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E F F E C T S O F R O L L I N G AND H E A T T R E A T M E N T ON 
ANISOTROPIC IRRADIATION GROWTH OF URANIUM 

by 

J . H. K i t t e l 

A B S T R A C T 

An i n v e s t i g a t i o n w a s m a d e to d e t e r m i n e the effect of 
r o l l i n g t e m p e r a t u r e , r o l l p a s s d e s i g n , a m o u n t of r e d u c t i o n , 
and h e a t t r e a t m e n t b e f o r e and a f t e r r o l l i ng on the a n i s o t r o p i c 
g r o w t h r a t e of u r a n i u m u n d e r i r r a d i a t i o n . The g r o w t h r a t e 
w a s found to i n c r e a s e wi th d e c r e a s i n g ro l l i ng t e m p e r a t u r e 
and wi th i n c r e a s i n g r e d u c t i o n of a r e a a t 300°C. The r a t e of 
e longa t i on w a s p r o p o r t i o n a l to the a m o u n t of (OIO) c o m p o n e n t 
p r e s e n t o r , w h e r e s h o r t e n i n g o c c u r r e d , to the a m o u n t of (lOO) 
c o m p o n e n t . O v a l - e d g e - o v a l r o l l p a s s e s r e s u l t e d in s o m e w h a t 
h i g h e r i r r a d i a t i o n g r o w t h r a t e s t han did round ro l l p a s s e s . 
R e c r y s t a l l i z a t i o n a f t e r r o l l i n g e f fec t ive ly r e d u c e d the i r r a d i ­
a t ion g r o w t h r a t e of u r a n i u m r o l l e d a t t e n n p e r a t u r e s of 500°C 
and l o w e r . I r r a d i a t i o n c a u s e d l e n g t h s h o r t e n i n g in u r a n i u m 
wh ich w a s b e t a q u e n c h e d a f t e r be ing r o u n d - r o l l e d a t t e m p e r ­
a t u r e s of 400°C and above , and which w a s be ta quenched a f t e r 
be ing o v a l - r o l l e d at t e m p e r a t u r e s of 300°C and a b o v e . 

INTRODUCTION 

P o l y c r y s t a l l i n e a lpha u r a n i u m b e c o m e s h ighly t e x t u r e d when f a b r i ­
c a t e d by p r o c e s s e s wh ich depend upon d e f o r m a t i o n . T h e r e f o r e , u r a n i u m 
r o d s f a b r i c a t e d by r o l l i n g , d r a w i n g , swag ing , o r e x t r u s i o n show c h a r a c t e r ­
i s t i c p r e f e r r e d g r a i n o r i e n t a t i o n s wh ich m a y depend upon r o l l p a s s d e s i g n , 
the d e g r e e of r e d u c t i o n , f a b r i c a t i o n t e m p e r a t u r e , m e t a l pu r i t y , and p r i o r 
m e t a l l u r g i c a l h i s t o r y . ! 1 •"') Alpha u r a n i u m a l s o h a s an o r t h o r h o m b i c c r y s ­
t a l s t r u c t u r e and e x h i b i t s h ighly a n i s o t r o p i c p h y s i c a l and m e c h a n i c a l p r o p ­
e r t i e s . T h e r e f o r e , u n u s u a l l y l a r g e a n i s o t r o p i c ef fects can o c c u r in po ly­
c r y s t a l l i n e a lpha u r a n i u m when the e f fec t s of p r e f e r r e d g r a i n o r i e n t a t i o n s 
a r e added to the a n i s o t r o p i c p r o p e r t i e s of the a lpha u r a n i u m l a t t i c e i t se l f . 

E a r l y e x p e r i m e n t s had shown tha t the d i m e n s i o n a l c h a n g e s which 
o c c u r in s p e c i m e n s of a lpha u r a n i u m u n d e r t h e r m a l cyc l ing a r e s t r o n g l y 
d e p e n d e n t upon the a m o u n t and type of p r e f e r r e d o r i e n t a t i o n which m a y be 
p re sen t .1 °^ It w a s s u r m i s e d t h a t the d i m e n s i o n a l s t ab i l i t y of u r a n i u m u n d e r 
i r r a d i a t i o n would a l s o d e p e n d upon the g r a i n o r i e n t a t i o n , and e x p e r i m e n t s 
p e r f o r m e d in 1950 c o n f i r m e d t h i s expec ta t ion . (9 ) I n v e s t i g a t i o n s of a m o r e 
e x t e n s i v e n a t u r e have s i n c e b e e n p e r f o r m e d a t A r g o n n e Na t iona l L a b o r a t o r y 
and a t o t h e r s i t e s . T h e s e s t u d i e s have shown q u a n t i t a t i v e l y the r e l a t i o n s h i p s 



existing bet-ween anisot ropic i r rad ia t ion growth ra te and fabrication 
procedures!"*'•'•^'•'•-'•^ and p r e f e r r e d grain orientation.!•'•^"•'•'*•' 

Other invest igations have been concerned with the behavior of 
single c rys t a l s of alpha uran ium under irradiation.!-I-5» •'•") These studies 
showed that elongation occurs in the [010] direct ion, shrinkage occurs in 
the [lOO] direct ion, and no change occurs in the [001] d i rec t ion. On the 
bas is of these r e su l t s , the ra te of elongation of polycrystal l ine uranium 
rods under i r rad ia t ion could be expected to depend p r imar i l y upon the 
amount of (010) component in the axial d i rec t ion . For rol led rods the 
amount of (010) component in the rolling direct ion is dependent upon ro l l ­
ing t empera tu re , the amount of reduction, rol l pass design, and heat t r e a t ­
ment before and after rol l ing. 

The presen t r epor t de sc r ibes an investigation which was made to 
de te rmine d i rec t ly the influence of these factors on anisotropic i r r a d i a ­
tion growth in polycrystal l ine u ran ium. The specimens used in the inves ­
tigation were made from m a t e r i a l s having well documented composit ions 
and fabricat ion h i s t o r i e s . Considerable use was made of surplus specimen 
m a t e r i a l s from two previous invest igations concerned with the influence 
of rolling and heat t r ea tmen t on mechanical properties!! '^) and p re fe r r ed 
orientation!*^) in u ran ium. A total of 256 specimens was i r r ad ia t ed in the 
MTR and examined during the period 1954-1958. Som.e of the p re l imina ry 
resu l t s have been previously published.,!!°) 

SPECIMEN MATERIALS AND EXPERIMENTAL PROCEDURE 

All spec imens used in this investigation were made of na tura l reac tor 
grade u ran ium. The rods from which the specimens were machined may be 
conveniently divided into nine groups depending upon their fabrication h i s ­
to r i e s : 

Group 1 - Round-Rolled 
Group 2 - Oval-Rolled 
Group 3 - Round-Rolled and Recrys ta l l i zed 
Group 4 - Oval-Rolled and Recrys ta l l i zed 
Group 5 - Round-Rolled and Beta Quenched 
Group 6 - Oval-Rolled and Beta Quenched 
Group 7 - Round-Rolled at 600°C with Subsequent Reductions at 300°C 
Group 8 - Round-Rolled at 600°C and Beta Quenched with Subsequent 

Reductions at 300°C 
Group 9 - Round-Rolled at 300°C with and without In termedia te 

Annealing During Rolling. 

Reference 19 desc r ibes in detail the fabrication of the rods used for 
specimens in Groups 1 through 6. The fabricat ion h is tory may be summa­
rized as follows: 



The rolling bil lets were vacuum-mel ted cast ings 3" square by 
20" long. The cast ings were rol led at 600°C into 1.5" d iameter rods, after 
which they were water quenched. They were then beta heat t rea ted by hold­
ing at 725°C for 20 minutes and water quenching. Finish rolling was p e r -
fori-ned in ei ther round or oval -edge-oval passes with a total reduction in 
each case of approximately 75 per cent. The roll pass designs and dimen­
sions a re shown in F igures 1 and 2. Each rod was preheated 15 minutes in 
the heating medium (oil or sal t baths depending upon tempera ture) and then 
rolled one direct ion only, with in te rmedia te soaking for 3 minutes after each 
p a s s . The rolling t e m p e r a t u r e s as stated in the present repor t a re in real i ty 
those of the prehea t ba ths . Measu remen t s of actual rod t empera tu re s dur ­
ing rolling, although of doubtful accuracy , indicated that at the higher rolling 
t e m p e r a t u r e s the rod t e m p e r a t u r e s were lower than the preheat bath t e m ­
p e r a t u r e s . The fabrication of the 300°C rolled ma te r i a l in Group 5 was done 
s imi l a r ly and is descr ibed in detai l in Reference 19. 

