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THE RATE OF OXIDATION OF THE BASAL AND PRISMATIC SURFACES OF
PYROLYTIC GRAPHITE IN THE TRANSITION REGIME BETWEEN CHEMICAL

AND DIFFUSIONAL CONTROL

by T.R. Acharya and D.R. Olaﬁder
Inorganic Materials Research Division
of the Lawrence Berkeley Laboratory and

the Department of Nuclear Engineering
University of California, Berkeley, California 94720

Abstraét

Reaction rates of oxygen with the baséi and prism faces
of pyrolytic.graphite have been measured using a rotating disk
contactor}“Temperatures ranged from 1100 -to 2000°K and oxygen
concentrations from 0.05% to 1% in helium and argon at atmos-—
pheric pressure were employéd. The intrinsic rafe of the |
surface rgabtion and the magnitude of the mass transfer
coefficients attainable froﬁ_the fotating disk placed most
of the experiments in the transition regime_between the limits
of chemical and diffusional control of the overall process.
Surface chemicai rate qonstants‘weré extracted from the data
with the aid of the theory of rotating disk mass‘transfer.
Kinetic expressions for the oxidation of the.basal and priém
planes were obtained. The rate expression of Strickland-
Constable fell in between the rates determined here for the

basal and prism orientations.
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1. Introduction ’

For some time, the role of gas phase mass transfer in
limiting the.rate of reaction of oxygen with graphité has
'Been apéréciated'but-has not been treated quantitati?ely in
evaluating kinetic data. A veryvcoﬁpletevréﬁiew of the coupling'of
surface reactions with reactant-product tranéport to and from the
surface has been prépared by Rosner.l In the case of graphite
oxidation, tﬁreé‘general philosophies have been adopted to
permit boundéry layer mass transfer o .reaétant oiygéﬁ to thev
surface to be disentangled from overall rate meéSurements.

(1 Inaéﬁuch as the,gaé diffusivity varies inversely
as the total pressure, transport limitatioﬁs cag be eliminaped
by removing inert carrier_géses-from thebsystém and restfictipg
oxygen pressuresvto_<¥l torr.2’3

(2) The méss trgnsfer contribution to the'reacfion rate
in atmosphéric pPressure gases can‘Be réducea by employing a
flow system whiéh insures a high_boundary'iayer-mass tranSfé:
rate at the reactant surface.. (More precisely, the transition
from surface control to diffusional contrdl is:pushed to higﬁer'
temperatures). The high speed jef teéﬁnique.of Strickiand-
Constable and coworkers is an example of this approach.é’5

(3) Whether or nof explicit precautions‘tb prevénf
diffusional control of the reaction have been taken, a riumber
of tests have been employed to detect the presence of trans-

port resistance. The dependence of the overall rate upod

gas flow velocity and the nature of the inert gas mixed with

~



the oxygen.hAVe'béen used as indicafors_df‘diffusion lim%tatidhs.
If no sucH_éXﬁeriméﬁtal ﬁesté‘hé#e been éonducted; the presence
S ‘ :
‘or absence Of:transpoft resistances has been inferred by ordér—
of—magnitude éstimatéé of thé mass transfef raté7 or-by examiﬁing
the temperaﬁqré'deﬁéhdeﬁce of'ﬁhe apparent activatién énergy
of the_reéétiqn: In contrast to the usually réther strong
temperatufe dépendence.of most hetérogeneoﬁs gas-solid reacti@qs,
gas phase masé transfer coefficients are'weékly.(if‘af all)
temperature,dépgndent. Conéequently, the onset of diffusion
control'is'ﬁsually signalled by a reduction iﬁ the apparent
activation_énérgy as the temperature is incfeasgd; As poihted

out by Rosner . and Allendorf;8 this, critgrioﬁ cannot be appliéd

&

& .

to the gfaphi;e—oxygen'reactign because the éﬁrfacé reaction
also ﬁassés"through.a maximgm'at approﬁimately the same temp-
erature whefé:diffusional.liﬁitétions %n common flow.systems
become'significanf. 'ﬁaahsg haé reviewed:thé interﬁlay_beCWeen
mass tranSpdrﬁ'bf oxygen to the'graphite surface and theurate,
of the surfacé reaction.v | |

One‘objeét of‘the presént stﬁdy was to ihvéstigate the
reaétion pf 6xygen andkpyioiytic graphite in a flqw'system
'which ﬁermi£fed quantitative evaluation of tﬁg mass ;ransfer
component of the total resis;ance. The flow gebhétry chosen
consists of a disk éf the reactant solid rotating in a'qﬁiescent
atmosphere of the reacﬁantvgas. The hydrodynamics of the
rotatiﬁg disk flow sysﬁem are well-known (it is one of the feﬁ

. ' .- -10 . o
exact solutions of the Navier-Stokes e_quatlons1 ). Since the:

