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Summary 

The mechanical  p rope r t i e s  of amorphous carbon f ib res ,  derived f rom l inear 
low densi ty  polyethylene s t rongly  depend on the f ib re  diameter ,  which may be 
a t t r i b u t e d  to the presence  of a sk in /core  s t ruc tu r e  in these  f ib res .  High 
s t r e n g t h  carbon f ib re s  could thus be p repared  by using th in  p recu r so r  
f i laments ,  t ha t  a re  obtained by a mel t - sp inn ing  process ,  in which the 
spinline is s t r e t c h e d  at  an elevated surrounding t empera tu re .  Careful  
carboniza t ion  of these  p r ecu r so r s  gives carbon f ib re s  wi th  a s t r en g t h  of 2.16 
GPa, a modulus of 130 GPa and a high s t r a in  a t  break of 3%. 

Int roduct ion 

Carbon or g raph i te  f i b re s  o f f e r  a combination of h i g h - t emp e ra t u r e  
res i s t ance ,  chemical ine r t i a  and excel lent  mechanical  p roper t i e s ,  which makes 
them sui table  fo r  h igh -pe r fo rmance  applicat ions,  such as r e in fo rcemen t  of 
composi tes ,  t ha t  a re  used in a i r c r a f t  s t r u c t u r e s  and rocket  engines [1]. 
Carbon f i b r e s  a re  p repa red  by h e a t - t r e a t m e n t  of sui table  p recu r so r  mate r ia l s ,  
like mesophase p i tches  [2] and poly-acry loni t r i l  (PAN) [3]. In search  of 
l ow-cos t  s t a r t i n g  mater ia l s ,  commodity polymers,  such as polys tyrene  [4] and 
polyethylene [5] have been int roduced as carbon f ib re  p recursors .  

The p re sen t  paper  is concerned wi th  the product ion of amorphous carbon 
f ib re s  f rom l inear  low densi ty  polyethylene (LLDPE). P recur so r  f i b r e s  are  
obtained by mel t - sp inn ing  and subsequent  c ross- l inking  wi th  chlorosulfonic  
acid, in order  to provide the  requi red  h i g h - t emp e ra t u r e  dimensional  
s tabi l i ty ,  a f t e r  which the p recu r so r  f i b re  is carbonized at  900~ Carbon 
f ib res ,  having a tens i le  s t r eng th  of 1.15 GPa, a Young's modulus of 60 GPa 
and a high elongation at  break (37.) have been p repared  by Postema et  al. by 
th is  rou te  [6]. 

There  is a pronounced e f f e c t  of the  d iameter  of carbon f i b r e s  on the i r  
mechanical  p roper t i es ,  which is usually ascr ibed  to the  presence  of su r face  
f l aws  [7] or s h e a t h / c o r e  he te rogene i t i es  [8]. In the p resen t  paper,  i t .  will 
be shown, t ha t  a considerable  improvement  of the  tens i le  p rope r t i e s  is 
achieved, by using p recur so r  f i b re s  wi th  a small d iameter .  Thin p recu r so r  
f i l aments  a re  obtained by mel t -sp inning,  during which an elevated surrounding 
t e m p e r a t u r e  is applied to the spinning thread ,  and occasionally addit ional  
h o t - d r a w i n g  and annealing of the  mel t - spun  f ibres .  Isotropic  carbon f ib re s  of 
13 pm in d iameter ,  having tensi le  s t r eng ths  and Young's moduli of 2.16 GPa 
and 148 GPa respect ively ,  could be produced in th is  way. 

*To whom offprint requests should be addressed 
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Exper imenta l  

The polyethylene sample used in th is  s tudy was LLDPE (LL0209AA f rom BP, 
comonomer octene),  having a melt  f low index of 0.9 gr/10min.  Melt-spinning 
was pe r fo rmed  using a pis ton cylinder appara tus  in combinat ion wi th  a t ake -up  
device, placed 8 to 46 cm below the  spinnere t .  A capi l lary  die (length 16 ram, 

O , 

diameter  0.25 mm, en t rance  angle 43 }, eqmpped wi th  a se t  of metal  f i l t e r s  
(60 mesh, 120 mesh, 2Spin and 325 mesh respectively} was  used fo r  all spinning 
exper iments .  Ext rus ion  r a t e s  ranging f rom 0.13 to 1.9 m/min  were  applied a t  ~ 
spinning t e m p e r a t u r e s  be tween 170~ and 250~ In some cases ,  the  spinline 
was  hea ted  using a 30 cm long tubular  oven, placed d i rec t ly  under the 
d ie -ex i t .  Draw-down ra t io s  were  de termined f rom f ib re  d iameter  and f rom the  
e x t r u s i o n - / t a k e - u p  speed rat io .  

