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Abstract:

The electrical resistivity measured at temperatures [rom
300 K to 10 K and the impedance at 300 K and up to several MHz
for as-spun high strength PAN-Based Carbon fibers were found
to show some interesting behaviour. A maximum at 35 K was
observed in the resistivity which decreases with temperature on
either side, in good agreement with the resulls reported for heat-
treated carbon fibers. The ac (mpedance measurements allowed
finding of the real part of the dcelectrie constant which was found
to vary with frequency, f, nearly as {07 at f 2500 KHz and to be
almost constant at higher frequencies (f < 10 MHz). The imaginary
part of the dielectric constant was found to change as I/f up to
9 MHz suggesting that the ac conductivity i3 frequency-tndependent
consistent with theoretical predictions.

Introductions

Murmeraus models based on the X-ray diffraction end trensmission electron
mictascopy were proposed for the micre structure of cetbon fiters [1-4L A carbon
fiber consists of graphite structural units or crystallites with preferced orientuation
to the fiber axiz. Other crystallites are slightly misaligned relative to the fiber axis
with 8 misarientation angle of 20°-23°, and hence o porous slructure is established,
The proposod micts structure for carbon fibers were uvssd successfully to explan
the mechanical properties and the electricsl resistivity behaviour under heat treatonent.
A correlation between elastic maoduli and resistivity was established from the varia-
tions In the crystallite size and orlenlation under heat lreetmest [5-8], Recently,
few studies have been reported on the electrical preperties of PAN-based carbon
fibers as n function of various cordditions [S, 9, 10]. Guigon et al [8] concluded
thal the observed electrical tesistivity for & family of PAN-based corbon fihers
correlates  well with the dismeter of the microstructural wnits extended parailel
to the fiher axis. Spain et sl, [10] observed thal the low temgerature resistivily
showed 8 maximum far PAN-bosed Celion fibers heat-treated to ~ 1200°C. Bright
aond Singzr [9] have studied the elactrenic properties of mescphase Pitch-based
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carbon tibers hoat-treated st various temperatures and Rappensau et al, [11] investi-
goted heat-treated Rigilor Ac end AG carbon fibers, Those authors fousd that the
electrical resistivity of their fibers decreases, in gencral, with increasing temperature,
but no meximum in the resitivity was abserved,

It is tharefore interesling to investigate the temperature behaviour of resistivity
for as-wpun (not heat-treated) PAN-based carbon fibers not only to compare with
that reparted for haat-treated carbon fibers but also te see if it is & common
property for all carban fibers, This is the putpose of the present communication.
Also, good insight into the conduction mechanisms of carbon tibers mey be achieved
by studying their dielecttic properties. These can be oblained from ac impedance
measurements, In this study the ac impedance was only measuted at room tempera-
ture and 8s a tunction of frequency up to 1 = 12 MH2,

[x&imenlnl:

Material

High srength as-spun PAN-based Celion 6000 catbon fibers obtained from
Celanese corporation in USA, were used in this study. Fibers ste ? pm in diameter
and powes high strain-to-failute. The Llensile strength and modulus far these fibers
are 2,73 and 230 GPa, respeclively, and the predicted misorientation angle ol tha
crystallite is 22° [4-56].

Hesialivily measurements

Measurements of longitudinal resistence were made on a single carbon filament
using the ac-four probe method. This method has the advantage of minimizing
the noise and pick-up signals and of high precision. A single fiber of abaut 20 mm
fong was mounted on & quartz plate using copper clamgs. The electrical contacts
to the semple were made hy using silver dog and the electrical leads were then
soldeted lo the copper clamgs. Measurements were carried out with @ current of
about 1 P& passing through the filament. Such & low current velue is important
to prevest self-heating effects {10}, The voltege drop acrass the filament was
measured directly wsing a frequercy lock analyzer. The temperature of the quartz
plate, which was attached to the head of a closed-cycle cryogenic refrigerator,
was varked continuously from 200 K ta 10 K with uncertginty of + 05 K,

Impedance measurements:

Carbon fiber strands were crushed la pawder and pressed into dlec-shaped
samples of 2 em in diameter and sbout 1,2 mm in thickness, Clectrical contacts
were mede by using silver ¢ag and two leads connected to the sample, which was
pakced inside B shielded melallic box, Since the apparent resistance of the spmplo
wns faund to be aboul 4 ohms and the apparent cepucitance was of the order
of 1 nf, very high frequencies in the Mz range were used to abtain appreciable
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and meaningful measvrements, & hp-3575A Guain-phase meter was used Lo measure
the sample impedance and phase angle ot room temperatute in the freguency tegian
50 KHz to 12 MHz.

