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Introductlon

In thls paper we examlne the mechanlcal and
stnuctural propert ies of carbon ftbers produced by
the pyrolysls of natural gas. The method of f lber
growth lnvolves f lowi.ng natural gas through a type
30q stalnless steel. tgbe held at elevated tempera-
tu res  (900-12OOoc) .  |  '¿  F l lamentary  fo rms o f
carbon produced fnom carbon-contalnlng gages at
elevated temperatures have been knolrn for some
tlme. Eaker'  revlews the I i terature on submlcron
dlameter f lbers, or ' rvermlculegrtr produced durlng
the hlgh tenperature dlsproport lonatlon of CO or
hydrocarbon gases. The f lbers of more lnterest to
us here, horever, are st,ralght f lbers of macro-
scopic Iength Hlth dlameters of at least several
mlcroneters ¡r l .e. f lbers of potenttaL ut, i l i ty
for such appllcatlons as composite relnforcement.
Prevlous reports of macroscoplc f lbers produced by
rrchemlcal Vapor Deposit lonrr (CVD) during the pyro-
Iysls of carbolaceous gases date back to p. ancl ! .
Schutzenberger '  (1890) ,  and t ,o  C.  and H,  pe labon '
(1903) .  More  recent ly ,  macroPcop lc  f lbers  have
been gtown by Glpson, et aI. , '  Bourdgau and Papa-
leg l lA '  Welsbeck-  H i I Ie f [  and Lange, '  Ka t ,suk l .  e t
áI. ,  

' "  
Onun and Koyama, '  '  and Koyama, et al.  

¡  ¿

Welsbeck, Hl l lert and Lange, and Koyama, et al.
al l  repoit a slmllar f lber st,ructure! concentr lc
Iayers ( l fke the annular layers of a tree) of
turbostrat lc carbon H1t,h a hlgh degree of al lgn-
ment of bhe graphit, lc basal planes along the f lber
axis. l{o mechanical propert ies have been described
for any of the above CVD f iberg, however, with the

:l::!tÍ91_": tl: l ibers srown by Bordeau anfrplga-
fegis'  and by Koyana, Endo, and co-workers.

our alm ln thls paper rr l1l  be to descrlbe t,he
nechanlcal propert les of carbon f lbers produced by
pryolysts of natural gas and t,o suggest lhe mlcro-
s¿ructural sourcea of these. properttes. Varla-
t lons between batches ol f lbers lndlcate that
f lber propert, les are to some extent a funcLlon of
t,he exact growth condltfons. Therefore, ve xi l I
present data for three dlf ferent, although typi-
cal,  grouth batches.

Experlnental procedure

The f lbers tested were from groHth batches
IabeLed here as 2O1, 2O5 and H?C (79, 60 anct 38
flbers, respecti .vely). Single f lbens rrere nounted
on gage tabs Hlth crystal bonct 509. Flber dla-
meters were deternlned from photographs taken
through an optlcal mlcroscope at 1100X. Load vs
Llme curveg were pecorded uslng an Ingtron appara-
tus (rDodel TMiSML) under control of a DEC pDp-

11/03 computer. Al l  tensl le data was correeted
for Instron compllance uslng 10 u dlaneter
tungsten lr lres for cal. lbrat l .on. In order to
preserve f lbers fractured +n tesblng, a Lechnlque
adopted from that of Jones" et aI.  was used. The
f lbers  nere  s t , ra ined to  fa l lu re  a t  a  ra te  o f  0 .125
mn/mln for batches 201 and 205 and 0.05 mmlmin for
H?C. Flber fracture gurfaces ¡rere examined ln a
scannlng eLecLron mlcroscope.

Tensl le Strengt,h and Strength-Llmlttng Defects

The as prepared ffbers fal l  ln a brl t t le
fashlon. Flgure 1 shorrs a byplcal palr of nratch-
ing fracture surfaceg, the cup+and-cone fal lure 1s
qulte common and sometlmes becomes qulte exagger-
ated, due to the tendency of the fracture front to
fol lor t ,he easy-shear dlrect lons of the graphlt ic
basal planes.

