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A b s t r a c t 

A v a i l a b l e l o w - t e m p e r a t u r e n e u t r o n and gamma i r r a d i a t i o n d a t a f o r o r g a n i c i n s u 

l a t i n g m a t e r i a l s a r e c o l l e c t e d and compared w i t h room t e m p e r a t u r e d a t a . O n l y 

t h e most p r o m i s i n g po l ymers i n te rms o f m e c h a n i c a l s t r e n g t h f o r magnet i n s u l a 

t i o n a r e t a k e n i n t o a c c o u n t . F o r c h a r a c t e r i z a t i o n and c o m p a r i s o n o f d i f f e r e n t 

m a t e r i a l s t h e 75 % dose i s u s e d , i . e . t h e d o s e , where t h e m e c h a n i c a l s t r e n g t h 

i s reduced by 25 %, and 75 % i s r e t a i n e d . F o r room t e m p e r a t u r e s p e c i a l p r e 

pa red p o l y i m i d e and epoxy m a t e r i a l s r e i n f o r c e d w i t h g l a s s f i b r e r e t a i n e d 75 % 

o f t h e m e c h a n i c a l s t r e n g t h up t o a dose o f 7 x 10 Gy . F o r 5 K i r r a d i a t i o n t h e 

b e s t epoxy m a t e r i a l r e t a i n e d t h e 75 % dose up t o 1 x 10 G y , t h e b e s t p o l y i m i 

de m a t e r i a l up t o 1 x 10 Gy . 

Neutronen- und Gammabestrahlungseffekte in organischen Materialien für 

Fusionsmagnete 

Zusammenfassung 

V e r f ü g b a r e T i e f t e m p e r a t u r d a t e n f ü r N e u t r o n e n - und Gammabes t rah lungen an o r g a 

n i s c h e n I s o l a t i o n s m a t e r i a l i e n wurden gesammel t und m i t Z i m m e r t e m p e r a t u r b e 

s t r a h l u n g s d a t e n v e r g l i c h e n . Nur d i e von d e r m e c h a n i s c h e n F e s t i g k e i t h e r v i e l 

v e r s p r e c h e n d s t e n Po l ymere f ü r M a g n e t i s o l a t i o n e n wurden b e r ü c k s i c h t i g t . Zu r 

C h a r a k t e r i s i e r u n g und zum V e r g l e i c h d e r v e r s c h i e d e n e n M a t e r i a l i e n w i r d d i e 

7 5 - % - D o s i s b e n u t z t , d . h . , d i e D o s i s , be i d e r d i e m e c h a n i s c h e F e s t i g k e i t um 

25 % r e d u z i e r t i s t und noch 75 % v e r b l e i b e n . S p e z i e l l h e r g e s t e l l t e g l a s f a s e r 

v e r s t ä r k t e P o l y i m i d e und E p o x y - P r o b e n b e h i e l t e n 75 % i h r e r m e c h a n i s c h e n F e 

s t i g k e i t b i s zu e i n e r D o s i s von 7 x 10 Gy . Für 5 K B e s t r a h l u n g b e h i e l t das 

b e s t e E p o x y - M a t e r i a l 75 % s e i n e r F e s t i g k e i t b i s e twa 1 x 10 G y , während das 

b e s t e P o l y i m i d - M a t e r i a l b i s zu 1 x 10 Gy 75 % s e i n e r F e s t i g k e i t b e h i e l t . 
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1. I n t r o d u c t i o n 

The p lasma o f a f u s i o n r e a c t o r c o n t a i n e d by m a g n e t i c f i e l d s e m i t s n e u t r o n and 

gamma r a d i a t i o n . B e f o r e r e a c h i n g t h e s u p e r c o n d u c t i n g m a g n e t s , t h e l e v e l o f 

r a d i a t i o n i s r educed by b l a n k e t and s h i e l d m a t e r i a l s and by g e o m e t r i c a l f a c -
6 8 

t o r s . The r e d u c t i o n f a c t o r must be i n t h e o r d e r o f 10 t o 10 t o meet e s s e n 

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

a t 4 K. One c r i t e r i o n i s t h a t t h e r a d i a t i o n - i n d u c e d d e g r a d a t i o n o f t h e p r o p e r 

t i e s o f a l l m a t e r i a l s used i n t h e magnets must be s u f f i c i e n t l y s m a l l t o g u a 

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

t h a t t h e r e f r i g e r a t i o n power n e c e s s a r y t o remove n u c l e a r hea t i n t h e magnets 

must be l e s s t h a n a g i v e n s m a l l f r a c t i o n o f t h e t o t a l power p roduced by t h e 

f u s i o n r e a c t o r . In a r e a c t o r d e s i g n , a c o s t - m i n i m i z i n g t r a d e - o f f must be made 

between m a t e r i a l s c o s t and power c o s t . 

We l i m i t us t o t h e most p r o m i s i n g p o l y m e r s i n v e s t i g a t e d u n t i l now i n r a d i a t i o n 

e n v i r o n m e n t s . These po l ymers a r e used i n c o i l s o p e r a t i n g a t c r y o g e n i c t e m p e r a 

t u r e s . C e r a m i c i n s u l a t i o n m a t e r i a l s a r e not c o n s i d e r e d i n t h i s r e p o r t . Those 

m a t e r i a l s a r e used f o r n e a r - r o o m - t e m p e r a t u r e c o p p e r c o i l s exposed t o i n t e n s e 

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

There a r e a l o t o f r e p o r t s on r a d i a t i o n o f o r g a n i c i n s u l a t o r s as seen i n t h e 

r e f e r e n c e l i s t . A l l r e p o r t s were used and s e a r c h e d t h r o u g h , but no t a l l r e 

p o r t s a r e c i t e d . 
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2 . F u n c t i o n o f I n s u l a t i o n i n F u s i o n R e a c t o r Magnets 

2 .1 G e n e r a l o p e r a t i o n c o n d i t i o n s 

In t a b l e 2 .1 g e n e r a l o p e r a t i o n c o n d i t i o n s a r e l i s t e d f o r magnets used i n 

f u s i o n r e a c t o r s . In t h i s r e p o r t t h e r a d i a t i o n e f f e c t s on o r g a n i c m a t e r i a l s a r e 
7 9 

d i s c u s s e d . D u r i n g t h e l i f e t i m e o f t h e magnets a r a d i a t i o n dose o f (10 - 1 0 ) Gy 

(1 Gy = 100 r a d ) i s e x p e c t e d . 

The e l e c t r i c a l and t h e r m a l i n s u l a t i o n m a t e r i a l i s u s e d , i n t h e fo rm o f p o t t i n g 

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

t h e t u r n s and t h e l a y e r s o r pancakes o f t h e magnet c o i l f rom each o t h e r and 

f rom t h e magnet c a s e (ground p o t e n t i a l ) . I t t r a n s f e r s t h e m a g n e t i c f o r c e s f rom 

t h e w i n d i n g s t o t h e c a s e . M o r e o v e r , i t can p r o v i d e ( i n b a t h c o o l e d magne ts ) 

c h a n n e l s f o r t h e l i q u i d h e l i u m c o o l a n t t o remove heat f rom t h e c o n d u c t o r s u r 

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

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

c r e a s e t h e hea t i n f l u x f rom h i g h e r t e m p e r a t u r e l e v e l s ( IN o r room t e m p e r a 

t u r e ) . A common m a t e r i a l i s a l u m i n i z e d M y l a r . 

S i n c e a f u s i o n r e a c t o r has t o have a h i g h r e l i a b i l i t y and a v a i l a b i l i t y , t h e 

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

known i n o r d e r t o e s t i m a t e t h e l i f e t i m e . A d d i t i o n a l l y , t h e n e u t r o n and gamma 

r a d i a t i o n t e n d s t o deg rade m e c h a n i c a l and e l e c t r i c a l p r o p e r t i e s . T h e r e f o r e , t h e 

change o f p r o p e r t i e s due t o i r r a d i a t i o n must be known as a f u n c t i o n o f dose 

and t a k e n i n t o a c c o u n t d u r i n g d e s i g n t o g u a r a n t e e s u f f i c i e n t p e r f o r m a n c e a t 

t h e end o f t h e d e s i g n e d magnet l i f e . T a b l e 2 . 2 shows t h e k i n d and t h e o r d e r o f 

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

t o r magnet . T e n s i l e , c o m p r e s s i v e and s h e a r s t r e s s e s a r e g e n e r a t e d by m a g n e t i c , 

t h e r m a l and p r e s s u r e l o a d s . They a c t t o g e t h e r o r i n d e p e n d e n t l y . T h e r e f o r e , 

t h e r e may be l a r g e r e l a t i v e m o t i o n s , l a r g e w i t h r e s p e c t t o t h e i n s u l a t o r d i 

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

p r o p e r t i e s a t 4 K. 

Compared w i t h o t h e r components o f a s u p e r c o n d u c t i n g magnet ( s u p e r c o n d u c t o r , 

s t a b i l i z e r ) t h e o r g a n i c i n s u l a t o r s behave d i f f e r e n t l y s i n c e t h e y can s u f f e r 

damage f rom b o t h n e u t r o n s and gamma r a y s , and t h e b a s i c p h y s i c a l e f f e c t s a r e 

d i f f e r e n t . 



T a b l e 2 . 1 : G e n e r a l o p e r a t i o n c o n d i t i o n s f o r i n s u l a t i o n m a t e r i a l s i n f u s i o n 

r e a c t o r magnets (1 Gy = 100 r a d ) 

P r o b a b l e F u n c t i o n T e m p e r a t u r e R a d i a t i o n 

M a t e r i a l s Range Load 

C e r a m i c s E l e c t r i c a l i n s u l a t i o n f o r n e a r 
f i r s t w a l l use 

- a c t i v e and p a s s i v e p lasma 
c o n t r o l c o i l s 

300 K - 800 K (1 - 10) MWy/m 2 

- normal c o n d u c t i n g i n s e r t 
c o i l s f o r h i g h f i e l d choke 
c o i l s 

300 K - 400 K (1 - 10) MWy/m 2 

( < 1 . 4 x 1 9 2 ? N / m 2 ) 

O r g a n i c s 
( o r c e r a m i c s ? ) 

E l e c t r i c a l i n s u l a t i o n f o r normal 
c o n d u c t i n g magnets ( f a r f rom 
p l a s m a ) 

300 K - 400 K ( 1 0 7 - 1 0 9 ) Gy 

E l e c t r i c a l i n s u l a t i o n f o r s u p e r 
c o n d u c t i n g magnets ( f a r f r om 
p l a s m a ) 

4 K ( 1 0 7 - 1 0 9 ) Gy 

O r g a n i c s Thermal i n s u l a t i o n f o r 
s u p e r c o n d u c t i n g magnets 

4 K - 300 K ( 1 0 7 - 1 0 9 ) Gy 

( a l u n r i n i z e d o r q a -
n i c s o r aluminum) 
w i t h f i b e r q l a s s 

. . space rs 
( O r g a n i c s ) 

- h e a t r a d i a t i o n s h i e l d 

- magnet s u p p o r t s 

4 K - 300 K 

4 K - 300 K 

( 1 0 7 -

( 1 0 7 -

1 9 9 ) 

1 0 9 ) 

Gy 

Gy 
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T a b l e 2 . 2 : O rde r o f magn i tude o f l o a d l e v e l s f o r t h e i n s u l a t i o n i n a 

s u p e r c o n d u c t i n g f u s i o n r e a c t o r magnet 

O r d e r o f M a g n i t u d e 

• Loads d u r i n g m a n u f a c t u r i n g 

Loads d u r i n g h a n d l i n g 

Loads d u r i n g t r a n s p o r t a t i o n 

• Loads d u r i n g e n v i r o n m e n t a l a c c i d e n t s 

( e a r t h q u a k e s , e x p l o s i o n s ) 

• Thermal s t r e s s e s d u r i n g coo ldown 

• S t a t i c m e c h a n i c a l l o a d s due t o l a r g e L o r e n t z 

f o r c e s i n t o r o i d a l and m i r r o r c o n f i g u r a t i o n s 

. t e n s i l e s t r e s s 

. c o m p r e s s i v e s t r e s s 

. i n t e r l a m i n a r s h e a r s t r e s s 

. i n t e r t u r n and i n t e r l a y e r s h e a r s t r e s s 

. d i m e n s i o n a l changes 

Time dependen t m e c h a n i c a l l o a d s 

. t w i s t i n g moments ( bend ing moments) due t o t i m e 

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

. c y c l i c p u l s e d p r e s s u r e l o a d 

. c y c l i c i n t e r l a m i n a r s h e a r s t r e s s 

. f a t i g u e e f f e c t s 

E l e c t r i c a l l o a d s 

H igh v o l t a g e s d u r i n g c h a r g i n g and e s p e c i a l l y d u r i n g 

r a p i d d i s c h a r g i n g o f t h e magnets 

. t u r n - t o - t u r n 

. l a y e r - t o - l a y e r 

. c o n d u c t o r - t o - c a s e (g round) 

R a d i a t i o n l o a d s 

. n e u t r o n s 

. gammas 

. n u c l e a r h e a t i n g 

(100 - 400) MPa 

(100 - 400) MPa 

( 10 - 30) MPa 

p e r c e n t 

1 MNn 

( 1 0 , 

(10 

100 MPa 

30) MPa 

- 10 ) c y c l e s 

(1 - 3) V / t u r n 

(100 - 200) V / l a y e r 

(3000 - 5000) V 

, 18 19 2 
10 - 10 n/cm 

7 9 
(10 - J O ) Gy 

l O " W/cm 



- 5 -

2 . 2 I n s u l a t i o n F a i l u r e 

The i r r a d i a t i o n e n v i r o n m e n t i n a f u s i o n magnet imposes t h e most s e v e r e l i m i 

t a t i o n on t h e i n s u l a t i o n b e c a u s e i r r a d i a t i o n t e n d s t o weaken 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 o l y m e r s and hence t o i n d u c e b r i t t l e f r a c t u r e r e s u l t i n g i n mag

net f a i l u r e . M e c h a n i c a l i n s u l a t i o n f a i l u r e i s most o f t e n t h e c a s e i n a magne t . 

O t h e r f a i l u r e modes i n a f u s i o n s u p e r c o n d u c t i n g magnet a r e l o s s o f s t a b i l i t y , 

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

t u r e and f a i l u r e o f t h e s t r u c t u r a l s u p p o r t s y s t e m . But t h e i n s u l a t i o n seems t o 

be t h e weakes t componen t , e s p e c i a l l y i n a r a d i a t i o n e n v i r o n m e n t . 

The m e c h a n i c a l and e l e c t r i c a l l o a d i n a magnet can c a u s e c r u s h i n g , f r e t t i n g 

due t o m o t i o n s , v o i d p r o d u c t i o n , d e l a m i n a t i o n and p e r f o r a t i o n . A d d i t i o n a l l y , 

t i m e dependen t e f f e c t s a m p l i f y t h e f a i l u r e modes c i t e d a b o v e . Such e f f e c t s a r e 

c r e e p ( t ime dependen t p l a s t i c d e f o r m a t i o n ) , a g e i n g (age dependen t f r a c t u r e 

s t r e n g t h ) o r g e n e r a l l y f a t i g u e . A l l t h e s e e f f e c t s , t o g e t h e r w i t h t h e r a d i a t i o n 

e f f e c t s a r e a c t i n g t o g e t h e r a t t h e same t i m e . 
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3 . R a d i a t i o n Damage i n P o l y m e r s 

3 .1 Mechanism o f R a d i a t i o n Damage i n P o l y m e r s 

3 . 1 . 1 G e n e r a l 

The damage mechanisms i n o r g a n i c m a t e r i a l s a r e d i f f e r e n t f o r n e u t r o n s and 

gamma r a y s , r e s p e c t i v e l y . In m e t a l s where d i s p l a c e m e n t damage i s t h e most i m 

p o r t a n t damage mechanism t h e t y p e s o f r a d i a t i o n a r e l e s s i m p o r t a n t . In c a s e s 

where e x c i t a t i o n and i o n i z a t i o n a r e t h e main f e a t u r e s , as i t i s f o r o r g a n i c 

m a t e r i a l s , t h e t y p e s o f r a d i a t i o n must be c o n s i d e r e d . 

There i s some e v i d e n c e t o s u g g e s t t h a t t h e amount o f i o n i z a t i o n i s p r o p o r t i o 

n a l t o t h e a b s o r b e d ene rgy 

and i s i n d e p e n d e n t on t h e i o n i z i n g s o u r c e ( such as gammas o r f a s t n e u 

t r o n s ) , 

bu t t h e s p a t i a l v a r i a t i o n w i l l c e r t a i n l y depend on t h e s o u r c e o f 

i r r a d i a t i o n . 

I t a p p e a r s t o be i m p o s s i b l e t o e s t i m a t e (o r p r e d i c t ) t h e o r e t i c a l l y t h e e f f e c t s 

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

m a t e r i a l s , b e c a u s e t h e p r o c e s s e s i n v o l v e d a r e so c o m p l e x , e . g . not o n l y t h e 

d o s e , but a l s o t h e dose r a t e has been found t o be i m p o r t a n t i n some i n s u l a t o r 

i r r a d i a t i o n s . 

3 . 1 . 2 Damage by N e u t r o n s 

N e u t r o n s p r o d u c e p r i m a r y k n o c k - o n atoms as t h e y do i n o t h e r m a t e r i a l s . These 

r e c o i l and c a u s e s e c o n d a r y r e a c t i o n s as i o n i z a t i o n and e x c i t a t i o n o f e l e c 

t r o n s , and d i s p l a c e m e n t s o f o t h e r a t o m s . The hyd rogen c o n t e n t i n t h e i n s u l a 

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

o f ene rgy t o hyd rogen atoms due t o n e a r l y t h e same m a s s . 

