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Introductio.n

The electr ic current conducted by single

horizontaL carbon ftbers, elther plaln or coated

with thin layers of varl-ous rnetals (Au, Ag' Cut

Nl),  has been measured ln alr,  Ar, and He at

f lber temperatures up to 1500'C' The observed

resistancl variat lons have been correl-ated with

theory showing that gaseous conductlon 1s the

llmitlng factor in this case' even though con-

vective cool lng ls the dorninant loss mechanism'

Current densít ies in coated f ibers 1n excess of

L2 YIA/ cn2 have been achleved.

Appgra-tus

The measurements rrlere made ln a 38 cm

hig}r, 25 cm diameter dorned glass bel1- Jar whl-ch

"oitá 
¡" evacuated and f i l - led through a 1'9 cm

hole in the base p1-ate. The ftber to be tested

was placed horizontal ly between two clamps,

44.5 m apart '  and kept in sl ight tension by a

11ght sprtng. Electr icaL current was provided

by a 500 nA, 500 V dc supply and monltored by

standard digital meters.

Theory

The heat balance for a horízontal,  current-

carrying f lber is obtained by equatlng the

electr lcal heatlng with the losses arising from

convectíve' conductlve, and radlat ive cool lng'

In the present case' sone val ld approximaüfons
pernlt  lhi" g.o"".1 equation to be slrapl l f ied'

fhus, because the f lbers have a large

1-ength-to-diameter rat lo (> 5000) 1n the pres-

ent geometry, axial heat conductlon along the

fibei has a negl lgible lnf luence on the f iber

temperature over most of the f lber length'

Flber temperatures in these exPerlments

have been below 500oC 1n alr,  1400oC 1n Ar, and

1500"C 1n heLtum. Under these circumstances'

radlat lon can be shown to contr ibute a relat lvely

small  amount to the total cool lng' Speclf ical ly '

for the quoted temPeratures, the radiatíve-to-

convectl ;e coolfng rat io is < 0'02 for alr and

He, and < 0.13 for Ar, showlng that ladlat ion

may be neglected in most cases'

Thls 1s caused by the extremely high heat

t rans fer  coef f l c len t  fo r  smal1  f lbers '  For

srnal l  dlameters (d), the convecLive heat Erans-

fe r  coe f f l c ien t  (hc)  reduces  to  the  s imp le

expression

To a good apProxir iat lon, the heat balance

for the f lbers invest. lgated here canr therefore'
be represented bY

,
I¿R/9 ,  =  n  d  h"  (T  -  Ta)  =  0 .45  n  k ,  (T  -  T . )  (2 )

¡¿here I2R/1, ls the ohmic heatlng per unit  length,
and T. the atnosphere temperature.

Experírnents

Several dif ferent f íber/coating/atmosphere
cornblnatlons have been tested, includlng: Thornel

300 ln air,  Ar, He; Modmor Type 2 ln He; Nl and Ag-

coated Modmor Type 2 ln He; Au, N1, and Cu-coated
Thornel 300 1n l le. Thornel ls manufactured by

Unlon Carbide and Modmor by Morganlte Inc.; both

are based on a polyacryl lcnitr i le precursor.

Carbon Fibers

At 20oC, the rneasured resistance of the
clanped Thornel f ibers was from 19.4 to 24 kf¿.
Scannlng Electron Microscopy (SEM) photographs of
typlcal f l .bers indicated a mean dlameter of 6.3 pm'

correspondfng to a mean f lber resist lvi ty of
1520 u0 cn. Modnor Type 2 f iber exhlblted a lower
resistance (8 kn) and larger dlameter (8.44 un)'
correspondlng to a resist ivl ty of l-000 p0 cm.

For comparison, manufacturersr data for
Modnor Type 1 and Type 2 flber glves 775 uQ cn and
l-500 !n cm, respectlvelyt l^r i th f iber diameter var-
iat, lons of at least * 52.

Applicatlon of lncreaslng voltages resulted
l-n Íncreasing currents and fiber temperaturesr url-
t i l  burn-out occurred. For Thornel 300 thls
occur red  a t  7 .4  to  8 .2  uA ln  a i r ,  up  to  30  uA ln
Ar, and 47 uA Ín He. Modmor Type 2 ffbers carr led
currents of up to 86 uA 1n He at pyrorietr ical ly
estlmated f lber teurperatures up to 1500oC.

