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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. Olander 

Inorganic Materials Research Division 
of the Lawrence Berkeley Laboratory and 

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

Abstract 

Reaction rates of·oxygen with the basal and prism faces 

of pyrolytic graphite have been measured using a rotating disk 

contactor. Temperatures ranged from 1100-to 2000 0 K and oxygen 

concentrations from 0.05% to 1% in helium and argon at atmos-

pheric pressure were employed. The intrinsi~ rate of the 

surface rea~tion and the magnitude of the mass transfer 

coefficients attainable from the rotating disk placed most 

of the eiperiments in the transition regime between the limits 

of chemical and diffusional control of the overall process. 

Surface chemical rate constants were extracted from the data 

with the aid of the theory of rotating disk mass transfer. 

Kinetic expressions for the oxidation of the basal and prism 

planes were obtained. The rate expression of Strickland-

Constable fell in between the rates determined here for the 

basal arid prism orientations. 

III 
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1. Introduction 

For some time, the role of gas phase mass transfer in 

limiting the rate of reastion of oxygen with graphite has 

been appreciated but has not been treated quantitatively in 

evaluating kinetic data. A very complete review of the coupling of 

surface reactions with reactant-product transport to and from the 

1 surface has been prepared by Rosner. In the case of graphite 

oxidation, three general philosophies hav~ been adopted to 

permit boundary layer mass transfer 0 reactant oxygen to the 

surface to be disentangled from overall rate measurements. 

(1) Inasmuch as the,gas diffusivity varies inversely 

as the total pressure, transport limitations can be eliminated 

by rem~ving irtert carrier gases from the system and restricting 

·23 
oxygen pressures to <~l torr. ' 

(2) The mass transfer contribution to the reaction rate 

in atmospheric pressure gases can be reduced by employing a 

flow system which insures a high boundary layer mass transfer 

rate at the reactant surface. (More precisely, t~e transition 

from surface control to diffusional control is pushed to higher 

temperatures). The high speed jet technique ~f Strickland-

4 5 
Co~stable and coworkers is an example of th~s approach. ' 

(3) Whether or not explicit precautions to prevent 

diffus~onal c~ntrol of the reaction have been taken~ a rtumber 

of tests have been employed to detect the presence of trans-

port resistance. The dependence of the overall rate upon 

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

II 
I 
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the oxygen have been used as indicators of'dif-fusion limitations. 2 ,4-6 

If no such experimental tests have been conducted, the presence 

or absence of transport resistances has been inferred by order-

of-magnitude ~stimates of the mass 
. 7 . 

transfer rate or by examining 

the temperature depei1denceof the apparent activation energy 

of the reaction. In contrast to the usually rather strong 

temperature dependence of most heterogeneous gas~solid reactions, 

gas phase ~ass transfer coefficients ~re weakly (if at all) 

temperature dependent. Consequently, the onset of diffusion 

control is usually signalled by a reduction in the apparent 

activation energy as the temperature is increased. As pointed 

out by R 0 s n e r an d A 11 end 0 r f ~ 8 ~,h i~ c r i t e;r ion can n " t be a p p 1 i ed 
".( .. j" 

0.; , .. :, .~. _ ( , 

to the graphite-oxygenreacti6n bec~use the surface reaction 

also passes 'through a maximum at approximately the same temp-

erature whers d~ffusional limit~tions in common flow systems 

become significant. Maahs 9 has reviewed the interplay between 

mass transport6f oxygen to the graphite ~urface and the rate 

of the surface reaction. 

One object of the present study was to investigate the 

reaction of oxygen and pyrolytic graphite in a flow system 

which permitted quantitative evaluation of the mass transfer 

component of the total resistance. The flow geometry chosen 

consists of a disk of the reactant solid rotating in a quiescent 

atmosphere of the reactant gas. The hydrodynamics of the 

, -
rotating disk flow system are well-known (it is one of the few 

exact solutions of the Navier-Stokes equation~lO). Since the 

! 
.. t".. 1 

; 
i 
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velocity field in the vicinity of the reacting surface is 