2,4-6



velocity field in the vicinity of the'reacting.surface is
known, the mass transfer rate can be'calculaﬁed from first
princiéles by solving the diffusion—convection equation., Such
a solufidnvcontains no adjustable.parameters; the mass transfer
coefficient is determined once the disk rotational speed and
the gas diffuéivity are specified. The.accurécy of the
predicted mass (or heat) transfer coefficients for a rotating
disk have been verified experimentally many times, so that
overall rate measurements in fhé transition regime between
éurface chemical and transport control can be purged of
diffusion effects. The use of the rotating disk as a_tool'

in gas—solid reaction studies permits reliable éurface kinéﬁics
to be obtained even wheh, by all of the'ﬁeaSUresicited in (3)
above, ﬁass transport and surface reactién ﬁrovide resistances
of cémparable magnitude.‘ The maximum temperature at which
kinetic data can be.eXtraéfed from overall rate méasqrements
occurs when ~90% of'the'reSistance is due to;gés phase diffusion.
At higher temperatures,'the precision éf the surface.rate
information obtained from thevdéta becomes poor.

The ré;ating disk is a felatively simple experimentél
.device., It has previously béen utilized to sfﬁdy the iodine-
germaniumfreactionll and the oxidation of molybdenﬁm,lg Both
of which aré subject to subs;antial diffusion confrol at |
temperaturés'atpainable in the experiment.

The rotating disk posseéses twovcoﬁvenient features nof

available in other quantitatively describable flow éysteﬁs



‘(e.g{;‘the flat plate or stagnation poiht flbﬁ). First, the

- gas bouﬁdarf'layer.isfgeneréted by moVing ghé sdlid;'wﬂich

isvsimplef (if the reactant gas is to be pufified.ofvpreheated)

and cheapéf5(ﬁnleés tﬁé féactantjgas-is air)'than ﬁo&ingliérge
'quantities.ﬁf gas past the>statioﬁafy.sblia'éu£faéé; Second, o ~
the mass ttanéfer fate (and henceifhe surféce:réactibny is
'indepéndeht>§f radiai.position on the disk.Surface,(o£, tﬁe
surface is said, to be "uniformly accessiblef); Thus,'diSké of
any size céﬁ be used and simplé wéight loss‘meaSUrements.
suffice t§ fix:the rate of réactioﬁ.

Thé'éeéond objective of our study was to determine the:
difference in the reactivity of the basal and edge faces of
pyrolytic graphite towards oxygeﬁ. The basalvface'COnsiéts of
the hexagonal network of carbon atoms in the piahe perpendiéglar
to tﬁe "c"_axis:of"éhe_graphite.strué;uré. Sﬁtfaces ékpoSiﬁg
ﬁhis fa¢e can be'obtained by'éleaving pyrolytic_graphite'blocks
or simp1y by utilizingvtheJSurface.6f'the a;—fabricatéd

material which was parallel. to the deposition_substraté{

Cutting a plane surface parallel to the "c" axis (i.e.,

perpendiéglar.t0 the "a" direction) does not produce a uniqﬁev
crystallographic surface. - Instead, one obtains é mixture of i
the "zig'éagf faces consisting_of the peaks and.vaileys éf. .
the basal_piane‘hexggons and "armchair" faces comp5sedvof‘the
sides of-fhevhé#agohs.lgv This mixtufe iﬁ commoniy referred

to as the edge or prismatic face of graphite.

It has been shown by many workers (e,g.;.ref. 2) that the




basal planes of pyrolytic graphite are muchvless reactive
towards oxygeh than is isotropic, polycrystalline graphite.

The higher reactivity of tﬁe latter matérial is often attributed
to the exposed prismatic surfaces of the Sampié.

A substantial number of measurements of the ratio of the

oxidation rates along the "a and."c direétiqns have- been
reported.14 However, these were determined by microscopically
following the gro&th of single hexagonal eﬁéh pits in single
»crystal_graphite natural graphite flakes»which'had been cleavedv
along a basal plane and oxidized under relatively mild conditions

15

(temperatures below 1100°K). The rate of:pit_growth in

one of the "a" directions in such experiments has little
in common.with the attack of an entire prismatic face under
conditidns.of far.greatér carbon removal rafes.

Knowledge of the'ratés 6f oxidation of these two well-
defined (or at least experimentally reproducible) faces 1is
important in‘interpreting'the‘kinétics observed on spgciméns
of pyrolytic graphite in which both surfaces are é#posed.

The kinetic expression commonly accepted9 as the most reliable
estimate of the oxidation rate of pyrolytic.graphite at high
teﬁperatureé is the one dué to Strickland-Constable and cowérkefs.
_In'their experimehts, a,hiéh speed jet ofvoxygen.impinged upon

a rod in which the basal planes were pa:aliel to the original
surface. As reaction proceedéd, a crater was gouged out of fhé

sample, so that the actual reaction surface was a mixture of

basal and’prismatic planes. The mix undoubtedly changed as

4,5
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erosion proceeded.