The m o n o e n e r g e t i c n e u t r o n s bo rn i n t h e p lasma w i l l be modera ted d u r i n g t h e i r 

p e n e t r a t i o n o f t h e b l a n k e t and s h i e l d and r e a c h t h e magnet w i t h a b r o a d p o l y -

e n e r g e t i c s p e c t r u m . B e s i d e t h e e l a s t i c s c a t t e r i n g p r o d u c i n g a r e c o i l atom and 
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e l e c t r o n e x c i t a t i o n as f i n a l r e a c t i o n p r o d u c t s n u c l e a r r e a c t i o n s a r e p o s s i b l e . 

The neutron-gamma r e a c t i o n p roduces e i t h e r a r e c o i l atom and gamma r a y s o r i n 

a ß - e m i t t i n g p r o c e s s a r e c o i l atom and an e l e c t r o n . A n o t h e r p r o c e s s i s i m p o r 

t a n t f o r g l a s s f i l l e d i n s u l a t i o n m a t e r i a l s . I f t h e g l a s s c o n t a i n s b o r o n , t h e n 
10 

a n e u t r o n - a l p h a r e a c t i o n w i t h B i s p o s s i b l e wh i ch ends up w i t h an a l p h a 

p a r t i c l e , an e l e c t r o n and a L i - r e c o i l a tom. I t s h o u l d be men t i oned t h a t t h e 

main damage p r o c e s s i s however t h e e l a s t i c s c a t t e r i n g o f t h e n e u t r o n s on t h e 

atoms o f t h e c h a i n ( H , C , 0 , N) l e a d i n g t o t h e l i b e r a t i o n o f i o n s , e s p e c i a l l y 

o f hydrogen i o n s . These r e a c t i v e s p e c i e s remain dormant u n t i l warm up / 4 5 / . 

3 . 1 . 3 Damage by Gamma Rays 

Gamma r a y s i n t e r a c t w i t h i n o r g a n i c m a t e r i a l s v i a t h e p h o t o e l e c t r i c and Compton 

e f f e c t , and p a i r p r o d u c t i o n . 

P h o t o e l e c t r i c e f f e c t : t h e gamma ene rgy i s s u f f i c i e n t t o f r e e an a t o m i c e l e c 

t r o n ; t h e r e s u l t i s a f r e e e l e c t r o n and a p o s i t i v e c h a r g e d i o n . The e n e r g y 

t r a n s f e r t o t h e i o n i s a p p r o x i m a t e l y z e r o . 

Compton e f f e c t : t h e gamma ene rgy i s s u f f i c i e n t t o f r e e an a t o m i c e l e c t r o n and 

t o change i n a gamma w i t h l o w e r e n e r g y . The r e s u l t i s a n o t h e r gamma, a f r e e 

e l e c t r o n and a p o s i t i v e c h a r g e d i o n . The energy t o t h e i o n i s a p r o x i m a t e l y 

z e r o . 

P a i r p r o d u c t i o n : an e l e c t r o n and a p o s i t r o n a r e p r o d u c e d by a gamma t o g e t h e r 

w i t h a mass as r e c o i l p a r t n e r . In t h i s p r o c e s s t h e gamma e n e r g y must be 

g r e a t e r t h a n t h e t w i c e o f t h e e l e c t r o n r e s t ene rgy ( £ 1 . 0 2 MeV) . 

The f r e e d e l e c t r o n s i n t e r a c t w i t h o t h e r s p r o d u c i n g a g a i n i o n i z a t i o n and 

e x c i t a t i o n . 
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3 . 1 . 4 O v e r a l l E f f e c t s 

A l l t h e s e a t o m i c and i n t e r a t o m i c p r o c e s s e s p roduced by n e u t r o n s and gamma r a y s 

can r e s u l t i n : 

- c r o s s - l i n k i n g , i . e . f o r m a t i o n o f c h e m i c a l bonds between c h a i n s and 

- c h a i n s c i s s i o n , i . e . a f r a c t u r e o f t h e po lymer m o l e c u l e . 

A d d i t i o n a l l y o c c u r r i n g s e c o n d a r y p r o c e s s e s a r e : 

- u n s a t u r a t i o n , i . e . f o r m a t i o n o f d o u b l e bonds i n t h e m o l e c u l a r c h a i n . 

- gas e v o l u t i o n , i . e . d i s s o c i a t i o n o f s m a l l s i d e m o l e c u l e s f rom t h e p o l y m e r i c 

c h a i n . 

- r e a c t i o n s w i t h t h e e n v i r o n m e n t , e . g . o x i d a t i o n and d e c a r b o x y l a t i o n . 

C r o s s - l i n k i n g l e a d s t o an i n c r e a s e o f t h e m o l e c u l a r w e i g h t o f a p o l y m e r , o f 

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

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

t o d e s t r o y c r i s t a l 1 i n i t y . The m a t e r i a l s e v e n t u a l l y d e g r a d e as t h e m a t e r i a l 

becomes e m b r i t t l e d and e v o l v e s g a s e s . 

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

t u a l l y t o a s o f t gummy o r t a r - l i k e m a t e r i a l . 

These r a d i a t i o n e f f e c t s i n t h e o r g a n i c i n s u l a t o r s i n f l u e n c e t h e d e s i g n and 

o p e r a t i o n o f f u s i o n magne t s . The most a p p a r e n t e f f e c t s a r e changes i n m e c h a 

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

r e l e a s e o f s t o r e d ene rgy d u r i n g p o s t i r r a d i a t i o n warmup. 

3 . 2 The P r o b l e m o f F l u e n c e - D o s e C o n v e r s i o n 

There a r e s e v e r a l ways t o q u a n t i f y t h e i n t e r a c t i o n o f r a d i a t i o n w i t h 

m a t e r i a l s : 
2 V 

- use t h e f l u e n c e o f t h e p a r t i c l e s ( p a r t i c l e s / m ) a t a g i v e n ene rgy o r e n e r g y 

s p e c t r u m , 

- c a l c u l a t e t h e ene rgy d e p o s i t e d by t h e r a d i a t i o n ( G y , ( o r r a d ) ) o r t h e power 

pe r u n i t vo lume (W/m ). 

- c a l c u l a t e t h e number o f e v e n t s w h i c h o c c u r i n t h e i r r a d i a t e d m a t e r i a l , e . g . 

d i s p l a c e m e n t s pe r atom ( d p a ) . 
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- c a l c u l a t e p r o d u c t i o n r a t e s o r p e r c e n t a g e s o f t h e p r o d u c t s , e . g . % t r a n s m u 

t a t i o n p r o d u c t s (ppm). 

U s u a l l y , f o r o r g a n i c po l ymers t h e f l u e n c e o r t h e e n e r g y d e p o s i t e d by r a d i a t i o n 

i s u s e d . The e n e r g y d e p o s i t i o n and ene rgy d e p o s i t i o n r a t e s a r e d i f f e r e n t f o r 

d i f f e r e n t p a r t i c l e s and r a d i a t i o n s o u r c e i n t e n s i t i e s . F o r t h e same ene rgy a b 

s o r p t i o n t h e changes i n m a t e r i a l p r o p e r t i e s r e s u l t i n g f rom n e u t r o n i r r a d i a t i o n 

may be d i f f e r e n t f rom t h o s e due t o gamma i r r a d i a t i o n due t o t h e d i f f e r e n t 

damage m e c h a n i s m s . T h e r e f o r e , t h e c o n v e r s i o n r a t e s must be p r e c i s e l y 

c a l c u l a t e d f o r each i r r a d i a t i o n e x p e r i m e n t . A l s o t h e r m a l and f a s t n e u t r o n s 

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

and s u c c e e d i n g n u c l e a r r e a c t i o n s l e a d t o d i f f e r e n t damage e f f e c t s compared 

w i t h f a s t n e u t r o n s where t h e ene rgy i s t r a n s f e r r e d by e l a s t i c s c a t t e r i n g w i t h 

t h e n u c l e i . The t r a n s f e r r e d ene rgy i s g i v e n by 

E = (4M / ( M + l ) 2 ) E 
t i 

where M i s t h e mass o f t h e n u c l e u s and E i s t h e e n e r g y o f t h e i n c i d e n t n e u -
i 

t r o n s . Fo r hyd rogen i s E^ = E . , f o r oxygen E = 0 .21 E and f o r c a r b o n E = 

0 . 2 8 E . The m u l t i p l i c a t i o n o f t h e c o l l i s i o n c r o s s - s e c t i o n , t h e number o f atom 

and n e u t r o n f l u e n c e g i v e s t he maximum t r a n s f e r r e d e n e r g y p e r u n i t vo lume w h i c h 

i s a rough e s t i m a t e o f t h e a b s o r b e d e n e r g y . As a r u l e o f thumb a d o s e - f l u e n c e 

c o n v e r s i o n r e l a t i o n o f 

9 2 
1 r ad x. 10 n/cm (E ^ 0 .1 MeV) 

- 5 - 2 
i s o b t a i n e d . (1 r a d . = 10 J / g = 1 0 Gy) / 1 9 / . 

A d e t a i l e d a n a l y s i s has t o be made f o r each r a d i a t i o n s o u r c e and f o r each 

e x p e r i m e n t a l a r rangemen t i n o r d e r t o ge t r e l i a b l e d a t a . Some examp les a r e 

g i v e n i n o r d e r t o show t h e w ide s p r e a d o f t h e c o n v e r s i o n f a c t o r s / s e e e . g . 3 6 , 

5 4 / : 
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d o s e - f l u e n c e r e l a t i o n s : 

9 2 

- 1 rad 0 .6 x 10 n/cm f o r t h e s p e c t r u m o f t h e I n t e n s e P u l s e d Neu t ron 

Sou rce i n ANL (Argonne N a t i o n a l L a b o r a t o r y ) 

- d a t a i n C h a p t . 7 o f / 3 6 / : o r C h a p t . 6 i n R e f . / 5 4 / ) 
10 2 " 

1 rad = 1 x 10^ n/cm f o r A l 0 ( c e r a m i c s ) 
10 2 2 3 ; 

1 rad = 0 . 5 x 10 n/cm f o r MAC0R ( c e r a m i c s ) 
10 2 ' 

1 rad = 0 . 3 x 1 0 ^ n/crn^ f o r bo ron f r e e p o l y i m i d e f i b e r 

1 r ad = 0 . 2 6 x 10 n/cm f o r boron f r e e G-10 
10 2 

1 rad = 0 . 2 3 x 10 n/cm f o r G - 1 0 . 

10 2 
1 r ad = 0 .27 x 10 gammas/cm (E = 0 .8 MeV) 

av 

- f o r epoxy c o m p o s i t e s / 3 6 , 5 4 / : 

10 2 
1 r a d / s = 0 . 2 x 10 gammas/cm s 

10 7 
3 r a d / s due t o t h e B (n,<*) L i r e a c t i o n , where t h e h i g h ene rgy t>Ts p r o d u c e 

a damage c a s c a d e a r e a . 
( G l a s s epoxy w i t h 60 % E g l a s s w i t h 10 % B 0 ) 

2 3 ; 

1.5 r a d / s due t o b e t a - e m i s s i o n p r o c e s s e s i n t h e g l a s s c o n t e n t . 

I t s h o u l d be n o t e d t h a t t h e r e i s a b i g u n c e r t a i n t y i n t h e d e t e r m i n a t i o n o f t h e 

dose i n o r g a n i c p o l y m e r s and a l s o i n t h e r e p r o d u c i b i l i t y o f t h e d a t a . The r a 

d i a t i o n r e s i s t a n c e o f a po l ymer depends s t r o n g l y on t h e e x a c t m o l e c u l a r f o r m u 

l a , w h i c h i s u s u a l l y not known ( b e c a u s e i t i s a s e c r e t o f t h e m a n u f a c t u r e r ) . 

An example f o r t h e c o n v e r s i o n o f f l u e n c e v a l u e s i n t o r a d s t h e c a l c u l a t e d 

v a l u e s f o r t h e low t e m p e r a t u r e i r r a d i a t i o n t h i m b l e VT 2 i n t h e IPNS a r e g i v e n 

i n T a b l e 3 .1 / 7 6 / : 
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T a b l e 3 . 1 : C o n v e r s i o n f a c t o r s f rom t o t a l n e u t r o n f l u e n c e t o a b s o r b e d döse f o r 

t h e low t e m p e r a t u r e i r r a d i a t i o n t h i m b l e VT 2 i n IPNS 7 7 6 / 

Compound C o n v e r s i o n f a c t o r 
- 9 2 

(10 r a d / n / c m ) 

Weight f r a c t i o n s 

(%) 

Epoxy 1.049 H ( 6 . 3 ) , C ( 6 6 . 2 ) , 0 ( 1 4 . 3 ) , N ( 8 . 4 ) , S ( 4 . 8 ) 

P o l y i m i d e 0 . 8 9 0 H ( 5 . 1 ) , C ( 7 3 . 4 ) , 0 ( 1 1 . 5 ) , N ( 1 0 . 1 ) 

E - g l a s s a ^ 0 . 3 0 0 B ( 2 . 3 ) , C a ( 1 3 . 3 ) , 0 ( 4 8 . 0 ) , F ( 0 . 3 ) , M g ( 2 . 0 ) , 

/ 0 . 2 0 3 / A l ( 7 . 8 ) , S i ( 2 5 , 7 ) , N a ( 0 . 4 ) , F e ( 0 . 2 ) 

Carbon 0 .206 C ( 1 0 0 . 0 ) 

A l u m i n a 0 . 0 9 5 A l ( 4 7 . 9 ) , 0 ( 4 7 . 7 ) , S i ( 4 . 4 ) 

S i l a n e b ^ 1.327 H ( 8 . 5 ) , C ( 4 5 . 7 ) , 0 ( 3 3 . 8 ) , S i ( 1 1 . 9 ) 

V a l u e s i n b r a c k e t s a r e c o n t r i b u t i o n s due t o bo ron i n E - g l a s s . The w e i g h t 

f r a c t i o n s a r e f o r Kanebo K S - 1 2 1 0 . 

• ^ - g l y c i doxy p r o p y l t r i m e t h o x y s i l a n e . 
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4 . R a d i a t i o n Data o f P o l y m e r s 

4 .1 Po l ymers under C o n s i d e r a t i o n 

O r g a n i c p o l y m e r s a r e d i v i d e d i n t o t h r e e c l a s s e s : t h e r m o s e t s , t h e r m o p l a s t i c s 

and e l a s t o m e r s . 

T h e r m o s e t s , e . g . epoxy and p o l y e s t e r r e s i n , a r e u t i l i z e d by m i x i n g t h e r e s i n 

w i t h a c u r i n g agen t wh i ch then r e a c t c h e m i c a l l y t o g e t h e r . The m o l e c u l e s o f t h e 

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

l i n k e d c h a i n s . The m i x t u r e i s e v e n t u a l l y h a r d , i n s o l u b l e and i n f u s i b l e . When 

h e a t e d i t does no t s o f t e n o r m e l t , but a t a t e m p e r a t u r e o f about 500 K i t b e 

g i n s t o d e g r a d e . 

T h e r m o p l a s t i c s g e n e r a l l y c o n s i s t o f l i n e a r m o l e c u l e c h a i n s o f much g r e a t e r 

m o l e c u l a r w e i g h t and l e n g t h t h a n t h e r m o s e t s . C r o s s - l i n k i n g i s v e r y weak. They 

s o f t e n and m e l t when h e a t e d . Examples f o r t h e r m o p l a s t i c s a r e p o l y e t h y l e n e , 

p o l y p r o p y l e n e , and p o l y m e t h y l m e t h a c r y l a t e . T h e r m o p l a s t i c s can have h i g h c r i -

s t a l l i n i t y o r t h e y can be amorphous o r g l a s s y . 

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

t h e r m o p l a s t i c s , but t h e y have much g r e a t e r e l a s t i c s t r a i n s a t room t e m p e r a t u r e 

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

R e l a t i v e l y low r a d i a t i o n d o s e s can p roduce i n t h e r m o p l a s t i c s o r e l a s t o m e r s a 

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

i n c r e a s e o f t h e c r o s s - l i n k i n g d e n s i t y . Bo th e f f e c t s c a u s e r e m a r k a b l e changes 

of 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 t h e p o l y m e r . In t h e h i g h l y c r o s s - l i n k e d r e l a 

t i v e l y low m o l e c u l a r w e i g h t t h e r m o s e t s t h e s e e f f e c t s a r e much l e s s d i s t i n c t , 

i . e . 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 t h e t h e r m o s e t s a r e r a t h e r l e s s a f f e c t e d by 

n u c l e a r r a d i a t i o n t h a n t h o s e o f t h e r m o p l a s t i c s and e l a s t o m e r s . The rmose ts were 

used as magnet i n s u l a t i o n m a t e r i a l s f i l l e d w i t h g l a s s f i b r e f a b r i c (GFF) as 

r e i n f o r c e r . T h e r e f o r e t h e r a d i a t i o n e f f e c t on t h e f i l l e r must be i n c l u d e d . 

These c o m p o s i t e s f i r s t became o f i n t e r e s t f o r c r y o g e n i c a p p l i c a t i o n s d u r i n g 

t h e s p a c e programmes o f t h e 1 9 6 0 ' s / 4 9 / . 

The m e c h a n i c a l p r o p e r t i e s o f t h e most o r g a n i c p o l y m e r s b e g i n t o deg rade a t d o -
4 5 6 7 

ses o f about 10 - 10 (10 - ^ 1 0 r a d ) . On ly v e r y few p o l y m e r s a r e u s e f u l 

a t doses g r e a t e r t h a n 10 Gy (10 r a d ) . The l a t t e r a r e s u i t a b l e f o r t h e use i n 

f u s i o n r e a c t o r s . 
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From f i s s i o n r e a c t o r deve lopment and h i g h ene rgy p a r t i c l e a c c e l e r a t o r s i r r a d i 

a t i o n d a t a a r e a v a i l a b l e . M e c h a n i c a l and s t r u c t u r a l p r o p e r t i e s were s t u d i e d on 

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

i r r a d i a t i o n a t v a r i o u s t e m p e r a t u r e l e v e l s (room t e m p e r a t u r e , 77 K, 20 K, and 

4 K ) . A l s o t h e f a t i g u e b e h a v i o u r i s needed t o know f o r p u l s e d f u s i o n m a g n e t s . 

In a d d i t i o n , t h e gas e v o l u t i o n , t h e w e i g h t l o s s a n d / o r d i m e n s i o n a l c h a n g e s , 

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

o v e r a l l b e h a v i o u r o f t h e i n s u l a t i o n m a t e r i a l i n a f u s i o n magne t . M o r e o v e r 

e l e c t r i c a l and t h e r m a l p r o p e r t i e s have been s t u d i e d . E l e c t r i c a l f a i l u r e o c c u r s 

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

i n t r i n s i c e l e c t r i c a l p r o p e r t i e s . T h e r e f o r e , m e c h a n i c a l d a t a can be used t o 

j udge t h e p r o b a b l e s u i t a b i l i t y o f a m a t e r i a l . 

