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ABSTRACT 

Stress-strain data which describes the influence 
of strain rate and temperature on the mechanical 
response of materials presently being used for light 
water reactor shipping containers have been assembled. 
Selection of data has been limited to that which is 
suitable for use in finite-element elastic-plastic 
analysis of shipping containers (e.g., they must in- 
clude complete material history profiles). Based on 
this information, recommendations have been made for 
further workwhich is required to complete the neces- 
sary data base. 
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AN ASSESSMENT OF STRESS-STRAIN DATA S U I T A B L E  FOR 
FINITE-ELEMENT ELASTIC-PLASTIC A N A L Y S I S  OF S H I P P I N G  CONTAINERS 

I n t r o d u c t i o n  

R e c e n t p r o g r e s s  i n  f i n i t e - e l e m e n t  e l a s t i c - p l a s t i c  a n a l y s i s  

h a s  b r o u g h t w i t h  i t a  r e q u i r e m e n t  f o r  a more d e t a i l e d  d e s c r i p t i o n  

of  a m a t e r i a l ' s  r e s p o n s e  t o  i m p o s e d m e c h a n i c a l a n d  t h e r m a l  l o a d -  

i n g s .  U n f o r t u n a t e l y ,  m e t a l l u r g i s t s  have  i n  t h e  p a s t  t y p i c a l l y  

r e p o r t e d  t h e  i n f l u e n c e  o f  s u c h v a r i a b l e s  a s  t e m p e r a t u r e  and  s t r a i n  

r a t e  o n l y o n  s e l e c t e d p r o p e r t i e s  ( e . g . ,  y i e l d  s t r e n g t h o r  t e n s i l e  

e l o n g a t i o n )  r a t h e r  t h a n  t h e  g e n e r a l i z e d  e l a s t i c - p l a s t i c  r e p r e -  

s e n t a t i o n  r e q u i r e d  f o r  modern compute r  p rogram a p p l i c a t i o n s .  

N o t w i t h s t a n d i n g  t h i s  s h o r t c o m i n g ,  a body o f  l i t e r a t u r e  

e x i s t s  t h a t  c a n  fo rm t h e  b a s i s  f o r  a d v a n c e d  c o m p u t e r - a i d e d  d e s i g n .  

T h e  p u r p o s e  o f  t h i s  r e p o r t  i s  t o  assess and  c o m p i l e  a v a i l a b l e  

d a t a ,  p a r t i c u l a r l y  t h o s e  r e l e v a n t  t o  m a t e r i a l s  wh ich  a r e  b e i n g  

u s e d  f o r  l i g h t w a t e r  r e a c t o r  (LWR)  s p e n t  f u e l  s h i p p i n g  c o n t a i n e r  

p r imary  s t r u c t u r e s .  C o n s e q u e n t l y ,  t h i s  a s s e s s m e n t  h a s  b e e n  

l i m i t e d  t o  se lec ted  s t a i n l e s s  s tee l s ,  u r a n i u m ,  a n d  chemical 

l e a d .  I t  i n c l u d e s ,  where  p o s s i b l e ,  d a t a  on t h e  s t r e s s - s t r a i n  

b e h a v i o r  o f  these ma te r i a l s  o v e r  a r a n g e  o f  s t r a i n  r a t e s  ( l o - '  
t o  l o 2  sec- l )  a n d  t e m p e r a t u r e s  ( - 4 0  t o  320OC; - 4 0 ° F  t o  620'F) 

t h o u g h t  t o  b e  t y p i c a l  o f  s h i p p i n g  cask e n v i r o n m e n t s .  

T h i s  s u r v e y  h a s  c o n s i d e r e d  o n l y  u n i a x i a l  d e f o r m a t i o n ,  t e n -  

s i l e  o r  c o m p r e s s i v e ,  and  d o e s  n o t  c o n t a i n  a n y  m u l t i a x i a l i n f o r -  

m a t i o n .  I n  a d d i t i o n ,  f r a c t u r e ,  c r e e p ,  and  c y c l i c  l o a d i n g  c o n d i -  

t i o n s  h a v e  b e e n  e x c l u d e d .  S i n c e  t h e  d a t a  s o u r c e s  examined  i n  
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t h i s  s t u d y  g e n e r a l l y d i d  not  c i t e  whether t he  va lues  given were 

average or minimum d a t a  r epor t ed  a r e  thought t o  be t y p i c a l  of t h e  

m a t e r i a l s  being examined r a t h e r  than r ep resen t ing  e i t h e r  average 

o r  minimum va lues .  

T h i s  r e p o r t  f i r s t  l i s t s t h e  m a t e r i a l s  used i n t y p i c a l s h i p -  

ping cask des igns  and t h e i r  procurementspecifications. I t  then- 

d i s c u s s e s  t h e  a v a i l a b l e  mechanical p r o p e r t i e s  d a t a ,  p a r t i c u l a r l y  

s t r e s s - s t r a i n  cu rves ,  t r e a t i n g  each of t h e  s p e c i f i c  m a t e r i a l s  

i n  s e p a r a t e  subsec t ions .  F i n a l l y ,  t h e  r e p o r t  recommends s p e c i f i c  

a r e a s  f o r  f u r t h e r  r e sea rch  and d a t a  a c q u i s i t i o n .  

Ma te r i a l s  

Table I l i s t s  t h e  chemical composi t ions of some of t h e  

m a t e r i a l s  p r e s e n t l y  u s e d  f o r  LWR sh ipping  casks .  Table I1 l i s t s  

t h e  s p e c i f i c  cask being considered and t h e m a t e r i a l  s p e c i f i c a t i o n  

r equ i r ed  f o r  procurement of t he  r e q u i s i t e  s t r u c t u r a l  shapes.  

Mechanical P r o p e r t i e s  

A u s t e n i t i c  S t a i n l e s s  S tee ls  

Many i n v e s t i g a t o r s  have examined a u s t e n i t i c  s t a i n l e s s  

s t e e l s ,  because of t h e i r  e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e ,  c r e e p  

r e s i s t a n c e ,  and high toughness.  However, t h e i r  s t u d i e s  have 

tended t o  n e g l e c t  t h e  regime of stress/strain-rate/temperature 

of i n t e r e s t  f o r  sh ipp ing  cask a p p l i c a t i o n s .  

Probably t h e  most e x t e n s i v e  compi la t ion  of s t r e s s - s t r a i n  

d a t a  maybe found i n  s t u d i e s  conducted a t  theOak RidgeNat iona l  

12 



TABLE I 

Chemical Composition of LWR Shipping Cask Materials 
(percentage by weight; maximum amount unless otherwise noted) 

S Cr N i  Mo Other C Mn S i  P 
Ferrous 
Austenitic 
216 0.08 7.5 -9.0 1.0 
304 0 .OB 2 .o 1 .o 
304L 0.03 2 .o 1.0 
308 0 .OB 2 .o 1 .o 
316 0.08 2 .o 1 .o 
317 0.08 1.5 1.5 
321 0.08 2.0 1 .o 
34 7 0.08 2 .o 1 .o 

0.045 
0.045 
0.045 
0.045 
0.045 
0.040 
0.045 
0.045 

0.03 
0.03 
0.03 
0.03 
0.03 
0.04 
0.03 
0.03 

17.5 -22.0 
18.0 -20.0 
18.0 -20.0 
19.0 -21.0 
16.0 -18.0 
18.0 -21.0 
17.0 -19.0 
17.0 -19.0 

5.0- 7.0 
8 .O-10.5 
8.0-12.0 
10.0-1 2 .o 
10.0-14.0 
9 .O-13 .O 
9.0-12.0 
9.0-1 3 .O 

1.0 -3.0 - 0.25/.5 N - 
- 

2.0 -3.0 
3.0 -4.0 

- 

- - 
- 
0.7 T i  
1.1 (Cb+Ta) 

Ferr i t ic  
A333 Gr 1 0.03 0.4- 1.06 - 0.04 0.06 - - - - 
A514 (T-1) 0.1 -0.2 0.6- 1.0 0.15-0.35 0.035 0.04 0.4 - 0.65 0.7- 1.0 0.4 -0.6 0.03/0.08 V;O.002/ 

A516 Gr 55 
1 / 2" 0.18 

0.006 B;0.15/0.5 Cu 

0.13-0.33 
0.13-0.33 
0.1 3- 0.3 3 
0.1 3-0 .33 
0.1 3-0.3 3 

0.13-0.33 
0.13-0.33 
0.13-0.33 
0.13-0.33 
0.20-0.35 
0.20-0.35 
0.2 -0.35 
0.2 -0.35 

0.035 
0.035 
0.035 
0.035 
0.035 

0.035 
0.035 
0.035 
0.035 
0.025 
0.025 
0.025 
0.04 

0.04 
0.04 
0.04 
0.04 
0.04 

0.04 
0.04 
0.04 
0.04 
0.025 
0.025 
0.025 
0.04 

0.56-0.94 
0.56-1.25 
0.56-1.25 
0.56-1.25 
0.56-1.25 

0.8 -1.25 
0.8 -1.25 
0.8 -1.25 
0.8 -1.25 
0.75-1 .O 
0.75-1 .O 
0.75-1 .O 
0.6 -0.85 

0.4 
1.35 

Mn 

2" 0.2 
4" 0.22 
8" 0.24 
8" 0.2 

1/2" 0.27 
2" 0.28 
4" 0.30 
4" 0.31 

4140 0.38-0.43 
4142 0.40-0.45 
4145 0.43-0.48 
4340 0.38-0.43 

Precipitation Hardening 
17-4 PH 0.04 
AIS1 660 0.08 

A516 Gr 70 

(A2861 

- - 
0.25 0.15-0.25 

0.15-0.25 0.25 
0.1 5-0.25 0.25 

1.6 - 2.0 0.2 -0.3 

- 
0.25 Cu 
0.25 Cu 
0.25 Cu - 

- 
0.8 - 1.1 
0.8 - 1.1 
0.8 - 1.1 
0.7 - 0.9 
16.5 4.25 - 0.25 Cb;3.6 Cu 
13.5 -16.0 24.0 -27.0 1.0 -1.5 1.9/2.35 Ti;  

