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Abstract—The reactivities of three highly crystalline, compression annealed pyrolytic graphites, designated APG142,
G900, and G100 and differing in preferred orientation, crystallite size and defect content, were studied as a function
of burn-off at 750°C and 20 Torr O, pressure. Large burn-off increments were achieved by oxidation at 500°C and

about 30 Torr initial O, pressure. Measurements of bulk reaction anisotropy of the two principal surfaces (basal and
edge) were found to correate well with degree of preferred orientation and defect content. For two of the graphites,

rate data taken on samples having wide variations in thei
expressing the rates in terms of an effective geometric e

r basal
dge area which takes into account the reaction anisotropy.

surface to edge surface ratio could be normalized by

However, the reactivity of APG142 samples, expressed in this same manner, was found to increase with increasing
fraction of edge area, indicating a different mechanism for ¢
of oxidized specimens revealed a number of features including a high density ( ~ 10°/cm®) of non-basal defects in the
G100 material. A number of samples of APG142 and G900 showed a pronounced terracing effect at the layer plane
edges. This is consistent with a mechanism of edge oxidation involving the migration of reactive species over the

basal surfaces. A principal feature observed in ali

dge oxidation. Microscopic and macroscopic examination

these materials was the occurrence of non-uniform oxidation at the

edges, resulting in the formation of slit shaped voids ruaning parallel to the layer pane direction. The possible role of

lattice vacancies, non-basal dislocations and grain

boundaries in the overall oxidation process has been examined by

developing idealized models involving preferential attack at these defect sites.

1. INTRODUCTION

Many of the discrepancies in reported values for kinetic
parameters of the carbon-oxygen reaction can be traced
to marked differences in structure of the various carbon
materials used. It is now generally agreed that graphite
oxidation occurs principally at peripheral edge carbon
atoms which are exposed not only at prismatic surfaces
but also at lattice discontinuities such as vacancies,
non-basal dislocations and inter-crystallite boundaries.
The number of edge sites and the extent to which further
sites are developed with burn-off will depend on the
nature and magnitude of these defect parameters.
Because highly oriented pyrolytic graphites, produced by
the thermal annealing or compression annealing of
pyrolytic carbons, are amenable to structural characier-
ization, they offer an excellent opportunity for examining
the influence of various structural features on reactivity.

While a good deal of work has been done examining the
structure and measuring physical properties of these
materials, little attention has been paid to their reactivity
in oxidizing gases. The results reported here serve to
provide further characterization of highly oriented

*Present address: ICI America Ine., Marshalt, Texas.
iGeometric areas are caiculated, by definition, assuming
roughness factors equal to one.
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pyrolytic graphites, since relations between their struc-
ture and reactivity have been found.

1. EXPERIMENTAL

2.1 Materials

The pyrolytic graphites used in this study were supplied
by the Carbon Products Division of Union Carbide
Corporation. They were reportedly deposited from
methane at about 2200°C and subsequently annealed
under pressure at temperatures greater than 3000°C. The
specimens were designated as APG142, (G900 and G100,
In physical appearance, APG142 differed from the other
specimens in that it still retained the growth cone
structure, characteristic of as-deposited pyrolytic
graphites. Samples of G900 and G100 had no visible
growth features.

Individual samples were cut into parallelpiped sections
of variable size from the original specimen blocks by
means of a high speed slitting saw. After cutting, the
samples were cleaved to the desired thickness by repeated
application of cellophane tape. This also permiited
removal of the original contaminated basal surfaces. A
summary of the ratios of geometric basal to geometric
edge areas prepared for the different samples is given in
Tabie 17. A total of six, four and three samples of
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Table 1. Geometric basal area
1o peometric edge area ratios
{An/A.) for samples used in

this study
APG142 G500 G100
402y 2(D S
6 4 10
il 7 60
12(2)

*Indicates number of sam-
pies.

APG142, G900 and G100, respectively, were used in this
study,

In order to reduce the roughness introduced in the
cutting, the edges of the samples were polished with
progressively finer grades of abrasive paper. Care was
taken to minimize the extent of shear deformation
resulting from this process. It has recently been shown
that deformation of structure at the edges of annealed
pyrolytic graphites results in high initial carbon gasifica-
tion rates[1]. Since the cutting and handiing involved in
the preparative procedures served as likely sources of
undesirable contamination, it was deemed necessary to
heat-freat the samples to eliminate possible catalytic
effects. Heat-treatment was carried out in a graphite
resistance tube furnace. Samples were slowly heated in an
atmosphere of flowing argon to a maximum temperature
of 2500°C. They were held at this temperature for about
20 min before being cooled slowly to room temperature.
The oxygen used was J. T. Baker Company ultra pure
grade.