known, the mass transfer rate can b~calculated from first 

principles by solving the diffusion-convection equation. Such 

a solution contains no ~djustable parameters; the mass transfer 

coeffi~ient is determined once the disk rotational speed and 

the gas diffusivity are specified. The accuracy of the 

predicted mass (or heat) transfer coefficients for a rotating 

disk have been verified experimentally many times, so that 

overall rate measurements in the transition regime between 

surface chemical and transport control can be purged of 

diffusion effects. The us~ of the rotating disk as a tool 

in gas-solid reaction studies permits reliable surface kinetics 

to be obtained eve~ when, by all of the mea~ures cited in (3) 

above, mass tran~port and surface reaction provide resistances 

of comparable magnitude. The maximum temperature at which 

kinetic dat~ can be extract~d from overall rat~ measurements 

occurs when ~90% of the resistance is due to gas phase diffusion. 

At higher temperatures, the precision of the surface rate 

information obtained from the data becomes poor. 

The rotating disk is a relatively simple experimental 

.de~ice. It has previously been utilized to study the iodine-

" .. . . 11 d h . d' f 1 bd 12 b h germanlum re~ctlon an t e OXl atl0n 0 mo y enum, ot 

of which are subject to substantial diffusion control at 

temperatures attainable in the experiment. 

The rotating disk possesses two convenient features not 

available in othe~ quantitatively describable flow systems 



(e.g., the flat plate o~ st.a~nation point flow). First, the 

gas boundary layer is generated bi moving the solid, which 

is simpler (if the reactant gas is to be puiified or preheated) 

and cheaper (unless the reactant gas is air) than moving large 

qua n tit i e so f gas past the s tat i 0 n,a r y solid surface. Second, 

the mass transfer rate (and hence -the surface reaction) is 

independent of radi.al position on the disk surface. (or, the 

surface is said\to be "uniformly accessible").- Thus, disks of 

any size can be used and simple weight loss mea~urements 

suffice to fix the rate of reaction. 

The second objective of our study was to determine the 

difference in the reactivity of the basal and edge faces of 

pyrolytic graphite towards oxygen. The basal face consists of 

the hexagonal network of carbon ~toms in the plan~ perpendicular 
/ . 

to the "c" axis of the graphite structure. Surfaces exposing 

this face can be obtained by cleaving pyrolytic graphite blocks 

or simply by utilizing the surface ~t the as-fabricat~d 

material which was parallel to ~he deposition substrate. 

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

perpendicular to the "a" direction) does not produce a unique 

crystallographic surface. Instead, one obtains a mixture of 

the "zig zag" faces consisting of the peaks and valleys of 

the basal plane hexagons and "armchair" faces compOsed of the 

. 13 
sides of the hexagons. This mixture is commonly referred 

\ 

to as the edge or prismatic face of graphite. 

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

4 



basal planes of pyrolytic graphite are much less reactive 

towards oxygen than is isotropic, polycrystalline graphite. 

The higher reactivity of the latter material is often attribu~ed 

to the exposed prismatic surfaces of the sample. 

A substantial number of measurements of the ratio of the 

oxidation rates along the "a" and "C" directions have' been 

14 reported. However, these were determined by microscopically 

following the growth of single hexagonal etch pits in single 

crystal graphite natural graphite flakes which had been cleaved 

along a basal plane and oxidized under relatively mild conditions 

(temperatures below 11000K) .15 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 

conditions of far greater carbon r~moval rates. 

Knowledge of the rates of oxidation of these two well-

defined (or at least experimentally reproducible) faces is 

important in interpreting the kinetics observed on specimens 

of pyrolytic graphite in which both surfaces are exposed. 

9 The kinetic expression commonly ac~epted as the mOst reliable 

5 

estimate of the oxidation rate of pyrolytic graphite at high 

temperatures is the one due to Strickland-Constable and coworkers. 4 ,5 

In their experiments, a high speed jet of oxygen impinged upon 

a rod in which the basal planes were parallel to the original 

surface. As reaction proceeded, a crater was gouged out of the 

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

basal and prismatic planes. The mix undoubtedly changed as 



I 

erosion proceeded. 

, . 6 7 . i d Levy and Wong and Horton very approximately determ ne . 

the relative rates of reaction of the edge and basal planes. 

