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ABSTRACT 

A c o m p r e h e n s i v e r e s e a r c h p rog ram h a s been c o m p l e t e d t o e v a l u a t e t h e 
e f f e c t s of c h e m i c a l and g a m m a - i r r a d i a t i o n e n v l r o n m e n t s 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 c r o s s l i n k e d h i g h - d e n s i t y p o l y e t h y l e n e . The s t u d i e s i n c l u d e d 
u n i a x i a l c r e e p t e s t s and c r a c k i n i t i a t i o n and c r a c k p r o p a g a t i o n s t u d i e s i n 
s t a t i c a l l y - s t r e s s e d U-bend s a m p l e s . From t h e r e s u l t s o b t a i n e d s t a n d a r d 
t e s t i n g p r o t o c o l s w e r e recommended f o r q u a n t i f y i n g t h e v a r i o u s f a i l u r e modes 
w h i c h c o u l d be p r e s e n t i n t h i s m a t e r i a l d u r i n g s e r v i c e a s a l o w - l e v e l w a s t e 
c o n t a i n e r . 
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EXECUTIVE SUMMARY 

C r o s s l i n k e d h i g h - d e n s i t y p o l y e t h y l e n e (HDPE) I s a p l a s t i c t h a t I s b e i n g 
used a s a h i g h - I n t e g r i t y c o n t a i n e r m a t e r i a l f o r c e r t a i n t y p e s of l o w - l e v e l 
r a d i o a c t i v e w a s t e , ^nong t h e r e a s o n s f o r i t s s e l e c t i o n a r e i t s r e l a t i v e l y low 
c o s t compared t o m e t a l 1 i c m a t e r i a l s and i t s e x c e l ! e n t r e s i s t a n c e t o many 
c o r r o s i v e e n v i r o n m e n t s . The c u r r e n t r e s e a r c h e f f o r t was d e s i g n e d t o q u a n t i f y 
t h e m e c h a n i c a l b e h a v i o r of such a m a t e r i a l (Mar l ex CL-100 , m a r k e t e d by t h e 
P h i l l i p s P e t r o l e u m Co . ) in c h e m i c a l and i r r a d i a t i o n e n v i r o n m e n t s t h a t c o u l d be 
p r e s e n t in a w a s t e c o n t a i n e r . The u l t i m a t e o b j e c t i v e of t h e s t u d y i s t o f i r s t 
i d e n t i f y and q u a n t i f y t h o s e f a i l u r e and d e g r a d a t i o n modes t h a t c o u l d l e a d t o 
f a i l u r e of t h e c o n t a i n e r b e f o r e and a f t e r d i s p o s a l in a s h a l l o w - l a n d b u r i a l 
t r e n c h and t h e n t o s p e c i f y a t e s t i n g p r o t o c o l f o r HDPE t h a t c o u l d e v e n t u a l l y 
l e a d t o i t s q u a l i f i c a t i o n a s a h i g h - i n t e g r i t y c o n t a i n e r m a t e r i a l . 

Based on an e a r l i e r p r e l i m i n a r y s t u d y (Soo and o t h e r s , 1 9 8 6 ) , i t was 
d e c i d e d t h a t t h e e f f o r t s h o u l d c o n c e n t r a t e in two a r e a s : 

a ) S e m i - q u a n t i t a t i v e U-bend t e s t s t o d e t e r m i n e t h e e f f e c t s of 
s e l e c t e d c h e m i c a l , i r r a d i a t i o n , and m a t e r i a l v a r i a b l e s on t h e 
r a t e s of c r a c k i n i t i a t i o n and p r o p a g a t i o n , and 

b) Q u a n t i t a t i v e u n i a x i a l c r e e p t e s t s in c h e m i c a l and i r r a d l a t i o n 
e n v i r o n m e n t s t o d e t e r m i n e how t h e y i n f l u e n c e t h e c r e e p r a t e , 
e l o n g a t i o n - a t - f a i 1 u r e ( d u c t 1 1 i t y ) , and t h e f a i 1 u r e t i m e a t a 
g i v e n s t r e s s l e v e l . 

The t e s t r e s u l t s a r e d i s c u s s e d be low and a r e t h e n f o l l o w e d by a d e s c r i p -
t i o n of t h e r a t i o n a l e t h a t was used t o s p e c i f y a m a t e r i a l t e s t i n g p r o t o c o l , 

U-Bend T e s t s in Chemical E n v i r o n m e n t s 

The U-bend s a m p l e s were p r e p a r e d by c u t t i n g s t r i p s f rom t h e 3 , 2 mm ( 0 . 1 2 5 
i n . ) wal l of a Mar lex CL-100 HDPE r o t a t i o n a l l y - m o l d e d drum. Dur ing t h e h i g h -
t e m p e r a t u r e m o l d i n g p r o c e s s t h e i n t e r n a l s u r f a c e of t h e drum becomes o x i d i z e d 
by t h e s u r r o u n d i n g a i r c a u s i n g t h e s u r f a c e d u c t i l i t y t o d e c r e a s e . The o u t e r 
s u r f a c e of t h e drum, on t h e o t h e r hand , r e m a i n s in a n o n - o x i d i z e d , h i g h e r 
d u c t i l i t y c o n d i t i o n s i n c e i t r e m a i n s in i n t i m a t e c o n t a c t w i t h t h e s t e e l mo ld . 
The U-bends p r e p a r e d f o r t h e c h e m i c a l - i n t e r a c t i o n s t u d i e s al 1 had o x i d i z e d 
m a t e r i a l on t h e o u t e r bend s u r f a c e s i n c e i t r e p r e s e n t s a c o n s e r v a t i v e c a s e 
where t h e b e n d i n g of t h e m a t e r i a l c a u s e s s u r f a c e c r a c k i n g . I t i s t h e growth 
of t h e s e c r a c k s , and t h e n u c l e a t i o n of new o n e s , which was i n v e s t i g a t e d . 

S i n c e oxygen i s g e n e r a l l y known t o be d e t r i m e n t a l t o HDPE p r o p e r t i e s , 
b a t c h e s of e i g h t U-bend s p e c i m e n s were p l a c e d in f o u r t e s t e n v i r o n m e n t s a t 
room t e m p e r a t u r e . Each env i ronment was s e l e c t e d b e c a u s e of t h e d i f f e r e n t 
q u a n t i t i e s of oxygen t h a t would be p r e s e n t . They i n c l u d e d a i r , d e l on1 zed 
w a t e r (DIW), n i t r o g e n , and a vacuum o b t a i n e d by a r o t a r y pump. 



I t was f o u n d t h a t a i r , w a t e r , and n i t r o g e n g i v e l a r g e r c r a c k g r o w t h r a t e s 
t h a n t h o s e f o r t h e vacuum. Both w a t e r and t h e n i t r o g e n e n v i r o n m e n t a r e known 
t o c o n t a i n d i s s o l v e d oxygen and oxygen c o n t a m i n a t i o n , r e s p e c t i v e l y . T h e s e 
o b s e r v a t i o n s a r e c o n s i s t e n t w i t h many o t h e r s t u d i e s wh ich show t h a t oxygen i s 
d e t r i m e n t a l t o 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 p i a s t i c s . The f a s t e s t r a t e o f 
i n c r e a s e in l a r g e c r a c k s i s seen t o be o b t a i n e d f o r w a t e r , and t h i s i s i n 
a c c o r d w i t h t h e t h e o r y t h a t s u r f a c e w e t t i n g a t t h e t i p s o f g r o w i n g c r a c k s 
l e a d s t o a c c e l e r a t e d g r o w t h ( S h a n a h a n and S h u l t z ; 1 9 7 9 , 1 9 8 0 ) . 

U-Bend T e s t s i n Gamma R a d i a t i o n E n v i r o n m e n t s 

B a t c h e s of U-bend s p e c i m e n s , s i m i l a r t o t h o s e used f o r t h e c h e m i c a l e n v i -
r o n m e n t t e s t s d e s c r i b e d a b o v e , w e r e a l s o used t o d e t e r m i n e c r a c k p r o p a g a t i o n 
e f f e c t s f o r t h r e e gamma d o s e r a t e s , v i z . 1 , 4 x l O 3 , 8 , 4 x l O 4 , and 4 . 4 x 10 
r a d / h i n a i r . The s t u d y showed t h a t i r r a d i a t i o n l e a d s t o r a p i d g r o w t h i n b o t h 
sma l l and l a r g e c r a c k d e n s i t i e s . However , a v e r y i m p o r t a n t p o i n t i s t h a t t h e 
low and I n t e r m e d i a t e d o s e r a t e s g i v e t h e l a r g e r c r a c k i n g e f f e c t s . T h i s p r o v e s 
t h a t a c c e l e r a t e d i r r a d i a t i o n t e s t s mus t be used w i t h c a u t i o n , s i n c e t h e y do 
n o t a l w a y s g i v e c o n s e r v a t i v e r e s u l t s . 

O t h e r t e s t s i n t h i s s e r i e s show t h a t i f t h e o x i d i z e d s u r f a c e l a y e r i s 
removed p r i o r t o b e n d i n g t h e s p e c i m e n s i n t o t h e U-bend c o n f i g u r a t i o n , o r i f 
t h e HOPE i s b e n t so t h a t t h e n o n - o x i d i z e d s u r f a c e r e s i d e s a t t h e apex of t h e 
b e n d , t h e n c r a c k i n i t i a t i o n i s v e r y g r e a t l y d e l a y e d . C l e a r l y , oxygen a l r e a d y 
p r e s e n t in t h e HOPE e n c o u r a g e s c r a c k i n g in t h e i r r a d i a t i o n f i e l d b u t n o n -
o x i d i z e d m a t e r i a l w i l l e v e n t u a l l y c r a c k b e c a u s e o f i n t e r a c t i o n w i t h a t m o s p h e r -
i c o x y g e n . 

U n i a x i a l C r e e p i n Chemica l E n v i r o n m e n t s 

Chemica l e n v i r o n m e n t s u s e d i n t h e c r e e p e v a l u a t i o n i n c l u d e d s c i n t i l l a t i o n 
f l u i d , t u r b i n e o i l , and I g e p a l CO-630. S c i n t i l l a t i o n f l u i d c o n t a i n s x y l e n e 
and t o l u e n e which a r e r e p r e s e n t a t i v e o f a c l a s s o f d e t r i m e n t a l o r g a n i c 
s o l v e n t s t h a t c o u l d i n i t i a t e a p a r t i c u l a r t y p e o f f a i l u r e f o r HOPE. T u r b i n e 
o i l was s e l e c t e d s i n c e i t c o u l d be a c o n t a m i n a n t i n l o w - l e v e l w a s t e , and 
I g e p a l i s a s t a n d a r d ASTM-recommended s u r f a c t a n t , u s e d f o r d e t e c t i n g 
s u s c e p t i b i l i t y o f HOPE t o env i r o n m e n t a l s t r e s s - c r a c k i n g . Ai r and d e i o n l z e d 
v /a t e r were a l s o used a s c o n t r o l t e s t e n v i r o n m e n t s . 

The s p e c i m e n s s t u d i e d w e r e made f r o m a s - r e c e i v e d m a t e r i a l w i t h one 
s u r f a c e i n t h e o x i d i z e d c o n d i t i o n , and a l s o f rom m a t e r i a l wh ich had t h e 
o x i d i z e d s u r f a c e removed by a b r a s i v e p a p e r . I t was f o u n d t h a t removal o f t h e 
l a y e r o f t e n r e s u l t s i n f a s t e r i n i t i a l c r e e p r a t e s b u t i t u s u a l l y l e a d s t o 
h i g h e r d u c t i l i t y and l o n g e r f a i l u r e t i m e s f o r a g i v e n s t r e s s l e v e l . C l o s e 
e x a m i n a t i o n o f t h e c r e e p c u r v e s f o r a s - r e c e i v e d and n o n - o x i d i z e d HOPE shows 
t h a t t h e d i f f e r e n c e s a p p e a r a f t e r a b o u t 20 p e r c e n t e l o n g a t i o n . T h i s i s a l m o s t 
c e r t a i n l y a s s o c i a t e d w i t h t h e f i r s t a p p e a r a n c e o f c r a c k s i n t h e o x i d i z e d 
l a y e r . When c r a c k s a p p e a r , l o c a l i z e d d e f o r m a t i o n o c c u r s in t h e c r a c k e d 
r e g i o n s b e c a u s e of s t r e s s c o n c e n t r a t i o n e f f e c t s . U n t i l t h e c r a c k s a r e 
n u c l e a t e d , d e f o r m a t i o n i n b o t h t y p e s of s p e c i m e n o c c u r s u n i f o r m l y t h r o u g h o u t 
t h e g a g e l e n g t h i n a s i m i l a r f a s h i o n . S e v e r a l t y p e s o f f a i l u r e may t h e n o c c u r 
i n a s - r e c e i v e d HOPE d e p e n d i n g on t h e e n v i r o n m e n t : 

VI 



a) " E n v i r o n m e n t a l s t r e s s - c r a c k i n g " i n wh ich t h e c r a c k s grow 
q u i c k l y in a " b r i t t l e " manner c a u s i n g e a r l y f a i l u r e . I g e p a l 
and t u r b i n e o i l c a u s e such f a i 1 u r e o v e r a r a n g e of 1ow 
s t r e s s e s . 

b) " D u c t i l e f a i l u r e " wh ich i s common f o r e n v i r o n m e n t s such a s a i r , 
w a t e r , t u r b i n e o i l and I g e p a l a t i n t e r m e d i a t e and h i g h 
s t r e s s e s 

c) " S u p e r p l a s t i c f a i l u r e " i n wh ich t h e c r a c k s fo rmed i n t h e 
o x i d i z e d l a y e r become b l u n t e d by e a s y p l a s t i c d e f o r m a t i o n so 
t h a t t h e y grow v e r y s l o w l y , i f a t a l l . D e f o r m a t i o n t h e n o c c u r s 
more e v e n l y t h r o u g h o u t t h e g a g e l e n g t h g i v i n g h i g h e r d u c t i l i t y 
(>200 p e r c e n t ) and f a i l u r e t i m e s compared t o t h o s e f o r s t r e s s -
c r a c k i n g c o n d i t i o n s . Such f a i l u r e i s p romoted by h i g h s t r e s s 
l e v e l s a n d , more i m p o r t a n t l y , by t h e removal o f o x i d i z e d 
s u r f a c e m a t e r i a l . 

d ) "Low s t r e s s c r e e p e m b r i t t l e m e n t " which o c c u r s when t h e s t r e s s 
l e v e l i s t o o low t o g i v e l a r g e s c a l e p l a s t i c i t y . F a i l u r e , i f 
i t o c c u r s , t a k e s a l o n g t i m e and r e s u l t s f r o m " b r i t t l e " c r a c k 
g r o w t h . 

U n i a x i a l C r e e p D u r i n g Gamma I r r a d i a t i o n 

Gamma i r r a d i a t i o n d u r i n g t e s t i s shown t o s t r e n g t h e n c r o s s l i n k e d HOPE 
d u r i n g t h e e a r l y s t a g e s o f c r e e p ( S t a g e s I and I I ) . I t i s p o s t u l a t e d t h a t t h e 
s l o w e r c r e e p r a t e s d u r i n g t h i s t i m e a r e c a u s e d by a d d i t i o n a l c r o s s l i n k i n g o f 
t h e po lymer s t r u c t u r e . I t s h o u l d be a p p r e c i a t e d t h a t t h e e f f e c t s o f gamma 
i r r a d i a t i o n become i m p o r t a n t v e r y e a r l y i n i r r a d i a t i o n - c r e e p . For e x a m p l e , a t 
a s t r e s s of 1 2 . 5 8 MPa (1825 p s i ) t h e g r e a t l y r e d u c e d c r e e p r a t e c a u s e d by 
i r r a d i a t i o n a t 5 x l O 3 and 2 x l O 4 r a d / h i s n o t i c e a b l e a f t e r a b o u t 1 h , o r 
l e s s . The a c c u m u l a t e d d o s e s would be 5 x l O 4 and 2 x l O 5 r a d , r e s p e c t i v e l y , 
wh ich a r e q u i t e low d o s e l e v e l s . O b v i o u s l y , s t r e s s and i r r a d i a t i o n t o g e t h e r 
p r o v i d e a s t r o n g i n t e r a c t i v e e f f e c t . 

The g r e a t l y e n h a n c e d r u p t u r e t i m e s and d u c t i l i t i e s o f i n - t e s t i r r a d i a t e d 
HOPE a r e i n t e r e s t i n g o b s e r v a t i o n s s i n c e i t h a s been shown p r e v i o u s l y t h a t 
p r i o r i r r a d i a t i o n c a u s e s a d e c r e a s e in f a i l u r e t i m e and d u c t i l i t y upon s u b s e -
q u e n t t e s t i n g ( S o o , and o t h e r s , 1 9 8 6 ) . Q u i t e l i k e l y , t h e e n h a n c e d p l a s t i c i t y 
i s a s s o c i a t e d w i t h c h a i n s c i s s i o n which c o u l d become i m p o r t a n t in t h e l a t e r 
s t a g e s o f c r e e p . 

T e s t i n g P r o t o c o l 

In o r d e r t o s p e c i f y a t e s t i n g p r o p o s a l t o i n s u r e t h a t HOPE i s s u i t a b l e a s 
a h i g h - i n t e g r i t y c o n t a i n e r m a t e r i a l i t i s f i r s t n e c e s s a r y t o i d e n t i f y a l l 
p o s s i b l e f a i l u r e o r d e g r a d a t i o n modes t h a t a c o n t a i n e r c o u l d e x p e r i e n c e d u r i n g 
s e r v i c e . Review of t h e l i t e r a t u r e and l a b o r a t o r y t e s t i n g s h o u l d be used t o 
a c c o m p l i s h t h i s g o a l . From t h e c u r r e n t s t u d y t h e f o l l o w i n g f a i l u r e modes have 
been i d e n t i f i e d : 
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a ) E n v i r o n m e n t a l s t r e s s - c r a c k i n q 
b ) D u c t i l e f a i l u r e 
c ) S u p e r p l a s t i c f a i l u r e 
d ) L o w - s t r e s s e m b r i t t l e m e n t 
e ) I m p a c t e m b r i t t l e m e n t 
f ) I r r a d i a t i o n e m b r i t t l e m e n t 
g) B u c k l i n g ( t h i s i s a c o m p o s i t e f a i l u r e mode i n v o l v i n g e a r l y c r e e p 

f o l l o w e d by f a s t p l a s t i c d e f o r m a t i o n . ) 

S t a n d a r d ASTM t e s t s and o t h e r t e s t s a r e a v a i l a b l e t o q u a n t i f y t h e a b o v e 
f a i l u r e modes . However , a c o m p r e h e n s i v e k n o w l e d g e o f t h e f a i l u r e modes w i l l 
n o t a l o n e d e m o n s t r a t e t h a t a c o n t a i n e r w i l l meet NRC o r S t a t e p e r f o r m a n c e 
c r i t e r i a . T h i s must be a c c o m p l i s h e d by f i r s t s p e c i f y i n g c o n t a i n e r d e s i g n 
c r i t e r i a t h a t g u a r a n t e e c o m p l i a n c e and t h e n d e m o n s t r a t i n g t h a t t h e s e c r i t e r i a 
a r e m e t . In many c a s e s , t h e s e c r i t e r i a a r e of an a r b i t r a r y n a t u r e and r e f l e c t 
t h e d e g r e e o f c o n s e r v a t i s m t h e d e s i g n e r c h o o s e s . For e x a m p l e , a d e s i g n 
c r i t e r i o n t o p r e v e n t f a i l u r e by t e n s i l e c r e e p c o u l d be one o f t h e f o l l o w i n g : 

a ) S p e c i f i c a t i o n o f a d e s i g n s t r e s s l i m i t f o r t h e c o n t a i n e r wh ich 
would i n s u r e t h a t c r e e p n e v e r e n t e r s t h e S t a g e I I I c r e e p r e g i o n 
w h e r e f a i l u r e b e g i n s . 

b) S p e c i f i c a t i o n o f a maximum a l l o w a b l e d e s i g n s t r a i n ( e l o n g a t i o n ) 
so t h a t f a i l u r e c o u l d n o t o c c u r . 

Al t e r n a t e d e s i g n c r i t e r i a cou l d al so be d e f i n e d b u t o n c e one has been 
s e l e c t e d i t c o u l d be used t o d e m o n s t r a t e compl l a n c e w i t h an NRC ( o r S t a t e ) 
r e q u i r e m e n t . Below i s summar ized a s e q u e n c e o f e v e n t s which would l e a d t o 
d e m o n s t r a t i o n o f c o m p l i a n c e . 

S t e p 1 

I d e n t i f y f rom l i t e r a t u r e s u r v e y s and p r e l i m i n a r y t e s t i n g a l l 
p o s s i b l e f a i 1 u r e / d e g r a d a t i o n modes f o r HDPE c o n t a i n e r s . Rank them 
i n o r d e r of i m p o r t a n c e w i t h r e s p e c t t o e a r l y f a i l u r e . 

S t e p 2 

I n i t i a t e c o m p r e h e n s i v e t e s t i n g t o q u a n t 1 f y t h e 
c o n c e n t r a t i n g , f i r s t , on t h e most i m p o r t a n t o n e s . 

f a i l u r e modes 

S t e p 3 

T r y t o s p e c i f y c o n t a i n e r s e r v i c e c o n d i t i o n s which would r e n d e r t h e 
c o n t a i n e r immune t o a s many f a i l u r e modes a s p o s s i b l e . T h e s e modes 
c o u l d t h e n be removed f rom f u r t h e r c o n s i d e r a t i o n . 

S t e p 4 

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

c r i t e r i a w h i c h , i f m e t , w i l l p r e v e n t 
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S t e p 5 

Use m a t e r i a l s t e s t d a t a t o show t h a t t h e d e s i g n c r i t e r i a a r e l i k e l y 
t o be met a n d , t h e r e f o r e , t h a t r e g u l a t o r y r e q u i r e m e n t s a r e s i m i l a r l y 
m e t . 

Recommended t e s t p r o t o c o l s t o q u a n t i f y t h e v a r i o u s f a i l u r e modes i n c l u d e 
t h e f o l l o w i n g s t a n d a r d ASTM t e s t s : 

ASTM D - 1 6 9 3 : f o r e n v i r o n m e n t a l s t r e s s - c r a c k i n g 

ASTM D - 6 3 8 : f o r t e n s i l e t e s t i n g 

ASTM D - 2 9 9 0 : f o r c r e e p t e s t i n g 

ASTM D - 3 0 2 9 : f o r i m p a c t e m b r i t t l e m e n t 

T h e s e s h o u l d be s u p p l e m e n t e d by t h e BNL U-bend t e s t and any s t a n d a r d 
f r a c t u r e m e c h a n i c s p r o t o c o l t o q u a n t i f y c r a c k i n i t i a t i o n and p r o p a g a t i o n i n 
c h e m i c a l and g a m m a - r a d i a t i o n e n v i r o n m e n t s . By e s t a b l i s h i n g t h e e x t e n t t o 
which t h e f a i l u r e modes become i m p o r t a n t u n d e r e x p e c t e d s e r v i c e c o n d i t i o n s , i t 
s h o u l d be p o s s i b l e t o i n c o r p o r a t e d e s i g n f e a t u r e s i n t h e c o n t a i n e r s t h a t w i l l 
a s s u r e t h a t t h e y meet t h e i r d e s i g n 1 i f e of 300 y e a r s . Ful 1 d e t a i 1 s of t h e 
o v e r a l l t e s t i n g p r o t o c o l a r e g i v e n i n S e c t i o n 6 o f t h i s r e p o r t . 
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1. INTRODUCTION 

D i s p o s a l of C l a s s B and C l a s s C l o w - l e v e l r a d i o a c t i v e w a s t e s i n a h i g h 
i n t e g r i t y c o n t a i n e r i s l i s t e d i n t h e NRC T e c h n i c a l P o s i t i o n on Waste Form a s 
an o p t i o n f o r m e e t i n g w a s t e s t a b i l i t y r e q u i r e m e n t s u n d e r t h e R u l e 10 CFR P a r t 
6 1 , " L i c e n s i n g R e q u i r e m e n t s f o r Land D i s p o s a l of R a d i o a c t i v e W a s t e . " High 
i n t e g r i t y c o n t a i n e r s a r e c u r r e n t l y employed f o r t h e d i s p o s a l of d e w a t e r e d 
d e m i n e r a l i z e r r e s i n w a s t e and h i g h d e n s i t y c r o s s l i n k e d p o l y e t h y l e n e (HDPE), a 
t h e r m o p l a s t i c p o l y m e r , i s one o f t h e m a t e r i a l s u sed in t h e i r f a b r i c a t i o n . 
T h i s c h o i c e i s b a s e d on low c o s t , e a s e of f a b r i c a t i o n by h i g h - t e m p e r a t u r e 
m o l d i n g , and i t s e x c e l l e n t r e s i s t a n c e t o a t t a c k by a v e r y w i d e r a n g e of c h e m i -
c a l e n v i r o n m e n t s . A s h o r t c o m i n g , h o w e v e r , i s i t s t e n d e n c y t o d e f o r m ( c r e e p ) 
u n d e r t h e a c t i o n o f low a p p l i e d s t r e s s e s . T h i s c o u l d l e a d t o b u c k l i n g of a 
HDPE c o n t a i n e r f r o m s o i l o v e r b u r d e n l o a d s i n a s h a l l o w - l a n d b u r i a l t r e n c h . In 
a d d i t i o n , v e r y l i t t l e I n f o r m a t i o n i s a v a i l a b l e on t h e m e c h a n i c a l b e h a v i o r of 
c r o s s l i n k e d HDPE. Much more d a t a i s a v a i l a b l e f o r t h e non c r o s s l i n k e d p o l y -
m e r , b u t t h e s e a r e n o t r e p r e s e n t a t i v e . The r a t e o f d e f o r m a t i o n i s d e p e n d e n t 
on t h e s e r v i c e e n v i r o n m e n t t h a t t h e c o n t a i n e r e n c o u n t e r s . In p a r t i c u l a r , t h e 
c o n t e n t s of t h e c o n t a i n e r may c a u s e l o s s of m e c h a n i c a l i n t e g r i t y o f t h e 
p l a s t i c t h r o u g h c h e m i c a l I n t e r a c t i o n s o r gamma r a d i a t i o n damage m e c h a n i s m s . 
E x t e r n a l c o n d i t i o n s a r o u n d b u r i e d c o n t a i n e r s may a l s o i n f l u e n c e l o n g t e r m 
b e h a v i o r b u t p r e l i m i n a r y s h o r t - t e r m t e s t r e s u l t s i n an e a r l i e r s t u d y i n d i c a t e 
t h a t HDPE gamma i r r a d i a t e d w h i l e i n c o n t a c t w i t h H a n f o r d ( W a s h i n g t o n ) and 
B a r n w e l l ( S o u t h C a r o l i n a ) s o i l s show s i m i l a r t e n s i l e p r o p e r t i e s t o m a t e r i a l 
i r r a d i a t e d i n a i r ( D o u g h e r t y and o t h e r s , 1 9 8 4 ) . 

In o r d e r t o q u a l i f y a c o n t a i n e r f o r a p a r t i c u l a r d e s i g n l i f e t i m e i t i s 
f i r s t n e c e s s a r y t o d e f i n e t h r o u g h t e s t i n g , o r f r o m r e v i e w i n g t h e open 
l i t e r a t u r e , a l l v i a b l e f a i l u r e / d e g r a d a t i o n modes and t h e n t o c a r r y o u t 
r e s e a r c h t o q u a n t i f y f a i l u r e t i m e s u n d e r p r o t o t y p i c e n v i r o n m e n t s . However , 
f o r c r o s s l i n k e d HDPE t h e r e i s l i t t l e i n f o r m a t i o n a v a i l a b l e on m e c h a n i c a l 
b e h a v i o r a s a f u n c t i o n o f c h e m i c a l and r a d i a t i o n e n v i r o n m e n t s . Some 
p r e l i m i n a r y d a t a were o b t a i n e d i n an e a r l i e r s t u d y a t B r o o k h a v e n N a t i o n a l 
L a b o r a t o r y (BNL) b u t t h e t e s t s w e r e of s h o r t d u r a t i o n and d i d n o t a d d r e s s a l l 
p o t e n t i a l f a i l u r e modes ( S o o , and o t h e r s , 1 9 8 6 ) . B e c a u s e o f t h i s l a c k of 
i n f o r m a t i o n i t i s v e r y d i f f i c u l t f o r t h e N u c l e a r R e g u l a t o r y Commiss ion (NRC) 
t o r e a c h f i n d i n g s on t h e l i c e n s a b i l i t y o f h i g h - i n t e g r i t y c o n t a i n e r s f a b r i c a t e d 
f r o m c r o s s l i n k e d HDPE. 

The o b j e c t i v e of t h e c u r r e n t e f f o r t , t h e r e f o r e , i s t o d e t e r m i n e and 
q u a n t i f y t h e f a i l u r e / d e g r a d a t i o n m e c h a n i s m s f o r HDPE w h i c h a r e c r i t i c a l t o 
c o n t a i n e r l i f e . F u r t h e r m o r e , a t e s t i n g p r o t o c o l w i l l be s p e c i f i e d so t h a t 
t h e s e m e c h a n i s m s can be a d e q u a t e l y a s s e s s e d w i t h r e s p e c t t o t h e i r p o t e n t i a l t o 
c a u s e e a r l y c o n t a i n e r f a i l u r e . Where p o s s i b l e , e x i s t i n g s t a n d a r d t e s t s w i l l 
be recommended . In s i t u a t i o n s w h e r e a new o r m o d i f i e d p r o c e d u r e i s d e s i r a b l e 
t h e s e w i l l be added t o t h e recommended t e s t i n g p r o t o c o l . 

T e s t i n g e n v i r o n m e n t s used i n c l u d e a i r and d e i o n i z e d w a t e r , t h e c o n t r o l 
e n v i r o n m e n t s , and v a r i o u s c l a s s e s of c h e m i c a l e n v i r o n m e n t s wh ich would s c o p e 
p o t e n t i a l t y p e s o f f a i l u r e m e c h a n i s m . In a d d i t i o n , i n - t e s t gamma i r r a d i a t i o n 
w i l l be u t i l i z e d t o check s y n e r g i s t i c e f f e c t s b e t w e e n a p p l i e d s t r e s s and 
i r r a d i a t i o n - i n d u c e d s t r u c t u r a l c h a n g e s i n t h e HDPE. 





