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The efforts for designing a meaningful and acceptable standard test method for characterization of kinetic
parameters of air oxidation of graphite helped identify several practical issues that must be considered
for the development of such a test. Using standard size (and shape) specimens, large enough in size to
accommodate the inherent local microstructure differences between graphite samples, resulted in
non-uniform oxidation profiles and preferential binder oxidation; this was not expected based on the lin-
earity of Arrhenius plots and the (large) values of activation energy. It was found that the transition
between the regimes 1 and 2 of graphite oxidation occurs gradually, depending both on the oxidation
temperature and rate of oxygen supply. Nevertheless, measuring oxidation rates obtained on standard
size samples provides a basis for a meaningful comparison among materials, which may serve as much
needed information for predictive models.

� 2008 Published by Elsevier B.V.
1. Introduction

Studies focused on the oxidation of graphite are of considerable
interest because of the extensive use of graphite materials in nu-
clear reactors. High temperature gas-cooled reactors are expected
to become the next generation of nuclear reactors. One of the most
critical safety factors that must be considered during operation of
this type of reactor is the event of an air-ingress incident, during
which the graphite in the moderator and reflector are exposed to
oxygen at high temperature [1].

In order to define a meaningful, generally accepted standard
test method for characterizing air oxidation of graphite [2], one
must first identify the test conditions for which the perturbing
influence of experimental factors (sample geometry and size, air
flow distribution, local temperature gradients) is minimal. Ideally,
under such test conditions, only the intrinsic material properties
(crystallite size and morphology, impurity content, etc) would be
measured; this would permit a clear differentiation between mate-
rials for selection purposes, and would improve quality control
during fabrication. However, this task is not straightforward, as
shown previously by many other researchers [3–7] and demon-
strated again by new reports on the effects of sample size [8] or
shape [9] on rates of graphite oxidation.

Graphite oxidation in air is controlled by chemical kinetics at
low temperature, but becomes diffusion-limited at high tempera-
tures [10,11]. In the low temperature limit (regime 1) the oxidation
Elsevier B.V.
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rate depends on gas phase oxygen concentration and on intrinsic
material reactivity, which in turn depends on the material’s micro-
structure. As the temperature increases, oxidation rates become
more sensitive to surface oxygen concentration (and thus to air
flow conditions), and the mechanism shifts to in-pore diffusion
control (regime 2). At even higher temperatures oxidation is
strictly limited to the surface layer (regime 3) and is controlled
by the mass transfer of gas species (O2, CO, CO2) through the
boundary layer at the solid/gas interface. In this range, oxidation
rates are not material-dependent and kinetic measurements were
not deemed necessary [12].

The increase in porosity throughout the volume of graphite dur-
ing oxidation in regimes 1 (and to a lesser extent in regime 2) has a
high impact on mechanical properties of graphite. Therefore an in-
depth examination of the oxidation kinetics of graphite materials
in regimes 1 and 2 is essential. The relationship between intrinsic
material properties (such as the size, shape and crystallinity of
component graphite grains, distribution of internal porosity, impu-
rity content in the binder, etc) and the kinetic parameters, includ-
ing temperature limits for oxidation in regimes 1 and 2, are still not
well understood. Using graphite samples in powder form for mea-
surements of oxidation rate by thermogravimetric analysis (TGA)
may, in principle, provide basic kinetic parameters. However, it
was reported that, even for powdered samples, oxidation rates free
of diffusion effects could only be measured for sample weights of
5–10 mg and air flow rates of 100 mL/min [4]. The effects of diffu-
sion and material morphology during oxidation become increas-
ingly important for machined samples, beginning with sizes of
several millimeters and weights of several milligrams. Such
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samples can be accommodated by most commercial TGA
instruments, but it is not warranted to predict oxidation behavior
of large monolithic graphite blocks based on simple extrapolation
of results obtained for powdered, or small-size machined
specimens.

Nuclear graphite is a non-homogeneous composite material
consisting of filler particles and a binder. According to current
standard specifications [13], the filler particle size in the mix for-
mulation for nuclear graphite may be as large as 1.68 mm. Accord-
ing to another classification [14], grain sizes in medium grained
graphite cover a broad range, generally between 100 lm and
4 mm; the grain sizes of ultrafine and microfine varieties are smal-
ler than 10 lm and 2 lm, respectively. This broad range of grain
sizes, combined with the presence of micropores, voids, agglomer-
ates, inclusions, and atypical grains, contributes to large variations
in the local microstructure. This not only affects graphite mechan-
ical properties, but is also reflected in gas diffusion properties. For
model-developing purposes, it was suggested that the characteris-
tic dimension of a two-phase porous medium representative of the
structure of graphite should be in the range of several centimeters
[15]. Accordingly, the practice of sampling graphite specimens for
property characterization recommends using large enough speci-
mens, for which material non-homogeneities are averaged (e.g.
200 mm � 20 mm � 15 mm for fracture toughness [16], and
90 mm � 30 mm � 30 mm for Weibull parameters [17]).