They wereahle to qualitati~ely ascertain that the prismatic 

face reacted more rapidlj than the basal f~ce, 'and that the 

dis~reparicy increased ~it~ ~ncreasing tempe~ature. 
\ 

In the w6rk rep~rted here, individual rate expressions 

for the two faces are ieported. 

2 . Ex per i me n t a I 

Theappaiatus shown in Fig. I is similar to that described 

in reference 12. A var i ab le_ spe ed hy st er es is sync hr onou s mot or 

rotate~ a tantalum shaff mounted on water-cooled bearings. 

A boron nitride holder is screwed to' the end of the sh~ft. 

The holder contains a cir~ular hole 1 cm in diameter and 0.5 

cm deep to receive the graphite ~pecimens. The entire assembly 

is enclosed in a quartz rearition ch~mber s~ as to expose the 

disk surface to a controll~d flow of okygen-argon or oxygen-

helium mixtures. The flow .rates are large enough to prevent 

back-mixing of th~ oxygen-depl~ted gaS sp~n off the disk wiih 

the feed gas, but small enough to prevent stagnation point-type 

flow from overwhelming the desired rotatitig disk flow patterns~ 

The flow guide in Fig. I serves to generate the desir~d approach 

velocity of the gas to the disk (~lO cm/sec) over an· area just 

a bit larger than the area of the reacting sample. This feature 

conserves gas. By way of comparison, the jet technique of 

6 



reference 5 required gas velocities of ~lO,OO~ em/sec at the 

specimen surface. 

All experiments were conducted at a rotational speed of 

9600 rpm, where forced convection dominates over natural. 

. b h fl . ··11 1· 12 convect10n ut t e . ow lS stL amlnar. The disk is 

heated by a high frequency induction heater~ 

Surface temperatures are measured by the optical pyro-

meter, pris~ and window combination depicted at the top. of 

Fig. 1. Because of the highly anisotropic thermal and electrical 

properties of pyrolytic graphite, temperature measurements 

made by sighting on a black body hol~ drilled in the sample 

were found to be unreliabl~ (heat frbm the rf field of the 

induction heater was not generated uniformly in the sample). 

In addition to window and prism corrections, brightness temp-

eratures were converted to surface temperatures by using 

emissivities at 0.65 microns of 0.65 for the basal plane and 

16 0.75 for the edge planes. 

Fig. 2 shows an exploded view of ihe method of mounting 

specimens with basal plane reaction surfaces. The disks with 

basal planes parallel to the surf~ce fit into a polycrystalline 

graphite ring which was then slipped into the boron nitride 

holder. The rf field of the induction heater deposited energy 

predominantly in the graphite rather than the boron nitride. 

Consequently, the graphite ring was ~300°C hotter than the 

holder during operation, and because of thermal expansion, a 

ring which fit loosely at ambient temperature was held. tightly 

7 
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in the .. hoI d era top era tin g t em per u t u r-e . The basal plane disk 

and the ring ~ere ~eld tog~thet by a small tung~ten piri.This 

arrangement prevented the disk from flying.out of the holder 
\ 

while spinning. 

Thepurprise of the po.ly~rystalline graphite ring between 

the specim~n and the holder was to reduce o~idation of the 

edg~ of the specimen, p~rt of which consisted of exposed prism 

planes. Without the ting, attack of the edge of the disk I 

contributed most of the weight loss. During operation with 

the ring, the inner surface of ~he ring oxidized inst~ad of , 

the outside surface of the ~pec~men with which the ring wa~ 

in contact. This device permitted ~easurement of basal plane 

surface kinetics to be made up to oxygen concentrations of 

'\,0.5%. For higher oxygen contents, the ring arr~ngement of 

Fig. 2 no longer prevented s~vere edg~ attack. 

Experimeits ~ith disks with prism plane su~faces did not 

'have the edge reaction problem described above because the 

Jeactivit~ of ~he e~ge was less than or cGmparable to that of 

the,top surface. However, the ani~otropic properties ~t 

pyroiytic g~aphite caus~d a problem in uniform disk heating. 