2 . EXPERIMENTAL 

2 . 1 M a t e r i a l S e l e c t i o n 

M a r l e x CL-lOO (a h i g h l y c r o s s l i n k e d HDPE, p r o d u c e d by t h e P h i l l i p s 
Chemica l Company) was s e l e c t e d f o r t h e s t u d y b e c a u s e c o n t a i n e r s f a b r i c a t e d 
f r o m t h i s m a t e r i a l have been l i c e n s e d by S o u t h C a r o l i n a f o r t h e d i s p o s a l o f 
d e w a t e r e d r e s i n w a s t e s a t t h e B a r n w e l l s i t e . T e s t c o u p o n s were s t amped f r o m 
t h e s i d e w a l l s of two r o t a t i o n a l l y molded 5000-L c a p a c i t y drum t y p e c o n t a i n e r s 
m a n u f a c t u r e d by P o l y - P r o c e s s i n g , I n c . , Monroe , LA. A l t h o u g h t h e 5000-L 
c o n t a i n e r d o e s n o t c o n f o r m t o t h e d e s i g n s p e c i f i c a t i o n s o f a h i g h i n t e g r i t y 
c o n t a i n e r i n t e r m s o f i t s s i z e o r wa l l t h i c k n e s s , t h e same b a s i c f e e d m a t e r i a l 
was used and P o l y - P r o c e s s i n g employed a s i m i l a r p r o c e s s t o t h a t u sed in 
f a b r i c a t i n g c u r r e n t l y - l i c e n s e d h i g h i n t e g r i t y c o n t a i n e r s . The m a j o r i t y o f t h e 
t e s t s w e r e c o n d u c t e d on a M a r l e x CL-lOO c o n t a i n e r p u r c h a s e d i n 1985 . However , 
f o r t h e c r e e p t e s t s c a r r i e d o u t i n t h e p r e s e n c e o f gamma r a d i a t i o n , s p e c i m e n s 
w e r e p r e p a r e d f r o m a s i m i l a r b u t o l d e r c o n t a i n e r p u r c h a s e d in 1983 . T h i s was 
p l a n n e d b e c a u s e o f t h e a v a i l a b i l i t y of p r i o r d a t a on i r r a d i a t i o n - c r e e p f o r 
t h i s " o l d " b a t c h o f HDPE ( D o u g h e r t y and o t h e r s , 1984 ; S o o , and o t h e r s , 1 9 8 6 ) . 

U s u a l l y , t e s t s w e r e p e r f o r m e d on m a t e r i a l i n t h e a s - r e c e i v e d c o n d i t i o n . 
D u r i n g m o l d i n g , t h e M a r l e x r e s i n i s h e a t e d i n a m e t a l mold t o a b o u t 3 0 0 ° C, 
o f t e n by h i g h - t e m p e r a t u r e f o r c e d a i r ( P h i l l i p s ) . By r o t a t i n g t h e mold a b o u t 
two I n d e p e n d e n t o r t h o g o n a l a x e s , a u n i f o r m w a l l t h i c k n e s s i s a c h i e v e d . The 
m o l d i n g p r o c e s s i s c o m p l e t e d by c o o l i n g t h e mold by w a t e r . As a r e s u l t o f 
t h i s p r o c e d u r e , t h e i n t e r n a l s u r f a c e s o f t h e c o n t a i n e r have a t h i n o x i d i z e d 
l a y e r of a b o u t 5 m i c r o n s , w h e r e a s t h e o p p o s i t e s u r f a c e s i n c o n t a c t w i t h t h e 
mold a r e n o t s i g n i f i c a n t l y a f f e c t e d . S t u d i e s have shown t h a t t h e o x i d i z e d 
m a t e r i a l i s l e s s d u c t i l e and w i l l c r a c k more q u i c k l y d u r i n g d e f o r m a t i o n ( S o o , 
and o t h e r s , 1 9 8 6 ) . 

2 . 2 S a m p l e P r e p a r a t i o n and P r e t r e a t m e n t 

2 . 2 . 1 U-Bend T e s t S p e c i m e n s 

In a d d i t i o n t o t h e more s o p h i s t i c a t e d c r e e p t e s t s , s e v e r a l s e r i e s o f 
s t a t i c a l l y - s t r e s s e d "U-bend" s p e c i m e n s w e r e ' p r e p a r e d . They w e r e made f r o m 
f l a t s t r i p s of HDPE which were c a r e f u l l y b e n t i n t o a U s h a p e and t h e two e n d s 
w e r e h e l d t o g e t h e r u s i n g a n u t and b o l t . Such t e s t s p r o v e d t o be e x t r e m e l y 
u s e f u l f o r m e t a l l i c and p l a s t i c m a t e r i a l s b e c a u s e o f t h e i r s i m p l i c i t y , e a s e o f 
p r e p a r a t i o n , i n e x p e n s i v e n e s s , and t h e i r a b i l i t y t o s i m u l a t e s i t u a t i o n s i n 
wh ich a b u r i e d c o n t a i n e r may be s u b j e c t e d t o a s t a t i c s t r e s s c a u s e d by i n - s i t u 
d e f o r m a t i o n . Note t h a t t h e t e n s i l e s t r e s s w i l l u s u a l l y be g r e a t e s t a t t h e 
apex o f t h e bend b u t i t w i l l d e c r e a s e c o n t i n u o u s l y w i t h d i s t a n c e f rom t h e 
a p e x , e v e n t u a l l y becoming z e r o . Any l o c a l c r a c k i n g of t h e HDPE d u r i n g b e n d i n g 
w i l l c a u s e some s t r e s s r e d u c t i o n , a s w i l l i n e l a s t i c ( c r e e p ) d e f o r m a t i o n i n t h e 
s p e c i m e n a f t e r t h e b e n d i n g has been c o m p l e t e d . 

Two d i f f e r e n t s i z e s o f U-bend s p e c i m e n w e r e e v a l u a t e d in t h e c u r r e n t 
w o r k . I n i t i a l l y , e i g h t l a r g e s p e c i m e n s were p r e p a r e d f o r s c o p i n g t e s t s on 
i r r a d i a t i o n e m b r i t t l e m e n t . They w e r e made f r o m s t r i p s m e a s u r i n g 25cm x 2 .5cm 
X 0 .32cm (10" X 1" x 0 . 1 2 5 " ) . The s t r i p s were b e n t i n t o a U s h a p e w i t h t h e 
o x i d i z e d s u r f a c e o f t h e p l a s t i c on t h e o u t e r s u r f a c e o f t h e b e n d . The b e n d i n g 



p r o c e s s c a u s e d c r a c k s t o form in t h e o x i d i z e d l a y e r . The f r e e e n d s o f t h e 
s p e c i m e n s were h e l d t o g e t h e r w i t h s t a i n l e s s s t e e l n u t s and b o l t s , p a s s i n g 
t h r o u g h h o l e s l o c a t e d 7 .6cm ( 3 " ) f r o m t h e e n d s o f t h e s t r i p s . The p r o p a g a t i o n 
of t h e c r a c k s u n d e r t h e c o n j o i n t a c t i o n o f i r r a d i a t i o n and t e n s i l e s t r e s s e s 
was m o n i t o r e d v i s u a l l y . 

Based on t h e s u c c e s s o f t h e U-bend c o n f i g u r a t i o n , a d d i t i o n a l s a m p l e s o f 
U-bend s p e c i m e n s were p r e p a r e d f o r b o t h i r r a d i a t i o n and c h e m i c a l e n v i r o n m e n t 
s t u d i e s . T h e s e newer s a m p l e s w e r e made f r o m s m a l l e r HOPE s t r i p s m e a s u r i n g 
10 .2cm X 1 . 2 7 cm x 0 .32cm { ( 4 " x 0 . 5 " x 0 . 1 2 5 " ) . H o l e s f o r t h e n u t s and b o l t s 
w e r e d r i l l e d a t a d i s t a n c e of 1 .27cm ( 0 . 5 " ) f r o m t h e e n d s o f t h e s t r i p s . 
These U - b e n d s were p r e p a r e d w i t h t h e o u t e r s u r f a c e s i n t h r e e d 1 f f e r e n t 
c o n d i t i o n s : 

Type I - t h e a s - r e c e i v e d o x i d i z e d c o n d i t i o n , w h i c h w i l l have " n a t u r a l " 
c r a c k s p r e s e n t , a s a r e s u l t of b e n d i n g , 

Type I I - a s a b o v e , b u t w i t h 0 . 2 5 mm ( 0 . 0 1 0 " ) of t h e o x i d i z e d s u r f a c e 
removed w i t h f i n e a b r a s i v e p a p e r p r i o r t o b e n d i n g . (No c r a c k s 
were s e e n a f t e r b e n d i n g ) , 

Type I I I - t h e a s - r e c e i v e d " n o n - o x i d i z e d " s u r f a c e which d o e s n o t c r a c k 
d u r i n g t h e b e n d i n g p r o c e s s . 

The s m a l l e r U-bend s p e c i m e n s w e r e more p r a c t i c a l b e c a u s e t h e y r e q u i r e d s m a l l e r 
t e s t f a c i l i t i e s and a l l o w e d more r e p l i c a t e t e s t s t o be c o n d u c t e d . 

2 . 2 . 2 Creep T e s t S p e c i m e n s 

T e s t s p e c i m e n s were s t amped t o s p e c i f i c a t i o n s g i v e n in ASTM S t a n d a r d 
D-638 ( T e n s i l e P r o p e r t i e s o f P l a s t i c s ) . V a r i o u s s p e c i m e n d i m e n s i o n s were used 
d e p e n d i n g on t h e t h i c k n e s s of t h e t e s t m a t e r i a l ( T a b l e 2 . 1 ) . S i n c e t h e 
c o n t a i n e r s used i n t h i s work had wa l l t h i c k n e s s e s o f 3 . 2 mm ( 0 . 1 2 5 i n ) a Type 
IV s p e c i m e n was s e l e c t e d , a s shown in F i g u r e 2 . 1 . All s p e c i m e n s were s t amped 
u s i n g Die C d e s c r i b e d i n ASTM D-412 (Rubbe r P r o p e r t i e s i n T e n s i o n ) . 

2 . 3 T e s t E n v i r o n m e n t s 

The HDPE t e s t s w e r e c a r r i e d o u t f o r a r a n g e o f c h e m i c a l and i r r a d i a t i o n 
e n v i r o n m e n t s . T a b l e 2 . 2 l i s t s them and g i v e s t h e r a t i o n a l e f o r s e l e c t i o n . 

The r a n g e of t e s t e n v i r o n m e n t s used in t h e s t u d y a l l o w s p o t e n t i a l l y 
d i f f e r e n t f a i l u r e m e c h a n i s m s t o be i d e n t i f i e d . A l t h o u g h some a r e u n l i k e l y t o 
be p r e s e n t in b u r i a l t r e n c h e s , t h e k n o w l e d g e g a i n e d f r o m t h e s e v e r e t e s t 
e n v i r o n m e n t s may a l l o w c o n s e r v a t i v e e s t i m a t e s t o be made on t h e l o n g t e r m 
b e h a v i o r of HDPE u n d e r a c t u a l s e r v i c e c o n d i t i o n s . 



T a b l e 2 . 1 D i m e n s i o n s o f ASTM s p e c i m e n s o f d i f f e r e n t t h i c k n e s s e s , T . ( a ) 

Type I I Type I I I Type IV 
P a r a m e t e r (T< 7 mm) ( T = 7 - 1 4 mm) (T< 4 mm) 

Width o f n a r r o w s e c t i o n , W 6 19 6 
L e n g t h o f n a r r o w s e c t i o n , L 57 57 33 
Width o v e r a l 1 , m i n . WO 19 29 19 
L e n g t h o v e r a l 1 , m i n . LO 183 246 115 
Gage l e n g t h , G 50 50 25 
D i s t a n c e b e t w e e n g r i p s , D 135 115 64 
R a d i u s o f f i l l e t , R 76 76 14 
O u t e r r a d i u s , RO - - 25 

a ) All d i m e n s i o n s i n mm. 

RO / 

X R 

W 
T 

G-

L -

D 
LO 

-I 
WO 

F i g u r e 2 . 1 S c h e m a t i c of a t y p i c a l Type IV s p e c i m e n ( s e e T a b l e 2 . 1 f o r 
c o r r e s p o n d i n g d i m e n s i o n s ) . 



T a b l e 2 , 2 E n v i r o n m e n t s used f o r HDPE t e s t i n g 

T e s t E n v i r o n m e n t 
T e m p e r a t u r ® 

( E C ) B a s i s For S e l e c t i o n 

C r e e p S c i n t i l l a t i o n f l u i d 
(INSTA-GEL) 

20 T y p i c a l a r o m a t i c s o l v e n t 
r e p r e s e n t i n g s e v e r e 
s c o p i n g t e s t . 

T u r b i n e o i l 
(Mobil OTE 797 /Mob i l 
DTE Medium) 

20 S i m u l a n t o f t u r b i n e 
pump o i l c o n t a m i n a n t . 

I g e p a l (Nony lphenoxy 
p o l y ( e t h y l e n e o x y ) 
e t h a n o l ) 

20 S u r f a c t a n t employed i n 
e n v i r o n m e n t a l s t r e s s 
c r a c k i n g r e s i s t a n c e t e s t 
f o r HDPE (ASTM D-2552) 

Ai r 20 C o n t r o l e n v i r onmen t 

D e i o n i z e d w a t e r 20 C o n t r o l e n v o r o n m e n t 

Gamma r a d i a t i o n 
( C s - 1 3 7 S o u r c e ) 

20 Gamma r a d i a t i o n p r e s e n t 
i n l o w - l e v e l w a s t e 

U-bend Ai r 20 C o n t r o l e n v i r o n m e n t 

D e i o n i z e d w a t e r 20 C o n t r o l e n v i r o n m e n t 

N 2 20 I n e r t g a s 

Vacuum 20 O x y g e n - f r e e e n v i r o n m e n t 

Gamma r a d i a t i o n 
( C o - 6 0 s o u r c e ) 

10 Gamma r a d i a t i o n p r e s e n t 
i n l o w - l e v e l w a s t e 



3 . CRACK INITIATION AND GROWTH IN U-BEND SPECIMENS 

T h r e e s e r i e s of U-bend t e s t s ware c o m p l e t e d In t h e c u r r e n t p r o g r a m . The 
f i r s t I n v o l v e d smal l Type I s p e c i m e n s e x p o s e d t o a i r , w a t e r , n i t r o g e n , and a 
vacuum; t h e s e c o n d I n v o l v e d l a r g e Type I s p e c i m e n s I r r a d i a t e d 1n a i r a t t h r e e 
s e p a r a t e qamma d o s e r a t e s ; and t h e t h i r d c o m p r i s e d smal l Types I , I I and I I I 
s p e c i m e n s I r r a d i a t e d a t t h r e e s e p a r a t e gamma d o s e r a t e s . Each s e r i e s i s 
d i s c u s s e d s e p a r a t e l y b e l o w . 

3 . 1 C r a c k I n i t i a t i o n and Growth i n Chemica l E n v i r o n m e n t s 

In t h e p r e p a r a t i o n o f t h e Type I s p e c i m e n s ( o x i d i z e d s u r f a c e on t h e o u t e r 
b e n d ) . I t was d e c i d e d t o s t a n d a r d i z e t h e bend p r o c e d u r e t o e n s u r e t h a t 
e x c e s s i v e b e n d i n g d i d n o t o c c u r d u r i n g s a m p l e p r e p a r a t i o n . The s t r i p s of HDPE 
w e r e g e n t l y b e n t a r o u n d a 1 . 2 7 cm ( 0 . 5 " rod ) and a b o l t t h r e a d e d t h r o u g h t h e 
h o l e s in t h e end s e c t i o n s . A f t e r t i g h t e n i n g t h e n u t and b o l t so t h a t t h e e n d s 
o f t h e s t r i p w e r e p u l l e d t o g e t h e r , t h e rod was removed and f i n a l t i g h t e n i n g 
c a r r i e d o u t so t h a t t h e e n d s of t h e s t r i p were h e l d f l a t l y a g a i n s t e a c h o t h e r . 

Bend ing o f t h e Type I s p e c i m e n s c a u s e d c r a c k i n g t o o c c u r 1n t h e a p e x 
r e g i o n b e c a u s e of t h e l o w e r d u c t i l i t y o f o x i d i z e d m a t e r i a l . Some c r a c k s w e r e 
1 a r g e , s p a n n i n g t h e w i d t h o f t h e s a m p l e , w h e r e a s o t h e r s w e r e much s m a l 1 e r . 
S i n c e o x i d a t i o n I s known t o be d e t r i m e n t a l t o many p l a s t i c s i t was d e c i d e d t o 
s t u d y how t h e e x i s t i n g c r a c k s i n t h e Type I s p e c i m e n s grew in a i r , n i t r o g e n , 
d e i o n i z e d w a t e r , and a vacuum. 

The t e s t e q u i p m e n t c o n s i s t e d of g l a s s d e s i c c a t o r s ( w i t h o u t d e s l c c a n t ) 
w i t h t h e 1 i d s s e a l e d w i t h s t o p c o c k g r e a s e . The a i r , n i t r o g e n and w a t e r 
e n v i r o n m e n t s were m a i n t a i n e d a t a t m o s p h e r i c p r e s s u r e a t room t e m p e r a t u r e . The 
low p r e s s u r e a c h i e v e d f o r t h e vacuum e n v i r o n m e n t was a s sumed t o be t y p i c a l o f 
t h a t f o r a r o t a r y m e c h a n i c a l pump ( a b o u t l O - 2 mm m e r c u r y ) . 

F o r e a c h t e s t e n v i r o n m e n t , e i g h t r e p l i c a t e U-bend s p e c i m e n s w e r e 
s t u d i e d . The p r o p a g a t i o n of e x i s t i n g c r a c k s and t h e i n i t i a t i o n o f new o n e s 
was f o l l o w e d by s k e t c h i n g t h e i n i t i a l c r a c k p a t t e r n s a t t h e a p e x of e a c h 
s p e c i m e n and t h e n r e s k e t c h i n g t h e p a t t e r n s , a f t e r a c c u m u l a t e d t e s t p e r i o d s o f 
227 d a y s and 4 3 7 . I t was d i s c o v e r e d , h o w e v e r , t h a t t h e vacuum e n v i r o n m e n t was 
n o t m a i n t a i n e d t h r o u g h o u t t h e f i r s t t e s t c y c l e of 227 d a y s . T h u s , some 
o x i d a t i o n e f f e c t s may h a v e b e e n p r e s e n t f o r p a r t o f t h i s t e s t c y c l e . A good 
vacuum was m a i n t a i n e d d u r i n g t h e s e c o n d 210 d a y c y c l e . 

F i g u r e s 3 . 1 t h r o u g h 3 . 1 2 show t h e c r a c k p a t t e r n s i n e a c h b a t c h o f e i g h t 
U-bend s p e c i m e n s t e s t e d In t h e v a r i o u s e n v i r o n m e n t s . The f i r s t f i g u r e i n e a c h 
s e r i e s was s k e t c h e d 24 h o u r s a f t e r s p e c i m e n b e n d i n g , t h e s e c o n d a f t e r 227 d a y s 
o f e x p o s u r e t o t h e t e s t e n v i r o n m e n t , and t h e t h i r d a f t e r an a d d i t i o n a l 210 
d a y s o f t e s t i n g . C r a c k s a r e c a t e g o r i z e d a s b e i n g l a r g e o r sma l l d e p e n d i n g on 
t h e i r l e n g t h . The w i d t h o r d e p t h o f t h e c r a c k s w e r e n o t q u a n t i f i e d . T h u s , a 
1 a r g e c r a c k had a 1 e n g t h m e a s u r i n g more t h a n o n e - h a l f o f t h e w i d t h o f t h e 
s t r i p t h e U-bend was made f r o m , i . e . g r e a t e r t h a n 0 . 6 4 c m ( 0 . 2 5 l , ) A sma l l 
c r a c k i s one m e a s u r i n g l e s s t h a n t h i s s i z e . T a b l e s 3 . 1 and 3 . 2 show t h e 
numbers o f l a r g e and smal l c r a c k s i m m e d i a t e l y p r i o r t o t e s t and a f t e r e a c h o f 
t h e two t e s t c y c l e s . I t was n o t e d t h a t d e s p i t e c a r e i n b e n d i n g t h e s p e c i m e n s , 



Figure 3 .1 Crack pa t te rns formed i n the apex regions of Marlex CL-100 
HDPE U-bend specimens p r i o r to long- term exposure to a i r . 
Specimen numbers given above sketches. 



Figure 3.2 Crack pa t te rns i n the HDPE U-bend specimens shown i n 
Figure 3 .1 a f t e r 227 d exposure to a i r a t 20 C. 
Specimen numbers g iven above sketches. 



Figure 3.3 Crack pa t te rns i n the HDPE U-bend specimens sho 
Figure 3 .1 a f t e r 437 d exposure to a i r a t 20 C. 
Specimen numbers g iven above sketches. 

hown in 
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Figure 3.4 Crack pa t te rns formed i n the apex regions o f Marlex CL-lOO 
HDPE U-bend specimens p r i o r to long- te rm exposure to 
de ion ized wa te r . Specimen numbers g iven above sketches. 
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Figure 3.5 Crack pa t te rns i n the HDPE U-bend specimens shown i n 
Figure 3.4 a f t e r 227 d exposure to de ion ized water a t 
20 C. Specimen number g iven above sketches. 
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Figure 3.6 Crack pa t te rns i n the HDPE U-bend specimens shown i n 
Figure 3.4 a f t e r 437 d exposure to de ion ized water a t 
20 C. Specimen numbers g iven above sketches. 
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Figure 3.7 Crack pa t te rns formed i n the apex reg ions o f Marlex CL-lOO 
HDPE U-bend specimens p r i o r to long- term exposure to 
n i t r o g e n . Specimen numbers given above sketches. 
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Figure 3.8 Crack pa t te rns i n the U-bend specimens shown i n 
Figure 3.7 a f t e r 111 d exposure to n i t r ogen a t 
20 C. Specimen numbers g iven above sketches. 
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Figure 3.9 Crack pa t te rns i n the HDPE U-bend specimens shown in 
Figure 3.7 a f t e r 437 d exposure to n i t r ogen a t 20oC. 
Specimen numbers g iven above sketches. 
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Figure 3.10 Crack pa t te rns formed i n the apex reg ions o f Marlex CL-lOO 
HDPE U-bend specimen p r i o r to long- te rm exposure to a 
vacuum. Specimen numbers g iven above sketches. 
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F i g u r e 3 . 1 1 Crack p a t t e r n s i n t h e U-bend s p e c i m e n s shown i n 
F i g u r e 3 . 1 0 a f t e r 227 d e x p o s u r e t o i n i t i a l vacuum 
c o n d i t i o n s a t 20 C. Vacuum was l o s t t h r o u g h a s l o w 
l e a k d u r i n g t h e t e s t p e r i o d . Spec imen numbers g i v e n 
a b o v e s k e t c h e s . 
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F i g u r e 3 . 1 2 Crack p a t t e r n s i n t h e U-bend s p e c i m e n s shown i n 
F i g u r e 3 . 1 0 a f t e r 437 d e x p o s u r e t o vacuum c o n d i t i o n s 
a t 2 0 o C . Vacuum was l o s t t h r o u g h a s l o w l e a k d u r i n g 
p a r t o f t h e p r e v i o u s t e s t c y c l e p e r i o d . Spec imen 
numbers g i v e n a b o v e s k e t c h e s . 
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T a b l e 3 , 1 C r a c k i n g in Type I HDPE U-bend s p e c i m e n s e x p o s e d f o r 227 d t o v a r i o u s 
t e s t e n v i r o n m e n t s a t room t e m p e r a t u r e . ) 

ro 
o 

C r a c k s B e f o r e E x p o s u r e Cracks A f t e r E x p o s u r e 
P e r c e n t Change i n 
Numbers of C r a c k s 

Envi ronment L a r g e Smal 1 T o t a l L a r g e Smal 1 T o t a l L a r g e Smal 1 T o t a l 

Ai r 48 58 106 70 63 133 4 5 . 8 8 . 6 2 5 . 5 

DIW 41 48 89 69 50 119 6 8 . 3 4 . 2 3 3 . 7 

N 2 44 34 78 63 36 99 4 3 . 2 5 . 9 2 6 . 9 

VACUUM^^' 58 52 110 80 46 126 3 7 . 9 - 1 1 . 5 1 4 , 6 

N o t e s : 

1. The numbers of c r a c k s a r e t h e t o t a l s c o u n t e d f o r each b a t c h of 8 r e p l i c a t e s p e c i m e n s . 

2 . Vacuum n o t m a i n t a i n e d t h r o u g h o u t t e s t p e r i o d . 



T a b l e 3 . 2 C r a c k i n g i n Type I HDPE U-bend s p e c i m e n s e x p o s e d f o r 437 d t o v a r i o u s 
t e s t e n v i r o n m e n t s a t room t e m p e r a t u r e . ' 1 ^ 

Envi ronment 

Ai r 

DIW 

Vacuum ( 2 ) 

C r a c k s B e f o r e E x p o s u r e 

L a r g e 

48 

41 

44 

58 

Smal 1 

58 

48 

34 

52 

T o t a l 

106 

89 

78 

110 

C r a c k s A f t e r E x p o s u r e 

L a r g e 

85 

79 

67 

87 

Smal 1 

51 

45 

36 

42 

T o t a l 

136 

124 

103 

129 

P e r c e n t Change i n 
Numbers of C r a c k s 

L a r g e 

7 7 . 1 

9 2 . 7 

5 2 . 3 

5 0 . 0 

Smal 1 

- 1 2 . 1 

- 6 . 3 

- 1 9 . 2 

T o t a l 

2 8 . 3 

3 9 . 3 

+ 5 , 9 3 2 . 1 

1 7 . 3 

N o t e s : 

1. The numbers of c r a c k s a r e t h e t o t a l s c o u n t e d f o r e a c h b a t c h o f 8 r e p l i c a t e s p e c i m e n s 

2 , Vacuum m a i n t a i n e d t h r o u g h o u t t h e s econd t e s t p e r i o d of 210 d . 



and t h e i r random a l 1 o c a t i o n s t o b a t c h e s of e i g h t r e p l i c a t e s a m p l e s , t h e 
numbers of s t a r t i n g c r a c k s were n o t a l w a y s s i m i l a r f o r e a c h b a t c h . For 
e x a m p l e , t h e b a t c h t o be t e s t e d i n n i t r o g e n c o n t a i n e d a t o t a l of 78 c r a c k s 
w h e r e a s t h o s e e x p o s e d t o a vacuum had 110 c r a c k s . S i n c e a l a r g e c r a c k d e n s i t y 
would t e n d t o g i v e l o w e r t e n s i l e s t r e s s e s a t t h e U-bend s u r f a c e , c a r e must be 
t a k e n t o e n s u r e t h a t e r r o n e o u s c o n c l u s i o n s a r e n o t made r e g a r d i n g t h e r o l e s o f 
t h e t e s t e n v i r o n m e n t and t h e m a g n i t u d e o f t h e s t r e s s w i t h r e s p e c t t o c r a c k 
i n i t i a t i o n and p r o p o g a t i o n . 

C o n s i d e r f i r s t t h e d a t a i n T a b l e 3 . 1 showing c r a c k d i s t r i b u t i o n s a f t e r 
227 d a y s o f e x p o s u r e . A c o m p a r i s o n b e t w e e n t h e a i r and vacuum t e s t d a t a i s 
mos t a p p r o p r i a t e s i n c e t h e i n i t i a l numbers of c r a c k s a r e a b o u t t h e same i n 
e a c h c a s e (106 v s . 1 1 0 ) . I f one a s s u m e s t h a t t h e s t r e s s l e v e l s i n e a c h b a t c h 
of e i g h t s p e c i m e n s a r e s i m i l a r t h e n i t maybe i n f e r r e d t h a t h i g h e r oxygen 
l e v e l s e n c o u r a g e c r a c k i n i t i a t i o n and p r o p a g a t i o n . D u r i n g t h i s p e r i o d t h e 
a i r - t e s t s p e c i m e n s show a 2 5 . 5 p e r c e n t i n c r e a s e In sma l l c r a c k s v e r s u s 1 4 . 6 
p e r c e n t t o t h e v a c u u m - t e s t e d s a m p l e s . D u r i n g t h e s e c o n d t e s t p e r i o d ( T a b l e 
3 . 2 ) t h e r a t e of c r a c k i n i t i a t i o n s i owed c o n s i d e r a b l y and o n l y t h r e e new 
c r a c k s w e r e n u c l e a t e d in e a c h b a t c h o f s p e c i m e n s . O v e r a l l , i t i s s e e n t h a t 
t h e a i r - t e s t e d s p e c i m e n s s t a r t e d w i t h f e w e r c r a c k s and ended w i t h 
s i g n i f i c a n t l y more t h a n t h o s e t e s t e d i n a vacuum. 

U-bend s p e c i m e n s t e s t e d in d e i o n i z e d w a t e r and n i t r o g e n c o n t a i n e d f a r 
f e w e r c r a c k s a t t e s t i n i t i a t i o n compared t o a i r and vacuum t e s t e d s a m p l e s . 
T h e r e f o r e , on a v e r a g e , t h e y s h o u l d be more h i g h l y s t r e s s e d . The d a t a on c r a c k 
i n i t i a t i o n and g r o w t h T a b l e s 3 . 1 and 3 . 2 a r e b a s i c a l l y c o n s i s t e n t w i t h t h i s 
a s s u m p t i o n s i n c e t h e r a t e s o f i n c r e a s e i n t o t a l c r a c k s a r e h i g h e s t f o r w a t e r 
and n i t r o g e n . 

A n o t h e r way of a n a l y z i n g t h e e f f e c t s of e n v i r o n m e n t on t h e c r a c k i n g o f 
t h e U-bend s p e c i m e n s I s t o c o n s i d e r t h e t o t a l numbers o f new c r a c k s i n i t i a t e d 
d u r i n g t h e t e s t r a t h e r t h a n t h e p e r c e n t I n c r e a s e s , a s d e s c r i b e d a b o v e . I t 
w i l l be s e e n f rom T a b l e 3 , 2 t h a t 35 new c r a c k s w e r e n u c l e a t e d i n t h e w a t e r 
e n v i r o n m e n t , 30 In t h e a i r , 25 in n i t r o g e n , and o n l y 19 i n vacuum. A l t h o u g h 
t h e r e s u l t s may n o t be f u l l y s i g n i f i c a n t f rom a s t a t i s t i c a l s t a n d p o i n t , t h e y 
I n d i c a t e t h a t s p e c i m e n s t e s t e d i n a i r , and which were p r o b a b l y s t r e s s e d t o a 
r e l a t i v e l y low v a l u e b e c a u s e o f t h e l a r g e r number o f s t a r t i n g c r a c k s , w e r e 
s t i l l v e r y s u s c e p t i b l e t o c r a c k n u c l e a t i o n . The a b u n d a n c e o f oxygen i s t h e 
mos t l i k e l y r e a s o n f o r t h i s e n h a n c e d c r a c k i n g . 

