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SUMMARY

 This report represents experimental data on the oxidation behavior 

of some selected nuclear graphite grades (i.e., IG-110, IG-430, NBG-18, 

NBG-25) which were compared in view of their filler coke type and 

the physical property of the grades. Oxidation rates were determined at 

six temperatures between 600 ∼ 960℃ in air by using a three-zone 

vertical tube furnace at a 10 L/min air flow rate. The specimens were 

a cylinder with a 25.4 mm diameter and a 25.4 mm length. Results 

showed that, even though the four examined nuclear graphite grades 

showed a highly temperature-sensitive oxidation behavior through-out 

the test temperature range of 600 ∼ 950℃, the differences between the 

grades were not significant. The oxidation rates determined for a 5∼10 

% weight loss at the six temperatures were nearly the same except 

for 702 and 808 ℃, where the pitch coke graphites showed an apparent 

decrease in their oxidation rate,more so than the petroleum coke 

graphites. These effects of the coke type reduced or nearly disappeared 

with an increasing temperature. The average activation energy 

determined for 608 ∼ 808℃ was 161.5 7.3 kJ/mol, showing that the 

dominant oxidation reaction occurred by a chemical control. 
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I.  Introduction

  Currently, a series of coordinated research and development studies on 
nuclear graphite are being performed in relation to the Generation-IV Very 
High Temperature Reactor (VHTR) collaboration plan for a nuclear graphite 
technology development. The basic idea that supports the coordinated research 
activities in Generation-IV member nations and their subordinate institutions 
is rather straightforward as described in the collaboration plan: Thus, to 
coordinate on the development of graphite data for several new grades of 
nuclear graphite together to support the design and construction of the 

structures associated with new Generation - IV reactor concepts [1].

  In line with this idea, a series of R&D work is under way at the Korea 
Atomic Energy Research Institute (KAERI), a subordinate institute of a GIF 
member nation, Republic of Korea, under the frame work of the GIV graphite 
collabora- tion plan, including but not restricted to, a selection and 
qualification, a preparation of design data, and a machining of candidate 
graphite grades for the KAERI nuclear hydrogen development and 
demonstration (NHDD) project.

  In the present report, in view of the selection and qualification of the 
candidate graphites for Nuclear Hydrogen Development and Demonstration 
(NHDD) Project, the oxidation rates and activation energies were obtained 
and compared for four commercially available graphite grades (i.e. IG-110, 
IG-430, NBG-18, NBG-25) and the effects of the coke type on an oxida- tion 
and the dependency of an oxidation on the time and temperature were 
investigated.
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2. Experimental 

2.1 Materials and specimen

 Four nuclear graphite grades, IG-110, IG-430, NBG-18 and NBG-25 were 
chosen for the present study by considering the manufacturing process(i.e., 
manufacturing process including the forming method), and the source of the 
coke, i.e., pitch or petroleum. Table 1 summarizes the characteristics of the 
grades. 

The specimen used for the present oxidation experiment was cylindrical 
with 25.4 mm in diameter and 25.4 mm in height. Specimens were machined 
by using a computerized  numerical control (CNC) lathe with a poly-crystal 
diamond (PCD) bite at 1,200 rpm. No further specimen surface treatments 

were applied after a specimen machining.  

 

2.2 Determination of oxidation rate

 

2.2.1 Oxidation test system. 

Oxidation rate was determined by using a graphite oxidation test system 
which was composed of a vertical tube furnace, 3–zone furnace controller, a 
gas supplier, and an analytical balance (capacity: 200g, resolution: 0.001 g), as 
shown Figure 1. The test system was manufactured by the draft ASTM 
Standard Test Method for Oxidation Rate and Threshold Oxidation 
Temperature for Manufactured Carbon and Graphite in Air [2]. The system 
was designed to control the specimen temperature below ±2℃at 750℃ and 
capable of 1,150℃with a Kanthal heating element. The gas supplier was 
composed of a flow meter, a desiccant column both for dry air and nitrogen 
gas (< 0.005 mg water/L at 25 – 30 ℃), an oxygen trap for Nitrogen gas, 
and flow meters for N2, and air. Highly purified N2 gas (99.999%) and dry air 
were used. During a test, a flow rate of a minimum of 10 liters /min was 
maintained, and an automated data collection system was used to record the 
logged specimen weight and temperature data until the specimen had lost 
about 10 % of its initial weight. 