2.2 Apparatus

In the course of a reactivity run, the carbon weight loss
was monitored by a Cahn RG Electrobalance connected
to a muiti-speed Honeywell recorder. The graphite
samples were held in a quartz cradle and suspended from
the balance by means of a quartz fiber. The static reactor
system (41 volume) was evacuated using a two-stage
mercury diffusion pump and a Vac-Ion gettering pump.
The samples were enclosed within a double-walled
hangdown tube and were heated by means of a resistance
furnace, the temperature of which was controlled by a
Leeds and Northrup controller. Temperature control was
maintained to within =2°C at 750°C. More accurate
temperature measurements were made with a
chromel-alume] thermocouple connected to a Leeds and
Northrup potentiometer.

Measurements of c-axis orientation of the pyrolytic
graphites were made using a Siemens Pole Figure
Diftractometer in conjunction with a Picker Proportional
Counter. The counter autortatically records the variation

of diffracted intensity as a function of angle ¢, defined as
a positive or negative rotation away from the Bragg angle
where, by definition, ¢ = 0°. From these data, the mosaic
spread, defined as the angular width at half-maximum
intensity is determined.

Determination of the crystallite size, L;, was made by
examining optical micrographs of the basal surfaces of
samples that had been etched for about 20 min at 750°C
and 20 Torr O, pressure.

2.3 Procedure

Since the cutting and polishing procedures introduced
variable degrees of edge roughness, all samples were
subjected to an initial burn-off of about 10 per cent at
900°C before the first reactivity run was made. Prior to a
reactivity run, the sample was outgassed at 950°C using a
Vac-Ion pump for 6hr to remove possible adsorbed
surface oxide. Reactivity runs for the pyrolytic graphites
were made at 750°C and 20 Torr O. pressure. Total
burn-off during each reactivity run was usually 0-2 per
cent. Large burn-off increments were achieved, between
reactivity runs, by reacting the specimens at 200°C and
about 30 Torr initial O, pressure. Following each large
incremental burn-off, the sample was removed from the
reactor and its geometric dimensions measured. The
sample thickness, which corresponded predominantly to
the c-axis direction, was measured to the nearest
0:001 mm with a micrometer. Because of the fragile
nature of the sample edges, the basal plane dimensions
were measured using a centimeter rule. These measure-
ments were accurate to =0-2 mm.

3, RESULTS AND DISCUSSION

3.1 Structural characterization

Figures 1a and 1b show the etched surfaces of APG142
and G900. The magnitude of L, is ~ 30 um for G900 and
~20 pm for APG142. The etched surfaces of G100 (Fig.
le) reveal a relatively high density (~10°/em®) of
non-basal defects but no clearly recognizable crystallites,
A number of the defects are seen to compietely penetrate
the sample thickness.

Table 2 summarizes the mosaic spread values for the
three different pyrolytic graphites. Measurements made
with the X-ray beam incident on the two basal surfaces
showed, for APG 142 and G100, that one side was slightly
more oriented than the other. For samples of APG142,
which still retained some semblance of the original growth
cone siructure, the less orienied side was identified as that
nearest the original substrate surface[2].

3.2 Measurements of reaction anisotropy

The determination of the effective anisotropy for
reaction occurring in the directions parallel and perpen-
dicular to the laver planes {R...) was made by following
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Fig. 1. Optical micrographs of etch surfaces of (a) APG142, (b) G900, and (c) G190.

Table 2. Mosaic spread values for
different pyrolytic graphites

Mosaic spread (Degrees)

Sample Side Side 2
APGl42 44 31
Go00 14 1:4
G100 5-4 4-8

decreases in sample dimensions with oxidation. Typical
plots of Ac (decrease in thickness) vs Aa (decrease in
basal plane length) for the different materials are shown in

Fig. 2. The last data points for samples APG14Z, G900 and
G100 correspond to cumulative burn-ofis of 77 per cent,
80 per cent, and 78 per cent, respectively. Results for all
the samples are summarized in Table 3. Since the buik
reaction anisotropy is expected to be primarily dependent
upon the relative crystallite alignment, these results are to
be compared with measurements of preferred orientation
given in Table 2. Good qualitative agreement is found
between low mosaic spread values and high reaction
anisotropy. However, the large difference between values
of R for the APGI42 and G100 materials may not be
explained solely by differences in their crystallite
alignment, The markedly lower value of reaction anisot-
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Table 3. Reaction anisot-
ropy ratios for different
pyrolytic graphites

Sample Rase

APG142 2422(6)*
(G900 Px2(3)
G100 14:£2(3)

*Numbers in parenth-
eses indicate samples used
to obtain averages.

ropy for G100 could also be attributable, in part, to the large
concentration of non-basal defects in this material.

