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NEUTRON IRRADIATION EFFECTS OW 

CARBON AND GRAPHITE CLOTHS AND FIBERS 

W. J. Gray 

A ser ies  o f  c lo th  and f iber samples were irradiated t o  fluences of 3.5, 

7.3, cnd I0 x 1 0 ~ ' c m - ~  a t  470°C. Dimensional changes o f  the f ibers i n  the  

radiaL direct ion ranged from -19% t o  +33% m i  i n  the axiaL d i rec t ion  from 

-18% t o  -27%, roughly t en  times greater than dimensional changes found for 

typical  nuclear graphites. Despite these large dimensional changes, a l l  

but one of  the 2-dimensional c lo ths  remained essen t ia l l y  unchanged i n  over- 

a l l  physical appearance. The 3-dimensi.onal c lo ths ,  on the other hand, 

deteriorated apparently because these types of weaves were l e s s  able t o  

accommodate the large axial  f iber shrinkages. 

INTRODUCTION 

Carbon o r  g r a p h i t e  c l o t h  has been suggested f o r  use i n  f u s i o n  r e a c t o r s  

between t he  plasma and t h e  f i r s t  s t r u c t u r a l  w a l l .  Th in  c l o t h s  would 

min imize high-Z i m p u r i t i e s  w i t h i n  t h e  plasma by p r o v i d i n g  a  b a r r i e r  which 

would p reven t  i o n s  and n e u t r a l  atonis from s t r i k i n g  t he  w a l l ,  and they 

would keep neu t ron-spu t te red  h igh-Z atoms f rom e n t e r i n g  t he  plasma. Thick 

c l o t h s  would serve t he  a d d i t i o n a l  f u n c t i o n  o f  s low ing  down t h e  high-energy 

neut rons thereby reduc ing  r a d i a t i o n  damage, p a r t i c u l a r l y  he l ium produc t ion ,  

i n  t h e  f i r s t  s t r u c t u r a l  w a l l .  The concept o f  u s i n g  a  low-Z l i n e r  t o  min imize 

h igh-Z i m p u r i t i e s  i n  t he  plasma i s  v a l i d  whether one uses c l o t h s  o r  s o l i d  s labs  

o f  g r a p h i t e  o r  o t h e r  low-Z m a t e r i a l s .  

Whi le t h e  amount o f  neut ron i r r a d i a t i o n  da ta  on s o l i d  g raph i t es  i s  very  

ex tens i ve  (e .g . ,  r e f s .  3-a),  i t  i s  almost nonex is ten t  on carbon o r  g raph i t e  

c l o t h .  A  few papers (e.g. ,  r e f s .  9-13) deal  w i t h  s t r u c t u r a l  and mechanical 
2  1  p rope r t y  changes o f  c l o t h s  a t  maximum f luences up t o  %1 x  10 cm-'*. 

*A1 1  f 1  uences quoted i n  terms o f  "Equi l e n  F i s s i o n  Fluence f o r  Damage 
i n  Graphite."aS') A  f l u e n c  1  .O1 x  105Tcm-J produces one displacement 
per  atom (dpa) i n  g raph i t e .  



Dimensional c ianges w i l l  p robab ly  be t he  ~ i i o s t  impo r tan t  f o r  f u s i o n  r e a c t o r  

a p p l i c a t i o n s ,  however, and t he re  i s  o n l y  one paper ( 16) where dimensional  

changes o f  i r r a d i a t e d  f i b e r s  have been repor ted .  I n  t h a t  work, where t h r e e  

types o f  f i b e r s  were i r r a d i a t e d ,  t h e  extreme case was f o r  Thornel-50s whose 
21 -2 d iameters  incjceased about 50% a f t e r  i r r a d i a t i o n  t o  %1.5 x  10 cm a t  

400-700°C. 

0bviousl:y a  g r e a t  deal  o f  i r r a d i a t i o n  data measured under f u s i o n  r e a c t o r  
22 -2 cond i t i ons  ( temperatures up t o  2000°C and f luences a t  l e a s t  up t o  1 x  10 cm 

and perhaps a  f a c t o r  of 5  t o  10 h i g h e r )  w i  11 be r e q u i r e d  t o  determine whether 

any o f  t he  vai- ious f i b r o u s  m a t e r i a l s  w i l l  be s u i t a b l e  f o r  such a p p l i c a t i o n s .  

As a  s t a r t  on o b t a i n i n g  these data,  t h r e e  s e r i e s  o f  c l o t h s  and f i b e r s  were 

i r r a d i a t e d  i n  EBR-I1 i n  t h ree  d i f f e r e n t  capsules t o  f luences  of 3.5, 7.3, and 
21 -2 

10 x  10 cm a t  470°C. Resu l ts  f rom t h e  f i r s t  o f  these capsules were repo r ted  

e a r l  i e r .  ( l  7, The p resen t  paper c o n s t i t u t e s  t h e  f i n a l  r e ? o r t  on these i r r a d i a t i o n s  

and i nc l udes  '-esul t s  f rom a1 1  t h ree  capsules. 

EXPERIMENTAL 

The p rep i i r a t i on  and p r o p e r t i e s  o f  f i b r o u s  carbon and g r a p h i t e  m a t e r i a l s  

have been descr ibed  by K u l c i n s k i  e t  a1 . ) B r i e f l y ,  t h e  p r e p a r a t i o n  i n v o l v e s  

t he  c o n t r o l  1  ed thermal convers ion ( p y r o l  y s i  s )  o f  p recursor  o rgan ic  f i b e r s  t o  

r e s i d u a l  carbonaceous m a t e r i a l .  Organic p recursors  t y p i c a l l y  used a re  e i t h e r  

rayon o r  p o l y i i c r y l o n i  t r i l e  (PAN). More r e c e n t l y ,  p i t c h e s  have been used as 

p recursors .  ( I R )  The p y r o l y s i s  may be done on a  pre-woven c l o t h  o r ,  a l t e r n a t i v e l y ,  

t h e  f i b e r s  may be py ro lyzed  p r i o r  t o  t h e  weaving o f  t he  c l o t h .  M a t e r i a l s  

r e f e r r e d  t o  a:; carbons a r e  produced by p y r o l y s i s  a t  r e l a t i v e l y  low terr~peratures, 

21000°C. Graph i te  p roduc ts  r e s u l t  f rom an a d d i t i o n a l  s t ep  i n  which t h e  temp- 

e r a t u r e  i s  r a i s e d  t o  2000°C o r  more. C l o t h  may be e i t h e r  2- o r  3-dimensional .  

The former  i s  a  r e l a t i v e l y  t h i n  s i n g l e  l a y e r  of f a b r i c  prepared by some type 

o f  s imp le  under and over  weave. The much t h i c k e r  3-D m a t e r i a l s ,  scheniatic 

diagrams o f  which a r e  shown i n  F igure  1, a r e  prepared by means o f  s p e c i a l i z e d  

looms; those used i n  t h i s  s tudy  were 2.112 i n c h  i n  th ickness .  