The annealing heat t r ea tmen t s used to rec rys ta l l i ze the m a t e r i a l s 
in Groups 3 and 4 a r e also descr ibed in a separa te r epor t . ^^ ' ' Most of the 
rods were annealed for 2 hours at selected t empera tu res between 575° and 
630°C. The purpose of the annealing t rea tments was to produce the same 
final grain size in each rod r e g a r d l e s s of rolling t e m p e r a t u r e . This was 
successful in those rods rol led below 640°C. In these rods the grain size 
ranged from 0,025 to 0.035 m m d iamete r , whereas the 640°C rolled m a t e ­
r ia l had a grain size of 0,065 m m . 

The beta quenching heat t r ea tmen t used in Groups 5 and 6 was done 
as a pa r t of the p resen t invest igat ion. The specimens were heated in an 
argon-fi l led tube to 725°C, held for 15 minutes , and quenched di rect ly from 
the tube into wa te r . 

The fabricat ion of the rods used in Groups 7 and 8 is descr ibed in 
detai l in Reference 2. The fabricat ion his tory may be summar ized as 
follows: 

A 3 " square cast bil let was rol led at 600°C to a 2 " squa re . It was 
then beta quenched and rolled at 600''C to a 1 " d iameter round. P a r t of 
this round rod was then given subsequent reductions by rolling at 300°C; 
this m a t e r i a l was used in Group 7. An additional par t of the round rod was 
beta quenched and annealed for two hours at 550°C before being given sub­
sequent reductions at 300°C; this m a t e r i a l was used in Group 8. 

The m a t e r i a l used for the Group 9 specimens was made available 
f rom an investigation on the prepara t ion of single c rys ta l s of alpha 
uranium.I'^^i Rods with two different fabrication h is tor ies were used. 
One rod was reduced 75 per cent in a r e a by rolling at 300°C. The other 
rod was also reduced by roll ing at 300°C, but was rec rys ta l l i zed by anneal­
ing at t e m p e r a t u r e s from. 525° to 600°C between each pass in o rde r to r e ­
duce banding and to obtain a m o r e uniform grain s i ze . The las t reduction 
in a r e a at 300°C was 47.5 per cent . 
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Since the p roper ty of g rea tes t in te res t was the dimensional stabili ty 
of the specimens under i r rad ia t ion , they were i r rad ia ted under conditions 

where they were free of physical r e s t ra in t . This 
was accomplished by using loosely fitting alunai-

Monitor Location num or zirconium capsules containing NaK for 
heat t r ans fe r . A typical capsule is shown in 
F igure 3. • NaK Level 

Specimen 

106-1760 

Figure 3 

Assembled Irradiation Capsule 
(1/2" Diameter). 

Each capsule contained an aluminum-
0.5 w/o cobalt alloy flux monitor . The activation 
of the monitor provided data for calculations of 
fuel burnups and i r rad ia t ion t e m p e r a t u r e s . Ap­
propr ia te cor rec t ions were made for such factors 
as resonance activation in the cobalt and for plu-
tonium production and fission in the fuel spec imens . 
Indicated burnup values from the flux moni tors 
were checked regular ly against actual burnup 
determinat ions by radiochemical analyses of 
Qgi37^ The i r rad ia t ion technique had been devel­
oped ea r l i e r for MTR conditions and has been 
descr ibed previously. I•'̂ ") 

Where the condition of the specimen permi t ted , dimensional m e a s ­
u remen t s on i r rad ia ted specimens were made by m i c r o m e t e r s . Dimensional 
determinat ions on dis tor ted specimens were made by measur ing photographs 
containing a length s tandard along with the specimen. Hardness m e a s u r e ­
ments were made on the Rock-well A sca le . Many of the specimens were 
too dis tor ted after i r radia t ion for meaningful ha rdness measu remen t s on 
the original outer surface. 

RESULTS AND DISCUSSION 

The i r rad ia t ion conditions and changes observed in each specimen 
a re shown in Tables I through IX. The nine tables of data co r re l a t e r e ­
spectively with the nine groups of specimen ma te r i a l s descr ibed in the 
previous section. The tables show for each specimen a growth coefficient, 
Gj. Derivation of this coefficient, which is the average ra te of i r rad ia t ion 
growth, has been descr ibed previously. *>' ' For small elongations 

Gi « 
^ % Length Change 

a /o Burnup 

Burnups in the specimens ranged from 0.0020 to 0.76 a /o . Maxi­
mum (center of fuel) i r rad ia t ion t e m p e r a t u r e s ranged from 50° to 460°C. 
Most of the specimens i r r ad ia ted above 400°C were swollen and could not 
be removed from their i r radia t ion capsu les . 



Table I 

EFFECT OF IRRADIATION ON ROUND-ROLLED SPECIIWENS 

Spec. 
No. 

BE-1-3 
BE-2-3 
BE-14-1 
BE-B-1 
BE-3-3 
BE-4-3 
BE-15-1 

i BE-16-1 
\ AA-127 

AA-128 
AA-129 
AA-130 

BE-5-2 
BE-6-2 
BE-13-3 
BE-14-3 
BE-7-2 
BE-8-2 
BE-15-3 
AA-131 
BE-16-3 
AA-132 
AA-134 
AA-133 

• BE-9-3 
i BE-10-3 
i BE-21-1 

BE-22-1 
BE-11-3 
BE-23-1 
BE-12-3 
BE-24-1 
AA-135 
AA-136 
AA-137 
AA-138 

'< BE-25-2 
: BE-26-2 
1 BE-27-2 

BE-28-2 
AA-163 
AA-164 
AA-165 
AA-166 

BE-33-1 
BE-34-1 
BE-35-1 
BE-31-3 
BE-36-1 
BE-32~3 
AA-139 
A A-141 
AA-142 

Original 
Rod No. 

34D-695-6 
34D-695-6 
34D-695-6 
340-695-6 
340-695-6 
340-695-6 
34 D-695-6 
34D-695-6 
34D-695-6 
340-695-6 
340-695-6 
340-695-6 

340-708-5 
340-708-5 
340-708-5 
340-708-5 
34D-708-5 
34D-708-5 
34D-708-5 
340-708-5 
340-708-5 
34D-708-5 
34D-708-5 
34D-708-5 

340-706-7 
34D-706-7 
34D-706-7 
34 D-706-7 
34D-706-7 
340-706-7 
340-706-7 
340-706-7 
340-706-7 
340-706-7 
340-706-7 
340-706-7 

34 D-706-1 
340-706-1 
340-706-1 
340-706-1 
340-706-1 
340-706-1 
34D-706-1 
340-706-1 

34D-695-3 
340-695-3 
34 D-695-3 
34D-695-3 
34D-695-3 
34D-695-3 
340-695-3 
340-695-3 
340-695-3 

Rolling 
Temp., 

OC 

300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
4O0 
400 
400 
400 
400 
400 
400 
400 

500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

600 
600 
600 
600 
600 
600 
600 
600 

640 
640 
640 
640 
640 
640 
640 
640 
640 

Burnup, 
a/o 

0.0021 
0.0022 
0.0038 
0.0040 
0.011 
0.015 
0.023 
0.035 
0.083 
0.18 
0.27 
0.37 

0.0027 
0.0028 
0.0038 
0.0039 
0.017 
0.022 
0.023 
0.032 
0.035 
0.10 
0.13 
0.14 

0.0027 
0.0031 
0.0050 
0.0051 
0.015 
0.025 
0.029 
0.041 
0.048 
0.17 
0.28 
0.39 

0.0041 
0.0047 
0.018 
0.040 
0.056 
0.18 
0.27 
0.57 

0.0051 
0.0057 
0.021 
0.027 
0.041 
0.042 
0.076 
0.21 
0.40 

Irrad. Temp., oc 

Surface 

45 
45 
50 
50 
70 
85 

100 
150 
65 

100 
140 
190 

50 
50 
50 
50 
90 

no 
100 
100 
150 

no 
70 

100 

50 
50 
55 
55 
W 

110 
130 
170 

Center 

50 
50 
60 
60 
90 

120 
150 
220 
85 

150 
230 
320 

55 
55 
60 
60 

120 
160 
140 
150 
220 
170 
100 
150 

55 
55 
65 
65 

110 
160 
190 
250 

130 ! 200 
140 
140 
140 

230 
230 
230 

1 

50 
55 
90 

160 
130 
160 
150 
180 

55 
55 

100 
100 
170 
170 
180 
180 
190 

60 
65 

120 
250 
230 
250 
240 
290 

65 
70 

140 
160 
250 
260 
290 
290 
320 

1 1 

Length G| 
J rhanna ' m i f r r un ?in 

w . i u i . y v , 

% 
1.6 
1.7 

ppm burnup 

760 
770 

3.4 880 
3.3 • 810 

• 9.1 790 
13.1 
19.3 
34.4 
(al 
(al 
(a) 
(a) 

j 820 
770 
840 

-
-
-
-

Average G, Value = 805 

1.6 590 
1.4 500 
1.9 ' 500 
2.4 
9.2 

14.1 
12.0 
16.4 

610 
520 
600 
490 
480 

22.8 590 
(a) 
(ai 
(a) 

Average Gj Value = 540 

0.41 
0.65 
0.93 
0.95 
2.8 
5.1 
6.5 
9.2 

13.3 
81.3 
(CI 
(c) 

150 
210 
190 
190 
180 
200 
220 
210 
260 
350 

-

Average G, Value = 215 

-0.040 
-0.067 
0.053 
0.013 
0.23 
2.8 
6.0 
(c) 

-10 
-14 

2.9 
0.3 
4.1 

15 
22 

-

Average Gj Value = 2.9 

-0.093 
-0.21 
-0.69 
- L I 
-0.94 
-1.0 
-1.6 

-12.4 
-6.7 

-18 
-37 
-33 
-41 
-23 
-24 
-21 
-61 
-17 

Average G| Value - -31 

Diameter 
Change. 

