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Absc rac t .  P i t ch  p recu rso r  ca rbon  f i be r s  we re  heaE  B rea ted
to  s tudy  s t r uc tu ra l  deve lopmen t  and  p rope r t l es .  C rys ta l l i t e
s ize and preferred or ientar ion developed more rapid ly wl th
increaslng heat  t reatment te lPerature than v i th PAN precurgor

carbon f Íbers.  However,  the t rends sere qul te d i f ferent  for
t he  t eo  se r l es  o f  p i t ch  f i be r s  gcud ied .  Obse rved  oodu l i l
r ¡ere co8pared wi th oodul i i  calculated f ron preferred or lentat lons
and the uodels of  Reynolda and Sharp or  Ruland.  Nei ther nodel
produced acceptable regul ts.  F inal ly ,  the stra ina Eo fe l lure
observed ln the f lbers correlated ex¡reoely wel l  e l th crystal l i te
s i ze .  H i t h  s t r eng th  f l be r s  r equ i r e  g ¡ ¡¿11  c r ye ta l l l ' t e  s í zes .

Pi tch precur¿or carbon f lberg were heat  t reated

to r tudy structural  devglopnent end ProPer¡ le3.
CrysEal l i te s lze and preferred or ientat ion developed

rnore rapid ly wi th increasing heat  t reatoen¡ teuPera-

ture than ni th PAN Precuraor carbon f ibers.
However,  the t rends nere qui te dÍ f ferent  for

¡ he  ¡ vo  se r l es  o f  p i t ch  f i be r s  s t ud ied .  Obse rved
modul i i  r rere compared r¡ i th nodul i i  calculated
from preferred or ientat ione and che nodelg of

Reynolds and Sharp or  Ruland.  Nei ther Eodel
p roduced  accepcab le  r egu l t a .  F i na l l y '  t he  s t r a l ns
to fa i lure ob¡erved ln the f ibers correlated
ex t rene l y  ue l l  w l t h  c r ys ta l l f t e  8 i ze .  H igh  s t r eng th

f l be r s  r equ l r e  ema l l  c r ys ta l l i t e  s i zes .

T¡¡o ser ies of  nesophase Pi tch Precursor
carbon f ibers r rere annealed uPto teoPeratureg
o f  24OOoc  f o r  5  m inu tes .  S t ruc tu re  wag  eva lua ted
by x-ray di f f ractonetry and SEM fractography.
Then ,  t he  f i be r s '  nechan l ca l  and  e l ec t r i ca l  p rope r -

t ies uere correlated nl th the structurel  develoPnenc.
Both the E and B f ibers had smooth outer  surfaceg
but the f ibers r¿ere devoid of  large pie ehaped
cracks.  There r¡as eone lndlcat ion of  corru lated

radial  gtruccure.  Tte radia l  s t ructure becane

nore prominent and shear s l fp stePE beceme larger

r¡ i th increasing heat  t reatment temPerature.
The unr¡r ink l ing of  crystal l l tes seen in Ehe f racture

surfaceg indicates an increase in baeal  p lane

perfect ion and a decrease in inter leyer Pinning
shich ie ln agreement r r i th x-ráy and nechanical

P roPe r t i es .

C rys ta l l i t e  deve lopmenE ,  L " ,  was  ca l cu l a ted
by the Scherrer  formula f roo the (002) d i f f ract ion
peak af ter  correct lon for  the basel ine,  Lorentz
Polar lzat ion Factor  and machine broadening.
Or l en ta t i on  o f  t he  c r ys ta l l i t e s  vas  de te rm ined

fro¡r  the fu l l  width at  hal f  maxinun (FWm) of

an  az imu tha l  s can  on  a  co l l ima ted  bund le  o f
f i be r s .  The  raw  da ta  asymPto t i ca l l y  app roached
Z=LO,So .  Th i s  va l ue  was  used  as  an  es t ima te

of  peak broadening due to f iber col l inat lon
errora.  Peek wldth waa corrected for  th ie broadenlng
by var lance eubtract ion.