Table I l i s t s  t h e  m a t e r i a l s  i r r a d i a t e d  i n  t h i s  study, a l l  o f  which were 

ob ta ined  cour tesy  of McDonnell Douglas As t ronau t i cs  Company-East. C l o t h  

samples 1-4 f rom t h e  f i r s t  ( l owes t  f l uence)  i r r a d i a t i o n  were re tu rned  t o  

them f o r  degassing measurements f o l l o w i n g  p o s t i r r a d i a t i o n  examinat ion a t  PNL. 



TABLE I. M a t e r i a l s  D e s c r i p t i o n  ( a )  

CLOTHS: 

Weave 
Before 

Sample IYa te r ia l  2- o r  3- o r  A f t e r  
No. Type Precurso r  Type Dimensional P y r o l y s i s  Type 

1 Thorne l -50 Rayon G r a p h i t e  2 A f t e r  8-Harness S a t i n  

2 GSGC-2 Rayon Graphi  t e  2 Be fo re  Square 

3 WCA Rayon G r a p h i t e  2 B e f o r e  Square 

4 GSCC-2 Rayon Carbon 2 Be fo re  Square 

5 Thornel-400 PAN Carbon 3 A f t e r  Orthogonal  

6 Thornel-400 PAN Carbon 3 A f t e r  Angle I n t e r l o c k  

FIBERS: 

Sample 
No. - Type 

M a t e r i a l  C r y s t a l  
P recurso r  Type O r i e n t a t i o n  

Thorne l  -50s 
(WYH-140 112) 

Rayon G r a p h i t e  High 

GSGY - 2 Rayon 

Rayon 

Rayon 

PAN 

Graphi t e  

G r a p h i t e  

Carbon 

Carbon 

Low 

Low 

Low 

Moderate Thorne l  -400 
(WYM-30 110) 

PAN 

P i t c h  

Rayon 

Carbon 

Graphi t e  

Graph i te  

Low 

High 

Very H igh  Thornel  -75s 
(WYJ-160 112) 

Rayon 

PAN 

Carbon 

Carbon 

Low 

Moderate 

Rayon Carbon Low 

( a )  F i b e r s  i n  c l o t h  samples 1-6 a r e  t h e  same as f i b e r  samples 1-5 w i t h  
t h e  e x c e p t i o n  o f  t h e  #3 samples where t h e  c l o t h s  and f i b e r s  a r e  
s i m i l a r  b u t  n o t  i d e n t i c a l .  



Due t o  l i m i t e d  r e a c t o r  space, san~ples were l i m i t e d  t o  %1/2 i n c h  d iameter .  

Therefore,  2-D c l o t h  d i s c s  %1/2 i n c h  i n  d iameter  were c u t  ou t ,  and t h e  edges 

of  these were bound l i g h t l y  w i t h  a  carbonaceous cement t o  m in im ize  f r a y i n g .  

Th i s  t e c h n i q ~ ~ e  d i d n ' t  work w e l l  f o r  t h e  3-D c l o t h  samples. Therefore,  112 i n c h  

d iameter  c y l i n d e r s  o f  t h e  3-D c l o t h s  were c u t  o u t  u s i n g  a  t o o l  s i m i l a r  t o  a  

cork  bore r ,  t.nd t h e  samples were pushed d i r e c t l y  o u t  o f  t h e  t o o l  i n t o  g r a p h i t e  

c y l i n d r i c a l  sample ho lders .  I n  a d d i t i o n  t o  t h e  c l o t h  samples, p o r t i o n s  o f  

11 d i f f e r e n t  types ( o n l y  9  types were p laced i n  t h e  f i r s t  capsule)  o f  

i n d i v i d u a l  ya rns  c o n t a i n i n g  up t o  %200 f i b e r s  each were mounted, l i k e  spokes 

on a  wheel , cn  carbon d i scs .  

P r e - i r r a d i a t i o n  c h a r a c t e r i z a t i o n  o f  t h e  c l o t h  samples cons i s ted  o f  a  

s e r i e s  o f  micrographs a t  va r i ous  m a g n i f i c a t i o n s  taken bo th  o p t i c a l l y  and w i t h  

a  scanning e-! e c t r o n  microscope (SEM) . The i n t e n t  o f  these p i c t u r e s  was t o  

a1 low bo th  a  v i s u a l  cornparison be fo re  and a f t e r  i r r a d i a t i o n ,  as we1 1  as a  

means t o  determine dimensional  changes. I n  a d d i t i o n  t o  t h e  p i c t u r e s ,  pre-  

i r r a d i a t i o n  d e n s i t y  and BET sur face  area measurements were made on t h e  2-D 

c l o t h s  . 
P re - i  r r t ~ d i  a t i o n  c h a r a c t e r i  z a t i  on o f  t h e  f i b e r  samples again cons i s ted  

o f  a  s e r i e s  c ~ f  micrographs a t  va r i ous  magn i f i ca t i ons .  I n  a d d i t i o n ,  smal l  

carbon d o t s  were depos i ted  on i n d i v i d u a l  f i b e r s  t o  serve as f u d i  c i a 1  marks 

f o r  length-change measurements. The do t s  were depos i ted  w i t h  t h e  SEM as 

descr ibed  by Bunnel 1  . ( 1  9) 

A s e r i e s  of  samples such as descr ibed  above was p laced  i n t o  each o f  

t h r e e  d i f f e r e n t  subassembl i e s  which i n  t u r n  were p laced  i n  t h r e e  d i f f e r e n t  

Hanford Engineer ing Development Labora to ry  capsules f o r  i r r a d i a t i o n  i n  

EBR-I1 . Since t h i s  was a  piggyback experiment, i r r a d i a t i o n  temperatures 

cou ld  n o t  be t a i l o r e d .  Furthermore, t h e  capsules were un inst rumented and 

temperatures had t o  be c a l c u l a t e d .  I n t e r n a l  hea t  genera t ion  i n  these 

subassemblies was q u i t e  low; therefore,  t h e  samples r a n  o n l y  a  few degrees 

above t h e  sodium c o o l a n t  temperature i n  t h e  r e a c t o r  which was known t o  be 

425 + 25°C. Thus, sample temperatures were c a l c u l a t e d  t o  be i n  t h e  range 
21 

400-500°C. The f luences  of  3.5, 7.3, and 10 x  10 were determined, (20)  



u s i n g  d o s i m e t r y  p r e v i o u s l y  done f o r  a  s i m i l a r  p o s i t i o n  i n  EBR-11, and a p p l y  

t o  t h e  i n d i v i d u a l  f i b e r s  and 2-D c l o t h  samples. The 3-D c l o t h  sarnbles exper ienced  

f l u e n c e s  abou t  172 h i g h e r  i n  each capsu le .  As no ted  e a r l i e r ,  a l l  f l u e n c e s  a r e  

quoted i n  terms o f  " E q u i v a l e n t  F i s s i o n  F luence f o r  Damage i n  Graph i te .  1 1 ( 1 4 )  

Based on t h e  c u r r e n t  a tomic  d i sp lacement  c r o s s  s e c t i o n s  as a  f u n c t i o n  o f  

n e u t r o n  energy, a  f 1  uence o f  1.01 x  1  ~ ~ c r n - ~  produces one d i sp lacement  p e r  

atom (dpa)  i n  g r a p h i t e  independent  o f  t h e  n e u t r o n  energy spectrum. (15,21) 