Levy and Wong6'ahd'Hort6n7'very approxiﬁafely.determinéd 1
fhe relative.rates bf.reactioh of the edgé';ﬁé;basél_pi;des.E
.They weré-éblevto qgalitaﬁiﬁély ascertain‘tﬁét thebpriématic
féce'reécted more rapidiY-tﬁan>fhe'basql féCe;fand thét»the
disérepanéy incféaéed with inéfeasing témpefaturé.

Iﬁ fhe.wérkbtepﬁrted here, individualjfate e#pressions |

for the two faces are‘feported;‘

2. Experimental

The*abpaf#tus sﬁown;in Fig;_l'is similar:to that désgfibed
in reference_i?. A vatiable_speed hysteresis synchronous mbpé:
:rdtapés a tantalumAshéftAﬁouﬁﬁed'on wa;er-codlea bearings. i’

A boron nitfide holdervis scfeﬁeq to the end of the shaft,

The ho;der contaihs:a'ci;dulér'hole 1 cm in diameter and 0{5 N
cm deep to'fecéive.fhe‘graphite Specimens.; The:entire assemb;y
is eﬁclo;ed“in a quartz reaction ch?mbef sd”és_to'e#pdse the
disk surféce to a cohtroliéd flow ofloxygeﬁfarépn,or_oxygen;f
helium mixtures. The f10w.ra€§s afe 1arge.enéggh to prevent
back—mixiqg of the oxygen~aepleted gas Spﬁn off‘the~disk.wiﬁh:
‘the feedvgas, but small éhpugh to prevent stagnation poiﬁt-typé
flow ffom overwhelmingvfhé.dééiréd fététiﬁg:disk'fléw'patfeiﬁs;v
The flowfguide'in Fig. 1 segveé to generatevthe‘dégiredvépﬁroach
velocityvof'fhe_gaé t6 £he'disk:(m3O cm/seé)‘over aniaréa;qut
a bit larger than the aréé 6f the reacting sample. This feéturev'

conservés‘gas. Bvaay of comparison, the jet technique of



reference‘S'required_gas velocities of §105000>cm/sec at the
specimen.surface.
| All eﬁperimeﬂfs weretcondutted at a rotational speed of

9600 rpm, whére forced.conveptioﬁ dominates over natural
convection bﬁt the fiow is still 1aminar.12 ’The disk is
heated by'a high frequency induction heater:

Surféce temperatures are measured by'the optical pyro-
meter, prism and window combination depicted at the.tob,of
Fig. 1. Because of the highly anisotropic thermal and electrical
properties pf pyrolytic graphite,'temperaturé measurements
~made by sighting on a black‘boay.hole drilled in the sample
were found to be unreliable (heatvfrOm the rf field of the
induction heater was not géngratéd uniformly in the sample);
In addition to WindOW and priém COrrections;‘brightness temp-
eratures were converted tQ surface temperatures by usingv
emissivities at O.GS.microns'df'O.65 for the basal plane and
0.75 for the edge planes.16

Fig(.Z shows an exploded view of the method of mounting .
specimens ﬁith basal plane reaction surf;ces. .~ The disks with
basal planes parallel to the surface fit into a polycrystalline
graphite ring which was then slipped into the boron nitride
holder. Thé rf field of the indﬁétion heatef deposited enérgy
predominantly in the graphité'rather thanAthe boroﬁ'nitride.i
Consequently, the graphite ring was v300°C hdttef than_thev
holder during operation, and because of thermal e#pansion, a

ring which fit loosely at ambient‘temperature was held tightly



in the holder at opetating temperature. 'The’basal plane disk
~iand the rlng were held together by a small tungsten pln. This
‘atrangement‘ p_revent’_ed.'the dls:k from tly;ng .out of the holder'
whlle soldnlng.' - e | ’
The purpose of the polycrystalllne graphlte ring between
the spe01men and the holder was to reduce ox;dation of the
edge of thetspecimen,'part of whdch consistEd ofle#posed prism
planes{ Without the ring, attack of the edge of | the disk '
contrlbuted most of the weight loss. Durlng Operatlon wlth
the ring, the inner.surface‘of the ring?oaidized instead of
the outside surface of the specimen with which the_ring was
in contact.._This device_oernitted:measurement of basal plane
surface kinetics'to'be”madevun'to.oxygen concentrations.of
&O.SZ;. For hlgher oxygen contents, the'ring arrangement of
Fig. 2 ‘no 1onger prevented severe edge attack |
Experlments w1th disks with prlsmvplane Surfacés did not
‘have the edge feaction probiem descrlbed above because the
‘reactiv1ty of the edge was less than or comparable to that of
ﬁthe(too surface. However, the aniSotropic'properties of
7pyroiytic;graphite caused a prohlem in‘uniform_disk heating.,
The thermal conductivity parallel to the hasalvplanes is very
good, but the conduct1v1ty perpendlcular to the basal planes 1t,
is poor,i Upon heatlng a prlsm plane speclmen directly by |
induction, a small strip along the dlrectloniof the basal planes
in the center of the diSkvwas hotter'than_the testlof'the surface.

