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ELECTROSTATIC METHODS TO CONTROL PLACEMENT AND 
ORIENTATION OF SHORT GRAPHITE FIBERS 

FINAL REPORT 

INTRODUCTION 

Nose cones a r e  subjec ted  t o  s eve re  environmental cond i t i ons  such a s  

high temperatures ,  s e v e r e  thermal  snock, ox id i z ing  .atmosphere,. and mechanical 

s t r e s s e s . d u r i n g  r e e n t r y .  Bulk g r a p h i t e s  have shown cons iderable  p o t e n t i a l . a s  

cons t ruc t ion  m a t e r i a l s  f o r  nose cones of r e e n t r y  veh ic l e s .  S i n c e  mass l o s s  

d u r i n g  r e e n t r y  ( a b l a t i o n )  i s  a combinat ion of o x i d a t i o n ,  mechanical  wear,  .and 

th.?rmal s p a l l a t i o n ,  v a r i o u s  g r a d e s  o f . b u l k  g r a ~ h i t e s  have been developed which 

e x h i b i t  p r o p e r t i e s  t h a t  cause  them t o  r e s i s t  one o r  a n o t h e r  of t h e  env i ron-  

mental  c o n d i t i o n s .  Thus some g r a d e s  r e s i s t  a b l a t i o n  b e t t e r  t h a n  o t h e r s .  

Recent  work a t  t h e  Union Carb ide  Y-12 P l a n t  a t  Oak Ridge,  Tennessee h a s  pro- 

v i d e d  a g r a d e  o f  bulk/composite g r a y h i t e  t h a t  i n  l i m i t e d  t e s t i n g  a p p e a r s  t o  

r e s i s t  a b l a t i o n  b e t t e r  t h a n  most g r a p h i t e s .  T h i s  m a t e r i a l  i s  composed .of 

s h o r t  carbon/cjraphite f i b e r s  i n  a c o a l  t a r  p i t c h  m a t r i x .  F i b e r s  be ing  - ,  used 

a r e  r e p o r t e d l y  about  2v dlameter' Ly about  10 m i l s  Long. They a r e  carbonized 

a s  s h o r t  f i b e r s  from a c e l l u l o s e  base (rayon) precursor .  Molding and i m -  

p regnat ion  ope ra t ions  a r e  used t o  f a b r i c a t e  'bulk m a t e r i a l s  from t h e  f i b e r s  and 

l i q u i d  p i t c h .  

One problem i n ,  forming a  homogeneous m a t e r i a l  from s h o r t .  f i b e r s  

i n v o l v e s  t h e  p r e v e n t i o n  o f  f i b e r  agglomerat ions .  The f i b e r s  have a h i g h  , .  

a f f i n i t y  f o r  each o t h o r  because  of the l a r g e  s u r f a c e  a r e a  and l a r g e  

e l e c t r o s t a t i c  s u r f a c e  charge. Another problem is  t h a t  of con t ro l l ed  o r i e n t a -  

t i o n  of t h e  f i b e r s . i n  t h e  bulk ma.teria1. The method commonly~used t o  

deagglomerate f i b e r s  is t o  screen  them and al low them t o  f r e e - f a l l  i n t o  the  

molding con ta ine r .  This  resu lLs  i n  two d imcns iona l .o r i en t a t ion  of t h e  f i b e r s .  



The common method used t o  randomize t h e  f i b e r s  i n  t h e  above bulk  m a t e r i a l  is  

t o  break  up t h e  m a t e r i a l  a t  an e a r l y  s t a g e  i n  t h e  process  c y c l e  i n t o  

s m a l l ,  more-or-less e q u i a x i a l  p a r t i c l e s  and then mold t h e  p a r t i c l e s  toge the r  

w i t h  a d d i t i o n a l  p i t c h .  

The purpose of t h i s  program was t o  s tudy  e l e c t r o s t a t i c  methods t o  

c o n t r o l  bo th  t h e  placement and o r i e n t a t i o n  of s h o r t  ca rbonlgrap l l i t e  f i b e r s  

and carbon base  p a r t i c u l a t e  f i b e r  m a t e r i a l  i n  a  bulk g r a p h i t e  ma t r ix  and t o  

c h a r a c t e r i z e  r e s u l t i n g  exper imenta l  s t ruc t l . l res .  

Seve ra l  e l e c t r o s t a t i c  methods were ovs luotcd  f o r  c l a s s i f y i n g  g r a p h l t ~ .  

f i b e r s  accord ing  t o  s i z e  and l eng th .  Eoth s t a t i c  and a l . t e rna t ing  f i e l d s  were 

used i n  r o l l - t y p e  and p l a t e - type  nonuniforl;~ f  i c l d  dev ices .  The l a t t e r  type 

showed tlie riiost promise.  Uedustiny, o r  removal of f i b e r  rdi iskers  produced dur ing  

c a r b o n i z a t i o n  of t h e  f i b e r s  was accori~plished wi th  both s t a t i c  and a l t e r n a t i n g  

f i e l d s  be tween n o n p a r a l l e l  p l a t e s .  Separa t ion  of f i b e r  f  r a g a ~ c ~ ~ t s ,  10-mil 

f i b e r s ,  and o v e r s i z e  f i b e r s  was demonstrated i n  tile a l t e r n a t i n j ;  f i e l d  device .  

Fu r the r  ref incment of t h i s  tect.ln.iq11~. s h o v l r l  yiol.rl cleat! f uestiirluu u f  I O - , m l L  

f i . h e s s .  

A nullher of e l e c t r o s t a t i c  t e c i ~ n i g u e s  were exanlined f o r  produci.ng 

o r i e n t e d  and i s o t r o p i c  s t r u c t u r e s  wi th  g r a p h i t e  f i b e r s  and f i b e r - p a r t i c u l a t e  

composites.  The f i b e r s  were charged by i r lduct ion or i on  bombardment and the11 

depos i t ed  i n  e i t h e r  an o r i e n t e d  o r  unor ien ted  manner i n  an e l e c t r i c a l  f i e l d .  

Although' o r i e n t a t i o n  was ob ta ined  by c e r t a i n  procedures ,  most work was done 

w i t h  e s s e n t i a l l y  i s o t r o p i c  s t r u c t u r e s .  The f i b e r s  were d i spe r sed  i n  an a i r  

s t r eam,  charged by i o n  bombardment, and depos i t ed  on a s u b s t r a t e  wi th  an 

e l e c t r i c a l  f i e l d .  Because t h e  conduct ive f i b e r s  reversed  charge i r lduc t ive ly  

when depos i t ed  nn a m e t a l l i c  s u t f a c c ,  heavy JeposiLs could not  be made u n l e s s  

an  adhes ive  o r  an i n s u l a t i n g  s u b s t r a t e  such a s  tympan paper was used t o  c o l l e c t  

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

The same technique was 1 l s ~ 1 . I  s u c s e s s f u l l y  t o  preparc  I i b e r  composites 

w i th  feed  compositions of 5 ,  1 0 ,  15 ,  and 25 percent  Tinermax carbon and o t h e r  

carbon p a r t i c l e s .  Addit ion of t h e  carbon p a r t i c l e s  improved t h e  depos i t i on  

r a t e  and d e n s i t y  of t h e  f i b e r  s t r u c t u r e s .  



Although t h e  i n s u l a t i n g  uncarbonized rayon f i b e r  could be  depos i t ed  

d i r e c t l y  on a  me ta l  s u b s t r a t e ,  t h e  charge r e t a i n e d  on t h e  f i b e r  produced a  

low d e n s i t y  s t r u c t u r e .  

The i n i t i a l  samples were prepared  on a  r o t a t i n g  drum-type c o l l e c t o r  

s u r f a c e ,  bu t  t h e  curved s u r f a c e  was n o t  s a t i s f a c t o r y  f o r  forming f i b e r  s t r u c -  

t u r e s  t h i c k e r  than about  118 inch.  Subsequent ly ,  s t r u c t u r e s  up t o  1 inch  t h i c k  

were depos i t ed  on a s i m i l a r  u n i t  w i th  a  r e c i p r o c a t i n g  f l a t  p l a t e  c o l l e c t o r .  

Simultaneous d e p o s i t i o n  of a  sprayed s o l u t i o n  of c o a l  t a r  o r  an admixture of 

f i n e l y  pu lve r i zed  c o a l  t a r  a c c e l e r a t e d  t h e  r a t e  of depos i t i on  and inc reased  t h e  

s t r e n g t h  and d e n s i t y  of t h e  f i b e r  s t r u c t u r e .  

The d e n s i t y  of s h o r t  f i b e r  composite s t r u c t u r e s  a s  f a b r i c a t e d  was 

about 0 .1  gmlcc. Th i s  d e n s i t y  could be  i nc reased  t o  about  0.5 gm/cc by 

i n f i l t r a t i o n  w i t h  a  p i tch lbenzene  s o l u t i o n  and u n i a x i a l l y  p re s s ing  a t  a p r e s s u r e  

of 1 T s i .  Examination of t h e  s t r u c t u r e s  be fo re  f u r t h e r  process ing  r evea l ed  a  

r e l a t i v e l y  random o r i e n t a t i o n  of s h o r t  f i b e r s .  Attempts t o  use t h e  Q'EI ana lyze r  

t o  provide  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e  degree  of o r i e n t a t i o n  of f i b e r s  

i n  any s t r u c t u r e  f a i l e d  t o  produce t h e  d e s i r e d  r e s u l t s .  However, s t e r e o  p a i r  

photographs of e l e c t r o n  scanning microscope images gave a  good r e l a t i v e  a s se s s -  

ment of t h e  o r d e r i n g  of f i b e r s .  

Hydros t a t i c  and u n i a x i a l  p r e s s ing  f a b r i c a t i o n  techniques  were t r i e d  

wi th  t h i c k  composites.  Hydros t a t i c  p r e s s i n g  appears  t o  l eave  t h e  f i b e r s  
, . 

somewhat broken,  bu t  r e l a t i v e l y  unor ien ted  i n . t h e  pressed  s t r u c t u r e .  Uniax ia l  

p r e s s i n g  appears  t o  o r i e n t  f i b e r s  w i t h  t h e i r  a x i s  perpendicu la r  t o  t h e  p r e s s i n g  
.: . 

d i r e c t i o n .  

Sink-Float s e p a r a t i o n  techniques  i n d i c a t e d  t h a t  on ly  a  p a r t  of 

p a r t i c u l a t e  carbon admixed wi th  s h o r t  f i b e r s  be fo re  e l e c t r o s t a t i c  d e p o s i t i o n  

was a c t u a l l y  depos i t ed  w i th  t h e  f i b e r s .  Iiowever , t h e  c f  f  i c i e n c y  of d e p o s i t i o n  

was increased  by a d d i t i o n  of t h e  p a r t i c l e s  t o  f i b e r s  be fo re  depos i t i on .  