Of t h e f o u r t e s t e n v i r o n m e n t s , t h e w a t e r medium p r o b a b l y c o n t a i n s t h e 
l e a s t o x y g e n . At room t e m p e r a t u r e i t i s w e l l known t h a t t h e d i s s o l v e d oxygen 
l e v e l i s o n l y 8 ppm. I m p u r i t i e s i n t h e n i t r o g e n g a s u s e d , s m a l l vacuum l e a k s , 
and t h e g e n e r a l d i f f i c u l t y i n m a i n t a i n i n g g a s e o u s t e s t e n v i r o n m e n t s o v e r l o n g 
p e r i o d s o f t i m e would c e r t a i n l y g i v e oxygen l e v e l s i n t h e n i t r o g e n and vacuum 
s y s t e m s much h i g h e r t h a n t h e 8 ppm known t o be d i s s o l v e d in t h e w a t e r . 
N e v e r t h e l e s s , c r a c k i n g in w a t e r o c c u r r e d most e a s i l y b o t h i n t e r m s o f p e r c e n t 
i n c r e a s e and t h e t o t a l number o f new c r a c k s . Abundance o f oxygen c a n n o t be 
i n v o k e d t o e x p l a i n t h i s o b s e r v a t i o n . A p o s s i b l e e x p l a n a t i o n l i e s i n t h e 
w e t t i n g of m a t e r i a l a t t h e t i p s o f c r a c k s . Work by S h a n a h a n and S h u l t z ( 1 9 7 9 , 
1980) e x p l o r e d t h e e f f e c t s o f w e t t i n g a g e n t s on c r e e p and e n v i r o n m e n t a l s t r e s s 
c r a c k i n g in p o l y e t h y l e n e i n t e r m s o f t h e a b i l i t y o f l i q u i d s t o f l o w i n t o t h e 
t i p s o f moving c r a c k s t h e r e b y e n h a n c i n g t h e i r g r o w t h . They p o s t u l a t e d t h a t a t 
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h i g h s t r e s s e s n o n - a c t i v e l i q u i d s ( s u c h ds w a t e r ) g i v e b e h a v i o r s i m i l a r t o t h a t 
f o r a i r . The c u r r e n t d a t a f o r w a t e r show, i n f a c t , t h a t w a t e r i s j u s t a s 
a g g r e s s i v e a s a i r i n c r a c k i n i t i a t i o n and p r o p a g a t i o n . 

3 . 2 Crack I n i t i a t i o n and Growth i n a Gamma F i e l d ( L a r g e P r o t o t y p e U - B e n d s ) 

To check t h e u s e f u l n e s s of U-bend s p e c i m e n s f o r m o n i t o r i n g c r a c k i n g in 
s t r e s s e d HDPE i n t h e p r e s e n c e of a gamma f i e l d , e i g h t l a r g e U - b e n d s w e r e 
i n i t i a l l y made f o r s c o p i n g t e s t s . The M a r l e x CL-100 Type I s p e c i m e n s w e r e c u t 
f r o m t h e s i d e w a l l of t h e " o l d " HDPE b a t c h . Sample p r e p a r a t i o n i s d e s c r i b e d i n 
S e c t i o n 2 . 2 . 1 . Bend ing i n t r o d u c e d s u r f a c e c r a c k i n g , a s d e s c r i b e d p r e v i o u s l y . 

One pa i r of s p e c i m e n s was m a i n t a i ned a t room t e m p e r a t u r e t o s e r v e a s 
un i r r a d i a t e d c o n t r o l s w h e r e a s t h r e e o t h e r p a i r s were i r r a d i a t e d a t t h r e e 
s e p a r a t e Co-60 gamma d o s e r a t e s , v i z . 3 . 4 x l O 3 , 5 . 6 x l O 4 , and 2 . 1 x 10 
r a d / h . The i r r a d i a t i o n s were c o n d u c t e d i n a i r a t a t e m p e r a t u r e o f a b o u t 10oC 
i n t h e B r o o k h a v e n High I n t e n s i t y R a d i a t i o n D e v e l o p m e n t L a b o r a t o r y (HIRDL). 

The s p e c i m e n s w e r e p e r i o d i c a l l y removed f r o m t h e i r r a d i a t i o n f a c i l i t y and 
c h e c k e d f o r p h y s i c a l and c h e m i c a l c h a n g e and g e n e r a l c r a c k i n g e f f e c t s . F i g u r e 
3 . 1 3 shows a g e n e r a l v iew of a s i n g l e u n i r r a d i a t e d U-bend s p e c i m e n , and t h r e e 
pa i r s of s a m p l e s i r r a d i a t e d a t t h e d i f f e r e n t d o s e r a t e s . The s p e c i m e n s 
i r r a d i a t e d t o 3 . 6 x l O 7 r ad w e r e t a n i n c o l o r and had a s l i g h t o d o r . One 
c r a c k had n e a r l y p e n e t r a t e d t h r o u g h t h e t h i c k n e s s o f t h e s p e c i m e n and a t l e a s t 
one o t h e r d e e p c r a c k was p r e s e n t . F i g u r e 3 . 1 4 shows a m a g n i f i e d v iew o f t h e 
c r a c k . N o t e , a l s o , t h e p r e s e n c e o f a f i n e n e t w o r k of p a r a l l e l c r a c k s i n t h e 
o x i d i z e d s u r f a c e o f t h e s p e c i m e n which a r e p e r p e n d i c u l a r t o t h e l a r g e r c r a c k s 
i n t h e apex r e g i o n . 

The s p e c i m e n s i r r a d i a t e d t o 5 . 9 x l O 8 r ad w e r e a d a r k brown i n c o l o r and 
had s e v e r a l c r a c k s which had p e n e t r a t e d t h r o u g h a b o u t a h a l f o f t h e s p e c i m e n 
t h i c k n e s s . An i m p o r t a n t o b s e r v a t i o n I s t h a t t h e d e e p e s t c r a c k s in t h e 
s p e c i m e n s I r r a d i a t e d a t t h e two l o w e r d o s e r a t e s were n e a r l y a l w a y s l o c a t e d 
away f r o m t h e apex of t h e U-bend even t h o u g h one m i g h t e x p e c t t h e h i g h e s t 
t e n s i l e s t r e s s e s t o be l o c a t e d a t t h e a p e x . T h i s w i l l be d i s c u s s e d i n d e t a i l 
l a t e r . 

For t h e h i g h e s t d o s e a c h i e v e d ( 1 . 7 x 1 0 1 0 r a d ) t h e s p e c i m e n s w e r e 
e m b r i t t l e d and b o t h f r a c t u r e d i n t o p i e c e s when t h e y w e r e g e n t l y s q u e e z e d t o 
c h e c k t h e i r e l a s t i c i t y . P r i o r t o a c h i e v i n g t h e 1 . 7 x 1 0 1 0 r a d d o s e , t h e 
s a m p l e s had become b l a c k in c o l o r and g a s g e n e r a t i o n in t h e fo rm of sma l l 
b u b b l e s a t t h e s u r f a c e of t h e p l a s t i c w e r e n o t i c e d . ( F i g u r e 3 . 1 5 ) . I t was 
f o u n d t h a t o n c e t h e s p e c i m e n s had a c h i e v e d a l O 1 0 r a d d o s e t h e y w e r e no l o n g e r 
s t i c k y , i n d i c a t i n g t h a t a new s t a g e of t h e g a m m a - i n d u c e d d e g r a d a t i o n p r o c e s s 
had been r e a c h e d . 

T a b l e 3 . 3 s u m m a r i z e s o b s e r v a t i o n s made on t h e l a r g e p r o t o t y p e U-bend 
s p e c i m e n s . In c o m p a r i s o n , t h e r e was no o b v i o u s c h a n g e in t h e a p p e a r a n c e o f 
t h e u n i r r a d i a t e d c o n t r o l s . However , i t mus t be s t a t e d t h a t c l o s e e x a m i n a t i o n 
o f c r a c k p r o p a g a t i o n r a t e s was n o t c a r r i e d o u t b e c a u s e o f t h e s c o p i n g v a l u e o f 
t h e t e s t s . 
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F i g u r e 3 . 1 3 E f f e c t of gamma i r r a d i a t i o n on c r a c k p r o p a g a t i o n in b e n t Mar lex CL-lOO 
HDPE s p e c i m e n s . Sample on l e f t i s an u n i r r a d i a t e d c o n t r o l ; o t h e r s 
f rom l e f t t o r i g h t were i r r a d i a t e d a t 10oC t o 3 , 6 x l O 7 rad ( a t 
3 . 4 X l O 3 r a d / h ) , 5 . 9 x l O 8 r a d ( a t 5 . 6 x l O 4 r a d / h ) , and 1 . 7 x l O 1 0 

rad ( a t 2 . 1 x l O 6 r a d / h ) . M a g n i f i c a t i o n 0 . 7 5 X. 
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Figure 3.14 Full-penetration crack in a Marlex CL-100 HDPE U-bend specimen gamma irradiated to 3.6 x 10 
rad (at 3,4 x 103 rad/h) at 10oC. Note the fine network of cracks in the oxidized surface 
layer lying along the length of the specimen. Magnification 1.4 X. 
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F i g u r e 3 . 1 5 Gas Bubb le g e n e r a t i o n in Mar lex CL-IGO HDPE gamma i r r a d i a t e d a t 10oC 
t o 1 . 7 x l O 1 0 r a d / h ) . M a g n i f i c a t i o n 1 . 9 X. 



Table 3 . 3 O b s e r v a t i o n s on Marlex CL-100 HDPE U-bend specimens exposed t o gamma r a d i a t i o n . 

r o --4 

Dose 
( r a d ) 

Dose Rate ( r a d / h ) 
Dose 
( r a d ) 3 . 4 X lO 3 5 . 6 X lO1' 2 . 1 X lO 6 

4 . 9 X lO6 Cracks appear t o grow. Specimen c o l o r i s l i g h t brown. -

1 .6 X lO7 Cracks d e f i n i t e l y growing. 
Specimen c o l o r i s t a n . 

- -

2 . 0 X lO7 One c rack p ropaga ted th rough 
spec imen. 

- -

2 . 9 X lO 7 L i t t l e a d d i t i o n a l c rack p rop -
a g a t i o n . Specimens s t i l l 
f l e x i b l e . 

3 .6 X lO 7 Large c rack a t apex s t i l l 
p r o p a g a t i n g . Another c rack 
a l s o growing r a p i d l y . Both 
c r a c k s a lmost f u l l p e n e t r a t i o n . 
Specimens have s l i g h t o d o r . 

9 . 9 X lO 7 (a) - Specimen c o l o r dark brown. 

1 . 6 X lO 8 (a) Specimen c o l o r medium brown. 
One crack growing. 

-

3 . 2 X lO 8 (?) Severa l c r a c k s growing in 
s i ze . 

-

5 . 9 X lO 8 (a) N o t i c e a b l e c rack growth in 
both spec imens . Cracks about 
50% th rough t h i c k n e s s of 
specimen. 

1 .2 X lO9 (a) (a) Specimen becoming s t i c k y . 
Small sh iny a r e a s d e v e l o p i n g . 

2 . 9 X lO9 (a) (a) Specimen very s t i c k y , brown/ 
b l ack c o l o r . S t rong aroma 
n o t i c e d . 

5 . 8 X lO9 (a) (a) Small s u r f a c e bubb les form on 
o r i g i n a l sh iny a r e a s . 

8 . 8 X lO9 (a) (a) Many b u b b l e s now seen on 
s u r f a c e . Specimen b l a c k . 

1 . 7 X l O 1 0 (a) (a) T e s t s t e r m i n a t e d . Specimens 
c o m p l e t e l y b r i t t l e , no 
l o n g e r s t i c k y . 

(a ) Dose n Dt y e t r eached . 



3 . 3 Crack I n i t i a t i o n and Growth i n a Gamma F i e l d (Smal l U-bend S p e c i m e n s ) 

The s u c c e s s o f t h e 1 a r g e p r o t o t y p e U-bend s a m p l e s f o r c h a r a c t e r i z i n g 
c r a c k i n g i n i r r a d i a t e d HDPE, p rompted t h e f a b r i c a t i o n of s m a l l e r s p e c i m e n s t o 
more q u a n t i t a t i v e l y a s s e s s i r r a d i a t i o n - i n d u c e d c r a c k p r o p a g a t i o n e f f e c t s . As 
m e n t i o n e d i n S e c t i o n 2 . 2 . 1 b a t c h e s o f e i g h t r e p l i c a t e d U-bend s p e c i m e n s were 
made u s i n g Type I , Type I I , and Type I I I s p e c i f i c a t i o n s . T a b l e 3 . 4 shows t h e 
t e s t m a t r i x f o r t h e smal l U-bend i r r a d i a t i o n t e s t s . E i g h t r e p l i c a t e s p e c i m e n s 
w e r e t e s t e d f o r e a c h i r r a d i a t i o n c o n d i t i o n and f o r t h e u n i r r a d i a t e d c o n t r o l s . 
The i r r a d i a t i o n s w e r e a l s o c a r r i e d o u t in a i r i n t h e HIRDL f a c i l i t y a t 1 0 o C . 
C o n t r o l s a m p l e s w e r e m a i n t a i n e d i n a r e f r i g e r a t o r a t t h e same t e m p e r a t u r e . 

T a b l e 3 . 4 T e s t m a t r i x f o r c r a c k - p r o p a g a t i o n s t u d i e s on i r r a d i a t e d 
M a r l e x CL-lOO HDPE s m a l l U-bend s p e c i m e n s 

O u t e r S u r f a c e C o n d i t i o n o f U-Bend 

Gamma Dose O x i d i z e d S u r f . O x i d i z e d S u r f . N o n - O x i d i z e d 
R a t e P r e s e n t Removed S u r f . P r e s e n t 

( r a d / h ) (Type I ) (Type I I ) (Type I I I ) 

0 
1 . 4 X l O 3 

8 . 4 X l O 3 

4 . 4 X l O 5 

8 ( 0 
8 
8 
8 

8 
8 
8 
8 

8 
8 
8 
8 

( 1 ) Number of s p e c i m e n s p e r b a t c h . 

F i g u r e 3 . 1 6 shows t h e p h y s i c a l a r r a n g e m e n t o f s a m p l e s t h a t w e r e 
i r r a d i a t e d in t h e p r o g r a m . The A, B, and C s a m p l e s were i r r a d i a t e d a t 
s u c c e s s i v e l y h i g h e r d o s e r a t e s . Each o f t h e s e b a t c h e s c o m p r i s e s Type I , Type 
I I , and Type I I I s p e c i m e n s d e s i g n a t e d a s " a " , " b " , and " c " , r e s p e c t i v e l y . The 
s a m p l e s a r e a t t a c h e d t o a n g l e d a luminum a l l o y b a r u s e d n u t s and b o l t s . F i g u r e 
3 . 1 6 s h o w s , a g a i n , t h e c o l o r a t i o n i m p a r t e d t o HDPE d u r i n g gamma i r r a d i a t i o n . 
F i g u r e 3 . 1 7 i s a m a g n i f i e d v iew o f Type I ( f o r e g r o u n d ) and Type I I I U-bend 
s p e c i m e n s a f t e r an a c c u m u l a t e d gamma d o s e of 6 . 0 x l O 7 r a d s ( a t a d o s e r a t e o f 
8 . 4 X l O 3 r a d / h . Note t h e d e e p c r a c k s i n t h e Type I s p e c i m e n s and t h e v e r y 
f i n e c r a c k s i n Type I I I s p e c i m e n s . The f i n e c r a c k s a r e , o f c o u r s e , r e l a t e d t o 
t h e f a c t t h a t upon p r e p a r i n g t h e Type I I I U-bend s p e c i m e n s , no c r a c k s w e r e 
f o r m e d . T h e r e f o r e , t h e c r a c k s a r e r e l a t i v e l y "young" compared t o t h e c r a c k s 
i n Type I s a m p l e s . C r a c k s a r e a l s o fo rmed d u r i n g t h e i r r a d i a t i o n o f Type I I 
s p e c i m e n s ( F i g u r e 3 . 1 8 ) . They a r e a l s o v e r y f i n e and much l e s s numerous t h a n 
t h o s e in Type I I I s p e c i m e n s . Note t h a t t h e c r a c k s i n t h e Type I I and I I I 
s p e c i m e n s a r e n e v e r fo rmed a t t h e apex of t h e s a m p l e s . They a r e p r e s e n t i n 
a r e a s wh ich would a p p e a r t o be a t a 1 ower s t r e s s . T h i s o b s e r v a t i o n i s in 
a c c o r d w i t h t h e r e s u l t s f o r t h e Type I U-bend s a m p l e s in wh ich most o f t h e 
v e r y d e e p c r a c k s which c a u s e f r a c t u r e w e r e r e m o t e f r o m t h e a p e x . 
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F i g u r e 3 , 1 6 A p p e a r a n c e o f Type I ( a ) . Type I I ( b ) and Type I I I ( c ) Mar lex CL-100 HDPE U-bend 
s p e c i m e n s gamma i r r a d i a t e d t o 2 . 1 x 10° rad ( A ) , 1 , 3 1 0 ' r ad ( B j j a n d 6 . 7 x 10 r a d (C) 
I n d i v i d u a l u n i r r a d i a t e d Type I , Type I I and Type I I I c o n t r o l s p e c i m e n s a r e shown a t 
t h e bo t tom o f t h e f i g u r e . M a g n i f i c a t i o n 0 . 8 X. 



CO 
o 

h i g u r e i3 . i7 C r a c k i n g i n Type I ( b o t t o m row) and Type I I I ( t o p row) M a r l e x CL-100 HDPE 
U-bend s p e c i m e n s i r r a d i a t e d t o 6 . 0 x l O 7 r ad ( a t 8 . 4 x l O 3 r a d / h ) . Note 
t h a t t h e c r a c k s in t h e Type I I I s p e c i m e n s a r e n o t i n t h e a p e x r e g i o n . 
M a g n i f i c a t i o n 1 . 7 X. 



% 
% 

% 

F i g u r e 3 . 1 8 F i n e c r a c k i n g i n Type I I Marlex CL-100 HDPE U-bend s p e c i m e n s ( t o p row 
8) i r r a d i a t e d t o 6 . 0 x I D 7 rad {a t 8 . 4 x l O 3 r a d / h ) . Note t h a t t h e 
c r a c k s a r e n o t i n t h e apex r e g i o n . M a g n i f i c a t i o n 1 .7 X. 

o f 



F i g u r e s 3 . 1 9 t h r o u g h 3 . 3 0 show s k e t c h e s o f c r a c k s i n Type I U-bend 
s p e c i m e n s p r i o r t o and a f t e r i r r a d i a t i o n t o two d i f f e r e n t d o s e l e v e l s . D a t a 
f o r n o n - i r r a d i a t e d c o n t r o l s a r e a l s o shown. Crack d i s t r i b u t i o n s w e r e c o u n t e d 
and a r e g i v e n i n T a b l e s 3 . 5 and 3 . 6 f o r t h e two s u c c e s s i v e i r r a d i a t i o n s . For 
t h e f i r s t i r r a d i a t i o n c y c l e ( T a b l e 3 . 5 ) wh ich l a s t e d 350 d a y s , a l l i r r a d i a t e d 
s p e c i m e n s showed a l a r g e r i n c r e a s e in t h e numbers o f c r a c k s compared t o 
u n i r r a d i a t e d s p e c i m e n s . No a c c e l e r a t e d c r a c k i n i t i a t i o n r a t e was n o t e d f o r 
t h e h i g h e s t d o s e r a t e c o n d i t i o n , even t h o u g h e m b r i t t l e m e n t was a more s e r i o u s 
p r o b l e m . T h i s i s an i m p o r t a n t f i n d i n g s i n c e t h e l o w e r d o s e r a t e s , w h i c h a r e 
more t y p i c a l of a c t u a l c o n t a i n e r i r r a d i a t i o n c o n d i t i o n s , a r e more p r o n e t o 
c a u s e f a i l u r e by r a d i a t i o n - i n d u c e d c r a c k g r o w t h m e c h a n i s m s . T h i s i s c o n c l u d e d 
on t h e b a s i s o f t h e number s o f f u l 1 - p e n e t r a t i o n , o r c l o s e - t o - f u l l p e n e t r a t i o n , 
c r a c k s ( s e e T a b l e 3 . 5 ) . 

A f t e r t h e s e c o n d i r r a d i a t i o n c y c l e ( T a b l e 3 . 6 ) t h e l a r g e s t numbers o f new 
c r a c k s were f o u n d in u n i r r a d i a t e d m a t e r i a l . U s u a l l y , t h e i r r a d i a t e d s a m p l e s 
showed no new c r a c k i n i t i a t i o n s . T h i s may be a r e s u l t o f s t r e s s r e l a x a t i o n i n 
t h e i r r a d i a t e d U-bend s a m p l e s c a u s e d by p o l y m e r c h a i n s c i s s i o n m e c h a n i s m s o r 
by t h e r a p i d g r o w t h o f c r a c k s t o f u l l - p e n e t r a t i o n s i z e wh ich would l e a d t o a 
m a j o r s t r e s s r e l a x a t i o n i n c r e m e n t . From T a b l e 3 . 6 t h e r e a r e 8 v e r y 1 a r g e 
c r a c k s i n t h e U-bend s p e c i m e n s i r r a d i a t e d a t t h e two 1ower d o s e r a t e s . 
P o s s i b l y , t h e mos t h i g h l y i r r a d i a t e d s p e c i m e n s s u f f e r e d t h e g r e a t e s t amount o f 
r a d i a t i o n - i n d u c e d s t r e s s r e l a x a t i o n and w e r e , t h e r e f o r e , u n a b l e t o c a u s e v e r y 
f a s t c r a c k g r o w t h . Chemical c h a n g e s in t h e HDPE a t h i g h d o s e s may be an 
i m p o r t a n t f a c t o r , a l s o . 

3 . 4 D i s c u s s i o n o f C r a c k P r o p a g a t i o n i n S t a t i c a l l y - S t r e s s e d HDPE 

The r e s u l t s f o r t h e c h e m i c a l e n v i r o n m e n t t e s t s i n d i c a t e t h a t oxygen i s 
i m p o r t a n t in t h e i n i t i a t i o n and g r o w t h o f c r a c k s i n c r o s s l i n k e d HDPE u n d e r 
s t a t i c l o a d s . A i r i s p r o b a b l y t h e mos t d e l e t e r i o u s e n v i r o n m e n t b u t l o w - o x y g e n 
e n v i r o n m e n t s such a s w a t e r a r e a l s o c a p a b l e o f c a u s i n g c r a c k g r o w t h a i d e d by 
l i q u i d w e t t i n g e f f e c t s a t t h e t i p s o f c r a c k s u n d e r t e n s i l e s t r e s s e s . L a r g e 
a m o u n t s o f oxygen i n a i r do n o t g r e a t l y e n h a n c e t h e r a t e o f c r a c k i n g compared 
t o t h o s e f o r o x y g e n - c o n t a m i n a t e d s y s t e m s such a s t h e n i t r o g e n and vacuum 
e n v i r o n m e n t s u s e d i n t h i s s t u d y . F a s t e r c r a c k i n g w i l 1 u n d o u b t e d l y o c c u r i f 
l i q u i d s w h i c h can p r o m o t e e n v i r o n m e n t a l s t r e s s - c r a c k i n g a r e p r e s e n t . T h i s 
woul d be e s p e c i a l l y t r u e i f t h e HDPE was n o t mol ded and c u r e d t o p r o d u c e 
opt imum p r o p e r t i e s ( P h i l l i p s ) . 

Gamma i r r a d i a t i o n h a s been shown, a b o v e , t o c a u s e e m b r i t t l e m e n t o f HDPE 
a n d , u n d e r c e r t a i n i r r a d i a t i o n c o n d i t i o n s , s h a r p " b r i t t l e " c r a c k s a r e a b l e t o 
c a u s e f r a c t u r e in U-bend s a m p l e s . Many p r i o r s t u d i e s o f t h e r m o p l a s t i c 
m a t e r i a l s show t h a t r a d i a t i o n - i n d u c e d c r o s s l i n k i n g s t i f f e n s t h e m a t e r i a l , 
i n c r e a s e s t h e m o l e c u l a r w e i g h t , and l o w e r s t h e d u c t i l i t y . T h i s mechan i sm i s 
p r o b a b l y r e s p o n s i b l e f o r t h e e m b r i t t l e m e n t o b s e r v e d in t h e c u r r e n t U-bend 
t e s t s , even t h r o u g h t h e M a r l e x CL-100 u s e d in t h i s s t u d y i s a l r e a d y h i g h l y 
c r o s s l i n k e d . 

A n o t h e r f a c t o r t h a t c o u l d h e l p a c r a c k t o grow q u i c k l y in i r r a d i a t e d 
m a t e r i a l i s t h e o c c u r r e n c e o f m a i n - c h a i n s c i s s i o n (C lough and G i l l e n , 1981 ; 
G i l l e n and C l o u g h , 1 9 8 1 ) , D u r i n g t h i s p r o c e s s , p o l y m e r c h a i n s i n t h e c r a c k 
t i p r e g i o n which a r e s u b j e c t e d t o l a r g e t e n s i l e s t r e s s e s a s w e l l a s gamma 
r a d i a t i o n , s h o u l d e x p e r i e n c e a l o c a l l y - e n h a n c e d r a t e of c h a i n s c i s s i o n w h i c h 
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Figure 3.19 Crack pa t te rns i n as-prepared Type I Marlex CL-100 
HDPE U-bend samples. Specimens are u n i r r a d i a t e d 
c o n t r o l s . Specimen numbers g iven above each sketch 
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Figure 3.20 Crack pa t te rns i n u n i r r a d i a t e d Type I Marlex CL-100 
HDPE U-bend samples held a t 10 C f o r 350 d. Specimen 
numbers g iven above each ske tch . 

34 



Figure 3.21 Crack pa t te rns i n u n i r r a d i a t e d Type I Marlex CL-100 
HDPE U-bend samples held a t 10 C f o r 530 d i n a i r . 
Specimen numbers g iven above each ske tch . 
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F i g u r e 3 . 2 2 Crack p a t t e r n s i n a s - p r e p a r e d Type I M a r l e x CL-100 
HDPE U-bend s a m p l e s p r i o r t o gamma I r r a d i a t i o n a t 
1 . 4 X l O 3 r a d / h . Spec imen numbers g i v e n a b o v e 
e a c h s k e t c h . 
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F i g u r e 3 . 2 3 Crack p a t t e r n s 1n Type I M a r l e x CL-lOO HDPE f iU-bend 
s a m p l e s a f t e r gamma i r r a d i a t i o n t o 7 . 5 x 10 r a d a t 
a d o s e r a t e o f 1 . 4 x 10 r a d / h . Spec imen numbers 
g i v e n a b o v e e a c h s k e t c h . 
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F i g u r e 3 . 2 4 C r a c k p a t t e r n s i n Type I M a r l e x CL-100 HDPEyU-bend 
s a m p l e s a f t e r gamma i r r a d i a t i o n t o 1 . 3 x 10 r a d a t 
a d o s e r a t e o f 1 . 4 x 10 r a d / h . Spec imen numbers 
g i v e n a b o v e e a c h s k e t c h . 
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F i g u r e 3 , 2 5 C r a c k p a t t e r n s i n a s - p r e p a r e d Type I M a r l e x CL-100 
HDPE U-bgnd s a m p l e s p r i o r t o gamma i r r a d i a t i o n a t 
8 . 4 X 10 r a d / h . Spec imen numbers g i v e n a b o v e e a c h 
s k e t c h . 
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F i g u r e 3 . 2 6 Crack p a t t e r n s i n Type I M a r l e x CL-lOO HDPE U-bend s a m p l e s 
a f t e r gamma i r r a d i a t i o n t o 6 . 0 x l O 7 r a d a t a d o s e r a t e o f 
8 . 4 X l O 3 r a d / h . Spec imen numbers g i v e n a b o v e e a c h s k e t c h , 

40 



F i g u r e 3 . 2 7 Crack p a t t e r n s i n Type I M a r l e x CL-100 HDPE U-bend s a m p l e s 
a f t e r gamma i r r a d i a t i o n t o 9 . 5 x l O 7 r a d a t a d o s e r a t e o f 
8 . 4 x l O 3 r a d / h . Spec imen numbers g i v e n above e a c h s k e t c h , 
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F i g u r e 3 . 2 8 Crack p a t t e r n s i n a s - p r e p a r e d Type I M a r l e x CL-100 HDPE U-bend 

s a m p l e s p r i o r t o gamma i r r a d i a t i o n a t 4 . 4 x 10^ r a d / h . Spec imen 
numbers g i v e n a b o v e e a c h s k e t c h . 

42 



F i g u r e 3 . 2 9 Crack p a t t e r n s i n Type I M a r l e x CL-lOO HDPE U-bend s a m p l e s 
a f t e r i r r a d i a t i o n t o 1 . 3 x 10^ r a d a t a d o s e r a t e o f 4 . 4 x 10^ 
r a d / h . Spec imen numbers g i v e n a b o v e e a c h s k e t c h . 
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F i g u r e 3 . 3 0 Crack p a t t e r n s i n Type I M a r l e x CL-100 HDPE U-bend s a m p l e s 
a f t e r i r r a d i a t i o n t o 3 . 1 x l o " r a d a t a d o s e r a t e o f 4 . 4 x l O 5 

r a d / h . Spec imen numbers g i v e n a b o v e e a c h s k e t c h . 
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Table 3 . 5 Crack i n i t i a t i o n and p ropaga t i on in Type I HDPE U-bend specimens a f t e r t h e 

f i r s t gamma i r r a d i a t i o n c y c l e . 

on 

Cracks Before I r r a d i a t i o n Cracks A f t e r I r r a d i a t i o n 
P e r c e n t Change in 
Numbers of Cracks 

Near Fu l l 
Dose Large Small Total Large Smal 1 Tota l Large Small Total Cracks P e n e t . Cracks 

0 84 11 95 90 13 103 7 18 8 0 0 

7 . 5 X lO 6 rad 
( a t 1 .4 X lO 3 r a d / h ) 

81 3 84 97 3 100 20 0 19 2 1 

6 .0 X lO 7 rad 
( a t 8 . 4 X lO 3 r a d / h ) 

78 2 80 95 4 99 22 100 24 2 4 

1 .3 X lO 9 rad 
( a t 4 . 4 X lO 5 r a d / h ) 

69 3 72 82 4 86 19 33 19 0 1 

Note: ( 1 ) T h e numbers of c r a c k s a r e t h e t o t a l s counted f o r each ba t ch of e i g h t r e p l i c a t e samples . 



Table 3 . 6 Crack i n i t i a t i o n and p r o p a g a t i o n in Type I HOPE U-bend specimens a f t e r t h e second 

ganma i r r a d i a t i o n c y c l e . t 1 ) 

C D 

I r r a d i a t i o n 
Dose 

Cracks Be fo re I r r a d i a t i o n Cracks A f t e r I r r a d i a t i o n 
P e r c e n t Change in 
Numbers of Cracks 

I r r a d i a t i o n 
Dose Large Small Tota l Large Smal 1 Total Large Small Total Cracks P e n e t . Cracks 

U n i r r a d i a t e d 
C o n t r o l s 

84 11 95 95 15 110 13 36 16 0 0 

1 .3 X lO 7 rad 
{ a t 1 .4 X lO 3 r a d / h ) 

81 3 84 97 3 100 20 0 19 7 1 

9 . 5 X lO 7 rad 
( a t 8 . 4 X lO 3 r a d / h ) 

78 2 80 94 8 102 21 300 28 7 1 

3 .1 X lO 9 rad 
( a t 4 .4 X lO 5 r a d / h ) 

69 3 72 83 3 86 21 0 19 1 0 

Note: ( 1 )The numbers of c r a c k s a r e t h e t o t a l s counted f o r each ba t ch of e i g h t r e p l i c a t e s a m p l e s . 



woul d a c c e l e r a t e c r a c k g r o w t h . Si n e e t h e bul k of t h e HDPE i s a l r e a d y 
s t r e n g t h e n e d by c r o s s l i n k i n g , r e l a x a t i o n of s t r e s s e s a t t h e c r a c k t i p s by 
p l a s t i c d e f o r m a t i o n i s r e d u c e d so t h a t c r a c k p r o p a g a t i o n 1s s t i l l a b l e t o t a k e 
pi a c e . 