Results and Discussions

Resistivity results *

When the organic polyectylenitrite (PAN] is converled to carbon fibers, a
fibril structure is produced with interesting orientational and  electrical properlies.
Graphite crystailites are oriented rearly with their basal planes parallel to the [libar
axite Tb2 reported average value of the electricsl resistivity of PAN-bhased carbon
fibers is 10~2Lm pargliel ta the liber axis and it s high compared to that of the
graphite single crystals porallel to the bBased plane [7), The mean values ol the
dimensiens of the crystallite size in high modulus and strength fibers are L. = 50 AY
(prependicdar to the fiber axis) and Ly = 450 A (parsllel to the fiber sxis). Further-
more, it wes found [6-%] that the electrical resistance is reisted to some fiber
propertics such ns orentation of the structurgl wnits, intarlayer spacing, degree of
lattice ordering, and the charge catrers.

Fig. 1 shows the temperatute vatiation of the resistence, R, of the as-qun
PAN-based carbon fibers investigated In this work. IL can be seen from tig. | that
the ooserved resistance-temperature data cen be reasonsbly represented by o mytle-
matical filting-cutve of the form

1 1 1

M =+
" 8, + nzT + 937 B, exp (aST)

where ol. uz. eto. Ara corstants,

Nevertheless, there is no theoretical or physical grounds on which =such a3 fitling
caorve is based. A plot of the resistivity of the fiber versus the temperature may
be more infoermative and this is depicted In Fig, 2. Tha resistivity increases with
decreasing ternperature, displays a slight hump (rmoximum) at sboot 35 K, and then
decieases upon lurther lowering the tempersture. Similat behaviour of the resistivity
0f PAN-brsed catbon fibors of abnut 10 pm in diamoter snd hest-treated to  1300°C
was obsarved by Spain et sl [10). These aultars have Tound also that similar resisti-
vity maximum snd behaviour oecurs in ather PAN-based fibers (Magnamite), whereas.
the maximum s exhibited at lower temperatures { 25 K} in others such as Thoroel
300,

* Resistivity ‘data was collecled two yesrs ago and a8 maximum was ochiserved on the
resistance-temperatuce curve, Similar maximum hos been observed earlier by Spain
ct al [10] on a PAN-based Celion fibers heot-treated to  1300°C. Professor Span
sent ws kindly his solid stote communication alter a flist droft of this article
was written,
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The increase ol lhe resistivity ss the temperalure is decressed, bul with no
maximem At low temperatures, was found also by Robson et al. (8] for PAMN-based
catbon fibers, Gright [9] for mewphass pitch-based catbon fibers, Herincks [17)
far rayon-based catbon fisers snd Reppereau et ol [11] for Rigilor AC and AG
carbon fibars, All those carbom tibess were heat-treated to veey high temperatures
C < 3000°C) . These pulhors have discussed the resislivity  wariation  with tempearalure
in berms of samiconductive behaviour. Such a model, however, would lesd to a furlhar
increase in the resistivity 8s the temperature is continuously decteased. Therelors,
this. madel might not be applied successfully to our findings though the as-spun
PAM-based cathon  fihers investigated in this work contain considersbls  amaunt
of metallic impurities [5, 13] which may effect tha resislivity behaviour of those
Celion fibers at low temperatures. A correlation between the crystallite size and
the rfesislivily ratio go9/psnn (or the  relalive graphitic order  parametai)  may  Le
fewsd from the results of Robson et al [B] on PAM-based carbon libers, Fig. 2
¥lelds 8 resitivity ratio of 107 which correspands ba B ceoystellibe size of about
A& for our Celion PAN-based fibers. The graghitic order paremeter, and hence
the imperfectiors, defect levels, crystalline boundaries and the like, govern the
behaviour of resistivity and its variatlon with tempessiure. The obhserved decrease
in resistivity with  incressing temperature seems difficult b0 interpret in Germs  of
DlF!r'trﬂﬂ—l:lhI:rrr::ﬂ nteractinng.

Whan  the  ellect of localized erwrgy  siotes in the cnergy  bend  associated
wilh imgurilies sndfor other delects ere assumed to exist B carbon fibers [%, 18]
sorre sort of activation energy would B deduced Toom the weriation of tesistivity,
P, with temperature [4). This sctivetion energy may ba dus to charge carrier
actlivation andfor mobility sctivation, lapurity scattering processes, which are usually
dominant at  temperatuces lower than those st which electron-phonon  intersetbons
are important, woald lesd te &0 increase o mobllity p, and hence & decrease in
resistivity, with Increasing temperature (e, F,_T}"r?’i. Our  resistivity results do ot
Fallowr  this  latter mabildy  behawiour, But showed an activabed corfuction process
on the In g versus 17T plol over a netrow range on Lhe high lemperalure side,

It is notewoerthy that more messcrements Cnebedng Hall effect data, thermo-
pawer, magnetoresistance) might reveal the actusl conduction mechanisms occuting
in catkan Tbers as Ehese messarements wsually  give  complermesiasy infarmative
results ta thase of resislivity.

