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In the surface reaction zone of oxidizing graphite both CO and CO2 form following the reactions:

C + 1/2 O2 ( CO (-111 kJ/mole)

C + O2 ( CO2 (-394 kJ/mole)

C + CO2 ( 2CO (172 kJ/mole)

The relative amount of these evolving species, and the total carbon removed from a graphite surface are highly dependent on the following parameters:

1) Degree of graphitization, surface area/volume ratio, and open porosity.

2) Catalizing metallic impurity levels.

3) Oxygen supply and turbulence of surface layer.

4) Temperature of reaction.

5) Irradiation dose level.

The oxidation of graphite can be further characterized as belonging to three temperature regimes.  At low temperatures, defined as the “chemical regime” (<500°C,) the reactions are so slow that the oxygen can penetrate the graphite in depth, causing rather uniform attack and thus effecting the thermophysical properties without changing the graphite geometry.  At high temperatures, in the “boundary layer controlled regime” (>900°C), the chemical reactivity is so high that all the oxygen penetrating the laminar sub-layer of the gas flowing past the hot graphite reacts immediately at the surface.  The oxidation attack here causes geometry changes of the graphite body without damaging the materials in depth.  Between these two regimes, in the “in-pore diffusion controlled regime”, the gas diffusion in the pore structure of the graphite becomes a reaction rate determining factor.  

A large body of data has been generated under the various gas-cooled reactor programs for the oxidation of nuclear graphites in air and CO2.  Figure 1 gives a clear example of the effect of temperature on the oxidation of CSF graphite in air.  This 1950’s vintage Hanford graphite had a density of 1.66 g/cc, was well graphitized, and underwent a level of purification.  This would represent an average to poor grade commercial graphite by today’s standards.   Figure 1 shows the typical log-linear behavior from which an activation energy can be estimated. For this case, the apparent activation energy is 38.6 kcal/mol, while values reported in the literature on various carbons range from about 20 to 90 kcal/mol, depending on the temperature and pressures used.  A further example of low-temperature oxidation, and the effect of irradiation on oxidation, is given in Figure 2.  In this case a factor of two to five higher oxidation in air is found for graphite irradiated to a modest dose level.

[image: image1.wmf]Figure 1 : Weight loss-v-temperature for CSF graphite. R. E. Dahl USAEC Report HW.68493 1961.

[image: image5..pict]Figure 2 : Effect of irradiation on poor quality graphite.  Kosiba and Dienes USAEC RID-7565 Ppart 1) 1959.

While figures 1 and 2 give examples of oxidation at low temperature, the onset of oxidation can be significantly increased by utilizing highly crystalline materials with very low metallic impurity concentration.  Typical commercially available intermediate quality graphites (such as Poco) have a minimum temperature of ~ 500°C (defined at 1% loss in a 24 hour period.) This temperature would increase by ~ 100°C if the graphite were specially purified (as nuclear graphites typically are.)  

The effect of flow rate on the reaction of oxygen with carbon has been studied in the temperature range of 900-2025°C (“boundary layer controlled regime”).  For these high temperatures the reaction rate is governed by the mass transport in the reaction zone.  Generally, the rate is observed to increase as the square root of the velocity of air.

There has been substantial work on oxidation of high-quality graphite over the past twenty years.  However, for the very high quality graphites most of the oxidation work has been for aerospace and military applications.  This data is for environments such as rocket exhaust (not easily translated to IFE accident analysis) and is either classified or proprietary.  

In order to quickly determine the minimum oxidation temperature for IFE-relevant graphites, four materials (described in Table 1) were chosen and analyzed by the Carbon and Insulation Material Technology Group of ORNL.  