The me l t - spun  f i b r e s  were  t r e a t e d  in an uncons t ra ined  way with  
chlorosulfonic  acid (Merck, 987~) a t  room tempera tu re ,  fo r  d i f f e r e n t  per iods  
of time. Af t e r  the t r ea tmen t ,  the f i b re s  were  washed fo r  30 min wi th  p.a. 
ch loroform and p.a. acetone respect ively  and subsequently dr ied a t  50~ in 
vacuo f o r  a t  leas t  3 hours.  

Carbonizat ion of the s tabi l ized  f i l aments  was ca r r i ed  out in a ver t ica l  
qua r t z  tube,  equipped wi th  an e lec t r ic  heat ing  mantle ,  under  a modera te  
n i t rogen  flow. The n i t rogen  f low was  dr ied over CaClz and f r e e d  f rom oxygen 
over Cu at  450~ be fo re  en te r ing  the carboniza t ion  tube. Fibre  s t r e s s  during 
carboniza t ion  could be varied by applying d i f f e r e n t  weights  to the  f ibre .  The 
f i b r e s  were  hea ted  f rom room t empera tu r e  to a f inal  h e a t - t r e a t m e n t  
t e m p e r a t u r e  of 900~ at  d i f f e r e n t  heat ing ra tes .  Af te r  the  h e a t - t r e a t m e n t ,  
the  f i b r e s  were  cooled down to room t empera tu r e  in about two hours.  The 
t e m p e r a t u r e  in the  carboniza t ion  tube was  measured wi th  a P tRh-P t  
"Thermokomp" thermocouple.  

Tensile p rope r t i e s  of all f i b r e s  were  de termined  using an Ins t ron 4301 
tens i le  t e s t e r ,  opera t ing  at  a c rosshead  speed of 12 mm/min.  Sample gauge 
lengths  of 25 mm fo r  p recu r so r  f ib res ,  and 10 mm fo r  carbon f i b r e s  were  
employed. Fibre  d iamete r s  were  measured  optically,  using a Lei tz  we tz l a r  
MRO-18 microscope.  The mass  of the f i b re s  was de termined on a 6-decimal  or a 
"/-decimal Mett ler  balance. Scanning e lec t ron  micrographs  were  taken wi th  an 
ISI DS-130 microscope,  opera t ing  at  40 kV, using gold covered samples.  

Resul ts  and discussion 

MeltspLnngng 

In o rde r  to  obtain thin p recur so r  f ib res ,  a p re requ i s i t e  fo r  p repar ing  
high s t r e n g t h  carbon f ib res ,  the d raw-down ra t ios  (~t) achieved in the drawing 
process  need to be maximized. To th is  end, a number of process ing  condit ions,  
such as the  t e m p e r a t u r e  of the melt ,  the ex t rus ion  ra te ,  as well as the 
t e m p e r a t u r e  of the  spinline,  have been varied. In th is  way, LLDPE f i l aments  
of various d iamete r s  a re  obtained and conver ted to  carbon f ibres .  

The t e m p e r a t u r e  of the  melt  appeared  to be an impor tan t  f a c t o r ,  which has 
a pronounced e f f e c t  on the  maximum a t ta inab le  d r aw-down  ra t io  in the  
mel t - sp inn ing  process .  In the  t empe ra tu r e  range f rom I?O~ to  205~ the 
maximum d raw-down  ra t io  increases  wi th  increas ing spinning t empera tu re ,  to  a 
maximum of ;t--37 a t  205~ The f ib re  obtained under these  condit ions has a 
d iameter  of 40 ~m and will be r e f e r r e d  to  as f i b re  A. When spinning 
t e m p e r a t u r e s  exceeding 220~ were  used, the  maximum a t ta inab le  d raw-down  
ra t io  d ramat ica l ly  decreased  to ;t=2. Probably, the  viscosi ty of the  polymer 
mel t  becomes too low at  these  t empera tu res ,  resu l t ing  in f r a c t u r e  of the  
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spinning th read  when s t r e s s  is applied. F rac tu re  of the spinline always 
occur red  at  the  die exi t .  