4 . 2 Room T e m p e r a t u r e R a d i a t i o n Data f o r R e i n f o r c e d P o l y m e r s 

The i n f l u e n c e o f gamma and n e u t r o n i r r a d i a t i o n a t room t e m p e r a t u r e on t h e 

m e c h a n i c a l , t h e r m a l , and e l e c t r i c a l p r o p e r t i e s o f p o l y m e r s has been s t u d i e d 

a l r e a d y s i n c e t h e 5 0 ' s . There a r e s e v e r a l r e p o r t s / e . g . 6 , 1 1 , 3 4 , 3 5 , 5 8 , 

6 9 / , where an o v e r v i e w i s g i v e n f o r room t e m p e r a t u r e i r r a d i a t i o n d a t a . 

T h i s r e p o r t summar i zes t h e a v a i l a b l e d a t a f o r c a n d i d a t e magnet i n s u l a t i o n 

m a t e r i a l s . Such m a t e r i a l s have u l t i m a t e t e n s i l e , c o m p r e s s i o n o r f l e x u r e 

s t r e n g t h s o f abou t 400 MPa (and h i g h e r ) and i n t e r l a m i n a r s h e a r s t r e n g t h e s o f 

about 50 MPa a t room t e m p e r a t u r e . A t low t e m p e r a t u r e s (4 K and 77 K) t h e s e 

m e c h a n i c a l p r o p e r t i e s a r e h i g h e r by a f a c t o r o f two t o t h r e e . M a t e r i a l s o f 

s p e c i a l i n t e r e s t a r e e p o x y - a n d p o l y i m i d e based r e i n f o r c e d m a t e r i a l s . 

The t a b l e s 4 . 2 - 1 t o 4 . 2 - 6 summar ize t h e m a t e r i a l s , s u p p l i e r s and u l t i m a t e 

f l e x u r e s t r e n g t h w i t h o u t r a d i a t i o n f o r m a t e r i a l s used i n t h e i n v e s t i g a t i o n s a t 

CERN. On ly m a t e r i a l s w i t h abou t 400 MPa (and h i g h e r ) a r e t a k e n i n t o a c c o u n t . 

The f i g u r e s 4 . 2 - 1 t o 4 . 2 - 6 show t h e dependence o f t h e u l t i m a t e f l e x u r e 

s t r e n g t h n o r m a l i z e d t o t h e v a l u e w i t h o u t r a d i a t i o n i n p e r c e n t . T a b l e 4 . 2 - 7 

g i v e s t h e d o s e s f o r t h e m a t e r i a l s t o r e d u c e t h e u l t i m a t e f l e x u r e s t r e n g t h by 

25 %. 
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T a b l e 4 . 2 - 1 : P o l y i m i d e - b a s e d m a t e r i a l s 

No. M a t e r i a l S u p p l i e r U l t i m a t e F l e x u r e S t r e n g t h 
w i t h o u t R a d i a t i o n (MPa) 

P l P o l y i m i d e + g l a s s f i b r e I S O L A 1 ) 426 .7 + 7 1 . 6 (100 % + 1 6 . 8 %) 

P2 KINEL 5 . 5 0 4 ( p o l y i m i d e ) 
A 9 

R h o n e - P o u l e n c 3 7 5 . 7 + 1 8 . 6 (100 % + 5 %) 

P3 KERIMID 601 
( g l a s s f i b r e 181E) 
( B i s - m a l e i m i d e amine) 

R h o n e - P o u l e n c 2 ) 5 0 3 . 3 + 4 2 . 5 (100 % + 8 . 5 %) 

ISOLA, F a b r i q u e S u i s s e d ' I s o l a n t s , B r e i t e n b a c h , S w i t z e r l a n d . 

R h ö n e - P o u l e n c , G e n e v e , S w i t z e r l a n d . 

T a b l e 4 . 2 - 2 : P o l y e s t e r - b a s e d m a t e r i a l s 

P o l y e s t e r S u p p l i e r U l t i m a t e F l e x u r e S t r e n g t h 
w i t h o u t R a d i a t i o n (MPa) 

P01 P o l y e s t e r i s o p h t a l i c + S N P E 3 ^ 4 6 6 . 0 + 8 . 8 (100 %+ 1.9 % 
t a f f e t a m a t e r i a l 

P02 CEV0LIT 1413 ( p o l y e s t e r CELLPACK A G 4 ^ 3 0 1 . 2 + 5 .9 (100 % + 2 %) 
r e s i n + g l a s s f i b r e ) 

P03 G-ETRONAX PM ( p o l y e s t e r E l e k t r o - I S O L A 5 ) 1 9 7 . 2 + 17 .7 (100 % + 9 %) 
l a m i n a t e + 40 % g l a s s 
f i b r e ) 

3 ) S N P E , S o c i e t e N a t i o n a l e de Poud res e t E x p l o s i f s , P a r i s , F r a n c e . 

4) 
; CELLPACK A G , W o h l e n / A a r g a u , S w i t z e r l a n d . 

5) E l e k t r o - I S O L A A I S , V e i g l e , Denmark. 
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F i g . 4 . 2 - 1 : R T - i r r a d i a t i o n w i t h r e a c t o r n e u t r o n s . C E R N - d a t a f o r 

p o l y i m i d e m a t e r i a l s / 3 5 / . 

{% u l t i m a t e f l e x u r e s t r e n g t h vs dose ) 

( P l , P 2 , P3 a c c o r d i n g to t a b l e 4 . 2 - 1 ) 

n 1 1—i—I—I I I I ~i 1 1—I—I—I I I I 

0L#-i _i I I I I I I I I I 

10B 

106 

F i g . 4 . 2 - 2 : 

10' 

107 

10" 

108 

• P01 
o P02 

X P03 

rad 
Gy 

R T - i r r a d i a t i o n w i t h r e a c t o r n e u t r o n s . C E R N - d a t a f o r 

p o l y e s t e r m a t e r i a l s / 3 5 / . 

{% u l t i m a t e f l e x u r e s t r e n g t h vs d o s e ) 

( P 0 1 , P 0 2 , P03 a c c o r d i n g t o t a b l e 4 . 2 - 2 ) 
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T a b l e 4 . 2 - 3 : Epoxy N o v o l a c - M a t e r i a l s 

M a t e r i a l S u p p l i e r U l t i m a t e F l e x u r e S t r e n g t h 
w i t h o u t R a d i a t i o n (MPa) 

NI EPIKOTE 154 + 
g l a s s t a p e 

MNA a ) + M I C A F I L 6 ) 4 4 1 . 4 + 18 .6 (100 % + 4 . 2 %) 

N2 EPIKOTE 154 + 
g l a s s f a b r i c 

D D S b ) + MICAFIL 4 3 0 . 6 + 1 1 . 8 (100 % + 3 %) 

N3 EPIKOTE 154 + 
g l a s s f a b r i c 

DDM°) + MICAFIL 3 5 1 . 2 + 14 .7 (100 % + 4 . 2 %) 

N4 Epoxy N o v o l a c 
g l a s s f a b r i c 

438 + HY 9 0 6 d ) I S O L A 1 ) 458 .1 + 7 4 . 6 (100 % + 1 6 . 3 %) 

N5 Epoxy N o v o l a c 
a c c e l e r a t o r 

431 + MNA + I SOLA 4 6 4 . 0 + 74 .6 (100 % + 16 .1 %) 

N6 Epoxy N o v o l a c 
complex 

431 + B F 3 M E A e ) ISOLA 3 6 3 . 9 + 15 .7 (100 % + 4 . 4 %) 

N7 VETRESIT 1 4 ; EPIKOTE 827 + 
DDS + g l a s s t i s s u e 

MICAFIL 4 4 5 . 4 + 3 .9 (100 % + 1 %) 

M I C A F I L , Z ü r i c h , S w i t z e r l a n d . 

MNA = Me thy l n a d i c a n h y d r i d e ( H a r d e n e r ) . 

DDS = D i a m i n o d i p h e n y l s u l f o n e ( A r o m a t i c h a r d e n e r ) . 

DDM = D i a m i n o d i p h e n y l methane ( A r o m a t i c h a r d e n e r ) . 

HY 906 = A c i d a n h y d r i d e ( H a r d e n e r ) . 

BF MEA = Boron t r i f l u o r i d e m o n o e t h y l a m i n e BF -NH - C H - C H . 
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T a b l e 4 . 2 - 4 : Epoxy r e s i n m a t e r i a l s 

No Epoxy r e s i n m a t e r i a l s S u p p l i e r U l t i m a t e F l e x u r e S t r e n g t h 
w i t h o u t r a d i a t i o n (MPa) 

E l B IRAKRIT -Epoxy f i b r e - g l a s s 
l a m i n a t e t y p e 2 3 7 0 . 4 

UOP 7 ) 546 .4 + 2 7 . 5 (100 % + 5 %) 

E2 B IRAKRIT -Epoxy f i b r e - g l a s s 
l a m i n a t e t y p e 2372 .2 

UOP 5 0 8 . 2 + 4 6 . 1 (100 % + 9 %) 

E3 VETRONIT EPG 10 I S O L A 1 ) 510 .1 + 2 1 . 6 (100 % + 5 %) 

E4 VETRONIT EPG 11 ISOLA 3 5 0 . 2 + 6 . 9 (100 % + 2 %) 

E5 E p o x y , t y p e EGS 102 
8) 

F e r r o z e l 1 ' 538 .6 + 4 . 9 (100 % + 1 %) 

E6 ISOVAL 11 + c h a r g e 2569 
(epoxy r e s i n w i t h g l a s s ) 

ISOVOLTA 9 ) 3 6 4 . 9 + 1 0 . 8 (100 % + 3 %) 

E7 SAMICATHERM 3 6 6 . 2 8 . 0 2 
Epoxy r e s i n + M i c a ' + 
g l a s s t a p e 

ISOLA 2 2 4 . 6 + 7 .8 (100 % + 3 . 5 %) 

E8 Epoxy r e s i n + M i c a + 
g l a s s t a p e 

C I B A - G E I G Y 1 0 ) 2 9 9 . 2 + 1 9 . 6 (100 % + 7 %) 

UOP, B i s t e r f e l d & S t o l t i n g GmbH, E g e r p o h l / W i p p e r f ü r t h , West Germany. 

8) 
F e r r o z e l 1 - G e s c h w . Sachs & C o . mbH, A u g s b u r g , West Germany. 

9) 
ISOVOLTA, V i e n n a , A u s t r i a . 

10) 
C I B A - G E I G Y , B a s e l , S w i t z e r l a n d . 

MICA = K 0 . 3A1 0 . 6 S i O . 2H 0 . 
2 2 3 2 2 
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100 

50 

-1 1 1—I—I—I I I ~1 1 1—I—I—I I I 

_l I I I I I I 

e N1 

o N2 

x N3 

+ N4 

H N5 

a N6 

A N7 

10° 10 

10u 

108 

rad 
Gy 

10" 

F i g . 4 . 2 - 3 : R T - i r r a d i a t i o n w i t h r e a c t o r n e u t r o n s . C E R N - d a t a f o r epoxy 

NOVOLAC m a t e r i a l s / 3 5 / . {% u l t i m a t e f l e x u r e s t r e n g t h vs dose ) 

(N 1 e t c a c c o r d i n g t o t a b l e 4 . 2 - 3 ) 

% 

100 

50 

oUa-
10° 

106 

-I 1 1—I—I—I—I I I ~l 1—I—1—I I I I 

J I I L I I I » 

• E1 

o E2 

x E3 

+ E4 

• E5 

o E6 

A E7 

A E8 

rad 
Gy 

10' 

109 

F i g . 4 . 2 - 4 : R T - i r r a d i a t i o n w i t h r e a c t o r n e u t r o n s . C E R N - d a t a f o r epoxy 

r e s i n m a t e r i a l s / 3 5 / . (% u l t i m a t e f l e x u r e s t r e n g t h vs dose ) 

(E 1 e t c a c c o r d i n g to t a b l e 4 . 2 - 4 ) 
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T a b l e 4 . 2 - 5 : Epoxy r e s i n ( A r a l d i t e ) m a t e r i a l s 

A r a l d i t e - M a t e r i a l s S u p p l i e r U l t i m a t e F l e x u r e S t r e n g t h 
w i t h o u t r a d i a t i o n (MPa) 

A l MY 740(100)- j } + MNA(80) + 
DMP 3 0 ( 0 . 5 ) n ; + g l a s s 

P L E S S E Y 1 1 ) 2 8 3 . 5 + 7 .8 (100 % + 2 . 0 %) 

A2 MY 7 4 5 1 } « + HY 906 + 
XB 2 6 8 7 J ' + g l a s s 

A L S T 0 M 1 2 ) 3 3 3 . 5 + 5 6 . 9 (100 % + 17 %) 

A3 Magnet c o i l r e s i n t y p e B 
r e i n f o r c e d w i t h f i b r e - s i l a -
n i z e d g l a s s t a p e t y p e 1 
( B a s e : T G D M k ' + MNA + 
o t h e r componen ts ) 
( c u t p a r a l l e l t o f i b r e ) 

BBC B a d e n 1 3 ) 4 2 1 . 8 + 8 3 . 4 (100 % + 20 %) 

A4 A r a l d i t e F (100 ) + MNA(80) + 
DMNA(0.5) + f i l l e r 

R u t h e r f o r d * 
W o r k s h o p 1 ^ 

3 1 2 . 9 + 2 . 9 (100 % + 1 %) 

A5 A r a l d i t e F + MNA + f i l l e r L I N T 0 T T 1 5 ) 4 3 6 . 5 + 5 5 . 9 (100 % + 13 %) 

U ) PLESSEY Company L t d . I I f o r d , E s s e x , E n g l a n d . 

1 2 ) ALSTOM, Be l f o r t , F r a n c e . 

1 3 ) B B C , B a d e n , S w i t z e r l a n d . 

1 4 ) R u t h e r f o r d Workshop , R u t h e r f o r d , E n g l a n d . 

1 5 ) LINTOTT E n g i n e e r i n g L t d . , Ho rsham, S u s s e x , E n g l a n d . 

g) MY 740 = u n m o d i f i e d epoxy r e s i n based on B i s p h e n o l A . 

h) DMP 30 = a c c e l e r a t o r . 

i ) MY 745 = m o d i f i e d epoxy r e s i n based on B i s p h e n o l A . 

j ) XB 2687 = a c c e l e r a t o r . 

k ) TGDM = T e t r a e p o x y p r o p y l - m e t h y l e n e - d i a n i 1 i n e . 
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T a b l e 4 . 2 - 6 : O r l i t h e r m ® - M a t e r i a l s 

No A r a l d i t e F [CY 205] S u p p l i e r U l t i m a t e F l e x u r e S t r e n g t h 
w i t h o u t r a d i a t i o n (MPa) 

01 Magnet c o i l r e s i n O r l i t h e r m BBC Baden 2 2 4 . 6 + 11 .7 (100 % + 5 %) 
( D r e i n f o r c e d w i t h f i b r e -
s i l a n i z e d woven g l a s s t y p e 1 
and m i c a - p a p e r t a p e 

02 same as 01 w i t h o u t m i c a - BBC Baden 510 .1 + 1 1 . 8 (100 % + 2 .5 .%) 
pape r t a p e , 12 h , 165 °C 

03 O r l i t h e r m C D r e i n f o r c e d BBC Baden 4 5 0 . 3 + 2 4 . 5 (100 % + 5 . 5 %) 
w i t h g l a s s woven t a p e 
t y p e 2 w i t h a s p e c i a l s i l a n e 
f i n i s h , 12 h , 165 °C 

04 O r l i t h e r m ® r e i n f o r c e d BBC Baden 2 6 4 . 9 + 9 . 8 ( 1 0 0 + 4 % ) 
w i t h g l a s s woven t a p e t y p e 2 
w i t h a s p e c i a l s i l a n e f i n i s h 
and m i c a - p a p e r t a p e , 5 h , 
135 °C + 6 h , 160 °C 

05 O r l i t h e r m ( J ) r e i n f o r c e d w i t h BBC Baden 563 .1 + 2 5 . 5 (100 % + 5 %) 
a f i b r e - s i l a n i z e d woven g l a s s 
t a p e t y p e 3 , 5 h , 135 C + 
6 h , 160 °C 

06 O r l i t h e r m (R) r e i n f o r c e d w i t h BBC Baden 2 2 3 . 7 + 19 .6 (100 % + 9 %) 
a f i b r e - s i l a n i z e d woven g l a s s 
t a p e t y p e 3 and m i c a - p a p e r 
t a p e . 5 h , 135 °C + 6 h , 
160 °C 

07 O r l i t h e r m ® r e i n f o r c e d w i t h BBC Baden 3 7 9 . 6 + 4 4 . 7 (100 % + 12 %) 
a s a n d w i c h t a p e b u i l t up o f a 
f i b r e - s i l a n i z e d woven g l a s s 
t a p e t y p e 32 and a p o l y i m i d e 
f i l m , 16 h , 140 °C 
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n 1 1—I—I I I I I i I I I r~i I I I 

I I _i I I I I I I 

e A 1 

o A 2 

x A 3 

+ A 4 

• A S 

10' 10" rad 
Gy 

10" 

F i g . 4 . 2 - 5 : R T - i r r a d i a t i o n w i t h r e a c t o r n e u t r o n s . 

