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Abstract – Graphite oxidation in an air-ingress accident is presently a very important issue for the reactor safety of the very 
high temperature gas cooled-reactor (VHTR), the concept of the next generation nuclear plant (NGNP) because of its 
potential problems such as mechanical degradation of the supporting graphite in the lower plenum of the VHTR might lead 
to core collapse if the countermeasure is taken carefully. The oxidation process of graphite has known to be affected by 
various factors, including temperature, pressure, oxygen concentration, types of graphite, graphite shape and size, flow 
distribution, etc. However, our recent study reveals that the internal pore characteristics play very important roles in the 
overall graphite oxidation rate.  

One of the main issues regarding graphite oxidation is the potential core collapse problem that may occur following the 
degradation of graphite mechanical strength. In analyzing this phenomenon, it is very important to understand the 
relationship between the degree of oxidization and strength degradation. In addition, the change of oxidation rate by 
graphite oxidation degree characterization by burn-off (ratio of the oxidized graphite density to the original density) should 
be quantified because graphite strength degradation is followed by graphite density decrease, which highly affects oxidation 
rates and patterns. Because the density change is proportional to the internal pore surface area, they should be quantified in 
advance. In order to understand the above issues, the following experiments were performed: (1)Experiment on the fracture 
of the oxidized graphite and validation of the previous correlations, (2) Experiment on the change of oxidation rate using 
graphite density and data collection, (3) Measure the BET surface area of the graphite. 

The experiments were performed using H451 (Great Lakes Carbon Corporation) and IG-110 (Toyo Tanso Co., Ltd) graphite. 
The reason for the use of those graphite materials is because their chemical and mechanical characteristics are well 
identified by the previous investigations, and therefore it was convenient for us to access the published data, and to apply 
and validate our new methodologies. 

This paper presents preliminary results of compressive strength vs. burn-off and surface area density vs. burn-off, which can 
be used for the nuclear graphite selection for the NGNP. 

I. INTRODUCTION 
 
The effect of oxidation on the strength of graphite is an 
important issue for safety analysis of the air-ingress 
accident in VHTRs because strength degradation by 
oxidation leads to potential core collapse problems. 
Although the relationship between strength and oxidation 
has been studied by a number of various investigators (Eto 
and Growcock 1983, Wichner 1976, Engle 1977, etc.), in 
most cases, the majority of the data has been obtained only 
under 10% graphite burn-off. This means that the 
correlations are only valid within very limited burn-off 
ranges and the use of those correlations for the higher 
burn-off may not be valid. Actually, the potential graphite 

structure collapse will occur at high burn-off range (higher 
than 50%). It is therefore very important to confirm the 
validity of the previous correlations for use at the wider 
ranges. This experiment attempted to obtain the graphite 
strength data at high burn-off ranges. To achieve this goal, 
an experimental method and procedure were newly 
developed. The degree of burn-off in which the graphite 
loses its mechanical strength has been measured and was 
finally used to validate and improve the previous 
correlations. 
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II. BACKGROUND 
 

In a literature survey, it was found that most of the data 
obtained were for burn-off values less than 10% (Eto and 
Growcock 1981, Wichner 1976, Engle 1977 and etc.). 
Figure 1 shows some experimental data for IG-11 graphite 
measured by Eto and Growcock (1983). As shown in this 
figure, all the data ranges within 7% burn-off. Burn-off is 
an internal corrosion inside the pore of the graphite, which 
takes places in the chemical kinetic controlled regime 
during the oxidation. Compressive strength shown in 
Figure 1 is the capacity of a material to withstand 
vertically directed pushing forces. 
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Figure 1. Experimental data of compressive strength with 
burn-off (Eto and Growcock 1983). 
 
Eto and Growcock (1983) measured the strength of the 
three types of oxidized graphite (IG-11, PGX and H451), 
and recommended the following equation form. 

 
�� ���� ')1('S/S 0 ����	                               (1) 

where 

S  =  Compressive Strength (Pa) 

0S  =  Initial compressive strength (Pa) 

'�  =  Ratio of the density between oxidized 
graphite and the original 

and �, �, and � are empirical parameters. 
In their research, the graphite was oxidized up to a certain 
level of burn-off and then the sample was tested by a 
standard method and testing machine. Table 1 summarizes 

the parameters in Equation (1) for graphite PGX, H451, 
and IG-11. 

