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3.2 THE EFFECT OF A 100-MGy (lo1' RADS) GAMMA-RAY DOSE AT 5 K ON THE 

STRENGTH OF POLYIMIDE INSULATORS - R. R. Coltman, Jr., C. E. 
Klabunde, and C. J. Long (Oak Ridge National Laboratory) 

3.2.1 SPM Task 
Radiation Behavior of Magnet Insulation 

3.2.2 Objective 

This study seeks to determine the strength of polyimide materials 
as a function gamma-ray irradiation dose at 5 K. It compares new results 
with those from previous studies of epoxies made under the same 
conditions. 

3.2.3 Summary 
The most recent efforts in this program have examined the strength 

and other properties of pure and glass-fiber-filled polyimide materials 

irradiated to a dose of 100 MGy (lo1' rads). 
strength measured at 78 K were less than 40%, and at 300 K slight 
increases were observed. Overall, the glass-fiber-filled polyimide 
materials are 5 to 10 times more radiation resistant than glass-fiber- 

filled epoxy materials. 

At this dose the losses in 

3.2.4 Progress and Status 
The aim of this program is to understand the irradiation behavior of 

materials that may be used in the construction of large superconducting 
coils which provide magnetic containment for the plasma in a fusion 
reactor. The use of such materials provides an economical method for pro- 
ducing not only electrical insulation but also mechanical support needed 
in coil construction. Although many studies on the effects of radiation 
on organic insulators do exist, there are very few studies on the most 
recently developed materials or on the simultaneous effects of radiation 
and low temperatures. 

Progress in the conceptual design of fusion reactors has led to the 

consideration of higher plasma power densities, and hence higher irra- 
diation doses to superconducting coils and their components than had first 



1 2 been considered. In addition, recent calculations by B. A. Engholm 
show that without additional protective shielding even the first test 
reactors such as the Engineering Test Facility (now known as the Fusion 
Engineering Device) will produce lifetime doses at insulator locations 
that exceed the radiation tolerance of glass-filled epoxies in present 

use. For these reasons, new irradiations were carried out on pure and 
glass-filled polyimide materials. The superior radiation resistance of 
pure polyimides at room temperatures has been known for some years. Only 
recently, however, have bulk glass-filled polyimides become available. 
These materials have the strengths which are needed in magnet construction. 

3 

This is an interim report giving results for a gamma-ray dose of 100 
MGy (10” rads) on various polyimide materials. These results will be 

combined in a later report with those obtained from intermediate doses 
now being carried out. The experimental procedures and conditions that 

apply to this study are the same as those used for recent epoxy studies, 
which have been given in an earlier report. For the sake of completeness, 
however, some experimental details are repeated in this report. 

3 

3 . 2  -4.1 Materials 

Glass-fiber-filled materials were especially prepared by cooperating 
manufacturers. The unfilled polyimide, Vespel, is available commer- 
cially. The following list gives the material designation as used in 
this report and a brief description of each. For a description of the 
glass-fiber-filled epoxies to which the present results are compared, see 

Ref. 3. 

1. Vespel- Unfilled polyimide; E. I. DuPont de Nemours and Company. 
2 .  Spauldite - SPAULDITE@ SPAULDRADm; Spaulding Fibre Company; a 

high-pressure laminate composed of aromatic polyimide resin reinforced 

with continous filament E glass-woven fabric 70-71% by weight. 
Kerimid - Kerimid@ 601 laminate; Norplex Division, VOP Inc.; a 

balanced resin of bismaleimide and aromatic diamines reinforced with E 

glass woven fabric 40-60% by weight. 

3 .  



. _ *  

3.2.4.2 Types of Tests and Sample S p e c i f i c a t i o n s  

Specimens f o r  t e s t i n g  f l e x u r e  and compressive s t r e n g t h s  were divided 

i n t o  two i d e n t i c a l  groups,  one f o r  i r r a d i a t i o n  and the  o t h e r  f o r  u n i r r a -  

d i a t e d  c o n t r o l s .  F l exure  t es t s  were made a t  both 300 and 78 K ,  whi le  

compressive t es t s  were made only a t  78 K. The compression tes ts  of 

S p a u l d i t e  were made only i n  the  d i r e c t i o n  p a r a l l e l  t o  t he  g l a s s  f i b e r  