When the disk was held in a polycrystalline graphite ring



(as in Fig. 2), the center strip'wés conéidefably colder than

the rest of the disk surface. As a compromise, the elliptically
shaped diék'héater shown in Fig.'3 was utiiized; With the

basal plaﬁes of the prism face specimén oriented parallel to

the major. axis of the‘ellipticalvdisk heater; uniform temp-
erature distribution was achieved (approximately 10% of the
surface area ofvthe disk was ~20°C hotter than the rest). The
d?sk specimen wés slipped into a hole in the heater and held

iﬁ position by é tungsten pin.  The disk~disk heater combination
was fit into the boron nitride holder.

All expériments were performed on pyrolytic graphite
.obtained from the Union Carbide Company. The density of the
material wés_2.17 gms/ém3 (96% of theoreticai density). Neutron
activation analysis_of the material revealed'less than 1 ppm
of metallic impurifies, s§dium being the most abundant.
Reference 17 gives additional propeities of‘the pyrolytic
graphite used in tﬁis’study. |

The surfaces of the specimen were polished with 6 micron
diamond polishing compound,»washed'iﬁ aceténe; weighed and
mounted in;the appropriate polycrystallinevgraphiﬁe heater
(the ring for basal'plane orientation and the ellipticai pilece
for prism plane orientation). |

| The reactant gas cbnsiétédléf commercial mixtu;es of
oxygen in either-afgon or helium. O#ygen coﬁCentrationé
v(analyses provided by the suppiier) ranged from 0.05% to 1%. The

experiments were conducted at a total gas pressure of 1 atm.



10

The water vapor and other condensible impurities in the gas
. vere removed, by a liquid nitfogen'cold trap.
To begin an experiment, the disk assembly was enclosed

in the quartz reaction chamber and pure argon flow was started.

’

The disk was broughf to aAfotatidnal speed of 9660 rpm. The
inducfion heater was“tqrned.on-énd the disk témpefature was
adjusted to phéLdesire5 value. “After the témperatﬁre had
stabiliééa;lthe argqﬁ flow was turned off an& a.faét flush>
of reactaﬁtbgés was intrOducea;‘fUpon,cﬁmple;ion of the fast
flush, the feactantfgas fldw was rééuced’to the normal rété..
The run Wasvterminated“by shutting off the réactant‘gas:flow
and simultaneously fast flushing the syStem'ﬁith pure argon; 
The Aiék waé_wéighéd.éfter'thé'experimentutovdetérmiﬁe ﬁéigﬁt
loss. anéh experiment‘lastéd,ffbm 5 to 30 min. Sin¢e the
weight loss was found to be:linear wifh reé§ept to the'dufation

of the run, oxidation rates were deduced'ffdm‘a single experiment.

3. Surface Mofpholbgy”Changes Onvaidation:

Baéai‘Plane' Figure_4 SHOWS the cohdifién of the_basal’f
plane surféce’after‘light oxidation (45) andve§tepsive attack
(45). Thevofiginal polished.sPecimén is'not shown, since
photomicrpgraphs under éimiiér_magnification showed no:

'structﬁraljfeaturés of;note,.‘Oxidatibh df‘the basal plaﬁe
producédvnearly circular etch pits ra;her than.the”hexagonai
pits iﬁvériably obsérvéd”in-ghevlow tempefatﬁre‘oﬁidation of

cleaved natural cyrstals.15 The diameter of the circular pits
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in Fig. 4a was always larger than their depth. The size and

density of pits increased with extent of oxidation. Ultimately,

the pits'coalesced,vnew pits began growing in old ones; and

a state of "equilibrium roughness" appeared to have been

attained. The rate of oxidation followed this evolution of

~surface morphdlogy. The rate of an initiallyvpolished sample

iﬁcreased-with time for a fiked temperature aﬁd'okygen pressure
(thisveffect was measured by determining the weight loss for

a succession of equal-time runs usiné the same disk). The
effect of carbon burnoff 6n'the'ra£e.(in the chemically
controlled region) is shown in Fig. S.V When the surface.
attainéd eqﬁilibrium roughhéss, the oxidation rate stabilized.
Weight loss measurements subsequently were"réproducible Eol
within 10%. _All rate méasﬁremenfs'fﬁr basal plane specimens
refer to equilibrium surfaces. |