Table 1. Parameters in Equation (4-1) for various graphite 
materials (Eto and Growcock 1983). 

Graphite Mode � � � 
PGX Compression 0.94 9.4 194 
PGX Tension 0.86 10 100 
H451 Compression 0.79 3.5 71.5 
H451 Tension 0.62 3.5 30 
IG-11 Compression 0.83 4.0 40 

 

Equation (1) assumes that the graphite’s strength will 
approach zero as the density decreases and finally become 
zero at 100% burn-off. This assumption is conceptually 
reasonable, but some experimental observations show that 
the graphite losses its mechanical strength at a certain 
burn-off level less than 100% because the corrosion breaks 
all the connections between inside pore structures in very 
high burn-off. 

Because of the technical difficulties associated with the 
direct measurement of highly oxidized graphite strength, a 
new method is proposed. Figure 2 shows the basic idea of 
this method, which measures the degree of burn-off at 
which the graphite is collapsed by a very small load. The 
load is very small compared to the original material 
strength. Figure 2 depicts this data point as a red circle. 

 

1.0

S/S0

Burn-off 0

Data obtained previous work

Data measured by a proposed method 

Data interpolation from previous and current work

Figure 2. Basic idea on the prediction of graphite 
compressive strength. 

 
The method of measuring these data is simple as described 
in detail in the next section. A small load is placed on top 
of a graphite sample and then is oxidized at constant 
temperature and flow rate conditions. If it is collapsed 
down by the load, the collapse will be detected through a 
sudden drop in the graphite mass signal. Once the data 
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points are obtained, the strength can be interpolated 
between the previous and the new data points. A smooth 
change of graphite mechanical strength is assumed in the 
interpolated region in Figure 2. 

III. EXPERIMENTAL SETUP 
 
The experiments have been carried out on the graphite 
oxidation test station at INL, which is built for evaluation 
of the American Society for Testing and Materials (ASTM) 
standard test method (Contescu et al. 2008) for graphite. 
The ASTM test standard was developed for determining 
and rating the oxidation resistance of nuclear grade 
graphite. A protocol containing instructions for setting up a 
test station was developed by ORNL and distributed to 
several laboratories for independent evaluation of the 
protocol’s robustness in terms of repeatability. In this 
work, basically the same experimental setup as ASTM 
protocol has been maintained, but it was slightly adjusted 
for this purpose. 

The schematic of the oxidation test station (see Figure 3) 
shows the graphite sample suspended below a balance 
inside the Inconel tube, which is surrounded by the 
furnace. The Inconel tube is connected to nitrogen and air 
supplied from the bottom and desiccated to eliminate 
oxidation from moisture. The nitrogen is used during this 
process to avoid oxidation when the furnace is heating up. 
When the gas temperature is stabilized at target value, it is 
switched to air to start oxidation. The test can take from a 
couple of hours to a few days, so the data is gathered 
automatically using LabVIEW (National Instruments) until 
the desired burn-off is achieved. 

Figure 3. Schematic of the graphite oxidation test station 
setup. 

Figure 4 shows the schematic of the sample holder that 
was set up for the experiment. It was installed at the center 
of the electrical furnace. The sample holder is made of 
Titanium and has a rectangular cage shape with a loading 
material and graphite sample inside. The loading material 
is made of titanium and initially placed on the top of the 
graphite sample.  

The graphite sample is a cylinder with a hole at the center. 
Its dimensions are 1.0 inch outer diameter, 1.0 inch height, 
and 0.5 inch in inner-hole diameter. The loading material 
has the cylindrical shape with a small tip at the bottom 
center to fit the loader to the sample. The size of the tip is 
made to be a little bit smaller than the hole to avoid 
thermal expansion problems. The experiment is performed 
at relatively low temperature (650°C) during which the 
reaction kinetics dominate the graphite corrosion process. 
In this regime, the graphite corrosion mainly decreases the 
graphite density with degradation of mechanical strength, 
maintaining its original shape and size. If the graphite is 
fully corroded, the sample will be collapsed by the loading 
materials. The broken ashes will then fall down through 
the metal mesh at the bottom of the cage, sending a sudden 
decrease signal of graphite mass as detected by the balance 
connected to the cage and the sample. 

 

 
Figure 4. Schematic of the sample holder and loader setup. 
 