3.3 Reactivity data

One of the principal objectives of the reactivity studies
was to determine a method for expressing the specific
reactivity for samples of different sizes and shapes, that is
rate per unit surface area. In an earlier study of the
reaction of oxygen with a stress-recrystallized pyrolytic
graphite, Baker[3] found that reactivities could be
rormalized if they were simply expressed in terms of the
geometric edge area, neglecting the contribution of the
basal plane area to reactivity. Obviously, the extent to
which this approach leads to a good approximation of
over-all reactivity depends upon the reaction anisotropy
of the materials and their basal to edge area ratio. For
samples having a relatively low reaction anisotropy
andfor a high basal to edge area ratio, it is necessary to
express specific rates in terms of the relative contribu-

0.035 T T T g Y

0.030F 4

) 0.025- -

0,020 [ -

0.0156+ o, -

DECREASE IN THICKNESS, tm

0.010F N

0005+ G4 4

0 ] I 1 i L
o} R 0.2 0.3 (e X1 0.5 08

DECREASE IN LENGTH, tm

Fig. 2. Decrease in thickness vs decrease in length for samples

upon oxidation. JG100, 0 APG 142, A 900.

tions of the two principal surfaces to reactivity. A first
approach is to express the rate in terms of an effective
geometric edge area given by

A:ﬁ: Ac + BA!):

where A, and A, are the geometric edge and basal areas,
and B s a weighting factor equal to the anisotropy ratio,
R.;. (that is 1/R...).

For the APG142 samples the largest value of A,/A.
was about 12, and the results expressed in terms of edge
area were not too different from those expressed in terms
of A.s. However, for one G100 sample the A:/A, ratio
was about 60. In this case it was found that the rate could
only be normalized by using the A.q term. Reactivities per
unit A.r for the graphites are shown in Figs. 3 and 4.
There is no significant effect of the A,/A. ratio on
reactivities expressed per unit Ay for samples G900 and
(G100, as seen in Fig. 3. That is, specific rates for different
shaped samples were essentially the same at comparable
degrees of burn-off. For G900, rates were independent of
burn-off after about 33 per cent burn-off, while for G100,
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rates decreased steadily with increasing burn-off. As seen
in Fig. 4, reactivities for APG142 could not be normalized
for sample shape by dividing by A.q.

At first it was thought that the scatter could be
explained by the slight difference in orientation between
the two basal surfaces. That is, Horton and Ballard[4]
have recently reported that one of the major features of
the oxidation of a thick specimen of as-deposited
pyrolytic graphite is the non-uniformity of edge attack as
a function of distance from the substrate surface. They
also found that the substrate surface was more exten-
sively oxidized than the top basal surface and that the
diameter of holes produced in the substrate surface
following oxidation was an order of magnitude larger than
those generated at the top basal surface. With this in
mind, reactivity runs were made on one sample of

"~ APG142 cut from the top of the block {where deposition
last occurred) and another sample cut from the bottom
(substrate) side of the block. Both samples had the same
dimensions. Plots of rate vs per cent burn-off were
essentially the same for both samples, however, indicating
that the scatter in reactivity results could not be attributed
to differences in distance of deposition of the sample from
the original substrate. A closer examination of the
reactivity data revealed that the specific rates could be
grouped into three regions or bands according to their
basal to edge area ratios. It is seen from Fig. 4 that
samples with higher fractions of edge area have higher
specific reactivities in almost every case. Of the thirty
data poinis plotted, only three failed to fall into this
general pattern. Since the basal areas of all the samples
were nearly the same, differences in the ratios As/A. are
due primarily to variations in sample thickness. These
results are consistent with those of Evans et al.[3] who
found that at 840°C, multilayer steps on graphite single
crystals receded at a much higher rate than did monolayer
steps.