The a b i l i t y of new c r a c k s t o be n u c l e a t e d in n o n - i r r a d i a t e d s p e c i m e n s , 
and t h e i r i n h i b i t i o n in i r r a d i a t e d s p e c i m e n s , n e e d s t o be d i s c u s s e d more 
f u l l y . O b s e r v a t i o n s In t h i s work show t h a t t h e n o n - i r r a d i a t e d s a m p l e s r e t a i n 
much f l e x i b i l i t y . I f t h e n u t and b o l t a r e removed f r o m a U-bend s a m p l e a f t e r 
many m o n t h s , t h e e n d s o f t h e s p e c i m e n s p r i n g a p a r t and t h e n s l o w l y c r e e p away 
f r o m e a c h o t h e r . T h i s shows t h a t 1 a r g e s t r e s s e s a r e s t i l 1 p r e s e n t . They 
a r e t h e l i k e l y r e a s o n f o r t h e I n i t i a t i o n o f t h e l a r g e n u m b e r s o f new c r a c k s i n 
t h e c h e m i c a l e n v i r o n m e n t t e s t s d e s c r i b e d i n S e c t i o n 3 . 1 , a b o v e . All of t h e 
c r a c k s a r e e a s i l y b l u n t e d by p l a s t i c f l o w and t h e y a r e , c o n s e q u e n t l y , u n a b l e 
t o p r o p a g a t e t o f a i l u r e u n l e s s an e n v i r o n m e n t a l s t r e s s c r a c k i n g mechan i sm i s 
p r e s e n t . In t h i s c a s e , a c r a c k r e m a i n s s h a r p and i s a b l e t o p r o p a g a t e e a s i l y 
b e c a u s e o f a l a r g e s t r e s s c o n c e n t r a t i o n f a c t o r . 

F o r i r r a d i a t e d s a m p l e s , h o w e v e r , c h a i n s c i s s i o n i n a s t a t i c a l l y - s t r e s s e d 
s p e c i m e n w i l l a l l o w r e o r i e n t a t i o n o f c h a i n s e g m e n t s t o low e n e r g y ( low s t r e s s ) 
c o n f i g u r a t i o n s . R a d i a t i o n - i n d u c e d s t r e s s r e l a x a t i o n 1 s , t h e r e f o r e , t h e 
p r o b a b l e r e a s o n f o r t h e v e r y sma l l number o f new c r a c k s o b s e r v e d i n i r r a d i a t e d 
Type I s p e c i m e n s ( s e e T a b l e 3 . 6 ) . 

An I m p o r t a n t i m p l i c a t i o n i s t h a t i f e a r l y c r a c k i n g can be a v o i d e d in a 
HDPE w a s t e c o n t a i n e r , so t h a t i r r a d i a t i o n - i n d u c e d s t r e s s r e l a x a t i o n can t a k e 
p l a c e , t h e n b r i t t l e c r a c k p r o p a g a t i o n may be g r e a t l y r e t a r d e d , o r p o s s i b l y 
p r e v e n t e d , even i f t h e c o n t a i n e r becomes e m b r i t t l e d d u r i n g i t s l i f e t i m e . The 
a b o v e d a t a on c r a c k i n i t i a t i o n and p r o p a g a t i o n i n Types I , I I , and I I I U-bend 
s p e c i m e n s u g g e s t s a p r a c t i c a l way t o e x t e n d c o n t a i n e r l i f e . I t c e n t e r s on t h e 
m e c h a n i c a l removal of t h e o x i d i z e d s u r f a c e 1 a y e r fo rmed d u r i n g c o n t a i n e r 
m o l d i n g . I f t h e o x i d i z e d m a t e r i a l can be removed by manual o r a u t o m a t i c 
a b r a s i o n t e c h n i q u e s , t h e n e a r l y c r a c k i n i t i a t i o n wi l 1 be a v o i d e d a n d , q u i t e 
p o s s i b l e , s t r e s s r e l a x a t i o n due t o gamma i r r a d i a t i o n , o r l o n g - t e r m 
v i s c o e l a s t i c d e f o r m a t i o n , c o u l d p r e v e n t b r i t t l e f r a c t u r e f r o m o c c u r r i n g . 

T h e r e e x i s t s a n o t h e r e f f e c t t h a t may r e d u c e t h e p o s s i b i l i t y o f 
r a d i a t i o n - i n d u c e d b r i t t l e f r a c t u r e of HDPE c o n t a i n e r s wh ich a r e e m p l a c e d i n a 
b u r i a l e n v i r o n m e n t . I f 1 i m i t e d oxygen i s p r e s e n t d u r i n g b u r l a l , t h e n i t i s 
e x p e c t e d t h a t t h e e m b r i t t l e m e n t e f f e c t s w i l l be r e t a r d e d ( S e c t i o n 3 . 1 ) . Work 
by G i l l e n and Clough ( 1 9 8 1 ) ha s shown t h a t , i n t h e a b s e n c e o f o x y g e n , t h e 
d e l e t e r i o u s e f f e c t s of c h a i n s c i s s i o n a r e v e r y g r e a t l y r e d u c e d s i n c e oxygen 
a t o m s a r e u n a b l e t o i n t e r a c t w i t h f r e e r a d i c a l s g e n e r a t e d by t h e r a d i a t i o n 
f i e l d . T h u s , s c i s s i o n p r o c e s s e s a r e H k e l y t o s e l f r e p a i r , r e d u c i n g o v e r a l l 
d e g r a d a t i o n e f f e c t s . R e c e n t r e l e v a n t work by Adams and Soo ( 1 9 8 8 ) a l so 
d e m o n s t r a t e s t h a t HDPE U-bend s p e c i m e n s gamma i r r a d i a t e d i n t h e p r e s e n c e o f 
o r g a n i c i o n - e x c h a n g e r e s i n b e a d s d i s p l a y i n s i g n i f i c a n t c r a c k p r o p a g a t i o n . 
C r a c k s fo rmed d u r i n g t h e b e n d i n g of t h e s p e c i m e n s do n o t a p p e a r t o grow i n 
s i z e d e s p i t e d o s e l e v e l s in t h e l O 8 r a d r a n g e . T h i s 1s a l m o s t c e r t a i n l y 
c o n n e c t e d w i t h s t r e s s r e l a x a t i o n and t h e d e p l e t i o n o f oxygen by t h e r e s i n bed 
s u r r o u n d i n g t h e HDPE s a m p l e s . Cha in s c i s s i o n e f f e c t s a r e a b l e t o r e p a i r 
t h e m s e l v e s a s b r o k e n c h a i n s r e c o m b i n e w i t h o t h e r a d j a c e n t c h a i n s e g m e n t s 
I n s t e a d of w i t h a v a i l a b l e oxygen i n t h e e n v i r o n m e n t . Such an oxygen r e a c t i o n 
would e f f e c t i v e l y p r e v e n t r e c o m b i n a t i o n . 
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At t h i s t i m e i t i s n o t known what 1 e v e l o f oxygen i s n e e d e d t o c a u s e a 
d e l e t e r i o u s gamma i r r a d i a t i o n e f f e c t . I t i s c l e a r , h o w e v e r , t h a t any 
p r o c e d u r e t o r e d u c e oxygen t o v e r y low l e v e l s can o n l y be b e n e f i c i a l in t e r m s 
o f r e d u c i n g d e g r a d a t i o n . 

The e f f e c t of s t r e s s on c r a c k p r o p a g a t i o n w i l l now be a d d r e s s e d . From 
t h e r e s u l t s g i v e n a b o v e on c r a c k g r o w t h i n i r r a d i a t e d Type I U - b e n d s i t was 
shown t h a t c r a c k s which grew f a s t e r were s e l d o m l y l o c a t e d a t t h e a p e x o f t h e 
s p e c i m e n , w h e r e one would n o r m a l l y e x p e c t t h e 1 a r g e s t t e n s i 1 e s t r e s s e s t o 
r e s i d e . In n e a r l y a l l c a s e s t h e f u l l p e n e t r a t i o n c r a c k s were in r e g i o n s on 
e i t h e r s i d e o f t h e a p e x , a s shown i n F i g u r e s 3 . 1 7 and 3 . 1 8 . 

To u n d e r s t a n d t h i s phenomenon more f u l l y i t w i l l be n e c e s s a r y t o e s t i m a t e 
t h e t e n s i l e s t r e s s e s o v e r t h e o u t e r s u r f a c e of t h e U-bend t o s e e i f a 
c o r r e l a t i o n can be made b e t w e e n c r a c k g r o w t h and s t r e s s . C o m p l i c a t i o n s o c c u r , 
h o w e v e r , s i n c e b e n d i n g i n t r o d u c e s c r a c k s i n Type I s p e c i m e n s w h i c h , in t u r n 
c a u s e a 1 o w e r i n g o f t h e s t r e s s . N e v e r t h e l e s s , c o n s i d e r t h e s c h e m a t i c o f a 
smal l U-bend s p e c i m e n u s e d in t h e i r r a d i a t i o n work (See A p p e n d i x ) . By 
c a r e f u l l y t r a c i n g a r o u n d a t y p i c a l s p e c i m e n i t i s p o s s i b l e t o e s t i m a t e t h e 
r a d i i o f c u r v a t u r e a t t h e apex and a t t h e " s i d e " of a U - b e n d . From t h e s e 
v a l u e s t h e t o t a l d e f o r m a t i o n a t e a c h l o c a t i o n may be c a l c u l a t e d . The s t r a i n 
a t t h e apex a f t e r b e n d i n g t h e s a m p l e was f o u n d t o be a b o u t 2 4 . 3 p e r c e n t and a t 
t h e s i d e of t h e U-bend a b o u t 9 . 1 p e r c e n t . The v a l u e a t t h e a p e x i s , o f 
c o u r s e , an o v e r e s t i m a t e f o r Type I s p e c i m e n s , s i n c e c r a c k i n g o c c u r s and t h e r e 
i s l e s s s t r e s s and s t r a i n t h a n would be c a l c u l a t e d on t h e b a s i s o f a 
n o n - c r a c k e d s u r f a c e . On t h e o t h e r h a n d , t h e e s t i m a t e of 2 4 . 3 p e r c e n t 
d e f o r m a t i o n i s i n good a g r e e m e n t w i t h c r e e p d e f o r m a t i o n w o r k , d e s c r i b e d l a t e r , 
wh ich shows t h a t c r a c k s i n t h e o x i d i z e d HDPE s u r f a c e b e g i n s t o a p p e a r a f t e r a 
d e f o r m a t i o n o f a b o u t 20 p e r c e n t . 

When t h e HDPE i s b e n t t o fo rm a U-bend c o n f i g u r a t i o n , t h e s t r e s s - s t r a i n 
r e s p o n s e on t h e o u t e r s u r f a c e i s s i m i l a r t o t h a t wh ich would be e x p e r i e n c e d 
d u r i n g a s h o r t t e r m t e n s i l e t e s t . F i g u r e 3 . 3 1 i s a s c h e m a t i c of a 
s t r e s s - s t r a i n c u r v e f o r M a r l e x CL-100 HDPE ( S o o , and o t h e r s , 1 9 8 6 ) . The y i e l d 
and b r e a k s t r e s s e s ( ay and cfb) a r e t y p i c a l l y 20 MPa (2900 p s i ) and 15 MPa 
( 2 2 0 0 p s i ) , r e s p e c t i v e l y , and t h e e l o n g a t i o n a t y i e l d and a t b r e a k ( e y and 
£[)) a r e t y p i c a l l y 18 p e r c e n t and 230 p e r c e n t . T h i s shows t h a t a t t h e apex 
o f a U-bend s p e c i m e n , w h e r e t h e s t r a i n i s a b o u t 24 p e r c e n t , t h e m a t e r i a l ha s 
been s t r a i n e d beyond t h e y i e l d p o i n t and t h a t t h e a s s o c i a t e d s t r e s s l e v e l i s 
much l o w e r t h a n t h e y i e l d s t r e s s . C r a c k s a l r e a d y p r e s e n t a t t h e a p e x w i l l 
i n e v i t a b l y l o w e r t h e s t r e s s even m o r e . 

At t h e s i d e o f t h e U - b e n d , whe re t h e c a l c u l a t e d s t r a i n i s a b o u t 9 . 1 
p e r c e n t , t h e a s s o c i a t e d s t r e s s l e v e l i s a l s o l e s s t h a n t h e y i e l d s t r e s s . 
S i n c e t h e r e i s no c r a c k i n g i n t h i s r e g i o n t h e s t r e s s l e v e l a f t e r b e n d i n g 
s h o u l d be s i m i l a r t o t h a t a t t h e a p e x . I f one now c o n s i d e r s t h e r e g i o n s 
b e t w e e n t h e apex and t h e s i d e s of t h e Type I U-bend t h e n t h e s e would 
c o r r e s p o n d t o a m a x i m u m - s t r e s s s t a t e c l o s e t o t h e y i e l d p o i n t . T h i s s h o u l d 
t h e n be t h e most f a v o r e d s i t e f o r c r a c k i n i t i a t i o n and g r o w t h in a gamma 
i r r a d i a t i o n f i e l d , wh ich i s i n f a c t o b s e r v e d . 
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Strain, € 

F i g u r e 3 . 3 1 D e f i n i t i o n o f s h o r t - t e r m - t e n s i l e p a r a m e t e r s . 



Type I I and Type I I I s p e c i m e n s h a v e a s l i g h t l y m o d i f i e d b e h a v i o r s i n c e 
t h e r e i s no c r a c k i n g a s t h e U - b e n d s a r e made and t h e s u r f a c e c h a r a c t e r i s t i c s 
a r e a l s o d i f f e r e n t f r o m Type I s a m p l e s . T h i s w i l l m o d i f y t h e s t r e s s 
d i s t r i b u t i o n a r o u n d t h e U-bend s u r f a c e and c r a c k i n g w i l l o c c u r i n a d i f f e r e n t 
l o c a t i o n . From F i g u r e s 2 . 1 7 and 3 . 1 8 i t i s a p p a r e n t t h a t t h e maximum s t r e s s 
r e g i o n f o r Type I I and Type I I I s p e c i m e n s i s on t h e s i d e s o f t h e U - b e n d s whe re 
t h e c r a c k s a r e f o u n d t o n u c l e a t e . 
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4 . UNIAXIAL CREEP IN CHEMICAL ENVIRONMENTS 

C r e e p t e s t s w e r e c a r r i e d o u t a t 20 oC ( 6 8 0 F ) u s i n g a s i m p l e c o n s t a n t l o a d 
s y s t e m . S t r a i n s w e r e m e a s u r e d c o n t i n u o u s l y u s i n g LVDTs ( l i n e a r l y v a r i a b l e 
d i f f e r e n t i a l t r a n s d u c e r s ) . R a t e s o f c r e e p , d u c t i l i t y - a t - f a i l u r e , and w e i g h t 
i n c r e a s e in t h e s p e c i m e n s c a u s e d by t h e a b s o r p t i o n of t h e t e s t l i q u i d s d u r i n g 
c r e e p w e r e a l l m e a s u r e d . U s u a l l y , t h e HDPE s p e c i m e n s w e r e i n t h e a s - r e c e i v e d 
c o n d i t i o n w i t h one s u r f a c e in t h e o x i d i z e d s t a t e . T e s t s w e r e c a r r i e d o u t i n 
t h e e n v i r o n m e n t s s p e c i f i e d in T a b l e 2 . 2 . 

An a d d i t i o n a l s e r i e s o f t e s t s was a l s o c o n d u c t e d on s p e c i m e n s w h i c h had 
t h e o x i d i z e d s u r f a c e removed by emory p a p e r p r i o r t o t e s t i n g . T h i s wou ld 
a l 1 ow a q u a n t i t a t i v e e v a l u a t i o n t o be made of t h e e f f e c t s o f t h e th^f 1 » 
l e s s - d u c t i l e , o x i d i z e d m a t e r i a l . The v a r i o u s t e s t s e r i e s a r e d e s c r i b e d 
b e l o w . Al l t e s t d a t a a r e g i v e n i n T a b l e s 4 . 1 and 4 . 2 . Some d a t a on t h e o l d 
b a t c h of HDPE a r e i n c l u d e d f o r c o m p a r i s o n p u r p o s e s . 

4 , 1 U n i a x i a l C r e e p of A s - R e c e i v e d HDPE i n C h e m i c a l E n v i r o n m e n t s 

4 . 1 . 1 S t r e s s - r u p t u r e and D u c t i l i t y R e s u l t s 

F i g u r e s 4 . 1 and 4 . 2 show s t r e s s - r u p t u r e and d u c t i l i t y r e s u l t s f o r t h e 
n e w e r b a t c h of HDPE. A l l of t h e d a t a p l o t t e d a r e f o r m a t e r i a l in t h e 
a s - r e c e i v e d c o n d i t i o n w i t h t h e o x i d i z e d s u r f a c e i n t a c t . 

A i r and w a t e r a p p e a r t o g i v e s i m i l a r c r e e p p r o p e r t i e s . F o r s c i n t i l l a t i o n 
f l u i d , t u r b i n e o i l , and I g e p a l , h o w e v e r , t h e r e i s a s i g n i f i c a n t l o s s i n 
r u p t u r e s t r e n g t h , e s p e c i a l l y i n t h e low and i n t e r m e d i a t e s t r e s s r a n g e s ( F i g u r e 
4 1) As t h e s t r e s s l e v e l i s i n c r e a s e d , t h e c u r v e s t e n d t o c o n v e r g e , a s 
e x p e c t e d , s i n c e t h e t i m e t o f a i l u r e becomes p r i m a r i l y s t r e s s d e p e n d e n t . T h i s 
i s b e c a u s e f a i l u r e o c c u r s so q u i c k l y t h a t t i m e - d e p e n d e n t e n v i r o n m e n t a l e f f e c t s 
do n o t h a v e t i m e t o become i m p o r t a n t . N o t e , a l s o , i n F i g u r e 4 . 1 , t h a t t h e r e 
a p p e a r t o be s t r e s s e s b e l o w w h i c h c r e e p - t y p e f a i l u r e i s u n l i k e l y . The 
" t h r e s h o l d " s t r e s s f o r o i l and I g e p a l i s a b o u t 8 . 2 7 MPa ( 1 2 0 0 p s i ) and f o r 
s c i n t i l l a t i o n f l u i d i t i s a b o u t 6 . 8 9 MPa ( 1 0 0 0 p s i ) . One m i g h t s u p p o s e t h a t 
i f t h e s t r e s s l e v e l s i n a w a s t e c o n t a i n e r a r e k e p t s i g n i f i c a n t l y b e l o w 6 . 8 9 
MPa t h e n HDPE s h o u l d be immune t o a c r e e p - t y p e f a i l u r e mode . 

The d u c t i l i t y o f HDPE a t h i g h s t r e s s e s i s a b o u t 60 p e r c e n t f o r a l l t e s t 
e n v i r o n m e n t s ( F i g u r e 4 . 2 ) . T h i s , a g a i n , i s a r e s u l t o f f a i l u r e b e i n g 
c o n t r o l l e d by t h e s t r e s s r a t h e r t h a n t h e e n v i r o n m e n t . At l o w e r s t r e s s l e v e l s , 
i n t h e r a n g e 8 t o 13 MPa (1150 t o 1900 p s i ) , t h e d u c t i l i t i e s f o r a i r , w a t e r , 
o i l and I g e p a l a r e a g a i n q u i t e s i m i l a r . As t h e s t r e s s l e v e l d e c r e a s e s , t h e 
d u c t i l i t y i s s i g n i f i c a n t l y r e d u c e d . E n t r a p o l a t i o n o f t h e c u r v e s t o s t r e s s e s 
o f a p p r o x i m a t e l y 7 MPa ( 1 0 1 5 p s i ) i n d i c a t e s t h a t a b r i t t l e t y p e o f f a i l u r e i s 
l i k e l y . The f a i l u r e t i m e a t s u c h low s t r e s s e s w o u l d , o f c o u r s e , be v e r y 
l a r g e , b a s e d on t h e d a t a i n F i g u r e 4 . 1 . 

S c i n t i l l a t i o n f l u i d c a u s e s v e r y d i f f e r e n t b e h a v i o r c o m p a r e d t o t h e o t h e r 
e n v i r o n m e n t s . The r e s u l t s show t h a t f a i l u r e a t low s t r e s s l e v e l s w i l l n o t b e 
b r i t t l e . In f a c t , d u c t i l i t i e s a t 7 MPa ( 1 0 1 5 p s i ) a r e a p p r o x i m a t e l y 100 
p e r c e n t . O b s e r v a t i o n s on d e f o r m i n g s a m p l e s showed t h a t t h e o x i d i z e d s u r f a c e 
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Table 4 . 1 Creep t e s t d a t a f o r Marlex CL-100 HDPE t e s t e d in a i r and d e i o n i z e d 
w a t e r a t room t e m p e r a t u r e . 

Tes t 
Number 

Specimen 
C o n d i t i o n 

Tes t 
Environment 

S t r e s s F a i l u r e 
Time (h ) 

E long . a t 
Break (X) 

Tes t 
Number 

Specimen 
C o n d i t i o n 

Tes t 
Environment (MPa) (ps i ) 

F a i l u r e 
Time (h ) 

E long . a t 
Break (X) 

381 As r e c . A i r 13 .79 2000 4 . 0 56 .0 
382 As r e c . Ai r 13 .79 2000 0 . 9 8 56 .6 
367 As r e c . A i r 13 .10 1900 6 . 8 5 6 . 8 
369 As r e c . Ai r 13 .10 1900 5 . 8 4 6 . 6 
374 As r e c . Ai r 12 .76 1850 5 . 4 4 6 . 2 
365 As r e c . Ai r 12 .41 1800 4 1 . 0 74 .6 
359 As r e c . Ai r 12 .41 1800 1 1 . 3 50 .0 
366 As r e c . Ai r 12 .10 1750 5 2 . 5 76 .0 
358 As r e c . Ai r 11 .72 1700 8 0 . 3 79 .6 
362 As r e c . Ai r 11 .65 1690 2 8 . 5 5 6 . 0 
361 As r e c . Ai r 11 ,03 1600 457 7 9 . 7 
360 As r e c . A i r 10 .86 1575 212 8 5 . 4 
350(a ) As r e c . Ai r 10 .62 1540 166 7 2 . 9 
350(b) As r e c . Ai r 10 .62 1540 502 5 5 . 0 
300 As r e c . Ai r 10 .34 1500 662 61 .6 
315 As r e c . A i r 10 .34 1500 761 5 8 . 2 
363 As r e c . Ai r 10 .17 1475 4023 60 .4 
357 As r e c . Ai r 10 .00 1450 3821 5 5 . 1 
380 As r e c . Ai r 10 .00 1450 2455 6 6 . 8 
377 As r e c . A i r 9 . 8 3 1425 5173 5 3 . 5 
316 As r e c . Ai r 9 . 6 5 1400 5378 3 6 . 6 
364 As r e c . Ai r 9 . 3 1 1350 1819 7 1 . 9 
391 As r e c . A i r 9 . 1 3 1325 2610 3 8 . 9 
355 As r e c . Ai r 8 . 9 6 1300 3100 3 7 . 0 
390 As r e c . A i r 8 . 9 6 1300 2808 3 3 . 7 
398 As r e c . Ai r 8 . 6 2 1250 6096 13 .1 
321 As r e c . Ai r 8 . 2 7 1200 7740 16 .2 
388 As r e c . A i r 7 . 9 3 1150 >9360 >15.0 
409 As r e c . A i r 7 . 5 8 1100 >2040 > 6 . 0 
322 As r e c . Ai r 7 . 2 4 1050 >17500 > 8 . 3 
408 As r e c . Ai r 4 . 1 4 600 >1425 > 2 . 3 

387 (1 ) A i r 13 .79 2000 >5092 >673 
385 (1 ) Ai r 12 .41 1800 >5257 >598 
338 (1) Ai r 1 1 . 0 3 1600 2319 585 
323 (1 ) A i r 10 .34 1500 7704 248 .9 
320 (1 ) Ai r 8 . 2 7 1200 >17520 >31.0 

337 As r e c . DIW 11 .03 1600 112 58 .6 
347 As r e c . OIU 10 .69 1550 57 54 .6 
301 As r e c . DIW 10 .34 1500 2027 9 5 . 5 
302 As r e c . DIW 9 . 6 5 1400 5854 5 4 . 5 
334 As r e c . DIW 8 . 2 7 1200 >14400 >21.0 

339 (1) DIW 11 .03 1600 200 221 .6 
327 (1 ) DIW 10 .34 1500 452 8 5 . 2 
326 (1 ) DIW 8 . 2 7 1200 >17520 >37.0 

306 (2) DIW 10.34 1500 1154 5 7 . 5 
310 (2) DIW 9 . 6 5 1400 6264 5 3 . 5 

NOTES: 
10 m i l s removed f rom o x i d i z e d s u r f a c e of s p e c i m e n . 
10 m i l s removed from n o n - o x i d i z e d s u r f a c e of spec imen. 
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T a b l e 4 . 2 Creep t e s t d a t a f o r Marlex CL-lOO HDPE t e s t e d in v a r i o u s e n v i r o n m e n t s 
a t room t e m p e r a t u r e . 

Tes t Specimen 
Number C o n d i t i o n 

370 As r e c . 
305 As r e c . 
345 As r e c . 
348 As r e c . 
352 As r e c . 
325 As r e c . 

396 As r e c . 
379 As r e c . 
378 As r e c . 
395 As r e c . 
308 As r e c . 
309 As r e c . 
341 As r e c . 
333 As r e c . 
383 As r e c . 
394 As r e c . 

407 (1 ) 
330 (1) 
332 (1 ) 
397 (1 ) 
331 C D 

313 (2) 
311 (2 ) 

42 Old HDPE 
55 Old HDPE 
62 Old HDPE 

392 As r e c . 
393 As r e c . 
401 As r e c . 
371 As r e c . 
303 As r e c . 
304 As r e c . 
346 As r e c . 
324 As r e c . 
389 As r e c . 

402 (1 ) 
340 (1 ) 
329 (1 ) 
328 (1 ) 

314 (2 ) 
312 (2 ) 

106 Old HOPE 
105 Old HDPE 
107 Old HDPE 
108 Old HOPE 

72 Old HOPE 
113 Old HDPE 
114 Old HDPE 

84 Old HDPE 

Tes t 
Environment 

Oil 
Oil 
Oil 
Oil 
Oil 
Oil 

LSF 
LSF 
LSF 
LSF 
LSF 
LSF 
LSF 
LSF 
LSF 
LSF 

LSF 
LSF 
LSF 
LSF 
LSF 

LSF 
LSF 

LSF 
LSF 
LSF 

Igepa l 
Igepa l 
Igepa l 
Igepa l 
Igepa l 
Igepa l 
Igepa l 
Igepa l 
Igepal 

Igepal 
Igepa l 
Igepal 
Igepa! 

Igepa l 
Igepa l 

Igepa l 
Igepa l 
Igepa l 
Igepal 
Igepal 
Igepa l 
Igepa l 
Igepa l 

S t r e s s 
THPa) 

11 .03 
10 .34 

8 . 9 6 
8 .96 
8 . 6 2 
8 . 2 7 

12 .41 
11.72 
1 1 . 3 8 
11 .03 
10 .34 

9 . 6 5 
8 . 2 7 
7 .24 
6 . 8 9 
6 . 7 2 

10.34 
9 . 6 5 
8 . 2 7 
7 ,93 
7 .24 

10 .34 
9 . 6 5 

10.34 
9 . 6 5 
8 . 2 7 

12 .41 
11.72 
11.72 
11 .03 
10 .34 

9 . 6 5 
8 .96 
8 . 2 7 
8 . 1 0 

11 .73 
10.34 

9 . 6 5 
9 . 2 9 

10 .34 
9 . 6 5 

12 .41 
12 .41 
11.72 
11 .72 
10.34 
10 .34 
10.34 
10 .34 

(psi 

1600 
1500 
1300 
1300 
1250 
1200 

1800 
1700 
1650 
1600 
1500 
1400 
1200 
1050 
1000 

975 

1500 
1400 
1200 
1150 
1050 

1500 
1400 

1500 
1400 
1200 

1800 
1700 
1700 
1600 
1500 
1400 
1300 
1200 
1175 

1700 
1500 
1400 
1350 

1500 
1400 

1800 
1800 
1700 
1700 
1500 
1500 
1500 
1500 

F a i l u r e 
Time (h) 

4 5 . 9 
128 
102 
168 
198 

1502 

7 . 9 
9 . 6 

1 0 . 5 
3 3 . 1 
14 
35 
50 

340 
1602 

>7340 

3 0 . 3 
29 
85 

>7020 
>15840 

12 
31 

12 
35 

280 

3 . 1 
1 7 . 7 
2 0 . 7 
45 .6 
65 

106 
128 

1194 
>8731 

438 
312 
476 

12778 

56 
130 

9 
50 
47 

216 
366 
372 

95 

E long . a t 
Break (%) 

9 2 . 1 
6 0 . 3 
4 3 . 4 
5 1 . 1 
5 4 . 5 
3 6 . 3 

8 5 . 0 
9 4 . 8 
4 9 . 3 
8 9 . 9 
8 3 . 5 
98 .0 
9 8 . 5 
9 5 . 8 

111 .4 
>39.0 

366 .0 
76 .0 

216 .0 
>77 .0 
>62 .0 

55 .0 
77 .0 

8 6 . 1 
3 7 . 8 

100.7 

5 2 . 3 
5 1 . 8 
4 9 . 1 
5 4 . 7 
4 9 . 1 
5 4 . 8 
4 7 . 3 
2 2 . 0 

>10 .9 

8 9 . 5 
9 7 . 3 
59 .4 
3 1 . 2 

71 .4 
50 .4 

7 4 . 8 
69 .2 
87 .4 
54 .6 
68 .7 
6 2 . 2 
79 .2 

115 .3 

Weight Change 
(% per t e s t day) 

0 . 1 9 
0 . 0 6 
0.02 
0 . 0 4 
0 . 0 1 

0 . 7 2 

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

0 . 2 8 
0 . 2 1 

0 . 2 7 
0 . 2 3 

0 . 1 3 
0 . 0 6 
0 . 0 3 
0 . 0 2 

0 . 0 4 

0 . 0 9 
0 . 0 3 

N o t e s : . r 
1. 10 m i l s removed from o x i d i z e d s u r f a c e of spec imen . 
2 . 10 m i l s removed from n o n - o x i d i z e d s u r f a c e of spec imen. 
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a t 20OC i n v a r i o u s e n v i r o n m e n t s . 



l a y e r s on t h e s p e c i m e n s c r a c k a f t e r a b o u t 20 p e r c e n t e l o n g a t i o n . T h e r e a f t e r , 
much d e f o r m a t i o n c o n c e n t r a t e s i n t h e c r a c k e d a r e a s w i t h f i n a l f a i l u r e 
o c c u r r i n g in one o f t h e s e l o c a t i o n s . S c i n t i l l a t i o n f l u i d , wh ich t y p i c a l l y 
c o n t a i n s x y l e n e and t o l u e n e , p r o b a b l y a f f e c t s d e f o r m a t i o n by a b s o r p t i o n a n d / o r 
d i s s o l u t i o n e f f e c t s . I t i s s p e c u l a t e d t h a t d u r i n g l o n g - t e r m c r e e p t h e 
s c i n t i l l a t i o n f l u i d i n t e r a c t s w i t h t h e o x i d i z e d s u r f a c e l a y e r making i t l e s s 
p r o n e t o c r a c k i n g . A l s o , sma l l c r a c k s t h a t a r e n u c l e a t e d may be b l u n t e d by 
d i s s o l u t i o n o f m a t e r i a l a t t h e c r a c k t i p mak ing c r a c k p r o p a g a t i o n more 
d i f f i c u l t . In t h i s way l o c a l i z e d d e f o r m a t i o n in c r a c k e d r e g i o n s i s l e s s 
l i k e l y , and l a r g e s c a l e u n i f o r m d e f o r m a t i o n in t h e g a g e l e n g t h o c c u r s g i v i n g 
r i s e t o e n h a n c e d e l o n g a t i o n s . T h i s o c c u r s d e s p i t e t h e f a c t t h a t s c i n t i l l a t i o n 
f l u i d g i v e s t h e f a s t e s t f a i l u r e t i m e f o r any g i v e n s t r e s s l e v e l ( F i g u r e 4 . 1 ) . 

