for 1 hour at 400°C had a sma l l e r 
average gra in d iamete r than one annealed at 360°C but a l a r g e r change 
expansion coefficient. 

Retention of a s - r o l l e d p r e f e r r e d or ientat ion components upon 
" rec rys ta l l i za t ion" have been explained as subgrain growth by Semchyshen 
and Timmons(7) for molybdenum sheet and by Beck and Hu\8/ and Beck(9) 
for a luminum. As the subgrains p rog re s s ive ly i nc rease in s ize , the d i s ­
or ientat ion between neighbors becoines greater- and the m i c r o s t r u c t u r a l 
c h a r a c t e r i s t i c s approaches that expected for a m a t e r i a l undergoing p r i ­
m a r y rec rys ta l l i za t ion ; that i s , subgrain growth appears to t r ans fo rm 
gradual ly to o rd ina ry gra in growth with no p r e c i s e separa t ion of the 
p r o c e s s e s . The m i c r o s t r u c t u r a l observa t ions of the p resen t work do not 
agree with such an explanation for, in all c a s e s , the final s tages of r e c r y s ­
tal l izat ion were accompanied by discontinuous growth of g ra ins with 
or ienta t ions dis t inct ly different from those of the m a t e r i a l from which 
they grew. 

The differences in p r e f e r r e d or ienta t ions resul t ing from r e ­
c rys ta l l i za t ion at low and high t e m p e r a t u r e s in the p resen t work may be 
at t r ibuted to var ia t ions in p re fe ren t ia l gra in growth. Specimens annealed 
at 400°C appeared to have m o r e pre fe ren t ia l gra in growth than those 
annealed at 360°C in that the fo rmer showed m o r e a r e a s of low con t ras t . 
Additional support of this viewpoint l ies in the fact that a specimen annealed 
at 360°C to 98% rec rys ta l l i za t ion and reannealed at 400°C did not show a 
change in the mean expansion coefficient; whereas one annealed to 85% 
rec rys ta l l i za t ion at 320°C and reannealed at 400°C did have a change 
(Table IV). The fo rmer sample demons t r a t e s that the r e c r y s t a l l i z e d . s t r n c -
tu re and p r e f e r r e d or ienta t ion es tabl i shed at 360°C a r e fixed and cannot 
be changed by reanneal ing at 400°C. On the other hand, the l a t t e r spec i ­
men has 70% very fine r ec rys t a l l i z ed gra ins plus some unrec rys ta l l i zed 
m a t e r i a l . Reannealing at 400°C apparently permi t ted pre fe ren t ia l gra in 
growth in the very fine g ra ins and in the unrec rys ta l l i zed m a t e r i a l to 
es tabl ish a different p r e f e r r e d or ienta t ion. These behav iors , however, 
do not define the fac tors which control rec rys ta l l i za t ion without p r e f e r r e d 
or ientat ion change at the low t e m p e r a t u r e s . 



B. Effect of Annealing upon Mic ros t ruc tu r e 

The m i c r o s t r u c t u r e s of the sheets heavily rolled at room t e m ­
p e r a t u r e can be separa ted into the two main ca tegor ies : one of the heavily 
deformed a r e a s and a second of lightly deformed a r e a s . In genera l , the 
l a t t e r a r e a s constituted the minor fraction and showed evidence of r ecovery 
by polygonization, followed by normal rec rys ta l l i za t ion after long t imes at 
low t e m p e r a t u r e s or shor te r t ime in te rva ls at higher t e m p e r a t u r e s . 
Heavily deformed a r e a s were cha rac te r i zed by rec rys ta l l i za t ion , f i r s t , to 
ve ry fine g ra ins , followed by the formation of l a rge r gra ins •which appeared 
to be growing at the expense of the finer g r a in s . 

Zone B port ions of the deformed s t r u c t u r e s appeared s imi l a r to 
the "speckled" a r e a s observed by Cabane and Petit'-*-) and by Madsen.(^^/ 
Ea r ly rec rys ta l l i za t ion in these and zone A m a t e r i a l s yielded s t r u c t u r e s 
which had the same peppery, dot- l ike appea rance . Madsen repor ted tha<" 
the "speckled" a r e a s occupied between 12 to 25% of the a s - r o l l e d s t ruc tu re , 
while Cabane and Pet i t gave f igures ranging from 10 to 30%. These values 
agreed well with those found in the p resen t work (Table V). Cabane and 
Pet i t postulated that these a r e a s originated from gra ins or iented so as not 
to deform by twinningj but only by sl ip and kinking. Madsen, on the other 
hand, demons t ra ted that such a r e a s , in m a t e r i a l s reduced to 40% in th ick­
n e s s , a r o s e from gra ins where kink bands in te r sec ted twins at a ve ry 
oblique angle . 