% 
-0.56 
-0.84 
-1.5 
-0.80 
-4.1 
-5.8 
-8.1 

-12.8 
-25 
-30 

(a! 
(al 

-0.44 
-0.88 
-0.84 
-1.4 
-3.9 
-5.9 
-4.9 
-6.3 
-8.3 

-25 
-28 
-27 

-0.28 
-0.12 
-0.68 
-0.36 
-1.4 
-2.4 
-2.4 
-3.2 
-6.4 

-28 
(c) 
(c) 

-0.16 
-1.2 
-0.16 
0.64 
0.60 
3.2 
0.7 
(c) 

-0.08 
-0.28 
0.60 
0.20 
1.8 
1.5 
2.7 

13.5 
9.0 

Weight 
Change, 

mg. 

1.9 
0.8 
1.3 

-4.3 
1.6 
2.1 
1.0 

-1.6 
1.5 
(b) 
(b) 
(bl 

2.3 
2.2 
1.1 
1.1 
1.5 
1.8 
1.0 
0.6 
1.3 
8.2 
1.5 

-460.7 

1.9 
2.8 
1.7 
1.8 
1.2 
1.8 
1.9 
1.6 
0 
1.5 
(c) 
(c) 

1.0 
0.9 
1.5 
1.2 

-2.2 
1.5 
3.4 
(c) 

1.0 
-0.1 
0.9 
1.2 
0.1 
1.9 
0.4 
0.6 
0.7 

Hardness 
Change, 

RA 

1.9 
LO 

-0.8 
0 
2.3 
3.3 
4.0 
L I 
(a) 
(a) 
(a) 
(a) 

1.9 
2.0 
2.9 
1.0 
3.1 
3.5 
3.0 
2.9 
3.8 
(al 
(al 
(al 

0.3 
2,9 
3.8 
5.3 ; 
6.3 
6.7 
5.7 
4.7 
7.3 
(al 
(ci 
(CI 

5.6 
5.8 
7.6 
7.5 
6.9 

16.0 
15.5 

(CI 

8.3 
0.7 
7.7 
7.5 
7.7 
8.2 
7.8 
(al 
(a) 

(al Specimen too distorted for measurement. (WlWeasurement not obtained. (ci Specimen could not be removed from irradiation 
capsule for measurement. 



Table H 

EFFECT OF IRRADIATION ON OVAL-ROLLED SPECIMENS 

Spec. 
Ko. 

i BE-2-1 
BE-1-1 
BE-13-2 
BE-14-2 
BE-3-1 

1 BE-4-1 
1 BE-15-2 

AA-167 
BE-16-2 
AA-168 
AA-169 

1 AA-170 

1 BE-5-1 
1 BE-6-1 
1 BE-17-2 

BE-18-2 
1 AA-171 

EE-7-1 
j BE-19-2 
1 BE-8-1 

AA-172 
BE-20-2 
AA-173 
AA-174 

i BE-9-1 
1 BE-10-1 
i BE-17-1 
\ BE-18-1 
! AA-175 

BE-11-1 
BE-19-1 
BE-12-1 
AA-176 
BE-20-1 
AA-177 
AA-178 

BE-25-1 
^ BE-26-1 
i BE 22-2 

BE-21-2 
BE-27-1 
BE-23-2 
BE-28-1 
BE-24-2 
AA-179 
AA-180 
AA-182 

BE-21-3 
BE-22-3 
BE-29-1 
BE-30-1 
BE-31-3 
BE-23-3 
Bt-24-3 
BE-32-1 
AA-183 
AA-i84 
AA-185 
AA-186 

Original 
Rod No. 

44 D-681-5 
44D-681-5 
44D-681-5 
44D-681-5 
44 D-681-5 
440-681-5 
440-681-5 
440-681-5 
44D-681-5 
44D-681-5 
440-681-5 
440-681-5 

440-680-3 
440-680-3 
440-680-3 
440-680-3 
44 D-680-3 
410-680-3 
44D-680-3 
44D-680-3 
44D-680-3 
44D-680-3 
440-680-3 

44D-680-5 
440-680-5 
440-680-5 
440-680-5 
440-680-5 
44D-6S0-5 
440-680-5 
440-680-5 
440-680-5 
440-680-5 
440-680-5 
440-680-5 

440-677-4 
440-677-4 
440-677-4 
44D-677-4 
44D-677-4 
44 D-677-4 
44D-677-4 
44D-677-4 
44D-677-4 
440-677-4 
440-677-4 

440-677-7 
44D-677-7 
44D-677-7 
44D-677-7 
440-677-7 
44D-577-7 
44D-677-7 
44D-677-7 
440-677-7 
44D-677-7 
44D-677-7 
44D-677-7 

Rolling 
Temp., 

"C 

300 
300 
3M) 
300 
300 
300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
400 
400 
400 
400 
400 
400 
400 
400 

500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 

640 
640 
640 
640 
640 
640 
640 
640 
640 
640 
640 
640 

Burnup, 
a'o 

0.0020 
0.0020 
0.0035 
0.0039 
0.011 
0.014 
0.023 
0.031 
0.035 
0.090 
0.16 
0.16 

0.0027 
0.0029 
0.0O37 
0.0039 
0.0097 
0.017 
0.017 
0.023 
0.028 
0.039 
0.044 
0.16 

0.0027 
0.0029 
0.0036 
0.0041 
0.012 
0.015 
0.017 
0.029 
0.035 
0.040 
0.061 
0.14 

0.0040 
0.0048 
0.0050 
0.0052 
0.018 
0.025 
0.041 
0.041 
0.057 
0.15 
0.30 

0.0050 
0.0054 
0.0058 
0.0062 
0.027 
0.027 
0.040 
0.043 
0.085 
0.35 
0.37 
0.76 

^ Irrad. Temp., "C 

Surface 

45 
45 
50 

1 50 

1 70 
85 

I 100 

1 lOO 
i 150 

1 lOO 
100 
80 

50 
50 
50 
50 
55 
85 
90 

110 
55 

160 
55 
80 

50 
50 
50 
50 
60 
80 
90 

130 
60 

160 
60 
75 

50 
55 
55 
55 
90 

110 
170 
170 
140 
140 
160 

55 
55 
55 
60 

110 
110 
160 
170 
200 
260 
230 
240 

1 Center 

| ,=_=, 
50 
60 
60 
90 

; 120 
140 
150 
220 
150 
160 
120 

55 
55 
60 
60 

! 70 
120 
120 
160 
70 

240 
70 

120 

55 
55 
60 
60 
80 

110 
120 
190 
80 

240 
80 

110 

60 
65 
65 
65 

130 
160 
250 
250 
230 
230 
250 

65 
65 
70 
70 

160 
160 
240 
260 
330 
430 
380 
410 1 

Length 
Change, 

% 
1.9 
1.8 
3.2 

1 2.6 
! 9.7 

14.0 
17.3 
28.6 
29.7 
(a) 
(d 
(c) 

Gi 
microin./in. 
ppmburnup 

940 
890 
900 
660 
840 
940 
690 
810 
740 

-
-
-

Average G\ Value = 825 

1.9 650 
2.2 , 590 
2.5 
6.2 

10.8 
11.1 
15.8 
15.4 
22.4 
28.1 
(al 

630 
620 
600 
620 
640 
510 
520 
560 

Average Gj Value = 595 

0.63 
0.96 
1.1 
1.4 
4.1 
4.1 
5.4 

11.1 
10.5 
16.4 
18.9 
72 

230 
330 
300 
340 
330 
270 
310 
360 
290 
380 
280 
390 

Average G| Value = 320 

0.39 
0.55 
0.43 
0.44 
1.7 
2.4 
4.6 
4.1 
4.8 

21.7 
46.1 

97 

no 
86 
85 
94 
95 

110 
98 
82 

120 
130 

Average Gi Value » 100 

0.093 
0.25 
0.16 
0.20 
1.00 
0.67 
0.55 
1.96 
3.01 

55.5 
(cl 
(c) 

19 
46 
28 
32 
37 
25 
14 
45 
35 ! 

