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Abstract – Graphite materials are used for the in-core components of High 
Temperature Gas-cooled Reactor (HTGR) which is a graphite-moderated and 
helium gas-cooled reactor. In the case of air ingress accident in HTGR, SiO2 
protective layer is formed on the surface of SiC layer in TRISO CFP and oxidation 
of SiC does not proceed and fission products are retained inside the fuel particle. A 
new safety concept for the HTGR, called Naturally Safe HTGR, has been recently 
proposed. To enhance the safety of Naturally Safe HTGR ultimately, it is expected 
that oxidation-resistant graphite is used for graphite components to prevent the 
TRISO CFPs and fuel compacts from failure. SiC coating is one of candidate 
methods for oxidation-resistant graphite. JAEA and four graphite companies 
launched R&Ds to develop the oxidation-resistant graphite and the International 
Science and Technology Center (ISTC) partner project with JAEA and INP was 
launched to investigate the irradiation effects on the oxidation-resistant graphite. To 
determine grades of the oxidation-resistant graphite which will be adopted as 
irradiation test, a preliminary oxidation test was carried out. This paper described 
the results of the preliminary oxidation test, the plan of out-of-pile test, irradiation 
test and post-irradiation test (PIE) of the oxidation-resistant graphite. The results of 
the preliminary oxidation test showed that the integrity of the oxidation resistant 
graphite was confirmed and that all of grades used in the preliminary test can be 
adopted as the irradiation test. Target irradiation temperature was determined to be 
1473 (K) and neutron fluence was determined to be from 0.54 × 1025through 1.4 × 
1025 (/m2, E>0.18MeV). Weight change, oxidation rate, activation energy, surface 
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condition, etc. will be evaluated in out-of-pile test and weight change, irradiation 
effect on oxidation rate and activation energy, surface condition, etc. will be 
evaluated in PIE.  

 
 

I. INTRODUCTION 
 
Graphite materials are used for the in-core 

components of High Temperature Gas-cooled 
Reactor (HTGR) which is a graphite-moderated and 
helium gas-cooled reactor. HTGR is particularly 
attractive due to capability of producing high 
temperature helium gas, and its passive and inherent 
safety features. Japan Atomic Energy Agency 
(JAEA) constructed and has operated the Japanese 
first HTGR, High Temperature Engineering Test 
Reactor (HTTR) [1].  

After Fukushima-Daiichi-Accident, a new safety 
concept for the HTGR, so-called Naturally Safe 
HTGR were proposed to provide the most advanced 
nuclear reactor that can accomplish no harmful 
consequences for people and the environment even if 
the multiple failures in all safety systems occur [2]. 
The configuration of the fuel element of Naturally 
Safe HTGR is shown in Fig. 1 [3]. The specification 
of the graphite block for fuel element is the same as 
that of HTTR. TRISO coated fuel particle (TRISO 
CFP) is used for the Naturally Safe HTGR as well as 
HTGR.  

Air and water ingress accidents, which are the 
essential design basis accidents in HTGR, are taken 
into account as the abnormal accidents. The in-core 
components of HTGR are designed so as to retain 
the fuel elements in original position even if the air 
and water ingress accidents occur. In the case of air 
and water ingress accident in HTGR, SiO2 protective 
layer is formed on the surface of SiC layer and 
oxidation of SiC does not proceed and fission 
products (FPs) are retained inside the fuel particle. 
To enhance the safety of Naturally Safe HTGR 
ultimately, it is expected that oxidation-resistant 
graphite is used for graphite components to prevent 
the TRISO CFPs and fuel compacts from failure. 
Moreover, by using the oxidation-resistant graphite, 
the amount of oxidation of graphite components 
would be reduced under normal operation and a 
helium gas purification system could be simple in the 
HTGR.  