The thermal conductivity parallel to the basal' planes is very 

good, but the conductivity perpendicular to the basal planes it 

is poor •. Upon heating a prism plane specimen directly by 

induction, ~ small strip along the directi~ri of the basai planes 

8 

in the center of the disk was hotter than the rest of the surface. 

When the disk was held ina polycrystalline graphite~ing 

.. 



(as in Fig. 2), the center strip was considerably colder than 

the rest of the disk surface. As a compromise, the elliptically 

shaped disk heater shown in Fig. 3 was utilized. With the 

basal planes of the prism face specimen oriented parallel to 

the major axis of the elliptical disk heater, uniform temp­

erature distribution was achieved (approximately 10% of the 

surface area of the disk was ~20°C hotter tha~ the rest). The 

d~sk specimen was slipped into a hole in the heater and held 

in position by a tungsten pin. The 4isk-disk heater combination 

was fit into the boron nitride holder. 

All experiments ~ere performed on pyrolytic graphite 

obtained from the Union Carbide Company. The density of the 

material was 2.17 gms/cm 3 (96% of theoretical density). Neutron 

activation analysis of the material revealed less than I ppm 

of metallic impurities, sodium being the most abundant. 

Reference 17, gives additional properties of the pyrolytic 

graphite used in this study. 

The surfaces of the specimen were polished with 6 micron 

diamond polishing compound, washed in acetrine, weighed and 

mounted in the appropriate polycrystalline graphite heater 

(the ring for basal plane orientation and the elliptical piece 

for prism plane orientation). 

The reactant gas consisted of commercial mixtures of 

oxygen in either argon or helium. Oxygen concentrations 

(analyses provided by the supplier) ranged from 0.05% to 1%. 

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

The 

9 
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The ~ater v~por and other condensible impuriii~s in the gas 

~ere removed~by a liquid nitrogen cold trap. 

To begtn an exper~ment, the disk assembly was enclosed 
. . . . 

in the quartz r~~ction chamber and pure argo~ flow ~as started. 
' .. 

The disk w~s brought to a rotaiional speed of 9600 rpm. The 

induction heatef was 'turned on ~nd the disk temperature was 

adjusted to th~ desired value. After the temperature had 

stabil~zed, the argon flow was turned off and a fast flush 

of reactarit gas was introduced. Upon completion of the fast 

flu~h, the reactant"'gas flow was reduced to the n6rmal rate. 

The run was t crmina ted by shutting off the reactant, gas flow 

and simultaneously fast flushin~ the system with pure argon. 

The disk was weighed after th~ exper~ment to d~termin~ weight 

loss. Each experiment lasted from 5 to 30 min. Since the 

weight loss was found to be'linear with respect to the duration 

of the ~un, oxidation rates wete deduced from a single experiment. 

3. Surface Morphology Changes 6n Oxidation 

Basal Plane Figure 4 shows the condition of the b~sal 

plane surface after light oxidation (4~) and extensive attack 

(4 b) • The original polished Spec~menis not shown, since 

photomicrographs under similar magnification showed no 

structural feat~res of note. Oxidatidn 6f' the basal plane 

produced nearly circular etch pits rathe~ than the hexagonal 

pits invatiably observed in the low te~pe~ature oxidation of 

, 15 
cleaved natural cyrstals. The diameter of th..e 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 6xidation. Ultimately, 

the pits coalesced, new pit~ began growing in old ones, and 

a state of "equilibrium roughness" appeared to have been 

attained. The rate 6f oxidatiori followed this evolution of 

surface morphology. The rate of an initially polished sample 

increased with time f6r a fixed temperature and oxygen pressure 

(this effect was measured by determining the weight loss for 

a succession of equal-time runs using the same disk). The 

effect of carbon burnoff on the rate (in the chemically 

controlled region) is shown in Fig. 5. When the surface 

attained equilibrium roughness, the oxidation rate stabilized. 

Weight loss measurements subsequently were reproducible to 

within 10%. All rate mea~urements for basal plane specimens 

refer to equilibrium surfaces. 