Ca re fu l  cons ide ra t i on  of t h e  p roces s ing  and c l i a r a c t e r i z a t i o n  r e s u l t s  
\ 

i n  t h i s  s tudy  l e a d s  t o  t h e  fo l lowing  s e r i e s  of c o n c l i ~ s i o r , ~ :  

(1)  E l e c t r o s t a t i c  t echniques  have demonstrated t h e  f e a s i b i l i t y  of 

p r epa r ing  t h i c k  s t r u c t u r e s  of r e l a t i v e l y  unor ien ted  (randomly 

o r i e n t e d  s h o r t  c a r b o n / g r a p ~ ~ i t e  f i b e r s .  



(2) An e l e c t r i c  f i e l d  technique  f o r  c o n t r o l l e d  o r i e n t a t i o n  of s h o r t  

c a r b o n l g r a p h i t e  f i b e r s  is f e a s i b l e  bu t  needs f u r t h e r  development, 

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

( 3 )  E l e c t r o s t a t i c  t echniques  f o r  s imultaneous placement of s h o r t  

f i b e r s  and carbon base  p a r t i c u l a t e  m a t e r i a l s  i n  t h i c k  bulk 

s t r u c t u r e s  a r e  f e a s i b l e .  

(4)  P a r t i c u l a t e  carbon a d d i t i v e s  o r  p i t c h  ( e i t h e r  i n  p a r t i c u l a t e  

o r  s o l u t i o n  sprayed  form) i n c r e a s e  t he  d e p o s i t i o n  e f f i c i e n c y  of 

t h e  e l e c t r o s t a t i c  t echniques .  

(5) I s o s t a t i c  p roces s ing  a p p l i e d  d i r e c t l y  t o  e l . e c t r o s t a t i c a l l y  

randomized s h o r t  f i b e r  s t r u c t u r e s  i s  f e a s i b l e .  

( 6 )  Unfaxia l  p r e s s i n g  may be used f o r  two dimensional  o r i e n t a t i o n  

of s h o r t  f i b e r s  i n  a  composite s t r u c t u r e .  

(7 )  No convenient  method f o r  q u a n t i t a t i v e l y  determining t h e  o r i e n t a t i o n  

of f i ' b e r s  i n  s h o r t  f i b e r  s t r u c t u r e s  i s  a v a i l a b l e .  

Th i s  program h a s  demonstrated tile f e a s i b i l i t y  of us ing  e l e c t r o s t a t i c  

t echniques  t o  randomize t h e  o r i e n t a t i o n  of f i b e r s  i n  s h o r t  f i b e r  g r a p h i t e  composite 

s t r u c t u r e s .  Process ing  s t u d i e s  have l e d  t o  t h e  conclusion t h a t  i s o s t a t i c  p r e s s ing  

may be  used d i r e c t l y  on these  s t r u c t u r e s  t o  f a b r i c a t e  and d e n s i f y  tllem. Abla t ion  

tests a t  Sandia have shown t h e  need f o r  a  homoqeneous, s h o r t  f i b e r  g r a p h i t e  

m a t e r i a l .  These c o n s i d e r a t i o n s  have l e d  t o  t h e  fo l lowing  recommendations regard ing  

s h o r t  f i b e r  m a t e r i a l s :  

( A )  Provide  f o r  t h e  des ign  and c o n s t r u c t i o n  of e l e c t r o s t a t i c  equipment 

s u i t a b l e  f o r  producing u s e f u l  s i z e  s t r u c t u r e s  f o r  end a p p l i c a t i o n  

( f u l l  s c a l e  t e s t i n g ) .  

(2)  Prepare  u s e f u l  s i z e  s t r u c t u r e s  of s h o r t  f i b e r s  wi th  micronized 

p i t c h  o r  p i t c h l s o l v e n t  spray .  

( 3 )  Process  p a r t  of t h e  s t r u c t u r e s  of ( 2 )  u s ing  ho t  i s o s t a t i c  

t echniques  w i th  p i t c h  i n f i l t r a t i o n  o r  impregnat ion,  

(4) Provide s t r u c t u r e s  s i m i l a r  t o  those  used i n  ( 3 )  f o r  p rocess ing  

a t  Oak Kidge Nat iona l  Laboratory. 

(5) Determine c h a r a c t e r i s t i c  p r o p e r t i e s  of m a t e r i a l s  processed i n  

(3)  and ( 4 ) .  

( 6 )  Provide a b l a t i o n  t e s t  models f o r  Sandia t e s t i n g .  

(7) F u r t h e r  develop f e a s i b l e  techniques  f o r  two-dimensional 

o r i e n t a t i o n  of  s h o r t  f i b e r s  i n  s t r u c t u r e s  of u s e f u l  s i z e .  



EXPERIMENTAL WORK AND DISCUSSION 

were given only minor characterization exsnainatiqa to .det;epche their size, 

shape, density,  and crystallographic character., 

Fiber Size Dis t r ibut ion 

The f i b e r s  used i n  t h i s  study were p r h a r i l y  from a l o t  d e s i p a t e d  

as D9-14-01. It was expected tha t  these f ibera  were~.pami.wlly 2 riqrona i n  

diameter and 10 m i l s  long. Howeyer, FAgure 1 clear ly  , i l l<ptrafeg that there  

w a s  a ra ther  wide spread i n  diameter a s  w e l l  as -the length of FEnefre as-rece$ved 

f ibers .  Also there  was a m a l l  "whisker~like" rize f raet ion which .i,q #hwn as: 
small "background part icles ' '  i n  Figure 1. . This slnaM f r ac t i on  i s  qhw more 
c lear ly  Ln the  e lectron scanntng microscope photo , (BS~W@ 6). 

FIGURE 1. MICROPHOTO OF AS-RECETVED 
D9 14 01 CARBON FIBERS 



Tn order t o  obtain an approximate peasure of the  s i z e  d i s t r ibu t ion  

of the  primary chopped f i b e r s ,  a sample of the  as-received f i b e r s  was sprinkled 

onto a glaso mdcroscope slide and a v i sua l  size determination was then made f o r  

200 of the f i b e r s  displayed on the  s l i de .  For t h i s  sample the f i b e r  diameters 

ranged from a low of 3 rnicrozw t o  a high of 8 microns, with most i n  the 4 t o  5 

micron range. Tkle lengths'ranged from 90 t q  270 microns. Thus, there  is a 

r a the r  b r ~ a d  diagribrttion i n  the L/D r a t i o  of these f ibers .  This is  i l l u s t r a t e d  

by the bar graph of Flgure 2. 

CrysfalAoSapbic Chara\cteristics and Densitx 

'Mre crys$al&ogyapl~ic in te r layer ,  "d" , spacing of carbon short  f i be r s  

was determ$ned by X-rjiy d i f f rac t ion .  Three samples were prepared using about 

80 w/o f i b e r s  and 20 w/o NaCl povder. Using copper KLL! radiat ion,  the  samples 

were acanead Qt a d i f f r a c t m e r  from about 33$?0 t o  about 5 8 9 0 .  The 222 d i f -  

f racr lpn ppak af NaCX i s  used as a standard -3.n t h i s  examination. It f a l l s  a t  

preclaaLy 56.5200')b a t  2 5 ' ~ .  The difference between t h i s  angle and the 

~ b S e r v e d . ~ ) a s i t i o p  of &aC1 $n the scan is  used t o  correct the observed 004 car5on 

peak. '&!he eqrrertred posi t ion then is 'usad w i t h  Braggs law t o  calculate  the 

i n t e r l ays r  s ~ ~ c i n g  of carbon. Thig calculatioq for  the three f i b e r  samples 

gave ;interlayer $$acAn&s af 3.4033, 3.4010, and 3,3988 A. These intcrlayer 

spacings 'axe ;FndCcaf$ve of highly tu rbos ta t ic  material. 

ms qenlaitrg OF fibers was dolFcmincd by benzene displaccc~cnt and 

by sink-float  .~q~hniqpas.  The iienzene displacement technique yielded an 

average .aeq$$ty QP. 1.42 gm/cc. The sink-f loa t  tcdinique using benzene i n  

carbon teyraeh)oride +ndiwtod a gradation of density ranging from about 

1.4 t o  1.5 g m / & ~ ,  



FIGURE 2. FREQUENCI 1)ISTRIBUTION OF LID MEASURED ON A 100 FIBER SAMPLE 
FROM AS-RECEIVED FIBER LOT D 9  14 01. 



Classif icat ion of Fibers 

Elec t ros ta t ic  techniques were investigated f o r  c lass i fying the graphi- 
- - 

t i zed  f ibers .  I n i t i a l  s tudies  indicated tha t  the graphitized f i b e r s  contained 
- - 

four  s i z e  f ract ions:  (1) dust-like f i n e  f i b e r  whiskers formed during the carm- 

bonizing operation, (2) 10-mil f i be r s ,  (3) f ractured b i t s  of the  1 0 4 1  f i b e r s , -  

and (4) f i b e r s  grea ta t  than 10 m i l s  long. Nonunif o m  f i e l d  and ro l l -  type 

a t o r s  were examined a s  means f o r  effect ing s i z e  separations of these fractions.  

Roll-Type Class i f ie r  

Figure 3 shows a roll- type c l a s s i f i e r .  It consis ts  of two 2-inch 

diameter r o l l s  spaced p a r a l l e l  i n  a horizontal  plane. The r o l l s  were driven i n  

opposite d i rec t ions  such t h a t  f i b e r s  fed from a vibrated shute  onto the surface 

of one of the r o l l s  were carr ied between the two ro l l s .  The r o l l  under the feed 

shute  was  grounded e l e c t r i c a l l y  and poten t ia l s  of 150 v o l t s  t o  3,000 v o l t s  were 

applied on the other r o l l  while the  spacing between the r o l l s  was changed from 

0.010 inch t o  0.060 inch. 

FIGURE 3. ROLL TYPE CLASSIFIER 



The theory of the  two r o l l  separa tor  is t h a t  t h e  f i e l d  i n  t h e  gap 

between the  r o l l s w i l l  cause t h e  f i b e r s  t o  o r i e n t  perpendicularly t o  t h e  su r face  

of the  r o l l s .  When t h e  f i b e r s  e n t e r  the  gap between the  r o l l s  the  e f f e c t i v e  

length of the  gap is decreased. Long f i b e r s  decrease the  gap more than the  s h o r t  

f i b e r s ,  and a s  a r e s u l t ,  s t ronger  f i e l d s  e x i s t  between the  long f i b e r s  and t h e  

second r o l l  than between t h e  shor t  f i b e r s  and t h e  second r o l l .  Thus, by adjus t ing 

the  gap and applied vol tage  s o  t h a t  the  f i e l d  is j u s t  s t rong enough t o  t r a n s f e r  

the  long fkbers  t o  t h e  second r o l l ,  f i b e r s  of var ious  lengths should be separa ted ,  

the s h o r t  f i b e r s  on one r o l l  and t h e  long f i b e r s  on the  o ther .  