2.2.2 Determination of kinetics: oxidation rate (OR), activation energy 
(AE), and frequency factor (FF).

 ORs were determined at six temperatures, i.e., 603, 702, 808, 854, 911 and 
953 ℃ and the AE and FF were determined for 603 ∼ 808 ℃ 

These temperatures were chosen to investigate the oxidation characteristics 
of the grades within the chemical and in-pore diffusion or boundary layer 
controlled regime [3]. It is known that the OR in this regime is highly 

dependent on the internal-microstructure of a graphite [4-7]. 
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In the present study, weight-loss data stored in an automated data 
collection system wasused to characterize the oxidation properties of the 
selected grades by their weight loss (%)-time behavior, OR - time and OR 
– temperature behavior, AE, and the pre-exponential factors of the Arrhenius 
plot for an AE determination. The linear rate of the weight loss between 5% 
and 10% of the specimen’s initial weight was used for a determination of the 
OR at four oxidation temperatures in units of g.h

-1
m
-2
. AE was determined in 

units of kJ/mole from the slope of ln (oxidation rate) vs T
-1
, and the FF (A) 

from Rate = A e 
–Ea/RT 

, where Ea is AE, R is a universal gas constant and 
T is the reaction temperature. Further treatment of the kinetics and the 
theoretical value of the FF are reported elsewhere [2][8].

3.  Results 

3.1 Oxidation behavior

3.1.1 weight loss behavior

    Figures 2-5 show the weight loss (%) versus the time behavior of the 
samples at 603℃(fig.2), 702℃(fig.3), 808℃(fig.4), and 911℃(fig.5), respectively, 
and Fig. 6 shows the optical photos of the four nuclear graphite grade 

samples oxidized at 808℃in dry air (flow rate: 10 L/min).  

    Firstly, Figures 2 – 3 show that, the weight loss behavior appeared to 
be different according to the type coke. In these temperatures, the grades 
made of petroleum coke, i.e., NBG-25 and IG-110, clearly show a faster 
weight loss behavior than the grades made of pitch cokes, i.e., NBG-18 and 
IG-430. The difference according to the coke appeared to disappear with an 
increase in the oxidation temperature, Figs. 4 and 5. Fig. 4 (808℃ shows a 
clear difference in the weight loss behavior between the grades in the early 
stagtroleun oxidation. The order of the weight loss with time is clear. Thus, 
in a descending order, IG-110 > NBG-25> IG-430 > NBG-18. It is seen in 
Fig. 5 that the clear differences in the weight loss behavior between the 
grades that appeared in Figs. 2, 3, and 4 decreased or almade disappeared. 
Fd. Fd. Fc. parison between Figs. 4 and 5, it is predicted that a change in 
the weight loss mechanism during an oxidation may have occurred between 
these temperatures.
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3.1.2 Oxidation rate behavior

3.1.2.1 Oxidation rate (OR) change with the temperature

   Changes of the OR upon an oxidation temperature are summarized in Fig. 
7 and Table 2, respectively. While the increase in the OR from 603℃ to 702 
℃ is not significant, it shows a drastic increase from 702℃ to 854℃. From 
854 ℃ to 911℃ no large change in the OR is observed. Even a little decrease 
in the OR is observed for the three grades except for NBG-18. Thus, all the 
grades except for NBG-18 show a little decrease in the OR with an 
increasing temperature. At 911℃, all four grades show an increase in the OR. 
It is worth noting that NBG-18 consistently shows a minimum value in the 
OR through out all the test temperatures. 

If compared, the oxidation rates at 854℃ are roughly 10 ∼ 14 times higher 

than the rates at 702℃.

It is worth noting that, at 911 and 953℃, the differences in the oxidation 
rates between the grades are negligible. 