& fairly successfel snd physically sccepteble  inerpretelice of  the  ohservied
resliabivity  Dehaviour over lhe whole temperstute  range  sfodied  may be achieved
it one consider that localization effects are resporsibie Tor this hehavicur ss was
arqued By Spein of wl ['II:I'E., Trose guthors have quelitatively discossed  such I
buhaviour in berms ol kealicalion of electrons sl high temperatures dee Lo thermal
gigardet ancd delacalization af well as laoweling effective mass of electron at low
tempargtures, They also pointed oub that electron-spin inferactions  wasld account
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Figd: Tempercture variation al resistance of as-spun PAN-Gased carbon fiber.
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Fig2: Resistivity af as-spun PAN based ceibon fiber as a functin  of lempeorsture.
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for the obeerved peslstivity maximum g5 spins may be loecated a1 the edges of the
ribbians in fipors. A guantitative dascription of Lhe variation of resislivity, . with
temperature, T, wilhin the localizstion model [15] yields that the conductivity,
e =V s lnearly propoeitional to T oab high temperstuies. We believe that our
experimental dala af the resistivity of 1he as-spun PAN-based carbon fihers exhizits
such a temperatura-dependence of tomperalures above 35 K,

AL Impedance Resilt=

An interesl 0 oour laboratory grose to study the ac imeedance bebeviour ol
ad-spun PAMN-hased carbon libers. Such s study may be wseful lor a better under-
standing of tha ebecicical and dielectrlc propecties of such cathon fibers lnpedsnce
messuremants wete only mede at room temporatuse and Tor pellet samples prepaies
fram thess libers aver a wide range of Trequencies,

Fig. 5 shows & typical wariation of the complax impedence, I, and the phase
angle, @ of a disc-shaped pellet sasmple as functian of feequency, §; The meassrad
impedance  will be relerred to as the eppsrent impedance since the sample i o
porous one, It s clear from Fig. 3 thal the apparent impedance poemeins constant
(= 441 wo to f T 5 MH2, beyond which Z starts to increase monstanlically with
frequency. On the other hand, the phese angle begins to decrease will increasing
frequency at 1271 MHz. Impedance components Tp {real pot] and 2| limaginary part}
wera calculated Trom

EI1=EE01F113|=ESJHE|

A plat of ) versus I gives the so-called complex impedance plat shown in Fig.
4. This behaviour of conducting carban Fiters (5 dissimilar to the eomples impedance
plats chierved In dicleclric and other materinls [161

Dietailed mnalysis of the comples dislectric constant .E' = £ = W7 _shuwed [17]
that the apparent real part, °, decceases with frequency nearly ga /0 up Lo
=3 % 10° Hz ond then bacomes abnod comstant At higher freguencies os clearly
seen in Fig, 5 (a). On the other hand, Lhe spparent imaginaty gait of the delectric
corislant, N found Lo waty lnversely with ltequoncy in the frequency range
50 KHz to @ MHz, beyond which a sight devialion from this ecelelioeshlp  was
abserved as shown in Flg, 5 (bl Thearetical trestments [18] predicts that £ = &F2WE,
where £, is the petmittivity of free space and @ is the ac candugtivity al tha
materigh The observed behavieur of £ with Irequency suggests thab the room-
termperature  ac conductivity of os-spun PAM-based camton dibers is frequency-
independent in the above mentioned frequency renge. Such a conductivity bohasiooe
it expected when electricel conduction oceurs in extended (Blach) energy stales
[15]. HMevertheless, we wish to point out thal further inlensive woark s nesded
o meawre the impedance of asingle Celion Tibers parallel and perpendicular to
the fiber axis end a5 a function of temperature. This bype of study is in progres,
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Conclusione

The eplectrical  resisbivily  and  the foom bemperature  apparent  impadancs al
high strength  as-spun PAM-based carbon fibers were moasured as 8 Tunclion of
temnpergture and drequency, respectively. Several inberesting resolls were abserved,

The resistivity changes with temperature as /T for 35 W £ TL 300 K. This
Letwviour isalbiibuled 1o localization etiects which are dominant st high temperatures.
& maxzimum i the resislivity wos chserved al T 35 K, below which the resislivity
sroms to el with furbher lowering temgeraturz, This interesting foature was nlor-
preted in Leims of ciessing delocalization of elections and lowerisg their eflective
mass ot low femperatores, IE deems that sech, resistivity behaviour with iampersture
oecurs in PAN=based carchon fibers whether they are beal-treated or nol.

Impedence behavlour of these carbom feors i3 wery dissimilsr o that observed
in dielectiic and the ke matertals Tha real part of the diclectric constant was
foened to vary as (™97 below |~ 05 MHz and being constant el higher frequencies.
The observed behaviour of % the imaginary part of dielectric constant, sueggesis
thut Lhe conductivity of the cartbon filher s cosstant over the whols  frequeoncy
rangs studied
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