Prism Plane  Figure 6 shows a phdtomiérﬁgraph‘bf a

polished prisp plane &isk. The dark spots in Fig.-6a may represent
small cavities in the specimen (these were not visible in

similar polished basal plane specimens, however). Fig. 6b

shows a stereo pair of scanning electron micrégraphsrof'an

oxidized prism plane surfaFe. These surfaces did not.reSpond

to oxidati&n-by produciﬁg étch pits, Rather; the_surfacé

developed ridges and valleys along the direction of the basal
planes (which are perpendicular to the oxidation surface);

Most of the ridges showﬁ in Fig. 6b 'are NSOOOR-apart. This -

distance may representythe height that the growth cones attained
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d&riﬁg'the aeposition7pfo¢ess before new cones nucleate on

top of thé §id oneS.” There is one very iafgé_éanyon funniﬁg
frdﬁ lowét;iéff to'upper:rightviﬁ Fig. 6b7. fhe'depth of this
vgrboVe'is approiimatéiy the same as ité width; 'Contrary to
thefbasalif}éhe'Sﬂrfaceé, thé.dgidafion”r;té was, not dependén;
‘ﬁpon thevéxteﬁt of SQrche rdﬁghéning.ero:SUTface staBilizétioﬁ
was needed and ail réte!measuféﬁents'Qefe‘rééfoduéiﬁle>Fo

within 5%.

4. Resﬁlfs.

The reaction ratés are plotted in'Arrhenium_fashioﬁ fbf.
a reactant gas conSisting-of Q.QSZZ'bkygen in heliﬁﬁ in Fig. 7.
Figures 8411'Show the rates.for four mixtﬁrés of q#ygenvin.
afgbn,‘ fﬁe‘total pressﬁré in'all.experiﬁénts was 1 atm.-
The aata f6r both the pfism aﬁd;basal planeé approaéh pléteaus
af high temperature. For feésons whiéh:wiil be diécﬁssed
léter,'weﬂbeliévé_fhat'fhe'asymptoteé attginéd in the prism
plané ﬁeasuréments‘fepresénts éompietg‘chtrol‘of the reaction
by_trénspor;.of Qk&gen through the gas boundéry on thevdisk,v 
These-limiting prism plane rat¢é héve.been‘1abe11ed ﬁDC; whéfe_'
the SUbécfipt DC étands for "diffusioh ;odtxdl". | |

The_;éaCtion rates on b;salipiané spégimeﬁs.alSO abpféach~
a limitiné ﬁalue ét'high:témperatqreéu Héwe%ér; this 1imit‘x
is-&4OZ 1dwer thanvthe corresﬁqnding limit attained byAthev
prism plﬁnevéamplesﬁ Inasmuch as the diffuéioh-limited rate.

is independent of the nature of the reaction surface .or the
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surface chemital kinetics, ‘we conciude that the plateau attained
by the basal'plane data is a characteristic-éf the surface
reacgion and is not due to diffusion cdntrol.

The boints on any one of the Arrhenium plots do EQE
represent éxperiments conducfed qt constant éurface partial
pressure of 6xygen, even though the bulk o%ygén coﬁcentration
was fixed for the entire seriés'of runs. As the temperature
of thé_exbefimént is increased and the reaction rate increases
correspondingly, the surface becomes progreésiVely more starved
bof»oxygen, until at the highest tempe:atures, thé oxygen
partial preésure at.the surfape is zero.* In order to isolate
the surface chemical kinetics fr6m such plots, we must calculate
the partial pressure of oxygen at the disk surface for each
expefiment; This'ié accomplished by'hﬁilizing the theory of
mass transfer on a rdtatihg‘disk.

The rate of oxygen transport to'the disk surface may be

written as:

N kg (p, - Py | @

*Sfrictly speaking, the reaction attains local chemical
equilibrium at the gas-solid surface. The free energy change
for the reaction 2C(s) + 0,(g) = 2C0(g) is large and negative
at the temperatures u$ed in the experiments reported here.

" Hence, the equilibrium partial pressure of oxygen at the
surface is very small and may be taken as zero for the purpose
of computing diffusion rates,



¥
N = mass transfer flux, gm moles okygen/cmz—seé
’kg = mass transfer coefficient, gm moles/cmz—SBCfatm
'pm,po'= partial préssures of oxygen in thé'bulk gas and at

the 3urface,-respective1y,_atm.H
Since the mass transport and surface reaction processes '
occur in series, the flux of oxygen through the boundary layer

is related to the measured rate of reaction by!

m = 2M_N . ‘ v R ' B _ CZ)L
c \ o | .
where
m = gms carbon removed/cmZASec
MC = atomic weight of_carbOn{i

The-féétdr of £wo oﬁ.fhé'right pf Eq(?):éSSumes fhat:one
molééule.ofléxjgen iemoﬁes'two‘atomé of éarbqn; or that.cérbon_
monoxide ié the sole re&ction ;§Qdupt. ‘Had CQz Been,the soie
product,.the factof*tf two wbuld be'rgplacedvby unity. ‘fhe
references cited earlier all agtee'that CO is the ddminant,.;
if not the sole reaction prodhcﬁ at the fempefatures at which
the_preéent”expériméﬁtsIWere cqnducted{ ‘&hermoéhemically;vﬁhe
equilibriu@.CO(g) f %Ozﬁg) = COi(gj is far.té.the left even-
thouéh the3oxygen.partial ?reSsure'ét'fHe §iSk surface isf'

reduced to vefy'small values by_approach to. (or perhaps

14
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attainment of) equilibrium of the reaction C(s) + %Ozﬁg) = C0(g).