C E R N - d a t a f o r A r a l d i t e m a t e r i a l s / 3 5 / , 

(% u l t i m a t e f l e x u r e s t r e n g t h vs d o s e ) 
(A 1 e t c a c c o r d i n g t o t a b l e 4 . 2 - 5 ) 

- / / -

F i g . 4 . 2 - 6 : 

I—:—I I I I I ~i 1 1 — I — I — r 

j i I I I I I I j I I I I I I I I 

• 0 1 

o 0 2 

x 0 3 

+ 0 4 

B 0 5 

o 0 6 

A 0 7 

10' 

107 10° 

rad 
Gy 

10" 

10' 

R T - i r r a d i a t i o n w i t h r e a c t o r n e u t r o n s . C E R N - d a t a f o r O r l i t h e r m 

( R ) - m a t e r i a l s . {% u l t i m a t e f l e x u r e s t r e n g t h vs d o s e ) 

(0 1 e t c a c c o r d i n g t o t a b l e 4 . 2 - 6 ) 
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T a b l e 4 . 2 - 7 : Doses t o r educe t h e u l t i m a t e f l e x u r e s t r e n g t h (UFS) by 

25 % f o r t h e m a t e r i a l s o f T a b l e s 4 . 2 - 1 t o 4 . 2 - 6 . 

R T - i r r a d i a t i o n 

M a t e r i a l 75 % Dose (Gy) C t o r e d u c e UFS by 25 %] 

P l 5 x 1 0 7 

P2 

P3 

P01 1.5 x 1 0 7 

P03 3 x 1 0 7 

6 

NI 7 x 10 
N2 1 0 7 

N3 3 x 1 0 7 

N4 2 x 1 0 7 

N5 i o 7 

N6 1.3 x 1 0 7 

7 

N7 1.2 x 10 

E l 1.7 x I O 7 

E2 1.2 x 1 0 7 

A l 4 . 5 x 1 0 7 

A2 1 0 7 

A3 6 . 5 x 1 0 7 

A4 4 . 5 x 1 0 7 

A5 2 .6 x 1 0 7 

7 
01 1.6 x 10 

02 

4 x 1 0 7 ( e x t r a p o l a t e d ) 

7 x 10 
7 

03 7 x 10 

04 1.3 x 10 

05 8 x 10 

06 

6 , 
7 x 10 ( e x t r a p o l a t e d ) 
7 i n 

07 3 x 10 

6 , 
4 . 5 x 10 ( e x t r a p o l a t e d ) 

o w i n 
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E x t e n s i v e s t u d i e s on room and low t e m p e r a t u r e i r r a d i a t i o n on f i v e s p e c i a l l y 

p r e p a r e d s p e c i m e n s a r e r e p o r t e d i n / 7 4 , 7 6 , 7 7 / . Two o f t h e samp les had epoxy 

r e s i n s as m a t r i x and were r e i n f o r c e d one w i t h E - g l a s s and t h e o t h e r w i t h c a r 

bon f i b r e s ; two o t h e r s had a p o l y i m i d e ( K e r i m i d 601) m a t r i x r e i n f o r c e d a g a i n 

w i t h E - g l a s s and c a r b o n f i b r e s . The f i f t h sample c o n s i s t e d o f u n i d i r e c t i o n a l 

a l u m i n a f i b r e s i n an epoxy r e s i n . The samp les were i r r a d i a t e d a t t h e J n t e n s e 

P u l s e d Neu t ron _Source ( IPNS) (ANL) a t room t e m p e r a t u r e and 5 K. T e s t s o f me

c h a n i c a l p r o p e r t i e s were pe r f o rmed a t room t e m p e r a t u r e . Maximum a b s o r b e d d o s e s 

o f t h e m a t r i x r e s i n were abou t 3 . 5 MGy a t room t e m p e r a t u r e and 4 . 6 5 MGy a t 5 

K. On ly s m a l l changes i n t h e Y o u n g ' s m o d u l u s , s h e a r modu lus and u l t i m a t e 

s t r e n g t h were f o u n d . But t h e s e d a t a a r e not u s a b l e as magnet d e s i g n d a t a 

because t h e m e c h a n i c a l t e s t s were p e r f o r m e d a t room t e m p e r a t u r e . M o r e o v e r , 

m a t e r i a l s t o be used as magnet i n s u l a t o r s a r e e x p e c t e d t o w i t h s t a n d more t h a n 

5 MGy. 
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4 . 3 Low Tempera tu re R a d i a t i o n Data f o r R e i n f o r c e d P o l y m e r s 

Low t e m p e r a t u r e r a d i a t i o n d a t a a r e v e r y s p a r s e f o r 4 K i r r a d i a t i o n , but t h e r e 

i s f o r 77 K and 20 K a s u i t a b l e d a t a b a s e . Most o f t h e d a t a a r e g a t h e r e d i n 

CERN l a b o r a t o r y , i n Japan ( L i q u i d H e l i u m Tempera tu re Loop a t t h e J R R - 3 R e a c t o r 

a t J A E R I , T o k a i - M u r a ) , and i n USA (ORNL, ANL , LASNL , L L N L , and o t h e r s ) . 

T a b l e 4 . 3 - 1 shows some s e l e c t e d d a t a f o r s e v e r a l m a t e r i a l s . The d a t a s tem f rom 

Evans and Morgan / 5 1 / . The d a t a show t h a t upper 75 %-doses d o n ' t e x i s t f o r 

s e v e r a l m a t e r i a l s . 

A m e r i c a n and J a p a n e s e d a t a a r e g i v e n i n t h e f o l l o w i n g f i g u r e s : F i g . 4 . 3 - 1 t o 

4 . 3 - 5 f o r G-10 C R , G-10 C R ( B F ) , G - l l C R , E p i k o t e 828 (Epon 8 2 8 ) , and S t y c a s t 

2850 FT . These m a t e r i a l s base on epoxy r e s i n s . These d a t a d o n ' t a g r e e w i t h t h e 

d a t a i n t a b l e 4 . 3 - 1 . The r e a s o n f o r t h e d i s a g r e e m e n t i s no t known. 

G-10 CR c o n s i s t s o f a h i g h m o l e c u l a r w e i g h t epoxy o f t h e d i g l y c i d y l e t h e r o f 

b i s p h e n o l - A t y p e (DGEBA) w i t h an a l i p h a t i c amine c a t a l y s t . The E - g l a s s f a b r i c 

r e i n f o r c e m e n t i s S t y l e 7628 p l a i n wave w i t h a s i l a n e c o u p l i n g a g e n t . 

G - l l CR i s s i m i l a r i n c o n s t r u c t i o n t o G-10 CR e x c e p t t h a t i t i s f o r m u l a t e d 

w i t h a l o w e r m o l e c u l a r w e i g h t DGEBA epoxy and i s c u r e d w i t h an a r o m a t i c amine 

w h i c h c o n t a i n s t h e benzene r i n g . 

Epon 828 ( E p i k o t e 828) and S t y c a s t 2850 ( B l u e ) a r e i n o r g a n i c a l l y f i l l e d 

e p o x i e s . 

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

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

i n t h e dose r a t e s and e n v i r o n m e n t s t o be employed i n a f u s i o n r e a c t o r m igh t 

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

nen t e f f e c t s s h o u l d be used as a g u i d e t o s e l e c t i n g p r o m i s i n g c o m m e r c i a l m a t e 

r i a l s . 

T a b l e 4 . 3 - 2 shows t h e c h e m i c a l c o m p o s i t i o n s o f G-10 and p o l y i m i d e f i b e r g l a s s . 

T a b l e 4 . 3 - 3 shows t y p i c a l c o m p o s i t i o n s o f g l a s s used as r e i n f o r c e m e n t f o r 

c r y o g e n i c l a m i n a t e s . 
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T a b l e 4 . 3 - 1 : Low Tempera tu re R a d i a t i o n Data 

/ a c c o r d i n g t o Evans and M o r g a n , 5 1 / 

M a t e r i a l P r o p e r t y T i r r 

_ L K I _ 

T t e s t 

(K) 

I n i t i a l 
V a l u e 
(MPa) 

75 % Dose 

(Gy) 

P o l y i m i d e ( K a p t o n ) T e n s i l e 
s t r e n g t h 

77 77 245 > 1 . 3 x 1 0 6 

P o l y i m i d e ( K a p t o n ) T e n s i l e 
s t r e n g t h 

20 20 325 1.3 x 1 0 6 

P o l y i m i d e ( K a p t o n ) T e n s i l e 
s t r e n g t h 

5 77 320 > 9 . 0 x 1 0 6 

E p i k o t e 191/DDM F l e x u r e 
s t r e n g t h 

77 77 211 > 1 . 0 x 1 0 7 

E p i k o t e 8 2 8 / 
P o l y a m i d e 

T e n s i l e 
s t r e n g t h 

5 77 510 3 . 0 x 1 0 6 

E p i k o t e 828 /K61B T e n s i l e 
s t r e n g t h 

5 77 390 > 3 . 0 x 1 0 6 

MY 745/HY 9 0 5 / 
DY 063 /EPN 1139 

F l e x u r e 
s t r e n g t h 

77 295 204 > 1 . 0 x 1 0 7 

E p i k o t e 828 /DDM/ 
E p i k o t e 154 

F l e x u r e 
s t r e n g t h 

77 77 167 > 7 .9 x 1 0 6 

NEMA G-10 CR F l e x u r e 
s t r e n g t h 

77 4 . 9 862 > 1 . 0 x 1 0 7 

S t y c a s t 2850 F l e x u r e 
s t r e n g t h 

77 4 . 9 254 1.0 x 1 0 7 

Epon 8 2 8 / Z / S i l i c a F l e x u r e 
s t r e n g t h 

77 4 . 9 225 > 1 . 0 x 1 0 6 
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~T 1 1 1—I I I I 1 I I I 1 1—I I I I 

G-10CR, T i r r = 4.9 K, Warm up to 307 K, Testat78K • Flexure 

o Compression 

unirradiated 

R= 1100 MPa 

M = 886 MPa 

(E>0.1 MeV) 
1 0 *8.7x10 l 6n/cm 2 fQÖs(f) 

8 (E> 0.1 MeV) 10 Gy(lf) 

F i g . 4 . 3 - 1 : Oak R idge d a t a f o r 6 - 1 0 C R . 

~i 1—I—I—I—I—I I I 

100 

50 

Q-10CR, T i r r =4.9K, Warm up to 307 K, Test at 78 K 
(BF) 

• Flexure 

Ol^-L _l I I I L. -J I 1 I I I I I I I 

unirradiated 
M= 990 MPa 

108 

10° 

10' 

107 

2.4 
+ 2.2x10'6n/cmz 

(E>0.1 MeV) 

1 0 , 0 *8 .7* io ' 6 r , /cm 2 rads (K) 
e (E> 0.1 MeV) 

10 Gy ft) 10' 

F i g . 4 . 3 - 2 : Oak R idge d a t a f o r boron f r e e (BF ) G-IOCR. 
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100 

50 

10° 

10" 

n—i—I I i i -i—i—I 1 r 

Q-11CR, T l r r =4.9K, Warm up to 307 K, Testat78K 

10 

10' 

e Flexure 

o Compression 

unirradiated 

R = 1113MPa 

M= 826 MPa 

2.t 
2.2x10 l6n/cm* 
(E> 0.1 MeV) 

1 0 \ 8 . 7 x 1 0 % / c m ! PQdS (If) 
e (E>0.1MeV) Q y ^ 

10 

10' 

10' 

F i g . 4 . 3 - 3 : Oak R i d g e d a t a f o r G - l l C R . 

F i g . 4 . 3 - 4 : Oak R i d g e d a t a f o r ( f i l l e d and u n f i l l e d ) E p i k o t e . 
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STYCAST 
2 850 FT 

I I I I r~r-| I I—I 1—I—I—I I I I 

T i r r = 4.9 K, Warm up to 307 K, Test at 78 K 

100 r 

• Flexure 

o Compression 

+ Shear bond 

a Lap shear 

unirradiated 

fl = 262 MPa 

M = 570 MPa 

R= (107-1531 MPal 

R= 47 MPa 

o 

F i g . 4 . 3 - 5 : Oak R i d g e d a t a f o r S t y c a s t 2850FT . 

~i 1—I—I—I—I I I ~i—I—I—I—I—I—I I 11 

SPAULRAD, 

0l#-
10» 

10" 

T i r r= 4.9 K, Warm up to 307 K, Test at 78 K 
and 300 K 

J 1 1 l i ' ' ' I 

10v 

10' 

—J—I i i 

• Flexure 

o Compression 

—i—I—I—I I I I 

unirradiated 
990 MPa 
680 MPa 

2.1 
•2.2x10 , 6 n/cm 2 

(E> 0.1 MeV) 

J 1 i I i i I I 
1 ° , 0 * 8 . 7 x 1 0 ' ° n / c m > rads U ) ^ 
1 0 8 (E>0.1MeV) Qy (Y) 10' 

F i g . 4 . 3 - 6 : Oak R i d g e d a t a f o r SPAULRAD ( p o l y i m i d e ) . 
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T a b l e 4 . 3 - 2 : C h e m i c a l C o m p o s i t i o n s o f G-10 and P o l y i m i d e F i b e r g l a s s 

( i n w e i g h t %) (BF = Boron F r e e ) / 3 6 / 

E lement * 
G-10 

G-10 BF P o l y i m i d e - F i b e r g l a s s (BF) 

H 2 . 0 2 2 .02 1.56 

B 1.74 - -

C 2 1 . 8 2 1 . 8 2 8 . 2 

N 1.0 1.0 3 .13 

0 3 9 . 4 1 3 7 . 8 6 3 5 . 0 5 

F 0 . 0 7 0 .077 0 .066 

Na 0 . 3 1 2 0 . 3 4 3 0 . 2 9 4 

Mg 1.9 2 .09 1.79 

A l 5 . 1 9 5.7 4 . 8 9 

S i 1 7 . 7 19 .4 16 .7 

Ca 8 . 7 6 9 .6 8 . 2 3 

Fe 0 . 0 9 8 0 . 1 0 8 0 .09 

B u l k d e n s i t i e s r e p o r t e d i n t h e l i t e r a t u r e f o r G-10 v a r i e s 

f rom 0 . 9 5 g /cm ( u n f i l l e d ) t o 1 .8 g /cm ( f i l l e d ) . 
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T a b l e 4 . 3 - 3 : T y p i c a l C o m p o s i t i o n s o f G l a s s used as R e i n f o r c e m e n t f o r 

C r y o g e n i c L a m i n a t e s ( w e i g h t %) / 4 9 / 

G l a s s D e s i g n a t i o n 

E S - 9 0 1 / S - 2 * R 

S i 0 2 5 4 . 4 6 5 . 0 6 0 . 0 

A 1 2 0 3 
14 .4 2 5 . 0 2 5 . 0 

CaO 1 7 . 5 9 . 0 

MgO 4 . 5 1 0 . 0 6 . 0 

B 2 ° 3 8 . 0 

N a 2 0 + K 2 0 0 . 5 

F e 2 ° 3 0 . 4 

F 2 0 . 3 

O w e n s / C o r n i n g C o r p o r a t i o n . , T o l e d o , O h i o . 

* * ) 

V e t r o f l e x D i v i s i o n , S a i n t - G o b a i n I n d u s t r i e s , 

N e u i 1 l y - s u r - S e i n e , F r a n c e . 
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The F i g s . 4 . 3 - 6 t o 4 . 3 - 8 show i r r a d i a t i o n d a t a f o r t h e p o l y i m i d e based m a t e r i 

a l s S p a u l r a d , N o r p l e x and V e s p e l ( b u l k fo rm o f K a p t o n ) . Compared w i t h t h e e p o 

xy based m a t e r i a l s t h e r a d i a t i o n r e s i s t a n c e i s a t l e a s t by a f a c t o r o f 5 h i g h 

e r . G e n e r a l l y p o l y i m i d e - b a s e d i n s u l a t i o n m a t e r i a l s a r e more e x p e n s i v e t h a n 

e p o x y - b a s e d m a t e r i a l s by a f a c t o r o f 3 t o 4 / 5 4 / . 

A d d i t i o n a l l y t o t h e i n v e s t i g a t e d m a t e r i a l s , magnet b u i l d e r s have used a c o u p l e 

o f o t h e r e l e c t r i c a l l y (and t h e r m a l l y ) i n s u l a t i n g m a t e r i a l s , e . g . M y l a r , K a p 

t o n , Nomex e t c . . F i g . 4 . 3 - 9 shows t h e i r r a d i a t i o n b e h a v i o u r o f Kapton and My

l a r . The b r e a k i n g s t r e s s o f M y l a r i s r e d u c e d s u b s t a n t i a l l y by i r r a d i a t i o n a t 
6 

doses o f abou t 5 x 10 Gy . K a p t o n , a p o l y i m i d e f i l m , h o l d s up w e l l and shows 

p r o m i s e up t o t h e h i g h e s t a p p l i e d d o s e s / 2 8 / . 

T a b l e 4 . 3 - 4 shows t h e 75 %-dose f o r t h e m a t e r i a l s i r r a d i a t e d a t 4 K, warmed up 

t o room t e m p e r a t u r e and t e s t e d a t 77 K. 

F i g . 4 . 3 - 1 0 shows a c o m p a r i s o n between G - l l CR and S p a u l r a d . I t i s c l e a r l y 

shown t h e p o l y i m i d e s t a r t s a t l o w e r f l e x u r e s t r e n g t h , bu t keeps i t s s t r e n g t h 

up t o much h i g h e r doses t h a n t h e e p o x y - b a s e d G - l l CR. T h e r e f o r e p o l y i m i d e a r e 

b e t t e r t h a n e p o x i e s w i t h r e s p e c t t o r a d i a t i o n r e s i s t a n c e . 