C rys ta l l i t e  s t eck  he igh t  o f  t he  E -se r i ee
f i be r s  i nc reased  g radua l l y  u l t h  i nc reas lng  t r ea tmen t
tenperature to 2000oC then roae ¡nuch faster
above  2000 " ,  F i g .  l .  Th ig  sudden  r i se  was  p robab l y
due !o the increa8ed oobl l i ty  of  carbon atome
with i .n the grapht t lc  le l t ice above 2100o and
p€rnl ts facter  anneal ing of  defec!s and al ignnent
o f  c r ys te l l f t es .  S teck  he ighc  o f  t he  B  f i be rg
increa8ed graduaLly t r i th tenperature through
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Fig.  1 Preferred or lentat ion and crystal l l re
slze versus HTT for mesophase
Dreeursor carbon f fber.
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22OO"C .  The  i nh ib i t i on  o f  r ap id  c r ys ra l l i r e
growth betueen 1800oC and 2200"C indicated a
ma te r i a l  uh i ch  d i d  no t  g raph l t i ze  as  eas i l y
as  o the r  f i be r s  I  I  ]  .  P re fe r red  o r i en ta t l on  i . nc reased ,
L .e . ,  Zc  dec reased ,  n i t h  i nc reas ing  hea t  t r ea tmenE
temperature,  Fig.  l .  The t rend was not  ao smooth
fo r  t he  B  f i be r s .  A  c rossp lo t  o f  100 /2 "  vs .
Lc,  Fig.  2,  showed the paral le l  development
o f  p re fe r red  o r i en ta t i on  and  c r ys ta l l i . t e  s t ack
height .  The same physical  phenomena epparent ly
dlctate etack height  grorr th and preferred or ienta-
t i .on developmenE. Preferred or ientat ion,  of
the B f lbers increaged faster  aa a funct fon
of  Lc then that  of  the E f fbers lndlcet lng thst
the B f ibers contained smal ler ,  nore fsul ted
domeins which apparent ly  a l l .gn along the f lber
ax l s  f as te r  t hen  t hey  coa lesence  i n t o  c r ys ta l s .
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Fig. 2 Correlatlon of lnverse of FllllM of pre-
ferred orfentatlon wlth crysEalIlEe size
for a resophase precurgor carbon fLber.

Improvenents ln mechanical  propert ies fo l lowed
e im i l a r  t r ends  ag  s t r uc tu ra l  pa rame te rs .  Tens i l e
modulus of  the E f ibers suoothly increased ui th
hea t  l r escmen t  t empe ra tu re  (HTT) ,  F i g ,  3 .  The
B f ibers '  nodulus increase rr i lh  l tTT ¡ras nei ther
as  r r e l l  de f l ned  no r  as  s teep .  The  d l f f e rence
betrreen s ingle crystal  graphl te and f iber moduLus
as a func¡ lon of  l lTT predicts a ¡ r ln iuum temperature
of  3 l00oC to produce a perfect ly  a l i .gned f iber.
Two of  the nore accepted modelg for  re lat ing
preferred or lentat lon to modulus were propoeed
by  Reyno lde  and  Sha rp [ l ]  and  Ru land [21 .  Reyno lds
and Sharp re lated crystal l i te or fentat lon and
nodulue by

l ,
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s l l ,  s44  -  comp l i ance  o f  s i ng le

ñ - ..,g ",,:::iiil"'lillill.,""
A is a parameter vhich changes wi th the nodel
u l t r as i r uc tu ra l  de fo rmaE ion ¡  A= I  f o r  t he  un i f on ¡
s t r ess  mode l ;  and  A=0  f o r  un i f o rn  s t r a i n .  Assum ing
s l 1 = 6 .  7 9 x 1 0 - 9 ( p s i  )  

-  I ,  s 4 4 = 1 .  7 2 4 x 1 0 - 6 ( p s i ) -  I

and  {  i s  (ZL /2 ) ,  t he  pa rame te r ,  A  was  de te rm ined
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Flg. 3 Modulus and strength versus I{TT for
resophase precursor carbon f lber.

for  the annealed pi tch f ibers.  A for  the B
f lberg r iges gradual ly  wi th lncreaslng HTT indi .cet fng
en apparent  lnc¡eaae ln_inter layer p lnnlng.