However, with s t a t i c  f i e l d s  applied by a d.c. power supply, f i b e r s  

t r ans fe r red  back and f o r t h  between the  r o l l s ,  but  no separa t ion of t h e  f i b e r s  

was a t t a ined .  The f i b e r s  usual ly  formed chains t h a t  shorted out  the  e lec t rodes  

i n  gaps smal ler  than 0.025 inch,  o r  jumped t o  t h e  high vol tage  r o l l  where the  

p o l a r i t y  of the  charge reversed by induction and returned t o  the  ground r o l l  

where the process repeated. Covering the  high vol tage  r o l l  with 0.005-inch 

Xylar stopped t h e  f i b e r s  from reversing charge and re turning t o  the  ground 

r o l l  but  f a i l e d  t o  e f f e c t  c l a s s i f i c a t i o n  of the  f i b e r s .  I n  general  increas ing 

the  vol tage  increased the  amount of f i b e r s  t r ans fe r red  u n t i l  a l l  of the  f i b e r s  
1, , - -1 

t r ans fe r red .  ( 3 ,  - 
,+-v * * 'J, 

+&; ,, :>&*A f& 
,- C '  '. 

Some c l a s s i f i c a t i o n  of tile f i b e r s  w a s  obtained with an a l t e r n a t i n g  

p o t e n t i a l  between the  r o l l s  while the r o l l s  were s ta t ionary .  With 60-Hz 

p o t e n t i a l s  of 400 t o  700 v o l t s  on the  high vol tage  r o l l ,  a l l  of t h e  10-mil 

f i b e r s  t r ans fe r red  i n  a l i n e  a t  the  n ip  between the r o l l s .  The f i b e r  fragements 

migrated t o  separa te  zones on e i t h e r  s i d e  of the  nip.  Rotating the  r o l l s  

deslroyed rhe separa t ion  e t f e c t  , hotever. 
1 . 

T L  C 
.,a!: <, 

i;ozlunif orm Field C l a s s i f i e r  

The bas ic  nonuniform-field separa tor  c o n s i s t s  of two nonpara l le l  

p l a t e s  with one of t h e  p l a t e s  grounded and the  o the r  p l a t e  a t  a high e l e c t r i c a l  

p o t e n t i a l .  The e l e c t r i c a l  f i e l d  i n t e n s i t y ,  E ,  a t  any point  bettrceri the p l a t e s  

is  determined by the  r a t i o  of the  applied voltage d i f fe rence ,  P, t o  the  spacing, 

S ,  between t h e  p l a t e s  a t  t h e  po in t ,  o r  E = V/S. Inasmuch as the applied vol tage  

d i f fe rence  is constant  everywhere between t h e  e lec t rodes ,  the e l e c t r i c a l  f i e l d  

s t r eng th  decreases as tlre spacing between tile e l ec t rodes  increases .  



Figure 4 is  a schematic diagram of t h e  nonuniform-field separa to r  

showing t h e  p l a t e  e lec t rodes ,  the  e l e c t r i c a l  f i e l d  l i n e s ,  and the  path of 

f i b e r s  i n  t h e  separa to r .  The e l e c t r i c a l  f i e l d  l i n e s  a r e  segments of c i r c l e s  

wi th  c e n t e r s  a t  t h e  i n t e r s e c t i o n  of t h e  p ro jec t ions  of t h e  p l a t e s .  A conductive 

f i b e r ,  placed i n  the  f i e l d ,  is charged by induction while i n  contact  with e i t h e r  

e lec t rode .  When the  charge is s u f f i c i e n t ,  the  fo rce  exer ted  by t h e  e l e c t r i c a l  

f i e l d  carries t h e  f i b e r  t o  t h e  o the r  e lec t rode  where tile process is repeated.  

A s  t h e  f i b e r  bounces back and f o r t h ,  i t  migrates i n t o  t h e  lower f i e l d  area.  

The same e f f e c t  can be a t t a i n e d  with insu la t ing  f i b e r s  by precharging the  f i b e r s  

and then a l t e r n a t i n g  t h e  d i r e c t i o n  of t h e  e l e c t r i c a l  f i e l d .  

-7I-lm - - :: mF 

FIGURE 4. MOVEMENT OF CHARGED FIBER IN NONUNIFORM ELECTRICAL FfEW) 

The movement of f i b e r s  toward the  low-field a reas  ( t o  t h e  r i g h t  

i n  Figure 4 )  i s  caused by centrifugal fucce  ac t ing  on fibers baing 

acce le ra ted  along t h e  curved paths of t h e  e l e c t r i c a l  f i e l d .  The centr i fugal  

fo rce  is a funct ion of t h e  mass or length of a uniform f i b e r ,  and increases  

wi th  the  square of t h e  v e l o c i t y  of the  f i b e r .  Inasmucli as small f i b e r s  

may a t t a i n  v e l o c i t i e s  of several.hundred inches per second i n  e l e c t r i c a l  f i e l d s ,  

c e n t r i f u g a l  fo rces  are e f f e c t i v e  i n  causing f i b e r s  t o  move i n t o  lower f i e l d  

a r e a s  of t h e  c l a s s i f i e r .  



The f N a l  p o s i t i o n  i n  t h e  separa tor  is reached when t h e  e l e c t r i c a l  

f i e l d  fo rce  i s  no longer s u f f i c i e n t  t o  overcome t h e  g rav i ty  f o r c e  on t h e  f i b e r ,  

Since t h e  e l e c t r i c a l  f f e l d  f o r c e  is a funct ion of t h e  charge on the  su r face  

of the f i b e r  and the g r a v i t y  f o r c e  is a funct ion of t h e  mass of t h e  f i b e r ,  t h e  

e l e c t r i c a l  fo rce  w i l l  decrease more slowly than the  g r a v i t y  fo rce  and small 

f i b e r s  might be expected t o  move f a r t h e r  than l a r g e  f i b e r s  i n t o  t h e  weaker 

e l e c t r i c a l  f i e l d  region of t h e  c l a s s i f i e r .  However, the  opposite  e f f e c t  is 

obtained becaupe t h e  length  of the  f i b e r  decreases t h e  gap between t h e  p l a t e  

e lec t rodes  and the  s t ronger  f i e l d  occurs wi th  t h e  longest  f i b e r s .  

For t h e  extremely small f i b e r s  with masses l e s s  than an equivalent  

sphere wi th  a diameter of 40 microns, the  molecular o r  Van der  Walls f o r c e  that 

tends $0 hold surfaces  together is a s i g n i f i c a n t  f a c t o r .  E l e c t r i c a l  fo rces  

t h a t  can be appl ied  on t h e  extremely s m a l l  f i b e r s  of ten  arc not s u f f i c i e n t  t o  

p u l l  t h e  f i b e r s  from t h e  su r face  of p l a t e s  o r  e l ec t rodes ,  and the  f i b e r s  rerlain 

a t t sched  t o  t h e  p l a t e s  where o r i g i n a l l y  deposited. 

Figure 5 shows one form of t h e  nonuniform f i e l d  c l a s s i f i e r  wl t id~  

wae w d  fqr making separa t ions  of f i b c r  f r ac t ions .  The c l n o n i f i e r  c o n s i s t s  of 

two nonpara l l e l  f l a g  metal e lec t rodes  which a r e  46 inehes from s i d e  t o  s i d e  

and 30 ipch.es frm f r o n t  t o  back. The upper e lec t rode  is slcewed a t  an angle 

t o  fhe lower h@r$zontal  e lec t rode  and is insu la ted  from the  lower e lec t rode.  

A high p o t e n t i a l  is appl ied  t o  the upper e lec t rode  while the  lower e lec t rode  

0. C, qperat ion.  Complete removal of whisker-type fragments was 

aecompl$ql-pd w$t;h the  nonunif orr,~ f i e l d  separa tor  with s t a t i c  f i e l d s  . SJiti~ a 

minimum $ap of 1 inch and a p l a t e  angle of 5 degrees, the  o r i g i n a l  fiber mixture 

was speead in a line about 1 inch from and p a r a l l e l  t o  t h e  edge of the  high 

f i e l d  s i d e  of t h e  lower e lec t rode.  Voltages of 10 t o  30 kv were appl ied  on the  

upper e lec t rode  u n t i l  movement OF tlic f i b e r s  stopped. When 20 kv was appl ied ,  

most of the  10-mil f i b e r s  moved 9 t o  22 inches i n t o  the weaker f i e l d  region. 





Plost of t h e  f i b e r  whiskers such a s  slzown i n  Pigure 6 ,  some f i b e r  fragments and 

a few whole f i b e r s ,  remained i n  the  f i r s t  9 inches of t h e  separa tor .  (See 

Pigure 7 , )  The concentra t ion of t h e  10-mil f i b e r s  was highes t  i n  the  region 

from 9 t o  22 inches from t h e  high f i e l d  s i d e  of t h e  e lec t rodes  (see Figure 8). 

L w e r  vol tages  (10 t o  15 lcv) produced less movement of the f i b e r s  i n t o  the  

f ie lJ  qnd d id  no t  separa te  the  f i b e r  f r a c t i o n s  cleanly.  A t  30 kv, some f i b e r s  

moved as f a r  as 36 inches i n t o  t h e  weak f i e l d  region and the  f i b e r  whiskers 

and fragments spread t o  1 0  inches. The f i b e r s  i n  the  region from 18 t o  19 inches 

were a l l  10  mils long, but  t h e  10-mil f i b e r s  were found i n  quant i ty  a l s o  

Sn the ree ion from 10 t o  28 inches. A few f i b e r s  longer than 10 m i l s  were 

found i n  the  weakest f i e l d  area .  Although no attempt was made t o  concentrate 

these  f r a c t i o n s  f u r t h e r ,  recycl ing the  f r a c t i o n s  would be expected t o  enhance 

t h e  c l a s s i f i c a t i o n .  

N o  c l a s s i f i c a t i o n  of ungraphitized rayon f i b e r s  could be obtained i n  

t h e  nonuniform f i e l d  u n i t  when t h e  f i b e r s  were processed i n  the  same way as the  

g raph i t e  f i b e r s .  

A.C. Operations. I n  view of the  r e s u l t s  obtained with a l t e r n a t i n g  

potent$als  on t h e  two-roll separa to r ,  a l t e r n a t i n g  f i e l d s  a l s o  were t r i e d  on the  

nonuniform f i e l d  separa to r  with somewhat higher angles than used with the  s t a t i c  

f i e l d s .  Two 12 by 12-inch p l a t e s  were spaced with a 1/2-inch gap on the  high 

i n t e n s i t y  f i e l d  s i d e  and 1-1/2- t o  4-1/2-inch gaps on the  low i n t e n s i t y  f i e l d  

s ide .  Sixty-Hertz p o t e n t i a l s  of 4 t o  10 kv were applied on the upper e lec t rode  

while tlle lower hor izon ta l  e l ec t rode  was gros-inded. A s  before,  the  f i b e r s  were 

placed along t h e  edge of t h e  lower e lec t rode near the high f i e l d  s i d e ,  and the  

f i e l d  was applied u n t i l  f i b e r  movement toward the weaker f i e l d  region stopped. 