This paper reiterates several of the practical issues that became
apparent during the development of an ASTM test for characteriza-
tion of air oxidation of graphite [2]. The test is intended for stan-
dardization of oxidation rate measurements and extraction of
oxidation rate parameters that can be used as a basis for predictive
models. The standardized test may also be used for quality control
purposes and will provide a metric for qualification of various
types of nuclear graphite. In the form proposed, the test recom-
mends using specimens of standard size and shape, large enough
to be representative of the microstructure of the material. By mea-
suring the rate of weight loss upon oxidation in a stream of dry air
at several temperatures, the test provides two tiers of information.
On the one hand, measurement of oxidation rates at custom-se-
lected temperatures is standardized with respect to sample size,
shape, and air flow conditions. On the other hand, the oxidation
rates measured at several temperatures can be used to assist in
the differentiation of various grades of graphite for estimation of
the effective activation energy. This information can be used in
turn as a differentiator of various grades of graphite and may pro-
vide input information for predictive models of graphite oxidation
available today [18–20].
2. Background

The proposed ASTM test applies correctly to air oxidation under
kinetic control (regime 1), where the oxygen supply is not limited
by diffusion, and the only reaction is the reaction with O2 (i.e. the
reaction with CO2, which becomes increasingly important as the
temperature increases, is neglected). It is assumed that in the ki-
netic regime the rate of the chemical reaction between carbon
and oxygen is given by the equation:

r ¼ �Dm
Dt
¼ kPnm ð1Þ

where m is the weight of carbon and P is the partial pressure of oxy-
gen, for which a reaction order n < 1 was often observed [21]. It is
also assumed that the kinetic constant k obeys the Arrhenius rela-
tionship with constant activation energy, Ea:

k ¼ k0 expð�Ea=RTÞ ð2Þ
There are several ways to normalize oxidation rates. In regime
1, where oxidation is assumed to occur uniformly throughout the
bulk, it makes sense to normalize the rate by the mass of the sam-
ple, corrected for the actual weight loss. In regimes 2 and 3 oxida-
tion rates become sensitive to the surface-to-volume ratio, and
therefore the oxidation rates should be normalized to the exposed
surface area. However, if samples of uniform size and shape are
used, normalizing by the exposed (geometric) surface area would
consider with equal weight both the uniform oxidation through
the bulk in regime 1 and those instances (at high temperatures)
where diffusion control (regime 2) becomes increasingly impor-
tant. It should be stressed that normalization by geometric area
cannot be used to compare oxidation rates of samples of varying
size or shape, even when they are from the same material. The rea-
son is the dependence of the area-normalized oxidation rate, ra, on
the surface-to-volume ratio of specimens, see Eq. (3). This is one of
the reasons of large disparities between oxidation rates measured
with different sample sizes or different equipment setups, even
though the activation energy, Ea, was correctly calculated

log10ðraÞ ¼ log10
1
A0

Dm
Dt

� �

¼ log10ðk0Þ þ log10ðPnÞ þ log10ðq0
V0
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Þ
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� Ea

2:303R
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If a comparison between oxidation rates measured on samples
of different sizes (or on different instruments) is desired, then reac-
tion rates normalized by the weight of the sample, rm, should be
used:

log10ðrmÞ ¼ log10
1

mt

Dm
Dt

� �

¼ log10ðk0Þ þ log10ðPnÞ½ � � Ea

2:303R

� �
1
T

ð4Þ

where mt, the weight of the sample at time t, rather than m0, the ini-
tial weight, is more appropriate. Even so, this form of kinetic equa-
tion (based on regime 1) is not robust enough to accommodate all
factors that may vary during the course of oxidation at large weight
loss levels, including the ‘induced surface heterogeneity and the
continuously developing porosity in the material [21]. For practical
reasons, and in view of the increased interest in high temperature
applications of graphite (regimes 2 or 3), surface-normalized rates
were used by more researchers [1,3,12,22–25] than mass-normal-
ized [26–28] or volume-normalized [9,18] rates.