SiC coating is one of candidate methods for 
oxidation-resistant graphite. JAEA and four graphite 
companies, Toyo Tanso Co., Ltd., IBIDEN CO., 
LTD., TOKAI CARBON CO., LTD. and Nippon 
Techno-Carbon Co., Ltd. launched R&Ds to develop 
the oxidation-resistant graphite. In the case that the 

oxidation-resistant graphite is used for graphite 
component in the HTGR, the most important subject 
is to keep its integrity under irradiated condition. 
The International Science and Technology Center 
(ISTC) partner project with JAEA and Institute of 
Nuclear Physics of the Republic of Kazakhstan 
(INP) was launched to investigate the irradiation 
effects on the oxidation-resistant graphite using 
WWR-K research reactor in INP.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
To determine grades of the oxidation-resistant 

graphite which will be adopted as irradiation test 
using WWR-K research reactor, a preliminary 
oxidation test was carried out. This paper describes 
the results of the preliminary oxidation test, the plan 
of out-of-pile test, irradiation test and post-
irradiation test of the oxidation-resistant graphite.  
 

II. PRELIMINARLY OXIDATION TEST OF 
RESISTANT-GRAPHITE  

 
To determine grades of the oxidation-resistant 

graphite which will be adopted as an irradiation test, 
a preliminary oxidation test was carried out.  

 
II.A. Material 

 
Four kinds of oxidation-resistant graphite 

specimens were prepared in this study. The 
oxidation-resistant graphite is basically the isotropic 
graphite covered with SiC layer. Fig. 2 shows the 
schematic view of reaction of the oxidation-resistant 
graphite with oxygen gas. SiC coating on graphite 
substrate is changed into SiO2 by oxidation. 
Hereafter, we call four kinds of oxidation-resistant 

Fig. 1: Configuration of the fuel element [3] 
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graphite ORG-A (Oxidation-Resistant Graphite A), 
ORG-B, ORG-C and ORG-D.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

II.B. Method 
 
Table 1 summarizes the oxidation condition of 

the oxidation-resistant graphite specimens. Specimen 
size was a diameter of 20 mm and a length of 50mm 
and three specimens were used for the same test. The 
thickness of SiC coating layer ranged from 80 to 120
μm. Specimens of oxidation-resistant graphite were 
oxidized in mixed gas (He and O2 (20%)) under the 
temperature of 1623 K and heating time was set to 
20 hours. Since the oxidation rate of SiC is reported 
that it becomes to almost constant value over the 
oxidation time of 20 hours, oxidation time was up to 
20 hours [4]. The gas flow rate was set to 100 
ml/min in order that specimens were sufficiently 
oxidized. Weight of specimens was measured using 
the microbalance before and after oxidation to 
evaluate the oxidation rate of the oxidation resistant 
graphite. Surface of specimens was observed using a 
Scanning Electron Micro scope (SEM) before and 
after oxidation test.  

 
Table 1: Test condition of oxidation test for 

oxidation-resistant graphite 

Items Conditions 
Specimen size (mm) φ20 x 50 
Number of specimen 3 
Thickness of SiC (μm) 80 to 120 
Temperature (K) 1623 
Atmosphere He + O2 (20%) 
Gas flow rate (mi/min) 100 
Total oxidation time (h) 20 

 
II.C. Results and Discussion 

 
Oxidation behavior of SiC has been studied 

extensively and is characterized by two modes: the 
active oxidation where a loss in mass occurs by the 
equation 1, and the passive oxidation resulting in a 

net mass increase in accordance with the equation 2 
[6].  
 
SiC(s) + O2 (g)   →   SiO(g) + CO(g) (eq. 1) 
SiC(s) + 3/2O2 (g)   →   SiO2(s) + CO(g) (eq. 2) 
 
