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Abstract: Nuclear graphite can be used in fission and fusion systems due to its excellent nuclear
performance and mechanical properties where the ability of oxidation resistance is usually concerned.
Although the excellent performance of new graphite ET-10 was revealed by previous experiments
regarding the accident conditions of a fission reactor, further studies are needed to oxidize the graphite
under the conditions recommended by the ASTM D7542 standard. A test facility was designed and
developed to oxidize the cylindrical specimen with a 10 L/min airflow. According to oxidation
rates and microstructures of specimens, the chemical kinetics-controlled regime was determined
as 675-750 °C, where the activation energy was obtained as 172.52 kJ /mol. The experiment results
revealed the excellent ability of graphite ET-10 for oxidation resistance with lower oxidation rates
and longer oxidation times compared with some mainstream graphite. The main reasons are
the low contents of some impurities and the binder and the low active surface area due to the non-
impregnation baking process undertaken to produce graphite with coal tar pitch coke. It should be
noted that the evolution of oxidation behavior at the bottom part of the specimen (facing the airflow)
was quicker than that at the upper part of the specimen. We also suggest that the abundance
of oxygen supply and the good linearity of the Arrhenius plot are prerequisites of the chemical
kinetics-controlled regime rather than sufficient conditions.

Keywords: ET-10; oxidation rate; nuclear graphite; gas analysis; activation energy; SEM; microstructure

1. Introduction

Nuclear graphite, with excellent nuclear performance and mechanical properties,
has been widely used in high-temperature gas-cooled reactors (HTRs) as the moderator,
reflector, structural material and matrix material of fuel elements [1-4]. Two main gener-
ation IV reactors, the very high-temperature gas-cooled reactor (VHTR) and the molten
salt-cooled reactor (MSR), also adopt graphite as moderators [5]. Moreover, some studies
showed that graphite/carbon can be good materials for fusion systems [6-8].

The mechanical and thermal properties of graphite are deteriorated by its oxida-
tion [9-12]. Therefore, many studies have been carried out to investigate the oxidation
behavior of different graphite [13-27]. The American Society for Testing and Materials
(ASTM) issued the ASTM D7542 standard to measure oxidation performances of carbon
and graphite materials in 2009 (updated in 2015) [28]. Recently, IBIDEN Co. Ltd. devel-
oped the new isostatic molded nuclear graphite, ET-10. Previous studies on graphite ET-10
oxidized the oblate rectangular specimens with a low gas flow rate (0.2 L/min) considering
the accident conditions of HTR based on the time criterion [19], which are different from
the recommended conditions by ASTM D7542. The oxidation of graphite ET-10 started
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when the temperature reaches 700 °C [19], which is higher than the predicted temperature
by ASTM D7542. Studies on other graphite showed that the differences in gas flow rates and
the oxidation temperatures resulted in diversified oxidation behaviors [19-21], which can
be interpreted by the change of oxygen supply and the specimen’s microstructure [14,29].

The above-mentioned observations call for studies to investigate the oxidation behav-
ior of nuclear graphite ET-10 regarding the recommended conditions by ASTM D7542 and
the particularities of nuclear graphite ET-10. A test facility was designed and developed
to oxidize a cylindric specimen with a 10 L/min airflow at 675-900 °C. The chemical
kinetics-controlled regime of nuclear graphite ET-10 was determined at 675-750 °C, where
the activation energy, 172.52 kJ/mol, was obtained by investigating the oxidation rates
and the microstructures of the specimens. Our results also showed that the abundance
of oxygen supply and the good linearity of the Arrhenius plot are prerequisites but not
sufficient conditions to determine the chemical kinetics-controlled regime.

2. Materials and Methods
2.1. Graphite Specimen and Ceramic Basket

This study employed the isostatic molded graphite ET-10, which was manufactured
by IBIDEN Co. Ltd. The specimen provided by IBIDEN Co. Ltd. is a right cylinder
measuring 25.4 mm in height and 25.4 mm in diameter. Graphite ET-10 has the properties
of low impurities and fine grains [29].