The idea of using a geometric area to corelate
reactivity results should not be taken to imply that we feel
negligible surface roughness exists in the samples,
particularly after substantial oxidation has occurred. Fig.
5 is a scanning electron micrograph of an edge of an
APG142 sample oxidized to 77 per cent burn-off. It is
clear that delamination has occurred along the layer plane
directions, exposing additional basal area at the sample
edges. A rough measure of the magnitude of the internal
volume (roughness) resulting from this delamination can
be obtained by plotting the percentage change in
geometric volume vs per cent burn-off for each
sample. This is shown in Fig. 6. There is no significant
difference in the magnitude of internal burning for the
three materials. The averaged siope of the experimental
curve is approximately (-9 compared to 1-0 for the ideal
curve with no development of internal volume. This

(v

Fig. 5. Scanning electron micrograph of the edge surface of
APG142 oxidized to 77 per cent burn-off.
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Fig. 6. Decrease in external volume of graphite samples with
burn-off. Data from all runs are included.

indicates that the burn-off can be closely approximated by
a contracting parallelpiped model.

Results such as those shown in Fig, 6 do not provide a
direct estimate of the basal area exposed at the edge of
samples since this depends on the size and number of
voids produced. If the void volume consists of a smail
number of large voids, the basal area produced wili be
relatively small. On the other hand, if edge oxidation
produces numerous small voids, the basal area resulting
can be quite significant. Hennig[6] has argued that the
maximum steady-state roughness factor for the geometric
edges of single crystals would be equal to Ry and that
this condition would prevail only if the initial roughness
were greater than or equal to Ry

This model does not, however, take into consideration



-

76 G. S.RELLICK, P. A, THROWER and P. L. WALKER, IR.

the kind of preferential edge oxidation that is seen to
occur with the samples used in this study. Examination of
the edges of oxidized samples reveals, as in Fig. 5, a
number of large voids suggesting that the additional basal
area produced is minimal. A more convincing arguement
is provided by the data on two samples of G100, which
had the same basal plane areas, but differed in thickness
by a factor of six. The thicker sample was found to be
approximately twice as reactive as the thinner one af
comparable degrees of burn-off. The edge roughness
factor, R, needed to produce a two-fold rate increase for a
six-fold edge area increase can be caiculated from the
gxpression

6(Ac + RBA) + BA» = 2A. + RBA. + BA)

where A, and A, are the geometric and basal areas for the
thinner sample, and B is the anisotropy ratio, R, which

for G100 samples was found to be equal to 1/14, The value -

of A./A. was about 60; R under these conditions is
calculated to be about 1-4. That is to say that the basal
area accessible vig the sample edges, resulting from
gasification, is 40 per cent of the geometric edge area.
Unfortunately, it was not possible to obtain other samples
with the same range of thickness. Our conclusions
regarding edge roughness are, therefore, only preliminary
at this time.

3.4 Topographical features of oxidized samples

In addition to the preferential attack occurring at the
sample edges, a number of other interesting macroscopic
and microscopic features were noted. A major feature of
unoxidized samples of APGI42 was the presence of
convex and concave asperites on the top and bottom basal
surfaces respectively. If the primary mode of basal plane
oxidation involved attack along the cone axes, the surface
convexities would be expected, after some period of
oxidation, to be effectively converted into corresponding
surface depressions. This, in fact, was not found to be the
case. Rather, it was found that basal plane attack was
quite uniform and that the top and bottom surfaces could
usually be distinguished up to about 60 per cent burn-off.
In one case, the concave and convex surfaces remained
clearly distinguishable after 82 per cent burn-off. Figure 7
shows a typical surface of an APG142 sample oxidized to
77 per cent burn-off. The uniformity of layer plane removal
and the similarity between values of R,;. for APG142 and
G900 suggest that, for APG142, the growth cones were not
important in determining the characteristics of basal plane
oxidation.

A particularly interesting, though not unigue, feature of
APG142 oxidation is shown in Fig. 8. The layer planes are
seen to be terraced as a result of faster edge oxidation of
the planes nearest the top surface. Terracing was even

more pronounced in a G900 sample shown in Fig. 9. This
same effect has been observed at a microscopic level by
other workers. Adamson et al.[7], using radiolytic COa,
observed that thin areas of single crystal surfaces were
oxidized more rapidly than thicker areas and that stepped

Fig. 7. Scanning electron micrograph of the basal plane surface of
APG142 oxidized to 77 per cent burn-off.