Cabane and Pe t i t ' s observa t ions of the "speckled" a r e a s dur ing 
annealing can be summar i zed as follows. Heating for 40 hours at 320°C 
brought about coarsening; for this r eason they r e fe r r ed to the a r e a s as 
"polygonized c e l l s . " After 40 hours at 360°C some non-cont ras t ing c ry s t a l s 
rapidly "absorb the polygonized c e l l s " and this "discontinuous" growth was 
accompanied by considerable d e c r e a s e in m i c r o h a r d n e s s . The amount of 
non-cont ras t ing bands reached 80% by volume after annealing for 40 hours 
at 390°C. After annealing at 420°C, the propor t ion of non-cont ras t ing 
c r y s t a l s fell to 10%. The t e r m "non-cont ras t ing" is somewhat confusing 
because in the p re sen t work dis t inct con t ras t was observed at a l l t imes in 
the "speckled" a r e a s . Madsen observed that coarsen ing was not always 
apparen t in "speckled" a r e a s before new gra ins grew, and their propor t ion 
did not i n c r e a s e during r ec rys t a l l i za t ion . Since 400°C was the lowest 
annealing t e m p e r a t u r e , he could eas i ly have mi s sed the ea r ly s tages where 
Cabane and Pet i t and the p resen t au thors observed the amount of this m a ­
t e r i a l to i n c r e a s e . 

The "speckled" a r e a s were followed carefully throughout this 
invest igat ion; the i r quanti t ies found in the a s - r o l l e d m a t e r i a l and va r ious 
annealed spec imen a r e tabulated in Table V. As was indicated above, the 
"speckled" m a t e r i a l of annealed spec imens in the p re sen t work have a s 
the i r or igin zones A and B deformed m a t e r i a l s , which consti tuted the 



major port ion of the a s - ro l l ed s t r u c t u r e s . Upon annealing, the c rys ta l l i t e s 
in zone B a r e a s inc reased gradually in cont ras t and s ize until they attained 
sufficient magnitude to be resolved at magnifications of lOOOX to ISOOX, 
where they a r e considered as very fine r ec rys ta l l i zed g r a in s . In zone A 
a r e a s the fine gra ins developed in na r row rows separa t ing deformed m a ­
t e r i a l . The la t t e r accounts for the inc reased quantit ies of "speckled" 
m a t e r i a l found in specimens annealed at low t empe ra tu r e over that ob­
served in the a s - r o l l e d condition. 

It may well be that the "speckled" a r e a s in annealed samples 
a r e the resu l t of polygonization and subgrain growth, as is considered to 
be the case by Cabane and Pe t i t . Such an explanation appears to apply to 
the ve ry fine gra ins found in r ec rys t a l l i zed zone B a r e a s ; however, it i s 
difficult to unders tand why they have as much cont ras t as they do. On the 
other hand, Madsen ' s proposal that the "speckled" a r e a s a r i s e from very 
oblique twin and kink band in te rsec t ions appears to be m o r e plausible . It 
is known that such heavily s t ra ined port ions a r e p re fe ren t ia l s i tes for 
r ec rys t a l l i za t ion . In the p resen t work the zone B a r e a s were the f i r s t to 
r e c r y s t a l l i z e , with zone A following short ly the reaf te r . In the la t te r case , 
the f i r s t ve ry fine gra ins formed were found in bands separa t ing deformed 
m a t e r i a l . As the annealing p r o g r e s s e d the quantity of fine gra ins inc reased 
and the amount of deformed m a t e r i a l d e c r e a s e d . The ve ry fine gra ins thus 
formed showed r a the r high cont ras t , as did the fine gra ins formed in zone B 
a r e a s . Both of these s t r u c t u r e s showed as much con t ras t as did the l a r g e r 
gra ins which ul t imately absorbed them. Such dist inct con t ras t s would not 
be expected if the s t r uc tu r e s were formed by p r o c e s s e s of polygonization 
and subgrain growth. In any event, the p r o c e s s e s which form the annealed 
"speckled" a r e a s a r e not impor tan t in fully r ec rys t a l l i zed m a t e r i a l , be ­
cause the final gra ins in these a r e a s were formed by discontinuous growth 
of somewhat l a rge r gra ins at the expense of the ve ry fine r ec rys ta l l i zed g r a in s . 