ASTM D7542 recommended a platinum wire basket for holding the specimen during
oxidation. Since a previous study showed that the obvious oxidation of graphite ET-10 will
start at around 700 °C [19], we may need to oxidize the specimen at a temperature that is
higher than the highest temperature recommended by ASTM D7542, 750 °C. When we
carried out an oxidation experiment where the specimen temperature was around 800 °C,
the platinum wire was oxidized and became fragile. It indicated that the platinum wire was
not applicable for the oxidation of graphite ET-10. A ceramic basket was used in oxidation
experiments up to 900 °C [30]. Therefore, we designed and developed a ceramic basket
(Al,0O3) to hold the specimen in the oxidation experiment (Figure 1).

(a) (b)

Figure 1. Ceramic basket to hold a specimen for oxidation: (a) ceramic basket; (b) ceramic basket
holding a specimen.

2.2. Test Facility and Procedures

The test facility uses air to oxidize the graphite specimen, and its design and appearance
are shown in Figure 2. It mainly includes a gas chromatograph and a vertical tube furnace.
The dry air used to oxidize the specimen is obtained from atmospheric air after flowing
through an air dryer and filter. The highly purified nitrogen (99.999%) is provided by a high-
pressure gas tank. A mass flow meter measures the flow rate of the dry air or the highly
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purified nitrogen. The tube furnace consists of three zones heated by three independent
electric heaters. The temperature of each heating zone detected by one Pt-Rh thermocouple
is used to regulate the power of the related heater automatically. A ceramic specimen
basket loads the specimen in the middle of a quartz tube surrounded by the heating zones.
A thermocouple is inserted below the bottom of the specimen to measure the oxidation
temperature. Another two thermocouples are located at the inlet and the outlet of the quartz
tube to measure the temperatures of the inlet gas and the outlet gas, respectively. The gas
chromatograph (GC-1100, PERSEE) measures the components of the outlet gas to obtain
the oxidation rate of the specimen. Before and after oxidation, the masses of the specimen are
measured by an analytical balance (ML204T /02, Mettler Toledo).

Atmosphere
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Figure 2. Test facility for graphite oxidation: (a) design of test facility; (b) main body of test facility.

The experiment procedure includes four steps. Before oxidation, nitrogen is injected
into the quartz tube. Then, the test specimen is heated to a target oxidation temperature
in an inert atmosphere. After that, the air is injected into the quartz tube to oxidize
the graphite. Finally, the test specimen is cooled after changing to the inert atmosphere.

The oxidation temperature ranged from 675 °C to 900 °C, and the flow rate of inlet gas
was 10 L/min. During a test, the oxidation rate and the mass loss of the specimen were cal-
culated according to the components of the outlet gas measured by the gas chromatograph
normally every 10 min. After an oxidation experiment was finished, the oxidation rate and
the mass loss of the specimen were corrected according to the masses of the un-oxidized
specimen and the oxidized specimen obtained by analytical balance. For each oxidation
temperature, we carried out at least two coincident experiments.

The heat produced by the oxidation of the specimen may change the specimen’s tem-
perature during oxidation. Moreover, the heat will increase with the increase in oxidation
temperature. When the oxidation experiment is carried out at a high temperature (equal
to or higher than 750 °C), the heat can raise the temperature of this specimen quickly,
and a manual power regulation of the heaters may be needed. The actual oxidation tem-
perature obtained by the thermocouple sometimes deviates from the target temperature,
which will change the oxidation rate of the specimen especially after the initial stage of the
oxidation experiment. Therefore, we use the average value of the specimen’s temperature
after the initial stage of an oxidation experiment when comparing the oxidation rates and
the mass losses of the specimens.

The oxidized specimen will be processed into flakes by wire cutting. These flakes
were rinsed in acetone with an ultrasonic cleaner and then dried for 2 h at 120 °C. Finally,
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a scanning electron microscopy (SEM, Merlin VP Compact, Carl Zeiss) was used to observe
the different surfaces of the specimen.