The drawabi l i ty  of the spinline may be f u r t h e r  increased  by increas ing  
the  surrounding t e m p e r a t u r e  of the  spinning th read  [9]. For th is  purpose,  a 
30 cm long, tubular  oven was placed around the  spiniine,  d i rec t ly  below the  

O 
die-ex i t .  When the  spinning th read  was heated to 100 C, the  maximum draw-down  
ra t io ,  a t  a spinning t e m p e r a t u r e  of 205~ was increased f rom X=37 to ;~=100, 
giving a f i b re  of 25 pm in d iameter  ( r e f e r r e d  to as f ib re  B). The elevated 
spinline t e m p e r a t u r e  increases  the  mobili ty of the  polymer chains and delays 
the c rys ta l l i za t ion  of the s t r e t ched  network,  leading to considarably  higher  
d r aw-down  ra t ios .  A spinline t empera tu re  of IO0~ appeared  to be optimal.  At 
a spinline t e m p e r a t u r e  of 130~ the ex t ruda te  cannot be col lected at  any 
considerable  t ake-up  speed, analogous to the s i tuat ion,  observed when 
spinning t e m p e r a t u r e s  in excess  of 220~ are  used. 

In the mel t - sp inn ing  process ,  the  t e m p e r a t u r e  of melt ,  as well as the  
surrounding t e m p e r a t u r e  of the spinning thread ,  show the most  pronounced 
e f f e c t  on the drawabi l i ty  of the  spinline. The drawabi l i ty  of the spinline 
seems to be control led by ' t e m p e r a t u r e  windows ' ,  the  same way as it is 
observed in o ther  f ib re  drawing techniques  [10]. Other spinning condit ions 
a f f e c t  the maximum a t ta inable  d raw-down ra t io  to a lesser  extent .  For 
example, higher  ex t rus ion  ra t e s ,  in combination wi th  higher  t ake-up  speeds,  
tend to s tabi l ize  the spinning th read  and suppress  spinline f r ac tu r e .  Fibre B 
(~=100) was produced at  the maximum ext rus ion  speed, which i t se l f  is l imited 
by the onset  of m e l t f r a c t u r e  events.  Fur thermore ,  a l a rge r  spinl ine length 
( sp inne re t -winde r  dis tance)  appeared to  r e su l t  in s l ight ly higher  d raw-down  
ra t ios .  

In o rde r  to obtain LLDPE f i l aments  wi th  d iameters  below 25 #m, f i b re  B 
was  h o t - d r a w n  in an independant  s tep,  by s t r e t ch ing  the mel t - spun  f i l ament  in 
an e lec t r ic  furnace ,  using a f e e d -  and take-up-bobbin .  The maximum a t t a inab le  
h o t - d r a w  ra t io  appeared  to be ~ha=2 at  a drawing t e m p e r a t u r e  of ll0~ In 
th is  way, i t  was  possible to obtain a f ib re  of 17 #m in diameter .  This f ib re  
will be r e f e r r e d  to as f i b re  C. 

Chlorosulfonat~on 

The chemical reac t ion  of chlorosulfonic acid wi th  polyethylene involves 
the  fo rma t ion  of -S03-  c ross - l inks  between the polymer chains,  as was 
evidenced by IR-spec t roscopy [6]. Since the amorphous domains in the f i b re  
s t r u c t u r e  are  most  access ible  to the  r eagen t  [11], the reac t ion  will take 
place select ively in the amorphous regions and at  c rys ta l  su r f aces  a t  the 
ear ly  s t ages  of exposure  to chlorosulfonic  acid [12]. Therefore ,  the 
c ross - l ink  densi ty,  requi red  fo r  infusibil i ty,  is reached  a f t e r  re la t ive ly  
sho r t  r eac t ion  t imes  f o r  LLDPE, which inherent ly  has a low c rys ta l l in i ty  
(2,S-35Z). 