I n v e s t i g a t i o n s o f Weber e t a l . / 6 2 / seem t o c o n f i r m t h e above s t a t e m e n t . Th ree 

k i n d s o f samp les used c o m m e r c i a l l y f o r magnet i n s u l a t i o n were i r r a d i a t e d a t 77 

K by n e u t r o n s and gammas i n a r e a c t o r . Measurements were made a t 77 K w i t h o u t 

warm u p . The samp les w e r e : 

A : 4 l a y e r s o f g l a s s woven t a p e , t h e r m a l l y d e s i z e d and w i t h s p e c i a l a m i n o -

s i l a n e f i n i s h , 20 x 0 . 1 4 mm and magnet c o i l r e s i n EP 3 0 5 , BBC Brown 

B o v e r i & C i e , 0 . 9 3 mm t h i c k n e s s . 

2 

B : 4 l a y e r s o f f i b e r s i l a n i z e d woven g l a s s t a p e , 20 x 0 . 1 4 mm and magnet 

c o i l r e s i n EP 3 0 5 , BBC Brown B o v e r i & C i e , 1.21 mm t h i c k n e s s . 

C : A c o m b i n a t i o n o f t h e above g l a s s t a p e w i t h p o l y i m i d e f o i l ( K a p t o n ) , 20 x 
2 r-

0 . 0 5 mm , Du Pont de Nemours and Company, j _ g l a s s / K a p t o n / g l a s s / K a p t o n / 

g l a s s ] ] and same r e s i n EP 305 as a b o v e . 
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1 1 1—I—I I I I "~i ' i I I I I I r~ 

NORPLEX, Tin.= 4.9K, Warm up to 307 K, Test af 78K 
and 300K 

• Flexure 

o Compression 

unirradiafed 
690 MPa ' 
630 MPa II 
900 M P a i 

OVA- J I I ' I ' _l_ J I I I I I 
10» 

106 

10' 
+2.2x10'6n/cm2 

(E > 0.1 MeVI 

10'° 

10« 

+ 8.7x10 l 6n/cm 2 

(E>0.1 MeV) 

rads (K) 10" 

Gy M 10' 

F i g . 4 . 3 - 7 : Oak R i d g e d a t a f o r N o r p l e x ( p o l y i m i d e ) . 

-1 1 1—I—I I 1 1 

VESPEL, 

10» 

10s 

n i 1 1 1 r 

T iri.= 4,9K, Warm up to 307 K, Testat 78 K 
and 300 K 
and 4.2 K 

J i * I i i I 

-i-TT 

10' 

107 

_ L _ J 1_ J I 1 i L_ 

e Flexure 

o Compression 

unirradiated 

320 MPa 

250 MPa 

+ 2."x10 , 6n/cm z 

(E> 01 MeV) 

10'° 

108 

_J I I i I I I I 

+ 8.7x10 , 6 nAm 2 

(E> 0.1 MeV) 

rads (*) 10" 

Gy (?) 109 

F i g . 4 . 3 - 8 : Oak R idge d a t a f o r V e s p e l ( p o l y i m i d e ) . 
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100 

50 

-l 1 1—I—I I I I _j , ! , , , — , _ 

0 ^ 

10° 

• Kapton 

o Mylar 

(T) too brittle to be measured 

(2) end of life 

I i I i i i I I 

10' 

10" 

10a 

rad 
Gy 

10" 

10' 

F i g . 4 . 3 - 9 : I r r a d i a t i o n d a t a f o r M y l a r and K a p t o n , 

n 1 1 — i — 1 1 1 1—I—I I I I 

Epoxy x G -11 CR 

Polyimide o Spaulrad 

FLEXURE STRENGTH 

(Oak Ridge Work) 

1 200 

1000. 

800 

600 

400 

200 

38% loss of strength 

9 0 % loss of strength 

oyM i J J I I 
0 1 2 3 4 5 10 

GAMMA - DOSE (MGy = 10°rad) 
20 30 40 50 60 100 

A + 8.7x10 , o n/cm 2 

I (E> 0.1 MeV) 

F i g . 4 . 3 - 1 0 : C o m p a r i s o n o f e p o x y - b a s e d and p o l y i m i d e based 

i n s u l a t i o n m a t e r i a l s . 
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T a b l e 4 . 3 - 4 : 75 %-dose f o r m a t e r i a l s i r r a d i a t e d a t 5 K 

M a t e r i a l 75 %-dose (Gy) 

G-10 CR 3 x 1 0 6 

G-10 CR (BF) 3 x 1 0 6 

G - l l CR 4 x 1 0 6 

E p i k o t e 828 (Epon 828) 7 x 1 0 6 

S t y c a s t 2850 FT 1 x 1 0 7 

S p a u l r a d 5 x 1 0 7 

N o r p l e x 4 x 1 0 7 

V e s p e l > 1 0 8 

M y l a r 1.2 x 1 0 6 

Kapton > 1 0 7 
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The maximum a p p l i e d dose was 1.5 x 10 Gy ( 2 / 3 gamma-, 1 /3 n e u t r o n d o s e ) . The 

r e s u l t s a r e shown i n F i g . 4 . 3 - 1 1 . At a dose o f 7 .4 x 10 G y , samp les A and B 

l o s t about 30 % o f t h e i r i n i t i a l t e n s i l e s t r e n g t h , but C r e t a i n e d t h e i n i t i a l 
8 

v a l u e . A t t h e dose o f 1.5 x 10 Gy a l l c o m p o s i t e s were d e s t r o y e d . 

0 * - d o s e , Gy 1 x 1 ° 6 5 1 x 1 0 7 5 1 x 1 0 

n - d o s e ( G y , , , , L 

5 1x10 6 5 1x107 5 
total dose, Gy . 

1X10 6 5 1X107 5 W O 

F i g . 4 . 3 - 1 1 : R e s u l t o f / 6 2 / f o r v a r i o u s c o m p o s i t e s used 

c o m m e r c i a l l y i n magnet i n s u l a t i o n . 
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4 . 4 Gas E v o l u t i o n due t o R a d i a t i o n 

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

4 . 2 and 4 . 3 a r e accompan ied by gas e v o l u t i o n . At room t e m p e r a t u r e t h e s e gas 

m o l e c u l e s can e s c a p e by normal d i f f u s i o n p r o c e s s e s f rom t h e spec imen o r a g g l o 

mera te i n t h e b u l k m a t e r i a l s . A t c r y o g e n i c t e m p e r a t u r e s t h e e s c a p e mechan ism 

i s p r e v e n t e d . The g e n e r a t e d gas i s f r o z e n ou t a t 4 K and t h e r e f o r e t r a p p e d . 

D u r i n g warm up t h e gas i s r e l e a s e d o r a g g l o m e r a t e s i n gas b u b b l e s i n t h e s p e 

c i m e n . W i th h i g h e r t e m p e r a t u r e s t h e gas p r e s s u r e r i s e s and t h e spec imen s w e l l s 

and can b r e a k . In c o m p o s i t e m a t e r i a l s d e b o n d i n g o c c u r s . 

The a t o m i c gas p r o d u c i n g e f f e c t s a t low and room t e m p e r a t u r e s a r e b e i n g e x p e c 

t e d t o d i f f e r s i g n i f i c a n t l y . F i g . 4 . 4 - 1 shows t he e v o l u t i o n o f hydrogen f rom 

t h e po l ymer p o l y e t h y l e n e i r r a d i a t e d a t v a r i o u s t e m e r a t u r e s / 5 1 / . ( P o l y e t h y l e n e 

i s o f t e n used as power c a b l e i n s u l a t i o n . ) The r e m a r k a b l e f a c t i s seen a t abou t 

250 K where a d i s c o n t i n u i t y i s seen a t t h e g l a s s t r a n s i t i o n t e m p e r a t u r e , t h e 

p o i n t a t w h i c h movement o f t h e p o l y m e r c h a i n segments becomes s e v e r e l y r e 

s t r i c t e d . T h i s r e s t r i c t i o n o f t h e movement o f po l ymer c h a i n s i s r e s p o n s i b l e 

f o r t he d i f f e r e n c e s p roduced by low t e m p e r a t u r e i r r a d i a t i o n . 

R e a c t i o n s , w h i c h r e q u i r e c h a i n segmet movements , a r e l e s s l i k e l y t o o c c u r a t 

low t e m p e r a t u r e , e . g . f o r m a t i o n o f c r o s s - l i n k a g e s and gas e v o l u t i o n . The me

c h a n i c a l p r o p e r t i e s a r e c o n s e q u e n t l y d i f f e r e n t when t e s t e d w i t h and w i t h o u t an 

i n t e r m e d i a t e warming up t o amb ien t c o n d i t i o n s . 

The g l a s s t r a n s i t i o n t e m p e r a t u r e f o r p o l y m e r s a r e r e p o r t e d t o be i n t h e range 

o f - 1 5 0 °C t o 150 °C. Fo r h i g h l y - c r o s s - l i n k e d p o l y m e r s l i k e t h e p r e s e n t epoxy 

and p o l y i m i d e r e s i n s t he g l a s s t r a n s i t i o n t e m p e r a t u r e i s w e l l above 100 °C. 

T h u s , sudden r e l e a s e o f gas atoms d u r i n g warming up f rom 4 K t o 300 K i s no t 

e x p e c t e d , bu t a c o n t i n u o u s r e l e a s e . 

The re a r e s e v e r a l measurements abou t gas e v o l u t i o n f rom d i f f e r e n t m a t e r i a l s . 

T a b l e 4 . 4 - 1 shows t h e gas e v o l u t i o n f rom d i g l y c i d y l e t h e r o f b i s p h e n o l A 

(DGEBA) e p o x i d e r e s i n c u r e d w i t h v a r i o u s h a r d e n e r s / 5 1 / . 
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F i g . 4 . 4 - 1 : Hydrogen e v o l u t i o n f rom p o l y e t h y l e n e 

i r r a d i a t e d a t v a r i o u s t e m p e r a t u r e s . 

(1 MJ = 1 MGy x kg) / 5 1 / 
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These d a t a a r e f o r room t e m p e r a t u r e i r r a d i a t i o n . R e s i n s w i t h a r o m a t i c amine 

h a r d e n e r s a r e t h e most r a d i a t i o n r e s i s t i v e . 

Gas e v o l u t i o n r a t e s a r e g i v e n i n / 1 8 / f o r a v a r i e t y o f p o l y m e r s i r r a d i a t e d a t 

293 K i n a i r . T a b l e 4 . 4 - 2 shows t h e v a l u e s . The gas e v o l u t i o n f o r epoxy r e s i n s 

a r e by a f a c t o r o f 50 t o 2000 h i g h e r t h a n t h o s e o f p o l y i m i d e s . 

The p e r c e n t a g e w e i g h t c o m p o s i t i o n o f t h e gas m i x t u r e r e l e a s e d f rom a v a r i e t y 

o f t h e gas m i x t u r e r e l e a s e d f rom a v a r i e t y o f samp les ( S t y c a s t 2850 FT b l u e , 

EPON 8 2 8 , G-10 CR, G-10 CR ( B F ) , G - l l C R , Nomex 4 1 0 , Kap ton H , A l u m i n i z e d K a p 

t o n ) d u r i n g warm up i s g i v e n i n T a b l e 4 . 4 - 3 f o r two d i f f e r e n t doses o f 2 . 4 x 

7 8 

10 Gy and 10 Gy / 2 7 / . The gas c o m p o s i t i o n changes w i t h i n c r e a s i n g d o s e , but 

t h e c o n t e n t r ema ins f a i r l y c o n s t a n t , w h i l e t h e m e t h a n e , w a t e r and c a r b o n 

d i o x i d e c o n t e n t s show s i g n i f i c a n t d i f f e r e n c e s . 

T a b l e 4 . 4 - 4 shows t h e gas e v o l v e d f rom a v a r i e t y o f samp les ( S t y c a s t 2850 FT 

b l u e , Epon 8 2 8 , G-10 C R , E F - 5 2 7 , Nomex 4 1 0 , Kapton F , A l - c o a t e d M y l a r f i l m , 

and v a r n i s h e s ) d u r i n g warm up a f t e r 5 K r e a c t o r i r r a d i a t i o n . 

T a b l e 4 . 4 - 5 shows t h e gases e v o l v e d f rom p o l y i m i d e s a t 307 K a f t e r i r r a d i a t i o n 

a t 5 K t o 100 MGy / 4 3 , 3 8 / . 

The o f f - g a s c o m p o s i t i o n changes m a r k e d l y w i t h t i m e a f t e r i r r a d i a t i o n . The 

f i r s t gas sample shows a much l a r g e r p r o p o r t i o n o f hyd rogen i n d i c a t i n g i t s 

more r a p i d d i f f u s i o n out o f t h e m a t e r i a l compared t o t h e h e a v i e r s p e c i e s . 

The gas e v o l u t i o n must be m i n i m i z e d t o a v o i d f r a c t u r i n g o f t h e i n s u l a t o r s due 

t o i n t e r n a l p r e s s u r i z a t i o n d u r i n g magnet warm u p . Magnet and r e f r i g e r a t i o n d e 

s i g n e r must c o n s i d e r methods t o pu rge t h e h e l i u m and i n s u l a t i n g vacuum sys tems 

o f c o n t a m i n a n t s such as t h o s e q u o t e d i n t a b l e s 4 . 4 - 1 t o 4 . 4 - 5 . 
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T a b l e 4 . 4 - 1 : Gas E v o l u t i o n f rom DGEBA E p o x i d e R e s i n Cu red w i t h 

V a r i o u s H a r d e n e r s / 5 1 / 

Gas e v o l v e d C o m p o s i t i o n ( % vo lume) 

( c m 3 ( N T P ) / ( g G y ) ) H £ C 0 2 N 2 / C 0 C H 4 C 2 H g 

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

1 0 . 0 1.3 0 . 3 

5 6 . 9 2 3 . 2 

A r o m a t i c amine 2 . 5 x 10 7 7 . 1 

A l i p h a t i c amine 4 . 3 x 1 0 ~ 7 8 8 . 4 

A c i d a n h y d r i d e 7 . 3 x 1 0 ~ 7 1 9 . 9 

T a b l e 4 . 4 - 2 : Gas e v o l v e d f rom v a r i o u s po l ymers / 1 8 / 

Po l ymer c m 3 (NTP) / (g MGy) 

Low d e n s i t y p o l y e t h y l e n e 9 

H igh d e n s i t y p o l y e t h y l e n e 7 

P o l y s t y r e n e 0 .06 

P l a s t i c i s e d p o l y v i n y l c h l o r i d e 2 .7 

U n p l a s t i c i s e d p o l y v i n y l c h l o r i d e 1.8 

P o l y m e t h y l m e t h a c r y l a t e 2 .7 

P o l y t e t r a f l u o r o e t h y l e n e 0 .22 

Ny lon 6 2 . 4 

P o l y c a r b o n a t e 2 

P o l y e t h y l e n e t e r e p h t h a l a t e 0 . 4 

Epoxy r e s i n s f rom 0 .29 t o 13 

P o l y i m i d e 0 .006 
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T a b l e 4 . 4 - 3 : A n a l y s i s o f e v o l v e d gases (wt%) f rom a l l samp les r e l e a s e d d u r i n g 

warm up a f t e r 5 K r e a c t o r i r r a d i a t i o n / 2 7 / 

Gas Dose(Gy) 

2 . 4 x 1 0 7 1 0 8 

Hydrogen 7 0 . 4 7 1 . 3 

Methane 2 .1 1.2 

Water 5 . 8 0 . 6 

N i t r o g e n + Carbon Monox ide 17 .1 2 0 . 5 

Carbon D i o x i d e 2 . 6 2 . 0 

A c e t y l e n e 1.5 
E t h y l e n e 1.3 
E thane 0 . 5 
P r o p y l e n e 0 . 4 
Bu tane 0 . 3 
Benzene 0 .01 

T a b l e 4 . 4 - 4 : O f f - g a s a n a l y s e s ( f o r a l l samp les t o g e t h e r ) 

C o n t e n t [%) a f t e r each dose (MGy) 

Gas 6 20 20 (35 d a y s 

H 2 5 8 . 9 9 3 . 7 3 5 . 8 

C H 4 
1.7 0 . 3 2 9 . 9 

H 2 0 21 .7 3 . 2 3 .1 

N 2 + CO 9 . 0 1.4 1 8 . 2 

°2 0 . 2 < 0 .1 0 .1 

A r 0 .1 < 0 .1 0 . 0 5 

c o 2 6 . 9 0 .7 8 . 9 

F l u o r c a r b o n s 0 . 2 ~ 0 . 5 2 . 0 

* 
O r g a n i c s 

1.4 0 . 2 1.8 

l a t e r ) 

*) 
H e a v i e r t h a n methane up t o m o l e c u l a r w e i g h t abou t 100 . 
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T a b l e 4 . 4 - 5 : Gases e v o l v e d f rom p o l y i m i d e s / 4 3 / 

I n t e r v a l a f t e r i r r a d i a t i o n 
C o n t a m i n a n t s 

-4 
10 g g a s / g r e s i n 

(0 - 1) day ( w e i g h t %) ( 1 - 6 ) days (we igh t %) 

H 2 14.3 (44.3 %) 0.2 ( 0.6 %) 

C H 4 
0.3 ( 0.9 %) 0 .5 ( 1.4 %) 

H 2 0 0.6 ( 1.8 %) 7.4 (21.0 %) 

N 2 and CO 16.0 (49.5 %) 23.4 (66.5 %) 

°2 0.02 ( 0.06 %) 0.1 ( 0.3 %) 

c o 2 
0.9 ( 0.28 %) 3.2 ( 9.1 %) 

C 2 H 4 0.2 ( 0.6 %) 0.4 ( 1.2 %) 

T o t a l 3 2 . 3 3 5 . 2 
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4 • 5 O t h e r E f f e c t s due t o R a d i a t i o n 

Some o t h e r e f f e c t s o c c u r due t o i r r a d i a t i o n . They a r e w e i g h t c h a n g e s , d i m e n 

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

Weight l o s s o c c u r s a p p a r e n t l y as t h e r e s u l t o f t h e f o r m a t i o n o f gas atoms and 

m o l e c u l e s d u r i n g i r r a d i a t i o n . These a r e f r o z e n out a t low t e m p e r a t u r e s and 

f r e e d d u r i n g and a f t e r warm up t h e y d i f f u s e ou t t h r o u g h t h e s u r f a c e o f t h e 

s p e c i m e n . Weigh t l o s s e s f o r S t y c a s t 2850 F T , Epon 8 2 8 , G-10 C R , G-10 CR ( B F ) , 

and G - l l CR a r e r e p o r t e d / 6 4 / t o be l e s s t han 2 % f o r 10 Gy. 