Fig. 8. Optical micrograph of APG142 oxidized to 60 per cent
burn-off showing terraced edges.

Fig. 9. Scanning electron micrograph of G900 oxidized to 57 per
cent burn-off showing terraced edges.
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edges were attacked more rapidly than cliff edges.
Similarly, Feates[8] and Feates and Robinson[9] found
that only the uppermost layer of a multilayered edge face
recedes; and only after the top layer exposes basal area of
the next lower lying plane, does that plane begin to
recede. These authors have inferpreted this as being
consistent with a mechanism involving adsorption of
active species on the basal plane which migrate over the
surface until they find reactive sites, such as defects or
step edges. Under these conditions the rate of edge
recession would be proportional to the basal “collector
area” if the rate of direct abstraction from the basal
planes was low. Furthermore, the probability of reactant
species diffusing across the layer plane surfaces and
reaching the specimen edges would depend on the
relative concentrations of reactive edge sites on the basal
surfaces. A reasonable indicator of this would be the ratio
R... This argument is supported by the fact that terracing
was not found to occur in any of the samples of G100,
which had the lowest value of R,

~Conclusions drawn here are only tentative since
marked terracing was found to a pronounced degree in
only a few of the samples. In fact, the opposite side of the
sample in Fig. 9 showed a uniformly eroded edge. A closer
examination of Figs. 8 and 9 reveals that the terracing
effect of these samples is actually confined to a relatively
small number of layer plane packets which tend to recede
as a unit. This was somewhat more noticeable in the G500
sample. We suspect that this may be related to a larger
structural macro-unit such as that observed by Rodriguez-
Reinoso and Thrower[10] in a similar stress-recrystallized
pyrelytic graphite.

As shown earlier in Fig. lc, oxidized samples of G100
were characterized by a predominance of non-basal
defects having a density of ~ 10°/cm®. Figure 10 is 2 G100
sample after a 20 min etch showing two screw dislocations
connected by a common cleavage step. A number of
partially reacted defect sites are revealed in Fig. 11. It can
be seen that attack is initiated at the center or core of the
defect and then proceeds outward. Figure 12 shown the
surface of a G100 sample oxidized to about 20 per cent
burn-off. An interesting mosaic is produced by the
coalescence of etch pits. The density of pits is also
10°fcm’, indicating that they are the same defects shown
in the preceding figure. Figures 13a and 13b show opposite
surfaces of a very thin G100 sample oxidized to 74 per cent
burn-off. A number of much larger defects is seen to occur
predominantly on one side. The thickness of the sample
was 75 pm, giving an upper limit for the depth of the
defects.

3.5 Defect models for basal plane reactivity
The anisotropy ratio for reactions occurring at edge
planes and defectfree regions of the basal planes has been

estimated by Hennig[11] to be about 107, On the other
hand, measurements of the depths and radii of etch pits
within basal planes indicate that the ratio of the rate of
advance in the a-direction to that in the c-direction is

Fig. 11. Etched surface of G100 revealing preferential attack at
defect cores.

Fig. 12. Mosaic character of basal surface of G100 following
pxidation to 20 per cent burn-off.
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Fig. 13. Opposite basal plane surfaces of a 75 um thick G100
sample oxidized te 74 per cent burn-off. Note concentration of
large non-basal defects on the surface in (a).

reduced to about 25 at defect sites not deliberately
contaminated with impurities[12]. The similarity between
this value and the bulk values of R.. obtained in this
study, along with Hennig's results, suggesits that the
effective c-axis oxjdation rate is closely associated with
the nature and magnitude of defects within the basal
planes. Some possible relationships have been examined
by constructing a number of idealized models which
attempt to relate the overall rate of layer plane removal to
the local reactions occurring at various defect sites.

For the case of single lattice vacancies, the model is
based on the following assumptions:

(1) The vacancy density, given by nfem’, is the same
for all layer planes in the lattice.

(2) The vacancies are uniformly distributed over the
surface such that a lcm® area of basal area has
V'n vacancies along an edge.

(3) The rate constant for radial expansion, &, expressed
in cm/sec, is the same as that for specimen edges.

(4) The value of k is independent of loop diameter.

(5} Coalescence of all vacancies occurs simultane-
ously. At this point the layer plane is completely removed

and the radius of the expanded vacancy is given by 12
V'n. (Actually, only about 80 per cent of the surface
would be removed, but for the degree of accuracy sought,
the assumption is quite satisfactory.)