LLDPE f ib res ,  obtained by mel t -spinning,  were  subjec ted  to t r e a t m e n t  wi th  
chlorosulfonic  acid a t  room t e m p e r a t u r e  fo r  d i f f e r e n t  per iods  of time. The 
reac t ion  of chlorosulfonic  acid wi th  the  polymer induces a number of physical  
changes,  such as a gradual  change in colour f rom whi te  to black, a decrease  
of the f i b r e ' s  tens i le  s t reng th ,  as well as a small amount of l inear  
shrinkage.  Since these  physical  changes occur a t  the init ial  s tage  of 
chlorosulfonat ion,  they seem to a r i se  f rom the reac t ion  of chlorosulfonic  
acid in the  amorphous domains predominantly.  

The l inear  shr inkage,  resu l t ing  f rom chlorosulfonat ion,  s t rongly  depends 
on mel t - sp inn ing  condit ions of the f ibres .  The amount of shr inkage is smal le r  
fo r  f i b re s  obtained under condit ions of high t empera tu res .  This e f f e c t  is 
likely to a r i se  f rom d i f f e rences  in the molecular  o r ien ta t ion  between f ib res ,  
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spun at  high and at  low t empera tu r e s  respect ively.  It was  sugges ted  by Bikson 
et  al. [13], t ha t  the  a t t achment  of bulky -S03-groups  to the polymer chain 
promotes  the gauche conformat ion  of ad jacent  methylene units.  When this  
reac t ion  involves extended chain molecules, i t  will decrease  the i r  e n d - t o - e n d  
d is tance  and shr inkage of the  f ib re  will occur.  The amount of shr inkage may 
t h e r e f o r e  be r e l a t ed  to the  amount of o r ien ta t ion  of the molecules in the  
f i b re  d i rec t ion  and the f r a c t i on  of extended chain molecules in the amorphous 
domains. When high spinning t e m p e r a t u r e s  are  employed, the  ex tens ion  and 
or ien ta t ion  of the  polymer chains in the elongat ional  f low field,  resu l t ing  
f rom the draw-down,  is opposed by re laxa t ion  phenomena [14], leading to 
weakly or iented  f ib res .  This explains why f ib res ,  produced at  high spinning 
t e m p e r a t u r e s  and elevated surrounding t e m p e r a t u r e s  shrink to a l esse r  ex ten t  
upon chlorosulfonat ion.  

It was not iced by Hodge and Basse t t  [15], t h a t  the  blackening of the  
sample proceeds  inward f rom the su r face  of the sample. The achievement  of a 
homogeneous c ross - l ink  densi ty  throughout  the  sample is thus control led  by 
the  d i f fus ion  of the  acid molecules into the  f ibre .  For thick f i laments ,  long 
t r e a t m e n t  t imes  (10-18 hours) are  necessary ,  which leads to the fo rma t ion  of 
c racks  on the i r  su r f ace  [6]. For th inner  f i laments ,  s h o r t e r  t r e a t m e n t  t imes 
(4-'/  hours) are  suf f ic ien t ,  which prevents  th is  crack format ion ,  as was 
revealed by SEM. The presence  of cracks is highly unfavourable,  since it 
p rohib i t s  the  appl icat ion of high s t r e s s e s  during carbonizat ion.  

1.5 

P recu r so r  f ib res ,  t r e a t e d  wi th  chlorosulfonic  acid fo r  d i f f e r e n t  per iods 
of time, were  pyrolyzed by heat ing the f i l ament  f rom room t e m p e r a t u r e  to 
900~ at  a control led  ra te ,  and keeping them at  th is  t e m p e r a t u r e  fo r  f ive 
minutes.  During th is  t r e a tmen t ,  a considerable  shr inkage of the f ib re  was 
observed, especial ly in the t empe ra tu r e  range f rom 160~ to 450~ The l inear  
shr inkage amounted to approximate ly  307. fo r  all f i l aments ,  i r respec t ive  of 
the p repa ra t ion  condit ions of the p recur so r  f ibres ,  heat ing  r a t e  and f ib re  
s t r e s s  during carbonizat ion.  The h e a t - t r e a t m e n t  is also accompanied by a 
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s u b s t a n t i a l  r educ t ion  of f i b r e  d i ame te r  and the  m a s s  of  the  f i b r e  d e c r e a s e s  
to a p p r o x i m a t e l y  207~ of i t s  or ig ina l  value,  due to the  evulot ion of  ga s  
p roduc t s .  The mechan ica l  p r o p e r t i e s  of the  f i b r e s  changed  d r a s t i c a l l y  as  a 
r e s u l t  of  the  ca rbon iza t i on  t r e a t m e n t .  