The e f f e c t o f 1 i q u i d e n v i r o n m e n t s on c r e e p i s p r o b a b l y c o n n e c t e d w i t h 
l i q u i d a b s o r p t i o n i n t o t h e HDPE d u r i n g t e s t i n g . T a b l e 4 . 2 g i v e s d a t a on t h e 
a m o u n t s o f l i q u i d a b s o r b e d b a s e d on w e i g h t i n c r e a s e m e a s u r e m e n t s . They a r e 
s e m i - q u a n t i t i v e , h o w e v e r , s i n c e t h e e n d s o f t h e t e s t s p e c i m e n s were e n c l o s e d 
w i t h i n g r i p s and n o t i n f r e e c o n t a c t w i t h t h e t e s t l i q u i d . A l s o , s a m p l e s w i t h 
e x t e n s i v e c r e e p had a l a r g e r s u r f a c e a r e a f o r l i q u i d p e n e t r a t i o n . D e s p i t e 
t h e s e i n c o n s i s t e n c i e s t h e r e i s c l e a r l y f a s t e r p e n e t r a t i o n of s c i n t i l l a t i o n 
f l u i d i n t o t h e HDPE compared t o t h e o t h e r l i q u i d s . Oi l and I g e p a l have 
s i m i l a r m e a s u r e a b l e r a t e s o f a b s o r p t i o n b u t l i t t l e c h a n g e i n w e i g h t was n o t e d 
f o r t e s t s p e c i m e n s immersed in w a t e r . At t h i s t i m e t h e m e c h a n i s m s by which 
c r e e p f a i l u r e i s a f f e c t e d by l i q u i d a b s o r p t i o n i s s p e c u l a t i v e . 

4 . 1 . 2 C r e e p Curve R e s u l t s 

F i g u r e 4 . 3 shows a f a m i l y o f c r e e p c u r v e s f o r t h e o l d e r b a t c h of HDPE. 
The d a t a shown a r e f o r t h e f i r s t 190 h o f t e s t i n g in o r d e r t o i l l u s t r a t e t h e 
e f f e c t of s t r e s s on e a r l y c r e e p . T h e r e i s an i n i t i a l f a s t c r e e p r a t e ( S t a g e 
I ) f o i l owed by a 1 i n e a r c r e e p r e g i m e ( S t a g e I I ) . F o r t h e h i g h e r s t r e s s 
l e v e l s . S t a g e I I i s v e r y s h o r t . A f t e r S t a g e 11 c r e e p , " n e c k i n g " o f t h e s a m p l e 
s t a r t s and f a i l u r e becomes i m m i n e n t . The c r e e p r a t e shows an i n c r e a s e i n t h i s 
p e r i o d ( S t a g e I I I ) . 

F i g u r e s 4 . 4 t h r o u g h 4 . 7 compare t h e c r e e p c u r v e s f o r t h e v a r i o u s t e s t 
e n v i r o n m e n t s a t f o u r d i f f e r e n t s t r e s s l e v e l s . As would be e x p e c t e d f rom t h e 
s t r e s s - r u p t u r e r e s u l t s in F i g u r e 4 . 1 a i r g i v e s by f a r t h e s l o w e s t r a t e o f 
c r e e p . E n v i r o n m e n t a l e f f e c t s a r e a c c e n t u a t e d a t low s t r e s s e s s i n c e e a r l y 
f a i l u r e d o e s n o t o c c u r . As t h e s t r e s s l e v e l i s i n c r e a s e d t h e r e i s a 
n o t i c e a b l e t r e n d f o r t h e f o u r c r e e p c u r v e s t o c o n v e r g e , showing t h a t d e f o r -
m a t i o n and f a i l u r e a r e i n c r e a s i n g l y more s t r e s s d e p e n d e n t . Oil and I g e p a l 
have v e r y s i m i l a r e f f e c t s on t h e c r e e p o f HDPE. 

4 . 1 . 3 F r a c t u r e C h a r a c t e r i s t i c s 

The r e l a t i o n s h i p s b e t w e e n a p p l i e d s t r e s s and d u c t i l i t y , shown i n F i g u r e 
4 , 2 , may b e examined in t e r m s o f f r a c t u r e b e h a v i o r . For s a m p l e s wh ich can be 
r e a d i l y examined d u r i n g t e s t , s u c h a s t h o s e e x p o s e d t o a i r , i t was f o u n d t h a t 
f i n e c r a c k s i n t h e o x i d i z e d s u r f a c e fo rmed a f t e r a b o u t 20 p e r c e n t e l o n g a t i o n . 
F i g u r e 4 . 8 shows two such b r i t t l e c r a c k s f o r m e d in HDPE t e s t e d in s i m u l a t e d 
B a r n w e l l , Sou th C a r o l i n a , g r o u n d w a t e r ( S o o , and o t h e r s , 1 9 8 6 ) . They fo rmed a t 
t h e e d g e o f t h e s p e c i m e n and grow a c r o s s t h e w i d t h o f t h e g a g e l e n g t h a s d e f o r -
m a t i o n p r o c e e d s . 
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A n o t h e r e x a m p l e of b r i t t l e c r a c k s i s shown i n F i g u r e 4 . 9 f r o m a t e s t in 
I g e p a l . At t h e r i g h t of t h e f i g u r e i t may be s e e n t h a t one c r a c k h a s 
p r o p a g a t e d t o f a i l u r e l e a v i n g a t t h e f r a c t u r e s u r f a c e a c u r l y t a i l o f m a t e r i a l 
which s u f f e r e d s e v e r e d e f o r m a t i o n p r i o r t o s e p a r a t i o n . 

F i g u r e 4 . 1 0 shows a f a m i l y of HDPE s p e c i m e n s which w e r e t e s t e d i n a i r t o 
f a i l u r e . The s a m p l e t e s t e d a t t h e l o w e s t s t r e s s ( 8 . 9 6 MPa, 1300 p s i ) has 
r e l a t i v e l y f l a t f r a c t u r e s u r f a c e normal t o t h e s t r e s s d i r e c t i o n . T h i s shows 
t h a t a c r a c k p r o p a g a t e s t h r o u g h t h e s p e c i m e n w i t h o n l y a smal1 amount of 
p l a s t i c d e f o r m a t i o n a s s o c i a t e d w i t h i t . At t h e h i g h e r s t r e s s l e v e l s t h e c r a c k 
w h i c h i n i t i a l l y b e g i n s t o grow i n t h e o x i d i z e d s u r f a c e soon becomes b l u n t e d by 
p i a s t i c d e f o r m a t i o n and a t h i n " n e c k " of m a t e r i a l f o r m s i n t h e a r e a . 
E v e n t u a l l y , d u c t i l e f r a c t u r e o c c u r s and e a c h h a l f of t h e f a i 1 e d s p e c i m e n 
d i s p l a y s a sma l l t a i l in t h e f r a c t u r e z o n e . 

The f r a c t u r e c h a r a c t e r i s t i c s f o r t h e w a t e r e n v i r o n m e n t ( F i g u r e 4 . 1 1 ) show 
some s u b t l e d i f f e r e n c e s compared t o t h o s e f o r a i r . At 9 . 6 5 MPa (1400 p s i ) t h e 
f r a c t u r e a p p e a r s t o be more b r i t t l e t h a n t h a t f o r any of s p e c i m e n s f a i l e d i n 
a i r . A l s o , a t 1 1 . 0 3 MPa (1600 p s i ) a c o m p a r i s o n o f a i r and w a t e r - t e s t e d 
s p e c i m e n s a g a i n shows a d i s t i n c t i v e d i f f e r e n c e . The s a m p l e f r a c t u r e d i n w a t e r 
shows an e s s e n t i a l " c l e a n " f r a c t u r e w i t h l i t t l e t a i l i n g . On t h e o t h e r h a n d , 
t h e a i r t e s t e d s a m p l e ( F i g u r e 4 . 1 0 ) shows a l a r g e amount o f t a i l i n g . W a t e r , 
t h e r e f o r e , e n c o u r a g e s c r a c k p r o p a g a t i o n , l e a d i n g t o a m o r e - b r i t t l e t y p e o f 
f r a c t u r e m o r p h o l o g y . 

I g e p a l and o i l c a u s e s i m i l a r f r a c t u r e b e h a v i o r ( F i g u r e s 4 . 1 2 and 4 . 1 3 ) . 
In n e a r l y a l l t e s t s , r e g a r d l e s s o f t h e s t r e s s l e v e l , a c l e a n f r a c t u r e i s 
o b s e r v e d w i t h l i t t l e t a i l i n g . The two e n v i r o n m e n t s , e s p e c i a l l y I g e p a l , a r e 
more c o n d u c i v e t o c r a c k p r o p a g a t i o n compared t o a i r . Si n e e I g e p a l i s an 
e n v i r o n m e n t a l s t r e s s c r a c k i n g a g e n t , s p e c i f i e d i n s t a n d a r d ASTM t e s t s (ASTM, 
1 9 8 0 a , 1 9 8 0 b ) , t h i s p a r t i c u l a r f a i l u r e mechan i sm i s H k e l y t o be t h e c a u s e o f 
t h e f a s t c r a c k g r o w t h p r o c e s s o b s e r v e d h e r e . 

F i n a l l y , f o r s c i n t i l l a t i o n f l u i d , t h e f r a c t u r e a p p e a r s t o be more s t r e s s 
d e p e n d e n t t h a n f o r t h e o t h e r l i q u i d s . At t h e two l o w e s t s t r e s s l e v e l s ( F i g u r e 
4 . 1 4 ) t h e r e i s n o t much p l a s t i c d e f o r m a t i o n a s s o c i a t e d w i t h t h e f r a c t u r e 
z o n e . At t h e i n t e r m e d i a t e s t r e s s ( 1 0 . 3 4 MPa, 1500 p s i ) and t h e h i g h e s t s t r e s s 
l e v e l ( 1 2 . 4 1 MPa, 1800 p s i ) , h o w e v e r , t h e r e i s c o n s i d e r a b l e n e c k i n g in t h e 
f a i l u r e r e g i o n . In some r e s p e c t s t h e f r a c t u r e m o r p h o l o g y i s s i m i l a r t o t h a t 
o b s e r v e d f o r a i r ( c o m p a r e F i g u r e s 4 . 1 0 and 4 . 1 4 ) . 

F i g u r e s 4 . 1 5 and 4 . 1 6 d i r e c t l y compare t h e f r a c t u r e m o r p h o l o g i e s o f 
s a m p l e s t e s t e d in t h e v a r i o u s e n v i r o n m e n t s a t s p e c i f i c s t r e s s l e v e l s . At 8 . 2 7 
MPa (1200 p s i ) t h e s t r e s s 1 e v e l i s t o o low t o c a u s e e x t e n s i v e pi a s t i c 
d e f o r m a t i o n and c r a c k s which a r e fo rmed i n t h e o x i d i z e d l a y e r r e m a i n s h a r p . 
They grow w i t h o u t e x c e s s i v e a s s o c i a t e d p l a s t i c i t y and " b r i t t l e " t y p e f r a c t u r e 
m o r p h o l o g i e s a r e p r o d u c e d . At 1 0 . 3 4 MPa (1500 p s i ) f a i l u r e t i m e s a r e s h o r t e r 
t h a n t h o s e f o r 8 . 2 7 MPa so t h a t e n v i r o n m e n t a l e f f e c t s a r e n o t a b l e t o e x e r t a s 
g r e a t an i n f l u e n c e . E n v i r o n m e n t a l s t r e s s c r a c k i n g s t i l 1 i s i m p o r t a n t f o r 
I g e p a l and t u r b i n e o i l a s d e m o n s t r a t e d by t h e f l a t f r a c t u r e s u r f a c e b u t f o r 
a i r , w a t e r , and s c i n t i l 1 a t i o n f l u i d t h e r e i s a r e t a r d a t i o n o f t h e c r a c k 
p r o p a g a t i o n r a t e which a l l o w s s i g n i f i c a n t n e c k i n g and d e f o r m a t i o n i n t h e 
f r a c t u r e z o n e . 
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F i g u r e 4 . 8 B r i t t l e c r a c k s on t h e e d g e s o f t h e o x i d i z e d s u r f a c e 
o f M a r l e x CL-100 HDPE c r e e p t e s t e d i n s i m u l a t e d 
B a r n w e l l g r o u n d w a t e r a t 1 0 . 3 4 MPa. The s t r e s s i n g 
d i r e c t i o n i s f r o m t o p t o b o t t o m . M a g n i f i c a t i o n 50 X. 

F i g u r e 4 . 9 E n v i r o n m e n t a l s t r e s s c r a c k i n g i n f r a c t u r e d M a r l e x CL-100 
HDPE c r e e p s p e c i m e n t e s t e d a t 1 0 . 3 4 MPa i n I g e p a l s o l u t i o n 
The s u r f a c e shown i s t h e o x i d i z e d one and d i s p l a y s d e e p 
c r a c k s which o r i g i n a t e d a t t h e e d g e s o f t h e o x i d i z e d 
s u r f a c e . M a g n i f i c a t i o n 10 X. 
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F i g u r e 4 . 1 0 F r a c t u r e c h a r a c t e r i s t i c s o f M a r l e x CL-100 HDPE i n a i r . 
A p p l i e d s t r e s s e s f r o m l e f t t o r i g h t were 8 . 9 5 , 1 0 . 3 4 , 
1 1 . 0 3 , 1 1 . 7 2 , and 1 3 . 1 0 MPa. M a g n i f i c a t i o n 0 . 7 2 X. 

301 

F i g u r e 4 . 1 1 F r a c t u r e c h a r a c t e r i s t i c s o f M a r l e x CL-100 HDPE i n 
d e i o n i z e d w a t e r . A p p l i e d s t r e s s e s f r o m l e f t t o r i g h t 
were 9 . 6 5 , 1 0 . 3 4 , and 1 1 . 0 3 MPa. M a g n i f i c a t i o n 0 . 7 2 X 
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F i g u r e 4 . 1 2 F r a c t u r e c h a r a c t e r i s t i c s o f M a r l e x CL-lOO HDPE i n I g e p a l 
C 0 - 6 3 0 . A p p l i e d s t r e s s e s f rom l e f t t o r i g h t w e r e 8 . 9 6 , 
9 . 6 5 , 1 0 . 3 4 , 1 1 . 0 3 , 1 1 . 7 2 , and 1 2 . 4 1 MPa. M a g n i f i c a t i o n 
0 . 7 2 X. 

F i g u r e 4 . 1 3 F r a c t u r e c h a r a c t e r i s t i c s o f M a r l e x CL-lOO HDPE i n t u r b i n e 
o i l . A p p l i e d s t r e s s e s f r o m l e f t t o r i g h t were 8 . 2 7 , 8 . 6 2 , 
8 . 9 6 , 1 0 . 3 4 , and 1 1 . 0 3 MPa. M a g n i f i c a t i o n 0 . 7 2 X. 
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F i g u r e 4 . 1 4 F r a c t u r e c h a r a c t e r i s t i c s o f M a r l e x CL-lOO HDPE i n l i q u i d 
s c i n t i l l a t i o n f l u i d . A p p l i e d s t r e s s e s f r o m l e f t t o r i g h t 
w e r e 5 . 8 9 , 8 . 2 7 , 1 0 . 3 4 , and 1 2 . 4 1 MPa. M a g n i f i c a t i o n 0 . 7 2 X 
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F i g u r e 4 . 1 5 F r a c t u r e c h a r a c t e r i s t i c s of M a r l e x CL-100 HDPE t e s t e d i n 
v a r i o u s e n v i r o n m e n t s a t 8 . 2 7 MPa { 1 2 0 0 p s i ) . E n v i r o n m e n t s 
f r o m l e f t t o r i g h t were t u r b i n e o i l , s c i n t i l l a t i o n f l u i d , 
I g e p a l CO-630 , and a i r . M a g n i f i c a t i o n 0 . 7 2 X. 

F i g u r e 4 . 1 6 F r a c t u r e c h a r a c t e r i s t i c s o f M a r l e x CL-100 HDPE t e s t e d i n 
v a r i o u s e n v i r o n m e n t s a t 1 0 , 3 4 MPa ( 1 5 0 0 p s i ) . E n v i r o n m e n t s 
f r o m l e f t t o r i g h t w e r e t u r b i n e o i l , I g e p a l CO-630 , a i r , 
s c i n t i l l a t i o n f l u i d , and d e i o n i z e d w a t e r . M a g n i f i c a t i o n 0 . 7 2 X 
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T a b l e s 4 . 3 t h r o u g h 4 . 6 s c h e m a t i c a l l y s u m m a r i z e t h e s u r f a c e c r a c k i n g and 
f r a c t u r e m o r p h o l o g i e s f o r t h e v a r i o u s e n v i r o n m e n t s . 

4 . 2 U n i a x i a l C r e e p o f N o n - O x i d i z e d HDPE i n Chemica l E n v i r o n m e n t s 

In S e c t i o n 4 . 1 i t was shown t h a t t h e e f f e c t o f t h e o x i d i z e d s u r f a c e i n 
p r o m o t i n g e a r l y c r a c k i n g was c e n t r a l t o t h e d e f o r m a t i o n and f a i l u r e of HDPE. 
Work in an e a r l i e r BNL p r o g r a m , and e l s e w h e r e , s u p p o r t s t h i s c o n c l u s i o n 
( T e r s e l i u s , 1 9 8 2 ; S o o , 1 9 8 6 ) . To a c c u r a t e l y q u a n t i f y t h e e f f e c t s o f t h e 
o x i d i z e d l a y e r , s e v e r a l s e r i e s o f c r e e p t e s t s w e r e I n i t i a t e d on HDPE s p e c i m e n s 
f r o m which t h e o x i d i z e d l a y e r s were removed by a b r a s i o n p r i o r t o t e s t i n g . 

4 . 2 . 1 C r e e p i n A i r 

Fi g u r e s 4 . 1 7 t h r o u g h 4 . 1 9 compare i n - a i r d a t a f o r a s - r e c e i v e d and 
n o n - o x i d i z e d s p e c i m e n s t e s t e d a t v a r i o u s s t r e s s l e v e l s . 

At t h e 1 o w e s t s t r e s s 1 e v e l s , 7 . 2 4 t o 9 . 6 5 MPa (1050 t o 1400 p s i ) , c r e e p 
i s i n i t i a l l y r a p i d ( S t a g e I ) b u t e v e n t u a l l y s l o w s u n t i l a l i n e a r r a t e o f 
d e f o r m a t i o n i s e s t a b l i s h e d ( S t a g e I I ) . T h i s i s t r u e f o r a s - r e c e i v e d m a t e r i a l 
a s w e l l a s f o r n o n - o x i d i z e d s p e c i m e n s ( F i g u r e 4 . 1 7 ) , A l t h o u g h c o m p a r i s o n s 
b e t w e e n t h e two t y p e s of s p e c i m e n s can o n l y be made f o r t h e 8 . 2 7 MPa (1200 
p s i ) s t r e s s l e v e l , t h e c r e e p r a t e s a r e e s s e n t i a l l y i d e n t i c a l e x c e p t t h a t t h e 
a s - r e c e i v e d m a t e r i a l f a i l e d f i r s t a f t e r 7740 h o u r s . The n o n - o x i d i z e d s p e c i m e n 
d i d n o t f a i l . The c r e e p c u r v e s i n F i g u r e 4 . 1 7 a l s o show t h a t j u s t p r i o r t o 
f a i l u r e , a s - r e c e i v e d s p e c i m e n s show an a c c e l e r a t i o n in t h e c r e e p r a t e ( S t a g e 
I I I ) w h i c h i s a s s o c i a t e d w i t h " n e c k i n g " and imminen t f a i l u r e . 

At s t r e s s e s o f 1 0 . 3 4 MPa (1500 p s i ) , and h i g h e r , m a j o r d i f f e r e n c e s i n 
b e h a v i o r become e v i d e n t b e t w e e n a s - r e c e i v e d and n o n - o x i d i z e d HDPE. From 
F i g u r e s 4 . 1 8 and 4 . 1 9 i t may be s e e n t h a t t h e I n i t i a l c r e e p r a t e s f o r non-
o x i d i z e d HDPE a r e u s u a l l y l a r g e r t h a n t h o s e f o r a s - r e c e i v e d m a t e r i a l a t any 
g i v e n s t r e s s . The d i f f e r e n c e becomes l a r g e r a s t h e a p p l i e d s t r e s s i s 
i n c r e a s e d . S t a g e I I c r e e p f o r n o n - o x i d i z e d s p e c i m e n s t e n d s t o be s h o r t e r and 
a v e r y l a r g e i n c r e a s e in c r e e p r a t e ( S t a g e I I I ) o c c u r s . O b s e r v a t i o n o f 
n o n - o x i d i z e d s p e c i m e n s d u r i n g t e s t i n g showed t h a t t h i s l a r g e S t a g e I I I s t r a i n 
i n c r e m e n t d i d , i n d e e d , i n v o l v e l o c a l n e c k i n g in t h e g a g e l e n g t h b u t i t d i d n o t 
1 ead t o f a s t f a l l u r e , a s i s t h e c a s e f o r a s - r e c e i ved m a t e r i a l , b u t t o a 
r e m a r k a b l e e x t e n s i o n of t h e necked r e g i o n a s i t p r o p a g a t e d t h r o u g h o u t t h e 
g a g e l e n g t h . As soon a s t h i s was c o m p l e t e d , t h e r a t e o f c r e e p a g a i n d e c r e a s e d 
g i v i n g r i s e t o a l o n g " S t a g e IV" which i s n o t f o u n d in a s - r e c e i v e d HDPE. The 
i m p o r t a n t p o i n t s t o n o t e a r e t h a t , a t v e r y h i g h t e n s i l e s t r e s s e s , n o n - o x i d i z e d 
m a t e r i a l w i l l c r e e p f a s t e r t h a n a s - r e c e i v e d HDPE b u t i t w i l l have f a r s u p e r i o r 
d u c t i l i t y and r u p t u r e 1 i f e . At s t r e s s e s o f a b o u t 8 . 2 7 MPa (1200 p s i ) , and 
p r o b a b l y l o w e r , t h e c r e e p r a t e s f o r t h e two m a t e r i a l s a r e l i k e l y t o be v e r y 
s i m i l a r d u r i n g S t a g e I and S t a g e I I c r e e p b e c a u s e o f l i m i t e d c r a c k i n g i n 
a s - r e c e i v e d HDPE a t low s t r a i n s . However , a f t e r v e r y e x t e n d e d c r e e p , when 
c r a c k i n g s t a r t s t o become i m p o r t a n t , n o n - o x i d i z e d m a t e r i a l s h o u l d g i v e g r e a t l y 
i m p r o v e d c r e e p p e r f o r m a n c e . 

R u p t u r e t i m e d a t a f r o m t h e i n - a i r t e s t s a r e g i v e n in F i g u r e 4 . 2 0 . Only 
two of t h e f i v e n o n - o x i d i z e d s p e c i m e n s f a i l e d . I t i s v e r y c l e a r f rom t h e 
d a t a , h o w e v e r , t h a t removal of t h e o x i d i z e d s u r f a c e f rom HDPE l e a d s t o an 
eno rmous i n c r e a s e i n f a i l u r e t i m e , compared t o t h a t f o r a s - r e c e i v e d m a t e r i a l . 
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T a b l e 4 . 3 Crack p a t t e r n s in t h e o x i d i z e d s u r f a c e s o f Mar lex CL-lOO HDPE c r e e p s p e c i m e n s 
t e s t e d in a i r and w a t e r . 
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T a b l e 4 . 4 Crack p a t t e r n s i n t h e o x i d i z e d s u r f a c e s o f M a r l e x CL-100 HDPE 
c r e e p s p e c i m e n s t e s t e d in Igepa l CO-630. 
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T a b l e 4 . 5 Crack p a t t e r n s i n t h e o x i d i z e d s u r f a c e s of M a r l e x CL-100 HDPE c r e e p 
s p e c i m e n s t e s t e d in t u r b i n e o i l . 
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T a b l e 4 . 6 C r a c k p a t t e r n s in t h e o x i d i z e d s u r f a c e s o f M a r l e x CL-100 HDPE c r e e p 
s p e c i m e n s t e s t e d in s c i n t i l l a t i o n f l u i d . 
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F i g u r e 4 . 1 7 E f f e c t o f s u r f a c e o x i d a t i o n on t h e c r e e p b e h a v i o r o f M a r l e x CL-lOO HDPE 
i n a i r a t s t r e s s e s be tween 7 . 2 4 - 1 0 . 3 4 MPa ( 1 0 5 0 - 1 5 0 0 p s i ) s i n c l u s i v e . 



6 0 0 

5 0 0 

± 4 0 0 < 
cc 
h* 
CO 

Q . 3 0 0 
LU LU 
q: o 

200 

100 

STRESS 
( M P a ) 

AS 
FABRIC 

OXIDIZED 
SURFACE 

REMOVED 

1 1.03 o • 

10.34 7 • 

1000 2000 3 0 0 0 4 0 0 0 

TIME ( h ) 

5 0 0 0 6000 7 0 0 0 8000 

F i g u r e 4 . 1 8 E f f e c t of s u r f a c e o x i d a t i o n on t h e c r e e p b e h a v i o r of Mar lex CL-100 HDPE 
i n a i r a t s t r e s s e s o f 1 0 . 3 4 and 1 1 . 0 3 MPa (1500 and 1 6 0 0 p s i ) , i n c l u s i v e 
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F i g u r e 4 . 1 9 E f f e c t o f s u r f a c e o x i d a t i o n on t h e c r e e p b e h a v i o r o f M a r l e x CL-lOO HDPE ^ 
i n a i r a t s t r e s s e s be tween 1 1 . 0 3 and 1 3 , 7 9 MPa {1100 and 2 0 0 0 p s i ) , i n c l u s i v e 
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4 . 2 . 2 C r e e p i n D e i o n i z e d Wa te r 

F o r d e i o n i z e d w a t e r t h e c r e e p d a t a a r e more l i m i t e d t h a n f o r a i r and t h e 
b e n e f i t s o f r e m o v i n g o x i d i z e d m a t e r i a l f r o m HDPE a r e n o t a s c l e a r c u t . For 
e x a m p l e , a t t h e h i g h e s t c r e e p s t r e s s u s e d , 1 1 . 0 3 MPa (1600 p s i ) , t h e r a t e o f 
c r e e p i s l a r g e r f o r t h e n o n - o x i d i z e d m a t e r i a l a s shown i n F i g u r e 4 . 2 1 and t h e 
c r e e p f a i 1 u r e t i m e i s s u p e r i o r t o t h a t f o r a s - r e c e i ved HDPE. At 1 0 . 3 4 MPa 
(1500 p s i ) , h o w e v e r , t h e f a i l u r e t i m e f o r n o n - o x i d i z e d m a t e r i a l i s s h o r t e r 
( F i g u r e 4 . 2 2 ) . At 8 . 2 7 MPa (1200 p s i ) a n o n - o x i d i z e d s p e c i m e n a p p e a r s t o 
d i s p l a y a l 1 f o u r s t a g e s o f c r e e p ( I t h r o u g h IV) b u t s i n c e t h e o v e r a l 1 
a c c u m u l a t e d s t r a i n i s o n l y 35%, i t i s o b v i o u s t h a t c r e e p i s s t i l l i n t h e S t a g e 
I I r e g i m e . F a i l u r e t i m e s f o r a s - r e c e i v e d and n o n - o x i d i z e d s a m p l e s , b a s e d on 
t h e l i m i t e d d a t a i n F i g u r e 4 . 2 3 , a p p e a r t o be s i m i l a r f o r a g i v e n s t r e s s . One 
c l e a r a d v a n t a g e of r e m o v i n g t h e o x i d i zed 1 a y e r , h o w e v e r , i s t h e 1 a r g e r 
d u c t i l i t y w h i c h a r i s e s b e c a u s e of t h e more u n i f o r m d e f o r m a t i o n i n t h e 
g a g e l e n g t h . 

4 . 2 . 3 C r e e p i n I g e p a l CO-630 

C r e e p c u r v e s f o r t e s t s i n I g e p a l a r e g i v e n i n F i g u r e s 4 . 2 4 and 4 . 2 5 . In 
F i g u r e 4 . 2 4 some d a t a a r e shown f o r HDPE s p e c i m e n s f r o m which 0 . 2 5 mm ( 0 . 0 1 0 " ) 
o f m a t e r i a l was removed f rom t h e n o n - o x i d i z e d s u r f a c e . T h i s was d o n e t o c h e c k 
i f o x i d a t i o n was i n d e e d t h e main s u r f a c e e f f e c t r a t h e r t h a n some o t h e r 
u n i d e n t i f i e d m e c h a n i s m . The a g r e e m e n t b e t w e e n t h e c r e e p c u r v e s f o r t h e s e and 
a s - r e c e i v e d s a m p l e s a t s t r e s s e s o f 9 , 6 5 and 1 0 . 3 4 MPa (1400 and 1500 p s i ) i s 
q u i t e g o o d . 

Removal of t h e o x i d i z e d l a y e r f r o m t h e s a m p l e s c a u s e s a m a j o r i m p r o v e m e n t 
i n c r e e p b e h a v i o r . T i m e - t o - f a i l u r e and d u c t i l i t y a r e g r e a t l y e n h a n c e d . The 
c r e e p r a t e f o r t h e n o n - o x i d i z e d s p e c i m e n s i s i n c r e a s e d o n l y a t t h e 1 0 . 3 4 MPa 
(1500 p s i ) s t r e s s l e v e l compared t o a s - r e c e i v e d m a t e r i a l . The t i m e - t o - f a i l u r e 
d a t a a r e compared mos t c l e a r l y in F i g u r e 4 . 2 6 . Removal o f t h e o x i d i z e d l a y e r 
may i n c r e a s e t h e r u p t u r e t i m e by up t o a b o u t an o r d e r o f m a g n i t u d e , and t h e 
" t h r e s h o l d s t r e s s " be low which f a i l u r e becomes u n l i k e l y ( h o r i z o n t a l p o r t i o n s 
o f c u r v e s ) i s i n c r e a s e d by a b o u t 1 MPa (150 p s i ) . 

