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~* - Presentation outline

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

ADVANCED REACTOR TECHNOLOGIES



S48 ';”‘-‘-”Gi:a'ph ite Oxidation: a vision statement

s ]

+ 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

Filler pamc|e - | e ADVANCED REACTOR TECHNOLOGIES s



- ~Motivation for this study (a modest request)
\V4 ‘ INL initiated oxidation studies of irradiated graphite (AGC Exp)
~ Need to use the Thermo-gravimetric Analyzer (TGA)

- Very small samples
- Sectioned from AGC samples

Scale

Hot zone

Gas input

+ Large sample 25.4mm X 25.4mm
(Specified in ASTM D7542)

+ Small TGA specimen (6mm thick X 6mm '-
height) — —
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“Introduction — 3 Keys to Graphite Oxidation Performance

Energy of the System
Local Temperature
Activation Energy
Exothermic Reaction (NOT self sustaining)

Atmosphere Kinetic
Dry Air (20% O, at Atmospheric Pressure) controlled
Products (primarily CO, under test conditions) oxidation
Flow Rate (O, supply, boundary layer diffusion) .

regime

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

ADVANCED REACTOR TECHNOLOGIES



.. Veri; cbniplicated 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

e ADVANCED REACTOR TECHNOLOGIES s
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- -Background: Three Views of Three Regimes
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= The Progression of Oxidation — with Temperature

!

Regime 3 Regime 2 i Regime 1
Controlled by rate of : Transition where both ' Controlled by chemical
diffusion of reactants diffusion and chemical kinetics

and products kinetics appreciably

influence observed
reaction rate

Ln (Observed Reaction Rate)

| 1/(Absolute Temperature) |

Temperature Dependence at Constant Air Flow Rate
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Rapidly Established Oxygen Concentration Profile
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~* - Porosity Evolution with Oxidation
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Cross-Sectional Density Profile after ~10% Mass Loss
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Oxidizing condition

Inherent material
properties

~ASTM D7542 — Why it works (comparing different grades)

This international standard was developed in sccordance with mierationally recognired rin-ﬂu:iplnon standardization esiablizhed in the Decision on Princi For the
Development of International Stndards, Cuides and Recommendations isased by Ih!g‘b Trade Organiestion Technical Barriers 1o Trade (TET) Commitize.

Oxidation within the Kinetic Regime 4Gl owrr e

Standard Test Method for

Fu rnace tu be Air Oxidation of Carbon and Graphite in the Kinetic Regime‘.

This = is i i ignation [7342; i i follawi designation indi
origin;

Specific chamber size TSRS

Specific sample size and geometry and orientation LTt ot s NS
Limited temperature range (450°C to 800°C) ; :

Atmosphere

Strict air flow rate (10 £/min)
Excess of oxygen

v
Plug flow (flat flow profile) ‘”V
No He (or other gases) in system /// @ ~

ments of Manufactured Carbon and -('srup-hil-: Articles
0] i

d heos one con ohinin kinedic param.

pro ac Practice for Conducting an Intedaboratory Study to
s that characterize the Balance
1 at can be o / bi-Reading

Flow Meter

Sample/

Kinetic oxidation behavior (for comparison with other grades) |
Active Sites (concentration varies with extent of reaction) - HE
Source material, binder/filler ratio, impurities o ‘} 27

Density (Porosity) evolution
Oxygen diffusion within the unique microstructure

\ Desiccant

ADVANCED REACTOR TECHNOLOGIES



Progression of Mass Loss with Isothermal Oxidation: Up to
-~99% mass loss in 10 L/min. air at ~700°C

Weight (%)

100
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60
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Ragged secti
indicate grains of material falling awa

——NBG-18 button
Generic symmetrical sigmoidal curve

—I1G-110 button
ONSET: the period required for the rate of reaction in the density gradient rind to B