3. Experimental

A home-made experimental setup was used, consisting of a
three-zone vertical tube furnace (90 cm long) and an analytical
balance with weigh-below port feature. An inconel tube (7.30 cm
outer diameter, 6.27 cm inner diameter, 150 cm long) placed inside
the furnace extends on both ends. The balance (resolution 0.001 g)
is placed on top of the vertical furnace, and is thermally shielded
such that it operates at constant (room) temperature. The graphite
specimens (cylinders, 2.54 cm diameter and 2.54 cm in height,
about 22 g weight) are placed in a Pt wire basket hanging on a thin
Pt wire from the weigh-below port of the balance. Care was taken
that the graphite specimens were placed in the center of the con-
stant temperature zone of the furnace (about 30 cm long). The
sample temperature is measured by a K-type thermocouple placed
inside the furnace, not touching it, but not more than 5 mm from
the graphite sample. Inert gas (dry, oxygen-free nitrogen) or dry
air is introduced from the bottom, passing through a 5 cm layer



C.I. Contescu et al. / Journal of Nuclear Materials 381 (2008) 15–24 17
of silica gel beads for additional drying and mixing. The test sam-
ples are preheated and weight stabilized (60 min) in a flow of
dry nitrogen, after which the flow through the vertical tube is
switched to dry air (usually 10 L/min). The weight variations are
recorded while maintaining the samples in the air flow at constant
temperature.

A commercial TGA system (Q600 SDT from TA Instruments) was
also used for several tests, and the results obtained using both
instruments were compared. The samples used in the TGA system
were much smaller in size (cylindrical, 6 mm diameter, 6 mm
height) and weighed about 300 mg. The maximum air flow rate
achievable in the TGA system is 1 L/min.

Several graphite materials were analyzed. They included a high
purity grade from GrafTech International (grade PGX purified, den-
sity 1.77 g/cm3); a highly densified nuclear grade graphite (NBG
10, density 1.81 g/cm3) and a fine grained graphite (R4-650, den-
sity 1.84 g/cm3), both from SGL; a coarse grained electrode-grade
graphite (AG 13-01, density 1.64 g/cm3) with low ash content
(�0.05%) from former UCAR Carbon Company (now GrafTech Inter-
national); a fine-grained graphite (2020, density 1.64 g/cm3) with
about 0.13% ash content from Carbone-Lorraine North America;
and an in-house material press-formed and carbonized (1800 �C)
from a mixture of natural graphite and phenolic resin that repli-
cates the composition of matrix fuel compacts for high tempera-
ture gas-cooled reactors (density 1.33 g/cm3).
4. Results and discussion

4.1. Effect of air flow rate

The rate of air supply to the sample was identified as an impor-
tant factor that caused differences between test results. Increasing
the rate of air supply increased the oxidation rates, at constant
temperature. This effect was more pronounced at high tempera-
tures, and was larger for the small samples (0.3 g) used in the
TGA system than for the large samples (22 g) used in the vertical
furnace, as illustrated in Fig. 1. This finding was not surprising, gi-
ven that the surface-to-volume ratio was much larger for the 6 mm
samples used in TGA than for the 25.4 mm samples used in the ver-
tical furnace. Sensitivity to the surface-to-volume ratio indicates
that the oxidation was (partially) diffusion-controlled (regime 2)
[10], at least at the highest temperature studied (750 �C). The
Arrhenius plots were however linear and the activation energy
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Fig. 1. Effect of air rate supply on oxidation rates measured in (a) a commercial TGA sy
cases. The air flow rate in the TGA system (a) was (1) 0.25 L/min, (2) 0.5 L/min, and (3) 1
(3) 10 L/min. Samples sizes were 0.3 g in the TGA system and 22.5 g in the vertical furn
did not show variations larger than 5% between the vertical fur-
nace and the TGA setup (between 600 and 750 �C).

A quick reference to previous literature data is useful at this
time. Oxidation rates for the graphite IG 110 were measured by
many authors and in various experimental conditions. If one com-
pares the results of various studies, based on published Arrhenius
plots (i.e. log10 (rm) vs. 1/T) for samples of comparable diameter
(D) and height (H) it soon becomes evident that the transition be-
tween regimes 1 and 2 moves to higher temperature as the air flow
rate increases. For example, at a flow rate of only 0.020 L/min, Xiao-
vei et al. [29] found that the change of slope of the Arrhenius plot
occurred at 600 �C for cylindrical samples with D = H = 1 cm
(Fig. 5 of Ref. [29]). At a higher flow rate (0.5 L/min for samples with
D = 0.8 cm and H = 1.9 cm) Fuller and Okoh [3] obtained an Arrhe-
nius plot that was linear up to 750 �C (Fig. 4 of Ref. [3]). At a much
higher flow rate (40 L/min for samples with D = 2.1 cm and
H = 3 cm) Kim et al. [18] found that the bending of Arrhenius plot
occurred at 900 �C (Figs. 8 and 11 of Ref. [18]). From these results
it is apparent that the air flow rate, rather than the sample size, is
the main factor that affects the transition temperature to the in-
pore diffusion regime. Furthermore, the same data were used to cal-
culate that the ratio between the rate of oxygen supply (moles/min)
and that of carbon oxidation (moles/min) at the highest tempera-
ture where the Arrhenius plot is still linear; the calculated ratios
were 9.8 [29], 7.6 [3], and 11.9 [18]. Based on these literature results
(although their number is limited) it appears that, at least for sam-
ples of 1–2 cm diameter, the oxidation is in the kinetic control (re-
gime 1) as long as the oxygen supply rate is roughly at least 10
times higher than the rate of carbon oxidation. If the oxygen flow
rate is less than about 10 times of what would be needed to sustain
the rate of carbon oxidation at the highest temperature, the mech-
anism moves into the in-pore diffusion control (regime 2).