In these equations, (s) means solid state and (g) 
means gas state. The calculation results on the 
oxidation behaviors of SiC and SiC+C in the SiC-C-
O2-He systems are shown in Fig. 3 as a function of 
temperature and initial O2 [6]. The oxidation mode 
depends on the oxidation temperature and the partial 
pressure of O2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 shows the weight change of the oxidation-
resistant graphite as a function of heating time. The 
weight of the oxidation-resistant graphite increases 
with increasing heating time. In the case of active 
oxidation as shown in the equation 1, gaseous 
products, SiO (g) and CO (g) are formed and the 
weight of specimen decreases. On the other hand, in 
the case of passive oxidation as shown in the 
equation 2, solid SiO2 is formed and the weight of 
specimen increases. Therefore, the oxidation 
behavior in this study is characterized as the passive 
oxidation. In this study, the oxidation temperature 
was set to 1623 K and partial pressure of O2 was set 
to 2.5 x 104 Pa to confirm the oxidation behavior of 
four kinds of oxidation-resistant graphite specimens. 
It is also reasonable to say that the passive oxidation 
proceeded under these conditions according to Fig. 3.  

Fig. 5 shows representative SEM images of 
oxidation-resistant graphite before and after 
oxidation. The image (a) represents the surface of 
the oxidation-resistant graphite before oxidation and 
(b) represents that of after 20 hours oxidation. We 
can see a lot of triangular pyramid-shaped lumps on 
the surface of the specimen (a). On the other hand, 
the surface of specimen (b) became smooth by the 
oxidation and a lot of cracks on the top of lumps 

Fig. 3: Calculated oxidation rate mode regions of SiC 
by O2 [6]. 

Fig. 2: Schematic view of reaction of the oxidation-
resistant graphite with oxygen gas. 
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were observed. It is inferred that the surface of 
specimen was covered with SiO2 and cracks of SiO2 
were generated in the cooling process due to the 
difference thermal expansion between SiO2 and SiC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 shows the oxidation rate of the oxidation-
resistant graphite. The oxidation rate indicates high 
value at the beginning of heating and decreases with 
increasing heating time. At the beginning of heating, 
the oxygen reacts with SiC to form SiO2 film and 
then, it acts as oxidation-resistant film. Once the 
SiO2 film is formed on the surface, the oxygen 

diffuses in SiO2 film to react with SiC. Therefore, 
the oxidation rate becomes low with increasing 
heating time.  

It is concluded that the integrity of the four kinds 
of oxidation resistant graphite was confirmed 
through the preliminary oxidation test. It was 
determined that all of them can be adopted as the 
irradiation test.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

III. PLANNING FOR OXIDATION TEST OF 
OXIDATION RESISTANT-GRAPHITE  

 
In order to develop the oxidation-resistant 

graphite, it is necessary to clarify the oxidation 
behavior of it not only under un-irradiation condition 
but also under irradiation condition. Here, it is 
introduced that the R&D plan of the oxidation-
resistant graphite.  
 

III.A. Out-of-pile Test  
 

The out-of-pile test will be carried out using four 
kinds of oxidation-resistant graphite. Table 2 gives 
the conditions of out-of-pile test. Specimen size of 
φ5 x 20 (mm) andφ10 x 2.0 (mm), these are the 
same size as used in irradiation test, are used. The 
oxidation temperature ranges from 1273 through 
1623 K and heating time ranges from 0.5 through 
100 hours determined by the reference [1]. The two 
kinds of mixed gas (20% and less than a hundred 
ppm O2) are used in the oxidation test to clarify the 
difference of oxidation mechanism between passive 
and active oxidation. The change in weight is 
measured and the oxidation rate and the activation 
energy are evaluated. The surface condition and 
cross section of specimen are observed before and 
after oxidation using SEM to examine the 
microstructure and element analysis is carried out 
using Energy dispersive X-ray spectrometry (EDX).  
 
 

Fig. 5: Surface of oxidation-resistant graphite 
observed using SEM, (a) before oxidation 
and (b) after 20hours oxidation 

50μm 

(b) After 20 hours oxidation 

(a) Before oxidation 

50μm 

Fig. 4: Weight change of oxidation resistant-
graphite as a function of heating time. 

Fig. 6: Calculated oxidation rate of oxidation resistant-
graphite as a function of heating time 
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Table 2: Test conditions of out-of-pile oxidation test. 