l amina t ions ,  while  tes ts  of Kerimid were made both p a r a l l e l  and perpen- 

d i c u l a r  t o  the  laminat ions.  Three tes ts  were made f o r  each of the ind i -  

c a t e d  t e s t  c o n d i t i o n s  of m a t e r i a l ,  temperature and o r i e n t a t i o n ,  making a 

t o t a l  of 30 c o n t r o l  and 30 i r r a d i a t e d  specimens. F l exure  tes ts  a t  78 K 

on S p a u l d i t e  and Kerimid were made i n  3-point bending, while  a l l  o t h e r  

f l e x u r e  t e s t s  were made i n  a 4-point bending w i t h  25 mm between suppor t s  

f o r  both cases .  Values f o r  f r a c t u r e  s t r e s s ,  l i n e a r  f l e x u r e  modulus, and 

f l e x u r e  s t r a i n  were c a l c u l a t e d  us ing  formulat ions given i n  the ANSIIASTM 

D 790-71(78) code. The nominal dimensions of t h e  specimens i n  mm were 

1.6 X 3.2 X 50 f o r  the f l e x u r e  s t i c k s  and 6.4 d X 12.7 f o r  t h e  

compression rods.  

3.2.4.3 I r r a d i a t i o n  and Test  Procedures 

A s  i n  previous experiments3 t h e  specimens were con ta ined  i n  a basket  

made of A 1  s c r e e n  which i n  t u r n  was surrounded by a 0.13-mm-thick 

c y l i n d r i c a l  Cd s h i e l d .  This  capsule  was then i n s e r t e d  i n t o  t h e  sample 

chamber of t he  ORNL Low Temperature R a d i a t i o n  F a c i l i t y  (LTIF) l o c a t e d  a t  

t h e  Bulk  S h i e l d i n g  Reactor.  The Cd s h i e l d  converted 92% on t h e  thermal 

neu t ron  f l u x  p r e s e n t  i n  the  LTIF i n t o  gamma rays v i a  an (n ,y)  r e a c t i o n .  

P r i o r  t o  t h e  i n i t i a l  cool-down of t he  L T I F  t h e  sample chamber was 

evacuated t o  less than 7 Pa (0.05 t o r r )  each of s e v e r a l  t i m e s  a f t e r  back- 

f i l l i n g  wi th  c l ean  dry helium. 
’ 

l i q u i d  H e  i n  t h e  sample chamber was removed by pumping t o  47 kPa (350 

t o r r )  without  sample warm-up above 5 K. The liquid-He r e f r i g e r a t o r  was 

then  turned o f f  and the  samples warmed t o  room temperature.  Twenty-four 

Immediately a f t e r  t h e  i r r a d i a t i o n ,  t he  

hours  a f t e r  t e rmina t ion  of t he  i r r a d i a t i o n ,  t he  con ten t s  of t he  chamber 

were pumped slowly through an e x t e r n a l  t r a p  immersed i n  a l a b o r a t o r y  



v e s s e l  of l i q u i d  H e  where a l l  gases  except  He were f rozen  out .  The t r a p  

was then sea l ed  o f f ,  warmed t o  room tempera ture ,  and t h e  con ten t s  ana- 

lyzed. A f t e r  b a c k f i l l i n g  the  sample chamber aga in ,  a second gas sample 

was taken 144 hours  ( 6  days)  a f t e r  i r r a d i a t i o n .  

The cond i t ions  p re sen t  dur ing  i r r a d i a t i o n  i n  l i q u i d  H e  a t  4.96 K 

were nea r ly  i d e n t i c a l  t o  those  p re sen t  during previous  ~ t u d i e s . ~  It was 

shown t h a t  t h e  small  f a s t  neutron f luence  (8.7 x 10'' n/m2 > 0.1 MeV) 

accompanying t h e  y-ray dose had no d e t e c t a b l e  e f f e c t  upon the  mechanical 

s t r e n g t h  of g l a s s - f i l l e d  epoxies.  We expect  t h e  same r e s u l t  would be 

t r u e  i n  t h i s  experiment f o r  t he  g l a s s - f i l l e d  polyimides.  Th i s  is not t o  

s a y  t h a t  f a s t  neut rons  a r e  unimportant.  I n  many f u s i o n  r e a c t o r  magnet 

l o c a t i o n s ,  f a s t  neut ron  f luences  w i l l  g r e a t l y  exceed those  we have s tud ied .  