This conclusion is also supported by data of the present study.
Fig. 2 compares oxidation rates of standard size samples
(D = H = 25.4 mm) in the vertical furnace at a constant air flow rate
of 10 L/min. For three nuclear grade graphite materials the plots
are linear between 600 and 750 �C. As the oxidation accelerates
with the increase in temperature, the ratio of oxygen supply rate
to carbon loss rate declines, but is always higher than 10, even at
the highest temperature. In contrast, a more reactive material (ma-
trix compacts, treated to only 1800 �C and not fully graphitized)
shows higher oxidation rates. For this sample the Arrhenius plot
bends at a lower temperature (650 �C), where the oxygen supply
rate (corresponding to 10 L/min air flow) drops below 10, when
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compared to the rate of carbon oxidation. The ratio of the two rates
is shown with arrows for several data points of the most reactive
samples in Fig. 2. The lowering of apparent activation energy for
this sample (Fig. 2) signals that the oxidation mechanism has
shifted from kinetic control (regime 1) to in-pore diffusion control
(regime 2).

4.2. Oxidation depth and density profile of oxidized sample

It is largely assumed that the linearity of Arrhenius plots indi-
cates that oxidation has a unique mechanism [30]; for graphite
materials, oxidation in the range of temperatures where the Arrhe-
nius plot is linear is assumed to occur in the kinetic regime 1 (uni-
formly throughout the volume). In order to verify that assumption,
the radial density of several graphite samples (small grained R4-
650 material) was measured after oxidation at four temperatures
between 600 and 750 �C. In this range the Arrhenius plots were lin-
ear (as shown in Fig. 2) and the activation energy (202 kJ/mol; cal-
culated between 5 and 10% weight loss) was in the range expected
for graphite oxidation occurring in the chemically controlled
regime.

All samples used in this study were cylindrical (D = H =
25.4 mm). The density profile was measured by machining a thin
layer (1 mm) from the outer surface of the oxidized samples, and
accurately weighing the residual core after each machining step.
The density of the layer removed was calculated by comparing
with the previous measurements. This operation was repeated un-
til the density of the remaining core approached the density of the
unoxidized sample (1.83 g/cm3). Fig. 3 shows the density profiles
at three oxidation temperatures and for two different weight loss
levels. Although the density profiles are flat in the center, the oxi-
dation was not really uniform throughout the bulk, even at the
lowest temperature of these tests (600 �C). Since the rate of oxygen
supply was about 650 higher than the rate of carbon loss (Fig. 2),
there is little reason to assume that oxidation was starved by insuf-
ficient supply of oxygen at this temperature. Yet, after 48 h (at 19%
weight loss) the density of the core did not change from its initial
value; only after 70 h (at 40% weight loss) oxidation reached the
center of the 25.5 mm specimens, although more corrosion oc-
curred in the surface layer. At higher temperatures the preferential
oxidation of the surface is even more evident. The trend is also evi-
dent with the increase of the weight loss. The overall size of oxi-
dized samples did not vary significantly in the initial stages of
oxidation (low temperatures, low weight losses); this indicates
more or less uniform oxidation in the bulk. In contrast, at higher
temperatures and for advanced oxidation levels (77% weight loss
in 8 h at 700 �C) corrosion is limited to the surface layer; in these
cases the shrinking core scenario seems a more appropriate
description.