 
III.B. Irradiation test 

 
WWR-K research reactor has been in operation 

since 1967 [7]. Now, it has abilities that maximum 
thermal power of 6 MW and maximum thermal 
neutron flux of 2 x 1018 m-2s-1. Fuel enrichment is 
36 % of uranium-235. Moderator and coolant is light 
water. Reflectors are beryllium (limited sizes) and 
light water.  

Normal graphite and oxidation-resistant graphite 
specimens are loaded in two irradiation capsules; 
one is a gas-swept capsule, capsule #1 and the other 
is a sealed capsule, capsule #2. Table 3 gives the 
irradiation conditions and Fig. 7 shows the schematic 
view of the capsule #1. The oxidation-resistant 
graphite specimens are installed in four regions 
independently. Total number of the specimens is 
sixteen. Capsule #1 is irradiated in one of central 
irradiation holes of the WWR-K research reactor 
core for two hundred days. In course of irradiation, 
temperature of specimens is coarsely controlled 
1473±50 (K) via variation in the helium pressure. 
Precise control of the temperature is implemented by 
the VTCS (Vacuum and Temperature Control 
System), fabricated by JAEA. Channels with 
experimental capsules are to be installed in the 
WWR-K reactor core and connected with systems of 
universal loop facility and the gas measurement 
system [8]. During irradiation, the specimens in each 
region in capsule #1 are in helium-gas sweep 
environment. The manner of helium-gas sweep is 
once-through type. The sweep gas composition of 
four regions is measured independently by four sets 
of gas analyzers. Just after (or before) reactor 
shutdown in irradiation completion, the specimens 
are in mix of helium and oxygen gas sweep 
environment. Carbon oxides and oxygen (CO2 and 
O2) contents in the gases released from the 

oxidation-resistant graphite specimens in capsule #1 
are measured. Before the injection of the mixed gas 
(He and O2), the sweep gas composition is measured 
continuously or periodically with enough intervals 
for the purpose of the test. Whereas, at the mixed gas 
injecting test, the sweep gas composition is measured 
continuously. The neutron fluence in the normal 
graphite and the oxidation-resistant graphite 
specimens is finally determined by calculation and 
by means of fluence monitor. 
 
 

Table 3: Irradiation test condition of capsule #1 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Material ORG-A, B, C and D 
Specimen size 

(mm) 
φ5 x 20 
φ10 x 2.0 

Thickness of 
SiC (μm) 50 through 200 

Temperature 
(K) 1273 through 1623 

Heating time 
(hour) 0.5 through 100 

Atmosphere He + O2 (20%) 
He + O2 (less than a hundred ppm) 

Evaluation 
items 

Weight change 
Oxidation rate 

Activation energy 
Surface observation (SEM) 

Thickness of SiO2 
Element analysis (EDX) 

Material ORG-A, B, C and D 
Specimen size 

(mm) φ10 x 20 

Number of 
specimen 4 for each grade 

Target irradiation 
Temperature 

(K) 

1473 ±50 
(Control by VTCS) 

Target irradiation 
fluence (/m2, 
E>0.18MeV) 

1.4×1025 

Duration 
(days) 200 

Position Central irradiation hole 
Measured gas 

composition CO2, O2 

Fig. 7: Schematic view of gas-swept capsule #1 
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Table 4 gives the irradiation conditions and Fig. 
8 shows the schematic view of the capsule #2. It is a 
sealed type capsule and filled with helium gas, the 
normal graphite and oxidation-resistant graphite 
specimens are installed in four regions independently 
along with lengthwise direction of capsule. Total 
number of the specimens is about 160. Capsule #2 is 
irradiated in one of peripheral irradiation holes of the 
core for two hundred days. In course of irradiation, 
temperature of specimens is coarsely controlled 
1473±50 K via variation in the helium pressure. 
Precise control of the temperature is implemented by 
the VTCS. The neutron fluence in the normal 
graphite and the oxidation-resistant graphite 
specimens is finally determined by calculation and 
by means of fluence monitor. 

 
Table 4: Irradiation test condition of capsule #2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

III.C. Post-Irradiation test 
 
Two capsules are dismantled after neutron 

irradiation, and the normal graphite and oxidation-

resistant specimens are removed from capsules. Post-
irradiation examinations (PIE) of these specimens 
will be carried out. 