4 . 2 . 4 C r e e p in S c i n t i l l a t i o n F l u i d 

In t h e c a s e of s c i n t i l l a t i o n f l u i d , r emova l of t h e o x i d i z e d l a y e r d o e s 
n o t g r e a t l y a l t e r t h e e a r l y c r e e p r a t e compared t o o x i d i z e d HDPE. However , 
t i m e - t o - f a i l u r e and d u c t i l i t y a r e u s u a l l y i n c r e a s e d f o r n o n - o x i d i z e d m a t e r i a l 
( F i g u r e s 4 . 2 7 , 4 . 2 8 and 4 . 2 9 ) . 

Tabl e 4 . 7 b r i e f l y s u m m a r i z e s t h e e f f e c t s wh ich removal of t h e o x i d i zed 
l a y e r ha s on t h e e a r l y c r e e p r a t e , t i m e - t o - f a i l u r e , and e l o n g a t i o n - a t - f a i 1 u r e 
f o r HDPE. T h e r e seems t o be a c l e a r a d v a n t a g e i n r e m o v i n g t h e o x i d i z e d l a y e r 
a f t e r c o n t a i n e r m o l d i n g o r , p e r h a p s , t o s t o p i t f r o m f o r m i n g by m o l d i n g in an 
i n e r t e n v i r o n m e n t , i f p o s s i b l e . 
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T a b l e 4 . 7 C h a n g e s i n t h e c r e e p b e h a v i o r of M a r l e x CL-100 HDPE c a u s e d by 
removal o f o x i d i z e d s u r f a c e m a t e r i a l 

N o t e : 

(1 ) Not known; s p e c i m e n d i d n o t f a i l . 

Envi r . S t r e s s E a r l y C r e e p R a t e Time t o F a i l u r e D u c t i l i t y 

Ai r 1 3 . 7 9 Same I n c r e a s e I n c r e a s e 
1 2 . 4 1 I n c r e a s e I n c r e a s e I n c r e a s e 
1 1 . 0 3 I n c r e a s e I n c r e a s e I n c r e a s e 
1 0 . 3 4 I n c r e a s e I n c r e a s e I n c r e a s e 

8 . 2 7 Same I n c r e a s e I n c r e a s e 

DIW 1 1 . 0 3 I n c r e a s e I n c r e a s e I n c r e a s e 
1 0 . 3 4 I n c r e a s e D e c r e a s e Same 

8 . 2 7 I n c r e a s e ( 1 ) ( 1 ) 

I g e p a l 1 1 . 7 2 Same I n c r e a s e I n c r e a s e I g e p a l 
1 0 . 3 4 I n c r e a s e I n c r e a s e I n c r e a s e 

9 . 6 5 Same I n c r e a s e Same 

LSF 1 0 . 3 4 Same I n c r e a s e I n c r e a s e 
8 . 2 7 Same I n c r e a s e I n c r e a s e 
7 . 2 4 Same I n c r e a s e Same 
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4 . 3 D i s c u s s i o n o f C r e e p 1n Chemica l E n v i r o n m e n t s 

From t h e d a t a d e s c r i b e d i n S e c t i o n s 4 . 1 and 4 . 2 t h e e f f e c t s o f s t r e s s , 
t e s t e n v i r o n m e n t and s u r f a c e o x i d a t i o n have been g e n e r a l l y q u a n t i f i e d and a 
b a s i c u n d e r s t a n d i n g of t h e u n d e r l y i n g c r e e p p r o c e s s h a s b e e n o b t a i n e d f rom 
t h i s s t u d y . In p a r t i c u l a r , t h e r o l e of t h e s u r f a c e o x i d i z e d l a y e r i n c a u s i n g 
e a r l y c r a c k i n g and l o c a l i z e d d e f o r m a t i o n , n e c k i n g and f a i l u r e i n c r o s s l i n k e d 
HDPE i s c l e a r . Removal of t h e l a y e r o f t e n r e s u l t s i n f a s t e r c r e e p r a t e s b u t 
i t u s u a l l y l e a d s t o h i g h e r d u c t i l i t y and l o n g e r f a i l u r e t i m e s f o r a g i v e n 
s t r e s s l e v e l . C l o s e e x a m i n a t i o n of t h e c r e e p c u r v e s f o r a s - r e c e i v e d and 
n o n - o x i d i z e d HDPE shows t h a t t h e d i f f e r e n c e s u s u a l l y a p p e a r a f t e r a b o u t 20 
p e r c e n t e l o n g a t i o n . T h i s i s a l m o s t c e r t a i n l y a s s o c i a t e d w i t h t h e f i r s t 
a p p e a r a n c e of c r a c k s i n t h e o x i d i z e d l a y e r . U n t i l t h e c r a c k s a r e n u c l e a t e d , 
d e f o r m a t i o n in b o t h t y p e s o f s p e c i m e n o c c u r s u n i f o r m l y t h r o u g h o u t t h e 
g a g e l e n g t h i n a s i m i l a r f a s h i o n . When c r a c k s a p p e a r t h e n 1 o c a l i z e d 
d e f o r m a t i o n o c c u r s in t h e c r a c k e d r e g i o n s b e c a u s e of s t r e s s c o n c e n t r a t i o n 
e f f e c t s . T h i s w i l l l e a d t o s e v e r a l t y p e s o f f a i l u r e in a s - r e c e i v e d HDPE 
d e p e n d i n g on t h e e n v i r o n m e n t : 

a) " E n v i r o n m e n t a l s t r e s s - c r a c k i n g " i n which t h e c r a c k s grow 
q u i c k l y i n a " b r i t t l e " manner c a u s i n g e a r l y f a i 1 u r e . 
I g e p a l and t u r b i n e o i l c a u s e such f a i l u r e o v e r a r a n g e o f 
1ow s t r e s s e s . 

b) " D u c t i l e f a i l u r e " w h i c h i s common f o r e n v i r o n m e n t s s u c h a s 
a i r , w a t e r , t u r b i n e o i l and I g e p a l a t i n t e r m e d i a t e and h i g h 
s t r e s s e s . 

c ) " S u p e r p l a s t i c f a i l u r e " i n wh ich t h e c r a c k s fo rmed in t h e 
o x i d i z e d l a y e r become b l u n t e d by e a s y p l a s t i c d e f o r m a t i o n 
so t h a t t h e y grow v e r y s l o w l y , i f a t a l l . D e f o r m a t i o n t h e n 
o c c u r s more e v e n l y t h r o u g h o u t t h e g a g e l e n g t h g i v i n g h i g h e r 
d u c t i l i t y and f a i l u r e t i m e s compared t o t h o s e f o r s t r e s s -
c r a c k i n g c o n d i t i o n s . Such f a i l u r e i s p romoted by h i g h 
s t r e s s l e v e l s a n d , more i m p o r t a n t l y , by t h e removal of 
o x i d i z e d s u r f a c e m a t e r i a l . 

d) "Low s t r e s s c r e e p e m b r i t t l e m e n t " wh ich o c c u r s when t h e 
s t r e s s l e v e l i s t o o low t o g i v e l a r g e s c a l e p i a s t i c i t y . 
F a i l u r e , i f i t o c c u r s , t a k e s a l o n g t i m e and r e s u l t s f r o m 
" b r i t t l e " c r a c k g r o w t h . 

Removal of t h e o x i d i z e d l a y e r o f t e n a c c e l e r a t e s t h e r a t e o f c r e e p d u r i n g 
e a r l y d e f o r m a t i o n , compared t o a s - r e c e i v e d m a t e r i a l ( T a b l e 4 . 7 ) . 
S c i n t i l l a t i o n f l u i d , h o w e v e r , i s t h e e n v i r o n m e n t wh ich i s t h e e x c e p t i o n and no 
c h a n g e i n t h e e a r l y c r e e p r a t e i s o b s e r v e d . A p o s s i b l e e x p l a n a t i o n f o r t h e 
e n h a n c e d c r e e p r a t e in n o n - o x i d i z e d HDPE i s t h a t t h e more b r i t t l e o x i d i z e d 
s u r f a c e m a t e r i a l i s a l s o s t r o n g e r t h a n t h e b u l k HDPE, T h e r e f o r e , removal of 
t h e o x i d i z e d l a y e r , and i t s a s s o c i a t e d s t r e n g t h e n i n g e f f e c t , would a l l o w t h e 
s p e c i m e n t o c r e e p f a s t e r compared t o a s - r e c e i v e d m a t e r i a l . 
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5 . IRRADIATION - CREEP IN AIR 

I t i s g e n e r a l l y r e c o g n i z e d t h a t p r i o r gamma i r r a d i a t i o n o f u n s t r e s s e d 
HDPE, and many o t h e r p l a s t i c s , l e a d s t o an i n c r e a s e i n s t r e n g t h and d e c r e a s e s 
i n e l o n g a t i o n - a t - y i e l d and e l o n g a t i o n - a t - b r e a k ( D o u g h e r t y , and o t h e r s , 1984 ; 
C l o u g h , and o t h e r s , 1 9 8 4 ; Soo , and o t h e r s , 1986 ; P h i l i p s Chem. C o . , 1 9 7 5 ; 
S c h o e n b a c h e r , 1 9 8 5 ) . Such e f f e c t s , h o w e v e r , became n o t i c e a b l e o n l y a f t e r some 
c r i t i c a l d o s e . The r e s u l t s a r e u s u a l l y a t t r i b u t a b l e t o r a d i a t i o n - i n d u c e d 
c r o s s l i n k i n g of p o l y m e r c h a i n s , w h i c h e v e n t u a l l y c a u s e s e m b r i t t l e m e n t . 

5 . 1 I r r a d i a t i o n - C r e e p R e s u l t s 

Some v e r y i n t e r e s t i n g e f f e c t s on c r e e p a r e f o u n d , h o w e v e r , i f gamma 
i r r a d i a t i o n i s c a r r i e d o u t d u r i n g c r e e p r a t h e r t h a n b e f o r e c r e e p . A p r e v i o u s 
BNL s t u d y by D o u g h e r t y , and o t h e r s , ( 1 9 8 4 ) showed t h a t M a r l e x CL-100 d i s p l a y s 
an i n c r e a s e i n c r e e p r a t e d u r i n g i n - t e s t i r r a d i a t i o n . They f o u n d t h a t t h e 
e f f e c t i s s i g n i f i c a n t a t h i g h s t r e s s l e v e l s and becomes l e s s I m p o r t a n t a t 
l o w e r s t r e s s e s . On t h e o t h e r h a n d , o t h e r BNL work on t h e same b a t c h o f M a r l e x 
CL-100 shows c o n t r a r y b e h a v i o r and t h e r a t e o f c r e e p was f o u n d t o be g r e a t l y 
r e d u c e d by i n - t e s t i r r a d i a t i o n compared t o u n i r r a d i a t e d HDPE t e s t e d a t t h e 
same s t r e s s ( S o o , and o t h e r s , 1 9 8 6 ) , C a r e f u l e x a m i n a t i o n o f t h e d a t a f r o m t h e 
two BNL s t u d i e s r e v e a l s i n t e r n a l l y - c o n s i s t e n t b e h a v i o r ( S o o , and o t h e r s , 
1 9 8 6 ) . 

Some s u p p o r t f o r t h e i r r a d i a t i o n - i n d u c e d a c c e l e r a t i o n o f c r e e p may be 
f o u n d i n t h e l i t e r a t u r e . For e x a m p l e . B e l l , and o t h e r s , (1967) e l e c t r o n -
i r r a d i a t e d t h r e e g l a s s y p o l y m e r s (88 p e r c e n t p o l y v i n y l c h l o r i d e / 1 2 p e r c e n t 
p o l y v i n y l - a c e t a t e ; p o l y m e t h y m e t h a c r y l a t e ; and p o l y s t y r e n e ) and found s i g n i -
f i c a n t i n c r e a s e s i n t h e c r e e p r a t e when t h e e l e c t r o n c u r r e n t was a p p l i e d . 
They p o s t u l a t e d t h a t g a s f o r m a t i o n w i t h i n t h e s e m a t e r i a l s i s r e s p o n s i b l e f o r 
t h e e f f e c t . However , no o t h e r i r r a d i a t i o n - c r e e p d a t a a p p e a r t o be a v a i l a b l e 
f o r HDPE u n d e r c o n d i t i o n s s i m i l a r t o t h o s e u s e d i n t h e two BNL s t u d i e s . 

In o r d e r t o r a t i o n a l i z e t h e a p p a r e n t l y c o n f l i c t i n g e f f e c t of i n - t e s t 
i r r a d i a t i o n in t h e two BNL s t u d i e s i t i s n e c e s s a r y t o f i r s t s p e c i f y any 
d i f f e r e n c e s i n t e s t c o n d i t i o n s . The o n l y s i g n i f i c a n t d i f f e r e n c e s l i e in t h e 
a p p l l e d c r e e p s t r e s s e s and t h e gamma d o s e r a t e s . T h e s e a r e summar ized i n 
T a b l e 5 . 1 . D o u g h e r t y , and o t h e r s , d i s c o v e r e d an i r r a d i a t i o n e f f e c t a t h i g h e r 
s t r e s s e s and l o w e r d o s e r a t e s compared t o t e s t s i n t h e s t u d y by S o o , and 
o t h e r s . T h u s , no d e f i n i t i v e c o m p a r i s o n can be made b e t w e e n t h e two s t u d i e s . 

To check u n d e r what c o n d i t i o n s i n - t e s t i r r a d i a t i o n can a c c e l e r a t e o r 
r e t a r d c r e e p a new s e t o f i r r a d i a t i o n - c r e e p e x p e r i m e n t s was i n i t i a t e d . S t r e s s 
l e v e l s and gamma d o s e r a t e s w e r e s e l e c t e d so t h a t t h o s e f o r t h e two e a r l i e r 
s t u d i e s w e r e e n c o m p a s s e d w i t h i n t h e new t e s t c o n d i t i o n s . T a b l e 5 . 2 g i v e s t h e 
t e s t m a t r i x u s e d . The HDPE s a m p l e s were s t amped f rom t h e " o l d " b a t c h o f 
m a t e r i a l s i n c e t h i s was u s e d i n t h e two e a r l i e r s t u d i e s . In a d d i t i o n , mos t o f 
t h e uni r r a d i a t e d c o n t r o l t e s t s were a l r e a d y compl e t e d so t h a t o n l y a few 
a d d i t i o n a l s p o t c h e c k t e s t s were n e e d e d . 

T a b l e 5 . 3 shows a l l i r r a d i a t i o n - c r e e p d a t a a t t a i n e d i n t h i s e f f o r t . Many 
t e s t s w e r e n o t c o m p l e t e d b e c a u s e o f p rog ram t e r m i n a t i o n and u n a n t i c i p a t e d l o n g 
f a i l u r e t i m e s . However , t h e y s t i l l p r o v i d e i n v a l u a b l e r e s u l t s b e c a u s e 
1 r r a d i a t i o n and s t r e s s e f f e c t s were o b s e r v e d e a r l y in t h e c r e e p t e s t s . 
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T a b l e 5 . 1 C o m p a r i s o n of t e s t c o n d i t i o n s d u r i n g i r r a d i a t i o n - c r e e p 
o f Mar l ex CL-lOO 

S t u d y 
Dose R a t e 

( R a d / h ) 
S t r e s s 
(MPa) 

D o u g h e r t y e t a l . 5 X l O 3 1 2 . 4 1 
( 1 9 8 4 ) {Co-60) (1800 p s i ) 

D o u g h e r t y e t a l . 5 X l O 3 1 1 . 0 7 
{Co-60) (1600 p s i ) 

Soo e t a l . 3 X l O 4 1 0 . 3 4 
( 1 9 8 6 ) ( C s - 1 3 7 ) (1500 p s i ) 

E f f e c t o f I n - T e s t 
I r r a d i a t i o n 

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

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

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

T a b l e 5 . 2 I r r a d i a t i o n - c r e e p t e s t m a t r i x f o r HDPE 

T e s t 
Envi r onmen t 

S t r e s s 

T e s t 
Envi r onmen t (MPa) ( p s i ) 

Ai r 1 2 . 5 8 1825 
Ai r 1 2 . 5 8 1825 
Ai r 1 2 . 5 8 1825 

Ai r 1 1 . 7 2 1700 
Ai r 1 1 . 7 2 1700 
Ai r 1 1 . 7 2 1700 

Ai r 1 1 . 0 7 1600 
Ai r 1 1 . 0 7 1600 
Ai r 1 1 . 0 7 1600 

Ai r 1 0 . 3 4 1500 
Ai r 1 0 . 3 4 1500 
Ai r 1 0 . 3 4 1500 

Gamma 
Dose R a t e 

( r a d / h ) 

0 
5 X l O 3 

2 X l O 4 

0 
5 X l O 3 

2 X l O 4 

0 
5 X l O 3 

2 X 10 i t 

0 
5 X l O 3 

2 X l O 4 

90 



T a b l e 5 . 3 I r r a d i a t i o n - c r e e p d a t a f o r Marlex CL-100 HDPE 

M a t e r i a l Temp. Dose S t r e s s F a i 1 u r e El ong. 
Tes t Cond. ( 0 C) R a t e ( r a d / h ) ( p s i ) (MPa) Time(h) ( % ) 

405 As r e c . 20 5 x lO 3 1825 1 2 . 5 8 2 7 . 5 2 0 6 . 1 

403 As r e c . 20 5 x l O 3 1700 11 .72 2 0 9 . 7 326 .2 

406 As r e c . 23 5 x l O 3 1600 1 1 . 0 3 1198 8 0 . 7 

404 As r e c . 20 5 x lO 3 1500 10 .34 1783 51 .4 

417 As r e c . 20 2 x 10W 1825 1 2 . 5 8 50 .4 140 .6 

418 As r e c . 20 2 x lO1* 1700 11 .72 >337 > 7 3 . 5 

416 As r e c . 20 2 X 10" 1600 1 1 . 0 3 >811 >33 .0 

415 As r e c . 20 2 x lO" 1500 10 .34 >210 >15 .3 

414 As r e c . 26 2 X lO1* 1825 1 2 . 5 8 6 . 6 195 .0 

413 As r e c . 26 2 x 10 t t 1700 11 .72 >501 >567 

384 As r e c . 20 0 2000 13 .79 1 . 8 67 .6 

368 As r e c . 20 0 1900 13 .10 5 . 3 4 6 . 6 

375 As r e c . 20 0 1850 12 .76 18 .6 (1 ) 

351 As r e c . 20 0 1825 1 2 . 5 8 5 . 8 82 

344 As r e c . 20 0 1700 11 .72 47 113 .6 

343 As r e c . 20 0 1600' 1 1 . 0 3 127 9 2 . 0 

342 As r e c . 20 0 1500 10 .34 2544 9 6 . 3 

317 As r e c . 20 0 1500 10 .34 7514 9 3 . 4 

318 As r e c . 20 0 1400 9 . 6 5 >18100 >43 .3 

386 As r e c . 20 0 1200 8 . 2 7 >8300 > 7 . 5 

Note : 

(1) LVOT f a i l u r e ; e l o n g a t i o n not known. 
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b e h a v i o r o f M a r l e x CL-100 HDPE. 



Note t h a t two t e s t s w e r e run a t 26 0C s i n c e t h e y w e r e run i n mid summer and t h e 
t e m p e r a t u r e - c o n t r o l s y s t e m i n t h e l a b o r a t o r y was t e m p o r a r i l y n o t o p e r a t i n g . 

The s t r e s s - r u p t u r e d a t a in F i g u r e 5 . 1 show t h a t i n - t e s t i r r a d i a t i o n 
n o r m a l l y i n c r e a s e s t h e f a i 1 u r e t i m e compared t o n o n - i r r a d i a t e d c o n t r o l s . 
However , t h e s i n g l e t e s t c a r r i e d o u t a t 1 0 . 3 4 MPa (1500 p s i ) seems t o i n d i c a t e 
t h a t a t t h i s s t r e s s , and l o w e r , i r r a d i a t i o n r e d u c e s t h e f a i l u r e t i m e . T h i s 
c o n c l u s i o n i s b a s e d m a i n l y on t h e t e s t s c o n d u c t e d a t t h e 5 x l O 3 r a d / h d o s e 
r a t e , s i n c e mos t o f t h e t e s t s a t 2 x l O 4 rad had t o be t e r m i n a t e d p r i o r t o 
f a i l u r e . N e v e r t h e l e s s , t h e " e a r l y " f a i l u r e a t low s t r e s s e s u n d e r i r r a d i a t i o n 
c o n d i t i o n s i s c o n s i s t e n t w i t h t h e p r e v i o u s l y - d e s c r i b e d c r a c k - p r o p a g a t i o n 
phenomena o b s e r v e d in U-bend s p e c i m e n s e x p o s e d t o r a d i a t i on ( S e c t i o n 3 . 3 ) . 
Such U-bend t e s t s a r e s i m i l a r t o t h o s e f o r l o w - s t r e s s i r r a d i a t i o n - c r e e p . 

E x a m i n a t i o n o f t h e c r e e p c u r v e s i n F i g u r e s 5 . 2 t h r o u g h 5 . 5 shows a s t r o n g 
i r r a d i a t i on s t r e n g t h e n i n g e f f e c t . I r r a d i a t i o n r e d u c e s t h e c r e e p r a t e , w i t h 
t h e d e g r e e o f r e d u c t i o n i n c r e a s i n g w i t h i n c r e a s i n g d o s e r a t e . For t h e 1 0 . 3 4 
and 1 1 . 0 3 MPa (1500 and 1600 p s i ) t e s t s t h e s h a p e s o f t h e c r e e p c u r v e s a r e 
c l a s s i c a l w i t h t h e normal S t a g e I , I I and I I I r e g i m e s . At t h e h i g h e r s t r e s s 
l e v e l s , however ( F i g u r e s 5 . 4 and 5 , 5 ) i r r a d i a t i o n a t t h e 5 x l O 3 r a d / h r a t e 
l e a d s t o a v e r y p r o m i n a n t S t a g e I I I and h i g h e l o n g a t i o n . Towards t h e end o f 
S t a g e I I I t h e c r e e p r a t e d e c r e a s e s and d e f o r m a t i o n e n t e r s a S t a g e IV p e r i o d . 
C o m p a r i s o n o f t h e i r r a d i a t i o n - c r e e p c u r v e s w i t h t h o s e f o r u n i r r a d i a t e d , 
u n o x i d i z e d HDPE ( F i g u r e s 4 , 1 9 and 4 , 2 0 ) show c l o s e s i m i l a r i t i e s . The main 
d i f f e r e n c e l i e s i n t h e s h o r t e r S t a g e IV f o r t h e i r r a d i a t e d s p e c i m e n s . 

The l o n g S t a g e I I I i n b o t h s e r i e s of t e s t s i s a s s o c i a t e d w i t h r a p i d 
e x t e n s i o n o f necked r e g i o n t h r o u g h o u t mos t o f t h e g a g e l e n g t h . Once t h i s i s 
a c h i e v e d t h e r a t e o f d e f o r m a t i o n s l o w s and S t a g e IV b e g i n s . For t h e 
i r r a d i a t e d HDPE, e m b r i t t l e m e n t o c c u r s r e s u l t i n g in a v e r y s h o r t S t a g e IV 
compared t o n o n - o x i d i z e d , u n i r r a d i a t e d m a t e r i a l . 

Only t h e 1 0 . 3 4 MPa (1500 p s i ) s p e c i m e n showed normal c r a c k i ng d u r i n g 
i r r a d i a t i o n c r e e p . At t h i s low s t r e s s l e v e l , c r a c k s which a r e n u c l e a t e d 
r e m a i n s h a r p and a r e a b l e t o grow i n a b r i t t l e m a n n e r . At h i g h e r s t r e s s e s t h e 
c r a c k s become b l u n t e d by p l a s t i c d e f o r m a t i o n and do n o t g r o w . T h e r e f o r e , more 
e v e n d e f o r m a t i o n o c c u r s i n t h e s p e c i m e n g i v i n g r i s e t o h i g h e l o n g a t i o n . 

For t h e 2 x l O 4 r a d / h i r r a d i a t i o n - c r e e p t e s t s , o n l y t h e h i g h e s t - s t r e s s 
s p e c i m e n f a i l e d . A l o n g , n e c k e d r e g i o n was p r e s e n t which was s i m i l a r t o , b u t 
s h o r t e r t h a n , t h a t f o r t h e s p e c i m e n s t e s t e d a t t h e l o w e r d o s e r a t e . 

In g e n e r a l , gamma i r r a d i a t i o n d u r i n g t h e c r e e p o f M a r l e x CL-lOO HDPE i s 
b e n e f i c i a l . I t d e c r e a s e s t h e c r e e p r a t e , e n h a n c e s t h e d u c t i l i t y , and 
l e n g t h e n s t h e t i m e t o f a i l u r e . 

5 , 2 D i s c u s s i o n o f I r r a d i a t i o n - C r e e p B e h a v i o r 

M a r l e x CL-lOO i s a c r o s s l i n k e d HDPE w h i c h has b e e n shown h e r e t o be 
s t r e n g t h e n e d by gamma i r r a d i a t i o n d u r i n g c r e e p . P r i o r i r r a d i a t i o n i s a l s o 
known t o s t r e n g t h e n i t s c r e e p and t e n s i l e s t r e n g t h s ( S o o , and o t h e r s , 1 9 8 6 ) . 
Most t y p e s of p o l y e t h y l e n e u n d e r g o c r o s s l i n k i n g a s a r e s u l t of i o n i z i n g 
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r a d i a t i o n ( S c h n a b e l , 1981) and i t i s v e r y p r o b a b l e t h a t a d d i t i o n a l c r o s s -
U n k i n g o c c u r s i n Mar l ex CL-100 i r r a d i a t i o n - c r e e p , g i v i n g r i s e t o t h e s l o w e r 
r a t e o f c r e e p b e c a u s e of t h e s t r e n g t h e n i n g i t c a u s e s . 

I t s h o u l d be a p p r e c i a t e d t h a t t h e e f f e c t s o f gamma I r r a d i a t i o n become 
i m p o r t a n t v e r y e a r l y d u r i n g I r r a d i a t i o n - c r e e p , For e x a m p l e , a t a s t r e s s o f 
1 2 . 5 8 MPa (1825 p s i ) t h e g r e a t l y r e d u c e d c r e e p r a t e c a u s e d by I r r a d i a t i o n a t 
5 X l O 3 and 2 x 10** r a d / h I s n o t i c e a b l e a f t e r a b o u t 1 h , o r l e s s ( F i g u r e 
5 . 5 ) . The a c c u m u l a t e d d o s e s would be 5 x l O 4 and 2 x l O 5 r a d , r e s p e c t i v e l y , 
which a r e q u i t e low d o s e l e v e l s . O b v i o u s l y , s t r e s s and i r r a d i a t i o n t o g e t h e r 
p r o v i d e a s t r o n g i n t e r a c t i v e e f f e c t . 

One m i g h t h a v e e x p e c t e d t h a t main c h a i n s c i s s i o n would become v e r y i m p o r t a n t 
in s t r e s s e d and i r r a d i a t e d HDPE s i n c e b o t h s t r e s s and r a d i a t i o n can c a u s e 
c h a i n s t o r u p t u r e . T o g e t h e r t h e y would be e x p e c t e d t o c a u s e an i n c r e a s e d 
s c i s s i o n r a t e . T h i s would a l s o be e n c o u r a g e d by t h e p r e s e n c e o f oxygen d u r i n g 
t e s t i n g , s i n c e i t i s wel 1 known t h a t s c i s s i o n r a t e s i n many p o l y m e r s a r e 
i n c r e a s e d when oxygen i n t e r a c t s w i t h b r o k e n c h a i n s , t h e r e b y p r e v e n t i n g t h e i r 
r e c o m b i n a t i o n (King and o t h e r s , 1964; S i s m a n , and o t h e r s , 1 9 6 3 ) . However , t h e 
s t r o n g r e d u c t i o n in t h e c r e e p r a t e c a u s e d by i r r a d i a t i o n s u g g e s t s t h a t 
a l t h o u g h s c i s s i o n mus t be o c c u r i n g , i t s e f f e c t s a r e o u t w e i g h e d by t h e 
c r o s s l i n k i n g p r o c e s s , a t l e a s t d u r i n g s t a g e s I and I I o f c r e e p . 

The g r e a t l y e n h a n c e d r u p t u r e t i m e s and d u c t i l i t i e s of i n - t e s t i r r a d i a t e d 
HDPE n e e d s t o be a d d r e s s e d s i n c e i t h a s been shown p r e v i o u s l y t h a t p r i o r 
1 r r a d i a t i o n c a u s e s a d e c r e a s e in f a i l u r e t i m e and d u c t 1 1 i t y upon s u b s e q u e n t 
t e s t i n g ( S o o , and o t h e r s , 1 9 8 6 ) . Q u i t e l i k e l y , t h e e n h a n c e d p l a s t i c i t y I s 
a s s o c i a t e d w i t h c h a i n s c i s s i o n which c o u l d become I m p o r t a n t in S t a g e I I I 
c r e e p . At t h i s p e r i o d o f c r e e p one m i g h t e x p e c t t h a t t h e c h a i n s e g m e n t s h a v e 
become more a l i g n e d a l o n g t h e t e n s i l e s t r e s s d i r e c t i on and s c i s s i o n r a t e s 
s h o u l d i n c r e a s e . S c i s s i o n i n p o l y ( v i n y l c h l o r i d e a c e t a t e ) was shown t o c a u s e 
a r e d u c t i o n i n m o l e c u l a r w e i g h t , an i n c r e a s e i n c r y s t a l l i n i t y , and a l a r g e 
i n c r e a s e in v i s c o u s f l o w (S i sman and o t h e r s , 1 9 6 3 ) . I t i s p o s t u l a t e d t h a t 
t h i s mechan i sm i s a l s o r e s p o n s i b l e f o r t h e e n h a n c e d r u p t u r e t i m e s and 
d u c t i l i t i e s o b s e r v e d i n t h e c u r r e n t M a r l e x CL-100 HDPE i r r a d i a t i o n - c r e e p 
s p e c i m e n s . Work by Akay and T i n c e r ( 1981 ) and SeguchI and o t h e r s (1982) i s i n 
a c c o r d w i t h t h e a b o v e s p e c i m e n s on t h e e f f e c t s o f gamma i r r a d i a t i o n on t h e 
c r e e p of HDPE. Akay and T i n c e r showed t h a t r a d i a t i o n i n d u c e s c r o s s l i n k i n g i n 
drawn HDPE d u r i n g t h e e a r l y i r r a d i a t i o n p e r i o d and p r e v e n t s mi c r o c r a c k i n g . 
S e g u c h i and o t h e r s f o u n d t h a t s c i s s i o n would be i m p o r t a n t a t a l a t e r t i m e and 
c a u s e d e g r a d a t i o n o f t h e c r o s s l i n k e d s t r u c t u r e . 