In.fhe‘region of complete diffusion control, P, = 0 and

Eqs(i) and (2) become:

mye = 2Mckgpoo ’ K | ' (3)

According to the theory of convective diffusion on a rotating

disk, the mass transfer coefficient is given by:ll’lzv
1 ap 11/ 27p (/2 r .
k = 1 1o (~2) £ 4)
8 RT _ | 2n | D T ,
where:
R'=_gas'constant, cm3-atm/gm mole—°K
T, = surface temperature, °K
Tf = film temperature, equal to %(T0+Tm), °K
Do’Df = diffusion coefficients of oxygen in the inert diluent

 gas At the surface and film temperafures, respectively,

2
cm _—SEC.

The first bracketéd‘term on the right of Eq(4) is the’
mass tranéfer coefficient for an iéothermél boundary layer-at
pemperaturé To' The last bracketed term approximately.correéts
for the éfféct éf property variations due to the stggﬁ.temp;'
erature_grédients in the-Bdﬁndary.layer (in our ekpefiments,
the gas was not preheatgd to fhe disk témperature). |

It may be seen from Eq(4) that if the'diffusion coefficient

15
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'varles as.the square of the absolute temperature,‘kgvis completely.
indepéndent of both. disk temperature and bulk gas temperaturef
Accordlng fo estlmates based upon klnetlc theoryl8 the diffusion
coeffic1ents of oxygen in’ argon and hellum vary as the 1.67
and 1.79 powers of the temperatore, respeqtively, These
.exponeﬁts‘are‘sufficienily ciose to”two lhssvoith negligible:
’erro: we ma& eonsider the ﬁass ffansfer coefficientvto be
temperatufe:independent. This is the only feature of rofeting
"disk massdtrensfer‘theoryxwhich is needed to deduce surface |
chemical rates from_thé'dsta in Figs. 7-11. 1f kg'in Eq(3)
(which.pertains‘tq high.temperetures) is equal to kg in Eq(l)

(when applied to egperiments»in.the'tfansitioh regime),-then-
- this pafameter may“be'eliﬁinatedzfrom Eqs(l)+(3)_and.the surfaced
psrtial»bfessore_of”oxygen written.asév

Py = Pu(l - B/By) ()

(e} S DC

The three quantities oh the“right of Eq(5) are determined in

the course of the experlments (mDC is taken from the horizontal

llnes, which were fit by eye, on the Arrhenius plots of Figs.
7-11). |

Arﬁed with thefsuffaee temperature and sorface oxygen
partial pfessure cofresponding to each measured reacfion.rafe,
kineticvexoressions whicﬁ purpore'to ;epreSeoﬁ the true surface
chemical reaction cao bedfit toitheAdata:.

We have fit the reaction rate data, in the form of'ﬁCpo,To);
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to the kinetic expression resulting from the two-site model

19

originally proposed’by Blyholder et al and subséduently

modified by Nagle and Strickland-Constableé to include thermal
conversion of one type of site to the other. The rate expression

. .5
is:

_ 2 L
P kykgpg L kpkgp, o
é. ‘l + kzpo)(kT + kBpo) kT + kBpO

The eight‘paraméters in the four rate constants in Eq(6) which

were obtained by Strickland-Constable and coworkers are:

=
il

20exp(-30,000/RT )

A v

ky ='4.ﬁ6x10—3exp(*15,200/RT0)

_ o _ o (7)
kp = 1.51x10 5exp(—97,000/RT0)

ké = 21.3exp(4,100/RT0)