\ LINEAR: oxidation occurs at nearly constant rate through a uniform
progression of density and gas gradients - edge effects are either small or
symmetrical, minimizing the impact of sample geometry on observed

reaction rate ‘

es TAIL: available active sites are
depleted concurrently with dwindling
solid reactant

10 20 30 40 90
Time (hr)
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./ Penetration depth of graphite oxidation
“ //// T . g . . .
NV - Oxidized graphite penetration profile
“ R D P — Optical analysis — pore structure
i difference
w * Penetration depth (from outer sides):
: ~ ~ 3mm for fine grain 1G-110
E — ~4mm for medium grain NBG-18
. — Unoxidized center ~ 18-19mm
o - Oxidation conditions:
-~ 100% dry air
" s . — Temperature: 650°C
* - Sample: 25.4-mm diameter by
3 50.8-mm height
fa - 10% Mass loss
‘. 17 mm _ _
30 - Penetration profile dependent upon
| graphite grade

NES-18 Qxidation Profile for E50°C

NEG-18 Owidized imumge
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: Masking effects: TGA with and without Pan

Arrhenius Plot and Gas Flow Variations for
TGA Oxidation of NBG-25 Graphite
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ook
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\
y = -9.6887x + 5.314
R2 = (0.999
Demonstrates

masking effects

vertical furnace buttons
Ono pan in TGA, 200 mL/min
@no panin TGA, 150 mL/min
@inpanin TGA, 150 mL/min

in pan in TGA, 120 mL/min
Ainpanin TGA, 90 mL/min
Ainpanin TGA, 60 mL/min
®inpanin TGA, 30 mL/min

Adjusting gas
flow to achieve
excess oxygen

0.95

1.00

1.05
1000/T (K-1)

1.10

1.15 1.20
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~Sample size and furnace volume: Vertical furnace to TGA

NBG-25 in Vertical Furnace (10 L/min Air)

and TGA (150 mL/min Air)

100
99
98
’\; 97
o
~ 96
E 95
[} .
o 94 |° Small samplle size can
; increase oxidation rate
93  Onset affected
92 1° Smaller furnace can X
restrict air flow and
91 decrease oxidation rate
90 ‘ ‘
2 4
Time (hr)

10% mass loss in 100% air at ~650°C

——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

furnace data by -2 hours to

6 8 10
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: Effects of air flow: 1G-110 in TGA

100
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<
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. . . Initial Onset
Mass Loss with Time in TGA First 0.5% mass loss in 100% air at 680°C
. 100.0  pussg
for 3 Air Flow Rates 2 000 | Tma
10% mass loss in 100% air at 680°C = 9938 D
".ﬁ.\"‘ o \\\ \
"'..._.:., < 99.6 AR \} -
h..%% 3 095 TN _Q__
*SNEL 0O 02 04 06 08 1
A S8 Time (hr)
R -
IG-110 B#18, 150 mL/minute air IR —
IG-110 B#20, 150 mL/minute air AN * Increasing air flow rate
IG-110 B#23, 150 mL/minute air O increased oxidation rate
- - 1G-110 B#22, 180 mL/minute air \\\\\\\\ « 200 mL/min = achieved
- - 1G-110 B#30, 180 mL/minute air \\\\\ \\ excess oxygen state
- - 1G-110 B#31, 180 mL/minute air NN - At 680°C
— -1G-110 B#32, 200 mL/minute air RN
— -1G-110 B#33, 200 mL/minute air AN [
— -1G-110 B#34, 200 mL/minute air NSNS i
i | T * =
0 2 4 6 8
Time (hr)