F i n a l l y , w i t h r e s p e c t t o t h e c o n t r o v e r s y r e g a r d i n g t h e a c c e l e r a t i o n in 
c r e e p d u r i n g I r r a d i a t i o n of h i g h l y s t r e s s e d HDPE, o b s e r v e d by D o u g h e r t y and 
o t h e r s ( 1 9 8 4 ) , no c o n f i r m a t i o n c o u l d be made o f t h i s e f f e c t . I r r a d i a t i o n -
c r e e p t e s t s c o n d u c t e d i n t h e c u r r e n t work a t a d o s e r a t e of 5 x l O 3 r a d / h and 
s t r e s s e s o f 1 2 . 5 8 and 1 1 . 7 2 MPa (1825 and 1700 p s i wh ich a r e s i m i l a r t o 
c o n d i t i o n s used by D o u g h e r t y ) show t h a t i r r a d i a t i o n i n i t i a l l y r e t a r d s c r e e p 
and c a u s e s a 1 a r g e i n c r e a s e i n t h e c r e e p r a t e o n l y when f a i 1 u r e b e g i n s t o 
commence in S t a g e I I I . High d u c t i l i t y i s a s s o c i a t e d w i t h t h e f a i l u r e . 
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At t h i s t i m e t h e e a r l y a c c e l e r a t i o n o f c r e e p o b s e r v e d by Doughery d u r i n g 
gamma 1 r r a d i a t i o n i s s t i 11 i n q u e s t i o n . Data f r o m t h e p r e s e n t e f f o r t 
c o n s i s t e n t l y shows t h a t c r e e p e n h a n c e m e n t o n l y o c c u r s a f t e r some 1 e n g t h y 
s l o w e r p e r i o d o f c r e e p , The r e a s o n s f o r t h e c o n t i n u e d d i s c r e p a n c y b e t w e e n t h e 
c u r r e n t I r r a d i a t l o n - c r a e p r e s u l t s and t h o s e of D o u g h e r t y and o t h e r s r e m a i n s 
u n c l e a r . 
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6 . TESTING PROTOCOL FOR HDPE 

The u s e f u l l i f e t i m e f o r a HDPE w a s t e c o n t a i n e r w i l l n o r m a l l y depend on 
many v a r i a b l e s , i n c l u d i n g t h e l e v e l o f s t r e s s , t h e i r r a d i a t i o n d o s e r a t e , t h e 
i n t e r n a l c h e m i c a l and i r r a d i a t i o n e n v i r o n m e n t d e t e r m i n e d by t h e w a s t e c o m p o s i -
t i o n , and t h e e x t e r n a l e n v i r o n m e n t d e t e r m i n e d by t h e b u r i a l c o n d i t i o n s . T h e s e 
c o n d i t i o n s may c h a n g e w i t h t i m e so t h e e s t i m a t i o n o f t h e f a i l u r e t i m e f o r a 
c o n t a i n e r i s e x t r e m e l y d i f f i c u l t . 

To d e v e l o p an a p p r o a c h t o d e t e r m i n i n g c o n t a i n e r p e r f o r m a n c e r e q u i r e s 
c o n s i d e r a t i o n o f s e v e r a l f a c t o r s , w h i c h i n c l u d e t h e f o l l o w i n g : 

a ) A s p e c i f i c a t i o n o f a l l p o s s i b l e m a t e r i a l d e g r a d a t i o n modes which 
c o u l d l e a d t o e v e n t u a l f a i l u r e i n t h e s e r v i c e e n v i r o n m e n t . Lack 
o f i d e n t i f i c a t i o n o f a f a i l u r e o r d e g r a d a t i o n mode w i l l p r e c l u d e 
t h e d e v e l o p m e n t of a s t r a t e g y t o e l i m i n a t e i t s o c c u r e n c e , o r 
r e d u c e i t s i m p a c t , w i t h i n t h e d e s i g n l i f e t i m e . 

b) P e r f o r m a n c e of e x p e r i m e n t s t o c h a r a c t e r i z e t h e i n d i v i d u a l 
f a i l u r e modes u n d e r p r o t o t y p i c and a c c e l e r a t i n g c o n d i t i o n s . 
A c c e l e r a t i n g c o n d i t i o n s a r e u s e f u l i n t h a t t h e y o f t e n a l1ow a 
d e g r a d a t i o n / f a i l u r e mode t o be o b s e r v e d and q u a n t i f i e d w i t h i n 
p r a c t i c a l t e s t i n g p e r i o d s . Through a k n o w l e d g e o f t h e f u n d a -
m e n t a l mechan i sm r e s p o n s i b l e i t may be p o s s i b l e t o f i t t h e d a t a 
f r o m a c c e l e r a t e d t e s t s t o a t h e o r e t i c a l e x p r e s s i o n w h i c h may 
t h e n be used t o p r e d i c t l o n g - t e r m p e r f o r m a n c e u n d e r s e r v i c e 
c o n d i t i o n s . In t h e a b s e n c e of a sound d e s c r i p t i o n o f t h e 
m e c h a n i s m , an e m p i r i c a l e x p r e s s i o n c o u l d be u s e d . T h i s , a l s o , 
c o u l d be used t o e s t i m a t e f a i l u r e t i m e s f o r p r o t o t y p i c e n v i r o n -
m e n t s d e s p i t e t h e g r e a t e r u n c e r t a i n t y i n t h e p r e d i c t i o n . 

An e x a m p l e of a u s e f u l e m p i r i c a l e q u a t i o n t o p r e d i c t 1 i f e t i m e 
may be f o u n d in s t u d i e s of c a r b o n s t e e l c o r r o s i o n in s o i l s 
(Kempf , and o t h e r s , 1 9 8 7 ) . Us ing p i t t i n g c o r r o s i o n d a t a f r o m 
Romanof f ( 1 9 5 7 ) i t was shown t h a t t h e maximum p i t d e p t h c o u l d be 
g i v e n b y : 

dm = 29 t 0 - 3 9 

i n wh ich dm i s t h e d e p t h i n m i l s and t i s t h e c o r r o s i o n t i m e 
i n y e a r s . Such an e x p r e s s i o n w i l l a l l o w an e s t i m a t i o n t o be 
made o f t h e maximum d e p t h o f a t t a c k so t h a t t h e t h i c k n e s s o f t h e 
s t e e l componen t b e i n g d e s i g n e d f o r i n - s o i l s e r v i c e can be s i z e d 
t o a v o i d p e n e t r a t i o n d u r i n g t h e d e s i g n l i f e t i m e . 

c ) The u s e o f e x p e r i m e n t s s p e c i f i e d i n ( b ) , a b o v e , may i d e n t i f y 
c o n d i t i o n s f o r wh ich a p a r t i c u l a r f a i l u r e mode c e a s e s t o e x i s t . 
For e x a m p l e , t h e r e a r e i n s t a n c e s f o r which t h e s t r e s s on a 
m a t e r i a l becomes t o o low f o r s t r e s s - a s s i s t e d c r a c k i n g t o o c c u r . 
With t h i s i n m i n d , s t r e s s - c o r r o s i o n and f a t i g u e a r e o f t e n 
a v o i d e d by e n s u r i n g t h a t t h e maximum s e r v i c e s t r e s s i n t h e 
componen t b e i n g d e s i g n e d i s s i g n i f i c a n t l y l o w e r t h a n t h e 
t h r e s h o l d s t r e s s r e q u i r e d t o c a u s e f a i l u r e . An i m p o r t a n t goa l 
i n d e s i g n i n g a HDPE w a s t e c o n t a i n e r s h o u l d , t h e n , be t h e a d j u s t -

101 



ment o f t h e d e s i g n p a r a m e n t e r s and e n v i r o n m e n t a l c o n d i t i o n s 
i n such ways t h a t t h e c o n t a i n e r becomes immune t o a s many 
p o t e n t i a l f a i l u r e modes a s p o s s i b l e . The r e m a i n i n g f a i l u r e 
modes must t h e n b e a d d r e s s e d by o b t a i n i n g d a t a f r o m a c c e l -
e r a t e d t e s t s , a s d e s c r i b e d a b o v e , o r , i f a v a i l a b l e , f r o m 
l o n g - t e r m p r o t o t y p i c i n - s e r v i c e e v a l u a t i o n s on t h e m a t e r i a l 
o f i n t e r e s t . 

The work d e s c r i b e d be low w i l l a d d r e s s a l l o f t h e t h r e e i t e m s l i s t e d 
a b o v e . S p e c i f i c a l l y , f a i l u r e / d e g r a d a t i o n modes f o r HDPE w i l l be i d e n t i f i e d 
f o r c o n d i t i o n s which may e x i s t d u r i n g t h e p r e - and p o s t - d i s p o s a l p e r i o d s . 
T e s t i n g p r o t o c o l s w i l l be d e f i n e d t o s u p p l e m e n t t h o s e t h a t c u r r e n t l y e x i s t i n 
t h e l i t e r a t u r e . The t e s t d a t a t h a t a r e o b t a i n a b l e f r o m such t e s t s w i l l be 
d i s c u s s e d w i t h r e s p e c t t o t h e i r u s e in c o n t a i n e r d e s i g n , and s u g g e s t i o n s w i l l 
be made on ways t o m i n i m i z e , o r e l i m i n a t e , t h e o c c u r r e n c e o f s p e c i f i c f a i l u r e 
o r d e g r a d a t i o n modes i n HDPE. 

6 . 1 F a i l u r e / D e g r a d a t i o n Modes f o r HDPE 

At t h e p r e s e n t t i m e t h e f o l l o w i n g d e g r a d a t i o n / f a i l u r e modes have b e e n 
i d e n t i f i e d e i t h e r f rom t h e 1 i t e r a t u r e o r f r o m r e s e a r c h c a r r i e d o u t i n t h e 
c u r r e n t p r o g r a m . 

a) E n v i r o n m e n t a l S t r e s s - C r a c k i n g 

T h i s i n v o l v e s t h e c o n j o i n t a c t i o n o f a t e n s i l e s t r e s s and a 
s u s c e p t i b l e e n v i r o n m e n t . The e n v i r o n m e n t may p r o v i d e a 
c h e m i c a l ( c o r r o s i v e ) e f f e c t o r i t may s i m p l y i n v o l v e a n o n -
r e a c t i v e s u r f a c e w e t t i n g phenomenon which a c c e l e r a t e s c r a c k 
p r o p a g a t i o n and f a i l u r e ( S h a n a h a n ; 1 9 7 9 , 1 9 8 0 ) . I g e p a l 
CO-630 , i s an ASTM-speci f i e d 1 i q u i d f o r e v a l u a t i n g t h e 
s u s c e p t i b i 1 i t y of HDPE t o e n v i r o n m e n t a l s t r e s s - c r a c k ( s e e 
ASTM S t a n d a r d D - 2 5 5 2 ) . I t i s s t a t e d t o be n o n - r e a c t i v e and 
p r o b a b l y i t a c t s a s a s i m p l e s u r f a c e w e t t i n g a g e n t . On t h e 
o t h e r h a n d , BNL c r e e p t e s t s i n s c i n t i 1 1 a t i o n f l u i d ( s e e 
T a b l e 4 . 2 ) show t h a t t h e s p e c i m e n s have a r e l a t i v e l y r a p i d 
r a t e o f a b s o r p t i o n o f t h i s f l u i d d u r i n g t e s t , wh ich c o u l d 
i n d i c a t e t h e p r e s e n c e o f a c h e m i c a l r e a c t i o n w i t h t h e 
HDPE. T h e r e f o r e , a d i s t i n c t i o n s h o u l d be made b e t w e e n 
n o n - r e a c t i v e and r e a c t i v e e n v i r o n m e n t s in t h e e v a l u a t i o n o f 
e n v i r o n m e n t a l s t r e s s - c r a c k i n g . F a i l u r e t i m e s a s w e l l a s 
w e i g h t c h a n g e s d u r i n g t e s t s h o u l d be c a r r i e d o u t t o d i s t i n -
g u i s h b e t w e e n t h e v a r i o u s e n v i r o n m e n t a l e f f e c t s , i f 
p o s s i b l e . 

In t h e s p e c i f i c c a s e o f s c i n t i l l a t i o n f l u i d t h e r e s u l t s i n 
T a b l e 4 . 6 show t h a t f a i l u r e o c c u r s w i t h r e l a t i v e l y l i t t l e 
c r a c k i n g . S i g n i f i c a n t p l a s t i c i t y i s o f t e n a s s o c i a t e d w i t h 
f a i l u r e . For such c a s e s , i t may be a p p r o p r i a t e t o c l a s s i f y 
f a i l u r e a s d u c t i l e f a i l u r e r a t h e r t h a n e n v i r o n m e n t a l 
s t r e s s - c r a c k i n g w h i c h , by d e f i n i t i o n , i s a e r a e k i n g t y p e 
mechan i sm. 
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b) D u c t i l e F a i l u r e 

The u s u a l t y p e of d u c t i l e f a i l u r e i n v o l v e s d e f o r m a t i o n a t 
r e l a t i v e l y h i g h s t r e s s 1 e v e l s , such a s t h o s e e n c o u n t e r e d 
d u r i n g s h o r t - t e r m t e n s i l e t e s t i n g a t a c o n s t a n t s t r a i n r s t e 
( e . g . , ASTM D - 6 3 8 , T e s t f o r T e n s i l e P r o p e r t i e s of P l a s t i c s ) 
o r h i g h s t r e s s c r e e p b e h a v i o r u n d e r a c o n s t a n t l o a d ( e . g . , 
ASTM D - 2 9 9 0 , T e n s i l e , C o m p r e s s i v e , and F l e x u r a l C r e e p and 
C r e e p - R u p t u r e o f P l a s t i c s ) . In many c a s e s t h e HDPE t e s t 
m a t e r i a l i s p r e p a r e d by t h e m e l t i n g of p o l y e t h y l e n e r e s i n 
w h i c h i s molded o r f a b r i c a t e d t o a s p e c i f i c s h a p e ( s h e e t , 
d r u m , p i p e , e t c . ) . N o r m a l l y , t h e f a b r i c a t i o n p r o c e s s i s 
c a r r i e d o u t i n a i r , and t h i s r e s u l t s i n t h e f o r m a t i o n o f an 
o x i d i z e d s u r f a c e l a y e r w h i c h h a s i n f e r i o r d u c t i l i t y 
compared t o u n d e r l y i n g b u l k m a t e r i a l ( T e r s e l i u s , 1 9 8 2 ) . 

In BNL t e s t s t h i s s u r f a c e - o x i d i z e d m a t e r i a l c r a c k s a f t e r 
a b o u t 20 p e r c e n t e l o n g a t i o n , and s u b s e q u e n t d e f o r m a t i o n 
t e n d s t o c o n c e n t r a t e i n t h e c r a c k e d a r e a s , e v e n t u a l l y 
g i v i n g r i s e t o f a i l u r e i n one of t h e s e r e g i o n s . If t h e 
o x i d i z e d l a y e r i s m e c h a n i c a l y removed p r i o r t o c r e e p 
t e s t i n g t h e n d e f o r m a t i o n o c c u r s more u n i f o r m l y t h r o u g h o u t 
t h e g a g e l e n g t h o f t h e s p e c i m e n and " s u p e r p l a s t i c " t y p e 
b e h a v i o r o f t e n o c c u r s . 

c ) S u p e r p l a s t i c F a i l u r e 

S u p e r p l a s t i c f a i l u r e i s d e f i n e d h e r e a s t e n s i l e f a i l u r e 
i n v o l v i n g e x t r e m e l y l a r g e e l o n g a t i o n s a t r u p t u r e , v i z . >200 
p e r c e n t s t r a i n . Note t h a t t h i s i s an a r b i t r a r y d e f i n i t i o n 
and o t h e r w o r k e r s may r e g a r d such h i g h e l o n g a t i o n s a s b e i n g 
normal r a t h e r t h a n s u p e r p l a s t i c . N e v e r t h e l e s s , t h e d i s -
t i n c t i o n b e t w e e n r e g u l a r d u c t i 1 e f a i 1 u r e d e s c r i b e d in ( b ) 
n e e d s t o be made s i n c e t h e r e a r e m e c h a n i s t i c d i f f e r e n c e s 
i n t h e two t y p e s o f f a i l u r e . From t h e r e s u l t s d e s c r i b e d i n 
e a r l i e r s e c t i o n s of t h i s r e p o r t , s u p e r p l a s t i c f a i l u r e 
o c c u r s i n HDPE f r o m which t h e o x i d i z e d l a y e r ha s been 
removed a n d , a l s o , i n i r r a d i a t i o n - c r e e p s p e c i m e n s t e s t e d a t 
h i g h s t r e s s l e v e l s . 

d ) L o w - S t r e s s E m b r i t t l e m e n t 

The d a t a i n F i g u r e 4 . 2 show d u c t i l i t i e s a t f a i l u r e f o r 
c r e e p t e s t s c a r r i e d o u t i n a i r , d e i o n i z e d w a t e r , I g e p a l 
CO-630, t u r b i n e o i l and s c i n t i l l a t i o n f l u i d , a s a f u n c t i o n 
of s t r e s s . For a i r , w a t e r , o i l , and I g e p a l i t i s s e e n t h e 
d u c t i l i t i e s a r e t e n d i n g t o low v a l u e s a s t h e s t r e s s i s 
d e c r e a s e d be low 8 . 2 7 MPa (1100 p s i ) . L i q u i d s c i n t i l l a t i o n 
f l u i d d o e s n o t show a d r o p i n d u c t i l i t y i n t h e low s t r e s s 
r a n g e . C l e a r l y , a t low s t r e s s e s , e m b r i t t l e m e n t u s u a l l y 
o c c u r s u n d e r c r e e p c o n d i t i o n s . F a i l u r e , b a s e d on work i n 
t h i s p r o g r a m , i s c a u s e d by t h e p r o p a g a t i o n o f c r a c k s w h i c h 
a r e n u c l e a t e d in t h e o x i d i z e d s u r f a c e m a t e r i a l . Si n e e 
d e f o r m a t i o n o c c u r s most e a s i l y i n t h e s e c r a c k e d r e g i o n i t 
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r e s u l t s i n f a i l u r e a t low d u c t i l i t y . O t h e r work by G r a u b e 
(1976) on i n t e r n a l l y - p r e s s u r i z e d HDPE p i p e s shows s i m i l a r 
b r i t t l e f a i l u r e a t low p r e s s u r e s . Note t h a t such f a i l u r e 
i n I g e p a l and t u r b i n e o i l i s o f t e n c l a s s i f i e d a s e n v i r o n -
FTiental s t r e s s - c r a c k i n g . Al t h o u g h t h e s e e n v i r o n m e n t s g i v e 
c r e e p d u c t i l i t i e s t h a t a r e s i m i l a r t o t h o s e f o r a i r and 
w a t e r , t h e l a t t e r two e n v i r o n m e n t s have f a r g r e a t e r t i m e s 
t o f a i 1 u r e . However , t h e d i s t i n c t i o n b e t w e e n e n v i r o n m e n t a l 
s t r e s s - c r a c k i n g and l o w - s t r e s s e m b r i t t l e m e n t i s n o t v e r y 
c l e a r . 

e ) I m p a c t E m b r i t t l e m e n t 

L o w - t e m p e r a t u r e i m p a c t t e s t i n g on a m a t e r i a l m e a s u r e s t h e 
r e s i s t a n c e t o f a i l u r e f rom a h i g h v e l o c i t y i m p a c t . C a l i -
b r a t e d m a c h i n e s a r e used t o m e a s u r e t h e e n e r g y a b s o r b e d by 
a s t a t i o n a r y s a m p l e a s a heavy l o a d f a l i s u n d e r g r a v i t y t o 
i m p a c t and f r a c t u r e i t . T h i s t y p e o f f a i l u r e mode i s n o t 
l i k e l y t o be o f g r e a t i m p o r t a n c e w i t h r e s p e c t t o c o n t a i n e r 
s e r v i c e c o n d i t i o n s u n l e s s , f o r e x a m p l e , a HDPE c o n t a i n e r i s 
e m b r i t t l e d by i r r a d i a t i o n and f a s t l o a d i n g f r o m e a r t h 
movement i s e n c o u n t e r e d . A l s o , a c o n t a i n e r s u b j e c t e d t o 
v e r y low t e m p e r a t u r e s d u r i n g t h e p r e - b u r i a l p e r i o d c o u l d 
s u f f e r i m p a c t f a i l u r e i f a c c i d e n t l y d r o p p e d o n t o an 
u n y i e l d i n g s u r f a c e . The f a i l u r e mechan i sm i s m a i n l y s p e c i -
f i e d h e r e b e c a u s e of i t s i m p o r t a n c e a s a m e a s u r e o f t h e 
q u a l i t y o f p o l y e t h y l e n e m a n u f a c t u r e d by i n d u s t r y ( P h i l i p s 
Chem. C o . , 1 9 8 2 ) . Such t e s t i n g w a r r a n t s s e r i o u s c o n s i d e r -
a t i o n a s a q u a l i t y c o n t r o l t e s t f o r HDPE c o n t a i n e r 
m a t e r i a l s . 

f ) I r r a d i a t i o n E m b r i t t l e m e n t 

The U-bend t e s t s i n g a m m a - r a d i a t i o n e n v i r o n m e n t s show t h a t 
c r a c k i n i t i a t i o n and f a s t p r o p a g a t i o n may o c c u r i f oxygen 
i s p r e s e n t . I n t e r m e d i a t e d o s e r a t e s and i n t e r m e d i a t e 
s t r e s s l e v e l s a r e more l i k e l y t o c a u s e f a i l u r e ( S o o , and 
o t h e r s , 1 9 8 8 ) . The mechan i sm i s a s s o c i a t e d w i t h bond 
c l e a v a g e which p r o d u c e s f r e e r a d i c a l s , wh ich r e a c t w i t h 
oxygen by a c h a i n mechan i sm t o fo rm o x i d a t i o n p r o d u c t s t h a t 
i n c l u d e h y d r o p e r o x i d e s ( C l o u g h , 1 9 8 1 ) . As a c o n s e q u e n c e o f 
t h e s e gamma- induced r e a c t i o n s , p o l y m e r c h a i n s c i s s i o n and 
c r o s s l i n k i n g o c c u r . T e s t s t o c h a r a c t e r i z e c r a c k i n g may 
i n c l u d e s t a t i c U-bend t e s t s , such a s t h o s e used in t h e 
c u r r e n t s t u d y . More s o p h i s t i c a t e d l o w - l o a d c r e e p t e s t s 
c o u l d be used i n wh ich t h e f a i l u r e d u c t i l i t y and r u p t u r e 
t i m e a r e m e a s u r e d and compared t o n o n - i r r a d i a t e d HDPE. 
Note t h a t , a t h i g h s t r e s s e s , i r r a d i a t i o n i n c r e a s e s d u c t i l -
i t y ( S e c t i o n 5) so t h a t i r r a d i a t i o n e m b r i t t l e m e n t i s n o t a 
c o n s i d e r a t i o n . However , e m b r i t t l e m e n t i s p o s s i b l e a t low 
s t r e s s e s a l t h o u g h no d a t a a r e a v a i l a b l e i n t h i s p r o g r a m t o 
show t h i s . S t r e s s - r e l a x a t i o n t e s t s may a l s o be used t o 
s t u d y g a m m a - i n d u c e d e m b r i t t l e m e n t . They a r e d i f f e r e n t f r o m 
t h e s t a n d a r d c r e e p t e s t i n wh ich a c o n s t a n t l o a d i s u sed i n 
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t h a t s t r e s s - r e l a x a t i o n i s s t u d i e d u n d e r a c o n s t a n t s t r a i n . 
The d r o p in s t r e s s w i t h t i m e i s m e a s u r e d w i t h an a p p r o -
p r i a t e l o a d c e l l . F r a c t u r e m e c h a n i c s t e c h n i q u e s can a l s o 
be used t o i n v e s t i g a t e c r a c k i n g a s a f u n c t i o n of s t r e s s 
i n t e n s i t y l e v e l and d o s e r a t e . 

g ) B u c k l i n g 

B u c k l i n g f a i l u r e in a c o n t a i n e r may o c c u r a s a r e s u l t o f 
t h e a c t i o n of s o i l o v e r b u r d e n l o a d s a t a b u r i a l s i t e . I t 
i s c h a r a c t e r i z e d by u n s t a b l e d e f o r m a t i o n a s a r e s u l t o f 
c o m p r e s s i v e s t r e s s e s . B u c k l i n g i s a complex p r o c e s s and 
may i n v o l v e c o m p o n e n t s o f o t h e r f a i l u r e p r o c e s s e s s u c h a s 
c r e e p and i r r a d i a t i o n e f f e c t s wh ich c o u l d 1 ead t o a c o n d i -
t i o n o f u n s t a b l e d e f o r m a t i o n and c o l l a p s e . B e c a u s e o f t h e 
NRC r e q u i r e m e n t f o r l o n g t e r m w a s t e / c o n t a i n e r s t a b i l i t y 
a f t e r d i s p o s a l , c o n t a i n e r b u c k l i n g , and t h e f a c t o r s 
c o n t r o l l i n g i t , a r e o f g r e a t c o n c e r n . 

6 . 2 S t a n d a r d T e s t s f o r E v a l u a t i n g HDPE B e h a v i o r 

T a b l e 6 . 1 l i s t s s t a n d a r d ASTM t e s t s wh ich a r e a v a i l a b l e f o r t e s t i n g HDPE 
p r o p e r t i e s . Many o f t h e f a i l u r e / d e g r a d a t i o n m o d e s , d e s c r i b e d i n t h e s e c t i o n s 
a b o v e , may be q u a n t i f i e d t h r o u g h t h e i r u s e . The BNL U-bend t e s t i s a l s o 
i n c l u d e d b e c a u s e of i t s d e m o n s t r a t e d v e r s a t i l i t y f o r c r a c k i n i t i a t i o n / p r o -
p a g a t i o n s t u d i e s i n c h e m i c a l and r a d i a t i o n e n v i r o n m e n t s , 

6 . 3 D e v e l o p m e n t of a T e s t i n g P r o t o c o l 

In q u a l i f y i n g HDPE f o r u s e i n a h i g h - i n t e g r i t y c o n t a i n e r t h a t m e e t s NRC 
p e r f o r m a n c e c r i t e r i a , s e v e r a l s p e c i f i c p r o c e d u r a l s t e p s s h o u l d be r e c o g n i z e d . 
These i n c l u d e t h e f o l l o w i n g : 

a) P r e l i m i n a r y l i t e r a t u r e s u r v e y s and t e s t i n g t o show t h a t t h e 
m a t e r i a l d o e s n o t have any f a i l u r e mode t h a t would 
u n a c c e p t a b l y compromise i t s i n t e g r i t y , 

b) S p e c i f i c a t i o n of c o n t a i n e r d e s i g n c r i t e r i a w h i c h , t o g e t h e r 
w i t h NRC o r S t a t e p e r f o r m a n c e c r i t e r i o n , need t o be met i f 
t h e c o n t a i n e r i s t o be s u c c e s s f u l l y l i c e n s e d , and 

c ) P e r f o r m a n c e o f " f i n a l " m a t e r i a l s t e s t i n g t o o b t a i n d a t a 
wh ich would be n e e d e d t o q u a n t i f y t h e v a r i o u s f a i l u r e 
modes . Thi s i n f o r m a t i o n wi 11 be needed t o f i n a l i ze t h e 
c o n t a i n e r d e s i g n such t h a t a l l d e s i g n c r i t e r i a and p e r f o r -
mance o b j e c t i v e s a r e l i k e l y t o be met d u r i n g s e r v i c e . 

T h e s e a r e d i s c u s s e d b e l o w , 

6 . 3 , 1 P r e l i m i n a r y and F i n a l M a t e r i a l s T e s t i n g 

In t h e s e l e c t i o n of a p a r t i c u l a r t y p e of HDPE i t s h o u l d be a goa l t o 
s p e c i f y a m a t e r i a l w i t h a s few d o c u m e n t e d f a i l u r e / d e g r a d a t i o n modes a s 
p o s s i b l e . S i n c e s u p e r i o r m a t e r i a l s a r e u s u a l l y more e x p e n s i v e , a c o m p r o m i s e 
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T a b l e 6 . 1 A v a i l a b l e t e s t s f o r e v a l u a t i n g f a i l u r e / d e g r a d a t i o n modes i n HDPE 

F a i 1 u r e / D e g r a d a t i o n 
Mode T e s t Methods 

Envi r o n m e n t a l 
S t r e s s - C r a c k i n g 

ASTM D 1693 

ASTM D 2552 

BNL U-bend 
T e s t 

D u c t i l e F a i l u r e , 
S u p e r p l a s t i c F a i l u r e 

F r a c t u r e 
M e c h a n i c s 

ASTM D 6 3 8 

ASTM D 2990 

Scope o f T e s t Method 

G e n e r a l s c o p i n g t e s t t o d e t e r -
mine s u s c e p t i b i l i t y o f m a t e r i a l 
t o c r a c k i n g u n d e r t h e a c t i o n o f 
a l o c a l m u l t i a x i a l s t r e s s and a 
s u r f a c e - a c t i v e l i q u i d ( I q e p a l 
C O - 6 3 0 ) . 

More q u a n t i t a t i v e t e s t t h a n 
D 1693 t o d e t e r m i n e f a i l u r e 
t i m e of m a t e r i a l u n d e r a g i v e n 
s t r e s s and a s u r f a c e - a c t i v e 
a g e n t ( I g e p a l CO-630) 

G e n e r a l s c o p i n g t e s t , s i m i l a r 
t o ASTM D 1 6 9 3 , b u t d e s i g n e d 
t o q u a n t i f y c r a c k i n i t i a t i o n 
and p r o p a g a t i o n u n d e r a t e n s i l e 
s t r e s s . V a r i o u s t e s t e n v i r o n m e n t s 
may be u s e d . 

T e s t s u s i n g p r e c r a c k e d 
s p e c i m e n s t o m e a s u r e c r a c k 
p r o p a g a t i o n r a t e s a s a f u n c t i o n 
o f t h e s t r e s s - i n t e n s i t y f a c t o r . 
See r e f e r e n c e by Ward ( 1 9 7 9 ) . 

S t a n d a r d t e n s i l e t e s t t o m e a s u r e 
s t r e n g t h and d u c t i l i t y . May be 
u s e d t o t e s t i n v a r i o u s e n v i r o n -
m e n t s . 

S t a n d a r d t e s t f o r c r e e p u n d e r 
t e n s i l e , c o m p r e s s i v e , o r 
f l e x u r a l c o n d i t i o n s . May be 
u s e d t o t e s t In v a r i o u s e n v i r o n -
m e n t s . 
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T a b l e 6 . 1 A v a i l a b l e t e s t s 1 :or e v a l u a t i n g f a i l u r e / d e g r a d a t i o n modes i n HDPE 
( C o n t i n u e d ) 

F a i 1 u r e / D e g r a d a t i o n 
Mode T e s t Methods 

L o w - S t r e s s 
C r e e p E m b r i t t l e m e n t 

ASTM D 2990 

ASTM 0 2991 

Impac t 
E m b r i t t l e m e n t 

ASTM D 3029 

Scope o f T e s t Method 

S t a n d a r d t e s t t h a t can be u s e d 
t o e v a l u a t e l o w - d u c t i l i t y c r e e p 
f a i l u r e u n d e r t e n s i l e and 
f l e x u r a l c o n d i t i o n s f o r v a r i o u s 
e n v i r o n m e n t s . D e p e n d i n g on t e s t 
c o n d i t i o n s , v e r y l o n g - t e r m 
t e s t i n g may be r e q u i r e d . H i g h e r 
t e m p e r a t u r e s may p o s s i b l y be 
u s e d t o a c c e l e r a t e t i m e f o r 
f a i l u r e , so t h a t f a i l u r e t i m e s 
and d u c t i l i e s may b e e x t r a -
p o l a t e d t o s e r v i c e c o n d i t i o n s . 