0.25 A1;0.3 V 
Cr Mg T i  

0.5 
0.5 

S i  Fe  - Zn cu 
Nonferrous 

Aluminum 
1180 0.01 
3003 0.05-0.2 
6061 0.15-0.4 
6063 0.10 
5052 0.10 

Chemical Pb 0.04-0.08 

0.09 
0.6 
0.4 -0.6 
0.2 -0.6 - 

- 

0.09 
0.7 
0.7 
0.35 

0.002 
- 

0.1 
0.25 
0.1 
0.1 

0.001 
- 

- - 0.02 - 
0.04-0.35 0.8 - 1.2 - - 

0.45- 0.9 0.15 - 0.1 
0.15-0.35 2.2 - 2.8 0.1 - - - - 0.045 (Si+Fe) 

- - - 0.005 Bi;0.002/ 
0.02Ag;0.002 

- 
1.0 -1.5 
0.15 
0.10 
0.10 - 



TABLE I1 

Material Procurement Spec i f ica t ions  f o r  Light  Water Reactor  Shipping Casks 

Cask Mater ia l  

NFS-4, NFS-5 304 
Spent Fuel  Shipping Cask 321 

34 7 

I F  300 

NL 10124 R a i l  Cask 

TN 8 ,  TN 9 

Bolts Cd Pla ted  
Pb 
U-2Mo 

216 
304 
316 
317 
A5 14 
A516 
4340 
17-4 PH 
3003 A1 
6061 A 1  
6063 A 1  
Pb 

304 

4140,  4142,  4145 
17-4 PH 
660 (A286) 
1180 A l ,  5052-H32 
Pb 
U 
Ag-15In-5Cd 

304 
304L 
A333 
A516 
4140,  4142 ,  4145 
4340 
Pb 
Cu 112 hard 

Specif icat ion" 

A325 
B29 - 
A240 
A1  82 ,A240 ,A35 1 

A296** 
A5 14 
A516 

- 

- - - 
- 
- 
B29 

A240, A31 2 ,  A336, 
A182 ,A269 
A193 

A453 

B29 
NLI 7065 #1 

- 
- 

- 
SA320 B8 

A333 g r  55 
A516 g r  55 
SA320 L7 
SA320 LA3 
B29 
B152 

- 

Form 

p l a t e ,  shee t ,  forging 

b o l t s  
sh ie ld ing  
sh ie ld ing  

shee t ,  p l a t e  
forging,  cas t ing ,  shee t ,  p l a t e  
valve coupling 
c a s t  form 
p l a t e  
p l a t e  
bar  
s tuds ,  nu ts  
shee t ,  p l a t e  
shee t ,  p l a t e  
shee t ,  p l a t e  
sh ie ld ing  

shee t ,  p l a t e ,  forging 

b o l t i n g  
pipe & f i t t i n g s ,  tubing 
b o l t i n g  

sh ie ld ing  
neutron s h i e l d  
neutron absorber 

b o l t s  
p l a t e ,  shee t ,  forgings 

p l a t e  
b o l t i n g  
b o l t i n g  
sh ie ld ing  
p l a t e  

- 

Pipe 

* Refers  t o  SAE o r  ASTM s p e c i f i c a t i o n  (with the  exception of t h e  NL s p e c i f i c a t i o n  f o r  U). 
**Includes a d d i t i o n a l  composition r e s t r i c t i o n s  imposed by manufacturer. 



L a b o r a t o r y  and  t h e  Hanfo rd  E n g i n e e r i n g  Development  L a b o r a t o r y .  

S i n c e  these e x a m i n a t i o n s  were  i n  s u p p o r t  o f  t h e  LMFBR p rogram,  

t h e y  h a v e  been p r i n c i p a l l y  c o n c e r n e d  w i t h  t e m p e r a t u r e s  a b o v e  

t h o s e  o f  c o n c e r n  t o  t h i s  program.  Table I11 summar izes  t h e  

a p p l i c a b l e  d a t a  b a n k s  p r e s e n t l y  a v a i l a b l e  f rom these  i n s t i t u -  

t i o n s .  T h e s e  i n v e s t i g a t o r s  have  shown t h a t  w h i l e  t h e  y i e l d  

s t r e n g t h  of 3 0 4  s t a i n l e s s  s t e e l  a t  2 5 O C  (77OF) i n c r e a s e s  by 

4 8  MN/m p e r  decade i n c r e a s e  i n  s t r a i n  r a t e ,  t h e  o v e r a l l  s t r e s s -  

s t r a i n  b e h a v i o r  o f  t h e  a l l o y  d o e s  n o t  a p p e a r  t o  b e  r a d i c a l l y  

a l t e r e d  by t h e s e  r a t e  c h a n g e s .  

2 

The s t r e s s - s t r a i n  c u r v e s  shown i n  F i g u r e s  1 t h r o u g h  6 and  

Tab le  I V s h o u l d  be c o n s i d e r e d  o n l y  a s  t y p i c a l  o f  t h e  r e s p e c t i v e  

a l l o y s  and  p r o d u c t  fo rms .  S t u d i e s  [ 3 ]  o f  d i f f e r e n t  p r o d u c t  

f o r m s  p r o d u c e d  f rom a s i n g l e  h e a t  o f  3 0 4  s t a i n l e s s  s t ee l  h a v e  

d e m o n s t r a t e d  t h a t  e v e n  when c h e m i s t r y  v a r i a b l e s  a r e  e l i m i n a t e d ,  

v a r i a t i o n s  i n  p r o c e s s i n g  o p e r a t i o n s  can cause l a r g e  c h a n g e s  i n  

t h e  s t r e s s - s t r a i n  r e s p o n s e .  T h i s  e f f e c t  o f  p r o c e s s i n g  v a r i a -  

t i o n s  i s  f u r t h e r  c o m p l i c a t e d  by t h e  r a t h e r  wide c h e m i s t r y  a l l o w -  

a b l e s  shown i n T a b l e  I .  C o m b i n a t i o n s  o f  these f a c t o r s - - d i f f e r e n t  

c h e m i s t r y  and  p r o c e s s i n g - - h a v e  l e d  t o  c o n s i d e r a b l e  p r o p e r t y  

v a r i a b i l i t y  f o r  n o m i n a l l y  i d e n t i c a l  a l l o y s .  Examples  o f  t h i s  

h e a t - t o - h e a t  v a r i a b i l i t y  a r e  g i v e n  i n  F i g u r e s  7 and  8 f o r  3 0 4  

a n d  3 1 6  s t a i n l e s s  s t ee l s ,  r e s p e c t i v e l y .  

Two a d d i t i o n a l  phenomena, ( i . e . ,  t h e  f o r m a t i o n  o f  de fo rma-  

t i o n  i n d u c e d  m a r t e n s i t e  and dynamic  s t r a i n - a g i n g )  h a v e  b e e n  

o b s e r v e d  d u r i n g  t e n s i l e  s t r a i n i n g  o f a u s t e n i t i c  s t a i n l e s s  s t e e l s .  

T h e  f o r m e r  can r e s u l t  i n  d r a s t i c  c h a n g e s  i n  t h e  s t r e s s - s t r a i n  



Y I 

TABLE 111 

S t r e s s - S t r a i n  Curve A v a i l a b i l i t y  f o r  Se lec t ed  S t a i n l e s s  S t e e l s "  

S t r a i n  Rate ( s e c - l )  

-6 -6 
Tempera ture ,  "C( O F )  3x10 8x10 

93 (200) 

204 (400) 

260 (500) 

300 (575)  

316 (600) 

-5 
4x10 

304 
308 
308L 
308+ 

308CRE - 
- 
- 
- 
- 

- - 304 

304 - 308 
- - 308+ 
- - 308L 
- - 308L+ 

- 308 - 

-5 
7x10 

3048 

316 
- 
- 
- 
- 
- 

316 

3048 
316 

- 

304§ 

316 - 
- 
- 
- 

-5 
8x10 

304 - 
- - 
- 
- 

304 - 
304 - 

- 
- 

304 
308 

308CRE - 
- 

-4 
4x10 

304 
308 

308CRE 
308 § 

308C RE 8 
3048 

304 - 

316 
304 

- 

- 

304 - 
- 
- 
- 

-4 
7x10 

304 
304 § 
3161 
316 - 
- 

316 - 
- 
- 

- 
- 

316 - 
- 
- 
- 

-3  -1 
8x10 7x10 -- 

*All 308 v a r i a t i o n s  a r e  weld meta l .  
+ I r r a d i a t e d  
§Aged ( v a r i o u s  t r e a t m e n t s )  
YWeld M a t e r i a l  
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Figure 1. S t r e s s - s t r a i n  curves f o r  
321 s t a i n l e s s  s t e e l  s h e e t  
a t  room temperature [13 ] .  

30 M I N  AT TEST TEMPERATURE 
2 0 1  i=0,.003PEy SEC I I - 

TENS I ON 

0 
0 0.08 0.16 0.24 0.32 0.40 

STRAIN - I N  PER I N  

Figure 4 .  S t r e s s - s t r a i n  curves  for 
3 2 1  s t a i n l e s s  s teel  shee t  
a t  room and e l eva ted  tem- 
p e r a t u r e s  [ l ] .  