Fig. 1 shows  the  t ens i l e  s t r e n g t h  of the  ca rbon  f ib re s ,  p r e p a r e d  f r o m  
f i b r e s  A and B as  a func t ion  of the  r eac t ion  t ime  of t he se  LLDPE f i l a m e n t s  
wi th  ch lo rosu l fon ic  acid. As is seen,  the  t ens i l e  s t r e n g t h  of the  ca rbon  
f i b r e  depends  very  c r i t i ca l ly  on the  s t a t e  of  c r o s s - l i n k i n g  in the  p r e c u r s o r  
f ib re .  For  the  oxida t ive  s t ab i l i z a t i on  of PAN p r e c u r s o r s ,  a s imi l a r  e f f e c t  of  
u n d e r -  and ove r s t ab i l i z a t i on  on the  mechan ica l  p rope r t i e s  of  the  ca rbon  f i b r e  
was  observed  [16]. F u r t h e r m o r e ,  the  opt imal  ch lo rosu l fona t ion  t ime  is 
d e t e rm in ed  by the  d i ame te r  of  the  or ig ina l  LLDPE f i l amen t ,  a s  is shown in 
f ig .  2. This  l inear  r e l a t i on  ind ica tes ,  t h a t  the  ch lo rosu l fona t ion  t r e a t m e n t  
is no t  a pure ly  d i f f u s i o n - c o n t r o l l e d  p rocess ,  which is exp la ined  by the  f a c t  
t h a t  the  acid molecules  i n t e r a c t  chemical ly  wi th  the  f i b r e .The  a spec t  of  
d i f f u s i o n  impl ies  t h a t  d i f f e r e n c e s  in c r o s s - l i n k  dens i ty ,  be tween  the  core  
and the  s u r f a c e  of the  s t ab i l i zed  f ib re ,  a re  to be expected .  

At t h i s  s t age ,  the  ca rbon iza t ion  p roces s  has  not  been opt imized  wi th  
r e s p e c t  to hea t i ng  r a t e  and f ib re  s t r e s s  dur ing  pyro lys i s .  Under  the  
condi t ions  applied, a m a x i m u m  tens i l e  s t r e n g t h  of 1.32 GPa was  achieved by 
s t ab i l i z a t i o n  and subsequen t  ca rbon iza t ion  of f ib re  B. In o rder  to opt imize  
the  p rocess ,  the  same  p r e c u r s o r  was  ca rbonized  under  va r ious  s t r e s s e s  a t  a 
r a n g e  of h ea t i ng  r a t e s .  The r e s u l t s  a re  shown in f ig.  3 and f ig.  4. The 
e f f e c t  of  ca rbon iza t i on  s t r e s s  on the  mechan ica l  p rope r t i e s  is exp la ined  in 
t e r m s  of the  s u r f a c e  t e x t u r e s  of  the  carbon  f ib re s ,  produced under  d i f f e r e n t  
condi t ions .  Carboniza t ion  under  a smal l  s t r e s s  was  shown to give r i s e  to 
rough  s u r f a c e  t e x t u r e s ,  w h e r e a s  carbon  f ib re s ,  produced under  h igh  s t r e s s e s  
appea red  to be very  smooth  [6]. Sur face  i r r e g u l a r i t i e s  a re  gene ra l ly  known to 
d ep re s s  the  mechan ica l  p e r f o r m a n c e  of ca rbon  f i b r e s  [7]. When t aken  into 
account ,  t h a t  the  f i b r e  sh r inkage  dur ing  pyro lys i s  is independent  of  
ca rbon iza t i on  s t r e s s ,  and t h a t  the  ca rbon iza t ion  produc t  is comple te ly  
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i sot ropic ,  i t  is evident  t ha t  the var ia t ion  of tens i le  p rope r t i e s  wi th  
carboniza t ion  s t r e s s  does not ar i se  f rom or ien ta t ion  e f f ec t s .  