Atomic d i sp lacement  c r o s s  s e c t i o n s  used a t  p r e s e n t  a r e  d e r i v e d  f r o m  t h e o r e t i c a l  

models. An exper imen t  des igned t o  v e r i f y  ( o r  a d j u s t )  t h e  t h e o r e t i c a l  c r o s s  

s e c t i o n s  f o r  n e u t r o n  e n e r g i e s  up t o  ~ 1 5  MeV i s  n e a r i n g  c o m p l e t i o n  and t h e  

r e s u l t s  w i  11 be pub1 i shed s h o r t l y .  ( 2 2 )  

RESULTS AND DISCUSSION 

FIBER AXIAL LENGTH CHANGES 

F i b e r  l e n g t h  changes were determined o n l y  on t h e  2-D c l o t h  samples 

u s i n g  l o w - m a g n i f i c a t i o n  p i c t u r e s  such as those  shown i n  F i g u r e s  6, 9, 12 

and 15. Two methods were used: 1  ) l e n g t h  measurements were made wherever 

b o t h  ends o f  a  g i v e n  y a r n  were c l e a r l y  v i s i b l e  b o t h  b e f o r e  and a f t e r  

i r r a d i a t i o n ,  and 2 )  t h e  areas o f  t h e  c l o t h s  were measured w i t h  a  Quantamet-720 

q u a n t i t a t i v e  image a n a l y z e r ,  and l e n g t h s  ( c l o t h  d iamete rs )  were c a l c u l a t e d .  

On ly  t h e  f i r s t  method was used on samples from t h e  f i r s t  capsu le .  Length  

changes determined by t h e  f i r s t  method were d i f f e r e n t  i n  t h e  o r thogona l  

d i r e c t i o n s  "Id" and "F " .  Carefu l  examina t ion  of  F i g u r e s  6, 9, 12 and 15 

r e v e a l s  t h a t  t h e r e  a r e  more y a r n s  p e r p e n d i c u l a r  t o  t h e  " W "  d i r e c t i o n  than  

t h e r e  a r e  p e r p e n d i c u l a r  t o  t h e  "F"  d i r e c t i o n .  Tab le  I 1  shows t h e  l e n g t h  

changes were g e n e r a l l y  g r e a t e r  i n  t h e  "F"  d i r e c t i o n .  Perhaps t h i s  i s  due 

t o  g r e a t e r  f r i c t i o n a l  r e s t r a i n t  i n  t h e  " W "  d i r e c t i o n  as t h e  c l o t h s  s h r i n k  

and c l o s e  up t h e  gaps between y a r n s .  Gap c l o s u r e  wouid  a i s o  occur  sooner 

i n  t h e  " W "  d i r e c t i o n .  I f  t h i s  h y p o t h e s i s  i s  v a l i d ,  t h e  "F" va lues  i n  

T a b l e  I 1  may be more i n d i c a t i v e  o f  r e s t r a i n t - f r e e  s h r i n k a g e  and, where a v a i l -  

ab le ,  these  a r e  t h e  va lues  t h a t  a r e  p l o t t e d  i n  F i g l ~ r e  2. F a i l u r e  t o  r e c o g n i z e  

t h e  s h r i n k a g e  d i f f e r e n c e  i n  t h e  two d i r e c t i o n s  l e d  t o  r e s u l t s  r e p o r t e d  e a r l i e r  ( 1 7 )  

f o r  samples f r o m  t h e  f i r s t  capsu le  t h a t  a r e  d i f f e r e n t  f r o m  those  g i v e n  here .  

The "A" va lues  i n  Tab le  I 1  l i e  c l o s e r  t o  t h e  " W "  t han  t h e  "F"  va lues .  Seemingly 



TABLE 11. Ax ia l  Shrinkages o f  F ibers i n  Graph i te  and Carbon Cloths I r r a d i a t e d  a t  470°C ( a h )  

Si1r.i r ~ k d y e  ( $ j  

( a )  - W and F  values a re  f o r  the  two orthogonal d i r e c t i o n s  i n  t he  c l o t h ;  - A values are  taken from area 
measurements. See t e x t  f o r  a d d i t i o n a l  explanat ions.  

C lo th  
No. Type 

1  Thornel-50 

2  GSGC-2 

3  WCA 

4  GSCC-2 

( b )  U n c e r t a i n t i e s  l i s t e d  are  two times t h e  standard dev ia t i ons  o f  t he  percentage d i f f e rences  between 
i r r a d i a t e d  and u n i r r a d i  ated 1  engths. 

I I 
8.1 1 .  ( c )  ( c )  19.0 '0.3 ( c )  / ( c )  1 26.7 k0.4 

I 
I ! 8.2 k0.5 : 13.0 '2.3' 14.8 k 0 . 8 :  12.5 k0.5 , 13.6 k0.4 122.0 k l . l  , 16.8 k0.4 

i 8.6 0 . 3  8.4 k l . l  14.5 k 0 . 8 ,  12.8 k l . O  1 14.9 k 1 . 4 ,  17.8 k1.2 1 14.8 '1.1 , 

7.1 k0.2 / 12.9 k1 .0 ,  14.5 k0.3 112.3 k0.2 18.7 1 . 8  17.4 k l  - 4  
1 I : 1 1 I I 

( c )  A l l  ya rn  ends i n  t h i s  d i r e c t i o n  were obscured thereby prevent ing  l eng th  measurements; see t e x t .  

21 -2 I 10 x 10 cm 21 -2 3.5 x  10 cm 

I I I 
W 

21 -2 7.3 x 10 cm 
A I F  W W 

I 
F F  A 



they should l i e  i n  between and because t hey  do no t ,  p robab ly  imp l y  a  s l i g h t  b i a s  

i n  one measuring method o r  t he  o the r .  The d i r e c t  measurements, " W "  and "F", 

seem l e s s  s u b j e c t  t o  e r r o r  than t h e  area measurements, "A". F i n a l l y ,  t he  l e n g t h  

changes measured by e i t h e r  method cou ld  be p a r t i a l l y  a t t r i b u t e d  t o  increased 

f i b e r  cu rva tu re  bu t ,  w i t h  t he  excep t ion  o f  Thornel-50 which appears t o  have 

become somewhat k i nky ,  t h a t  d o e s n ' t  appear t o  be t he  case. 

The f u d i c i a l  marks p laced  on t he  f i b e r  samples w i t h  t he  SEM as descr ibed 

e a r l i e r  apparen t l y  were t o t a l l y  dest royed d u r i n g  i r r a d i a t i o n  thereby  p rec lud ing  

any l e n g t h  measurements on t h e  f i b e r  samples. 