D i m e n s i o n a l changes f o r Epon 8 2 8 , G-10 CR, G-10 CR ( B F ) , and G - l l CR a r e l e s s 

t h a n 0 . 2 % a t 10 Gy , but S t y c a s t 2850 FT shows a t t h e same dose up t o 25 % 

d i m e n s i o n a l changes / 6 4 / . 

D u r i n g i r r a d i a t i o n t h e c o l o r c h a n g e s . The g e n e r a l b e h a v i o u r i s : t h e h i g h e r t h e 

dose i s , t h e d a r k e r t he c o l o r i s . 

In t h e ATR- INEL (Advanced T e s t R e a c t o r - Idaho N a t i o n a l E n g i n e e r i n g L a b o r a t o 

r y ) i r r a d i a t e d G-10 and G - l l CR s p e c i m e n s were found t o be h i g h l y r a d i o a c t i v e 

a f t e r months o f r a d i o a c t i v e c o o l d o w n . T e s t s were t h e r e f o r e c o n d u c t e d i n a ho t 

c e l l / 3 6 / . 

« • 18 2 9 

A c t i v a t i o n s t u d i e s a t MIT w i t h 1.4 x 10 n/cm p l u s 5 x 10 rad by gamma r a y s 

showed t h a t S - g l a s s c o m p o s i t e s were l e s s a c t i v e t h a n E - g l a s s c o m p o s i t e s . The 

a c t i v a t i o n was measured a f t e r 2 5 8 , 3 3 0 , and 450 hours a f t e r i r r a d i a t i o n / 3 6 / . 

A c t i v a t i o n s t u d i e s a t 0RNL / 3 8 / on spec imens i r r a d i a t e d by 100 MGy ( 1 0 1 0 r a d s ) 

(gamma-ray d o s e ) gave 48 mrad /h a f t e r one and 19 mrad /h a f t e r f o u r w e e k s . I t 

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

M o r e o v e r g l a s s - f i l l e d p o l y i m i d e s g i v e a l m o s t t h e same r e s u l t s as G-10 CR 

( g l a s s - f i l l e d e p o x y ) . Both had n e a r l y t h e same g l a s s c o n t e n t . 
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4 . 6 Annea l 

The warming up o f o r g a n i c i n s u l a t o r s , i r r a d i a t e d a t low t e m p e r a t u r e , t o room 

t e m p e r a t u r e b r i n g s no t much r e c o v e r y as i n t h e c a s e o f s t a b i l i z a t i o n m a t e r i a l s 

f o r s u p e r c o n d u c t i n g m a g n e t s . On t h e c o n t r a r y , i t may even cause more damage, 

because t h e gases p r o d u c e d by i r r a d i a t i o n and f r o z e n ou t a t low t e m p e r a t u r e s 

w i l l be f r e e d and e s c a p e f rom t h e i n s u l a t o r s as d i s c u s s e d i n c h a p t e r 4 . 4 . 

There may be a b u i l d i n g up o f a c o n s i d e r a b l e p r e s s u r e i n t h e magnet . A n o t h e r 

e f f e c t c o u l d be t h e ( p a r t i a l ) b l o c k i n g o f t h e c o o l a n t s y s t e m . 

Recent e x p e r i m e n t s 1111 i n v e s t i g a t e d t h e a n n e a l i n g b e h a v i o u r o f spec imens a l 
ready d e s c r i b e d a t t h e end o f c h a p t e r 4 . 2 . The samp les were i r r a d i a t e d by 
60 

Co gamma-rays i n a i r a t amb ien t t e m p e r a t u r e up t o 20 MGy. The i r r a d i a t e d and 

c o n t r o l s p e c i m e n s were put i n t o a q u a r t z c a p s u l e , and t h e n a n n e a l e d i n vacuum 

a t 180 °C f o r 2 h . The u l t i m a t e s t r e n g t h o f t h e c o n t r o l spec imens a r e p r a c t i 

c a l l y t h e same b e f o r e and a f t e r t h e a n n e a l i n g f o r a l l t h e c o m p o s i t e s ( g l a s s / -

e p o x y , g l a s s / p o l y i m i d e , c a r b o n / e p o x y , c a r b o n / p o l y i m i d e , a l u m i n a / e p o x y ) . The 

u l t i m a t e s t r e n g t h o f f o u r i r r a d i a t e d samp les ( e x c e p t t h e g l a s s / p o l y i m i d e sam

p l e ) were d e c r e a s e d a t a dose o f 20 MGy by abou t 30 t o 50 %. On ly t h e g l a s s / -

p o l y i m i d e samp le was u n c h a n g e d . The a u t h o r s p o i n t ou t t h a t t h e d e c r e a s e i n t h e 

u l t i m a t e s t r e n g t h a f t e r a n n e a l i n g i s d e f i n i t e l y a t t r i b u t a b l e t o l a t e n t r a d i a 

t i o n damage w h i c h can be a c t i v a t e d by t h e a n n e a l i n g . 

The Y o u n g ' s modu lus o f a l l c o m p o s i t e s rema ined p r a c t i c a l l y unchanged up t o 20 

MGy a f t e r i r r a d i a t i o n and a n n e a l i n g . 

The s h e a r modu lus showed a l s o a c l e a r dose dependence a f t e r a n n e a l i n g f o r a l l 

t h e c o m p o s i t e s e x c e p t t h e g l a s s / p o l y i m i d e s a m p l e , w h i l e w i t h o u t a n n e a l i n g a f 

t e r i r r a d i a t i o n t h e s h e a r modulus was not c o n s i d e r a b l y c h a n g e d . The dose d e 

pendence a f t e r a n n e a l i n g was q u i t e s i m i l a r t o t h a t d e s c r i b e d above f o r t h e 

u l t i m a t e s t r e n g t h . That i n d i c a t e s t h a t t h e u l t i m a t e s t r e n g t h and t h e s h e a r 

modulus a r e c o r r e l a t e d w i t h each o t h e r . 

The a n n e a l i n g e f f e c t s ( a t 180 °C) d e s c r i b e d he re c a n n o t be d i r e c t l y a p p l i e d on 

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

c o n s i d e r e d t o a c t i v a t e l a t e n t r a d i a t i o n damage n e a r t h e f i b e r / m a t r i x i n t e r 

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

C o n s e q u e n t l y , t h e s h e a r modu lus and t h e u l t i m a t e s t r e n g t h d e c r e a s e . 
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5. F a t i g u e E f f e c t s on Po l ymers due t o I r r a d i a t i o n 

F a t i g u e e f f e c t s a r e i m p o r t a n t f o r p u l s e d o p e r a t i o n , e . g . i n a Tokamak. In / 3 6 , 

C h a p t e r 1 8 / , c o m p r e s s i o n f a t i g u e t e s t r e s u l t a r e r e p o r t e d f o r a v a r i e t y o f 

t e s t s a m p l e s . A l l spec imens were i r r a d i a t e d i n t h e MIT r e a c t o r up t o 2 . 3 x 
10 19 2 19 2 

10 ( - y - ) - r ads and 1.06 x 10 n/cm (E > 1 MeV) o r 2 . 1 6 x 10 ( t o t a l ) n/cm . 

The t h i c k n e s s o f t h e samp les f o r t h e c o m p r e s s i o n t e s t s were 0 . 5 mm and t h e 

d i a m e t e r was 12 .7 mm. A l l spec imens s u r v i v e d 3 0 , 0 0 0 c y c l e s w i t h a maximum a p p 

l i e d s t r e s s o f 310 MPa. At 77 K, G-10 samp les s u r v i v e d a l s o 30 ,000 c y c l e s w i t h 

a maximum a p p l i e d s t r e s s o f 345 MPa. The i r r a d i a t i o n dose f o r t h i s samp le was 
11 , , 19 2 , 20 2 

3 . 8 x 10 r a d s { ? ) and 1.6 x 10 n/cm (E > 0.1 MeV) o r 10 n/cm ( t o t a l ) . 

C o m p r e s s i v e f a t i g u e t e s t s on G - 7 , G - l l ( s i n g l e t e s t s ) and G-10 were p e r f o r m e d 

f o r room and l i q u i d n i t r o g e n t e m p e r a t u r e s / 4 2 / . The m a t e r i a l s a r e i n s u l a t i o n 
5 

m a t e r i a l s i n v e s t i g a t e d f o r t h e use i n TFTR. Maximum d o s e s a r e 5 . 2 x 10 Gy ( y ) 

and 8 .6 x 10 n/cm (E > 0.1 MeV) . The r e s u l t f o r G-10 i s seen i n F i g . 5 - 1 . 

The f i r s t f a t i g u e d a t a a t l i q u i d h e l i u m t e m p e r a t u r e a f t e r low t e m p e r a t u r e n e u 

t r o n i r r a d i a t i o n i s p r e s e n t e d i n / 4 4 / f o r c o m m e r c i a l l y a v a i l a b l e epoxy r e s i n s 

used i n s u p e r c o n d u c t i n g magne t s . The i r r a d i a t i o n was p e r f o r m e d a t KUR ( K y o t o 

U n i v e r s i t y R e a c t o r ) a t 4 . 2 K; d u r i n g i r r a d i a t i o n t h e samp le t e m p e r a t u r e was 27 
6 16 2 

K maximum. The d o s e s a r e 2 . 8 x 10 Gy ( y ) and 2 . 5 x 10 n/cm (E > 0 .1 MeV) 

and 2 .0 x 10 n/cm ( t h e r m a l ) . The r e s u l t s a r e shown i n F i g . 5 - 2 . The l o a d 

c u r v e s can be a p p r o x i m a t e d by 

S (kg) = 18 .4 - 1.6 l o g N b e f o r e i r r a d i a t i o n 

and 

S (kg ) = 7 .39 - 0 . 1 6 l o g N a f t e r i r r a d i a t i o n . 

T e s t s o f G-10 w i t h o u t i r r a d i a t i o n / 5 4 , C h a p t . 1 9 / were r e p o r t e d . F o r 1 0 6 t o 

10 c y c l e s a t l e a s t 20 % o f t h e i n i t i a l s t r e n g t h i s r e t a i n e d . 

The e f f e c t o f c r y o g e n i c t e m p e r a t u r e and r a d i a t i o n on t h e f a t i g u e r e s i s t a n c e o f 

G - l l CR g l a s s - e p o x y l a m i n a t e i s s t u d i e d i n / 6 3 / . T e s t t e m p e r a t u r e s a r e 295 K 

and 77 K f o r i r r a d i a t e d and u n i r r a d i a t e d s a m p l e s . The i r r a d i a t i o n dose i s 
60 

r e l a t i v e l y l o w , o n l y 1 MGy { y ) f rom t h e 2 5 , 0 0 0 C u r i e Co gamma f a c i l i t y o f 
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. 5 - 1 : Plot of compressive fatigue data for insulator 
G-10 plotted as maximum stress vs number of 
cycles in a test. [42] 

1 10 102 103 104 10s 106 

N (Fatigue life) [cycles] 

5 - 2 : Load-endurance diagrams before and after irradiation 
for an epoxy resin used in superconducting magnets.[44] 
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t h e P e n n s y l v a n i a S t a t e U n i v e r s i t y . The u l t i m a t e t e n s i l e s t r e n g t h s a r e C 

463 MPa a t 295 K and ^ = 932 MPa a t 77 K. The t e s t s were p e r f o r m e d w i t h t h e 

maximum c y c l i c s t r e s s s e t a t 9 0 , 7 5 , 6 0 , 50 % o f t h e measured t e n s i l e s t r e n g t h 

C . The t e s t r e s u l t s a r e shown i n F i g . 5 -3 and i n d i c a t e a r a d i a t i o n e f f e c t a t 

b o t h t e s t t e m p e r a t u r e s , an i n c r e a s e i n f a t i g u e r e s i s t a n c e a t c y o g e n i c t e m p e r a 

t u r e s and s u b s t a n t i a l l y d i f f e r e n t f a i l u r e modes a t 295 K and 77 K. 

At 295 K i n i t i a l f a i l u r e o c c u r r e d as i n i t i a t i o n o f a t h r o u g h c r a c k a t t h e 

n o t c h r o o t . In t h i s c a s e , f a i l u r e was d e f i n e d as t h e number o f c y c l e s r e q u i r e d 

t o p r o p a g a t e t h e t h r o u g h c r a c k 0 . 1 2 7 mm ( 0 . 0 0 5 i n . ) f rom t h e n o t c h r o o t . A t 

77 K, i n i t i a l f a i l u r e o c c u r r e d as d e l a m i n a t i o n e a r l y i n t h e f a t i g u e l i f e . D e -

l a m i n a t i o n was f o l l o w e d by g e n e r a t i o n o f s u r f a c e c r a c k s a t p o i n t s a l o n g t h e 

n o t c h r o o t and s u b s e q u e n t p r o p a g a t i o n o f a dominan t s u r f a c e c r a c k normal t o 

t h e warp f i b e r s . In t h i s c a s e , f a i l u r e was d e f i n e d as p r o p a g a t i o n o f t h e d o m i 

nant s u r f a c e c r a c k t o a d i s t a n c e o f 0 . 2 5 4 mm ( 0 . 0 1 i n . ) f rom t h e n o t c h r o o t . 

The r a d i a t i o n e f f e c t f o r bo th t e m p e r a t u r e s and f o r a dose o f 1 MGy d e c r e a s e s 

i n te rms o f f a t i g u e r e s i s t a n c e above 3 , 0 0 0 c y c l e s and i n c r e a s e s be low 3 , 0 0 0 

c y c l e s . 

Recen t i r r a d i a t i o n d a t a f o r epoxy and p o l y i m i d e r e s i n s r e i n f o r c e d w i t h E - g l a s s 

and S - g l a s s woven f a b r i c r e i n f o r c e m e n t s and i r r a d i a t e d a t 325 K i n t h e ATR 

(Advanced T e s t R e a c t o r ) i n Idaho F a l l s up t o doses o f abou t 3 x 10 Gy ( j ) and 

abou t 4 x 10 n/cm (E > 0 .1 MeV) and a t o t a l n e u t r o n f l u e n c e o f abou t 3 . 8 x 

10 n/cm / 7 2 / . The t o t a l dose t o t h e o r g a n i c component o f t h e l a m i n a t e s was 
y 

abou t 4 . 4 x 10 Gy . T e s t s were p e r f o r m e d w i t h an a p p l i e d maximum c o m p r e s s i o n 

s t r e s s o f 345 MPa up t o 2 5 0 , 0 0 0 c y c l e s . S - g l a s s r e i n f o r c e d r e s i n s s u r v i v e d , 

bu t E - g l a s s r e i n f o r c e d r e s i n s ( G - 1 0 , G - l l CR) showed r a p i d f a i l u r e a f t e r o n l y 

a few hundred c y c l e s . The r e a s o n i s t h a t t h e t o t a l dose t o t h e m a t e r i a l s c o n 

t a i n i n g E - g l a s s i s c o n s i d e r a b l y h i g h e r due t o t h e t h e r m a l n e u t r o n f i s s i o n i n 

B ( p r e s e n t as B 0 i n E - g l a s s , 8 %, see T a b l e 4 . 3 - 3 ) . 

p u • 10 , 7 

Each f i s s i o n e v e n t v i a B ( n , c x ) L i r e l e a s e s 2 . 8 MeV as k i n e t i c e n e r g y t o t h e 

r e a c t i o n p r o d u c t s r e s u l t i n g i n an added dose t o t h e E - g l a s s o f about 10 G y . 

These r e s u l t s recommend t h e use o f S - g l a s s , bu t S - g l a s s i s abou t s i x t i m e s 

more e x p e n s i v e t h a n E - g l a s s . 
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2 9 5 ° K - 4 6 3 MPa 

7 7 ° K - 932 M P a 

N - N U M B E R OF CYCLES TO CRACK INITIATION 

(fa 
V r 500 1000 2000 10000 100000 

FATIGUE CYCLES-N 

Fig. 5 - 3 : Tensile Fatigue S - N Curves for G-11 CR. 
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6 . R a d i a t i o n I n f l u e n c e on E l e c t r i c a l P r o p e r t i e s o f P o l y m e r s 

R a d i a t i o n p r o d u c e s bo th t r a n s i e n t and permanent changes o f t h e e l e c t r i c a l p r o 

p e r t i e s o f p o l y m e r s . 

The t r a n s i e n t e f f e c t s a r e v e r y s e n s i t i v e l y a f f e c t e d by dose r a t e and a r e due 

t o t h e i o n i s a t i o n o f po l ymer m o l e c u l e s and t h e e x c i t a t i o n o f t h e f r e e d e l e c 

t r o n s i n t o c o n d u c t i o n s t a t e s . When i r r a d i a t i o n i s s t o p p e d , t h e number o f c o n 

d u c t i o n e l e c t r o n s decay as t h e y a r e t r a p p e d and recomb ine w i t h t h e i o n i s e d 

m o l e c u l e s . 

The permanent e f f e c t s a r e a s s o c i a t e d w i t h permanet s t r u c t u r a l changes and b e 

g i n t o o c c u r a t s i m i l a r t o t a l d o s e s t o whose wh i ch p r o d u c e permanet changes i n 

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

The t r a n s i e n t changes o f e l e c t r i c a l c o n d u c t i v i t y a r e r e l a t i v e l y s m a l l and do 

no t have a s i g n i f i c a n t e f f e c t on t h e i n s u l a t i n g p r o p e r t i e s o f p o l y m e r s e x c e p t 

a t v e r y h i g h dose r a t e s . I t i s no t c o n s i d e r e d t o be a p r o b l e m f o r t h e o p e r a 

t i o n o f t h e m a g n e t s . 