To describe the development of the preferentially oxidized sur-
face layer, Wichner and Ball introduced the concept of chemically
reactive oxidation zone [19]. Combining information from various
sources (not necessarily at identical conditions), these authors pro-
posed a quadratic equation to correlate the thickness of active oxi-
dation zone (Dh) with the oxidation temperature. Their data are
plotted in Fig. 4, together with the data obtained in the present
investigation (Dh was taken as the thickness of surface layer where
the density was different from that of the unoxidized core). The
best fit was obtained with a quadratic equation, as originally pro-
posed by Wichner and Ball [19]. Although the results do not coin-
cide, they indicate a similar trend. In this instance, however, the
quadratic function is just a practical choice to better fit the data.
More significant is the proportionality of the corroded zone thick-
ness with the square root of oxidation time (for comparable levels
of weight loss), as shown in Fig. 4(b). This indicates the role of dif-
fusion in the radial growth of the oxidized layer. Indeed, it was sug-
gested [31] that the complex nature of the pore system in graphite
may enable a dual mechanism of the oxidation process. This is par-
ticularly true at the temperatures where the oxidation mechanism
shifts from regime 1 to regime 2. While oxidation in macropores
(>0.050 lm) and larger voids may continue in the chemical control
(gradient-free) regime, oxidation in micropores (<0.002 lm) and
mesopores (0.002–0.050 lm) may become diffusion-controlled.
In order to understand this effect, more data must be systemati-
cally collected in better controlled conditions. This is necessary
for the development of predictive computational models for the
behavior of large graphite blocks based on data collected on small
specimens.

4.3. Slope and intercepts of Arrhenius plots

The activation energy measured in this study for most graphite
materials was in the range of 190–210 kJ/mol; an exception was
the fuel matrix material for which the activation energy was
160 kJ/mol. Values in the same range were reported previously
for oxidation of high purity graphite materials in the chemical con-
trol regime (Table 1). In addition, the Arrhenius plots of this study
were linear (with one exception); based on previous reports, this
might be considered an indication that the oxidation mechanism
did not change in the temperature range investigated.

However, analysis of density profiles after oxidation made it
obvious that oxidation occurred in fact through a combination of
chemical control (regime 1) and in-pore diffusion control (regime
2), even in the temperature range where Arrhenius plots were lin-
ear (600–750 �C). The complex structure of graphite causes a con-
tinuous transition between the two regimes of oxidation. This
leads to the question: is it possible to differentiate oxidation re-
gimes based on the value of activation energy only?

It was suggested that the apparent activation energy for oxida-
tion in regime 2 (in-pore diffusion control) is roughly half of that of
the true chemical kinetics control [12]. According to Lewis [33]
apparent activation energy lower than about 250 kJ/mol indicates
that the experiment was not completely in regime 1, or that
catalytic effects marred the experiments. In fact, as Table 1 shows,
there are only a few examples of graphite oxidation reports in the
literature where activation energies higher than 200–210 kJ/mol
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were measured. Li and Brown [34] demonstrated that the activa-
tion energy depends in fact on which is the main oxidation prod-
uct: if the oxidation product is CO2 the activation energy could
be as large as 270 kJ/mol; however, if CO is the main oxidation
product, the activation energy is only 203 kJ/mol. At low tempera-
ture the main oxidation product is CO2, and the equilibrium is



Table 1
Activation energy values reported by previous authors for graphite oxidation in
chemical control regime

Material Activation energy,
kJ/mol

Reference

PGX gas purified (500–750 �C) 198 This study
NBG 10 (500–750 �C) 193 This study
R4-650 (500–750 �C) 202 This study
AG 13-01 (600–750 �C) 225 This study
Fuel matrix (500–650 �C) 160 This study
Natural graphite 188 [26]
Synthetic graphite 170 [26]
Spectroscopically pure graphite 200 [32]
Very pure graphite (5 ppm impurity) 250 [33]
Low purity graphite (150 ppm) 168–189 [33]
Nuclear grade graphite IG 110 218 [9]
Nuclear grade graphite IG 110 188 [3]
Nuclear grade graphite IG 11 (400–600 �C) 158 [29]
Nuclear grade graphite IG 11 (600–800 �C) 72 [29]
HTR fuel element – filler 166 [1]
HTR fuel element – binder 123 [1]
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shifted towards more CO as the temperature increases. At interme-
diate temperatures both CO and CO2 may be formed, which ex-
plains why many authors reported apparent activation energies
lower than 200 kJ/mol. A high proportion of CO may also result
from insufficient air supply at the test conditions. Therefore, there
are two factors, temperature and oxygen partial pressure, that con-
tribute to the gradual shift of the reaction from regime 1 to regime
2. This may, or may not, be accompanied by a distinct bending of
Arrhenius plots. In fact, the linearity of Arrhenius plots does not
necessarily prove that oxidation was in the chemical control re-
gime, and that it was not affected by in pore diffusion.