A l l  o f  t h e  a x i a l  d imensional  changes observed, as w e l l  as a t  l e a s t  some 

o f  t h e  r a d i a l  d imensional  changes discussed below, a r e  q u i t e  l a r g e  when 

compared w i t h  changes observed i n  t y p i c a l  nuc lear  g r a p h i t e s ( 7  y 2 3  y 2 4 )  under 

s i m i l a r  c o n d i t i o n s  as shown i n  F igu re  3. Th is  f i g u r e  shows d imensional -  

change da ta  as a  f u n c t i o n  o f  f l uence  f o r ' a  t y p i c a l  nuc lea r  g r a p h i t e  a t  a  
v a r i e t y  o f  temperatures mere ly  t o  show the  e f f e c t  f l u e n c e  and temperature 

can have. These da ta  should n o t  be const rued t o  imp l y  t h a t  c l o t h  diniensional 

changes w i l l  va r y  w i t h  temperature and f l uence  i n  a  s i m i l a r  fash ion .  A  

complete p i c t u r e  of t he  i r r a d i a t i o n  behavior  of c l o t h  can o n l y  be determined 

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

FIBER DIAklETER CHANGES 

The f i b e r  samples were remounted a f t e r  i r r a d i a t i o n  so t h a t  they  cou ld  

be viewed i n  cross s e c t i o n  f o r  t he  purpose of l o o k i n g  a t  bo th  f r a c t u r e d  

and po l i shed  end sur faces.  The l a t t e r  were used t o  determine changes i n  

cross sec t i ona l  areas. The f i b e r s  proved t o  be v e r y  d i f f i c u l t  t o  handle 

f o l l o w i n g  i r r a d i a t i o n ,  and o n l y  f i v e  d i f f e r e n t  types f rom the  f i r s t  capsule 

were s u c c e s s f u l l y  remounted. F i be rs  from the  second capsule were l o s t  

d u r i n g  capsule disassembly. A l l  e leven types o f  f i b e r s  f rom the  t h i r d  

capsule were s u c c e s s f u l l y  remounted. 

A  t y p i c a l  example o f  po l i shed  c ross-sec t ions  o f  rayon-based f i b e r s  i s  

shown i n  F igu re  23 and o f  PAN-based f i b e r s  i n  F igu re  24. The v a r i a t i o n  i n  

c ross -sec t i ona l  area f rom one f i b e r  t o  another  i s  t y p i c a l  o f  a l l  11 types 

o f  f i b e r s .  A  second observa t ion  i s  t y p i c a l  o f  a l l  types o f  f i b e r s  except  . 



t h e  one shown i n  F i g u r e  22 ( t o  be d iscussed l a t e r ) .  That  i s ,  i r r a d i a t i o n  

has caused '10 n o t i c e a b l e  change i n  appearance such as shape, cracks,  pores, 

e t c .  

Cross s e c t i o n a l  areas o f  15 t o  90 u n i r r a d i a t e d  f i b e r s  o f  each t y p e  

were measured and compared w i t h  areas measured on 3  t o  35 i r r a d i a t e d  f i b e r s .  

I n  each case, t h e  c ross  s e c t i o n a l  areas were conver ted  t o  c i r c l e s  o f  

e q u i v a l e n t  areas, and Table  I 1 1  l i s t s  changes i n  mean e q u i v a l e n t  f i b e r  

d iameter .  D i f f e r e n c e s  between t h e  d iameter  changes l i s t e d  here  f o r  samples 
21 -2 

f rom t h e  f i r s t  capsu le  (3.5 x  10 cm ) and those r e p o r t e d  e a r l i e r  ( 1  7 )  

a r e  due t o  a new s e t  o f  micrographs taken w i t h  much sharper  d e f i n i t i o n  o f  

t h e  f i b e r  edges which should  produce more r e l i a b l e  da ta .  The u n c e r t a i n t i e s  

l i s t e d  a r e  based on t h e  va r i ance  o f  t h e  d i f f e r e n t  sample popu la t i ons .  

A l though t h e  l i s t e d  u n c e r t a i n t i e s  a re  r a t h e r  l a r g e ,  measurements on d i f f e r e n t  

p o p u l a t i o n s  o f  t h e  same f i b e r  t ype  i n d i c a t e d  t h a t  t h e  r e a l  u n c e r t a i n t i e s  

m igh t  be even l a r g e r .  To g e t  a  b e t t e r  f e e l  f o r  t h i s ,  t h r e e  d i f f e r e n t  samples 

o f  each o f  t h r e e  d i f f e r e n t  t ypes  of  u n i r r a d i a t e d  f i b e r s  were measured. The 

r e s u l t s  shown i n  Tab le  I V  r e v e a l  d i f fe rences  a t  t h e  95% con f idence  l e v e l  

of up  t o  1.8%; i n  mean e q u i v a l e n t  d iameter  between d i f f e r e n t  popu la t i ons  o f  

t h e  same f i b e r  type.  Thus, i t  can be s t a t e d  w i t h  c e r t a i n t y  o n l y  t h a t  

d iamete r  changes occur red  a t  t h e  h i g h e s t  i r r a d i a t i o n  l e v e l  f o r  f i b e r  types 

1, 7, 10 and 11. The i n t e r n a l  cracks,  o r  ho les  i n  f i b e r  No. 7  ( t y p e  VSA-11) 

shown i n  F i c u r e  22b were d iscoun ted  f o r  t h e  purpose o f  de te rm in i ng  i t s  

d iamete r  change. 

F i b e r  No. 8  (Thorne l  -75s) i s  s i m i l a r  t o  f i b e r  No. 1  (Thorne l -50s)  

excep t  t h a t  i t  i s  even more h i g h l y  o r i e n t e d .  Thus, i t  seems t h a t  i t s  

r a d i a l  s w e l l i n g  should  have been a t  l e a s t  as l a r g e .  The f a c t  t h a t  o n l y  

one Thorne l -75s f i b e r  was s u c c e s s f u l l y  remounted f o r  examinat ion makes i t  

imposs ib l e  t o  determine whether o r  n o t  t h i s  was t r u e .  

The o n l y  p rev ious  work where a  d i r e c t  comparison w i t h  t h e  p resen t  

da ta  i s  p o s s i b l e  i s  due t o  Peggs ( I 6 )  who found t h a t  Thornel-50s f i b e r s  swe l l ed  

2.50% i n  t h e  r a d i a l  d i r e c t i o n  a f t e r  i r r a d i a t i n g  t o  1.1.5 x  1 0 ~ ' c m - ~  a t  400-700°C. 

For  b o t h  Peggs' and t h e  p resen t  da ta  t o  be c o r r e c t ,  t h e  f i b e r s  would f i r s t  

have t o  s w e l l ,  then  s h r i n k  back t o  about  normal s i ze ,  and then  swe l l  aga in .  



TABLE I 1  I. Mean Equ iva len t  Diameter Changes o f  I r r a d i a t e d  F i  bers , . 
F i b e r  Diameter Change (%) 'a 

No. 21 -2 
Type -' 1 0 x 1 0  cm 3.5 x 10 cm 

1 Thornel -50s -3.1 k3.2 +30.6 k2.3 
(WYH-140 112) 

5 Thornel -400 
(WYM-30 110) 

6 T y p e A  -5.5 k2.3 + 0.3 t 3 . 2  

8 Thornel -75s - 5.0 ("1 
(WYJ-160 112) 

10 Thornel -300 
(WYP-30 110) 

( a )  U n c e r t a i n t i e s  l i s t e d  a r e  two t imes t h e  s tandard d e v i a t i o n s  o f  t he  
percentage d i f f e r e n c e  between i r r a d i a t e d  and u n i  r r a d i  a ted  mean diameters.  
See t e x t  f o r  d i scuss ion  o f  a d d i t i o n a l  uncerta- i  n t i e s .  

(b ) Only one i r r a d i a t e d  f i b e r  measured. 