2.3. Numerical Methods

Since the components of the outlet gas were measured normally every 10 min, ac-
cordingly, we calculated the related values in different time intervals. The gas flow rate at
the outlet of the quartz tube can be obtained by Equation (1) as follows:

Vo,j = Vjj (1 + O‘SCCO,j) @)

where v, ; (mol/h) = the gas flow rate at the outlet of the quartz tube in the jth time interval;
v;j (mol/h) = the gas flow rate at the inlet in the jth time interval; and Ccp,; = the mole
fraction of CO in the outlet gas in the jth time interval.

We calculated the oxidation rate of a specimen according to Equation (2), which was
normalized by the initial mass of the specimen:

OR. — (Ccoz,j + CCO,j>vo,jMC
] mO

@

where OR} (g/(g-h) or (%/h) = the oxidation rate of a specimen in the jth time interval;
Cco,,j = the mole fraction of CO; in the outlet gas in the jth time interval; Mc (g/mol) =
the molar mass of carbon; and m (g) = the initial mass of the specimen.

Since the oxidation rate of a specimen obtained by gas analysis is usually different
from its actual oxidation rate, we have to correct it with the actual mass loss of the specimen.
We corrected the oxidation rate of a specimen according to Equation (3) as follows:

OR (o — m)

OFj = mo ¥l (OR}tj)

]

®)

where OR; (g/(g-h) or (%/h) = the corrected oxidation rate of a specimen in the jth time
interval; m (g) = the mass of the specimen after oxidation; n = the number of time intervals
of an oxidation experiment; and ¢; (h) = the length of the jth time interval.

The mass loss of a specimen until the kth interval used the ratio of the mass loss of the
specimen to its initial mass according to Equation (4):

k
MLy = ) (OR;(t; — tj-1)) )

j=1
where MLy (%) = the mass loss of the specimen until the kth time interval.

The chemical kinetic-controlled regime of oxidation is determined by considering
the oxidation rates and the pore structures of the specimens. The average oxidation rates
used by Arrhenius fitting were calculated at the range of 5-10% mass loss and were
normalized to the initial mass of the specimen [28]. The activation energy and the pre-
exponential factor (frequency factor) were determined by the linear regression of the
Arrhenius formula as described by Equation (5):

1000E,
RT ®)

In(OR) =InZ —

where OR (g/(g-h) or (%/h) = the average value of corrected oxidation rates of a specimen
at the range of 5-10% mass loss; Z = the pre-exponential factor of the Arrhenius formula;
E,; (kJ/mol) = the activation energy of air oxidation of the graphite; R (J/(mol-K)) = the gas
constant; and T (K) = oxidation temperature.
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OR was calculated according to Equation (6) as follows:

L2, (ORt))
Yt (4)

where 111 = the serial number of the last time interval when the mass loss of the specimen
was less than 5% of its initial mass; and 7, = the serial number of the first time interval
when the mass loss of the specimen was more than 10% of its initial mass.

The actual oxidation temperature obtained by the thermocouple is sometimes different
from the target oxidation temperature. It will cause the varieties of oxidation rate and mass
loss of specimens in the oxidation experiments, especially after the initial stage. The initial
stage (onset stage) was set as when the mass loss is less than 5% of the initial mass of the
specimen [22]. We included the deviation of the specimen temperature after the initial
stage of the oxidation experiment when discussing oxidation rates, mass losses and mi-
crostructures of the specimens in different experiments, which is calculated according to
Equation (7):

OR = (6)

AT: ]r'lznl (05<T]+T]_1)(t]_t]_1)>

—T+273.15 (7)
tn — tnlfl

where AT (°C) = the deviation of the specimen’s temperature after the initial stage of the

oxidation experiment; and T; (°C) = the actual temperature of the specimen in the jth

time interval.

The ratio of oxygen supply to oxygen consumed by graphite oxidation is often con-
sidered as an indicator of whether the oxidation is in the kinetic-controlled regime [14,29].
Here, we calculated the minimum value of this ratio in an oxidation experiment obtained
by Equation (8) as follows:

ﬁ C,’/oz mo Z]r-l:l (OR} tj) (8)
N Mux(CCOZ,]‘ + 0-5CCO,j) (mg — m)
where § = the minimum value of the ratio of oxygen supply to oxygen consumed by graphite
oxidation in an oxidation experiment; and C; o, = the mole fraction of O, at the inlet of the
quartz tube.