The response of the  s t r e n g t h  of polyimide m a t e r i a l s  t o  f a s t  neut ron  

f luence  remains as an important  matter f o r  new study.  

A s  i n  ea r l i e r  i r r a d i a t i o n s ,  t h e  major sources  of damage were gamma 

r a y s  and e n e r g e t i c  f i s s i o n  fragments.  The l a t t e r  a r e  produced only in 

t h e  g l a s s - f i l l e d  m a t e r i a l s  as a r e s u l t  of t he  f i s s i o n  of 'OB atoms 

( p r e s e n t  as B2O3 i n  t h e  g l a s s )  by cap tu re  of thermal neut rons  t h a t  l eak  

through t h e  Cd s h i e l d .  

g l a s s  con ten t  i n  the  composite epoxies  as 33 .7  w t  %. We now know by 

r econf i rma t ion  from t h e  manufacturers  t h a t  t h e  g l a s s  con ten t  was 66.3 
wt %, and hence the energy deposition rate from 'OB fission was 1.25 

times t h a t  due t o  g a m a  r a y s ,  and not 0.64 as was s t a t e d .  I n  t h e  present 

experiment t h e  g l a s s  con ten t  of t he  S p a u l d i t e  was 70 w t  %, which i s  very 

I n  our e a r l i e r  r e p o r t 3  we i n c o r r e c t l y  s t a t e d  t h e  

c l o s e  t o  t h a t  i n  the  p rev ious ly  s t u d i e d  epoxies ,  I n  t h e  case  of Kerimid 

a va lue  between 40-60% i s  given by t h e  manufac turer ,  and, of  course ,  

Vespel has no g l a s s .  

terms of  energy d e p o s i t i o n  by gamma r a y s ,  which i s  common t o  a l l  the 

m a t e r i a l s .  It is  important  t o  no te  t h a t  whi le  we can i n d i c a t e  the  addi- 

t i o n a l  dose rece ived  by each m a t e r i a l  from 'OB f i s s i o n ,  t h e r e  is  insuf-  

f i c i e n t  d a t a  t o  determine i f  energy d e p o s i t i o n  i s  a v a l i d  c r i t e r i o n  f o r  

p r e d i c t i n g  p rope r ty  changes which a r e  produced by r a d i a t i o n s  having d i f -  

f e r e n t  damage product ion  mechanisms such as gamma rays  and B f i s s i o n  

fragments.  The fo l lowing  l i s t  g ives  the  p e r t i n e n t  i r r a d i a t i o n  

cond i t ions :  

A l l  dose  v a l u e s  i n  the r e p o r t  are g iven  o n l y  i n  

1 0  



gamma ray  dose 

'OB f i s s i o n  dose 
gamma ray dose 

100 MGy ( lo1 '  r a d s )  

Vespel 0 
1.33 t K e r i m i d  0.95 

Spau 1 d i t e 

Thermal Neutron Fluence  
F a s t  Neutron Fluence 
I r r a d i a t i o n  Time 

3.1 X 1021 n/m2 
8.7 x lo2 '  n / m 2  > 0.1 MeV 
189 h r s  

3.2.4.4 F lexure  Test Resu l t s  

The f l e x u r e - f r a c t u r e - s t r e s s  r e s u l t s  a r e  shown i n  Fig.  3 . 2 . 1  and com- 

pared wi th  prev ious  r e s u l t s  f o r  two g l a s s - f i l l e d  epoxies .  Seve ra l  

f e a t u r e s  a r e  noted: 

1. I n  t h e  u n i r r a d i a t e d  cond i t ions  the g l a s s - f i l l e d  Kerimid and 

S p a u l d i t e  a r e  r e s p e c t i v e l y  2.2 and 3.1 t imes s t r o n g e r  a t  78 K than .  t h e  

u n f i l l e d  Vespel,  and the  b e s t ,  S p a u l d i t e ,  has  90% o f  the  s t r e n g t h  of t he  

g l a s s - f i l l e d  epoxies .  