A for  the E f ibers roee gradual ly  t ' l th  tenperature
to 2000"C and then Junped. The sudden r ise
ln A lndicated en apparent  sherp lncrease in
lnter layer p lnning or  a rapld incréase ln the
dens i t y  o f  c r ye ta l  de fec t s ,  wh i ch  f s  j us t  t he
opposl te of  r ¡hat  n i .ght  be expected f rom L" vs.
HT t .  Ru land 'e  mode l  assumes  t ha t  t he  d i s t r l bu t l on
o f  c r ys ta l l i t e  o r i en ta t i on  l s  t he  Po i sson  ke rne l

l - q
q(0) - -'Ñf,[l+q'

q is  the or ientet ion paremeter.  The Fl , lHl l  of
t h l s  d i g t r l bu t i on  f o r  va r i ous  va l . ues  o f  q  was
de te rm ined  and  used ,  w l t h  Zq ,  t o  es t lma té  t he
va lue  o f  q  f o r  t hese  f l be r s .  The  o r i en ta t i on
paraEetera 1,  and m" for  each f lber were computed:

n, - llg-  
l - q  l z

equet ion of  the Ruland

* 
'  t t t  lz{azk

the elast lc  unwrlnkl ing perameter,  k ,  is  a conpl iance
that  descr lbed the resiatance of  the undulat ing
g raph l t e  r Lbbons ,  v i t h i n  t he  f l be r ,  t o  s t r a i gh ten ing .
Previous authors havd inpl ied that  k is  constant
f o r  a  g i ven  t ype  o f  f i be r  and  t ha t  i t  equa l s
app rox ima te lY  25x10 -u  (p6 l ) - l  f o r  r ayon  based
f i b e r s [ 3 ]  a n d  4 9 x 1 0 ó ( p s i ) - r  f o r  T h o r n e l  P - V S B - 3 2 - 0
uesophase  p i t ch  based  f i be r s [4 ] ,  The  f i be r s
produced here had k values becveen 5 and 25x10-8
(ps i ) - 1 ,  Among  t he  annea led  E  f l be r s '  t hose  r¿ i t h
the highest  modulus had the lowest  values of
k and k steadi ly  increased as E dropped below
50Msi.  There r¿as no obvious t rend for  k among
the  B  f i be r s  bu t  k  o f  t he  B  f i be r s  was  h i ghe r
t han  t ha t  o f  t he  E  f l be r s .  T t l ese  va r i a t i ons
in  k  r ¡ ou ld  i nd i ca te  t há t  p i nn ing  i s  Less  ex tens i ve
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in  the low modulus and B f ibers '  again oPPosi te

the  expec ta t i ons  f r om the  x - ray  da ta .

Teng i l e  s t r eng th  a l so  imp roved  w i ch  i nc reas ing

heat t reatnena temPerature to 2000"C'  Hovever,

there sas a great  deal  of  scat ter  in the strength

dara naking 1t  d i f f lcul t  to quant i fy  o- f (HTT)

for  T <f2000oc or  even qual i fy  o- f (HTT) above

2OOO"C.  S t ra i n  t o  f e l l u re  s t ead f l y  dec reaEed  s l t h

lncreaslnt  t reatEent teúPerature for  both B

and E ger ies f lbere '  For a g lven t reat [enc

Eempera tu re ,  t he  B  f i be r s  e ¡  r as  O . l  -  O .2Z

higher than thaE of  the E f iberg.  A strong

correl¿t lon betrreen cryecal l l te stack height

and  s t r a i n  t o  f a i l u re  ex13 t3 '  F i g .  4 .  A  gna l l

c r ys ta l l i t e  g i ze  l e  r equ i r ed  f o r  h i gh  s t r a l n

ro fa l lure and snal l  changea ln crystal l i te
gize bewteen 4.0 and 10.0 nn can produce large

changee  i n  s t r a i n  t o  f a i l u re .

In sunmary,  the E f ibers produced here

deve lop  s i gn i f i can t l y  h i ghe r  L "  a t  l ow  t r ee tmen t

temperatures.  Tvo ¡nodele uere used to t ry ro

co r re l a te  phys i ca l  and  nechan i ca l  P roPe r t l es '
A new model ,  baeed on crystal  rnechanics '  whlch

can account for  vary ing Eransvers€ ro icrotexEure

l s  be ing  deve loped  Eo  be t t e r  desc r i be  t he  f i be re '

oechanlcal  behevior .
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