130 j 

-
-

Average G, Value = 3 1 ' * 

Diameter 
Changs, 

% 
-0.16 
-0.80 
-1.5 
-0.76 
-4.2 
-5.7 
-6.9 
-9.4 
-8.4 
(a) 
!c) 
(c) 

-1.2 
-1.0 
-1.2 
-2.4 
-4.2 
-5.6 
-6.8 
-5.5 
-5.5 

-10.2 
(a) 

-0.76 
0.48 

-0.84 
-0.92 
-1.9 
-2.0 
-1.5 
-4.8 
-4.8 
-6.7 
-7.6 

-26 

-0.32 
-0.52 
-0.20 
-0.44 
-0.88 
-1.2 
-1.7 
-1.6 
-2.0 
-7.3 

-18.1 

-0.16 
-0.16 
-0.04 
-0.28 
-0.52 
-0.08 
-0.20 
-0.68 
0.39 
5.5 
(c) 
(cl 

Weight 
Change, 

mg. 

0.9 
1.3 
1.5 
L2 
(W 
1.4 
L3 

-0.8 
L2 

21.5 
(c) 
(c) 

1.9 
1.2 
1.2 
0.7 
1.9 
1.0 
1.9 
1.5 
1.4 
2.4 

-41.9 

L2 
2.5 
2.2 
1.8 
2.0 
1.2 

-8.4 
1.6 
1.2 
1.6 
0.3 
1.2 

1.7 
1.4 
LI 
1.4 
L6 
1.4 
L6 
1.4 
0.6 
0.5 
1.5 

L2 
1.2 
1.5 
1.3 
1.4 
LI 
LI 
1.3 
0.5 

25.4 
(c) 
(c) 

Hardness 
Change, 

i ^ A 
3.0 
4.3 

1 3.2 
4.3 
2.7 

1 2.4 
! -0.8 

1.3 
1 -0.9 
1 (a) 
i (c) 

(c) 

4.7 
4.8 
3.6 
5.3 
2.6 
2.3 
4.5 
4.5 
1.5 
0.3 
(a) 

2.4 
3.6 
4.9 
3.3 
4.9 
3.5 
7.9 
6.5 
5.8 
2.8 
4.5 
3.4 

5.8 
5.0 
7.5 
6.1 
4.6 
5.2 
7.4 
7.3 
7.9 

11.8 
11.5 

5.1 
7.4 
4.4 
7.0 
6.5 
6.3 
7.0 
7.4 
7.2 
6.8 
(c) 
(cl 

'3' Specimen too clistoned for measurement. 

* ' Measurement not obtained. 

tel Specimen could not be removed from irradiation capsule for measurement. 

( * Specimen No. AA-184. which swelled during irradiation, is not included in the average Gj value. 
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Table U t 

EFFECT OF IRRADIATION ON ROUND-RgLLED AND RECRYSTALLIZED SPECIMENS 

'31 Specimen too distorted for measurement. "*' Measurement not obtained. 

(c! Specimen could not be removed from irradiation capsule for measurement. 

' * Specimen No. AA-162, which swelled during irradiation, is not included in the average Gi value. 

Table ET 

Spec. 
No. 

AA-143 
AA-144 
AA-145 
AA-146 

; AA-147 
1 AA-148 

AA-149 
AA-150 

AA-151 
AA-153 

1 AA-154 
AA-152 

AA-155 
AA-156 
AA-157 
AA-158 

AA-159 
AA-161 
AA-162 

Original 
Rod No. 

340-695-7 
34D-695-7 
34D-695-7 
34D-695-7 

34D-708-7 
340-708-7 
34D-708-7 
340-708-7 

34 D-706-8 
340-706-8 
34D-706-8 
340-706-8 

340-706-2 
34D-706-2 
34D-706-2 
340-706-2 

34D-695-5 
340-695-5 
340-695-5 

Rolling 
Temp., 

OC 

300 
300 
300 
300 

400 
400 
400 
400 

500 
500 
500 
500 

600 
600 
600 
600 

640 
640 
640 

Heat Treatment 

18hrs. at630OC 
18 hrs. at 6300 c 
18hrs. at630OC 
IShrs. al630OC 

2 hrs. at 6250 c 
2 hrs. at 6250 C 
2 hrs. at 6250C 
2 hrs. at 6250 C 

2 hrs. at 6250 c 
2 hrs. at 6250C 
2 hrs. at 6250 C 
2 hrs. at 6250C 

2hrs. at5750C 
2 hrs. at 575° C 
2 hrs. at 5750 C 
2 hrs. at 5750c 

2 hrs. at 5750 c 
2 hrs. at 5750 c 
2 hrs. at 5750 c 

Burnup. 
a'O 

0.058 
0.25 
0.37 
0.54 

0.039 
0.10 
0.19 
0.58 

0.026 
0.070 
0.12 
0.27 

0.077 
0.33 
0.44 
0.66 

0.090 
0.28 
0.49 

Irrad. Temp., oc 

Surface 

140 
200 
180 
170 

100 
110 
120 
210 

90 
90 
90 

100 

180 
240 
210 
210 

210 
230 
240 

Center 

230 
340 
290 
280 

150 
170 
ISO 
350 

Length 
Cnange, 

% 

18.6 
(ai 
(ai 
IC) 

8.3 
29.1 
66.3 
(cl 

G, 
microin.'m. 
ppm burnup 

290 

200 
260 
270 

Average Gj Value = 245 

130 
130 
130 
160 

I 
3.26 120 

12 0 i 160 
23 8 180 
(31 

Average Gi Value -155 

300 
410 
350 
350 

0.73 
19.6 
18.5 
(c) 

9.5 
54 
39 

Average G| Value = 34 

350 
380 
400 

-4.9 
-4.3 
14 5 

-56 
-16 
28 

Aierage G| Value = -36'^' 

Diameter 
Change, 

% 

-6.8 
(a) 
(ai 
(Cl 

-3.2 
-9.8 

-18.6 
(cl 

-1.2 
-4.0 
-7.8 
(a! 

0.8 
0.8 

-1.2 
(Cl 

4.6 
8.4 

24 

Weight 
Change, 

mg. 

0.2 
-836.3 
-205.2 

(c) 

1.3 
1.8 
2.4 

(C, 

1.7 
1.7 
2.0 
1.5 

13 
(bl 

3.1 
(C, 

0.7 
0.5 
4.1 

Hardness 
Change, 

RA 

9.2 
(a) 
(al 
(c! 

8.1 
9.0 
0.1 
(cl 

7.7 
7.4 
8.7 
(al 

11.2 
(bl 

-1.0 
(c) 

12.4 
6.2 
8.9 

EFFECT OF IRRADIATION ON OVAL-ROLLED AND RECRYSTALLIZED SPECIMENS 

Spec 
I No. 

Original 
Rod No. 

Rolling 
Temp.. 

OC 
Heat Treatment 

Burnup, 
a'o 

Irrad. Temp., OC j Length | Gj , Diameter ' Weight 
— ' 1 Change, microm./in. j Change, Change, 
Center 7« ppm burnup | 7 mg Surface 

Hardness 
Change, 

RA 

AA-188 
AA-189 
AA-190; 
AA-187 j 

AA-191 i 
AA-192 
AA-193 ' 
C-45 

C-46 
C-47 
C-48 
C-49 

440-681-4 
44 D-681-4 
44 D-681-4 
440-681-4 

410-680-2 ^ 
440-680-2 
44D-680-2 
44D-680-2 

44D-680-6 
440-680-6 
440-680-6 
44 D-680-6 

300 
300 
300 
300 

400 
400 
400 
400 

500 
500 
500 
500 

2 hrs at 630Oc 
I 2 hrs. at 630°C ^ 
I 2 hrs. at 6300 C | 
j 2 hrs. at 630OC I 

, 2 hrs. at 600°C ' 
1 2 hrs. at 6000C 
' 2 hrs at 600OC | 
< 2 hrs. at 600OC j 

I 2 hrs. at 600OC 
2 hrs. at 600° C 

! 2 hrs. at 600OC 
2 hrs. at fiOflOc 

0.071 
0.25 
0.46 
0.55 

0.022 
0.058 
0 099 
0.42 

0.041 
0.16 
0.24 
0.33 

180 
190 
210 
280 

75 
75 I 
80 ^ 

150 I 

120 
150 
130 
130 

280 
320 
350 
330 

110 
110 
110 
250 

21.5 
lai 
(bl 
(bl 

4.1 
13.0 
27.8 
(ai 

270 

180 
210 
240 

Average G| Value - 210 

180 
240 
210 
210 

7.1 
(al 
(ai 
(ai 

170 

-8.6 
(al 
(bl 
(bl 

-0.3 ] 
-0 3 
(bl 
(bl ! 