It is seen in f ig  4, t ha t  the tensi le  p rope r t i e s  s teadi ly  increase  wi th  
decreas ing  hea t ing  ra te .  This e f f e c t  can be i n t e r p r e t e d  in t e rms  of 
micropores ,  c r ea t ed  upon d i f fus ion  of volat i les to the outside of the f ibre .  
During pyrolysis ,  the  weight  loss is approximate ly  80 7., which means t h a t  a 
considerable  amount of mate r ia l  is t r a n s p o r t e d  to the  outside of the f ibre .  
SEM revealed a g r e a t  populat ion of micropores ,  ranging in size f rom 20 nm to 
80 nm, on the su r f ace  of a carbon f ibre ,  t ha t  was produced at  a high heat ing  
ra te .  No e f f e c t  of heat ing  r a t e  on the mechanical  p rope r t i e s  was found fo r  
carbon f ib res ,  derived f rom phenolic resin,  where  a low volume of gaseous 
products  is evolved during pyrolys is  [17]. 

The above r e su l t s  demons t ra te ,  t ha t  the  mechanical  p rope r t i e s  of  
amorphous carbon f ib res ,  derived f rom mel t - spun  LLDPE f i laments ,  can be 
improved considerably by careful ly  se lec t ing  the process ing  condit ions in the  
carboniza t ion  s tage.  An increase  in s t r eng th  f rom 1.32 GPa to 1.90 GPa, and 
an increase  in Young's modulus f rom 60 GPa to 148 GPa could be achieved f o r  
carbon f ib res ,  obtained by s tab i l iza t ion  and carboniza t ion  of f i b re  B, by 
applying lower heat ing  r a t e s  and higher s t r e s s e s  to the  f ib re  during the 
h e a t - t r e a t m e n t .  WAXS shows, t ha t  the 1.90 GPa f ib re  is completely amorphous 
and isot ropic ,  which explains  the  high s t r a in  a t  break of 37. of the  f ibre .  
According to e lemental  analysis ,  the f i b re  contains  907. C, 1.57. H and 8.57. of 
o ther  e lements .  

Until  now, we have considered carbon f ib res ,  p repa red  by s tab i l iza t ion  
and pyrolys is  of me l t - spun  f ib re s  only. An addit ional  p recur so r  ( f ibre  C) was  
obtained by h o t - d r a w i n g  f ib re  B to a r a t io  of ~thd=2 at  a t e m p e r a t u r e  of 
ll0~ Carbonizat ion of  th is  h o t - d r a w n  f ibre ,  however,  appeared  to be very 
d i f f i cu l t  and f r a c t u r e  f requen t ly  occurred  during pyrolysis .  F ibres  t ha t  were  
carbonized  successful ly  showed very poor tens i le  s t r eng ths ,  ranging f rom 0.2 
to 0.3 GPa, a f t e r  the  t r ea tmen t .  Annealing (constra ined,  fo r  44 hours in 
si l icone oil a t  ll0~ of th is  h o t - d r a w n  precursor ,  however,  r esu l t ed  in an 
enormous inc rease  in the  mechanical  p rope r t i e s  of the  carbon f ib res ,  obtained 
f rom it. An average tens i le  s t r eng th  of 2.16 GPa, and a Young's modulus of 
130 GPa could be achieved fo r  carbon f ib res ,  p repa red  f rom f i b r e  C, a f t e r  i ts  
annea l - t r e a tm en t .  Probably,  res idual  s t r e s s e s  in the  p recursor ,  in t roduced by 
h o t - d r a w i n g  and rel ieved upon annealing, a re  responsib le  fo r  the poor 
mechanical  p rope r t i e s  of the carbon f ib res ,  manufac tu red  by d i rec t  
carboniza t ion  of the h o t - d r a w n  f ibre .  Residual s t r e s s e s  may cause chain 
rup tu re  during chlorosul fonat ion  and h e a t - t r e a t m e n t ,  leading to an incoherent  
carbon s t r u c t u r e  wi th  a low s t r eng th  and modulus. 

Fig. 5 shows the u l t imate  tensi le  p rope r t i e s  of the carbon f ib re s  
obtained in th is  s tudy as a funct ion  of the i r  d iameter .  There  is a s t rong  
increase  in both tens i le  s t r eng th  and modulus wi th  decreas ing  d iameter ,  
especial ly below 30 pm. Assuming tha t  th icker  f i l amen t s  contain a g r e a t e r  
number of su r f ace  f l aws  may explain the e f f e c t  of f i b re  d iamete r  on tens i le  
s t r eng th ,  however,  i t  cannot  explain the  sharp  increase  in Young's modulus 
wi th  decreas ing  d iameter .  The e f f e c t  of f ib re  d iameter  on both p rope r t i e s  
seems to  a r i se  f rom the  cont r ibut ion  of a s t rong  and s t i f f  outer  t ex tu re ,  
t ha t  becomes more impor tan t  as the d iameter  of the f i b re  decreases  [8]. This 
type of s h e a t h / c o r e  he te rogene i ty  may or ig inate  f rom the  s tab i l iza t ion  
t r ea tmen t ,  which is mainly control led by the d i f fus ion  of chlorosulfonic  acid 
into the  f ibre .  Therefore ,  the outer  shea th  is expected  to be more densely 
c ross - l inked  in the  chlorosul fonat ion  t r ea tmen t .  
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Fig.  5. The  e f f e c t  o f  c a r b o n  f i b r e  d i a m e t e r  on t h e  u l t i m a t e  m e c h a n i c a l  
p r o p e r t i e s .  