I I 

0.063 IN. SHEET, T 

30MlNTO100HI  
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TENSION u 
0.002 0.004 0. 
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5 

I N  PER I N  

Figure 2 .  Compressive s t r e s s - s t r a i n  
curves  f o r  321 s t a i n l e s s  
s t e e l  s h e e t  a t  room and 
e l eva ted  temperatures  [l] . 
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Figure 5. S t r e s s - s t r a i n  curves  f o r  
347 s t a i n l e s s  s t e e l  shee t  
a t  room and e leva ted  tem- 
pe ra tu res  1 1 1 .  

r 1 I 
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ANNEALED "1 1 7 0 F  

30 M I N  TO 100 H 
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STRAIN - I N  PER I N  

Figure 3. S t r e s s - s t r a i n  curves  f o r  
321 s t a i n l e s s  s t e e l  shee t  
a t  room and e leva ted  tem- 
pe ra tu re s  111. 
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Figure 6 .  S t r e s s - s t r a i n  curves t o  
f a i l u r e  a t  room and e l e -  
vated temperatures  f o r  347 
s t a i n l e s s  s t e e l  [l]. 



TABLE I V  

T e n s i l e  P r o p e r t i e s  of  R e p r e s e n t a t i v e  S t a i n l e s s  S t e e l  A l l o y s  

Test Tempera ture  O C  -50 -20 0 --- 20  - 1 0 0  - 200  - 300 - 4 0 0  

T e n s i l e  S t r e n g t h  159.7  141.6  127 .4  89 .6  68.8 6 3 . 4  63 .2  63 .2  

S t r e s s  k s i  @ 
k s i  

Type 0.02% S t r a i n  24.6 28 .0  28.7 28.2 19.7 15.2 14 .3  12.8 
304  0 .05% S t r a i n  28.7 31.4 31.8 30.0 21.5 17 .9  16 .6  15 .5  

0 .1  % S t r a i n  33.8 33.2 33.6 31.4 22.8 19 .0  17.7 16.6 
0.2 % S t r a i n  34 .3  34 .9  35.2 32.7 24 .2  20.2 18 .8  17 .5  

E l o n g a t i o n  ( % >  50 .1  55.9 64.7 70.8 58.5 49 .1  44.7 45.5 
Reduct ion  o f  Area ( % >  71 .0  67 .0  75.0 77 .4  78 .5  75 .2  69.6 72 .0  

T e n s i l e  S t r e n g t h  120.7 104 .8  98 .6  84 .7  7 2 . 1  6 6 . 8  67 .2  67 .6  

Stress  k s i  @ 
0.02% S t r a i n  37.2 33.6 30.2 28.7 22.0 18 .6  17 .5  16.1 

Type 0.05% S t r a i n  4 2 . 3  37.6 33.8 30.9 24.0 19 .9  18 .4  17 .0  
316 ' 0 .1  % S t r a i n  45.2  39.9 36.7 32.3 25.5 20.8 19.0 17.7 

0 .2  % S t r a i n  48.8  41 .7  37.9 34.0 26.7 22 .0  20 .2  18 .8  
E l o n g a t i o n  ( % )  84.0  87 .3  80 .1  60.7 54.1 48 .2  45.5 45 .6  
Reduc t ion  of Area ( % >  74.0  74 .0  62.0 77 .4  76 .3  75 .2  68 .4  69 .6  

k s  i 

T e n s i l e  S t r e n g t h  147 .6  127.7 1 1 0 . 4  85 .8  71 .5  63 .8  60 .9  62 .9  

S t r e s s  k s i  @ 
0.02% S t r a i n  22 .8  27.6 34.0 22 .8  18.8 19.0 15.7 14 .1  

Type 0.05% S t r a i n  26.7 30 .9  39 .4  25.5 23 .3  20.8 17.7 16 .6  
3 2 1  0.1 % S t r a i n  30.0  33.2 40 .5  27 .3  25.1 22 .2  19 .3  17.7 

0 .2  % S t r a i n  34.5 36 .1  4 1 . 0  29 .3  26.7 23.5 20 .4  20 .2  
E l o n g a t i o n  ( % >  47.6  53.5 64.2 63 .8  53.7 45 .0  39.7 39.4 
Reduct ion  of Area ( % >  70.0 71.7 75.0 7 . .4  78 .4  72 .0  72 .0  67 .2  

k s  i 

T e n s i l e  S t r e n g t h  1 4 5 . 6  127.2  111 .6  94 .3  75 .5  66 .5  

S t r e s s  k s i  @ 
0 .02% S t r a i n  29.3  30.7 29.8 29.8 23 .1  19 .3  

Type 0.05% S t r a i n  34.9  35.8 32.9 31.4 25.8 23 .3  
347 0.1 % S t r a i n  39.4 39.2 37.9 33.2 27.8 25.3 

0 .2  % S t r a i n  4 4 . 8  42 .8  4 0 . 1  35.2 29 .3  27 .1  
0.5 % S t r a i n  48 .8  45 .2  41 .0  35.8 - - 
1.0 % S t r a i n  52.4 50 .2  43 .7  38.8 - - 

E l o n g a t i o n  (%) 49.5 56 .2  65.2 54.6 48.0 41.1 
Reduc t ion  o f  Area ( % >  69.6  64 .0  75 .0  72 .0  65 .8  72.0 

ks i 
64 .1  

17 .9  
20.2 
22.4 
23.7 - 
- 

41.3  
7 0  .O 

64.5 

17 .5  
1 9 . 3  
20.4 
22 .0  - 
- 

39.3 
67 .2  

18 
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204 "C (400 O F )  
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0 
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TOTAL TRUE STRAIN 
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F i g u r e  7 .  H e a t - t o - h e a t  v a r i a t i o n  i n  s t r e s s - s t r a i n  d i a g r a m  f o r  304  s t a i n l e s s  
s t e e l  t e s t e d  a t  ( a )  24"C,  ( b )  93OC, ( c )  204'C, a n d  ( d )  316OC [ 4 ] .  
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behavior. Figure9shows a representative example of the effect 

of test temperature on the mechanical response of 301, an alloy 

less stable (i.e., more prone to martensite formation) than304. 

Normally, stable austenitic stainless steels show an increase 

in yield and ultimate strengths with decreasing temperatures 

below ambient [2]. On the other hand, martensite-forming grades 

exhibit a slight decrease in yield but a rapid increase in 

ultimate strength. A sharp maxima in the tensile ductility 

also occurs (Figures10 and 11). Although austenitic stainless 

steels (such as 304) which are used for LWR shipping casks are 

typically thought tobe quite stable with respect to martensite 

formation, it is possible this transformation might occur in 

containers stressed at low temperatures. Unfortunately, the 
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Figure 9. Engineering stress versus engineering strain for 
the 301 stainless steel tested at a strain rate 
of 1.03 x 10-3sec-1[5]. 
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F i g u r e  1 0 .  T e n s i l e p r o p e r t i e s  o f  s t a n d a r d g r a d e s  
o f  a u s t e n i t i c  s t e e l  i n  t e m p e r a t u r e  
r a n g e  -200  t o  + 8 O O 0 C  [ 2 ] .  
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F i g  u r e  11. E f f e c t  o f  a l l o y  s t a b i l i t y  on t e n s i l e  
p r o p e r t i e s  o f  a u s t e n i t i c  s t ee l s  [ 2 1 .  



. i m p o r t a n c e  o f  t h i s  phenomenon c a n n o t  be q u a n t i t a t i v e l y  a s s e s s e d  

a t  t h i s  t i m e .  

Dynamic s t r a i n - a g i n g ,  t h e  s e c o n d  phenomenon a l l u d e d  t o  

a b o v e ,  is u s u a l l y  a s s o c i a t e d  w i t h  a change  i n  t h e  s t r a i n  r a t e  

s e n s i t i v i t y  ( i . e . ,  f rom a n  i n c r e a s e  i n f l o w  s t r e s s  w i t h  i n c r e a s -  

i n g  s t r a i n  r a t e  t o  a d e c r e a s e ) .  Many c o n s i d e r  s t r a i n - a g i n g  t o  

b e  l i m i t e d  t o b c c  metals.  T h e r e  is e v i d e n c e , h o w e v e r ,  t h a t  aus- 

t e n i t i c  s t a i n l e s s  s t e e l s  may a l s o  e x h i b i t  dynamic  s t r a i n - a g i n g  

( s e r r a t i o n s  i n  t h e  s t r e s s / s t r a i n  c u r v e )  p a r t i c u l a r l y  i n  t h e  

t e m p e r a t u r e  r a n g e  2 0 0  t o  7 O O O C  [ 6 1 .  The c r o s s - h a t c h e d  a r e a  i n  

F i g u r e 1 2  i n d i c a t e s  t h e  t e m p e r a t u r e  and strain-rate reg ime  w i t h i n  

TEMPERATURE, ("C) 
700 500 300 200 100 

10-2, I l l  I I 1 I I 

I I I J  
1.00 2.00 3.00 lo-' ' 

F i g u r e  1 2 .  R e l a t i o n s h i p  b e t w e e n  s t r a i n  r a t e  a n d  
t e m p e r a t u r e  f o r  s e r r a t e d  f l o w  i n  t y p e  
3 3 0  s t a i n l e s s  s t e e l  [ 6 1 .  



w h i c h s e r r a t e d  f l o w  is  e n c o u n t e r e d  i n  a n  AIS1 330 s t a i n l e s s  

s t e e l  (Fe-15Cr-35Ni) .  I n  a more l i m i t e d  i n v e s t i g a t i o n  [ 7 ] ,  

s e r r a t i o n s  have  been r e p o r t e d  i n  a t y p e  316 s t a i n l e s s  s t e e l  

t e s t ed  a t  2 O O O C  u t i l i z i n g  a s t r a i n  r a t e  o f  1 . 3  x 10-2sec-1. 

T h e s e  c o n d i t i o n s  c o r r e s p o n d w i t h t h o s e p r e d i c t e d  f r o m t h e  d i a g r a m  

f o r  t y p e  330 s t a i n l e s s  s t ee l .  