The permanent e f f e c t s t o o a r e r a t h e r s m a l l u n t i l t h e po l ymer has a b s o r b e d a 

s u f f i c i e n t l y h i g h dose t o deg rade i t s m e c h a n i c a l p r o p e r t i e s . 

In g e n e r a l t h e b reak down o f e l e c t r i c a l i n s u l a t i o n a t h i g h doses i s due p r i m a 

r i l y t o t h e l o s s o f m e c h a n i c a l p r o p e r t i e s , c r a c k i n g , and gas e v o l u t i o n , r a t h e r 

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

I t i s u s u a l l y t h e c a s e t h a t f a i l u r e o f t h e e l e c t r i c a l i n t e g r i t y o c c u r s t h r o u g h 

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

p r o p e r t i e s and t h a t d a t a about t h e f o r m e r can be used t o j u d g e t h e p r o b a b l e 

s u i t a b i l i t y o f a m a t e r i a l . 

Permanent changes i n d i e l e c t r i c l o s s , d i s s i p a t i o n f a c t o r and i n s u l a t i o n f rom 

e x p o s u r e t o r a d i a t i o n have been r e c o r d e d , but t h e s e a r e u s u a l l y q u i t e s m a l l . 

Measurements o f e l e c t r i c a l r e s i s t i v i t y (vo lume and s u r f a c e ) and v o l t a g e b r e a k 

down s t r e n g t h a r e u s u a l l y p e r f o r m e d a t room t e m p e r a t u r e . The most i n f o r m a t i o n 

can be found i n / 6 / . In / 3 6 / i s s t a t e d t h a t s u r f a c e f l a s h o v e r , o r t r a c k i n g , i s 

more l i k e l y t o o c c u r t h a n i s b u l k breakdown ( T r a c k i n g i s r u n n i n g o f an a r c 

a l o n g one s i d e o f a s u r f a c e ) . 
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T a b l e 6-1 shows e l e c t r i c a l measurements a t room t e m p e r a t u r a f t e r i r r a d i a t i o n 

a t 5 K / 2 9 / . I t i s e a s i l y seen t h a t t h e e l e c t r i c a l r e s i s t i v i t y o f S t y c a s t 2850 
8 

FT Nomex 410 ( p a p e r ) and Kap ton H i s u n a f f e c t e d up t o a dose o f 10 Gy . The 

d e c r e a s e o f e l e c t r i c a l breakdown s t r e n g t h b e g i n s i n t h e range between 0 . 2 4 Gy 

and 1.0 Gy f o r S t y c a s t , G-10 CR and G - l l CR. 

T a b l e 6 -2 shows r e s u l t s o f i n - s i t u r e s i s t i v i t y , p o s t i r r a d i a t i o n r e s i s t i v i t y , 

breakdown s t r e n g t h , and d i s s i p a t i o n f a c t o r measu remen ts . The r e m a r k a b l e r e s u l t 

i s t h a t t h e i n - s i t u r e s i s t i v i t y i s abou t an o r d e r o f m a g n i t u d e l o w e r t h a n t h e 

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

T a b l e 6 - 3 shows r e c e n t r e s u l t s o f e l e c t r i c a l r e s i s t i v i t y measurements f o r a 

v e r y h i g h dose i r r a d i a t i o n a t 325 K i n t h e ATR r e a c t o r . D r a s t i c changes were 

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

t y ) . 

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

r a l l y deg raded l e s s t h a n a r e m e c h a n i c a l p r o p e r t i e s , a t a g i v e n d o s e . 
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T a b l e 6 - 1 : E l e c t r i c a l Measurements a t Room Tempera tu re a f t e r 

I r r a d i a t i o n a t 5 . 0 K / 2 9 / . 

(Each r e s u l t i s t h e a v e r a g e o f t h r e e m e a s u r e m e n t s . ) 

R e s i s t i v i t y ^ 1 0 1 5 ftcm 

Dose 

1 0 8 Gy 
S t y c a s t 
2850 FT 

EPON 
828 

G-10 CR G - l l CR Nomex 
410 

Kap ton 
H 

C o n t r o l 0 . 2 4 20 8 . 2 4 . 4 3 . 3 20 

0 . 2 4 0 . 2 5 5 .5 8 . 5 2 . 8 2 . 2 29 

1.0 0 .27 8 .1 0 . 6 4 0 . 1 4 2 . 0 22 

E l e c t r i c Breakdown ^) (kV/mm) 

C o n t r o l 2 8 z 33° 23° 24° 36^ 66° 

0 . 2 4 31° 34° 23° 23° 3 8 2 66° 

1.0 8 3 3 1 1 8 ' 1 0 ' 36* 68° 

E l e c t r i c a l c o n t a c t was e s t a b l i s h e d by use o f a c o n d u c t i n g s i l v e r - f i l l e d 

epoxy p a i n t . To m i n i m i z e h a n d l i n g d i f f i c u l t i e s f rom r a d i o a c t i v i t y , t h e 

p a i n t was a p p l i e d a f t e r i r r a d i a t i o n . An EMF o f 100 v o l t s was used f o r t h e 

r e s i s t a n c e m e a s u r e m e n t s . 

The d i g i t a l s u p e r s c r i p t s i n d i c a t e t h e number o f s p e c i m e n s i n a g i v e n 

group w h i c h showed a t r u e v o l t a g e breakdown t h r o u g h t h e m a t e r i a l i n c o n 

t r a s t t o o t h e r s f o r w h i c h a f l a s h o v e r a round t h e edge o f t h e spec imen was 

o b s e r v e d . When a l l spec imens i n a g i v e n group e x h i b i t f l a s h o v e r ( s u p e r 

s c r i p t " 0 " ) , t h e t r u e breakdown v a l u e may be s i g n i f i c a n t l y h i g h e r t h a n 

t h e i n d i c a t e d minimum v a l u e shown. 
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T a b l e 6 - 2 : R e s u l t s o f E l e c t r i c a l Measurements / 3 1 / 

I n - s i t u P o s t i r r a d i a t i o n B r e a k d o w n ^ D i s s i p a t i o n F a c -
R e s i s t i v i t y R e s i s t i v i t y (kV/mm) ' t o r ( t an S) a t 

M a t e r i a l (10 cm) ' ( 1 0 1 5 c m ) 2 ) 1 kHz 3) 

C 4 > , 5 ) C I C I C I 

S t y c a s t 2850 1.0 0 . 3 5 1 4 . 0 5 .0 3 2 6 ) 32 6 > 0 .024 0 . 0 2 3 

Epon 828 1.5 0 . 7 5 1 0 . 0 6 . 0 2 4 6 ) 2 3 6 ) 0 . 026 0 . 0 2 8 

G-10 CR 0 .7 0 . 5 7 .0 7 .0 22 6 > 2 2 6 ) 0 .022 0 . 0 2 4 

EF 527 1 2 . 0 0 . 0 0 5 31 11 0 . 0 2 5 

Nomex 3 . 5 1.5 1 3 . 0 1 4 . 0 38 39 0 . 0 0 8 0 . 0 0 8 

Kapton F 1 5 . 0 1 9 . 0 7 0 6 ) 5 7 6 ) 0 . 0 0 8 0 . 0 0 8 

1) 
Pe r f o rmed i n H e l i u m - e n v i r o n m e n t f rom 5 - 300 K. 

2) 
Dry n i t r o g e n e n v i r o n m e n t a t 300 K. 

3) 

' A i r a t 300 K. 

4) 
C o n t r o l s p e c i m e n . 

5) 7 
I r r a d i a t e d s p e c i m e n , 2 x 10 Gy d o s e . 

6) 
S u r f a c e f l a s h o v e r , no t b r e a k d o w n . 
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T a b l e 6 - 3 : R e s u l t s o f E l e c t r i c a l R e s i s t i v i t y Measurements / 7 2 / 

E l e c t r i c a l R e s i s t i v i t y 

M a t e r i a l U n i r r a d i a t e d I r r a d i a t e d ^ 
(Si. cm) ( & c m ) 

G-10 1.1 X 1 0 1 6 3 . 8 X l O 7 

G - l l CR 4 .1 x 1 0 1 5 5.6 X 1 0 9 

KERIMID-601 1.4 X l O 1 5 7 .9 X l O 1 1 

DGEBA 2 ) 8 . 9 X l O 1 5 1.6 X l O 1 2 

T G P A P 3 ) 2 . 2 X l O 1 5 6 . 6 X l O 1 1 

In t h e ATR (Advanced Tes t R e a c t o r ) i n Idaho F a l l s a t 325 K up t o d o s e s o f 
9 , 4 19 2 

abou t 3 x 10 Gy (#-) and 4 x 10 n/cm ( E > 0 . 1 MeV) and a t o t a l n e u t r o n 
20 2 

f l u e n c e o f abou t 3 . 8 x 10 n/cm . 

2) 
D i g l y c i d y l e t h e r o f B i s p h e n o l A . 

T r i g l y c i d y l p -amino p h e n o l . 
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7. Thermal P r o p e r t i e s 

Very few measurements e x i s t f o r t h e r m a l p r o p e r t i e s a f t e r i r r a d i a t i o n . In / 1 7 / 

and / 5 1 / t h e i n f l u e n c e on t h e s p e c i f i c hea t and t h e t h e r m a l c o n d u c t i v i t y i s 

s h o r t l y d i s c u s s e d . 

C h e m i c a l r e a c t i o n s due t o i r r a d i a t i o n can a l s o be used t o e x p l a i n a n o m a l i e s i n 

s p e c i f i c hea t measurements d u r i n g warming u p . The r a d i a t i o n e f f e c t on t h e 

t h e r m a l c o n d u c t i v i t y i s s m a l l . L o c a l h e a t i n g may o c c u r by ene rgy d e p o s i t i o n 

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

c o n d u c t i v i t y m a t e r i a l s , because a d d i t i o n a l c o o l i n g power i s r e q u i r e d and d i f 

f e r e n t i a l t h e r m a l e x p a n s i o n s can c a u s e p rob lems i n v e r y b r i t t l e m a t e r i a l s a t 

low t e m p e r a t u r e s . 
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8 . G e n e r a l C o n c l u s i o n s and Recommendat ions 

Some g e n e r a l c o n c l u s i o n s can be drawn f rom t h e r a d i a t i o n d a t a : 

- S e l e c t i o n s o f i n s u l a t o r m a t e r i a l s s h o u l d be based on t h e e f f e c t s o f r a d i a 

t i o n on m e c h a n i c a l p r o p e r t i e s r a t h e r t h a n e l e c t r i c a l p r o p e r t i e s , b e c a u s e 

e l e c t r i c a l p r o p e r t i e s a r e g e n e r a l l y deg raded l e s s t h a n a r e s t r u c t u r a l p r o 

p e r t i e s , a t a g i v e n f l u e n c e . 

- C o m m e r c i a l l y a v a i l a b l e p o l y m e r s a r e c o n s t a n t l y b e i n g m o d i f i e d by t h e manu

f a c t u r e r s , and d i f f e r e n c e s i n t h e i r c o m p o s i t i o n and i n t h e dose r a t e s and 

e n v i r o n m e n t s t o be employed i n a f u s i o n r e a c t o r m igh t s i g n i f i c a n t l y a l t e r 

t h e i r b e h a v i o u r . E x i s t i n g i n f o r m a t i o n on t h e r a d i a t i o n e f f e c t s s h o u l d t h e r e 

f o r e be used as a g u i d e t o s e l e c t i n g p r o m i s i n g c o m m e r c i a l m a t e r i a l s whose 

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

t h e p r o p o s e d c o n d i t i o n s i f p o s s i b l e . 

- The r a d i a t i o n r e s p o n s e o f o r g a n i c i n s u l a t i o n m a t e r i a l s (and r e i n f o r c i n g 

g l a s s e s ) depends on t h e m i x t u r e o f n e u t r o n and gamma-ray i n t e n s i t i e s (and 

e n e r g i e s ) . These d i f f e r f o r v a r i o u s r e a c t o r d e s i g n s . 

- I t i s not e v i d e n t t h a t t h e damage p r o d u c t i o n mechan ism i s t h e same f o r f a s t 

n e u t r o n s and gamma- rays , but t h e damage p roduced i n o r g a n i c m a t e r i a l s a p 

p e a r s t o be p r o p o r t i o n a l t o t h e t o t a l ene rgy a b s o r b e d . 

- T y p i c a l l y 50 - 80 % o f t h e d e p o s i t e d e n e r g y i n t h e i n s u l a t o r m a t e r i a l r e 

s u l t s f rom n e u t r o n s , t h e b a l a n c e f rom gamma- rays . The d e p o s i t e d ene rgy i n 

c r e a s e s w i t h i n c r e a s i n g hyd rogen c o n t e n t . 

- The p o t e n t i a l c o n t r i b u t i o n o f t h e t h e r m a l n e u t r o n s must be c o n s i d e r e d , i n 

v i ew o f t h e n e u t r o n a b s o r p t i o n no t o n l y i n t h e o r g a n i c m a t e r i a l s but i n a l l 

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

e x a m p l e , i n s u l a t o r s c o n t a i n i n g bo ron ( i n t h e E - g l a s s ) may no t be s u i t a b l e 

f o r use i n f u s i o n magnets b e c a u s e o f t h e l a r g e t h e r m a l n e u t r o n a b s o r p t i o n 
10 . N 7 

c r o s s s e c t i o n l e a d i n g t o t h e n u c l e a r r e a c t i o n B ( n , <*) L i . 

- I r r a d i a t i o n (by n e u t r o n as w e l l as by gamma-rays) i n d u c e s c r o s s l i n k i n g o f 

p o l y m e r i c c h a i n s and a d e p o l y m e r i z a t i o n ( c h a i n f r a c t u r i n g ) wh i ch r e s u l t s i n 
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e m b r i t t l e m e n t . A r o m a t i c h a r d e n e r s ( c o n t a i n i n g t h e benzene r i n g ) g e n e r a l l y 

have h i g h e r r a d i a t i o n r e s i s t a n c e t h a n a l i p h a t i c h a r d e n e r s (wh ich a r e more o r 

l e s s s t r a i g h t c a r b o n c h a i n s ) . 

C o n s i d e r a t i o n o f i n d i v i d u a l e f f e c t s i n a m a t e r i a l does no t n e c e s s a r i l y mean 

t h a t t h e p e r f o r m a n c e o f a component s u b j e c t e d t o i r r a d i a t i o n a t low t e m p e r a 

t u r e s can be r e l i a b l y p r e d i c t e d . Changes may be c a u s e d o r even enhanced by a 

c o m b i n a t i o n o f e f f e c t s due t o e . g . s t r e s s and m a g n e t i c f i e l d . 

A p rob lem may be t h e f o r m a t i o n o f gas m o l e c u l e s a t low t e m p e r a t u r e s and t h e 

r e l e a s e d u r i n g warm u p . T h i s can c a u s e s t r u c t u r a l and c o o l i n g p r o b l e m s . 

In f i b e r r e i n f o r c e d m a t e r i a l s , t h e f i b e r - r e s i n bond a p p e a r s t o be t h e r a d i a 

t i o n s e n s i t i v e p a r t , and t h e f a i l u r e o f t h e bond between f i b e r and r e s i n 

seems t o be t h e ma jo r m e c h a n i c a l b r e a k i n g mode a f t e r i r r a d i a t i o n . 

C a n d i d a t e i n s u l a t o r m a t e r i a l s based on epoxy r e s i n s t y p i c a l l y b e g i n t o show 
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s e r i o u s r e d u c t i o n i n m e c h a n i c a l p r o p e r t i e s f o r d o s e s between 10 Gy and 10 

G y , w h i l e t h o s e based on p o l y i m i d e s show about an o r d e r o f magn i t ude i m 

p rovemen t . However , p o l y i m i d e s have i n f e r i o r i n i t i a l s t r e n g t h p r o p e r t i e s 

compared w i t h e p o x i e s . T h e r e f o r e , t h e deve lopmen t o f s t r o n g e r p o l y i m i d e s 

l a m i n a t e s i s d e s i r a b l e . (As a r u l e o f thumb, 10 Gy c o r r e s p o n d s t o a f a s t 

n e u t r o n f l u e n c e o f 10 n/cm ) . I t s h o u l d be m e n t i o n e d t h a t vacuum i m p r e g n a 

t i o n w i t h epoxy i s e a s i e r t h a n w i t h p o l y i m i d e r e s i n . 

I t appea rs t h a t t h e use o f a l u m i n i z e d M y l a r as ( t h e r m a l ) s u p e r i n s u l a t i o n 

w i l l be i m p o s s i b l e , but a l u m i n i z e d Kap ton may be a s u i t a b l e s u p e r i n s u l a t i o n 

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

S t r u c t u r a l d e g r a d a t i o n o f o r g a n i c m a t e r i a l s o c c u r s a t l o w e r n e u t r o n d o s e s 

t h a n f o r o t h e r magnet m a t e r i a l s , e . g . s u p e r c o n d u c t o r s and s t a b i l i z e r . The 

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

l a t o r s . 

The g raded use o f i n s u l a t i n g m a t e r i a l s s h o u l d be c o n s i d e r e d . P o l y i m i d e i n s u 

l a t i o n s h o u l d be used i n i n t e r i o r magnet r e g i o n s (p lasma f a c i n g ) where r a d i 

a t i o n d o s e s a r e h i g h e r and s t r e s s l e v e l s a r e l o w e r . Epoxy i n s u l a t i o n s h o u l d 

be used i n o u t e r magnet r e g i o n s where r a d i a t i o n d o s e s a r e l o w e r and s t r e s s 

l e v e l s a r e h i g h e r . 
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In t h i s r e p o r t t h e 75 %-dose ( t h a t means 25 % l o s s o f s t r e n g t h ) i s used f o r 

c o m p a r i s o n o f m a t e r i a l s . T h i s dose seems t o be a c c e p t a b l e f o r magnet d e s i g 

n e r . 