The PIE of specimens of capsule #1 will be 
carried out in INP. The PIE items are visual check 
(taking photos), size measurement, weight 
measurement and micro-structure observation 
(optical micrograph and SEM). The PIE of 
specimens of capsule #2 will be also carried out in 
INP. The PIE items are visual check (taking photos), 
size measurement, weight measurement, micro-
structure observation (optical micrograph and SEM) 
and measurement of thermal diffusivity. After the 
PIE, the specimens with highest fluence are packed 
into the containers carefully to avoid damage of 
surface, and shipped to JAEA from INP. 

The PIE of the specimens with highest fluence of 
capsule #2 will be carried out in JAEA. Table 5 
gives the test conditions of PIE in JAEA. Specimen 
size of φ5 x 20 (mm) andφ10 x 2.0 that are the 
same size as used in out-of-pile test are used. The 
oxidation temperature ranges from 1273 through 
1623 (K) and heating time ranges from 0.5 through 
100 hours. The mixed gas (He + O2 (20%)) is used 
in the oxidation test. The change in weight is 
measured and the oxidation rate and the activation 
energy are evaluated to clarify the irradiation effect 
on them. The surface and cross section of specimen 
are observed using SEM and Energy dispersive X-
ray spectrometry (EDX) to examine the 
microstructure.  
 

Table 5: Test conditions of PIE 
Material ORG-A, B, C and D 

Specimen size 
(mm) 

φ5 x 20 
φ10 x 2.0 

Thickness of SiC 
(μm) 50 through 200 

Temperature 
(K) 1273 through 1623 

Heating time 
(hour) 0.5 through 100 

Atmosphere He + O2 (20%) 

Evaluation items 

Weight change 
Irradiation effect on oxidation 

rate and activation energy 
Surface observation (SEM) 

Thickness of SiO2 
Structure analysis (XRD, etc.) 

Element analysis (EDX) 
 
 

IV. SUMMARY 
 

JAEA and four graphite companies, Toyo Tanso 
Co., Ltd., IBIDEN CO., LTD., TOKAI CARBON 
CO., LTD. and Nippon Techno-Carbon Co., Ltd. 

Material ORG-A, B, C and D 
Specimen size 

(mm) 
φ5 x 20 
φ10 x 2.0 

Number of 
specimen 

Max. 24 (φ5 x 20) 
Max. 20 (φ10 x 2.0) 

Target irradiation 
Temperature 

(K) 

1473 ±50 
(Control by VTCS) 

Target irradiation 
fluence (/m2, 
E>0.18MeV) 

0.54×1025 

Duration 
(days) 200 

Position Peripheral irradiation holes 

Fig. 8: Schematic view of sealed capsule #2 
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launched R&Ds to develop the oxidation-resistant 
graphite. In the case that the oxidation-resistant 
graphite is used for graphite component in the 
HTGR, the most important subject is to keep its 
integrity under irradiated condition. The ISTC 
partner project with JAEA and INP was launched to 
investigate the irradiation effects on the oxidation-
resistant graphite using WWR-K research reactor. In 
order to determine grades of the oxidation-resistant 
graphite which are adopted as irradiation test using 
WWR-K research reactor, a preliminary oxidation 
test was carried out. The results showed that the 
integrity of the four kinds of oxidation resistant 
graphite was confirmed through the preliminary 
oxidation test. It was determined that all of them can 
be adopted as the irradiation test using WWR-K 
research reactor. In the irradiation test, target 
irradiation temperature is 1473 (K) and neutron 
fluence is from 0.54 × 1025 through 1.4 × 1025 (/m2, 
E>0.18MeV). It is also planning to carry out the out-
of-pile test and PIE of the oxidation-resistant 
graphite. Weight change, oxidation rate, activation 
energy, surface condition, etc. will be evaluated in 
out-of-pile test. Weight change, irradiation effect on 
oxidation rate and activation energy, surface 
condition, etc. will be evaluated in PIE.  
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