Fig.  6. S c a n n i n g  e l e c t r o n  m i c r o g r a p h  o f  t h e  f r a c t u r e  s u r f a c e  
o f  a 1 .90 GPa  c a r b o n  f i b r e .  

Fig.  6 s h o w s  t h e  f r a c t u r e  s u r f a c e  o f  a 1.90 OPa c a r b o n  f i b r e ,  p r e p a r e d  
f r o m  p r e c u r s o r  f i b r e  B. I t  does  no t  r e v e a l  s k i n / c o r e  h e t e r o g e n e i t y ,  a s  i t  i s  
o b s e r v e d  a t  f r a c t u r e  s u r f a c e s  of ,  f o r  i n s t a n c e ,  p i t c h - b a s e d  c a r b o n  f i b r e s  
[2]. I t  s h o u l d  be  k e p t  in m i nd ,  h o w e v e r ,  t h a t  t h e  s k i n / c o r e  s t r u c t u r e  in 
t h e s e  f i b r e s  i s  o f  an  e n t i r e l y  d i f f e r e n t  n a t u r e  (i .e.  o r i e n t a t i o n  o f  
e r y s t a l l i t e s ) ,  a n d  m a y  n o t  be  r e v e a l e d  a t  f r a c t u r e  s u r f a c e s  q u i t e  a s  
obv ious ly  in o u r  c a se .  F r a c t u r e  s e e m s  to  be  i n i t i a t e d  a t  t h e  s u r f a c e  o f  t h e  
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f i b re  ( indicated by ar row) ,  c rea t ing  a 'dimpled '  cleavage path,  perpendicular  
to the f ibre .  The f r a c t u r e  su r face  is, however,  not ent i re ly  f la t ,  but it  is 
curved and extended in a ' s h e a r - l i p ' ,  indicat ing some ducti le  behaviour. In 
tens i le  t es t ing ,  a high s t r a in  at  break of 3% was found, which is explained 
by the i so t ropic  na tu re  of the f ibres .  Please note t ha t  the curved f r a c t u r e  
su r face  conceils  the  c i rcu la r  shape of the f ibre .  

Conclusions 

Because of a pronounced e f f e c t  of the d iameter  of LLDPE-based carbon 
f ib re s  on the i r  s t r eng th  and modulus, these  p rope r t i e s  could be improved 
considerably by using thin p recur so r  f ibres .  Thin LLDPE f i l aments  could be 
obtained by appl icat ion of elevated spinline t e m p e r a t u r e s  in the  
mel t - sp inn ing  process ,  which leads to an improvement  of the  maximum 
a t ta inab le  d r aw-down  rat io .  Careful  carboniza t ion  of these  f i l amen t s  gave 17 
~m thick carbon f ib re s  wi th  a tensi le  s t r eng th  of 1.90 GPa and a modulus of 
148 GPa. By addi t ional  ho t -d rawing  of mel t - spun  f i laments ,  even th inner  
p recu r so r  f i b r e s  were  obtained, t ha t  could be conver ted to 13 pm carbon 
f ib res ,  wi th  a s t r e n g t h  of 2.16 GPa and a modulus of 130 GPa. It was 
necessa ry  to anneal the h o t - d r a w n  f ib re s  in order  to remove res idual  
s t r e s se s ,  in t roduced by ho t -drawing .  Most likely, the d iameter  e f f e c t  a r i ses  
f rom the  presence  of a s t rong  and s t i f f  outer  sheath,  of which the 
cont r ibut ion  to the mechanical  p rope r t i e s  is more dominant  in th inner  carbon 
f ibres .  
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