9.2 

(bi 

(bl 

-1.5 
-3 9 
113 
(ai 

-3.6 
(al 
(al 
lai 

0.9 , 
1,3 . 
1.0 
20 

0.3 
80 9 1 
(Cl 1 
96 1 

5.8 
4.5 
4.0 
(al 

86 
(a) 
(al 
(al 

C-50 
, C-51 
• C-52 

C-53 

1 

C-54 
, C-55 

C-56 
' C-51 

t 

44D-677-3 1 
1 44D-677-3 

44D-677-3 | 
440-677-3 

, 410-677-6 1 
440-677-6 ' 
44D-677-6 | 
44D-677-6 

i ! 

600 
600 
600 
600 

640 
640 
640 
640 

^ 2 hrs. at 5750C ^ 
1 2 hrs. at 5750C 
• 2 hrs. at 5750c \ 
, 2 hrs. at 5750C 

' 2 hrs. at 5750C ' 
2 hrs. at 575°C 
2 hrs. at 5750C | 
2 hrs. at 5750C | 

i i 

0 042 
0.12 
0.19 
0.42 

0.095 
0.32 
0.53 
0.74 

120 
120 
120 
160 

220 
240 
250 
270 

180 2.3 
190 8.5 1 
180 15.8 
250 42 4 1 

Average G| Value = 

360 ' 0.06 
400 1 6.3 
420 (bl 
460 (bl I 

Average G, Value = 

54 
68 
77 
84 

71 

0.6 
24 

12 

-0.8 
-3.2 
-5.0 

-14.3 

1.0 
1.5 

(t)l 
(bl 

-13.9 
05 
4.3 
0.1 • 

0.7 I 
1.5 

(bl 
(b) 

6.6 
79 

12.9 
2.9 

10.3 
4.8 
(bl 
(bl 

'3' Specimen too distorted for measurement. 

'CI Measurement not taken. 

(bl Specimen could not be removed from irradiation capsule for measurement 



Tat 

EFFLCI Of IRRAD I AI|p_N OW ROUWO-ROIIII) AMP BOA QUEMCHEO SPECIMEKS 

Spec. 
Ko. 

1 D E - 1 - 1 
I BE-11-1 

DE-4-2 
DE-7-3 
DE-14-2 
DE-17-3 

1 nE-W-2 
DE-W 1 

', DE-1-3 
; DE-15-1 
j DE-5-1 
i D£ 8-2 

DE-2-2 
DE-9-1 
OE-5-3 
BE-15-3 

DE-3-1 
DE-9 5 
DE-6-2 
DE-W-2 
BE-13-1 

DE-3-3 
DE-10-2 
DE-7-1 
DE-n-3 
OE-17-1 

Original 
Rod No. 

2D-2»255 
20-230-255 
2D-230-255 
2D-^3(^^55 
2!)-23(F255 
2D-230-255 
2D-230-255 
2D-230-255 

MD-708-6 
34 D-708-6 
310-708-6 
34 D-708-6 

34 D-706-7 
341)-706-7 
340-706-7 
34 D-706-7 

M0-?(M-4 
34 D-706-4 
34 »-706-4 
M I>?« -4 
34B-7(M-4 

34 D-695-3 
34 D-695-3 
34 B-695-3 
340-W5-3 
34 D-695-3 

Roiling 
Te^p., 
oc 

300 
300 
300 
300 
300 
300 
300 
300 

4IM 
400 
400 
400 

5«» 
500 
500 
500 

600 
600 
600 
600 
600 

640 
640 
640 
640 
640 

Burnup, 
a/o 

0.019 
0.027 
0.044 
0.062 
0.072 
0.11 
0.14 
0.14 

O.OW 
0.052 
0.052 
0.063 

0.023 
0.049 
0.052 
0.052 

0.035 
0.049 
O.OW 
0.071 
0.10 

0.035 
0.045 
0.062 
0.!0 
0.11 

I r rad Temp., "C 

Surface 

50 
65 
80 

KM 
110 
150 
IW 
HO 

50 
90 
90 

100 

60 
85 
90 
90 

70 
85 
95 

110 
140 

70 
80 
m 
MO 
150 

Center 

55 
80 

MM 
140 
M 
22ffl 
280 
280 

55 
120 
120 
140 

75 
l a 
120 
m 

w 
120 
1» 
160 
200 

90 
no 
140 
200 
220 

length 
Change, 

% 
0.6 
0.83 
1.80 
1.20 
1.21 
2.17 
2.89 
1.59 

microin./in. 
ppm burnup 

32 
31 
41 
19 
17 
19 
21 
11 

Average Gj Value = 24 

-0.52 
-3.58 
-3.47 
- L » 

-27 
-70 
-68 
-27 

Average G| Value - -48 

-0.60 
-2.66 
-1.97 
2.96 

-26 
-55 
-38 
-58 

Average 0| Value--44 

-1.24 
-2.63 
-3.34 
-3.54 
-7.39 

-36 
-55 
-57 
-51 
-77 

Average Gi Value - -55 

-0.18 
•1.02 
-LIO 
-4.98 
-7.29 

5 
-23 
-IS 
-51 
-69 

Average G, Value = -33 

Diameter 
Change, 

% 
0.08 
0.64 
0.84 
3.32 
2.20 
4.52 
2.20 
6.71 

0.24 
3.48 
3.60 
3.00 

0.44 
1.96 
1.44 
2.72 

1.34 
3.32 
4.52 
5.88 
8.99 

0.44 
2.20 
4.48 
9.16 
8.72 

Weight 
Change, 

mg. 

-0.8 
5.1 
0.2 

-0.2 
-0.7 
-3.0 
-0.2 
0.1 

-0.7 
0.5 
0.9 

-2.0 

0.1 
-1.5 
1.7 

-0.9 

-0.3 
-3.1 
-0.2 
0.9 

-0.8 

-04 
-6.0 
0.3 

-0.6 
-L4 

Hardness 
Change, 

RA 

7.6 
5.4 
5.5 
3.5 
6.5 
(a) 
(al 
(al 

6.8 
5.1 
4.0 

11.4 

6.9 
4.0 

10.5 
9.7 

4.8 
5.2 

-0.2 
(al 
7.4 

7.1 
5.1 
8.7 
9.9 
(a! 

Il Specimen surface too rough for hardness measurement. 

Table ¥1 

EFFECT OF IRRADIATION ON OV^Al-ROUED AND BETA QOENCHED SPECIMENS 

Spec. 
Ko. 

L^^4 
, OE-1-2 
i BE-11-2 

DL-4 -3 

DE-8-1 
DE 14 3 

DE-2-1 
DE-11-3 
DE-15-2 
DE-5-2 
DE-8-3 

DE-2-3 
DE-9-2 
DE-6-1 
Dl-16-1 
DE-19-3 

DE-3-2 
DE-lO-l 
DE-6-3 
DE-16-3 
DE-B-2 

DE-4-1 
Dt-10-3 
DE-7-2 
DE-14 1 
DC-17-2 

Original 
Rod No. 

440-681-5 
4 « - 6 8 1 - 5 
44 D-681-5 
« l > 681-5 
44 D-681-5 

44D-680 3 
44D-6S0-3 
41D-680-3 
44 D-680-3 
41D-680-3 

41D-680-5 
44D-680-5 
44 D-680-5 
44 D-680-5 
44 D-680-5 

44D-677-4 
44D-677-4 
41D-677-4 
44 D-677-4 
41^677-4 

41D-677-7 
44D-677-7 
44D-677-7 
44D-677-7 
44D-677-7 

Rolling 
Temp., 

OC 

300 
300 
300 
300 
300 

400 
400 
400 
400 
400 

500 
500 
500 
500 
500 

600 
600 
600 
600 
600 

640 
640 
640 
640 
640 

1' 
Burnup, 

a;o 

0.019 
0.027 
0.014 
0.063 
0.072 

0.023 
0.027 
0.052 
0.052 
0.063 

Irrad. Tei 

0.044 
0.045 
0.062 
0.072 
0.11 

(a' Specimen surface too rough for hardness 

50 
80 
80 

100 

«l 
65 
90 
90 

100 

0.023 
0.049 
0.060 
0,07! 
0.14 

0.035 
0.045 
0.060 
0.071 
O.IO 

60 
85 
95 

UO 

m 

70 
S) 
90 

110 
140 

80 
80 

100 

no 
150 

Center 

55 
65 

UO 
140 
160 

75 
80 

120 
120 
140 

75 
120 
130 
160 

m 

m 
no 
120 
160 

no 
uo 
140 
160 
220 

length 
Change, 

% 

-0.44 
-1.19 
-2.01 
-1.62 
-4.58 

G, 
microin./m. 