Table 1 : Description of Materials

Material

Description
             Density
Kth @ RT       Onset of
    10% 

Peak







(g/cc)
(W/m-K)        Oxidation 
Mass Loss        Oxidation 

Poco-AXF-5Q
near-isotropic

1.68
    95

650 °C
    855 °C
909 °C



graphite

FMI-222
Balanced weave comp.
1.96
   200

675 °C
    850 °C
895 °C



Amoco P-120 pitch fiber

MKC-1PH
Unidirectional comp.
2.0
   555

700 °C
    885 °C
950 °C



Mitsubishi K-139 fiber

MD Pyroltic 
Pryolitic


2.2
 ~1000

725 °C
    920 °C
1100 °C
Samples of ~150 mg were examined by differential thermal analysis at 10°C/min flowing plant air.  Plant air is standard, east Tennessee air, with reduced moisture and the pollen removed.  Samples sizes were somewhat different with apparent surface area ranging from 50 to 90 mm2.  Figures 3a-d give the results for the differential mass loss and total mass loss as a function of temperature.  It is important to note that this data is normalized to the original mass, not the time dependent mass.  The data of Figure 3d is difficult to interpret, likely due to stress-induced cleavage of the pyrolitic materials effectively changing the surface area.  However, the onset of oxidation should be unaffected.

The derivative weight loss curve for all materials shows a sharp increase, above some temperature, and reaches a peak of about 4-5 %/min and then decreases.  All materials were completely consumed by 1200°C.  The reason for the reduction in the derivative weight loss above the peak is due to mass transport limitations at the carbon surface, and is therefore dependent on factors such as oxygen supply, turbulence in the reaction zone and other factors which would need to be specified for IFE conditions.  The curves in figure 3 can be compared in the kinetically controlled region to define (for these experimental parameters,) the onset of mass loss, 10% mass loss, and the peak mass loss.  From inspection of these parameters in Table 1 it is clear that there is a trend towards higher temperatures as the “quality” as defined by density and thermal conductivity is increased.  The FMI-222 material, which is very similar in properties to that called for in the SOMBRERO study, the onset of graphitization is measured at ~675°C.
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Figure 3a :Oxidation of Poco AXF-5Q in flowing air. 
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Figure 3b :Oxidation of FMI-222 in flowing air.
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Figure 3c :Oxidation of MKC-1PH in flowing air.
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Figure 3d :Oxidation of Pyrolitic Graphite in flowing air.

It is important to note that Figures 3a-d are for very specific conditions of geometry, heating rate and air-flow, all of which will substantially change the absolute mass loss.  If the oxidation of graphite under IFE accident scenarios is problematic, it will be important to make measurements under the appropriate testing conditions and with the appropriate materials.

Summary Comments

Significant data exists from the various HTGR and reentry vehicle program to estimate the oxidation of graphite in air.  Additionally, codes exist (General Atomics code OXIDE or the German code REACT/THERMIX) to carry out the mass loss calculations in detail, given the appropriate materials input.  However, because the amount of oxidation is a strong function of the materials, temperatures and accident scenario, an accurate calculation will be problematic.  The question is, can the present knowledge of graphite oxidation, and graphite technology be applied to make a rough estimate of the oxidation to determine whether oxidation is an issue.  The first question to answer is what is the minimum temperature at which oxidation is an issue. Presented in figures 3a-d are data which show the oxidation of a few materials in air to demonstrate the oxidation, in air, for “high-quality” graphites.  Appropriate graphite for application to IFE would likely have oxidation characteristics similar to the FMI-222 and MKC-1PH.  From Table 1, it is seen that the onset of oxidation takes place above ~ 675°C.  Of importance is that these materials have not undergone any treatment to reduce oxidation.  They are “oxidation resistant” by virtue of being high quality materials.  

As eluded to, a body of data exists indicating that carbon materials can be rendered inert towards oxygen at temperatures below 1000°C for limited time periods by treatment with halogens, phosphorous or boron compounds which block the active sites on the carbon surface where oxidation normally occurs.  However, these adsorbates tend to be desorbed at temperatures approaching 1000°C.  For temperature above 1000°C, some form of barrier coating such as silica, or silicon carbide would serve well to limit the ingress of oxygen.

If analysis proves that oxidation is a problem, and some engineering solution such as barrier coating can not be assumed, the next step would be to perform the types of tests generated in Figures 3 with more design driven, realistic assumptions of air flow, geometry and temperature.