The b e s t  s e p a r a t i ~ n s  were obtained with 4 kv using a gap of 2-1/2 inches on the  

low f i e l d  s4de. Although t h e  f i b e r  whiskers were not  c l a s s i f i e d  a s  with the 

s t a t i c  f i e l d s ,  only f i b e r  fragments remained i n  the region from 0 t o  3 inches 

from the  high f ie$d s ide .  The c o ~ ~ c e n t r a t i o n  of fragments decreased i n  tlle 

region between 4 and 7 inches ,  and beyond 8 inches the  f i b e r s  were a l l 1 0  m i l .  

The propsect  of removing f i b e r  fragments from nominal 10-mil g raph i t e  f i b e r s  fn an 

a l t e r n a t i n g  nonuniform f i e l d  showed suf f i c ie i l t  promise t o  m e r i t  f u r t h e r  study. 
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FIGURE 6. SMALL SIZE ~WBISKERII FRACTION OF ELECTROSTATIC SEPAIULTION 

OF D9 14 01 FIBERS IN A NON-UNIFORM ELECTRIC FIELD. 



FIGURE 7 .  

INTERMEDIATE PRODUCT FROM 
EUCTIZOSTATZC SEPARATTQV QF 
D9 14 01 FIBERS IN A NON- 
UN'&POR&I EbECTRIC FIELD, 

FEGURE 8. 

LARGE S U E  FRACTION OF E L E m O -  
STATLC SEPARATION OF D9 14 01 
FIBERS IN A NON-UNIFORM 
ELECTRIC FIELD, 



Fiber  Orienta t ion Studies  

A cursory o x w i n a t i o n  w a s  made of var ious  methods f o r  e f f e c t i n g  

o r i e n t a t i o n  of t h e  10-mil g raph i t e  f i b e r s  . Induction charging, ion  charging, 

and f i e l d  o r i e n t a t i o n  were employed. Although o r i e n t a t i o n  of the  f i b e r s  was 

demonstrated wi th  s e y e r a l  systems, none was developed t o  the  degree t h a t  th ick  

samples could be prepared with a l l  the  f i b e r s  or iented  i n  the same d i r e c t i o n ,  

Induction .Systp.ms 

Or$en$ntion of t h e  f i b e r s  p a r a l l e l  t o  the  e l e c t r i c a l  f i e l d  l i n e s  of 

f o r c e  was the primary method f o r  crbtaiillng o r i e n t a t i o n  i n  indt~c t i  nn charging 

ayotanlc. Severs I variations of induction charging systolms mrc t r i e d .  

Figure 9 shotis one form of an induction charging system cor.~monly 

used i11 e l ec t rncoa t ing  of abras ives  and f lockin&. The apparatus cons i s t s  of 

two p a ~ a l l e l  p l a t e  e lcc f rodes  spaced 2 inches a p a r t .  Graphite f i b e r s  were placed 

on t h e  lover  grounded eJecfrode as shorn a t  A and a nrgalive p o t e n t i a l  of 10 Icv 

was appl ied  on tile upper e lec t rodc  . The f i b e r s  acquired charge by induction from 

tile grpqnded e l e c f t o d e  i n  tile e l e c t r i c a l  f i e l d ,  or iented  i n  the f i c l d  as silown a t  

B, and then jumped t a  t h e  uppcr e lec t rode .  Since t h e  g r a p i ~ i t e  f i b e r s  a r e  

conductive, they rpvsrsad p~lerjty a t t e r  eontnctifig tilt! uplrer clcctrodo and 

hntmced betweeq the two electrodes unless rile upper e lec t rode  t n s  coated w i t h  a n  

adhesive as a t  u. P I ~ l c i p l w  layers of fibers could b e  deposited Pf pos i t ive ly  

charged d r o p l e t s  of adtlesive yere sprayed along with the  f i b e r s ,  but  t h i s  was 

not  reduced t o  prgct ice .  

FTaRE 9 .  EEECTROCOATING 



Other forms of induction processes a r e  shown i n  Figures 10 and 11. 

I n  the  system shown i n  Figure 10, t h e  f i b e r s  are dropped onto 8 s p h e r i c a l  

e l ec t rode  a t  a p o s i t i v e  vol tage  where they are charged induct ively .  When the  

f i b e r s  receive  s u f f i c i e n t  charge t o  be pul led  o f f  t h e  e lec t rode  by the  e l e c t r i c a l  

f i e l d ,  they are d i r e c t e d  toward a negat ively  charged g r i d  of 114-inch hardware 

c lo th .  The f i b e r s  t h a t  pass through t h e  g r i d  are then deposited on a r o t a t i n g  

drum using corona from a smal l  wire above $he drum. Although the fibers were 

deposited on the  drum, they f a i l e d  t o  s t a y  on the  grounded drum and no s i g n i f i c a n t  

deposit accumulated. 

Charging Wire 

'\ 114" Aardware Cloth 
I 

FIGURE 10. INDUCTION CHARGING AND CORONA DEPOSITION 

1/411 Hardware Cloth 

Duct 

A i r  --  I 
-.----. -,-- - ---I w - - - 

FIGURE 11. INDUCTION CHARGING W I T H  FIELD DEPOSITION 



When t h e  f i b e r s  were blown through a negat ively  charged hardware c l o t h  

g r i d  as shown i n  Figure 11, they were deposited on a hor izon ta l  grounded p l a t e .  

Although t h i s  technique produced o r i e n t a t i o n  i n  long t e x t i l e  f i b e r s ,  it f a i l e d  t o  

produce o r i e n t a t i o n  with the  conductive 0.010-inch g raph i te  f i b e r s .  

F ie ld  Alignment 

Alignment of f i b e r s  by po la r i ze t ion  e f f e c t s  i n  a uniform e l e c t r i c a l  

f i e l d  between two p a r a l l e l  p l a t e s  was demonstrated with the  apparatus i n  

Figure 12. The graphi te  fibers were screened through a 60-o~sh s i e v e  and 

allowed t o  f a l l  through a 2-foot column i n t o  the t i e l d  between the tilectrodcs* 

A paperboard enclosure approximately 8 inches i n  diameter s l ~ i e l d e d  thc f i b e r s  

from d r a f t s .  Electrode spacings from 2 t o  4 inches were t r i e d  wit11 vol tages  

u p  t o  30 kv, 

Vibrator  

Sieve 

FIOURE 12. POLARIZATION ALICaUMENT 



With s t a t i c  f i e l d s ,  no s i g n i f i c a n t  amount of alignment was obtained 

i n  the  f i b e r  co l l ec ted  on the  hor izon ta l  p l a t e  4 inches below the  e lec t rodes .  

iio~Jever, the  f i b e r s  co l l ec ted  on a s h e e t  of paper above t h e  e l ec t rodes  were 

o r i en ted  p a r a l l e l  t o  the  f i e l d  l i n e s  between the  e lec t rodes .  Maximum e f f e c t  

was obtained with 30 kv applied with an e lec t rode  spacing of 3 inches.  

Or ienta t ion  a l s o  was obtained i n  f i b e r s  co l l ec ted  on a grounded p l a t e  

2 inches below the  e l ec t rodes  when a 60-hz a l t e r n a t i n g  f i e l d  was appl ied  on the  

e l ec t rodes .  I n  one case where the  o r i e n t a t i o n  was marked, 15 kv was appl ied  

across  a 2-incil gap between two b-incn-square p l a t e s  while toe  e l ec t rodes  were 

inc l ined  a t  an angle of 30 degrees from t h e  v e r t i c a l .  No attempt was made t o  

prepare a thick deposi t  using tliese techniques because the  output  was very small .  

Corona Deposition 

Corona charging and deposi t ion  of a i r t o r n e  f i b e r s  was nil e f f e c t i v e  method 

f o r  o r i e n t i n g  tile 0.010-inch g raph i t e  f i b e r s  wlien the  a i r  v e l o c i t y  was adjusted 

properly.  The f i b e r s  were dispersed i n  an a i r  stream ti~rougtl a v e n t u r i  i n l e t ,  

de l ivcrcd  t o  the  deposi t ion  zone through a s l o t ,  charged with corona, and d e p ~ s i t e d  
- *- 

on a r o t a t i n g  grounded drum. A . ,  .- - _ -L 

I ' igure 13 shows a t y p i c a l  arratlgenlent of t r i i s  type of apparatus.  Tile drum 

used was approximately 5 inches i n  diameter and 10 inches wide. The two charging 

wires were 0.004-inch-diameter s t a i n l e s s  s t e e l ,  spaced 1.-112-inches a p a r t  and 1 inch 

from tile su r face  of the  drum. Pos i t ive  o r  negative p o t e n t i a l s  of 10 t o  1 2  Icv were 

applied on the  wires t o  produce corona f o r  ciiargirlg ttie f i b e r s  and t o  produce t h e  

f i e l d  f o r  deposi t ing  t h e  f i b e r s  on t h e  drum. The ex i t  s l o t  of t h e  de l ive ry  duct  

was 0.020 inches wide by 6 inches long. 

A t  low a i r  pressure ,  t h e  o r i e n t a t i o n  of t h e  f i b e r  deposi ted on the  

drum was pnat. however, a t  60 p s i  and h igher ,  the  f i b e r  deposi ted on the  drum 

was o r i en ted  p a r a l l e l  t o  the  d i r e c t i o n  of r o t a t i o n  of the  su r face  of the  drum. 

Although the  f i b e r s  were deposi ted a t  very low r a t e s  i n  t h i s  i n i t i a l  s tudy,  t i l e  

system is capable of opera t ion  a t  much higher r a t e s  and the re fo re  n i g h t  be 

p r a c t i c a l  f o r  a productioil process. 



Charging Wires 

FIGURE 13. CORONA DEPOSITION METHOD 

Preparacfon of Samples 

Subsequent t o  tiie stijdy of methods f o r  o r i e n t i n g  f i b e r s ,  p r a c t i c a l  

lnetllods f o r  prepar ing  samples were considered.  In this i n i t i a l  s tudy ,  e f f o r t  

was concent ra ted  on techniques  tiiat: prouuced homo~;t:neous structures t o  provide 

t h r e e  dimensional  i n t e r l o c k i n g  of ttie f i b e r s .  I jeposi t ion of f i b e r s  from an a i r  

stream us ing  corona t o  charge t lke  f i b c r s  and t o  d r i v e  t h e  f i b e r s  on to  a d e s i r e d  

s i te  seemed t h e  most promising method i n  t h a t  i t  has tile p o t e n t i a l  of (1) pro- 

v i d i n g  r a p i d  depos i t i on  rates and (2) pe rmi t t i ng  o r i e n t a t i o n  of t he  f i b e r s  i n  

s p e c i f i c  modes i f  d e s i r e d .  