2 .  A t  10.0 MGy (10 ' '  r ad )  Vespel l o s e s  only 8%,  Kerimid 30%, and 

S p a u l d i t e  38% of  i n i t i a l  s t r e n g t h ,  bu t  t he  l a t t e r  remains s l i g h t l y  

s t r o n g e r  than  Rerimid. For t h i s  dose t h e  g l a s s - f i l l e d  polyimides a r e  a t  

least  2.5 times s t r o n g e r  than the  g l a s s - f i l l e d  epoxies ,  which a f t e r  a 

dose 1/4 as l a r g e  have i n s u f f i c i e n t  s t r e n g t h  f o r  p r a c t i c a l  use. 

3. The well-known temperature  dependence of t h e  s t r e n g t h  of poly- 

imides ( i n c r e a s i n g  s t r e n g t h  with dec reas ing  temperature)  i s  observed i n  

both u n i r r a d i a t e d  and i r r a d i a t e d  specimens. It is i n t e r e s t i n g  t o  n o t e ,  

however, t h a t  the  temperature  dependence is  notab ly  reduced by i r r a -  

d i a t i o n  as a r e s u l t  of the  f a c t  t h a t  t he  s t r e n g t h  a t  300 K i s  a c t u a l l y  

inc reased  by i r r a d i a t i o n .  

F igure  3.2.2 shows the  r e s u l t s  ob ta ined  for t he  l i n e a r  f l e x u r e  

modulus. It can be noted t h a t  for tes ts  performed a t  78 K Vespe l  shows 

a very s l i g h t  i nc rease  i n  t h e  modulus a f t e r  i r r a d i a t i o n ,  whi le  t he  g l a s s -  

f i l l e d  polyimides show small decreases  i n  modulus; even less than t h e  

epoxies ,  A t  300 K Vespel shows no change, whi le  both S p a u l d i t e  and 

Kerimid show s u b s t a n t i a l  i n c r e a s e s  with i r r a d i a t i o n ,  g i v i n g  modulus 

va lues  c l o s e  t o  those found a t  78 K. 
\ 
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F igu re  3.2.3 shows the  f l e x u r e  s t r a i n  r e s u l t s .  Values were ob ta ined  

f o r  both the  f a i l u r e  c o n d i t i o n  and f o r  t h e  t r a n s i t i o n  p o i n t  between 

l i n e a r  and non l inea r  load-elongat ion behavior .  I n  a few cases  a t  300 K 

no f a i l u r e  was observed and t h e  s t r a i n  a t  peak stress i s  ind ica t ed .  A l l  

of the m a t e r i a l s  except t he  u n f i l l e d  Vespel gave r e s u l t s  which c o r r e l a t e d  

q u i t e  w e l l  wi th  the f r a c t u r e - s t r e s s  r e s u l t s ;  t h i s  c o r r e l a t i o n  i s  a l s o  

found i n  the epoxy  result^.^ 
a t  78 K due t o  i r r a d i a t i o n ,  it remained unchanged a t  300 K. This  r e s u l t ,  

a long  wi th  the  g e n e r a l l y  r e s i l i e n t  c h a r a c t e r i s t i c s  observed during 

hand l ing ,  gave t h e  impression t h a t  Vespel may se rve  as a very r a d i a t i o n -  

r e s  i s  t a n t  gasket  mater i a l .  

Although Vespel  showed some l o s s  i n  s t r a i n  
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3.2.4.5 Compression Test R e s u l t s  

In t h e  case of compression t e s t s  Kerimid material was a v a i l a b l e  t o  

prepare specimens t h a t  could be loaded p a r a l l e l  ( K e r i m i d L )  o r  perpen- 

d i c u l a r  ( K e r i m i d I )  t o  t h e  g l a s s - f i b e r  laminat ions.  The r e s u l t s  of the 

t e s t s  seen  i n  Fig.  3 . 2 . 4  show t h a t ,  except  f o r  Kerimid I, t h e r e  is  very 

c l o s e  agreement with t h e  f l e x u r e - f r a c t u r e  s t r e n g t h  r e s u l t s .  
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Fig .  3 . 2 . 4  R e s u l t s  of Compressive. S t r e n g t h  Tests 



In the case of KerimidI no loss  in strength was observed for LOO 

MGy (10” rads). 
loaded in the parallel orientation was by delamination, that in Kerimid L 
was by fracture, generally along an oblique plane that produced a 

fragment shorter than the sample length. Since in the application to 
fusion reactor magnets there are many locations where the principal 

stress on laminated insulation is perpendicular to the laminations , 
further investigation to higher irradiation doses is necessary to deter- 
mine the radiation tolerance for this orientation. 