Fig. 8shows, for NBG-25 as an example, the changes in the oxidation 
rate upon the time before they reach a steady-state, stabilized oxidation rate 
at each test temperature. Clear differences in the modes of an oxidation rate 
increase are observed for the test temperatures.

While the oxidation rate reaches a steady-state (i.e., saturation) oxidation 
rate value  (3,100 g/hm2) within 3 min at 911℃, and about 30 minutes at 80
8℃, in the case of 603 and 702 , no steady-state oxidation rate was observed 
even after about 40 hours both at  603 and 702℃. The mode of the increase 
in the OR at 808℃ appeared as a mixed form of two curves at 603 (702)℃ 

and 911℃.

3.1.2.2 Oxidation rate change with the time at 808℃ and 911℃

  Fig. 9 (a) and (b) shows the changes of the oxidation rate upon the time 
at 808℃ and at 911℃, respectively. The four grades show a large difference 
in the OR with time before they reach steady-state oxidation rates. It is 
worth noting that, while the three grades except for NBG-18 reach a similar 
steady-state oxidation rate of 2,500 g/h.m2 between 0.4 ∼ 0.8 hours, the 
NBG-18 had not reached a steady-state oxidation rate as shown in Fig. 9 
(a). The grades reach a steady-state OR in a descending order IG-110 > 

NBG-25 > IG-430 > NBG-18.

In Fig. 9(b), little differences are observed in the increasing behaviors of 
the OR and in the steady-state OR values except for NBG-18. The NBG-18 
showed the smallest oxidation rates both in Fig. 9 (a) and (b).From the 
differences in the oxidation time for reaching a steady-state OR between Fig. 
9 (a) ( > 0.4 min) and 9 (b) (< 0.1 min), a clear difference in the oxidation 
kinetics may be confirmed between 808℃ and 911℃. 
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3.2 Activation energy 

   The Arrhenius plots for an activation energy determination for 603 - 808 
℃ are seen inFig. 10. The activation energies and pre-exponential factors 
determined for the temperature range, i.e., 603-808 ℃, are summarized in 
Table 3. No large differences between the grades are noted for the activation 
energy. The average activation energy of the four grades was 161.5  7.3 
kJ/mol. A gradual change in the slope between 808 and 854℃ (i.e., decrease 

in the activation energies) was noted.

4. Discussion

   Figs. 2 and 3 show a clear effect of the coke type on the weight loss 
behavior during an oxidation in air especially at 603 and 702℃ irrespective of 
the manufacturing process (thus, raw materials and manufacturing process) in 
that the weight loss behavior is different by the type of coke used and the 
graphite made of pitch coke shows a higher resistant to an oxidation than 
thegraphite made of petroleum coke for both temperatures. From the 
observation that a distinct materials characteristics (i.e., coke type) appeared 
in the weight loss behavior during an oxidation, the oxidation at these two 
temperatures are assumed to have occurred by a mechanism greatly affected 
by the characteristics of the materials i.e, chemical reaction [3][12]. 

   Of these four grades, the NBG-18 of pitch coke showed the least 
oxidation rate through out the six oxidation temperatures (Table 2). The 
present observation for NBG-18 may be attributed to the highest density, the 
largest grain size, the lowest frequency factor and the lowest open pore 
density of the grades in a comparison to the other three grades, Table 1 and 
Ref. [13]. In addition, a higher density and a larger size of the Mrozowski 
cracks observed in the petroleum coke graphite may also have contributed to 
the present observation [14][15]. Regarding the frequency factor, it is known 
that the lower the frequency factor, the lower the reaction opportunities per 
unit time [8].