Bench-Model Coater 

Figure 14 shows the  bench-model coater t ha t  was used t o  prepare th in  

samples of graphite f i be r s  and composites of carbon pa r t i c l e s  with graphite 

f ibers .  The un i t  consis ts  of (1) an a i r  supply and ventur i  t o  feed the  f i be r s  

t o  the coater,  (2) a duct with a 1/4-inch by 10-inch s l o t  t o  d i s t r i bu t e  the 

f ibers ,  (3) a pa i r  of 0.004-inch-diameter charging wires, and (4) a ro ta t ing  

grounded drum on which t o  deposit the  f i be r s .  A i r  pressure from 5 t o  30 p s i  was 

used t o  disperse and carry  the  f i b e r s  t o  the  grounded drum, and a negative 

po ten t ia l  of 5 t o  20 kv w a s  applied on the  wires a t  a distance of, 1 inch t o  

deposit  'the f i be r s  on the drum. Although the  rayon f i be r s  could be deposited 

d i r ec t l y  on the metal drum, the  graphite f i be r s  would not  remain on the  drum 

a f t e r  they were deposited. Apparently they reversed po la r i ty  by .induction i n  

the f r inge  a rea  of the  e l e c t r i c a l  f i e l d  and were blown off .  

Preliminary s tud ies  indicated t h a t  layers  of the  graphite fAbers could 

be deposited by applying an adhesive on the conductive surface or by placing 

a subs t ra te  sheet  of 6-mil tympan paper on the  metal drum. . 

FIGURE 14. BENCH-MODEL COATER 



Substra te  Studies. A br ief  search was made t o  f ind a subs t ra te  mater ia l  

t h a t  wovld provtde optimum deposit ion of the f i b e r s  on the  bench-model coater .  

A 5 by 5-inch sheet  of each of the  mater ia ls  l i s t e d  i n  Table 1 was taped onto 

the  drum of the  coater ,  and 2 grams of powder was fed t o  the  coater and deposited 

on the  sheets .  The amount of powder deposited on each sheet  i s  given i n  m i l l i -  

grams i n  tile table.  

Res i s t i v i t y  of each of the materials  was calculated from measurements 

of the  current  tha t  flowed through a pa i r  of 2-inch c i r cu l a r  electrodes with a 

p o t e n t i a l  of 500 v o l t s  applied across the  sample. 

Data i n  Table 1 show t h a t  the  heaviest deposit ion was obtained on 

6-mil tympan paper. The second best  subs t ra te  was 30 m i l s  ol red rubber. The 

deposit ion was unrelated t o  the  r e s i s t i v i t y  of the  subserate,  however, ll~as~lluclt 

a s  t he  r e s i s t i v i t y  of the  tympan paper was of the  order of lo9 ohm-centimeters 

while t h a t  of the rubber was 1014 ohm-centimeters. Deposition on the  other 

mater ia l s  which had r e s i s t i v i t i e s  of e i t he r  order was only a f r ac t i on  of t ha t  

obtained On the  two best  substra tes .  Deposition of the  f i b e r s  obviously was 

con$rolled by f ac to r s  other  than r e s i s t i v i t y ,  but no fur ther  study was made t o  

i den t i fy  t he  fac tors .  

Tympan paper was selected fo r  the  deposit ion subs t ra te  i n  these s tudies .  

TABLE 1. RELATION O F  FIBER DEPOSITION T O  SUBSTRATE 
ON EENCH XODEL COAI'EIC 

f 

Thickness, Res i s t iv i ty ,  (a) Relative Fa e r  
Substrate mils ohm-centime t e r  s Depos f t (8 

Tef lon 5 7,n x 1016 3 9 
Polye ehylelre 4 5.6 x 1015 7 
Tympan Paper 6.5 6.5 x lo9 99 
Rubber Dam 11 1.7 x l0 l5  3 1 
Mylar 5 5.8 x l0 l5  5 
Mylar 2. 3.3 1015 8 
Rubber 18.5 3.3 x 1012 8 
Rubber (Fiber) 16 1.2 x lo6 5 
Rubber (Fiber) 25 4.5 x 10lo 19 
Red Rubber 30 2.5  x lo14 87 
Polypropylene 1.5 8.0 x l0 l4  2 9 
Polya thylene 2 1.7 x lo15 4 
Polycarbonate 3 2.2 x 1015 8 

(a) Measured a t  500 vol ts .  
(b) Milligrams of f iber  deposited on 5 by 5-inch sheet 

when 2 grams of f i be r  were fed i n t o  coater.  



Graphite Fibers.  The deposi t ion  of g raph i t e  f i b e r s  on t h e  bench-model 

coa te r  was slow even with t h e  tympan paper s u b s t r a t e ,  With a p o s i t i v e  p o t e n t i a l  

of 10 t o  12 kv on t h e  charging wire a t  a d i s t ance  of 1 inch from t h e  coat ing drum, 

about 3 hours was required t o  deposi t  1/16 inch of f i b e r .  Pa r t  of the  d i f f i c u l r y  

was caused by the  need t o  feed t h e  mate r i a l  slowly t o  avoid excessive blow-by. 

Composites. Composite s t r u c t u r e s  consis t ing  of g raph i t e  f i b e r s  and 

var ious ,carbon p a r t i c u l a t e  were prepared on t h e  bench-model coater .  The f i b e r s  

and p a r t i c u l a t e  were mixed thoroughly by tumbling before they were fed i n t o  the  

coater  with 7 p s i  a i r  and deposited with p o s i t i v e  10 kv on the  charging wires. 

Table 2 lists t h e  composite compositions fed t o  t h e  coater  p lus  one 

a l l - f i b e r  example (26019-19) f o r  comparison. The composites were deposited on 

tympan paper; however, those with 15 t o  25 percent  p a r t i c u l a t e  loading could be 

deposited on t h e  metal drum as w e l l .  I n  genera l ,  the  deposi t ion  e f f i c iency  of 

the  f i b e r  p lus  p a r t i c u l a t e  mixtures was b e t t e r  than t h a t  obtained with t h e  g raph i t e  

f i b e r s  a lone;  however, t h r e e  hours s t i l lwas  necessary t o  produce each sample l i s t e d  

i n  Table 2. The thickness of the  deposi t  is an ind ica t ion  of the  deposi t ion  

e f f i c iency .  

The f i b e r  deposi ts  l i s t e d  i n  Table 2 were measured and weighed t o  obta in  

bulk dens i ty  and were q u a l i t a t i v e l y  characterized f o r  f i b e r  o r i e n t a t i o n  by scanning 

e l e c t r o n  microscopy. To es t imate  bulk densi ty ,  t h e  deposi t  thickness was measured 

with a binocular  microscope a t  30X, t h e  a r e a  was measured, and t h e  deposi t  w a s  

weighed. The d a t a  show no gross  d i f fe rences  i n  as-deposited densi tbes.  The scan- 

ning e l e c t r o n  rnicruvcopy (Pigurcs 15-23) W ~ R  conducted primari ly on the  su r face  of 

t h e  p lane  of t h e  deposi t  with a viewing angle approximately 90° t o  t h e  deposi t .  

Such viewing avoided t h e  p o s s i b i l i t y  of f i b e r  r eor ien ta t ion  r e s u l t i n g  from sec t ion ing  

t h e  deposi t  f o r  viewing a t  o the r  anglea. There is t h e  ques t ion of w h e t h e r t h e f i b e r s  

i n  t h e  top  su r face  are or iented  t h e  same as i n  t h e  i n t e r i o r ,  but  i t  w a s  f e l t  t h i s  

uncer ta in ty  w a s  less se r ious  than poss ib le  r e o r i e n t a t i o n  i n  sec t ioning.  (In t h e  

case of th icker  depos i t s ,  discussed later, sec t ions  were obtained and examined by 

o p t i c a l  microscopy.) The l a s t  column i n  Table 2 provides a q u a l i t a t i v e  judgement 

as t o  whether t h e  f i b e r s  w e r e  p r e f e r e n t i a l l y  or iented  and i f  so ,  t h e  preferred  

d i rec t ion .  The indicated  o r i e n t a t i o n s  should not  be ascribed much importance, but  

' t h e y  do s u g g w t  t h a t  inc lus ion of p a r t i c u l a t e  mate r i a l s  may a l t e r  f i b e r  o r i e n t a t i o n  

perceptibly.  



TABLE 2. CWOSITES PBPARED ON BENeH-MODEL COATER 

- - ___ P- P .- 
(1) in " oxi  te E~~ 

RF- Compositicn Fed I n t ~  Coater . . #a Deposi k2) A p % ~ p o s ~ l ,  Preferred 
Sample Carbon Powder Thickness Density Microphotos Orientat  n 

Denifgnation Fiber T v ~ e  Nominal Size  Amount inches g/cc of ~ e o o s i t ' ~ )  of Fibers iQa? 

'Phermax . 
Thermax 
Thermax 
Thermax 
988 c ( ~ )  
988 C(6) 
1264 (7) 
18666- 8d  

- - - - 
C74 microns (5 5 

C74 microns 10 
<74 microns (5) 15 
<74 microns (5J 25 
53 -to 74 rnicrons 5 
53 t o  74 microns 15 
74 t o  105 microns 5 

2 t o  30 microns 5 

Figure 15 
Figure 16 
No Photo 
Figure 17 
Figure 18 & 19 
Figure 20 
Figure 21 
Figure 22 
Figure 23 

Vert ical  
Horizontal - - 
Horizontal 
Random 
Random 
Vertical  
Vertical  
Horizontal 

(1) The deposited composition is  not necessari ly t h a t  of the  feed composition, approximate checks on the  
deposit  compositions indicated they were low=r i n  powder const i tuent  than the feed composition, 

(2) Thickness was estimated by neasuring with a 3ixoculor microscope ali: 30 X. 

(3) Density was estimated from the deposit  volume (thickness x area) and weight. 
0 

(4) A l l  photos shown were taken a t  approximately 90 t o  the  deposit  surface. 
(4a) This i s  a very qua l i t a t i ve  tudgment of f i be r  o r ien ta t ion  i n  reference t o  t he  plane of deposit ion and 

is  based on examination of s t e r o  pa i r s  of the  ESM photos. 

(5) Ultimate p a r t i c l e  s i z e  of the  thermax i s r J 0 . 3  microns, the  agglomerates were <74 microns according t o  
the suppl iers  specif icat ions .  

( 6 )  A natural  Ceylon graphi te  powder. 

(7) An a r t i f i c i a l  graphite powdex. 

(8) An a r t i f k i a l  graphite powder. 



200X 26019-1 

FIGURE 16. 
lOOX 26019-19-1 1 

FIBER AND B 
FIGURE 15. THERMAX (5 w/o) PO\T.EK VLEWEL) 

D9 14 01 APPROXIFMTELY PERPENDICULAR TO 
FIBER DEPOSIT VIEWED APPROXI- THE DEPOSIT SURFACE. (A THERMAX 
MATELY PERPENDICULAR TO THE AGGLOMERATE IS VISIBLE IN TIIE CENTER 
DEPOSIT SURFACE nP THE PHOTO.) 

FIGURE 17. 

FIBER AND 
THERMAX (15 w/o) POWDER VIEWED 
APPROXIMATELY PERPENDICULAR TO 
THIS DEPOSIT SURFACE. 

FIGURE 18. 

FIBER AND 
TIIEaMAX (25 w/o) POWDER VIEWED 
APPROXIMATELY PERPENDICULAR 
TO THE DEPOSIT SURFACE. 