We have appended subscript "o'" to the oxygen pressure and

temperatufe.symbols in Eqs(6) and (7) to emphasize that these

variables refer to surface conditions. It is clear that our

‘data cannot be represented,by the single set of rate constants

of Eq(7), since the rates of reaction for the two orientations
of pyrolytid graphite were found to be distinctly different.
We have fit the basal plane data points from Figs. 7-9

to Eq(6) and determined the following set of constants:
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k =‘;5exp(—25,000/RIo) - o
kg =,4.4631053exp(—15;zod/RT;) TR
ky = 1.51x10  exp(~100,000/RT_) o

k_ = 10, 000

The rate law descrlbed by Eqs(6) and (8) is valid for temperatures.
from 1100° to 1800 K and surface oxygen pressures.from 5x10 ~4 | )
to 2xl_0-3 atm. | |
| Sincelthe temperature'range over‘which.we have>{easonably
precise kinetic data (i.e., not obscured by dlffu31onal resis-
_tances) 1is rather small, not all of’the constants: in the kinetlc'
expresSioa were‘changed-from Strickland—Constable's values in |
obtaining tﬁe best fit;. Moreover, our measﬁreéents oa the basal
pla@é at low oxygen cencentrations are.in éodd agreeﬁeﬁt:with
the Qriginai Qtrlckland Constable rate expre551on (see dashed
lines in Figst 7 and 8), so that the constants are only sllghtly
different from the erlglnal set._‘The set_gf cpnstants in Eq(8)
is by no'means the enly coﬁbihatioa-that could.fit-osr data.
However; as sﬁoﬁn by the'sblid'lines'thrpugh the Basa1 plane
poiets of'Figsr 7-9, the fitting is satisfaetory. Equally
acceptable agreement is obtained with either argon or helium'
diluents. Tﬁe kinetic erﬁressiqn misses all but the leWest_:_5
teﬁperature.data poiats.at 6.5% ongen in.argen (Fig. 10).
At these hlgh oxygen concentratlon and hlgh temperatures, the ’ F, _“e

‘edge attack was observed to be very severe, and the measured

-
~

rates were larger than one would expect if-reaction was restricted

K
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tb the basél.plané disk surface. ’Edge'attack_precluded any
reliéble basal plane measurements with l.Oz;oxygen in argon.
The prism plane data do not show enough structure (i.e.,
levelling off before the diffusion control plateau) to warrant
an eight parameter fit. These data were fit to the following
simplified form of Eq(6): |
kA’po

meMTE R s | )
. Z" 0 '

" which is equivalent to neglectiﬁg the B sites in the Strickland-

‘Constable model. The rate constants obtained from the prism

plane data of Figs. 7-11 are:

B
}

= 2.5%10%exp(~44,300/RT )
© (10)

=
]

4.9x104exp(12,200/RT0)

The kinetic'expfessionbof Eqs(9)‘and (10) is based upon measure-
ments from llCO° to 1550°K and surface'okygen pressuresrfrom
’\IJSXlO5 to lO—Zatm. The upper temperature limit corresponds

to the temﬁerature at which diffusion contributed &96% of fhe
ove;all resistance. The lower pressure limit corresponds to

the estimatéd»surfacefo#ygen pressure when the specimen'is 
exposed to a gas containing 0.0SZ‘oiygen‘at 1550°K. THe solid
lines through the prism plane data points on Figs. 7-11 show

the agreement between the simplified rate'éxpression and

experimental rates.



Very little mechanistic information can be obtained from
. ~

the magnitudes of the pre-exponential factors or the activation

energies in the empirical rate laws_éours er;strickland-
Qonstablela)l“’Tne»con;tant'kA,vfdr'ekample; is’eupposed to
represent the rate of dissociative chemisorptiOn of molecular
oxygen on A‘eites.' Since it'lS“quite unllkely that this
elementary etep is confronted by an energy barrier of 25-40
kcal/mole,'the activation energy of kA probably reflects an
intermediate step involving transition of Chemisorbedﬂoxygen
atoms to adsorbed carbnn_monoxine noleeules, which may be |
highly activated. Such a step is not enplieitly considered
‘invthe Striekland—Constable_model.ﬁ
The’predictiens'dethe'originallStrickland—Constable rate
expressionllslalsdtéraphed in Figs. 7-l1 for enmparison nith
the rate expressibns derlved'ln‘the'present etudy. In plotting
the StriCklandebonstable'rate P, in Eq(6) was obtalned from
-Eq(S),.in_which ﬁﬁc was' taken from the asymptotes shown in |
Figs. 7411; betermination ef m as a function.ofTo for'a fixed
bulk oxygen pressure must be donevby trial‘andierror{ 'The
Strickland—Cenetable rate expressidn agrees with the Basal_
plane.data_and_our best fit eurne_at_the_lOWest oxygen'nreesure,
However, ae the bulkroxygen eoncentration is inereased;‘the'

Strickland—Cbnstable.curve drifts towards the;prism plane =~ . -

.20

results. Such behavior is not diffiéult to rationalize, inasmuch,

as hlgher oxygen pressures mean hlgher reactlon rates and

consequently, larger craters in the Strlckland Constable'

W,
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‘experiments. The inner surface of the craters where reaction

occurred in Strickland-Constable's apparatus undoubtedly
contained a mixture of prism and basal planes (since the
surface was curved), with the proportion of prism planes

increasing as the crater‘deepened} As a result one would expect

that the more rapid oxidation dccompanying large oxygen pressures

to reflect reaction on a surface which was more prism-like than
the less distorted . surfaces subjected to milder oxidation
conditions.