Apart from comparing the slope of Arrhenius plots (activation
energy values), comparing the intercepts is equally important for
quantification of the oxidation resistance of various graphite
materials. In principle, it should be possible to detect similar
trends if a material is characterized on various instruments and
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TGA and VF results and has no effect on the activation energy.
using samples of various sizes and shapes, as long as there is suf-
ficient supply of air. In practice, the local conditions during oxida-
tion play a strong role, which determines large differences
between the rates of oxidation measured on different instru-
ments. As an example, Fig. 5 shows Arrhenius plots measured
for the same material (AG 13-01) on the vertical furnace (VF)
using large size specimens (H = D = 25.4 mm) and on the commer-
cial TGA using small-size specimens (H = D = 6 mm). Although the
activation energy values measured in the VF were sensitive to the
air flow rate, the average (207 kJ/mol) matches very well the
values measured in the TGA (205 kJ/mol). However, when sur-
face-normalized rates (ra) were used, Eq. (3), the oxidation rates
measured in the TGA were about one order of magnitude lower
than those measured in the VF (Fig. 5(a)). This is caused by the
difference in surface-to-volume ratio between the samples used
in the two instruments. When mass-normalized rates (rm) were
used, Eq. (4), the data points from the two setups clustered with-
in a much narrow band (Fig. 5(b)). The difference is not caused by
insufficient air supply in the TGA; it is rather caused by the
additional term in Eq. (3) which is sensitive to size and shape
of the specimens. Although a similar analysis should be extended
to more materials and experimental conditions, it is apparent at
this point that the size and shape differences between samples
can be significantly reduced by using mass-normalized rates,
which would provide grounds for comparison of results between
various instruments and setups.

4.4. Preferential binder oxidation

One more factor complicating the picture resides in the multi-
phase composition of graphite. The filler, a calcined petroleum or
pitch coke, is less reactive than the binder, a coal tar pitch, which
is more disordered and more chemically reactive. The impregnant,
if any, is the most chemically reactive component. Metal impurities
in any of these phases may have a strong catalytic effect and accel-
erate the oxidation.
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It was previously reported that degradation of mechanical prop-
erties of graphite is connected with preferential oxidation of the
binder, propagation of cracks at the binder-filler interface, or
development of porosity in the binder [35,36]. In many studies
on machined samples the oxidation density gradients within the
oxidized samples could not be totally avoided. For example, based
on the variation of oxidation rates with the degree of weight loss,
Moormann [12] identified the activation energy for oxidation of
the binder (123 kJ/mol) and the filler (166 kJ/mol) of HTR fuel ele-
ment matrix graphite. Although the fast oxidizing binder phase
produced a large increase in the rate of weight loss during the
course of oxidation up to 750 �C, the process was still considered
in the chemical regime [12].
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Fig. 6. Variation of the oxidation rate during oxidation of a fine grained graphite
(R4-650) at different temperatures: (a) 600 �C for 70 h; (b) 650 �C for 20 h; (c)
700 �C for 8 h; and (d) 750 �C for 4 h. The peaks in the oxidation rate seen at high
temperature are caused by preferential oxidation of the most reactive phase (the
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Fig. 7. Scanning electron microscopy images of the surface of graphite samples of differ
Upper row: coarse grained graphite (AG 13-01) before oxidation and after oxidation at 5%
after oxidation at 10% and 95% weight loss. The size bar of every micrograph is 200 lm
Rate variations similar to those reported by Moormann [12]
were also identified in the present study. The example in Fig. 6
shows the variation of oxidation rates versus weight loss between
600 and 750 �C during oxidation of the fine grained R4-650 nuclear
grade graphite At low temperatures (600–650 �C) the acceleration
of oxidation rate is slow, and a practically constant rate is achieved
at about 20–30% weight loss. At higher temperatures (700–750 �C)
a distinct peak in oxidation rate is apparent in the course of oxida-
tion; as the temperature increases this peak appears earlier in the
weight loss process. Such a peak in the isothermal oxidation rate
signals preferential oxidation of the most reactive phase as the
temperature increases.

4.5. Electron microscopy

The preferential oxidation of the binder phase was analyzed
comparatively using scanning electron microscopy (SEM) for
coarse grained graphite (AG 13-01) and fine grained graphite
(2020). Fig. 7(a) shows the surface of an unoxidized AG 13-01 sam-
ple after 5% weight loss at 650 �C, and 90% weight loss at 800 �C.
Fig. 7(b) shows the surface of graphite 2020 before oxidation, after
10% weight loss at 600 �C, and after 95% weight loss at 850 �C. The
images show the structural changes at the surface of thermally oxi-
dized samples. A gradual development of pits or pores, followed by
preferential corrosion of the binder phase, is apparent for both
coarse and fine grained graphite. However, the extent of selective
oxidation at the surface of the coarse grained graphite appears to
be much higher. These results support similar conclusions reported
by other authors [37].