T h e  e f f e c t  o f  s t r a i n - a g i n g  may a l s o  be  i m p o r t a n t  i n  weld 

r e g i o n s .  C u r r e n t  p r a c t i c e  i n v o l v e s p r e p a r a t i o n  o f w e l d m e n t s  w i t h  

a small  p e r c e n t a g e  ( c  1 0  p e r c e n t )  o f  b o d y - c e n t e r e d  c u b i c  ( b c c )  

f e r r i t e .  T h i s  r a i s e s t h e  p o s s i b i l i t y t h a t n o t o n l y  m i g h t  dynamic  

s t r a i n - a g i n g t a k e  place i n  t h e  f a c e - c e n t e r e d  c u b i c  ( f c c )  p a r e n t  

( b a s e )  meta l  b u t  a l s o  i n  t h e  p a r t i a l l y b c c  w e l d  r e g i o n ,  pe rhaps  

unde r  d i f f e r e n t  c o n d i t o n s  of t e m p e r a t u r e  a n d  s t r a i n - r a t e .  

F i n a l l y ,  i t  s h o u l d  be r e c o g n i z e d  t h a t  i t  i s v i r t u a l l y  impos- 

s i b l e  t o g a t h e r  enough d a t a  t o  d e s c r i b e  e v e r y  c o n c e i v a b l e  combi- 

n a t i o n  o f  s t r a i n - r a t e  a n d  t e m p e r a t u r e .  For t h i s  r e a s o n ,  p r o c e -  

d u r e s  f o r  i n t e r p o l a t i o n  and  e x t r a p o l a t i o n b e t w e e n  a more r e a s o n -  

a b l e  number o f  d a t a  p o i n t s  a r e  r e q u i r e d .  I n d e e d ,  t h e  i d e a l  

s i t u a t i o n  would be t o  o b t a i n  a n  a c c u r a t e  " e q u a t i o n  o f  s t a t e "  

w h i c h  m i g h t  a l l o w  one  t o d i s p e n s e  w i t h  or  m i n i m i z e  t h e  r e q u i r e -  

m e n t s  f o r  a d a t a b a n k .  Some p r o g r e s s  h a s  been  made toward  t h i s  

g o a l  [8-111. T h e s e  a t t e m p t s  i n v o l v e  p a r a m e t e r i z a t i o n  o f  t h e  

s t r e s s / s t r a i n  c u r v e s  w i t h  t h e  aim o f  r e p o r t i n g  t h e  i n f l u e n c e s  

o f  s t r a i n - r a t e ,  t e m p e r a t u r e ,  and m a t e r i a l  h i s t o r y  on t hese  

c h a r a c t e r i s t i c  f u n c t i o n s .  Some p r o p o s e d  e q u a t i o n s  a r e  shown i n  

T a b l e  V .  However, t h e s e  r e p r e s e n t a t i o n s  a l l  s u f f e r  f rom a number 

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



TABLE V 

Typical Parametric Representations Proposed 
for Austenitic Stainless Steels 

Equation 

nl 
(T = K1€ + exp K2 exp n 2 ~  

K1, rill K2, n2 are constants 

+ A E P  
CPE - 

( T -  a P - l + P €  

C, R, P are constants 

Re fer enc e 

[ 121 

K, m are constants 

See Appendix C for the definition of all other symbols. 
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a t  f r a c t u r e .  F u r t h e r m o r e ,  phenomena s u c h  a s  s t r a i n - a g i n g  o r  

m a r t e n s i t e  f o r m a t i o n  a r e  n o t  p r e s e n t l y  amenab le  t o  a n a l y s i s .  

Uranium 

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

s h i e l d i n g  a p p l i c a t i o n s  i s  p r i n c i p a l l y  p r e d i c a t e d  on t h e i r  h i g h  

d e n s i t y  (18.9gm/cm 3 ) a n d a t o m i c n u m b e r .  Some a u t h o r s  [ 1 5 ]  s u g g e s t  

t h a t  t h e s e  m a t e r i a l s  may be c o n s i d e r e d  s t r u c t u r a l l y  e q u i v a l e n t  

t o  m i l d  s t e e l .  However,  t h i s  a s s u m p t i o n  i s  g e n e r a l l y  unfounded 

and  is  e x t r e m e l y  m i s l e a d i n g .  

P u r e  u r a n i u m u n d e r g o e s t h r e e p h a s e  c h a n g e s b e t w e e n - 4 0 O C a n d  

i t s  m e l t i n g p o i n t .  Be tween-4Oand  6 3 3 O C , t h e t e m p e r a t u r e  r e g i o n  

of p r i m a r y  i n t e r e s t  i n  t h i s  e x a m i n a t i o n ,  i t s  c r y s t a l  s t r u c t u r e  i s  

o r t h o r h o m b i c .  B e t w e e n  6 6 3 a n d  7 O O O C  i t  h a s  a c o m p l e x t e t r a g o n a l  

s t r u c t u r e ,  and a b o v e  77OOC i t  u n d e r g o e s  a t r a n s i t i o n  t o  body 

c e n t e r e d  c u b i c .  

The 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  o f  t h e  a l p h a  ( o r  low 

t e m p e r a t u r e )  p h a s e  s u g g e s t s  t h a t  t h e  m e c h a n i c a l  and p h y s i c a l  

p r o p e r t i e s  o f  u ran ium w i l l  be  h i g h l y  a n i s o t r o p i c .  For  e x a m p l e ,  

Appendix  Ashows  t h a t  t h e  t h e r m a l  e x p a n s i o n  b e h a v i o r  o f  s i n g l e  

c r y s t a l  a - u r a n i u m ,  may v a r y  by a f a c t o r  o f  5 ,  d e p e n d i n g  upon 

t h e  p a r t i c u l a r  c r y s t a l l o g r a p h i c  d i r e c t i o n  b e i n g  c o n s i d e r e d .  

P r a c t i c a l l y ,  t h i s  l a r g e  a n i s o t r o p y  i n  t h e r m a l  e x p a n s i o n  r e s u l t s  

i n  some g r a i n s  b e i n g  s t r e s s e d  beyond y i e l d  upon c o o l i n g .  Sub- 

s e q u e n t  a p p l i c a t i o n  of  a l o a d  w i l l  t h e n  r e s u l t  i n  p l a s t i c  f l o w  

a t  v a n i s h i n g l y  small  s t r e s s e s  [ 1 6 , 1 7 ] .  
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A n o t h e r  c o m p l i c a t i o n  w h i c h  a r i s e s  because o f  t h e  a n i s o t r o p i c  

n a t u r e  o f a - u r a n i u m  i s  t h a t  b o t h  i t s  e l a s t i c  and  p l a s t i c  p r o p e r -  

t i e s  ( e . g . ,  s t r a i n h a r d e n i n g b e h a v i o r )  a r e  d e p e n d e n t  upon p r i o r  

p r o c e s s i n g  h i s t o r y .  H i g h l y  t e x t u r e d  m a t e r i a l ,  where  n e a r l y  a l l  

o f  t h e  e l a s t i c a l l y  " s t r o n g "  d i r e c t i o n s  a r e  a l i g n e d ,  shows a 

t w o f o l d  d i f f e r e n c e  i n  e l a s t i c  modulus  be tween  t h e  " s t r o n g "  and 

" w e a k "  d i r e c t i o n s  ( s ee  Appendix  B ) .  Few p r e v i o u s  i n v e s t i g a t o r s  

h a v e  measured o r  e v e n  c o n s i d e r e d  t h i s  t e x t u r a l  e f f e c t  w h e n d i s -  

c u s s i n g  t h e  p l a s t i c  d e f o r m a t i o n  o f  u r a n i u m .  T h i s  f a c t  m a k e s  

d i r e c t  c o m p a r i s o n s  be tween  v a r i o u s  s t u d i e s  d i f f i c u l t  and may 

e x p l a i n  some o f  t h e  s c a t t e r  o b s e r v e d .  

T h e  m e c h a n i c a l  p r o p e r t i e s  o f  d e p l e t e d  a - u r a n i u m  a r e  a l s o  

q u i t e  s e n s i t i v e  t o  t e m p e r a t u r e  ( F i g u r e  1 3 ) .  D e c r e a s i n g  t h e  t e s t  

t e m p e r a t u r e  f rom 663OC r e s u l t s  i n  a n  increase  i n  t e n s i l e  y i e l d  

a n d  u l t i m a t e  s t r e n g t h .  T h i s  i nc rease  is  accompan ied  ( t o  a p p r o x i -  

m a t e l y  35OOC) by a d e c r e a s e  i n  t e n s i l e  d u c t i l i t y .  Between 350 

a n d  25OC t h e  d u c t i l i t y  a p p e a r s  t o  be e s s e n t i a l l y  i n d e p e n d e n t  

of t e m p e r a t u r e ,  o r  may e x h i b i t  a s l i g h t  m i n i m a .  F i n a l l y , b e l o w  

25OC t h e  d u c t i l i t y  d e c r e a s e s  s h a r p l y  ( i . e . ,  a - u r a n i u m  u n d e r g o e s  

a d u c t i l e - b r i t t l e  t r a n s i t i o n  a t  a b o u t  25OC). T h e s e  d u c t i l i t y  

c h a n g e s  h a v e  b e e n  a s s o c i a t e d  w i t h  f r a c t u r e  t r a n s i t i o n s  f rom 

d u c t i l e  f a i l u r e ,  i n v o l v i n g  i n c l u s i o n s  [ 1 8 , 1 9 ]  , t o  mixed d u c t i l e  

p l u s  i n t e r g r a n u l a r  f a i l u r e  a n d ,  f i n a l l y ,  t o  t w i n - m a t r i x  [ 1 9 ]  

c l e a v a g e  f a i l u r e  a t  t h e  l o w e s t  t e s t  t e m p e r a t u r e .  