2.4. Criteria to Determine Kinetics-Controlled Regime

The oxidation reaction can usually be divided into three regimes: chemical kinetics-
controlled regime, in-pore diffusion-controlled regime and boundary layer diffusion-
controlled regime [31,32].

When the oxidation of the graphite migrates from the chemical kinetics-controlled regime
to the in-pore diffusion-controlled regime and the boundary layer diffusion-controlled regime
with the increase in temperature, the homogeneous and deep penetrating oxidation will
become uneven and surface dominated [31,32]. In the chemical kinetics-controlled regime,
the active surface area (ASA) is usually determined by the initial ASA and the mass loss,
which is independent of the oxidation temperature. Therefore, when the mass loss of the
specimen is limited in a certain range, e.g., 5-10%, the changes of the oxidation rates at
different temperatures can indicate the evolution of the oxidation behavior between the three
regimes [14,29,31]. In this manner, the variations of the oxidation rates and the microstructures
of the specimens can help to observe the evolution of the oxidation behavior.

On the other hand, ASTM D7542 was established to obtain activation energy, the measure
of temperature effects on the oxidation rate in the chemical kinetics-controlled regime [28].
The oxygen supply was usually sufficient as around 10 times higher than that consumed
by the graphite oxidation when the oxidation was chemical kinetics-controlled [14]. Moreover,
the oxidation rate is determined by the Arrhenius equation when the oxidation is in the
chemical kinetics-controlled regime. Therefore, the linear regressions of the logarithms of the
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oxidation rates and the reciprocals of the oxidation temperatures should have good linearity
when the oxidation is in the chemical kinetics-controlled regime. The correlation coefficient
(R?) of the fitting shall be at least 0.985 [28].

We will discuss these four criteria to determine the chemical kinetics-controlled regime
of the air oxidation of graphite ET-10: oxidation rate, microstructure, oxygen supply and
linearity of Arrhenius plot.

3. Results
3.1. Oxidation Rate

Figure 3 shows the bottom and side surfaces of the unoxidized specimen and the ox-
idized specimens. The macro surface area of the specimen is a determinate factor of the
oxidation of the specimen [28]. Although the mass losses of all oxidized specimens are
close to around 10%, the geometries of the specimens oxidized at 675 °C and 750 °C were
not changed indicating that the oxygen penetrates and oxidizes the porous graphite evenly
and deeply. Since the inert ceramic basket only shields a small part of the bottom surface
of the specimen, the decrease in the total surface of the specimen exposed to the oxygen is
very small. The geometry of the specimen oxidized at 900 °C became smaller, and the quick
oxidation occurred much closer to the surface of the specimen, especially at the bottom
surface (see Section 3.2 for further discussion). In this situation, the influence of the ceramic
basket increases a little but it is still can be ignored. The three bulges of the bottom surface
of the specimen oxidized at 900 °C (Figure 3) can indicate the shielded areas of the bottom
surfaces of the specimens. The decrease in the total surface due to the ceramic basket is
around 0.8%, and the decrease in the bottom surface is around 5% according to this figure.
The decrease in oxidation rate due to the ceramic basket will increase from around 0.8%
(even oxidation) to around 5% (bottom-only oxidation) with the increase in oxidation tem-
perature. Therefore, the ceramic basket has negligible influence on the graphite oxidation,
especially when the temperature is not higher than 750 °C.

Figure 3. Bottom and side surfaces of unoxidized specimen and specimens oxidized at 675 °C, 750 °C and 900 °C.
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Oxidation rate (%/h)

Figure 4 shows the oxidation rates of graphite ET-10 at different temperatures, which
are calculated according to Equation (3). The changes in the oxidation rates at the range
of 5-10% mass loss indicate the transition of the oxidation among the three regimes at
different temperatures. At the low-temperature regime (675-750 °C), the increase in ox-
idation rate is small with the increase in mass loss after the initial stage, corresponding
to the reaction controlled by the chemical kinetics where oxygen could extend deep into
the entire porous graphite with a small concentration gradient. After the temperature
reaches 775 °C, the oxidation rate increases obviously with the increase in mass loss after
the initial stage corresponding to the in-pore diffusion regime. When the temperature is
as high as 900 °C, the increase in oxidation rates is suppressed after reaching a level of mass
loss, corresponding to the reaction being limited by the diffusion of oxygen and production
gas near the boundary layer.
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Figure 4. Oxidation rate versus mass loss of graphite ET-10 at different temperatures: (a) 675-750 °C; (b) 775-900 °C.