V. CONCLUSIONS 

The p re sen t work indicates that th ree r ec rys t a l l i z ed p re f e r r ed 
or ienta t ions can be obtained for h igh-pur i ty u ran ium sheet heavily rolled 
at room t e m p e r a t u r e , depending upon the annealing condit ions. One r e ­
c rys ta l l i zed p re f e r r ed or ientat ion, which was essent ia l ly the same as that 
of the a s - r o l l e d m a t e r i a l , resu l ted from annealing for long t imes at 360°C 
or lower t e m p e r a t u r e s . A second p re f e r r ed or ienta t ion was c rea ted by 
annealing for modera te per iods of t ime at t e m p e r a t u r e s between 400° and 
600°C. A third p r e f e r r e d or ienta t ion accompanied grain coarsening at 650°C. 

The a s - r o l l e d m i c r o s t r u c t u r e s observed in the p re sen t work were 
ex t remely heterogeneous and consis ted of four genera l types . Zone A had 
a complex appearance consis t ing of ve ry heavily deformed, na r row bands . 



Zone B, a lso heavily deformed, had a "speckled" appearance . Zone C was 
only lightly deformed and consisted of nar row, bent bands with some evi ­
dence of kinking. Finally, zone D showed lit t le deformed s t r u c t u r e . The 
f i r s t two zones occupied the major port ions of the s t r u c t u r e s . 

Upon annealing, the heavily deformed a r e a s f i r s t formed ve ry fine 
r ec rys t a l l i zed g ra ins , which in the la t te r s tages of r ec rys ta l l i za t ion were 
absorbed by discontinuous growth of somewhat l a rge r g r a in s . Annealing 
of the lightly deformed a r e a s was cha rac te r i zed by subgrain formation, 
followed by no rma l r ec rys ta l l i za t ion . In general , these a r e a s did not r e -
c rys ta l l i ze until the p r o c e s s e s in zones A and B were near ing complet ion. 

The two fabricat ions of high-pur i ty u ran ium from the same ingot 
showed some differences in behavior . The rec rys ta l l i za t ion r a t e s of the 
sample rolled with the 9 in. d i ame te r mi l l were significantly higher than 
those of the sample rol led on the 17 in. d i ame te r mil l , but the c h a r a c t e r ­
i s t i c s of their m i c r o s t r u c t u r e s and expansion coefficients were about the 
s a m e . 

The F r e n c h sheet N spec imens gave meta l lographic r e su l t s and 
expansion coefficients s imi l a r to those observed for the h igh-pur i ty u r a ­
nium; however, complete r ec rys ta l l i za t ion at higher t e m p e r a t u r e s did not 
r e su l t in as l a rge a change of mean expansion coefficient as was observed 
for h igh-pur i ty u ran ium. 

VI. FUTURE WORK 

The la rge gra in size p r io r to final fabricat ion of the spec imens 
employed in the p re sen t work prohibited quantitative m e a s u r e m e n t s of 
p r e f e r r e d or ientat ion by techniques such as those employed by Muel ler , 
Knott and Beck.(•'••'•) Thus, p r e c i s e m e a s u r e m e n t s of p r e f e r r ed or ienta t ion 
were not made and d i la tomet ry was r e so r t ed to as a quali tat ive m e a s u r e 
of change in p r e f e r r e d or ienta t ion. Fo r a quantitat ive de te rmina t ion of 
the p r e f e r r e d or ienta t ion a s ta r t ing m a t e r i a l of re la t ively smal l uniform 
gra in s ize is needed. Fisher!-'-^) has demons t ra t ed that such s t r u c t u r e s 
can be obtained by a s t ep- reduc t ion and annealing p rocedu re . A future 
study is to be c a r r i e d out on m a t e r i a l t r ea ted in this manner p r io r to the 
80% reduction at room t e m p e r a t u r e . Complete m e a s u r e m e n t s of the 
c h a r a c t e r i s t i c s of t h e r m a l expansion and p r e f e r r e d or ienta t ions will be 
coupled with detai led meta l lographic obse rva t ions . 
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