ADVANCED REACTOR TECHNOLOGIES



Normalization Practices: Sample size effects
NBG-25, Surface Area Normalized

6.0
50 Legend
=-11.025x + 14.257 - :
—_ mNBG-25 big samples, vertical furnace
& 4.0 RZ = 0.9907 2
o 3.0 ""--a.__.. + NBG-25 button samples, vertical furnace
:_g) 20 y =-11.368x + 14.063 - . , .
10 R2=09778 = o675x+42.369 ® NBG-25 buttons, in TGA, 150 mL/min air
2 -
00 Rz =0.999
0.90 1.00 1.10 1.20
1000/T (K-1)
NBG-25 Graphite, Volume Normalized 5 SNBG-25 Graphite, Mass Normalized
8.0 -3.
) y =-11.037x + 6.7446
7.0 :'g '\ R? = 0.9906
— y =-11.025x + 16.55 - 4. v
& o0 .»»,..,_-\ R2 = 0.9907 K 50 Jvett37as ;‘,}\
e . Y IT.o7ra4X T 1.U0J1
s >0 © 55 R2 = 0.9791 “\
= y=-11.353x + 16.85 W~ S -5 ~
2 4.0 RZ=0.9781 -a 2 60
T 30 y = -0 675x + 15 11 65 | Y =-96887x+ 53147
' R2 = 0.999 ' RZ=10.999
2.0 -7.0
0.90 1.00 1.10 1.20 0.90 1.00 1.10 1.20
1000/T (K-1) 1000/T (K-1)
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log10 (OR)

Each grade behaves differently: Self-consistent Families of Data

IG-110 Graphite,
Mass Normalized

m]G-110 B big samples, vertical furnace

+ |G-110 B buttons, vertical furnace

-3.5 ¢ |G-110 B buttons, in TGA, 200 mL/min ¢
40 : #1G-110 B buttons, in TGA, 180 mL/min ¢
h N N IG-110 B buttons, in TGA, 150 mL/min ¢
|
45 - <
NN
i
50 l'-_-. ~
y =-11.213x + 7.1009 ‘\ y =-10.633x + 6.6113
R2=0.9922 e, \‘ R2=0.9877
55 &,
. -,.. ~
y = -10.673x + 6.2493 "?\
R2 =(0.9979 Ra_ "
-6.0 — \l
o
6.5
-7.0
0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25

1000/T (K-1)

log10 (OR)

NBG-18 Graphite,
Mass Normalized

X NBG-18 original big samples, vertical fumace
-3.5 ©NBG-18 B buttons, vertical fumace
ONBG-18 B buttons, naked in TGA, 200 mL/min air
4.0 BNBG-18 B big samples, vertical furnace
+ §
-5.0
y =-10.243x + 5.4299
R?=0.9933
-5.5
6.0 Q
g y =-10.048x +5.2495
R? = 0.9966
-6.5 = \.
-7.0
0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25

1000/T (K-1)

Vertical furnace and TGA oxidation behavior beginning to

demonstrate consistent results
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log10 (OR)

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

Oxidation Variations,
Mass Normalized

-3.5
-4.0

45

m |G-110 B big samples, vertical furnace

+ |G-110 B buttons, vertical furnace

0 |G-110 B buttons, in TGA, 200 mL/min air
B NBG-18 B big samples, vertical furnace

& NBG-18 B buttons, vertical furnace
ONBG-18 B buttons, in TGA, 200 mL/min air

-5.0

-5.9

NBG-18 behavior is consistent
|G-110 behavior still

g TR demonstrating differences in TGA
A e ES * Due to unique microstructure

-6.0
-6.5

9 -® NGRS and source materials
g\gg\l RN I

-7.0
0.90

0.95

1.00

1.05  1.10
1000/T (K-1)

1.15 1.20 1.25
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~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

ADVANCED REACTOR TECHNOLOGIES



~* ~Future Work |
<l + Large (50-60mm dia) samples
PN - Oven

— Non-vertical furnace

* Multiple samples

* Fuel Pebbles
* Vertical Furnace

* Not graphite
— Fuel matrix material
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~* - ~Questions?

Will Windes

william.windes@inl.gov

Rebecca Smith

rebecca.smith@inl.gov

Idaho National Laboratory

(208) 526-6985

Idaho National Laboratory

(208) 526-3874
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