Prism Plane Figure 6 shows a photomicrograph of a 

polished prism plane disk. The dark spots in Fig."6a may represent 

small cav~t~es in the specimen (these were not visible in 

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

shows a stereo pair of scanning electron micrographs of an 

oxidized prism plane surface. These surfaces did not respond 

to oxidation by producing etch pits. Rather, the surface 

developed ridges and valleys along the direction of the basal 

planes (which are perpendicular to the oiidation surface). 

o 
Most of the ridges shown in Fig. 6b 'are ru5000Aapart. This 

distance may represent the height that the growth cones attained 



during the deposition process before new cones nucleate on 

top ofth~old o~es. There is one very large canyon ru~ning 
, 

f roni lower Ie f·t to upper righ t in Fig. 6 b • The dep th of this 
, 

groove is approximately the same as its width. Contrary to 

the bas al plane surf ace s, the oxidation ra t e was, no t depend en t 

tipon the extent of surface roughening.· No surface stabilization 
. I . 

I 

was needed and all rate measurements were reproducible to 

within 5%. 

4. Results 

The reaction rates are plotted in Arrhenium fashion f~r 

a rea~tant gas consistJng of 0.052% oxygen in helium in Fig. 7. 

Figures 8-11 show the rates for four mixtures of oxygen in 

argon~ The total ~ressure iri allexperi~ents wa~ 1 atm. 

The data for b6th the p~isni and.basal planes approach plateaus 

at high temperature. For reasons which will be discussed 

later, we believe that the asymptotes attained in the prism 

plane measurements represents complete control of the reaction 

by transport of oxygen through the gas boundary on the disk. 

These limiting prism plane rates have been labelled mDC ' where 

the subscript DC stands for "diffusion control". 

The rea~tion rates on basal plane specimens also approach 

a limiting value at high ~emperatures. However, this limit 

is ~40% lower than the corresponding limit attained by the 

prism plari~ samples. Inasmuch as the diffusion-limited rate 

is independent of the nature of the reaction surface or the 

12 



surface chemical kinetics, we conclude th~t the plateau attained 

by the basal plane data is a characterist~c of the surface 

reaction and is not due to diffusion control. 

The points on anyone of the Arrhenium plots do not 

reptesent experiments conducted at constant surface partial 

pressu~e of oxygen, even though the bulk oxygen concentration 

was fixed for the entire series of runs. As the temperature 

of the experiment is increased and the reaction rate increases 

corre~pondingly, the surface becomes progressi~ely more starved 

of oxygen, until at the highest tempe~atures, th£ oxygen 

* partial pressure at the surface is zero. In order to isolate 

the surface chemical kinetics from such plots, we must calculate 

the partial pressure of oxygen at the disk surface for each 

experiment. This is accomplished by utilizing the theory of 

mass transfer on a rotating disk. 

The rate of oxygen transport to the d~sk surface may be 

written as: 

N = k (p - p ) g 00 0 
(1) 

* . Strictly speaking, the reaction attains local chemical 
equilibrium at the gas-solid surface. The free energy change 
for the reaction 2C(s) + 02(g) = 2CO(g) is large and negative 
at the temperatures u~ed in the expe~imerits 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. 

13 



where 

N = mass transfer flux, gm mole~ oxygen/c~1-sec 

k = mass transfer coefficient, gm moles/cm2-sec-atm 
g 

Poo'Po = partial pressures of oxygen ~n th~ bulk gas and at 

the ~urface,respectively, atm. 

Since the mass transport and surface reaction processes 

occur in series, the flux of oxyg~n th~ough the boundary layer 

is related·to'the measured rate of reaction by: 

(2) 

where 

2 m gms carbon removed/em -sec 

MC - atomi~ weight of carbon. 

The· factor of two on the' right ,of Eq (2) assumes that one 

molecule of oxygen removes two atoms of c~rbon, or that carbon 

monoxide is the sole reaction~rQduct. Had CO 2 beenth~ sole 

product, the facto~ of two would be replaced by unity. The 

re~erences cited earlier all agree that C~ is the dominant, 

~f not the sole reaction product at the temperatures at which 

the present experiments were conducted. Thermochemically, the 
1 . 

equilibri~m CO(g) + ~b2(g) = CO 2 (g) is far .tothe left even 

though the oxygen partial pressure ~tthedisksurface is. 

reduce~ to very small values by approach to. (or perhaps 

'It 

14 
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1 attainment of) equilibrium of the reaction C(s) + 102(g) = CO(g). 