T h e  r a n g e s  o v e r  which  t h e  d i f f e r i n g  t e m p e r a t u r e - d u c t i l i t y  

r e l a t i o n s h i p s a r e o b s e r v e d  c a n b e  a l t e r e d  i n  a d d i t i o n b y  c h a n g i n g  

t e s t  c o n d i t i o n s , a - u r a n i u m  m i c r o s t r u c t u r e ,  c h e m i s t r y ,  e t c .  T h e  
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Figurel3. The effect of test temperature (-200°C 
to + 9 0 0 ° C )  on the tensile properties 
and fracture of uranium [181. 

ductile-brittle transition temperature has been found to increase 

with increasing strain rate [ 21,221 , grain size [ 17,181 , grain 
shape irregularity 123,241, internal hydrogen content [22, 25- 

291, iron and aluminum content [24], residual stress level 1301, 

humidity [31-331, and decreasing amounts of prior strain [17,34, 

351. The effect of one of these variables, grain size, on the 

transition temperature is shown in Figure 14. A quantitative 

assessment of  the other variables awaits more detailed experi- 

mental studies. 
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Figurel4. Ductile/brittletransition temp r ture 
versus log, (grain diameter) -f/’ for 
U - 300 ppm C, 50 ppm Al, 6 0  ppm Si, 
and 50 ppm Fe [ 3 1 .  

In a similar fashion, the ductility above the ductile- 

brittle transition region maybe decreased by decreasing purity 

[ 3 6 ]  and increasing residual stress [ 3 6 , 3 7 1 .  Differences in 

residual stress level may also affect the strain hardening be- 

havior of a-uranium. Figure 15(a) shows a family of serrated 

load-elongation curves of a-uranium in which the samples have 

had a high residual stress level induced in them by quenching 

from elevatedtemperature. If the samematerial had been furnace 

cooled, serrated yielding behavior would not have been observed 

(Figure 15(b)). The residual stress levels associated with 

these two heat treatment procedures were not reported so that 

our understanding of the influence of residual stress on the 
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F i g u r e  1 5 .  L o a d - e l o n g a t i o n  c u r v e s  of a -u ran ium ( U  - 1 4 0  ppm C ,  
3 0  ppm A l ,  1 4  ppm F e ,  60 ppm S i ,  4 0  ppm 0 2 ) .  S t r a i n  
r a t e  2 .6  x lO-'sec-' [ 3 7 1 .  



tensile ductility in the temperature region 5 0  to 350°C remains 

qualitative. The same situation exists with regard to the 

impurity effects since no quantitative examination has been 

reported. 

Finally,Figures16 and 17 represent a summary of the pre- 

sently available stress-strain curves for a-uranium. It should 

be recognized that neither of these series is for as-cast a -  

uranium; todate attemptstolocate same have been unsuccessful. 

Notwithstanding this, it appears that the changes in strain 

hardening behavior thatwould be anticipated by increasing strain 

I I I I I I 

K 

I I 1 1 1 I 

TRUE STRAIN 

Figure 16. Influence of strain rate on the true-stress versus 
true-strain curves of annealed polycrystalline 
a-uranium (110 ppm C, 35 ppm Al, 7 0  ppm Si, 15 ppm 
Cr, 8 ppmMo,60 ppm Fer 4 0  ppm Ni, 6 ppm CUI at 78 
and 300 K (-195 and 27OC)[38]. 
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r a t e  a p p e a r  q u i t e  small  and  t h a t  t h e  c h a n g e s  i n  f l o w  s t r e s s  and 

s t r a i n  h a r d e n i n g  b e h a v i o r  w i t h  c h a n g i n g  t e m p e r a t u r e  a p p e a r  t o  

b e  o f  p a r  amount  i m p o r t a n c e .  

T h e s e  r e s u l t s  a l l  s u g g e s t  t h a t  d e p l e t e d  a - u r a n i u m  s h o u l d  

n o t  a t  p r e s e n t  be  c o n s i d e r e d  a s  a p r i m a r y  s t r u c t u r a l  member 

s ince  i t  u n d e r g o e s  a s h a r p  l o s s  i n  d u c t i l i t y  w i t h  d e c r e a s i n g  

t e m p e r a t u r e .  However,  t h e r e  is  some e v i d e n c e  which s u g g e s t s  

t h a t  a p p r o p r i a t e l y  h e a t  t r e a t e d  u ran ium a l l o y s  ( e . g . ,  U - 2  w t %  

Mo) may h a v e  a d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  w e l l  below 

t h a t  o f  a - u r a n i u m  (compare  F i g u r e s  1 3  and  1 8 ) .  

Lead 

A r e v i e w  o f  t h o s e p h y s i c a l ,  chemical,  a n d m e c h a n i c a l c h a r a c -  

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

n u c l e a r  s h i e l d i n g  h a s  been  g i v e n  by S t u k e n b r o e k e r  e t  a l .  [40]. 

Paramoun t  a m o n g t h e s e  i s l e a d ' s  h i g h  d e n s i t y  (P293K = 1 1 . 3 5  gm/ 

cm ) , l o w  c o s t ,  and  r e l a t i v e  ease of f a b r i c a t i o n .  A l though  t h e  

p r e s e n t  e x a m i n a t i o n  i s  l i m i t e d  t o  l I c h e m i c a l "  l e a d ,  v a r i o u s  o t h e r  

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

3 

T h e  t e r m i n o l o g y  " c h e m i c a l "  l e a d  is  g e n e r a l l y  r e s t r i c t e d  t o  

m a t e r i a l  a s  s p e c i f i e d  by ASTM B29-55. T a b l e  I s h o w s t h e  s t a n d a r d  

c h e m i c a l  s p e c i f i c a t i o n  f o r  t h i s  g r a d e  of p i g  l e a d ,  s i l v e r  and  

c o p p e r  b e i n g  t h e  p r i n c i p a l  i m p u r i t i e s .  C o n s i d e r a t i o n  o f  t h e  

Pb-Ag and  Pb-Cu b i n a r y  p h a s e d i a g r a m s  ( F i g u r e  1 9 )  s u g g e s t s  t h a t  

w h i l e  t h e  Ag i m p u r i t y  c o n c e n t r a t i o n  l i e s  w i t h i n  t h e  e x p e c t e d  

r a n g e  of s o l i d  s o l u b i l i t y ,  t h e  p r e s e n c e  o f  0 . 0 4  t o  0 . 0 8  w e i g h t  

p e r c e n t  c o p p e r  w i l l  r e s u l t  i n  t h e  f o r m a t i o n  o f  a two-phase  
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r a t e  a p p e a r  q u i t e  s m a l l a n d  t h a t  t h e  c h a n g e s  i n f l o w  s t r e s s  and 

s t r a i n  h a r d e n i n g  b e h a v i o r  w i t h  c h a n g i n g  t e m p e r a t u r e  a p p e a r  t o  

b e  of p a r a m o u n t  i m p o r t a n c e .  

T h e s e  r e s u l t s  a l l  s u g g e s t  t h a t  d e p l e t e d  a - u r a n i u m  s h o u l d  

n o t  a t  p r e s e n t  be c o n s i d e r e d  a s  a p r i m a r y  s t r u c t u r a l  member 

s i n c e  i t  u n d e r g o e s  a s h a r p  l o s s  i n  d u c t i l i t y  w i t h  d e c r e a s i n g  

t e m p e r a t u r e .  However,  t h e r e  is  some e v i d e n c e  which s u g g e s t s  

t h a t  a p p r o p r i a t e l y  h e a t  t r e a t e d  u ran ium a l l o y s  ( e . g . ,  U-2  w t %  

Mo) may have  a d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  w e l l  below 

t h a t  of  a - u r a n i u m  ( c o m p a r e  F i g u r e s  1 3  and  1 8 ) .  

Lead 

A r e v i e w  o f  t h o s e p h y s i c a l ,  c h e m i c a l ,  a n d m e c h a n i c a l c h a r a c -  

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

n u c l e a r  s h i e l d i n g  h a s  been  g i v e n  by S t u k e n b r o e k e r  e t  a l .  [ 4 0 ] .  

Paramoun t  a m o n g t h e s e  i s l e a d ' s  h i g h  d e n s i t y  (P293K = 11 .35  gm/ 

c m  ) , l o w  c o s t ,  and r e l a t i v e  ease o f  f a b r i c a t i o n .  A l though  t h e  

p r e s e n t  e x a m i n a t i o n  i s  l i m i t e d  t o  "chemical" l e a d ,  v a r i o u s  o t h e r  

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

The t e r m i n o l o g y  "chemical" l e a d  is  g e n e r a l l y  r e s t r i c t e d  t o  

m a t e r i a l  a s  s p e c i f i e d  by ASTM B29-55. T a b l e  I shows t h e  s t a n d a r d  

c h e m i c a l  s p e c i f i c a t i o n  f o r  t h i s  g r a d e  o f  p i g  l e a d ,  s i l v e r  and 

c o p p e r  b e i n g  t h e  p r i n c i p a l  i m p u r i t i e s .  C o n s i d e r a t i o n  o f  t h e  

Pb-Ag and  P b - C u b i n a r y  p h a s e d i a g r a m s  ( F i g u r e  1 9 )  s u g g e s t s  t h a t  

w h i l e  t h e  Ag i m p u r i t y  c o n c e n t r a t i o n  l i e s  w i t h i n  t h e  e x p e c t e d  

r a n g e  of s o l i d  s o l u b i l i t y ,  t h e  p r e s e n c e  o f  0 . 0 4  t o  0 . 0 8  w e i g h t  

p e r c e n t  c o p p e r  w i l l  r e s u l t  i n  t h e  f o r m a t i o n  o f  a two-phase  

3 
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(Cu+Pb) a l l o y .  I t  i s ,  t h e r e f o r e ,  n o t  s u r p r i s i n g  t h a t  t h i s  

s m a l l  amount  o f  c o p p e r  h a s  b e e n  r e p o r t e d  t o  h a v e  a n o t i c e a b l e  

e f f e c t  on t h e  m e c h a n i c a l  p r o p e r t i e s  o f  l e a d .  