  The apparent effects of the coke type observed at 603 and 702℃ seem to 
be reduced or nearly disappeared at 808 and 911℃. It is understood that the 
oxidation reactions are largely controlled by material-specific factors at 603 
and 702℃, and these dominant controlling factors are replaced by 
non-material-specific factors, i.e., such as a diffusion or supply of an oxidant, 
at 808 and 911℃ [2][3]. The fact that the changes in the dominant controlling 
factors have occurred for 808 - 911 ℃ is reflected well in Fig. 7 as changes 
in the oxidation rate and changes in the slope at around 808-854 ℃in Fig. 10, 
respectively. It is worth noting that the decrease in the activation energy 
from above 808℃ is coincident with the assumed change in the oxidation 
mechanism from a material-dependent to a non-material-dependent 
mechanism in Fig. 10 [16]. Further it is noted that the temperature at which 
large differences between the grades are observed for the oxidation rate is 
808℃ as seen in Fig. 4, Fig. 7, Fig. 9 (a) and Table 2. It is interesting to 
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note that this temperature belongs to a temperature range where distinct 
material characteristics are reflected, Figs. 6 and 9 (a). 

In Table 2, a comparison of the oxidation rate between 808 and 953℃
shows that the temperature-dependency of the graween 8oxidation is quen 8
high, revealing that the oxidation mechanism of the graween 8changes with the 
temperature, and the dependency of a graween 8oxidation on an oxidation 
mechanism is crandcal, as confirmed by Figs. 8 and 9, where an apparent 

difference in the oxidation mechanism with the temperature is confirmed.

Finally, regarding the dominant oxidation mechanism change at around 
808-854℃ the activation energy determined for 603 - 808 ℃ 161 kJ /mol, and 
Fig. 6 of the oxidized specimen at 808℃( 10 % weight loss) show that an 
oxidation occurs by a chemical control to a lesser extent from a boundary 
layer control [3].

5.  Conclusion

While the four examined nuclear graphite grades showed a highly 
temperature-sensitive behavior through out the test temperature range of 600 
∼ 950℃ differences between the grades were not significant. Thus, over all, 
the four nuclear grades from the NBG and IG grades showed a similar 
oxidation behavior. The oxidation rates determined for a 5 ∼ 10 % weight 
loss at the six temperatures were nearly the same except for 702 and 808℃ 
where the pitch coke graphites showed a smaller oxidation rate than the 
petroleum coke graphites. These effects of the coke type reduced or 
disappeared with an increasing temperature. The average activation energy 
determined for 608 ∼ 808℃ was 161.5  7.3 kJ/mol, showing that the 

dominant oxidation reaction occurred by a chemical control. 
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Graphite Ea, kJ/mol Frequency factor, (g/h.m2) x 1011

NBG-18

NBG-25

IG-430

IG-110

157.1  6.9

163.1  4.9

167.4  12.4

158.9  4.8

0.60 ± 0.02

1.75 ± 0.04

2.44 ± 0.14

1.11 ± 0.03

Table 1.  Characteristics of four commercially available nuclear graphite 

chosen for the present study a.

Grade Manufacturer Forming Method Source Coke
Grain size

(㎛)
Ash content

(ppm)

Density

(g/cm3)
IG-110 Toyo Tanso Iso-stat. molded petroleum ∼20 : fine-grain < 10 1.77
IG-430 ”± ”± coal ∼10 : fine-grain < 10 1.82

NBG-18 SGL Vibra. molded coal ∼300: med-grain < 10 1.85
NBG-25 ”± ”± petroleum ”± < 11 1.82

a 
All the values cited in the table 1 are nominal values from the 

manufacturer’s report. 

Table 2.  

Oxidation rates of the grades at 603, 702, 808, 854, 911 and 953 0C. The 
values in this table were obtained from about a 5 – 10 % weight loss 
regime (i.e.,  at  a  range of steady-state oxidation rate) at each 
temperature. 