(6) The formation rate of new vacancies is negligibly
small.

The radius of a vacancy at time { is given by

r(t) = ro+ ki,

where rq 1s the original radius of the unexpanded vacancy
{~2A). The first layer plane will be removed when
r(t) = 1{2Vn. The time required for this is

1

.w—-,-..-—-.—rn

Nn

Ib-—-k—

which for reasonable values of n, simplifies to

]
fh=——
RETRV

Using a thickness of 3-35x 10~ ¢m per layer plane, the
effective rate in the c-axis direction is given by

cm
R (basal planes) =7-7x 107 kVn, P

The anisotropy ratio, Ray., is, therefore,

1
Rye=or————=
X1V

For Roe =25, n =3x 10" vacancies/cm’. This applies
only to the top layer plane, however; and it is clear that as
vacancies in this plane are expanded, progressive
oxidation of the next layer plane will occur as existing
vacancies are revealed. An estimate of the extent to which
the second layer plane is oxidized at the point which the
first layer plane has been removed (at &, = 1 J2Vn) can be
obtained by noting that the area of an expanded vacancy
in the first plane at time ¢ is given by

Aty = wlre+ ki)
The total area of the second layer plane exposed is
ALl = nalro+ kty,

for one square centimeter of basal area. The number of
vacancies revealed withing this area is calculated from

Na{t)=n'm{re+ ki),
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It is necessary then to know the number of vacancies
which have been exposed for increments of time ranging
from £ =0 to ¢ =1, This suggests defining a dimension-
less variable, 7 (or characteristic time), such that

e — 1
Lo

.=
1

and expressing the number of vacancies exposed in the
second layer plane as a function of +. The fraction of the
second plane removed then is given by

T={
. j No7)dr
AT
fa= n

Evaluating the integral gives
f= %&“ (kty )’

Recalling that kt, = 1/2\Vn gives
f2=0-26,

and f, is seen to be independent of n.

Since only about 25 per cent of the second layer plane is
removed, deeper planes are even less significantly
oxidized, and steady-state gasification is confined to only
the top few layer planes. The effective rate of layer plane
attack is, therefore, increased only slightly and the
required vacancy density is still on the order of 10'/em®.
The value of k for vacancy expansion has been assumed
here to be the same as for edge recession. The recent
work of Evans ef al.i5] indicates that this figure may in
fact be smaller than for multilayer edges. Consequently,
this assumption tends to produce a value of n which is
low. The assumption that the expanded vacancies
coalesce simultaneously also leads to a low value for n.
The maximum vacancy density which could be quenched
into the lattice from 3000°C is about 10%cm?®[13]. It is,
therefore, concluded that the rate of layer plane removal
cannot be accounted for primarily by the existence of
vacancies.

A similar type of model can be developed by
postulating that basal plane reaction is initiated at
crystallite boundaries followed by edge attack of indi-
vidual crystallites. This is shown schematically in Fig. 14
As attack proceeds down the grain boundary at a rate ke,
the crystallite edges recede at a rate given by k. After the
topmost layer plane has been completely removed,
steady-state gasification commences: and individual layer
planes are removed at the same rate as new layer planes
are being exposed. This, of course, is simply k..
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Therefore, after the onset of steady-state gasification of
the basal surfaces, the value of R.. is given by kfk,.
Unfortunately, no reliable value for this ratio is known,
Furthermore, it would be expected to vary with the
relative misorientation of crystallites. The effective ¢ -axis
rate would also be less than k; due to the boundary
encountering a crystallite surface after being oxidized a
distance L.. At this point it could be argued that the
crystallite must then recede laterally an average distance
of La/2 before encountering a new boundary, assuming a
uniform distribution of crystailites. That is, the effective
rate is determined by the time required to oxidize a
distance L. + L./2 at rates of k; and k, respectively. This
leads to an approximate expression for the effective rate,

o 2hks
£ 2%k +nk,’

where #n = L,/L.. Since values of L, are generally much
larger than L. for highly oriented pyrolytic
graphites{10, 14], the effective c-axis rate, kj, would be
significantly diminished below the value of k, For
example, if L./L.=200{10] and k/k; =25, then k.=
0-2 k. The effective anisotropy ratio, R.., would be about
125, which is not in agreement with experimentally
measured values. However, if L./L. = 10, and k/k, = 25,
then ky=k,

A similar type of model can be postuiated based on
preferential oxidation down the cores of non-basal
dislocations{15]. Thomas and Roscoe[l6] have shown
that such dislocations frequently traverse a number of
inter-crystallite boundaries. In this case, the rate of layer
plane removal would not be as affected by the ratio
La/L.; and oxidation would proceed at a rate close to ky
{c-axis rate at the disiocation core).