TABLE u. Mean Equ iva len t  Diameters o f  Sel ected Uni r r a d i a t e d  F i b e r s  

F i b e r  No. o f  F i be rs  Mean Equ iva len t  Standard D e v i a t i o n  
IN0 . - Type Measured Diameter, pm O f  Mean 

1  Thornel -50s 78 6.43 
(WYH-140 112) 

6  8  6.49 

Such behavior ,  a l though w i t h  cons ide rab l y  sma l le r  t o t a l  changes, has been 

observed (") i n  one t ype  o f  g r a p h i t e  (AXZ-591) before.  A d d i t i o n a l  i r r a d i a t i o n s  

would be r e q u i r e d  t o  s u b s t a n t i a t e  such behavior  f o r  t he  Thornel-50s f i b e r s ,  

however. Small temperature d i f f e rences  between t he  p resen t  i r r a d i a t i o n  and 

t h a t  of Peggs a re  p o s s i b l e  b u t  seem u n l i k e l y  t o  be respons ib l e  f o r  t h e  

apparen t l y  d i f f e r e n t  r e s u l t s .  

DENSITY 

Dens i t i es  of t he  four  types o f  2-D c l o t h s  were measured by l i q u i d  

i m e r s i o n  i n  to luene,  and t h e  r e s u l t s  a r e  shown i n  F igu re  4. R e p r o d u c i b i l i t y  

o f  t h e  measurements was + %I%. The d e n s i t y  inc rease  o f  t h e  Thornel-50 was 

much sma l l e r  than f o r  t h e  o t h e r  t h r e e  types which i s  a  r e f l e c t i o n  o f  t h e  

l a r g e  r a d i a l  s w e l l i n g  o f  t he  Thornel-50 f i b e r s  compared w i t h  no s w e l l i n g  o r  

even shr inkage i n  t h e  r a d i a l  d i r e c t i o n  of t he  o thers .  



SURFACE AREA 

F igure  5  shows BET su r face  areas measured w i t h  k ryp ton .  I n  general ,  

o n l y  one measurement per  sample was made b u t  i n  t he  few ins tances  o f  d u p l i c a t e  

measurements, r e p r o d u c i b i l i t y  o f  ?%lo% was found. The sur face  area con- 

verged t o  s i m i l a r  va lues a t  t h e  i n te rmed ia te  f l uence  and then appear t o  have 

d iverged  s l i g h t l y  a t  t he  h i ghes t  f l uence .  

Wi th  the  excep t ion  o f  WCA, t he  sur face  area changes o f  t he  c l o t h s  

exceed by wide margins t h e  changes c a l c u l a t e d  (assuming t he  f i b e r s  t o  be 

c y l  i n d r i c a l  i n  shape) f rom r a d i a l  and a x i a l  changes i n  f i b e r  dimensions. 

E v i d e n t l y  some v e r y f i n e  p o r o s i t y  n o t  v i s i b l e  a t  magn i f i ca t i ons  as h i g h  as 

30,000X has been e l im ina ted .  

Atomic hydrogen s t i c k i n g  p r o b a b i l i t i e s  were measured f o r  c l o t h s  f rom 
21 -2 t h e  f i r s t  capsule (3 .5  x  10 cm ) by F ive1 e t  a l .  (26)  and compared w i t h  t he  

s t i c k i n g  probabi 1  i t i e s  o f  u n i r r a d i a t e d  c l o ths .  I n  a1 1  cases f o r  temperatures 

5 800°C, the  i r r a d i a t e d  c l o t h s  had h igher  s t i c k i n g  p r o b a b i l i t i e s .  Th i s  i s  

no t  a  s u r p r i s i n g  r e s u l t  i f  s t i c k i n g  p r o b a b i l i t i e s  a r e  h igher  a t  edge s i t e s  and 

defects  than a t  basal  p lane sur faces,  which seems 1  i ke l y ,  because i r r a d i a t i o n  

increases t h e  number o f  de fec ts .  

The method used t o  measure s t i c k i n g  p r o b a b i l i t i e s  (26 '27)  y i e l d s  va l  i d  

eng ineer ing  numbers. However, i t  i s  based on t he  assumption t h a t  each atom 

s t r i k e s  t h e  carbon sur face  o n l y  once, and s t i c k i n g  p r o b a b i l i t y  i s  taken t o  be 

s imp ly  t h e  number o f  atoms absorbed d i v i d e d  by t he  number t h a t  s t r i k e  the  

sur face.  A c t u a l l y  t h i s  i s  an o v e r s i m p l i c a t i o n  because, on an atomic sca le ,  

t h e  sur face  must be q u i t e  i r r e g u l a r  and many hydrogen atoms a re  r e f l e c t e d  a t  

angles such t h a t  they  s t r i k e  t h e  sur face  more than once. Thus, what m igh t  

be c a l l e d  a  " t r u e "  s t i c k i n g  p r o b a b i l i t y  ( t h a t  i s ,  the  s t i c k i n g  p r o b a b i l i t y  per  

c o l l i s i o n )  i s  n o t  determined. Measured s t i c k i n g  p r o b a b i l i t i e s  would be lower  

f o r  l e s s  i r r e g u l a r  sur faces g i ven  equal t r u e  s t i c k i n g  probabi  1  i t i e s .  

Sur face areas o f  the  c l o t h s  decreased du r i ng  i r r a d i a t i o n .  I n  some sense, 

there fo re ,  t h e  sur faces  must have become smoother and t h e  measured s t i c k i n g  

p r o b a b i l i t i e s  would have decreased i f  t h e ' t r u e  s t i c k i n g  p r o b a b i l i t i e s  had 

remained unchanged. The f a c t  t h a t  t he  measured s t i c k i n g  p r o b a b i l i t i e s  increased 

means s imp ly  t h a t  the  t r u e  s t i c k i n g  p r o b a b i l i t i e s  increased by an even 

g r e a t e r  amount. 



MICROGRAPHIC EXAMINATION 

F igures  6-17 a r e  micrographs o f  t h e  f o u r  types o f  2-D c l o t h s .  I n  each 

case, micrographs a and b a r e  o f  t h e  same area o f  t h e  same specimen w h i l e  

micrographs c  and d a r e  d i f f e r e n t  specimens than a and b and a l s o  d i f f e r e n t  

f rom each o the r .  The smal l ,  g e n e r a l l y  sh iny,  do t s  found on micrographs b-d 

o f  F igures  6, 9, 12, and 15 a r e  a carbonaceous cement p laced on t h e  c l o t h s  

f o r  o r i e n t a t i o n  markers a f t e r  micrographs o f  t h e  u n i r r a d i a t e d  c l o t h s  had 

a l r eady  been taken.  

F igures  6 and 7 show t h a t  Thornel-50 c l o t h  d e t e r i o r a t e d  d u r i n g  i r r a d i a t i o n  

and t h e  i n d i v i d u a l  f i b e r s  became somewhat k i n k y .  A t  t h e  m a g n i f i c a t i o n  shown 

i n  F igure  8, t he  Thornel  -50 f i b e r s  appear v i r t u a l  l y  unchanged by i r r a d i a t i o n .  

The cause o f  t he  f uzzy  appearance o f  t h e  f i b e r s  i n  F igures  8c, I l c ,  and 17c 

i s  unknown, b u t  i s  n o t  be l i eved  t o  be a p r o p e r t y  o f  t h e  f i b e r s .  T h i s  phenome- 

non w i l l  be d iscussed l a t e r .  