IV. RESULTS AND DISCUSSIONS 
 
Three samples were tested. Figure 5 show the sample mass 
change with time measured for IG-110 graphite. The graph 
in Figure 5 shows (a) the overall trend of the sample mass 
changes for the whole test time and (b) the sudden mass 
changes in detail at the sample fracture time. The sudden 
mass drops were observed at almost the same time, 
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regardless of the different samples. The average burn-off 
for the fracture in IG-110 is 64.7%.  

Time [hours]

0 5 10 15 20 25 30

S
am

pl
e 

M
as

s 
[g

]

2

4

6

8

10

12

14

16

18

Figure 5. Overall trend of the sample mass change. 
 
Figure 6 depicts the plot of normalized compressive 
strength vs. burn-off for IG-110 graphite. The graph 
includes the data from Ishihara et al. (2004) and this work. 
Two correlations are plotted in the figure: Eto and 
Growcock’s correlation (1983) for IG-11 graphite (See 
Table 4-1) and the correlation fitted by all the data 
including this work. Eto and Growcock’s correlation 
shows quite good agreement with the experimental data for 
the whole ranges, but a small over-prediction of the 
strength at high burn-off. According to Eto and 
Growcock’s equation, the strength of the graphite at 65% 
burn-off is predicted to be 870,000 Pa, while the stress 
load at the bottom part of the VHTR graphite structure is 
100,000 Pa. The equation will thus estimate that the 
graphite structure is still secure from fracture, although in 
the real situation, the support graphite is collapsed at this 
point. The Eto and Growcock’s equation predicts that the 
fracture point of the graphite support structure will be 
79.6% burn-off, which is 14.6% larger than the point at 
which the IG-110 graphite loses its mechanical strength. In 
the new conservative fitting, the following correlation 
shows very good agreement with the whole experimental 
data, and is recommended for the final IG-110 graphite. 
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Figure 6. Normal compressive strength vs. burnoff (IG-
110). 

 
Figure 7 presents experimental data for the relationship 
between normalized compressive strength and burn-off for 
H451 graphite. It also plots two correlations: one is 
developed by Eto and Growcock (1983), and the other is 
developed here by fitting all of the data, including this 
work. Accordingly, both correlations show very good 
agreement with the experimental data for the whole range. 
In particular, Eto and Growcock’s correlation shows very 
good agreement at the low burn-off region, while the 
following correlation provides more conservative 
predictions: 
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Figure 7. Normal compressive strength vs. burnoff (H451). 
 
The effect of burn-off is very important for predicting the 
oxidation rate of graphite because the reaction rate is 
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highly dependent on the degree of burn-off. Usually, the 
reaction rate increases with the increasing burn-off in the 
beginning (Velasquez et al., 1978). This is because of the 
increase of the reaction surface as the pores grow larger 
and the closed porosity opens. Then, the reaction rate 
decreases at high burn-off because the pores join together, 
thus decreasing the reaction surface area. The effect of 
burn-off is usually considered by an empirical factor, Fb, as  

b
n

O
A

g FP
TR

Ekr ��
�

�	
2

)exp(0                                (4) (4-4) 

where 

gr  =  reaction rate 

0k  = pre-exponential factor 

AE  = activation energy 

R  = gas constant 

T  = temperature 
n

OP
2
 = oxygen partial pressure 

n  = order of reaction 

bF  = empirical factor. 

The physical meaning of Fb is the ratio of reacting surface 
area of oxidized graphite to that of original graphite. 
Therefore, Fb equals to 1.0 for the original graphite and 0.0 
for the completely burned graphite. Fb is given as: 

originaloxidizedb AAF /	                                                  (5)                                                                                                     

where 

Aoxidized = reacting surface area for the oxidized 
graphite 

Aoriginal = reacting surface area for the original 
(unoxidized) graphite (burn-off = 0%). 

As described above, the reacting surface area initially 
increases with the reaction because of the increased pore 
size. However, as the reaction proceeds, the reacting 
surface area decreases again because of the collapses of the 
enlarged pores. Therefore, the Fb value starts at 1.0, and 
then initially increases with oxidation. After a certain level 
of burn-off, it starts to decrease again and finally drops to 
0.0 at 100% burn-off. 

In Oh et al. (2008), the Fb factor has been experimentally 
obtained as a function of burn-off for various forms of 
graphite: IG-110, H451, NBG-10, NBG-18, and V483T. 

The Fb factors of IG-110 and H451 were measured by the 
experimental setup and for NBG-10, NBG-18, and V483T, 
the data published in Fuller and Okoh (1997). 

