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Presentation outline
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• Introduction
− Motive for the study (a modest request)

• Issues that must be considered
− Pertinent oxidation background information

• Three oxidation regimes
− ASTM D7542

• The primary parameters for oxidation control
− Energy of the System
− Atmosphere
− Reaction Interface

• Conclusions and future studies



Graphite Oxidation: a vision statement
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• Oxidizing graphite is easy!
− Heat up graphite and expose to oxygen

• Controlling oxidation of graphite is nearly 
impossible

− Subtle changes to oxidizing environment can 
dramatically alter the oxidation behavior

• Why there are so many different results
− Due primarily to:

• Stacked basal plane crystal structure
• Complex microstructure (pore structure)

− Oxidation is severely restricted



Motivation for this study (a modest request)
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• Large sample 25.4mm X 25.4mm 
(Specified in ASTM D7542)

• Small TGA specimen (6mm thick X 6mm 
height)

• Scale
• Hot zone
• Gas input

INL initiated oxidation studies of irradiated graphite (AGC Exp) 
− Need to use the Thermo-gravimetric Analyzer (TGA)
− Very small samples

• Sectioned from AGC samples



Introduction – 3 Keys to Graphite Oxidation Performance
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• Energy of the System
− Local Temperature
− Activation Energy
− Exothermic Reaction (NOT self sustaining)

• Atmosphere
− Dry Air (20% O2 at Atmospheric Pressure)
− Products (primarily CO2 under test conditions)
− Flow Rate (O2 supply, boundary layer diffusion)

• Reaction Interface
− Active Sites (concentration varies with extent of reaction)
− Density (Porosity) Evolution
− Mechanisms within the Microstructure
− Impurities (catalytic/inhibitor/interferences mechanisms)

Kinetic 
controlled 
oxidation 
regime



Very complicated to obtain same oxidizing conditions
ASTM D7542

Vertical furnace Mass loss
• Mass variability (Grain separation)
• Masking of sample
Hot zone
• Temperature control
• Oxidation chamber volume

− vs sample size
− vs sample geometry

Sample
Grain orientation
Impurities

Gas input
• Gas flow rate
• Gas composition



Background: Three Views of Three Regimes
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Arrhenius Temperature 
Dependence

Oxygen Concentration 
Profile

Density Profile 
(Evolution of Porosity 
after 10% mass loss)
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The Progression of Oxidation – with Temperature
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Oxygen Concentration Gradient during Oxidation –
Visualized for an “Infinite Graphite Slab”
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Porosity Evolution with Oxidation
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ASTM D7542 – Why it works (comparing different grades)
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Oxidation within the Kinetic Regime
• Furnace tube

− Specific chamber size
− Specific sample size and geometry and orientation
− Limited temperature range (450°C to 800°C)

• Atmosphere
− Strict air flow rate (10 ℓ/min)

• Excess of oxygen
• Plug flow (flat flow profile)
• No He (or other gases) in system

• Kinetic oxidation behavior (for comparison with other grades)
− Active Sites (concentration varies with extent of reaction)

• Source material, binder/filler ratio, impurities
− Density (Porosity) evolution

• Oxygen diffusion within the unique microstructure
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Progression of Mass Loss with Isothermal Oxidation: Up to 
~99% mass loss in 10 L/min. air at ~700°C
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Penetration depth of graphite oxidation
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• Oxidized graphite penetration profile
− Optical analysis – pore structure 

difference

• Penetration depth (from outer sides):
− ~ 3mm for fine grain IG-110
− ~ 4mm for medium grain NBG-18
− Unoxidized center ~ 18-19mm

• Oxidation conditions:
− 100% dry air
− Temperature: 650°C
− Sample: 25.4-mm diameter by 

50.8-mm height
− 10% Mass loss

• Penetration profile dependent upon 
graphite grade



Masking effects: TGA with and without Pan
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Sample size and furnace volume: Vertical furnace to TGA
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NBG-25 in Vertical Furnace (10 L/min Air)
and TGA (150 mL/min Air) NBG-25 big cylinder, Vertical Furnace

NBG-25 big cylinder, Vertical Furnace

NBG-25 button, Vertical Furnace

NBG-25 button, TGA, 150 sccm

NBG-25 button, TGA, 150 sccm

NBG-25#57, shifted to compare slope for 5-10% mass loss

NBG-25#58, shifted to compare slope for 5-10% mass loss

10% mass loss in 100% air at ~650°C

shifted large sample vertical 
furnace data by -2 hours to 
compare slope over 5-10% 

mass loss range

• Small sample size can 
increase oxidation rate

• Onset affected
• Smaller furnace can 

restrict air flow and 
decrease oxidation rate



Effects of air flow: IG-110 in TGA



Normalization Practices: Sample size effects



Each grade behaves differently: Self-consistent Families of Data



Performance of Systems and Sample Geometry for Fine and 
Medium Grain Graphites



Conclusion

• Kinetic controlled regime required to compare oxidation behavior between 
grades

− Measures inherent oxidation properties of graphite
• Reactive surface area (RSA) sites, pore microstructure, impurities, and filler/binder ratio

− Not measuring the oxidation conditions 
• Oxidizing environment: air flow, temperature, sample size, sample geometry, reaction 

chamber

• Diffusion-controlled and Transition regimes are problematic
− Transition creates a varying penetration profile making comparisons difficult
− Diffusion is temperature dependent - only reacts at the surface

• Careful control of oxidizing environment is required to achieve Kinetic-
controlled oxidation
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Future Work
• Large (50-60mm dia) samples
• Oven

− Non-vertical furnace

• Multiple samples
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• Fuel Pebbles
• Vertical Furnace
• Not graphite

− Fuel matrix material



Questions?
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Will Windes Idaho National Laboratory
william.windes@inl.gov (208) 526-6985

Rebecca Smith Idaho National Laboratory
rebecca.smith@inl.gov (208) 526-3874