' In alr,  the f iber resistance lncreased
sltghtly Just before burn-out occurred, presunabJ.y
because part lal  oxldation reduced the f lber dlame-
ter. In argon and helLum, consistent results were
obtalned up üo at least 800"C, but a t lne-dependent
"run-ar^raytt effect occurred above about L000"C.
This effect, ln whlch the f iber reslstance de-
creased as the temperature lncreased, became par-
t lcularly rapld above about 1400"C. Graphlt izat lon
of the carbon is the 1tkely causer but oxldatlon
rnay have also been lnvolved, since notl-ceable thln-
n1-ng of the f lber was observed prlor to burn-out.

Metal-Coated .Fl.bers

Coaelng the f ibers h¡l th netal subetantlaLly
changed the observed behavlor, r . t l th f lber resis-
tances at ambient temperacures belng as low as 12 Q/cn.

2 9 6

h "  =  0 . 4 5  k r / d ( 1 )

where k- is the thermal conductivi ty of the

f1utd. 
rThat is, hs ls domlnated by conduc-t lon

of heat from the fÍber to the surroundlng
4tmosphere.



Us ing  coa t i ng  Eh i cknesses  es t ima ted  f r om
SEM photographs,  some discrepancies between the
der ived and expected resist lv i t ies l rere found.
Thus ,  measu red  coa t l ng  res i s t i v l t i e s  r l t e re  2 ,  4 .8 ,
and  5 .5  t lmes  t he  usua l  bu l k  va l ues  f o r  Ag ,  N i ,
and Au, respect ively.  Data for  copper l ras uncer-
ta in,  wi th some values belng above and ochers
be low ,  t he  bu l k  va l ues .  These  res i s t l v i t y  d i f -
ferences are 11ke1y to be caused by the non-
uni forrn i ty  andfot  the stra lned nat .ure of  the
coa t l ngs .

Relat ively large currents were conducted
w íEh  t hese  coa ted  f i be r s .  Fo r  t hese  pa r t i cu l a r
specimens,  Ag-coated f lbers showed the highest
uean value (161 nA 1n He),  fo l lowed by Cu
(106 rA),  Ni  (45 rnA),  and Au (33 mA).  Maximum
currents > 250 mA were conducted by s ingle Ag-
coated f ibers,  corresgonding to coat lng current
dens l t Í es  >  1 , . 2  l t rA / cm ' .

As expected frorn heat transfer considera-
t ions, the highest currenEs were conducted in He,
fol lowed bv ai.r and Ar.

In the case of uncoated fíbers, sma11
visible hot spots developed at certain currents
and presaged the subsequent breaking of the f iber
at hlgher currents. ül l th coated f ibers, in con-
lrast, most breaks occurred at 1or^rer temperatures
(150 to 300"C), even ln inert atmospheres and for
ro vlslble reason. This may have been caused by
elther chemical or mechanical weakness introduced
Curing the coatl-ng process, or by an lnteraction
'¡etween the coating and the underlylng f lber.

Copparí.son of T.heory a¡9_ Exi.eri-rynt

Because k¡ is a function of temperature,
and Lhe f iber temperature (T) was not easl1y
=easured, i t  is not simple to determine whether
iquation (2) correctly descríbes the observed
'¡ehavlor. An alternative procedure has, there-
fore, been evolved. In th1s, the appropriate
gaseous thermal conductivl ty variat ion is ln-
serted into Equation (2) to glve

Jx/n = ¡ (r) (3 )

uhich describes how the heat di-ssipation varies
Li ' fh temperature. Using the measured current
and voltage, Equatlon (3) enables the f iber tem-
perature and resistance to be estlmated slmul-
taneous ly .  Referenc ing  the  f íber  res is tance to
the value at. 20"C then perml.ts the resistance
ratio to be compared with independent values for
the  tempera ture  coef f i c ien t  o f  res ís t l -v i t y .

Typical results for uncoated Thornel and
)fodmor f ibers ir i  hel ium are shown ln Fig. 1. The
horizontal bars indicate measurements for which
time-dependent effects occurred. The asterisk
represents an extrapolat lon of manufacturersr
data for Modmor Type 2 f iber for the temperature
range up to 200oC (Ro is the reslstance at
anbient temperature).
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The procedure denoted by Equatton (3) was
fol lowed for coated f ibers. Ftg. 2 shows data
for tests wlth sl-1ver-coated Modmor ffbers 1n He.
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Satlsfactory agreement r,r i th independent tempera-
ture coeff iclent of resist ivi ty values was only
achieved when the constant in h" was assumed to
be about 20"/. }:.tgt,et than gi.ven 1n Equation (1).
Slnce SEM photographs show the surface of coated
flbers to be uneven, a posslble explanation for
this dif ference may be that the increased surface
area causes an lncrease in h". Alternatively,
the temperature coeff icient of the thin coated
layer may dlf fer from that of bulk material,
either because of structural or temperature
1-nhomogeneit les.
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