11 burnup 

-23 
-44 
-46 
-26 
-65 

! 
Average Gj Value • -41 

-0.88 
-1.74 
-1.05 
-2.41 

3 68 

I -38 
-64 
-20 
-47 
-60 

Average G, Value = -46 

-0.34 ' 
-1.36 ' 
-2.09 'I 
-1.93 
-3.78 

-15 
-28 
-35 
-2? 
-28 

Average Gi Value--27 

•1.31 
-1.03 
-3.52 
-3.53 
-7.28 

-38 
-23 
-60 
-51 

Average Gi Value • -50 

-2.19 
-1.24 
-1.89 
-4.32 
-7.50 

-50 
-28 
-30 
-62 
-71 

Average Gi Value • -48 

Diameter 
Change, 

% 
0.08 
1.52 
2.36 
4.36 
5.60 

Weight 
Change, 

mg. 

-2.0 
12.0 
0.3 

-L5 
-1.4 

Hardness 
Change, 

J^ ^ 
6.7 
2.0 
5.8 
7.6 
4.2 

0.64 
1.24 
2.80 
3.96 
3.88 

0.36 
2.92 
4.04 
3.28 
8.27 

1.60 
1.52 
4.96 
6.56 

3.44 
1.88 
3.92 
7.36 

11.7 

-0.8 
6.9 

-LO 
0 

32.3 

0.5 
-4.9 
-0.1 
L5 
0.2 

-0.1 
-0.9 
02 
0.3 

-0.8 

0.2 
5.8 

-0.8 
-0.8 
-L6 

6.0 
6.1 
9.7 

-1,1 
5.1 

7.0 
5.0 
4.1 
(31 

(al 

8.2 
5.2 
9.6 
(al 
(al 

5.1 
4.1 

-8.6 
3.6 
(al 
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Table S n 

EFFECT OF IRRADIATION ON SPECKMENS ROUND-ROILED AT 600OC WITH SUBSEQUENT REDUCTIONS AT 300OC 

'al Specimen could not be removed from irradiation capsule for measurement. 

" * Specimen too distorted for measurement. 

'0' Specimen was partially restrained by capsule because of excessive growth. 

Table I I I I 

1 

' Spec. 
No. 

i BE-25-3 
! BE-26-3 

BE-27-3 
! AA-194 

' 
AA-195 
AA-196 

i AA-197 
' AA-198 

[ 

AA-199 
1 AA-200 
' AA-201 

1 AA-202 
1 
1 

i AA-203 
1 AA-204 

AA-205 
AA-206 

Original 
Rod. No. 

759-A1-7 
759-A1-7 
759-A1-7 
759-A1-7 

759-Al-6 
759-A1-6 
759-A1-6 
759-A1-6 

759-A1-5 
759-A1-5 
759-A1-5 
759-A1-5 

759-A1-4 
759-A1-4 
759-A1-4 
759-A1-4 

% R. A. 
at 

300° C 

^ 0 
0 
0 
0 

5 
5 
5 
5 

10 
10 
10 
10 

25 
25 
25 
25 

Burnup, 
a/o 

Irrad Temp., " C 

Surface 

0.0039 i 50 
0.0044 
0.018 
0.57 

0.070 
0.24 
0.37 
0.58 

0.083 
0.33 
0.44 
0.68 

0.088 
0.22 
0.44 
0.60 

55 
90 

340 

170 
190 
180 
210 

190 
250 
230 
250 

200 
200 
220 
250 

Center 

60 
60 

130 
400 

270 
320 
300 
350 

320 
430 
380 
430 

330 
340 
370 
420 

Length 
Change, 

0,23 
0,11 
0.43 
(al 

G, 
microin. / in. 
ppm'burnup 

59 
25 
24 

-
Average G] Value = 36 

9.6 
36.8 

(al 
(ai 

130 
130 

-
-

Average G, Value = 130 

29.0 
(al 
(al 
(bl 

310 

-
Average G, Value • 310 

42.6(01 

(al 
(al 
(al 

_ 
-
-
-

Diameter 
Change, 

% 

-0.28 
-0.44 
-0.48 
(al 

-3.7 
-9.4 
(al 
tal 

-10.5 
(ai 
(ai 
(bl 

-13.8 
(al 
(al 
(al 

Weight 
Change, 

mg. 

0.9 
1.1 
1.7 
(al 

0 
-1.9 
(ai 
(ai 

0.2 
(al 
(al 
(bl 

0.2 
(al 
(al 
(al 

Hardness 
Change, 

RA 

3.8 
4.8 
6.6 
(a) 

7.7 
4.8 
(al 
(al 

4.1 
(al 
(al 
(bl 

6.1 
(al 
(al 
(31 

EFFECT OF IRRADIATION ON SPECUWENS ROUND-ROLLED AT 600OC AND BETA QUENCHED WITH SUBSEQUENT REDUCTIONS AT 30DOC 

Spec. 
NO. 

BE-33-2 
BE-34-2 
BE-35-2 
BE-36-2 
AA-207 
AA-208 
AA-209 
AA-210 

BE-29-2 
BE-30-2 
BE-31-2 
BE-32-2 
AA-2U 
AA-212 
AA-213 
AA-214 

BE-17-3 
BE-18-3 
BE-19-3 
BE-20-3 
AA-215 
AA-216 
AA-217 
AA-218 

BE-9-2 
BE-10-2 
AA-219 
AA-220 
AA-221 
AA-222 

Original 
Rod No. 

759-A2-7 
759-A2-7 
759-A2-7 
759-A2-7 
759-A2-7 
759-A2-7 
759-A2-7 
759-A2-7 

759-A2-6 
759-A2-6 
759-A2-6 
759-A2-6 
759-A2-6 
759-A2-6 
759-A2-6 
759-A2-6 

759-A2-5 
759-A2-5 
759-A2-5 
759-A2-5 
759-A2-5 
759-A2-5 
759-A2-5 
759-A2-5 

759-A2-4 
759-A2-4 
759-A2-4 
759-A2-4 
759-A2-4 
759-A2-4 

% R. A. 
at 

300OC 

0 
0 
0 
0 
0 
0 
0 
0 

5 
5 
5 
5 
5 
5 
5 
5 

10 
10 
10 
10 
10 
10 
10 
10 

25 
25 
25 
25 
25 
25 

Burnup, 
a/o 

0.0050 
0.0058 
0 022 
0.043 
0.077 
0.30 
0.40 
0.62 

0.0062 
0.0067 
0.025 
0.042 
0 091 
0.28 
0.47 
0.64 

0.0040 
0.0042 
0.017 
0.037 
0.080 
0.32 
0.43 
0.66 

0.0028 
0.0031 
0 093 
0.30 
0.48 
0.66 

Irrad. Te 

Surface 

55 
55 

100 
170 
180 
220 
200 
230 

60 
60 

110 
170 
210 
210 
240 
270 

50 
50 
90 

160 
190 
240 
210 
250 

50 
50 

210 
220 
250 
250 

mp., OQ 

Center 

65 
70 

140 
260 
300 
380 
330 
390 

70 
75 

160 
250 
350 
360 
400 
460 

60 
60 

120 
230 
310 
410 
360 
410 

55 
55 

350 
380 
420 
410 

Length 
Change, 

% 
-0.11 
-0.13 
-0.15 
-0.39 
-1.9 
-8.0 
(bl 
(bl 

Gi 
microm./ in. 
ppm burnup 

-22 
-23 

-7 
-9 

-25 
-28 

Average G, Value • -19 

0.25 40 
0.41 66 
1.8 • 72 
4.2 1 98 
4.4 ' 47 

18.2 60 
(bl 
(bl 

Average G, Value = 64 

0.29 ' 73 
0.48 
2.0 
6.0 

16.4 
(bl 
(bl 
(b) 

110 
120 
160 
190 

. 
-

Average G| Value =130 

0.68 240 
1.1 350 

42.4 1 380 
(bl 
(bl 1 
(bl 

Average Gi Value = 320 

Diameter 
Change, 

% 
-0.04 
-0.28 

0.40 
2.5 
8.3 

23.3 
(bl 
(bl 

-0.24 

-0 20 
- L l 
-LO 

1.4 
2.1 
(bl 
(bl 

-0.64 
-0.52 
-1.1 
-1.9 
2.1 
(bl 
(bl 
(bl 

-0.76 
-0.64 

-14.5 
(bl 
(bl 
(bl 

Weight 
Change, 

mg. 