Figures 8 and 9 show the plots of Fb or surface area 
density versus burn-off. Figure 8-(a) shows the results for 
IG-110 graphite. This graph includes three datasets: Fuller 
and Okoh (1997), Kim et al. (2006), and (3) the 
experimental results obtained in this work. According to 
the figure, the data from Kim (2006) and this work show 
very good agreement, but the data from Fuller and Okoh 
(1997) shows some discrepancies from other data. The 
reason is not yet identified. In the reference of Oh et al. 
(2008) and the current experiments, the maximum 
oxidation rate occurs at about 35% burn-off, at which time 
the oxidation rate is about 6.4 times that of the initial 
oxidation rate. Figure 8- (b)  shows the data for H451 
graphite. In this material, the maximum oxidation rate 
occurred between 30–50% burn-off, and it is about 3.5 
times lager than the initial rate. 

 

 
 
Figure 8. Burn-off vs. Fb (IG-110 and H451).  
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Figure 9 plots the surface area densities and the reaction 
rates for IG-110 and H451 graphite as a function of burn-
off. The surface area densities of Figure 9-(a) were 
obtained by multiplying the initial surface area density of 
the graphite by the Fb value (See Equations 4 and 5). The 
reaction rates in Figure 9-(b) are the experimental data. 
Generally, the reaction rates are proportional to the 
reacting surface area. Therefore, the initial oxidation rate is 
smaller in IG-110 graphite (890 m2/m3) than that in H451 
graphite (1,320 m2/m3). However, as the oxidation 
progresses, the surface area density of IG-110 increases 
more rapidly than that of H451. And finally, the oxidation 
rate of IG-110 becomes larger than that of H451 for more 
than 10% burn-off. This means that comparisons based 
only on the surface area densities or reaction rates of the 
original graphite can lead to the misunderstanding on the 
graphite oxidation characteristics. For example, 
comparisons show that H451 graphite has better oxidation 
resistance than IG-110 in the long process, which is more 
important in the air-ingress accident. Therefore, the 
comparisons on the other graphite based on this method 
are highly recommended, and more tests will be carried out 
in the years 2009 and 2010. It is strongly suggested that 
this new method be used to select the nuclear graphite for 
the NGNP. 

 

 

 
Figure 9. Comparisons of surface area density and 
oxidation rate between IG-110 and H451. 
 
V. CONCLUSIONS 
 
The actual collapse of graphite structures in an accident 
scenario is expected to occur at burn-off above 50%. 
Because previous correlations were developed for burn-off 
less than 10%, new data and updated correlations were 
needed. To obtain new data, a new methodology was 
developed that measured the degree of burn-off at which 
the graphite loses its mechanical strength at higher burn-
off using the sample holder developed here in this study. 
Measurements were performed for nuclear graphite IG-110 
and H451. The data obtained were then compared to the 
previous correlations. Two new correlations fitting the data 
from low burn-off to high burn-off were developed for IG-
110 and H451 graphite. These new correlations predict the 
oxidized graphite strength more conservatively than the 
previous correlations. The effect of burn-off on the 
oxidation rate was previously investigated for the same 
graphite. Using that previously published data, the 
relationships between burn-off and oxidation rate were 
obtained. These relationships can be used in transient 
analysis of the later air-ingress analysis.  

Generally, the reaction rates are proportional to the 
reacting surface area. The initial oxidation rate is therefore 
smaller in IG-110 graphite (890 m2/m3) than in H451 
graphite (1,320 m2/m3). However, as the oxidation 
progresses, the surface area density of IG-110 increases 
more rapidly than that of H451 because of the unique 
characteristic of internal graphite pore structure behaviors. 
The internal pore surface area increases by oxidation and 
decreases by joining or collapsing around the expanded 
pores at the higher burn-off. From the test, the oxidation 
rate of IG-110 becomes larger than that of H451 as the 
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burn-off progresses. This means that comparisons based 
only on the initial surface area densities or reaction rates of 
the original graphite can lead to a misunderstanding of 
graphite oxidation characteristics. For example, 
comparisons show that H451 graphite has better oxidation 
resistance than IG-110 over the long term, which is more 
important in the air-ingress accident. Therefore, the 
comparisons of other graphites based on this method are 
highly recommended, and more tests will be carried out in 
years 2009 and 2010. It is strongly suggested that this new 
method be used to select the nuclear graphite for the NGNP. 
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