In the region of complete diffusion control, p = 0 and 
o 

Eqs(i) and (2) become: 

= 2MCk p g 00 
(.3) 

According to the theory of convectiv~ diffusion on a rotating 

d ' k h f ff by.·ll,l2 1S , t e mass trans er coe - icient is given 

where: 

·3· R = gas constant, cm -atm/gm mole-oK 

T 
o 

= surface t~mperature, oK 

= film temper~ture, e~ual to l2(T +T ), oK o 00 

(4) 

Do,D f = d~ffusion coefficients of o~ygen in th~ inert diluent 

gas at the surfAce and film temperatuxes, respectively, 

2 
em -sec. 

The first bracketed term on th~ right of Eq(4) is the 

maSs transfer coefficient for an isoth~~~al boundary layer at 

temperature T • 
. 0 

The last bracketed term approx~mately corrects 

for the effect of property variations due to the steep temp~ 

erature gradients in the boundary layer (in our experiments, 

the gas was not preheated to the disk temperature). 

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

15 
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varies as the square of the absolute temperature, k is completely 
g 

indep~nderit of bot~ disk temperature and bulk gas t~~perature. 

. .. l8 
According to ~stimates based upon kin~tic theory the diffusibn 

coeffici~nts of oxygen in arg6n and helium vary as the 1.67 

and 1.79 powers of the temperature, respectively. These 

exponents ar~ sufficiently close to two that with negligible 

error we may conside~ tke mass transfer coefficient to be 

-
temperature independent. This is the only feature of rotating 

'disk mass tran~fer·theory which is needed to.deduce surface 

chemical rates itom th~ data in Figs. If k in Eq{3) g . 7-11. 

(whi~h pertains to high temperatures) is equal to k in Eq(l) 
g 

(when applied to experiments in the transitio~ regime), theri 

this parameter may' be eliminated from Eqs(1)-(3) and the surface 

partial pressure of oxygen written as: 

(5) 

The three quantities on the right of Eq(S) are determined in 

the course of the experiments (~DC is taken .from the horizontal 
, 

lines, which were fit by eye, on the Arrhenius plots of Figs. 

7-11). 

Ar~ed with the surface temperatur~ and sutface oxygen 

partial pre~sure corresponding to each measured reaction rate, 

kinetic expressions which purport to repreierit th~ truestirface 

chemical re~ction can b~ fit to the data. 

We have fit the reaction rate data, in the form of ~(p ,T ), 
o 0 

" 
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to the kinetic expression resulting from th~ two-site model 

orig~nally proposed by Rlyholder et al
19 

and subsequently 

modified by Nagle and Strickland-Constable
4 

to include thermal 

conversion of one type of site to the othe~. 

is: 5 

The rate expression 

. . ,kAkBPo 

{ 

·2 

~ = M c .-;"( -l-+-~k-+~-p~o'-:-)-(:-k-T-+-k-B-P-O"'-) + (6) 

The eight ~ar~m~ters in the four rate constants in Eq(6) which 

were obtained by Strickland-Conitable and coworkers are: 

kA jOexp(-30,OOO/RT ) 
0 

kB 
. -3 - 4.46xlO exp(-15,200/RT) 

0 (7) -5 . 
kT = 1.5lxlO exp(-97,OOO/RT) 

0 

k = 2l.3exp(4,lOO/RT ) z 0 

We have appended subscript "0" to the oxygen p'ressure and 

temperature 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 pyrolytic graphite were found to be distinctly different. 

We have fit the basal plane data points from Figs. 7-9 

to Eq (6) and de termined the following set of constants: 

17 
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kA = 15 exp (- 25,0'00/ RT 0) 

-3 • . 
kB -. 4.46xlO exp(~lS,200/RT) 

0 (8 ) -5 ... 
kT = 1. Slxl 0 exp (.-100,000 /RT ) 

0 

k = 10,000 z 

The rate l~w described by Eqs(6) and (8) is val~d fot temperatures 

-4 from 1100 0 to ~8000K and surface oxygen pressures from 5xlO 

to 2xlO- 3 atm. 