0.1 
-0,3 

0,7 
0 
11 
0.9 
(bl 
(bl 

1.3 
13 
1.6 
18 
1.2 

22 0 
(bl 
(bl 

1.3 
13 
1.3 
1.6 
1.0 
(bl 
(bl 
(bl 

58 
2.1 
0.1 
(bl 
(bl 
(bl 

Hardness 
Change, 

RA 

6.0 
6.3 
7.6 

1L4 
-3.7 
(ai 
(bl 
(bl 

4.2 
5.4 
7.0 
7.5 
9.9 
(al 
(bl 
(b. 

4.6 
3.8 
6.3 
4.7 
2.0 
(bl 
(bl 
(bl 

3.8 
3.7 
0.3 
(bl 
(bl 
(bl 

' * Specimen too distorted for measurement. * ' Specimen could not be removed from Irradiation capsule for measurement. 



Table K 

EFFECT OF IRRADIATION Of̂  SPECISAENS ROUND-ROILED AT 3000C WITH AND WITHOUT INTERMEDIATE ANNEALING DURING ROLLING 

Spec. 
No. 

Original 
Rod No. 

Heat Treatment Burnup. 
aio 

.^,^ 1 _ . 
BE-1-2 2D-271-A-1 
BE-2-2 2D-271-A-2 
BE-3-2 2D-271-A-3 
BE-4-2 2D-271-A-4 

Irrad. Temp., Oc 

Surface Center 

Length 
Change, 

Gi, I Diameter 
microjn.'m. ' Change, 
ppn burnup I % 

None 
None 
None 
None 

0.0021 
0.0022 
0.011 
0.014 

BE-5-3 
BE-6-3 
BE-7-3 
BE-8-3 

2D-271-B-1 i Annealed between rolling passes'* I 0.0026 
2D-271-B-2 Annealed between rolling passes'^' 0.0029 
2D-271-B-3 
2D-271-B-4 

Annealed between rolling passes'^! 
Annealed between rolling passes'^' 

0.017 
0.024 

45 
45 
70 
85 

45 
50 
85 

110 

a 
fteight 

Change, 
mg. 

Hardness 
Change, 

KA 

50 
50 
90 

120 

1.8 
1.7 
7.5 

11.5 

850 
770 
660 
780 

Average Gj Value = 770 

55 
55 

120 
160 

0.25 
0.28 
1.7 
3.2 

96 
97 
99 

130 

-0 92 
-0.88 
-3.7 
-4.8 

-0.48 
-0.O40 
-0.88 
-2.0 

1.4 
Li 
1.5 
2.4 

1.0 
2.5 
4.1 
2.0 

Average G| Value = 105 

L5 
1.5 
1.4 
1.5 

5.1 
6.9 
5.6 
6.1 

'3' Annealing temperatures were varied from 525 to 600O C. 

As Rolled Rods (Groups 1 and 2) 

Table I shows the r e su l t s for round-ro l led mate r i a l . The resu l t s 
obtained on oval - ro l led ma te r i a l a r e shown in Table II. The average values 
of Gi, the growth coefficient, a r e shown as a function of rolling t empera tu re 
in F igure 4. Typical specimens from round-ro l led rods and from oval-
rol led rods a r e shown in F igures 5 and 6, respect ively. 

The growth ra te of the as rol led 
ma te r i a l dec reased rapidly as the 
rolling t empera tu re was increased . 
In fact, in the rod round-rol led at 640°C 
the growth ra t e became negative, i .e . , 
shrinkage occur red . The growth ra t e s 
of these specimens and the changes in 
appearance which occur red can be cor ­
re la ted direct ly with ea r l i e r p re fe r r ed 
orientation studies,^-^^ in which it was 
observed that the amount of (010) com­
ponent dec reased steadily with i n c r e a s ­
ing rolling t empera tu re . 

The specimens which were 
rol led at 300°, 400°, and 500°C had a 
texture consisting of (010) and (120) com­
ponents. Under i r rad ia t ion , specimens 
rolled at these t empe ra tu r e s developed 
a cha rac t e r i s t i c s t r i a ted or woody ap­
pearance as shown in F igures 5 and 6. 
Rods rol led at 600° and 640°C showed 
a (110) component along with some 
(010). Specimens from these rods , 

also shown in F igures 5 and 6, developed a general ly random surface rough­
ening under i r radia t ion . The shortening under i r rad ia t ion of the ma te r i a l 
round-ro l led at 640°C is quite likely due to the apparent (100) component 
observed in rods rol led at that t empe ra tu r e . 

5 0 0 

TEMPERATURE, 

Figure 4. Effect of Rolling T e m ­
pe ra tu r e on I r radia t ion 
Growth Rates of As 
Rolled Mate r i a l s . 



Negati\i. No. 1 no6 16b55 16650 16281 lt]275 

Rolling Temp. , °C 300 

Burnup, a/o 0. 083 

Avg. GJ , microm. / in . -ppm burnup 805 

400 

0.13 

540 

500 

0.17 

215 

bOO 

0.27 

2.9 

blO 

0.40 

-31 

F i g u r e 5 . E f f e c t of I r r a d i a t i o n o n T y p i c a l S p e c i m e n s f r o m R o u n d - R o l l e d R o d s . M a g n i f i c a t i o n 2 X . 

--J 



cc 

Negative No. 18524 16854 1666 3 16490 16855 

Rolling Temp., °C 300 400 500 600 640 

Burnup, a/o 0.035 0.16 0.14 0.15 0.085 

Avg. G£, microm./m.-ppm burnup 825 595 320 100 31 

F i g u r e 6. Effect of I r r a d i a t i o n on Typ ica l S p e c i m e n s f r o m O v a l - R o l l e d R o d s . Magn i f i ca t ion 2X. 
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The consistently higher growth rate of the oval-rol led ma te r i a l may be 
re la ted to a radia l a s y m m e t r y noted in the oval-rol led rod textures,'-3) or to 
a more highly developed (010) component in the rolling direct ion. 

Rolled and Recrys ta l l ized Rods (Groups 3 and 4) 

Tables III and IV show the resu l t s obtained respect ively on round-
rolled and rec rys ta l l i zed and on oval - ro l led and recrys ta l l i zed ma te r i a l . 
The average values of the growth coefficient Gj_ are plotted in Figure 7 as 
a function of rolling t empera tu re , and typical specimens a re shown after 
i r rad ia t ion in F igures 8 and 9. 

300 

-100 

0 ROUND-ROLLED AND RECRYSTALLIZED 

X OVAL-ROLLED AND RECRYSTALLIZED 

The values of G^ appear to 
be direct ly related to the prefer red 
orientat ions that were measured in 
these rods.w) It was shown in 
these studies that when the rods 
rolled at 300°, 400° and 500°C were 
recrys ta l l ized by annealing, much 
of the (OlO) coinponent present in 
the as rolled texture was replaced 
with other components, principally 
the (140). Under i r radiat ion, the 
recrys ta l l ized mate r i a l s rolled at 
the above t empera tu res showed 
much lower growth ra t e s that were 
proportional to the dec rease in the 
(OlO) component. 

400 

ROLLING 

500 

TEMPERATURE, 

Effect of Rolling T e m ­
pera tu re on Irradiat ion 
Growth Rates of Rolled 
and Recrys ta l l ized 
M a t e r i a l s . 

Similarly, the texture 
studies showed that the preferred 

F igure 7. Effect of Rolling Tern- orientat ion present in the rods 
rolled at 600° and 640°C was un­
affected by the recrys ta l l iz ing heat 
t reat inent used for those mate r i a l s 
(2 hours at 575°C). The i r radiat ion 
resu l t s also showed lit t le if any 
significant differences in growth 

ra te between 600° and 640°C as rolled specimens and those which had been 
given the recrys ta l l i z ing heat t r ea tmen t . On the basis of both the i r radia t ion 
and texture studies, it appears that the rods which were rolled at 600° and 
640°C rec rys ta l l i zed while they were at the fabrication t empera tu re . 