Average tensl le strength values for batcheg
2O1,  205 and H7C are  g lven ln  Tab le  1 .  Each
tens lLe  s t rength  d ls t r lbu t , lons  1s  qu i te  v r ide :  ihe
standard devlat lons are 57Í, 51f, and 551 for
ba t ,ches  2O1,2O5,  and H?C,  respec t lve ly .  A  w ide
spread ln strengths ls, of course, expected for a
brl t t le material whlch contains defects r¿ith a
range of types and slzes. To deternlne the nat,ure
of these defects lre have examlned the fracture
surfaces of one of the bested f lber batches, H?C,
ln the scannlng electron mlcroscope.

Roughly 90f of the H7C f lbers Lested rrere

Flgure l .  The opposlng fracture surfaces of a
PYROGRAF f lber broken in benslon. Note
the layered structure and the 'rcup-and-
conerr natune of the fracture; also note
that ühe two pleces key tnto each
other .
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Table 1. Sunmary of Tensl le Test ResuILs.

Batch I

#201
#205
u a f

E-  (  GPa)  E^ (  CPa )

176 2o3
1 43 155
1 5 1  1 5 9

o- (GPa)  D lameter
t  ( u t )

0 . 9 8 ;
0 . 9 1  1 0 . 2
0  . 6 9  1 9  . 7

cauge Straln
No. of LengLh to-Fal l
f l b e r s  ( c m )  ( f )

79
60
38

1 . 2 7  0 . 4 8
1 . 2 7  0 . 5 8
1  , z ' . t  0 . 4 4

recovered lntact for SEü lnspectlon. Fracture
surface palrs were seen to natch for ?0t of the
recovered specimens. The most common defect was
an 'r lntersectlonrrr observed at ¡ l¡ l f  of ihe fal lure
sltes. An lntersectlon ls presunably formed uhen
buo f lbens cross and adhere durlng LhlckenlnS' so
tha¡ subseguently deposited Iayers suffound both.
A second type of defect, Hhlch we cal l  a 'r81a8sy

blob,fr accounts tor 9l of the fal lures. They are
thought to forn froo col l lslons rr l th large' tanry,
vlscous hydrocarbon Slobules f loatlng ln the
growth furnace. "surface nodulesrt accounL for 6f
of the fractures ln this part lcular baLch. They
appear to be carbon Srowth catalyzed by the actlon
of larger Fe, or Feir lch, part lcles vrhfch are
generaLed from the rral l? of the growth tube by
metal dustln8 corroslon' and adhere to the f lber
dur ing  th lcken lng .

The fourth type of observed defect ts the
lncluslon, a forelSn part lcle lncorporated durlng
Lhlckenlng. Inclusions were found at 6f of the
fracture sltes. The reoalnder (35f) of the
fracture gurfaces ln batch H?C contalned no
vlstble defects. In these cases the defectg
probably were elther too 3ma11 to be detected by

bEM fractography or lrere of such a nature as to

escape detect ' lon (for exanple, preexlst lng
c r a c k s ) .

The effects of these Eypes of defects on the
tensi le strength is suonsrized tn Flg. 2, ln whlch
the contribut.lons from each type of defect are
stacked to for¡¡ t ,he lotal strength dlstr lbutlon'
I t  ls clear that the strongest f lbers are those
lhat contafn nundetectabletr defects. The average

El lnlsnütl0nr
a tlodul¡¡
E Inclu¡lon¡
o Glruy Blobr
a Undilsrlod tltw¡
tr ilo Inlorm.tlon

0 1.0 2.0
or. Tenrllo Strsnglh (GP¡l

Flgure 2. The number frequency vs. tensl le
strength dlstr ibutlon for H?C, broken
down accordlng to the type of fal lure-
causlng defect¡ the nuúber percents ln
each category are stacked to form the
to ta l  d is t r lbu t lon .

strength of Lhls category ls 1.0 CPa. Inter-
sections, on the otheP hand, are bhe mosL severe
defect and f ibers contalnlng them are clustened at
the lreak end of lhe dlstr lbutLon. Flbers contaln-
lng glassy blobs, surface nodules, or incluslons
l le ln the mlddle range.
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