S t a n d a r d t e s t f o r s t r e s s r e l a x -
a t i o n a t c o n s t a n t s t r a i n l e v e l . 
T h i s t e s t i s u s e f u l t o e v a l u a t e 
c r a c k i n i t i a t i o n / p r o p a g a t i o n 
u n d e r low s t r e s s c o n d i t i o n s . In 
p a r t i c u l a r , i t w i l l show how 
t e m p e r a t u r e and e n v i r o n m e n t 
I n f l u e n c e t h e r a t e of c h a n g e i n 
r e s i d u a l s t r e s s e s 1n a p l a s t i c . 

S t a n d a r d t e s t t o d e t e r m i n e 
e n e r g y t o f r a c t u r e p l a s t i c by 
h i g h s p e e d f a l l i n g w e i g h t . I t 
i s a l s o a v a l u a b l e p r o c e d u r e 
when u s e d t o m e a s u r e l o w - t e m p -
e r a t u r e i m p a c t e n e r g y s i n c e i t 
i s a good i n d i c a t i o n o f t h e 
d e g r e e o f c r o s s l i n k i n g . 
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T a b l e 6 . 1 A v a i l a b l e t e s t s f o r e v a l u a t i n g f a i l u r e / d e g r a d a t i o n modes i n HDPE 
( C o n t i n u e d ) 

Fa i 1 u r e / D e g r a d a t i o n 
Mode T e s t Methods 

I r r a d i a t i o n 
E m b r i t t l e m e n t 

BNL U-bend 
T e s t 

ASTM D 638 

ASTM D 790 

ASTM D 2990 

ASTM D 2991 

Scope o f T e s t Method 

G e n e r a l s c o p i n g t e s t t o d e t e r -
mine c r a c k i n i t i a t i o n and p r o -
p a g a t i o n i n m a t e r i a l u n d e r a 
t e n s i l e s t r e s s . 

S t a n d a r d t e n s i l e t e s t t o m e a s u r e 
t e n s i l e s t r e n g t h ( a t y i e l d o r 
b r e a k ) , e l o n g a t i o n ( a t y i e l d o r 
b r e a k ) , and t h e m o d u l u s o f 
e l a s t i c i t y . C o m p a r i s o n o f 
p r o p e r t i e s f o r n o n - i r r a d i a t e d 
and p r e - i r r a d i a t e d m a t e r i a l w i l l 
q u a n t i f y d e g r e e o f e m b r i t t l e m e n t . 

S t a n d a r d t e s t t o m e a s u r e 
f l e x u r a l ( b e n d i n g ) p r o p e r t i e s 
o f b a r s p e c i m e n s . T e s t 
c o n t i n u e d u n t i l f r a c t u r e o r 
u n t i l 5% maximum f i b e r s t r a i n i s 
r e a c h e d . 

S t a n d a r d t e n s i l e , c o m p r e s s i v e , 
and f l e x u r a l c r e e p t e s t t o 
q u a n t i f y c r e e p r a t e s and 
d u c t i l i t i e s . E f f e c t s o f 
i r r a d i a t i o n may be q u a n t i f i e d by 
c o m p a r i n g p r o p e r t i e s o f non-
i r r a d i a t e d and p r e - i r r a d i a t e d 
m a t e r i a l o r , more p r e f e r a b l y , 
c o m p a r i n g p r o p e r t i e s o f i n - t e s t 
i r r a d i a t e d m a t e r i a l and c o r r e -
s p o n d i n g n o n - i r r a d i a t e d m e t h o d s . 

S t a n d a r d s t r e s s - r e l a x a t i o n t e s t 
w h i c h may be used t o q u a n t i t a -
t i v e m e a s u r e c r a c k p r o p a g a t i o n i n 
i r r a d i a t i o n e n v i r o n m e n t s . Comp-
l e m e n t s t h e BNL U-bend t e s t . 
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T a b l e 6 . 1 A v a i l a b l e t e s t s f o r e v a l u a t i n g f a i l u r e / d e g r a d a t i o n modes i n HDPE 
( C o n t i n u e d ) 

F a i l u r e / D e g r a d a t i o n 
Mode T e s t Methods Scope of T e s t Method 

I r r a d i a t i o n 
E m b r i t t l e m e n t 
( C o n t . ) 

F r a c t u r e 
M e c h a n i c s 

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

L i q u i d A b s o r p s i o n ASTM D 570 T e s t s p e c i f i c a l l y d e v e l o p e d t o 
m e a s u r e amount of w a t e r a b s o r b e d 
by p l a s t i c i n a g i v e n t i m e a t a 
g i v e n t e m p e r a t u r e . I t s h o u l d be 
v e r y u s e f u l f o r a r a n g e of 
l i q u i d s p e r t i n e n t t o HDPE u s a g e 
s i n c e t h e s e may i n f l u e n c e 
m e c h a n i c a l p r o p e r t i e s . 
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m u s t be r e a c h e d on a c o s t / b e n e f i t b a s i s . A m a t e r i a l w i t h a l a r g e number o f 
f a i l u r e modes w i l l o n l y be q u a l i f i e d f o r u s e a f t e r l e n g t h y t e s t i n g f o r e a c h 
f a i l u r e mode. Once e a c h f a i l u r e mode i s q u a n t i f i e d , s t e p s may t h e n be t a k e n 
t o f i n a l i z e t h e c o n t a i n e r d e s i g n such t h a t t h e f a i l u r e mode d o e s n o t c a u s e 
f a i l u r e d u r i n g t h e d e s i g n l i f e t i m e . Two a p p r o a c h e s a r e p o s s i b l e . One i s t o 
" d e s i g n o u t " t h e f a i l u r e mode. For e x a m p l e , i t i s p o s s i b l e t h a t t h e t e s t i n g 
p r o g r a m w i l l i d e n t i f y a t h r e s h o l d s t r e s s l e v e l be low which e n v i r o n m e n t a l 
s t r e s s - c r a c k i n g w i l 1 n o t o c c u r . By r e d u c i n g t h e s e r v i c e s t r e s s e s i n t h e 
c o n t a i n e r t o a v a l u e be low t h e t h r e s h o l d one c o u l d a r g u e t h a t s u c h a f a i l u r e 
mode w i l l n o t o c c u r d u r i n g s e r v i c e . H e n c e , i t d o e s n o t need t o be c o n s i d e r e d 
f u r t h e r i n t h e c o n t a i n e r d e s i g n p r o c e s s . The s e c o n d a p p r o a c h i s o f t e n more 
d i f f i c u l t s i n c e i t mus t c o n s i d e r how f a s t a f a i l u r e / d e g r a d a t i o n mode i s 
p r o g r e s s i n g . An e x a m p l e would be t h e vel o c i t y o f a c r a c k i n a s t r e s s e d 
c o n t a i n e r i n t h e p r e s e n c e o f a gamma i r r a d i a t i o n f i e l d . I f t h e c r a c k can be 
shown t o t r a v e l a d i s t a n c e l e s s t h a n t h e w a l l t h i c k n e s s o f t h e c o n t a i n e r o v e r 
t h e d e s i g n l i f e t i m e t h e n , a g a i n , i t c o u l d be a r g u e d t h a t s u c h a f a i l u r e mode 
wi 11 n o t p r e v e n t t h e c o n t a i n e r f r o m m e e t i n g p e r f o r m a n c e r e q u i r e m e n t s . Much 
t e s t i n g would need t o be done f o r such a c a s e s i n c e a c c e l e r a t e d t e s t s would 
need t o be c o n d u c t e d o v e r wide r a n g e s o f s t r e s s i n t e n s i t y and gamma d o s e 
r a t e . U n c e r t a i n t i e s i n t h e d a t a would need t o be a d d r e s s e d and c e r t i f i e d 
p r o c e d u r e s f o r e x t r a p o l a t i n g t h e d a t a t o p r o t o t y p i c s e r v i c e c o n d i t i o n s m u s t , 
a l s o , be d e v e l o p e d . 

6 , 3 . 2 S p e c i f i c a t i o n o f C o n t a i n e r D e s i g n C r i t e r i a 

Of g r e a t i m p o r t a n c e t o t h e d e v e l o p m e n t o f a s u c c e s s f u l c o n t a i n e r i s t h e 
s p e c i f i c a t i o n o f d e s i g n c r i t e r i a wh ich need t o be met i f NRC p e r f o r m a n c e 
o b j e c t i v e s a r e t o be c o m p l i e d w i t h . In many c a s e s t h e d e s i g n c r i t e r i a u s e d 
a r e a r b i t r a r y and r e f l e c t t h e d e g r e e o f c o n s e r v a t i s m t h e d e s i g n e r c h o o s e s . 
For e x a m p l e , a d e s i g n c r i t e r i o n t o p r e v e n t f a i l u r e by t e n s i l e c r e e p c o u l d be 
one o f t h e f o l l o w i n g : 

a ) S p e c i f i c a t i o n o f a d e s i g n s t r e s s 1 i m i t i n t h e c o n t a i n e r 
which would i n s u r e t h a t c r e e p n e v e r e n t e r s t h e S t a g e I I I 
c r e e p r e g i o n whe re f a i l u r e b e g i n s . 

b) S p e c i f i c a t i o n o f a maximum a l l o w a b l e d e s i g n s t r a i n ( e l o n g a -
t i o n ) so t h a t f a i l u r e c o u l d n o t o c c u r . 

A l t e r n a t e d e s i g n c r i t e r i a c o u l d a l s o be d e f i n e d b u t o n c e one h a s been 
s e l e c t e d i t would be used t o d e m o n s t r a t e c o m p l i a n c e w i t h an NRC ( o r S t a t e ) 
r e q u i r e m e n t . Below i s summar ized a s e q u e n c e o f e v e n t s wh ich would l e a d t o 
d e m o n s t r a t i o n o f c o m p l i a n c e . 

S t e p 1 

I d e n t i f y f r o m l i t e r a t u r e s u r v e y s and p r e l i m i n a r y t e s t i n g a l l 
p o s s i b l e f a i l u r e / d e g r a d a t i o n modes f o r HDPE c o n t a i n e r s . Rank 
them in o r d e r of i m p o r t a n c e w i t h r e s p e c t t o e a r l y f a i l u r e . 

S t e p 2 

I n i t i a t e c o m p r e h e n s i v e t e s t i n g t o q u a n t i f y t h e f a i l u r e modes 
c o n c e n t r a t i n g , f i r s t , on t h e most i m p o r t a n t o n e s . 
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step 3 

S t e p 

T r y t o s p e c i f y c o n t a i n e r s e r v i c e c o n d i t i o n s w h i c h would r e n d e r 
t h e c o n t a i n e r immune t o a s many f a i l u r e modes a s p o s s i b l e . 

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

S t e p 5 

Use m a t e r i a l s t e s t d a t a t o show t h a t t h e d e s i g n c r i t e r i a a r e 
l i k e l y t o be m e t , a n d , t h e r e f o r e , t h a t r e g u l a t o r y r e q u i r e m e n t s 
a r e s i m i l a r l y m e t . 

6 . 3 . 3 A Recommended T e s t i n g P r o t o c o l 

Any t e s t i n g p r o t o c o l mus t e v e n t u a l l y p r o d u c e q u a n t i t a t i v e i n f o r m a t i o n 
t h a t can l e a d t o c e r t i f i e d p r o c e d u r e s t h a t w i l l d e m o n s t r a t e c o m p l i a n c e w i t h 
n u m e r i c a l p e r f o r m a n c e o b j e c t i v e s . Some ASTM t e s t s a r e q u a l i t a t i v e i n s o f a r 
a s t h e y w i l l i n d i c a t e a m a t e r i a l ' s s u s c e p t i b i l i t y t o f a i l u r e o r d e g r a d a t i o n 
u n d e r s p e c i f i c , o f t e n a c c e l e r a t i n g , c o n d i t i o n s . Such t e s t s a r e of u s e in 
i d e n t i f y i n g p o t e n t i a l f a i l u r e p r o c e s s e s b u t t h e y do n o t u s u a l l y a l l o w a 
m a t e r i a l t o be q u a l i f i e d f o r l o n g t e r m s e r v i c e . The t e s t s may, f o r e x a m p l e , 
n o t d e t e c t t h e e x i s t e n c e of a f a i 1 u r e mode t h a t ha s a v e r y 1 ong i n c u b a t i o n 
t i m e . A l s o , t h e c o n d i t i o n s of t e s t may be such t h a t t h e m a t e r i a l i s immune t o 
a p a r t i c u l a r f a i l u r e p r o c e s s a l t h o u g h i t c o u l d o c c u r u n d e r s u p p o s e d l y more 
b e n i g n p r o t o t y p i c s e r v i c e c o n d i t i o n s . Such a s i t u a t i o n was o b s e r v e d i n t h e 
i r r a d i a t e d U-bend t e s t s ( S e c t i o n 3 . 3 ) whe re i t was f o u n d t h a t c r a c k i n g was 
mos t p r o n o u n c e d a t l o w e r , more p r o t o t y p i c , gamma d o s e r a t e s . T h e r e f o r e , a 
c o m b i n a t i o n o f p r e l i m i n a r y and f i n a l t e s t m e t h o d s s h o u l d be c a r r i e d o u t t o 
o b t a i n a s u f f i c i e n t l y a c c u r a t e u n d e r s t a n d i n g of t h e m a t e r i a l ' s l o n g t e r m 
b e h a v i o r . 

A g e n e r a l e n g i n e e r i n g r u l e - o f - t h u m b r e g a r d i n g t h e maximum d u r a t i o n o f 
t e s t s i s t h a t t h e y s h o u l d l a s t f o r p e r i o d s up t o o n e - t e n t h o f t h e d e s i g n l i f e 
o f t h e componen t b e i n g e v a l u a t e d . T h u s , c r e e p b e h a v i o r i n a componen t w i t h a 
d e s i g n l i f e o f 20 y e a r s s h o u l d be a n a l y z e d u s i n g c r e e p d a t a f rom t e s t s l a s t i n g 
up t o a t l e a s t 2 y e a r s . T h i s a p p r o a c h i s i m p r a c t i c a l f o r a c o n t a i n e r w i t h a 
300 y d e s i g n l i f e , s i n c e few m a n u f a c t u r e r s would commit r e s o u r c e s t o 30 y 
c r e e p t e s t s . T h e r e f o r e , a s a t i s f a c t o r y c r e e p a n a l y s i s would p r o b a b l y e n t a i l 
c o m p r e h e n s i v e a c c e l e r a t e d t e s t i n g ( a t h i g h e r s t r e s s e s and t e m p e r a t u r e s ) t o 
p r o v i d e p a r a m e t r i c p r o c e d u r e s f o r e x t r a p o l a t i n g t o s e r v i c e c o n d i t i o n s . T h e r e 
would a l s o be a need t o employ l a r g e r d e s i g n s a f e t y m a r g i n s t o o f f s e t t h e 
g r e a t e r u n c e r t a i n t y i n v e r y l o n g t e r m c r e e p p r o p e r t i e s . 

T a b l e 6 . 2 i s a recommended t e s t i n g p r o t o c o l t o p r o v i d e p r e l i m i n a r y d a t a 
t o s u p p o r t a m a t e r i a l ' s b a s i c s u i t a b i l i t y f o r u s e a s a c o n t a i n e r m a t e r i a l and 
f i n a l t e s t s t h a t w i l l p r o v i d e a q u a n t i t a t i v e b a s i s t o show t h a t p r e d e t e r m i n e d 
d e s i g n c r i t e r i a can be m e t . T h i s w i l l l e a d t o a d e m o n s t r a t i o n of c o m p l i a n c e 
w i t h r e g u l a t o r y p e r f o r m a n c e o b j e c t i v e s . 

I l l 



T a b l e 6 . 2 S u g g e s t e d t e s t i n g p r o t o c o l f o r HDPE 

F a i 1 u r e 
Mode 

E n v i r o n m e n t a l 
S t r e s s - C r a c k i n g 

Impac t 
F a i l u r e 

Q u a l i f i c a t i o n T e s t s 

P r e l i m i n a r y T e s t s 

ASTM D-1693, A c c e l e r a t e d 
q u a l i t a t i v e t e s t in I g e p a l . 

F i n a l T e s t s 

a) ASTM D-2552. C o n s t a n t 
l o a d t e s t s in I g e p a l and 
o t h e r s e l e c t e d s e r v i c e 
e n v i r o n m e n t s . 

b) S t a t i c - l o a d f r a c t u r e 
m e c h a n i c s t e s t s i n I g e p a l 
and s e l e c t e d s e r v i c e 
env i r o n m e n t s . 

P r e l i m i n a r y T e s t 

Q u a l i t y c o n t r o l t e s t u s e f u l 
t o show t h a t t h e m a t e r i a l i s 
a b l e t o w i t h s t a n d low-
t e m p e r a t u r e i m p a c t d u r i n g 
s t o r a g e o r t r a n s p o r t a t i o n . 
A l so w i l l show t h a t t h e HDPE 
i s s a t i s f a c t o r i l y c r o s s -
l i n k e d . 

F i n a l T e s t 

None r e q u i r e d 

R a t i o n a l e f o r T e s t s 

P r e l i m i n a r y t e s t s w i l l d e t e r m i n e i f t h e 
HDPE i s s u f f i c i e n t l y r e s i s t a n t t o ESC t o 
p r o c e e d w i t h t h e f i n a l l o n g - t e r m t e s t s . I f 
so t h e l a t t e r t e s t s s h o u l d be c a r r i e d o u t i n 
I g e p a l and s e l e c t e d e n v i r o n m e n t s a t 20oC p e r 
ASTM D-2552 and a t 20oC u s i n g f r a c t u r e 
m e c h a n i c s s p e c i m e n s t o d e t e r m i n e c r a c k p r o -
p a g a t i o n r a t e s in s e l e c t e d s e r v i c e e n v i r o n -
men t s a s a f u n c t i o n o f t h e s t r e s s - i n t e n s i t y 
f a c t o r . The low s t r e s s t e s t s s h o u l d l a s t f o r 
p e r i o d s up t o 3 y e a r s t o q u a n t i f y b e h a v i o r 
more c o m p r e h e n s i v e l y . 

T e s t s w i l l d e t e r m i n e t h e b a s i c i n t e g r i t y 
of t h e HDPE d u r i n g t h e p r e b u r i a l p h a s e and 
a l s o s e r v e a s a q u a l i t y c o n t r o l t e s t f o r t h e 
c o n t a i n e r m o l d i n g / c u r i n g p r o c e s s . 



T a b l e 6 . 2 S u g g e s t e d t e s t i n g p r o t o c o l f o r HDPE 
( C o n t ' d . ) 

F a i 1 u r e 
Mode 

D u c t i l e / S u p e r -
P l a s t i c F a i l u r e 

I r r a d i a t i o n 
E m b r i t t l e m e n t 

Q u a l i f i c a t i o n T e s t s 

P r e l i m i n a r y T e s t s 

None recommended 

F i n a l T e s t s 

ASTM D-638 ( t e n s i l e t e s t ) 
ASTM D-2990 ( c r e e p t e s t ) 

P r e l i m i n a r y T e s t s 

BNL U-bend t e s t i n gamma f i e l d 

F i n a l T e s t s 

a) S t a t i c - l o a d f r a c t u r e 
m e c h a n i c s t e s t s i n gamma f i e l d . 

b) ASTM D-2990 ( c r e e p t e s t ) 
i n gamma f i e l d . 

R a t i o n a l e f o r T e s t s 

The t e n s i l e t e s t s e s t a b l i s h b a s i c 
s t r e n g t h and d u c t i l i t y d a t a f o r d e s i g n 
p u r p o s e s . Creep d a t a w i l l be used t o e s t a -
b l i s h d e f o r m a t i o n r a t e s , d u c t i l i t i e s , and 
f a i l u r e t i m e s f o r s p e c i f i c t e n s i l e l o a d s . 
E s t i m a t i o n of v e r y s low c r e e p f a i l u r e may be 
made a s recommended be low i n " L o w - s t r e s s 
c r e e p e m b r i t t l e m e n t . " T e s t s f o r c r e e p s h o u l d 
l a s t up t o a b o u t 3 y e a r s . 

U-bend t e s t s in gamma e n v i r o n m e n t w i l l 
e s t a b l i s h s e m i - q u a n t i t a t i v e l y t h e r a t e s o f 
c r a c k i n i t i a t i o n and p r o p a g a t i o n and a l l o w 
a d e t e r m i n a t i o n t o be made i f t h e a n t i c i p a t e d 
e m b r i t t l e m e n t i s m i l d enough t o j u s t i f y 
a d d i t i o n a l t e s t i n g . I f s o , t h e f r a c t u r e 
m e c h a n i c s s p e c i m e n s w i l l q u a n t i f y t h e r a t e s 
of c r a c k p r o p a g a t i o n a s a f u n c t i o n o f t h e 
s t r e s s - i n t e n s i t y f a c t o r . The c r e e p t e s t s 
w i l l e s t a b l i s h f o r c o n t a i n e r d e s i g n p u r p o s e s 
t h e m o d i f i e d c r e e p p r o p e r t i e s b r o u g h t a b o u t 
by i n - s i t u gamma i r r a d i a t i o n . T e s t s s h o u l d 
l a s t up t o a b o u t 3 y e a r s . 



T a b l e 6 . 2 S u g g e s t e d t e s t i n g p r o t o c o l f o r HDPE 
( C o n t ' d . ) 

F a i l u r e 
Mode Q u a l i f i c a t i o n T e s t s 

L o w - S t r e s s P r e l i m i n a r y T e s t s 
C r e e p 

P r e l i m i n a r y T e s t s 

E m b r i t t l e m e n t None recommended 
( W i t h o u t I r r a d i a -
t i o n ) 

B u c k l i n g P r e l i m i n a r y A n a l y s e s 

S t r u c t u r a l a n a l y s e s based on 
p r o t o t y p e c o n t a i n e r d e s i g n and 
a v a i l a b l e HDPE p r o p e r t y d a t a . 

F i n a l T e s t s / A n a l y s e s 

a) S t r u c t u r a l a n a l y s e s based 
on f i n a l c o n t a i n e r d e s i g n , and 
l a t e s t d a t a on m e c h a n i c a l 
p r o p e r t i e s i n chemica l and 
i r r a d i a t i o n e n v i r o n m e n t s . 

b) F u l l s c a l e b u c k l i n g t e s t s 

on p r o d u c t i o n c o n t a i n e r . 

R a t i o n a l e f o r T e s t s 

The c r e e p t e s t s s h o u l d be c o n d u c t e d 
o v e r a r a n g e o f t e m p e r a t u r e s so t h a t t h e 
e x i s t e n c e o f a d u c t i l e t o b r i t t l e t r a n s i t i o n 
can be s t u d i e d . The h i g h t e m p e r a t u r e c r e e p 
r u p t u r e c u r v e s w i l l a l l o w t h e t r a n s i t i o n t i m e 
t o b e q u a n t i f i e d a s a f u n c t i o n o f s t r e s s . 
P a r a m e t r i c e q u a t i o n s may t h e n be d e v e l o p e d t o 
e x t r a p o l a t e t o a n t i c i p a t e d s t r e s s e s and t i m e s 
( G l o o r , W.G, , 1 9 5 8 ) . Low s t r e s s i r r a d i a t i o n -
c r e e p f a i l u r e i s n e e d e d o n l y i f i n - t e s t 
i r r a d i a t i o n t e s t i n g , o u t l i n e d a b o v e , i s 
f o u n d t o a d v e r s e l y a f f e c t c r e e p p r o p e r t i e s . 
T e s t s s h o u l d l a s t up t o a b o u t 3 y e a r s . 

P r e l i m i n a r y a n a l y s e s u s e d t o s i z e t h e 
c o n t a i n e r and e s t a b l i s h d e s i g n c r i t e r i a . 
F i n a l t e s t s / a n a l y s e s w i l l c o n f i r m t h a t 
c o n t a i n e r m e e t s d e s i g n b u c k l i n g c r i t e r i a . 



I t must be s t a t e d t h a t t h e t e s t i n g p r o t o c o l i s n e c e s s a r i l y s u b j e c t i v e , 
b e i n g b a s e d on t h e a u t h o r s ' e x p e r i e n c e w i t h M a r l e x CL-100 HDPE. A l t e r n a t e 
p r o t o c o l s may be e q u a l l y v a l i d . The t e s t s a r e l i s t e d i n o r d e r of e s t i m a t e d 
i m p o r t a n c e and s h o u l d be i n i t i a t e d i n t h e a p p r o x i m a t e s e q u e n c e shown. I f , f o r 
e x a m p l e , e n v i r o n m e n t a l s t r e s s c r a c k i n g i s shown t o be a s e r i o u s p r o b l e m b a s e d 
on p r e l i m i n a r y ASTM t e s t s , t h e n c o n s i d e r a t i o n may be g i v e n t o t h e s e l e c t i o n o f 
a new t y p e o f HDPE, o r t o a m o d i f i c a t i o n o f t h e m o l d i n g and c u r i n g p a r a m e t e r s 
i n o r d e r t o i m p r o v e t h e b e h a v i o r t o an a c c e p t a b l e l e v e l . 

B u c k l i n g i s i n c l u d e d a s a f a i l u r e mode , a l t h o u g h i t i s r e a l l y a 
c o m b i n a t i o n o f s low c r e e p and s u b s e q u e n t f a s t d e f o r m a t i o n p r o c e s s e s . T h e s e 
a r e q u a n t i f i e d in o t h e r t e s t s . However , i t i s an i m p o r t a n t f a i l u r e p r o c e s s 
wh ich has g a i n e d much p u b l i c i t y i n r e c e n t t i m e s w i t h r e s p e c t t o t h e a b i l i t y o f 
HDPE c o n t a i n e r s t o w i t h s t a n d s o i l o v e r b u r d e n s t r e s s e s a t b u r i a l s i t e s (Our and 
P o p l i n , 1 9 8 6 ) . 

As m e n t i o n e d a b o v e , i t would be e x t r e m e l y d e s i r a b l e i f t h e c o n t a i n e r 
c o u l d be d e s i g n e d t o s p e c i f i c a t i o n s ( m o l d i n g / c u r e c o n d i t i o n s , s t r e s s l e v e l , 
gamma d o s e r a t e , t e m p e r a t u r e , e t c . ) such t h a t p a r t i c u l a r f a i l u r e modes a r e n o t 
a b l e t o o c c u r , i . e . , t h e m a t e r i a l becomes immune. Such immuni ty a l l o w s t h e s e 
f a i l u r e m o d e s , and any a d d i t i o n a l l o n g t e r m t e s t i n g a s s o c i a t e d w i t h t h e m , t o 
be removed f rom f u r t h e r c o n s i d e r a t i o n . 

F i n a l l y , i n any t e s t i n g p r o t o c o l t h e i m p o r t a n c e o f b a t c h - t o - b a t c h 
v a r i a t i o n s i n m a t e r i a l s p r o p e r t i e s mus t be a d d r e s s e d . T h e r e i s a l w a y s t h e 
1 i k e l i h o o d t h a t i n f o r m a t i o n f rom one b a t c h of HDPE c o u l d r e f l e c t s u p e r i o r 
b e h a v i o r b e c a u s e o f some l u c k y c o m b i n a t i o n o f p r o c e s s i n g v a r i a b l e s t h a t t o o k 
p l a c e d u r i n g m a n u f a c t u r e . The l i k e l y v a r i a t i o n i n a m e a s u r e d p r o p e r t y may be 
b e s t e s t i m a t e d by c o n d u c t i n g t e s t s on s e v e r a l b a t c h e s o f m a t e r i a l . 
A p p r o p r i a t e d a t a f r o m t h e l i t e r a t u r e may a l s o be u s e d , 1f t h e y a r e a v a i l a b l e . 
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APPENDIX 

E s t i m a t i o n o f S t r a i n L e v e l s on t h e S u r f a c e o f a U-Bend S p e c i m e n . 

Li 

f-o 

NEUTRAL 
AXIS 

C o n s i d e r a segmen t of a c i r c l e a t t h e a p e x o f a U-bend s u b t e n d i n g an a n g l e e 
a t t h e c e n t e r o f c u r v a t u r e s . I t i s o b v i o u s t h a t : 

I ( 1 ) 
0 

where r 1 i s t h e r a d i u s o f c u r v a t u r e o f t h e o u t e r s u r f a c e and r g i s t h e r a d i u s 
o f c u r v a t u r e o f t h e n e u t r a l ( s t r e s s f r e e ) a x i s wh ich i s assumed t o l i e midway 
b e t w e e n t h e i n n e r and o u t e r bend s u r f a c e s . 

P i was m e a s u r e d t o be 0 . 3 2 " 

S i n c e t h e t h i c k n e s s o f t h e U-bend i s 0 . 1 2 5 " , t h e n r 0 i s e q u a l t o 
0 . 3 2 " - 0 . 5 X 0 . 1 2 5 " = 0 . 2 5 8 " 

From e q u a t i o n 1 , 

0 + a L 

= 1 + 
A L 0 . 3 2 

= 1 . 2 4 3 
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w h e r e AL i s t h e i n c r e a s e i n l e n g t h a t t h e o u t e r s u r f a c e c a u s e d by b e n d i n g . By 
d e f i n i t i o n , A L / L 0 i s t h e " s t r a i n , " t h e r e f o r e : 

s t r a i n A L / L Q = 0 . 2 4 3 o r 2 4 . 3 p e r c e n t 

At a l o c a t i o n P on t h e s i d e o f a U - b e n d , t h e r a d i u s o f c u r v a t u r e r j i s 
t y p i c a l l y 0 . 7 5 " . Us ing E q u a t i o n ( 1 ) t h e c a l c u l a t e d s t r a i n i s 9 . 1 p e r c e n t . 
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t h e r e s u l t s o b t a i n e d s t a n d a r d t e s t i n g p r o t o c o l s were recommended f o r q u a n t i f y i n g t h e 
v a r i o u s f a i l u r e modes which cou ld be p r e s e n t in t h i s m a t e r i a l d u r i n g s e r v i c e as a low-
l e v e l w a s t e c o n t a i n e r . 
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Low- leve l r a d i o a c t i v e w a s t e , h i g h - d e n s i t y p o l y e t h y l e n e , c o n t a i n e r , 
m e c h a n i c a l p r o p e r t i e s , t e s t e n v i r o n m e n t , gamma i r r a d i a t i o n e f f e c t s , 
m i c r o s c o p y . 

E I D E N T L F I E R S / O P E N . E N D E D T E R M S 

I B . A V A I L A B I L I T Y 

S T A T B M I N T 

U n l i m i t e d 
I B S E C U R I T Y C L A 8 S I F I C A T I O N 

(Thii ptftJ 

U n c l a s s i f i e d 
ITMII ftfioni 

U n c i a s s i f l e d 
1 7 . N U M B E R O F P A G E S 

o U . S . C O V E R N M E N T P R I N T I N G o m c e s 1 9 8 9 - 2 a 1 - 5 9 0 , 0 0 1 2 6 
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