Figure 5 shows the times consumed for oxidation with the increase in mass losses of the
specimens. At medium temperatures, 775-800 °C, the influence of temperature deviation
on the times consumed for oxidation is big because of the combination of the high oxidation
rate and the long oxidation time. At low temperatures, 675-750 °C, the oxidation rate is
low. The oxidation time is short at high temperatures, 850-900 °C.
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Figure 5. Oxidation time versus mass loss of graphite ET-10: (a) 675-750 °C; (b) 775-900 °C.
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Figure 6 compares the oxidation rates and the oxidation times of graphite ET-10
and IG-110 when the mass loss reaches 10% at different temperatures. The oxidation
rates of graphite IG-110 were obtained from a previous study [16] with similar conditions.
The oxidation times of graphite IG-110 were obtained from other literature [33]. The oxida-
tion rates of graphite ET-10 are lower than those of graphite IG-110 at the same temperature.
In addition, the oxidation times of graphite ET-10 are longer than those of graphite IG-110.

35
E 40
F o ET0 35
b —o—1G-110 [14]
=25} 30 . —o—ET-10
2 f ‘ —o—1G-110 [29]
o 20F £25
@© C =
B € 20
o [ =
g 15 :— [ e
S I
© 10f o
r 10
5 :— 5
0 . “r-/." N 1 s 1 0 1 " ) | L
0 700 800 900 600 700 800 900
Temperature (°C) Temperature (°C)
(a) (b)

Figure 6. Oxidation rates and oxidation times of graphite ET-10 and IG-110 when mass loss reaches 10%: (a) oxidation rates
at different temperatures; and (b) times consumed at different temperatures.

3.2. SEM Analysis

Figure 7 shows the SEM micrographs of the specimens’ bottom surfaces facing the air-
flow. The SEM pictures of the specimens oxidized at 725-775 °C reveal an obvious evolution
from homogeneous oxidation to inhomogeneous oxidation, indicating that oxidation moves
from the kinetics-controlled regime to the in-pore diffusion-controlled regime. The obvious
change stops from 800 °C to 900 °C, indicating that oxidation is becoming boundary layer
diffusion-controlled.

77543 °C 800+2 °C : . 900+10 °C

-

Figure 7. SEM micrographs of the bottom surfaces of oxidized graphite ET-10.
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Figure 8 shows the SEM micrographs of the specimens’ upper surface. Different from
Figure 7, the evolution from homogeneous oxidation to inhomogeneous oxidation starts
at a higher temperature of 775 °C. The changes of the upper surfaces of the specimens
oxidized at 775-850 °C are similar to that of the bottom surfaces of the specimens oxidized
at 725-775 °C. The obvious evolution of upper surfaces stops at 900 °C.

=

77543 °C

Figure 8. SEM micrographs of the upper surfaces of oxidized graphite ET-10.

The change of microstructures of the specimens also fits with the three-regime theory
of graphite oxidation. At lower temperatures of 675-725 °C in Figure 7 and 675-775 °C
in Figure 8, the oxygen penetrates the porous graphite slowly and evenly in the chemical
kinetics-controlled regime, and the pore structure of the surface is uniformly distributed.
Then, with the increase in temperature, oxidation moves to the in-pore diffusion-controlled
regime, resulting in the quicker widening and deepening of pore structure in the sur-
face zone of the specimens. When the oxidation temperature becomes much higher at
800900 °C (bottom surface) and 900 °C (upper surface), the quick oxidation occurs much
closer to the surface of the graphite, quickly eliminating the pore structure in the surface
zone before its further growth. At this moment, the surface is oxidized rapidly but oxy-
gen could not further enter the inner of the graphite, indicating that oxidation is mainly
boundary layer diffusion-controlled.