4.6. Raman spectroscopy

Raman spectroscopy was used for a closer examination, and
possible identification, of the reactive phase that undergoes prefer-
ential oxidation. Raman spectra of transversally sectioned graphite
specimens were collected using a DilorXY 800 Raman microprobe
ent grain sizes at various levels of oxidation showing preferential binder oxidation.
and 90% weight loss. Lower row: fine grained graphite (2020) before oxidation and

.



Table 2
Ratio of G/D band intensities of Raman spectra from Fig. 8

Sample Center
G/D

Standard
deviation

Edge
G/D

Standard
deviation

G/D center/
edge

Unoxidized 2.48 0.60 2.27 0.52 1.09
700 �C 4.45 0.67 3.99 0.63 1.11
750 �C 4.00 1.18 3.08 0.25 1.30
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(JY, Inc., Edison, NJ) with an Innova 308c Ar+ laser (Coherent, Inc.,
Santa Clara, CA) operating at 5145 Å and 500 mW output power.
In order to accommodate the microstructure of the material (PGX
graphite) which showed features of 10 lm in size or larger, the
10� objective lens was used and defocused to a spot size of
�100 lm so as to better collect an average spectrum from the sam-
ple, and to minimize laser heating. Fifty spectra were collected
from both the center and within 1 mm of the edge of two samples
oxidized (up to 15% weight loss) to 700 and 750 �C; they were com-
pared with spectra collected at similar positions of the unoxidized
material. Fig. 8 shows the averaged Raman spectra recorded for the
three samples. The D (disorder) and G (graphite) Raman bands at
�1350 cm�1 and �1580 cm�1 respectively were fitted with a pseu-
do-Voigtian function and a linear baseline from which the G/D
intensity ratios were calculated.

Laser Raman spectra recorded at the center (dotted line) and at
1 mm from the edge (solid line) of transversally sectioned graphite
specimens (PGX gas purified): (a) before oxidation; and after oxi-
dation (to 15% weight loss) at (b) 700 �C and (c) 750 �C.

Table 2 shows the G/D Raman intensity ratios at both regions
(center and 1 mm from edge) of all three samples. A distinct trend
can be seen, namely the G/D ratios of both oxidized samples are
larger than those of the unoxidized material; however, the abso-
lute G/D values decline slightly between samples oxidized at
700 �C and 750 �C. For all three samples, the G/D ratio is higher
in the center than at the edge.

Interpreting the Raman spectra of carbonaceous materials can
be difficult since it is dependent on factors such as the excitation
frequency and laser power, the crystallite size and stoichiometry,
and the type of bonding; oxidation only complicates the matter.
Nevertheless, some basic conclusions can be reached if one recog-
nizes two general trends in the Raman spectra of carbon forms,
namely higher G/D intensity ratios indicate a better ordered com-
ponent (i.e. filler) and smaller crystallite sizes [38]. The material
analyzed here is initially quite complex since it has two-phases
of different form, filler and binder. It is reasonably to associate
the G (graphitic) band with the better ordered domains in the filler
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Fig. 8. Laser Raman spectra recorded at the center (dotted line) and at 1 mm from the ed
before oxidation; and after oxidation (to 15 % weight loss) at (b) 700 �C and (c) 750 �C.
and the D (disordered) band with the weaker and more disordered
binder phase.

The last column in Table 2 compares the G/D ratios between the
center and the edge of each sample. The numbers clearly increase
with the increase in oxidation temperature. Following the above
rationale it appears that the edge of oxidized samples contains a
larger proportion of the more ordered phase. This is a direct confir-
mation that the phase which is preferentially oxidized at the edge
of the samples is the more disordered phase (with a smaller G/D
ratio), i.e. the binder.

4.7. Significance of results

From the above discussion it is apparent that separating diffu-
sion effects from kinetically controlled oxidation of graphite is
problematic, especially when using large specimens that can be
considered as representative for a given material. It was suggested
that comparative studies on graphite powders and on machined
specimens can possibly sort out the contribution of in-pore limited
diffusion for large samples [35]. Even so, preferential oxidation of
the binder which causes non-uniform density distributions in the
oxidized sample is difficult to avoid. Oxidation gradients can be
avoided while still using large samples (in the range of centime-
ters) by selecting lower oxidation temperature (in the range of
400–500 �C) but this can hardly be accommodated with the objec-
tive of maximizing the number of tests that can be done in a given
period of time. Another option is comparing oxidation rates at low-
er levels of weight loss, which would allow shortening the duration
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of tests. It was reported [3,18] that the activation energy remains
constant in the course of oxidation, and that the factor that deter-
mines the variation of the oxidation rate with the burn-off is the
gradual development of the internal surface through the porous
graphite body. The rates reported in this study were calculated be-
tween 5 and 10% weight loss, while other authors chose to report
only initial oxidation rates [4,9,18]. The reliability of rate measure-
ments in the so-called ‘induction period’ of early oxidation stages
needs to be confirmed in an inter-laboratory test.