F igures  9-17 show t h a t  t h e  o t h e r  t h r e e  types o f  2-D c l o t h s  changed l i t t l e  

d u r i n g  i r r a d i a t i o n  except  f o r  a  genera l  t i g h t e n i n g  up o f  t h e  weave caused by 

a x i a l  shr inkages o f  t he  f i b e r s .  F igures  I l a  and b show a f i b e r  w i t h  a  f l a w  

( c r a c k )  and even t h i s  was unchanged by i r r a d i a t i o n .  

F igures  18 and 19 a r e  micrographs o f  t h e  two types o f  3-D c l o t h s .  Again, 

micrographs a and b a r e  o f  t h e  same specimen w h i l e  micrographs c  and d a re  

d i f f e r e n t  specimens than a and b and a l s o  d i f f e r e n t  f r om each o t h e r .  I n  

c o n t r a s t  t o  t h e  2-D c l o t h s ,  t he  3-D c l o t h s  have l i t e r a l l y  t o r n  themselves 

apar t .  I n  t he  b micrographs, one can see y a r n  ends t h a t  a r e  beg inn ing  t o  

p u l l  out ,  y a r n  loops t h a t  a re  t i g h t e n i n g ,  o v e r a l l  t i g h t e n i n g  and sh r i nk i ng ,  

and a good deal  o f  f r a y i n g .  The l a t t e r  may be due t o  f i b e r s  breaking, perhaps 

because o f  inc reased  cu rva tu re  o r  h i g h  t e n s i l e  s t resses  caused by r e s t r a i n e d  

shr inkage.  A l t e r n a t i v e l y ,  some o f  t he  f i b e r s  may s imp ly  be p u l l i n g  o u t  so t h a t  

ends a r e  v i s i b l e  a f t e r  i r r a d i a t i o n  b u t  n o t  be fo re .  Micrographs c  and d o f  

bo th  f i g u r e s  can no longer  be matched w i t h  the  micrographs o f  these specimens 

taken b e f o r e  i r r a d i a t i o n  ( n o t  shown). The processes descr ibed above as hav ing 

taken p lace  d u r i n g  t he  f i r s t  i r r a d i a t i o n  have con t inued  t o  t h e  p o i n t  o f  n e a r l y  

t o t a l  d e s t r u c t i o n  o f  t h e  specimens i n  t h e  second and t h i r d  i r r a d i a t i o n s .  



No d i r e c t  measurements were made on t he  3-D c l o t h s ,  so i t  cannot be 

s t a t e d  w i t h  c e r t a i n t y  t h a t  t he  f i b e r s  i n  these m a t e r i a l s  have shrunk as 

d r a m a t i c a l l y  as have those i n  t h e  2-D c l o ths ,  b u t  t h a t  seems l i k e l y  t o  be 

t he  case. I f  so, i t  i s  apparent t h a t  the  2-D c l o t h s  a r e  a b l e  t o  accommodate 

t he  shr inkage t h a t  has taken p lace i n  t h e  a x i a l  d i r e c t i o n  o f  t he  f i b e r s  

whereas t he  3-D c l o t h s  a r e  no t .  It i s  easy t o  r a t i o n a l i z e  t h i s  d i f f e r e n c e  

i n  behavior .  There i s  l i t t l e  i n  t h e  2-D c l o t h s  t o  r e s t r a i n  t h e  f i b e r s  

f rom s h r i n k i n g  o r  t o  cause problems when t hey  do. Wi th  t he  3-D m a t e r i a l s ,  

on t he  o t h e r  hand, i t  can be seen i n  F igu re  1  t h a t  a x i a l  shr inkage o f  t h e  

Z yarns w i l l  be r e s i s t e d  by f r i c t i o n .  Fur ther~ i iore,  i f  a x i a l  shr inkages 

exceed r a d i a l  shr inkages, a x i a l  shr inkage o f  t h e  Z yarns w i l l  be r e s t r a i n e d  

f o r  t h i s  reason a lso .  I n  t he  small samples used i n  t h i s  study, i t  i s  

r e l a t i v e l y  easy f o r  some o f  t h e  yarns t o  p u l l  out ,  b u t  i n  a  l a r g e  p iece  o f  

c l o t h ,  f i b e r  breakage appears 1  i k e l y  t o  occur.  

Micrographs ( n o t  shown) o f  t h e  3-D c l o t h s  were taken a t  h i g h  magn i f i -  

c a t i o n  (up t o  10,000X) o n l y  a f t e r  t he  f i r s t  i r r a d i a t i o n .  No d i f f e r e n c e  was 

observed between t h e  i r r a d i a t e d  and u n i r r a d i a t e d  c l o t h s .  Micrographs ( n o t  

shown) a t  h i g h  m a g n i f i c a t i o n  were a l s o  taken be fo re  i r r a d i a t i o n  and a f t e r  

t he  f i r s t  and t h i r d  i r r a d i a t i o n s  o f  t he  same type  o f  f i b e r s  (Thornel-400) 

used i n  t h e  3-D c l o t h s .  No d i f f e r e n c e s  due t o  i r r a d i a t i o n  were found. Thus, 

t he  d e t e r i o r a t i o n  o f  t h e  3-D c l o t h s  observed a t  low magn i f i ca t i on  (F igures  

18 and 19) must be due t o  a x i a l  f i b e r  shr inkage a1 though t h i s  was n o t  con- 

f irmed by d i r e c t  measurements. 

F igures  20 and 21 show f r a c t u r e d  ends o f  f i b e r s .  The b  micrographs 

i n  bo th  f i g u r e s  show a s - i r r a d i a t e d  f i b e r  ends. The knobby appearance i s  

t y p i c a l  o f  a l l  11 types o f  f i b e r s .  Microgaphs c  and d  show f i b e r  ends 

f r a c t u r e d  a f t e r  i r r a d i a t i o n  and a f t e r  t h e  b  micrographs were taken. Many 

o f  t he  VSA-11 f i b e r s  s p l i t  i n  a  manner which l e f t  a v o i d  i n  t h e  cen te r  o f  

t he  f i b e r  as shown i n  F igure  20. The c r y s t a l l i t e s  i n  t h i s  t y p e  o f  f i b e r  

a r e  q u i t e  w e l l  o r ien ted ,  b u t  a l so  o r i e n t e d  d i f f e r e n t l y  than i n  any o f  t he  

o t h e r  types o f  f i b e r s .  They tend t o  1  i e  w i t h  t h e i r  basal  planes para1 l e l  

t o  t he  r a d i a l  d i r e c t i o n  o f  t h e  f i b e r s .  Since i r r a d i a t i o n  causes g raph i t e  

c r y s t a l s  t o  s h r i n k  and swe l l  r e s p e c t i v e l y  i n  d i r e c t i o n s  p a r a l l e l  and 

perpend icu la r  t o  t h e  basal  planes, t h e  f i b e r s  would tend t o  s h r i n k  i n  t h e  



r a d i a l  d i r ~ x t i o n  and swe l l  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n .  Thus, t h e  

su r f ace  w o l ~ l d  be p laced i n  compression and the  i n t e r i o r  i n  t e n s i o n  l e a d i n g  

t o  t h e  types o f  cracks shown. The f i b e r  ends shown i n  F i g u r e  21 , which 

were f r a c t u r e d  a f t e r  i r r a d i a t i o n ,  a re  t y p i c a l  o f  a l l  t h e  o t h e r  10 types o f  

f i b e r s .  T l ~ a t  i s ,  l i t t l e  d i f f e r e n c e  between i r r a d i a t e d  and u n i r r a d i a t e d  

f i b e r s  can be seen. 