FIGURE 19. 

FIBER AND 
THERMAX (25 w/o) POWDER VIEWED 
APPROXIMATELY PERPENDICULAR TO 
THE DEPOSIT SURFACE. 

FIBER AP3D 
988 C GRAPHITE (5 w/o) POWDER 
VIEWEI) APPROXIMATELY PERPENDICULAR 
TO THE DEPOSIT SURFACE. 

lOOX 26019-25 lOOX FIGURE 22. 26019-26 
FIGURE 21. 

FIBER AND 5188 C 
GRAPHITE (15 w/o) POWDER VIEWED 

FIBER AND 
1264 GRAPHITE (5 w/o) POWDER 

APPROXIMATELY PERPENDICULAR TO THE 
DEPOSIT SURFACE. (ONE OF THE GRAPHITE 

VIEWED APPROXIMATELY PERPENDICULAR 
TO THE DEPOSIT SURFACE. 

PARTICLES IS VISIBLE IN TlN CENTER REGION.) 



FIGURE 23. FIBER AND 
18666-88 GRAPHITE (5 w/o) POWDER 
VIEWED APPROXIMATELY PERPENDICULAR 
TO THE DEPOSIT SURFACE. 

An attempt t o  determine the f iber /par t icu la te  r a t i o  i n  deposits  was made 

using a sink-float method. Fibers have a density of about 1.42 gm/cc. Carbon 

par t icu la tes  have a density of about 1.90 gm/cc. A 1.68 gmlcc solut ion of ethylene 

dibromide i n  CC14 w a s  used a s  the  dispersant. For each composite the r a t i o  of f i b e r /  

par t icu la te  w a s  s ign i f ican t ly  greater  than t h a t  of the  s t a r t i n g  material. However, 

it was  noted that a clean separation was not possible. Some pa r t i c l e s  clung t o  

f i be r s  and f loated in the  solution. The indication,  however, is tha t  some p a r t i c l e s  

blow by the deposits  without being deposited with f ibers .  

Rayon Fibers. Rayon f i b e r s  were deposited d i r ec t ly  on the  drum of the  

beach-model coater using posi t ive  10 kv on the charging wires spaced 1 inch from 

the grounded drum. Although the rayon f i b e r  deposited readi ly ,  the  deposfrs were 

not as dense as obtained with t he  graphite f ibers .  Apparently the  charge retained 

on the  deposited f i b e r s  prevented the f i b e r s  from packing together .-- t igh t ly .  Only a 

few samples about 1/16 inch thick were made with the 10-mil rayon f ibe r ,  and no 

attempt was  made t o  deposit thicker layers  because the  density of the  s t ruc tu re  

~ b t 8 h t : d  w a s  very low. 



Reciprocating Bench-Model Coater 

Since the ro t a t i ng  drum was  not sa t i s fac tory  f o r  making thick deposits  

of f i be r s ,  t h e  coater in Figure 24 was constructed t o  deposit  the  f i b e r s  on a f l a t  

surface. The coater consis ts  of the  same bas ic  elements as the drumrtype 

un i t  including (1) a vibratory V-groove feeder and an a i r  ventur i  t o  meter the 

f i b e r s ,  (2) a duct with a 1/4-inch by 4-314-inch s l o t  t o  d i s t r i bu te  the f i be r s , .  

(3) a reciprocating grounded metal col lector  p la te ,  and (4) a s e t  of four 

0.004-inch diameter charging w i r e s  spaced 1-112 inches apar t  and 314 inch t o  

1-1/2 inch above the grounded metal plate. Posit ive or negative potent ia ls  

of 8 t o  15 kv were applied on the wire t o  charge and deposit the f i be r s  on t h e  

grounded p l a t e  a s  it reciprocated under the wires. The f i r s t  wire was located 

approximately 1-112 inch from the duct. 

As shown i n  Figure 24, the  grounded p la te  was covered with a Lucite 

p l a t e  with a square o r  round hole i n  the area where the f i be r s  were deposited. 

The s ides  of the Lucite shaped the f i b e r  deposit ,  and a s  the thickness of the 

deposit  increased addit ional sheets  of 118-inch or 114-inch Lucite were added 

u n t i l  deposi ts  up t o  1 inch thick were formed. 

FIGURE 24. RECIPROCATING COATER' 



Graphite Fibers. Samples of graphite f i b e r s  w e r e  prepared by depositing 

the f i be r s  on tympan paper. However, a s  on the bench-model coater, the deposition 

rate was  extremely low. Although several  samples w e r e  prepared i n  the range of 

1/16 t o  1/2 inch, the  thickest  samples required at l e a s t  a day t o  deposit  the  

f ibers .  Adjustment of the  charging voltage on the wire and the amount of air 

used t o  del iver  the f i b e r  was extremely c r i t i c a l .  

Improved deposition r a t e s  w e r e  obtained by depositing a solut ion of 

about 4 percent coal tar i n  tr ichlorethylene with the f ibers .  The coal t a r  

solut ion was atomized with a Binks Wren Model A air brush and blown under the  

f i r s t  charging wire where it was deposited on the grounded plate.  Various 

techniques were t r i e d  including al ternat ing atomization of the coal t a r  with 

deposition of the f i be r s  and simultaneous deposition. The l a t t e r  was the most 

desirable  procedure because i t  reduced the poss ib i l i ty  of producing a layered 

s t ructure .  Deposition of a film of coal t a r  on a metal p la te  a lso made it 

possible t o  deposit the  f i be r s  without the tympan paper. A sample approximately 

1-114 inch thick was deposited i n  less than 2 hours using t h i s  technique with 

continuous spraying of the coal t a r  solution while the f i be r s  were deposited. 

Figure 25 i l l u s t r a t e s  t h i s  f i b e r  deposit.  

FIGURE 25. ELECTROSTATICALLY DEPOSITED CARBO14 FIBERS PLUS COAL TAR PITCH 
AND SOLVENT. VIEW APPROXIMATELY PERPENDICULAR TOTHE SURFACE. 



Mixing about 10 percent by weight of f inely pulverized* coal t a r  

with the f ibe r s  also w a s  successful i n  accelerating the deposition of the fibers.  

The coal t a r  was blended with the f ibers  by passing the coarse-mixed material 

through a Glen Creston Hammer M i l l .  The fiber-coal t a r  mixture was e i the r  

deposited on tympan paper or on a sheet of aluminum coated with the 10 percent 

coal t a r  solution. A 1-inch-thick deposit of the f ibe r  and coal tax mixture 

was deposited in l e s s  than 2 hours with an occasional application of the 4 

percent coal t a r  solution. Figures 26 and 27 i l l u s t r a t e  the structure of the 

f ibe r  deposits and sllow the pitch part icles  distributed on the f ibe r  surfaces. 

Various other thinner samples from 116 t o  114 inch were prepared also.- 

FIGURE 27. 

ELECTROSTATICAUP ELECTROSTATICALLY 
DEPOSITED CARBON FIBERS PLUS MICRONIZED DEPOSITED CARBON FIBERS PLUS MICmX+IIZED 
COAL TAR PITCH. VIEW IS  APPROXIMATELY COAL TAR PITGH, VIEW I S  APPROXIMATELY 
PERPENDICULAR TO THE DEPOSIT SWACE. PERPENDICULAR TO THE DEPOSIT SURFACE. 

* Ground i n  a 2-inch Micronizer made by the Sturtevant Mill Company, Boston, 
Massachusetts. 



Composites. Only one carbon p a r t i c l e / f i b e r  composite was prepared 

on the  rec iprocat ing  p l a t e  u n i t .  Thc composite was made with a mixture of 

95 pcrcent  g raph i t e  fiber and 5 pcrcent  Grade 1264 a r t i f i c i a l  g raph i t e  powder 

classified by s ieving t o  produce p a r t i c l e s  i n  the  range of 74 t o  1U5 microns**. 

The mixed composite was Jcposi ted  on tympan paper t o  a thickness of 1-1/3 inch 

i n  about 4 hours. 

-. - ' J  
' :. ,: 

Cllaracterizat ion of ~&bos i t s ' .  The deposi$dm formed by the  rec ipro-  

ca t ing  coa te r  a r e  l i s t e d  i n  Table 3 including information on composition, 

dimensions, dens i ty ,  and f i b e r  o r i en ta t ion .  The f i b e r  o r i e n t a t i o n  was q u a l i t a t i v e l y  

assessed from scanning e l e c t r o n  microscopy of as-deposited samples and by o p t i c a l  

microscopy of sec t ions  cu t  through the  d e p o s i t s  a f t e r  impregnation wi th  epoxy. 

The r e l evan t  microphotos (Figures 22, and 25-31) a r e  l i s t e d  f d r  each i n  Table 3. 

The photos show no more than s l i g h t  dev ia t ions  from isot ropy i n  any of the  samples. 

** Powder was sieved through a l50mesh screen and re ta ined  Qn a 200-mesh 
screen.  



TABLE 3. CWOSITES PREPARED ON RECIPROCATING COATER 

Cmpos- Resultant mate 
Sample Com~osition Fed into Coated. wt.% ite(l) - ~ o m ~ o s  it.=(21 ~ompos ite ESM Preferred 
Desig- - Other Material - E~iskness, wt. %. wt. % Densf ty, Microphoto ~iber (4) 
nation Fiber Tvpe SizeM Amount in. Fiber Other d c c  of Fiber Orientation 

5 AGtF 95 Artificial 74- 105 5 1 96.6 3.4 0.17 Figures 22, Slight tend- 
Graph 28 ency to align 

in plane of 
deposition. 

5 SP/F 100 PitchITri- Spray (5) -- 1.2 - - 
chlorethy- 
1 ene 

10 MP/F 90 Micronized 
?itch 

- - 0.10 Figures 25, Very slight 
2 9 tendency to 

align in 
plane at 
deposition. 

10 0.8 - - - - 0.08 Figures 26, Isotropic 
27, 30 

10 P/F 90 Micronized -- 10 1.0 - - - - 0.08 Figure 31 Preferred 
Pitch alignment 

in the plane 
at deposi- 
tion. 

(1) Thickness is average over the 4- inch diameter pad. 

(2) Determined by ~ink/float in liquid having 1.65 gm/cc density. 

(3) Average of whole pad and l-inch square sections taken from pad. 

( 4 )  This is a very qualitative judgment of fiker orientation in reference to che plane of deposition and 
is based on examination of stereo pairs of the ESM photos. 

( 5 )  A 4 w/o solution of pitch in trichlorethyle~e was sprayed on composite as composite was being formed. 



2E525 a.  Section Parallel to  the Plane of lOOX 
D ~ D O S ~ ~ ~ O U  

23526 b.  Section Perpendicular to  the Plane lOOx 
of Deposition 

FIGURE 28. POLISHED SECTIONS OF SAG/F AFTER 
IMPREGNATION WITH EPOXY. 