3.3. Arrhenius Plot and Oxygen Supply

We drew the Arrhenius plots of graphite ET-10 at different temperature ranges, 675-750 °C,
675-850 °C and 675-900 °C, in Figure 9a. The activation energy E, and the pre-exponential
factor (frequency factor) Z were determined by the linear regression of the Arrhenius formula
as Equation (5). Here, we used the related oxidation rates in the black color (Figure 4). Table 1
summarizes the values of related parameters. Even if we include the temperature of 850 °C
or 900 °C, the Arrhenius plot still has good linearity. In addition, the minimum value of the ra-
tio of oxygen supply to oxygen consumed by graphite oxidation is close to 10 at 9.14, indicating
that the oxygen supply for graphite oxidation is still enough at 900 °C. Therefore, the oxidation
of ET-10 at 675-900 °C is kinetics-controlled according to the criteria of the linearity of the
Arrhenius plot and the adequacy of oxygen supply.
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Figure 9. Arrhenius plots of graphite ET-10 and IG-110 at different temperature ranges: (a) ET-10; (b) IG-110.

Table 1. Results of linear regression of Arrhenius plots and oxygen supply in oxidation experiments
of graphite ET-10.

Parameter Value
Temperature (°C) 675-750 675-850 675-900
Activation energy (kJ/mol) 172.52 178.50 177.09
Adj. R? 0.9969 0.9939 0.9963
Bmin 136.75 15.96 9.14

Figure 9b shows the Arrhenius plots of graphite IG-110 at 600-650 °C, 600-700 °C
and 600-750 °C, and the original data are obtained from another study [16]. It indicates
a similar situation as that of graphite ET-10.

3.4. Chemical Kinetics-Controlled Regime and Activation Energy

Based on the change of oxidation rates of the specimens mentioned in Section 3.1 Ox-
idation Rate, the chemical kinetic-controlled regime of graphite ET-10 was determined at
675-750 °C. In Section 3.2 SEM analysis, the evolution of the oxidation behavior is varied
according to different surfaces of the specimens. By observing the SEM pictures of the bot-
tom surfaces, the oxidation at 675-725 °C is chemical kinetics-controlled. The oxidation at
675-775 °C is chemical kinetics-controlled according to the SEM pictures of the upper surfaces.

If only considering the criteria of the linearity of the Arrhenius plot and the adequacy
of oxygen supply in the entire temperature range (675-900 °C), the oxidation of graphite
ET-10 is in the chemical kinetics-controlled regime. The Arrhenius plot has good linearity,
and the oxygen supply is sufficient, even including the oxidation results at 900 °C.

We can say that the chemical kinetics-controlled regime is 675-750 °C and the acti-
vation energy is 172.52 k] /mol for the air oxidation of graphite ET-10 after combining
the results based on the four above-mentioned criteria.

4. Discussion

The chemical kinetics-controlled regime of graphite ET-10 was determined at 675-750 °C
with a low value of the activation energy, 172.52 kJ /mol. Although the activation energies
of present mainstream graphite are usually within the range of 180-215 kJ /mol, their chemical
kinetics-controlled regimes are usually at 600-750 °C [22]. This does not indicate a low ability
of oxidation resistance of graphite ET-10. The apparent activation energy of air oxidation
of graphite may be quite diversified when the concerned regime changed within the range
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of 600-800 °C [32]. When the temperature range occupies the high part of 600-800 °C,
the value of the activation energy may be relatively small [19,22].

The obvious oxidation of other graphite usually starts at around 600 °C, and it takes
7-20 h to reach the 10 % mass loss at around 650 °C [14,16,22]. The obvious oxidation
of graphite ET-10 usually starts at around 675 °C, and it takes around 30 h to reach
the 10% mass loss at this temperature. Indeed, our results indicated the excellent abilities
of oxidation resistance of graphite ET-10, which are also found in our previous studies with
a low gas flow rate (0.2 L/min) [19,29].