F i  gul-es 22-24 show po l  i shed f i b e r  ends. These micrographs a re  t y p i c a l  

o f  t h e  one:; used t o  measure t h e  f i b e r  d iameter  changes 1  i s t e d  i n  Table 111. 

F i be rs  i n  F igures  23 and 24 a r e  t y p i c a l  of rayon-based and PAN-based f i b e r s ,  

r e s p e c t i v e l y .  That  i s ,  t he  former a re  i r r e g u l a r  i n  shape whereas t h e  l a t t e r  

a r e  more n e a r l y  round. Both types e x h i b i t e d  1  i t t l e  change due t o  i r r a d i a t i o n  

i n  t he  sense t h a t  t he re  i s  no obvious shape change o r  crack o r  pore generat ion,  

e t c .  T h i s  obse rva t i on  i s  t y p i c a l  o f  10 o f  t h e  f i b e r  types. Only  t he  VSA-11 

f i b e r s  shown i n  F igu re  22 changed d u r i n g  i r r a d i a t i o n  i n  any rega rd  o t h e r  than 

s i ze .  

THE FUZZY FIBER PHENOMENON 

E a r l  i e r ,  t h e  f uzzy  appearance o f  f i b e r s  i n  F igures  8c, l l c ,  and 17c was 

b r i e f l y  mentioned. I t  was f i r s t  observed on a1 1  n i ne  types  o f  f i b e r s  f rom t h e  

f i r s t  i r r a d i a t i o n  capsule.  W i t h i n  any g iven  t y p e  o f  f i b e r ,  some f - i be rs  were 

fuzzy  w h i l z  o the rs  were no t .  F i be rs  w i t h  f uzz  were examined a t  a  v a r i e t y  o f  

angles, i n - l u d i n g  s te reo  p a i r s ,  and magn i f i ca t i ons .  E f f o r t s  were made t o  

remove t he  f u z z  by u l t r a s o n i c  c l ean ing  i n  acetone, bu t  i t  d i d n ' t  budge i n  t he  

s l i g h t e s t .  The energy d i s p e r s i v e  x- ray f luo rescence  c a p a b i l i t y  o f  t h e  SEM 

was used t o  t r y  t o  i d e n t i f y  t h e  elemental  composi t ion o f  t h e  f u z z  w i t h  

nega t i ve  r12sults. Th is  systeni does n o t  d e t e c t  elements w i t h  atomic numbers 

l e s s  than  11 and, there fo re ,  would n o t  d e t e c t  carbon. Every impress ion was 

g i ven  t h a t  su r f ace  l a y e r s  had peeled f rom the  f i b e r s  on ionsk in  fash ion ;  

however, t i e r e  were some problems w i t h  t h i s  idea .  None o f  t h e  c l o t h  samples 

had t h e  s l  i g h t e s t  h i n t  o f  f uzz  even though t hey  were composed o f  some of t h e  

same types o f  f i b e r s .  Furthermore, as mentioned above, w i t h i n  a  bundle of 

f i b e r s ,  some f i b e r s  d i d n ' t  have t h e  fuzz .  



Most o f  t h e  f i b e r s  had been coated d u r i n g  manufacturer  w i t h  e i t h e r  

a  p o l y v i n y l  a lcoho l  o r  UC-307 epoxy-based s i z i n g .  Only one o f  t h e  c l o t h s ,  

Thornel-50, had been s ized .  Desp i te  t he  f a c t  t h a t  t h e  Thornel-50 c l o t h  

had no fuzz,  t he  s i z i n g  seemed t o  be a  p o s s i b l e  source o f  t h e  fuzz  on 

t he  f i b e r s ;  perhaps t he  s i z i n g  was p e e l i n g  o f f .  However, t h e  s i z i n g  should 

have been t o t a l l y  removed by h e a t i n g  i n  vacuum t o  %700°C, and a l l  o f  t he  

f i b e r s  had been heated i n  vacuum t o  % l O O O ° C  a f t e r  t hey  were mounted on 

t he  g lassy  carbon d i s c  used t o  h o l d  them d u r i n g  i r r a d i a t i o n .  I n  a d d i t i o n ,  

a l l  samples, bo th  f i b e r s  and c l o t h s ,  were degassed a t  ~ 7 0 0 ° C  i n  vacuum 

p r i o r  t o  we ld ing  t h e  i r r a d i a t i o n  capsules shut .  

Next, t h e  g lassy  carbon d i s c  t h a t  t h e  f i b e r s  were mounted on was 

examined w i t h  t h e  SEM a t  h i g h  m a g n i f i c a t i o n .  A  ve ry  s i m i l a r  f uzzy  m a t e r i a l  

was observed i n  abundance. Perhaps t h i n  l a y e r s  o f  carbon had peeled from 

t h e  g lassy  carbon d i s c  and become at tached ve ry  t enac ious l y  t o  t he  f i b e r s .  

The c l o t h s  were conta ined i n  nuc lea r  grade p o l y c r y s t a l l i n e  g r a p h i t e  ho lders  

and they  had no fuzz .  

Bu t  t he  problem was n o t  e n t i r e l y  solved. Upon examinat ion o f  specimens 

from t h e  second capsule, fuzz  was found on t h r e e  o f  t h e  f o u r  types o f  2 -D 

c l o t h s  (F igu res  8c, I l c ,  and 17c) .  As mentioned e a r l i e r ,  t h e  f i b e r  specimens 

f rom t h e  second capsule were l o s t  d u r i n g  capsule disassembly.  Could f uzz  

f rom the  g lassy  carbon d i s c  c o n t a i n i n g  t he  f i b e r s  have mig ra ted  i n t o  t h e  

g r a p h i t e  ho lders  ( n o t  h e r m e t i c a l l y  sealed) c o n t a i n i n g  t he  c l o t h s ?  I f  so, 

why d i d  i t  n o t  happen i n  t h e  f i r s t  and t h i r d  capsules? The answer i s  unknown. 

A l l  e leven  types o f  f i b e r s  f rom t h e  t h i r d  capsule had t h e  f u z z  b u t  

none o f  t he  c l o t h  samples. The appearance o f  t h e  f uzz  was, i n  a1 1  respects ,  

t he  same as descr ibed  f o r  specimens f rom t h e  f i r s t  capsule.  

Al though i t  appears t h a t  t he  f uzz  i s  n o t  a  p rope r t y  o f  t h e  f i b e r s  o r  

t he  s i z i n g  thereon, t h i s  has n o t  been e s t a b l i s h e d  beyond doubt. The g lassy  

carbon mount ing d i s c s  seem t h e  most l i k e l y  source o f  t he  f uzz  bu t ,  again, 

t h i s  was n o t  proven. 