23520 1OOX 
a .  Section Parallel t o  the Plane of Deposition 

2E529 lOOX 
b. Section Perpendicular t o  the Plane of Deposition 

FIGURE 29. POLISHED SECTIONS OF 5SP/F AFTER 
PIPREGNATION WITH EPOXY 



23524 lOOX 

a. Section Parallel to the Plane of Deposition 

2E523 lOOX 
b. Section Perpendicular to  the Plane of Deposition 

FIGURE 30. POLISHED SECTIONS OF 10 MP/F AFTER IMPREGNATION 
WITH EPOXY. 



23527 lOOX ' 

a. S e c t i o n  P a r a l l e l  to the P lane  of D e p o s i t i o n  
b 

i 

. - 23528 lOOX 
b. S e c t i o n  Perpendicu lar  to t h e  P l a n e  of D e p o s i t i o n  

FIGURE 31. POLISEIED SECTIONS OF 10 P/F AFTER IMPREGNATION WITH EPOXY. 



Processing of Deposits 

Four pads of composite f i b e r  were ava i lab le  f o r  processing 

experimentation. The pads were about 4-inches diameter and about 1-inch thick.  

Processing trials were intended to:  (1) s t a b i l i z e  the  f i b e r  o r ien ta t ion  f o r  

o r ien ta t ion  s tud ies ,  (2) determine the  pre fe ren t ia l  ordering imposed on the  

f i be r s  by uniaxial  pressing, and (3) determine the  pre fe ren t ia l  ordering imposed 

on the f i b e r s  by i s o s t a t i c  pressing. 

I n f i l t r a t i o n  

One o r  two pads of each of the following materials  was avai lable  f o r  

study: (1) 10 percent micronized coa l  t a r  p i tch  i n  f i b e r s ,  (2) f i b e r s  with 

continuous spray of 4 percent solut ion of coal  t a r  p i tch i n  so lu t ion  with t r i ch lor -  

ethylene, and (3) 5 percent 74-105~ a r t i f i c i a l  graphi te  powder with f i be r .  Each of 

these materials  has a density a s  deposited of about 0.1 gm/cc. They a r e  very 

f r a g i l e  and d i f f i c u l t  t o  manipulate f o r  study. Each pad was cut  i n t o  approximate 

1-inch cubes f o r  i n f i l t r a t i o n .  I n f i l t r a t i o n  so lu t ion  included pitch/benzene and 

starchlwater with a small amount of w a t e r  soluble  surfactant .  

The materials  t ha t  contained p i tch  were d i f f i c u l t  t o  i n f i l t r a t e  with 

pi tch solution.  The p i tch  which formed pa r t  of t h e i r  s t ruc tu re  simply dissolved i n  

the  so lu t ion  and, without support, the  cubes collapsed. This was especial ly  t rue  

f o r  mater ia l  No.  2 above. However, with f i rm support on the s ides  of the  cube, 

and with care fu l  addi t ion of pi tch solut ion,  the  cubes could be i n f i l t r a t e d .  

Starch so lu t ion  presented no ser ious  problem i n  collapsing the  cubes. 

However, even with a wetting agent,  water does not w e t  f i be r s  very well. It was 

therefore necessary t o  evacuate a i r  from the cube before the  s ta rch  solut ion would 

enter  the  matrix. The bubbling encountered by t h i s  operation could a l so  d i s rup t  

the  fibers and did except where care  w a s  not exercised. 

Stabi l ized,  one-inch cubes of these materials  were used f o r  fu r ther  

processing and f o r  f i b e r  o r ien ta t ion  study a s  given i n  other  sect ions  of t h i s  

report .  



Uniaxial  Press ing  

Two mater ia ls  were uniaxial ly  pressed a t  pressures of 1 t o  2 tons per 

square inch. A 1-inch cube of mater ia l  SAG/F w a s  i n f i l t r a t e d  with a so lu t ion  of 

1 gram of No. 30-medium pi tch i n  7 cc of benzene. The benzene was then removed 

from the  material and the  mater ia l  hot pressed at 1.5 Ts i  and 8 0 0 ~ ~ .  Apparently, 

not enough p i tch  was present t o  bond f i b e r s  together because the mater ia l  crumbled 

upon removal from the die .  The hot  pressed mater ia l  was not su i tab le  f o r  analysis.  

Another mater ia l  (10 MP/F) was i n f i l t r a t e d  with a so lu t ion  of benzene/pitch 

s imi l a r  t o  the  5AG/F mater ia l .  Three 1-inch cubes of t h i s  mater ia l  were stacked 

i n  a mold (about 3 inches high) and uniaxial ly  pressed a t  I T s i  and ahour 200'~. 

The mater ia l  compressed t o  about 112 inch thickness which represents a reduction 

r a t i o  of about 6:l. The purpose of t h i s  operation was t o  determine the  r e l a t i v e  

amount of ordering which would be imparted t o  the  f i b e r s  by uniaxial  pressing. 

The photos of Figures 32 and 33 show the high degree of o r ien ta t ion  e f fec ted  by 

the un iax ia l  pressing. Fiber a rea  measurements of a mounted and polished pressed 

sample (Figure 33) performed using the QTM analyzer show about equal a rea  i n  

sec t ions  taken p a r a l l e l  and perpendicular t o  the  pressing direct ion.  The f i b e r  

a rea  p r io r  t o  pressing was a l s o  about equal i n  comparable di rect ions .  Moreover, 

the  a rea  of f i b e r s  i n  mater ia l  after  prubsing was about 6 x the area i n  material  

before  pressing,  a r a t i o  i den t i ca l  wit11 the  valumc2 canpaction rn t io .  These area  

measurements ind ica te  t h a t  no f i b e r  ordering resul ted from the unaxial presvirlg 

operation. However, the  photomicrographs c l ea r ly  show tha t  a l a rge  proportion of 

the  f i b e r s  have turned during pressing such t h a t  t h e i r  ax i s  is perpendicular t o  

t he  pressing d i rec t ion .  

I s o s t a t i c  Pressing 

One specimen of pi tch i n f i l t r a t e d  SAG/F was i sootatgcal ly  pressed a t  

a pressure  of 30,000 p s i  and a temperature of 2 , 0 0 0 ~ ~ .  The purpose of t h i s  

processing experiment was t o  determine the i s o s t a t i c  pressing e f f ec t  on f i b e r  

o r ien ta t ion  i n  the mater ia l .  A 718-inch diameter by 1-inch long specimen was 

bagged i n  rubber and evacuated. This bagged specimen was then re-bagged i n  a 

l a rge r  rubber bag with thermax i n  the space between the bags. The double bagged 

specimen was then heated overnight i n  an oven at 2 0 0 ~ ~  and then hydrosta t ical ly  

pressed a t  30,000 p s i  i n  a water soluble o i l  solut ion (room temperature). The 



purpose of the thermax was t o  thermally insulate  the material from the r e l a t ive ly  

cool hydrostatic f luid.  As was the case with a s i m i l a r  uniaxially pressed 

specimen, the material pa r t i a l ly  f e l l  apart  upon removal from the bag. However, 

enough material remained in t ac t  t o  allow removal of a broken surface f o r  

a scanning e lectron microscope study. Figure 34 is a photograph of t he  broken 

surface. The photo shows considerable broken f ibers .  However, t h e  or ien ta t ion  

of t h e  fibers present appears t o  have remained random. Less pressure would most 

ce r ta in ly  r e s u l t  i n  l e s s  breakage of f ibers .  Unaxial pressing has shown t h a t  a s  

l i t t l e  as about 1 Tsi w i l l  pack f i b e r s  t o  about ha l f  of t h e i r  t heo re t i ca l  maximum 

f o r  3 dimensional ordering. Therefore, su i tab le  i s o s t a t i c  c~mpaction a t  much 

lower pressure than 30,000 p s i  should be possible. 

Data fo r  t h i s  report a re  recorded in Battelle Laboratory Record 

Book 27047, pages 1 through 49 inclusively,  and Book 26019, pages 4 through 

27. 

FIGURE 32. UNZAXIALLY 
PRESSED 10 MP/F VIEWED PERPENDICULAR 
TO THE DIRECTION OF PRESSURE. 



a. Section Parallel to the Plane of Deposition 
and Perpendicular to the Direction of 
Uniaxial Pressure Application. 

b. Section Perpendicular to the Plane of 
Deposition and Parallel to the Direction 
of Unaxial Pressure Application. 

FIGURE 33, POLISHED SECTIONS OF 10 MP/F m Y  WARM 
PRESSED AND BAKED, THEN IMPREGNATED WITH EPOIEP. 



FIGURe 34. ISOSTATICAL,LP 
PRESSED SAGIF. 



. - . .-t 
Spw, EIecp-ia P w e r  Otoioe 

j Washington, R, C. 80545 (3) 
Attnr G, P. Pib SIMef* 

Safety BrwcP 
+. 
-7 ' HI Jaffs, Chief, 

~satopig P o o ~ e ~  qpteme Branch 
C, E. J ~ h n s ~ n ,  Chief, 

pivtpio~ of TecMeal InPnrmatton 
Hdqs Library 0.01 7 
Peportq GecZioq 
Was$~&gt~n,  a. C. ZObAS 

Hdq. Air BQI?C~ Syetewa Command (SCIZN) 
W~~~hbgtof i ,  13. :q. 39851 

ALkl, Pvv$e#L. qt$vUy Brwtulr 
Aeronquticgl S p k p ~ t q  D i v b t a  
Wright-E'afterfloq bFP, Ohio 45433 

Attn: Au#wW L)a9Sele, -8EPRR 

Air Farce Ma$wi@ W. 
Wright-Pattersran AFB, Ohfo 45433 

At@: M, b, 
C. FVp 

Wector .  4 m b  (WUT.+j 
KMWQ AFB, New M W Q  87117 

A w l  Lt. CeX. We N. Nold (WLRB) 

we*pn* - &FIR& 
U % h d  AFFb PI- M-Q 87117 

A#@: M, Gql., 8. &, Rarrita (W4AS) 

SHre~f9r~ aFFlYZl 
~irt+tq, wlq, b~m M.WCO 071 1 7 

Attn: W W  CE, '1Pn) Wwman) 
par: Ap7r~)dmm+(~~ 

s ~ t ) ~ *  F m*ior) 
Aix FarQ@ J" v$t ~mt,Wcr9 
Lea ~welos, GpXif~vki? 90045 

bttnt Tei?hi\f$+.rclbk~y 

D$rect:tor, u $ ~ P  Prs'js$t R m  
Vie 1 Air Fpra;~ UNofl Office 
'The R A W  Corn, 
17PO Maiq $$vsprt 1 

Santa Moniqa, Cqlif~mh 80406 

U. $. 4ir Firsvn I S y k r r c y  
A e r o d ~ W ~ c p  Dq?artmem* 
Col9rf)dQ $~$hg$, ColoradD 80912 

Attn: Pfof, R@lpb Ywker  

A F  Office of I q k n t i f i ~  R8be~chD RmRRF 
~ ~ h i n g t ~ ~ ,  D. C, aoqw 
Arnold mgineewbg lbvelop. Center AFSC 
United S1KLtse Air Fprce 
Arripld AFB, , T m w u e e  37989 