On the other hand, the merit of standardizing the test condi-
tions with respect to sample size and shape, air flow rate, and
the geometry of the oxidation tube should be recognized. A ques-
tion still remains however about the significance of the test results
obtained in the transition zone between oxidation regimes 1 and 2.
In other words, an acceptable limit for diffusion-induced perturba-
tions on the accuracy of test results and the significance of compar-
ison of oxidation rates for samples with non-uniform oxidation
profiles still must be determined.

In principle, graphite oxidation can be modeled based on intrin-
sic kinetic rate parameters (obtained from measurements on pow-
ders and free of diffusion perturbations) using finite elements
analysis to describe gas diffusion and corrosive reactions at pore
walls in complex porous bodies, and computational fluid dynamics
for the gas phase. Although some notable progress has recently
been made [39] this exercise is still difficult because of the com-
plexity of computation tasks. Predictive models are needed for a
more accurate description of materials behavior under different
scenarios, including an air ingress incident. The MELCOR code
was originally developed by Sandia National Laboratory for analy-
sis of severe core damage accidents in nuclear reactor systems [40].
This is a thermal-hydraulic reactor accident code which was subse-
quently modified to include graphite oxidation parameters [41],
and was used for modeling an air ingress accident in a PBMR reac-
tor [42].

To put the results reported here in a broader perspective, the in-
put data on graphite oxidation rates employed in the MELCOR
analysis of air ingress accidents [43] are compared in Fig. 9 with
the oxidation rates measured in this study in standardized condi-
tions. In this figure, the oxidation rates used for the MELCOR anal-
ysis cover a broad range; they were estimated from two series of
measurements at Idaho National Engineering and Environmental
Laboratory using materials with very different oxidation resis-
tance: a low reactivity carbon fiber composite impregnated with
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Fig. 9. Comparison of graphite oxidation rates measured in this study with
previously reported data (INEEL 1988 and INEEL 2002). The linear trends represent
experimental results for materials of different oxidation resistance. Oxidation rates
derived for the material with the lowest reactivity (INEEL 2002) served as input
information for analysis of air ingress accidents using the modified MELCOR code.
Figure adapted from Ref. [43].
pyrolitic carbon (INEEL 2002) [44], and a more reactive porous
graphite (INEEL 1988) [45]. As Fig. 9 shows, the differences be-
tween materials are significant in the low temperature range (re-
gime 1) and gradually diminish at high temperatures (regimes 2
and 3), where bulk oxidation transforms into a surface corrosion
process. Overlapped over the original data plot from Ref. [43] are
the results measured in this study (Fig. 2) normalized in compara-
ble units. The results of this study are within the limits known pre-
viously from other studies. Subtle differences can however be
observed: in the temperature range of chemical regime, the rates
of nuclear grade graphites measured in this study are about one or-
der of magnitude larger than the lowest rates (INEEL 2002) [44]
used for model predictions by MELCOR. It appears also that the fuel
matrix compacts (incompletely graphitized) have large oxidation
rates, very close to the material with low oxidation resistance re-
ported previously (INEEL 1998) [45].

It can be concluded that, in spite of limitations caused by non-
uniform oxidation profiles of large graphite specimens, standardiz-
ing the test method for measuring oxidation rates offers reliable
results. The completion of the inter-laboratory study for the pro-
posed standard test method, currently in progress, will show the
repeatability and the bias limits of the method. Such measure-
ments have practical significance, and are needed for a better
understanding of the effect of temperature on thermal oxidation
of various grades of graphite in air. A test method based on stan-
dardized specimen sizes and shapes, air flow rates, and geometry
of the testing tube has its value as a tool for the designer, interested
in selection of best performing materials. It will also help increase
the reliability and accuracy of predictive models based on graphite
oxidation rates and increase the degree of safety of nuclear sys-
tems even in the worst case scenarios. However, more research ef-
fort is required for development and validation of predictive
computational models applicable to oxidation of large blocks of
graphite in conditions where process is controlled by the interplay
between kinetic and diffusion effects.
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