While failure in all other glass-filled materials 

3.2.4.6 Radioactivity 

The radioactivity of the materials was monitored for some weeks 
following the irradiation. The results were obtained in the practical 
units of mrad/hr measured at the surface of a 75-mm-diameter paper-shell 
Cutie Pie (radiation-survey meter). Use was made of the flexure speci- 
mens for these measurements, since their stick-like shape was more 
suitable for accurate positioning parallel to the barrel of the meter. 
The maximum activity was 48 and 19 mrad/hr after one and four weeks 
respectively. 

By comparing the results for the unfilled Vespel with Spauldite and 
Kerimid, it was clear that almost all of the radioactivity originates in 
the glass fibers. Further, the glass-filled polyimides give almost the 

same results as G-lOCR, which is described as having nearly the same 
g l a s s  content (see Ref. 3 ) .  

3.2.4.7 Gas Evolution 
The percentage weight composition of the gas mixture evolved from 

all samples during warm-up to room temperature after irradiation is given 
in Table 3.2.1.  

It can be noted that the off-gas composition changes markedly with 
time after irradiation. The first gas sample shows a much larger propor- 
tion of H indicating its more rapid diffusion out of the material com- 
pared to the heavier species. 



. .  

Table 3.2.1 Analysis  of Evolved Gases 
(wt % >  

Days Af te r  I r r a d i a t i o n  

1 6 

H2 44.2 0.5 

CH 4 0.8 1.4 

H2  0 1.95 21.0 

N2 and CO 49.4 66.6 

0 2  0.05 0.3 

co 2 2.9 9.1 

C 2 H 4  0.7 1.1 

3 . 2 . 5  Conclusions 

1. The g l a s s - f i l l e d  polyimide m a t e r i a l s  show an average loss i n  

s t r e n g t h  of -35% a f t e r  i r r a d i a t i o n  a t  4.9 K t o  100 MGy (10” r a d s ) .  

While more d a t a  i s  needed t o  make a p r e c i s e  comparison, t he  p re sen t  

r e s u l t s  i n d i c a t e  t h a t  t he  g l a s s - f i l l e d  polyimides a r e  about 5-10 times 

more r a d i a t i o n  r e s i s t a n t  than the  g l a s s - f i l l e d  epoxies .  

2 .  I n  o rde r  t o  provide des igne r s  with informat ion  t h a t  gives  the 

maximum f l e x i b i l i t y  i n  the  choice of type and q u a n t i t y  of i n s u l a t i o n  

needed, polyimide d a t a  should be provided on the  response of s t r e n g t h  t o  

dose f o r  va lues  l e s s  than 100 MGy (10”  r ads ) .  Experiments in t h i s  range 

a r e  now i n  progress .  I n  c o n t r a s t ,  there is  a l s o  a need f o r  f u r t h e r  s tudy  

a t  h ighe r  doses of the  compressive s t r e n g t h  measured pe rpend icu la r  t o  

lamina t ions  ( s e e  3.2.4.5), i n  o rde r  t o  determine the  r a d i a t i o n  to l ea rance  

f o r  t h i s  o r i e n t a t i o n .  

_I_ 

1 3 .  I n  the  p re sen t  experiments % f i s s i o n  fragment damage accom- 

panies  t h a t  produced by gamma rays.  I n  terms of energy d e p o s i t i o n  t h e s e  

two types of damaging r a d i a t i o n  a r e  determined t o  be about equal .  I n  h i s  

neu t ron ic s  c a l c u l a t i o n s  f o r  t h e  Fusion Engineer ing  Device (FED), 

p rev ious ly  c a l l e d  the  Engineer ing  Test F a c i l i t y  (ETF), B,. A. Engholm2 

f i n d s  a corresponding s i t u a t i o n  a t  magnet l o c a t i o n s  where energy deposi-  

t i o n  produced by f a s t  neutrons i s  about equal  t o  t h a t  produced by gamma 

rays.  A t  t h e  p re sen t  t i m e ,  however, t h e r e  i s  not enough d a t a  to  d e t e r -  

mine i f  energy d e p o s i t i o n  i s  a v a l i d  c r i t e r i o n  f o r  p r e d i c t i n g  p rope r ty  