Rolled and Beta Quenched Rods (Groups 5 and 6) 

The resu l t s obtained on round-rol led and beta quenched specimens 
a r e shown in Table V, 
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Negative No. 16845 16486 16278 16331 16660 

Rolling Temp. , °C 

Burnup, a/o 

Avg. G J , microm. / m . -
ppm burnup 

300 

0.058 

290 

400 

0.10 

245 

500 

0.12 
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600 

0,33 

34 

640 

0.28 

-36 

Figure 8 Effect of I r radia t ion on Typical Specimens from Round-Rolled and 
Recrysta l l ized Rods. Magnification 2X 



Negative No. 16857 16285 16872 16292 16674 

<. » 

Rolling Temp. , °C 300 400 500 600 640 

Burnup, a/o 0.071 0.099 0. Oil 0.19 0.32 

Avg. G ,̂ microm./ in. - 270 210 170 71 12 

ppm bum up 

Figure 9. Effect of I r radia t ion on Typical Specimens from Oval-Rolled and 
Recrys ta l l ized Rods. Magnification 2X. 
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Table VI shows resu l t s obtained on the oval - ro l led and beta quenched 
spec imens . The i r rad ia t ion growth coefficients obtained on both types of 
m a t e r i a l s a r e shown in F igure 10 as a function of rolling t e m p e r a t u r e . 
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Figure 10. Effect of Rolling Tem­
pera tu re on I r radia t ion 
Growth Rates of Rolled 
and Beta Quenched 
M a t e r i a l s . 

The shortening under i r rad ia t ion of the 
m a t e r i a l was confirmed by i r rad ia t ions 
will be descr ibed in the next sect ion. 

The 300°C rolled and beta 
quenched specimens elongated under 
i r radia t ion with an average growth 
coefficient of 24 mic ro in . / in . -ppm 
burnup. This value checks well 
with a Gĵ  value of 25 obtained on 
s imi la r m a t e r i a l in another inves-
tigation.llO) The specimens round-
rolled at all t e m p e r a t u r e s other 
than 300°C5 and al l of the oval - ro l led 
specimens, shortened under i r r a d ­
iation with values of G^ near 
-45 mic ro in . / i n . -ppm burnup. 
Photographs of typical specimens 
are shown in F igures 11 and 12. 

The source of the s trong 
negative growth coefficient in the 
beta quenched ma te r i a l s (other 
than that round-rol led at 300°C) is 
unknown. Unfortunately, texture 
studies had not been made on the 
rods used in Groups 5 and 6, so 
that it is not known whether or not 
the beta quenching operat ion caused 
the appearance of a (100) t ex tu re . 
600°C round-rol led and beta quenched 
made in the Group 8 specimens , as 

The marked difference in behavior between the 300°C round-rol led 
m a t e r i a l and the 300°C oval - ro l led m a t e r i a l was unexpected and cannot 
present ly be explained. Without texture deternninations one can only spec­
ulate why beta quenching had a much more d ras t i c effect on the p re fe r red 
orientat ion in the oval - ro l led rod as compared to round-rol led m a t e r i a l . 
As can be noted in F igure 10, both types of ma te r i a l rolled at 400°, 500°, 
and 600°C showed the same genera l t rends in growth r a t e s . The strong 
influence of heat t r ea tment on the ra te of i r rad ia t ion growth is shown in 
F igure 13. Shown in the figure a re curves of the average growth rate of 
round-rol led and oval - ro l led m a t e r i a l with the var ious heat t r ea tmen t s 
that were invest igated. 
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Rolling Temp. , " c 

Burnup, a/o 

Avg. Gi, mic ro in . / in . -
ppm burnup 

300 
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24 

400 
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500 
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600 

0.10 
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0.10 

-33 

Figure 11. Effect of I r radia t ion on Typical Specimens from Round-Rolled and 
Beta Quenched Rods. Magnification 2X. 
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Negative No. 22288 22273 22265 22284 22286 

i , 4t 

Rolling Temp. , C 

Burnup, a/o 

Avg. GJ , microm. / in . • 
ppm burnup 

300 

0.072 

-41 

400 

0.063 
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500 
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-27 
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0.10 

-50 

640 
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-48 

Figure 12. Effect of I r radia t ion on Typical Specimens from Oval-Rolled and 
Beta Quenched Rods. Magnification 2X. 
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Rods Rolled to Varying Reductions at 300°C (Groups 7 and 8) 

Table VII shows the resu l t s obtained on specimens in which the 
m a t e r i a l s had been round-rol led at 600°C pr ior to further reductions at 
300°G. Table VIII shows the r e su l t s obtained on specimens in which the 
m a t e r i a l s had been 600°C round-rol led and beta quenched pr ior to further 
reductions at 300°C. The i r rad ia t ion growth coefficients obtained on both 
types of ma te r i a l a re shown in Figure 14 as influenced by the amount of 
reduction at 300°C. Typical specimens a re shown after i r radia t ion in 
F igures 15 and 16. 

F igure 14 

Effect of Rolling at 300°C on 
I r radia t ion Growth Rates of 
600°C Rolled Ma te r i a l s . 
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Figure 15. Effect of I r radiat ion on Typical Specimens Round-Rolled at 600°C and 
Given Subsequent Reductions at 300°C. Magnification ZX. 
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Figure 16. Effect of I r radia t ion on Typical Specimens Round-Rolled at 600^0, Beta Quenched, 
and Given Subsequent Reductions at 300°C. Magnification 2X. 
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The previous investigation'-'"^ of the p re fe r red or ientat ions in the 
rods in this group showed that the amount of (010) component inc reased 
steadily with increas ing reductions at 300°C. The present r esu l t s on i r ­
radiat ion growth ra tes co r r e l a t e d i rec t ly with the texture s tud ies . As can 
be noted in F igure 14, the i r rad ia t ion growth coefficient inc reased steadily 
with increas ing per cent reduct ions . The p re fe r r ed or ientat ion resu l t s 
did not show significant differences between as rolled s tar t ing ma te r i a l o r 
beta quenched m a t e r i a l . The p resen t r esu l t s indicate that somewhat higher 
growth ra t e s were obtained in the specimens made from rods in which the 
s tar t ing m a t e r i a l was rolled at 600°C (Group 7) compared to beta quenched 
s tar t ing m a t e r i a l (Group 8). F u r t h e r m o r e , the i r rad ia t ion growth ra te of 
the rol led m a t e r i a l was more affected by the amount of reduction at 300°C 
than was the beta quenched ina t e r i a l . 

Rods Round-Rolled at SOCC with and without Intermediate Annealing During 
Rolling (Group 9) 

The re su l t s obtained on specimens from these m a t e r i a l s a r e shown 
in Table IX. As might be expected, the ina te r ia l rolled without in termedia te 
alpha annealing for rec rys ta l l i za t ion showed higher growth r a t e s than those 
rods which had been rec rys ta l l i zed during annealing. The resu l t s obtained 
on the unannealed specimens a r e therefore quite s imi la r to those obtained 
on the 300°C rolled specimens in Group 1, 

The i r rad ia t ion growth coefficients obtained on the specimens given 
in termedia te annealing were lower than would be expected based on resu l t s 
obtained on the Group 7 and 8 specimens which were given reductions at 
300°C. The final reduction in a rea on the specimens in Group 9 was 47.5 
per cent and the average growth coefficient obtained was 105 m i c r o i n . / 
in . -ppm burnup. Growth coefficients of this o rde r were obtained in the 
Group 7 and 8 specimens with from only 4 to 7 per cent reduction in a r e a 
at 300°C. The in termi t tent rec rys ta l l i za t ion anneals performed on the 
Group 9 specimens evidently produced a different texture than was p resen t 
in the rods used for the Group 7 and 8 spec imens . 

CONCLUSIONS 

1. The ra te of elongation of rolled uran ium under i r rad ia t ion in­
c r e a s e s with decreas ing roll ing t empe ra tu r e and with increas ing reduction 
of a r e a at 300°C. 

2. The r a t e s of elongation a r e proport ional to the amount of (010) 
component present , or where shortening occu r s , to the amount of (iOO) com­
ponent. 

3. Oval-edge-oval rol l pas ses resu l t in higher i r rad ia t ion growth 
ra t e s at a given rolling t empe ra tu r e and amount of reduction than do round 
roll p a s s e s . 



4. Recrys ta l l i za t ion after roll ing effectively reduces the i r rad ia t ion 
growth ra tes of u ran ium rolled at t empe ra tu r e s of 500°C and lower. 

5. Length shortening under i r rad ia t ion occur red in uranium which 
was beta quenched after being round-ro l led at t empe ra tu r e s of 400°C and 
above, and which was beta quenched after being ova l - ro l led at t empera tu re s 
of 300°C and above. 
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