One reason for the excellent abilities of graphite ET-10 is the low contents of some
impurities, e.g., vanadium and the low ASA [19]. The ASA issue may be related to the graphite
filler where the oxidation of the graphite made from petroleum coke (e.g., IG-110, PCEA)
was faster than that of graphite made from coal tar pitch coke (e.g.,, NBG-18) [16,34,35].
Another reason may be the low content of the binder due to the non-impregnation baking
process for producing graphite ET-10. The binder, with more open volume porosity and more
impurities than filler particles, is usually oxidized more readily than the filler particles [36].

On the other hand, the low content of the binder of graphite ET-10 and the high
oxidation temperature make the oxidation more process-dependent. For the graphite
with the high content of the binder, the oxidation at the initial stage where the mass loss
of the specimen is less than 5% mainly oxidizes the binder, and the oxidation is then
mainly determined by the mass loss of the specimen when the mass loss reaches 5-10%.
For the graphite ET-10, the graphite filler particles are oxidized even at the initial stage
due to the low content of the binder; the oxidation, thus, is more process-dependent.
It strengthens the interaction of oxidation temperature, oxidation rate and microstructure
of the specimen with the increase in its mass loss. Therefore, the small deviation of oxidation
temperature may be enlarged due to the enhanced interaction (Figures 4 and 5).

It should be noted that the evolution of the microstructures of the specimens varies
at different parts with the increase in oxidation temperature, where the evolution of the
bottom part facing the airflow is much quicker than that of the upper part (Figures 7 and 8).
The change of the oxidation rate, which indicates the overall situation of the evolution
of the oxidation behavior, is slower than that of the bottom part and quicker than that of the
upper part (Figure 4). We can determine the chemical kinetics-controlled regime precisely
by combining the changes of the microstructures and the oxidation rates of the specimens.

Graphite ET-10 has low contents of some impurities/binder and highly even mi-
crostructure, e.g., fine grain (~15 um) and small pore size, etc. [29]. It is difficult for the
oxygen to penetrate the inner areas of the specimen, resulting in a big difference in the
oxidation of the bottom part and the upper part. The highly even microstructure also
makes the change of oxidation rates of the specimens highly continuous and progressive at
the concerned range of 675-900 °C. Therefore, the Arrhenius plots have good linearities
even including the high temperatures of 850 °C and 900 °C. Moreover, the ratio of oxygen
supply to oxygen consumed by oxidation is 9.14 at 900 °C, indicating that the oxygen
supply is still sufficient. They indicate that the good linearities of the Arrhenius plot and
the abundance of oxygen supply are prerequisites but not sufficient conditions for deter-
mining the chemical kinetics-controlled regime.

Future experiments for oxidizing other graphite, e.g., IG-110, will be conducted in this
test facility to make more convincing comparisons among different graphite. A recent
study indicated that the obvious oxidation of graphite IG-110 started at around 570 °C [22],
which is different from the normally concerned range of 600-750°C and calls for further
studies. In addition, we are now planning the experiments by changing airflow rates and
the geometries of the specimens to discuss oxidation behavior from a broader viewpoint.

5. Conclusions

The oxidation behavior of nuclear graphite ET-10 was investigated by oxidizing a right
cylinder specimen (D = H = 25.4 mm) with a 10 L/min airflow at 675-900 °C. According
to the oxidation rates and the microstructures of the specimens, the chemical kinetics-
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controlled regime was determined as 675-750 °C where the activation energy was obtained
as 172.52 k] /mol. The experiment results revealed the excellent ability of graphite ET-10
for oxidation resistance with lower oxidation rates and longer oxidation times by comparing
with some mainstream graphite. The main reasons are the low contents of some impurities
and the binder and the low ASA due to the adoption of a non-impregnation baking process
by using coal tar pitch coke to produce graphite.

Our oxidation experiments and kinetics analysis of nuclear graphite ET-10 yielded two
findings that are important for graphite oxidation. The evolution of the oxidation behavior
varied at the different parts of the graphite specimen, where the bottom part facing the airflow
is quicker than the upper part. We also suggest that the sufficiency of oxygen supply and
the good linearity of the Arrhenius plot are prerequisites of the chemical kinetics-controlled
regime rather than its sufficient conditions. These findings may call for the re-examination
of the oxidation behavior of some mainstream nuclear graphites.
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