A F  ftmm~ph M~biQll, .mDc 
A e ~ ~ p a u t i e  J Rasea~nh Lab. 
Wright-Pg#erson AFB, Qhio 4543% 

~ i m ~  Missile C0mmar.d ARDAB 
Redstone Arsenal 
'~w~tsv i l l e ,  Alabama 35806 

Ballistic Research Lab. 
U.S. Army 
Aberdeen Proving Ground 
Maryland 21005 

Department of the Navy 
Gas Dynamics Division 
Aerodynamics Lab. 
Washington, D. C. 20007 

Attn: Dr. S. De Los Samios 

Cammmnder 
Naval Weapons Center 
Chins Lake, California 93555 

AZtn: Technic J Library 

U. S. Naval Ord. Leb. 
Aercrphyeic~ D i ~ i B i ~ f i  .rr ; 

White Oak, Silver SpringsD 
Maryland 20900 (2) V,  

Attn: Dr. R. K. Lobb 
L. F. Gowen 

U. S. Naval Weapons Lab. 
Technical Llbrary 
Dahlgren, Virginia 22448 

Office of Naval Research 
Technical Library 
Department of the Navy 
Washington, D. C. 20390 

Naval Postgraduate School 
Technical Library 
Monterey, California 93940 

U, 8, Naval Academy 
Library 
Annapolis, Maryland 2 1402 

Attn: Dr. R. B. Mathieu 

Administrator, NASA 
Washington, D. C. 20545 

Attn: Thomas B. Kerr 

NASA, Ames Research Center 
Moffett Field, California 94035 

Attn; Howard K. Larson 

NASA 
Gaddard Space FllgRt Center 
Glenn Dale Road 
Greenbelt, Maryland 20771 (2) 

Attn: Charles Baxter, Bldg 21, Rm 0-74  
Code: 450, A. W. Fihelly, 
.NIMBUS Prnject 

NASA, Langley Research Center 
Langley Station 
Hampton, Virginia 23365 

Atb: Librarian 

NASA, Lewis Research Center (2) 
21000 Brookpark Road, Cleveland, Q 44135 

AHn: George Mandel and L. Nichols 



DISTRIBUTION: (Continued) 
NASA, Manned Spacecraft  Center 
Houston, Texas 77058 

Attn: Chief, Tech. Info. Division 
ti. Strouhal, St ructures  and 
Mechanics Division 

NASA, George C. Marshal l  Space 
Flight Center 
Huntsville, Alabama 35812 

Attn: W. Y. Jordan 

NASA, Scientific and Tech Info Facil i ty 
P.O. Box 33 
College Park ,  Maryland 20740 

Attn: NASA Representative, S-AK/DL 

Flight Research Center, NASA 
P.  0. Box 273 
Edwards, California 93523 

George C. Marshal l  Space Flight Center, , NASA 
Huntsville, Alabama - 

Attn: Mr. A. R. Felix, R-AERO-AE 

DASA, Technical L ib ra ry  
P.O. Box 2610 
Washington, D. C. 20301 

White Sands Proving Ground 
Technical L ib ra ry  
Las  Cruces,  New Mexico 88002 

Advisory Group for  Aeronautical 
Research and Development 
NATA, APO 230 
New York City, Nbw ~ o r k  

AC Electronic Defense Research Laboratories 
General  Motors Corp. 
Santa Barbara,  California 

Attn: Dr. K. S. Wen 

Aerojet-General  Corp. 
Sacramento P l w t ,  P. 0. Box 1947 
Sacramento, California 95809 

Aerospace Corp. 
P. 0. Box 95085, Los Angeles, Calif. 90045 

Attn: W. E. Welsh, Jr. 

Aerospace Corp. 
2350 E. E l  Segundo Blvd. 
El Segundo, California 90245 

Attn: Dr. Harold Mirels  

Aerotherrr~ Corp. 
485 Clyde Ave. 
Mountain Vicw, Cal i for~l ia  94040 

Attn: R. Rindal 

AJAA Journal 
Technical Li tera ture  Digest 
500 Fifth Ave. 
New York, New York 

ARO. Inc. , Von Karman Gao Dynamics, 
Facil i ty Arnold Air F o r c e  Station, 
Tennessee 37389 

Attn: Jack Whitfield, Mgr., VKGDF 

Battelle Memorial  Institute (2) 
505 King Ave., Columbus, Ohio 43201 

Attn: E .  L .  F o s t e r  
F . P . K i r k h a r t  

Bell  Aerosystems Co. 
P.O. Box 1 
Buffalo, New York 14240 

The ~ o e i n g  Co. (3) 
P.O. Box 3991 
Seattle, Washington 98124 

Attn: Maynard D. Pea r son  
Aerospace Division 
W. G. Har r i s ,  Flight Tech Lab 
Scientific Resea rch  Lab, 

Ford  Motor Co., Philco Corp. 
Aeroneutronic Div., Ford  Road 
Newport Beach, California 92660 

General  Dynamics Corp., Astronautics Div. 
5001 Kearny Villa Rd., P. 0. Box 1128 
San Diego, California 921 12 

General  Elect r ic  Co. (2) 
V a l l e y  Forge  Space Tech C e n t e r  . 

P. 0. Box 8555. 
Philadelphia, Penn. 191 01 

Attn: Leon M. Gilbert 
E .  R.  S t o v e r  

General  Elect r ic  Co., Reentry Systems Dept 
3193' Chestnut St reet  ' 

Philadelphia, Penn. 19 104 
Attn: Mr. John Arnaiz, Mgr; 

Aerodynamics Operations 

Gulf General  Atomic, Inc. , (2) 
San Diego, California 

Attn: G. B. Engle 
J. C. Bokros' 

Cruman Aircraft  Eng. carp. 
Bethpage, New York 11 714 

Hughes Aircraft  Co. 
Culver City, California 90230 

Institute fo r  Defense Analyses 
400 Army Navy Drive 
Arlington, Virginia 22202 . - 

Attn: Richard Briceland 

Je t  Propulsion Lab 
Aerodynamics Facil i t ies section 
Pasadena,  California 

Attn: Me. E. A. Laumann, Mgr. 

Kaman Nuclear 
Colorado Springs, Colorado 

Ling- Temco-Vought, Inc. 
Aeronautics Division 
Eng. Test  and Evaluation 
P ,O.  Box 59117 
Dallas, Texas  75222 

Attn: R. C. McWherter, Mgr. .' 



DISTRIBUTION: (Continued) 
Lockheed Miss i l e s  and Space Co. (3) 
P.O.  Box 141 
Sunnyvale, California 

Attn: H. H. Greenfield, Mgr. 
Nuclear Power Devel. 
Harold  F. Plank 
R. C. Lee  

Los  Alamos Scientific L a b  (3) 
P.O. Box 1663 
Los Alarrlos, New Mexico 87544 

Attn: Report  Librar ian  
L. D. P. King 
Morton Smith 

T h e  Marquardt  Corp. 
16555 Saticoy S t ree t  
Van Nuys, California 91409 

Altn: C, 6 .  Bahn 

Mart in-Marie t ta  Corp. 
Bal t imore  Division 
Balt imore,  Maryland 2 1203 

Mar t in  Mar ie t t a  Corp. 
F .O.  Box 179 
Denver, Colorado 80201 

Attn: Dr. T.  E. Bowman 

Mart in  Mar ie t t a  Corp. 
Orlando, F lo r ida  

Attn: J. Po t t s  

McDonnell Douglas Corp. (2) 
MigsiiLe and Space System Div. 
3000 Ocean P a r k  Blvd. . 

Santa Monica, California 98406 
Attn: Ken Kratoch 

R. A. Meyer . 

McUo~lrlell Dougluu Corp. 
P.O.  Box 516 
St. Louis, Missour i  63186 

Attn: Dr. A. Lombard 

North American Rockwell COW. 
Spaco and Info. Systems Div. 
Meteor  Physics  
122 1 4  Laltewood Blvd. 
Downey, California 90241 . 

Attn: Mr.  C. N. Scully 

Northrop Corp. ,  Northrop Nora i r  
3901 West Broadway 
Hawthorne, California 90250 

Attn: Mr .  S. A. Powers  

Southwest Resea rch  Institute 
Dept. of Mech. Sciences 
8500 Culebra Koad 
San Antonio, Texas  78228 

Attn: Dr .  H. N. Abramson. 
Director 

S o u t h e r n  R e s e a r c h  I n s t i t u t e  
2000 9 t h  Ave. S. 
Birmingham, Alabama 35205 

A t t n :  C .  D.  P e a r s  

TRW Systems, P .O.  Box 287 
Redondo Beach, California 

Attn: Donald Jo r tne r  

Union Carbide Corp. ,  Carbon Products  Div. 
12900 Snow Rd, P a r m a ,  Ohio 44101 

Union Carbide Corp. , Y- 12 Plant  
P. 0. Box Y, Oak Ridge, Tennessee  27830 

Attn: George Marrow 

Union Carbide Corp. ,  OHNL 
Oak Ridge, Tennessee  37830 

Westinghouse Elect r ic  Co.,  Astronuclear Lab 
P.O. Box 10864, Pittsburgh. Penn. 15236 

Attn: H. P .  Smith 

Cornel l  Aeronautical Lab 
4455 Genesee St., P. 0. Box 235 
Buffalo, Mo1.u Ynrk 14225 

Illinois Institute of Technology 
Chicago, Tllinois 6061 6 

Attn: Dr. H. Obremski  

AVCO Corp., Miss i le  Systems Div. 
201 L.owe11 St . ,  Wilmington, Mass.  01887 

Attn: Dr. A. J. Pallone 

AVCO Corp. ,  Space Systems Div. 
201 Lowell St. , Wilmington, Mass  01 187 

Attn: Dr. R. R. John, Director  

Pennsylvania State Universi ty 
College of Engineering 
U r i l v ~ r a i l ~  Parlr, P o w .  1 f i A f l l  

Attn: Dr. P. L, Walker 
Department of Fuel  Sc ie l l ce  

13. B. Shuster,  1200 . 
R. L. Peurifoy, J r . ,  1220 
H .  W.  Schmitt, 1225 
T. B. Lane, 1540 
I'). F. McVey, 1543 
T. M. Burford, 1700 
A. A. Lieber,  1910 
A. W. Snyder, 5220 
J .  E. McDonald, 5300 
H. M. Stoller, 5310 
R. C. Heckmm, 5322 
D. W. Dallard, 7361 
R. J. Tockey, 8176 
J. C. I\Ilr~g, onnn 
J. A. Mogford, 8341 
A. R. Willis, 8351 
G. A. Fowler,  9000 
A. Y. Pope, 9300 
R. C. Maydew, 9320 
B. E. Bader, 9328 
I. Auerbach, 9328 
K. J. Touryan, 9340 
J. K. Cole, 9341 
F. G. Blottner, 9343 
A. J. Clark, 9510 
S. McAlees, 9513 
G. C. McDonald, 3416 (4) 
W. K. Cox, 3422-1 (15) 