The differences between thé three kinetic expressions
may best be illustrated if the variable oxygen pressure aspect
implicit in the cur&es of Figs. 7—11 is eliminated. To accomplish

this, we have plotted the pure surface kinetic controlled rates

~given by Eds(6)—(10) for two constant values of P, in Fig. 12,

The ratio qf_Oiidation rates of the prism and basal planes
is a function of both oxygen pressure and temperature, as shoﬁn
in Table 1. The reaction rate on the basal plane is ﬁearly
zero order in oxygen pressure over most of the temperafure
range investigated. The pfismuplane reaction eihibits an
effective order decreasing from 0.6 at 1100°K to 0.25 atv
1500°K. The rate expression due to Strigkland—Constable falls
between the basal and ﬁrism plaqe rates, lying closer to the
basal plane rate at low oxygen pressures but approaching the

prism plane rate at high oxygen pressures.
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5. Diffusion~Limited Oxidatioh

Thevfinal«aspectvof fhe‘data.interpretation'whiéﬂ.needsx
explanation;ié‘the'juétificatipﬁ for refefrihg to tﬁé“high
tempgraturé_piaféaus attained'ﬁy theirates 6h;£he prism planes
as diffusiéh,COntrolled rates. The theorétiéél-diffusioﬁ
controlled:réte is‘givén;by ﬁqs(3) aﬁd‘(4)«  Taﬁlé 2ASﬁOWS a
comparison of the experimental valugs of ﬁDC dbtained from
Figs. 7-11 with the calculated values. 'The.latter'Were computéd
for a buik:gaé teﬁperature‘of 300°K.ana a surface temperatﬁfe
of 1650°vaot helium and 1500°K for argon (the choice of these
teﬁperaturés‘has‘a very minor effect on the eaiculatgd'ﬁ;ss
transfer cdéffi?ients). The diffusion coefficients were
estimated. by the methéds_described ih.referénCe 18. |

The expefimental diffusion co?trolled raté,is appfoximately
twice as large with helium diluént as with argon diluent, in
very good agféement with'theory (this ratio is ééééﬁtially
equal to tﬁe'squére root of the ratio of the diffusion coefficients
of oxygen in_helium,and'argon).v The theorétical ratesAarevon
the average 30% smaller than.the measufed rétéé at high temp-
eratures.’ Péft_of this discrepan?y is undouﬁtedly\due tq'édger‘
effects, which‘in previoué rotating disk studies hasvacéountéd
for a.%lSZ.éy5temé£ic error.ll’12 'Théﬂreméinipg.ISZ diséfeéahéy
in the‘presgnt expériments may be due to dné or.mﬁrgxof‘tye:
following Causes: (1) larger than nérmai edéé éffecté bécauée_
of the soﬁéwhat smaller disks'used in fhe'prééent ekperiments

compared to the disks used in previous studies{ (2)'larger th#n‘



normal teméetature non-uniformities over the surface were
encountéred‘hére because of the difficulty in‘heating ﬁyrolytic
graphite. This non-isothermality may have induced a small |
amount of natural convection mass transfer which would have
added to the forced conVection:component gi&eh By Eq(4)

(3) the gas analyses provided by the supplier of the gas

mixtures may have been too low. We cannot determine which

(if any) of these possibilities is the most likely source of
the lack of perfect agreement between experimental and predicted
diffusion controlled rates, but in any case, the residual

gap between theory and experiment (v15%) is quite small.
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Table 1. TRatio of Oxidation Rateé of the Priém

-and

-Basal Planes -

Ty °K

Po’ atm-

1100 | 1500

.;2.5

18

Table 2.

oxygen
concentration, %

'Diffusion'Cdntrolle&fRates

Mk = ﬁbC/Pm;_gm/atm—cmz—sec x .10

Cg

|

theory

0.052

Helium -
. 10.3

Argon

7.4
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FIGURE CAPTIONS:

Schematic of the rotating disk apparatus.

Disk mounting arrangement for basal plane specimens.

Disk mounting arrangement for prism plane specimens (the
boron nitride disk holder is not shown).

Photomicrographs of basal plane surfaces. (a) slightly
oxidized, (b) heavily oxidized.

Attainment of stabilized reaction rates in low temperature
experiments with basal plane specimens. T0=1225°K, 0.5%
oXxygen in argon. .

The ﬁrism plane surface. (a) as polished; (b) oxidized

(stereo pair).

Reaction
Reaction
Reaction

Reaction

Reaction

rate
‘rate
rate
rate

rate

Comparison of
pressures.

—|0.052%vo£ygen‘in‘helium.
- 0.1% oiygen in argon. |
- 0.2% oxygen,in'argon.
- 0.5% oxygen in argon.
- 1.0% oxygen in argon.

rate expressions for constant oxygen surface
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