I t must be n o t e d , t h a t e . g . t h e use o f n e u t r a l beam i n j e c t o r s i n f u s i o n 

r e a c t o r s a n d / o r p o s s i b l y some vacuum p i p i n g c a u s e s p a t h s f o r i n t e n s e r a d i a 

t i o n s t r e a m i n g . These " r a d i a t i o n ho t s p o t s " may s e r i o u s l y a f f e c t t h e l o c a l 

magnet p e r f o r m a n c e and can d r a s t i c a l l y change t h e m a t e r i a l s p r o p e r t i e s i n 

c e r t a i n w i n d i n g r e g i o n s . 

The low t e m p e r a t u r e i r r a d i a t i o n d a t a base f o r c a n d i d a t e magnet i n s u l a t i o n 

m a t e r i a l s i s no t s u f f i c i e n t . D e t a i l e d r a d i a t i o n p e r f o r m a n c e d a t a f o r magnet 

d e s i g n a r e needed f o r e p o x y - and p o l y i m i d e - b a s e d i n s u l a t i o n m a t e r i a l s . The 

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

s h o u l d be e x p a n d e d . A t e s t i n g and deve lopmen t p rogram s h o u l d be i n s t a l l e d . 

S u g g e s t i o n s a r e g i v e n i n t h e a p p e n d i x . 
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A . A p p e n d i x : T e s t i n g and Deve lopment 

There i s an i n a d e q u a t e d a t a base f o r o r g a n i c i n s u l a t o r s f o r f u s i o n m a g n e t s . 

The m a t e r i a l s used i n magnets a r e no t s t a n d a r d i z e d and t h e u n d e r s t a n d i n g o f 

f a i l u r e modes i s i n c o m p l e t e . 

S t a n d a r d t e s t p r o c e d u r e s and a d e q u a t e c h a r a c t e r i z a t i o n o f i n s u l a t o r p r o p e r t i e s 

a r e r e q u i r e d . 

The c u r v e s o f m e c h a n i c a l p r o p e r t i e s vs dose o r t e m p e r a t u r e o r c y c l e number a r e 

u s u a l l y b a n d s , e s p e c i a l l y f a t i g u e c u r v e s . The v a l u e s a r e i n f l u e n c e d by compo

s i t i o n , a g e , and m o i s t u r e o f t h e p o l y m e r . There i s a l s o a l a c k o f t h e r e p r o d u 

c i b i l i t y o f t h e d a t a . 

I r r a d i a t i o n e x p e r i m e n t s a t 4 . 2 K a r e d i f f i c u l t and e x p e n s i v e . T h e r e f o r e e x p e 

r i m e n t a l i r r a d i a t i o n programs f o r 4 . 2 K i r r a d i a t i o n o f magnet component m a t e 

r i a l s a r e v e r y s p a r s e . One o f t h e programs i s r u n n i n g a t t h e Oak R idge N a t i o 

n a l L a b o r a t o r y (ORNL) u s i n g t h e Low Tempera tu re I r r a d i a t i o n F a c i l i t y ( L T I F ) . 

A n o t h e r i s r u n n i n g i n J a p a n . 

A . 1 Deve lopment Goal 

The deve lopmen t goa l f o r t h e i n s u l a t i o n s h o u l d be s p e c i f i e d as o r g a n i c m a t e r i 

a l s wh ich can w i t h s t a n d a dose o f abou t 10 Gy % 10 n/cm (E > 0.1 M e V ) . 

I f o r g a n i c i n s u l a t o r s a r e found t o be i n a d e q u a t e , i n o r g a n i c ( c e r a m i c ) m a t e r i 

a l s s h o u l d be i n v e s t i g a t e d . The deve lopmen t o f o p t i m i z e d m a t e r i a l s w i t h r e 

s p e c t t o r a d i a t i o n r e s i s t a n c e and h i g h i n i t i a l s t r e n g t h i s r e q u i r e d . Methods 

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

The goa l o f t h e e x p e r i m e n t a l i n v e s t i g a t i o n s s h o u l d be t o i n t e r p r e t t h e e x p e r i 

men ta l r e s u l t s i n t e rms o f t h e c o n s t i t u t i v e p r o p e r t i e s , i . e . t o t r y t o u n d e r 

s t a n d t h e e f f e c t a t a f undamen ta l l e v e l . That wou ld l e a d t o a b e t t e r e x t r a p o 

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

t i o n . I f t h e damage mechan ism i s u n d e r s t o o d , t h e n i t can be p o s s i b l y p r e d i c t e d 

how new m a t e r i a l s may be d e v e l o p e d b e t t e r t o w i t h s t a n d t h e f u s i o n e n v i r o n m e n t . 
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A . 2 S t a n d a r d i z a t i o n o f M a t e r i a l s 

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

T h e r e f o r e s t a n d a r d samp le s p e c i f i c a t i o n s and c o m p o s i t i o n s must be d e f i n e d i n 

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

w e l 1 - c h a r a c t e r i z e d m a t e r i a l s . Such a s t a n d a r d i z a t i o n p rogram has been s t a r t e d 

i n t h e U . S . A . by t h e N a t i o n a l Bureau o f S t a n d a r d s t o g e t h e r w i t h r e s e a r c h e r s 

and i n s u l a t o r m a n u f a c t u r e r s . A s i m i l a r p rogram s h o u l d be i n i t i a t e d i n E u r o p e . 

A . 3 I d e n t i f i c a t i o n o f F a i l u r e Modes 

The i d e n t i f i c a t i o n o f f a i l u r e modes due t o i r r a d i a t i o n i s i m p o r t a n t f o r t h e 

deve lopmen t o r improvement o f f i b e r r e i n f o r c e d i n s u l a t o r s . The q u e s t i o n what 

t h e weakes t p o i n t i s , i s v e r y i m p o r t a n t f o r t h e d e s i g n o f t h e magnet i n s u l a 

t i o n s y s t e m . Is i t t h e m a t r i x , o r t h e r e i n f o r c i n g f i b e r o r t h e bond between 

b o t h ? A v a i l a b l e e x p e r i m e n t a l r e s u l t s s u g g e s t t h a t r a d i a t i o n - i n d u c e d d e b o n d i n g 

o c c u r s between t h e f i b e r s and t h e r e s i n , wh i ch i s r e s p o n s i b l e f o r t h e l o s s o f 

s t r e n g t h / 6 1 , 6 5 / . The i n v e r s e r u l e o f m i x t u r e f o r t h e s h e a r modulus G i n a 

c o m p o s i t e ( s u b s c r i p t c ) i s g i v e n by 

1/G = V / G + V / G 
c f f m m 

(V = v o l u m e , f = f i b e r , m = m a t r i x ) shows t h a t t h e s h e a r modu lus i s d e t e r m i n e d 

by t h e weakes t p a r t i n t h e c o m p o s i t e / 7 6 , 7 7 / , i . e . t h e f i b e r / m a t r i x i n t e r 

f a c e . S e p a r a t i o n o r d e b o n d i n g between f i b e r and m a t r i x i s o p t i c a l l y o b s e r v e d 

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

I t i s no t q u i t e c l e a r , whe the r t h e d e b o n d i n g o f t h e f i b e r / m a t r i x i n t e r f a c e i s 

due t o t h e m i g r a t i o n and a g g l o m e r a t i o n o f gas atoms a t t h e i n t e r f a c e o r due t o 

t h e h i g h e r dose due t o t h e B(n,&<) L i r e a c t i o n i n E - g l a s s f i b e r r e i n f o r c e d 

m a t e r i a l s . 

The deve lopmen t o f b o r o n - f r e e g l a s s f i b e r r e i n f o r c e d c o m p o s i t e s s h o u l d be e n 

v i s a g e d . The use o f R- o r S - g l a s s (bo th a r e b o r o n - f r e e ) i s s t r o n g l y recommen

d e d . An a d v a n t a g e i s t h e 50 % h i g h e r t e n s i l e s t r e n g t h , bu t t h e p r i c e i s abou t 

6 t i m e s h i g h e r t h a n t h a t o f E - g l a s s . 
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A . 4 R o l e o f I r r a d i a t i o n Tempera tu re and T e s t i n g Tempera tu re 

Many o f t h e a u t h o r s p o i n t ou t t h a t room t e m p e r a t u r e d a t a s h o u l d not be used as 

d e s i g n d a t a f o r f u s i o n m a g n e t s , because c o m p o s i t e s i r r a d i a t e d a t 4 K d e c r e a s e s 

much more s i g n i f i c a n t l y when t e s t e d a t 77 K t h a n a t room t e m p e r a t u r e / e . g . 7 4 , 

6 4 / . R e s u l t s o f Takamura and Ka to / 3 7 , 4 5 , 6 6 / s u g g e s t t h a t r e s u l t s o f t e s t i n g 

a t 4 . 2 K may be d i f f e r e n t f rom t h o s e a t 77 K, and t h a t i n t e r v e n i n g room t e m 

p e r a t u r e warming up may a l s o a f f e c t t h e r e s u l t s , b e c a u s e l a t e n t r a d i a t i o n d a 

mage can be a c t i v a t e d by warm up . 

I t appea rs t h a t t h e s e n s i t i v i t y t o r a d i a t i o n damage i s g r e a t e r a t l o w e r t empe 

r a t u r e / 3 8 / . May b e , d i f f e r e n t damage modes may o p e r a t e a t low t e m p e r a t u r e 

i r r a d i a t i o n o r d u r i n g p o s t i r r a d i a t i o n warming up compared w i t h room t e m p e r a 

t u r e i r r a d i a t i o n / 3 1 / . M a t e r i a l s t h a t a r e more r e s i s t a n t t o i r r a d i a t i o n a t 

room t e m p e r a t u r e a r e g e n e r a l l y found t o be more r e s i s t a n t t o i r r a d i a t i o n a t 

low t e m p e r a t u r e s / 3 9 / . A n o t h e r c o n c l u s i o n seems t o be t h e more heat r e s i s t a n t 

a m a t e r i a l i s t h e more r a d i a t i o n i t can w i t h s t a n d . 

The o p t i o n a l i r r a d i a t i o n t e s t p r o c e d u r e m igh t b e : 

S t e p 1: I r r a d i a t i o n o f a s t a n d a r d i z e d m a t e r i a l a t 5 K. 

S t e p 2 : T e s t i n g o f a l l r e l e v a n t p r o p e r t i e s a t 5 K t o d e t e r m i n e p r o p e r t y 

changes by i r r a d i a t i o n . 

S t e p 3 : Warming up t o 77 K. 

S t e p 4 : T e s t i n g o f a l l r e l e v a n t p r o p e r t i e s a t 77 K t o d e t e r m i n e p r o p e r t y 

changes by warming u p . ( S t e p 3 and 4 a r e h e l p f u l i n t h e c a s e o f a 

p a r t i a l warm up o f a f u s i o n m a g n e t . ) 

S t e p 5 : Warming up t o 300 K ( R T ) . 

S t e p 6 : T e s t i n g o f a l l r e l e v a n t p r o p e r t i e s a t 300 K. F r e e d gases s h o u l d be 

c o l l e c t e d and a n a l y z e d . 

S t e p 7 : C o o l i n g down t o 4 K. 
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S tep 8 : T e s t i n g o f a l l r e l e v a n t p r o p e r t i e s a t 4 K t o compare w i t h p r o p e r t i e s 

a t 4 K i r r a d i a t i o n b e f o r e warm u p . 

I t i s c l e a r t h a t such a p r o c e d u r e i s v e r y e x p e n s i v e , bu t i t wou ld g i v e a f u n 

damenta l u n d e r s t a n d i n g o f t h e r o l e o f i r r a d i a t i o n and t e s t i n g t e m p e r a t u r e s . 

A . 5 Tes t M a t r i x 

The p r o p e r t i e s t o be m e a s u r e d , t h e t e s t i n g c o n d i t i o n s and s t a n d a r d t e s t i n g 

p r o c e d u r e s have t o be d e f i n e d . 

P r o p e r t i e s t o me measured s h o u l d b e : 

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

c o m p r e s s i o n s t r e n g t h 

f l e x u r e s t r e n g t h 

s h e a r s t r e n g t h 

f a t i g u e s t r e n g t h 

c r e e p p r o p e r t i e s 

d i m e n s i o n a l changes 

w e i g h t changes 

gas e v o l u t i o n 

r a d i o a c t i v i t y 

c o l o r and a p p e a r a n c e changes 

s u r f a c e t r a c k i n g ( c u r r e n t a l o n g s u r f a c e ) 

e l e c t r o l y s i s 

f r i c t i o n ( r e s i s t a n c e t o f r e t t i n g i n p u l s e d magne ts ) 

t h e r m a l c o n d u c t i v i t y 

E l e c t r i c a l p r o p e r t i e s : v o l t a g e breakdown s t r e n g t h 

r e s i s t i v i t y 

d i e l e c t r i c c o n s t a n t 

d i s s i p a t i o n f a c t o r 

O t h e r p r o p e r t i e s : b r i t t l e n e s s / h a r d n e s s 

S t r e s s measurements s h o u l d be p e r f o r m e d a l s o f o r m u l t i a x i a l s t r e s s e s 

( t e n s i o n - t o r s i o n ) , no t o n l y f o r u n i a x i a l s t r e s s . 



- 6 1 -

T e s t i n g c o n d i t i o n s s h o u l d b e : 

- W e l l - k n o w n m a t e r i a l c o m p o s i t i o n s . 

- V a r i a t i o n o f samp le d i m e n s i o n s . 

- The t h e r m a l h i s t o r y ( t r e a t m e n t ) f o r a l l spec imens s h o u l d be e q u a l . 

- The i n f l u e n c e o f e n v i r o n m e n t s h o u l d be t a k e n i n t o a c c o u n t ( e s p e c i a l l y b e f o r e 

i r r a d i a t i o n : a i r , n i t r o g e n , w a t e r , c o o l i n g med ium) . 

- I r r a d i a t i o n a t 5 K i n t h e r i g h t f u s i o n s p e c t r u m , i . e . t h e r i g h t m i x t u r e o f 

n e u t r o n s and gammas. T h i s i s a r e q u i r e m e n t w h i c h c a n n o t i d e a l l y be f u l f i l l e d 

i n a f i s s i o n r e a c t o r . 

- Dose and dose r a t e e f f e c t s s h o u l d be i n v e s t i g a t e d . 

- A p p l i e d s t r e s s d u r i n g i r r a d i a t i o n . 

- A p p l i e d m a g n e t i c f i e l d d u r i n g i r r a d i a t i o n . 

- Measurements d u r i n g i r r a d i a t i o n . 

- Tempera tu re and t e s t i n g c y c l i n g as d e s c r i b e d a b o v e . 

- C y c l i c warming up and i r r a d i a t i o n . 

These t e s t c o n d i t i o n s c a n n o t be r e a c h e d s i m u l t a n e o u s l y , e . g . t h e a p p l i c a t i o n 

o f s t r e s s and m a g n e t i c f i e l d i s d i f f i c u l t . The measurement w i t h o u t a p p l i e d 

s t r e s s a n d / o r m a g n e t i c f i e l d c a n n o t g i v e t h e f u l l i n f o r m a t i o n , because s y n e r 

g i c e f f e c t s c a n n o t be r e a l i z e d . 
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A . 6 P r o p e r t i e s o f a Low Tempera tu re Neu t ron I r r a d i a t i o n F a c i l i t y 

A low t e m p e r a t u r e n e u t r o n i r r a d i a t i o n f a c i l i t y s h o u l d a l l o w 4 . 2 K sample t e m 

p e r a t u r e d u r i n g i r r a d i a t i o n . F o r measurements a f t e r i r r a d i a t i o n , a t e m p e r a t u r e 

c o n t r o l up t o 300 K s h o u l d be p o s s i b l e . 

13 2 

A f a s t n e u t r o n f l u x o f abou t 10 n/cm s (E > 0 .1 MeV) i s r e q u i r e d t o a t t a i n 

t h e r e q u i r e d f l u e n c e s o f about 10 n/cm . In a d d i t i o n , t h e o p e r a t i n g s c h e d u l e 

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

(10 s c o r r e s p o n d t o about f o u r months a t s t e a d y s t a t e o p e r a t i o n ) . 

I t s h o u l d be p o s s i b l e t o change t h e s p e c t r u m f rom t h e pu re f i s s i o n s p e c t r u m t o 

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

The i r r a d i a t i o n volume s h o u l d be i n t h e o r d e r o f 1 l i t e r . Enough r e f r i g e r a t i o n 

c a p a c i t y s h o u l d be a v a i l a b l e ( s e v e r a l hundred W a t 4 . 2 K ) . 

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

a t 4 . 2 K f rom t h e i r r a d i a t i o n volume t o t h e measurements d e v i c e s s h o u l d be 

a v a i l a b l e . The l a t t e r i s p r e f e r r e d due t o t h e h i g h e r measurement f l e x i b i l i t y . 

Neu t ron d o s i m e t r y i s e s s e n t i a l and s u p p o r t i n g n e u t r o n i c s c a l c u l a t i o n c a p a b i l i 

t y s h o u l d be a v a i l a b l e . 

A . 7 E x t r a p o l a t i o n f rom Spec imens t o Magnets 

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

l a r g e schale d e v i c e s has t o be p r o v e n . Sample d i m e n s i o n s o f e . g . 1.6 x 3 . 2 x 

2 5 . 4 mm o r 6 . 4 mm 0 x 12 .7 mm a r e v e r y s m a l l compared w i t h i n s u l a t i o n m a t e 

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

t i o n o f t h e r e a l c a s e . May be edge e f f e c t s i n s m a l l samp les p r e d o m i n a t e o r 

s u r f a c e - t o - v o l u m e e f f e c t s a r e p o s s i b l e . 

I t i s no t c l e a r f o r t h e magnet d e s i g n e r wh i ch o f t h e s t r e s s modes i s t h e most 

i m p o r t a n t t o have r a d i a t i o n d a t a . 

A l s o , t h e r a d i a t i o n b e h a v i o u r o f p o t t i n g m a t e r i a l s i s not v e r y w e l l k n o w n . 

I r r a d i a t i o n i n v e s t i g a t i o n s a r e s t r o n g l y recommended. 
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