3.6 Estimates of edge area at defect sites

Estimates of the edge area produced in the basal planes
by the preferential oxidation of various defects can be
made. For the case of fully expanded vacancies, the final
pit diameter is given by 1/Vn. The circumference of the
pit is then «/Vn. Around the circumference of the
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expanded vacancy, the linear density of carbon atoms is
about | atom per 2-54. The number of edge atoms per
vacancy is given by 10"V, and the number of exposed
edge atoms in one square centimeter of basal area is
Vn10%, For n = 10%cm’®, the number of edge atoms is
~ 10" per cm’ of basal surface. For 1cm’ of edge area
there are ~ 10 atoms, taking 8-3A7 as the area of an edge
plane atom. Therefore, for equal units of basal and edge
area, the reactive sites in the basal plane would contribute
only 0-1 per cent of the total number of such sites. This
value is increased slightly by allowing for exposed
vacancies in lower lying planes. For most samples, the
basal area is larger than the edge area and the overall
contribution of the vacancies is increased by the factor
AplA.. For specimens such as those used in this study,
where As/A. was frequently larger than 10, the vacancies
would be expected to contribute about 1 per cent of the
total sample reactivity if n=10°/cm’. For an edge
roughness factor of 25, the vacancies in the basal planes
would stili only contribute about 3-5 per cent to the
reactivity.

The maximum edge area exposed upon gasification at
crystallite boundaries can be evaluated from the idealized
model shown in Fig. 14. It can be shown[I5] that the
amount of edge area produced per unit geometric basal
plane area in this case is exactly equal to the anisotropy
ratio, k,/k and is independent of crystallite diameter. If
we take k./k = 1/25 and A,/A. = 10, the basal planes will
contribute about 30 per cent to the sample reactivity
through their exposed edge surface. Obviously the
contribution of reaction at basal planes to the over-all
reactivity increases as the edge roughness factor increases.
Foraroughness factor of 1-4, as estimated earlier for G100,
the additional contribution of reaction at basal planes
would be negligible. However, if the edge roughness
factor were about 25, as reported by Lang and Magnier for
pyrolytic graphite[17], the basal planes would contribute
about 60 per cent to the over-all reactivity, where k;/k =
1/25.

Consider the edge area exposed upon oxidation down
the cores of non-basal dislocations. As with the case of
oxidation at crystallite boundaries, it can be shown{15]
that the maximum amount of edge area produced per unit
geometric basal plane area is equal to the ratio of rates,
that is ks/k, and is independent of dislocation density. If
we take kqfk = 1/25, as suggested by Thomas[12], the
contribution of the non-basal dislocations to over-all
reactivity will be equal to the contribution coming from
attack at crystallite boundaries. As noted by Thomas[12],
the ks/k ratio is markedly increased if the dislocation is
deliberately contaminated with an oxidation catalyst. This
in turn would increase the contribution of the non-basal
dislocations to over-all reactivily by increasing the edge
area produced at these disiocations per unit basal plane
area.

4. CONCLUSIONS

Different samples of compression annealed pyrolytic
graphites have different anisotropies for their oxidation
rates in directions parallel and perpendicuiar to the basal
surface. Qualitatively, anisotropy is greater the higher the
extent of crystailite alignment.

Defect models have been considered theoretically in
order to estimate the contribution of reaction at defect
sites in the basal plane to over-all reactivity, that is, at
these defect sites plus sites at the gross edge of the
pyrolytic graphite samples. It is concluded that the
concentration of vacancies is insafficient for this defect to
contribute stgnificantly to over-all reactivity, On the other -
hand, reaction at surfaces of voids resulting from attack at
non-basal dislocations andfor crystailite boundaries can
make a significant contribution provided that the ratio of
reactivity in the ¢-direction down these defects compared
to reactivity in the a-direction is large. A concentration of
some impurities at these defects is expected to markedly
increase the contribution of reactivity at the defects to
over-all reactivity since selected impurities have been
shown, in the literature, to sharply increase the reaction
anisotropy in the c-direction to the a-direction.
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