A l t h o u g h  t h e r e  h a v e  b e e n  a number o f  e x a m i n a t i o n s  o f  t h e  

i n f l u e n c e  of s t r a i n - r a t e  and t e m p e r a t u r e  on t h e  m e c h a n i c a l  be- 

h a v i o r  o f  l e a d  [ 4 2 , 5 6 1 ,  a p p l i c a t i o n  o f  t h e s e  d a t a  t o  s h i p p i n g  

cask e n v i r o n m e n t s  i s  n o t  s t r a i g h t f o r w a r d .  I n  g e n e r a l ,  t h e  a v a i l -  

a b l e  d a t a  d o  n o t  i n c l u d e  a d e s c r i p t i o n  of e i t h e r  t h e  c h e m i s t r y  

o r  t h e r m o m e c h a n i c a l  c o n d i t i o n  f o r  t h e  m a t e r i a l  b e i n g  examined .  

Under t h e s e  c i r c u m s t a n c e s  p r o b a b l y  t h e  m o s t  c o m p l e t e  s e r i e s  o f  

e x p e r i m e n t s t h a t  have  been p e r f o r m e d  t o  d a t e  a r e  t h o s e  o f  T i e t z  

[511 ( F i g u r e  2 0  t h r o u g h  2 3 )  and  G r e e n  e t  a l .  [ 5 6 ]  ( F i g u r e s  2 4  and  

2 5 ) .  The f o r m e r  a u t h o r ' s  r e s u l t s  d e m o n s t r a t e  t h a t  t h e m e c h a n i c a l  

b e h a v i o r  o f  l e a d  i s  q u i t e  s e n s i t i v e  t o  c h e m i s t r y .  I n d e e d ,  a t  

low t e m p e r a t u r e s  h i g h  p u r i t y  ( 9 9 . 9 9 5  p e r c e n t )  l e a d  i s  s t r o n g e r  

t h a n  l e a d  c o n t a i n i n g  0 .058  w e i g h t  p e r c e n t  C u ,  c o n t r a r y  t o  wha t  

m i g h t  be e x p e c t e d  w h i l e  a t  t e m p e r a t u r e s  above  373  K ( l O O ° C ) ,  

t h e  o p p o s i t e  t r e n d  i s  o b s e r v e d  ( F i g u r e  2 6 ) .  I t  is  a l s o  i n t e r -  

e s t i n g t o n o t e t h a t  t h e m o r e  r e c e n t r e s u l t s o f  Evans  [45 ]  ( F i g u r e s  

27 a n d  2 8 )  d o  n o t  a g r e e  w i t h  t h o s e  o f  T i e t z .  P r e s e n t l y ,  t h e  

cause o f  t h i s  d i s c r e p a n c y  i s  u n d e f i n a b l e ,  s i n c e  Evans  s i m p l y  

r e p o r t e d  h i s  m a t e r i a l  a s  " c h e m i c a l "  l ead  w i t h o u t  g i v i n g  a n y  

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

One f i n a l  comment m u s t  b e  made r e g a r d i n g  m e c h a n i c a l  p r o -  

p e r t y  r e p r o d u c i b i l i t y  a t  h i g h - s t r a i n  r a t e s .  G e n e r a l l y  t h e  

o b s e r v e d  measu remen t  e r r o r s  a r e  l a r g e  a n d ,  more i m p o r t a n t l y ,  

a r e  u n p r e d i c t a b l e .  For e x a m p l e ,  t h e  u n d u l a t i o n s  o b s e r v e d  i n  t h e  
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. .  

Summary and Recommendat ions 

T h i s  r e v i e w o f  t h e  a v a i l a b l e  l i t e r a t u r e  h a s  s h o w n t h a t  t h e r e  

a r e  many a r e a s  which r e q u i r e  f u r t h e r  a t t e n t i o n  b e f o r e  an a d e q u a t e  

d a t a  b a s e w i l l  be e s t a b l i s h e d  f o r  u s e  w i t h  i n c r e a s i n g l y  s o p h i s -  

t i c a t e d  f i n i t e - e l e m e n t  computer  p rograms .  L i s t e d  below a r e  t h e  
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a u t h o r s '  r ecommenda t ions  o f  t h o s e  s u b j e c t s  w h i c h  w i l l  r e q u i r e  

f u r t h e r  e v a l u a t i o n .  

M e c h a n i c a l  P r o p e r t i e s  

1. 

2.  

3 .  

D e f i n e  t h e  t e m p e r a t u r e ,  s t r a i n - r a t e ,  and  s t r a i n  r e g i o n s  f o r  

w h i c h  s t r a i n - i n d u c e d  m a r t e n s i t e  and  dynamic  s t r a i n - a g i n g  

w i l l  c o n t r o l  t h e  s t r e s s - s t r a i n  b e h a v i o r  of  t h e  a u s t e n i t i c  

s t a i n l e s s  s t e e l s  u s e d  f o r  LWR s h i p p i n g  c a s k s .  

E s t a b l i s h  a d a t a  b a s e  f o r  s e l e c t e d  a u s t e n i t i c  s t a i n l e s s  

s t e e l s ,  " c h e m i c a l "  l e a d ,  and  as -cas t  a - u r a n i u m .  T h e  d a t a  

base s h o u l d  i n c l u d e :  

a .  T h e  i n f l u e n c e  o f  s t r a i n - r a t e  and  t e m p e r a t u r e  on t h e  

t e n s i l e ,  c o m p r e s s i v e ,  and  s h e a r  p r o p e r t i e s .  

b. The i n f l u e n c e  o f  c h e m i s t r y  v a r i a t i o n  on t h e  m e c h a n i c a l  

p r o p e r  t i e s  . 
c.  The i n f l u e n c e  of  r e s i d u a l  s t r e s s  l e v e l  and t e s t e n v i r o n - -  

ment  on t h e  m e c h a n i c a l  b e h a v i o r  o f  as -cas t  a - u r a n i u m .  

D e v e l o p  c o n s t i t u t i v e  e q u a t i o n s  t o d e s c r i b e  t h e  s t r e s s - s t r a i n  

b e h a v i o r  o f  LWRshipping  c a s k m a t e r i a l  unde r  b o t h  n o r m a l  and  

a b n o r m a l  ( d u e  t o  s t r a i n  a g i n g  o r  m a r t e n s i t c  f o r m a t i o n ) m o d e s  

o f  d e f o r m a t i o n .  

The rma l  E x p a n s i o n  ( S e e  Appendix  A )  

1. E s t a b l i s h  t h e  t h e r m a l  e x p a n s i o n  b e h a v i o r  o f  216 ,  3 1 7 ,  3 2 1 ,  

and  347 s t a i n l e s s  s t e e l  o v e r  t h e  t e m p e r a t u r e  r a n g e  - 4 0  t o  

32OOC ( - 4 0  t o  620OF).  



2 .  E s t a b l i s h  t h e  t h e r m a l  e x p a n s i o n  b e h a v i o r  of  t y p i c a l  p r o d u c t  

f o r m s  o f a - u r a n i u m u s e d i n s h i p p i n g c a s k a p p l i c a t i o n s .  P a r t i -  

c u l a r  a t t e n t i o n  s h o u l d  be g i v e n  t o  t h e  e x p e c t e d  a n i s o t r o p i c  

o r i e n t a t i o n  d e p e n d e n c e  of t h e  t h e r m a l  e x p a n s i v i t y .  

E l a s t i c  P r o p e r t i e s  ( S e e  Appendix B )  

1. Extend  modu l i  measu remen t s  f o r  a u s t e n i t i c  s t e e l s  ( 3 0 4 ,  3 1 6 ,  

321 ,  3 4 7 )  t o  t h e  l o w e s t  o p e r a t i n g  t e m p e r a t u r e s  ( - 4 0 ° C )  

a s s o c i a t e d  w i t h  s h i p p i n g  c a s k s .  

2 .  D e t e r m i n e  e l a s t i c  p r o p e r t i e s  o f  2 1 6 ,  308 ,  3 1 7 ,  and 3 4 7  

s t a i n l e s s  s t e e l .  

3. D e t e r m i n e  e l a s t i c  p r o p e r t i e s  of  s e l e c t e d  d i l u t e  uranium 

a l l o y s  ( e . g . ,  U-2Mo). 