S~nce th~ temperature range over which we have~easonably 

precise kinetic data (i.e.~ not ob~cured by diffusional resis-

tances)is rather small, not all of the constants in the kinetic 

expression were changed from Strickland-ConstableFs values in 
( 

obtaining the best fit. Mor~over, our measurements on the basal 

plane at low oxygen concen~rations are in good agreement with 

the original Stri~kland-Constable rate expression (see dash~d 

lines in Figs. 7 and 8) ,. so that the constants are only slightly 

different £r6m the original set. The set of const~nts in Eq(8) 

is by no ~eans the only combinatton that could fit our data. 

However, as shown by the s-olid lines through the basal plane 

points of Figs. 7-9, the fitting is satisfactory. Equally 

ac~eptabl~ agreement is obtained with either argon or helium 

diluents~ The k~netic expr~ssion misses ~ll but the lowest 

temperature data points at 0.5% oxygen in argon (Fig. 10). 

At tn-ese h~gh 9xygen conceI1q·a~ion and htgh temperatures, th~ 

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

rates weie larger than one wduld expect if reaction was re~tricted 

\0 .. 
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to the bas~l plane disk surface. Edge attack precluded any 

reliable basal plane measurements with 1.0% oxygen in argon. 
\ " 

The prism plane ~ata do not show e~ough structure (~.e., 

levelling off before the diffusion control plateau) to warrant 

an eight parameter fit. These data were fit to the follow~ng 

simplified form of Eq(6): 

(9 ) 

which is equivalent to neglecting the B sites ~n the Strickland-

Constable model. The rate constants obtained from the pr~sm 

plane data of Figs. 7-11 are: 

4 = 2.5xl0 exp(-44,300/RT ) 
o. 

4 = 4.9xl0 exp(12,200/RT ) 
o 

(.10) 

The kinetic expression of· Eqs(9) and (10)· is based upon measure-

ments from 1100° to l550 0 K and surface oxygen pressures from 

The upper temperature limit corresponds 

to the temperature at which diffusion contributed ~90% of the 

overall resistance. The lower pressure limit corresponds to 

the estimated surface' oxygen pressure when the specimen is 

exposed to a gas containing 0.05% oxygen at 1550 o K. Tne solid 

lines through the prism plane data points on F~gs. 7-11 show 

the agreement between the simplified rate expression and 

experimental rates. 

II" 
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Very l~ttle michanistic infrirmation ~an be obtained from 

th~ magnitudes ofth~ pre~exp6~ential factori ~r the activation 

energies in the empiri~al rate laws 00urs or Strickland-

Constdble~s).The constant k
A

, far exampl~, is supposed to 

represent the rate of dissociative chemisorpt~6n of molecular 

oxygen on A sites. Sirice it is quit~ unlikely that this 
I 

elementary step is confronted by an energy barrier of· 25-,40 

kcal/mole, the·activation energy·of kA probably reflects an 

intermediate step involving transition of chemisorbed oxygen 

atoms to ~dsorbed carbon monoxide ~olecul~s, which may be 

highly activatedw Such a step is not ~xplicitly considered 

in the Stri~kland-Constable model. 

The pred~ctions of the original Strickland-Constable rate 

expression is alsri graphed in Figs. 7-11 for comparison with 

the rate expressions derived in the present study. In plotting 

the Strickland-Constahle rate, p in Eq(6) was obtained from 
o 

Eq (5), in which ~DC was' taken from the asymptotes shown in 

Figs. 7-11. Determination of ~ as a function of T for a fixed . 0 

bulk oxygen pressure must be done by trial and error. The 

Strickland-Constable rate expression agrees with the basal 

\ 

pl~ne data and. our best fit curve at the lowest oxygen pressure. 

However, as the bulk oxygen concentration is increased, the 

Strickland-C6nstable curve drifts towards the prism plane 

results. Such belLavior is not difficult to rationalize, inasmuch 

as higher oxygen pressuresmean.h~gh~r reaction tates and 

consequently, large~ craters in the Strickland-Constable 

20 
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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 (Bince 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 accompanying 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 the three k~netic expressions 

may best be illustrated if the variable oxygen pressure aspect 

21 

implicit in the curves of Figs. 7-11 is eliminated. To accomplish 

this, we have plotted the pure surface kinetic controlled rates 

given by Eqs(6)-(10) for two constant values of p 
o 

in Fig. 12. 