CONCLUSIONS 

Three c f  t h e  f o u r  types o f  2-D c l o t h  samples i r r a d i a t e d  i n  t h i s  s tudy 

have remained i n t a c t  even though t he  f i b e r s  have undergone a x i a l  shr inkages 

o f  18 t o  27%. I f  a d d i t i o n a l  i r r a d i a t i o n  t e s t s  show t h a t  they  remain i n t a c t  

a t  h i ghe r  f l ~ e n c e s  and temperatures, t h e i r  use i n  f u s i o n  r e a c t o r  a p p l i c a t i o n s  

may be p o s s i b l e  p r o v i d i n g  t h e  l a r g e  shr inkage can be accommodated through 

c u r t a i n  o r  r ~ , a c t o r  design. Other changes observed f o r  t h e  2-D c l o t h s  were 

l a r g e  d e n s i t y  increases and a l l  b u t  one had a l a r g e  decrease i n  su r f ace  

area. The 3-D c l o t h s ,  on t h e  o t h e r  hand, have d e t e r i o r a t e d .  Thus, t h e  

development of 3-D weaves t h a t  a r e  ab le  t o  accommdate l a r g e  a x i a l  f i b e r  

shr inkages appears necessary before t h e i r  use can be considered. 

A t  l e a s t  t h r e e  d i f f e r e n t  bas i c  types o f  rayon-based f i b e r s  were 

represented i n  t h e  2-D c l o t h s  where l a r g e  a x i a l  shr inkages were found. 

Such l a r g e  shr inkages thus seem l i k e l y  t o  be c h a r a c t e r i s t i c  o f  rayon-based 

f i b e r s  i n  ger ieral .  I r r a d i a t i o n - i n d u c e d  length-change da ta  a r e  needed on 

PAN and p i t ch -based  f i b e r s  t o  determine if t h e i r  shr inkages a r e  a l s o  l a r g e .  

Radial  diniensional changes o f  11 d i f f e r e n t  types o f  f i b e r s  v a r i e d  

f rom shr inkac~e o f  19% through almost no change t o  s w e l l i n g  o f  33%. I t  i s  

n o t  c l e a r  what e f f e c t s  r a d i a l  d imensional  changes migh t  have on t h e  general  

performance o f  c l  o ths .  
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FIGURE 1. Schematic d iagram o f  3-dimensional  weaving p a t t e r n s .  
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5 mm d 5 rnm 

F I G U R E  6 .  T h o r n e l - 5 0  G r a p h i t e  C l o t h ;  a )  U n i r r a d i a t e d ,  

b )  3 . 5 ~ 1 0 ~ ' c r n - 2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  l ~ x l ~ ~ ~ c m - ~  

2 2 



F I G U R E  7 .  T h o r n e l - 5 0  G r a p h i t e  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 .5x1021crn-2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  1 0 x l 0 2 1 c m - 2  

2  3  



F I G U R E  8 -  T h o r n e l - 5 0  G r a p h i t e  C l o t h ;  a )  U n i r r a d i a t e d  
b )  3 . 5 x 1 0 2 1 c r n - 2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  1 0 x 1 0 2 1 c m - 2  



t - j  
j+ 

F IGURE 9 .  GSGC-2 G r a  h i t e  C l o t h ;  a )  U n i r r a d i a t e d ,  
2  P b )  3 . 5 ~ 1 0  c m - 2 ,  c )  7 . 3 x 1 0 2 1 c r n - 2 ,  d )  1 0 x 1 0 2 1 c m - ~  

2  5 



FIGURE 10 .  GSGC-2 G r a p h i t e  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 . 5 x 1 0 2 1 c m - 2 ,  c )  7 . 3 x 1 0 2 1 c r n - ~ ,  c i )  1 0 ~ 1 0 2 1 c r n - 2  

2  6 



FIGURE 1 1 .  GSGC-2 G r a  h i t e  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 . 5 x 1 0 2 f c m - 2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  1 0 x l 0 2 1 c r n - 2  



c 5 mm d 1 5 mrn 

F I G U R E  1 2 .  W C A  G r a p h i t e  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 . 5 x 1 0 2 1 c m - 2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  1 0 x 1 0 ~ ' c r n - ~  

2 8 



F I G U R E  1 3 .  W L A  h r a p n l t e  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 . 5 x 1 0 2 1 c m - 2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  1 0 x l 0 2 1 c m - 2  



F I G U R E  1 4 .  WCA G r a p h i t e  C l o t h ;  a )  U n i r r a d i a t e d ,  
b ) 3 . 5 ~ 1 0 ~ 1 c r n - ~ ,  c )  7 . 3 ~ 1 0 2 1 c r n - ~ ,  d )  1 0 x l 0 ~ ~ c r n - 2  



FIGURE 1 5 .  GSCC-2 C a r b o n  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 . 5 x 1 0 2 1 c m - 2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  1 0 x l 0 ~ 1 c m - 2  

3  1  



F I G U R E  ' 6 .  GSCC-2 C a r b o n  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 . 5 x 1 0 2 1 c r n - 2 ,  c )  7 .3x1021c1 -n -2 ,  d )  1 0 x 1 0 2 1 c m - 2  

3 2  



F I G U R E  1 7 .  G S C C - 2  C a r b o n  C l o t h ;  a )  U n i r r a d i a t e d ,  
b )  3 . 5 x 1 0 2 1 c m - 2 ,  c )  7 . 3 x 1 0 2 1 c m - 2 ,  d )  1 0 x 1 0 2 1 c m - 2  

33 



F I G U R E  1 8 .  T h o r n e l - 4 0 0  C a r b o n  C l o t h ,  3 - D  O r t h o g o n a l  Weave;  
a )  U n i r r a d i a t e d ,  b )  4 . 1 ~ 1 0 2 1 c r n - ~ ,  c )  8 . 5 x 1 0 2 1 c m - 2 ,  
d )  1 1 . 7 x 1 0 2 1 c m - 2  

34 



F I G U R E  1 9 .  T h o r n e l - 4 0 0  C a r b o n  C l o t h ,  3-D A n g l e  I n t e r l o c k  
Weave; a )  U n i r r a d i a t e d ,  b )  4 . 1  x 1 0 2 1 c m - 2 ,  
c )  8 . 5 x 1 0 2 1 c r n - 2 ,  d )  11 . 7 x 1 0 ~ l c r n - 2  

3 5  





F I G U R E  2 1 .  C - 2 0  C a r b o n  F i b e r s ;  a )  U n i r r a d i a t e d ,  
b )  1 0 x 1  0 2 1 c r n - ~  a s  i r r a d i a t e d  c ) 1 0 x 1 0 2 1 c m - ~  
f r a c t u r e d  

37 



FIGURE 2 2 .  V S A - 1 1  G r a p h i t e  F i b e r s ;  a )  U n i r r a d i a t e d ,  
6 )  1 0 ~ 1 0 ~ 1 c r n - 2  

38 



F I G U R E  2 3 .  C - 2 0  C a r b o n  F i b e r s ;  a )  U n i r r a d i a t e d ,  b ) 1 0 ~ 1 0 ~ ~ c r n - ~  

3 9 



FIGURE 2 4 .  Type  A C a r b o n  F i b e r s ;  a )  U n i r r a d i a t e d ,  
b )  1 0 x 1  021crn-2 

40 
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