The p r i m a r y  e m p h a s i s  of a l l  of t h e s e  s t u d i e s  s h o u l d  be a 

s y s t e m a t i c  and q u a n t i t a t i v e  a s s e s s m e n t  i n c l u d i n g  p e r t i n e n t m i c r o -  

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

i n f o r m a t i o n  a v a i l a b l e  a t  t h e  p r e s e n t  t i m e .  
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APPENDIX A 

The rma l  E x p a n s i o n  B e h a v i o r  o f  S e l e c t e d  
S t a i n l e s s  S t ee l s ,  Uranium, and  Lead 

The t h e r m a l  e x p a n s i o n b e h a v i o r  o f  s t a i n l e s s  s t e e l ,  u r a n i u m ,  

and  l e a d  a r e  p r e s e n t e d  below. The l i n e a r  t h e r m a l  e x p a n s i o n  h a s  

b e e n  p r e s e n t e d  a s A L / L o  where  ( s e e  Appendix C f o r  d e f i n i t i o n  of 

symbols) : 

L O  

S t a i n l e s s  S t e e l s  

The t h e r m a l  e x p a n s i o n b e h a v i o r  o f  t h e  s t a i n l e s s  s t e e l s  pre- 

s e n t l y b e i n g  c o n s i d e r e d  i s  t a b u l a t e d  inTable A-I and  summar ized  

i n  F i g u r e A - 1 .  The d a t a  a r e  q u i t e  l i m i t e d ;  none  were f o u n d  f o r  

216  o r  317 s t a i n l e s s  s t e e l s .  I n  a d d i t i o n ,  t h a t  f o r  3 2 1 s t a i n l e s s  

is w e l l  a b o v e  t h e  temperature  r a n g e  o f  p r i m a r y  i n t e r e s t  f o r  

s h i p p i n g  a p p l i c a t i o n s .  However, F i g u r e  A - 1  d o e s  s u g g e s t  t h a t  

t h e  t h e r m a l e x p a n s i v i t y o f m a n y  s t a i n l e s s  s t e e l s  i s  q u i t e  s i m i l a r  

a n d  t h a t ,  t o  a f i r s t  a p p r o x i m a t i o n ,  t h e y  may b e  r e p r e s e n t e d  b y  

t h a t  o f  304 s t a i n l e s s  s t e e l ,  i . e .  [ 5 7 1 ,  

-6 2 A L / L o ( % )  = 0.358 + 9 .471  x T + 1 . 0 3 1  x 1 0  T 

- 2.978 x 10-  l o T 3  ( T  i n  O K )  

The f o r m a t i o n  of  m a r t e n s i t e  a t  low t e m p e r a t u r e  o r  6 - f e r r i t e  i n  

w e l d m e n t s  c a n  be e x p e c t e d  t o  a l t e r  t h i s  b e h a v i o r  i n  a n  a s  y e t  

u n d e t e r m i n e d  manner .  

5 1  



TABLE A - I  

52 

Therma l  L i n e a r  E x p a n s i o n  of S t a i n l e s s  S tee l  
304 S t a i n l e s s  (19.19 C r ,  8.49 N i ,  0.65 Mn, 0.53 S i ,  

0.068 C ,  0.024 P, 0.007 S ,  b a l a n c e  Fe)[58] 

T e m p e r a t u r e  ( K )  T e m p e r a t u r e  ( K )  

233 
239 
244 
250 
255 
261 
266 
272 
278 
283 
289 
294 
300 
305 
311 
316 
322 
328 
333 
339 
344 
350 
355 
361 
366 
372 
378 
383 
389 
394 
4 0 0  

-0.089 
-0.083 
-0.076 
-0.071 
-0.058 
-0.046 
-0.040 
-0.029 
-0.024 
-0.013 
-0.005 
0.002 
0.012 
0.028 
0.028 
0.037 
0.044 
0.055 
0.063 
0.073 
0.083 
0.091 
0.100 
0.107 
0.118 
0.128 
0.134 
0.145 
0.151 
0.161 
0.172 

405 
411 
416 
422 
436 
450 
464 
478 
491 
505 
519 
533 
547 
561 
575 
589 
603 
616 
630 
644 
658 
672 
686 
700 
714 
741 
755 
769 
783 
797 
810 

0.182 
0.191 
0.199 
0.207 
0.236 
0.259 
0.281 
0.309 
0.334 
0.358 
0.383 
0.402 
0.429 
0.455 
0.484 
0.507 
0.536 
0.563 
0.588 
0.614 
0.636 
0.667 
0.695 
0.724 
0.768 
0.809 
0.831 
0.858 
0.887 
0.917 
0.945 
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Figure A-1 .  Thermal expansion of 304 and 3 2 1  
stainless steel. 

- 

Uranium 

The thermal expansion behavior ofa-uranium is quite complex 

(see Table A - I 1  and Figure A - 2 ) .  Single crystal measurements 

indicate that the expansion behavior, in contrast to stainless 

steel or lead, ishighly anisotropic and depends upon the parti- 

cular crystal-lographic orientation being considered. This sug- 

gests that the thermal expansion coefficients ofpolycrystalline 

uranium will be extremely sensitive to prior processing history 

and are expected tobe quite variable. To date there have been 

no investigations of the influence of thermomechanical treatment 

on the thermal expansivity of a-uranium so that any formalism 

proposed to describe its behavior must be considered as only a 

first approximation. 
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TABLE A - I 1  

T h e r m a l  L i n e a r  E x p a n s i o n  of P o l y s t a l l i n e  a-Uranium 

C u r v e  1 3  ( 9 9 . 8  U ,  0 .14  C ,  0 .03  S i )  Curve  3 2  ( " P u r e "  Uranium)  
T e m p e r a t u r e  ( K )  AL/L,(%) T e m p e r a t u r e  ( K )  AL/L,(%) - 

2 9 1  

3 7 3  

4 7 3  

5 7 3  

6 7 3  

-0.0032 

0.127 

0.306 

0.506 

0.728 

29 3 

3 7 3  

4 7 3  

5 7 5  

6 7 3  

0 . 0 0 0  

0 .118  

0.268 

0 .424  

0 .594  

lEMRRATURt , K 

F i g u r e  A-2. The rma l  e x p a n s i o n  b e h a v i o r  of a - u r a n i u m ,  c u r v e  
r e f e r e n c e  numbers  g i v e n b y T o u l o n k i a n  e t a l .  [571 .  

5 4  



Notwithstanding, Touloukian et al. [57] recommend that the 

thermal expansion behavior of  polycrystalline a-uranium can be 

represented by : 

AL/Lo(%) = -0.379 + 1.264 x 10-3T - 8.982 x 10-8T2 

+ 6.844 x lO-loT3 (293 K <  T <  941 K). 

(T in O K )  

As noted above, the error limits to be associated with this 

relationship must be established. 

Lead 
.. 

The thermal expansion behavior of lead is summarized in 

Figure A-3. Although the bulk of  this data refers to high 

purity lead it appears that, in those instances where the im- 

purity levels approach that of "chemical" lead, the expansion 

behavior remains relatively unaffected. Indeed, it has been 

proposed that all of the tabulated values can be represented 

to within - + 3 percent over the temperature range 100 to 600 

K by the following equation [57]: 

AL/Lo(%) = 0.786 + 2572 x 10-3T + 1.147 x 10-7T2 

+ 8.770 x 10- loT3 (T in O K )  
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Figure A-3. Thermal expansion behavior of lead, curve 
reference numbers given by Touloukian et 
al. [57]. 

with the recommended values being 

Temperature ( K )  ( % 1 

100 -0.526 

200 -0.261 

293 0.000 

400 0.317 

500 0.638 

600 0.988 

- (Y x 1O6(K-') 

25.6 

27.5 

28.9 

30.6 

33.3 

36.7 

where 

CY = (l/L293)dL/dT 
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A P P E N D I X  B 

E l a s t i c  P r o p e r t i e s  of Selected S t a i n l e s s  
S t e e l s ,  U r a n i u m ,  and  Lead 

S t a i n l e s s  S t e e l s  

T y p i c a l  v a l u e s  f o r  t h e  e l a s t i c  c o n s t a n t s  o f  s e l e c t e d  

s t a i n l e s s  s t ee l s  a re  g i v e n  i n  T a b l e s  B - I  t h r o u g h  B - V I 1  and  

F i g u r e s  B-1  t h r o u g h  B-6. E x a m i n a t i o n  o f  t h i s  d a t a  i n d i c a t e s  

t h a t  v a r i a t i o n s  i n  c h e m i s t r y  w i t h i n  t h e  g r o u p  o f  a u s t e n i t i c  

s t a i n l e s s  s t e e l s  p r e s e n t l y  unde r  c o n s i d e r a t i o n  have  l i t t l e  

e f f e c t  on t h e i r  e l a s t i c  p r o p e r t i e s .  F u r t h e r m o r e ,  i n c r e a s i n g  

t e m p e r a t u r e  g e n e r a l l y  r e s u l t s  i n  a g r a d u a l  d e c r e a s e  i n  t h e  

Young ' s  and  s h e a r  m o d u l i  and  a n  accompanying  increase  i n  

P o i s s o n ' s  r a t i o .  A g a i n ,  m a r t e n s i t e  f o r m a t i o n  can b e  e x p e c t e d  

t o  c a u s e  c h a n g e s .  For  e x a m p l e ,  t h e  p r e s e n c e  of m a r t e n s i t e  

h a s  b e e n  shown t o  l o w e r  t h e  modu lus  o f  t h e  p a r e n t  a u s t e n i t e  

p h a s e  [ 6 1 ] .  



TABLE B - I  

E f f e c t  of  T e m p e r a t u r e  o n  t h e  E l a s t i c  
C o n s t a n t s  of Se lec ted  S t a i n l e s s  S t e e l s  [ 6 0 ]  

T e m p e r a t u r e  ( K )  
6 4 4  ____ 2 9 7  4 2 2  533 Type -- 

Y o u n g ' s  Modulus  ( l o 3  ksi) 
3 0 4  2 9 . 0  2 7 . 3  2 6 . 0  2 4 . 8  

3 1 6  2 8 . 4  2 7 . 2  2 6 . 4  2 5 . 6  

3 1 7  2 7 . 0  2 6 . 4  2 5 . 0  - 

3 2 1  2 8 . 9  2 7 . 3  2 5 . 8  2 4 . 5  

3 4 7  2 8 . 9  2 7 . 5  2 6 . 1  2 4 . 8  

3 0 4  

3 1 6  

3 1 7  

3 2 1  

3 4 7  

3 0 4  

3 1 6  

3 1 7  

3 2 1  

3 4 7  

S h e a r  Modulus  ( l o 3  k s i )  

1 1 . 2  1 0 . 4  9 . 8  

1 1 . 3  1 0 . 8  1 0 . 2  

- - - 

1 1 . 2  1 0 . 6  9 . 9  

1 1 . 4  1 0 . 7  1 0 . 1  

P o i s s o n ' s  R a t i o  

0 . 3 0  0 . 3 1  0 . 3 1  

0 . 2 6  0 . 2 6  0 . 3 0  

0 . 2 5  0 . 2 8  0 . 3 1  

0 . 2 8  0 . 2 9  0 . 3 0  

0 . 2 8  0 . 2 9  0 . 3 0  

\ 

9 . 3  

9 . 2  

- 

9 . 4  

9 . 5  

0 . 3 2  

0 . 3 4  

0 . 3 1  

0 . 3 1  

0 . 3 1  



TABLE B-I1 

Young's Modulus for 
Annealed 304 Stainless Steel [14] 

. I  .. .. .. .. .. .. .. .. .. .. .. .. . .  .. .. ........ 