 

Graphite
Oxidation rate, (g/h.m2)

603℃ 702℃ 808℃ 854℃ 911℃ 953℃
NBG-18 27.1 211.1 1634.2 2782.9 2889.5 3209.2
NBG-25 33.8 301.2 2380.3 3150.0 3078.9 3446.1
IG-430 28.3 215.4 2214.5 3114.5 3078.9 3339,5
IG-110 30.4 322.6 2475.0 3150.0 3126.3 3363,2

Table 3.   Activation energies and pre-exponential factors determined 

for the temperature range of 603-808 0C.
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Figure 1.  Graphite oxidation test system manufactured to satisfy the 
requirement of (draft) ASTM Standard Test Method for Oxidation Rate 
for Manufactured Carbon and Graphite in Air.
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Fig. 2.   Weight loss (%) behavior of four nuclear graphite grades 
(NBG-18, NBG-25, IG-110, IG-430) in dry air (603℃,  flow rate: 10 
L/min). 
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 Fig. 3.   Weight loss (%) behavior of four nuclear graphite grades 
(NBG-18, NBG-25, IG-110, IG-430) in dry air (702℃,  flow rate: 10 
L/min).
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Fig. 4.   Weight loss (%) behavior of four nuclear graphite grades 
(NBG-18, NBG-25, IG-110, IG-430) in dry air (808℃,  flow rate: 10 

L/min).
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Fig. 5.   Weight loss (%) behavior of four nuclear graphite grades 
(NBG-18, NBG-25, IG-110, IG-430) in dry air (911℃,  flow rate: 10 
L/min).
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Fig. 6.   The optical photos of the graphite specimens oxidized at 808 ℃  

in dry air at a flow rate of 10 L/min (weight loss: 10 %).
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록 (15-20 내외)

 종류 원자로  흑연 (IG-110, 430, NBG-18, 25) 의 산화 
거동을 원료  물리 특성 에서 비교하 다. 산화실험은 
3 zone 기로(vertical) 를 이용, 600～960℃ 에서10 L/min 
공기유동속도 조건에서 실시하 다. 시편의 크기는 실린다 형  
25.4 (직경)x 25 (높이)mm 이었다. 실험결과 4 종류 흑연은 
시험온도 구간에서 모두 온도의존성이 큰 산화거동을 
보 으나 grade 간 커다란 차이는 없었다. 6개 온도에서 5 ~ 
10% 질량감소에 하여 구한 산화율은 702℃  808℃를 
제외하고는 모두 유사하 다. 산화율은 Pitch coke 원료 
흑연보다  petroleum coke 원료흑연이 더 컷다. 이러한 coke 
type 효과는 산화온도 증가에 따라 감소 하 다. 
608～808℃에서 구한 산화 활성화에 지(activation energy) 
는 161.5±7.3 kJ/mol 이었다. 이로부터 이 구간에서 산화는 
주로 “chemical control" (산화기구(mechanism)) 에 의하여 
일어남을 알 수 있었다
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Abstract (15-20 

Lines)

The oxidation behavior of some selected nuclear graphite grades 
(i.e., IG-110, IG-430, NBG-18, NBG-25) were compared in view 
of their filler coke type and the physical property of the grades. 
Oxidation rates were determined at six temperatures between 600 
∼ 960℃ in air by using a three-zone vertical tvee furnace at a 
10 L/min air flow rate. The specimens were a cyrtnder with a 
25.4 mm diameter and a 25.4 mm length. Results showed that, 
even though the four examined nuclear graphite grades showed 
a highly temperature-sensitive oxidation behavior through out the 
test temperature ranph of 600 ∼ 950℃, the differences between 
the grades were not significant. The oxidation rates determined 
for a 5∼10 % weight loss at the six temperatures were nearly 
the same except for 702 and 808 ℃, where the pitch coke graphites 
showed an apparent decrease in their oxidation rate, more satthan 
the petroleum coke graphites. These effects of the coke type reduced 
or nearly disappeared with an increasing temperature. The average 
activation energy determined for 608 ∼ 808℃ was 161.5 ± 7.3 
kJ/mol, showing that the dominant oxidation reaction occurred by 
a chemical control.

Subject 
Keywords

(About 10 words)

 Nuclear Graphite, Oxidation, Filler Coke Type, Activation 

Energy, IG-110, NBG-18, IG-430, NBG-25, 600 ~ 960 ℃, 

chemical control.


	표 제 지
	제 출 문
	Summary
	Contents
	1. Introduction
	2. Experimental
	3. Results
	4. Discussion
	5. Conclusions
	References
	서 지 정 보 양 식