The ratio of oxidation rates of the prism and basal planes 

is a function of both oxygen pressure and temperature, as shown 

in Table 1. The reaction rate on the basal plane is nearly 

zero order in oxygen pressure over most of the temperature 

range investigated. The prism,p1ane reaction exhibits an 

effective order decreasing from 0.6 at 11000K to 0.25 at 

The rate expression due to Strickland-Constable falls 

between the basal and prism plane rates, lying closer to the 

basal plane rate at low oxygen pressures but approaching the 

prism plane rate at high oxygen pressures. 



5. Diffusion~Limit~d Oxid~tlon 

The fin~l~aspect of the data inter~retation which needs. 

explanation i~ the jtistification for referring to the high 

temperature. plateaus aitained by the rate~ on the prism planes 

as diffusion controlled rate~. The theoretical diffusion 

controlled rate is given;by Eqs(3) and (4). Table 2 shows a 

comparisori of the experimental values of ~Dt obtained from 

Figs. 7-11 with the talculated values. The litter Were co~puted 

for ~ buYk ga~ temper~tureof 300 0 K and a surface temperature 

of l650 0 K for helium and 1500 0 K for argon (the choic~ of these 

temperatures has-a very minor effect on the calculated mass 

transfer coefficients). The diffusion coefficients were 

estimated by the methods described in referen~e 18. 

The experimental diffusion controlled rate. is approximately 
I 

twice as large with helium diluent as with ~rgon diluent, in 

very good agreement with theory (this ratio is essentially 

22 

equal to th~ square root. of the ratio of the diffusion coefficients 

of oxygen in helium and argon). The theoretical rates are on 

the average 30% smaller than the measured rates at high temp-

eratures. Part.of this discrepancy is undoubtedly due to ~dge 

effects, which in previous rotating disk studies has accDunted 

. . . ; 11 12 
for a ~15% systemat~c error.' The remaining 15% discrepancy 

in the present experiments may be due to one o~ more of the 
j 

following ~auses: (1) larger than normal edge effects becaus~· 

of the somewhat smaller disks used in th~ ~re~ent experiments 

compared to the ~isks used in previous stu~ie~; (2) larger than 



normal temperature non-uniformities over the surface were 

encountered here because of the difficulty in heating pyrolytic 

graphite. This non-isoth~rmality may h~ve induced a small 

amount of na~ural convection mass transfer which would have 

added to the forced convection component given 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 betwe~ntheory and experiment (~l5%) is quite small. 
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Table 1. Rati6 of O~idati6n Rates 6£ th~ Pris~ 
and Basal Planes 

Table 2. 

1100 

2.5 

. 10 

15 00 

18 

.29 . 

Diff~sionC6ritrolledR~tes 
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'2 3 
2MCkg = ~DC/Poo' gm/atm-c~ -sec x 10 oxygen 

concentration, % 

0.052 

0.1' 

0.2 

0.5·' 

1.0 

exp~ri~entallth~6ry 

Helium 

1,0.3 7.4 

5.0 

5.4 
3.9 

6.4 
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FIGURE CAPTIONS 

1. Schematic of the rotating disk apparatus. 

2. Disk mounting arrangement for basal plane specimens. 

3. 

4. 

Disk mounting arrarigement for pri~m ~lane specimens (the 
boron nitride disk holder is not shown). 

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

(a) slightly 

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

o 

6. 

7 • 

8. 

9 • 

10. 

11. 

12. 

oxygen in argon. 

The prism plane surface. 
(stereo pair). 

(a) as polish~d; (b) oxidized 

Reaction rate - 0.052% oxygen in helium. 
1 

Reaction rate - 0.1% oxygen in argon. 

Reaction rate - 0.2% oxygen in argon. 

Reaction rate - 0.5% oxygen in argon. 

Reaction rate - 1. 0% oxygen in argon. 

Comparison: of rate expressions for constant oxygen surface 
pressures . 
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