TABLE B-I11 

Shear Modulus for 
Annealed 304 Stainless Steel [14] 

1 9 7 1  ASME CODE 

.. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ...... ..... ............ 
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TABLE B-IV 

P o i s s o n ' s  R a t i o  f o r  
A n n e a l e d  304 S t a i n l e s s  S tee l  [14 ]  

0 

e 

4 

0 

0 

0 

e 
0 
0 

0 

0 

e 
8 
0 

e 
0 

e 
0 

0 

e 
0 

e 

0 

e... 

7 5 (  1 6 7 1  
IJC ( 2121 
125 t ?571 
1 5 C t  332) 
l75t 3C7l 
2 @ G (  3921 
2 2 5 (  C371 

3r;G 
325 
35c 
3 75 
1;L 
1 2 s  
LSC 
475 
S D U  

2 5 C C  4 6 2  
275 527 

5 7 ?  
61 7 
562 
7 t  7 
75 2 
797  
5 4 2  
36 7 
332 

5 2 5 (  977 
55c (1922 
5 7 5 1 1 ~ 6 7  
6JL ( 1 1 1 2  
6 2 S ( l l 5 7  
65G I IZG? 
675 ( 1 2 b 7  
72C ( 1 2 9 2  
It5 (1 33 T I  

e 
cc 

1;ot 381  
15J( 661 
Z O O (  9 3 1  
2 5 0 ( 1 2 1 1  
360(149l 

400(204l 
4 5 0 ( 2 3 2 1  
5 0 0  ( 2 6 6  I 
550 ( 2 8 6  1 
6UO!31bl 
650 ( 3 1 3 1  
7120 ( 3 7 1 1  
75J (3991 
8 0 0 ( 4 2 7 )  
850 ( C 5 4 1  
960  Ik82) 
9 S o  ( 5 1 C  I 

100.3 ( 5 3 8  I 
lG50 ( 5 6 6 1  
SlGO (593) 
llSO(621I 
1200 ( 6 4 9 1  
1250  ( 6 7 7  I 
1 3 O J  ( 7 3 4 )  
1 3 5 0  ( 7 3 2  I 
1kiJO ( 7 6 0 1  
1452 (7  8 8  I 
1 5 3 0 ( 5 1 b l  

3 5 0 ( 1 7 7 )  

2 .656E-01  

2 . 7 1 1 E - 0 1  
2 .  LESE-01 

2 . 7 3 7 ~ - a i  
2 . 7 6 1 E - 3 1  
2.785: E-0 1 
2 .  B O $ € - 0 1  
2 . 8 3 0  E-0 1 
2.851E-0 1 
2.67ZE-0 1 

2.91ZE-01 

2.951E-01 

2 .892E-01  

2 . 9 3 l E - 0 1  

2 .970E-01  
2 .96JE-01  
J.CC6E-01 
3 . t 2 7 E - 0 1  
3 .046E-01  
3.066E-0 1 

3.106E-01 
3 i?IE-O 1 
3 .148E-31  
3 .171E-0  1 
3.191.E-0 1 
3 . 2 1 7 E - 0 1  
3 .24ZE-Cl  
3 .268E-01  

3 .  n a6 E - a  I 

0 

e 
0 

e 
e 

0 

0 

e 
e 
0 

0 

0 

0 

e 
e 
e 
0 

0 - 
0 

e 
0 
e 
e 
0 

e.. *..,........*...***.....**....*..****.c..**cc 

TABLE B-V 

Y o u n g ' s  Modulus f o r  
Annea led  316 S t a i n l e s s  S tee l  [ 1 4 ]  

1 9 7 1  ASME CODE 

. _____- -_--- -. 
7 5 (  167)  

LO01 2121 
1251 257)  
1 5 0 1  3021 
1 7 5 1  3471 
Z O O 1  3921 
2251 437)  
2501 4 8 2 )  
2751 5 2 7 )  
3001  5721 
3251 617)  
3 5 0 (  6621 
3751 I 0 7 )  
4001 7521 
4 2 5 (  7971 
4501 442)  
4751 8871 
5 0 0 1  932) 
5 2 5 (  377)  
550110221 
575110671 
600111121 
625111571 
65011202l  
675112471 
7 0 0 ( 1 2 9 2 )  
725113371 
750113021 
77511427) 

1 0 0 1  3 4 1  
1501 661 
Z O O (  931  
25011211 2.716€*0; 
30011491 7 .71bEtOl  
350 1177) 2.691E*OL 
4 0 0  12041 2. bb4E101 
45012321 2 .63bElOl  
5001ZbOl Z.bO7EIOl 

bOO13lbI ?.544€101 
6501343)  2.511E*Oi 
70013711 2.477E.01 
75813991 7 . 4 4 2 E l O l  
8 0 0 1 4 2 7 l  2.4ObE*Ol 
45014541 2 .369€+01 
9 0 0 1 4 4 2 )  2.331E101 
9 5 0 ( 5 1 0 l  2 .292€*01 

10001538)  2.253E.01 
1050  15661 2.213EIOl 
11001593l  Z . lTZE*Oi  
11501621)  2.130E*O1 
12001649l  2 .089EIOl  
125Olb771 2.04bElOl 
1300  17041 Z . O O 3 E  '01 
13501732)  1.96OE+Ol 
140017601 1 .917EtOl  

1500  1816) I .  C 3 O E t O l  

5so(zaai  2.676EtOL 

i 6 0 1 7 0 8 1  i . n 7 3 ~ + 0 i  

. 
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TABLE B-VI 

S h e a r  Modu lus  f o r  
A n n e a l e d  316 S t a i n l e s s  S t e e l  [14] 

TABLE B - V I 1  

P o i s s o n ' s  R a t i o  f o r  
A n n e a l e d  316 S t a i n l e s s  S tee l  [14] 
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Figure B-1. Young's modulus of 304SS, annealed [14]. 
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Figure B-2. Young's modulus of 316SS, annealed [14]. 
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Figure B-6. Poisson's ratio o f  316SS, annealed [14]. 
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Ur an i um 

The influence of temperature on the elastic properties of 

uranium are presented in Table B-VI11 and Figure B-7. The solid 

curve in the latter referstothe modulus of random, non-textured 

3 

- 

polycrystalline uranium [ 6 2 ] ,  while the minimum and maximum 

- 4  

- 2  
E 

psi 
lo7 

- 8  
- 6  

- 4  

- 2  

!JlO6 

TABLE B-VI11 

Probable Values for Elastic Moduli 
of Non-textured Polycrystalline Uranium [ 6 4 1  

Young s Shear 
Mo ulus Mo ulus Poisson's 

Ratio I? (10 psi) €! Tempe r a tu r e 
( K )  (10 psi) 

2 0 0  3 0 . 5  1 2 . 5 0  0 .22  
3 0 0  2 9 . 1  1 1 . 8 0  0 . 2 3  
4 0 0  2 7 . 6  1 1 . 2 0  0 . 2 3  
500  2 6 . 1  1 0 . 5 0  0 .23  
6 0 0  24 .3  9 .70  0 . 2 5  
7 0 0  22 .3  8.70 0 . 2 8  
8 0 0  1 9 . 7  7 . 6 0  0 . 3 0  

TI TM 
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4 

lo4 22 0 200 400 600 800 

0.8 1.0 
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! T - 
lo00 1200 11 

Figure B-7. Young's modulus of  pure polycrystalline uranium as 
a function of temperature. The modulus of non- 
textured uranium is given by the solid line. The 
maximumand minimum moduli for alpha uranium from 
single crystal measurements are also plotted [ 6 2 ,  
6 3 1 .  



values were obtained from specifically oriented uranium single 

crystals [ 6 3 ] .  These results show that whereas the modulus of 

non-textured polycrystalline uranium at 298 K is 29 x lo6 psi, 

it canbe ashigh as 41.5 x lo6 psi or as low as 21.4 x lo6 psi 

for a textured sample. 

Finally, the authors were unable to obtain any reliable 

data onthe influence of dilute alloy additions (e.g., 2 weight 

percent M o )  on the elastic properties of uranium. 

Lead 

The influence of temperature on the Young's modulus of cast 

high purity lead is shown in Figure B-8. Again, increasing 

temperature results in a gradual decrease in modulus. Attempts 

to locate more complete information, including values of the 

shear modulus and Poisson's ratio, have been unsuccessful to 

date. 

- CT) 

c3 

0 

z o  
3 -200 -100 0 100 200 300 400 500 600 7 
> TEMPERATURE ( C )  

Figure B-8. Young's modulus of lead [ 6 5 ] .  
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APPENDIX C 

List of Symbols 

CT = true stress 

= proportional limit: 

E = true plastic strain = ln(1te) 

e = engineering strain = Al/lo 

= total true strain E L  

E = Young's modulus 

AL/Lo = thermal linear expansion, 

= length at temperature T LT 

Lo = l e n g t h  at 293 K 

A L  = LT - Lo 
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